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Abstract

Lorentz transmission electron microscopy (LTEM) has proved itself to be an
invaluable technique when investigating in-situ micromagnetic behaviour of magnetic
thin films. The nano-scale visualisation of the magnetic structure allows for not
only the mapping of hysteresis behaviour, but quantitative characterisation of
the materials micromagnetic properties. In this thesis, much of the previous
work of experimental magnetisation ripple characterisation is reviewed. A newly
developed methodology for characterisation of large sets of Fresnel images displaying
magnetisation ripple properties is presented which is utilised throughout the rest
of the body of work.

NiysFess has long been a high moment alternative for the more commonly used
permalloy composition of NiggFeyy in hard disk (HDD) read-write head design. In
this work a conventional TEM, and LTEM study was undertaken to investigate the
effect of ultra-thin NiygFes; seed layers on the physical and magnetic properties of
NigsFess. The dramatic effect of seed layer addition resulted in grain size and texture
reduction, an increase in uniaxial anisotropy and a reduction in magnetisation ripple
properties. This suggests that the film is a good candidate for controlling properties

of NiysFess thin films, whilst maintaining a high magnetic moment density.

Micromagnetic modelling of magnetisation ripple using MuMax? software has been
presented using two different methods. Both models produced visually representative
simulated Fresnel images, with work specifically focusing on magnetisation reversal
processes and the quantitative analysis of magnetisation ripple properties. Models
produced insights into the effect of parameters such as grain size, inter-granular
exchange and magnetocrystalline anisotropy directionality.

Lastly, we can quantitatively assess the physical and magnetic variations between
permalloy magnetostrictive samples with varying signs, without the need for external
straining, to represent normal operating conditions in HDD devices. Analysis
revealed near identical physical properties, with a subtle variation in bulk and
magnetic ripple properties. However, it is not possible to determine if these
variations are exclusively due to differences in magnetostrictive properties or if

it is more likely due to compositional variations.
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angle, when using the methodology developed by Hosson [10] and

described in Figure 3.6./. . . . . . . ... ...
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[3.8  Schematic of a proposed improvement in measuring the dispersion

angle 6 of magnetisation ripple. Intensity line profiles are taken from

the image origin for a full 360 degree rotation. 2 line profile examples

are shown in (a,b) where the blue and red lines represent profiles

integrated intensity value for each profile can then be plotted as

a function of angle, and is shown by the black points in (c). It is

assumed that both peaks are of equal distribution. Theretore the

|
|
|
|
taken through the bow-tie centre and edge respectively. T'he average |
|
|
|
|

peak with an unbroken 180 degree curve will be used for further

analysis, represented by the pointsinred. . . ... ... ... ... 92

(3.9  Comparison of Gaussian (blue) and Lorentzian (red) standardised

distributions, where they both feature the same full-width halt

|
|
maximum (FWHM). Lorentzian peak tails are typically wider than |
that of Gaussian’s. Key points of both distributions are highlighted, |

which are used in Equations 3.1 and 3.2.[ . . . . . ... . ... ... 93

[3.10 Figure demonstrating three different methods of determining the
dispersion angle of a FF'I' image. All methods determine the FWHM

|
|
as the dispersion angle value. The first option (a) is to use the raw |
|

integrated intensity values. An improved solution is to fit a best fit

curve, using either a (b) Gaussian or (c¢) Lorentzian fit| . . . . . .. 94

[3.11 Data point residuals for the (a) Gaussian and (b) Lorentzian fit,

of how much a best fit-line misses the raw data point. Both fits

|
highlighted in red and blue respectively. They represent a measure |
|
|

produce small residual values, confirming both methods produce
reliable fitting. | . . . . . . . ... o 95

[3.12 Schematic of previous methods used in determining the dominant

ripple wavelength from the FE'l' modulus data of an experimental 10

nm NigsFess single domain Fresnel image displaying (a) strong and

|
|
|
(b) weak magnetic ripple characteristics and corresponding FFTs. |
The first method (e,f) is to take a rotational average of the FFT |
(around 27)and take a single pixel width line profile from the origin, |
|
|
|
|
|

measuring the Fourier distance from the origin to the peak. The

second method (g,h) is to choose a large integrated intensity area,

which covers the tull FF'T" and measure the Fourier space distance

between the peaks. The corresponding line profiles are plotted in (i,j).

'The rotational average method becomes less eftective with weaker

ripple wavelength A, unlike that of large integrated area.| . . . . . . 99
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B.13

Box integration methods of dominant ripple wavelength determina-

tion have an associated error with the final output. The integration

area doesn’t take into consideration that the ripple wavelength varies

radially. This will create an error in the k-space measurement, A

K-space.| . . . ..

B.14

The associated range error with dominant ripple wavelength can

be plotted as a function of (a) increasing dispersion angle and (b)

increasing ripple wavelength. T'he error is directly proportional to

the angle and wavelength.| . . . . ... ... ... ... ... .. ..

[3.15

A solution to the error is to calculate the average radial integration

of the bow-tie structure. The blue lines indicate the radial lines of

integration, usually over a distance of 1 pixel. The intensities that

lie along these lines are summed and averaged. These values can be

plotted against distance from the origin.| . . . . . . ... ... ...

B.16

Schematic of dominant ripple wavelength plots. (a) and (e) are

example experimental Fresnel images displaying strong and weak

ripple properties respectively. The radial integrated intensity is

plotted against k-space distance. A Gaussian distribution be fitted

to the data, where the peak corresponds to the dominant ripple

wavelength value. (b.f), (c,g), (d,h) represented the raw, Gaussian or

Lorentzian dispersion angle integration points respectively, described

in the previous section. The results are summarised in Table 3.4.|. .

B.17

Schematic of dominant ripple wavelength plots. (a) and (e) are

example experimental Fresnel images displaying strong and weak

ripple properties respectively. An alternative method to determine

a value for ripple wavelength is to determine the spectral centroid

of the FI'T, also refers to as the weighted centre of mass Agpectroid-

'This value 1s highlighted by the bold vertical line. The corresponding

standard deviation o, is shown on either side.| . . . . . . . . .. ..

B.18

Schematic displaying the variation in FF'T intensity with increasing

ripple wavelength and dispersion. (b) 1-5 display experimental Fresnel

images of a 10nm NigsFess, 0.25 nm NizgFeo; seeded sample (sample

used as strong ripple example) taken in an easy axis hysteresis

sequence, where their location is highlighted on the hysteresis loop

(a). The corresponding modulus of the FF'T is also shown in 1-5(c).|

111

B.19

Lorentzian fitted plots displaying intensity as a function of angle

through a reduction in applied field. The dispersion angle relates to

the FWHM of the normalised peaks.| . . . . . ... ... ... ...
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[3.20 Modulus of FF'T" intensity characterisation results, using the images

displayed in Figure 4.16. Image (1b) shows a Fresnel TEM with

a large amount of ripple dispersion, compared to that in Example

(5b). The curves are taken from the analysis of dominant wavelength

value (Figure 4.16). The peak intensity values from their correspond-

ing FF'T images can be measured and compared. A larger ripple

dispersion creates more contrast and increased integrated intensity.|

114

BT

opectroid wavelength characterisation results, using the images dis-

played in Figure 3.18. Image 1(b) shows a Fresnel TEM with a large

amount of ripple dispersion, compared to that in image 5(b). The raw

data is plotted from the analysis of the weighted average wavelength

value. The measured spectroid values from their corresponding FE'T

images can be measured and compared. Increasing ripple properties,

in this case wavelength, shifts the weighted average peak towards the

ZEro-poInt OTIZIN.| . . . . . . . . .« . . o v e e

Il

Cross section schematic showing the structures of samples (a) un-

seeded, (b) seeded samples with the following seed layer thickness;

0.25 nm NizgFes;, 0.5 nm NizglFes; and 1.0 nm NizgFes;. All samples

consist of a 10 nm NiysFess layer, and are capped wit a 5 nm Ru layer.

All samples were deposited on electron transparent Si3N, membranes.[125

n2

Hysteresis loops for 10 nm NiysFess sample (a) unseeded, (b) 0.25

nm NizFey; seed layer, (c¢) 0.5 nm NizgFes; seed layer and (d) 1.0

nm Nizgbes; seed layer, with the field applied along the easy and

hard axis, represented by the red and blue loops respectively|. . . .

n3

SAED patterns for an unseeded and (a) untilted sample, and (b)

a 20 degree tilt angle sample. Frames (c¢) and (d) show the SAED

patterns for the (c) 0.25 nm NizFey; seeded sample, and (d) shows

the 1.0 nm Nizgkes; seeded sample, both at a tilt angle of 20 degrees. |[128

!

(a) Line profiles from origin of experimental SAED images, comparing

un-tilted unseeded and 1.0 nm Nizgkes; seed layer samples. Indexing

diffraction rings from SAED patterns (b) unseeded and (c¢) 1.0 nm

NizgFeq; seed layer.| . . . . . .. .. ..o

5

Experimental bright-field TEM images, displaying the grain size

distribution for a 10 nm NigsFes; sample (a) unseeded, (b) 0.25 nm

Ni79F€21, (C) 0.5 nm Ni79F€21 and (d) 1.0 nm Ni79F621 seed layer.| ..

6

Experimental dark-field TEM images, displaying the grain size

distribution for a 10 nm NijsFes; sample (a) unseeded, (b) 0.25

nm NizgFesr, (¢) 0.5 nm NiygFes; and (d) 1.0 nm NizgFeo; seed layer.| 131
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Average grain size determination using Image J. (a) Experimental

dark-field image for 0.5 nm NizgFes; seed layer sample. (b) Im-

age thresholding, where black regions represent image grains. (c)

Histogram of measured grain size diameter with fitted log-normal

distribution represented by the dashed line. | . . . . . . . .. .. ..

A3

Log-normal distributions fitted to histograms, displaying the grain

size distribution for a 10 nm NiysFes5; sample (a) unseeded, (b) 0.25

nm NizgFesy, (¢) 0.5 nm NizgFes; and (d) 1.0 nm NizgFes; seed layer.| 133

)

Measured grain size distribution results; (a) Log-normal grain size

distribution, and (b) Normalised log-normal curves for for a 10 nm

unseeded NigsFess sample and 0.25 nm, 0.5 nm and 1.0 nm NiygFeo;

seed layer samples. |. . . . . . ..o

.10

Simplified example of experimental Fresnel images (a-e) of the 0.5

nm Nirgkes; seed layer sample during a hard axis hysteresis reversal.

Highlights the rotation of the magnetisation M direction with a

reduction of field, and an application in the opposing direction. The

red arrows represent the direction of the applied field, H, and K is

the uniaxial anisotropy direction. |. . . . . . . . .. ... ... ...

1T

Measured M-H loops tfrom Fresnel TEM images with the external field

applied along the easy axis and hard axis for (a) 0.25 nm NizgFeo;

seed layer, (b) 0.5 nm NiygFes; seed layer and (c¢) 1.0 nm NizgFeo

seed layer.| . . . . . ..

12

Fresnel images demonstrating the magnetisation reversal process

along the easy axis of an unseeded 10 nm NiysFess thin film. The

red arrows represent the direction of the applied field, H, and K is

the uniaxial anisotropy direction. The corresponding location of the

Fresnel image is highlighted on the bulk BH hysteresis loop. Note

that this film exhibits isotropic behaviour so there is little to no

variation between images taken at various applied fields.| . . . . ..

A3

Fresnel images demonstrating the magnetisation reversal process

along the easy axis of 10 nm NiysFess thin film with 0.25 nm NizgFes;

seed layer. There is a visible increase in magnetisation ripple contrast

until the coercive field A, which is approximately -15 Oe, is reached,

and the direction of magnetisation rapidly switches.| . . . . . . . ..

14

Fresnel images demonstrating the magnetisation reversal process

along the easy axis of 10 nm NiysFess thin film with 0.5 nm NizgFes;

seed layer. There is a visible suppression in magnetisation ripple

properties when compared to Figure 5.12 and 5.13.f . . . . . . . ..
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[4.15 Fresnel images demonstrating the magnetisation reversal process

[ along the easy axis of 10 nm NiysFerss thin film with 1.0 nm NijgFeo,

| seed layer. The corresponding location of the Fresnel image is

[ highlighted on the bulk BH hysteresis loop.|. . . . . . .. ... ...

141

.16 (a) B-H easy axis hysteresis plot for unseeded, 0.25 nm NizgFey;

seed layer and 0.5 nm NizgFes; seed layer, 10 nm NiysFess thin

films. Corresponding experimental Fresnel TEM images showing the

suppression of magnetisation ripple are shown in (b,c,d). All images

were acquired with an externally applied field of +24 Oe, shown by

the black dot on the hysteresis plot. Visually displays the suppression

of magnetisation ripple through the addition of ultra thin NiygFeo,

seed layers.| . . . . . . .

[4.17 Fresnel images demonstrating the magnetisation reversal process

along the hard axis of 10 nm NiysFess thin film with 0.25 nm NizgFeo;.

The red arrows represent the direction of the applied field, H, and K

1s the uniaxial anisotropy direction. The corresponding location of

the Fresnel image is highlighted on the bulk B-H hysteresis loop. The

acquired 1mages show typical hard axis behaviour with a rotation

of the magnetisation direction by 90 degrees with a reduced applied

field, followed by domain formation which lies parallel to the easy axis.[143

[4.18 Fresnel images demonstrating the magnetisation reversal process

[ along the hard axis of 10 nm NigsFess thin film with 0.0 nm NizgFeo;.

[ 'This followed typical hard axis behaviour with a rotation of the

[ magnetisation direction by 90 degrees with a reduced applied field,

[4.19 Fresnel images demonstrating the magnetisation reversal process

[ along the hard axis of 10 nm NigsFess thin film with 1.0 nm NizgFeo;.

[ This followed typical hard axis behaviour with a rotation of the

[ magnetisation direction by 90 degrees with a reduced applied field

.20 (a) Normalised B-H hard axis hysteresis plot for (b) 0.25 nm NizgFeq;

seed layer, (c¢) 0.5 nm NizgFeo; seed layer, (d) 1.0 nm NizgFes; seed

layer 10 nm NigsFess thin films. Corresponding experimental Fresnel

TEM images showing domain formation. All images were acquired

at a near zero applied field when sweeping down from magnetisation

saturation, highlighted by the dot on the hysteresis plot. Red arrows

indicate the direction of magnetisation of individual domains. Green

arrow indicates the easy axis direction, K. Visually displays the

suppression of domain formation noise through the addition of ultra

thin Niygkeq; seed layers| . . . . . . . ... ... ... ... ... ..

146
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21

Ripple analysis outputs for a 10 nm NissFess unseeded sample.

The shaded area refers to the coercive field, Ho value. The two

lines represent hysteresis loops that sweep up and down from Mg;.

Outputs are plotted against field for (a) dispersion angle 6, (b)

dominant ripple wavelength Ap,,,, (c,d) spectroid ripple wavelength

Aspectroia and standard deviation respectively, and (e) ripple image

mmtensity L | . . . . . ..

.22

Analysis outputs for a a 10 nm NiysFess sample with a 0.25 nm

thick Nizgles; seed layer. Shaded area represents the experimental

switching field Ho. The two lines represent sweep up and sweep down

plots taken from -ve Msat to +ve Msat or the reverse, respectively.

(a) FFT dispersion angle 0, (b) dominant ripple wavelength Apy,,

(c) spectroid wavelength Agpectroid, (d) spectroid wavelength standard

deviation and (e) integrated intensity I.| . . . . . . ... ... ...

123

Analysis outputs for a 10 nm NiysFes; sample with a 0.5 nm thick

NirgFeq; seed layer. Shaded area represents the switching field He.

The two lines represent sweep up and sweep down plots taken from -ve

Msat or +ve Msat respectively. (a) FFT dispersion angle 6, (b) dom-

inant ripple wavelength \p,,, (¢) spectroid wavelength Ag,ectroid, (d)

spectroid wavelength standard deviation and (e) integrated intensity 1. [151

.24

Analysis outputs for a a 10 nm Nigskes; sample with a 1.0 nm

thick NizgFes; seed layer. Shaded area represents the experimental

switching field Ho. The two lines represent sweep up and sweep down

plots taken from -ve Msat to +ve Msat or the reverse, respectively.

(a) FF'T dispersion angle 0, (b) dominant ripple wavelength Ap,,,

(c) spectroid wavelength Ag,ectroid; (d) spectroid wavelength standard

deviation and (e) integrated intensity [|. . . . . . . ... ... ...

153

L.25

FF'T analysis comparison for varying thickness of NirgFes; seed layers.

Figures (a,b) display the suppression of the dispersion angle from the

magnetisation M direction with increasing seed layer thickness, using

the Lorentzian fitting method as described in Chapter 3.6.2. (a) is

measured at the samples coercive field H- betore switching, where

as (b) is measured at a field of +24 Oe approaching magnetisation

saturation. | . . . . . . L

.26

FF'T analysis comparison for varying thickness ot NizgFes; seed layers.

(a) is measured at the samples coercive field Ho before the switch

in magnetisation direction, where as (b) is measured at a field of 24

Oe approaching magnetisation saturation. Figures (a,b) show the

shift of the central spectroid in k-space with increasing field. There

1s also a note-able decrease in the images integrated intensity peak

with increasing seed layer thickness.|. . . . . . .. .. ... ... ..

155
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Predictions of Hoflmann’s theory using parameters in Table 4.6 tor

seed layer samples. (a) dispersion angle 6 and (b) dominant ripple

wavelength A. Note, in (b) the red and green plots overlap. These

plots refer to a reduction in applied field from near magnetisation

saturation, until the coercive switching field is reached. . . . . . . .

.28

Best-fit exponent analysis for dispersion angle of the 0.25 nm Nizqles,

seed layer sample.|. . . . . . ... oo oL

.29

Curve fitting of experimental results (a) spectroid ripple wavelength

and (b) dominant ripple wavelength, with measured exponents on

plots. | . . . ..

B

Schematic of magnetisation ripple origin. (a) NiggFeyy bright field

TEM image, showing a granular structure, expected from a polycrys-

talline thin film. (b) The random direction of the granular crystalline

anisotropy K,, with an additional global uniaxial anisotropy K¢. (c)

ochematic of the magnetisation fluctuations, producing low-angle

domain walls, commonly reterred to as magnetisation ripple, where

the length scale is in the order of 100s nm. . . . . . . . .. ... ..

167

b.2

MuMax® simulation set-up for the granular magnetocrystalline anisotropy

axis variation model. Each grain is assigned a fixed K value. The

orientation of the anisotropy directionality is controlled using the

angular variation parameter.| . . . . . . . ... ... L.

168

.3

MuMax® simulation set-up. Each square represents a cell. A grain is

made up of a group of cells, here indicated by the red region. Each

grain is assigned an anisotropy value, in which the direction can lie

randomly within a defined region, in this case highlighted by the red

arrows which represent a region of 20% of 27.| . . . . .. .. .. ..

530!

Eftect of the angular variation parameter on the granular anisotropy

of 1000 J/m” of a simulated polycrystalline thin film. (a,c,e) show

the granular structure of the simulation, where the colours refer to

the directionality of the anisotropy as defined by the colour wheel

in (g). (b,d,f) are plots of the x and y components of the anisotropy

vector, showing deviation for the specified mean direction +z. (a,b)

show angular distribution of granular anisotropy when set at 2%

where red grains denote anisotropy in the + x-direction, therefore

a non-random system. It represents a sample which has a strong

induced anisotropy that is much larger than that in the grains. (c,d)

and (e,f) represent 10% and 20% angular range respectively| . . . .

[5.5

Simulated MH hysteresis loops for a 20 nm Niggkesy sample with

varying amounts of angular directionality variation: 2, 5, 10, 15 and

20%. (a) Easy axis outputs and (b) hard axis outputs.| . . . . . ..
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[5.6

Measured simulated uniaxial anisotropy K, as a tunction of angular

variation % with a linear line of best-fit. Increasing the angular vari-

ation creates an increasing y-component of magnetisation, decreasing

the effective K,,.| . . . . . . . L

57

Example magnetisation components: (a) M., (b) M, and (c) M,

respectively. Images acquired from a 20% angular variation using the

parameters described in Section 5.2.1. Images are taken at a field of

+30 Oe applied along the easy axis.| . . . . .. ... ... ... ...

176

[5.8

oimulated Fresnel images with a defocus of 500 um, demonstrating

the magnetisation reversal process along the easy axis of a 20 nm

NiggFesq thin film, with an angular variation of 2%. A full list of

simulation parameters are described in Section 5.2.1. The red arrows

represent the direction of the applied field, H, and K is the uniaxial

anisotropy direction. The blue arrow represents the mean direction

of the magnetisation.| . . . . . . . . . . ... ... L.

5.9

Simulated Fresnel images with a defocus of 500 um, demonstrating

the magnetisation reversal process along the easy axis of a 20 nm

NiggFeqq thin film, with an angular variation of 20%. A full list of

simulation parameters are described in Section 5.2.1.| . . . . . . ..

.10

Simulated M, components at a field of +-30 Oe applied along the easy

axis for (a) 2%, (b) 5%, (c¢) 10%, (d) 15% and (e) 20% simulations. All

1images have equivalent contrast limits. Lighter and darker contrast

indicates a larger deviation in the y-component directionality.|

B.11

Simulated Fresnel images with a detfocus of 500 um, demonstrating

the magnetisation reversal process along the hard axis of a 20 nm

NigoFeoy thin film, with an angular variation of 2%.| . . . . . . . ..

5.12

Simulated Fresnel images with a defocus of 500 um, demonstrating

the magnetisation reversal process along the hard axis of a 20 nm

NigoFeoy thin film, with an angular variation of 20%.| . . . . . . ..

513

(a) Dominant ripple wavelength and (b) spectroid wavelength results

measured from a field of 4+ 30 Oe to just before the measured coercive

field He value, when applied along the easy axis tor increasing angular

variatlon. . . . . . . . e e

.14

MuMax® simulation set-up. Allows for control of individual anisotropy

components for a global uniaxial component K4 and a granular

magnetocrystalline anisotropy component K/, whereby the former is

in a set direction and the latter can be randomly orientated in the x,

y and z directions.| . . . . . . . ...
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[5.15 Simulated K-components in the x and y-directions. Dashed circle

|
indicates radius of 800 J/m” resultant anisotropy. Dots shows the |
deviation from the initial 800 J/m® with the addition of the randomly |
|
|

orientated granular anisotropy K, contribution. Note the anisotropy

in only one direction is shown here, there will be an equivalent

anisotropy in the opposite direction as it represents uniaxial anisotropy.[187

[>.16 Simulation Fresnel images with a defocus of 500um, demonstrating |

the magnetisation reversal process along the easy axis of a 20 nm

|
Niggkegg thin film. Parameters of the simulation include a global |
|

anisotropy of Kg of 800 J/m?, a granular anisotropy of K, of 100

J/m” and a grain size diameter of 20 nm. | . . . .. ... ... 188

[>.17 Simulation kFresnel images with a defocus of 500um, demonstrating

the magnetisation reversal process along the hard axis of a 20 nm

|
|
NiggFeyy thin film. Parameters ot the simulation include a global |
|

anisotropy of K¢ of 800 J/m?, a granular anisotropy of K, of 100

J/m” and a grain size diameter of 20 nm.[. . . . . . ... ... 189

[5.18 Simulated magnetisation ripple wavelength analysis outputs from a |
| field of 4+ 30 Oe to - 30 Oe, applied along the easy axis. (a) Spectroid |
| wavelength \gpectroia and (b) dominant wavelength Ap,,, as a function |
[ of field. . . . . . 190

[5.19 Smoothed integrated line traces through the centre of FE'l" for Fresnel

images at a field of +30 Oe. Highlighting the difference in spectrum

frequency contributions for both experimental and simulation outputs.

|
|
|
Blue line refers to the 1.0 nm NisgFey; seed layer sample. Orange |
line refers to the 5% Angular Axis Model with a K = 1000 J/m” and |
|
|
|

the green line refers to the Anisotropy Contribution Model using a

global anisotropy of K = 800 J/m”, granular anisotropy of K, =

100 J/m”. The respective vertical dash lines refer to the measured

spectroid wavelength values Agpectroid and shown in Table 5.7.. . . . 193
[5.20 Simulated M-H hysteresis loops, with the field applied along the (a) |

| easy axis and (b) hard axis, demonstrating the effect of increasing |

[ grain size on bulk magnetic properties.| . . . . . . . ... ... .. 194

[5.21 Simulated Fresnel images at a 500um defocus, demonstrating the

effect of changing the grain size on the simulated magnetisation ripple

field of 50 Oe with increasing grain size from 10 - 40 nm in steps of

|
|
properties. (a - d) represent images taken along the easy axis at a |
|
|

10 nm. (e -h) are the equivalent images for modelled grain sizes at

the remanent statel . . . . . . . ..o 195
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Simulated M-H hysteresis loops measured along the (a) easy axis and

(b) hard axis, demonstrating the effect of changing the intergranular

exchange coupling strength on the simulated bulk magnetic properties.

Note, the 15, 50 and 100% plot lie on top of each other.|. . . . . . .

197

[0.23

oimulated Fresnel images at a 500um defocus, demonstrating the

effect of changing the intergranular exchange coupling strength on the

simulated magnetisation ripple properties. (a - e) represent images

taken along the easy axis at a field of 50 Oe with increasing coupling

strength from 0 to 100%. (f -j) are the equivalent strengths at the

remanent stateld . . .. ..o

.24

Smooth line intensity profile measured at remanence for (a) 0%

(b) 100% exchange coupling strength where A = 13 x 10~ J/m.

Anisotropy contribution model using a global anisotropy ot K of

500 J/m”, a granular anisotropy of K, of 100 J/m® and a grain size

of 10 nm. . . . . .o

6.1

Simplified schematic of the effect of magnetostriction. A material of

length L will exhibit a length change in the presence of an applied

field H. A positive magnetostrictive (+\) sample will experience an

increase of length +AL along the direction of H. The opposite occurs

for a negative magnetostrictive sample -A. | . . . . . ... .00

(%

Cross section schematic showing the structure of samples under

investigation. All samples consist of a 20 nm permalloy layer of

varying composition. All samples are capped with a 2 nm Ru layer

with an additional 2 nm Ru seed layer. All samples were deposited

on electron transparent SigNiy membranes.| . . . . . . . . . ... ..

209

6.3

Experimental SAED patterns for (a) NizzsFeqs 5 (b) NiggFegy and (c)

Nigo sFeq7 5 permalloy thin films. Images were acquired at zero tilt.

Blue box represents the location of the integrated line profile which

is shown in Figure 6.4, with an integration width of 0.4 nm™~'| . . .

210

6.4

Indexed diffracton rings from SAED patterns for (a) NizzsFeas s (b)

NiggFey and (c) NigysFej75 permalloy thin films. Images were ac-

quired at zero tilt. Both hep and fee crystal structures are successfully

indexed, showing negligible changes in peak position between the 3

samples.| . . . ..

211

6.5

Experimental bright-field TEM images, displaying the grain size

distribution for a (a) Ni77_5F€22‘5 (b) NigoFego and (C) N182.5F817_5

permalloy alloy. Note, image pixel size of 0.47 nm. | . . . . . . . ..

[6.6

Experimental dark-field TEM images, displaying the grain size

distribution for a (a) Ni77.5F622.5 (b) NigoF@QO and (C) N182_5Fe17,5

permalloy alloy. Note, image pixel size of 0.47 nm. | . . . . . . . ..
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6.7

Measured grain size distribution results; normalised best-fit log-

normal grain size distribution for (a) Nizz5Fegs s (b) NiggFegy and (c)

Nigoskejzs samples. | . . . . . .. .00 oo

63

Hysteresis loops tor Ni,Fe g9, alloys of varying compositions, with

the field applied along the (a) easy axis and (b) hard axis. Results

show there is minimal variation in easy axis hysteresis loops. Hard

axis results reveal a small variation in the anisotropy field H; values,

as littleas 1.5 Oel. . . . . . . .

6.9

Measured M-H loops with the external field applied along the (a)

easy axis and (b) hard axis for Nizz sFegs 5 (+\), NigglFegy (=0 ) and

N182.5F617.5 (—)\) | .............................

218

[6.10

Fresnel images demonstrating the magnetisation reversal process

along the easy axis of a 20 nm Ni77 sFess 5 thin film. The red arrows

represent the direction of the applied field, H, and K is the uniaxial

anisotropy direction. The corresponding location of the Fresnel image

1s highlighted on the bulk B-H hysteresis loop.| . . . . . . .. .. ..
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1.1 Thesis Overview

This body of work details in-depth research into the characterisation of ferromagnetic
thin films. A common denominator in all materials studied in this work, is that
they exhibit a phenomenon known as ‘magnetisation ripple” which can be visualised
using Lorentz microscopy. This thesis will present development of an updated
methodology for characterising magnetisation ripple properties, so that it can be
utilised for the reliable characterisation of large amounts of both experimental and

simulated Fresnel data sets of permalloy thin films.
The outline of this thesis is given below:

Chapter 1 outlines the relevant background physics of magnetism, given as an
introduction to results presented later in the thesis. Within this chapter, both
basic principles of magnetism and an introduction to micromagnetic modelling

will be discussed.

Chapter 2 provides a description of the experimental methods that are employed
in the studies of this thesis. This includes sample fabrication and electron microscopy,

with specific interest in Lorentz magnetic imaging.

Chapter 3 provides a detailed description of a newly developed methodology
for characterisation of magnetisation ripple properties from experimental Lorentz
TEM images. It includes a discussion into previous characterisation methods,
outlining how these can be improved upon for characterisation of large data sets.
Properties such as ripple wavelength and dispersion are vital for better understanding
of micromagnetic behaviour. This methodology will be used for all remaining

results chapters within this thesis.

Chapter 4 presents a quantitative study into the control of both structural
and magnetic properties through the addition of ultra-thin NizgFes; seed layers,
on a higher moment composition of NiysFess, for hard disk drive read-write head
design. TEM imaging showed a reduction in average grain size diameter, and

film texture with increasing seed layer thickness. Lorentz microscopy showed
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that the seedlayer acted to suppress magnetic ripple properties and improved
uniaxial hysteresis behaviour. It is proposed that seed layers are a viable option

of property manipulation.

Chapter 5 involves development of micromagnetic models using MuMax? soft-
ware, to simulate the phenomenon of magnetisation ripple. Two models are
investigated, the former being a simplistic model producing a directionality variation
about a fixed axis, and the latter being more physically accurate by allowing
for independent anisotropy contribution control. Both models were successful in
producing visually representative simulated Fresnel images exhibiting magnetisation
ripple. Additionally, both models allow for control of parameters, such as grain
size and anisotropy, with the aim to produce trends that replicate experimental

results presented in Chapter 4.

Chapter 6 details a study of permalloy thin films exhibiting magnetostrictive
properties. The physical and micromagnetic variation of samples with different
magnetostrictive samples was studied, without the need for external straining.
Conventional TEM showed little variation between samples in terms of physical
structure, however bulk magnetic measurements highlighted a variation in behaviour.
Characterisation of magnetisation ripple also confirmed a change in micromagnetic
behaviour. This is followed by a discussion detailing if the differences in properties

can be exclusively attributed to magnetostrictive effects.

The final chapter, Chapter 7, summarises the results of this thesis and assesses

possible future research avenues.

1.2 Introduction to Ferromagnetic Materials

Magnetic properties of materials originate from the individual magnetic moments,
which are produced by the spin (S) and orbital (L) momenta of their electrons
(Figure 1.1). This produces an associated magnetic dipole moment g, which is

the sum of these contributions.
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L
- - T e~ ~
7 Electron N\
N e
~ Nucleus -

Figure 1.1: The magnetic moment in an atom is contributed by the magnetic moments
of orbital motion L and and the spin motion of the electron S.

A magnetic moment can be thought of in terms of a current loop. The circulating

current I encloses a surface A, giving rise to a magnetic moment .

p=1IA= %7?7“2 S L —— (1.1)

where I = q/t, charge ¢, ¢ = 2rr/v which is the time of one rotation, v is the

velocity of the particle and m is the mass.

The angular momentum is L. = mrv so therefore the magnetic moment can be

related to the angular momentum by:

q
p=g - L=n (1.2)

The transition metal elements, such as Ni, Fe, Co have an unfilled 3d shell. This
means certain systems can lower their energy by creating an imbalance in the number
of up and down spins, thereby becoming magnetic. The Stoner theory describes a
condition for magnetism at zero temperature where metals with large density of
states at the Fermi level or having a large value of exchange interaction tend to
be ferromagnetic. This includes d-band metals who have large density of states.
s-band, or p-band metals have smaller density of states so are not ferromagnetic.

Types of magnetic materials will be discussed in the following paragraphs.

A materials bulk magnetisation M can then be described as the integrated

magnetic moment p per unit volume V.
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_ Jdp
M= (1.3)

It should be noted that the overall moment is almost entirely formed by the spin
angular momentum. Here, the electrons are able to interact with the electric field

of the neighbouring ions and the orbital moment is quenched.

Materials can be characterised in terms of their magnetic moment alignment
and behaviour in presence of a magnetic field. In diamagnetic materials, the
electrons are paired with opposite and equal spins, giving a total spin in each
orbital that is equal to zero. Examples of which include Copper (Cu) and Gold
(Au). However, some materials have unpaired electrons. The magnetic moments
of these electrons are disordered and cancel in the absence of an applied field,
meaning the net magnetisation M of the material is zero. These materials are

referred to as paramagnetic. (Figure 1.2(a)).
(a) (b) (c) (d)
I I T I O O A I R
AN RN EREE

Figure 1.2: The magnetic ordering in (a) paramagnetic, (b) ferromagnetic, (c)
antiferromagnetic and (d) ferrimagnetic materials.

— —
- —

—_— o«

Paramagnetic materials do not retain any magnetisation in the absence of an
externally applied magnetic field because thermal motion randomises the spin
orientations. They experience an ordering effect under the application of an
applied field whereby the net magnetisation that is proportional to the field. This
response can be described as the magnetic susceptibility y which is the ratio of

the magnetisation M to the magnetic field H:

T =

(1.4)
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Typical values for y in a paramagnetic material are in the order of 10~ and

are dimensionless.

Materials that exhibit spontaneous magnetisation in the absence of an applied field
are referred to as ferromagnetic. The spontaneous alignment of magnetic moments
in a ferromagnetic was explained by Heisenberg through a quantum mechanical

exchange interaction [1], the Hamiltonian of which is given by

Hep, = —2J;;(Si - S;) (1.5)

where H,, is the exchange energy of two interacting electron spins, S; and S;, and
Jij is the material dependent exchange integral and the sum is over all interacting
spins. In a ferromagnetic material, J;; is positive and H,, is minimised by parallel

spins. The exchange interaction will be discussed further in Section 1.4.1.

In ferromagnetic materials, the neighbouring magnetic moments are aligned
parallel to one another, below the Curie temperature T (Figure 1.2(b)). This
phenomenon can be found in transition metal elements, such as iron (Fe), cobalt (Co)
and nickel (Ni). The magnetisation, M, of a ferromagnetic material is dependent
on both an applied magnetic field, H, and temperature T. Magnetic materials are
often distinguished by their (temperature dependent) magnetic susceptibility, x.
The temperature dependence of magnetic susceptibility can be described by the
Curie-Weiss law [2]. This law can be applied when the material is heated above

their respective Curie temperature and is given by:

= 1.6
X= T, (1.6)

where C is the Curie constant, T is the temperature, and T is the Curie
temperature. The Curie temperature for permalloy materials is in the range of
553 K to 872 K (280° - 600°), depending on its composition. [3] This means it

has a sufficiently high T value to exhibit ferromagnetism at room temperature.



1. Properties of Thin Ferromagnetic Films 7

Figure 1.3 highlights the transition of ferromagnetic material to a paramagnetic

state with increasing temperature.

M

t Tt
Ms rrrt

Ny e

[ NA—

» T(K)
Tc

Figure 1.3: Schematic representation of the relationship between magnetisation
saturation Mg and temperature T. In ferromagnetic materials, the magnetic dipole
moments align, in a state referred to as saturation magnetisation Mg. As the Curie
temperature T is reached, the alignments become disrupted, causing disorder, meaning
the material is now in a paramagnetic state.

In antiferromagnetic materials, the spins are arranged anti-parallel below the
Néel temperature T (Figure 1.2(c)). At zero field, there is no overall moment.
Above the Néel temperature, thermal energy destroys the alignment, causing a
transition to a paramagnetic state. Figure 1.4 highlights the effect of temperature
of susceptibility in para-, ferro-, and antiferromagnetic materials. It highlights
how both ferro- and antiferromagnets become paramagnetic above their ordering

temperatures, T and Ty respectively.

Ferrimagnets have oppositely aligned spins but with an unequal moment (Figure
1.2(d)). As a result, ferrimagnetic materials exhibit a net magnetic moment which
is weaker than that of ferromagnetic materials. It will have a similar behaviour

to that of a ferromagnetic shown in Figure 1.4(b).

By looking at the response of a material to the presence of a magnetic field, H,
we can introduce a materials magnetic flux density, B. The magnetic induction

can be related to the magnetisation M by,

B = (M + H) (1.7)
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where 1y is the permeability of free space. It can illustrate the relationship
between the induced magnetic flux density B, measured in (T), and the externally

applied magnetic field H, measured in (A/m) when working in SI units.

(a) Paramagnetic (b) Ferromagnetic (c) Antiferromagnetic
A F N A

[

Inverse susceptibility ("~ 1)

v
v

N
v

Tc Ty
Temperature (T)

Figure 1.4: Schematic of the behaviour of the main types of magnetic materials. The
temperature T dependence on the inverse susceptibility x~! of a (a) paramagnetic, (b)
ferromagnetic and (c) antiferromagnetic material. For (b) and (c), the material behaviour
is only being shown above the Curie and Néel temperatures respectively.

1.2.1 Magnetic Unit Systems

It is important to detail the unit systems associated with the phenomenon of
magnetism. Magnetic properties can be defined in two ways; through a Gaussian /
CGS (centimetre-gram-seconds) systems, or the MKS / SI (metre-kilogram-seconds)
system. The Gaussian system is based on magnetostatics and the magnetic pole
concept, whereas the MKS system takes an electrodynamic approach based on
electric currents. For ease of understanding, a summary of the units used and their
conversions are given in Table 1.1 below. For consistency of results presented in
this thesis, the Gaussian unit system will be used when quoting magnetic field

values, in terms of Oe (rather than A/m).
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Quantity Symbol  Gaussian Units SI Units Conversion
Magnetic Field H Oe A/m 1 Oe = 1000/47w A/m
Magnetic Induction B G T 1G=10"*T
Magnetisation M erg.Oet.cm™3 A/m 1 erg.Oe t.em™3 = 10% A/m
Field Equation - B=H+ 4™ B = uo(H+M) -

Table 1.1: Magnetic quantities with their units and conversions.

1.3 Hysteresis Loops

In a ferromagnet the individual magnetic moments of the atoms tend to be aligned
parallel to each other. Ferromagnetic exchange favours parallel alignment of spins
through locally aligned regions called domains. The complex behaviour of a materials
magnetisation configuration in an applied field can be characterised by a hysteresis
loop, whereby the hysteresis behaviour will depend on the materials history. A
ferromagnetic material follows a non-linear magnetisation curve when magnetised
from zero field, unlike that of a diamagnetic and paramagnetic material. A typical

ferromagnetic hysteresis response is shown in Figure 1.5.

M M, -
’ —_— — —

— — — _— > —

—_ —> —>
— — —
— —> —>

» H

— — —

— — —

A\ 4

— — —

v

Figure 1.5: Schematic representation of a hysteresis loop of a ferromagnetic material
exhibiting uniaxial anisotropy. Increasing magnetisation appears with an application of
an external magnetic field H, where it eventually eliminates the micromagnetic structure,
such as domains, until all the magnetisation lies along the direction of the field. This is
known as the magnetisation saturation, Mg. Key points are marked on the loop.

The material starts from an initial demagnetised state, where the magnetisation
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equals zero. As an applied magnetic field is gradually increased, the magnetisation
in the sample will reach a saturation value Mg, which gives an upper limit to
the magnetisation that can be achieved. This occurs as all the individual atomic
moments are aligned in the same direction, parallel to the externally applied field.
When the applied magnetic field drops to zero, the ferromagnetic material retains a
degree of magnetisation, called the remanence Mg, which is a useful characteristic
for a magnetic memory device if the value is large. The applied field is reversed
to drive the magnetisation back to zero, as indicated in Figure 1.5. The value of
H for which M is zero, is called the coercive field Ho. A further increase in H, in
the negative direction, causes the magnetisation direction to reverse and a reach
a negative saturation, where the moments completely align, but in the opposite
direction. The M-H graph, like that shown in Figure 1.5, is produced by a sweeping
positive and negative field between plus and minus saturation and is known as a
standard hysteresis loop. In other words, it shows the history dependent nature of
magnetisation in a ferromagnetic material. Once the material has been driven to
saturation, the magnetising field can then be dropped to zero, where the remanent
magnetisation will remain. This parameter provides the basis of magnetic recording
where by information is written on a recording media (FePt) by locally magnetising
areas of the media in opposite directions to represent 0’s or 1’s. The read head then

operates to sense the local remanent magnetisation and recover the information.

The hysteresis provides quantitative information about the materials magnetic
properties, such as Ho and My as described. Materials which retain their magnetism
and are difficult to demagnetise are called hard magnetic materials, shown in Figure
1.6(b). Soft magnetic materials have low He and generally low M, values, such as
permalloy, shown in Figure 1.6(a). However these values are subject to change, for
example, when there is an induced anisotropy. They have a large susceptibility,
and allow for the relatively easy movement of domain walls. Properties of soft

ferromagnetic permalloy samples are the focus of the work presented in this thesis.

Hysteresis behaviour forms an important part of the investigations reported in

this thesis. They provide information on the bulk micromagnetic behaviour of
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(a) Soft ferromagnetic material (b) Hard ferromagnetic material

Figure 1.6: Hysteresis curve comparison of the magnetic behaviour of (a) soft
ferromagnetic materials such as permalloy and (b) hard magnetic materials such as
steel.

the sample. A typical hysteresis loop for the films investigated in this thesis (thin
film permalloy with a defined easy axis) along both the easy and hard directions
can be seen in Figure 1.7(a) and (b) respectively. This demonstrates how the
magnetic response changes, depending on whether the external field is applied

on the easy or hard axis of the sample.

Lorentz TEM allows for the visualisation of the dynamic micro-magnetic processes
when applying an external field along both the easy and hard axis. If an external
magnetic field is applied along an easy axis until saturation, as this field is gradually
reduced to zero, the material still retains its magnetisation. This remains until its
magnetisation is forced to switch in the opposite direction by applying a field in
the opposite direction. This is called easy axis switching which is likely to consist

of a domain wall nucleation which rapidly sweeps through the sample.

When an external magnetic field is applied along the hard axis, the magnetisation
can change direction to align with the field in two different ways. One mechanism is
coherent rotation of the magnetisation, the second is via domain formation. For the
former, the magnetisation can rotate smoothly from one direction to the opposite

direction (if there is some offset bias present). This occurs in films possessing
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uniaxial anisotropy, and is referred to as the hard axis (Figure 1.7(b)). In larger
systems it may be more energetically favourable for reversal to occur through typical
domain processes. This mechanism involves nucleation of domains and domain

walls, and subsequent domain wall motion.
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Figure 1.7: Experimental M-H loops for a permalloy film with induced uniaxial
anisotropy, where the external field is applied along the (a) easy axis and (b) hard
axis.

1.4 Magnetic Energy Terms

The net equilibrium magnetic configuration of a magnetic material can be thought of
as resulting from a competition of energies. For the total energy of a ferromagnetic
specimen in an externally applied field, the sum of the individual magnetic energy

terms can be written as:

Etotal = Eex + Ek + Ed + Ez + E)\ (18)

These terms refer to the exchange, anisotropy, magnetostatic, Zeeman and
magnetostriction energies respectively. These terms dictate the micromagnetic
behaviour of ferromagnetic materials, which deals with the details of magnetic
structures that are observed in materials such as domain formation (Section 1.6)

and magnetic hysteresis (Section 1.3). Fach of these terms will be discussed



1. Properties of Thin Ferromagnetic Films 13

individually in the following sections, followed by how they relate to the process

of domain formation.

1.4.1 Exchange Energy

The exchange energy is the energy associated with the parallel alignment of the
spin system. The fundamental origin of this interaction is Coloumb repulsion
between two particles with overlapping wavefunctions. The exchange energy is
minimised by changing the orientation of the individual magnetic moments to lie
parallel in a ferromagnetic material. It is important to note that this interaction
decreases rapidly with increasing distance between atoms, therefore the exchange
interaction between nearest neighbours is considered. The total exchange energy

for the material assuming identical atoms is,

Eop = —2J5%)  cosp;; (1.9)

tj
where S is the magnitude of the spin vector, J is the exchange integral and ¢;; is
the angle between the spins i and j. The exchange interaction is a local, atomic
scale interaction, which can be characterised by the exchange length parameter
le.. The exchange length approximates the distance over which the direction of
the magnetisation of the material is constant (i.e. width of an idealised domain

wall) and is given by:

2A
loy = ’/quQ (1.10)

where A is the exchange stiffness constant (J/m) and can be defined by A =
2J5%z/a for cubic cells in which z is the number of lattice sites in the unit crystal
cell and a is the distance separating neighbouring atoms. The exchange stiffness
constant serves as a characteristic of a ferromagnetic material instead of the exchange
integral J between two spins. Unlike J it introduces a dependence on the crystal

structure. Mg is the magnetisation saturation, and ug is the permeability of
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vacuum, which is a fundamental constant of 47 x 10~7 Hm™!. For polycrystalline
permalloy (NiggFeg), A = 1.3 x 107'! J/m and Mg = 860 kA/m, which gives

an exchange length 1., = 5.3 nm. [4]

The continuum formulation of the Heisenberg exchange describes how neigh-
bouring cells tend to prefer parallel alignment. The micromagnetic exchange field

can be described by the following Laplacian:

Y
exch ,UOMS

VM (1.11)

The exchange length and exchange stiffness are both important characteristics
when simulating a granular structure, such as polycrystalline thin films, which form
the subject of this thesis. The interaction between individual grains will produce a
phenomenon called magnetisation ripple which will be discussed in greater detail
in Section 1.7. Results from simulation models investigating magnetisation ripple

will be shown in Chapter 5.

1.4.2 Magnetostatic Energy

Magnetostatic energy results from dipole interactions induced by surface and volume
charges of a sample. The magnetic field is a dipole field, that means that every
magnet must have two poles where the magnetic force strongly attracts an opposite
pole of another magnet and repels a like pole (Figure 1.8(a)). The magnetostatic
energy arises from the interaction between the field and the magnetisation it

opposes and is given by:

Ey= —@/ M - HdV (1.12)
2 Jv

where g is the permeability of free space, H; is the demagnetising field, and
M is the magnetisation of the sample. Note that the factor of 1/2 accounts for

double counting within the integral.
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The demagnetising field at a point P at a position r to the origin of a coordinate

O, can be calculated from the following equation:

Hy(R)

1 [ -V-M 1 M-
/ v ~on (1.13)
;

e |r-r’|2 * ar Js |r-r’|2

where r is the position vector for the point in space where the field from the
charge is evaluated, r’ is the position of the differential magnetic charge. Meaning
|r-r’| is the distance between the field point and charge. n is the outward pointing
unit vector normal to the surface of the object. V - M is the magnetic volume
charge density and M - n is the magnetic surface charge density. The magnetostatic
energy of the specimen can be reduced by decreasing the amount of stray field
generated at the edges or within the specimen. This can be achieved by the

formation of the domain structure.
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Figure 1.8: Typical domain process of reducing a demagnetisation field by splitting
regions of uniform magnetisation into smaller regions with different magnetisation
directions. (a) Uniform magnetisation in a rectangular ferromagnetic specimen, in which
the curved lines outside the material represent the stray field and the red pluses and blue
minuses represent the positive and negative charges respectively. Domain formation then
occurs from (b) to (c¢), until (d) which demonstrates a flux closure structure in order to
minimise the magnetostatic energy. The K-axis denotes the preferred directionality of
magnetisation.

This effect of the magnetostatic energy is shown in Figure 1.8. Note that the
K-axis refers to the anisotropy directionality which represents the preferred direction
of magnetisation. A sample in which all the magnetic moments are pointing in

the same direction is referred to as being in a single domain state. In this state,
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the magnetostatic energy associated with the poles of the ferromagnetic is large
i.e. there is a large amount of stray field energy from the contributions of M - n
at the edges (Figure 1.8(a)). This is the configuration for a minimum of exchange

energy as previously discussed in Section 1.4.1.

The sample can lower its total energy by being divided into several magnetic
domains. Within each domain, all the magnetic moments are parallel to each other,
which satisfies the minimum condition for the exchange energy. The formation of
domain walls will cause a rotation of spins, thereby increasing the exchange energy.
There will also be an increase in magnetostatic (1.4.2) and magnetocrystalline
(1.4.4) energy. This will be discussed further in Section 1.6. The magnetostatic
energy and exchange energy are in direct competition. Figure 1.8(d) shows a flux
closure state, which has a minimal stray field and is the preferred state when
there is little to no magnetostrictive energy and anisotropy (these energy terms

will be described in the following sections).

1.4.3 Zeeman Energy

In the presence of an externally applied magnetic field, the moments within a
magnetic material will attempt to align parallel to the field direction. The Zeeman
energy takes into account the orientation of the magnetisation with respect to

the applied field and is given by,

E. = —Mo/ M - HdV (1.14)
\%

where H is the external magnetic field, V is the volume, and M is the mag-

netisation of the sample.

1.4.4 Magnetocrystalline Anisotropy

Magnetic anisotropy describes the dependence of the energy of a ferromagnetic

body on the direction of the magnetisation. Magnetocrystalline anisotropy, Ej
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energetically favours the alignment of magnetic moments along certain crystallo-
graphic directions, known as easy axis. The energetically unfavoured axis is called
the hard axis. It costs energy to rotate the magnetisation direction away from
the easy axis. This anisotropy energy depends on the structure of the materials
lattice. The expression for the anisotropy energy can be written using «, S and ~
which are the directional cosines in the crystallographic axes. For a cubic system

such as Fe, the energy is given by:

Ey = / [K1(a?B% + By + 7°a?) + Kaa? 324°)dV (1.15)
v

where K; and Ky are the anisotropy constants for the material, and V is the
volume of the material. For hexagonal or uniaxial crystals, the magnetocrystalline

anisotropy energy is given by:

B, = / (K15in%0 + Kysin®0)dV (1.16)
14

where 6 is the angle between the magnetisation and easy axis. If we use the

direction cosines, equation 1.16 becomes:

Be= [ [Ki(1=9%) + Ka(1 = *)?IdV (1.17)

The material studied in this work, a permalloy magnetic alloy, is known as
a soft magnetic material. This means there will be weak anisotropy resulting

from the crystal structure.

The easy magnetocrystalline axis in Ni is <111> and in Fe it is <100>. For
example, K; = -5.7 x 10® Jm™ for fec Ni. [5]

Polycrystalline materials can have no overall preferred axis as the individual
crystals (or grains) are randomly orientated, unless the film is textured (which
will be an important factor in the results presented in Chapters 4 and 6). Instead,

the anisotropy direction varies between crystallites, resulting in ‘local’ easy axes.
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This manifests itself in the form of magnetisation ripple, which can be visualised

during Fresnel imaging.

1.4.5 Induced anisotropy

Anisotropy can be induced during or after film growth using special processing
techniques. Its origin can be due to grain orientation and ordering of Ni/Fe atoms.
This effect can be achieved by growing the material in a large applied field and/or
annealing the sample in a large field after deposition while heated. This in turn
induces a uniaxial anisotropy aligned with the field axis. This creates a well defined
easy and hard axis, an example of which is shown in Figure 1.9. These plots are
referred to as hysteresis loops (Section 1.3), which demonstrate a material’s response

to a magnetic field applied along the easy and hard axis.

Larger applied magnetic fields are required to reach the same saturation along
the hard axis, compared to the easy due to the anisotropy of the film. An easy axis
hysteresis loop will appear open, compared to a hard axis which will appear more
closed. The uniaxial anisotropy of a thin film can be related to magnetic properties,
such as the the anisotropy field Hy. This refers to the applied field needed to rotate
the magnetisation to fully align with the field. The relation can be given by:

_ MgH,
)

K, (1.18)

where Mg is the materials magnetisation at saturation. In this work, we
investigate thin films which have an overall induced uniaxial anisotropy, as well
as the individual crystalline anisotropy. The anisotropy values for the induced
anisotropy is significantly larger than that of the individual crystals. The effect of

this, known as magnetisation ripple, will be discussed in greater detail in Section 1.7.
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Figure 1.9: Hysteresis for 10 nm NigsFess thin film with a 0.5 nm NizgFes; seed layer.
Demonstrating the difference in M-H hysteresis loops when an external field is placed
along the easy axis (parallel) and hard axis (perpendicular).

1.5 Magnetostriction

Magnetostriction is a physical effect present in all ferromagnetic materials. A
magnetostrictive material develops mechanical deformations when subjected to an
external magnetic field. The existence of magnetostriction was first discovered by
James Joule in 1842 when he noted the change in length of a ferromagnetic material,
in this case Nickel, with the application of an externally applied magnetic field.
This effect was accordingly named after him, as the ‘Joule Effect’. [6, 7] Although
this is generally a small effect, the fractional change in length is in the order of 1075,
it can have a substantial impact on nano-scale data storage devices, specifically in
the area of shielding on the recording head. [8,9] Low magnetostriction materials
are desired in the shielding of the reader head to ensure the minimisation of any
stress in the presence of an externally applied magnetic field. Failure to control the
induced stress on the shielding of the reader may degrade the overall performance

of the recording head. This will be studied in more detail in Chapter 6.
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1.5.1 Mechanism

There are two types of magnetostriction; spontaneous (H=0) and saturation
magnetostriction (which is also referred to as ‘field-induced’ magnetostriction). The
mechanisms of these effects are demonstrated in Figure 1.10 where the ellipsoids
represent individual magnetic moments. In both cases, the magnetostriction can be
simply defined as A, which refers to the fractional change of length I of the

specimen given by:

A
A= ll (1.19)

Spontaneous magnetostriction occurs when a ferromagnetic material is cooled

below the Curie temperature T and produces a spontaneous lattice strain.

In the paramagnetic region above T¢, the atoms are in a random disordered
state (Fig.1.10(a)). Reducing the temperature below T causes the material to
become ferromagnetic (as discussed in Section 1.2), resulting in a spontaneous
magnetostriction effect, A\ at zero field (H=0) or spontaneous strain, e, along

a particular direction (Fig.1.10(b)).

Isotropic Spontaneous Magnetostriction

It is possible to derive a relationship between spontaneous magnetostriction A\g and
saturation magnetostriction A;. To do that an isotropic material in a disordered
state above T¢ is considered, represented by the spherical volumes in Figure 1.11(a).
As the material is cooled below T¢, spontaneous mangetostriction occurs (Figure
1.11(b)). As the material is isotropic, the magnetic domains are randomly orientated
at and angle #. The net magnetisation is consequently zero. For an isotropic material,
this strain associated with the change in length, e will vary with the angle 6 from

the direction of spontaneous magnetisation according to:

e(0) = ecos?. (1.20)
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Figure 1.10: Schematic illustration of the mechanism of magnetostriction where ellipsoids
represent individual magnetic moments. (a) Paramagnetic region above T¢ displaying a
random disordered state. (b) Spontaneous magnetostriction which occurs when a material
is cooled below T¢ and therefore becomes ferromagnetic. (c¢,d) display field-induced
magnetostriction where the strain lies parallel to the applied field direction. Adapted
from [10] B. D. Cullity and C. D. Graham, Introduction to magnetic materials. Hoboken,
N.J.: IEEE/Wiley, 20009.

The average deformation from the effect of spontaneous magnetostriction can
be obtained by integrating over all directions, assuming that the domains are

randomly orientated. This gives:

/2 /2 1
Ao = / ecos*0sinfdf = e/ —500339. = g (1.21)
0

—7/2

Saturation Magnetostriction

Saturation magnetostriction Ay, is the magnetostriction parameter measured when

a sample has been magnetically saturated. This is the point where an increase in



1. Properties of Thin Ferromagnetic Films 22

e
4—>
(@ | AboveT, H=0
e/3| 2¢e/3

—>| ¢—

)\'O Xs
(b) | BelowT, | H=0 @Q@

Figure 1.11: Schematic demonstrating magnetostriction in (a) a disordered paramagnetic
material, (b) demagnetised ferromagnetic phase, (c) ferromagnetic material that has been
magnetised to saturation

the externally applied field will not increase the final magnetostriction, as shown
in Figure 1.11(c) and 1.12. It represents the strain measured in a particular
direction as the sample is taken from the demagnetised state to saturation along

the same direction.

In this saturated state the magnetic moments are aligned as in Figure 1.10(c,d),

and so the strain will be parallel to the applied field giving:

2
>\s =€ — )\0 = g@ = 2/\0 (122)

If a material has a positive magnetostriction value, the sample will elongate along
the direction of an externally applied magnetic field. The thickness of the sample,
perpendicular to the direction of the applied field, will shrink in proportion to
Poisson’s ratio (ratio of compressive and expansive deformation) to ensure that
the overall volume of the sample remains constant. If the magnetostriction value
is negative, the opposite applies. Permalloy has a crossover from a positive to a
negative magnetostriction value depending on the composition of the alloy. This

crossover occurs at 80.7% Nickel. This will be discussed further in Section 1.5.4.
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» H

Figure 1.12: Development of magnetostriction A of a polycrystalline material as a
function of applied magnetic field H. Adapted from J.M.D Coey, Magnetism and Magnetic
Materials. Cambridge University Press, 2009 [11].

1.5.2 Magnetostriction in Thin Films

The previous section discusses the fundamental magnetostriction mechanism which
occurs in individual crystals. The materials studied in this work (Chapter 6) are thin
polycrystalline materials with magnetostrictive properties. For a polycrystalline
specimen, the value of the magnetostriction depends on the magnetostrictive prop-
erties of the individual crystals. Polycrystalline samples have randomly orientated
grains, leading to an averaged bulk magnetostriction value. The magnetostriction
can be averaged in the field direction over all possible crystal orientations. This leads

to a simplified equation for a randomly orientated polycrystalline cubic material:

2 3
A = = A Y 1.23
5 100 + 5 ( )

where \jgp and A1q; refer to the saturation magnetostriction measured along the
<100> and <111> direction respectively. Equation 1.23 is an established formula
determined from directional microstrain measurements on 80/20 permalloy. [12]

These values can be quoted as 4 x 107% and 5 x 107° respectively. [13]

1.5.3 Magnetostriction Measurement Techniques

Magnetostriction measurement techniques can be classified in one of two ways:

either using direct methods referred to as the Joule Effect, or indirect methods
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known as the Villari Effect. These can be differentiated by how the strain of

the sample is measured.

Indirect methods measure changes in anisotropy due to stress/strain. [14-17]
This method was discovered by E. Villari (1865), and was subsequently named the
‘Villari Effect’. [18] The application of stress to material induces stress anisotropy.
Magnetostriction can be calculated by measuring the change in the anisotropy field.
The sign of the magnetostriction depends on the material or the composition. If a
material contracts along the direction of the applied field when it is magnetised, it
has a negative magnetostriction. In this case, the application of tensile stress will
cause a decrease in the measured anisotropy field. If a material expands, it has
a positive value, and the anisotropy field will be increased by tensile strain. An
example of a material studied in this body of work is a NizgFes; polycrystalline
thin film, which has an associated magnetostriction value of A\, = -0.2 x 107°

when measured using indirect techniques. [19]

Direct methods enable the magnetostrictive strain to be measured as a function of
the applied field and generally yield )., which is the field dependent magnetostrictive
strain. [20-22] Whereas indirect methods are suitable only for measuring the

saturation magnetostriction A, [23].

1.5.4 Magnetostriction as a function of sample composition

Effects of magnetostriction need to be better understood in polycrystalline thin
films, for development of the next generation of data storage devices. [24] As
previously discussed, the magnetostrictive sign of a permalloy material depends
on its composition. Therefore many experiments have taken place to investigate
where the sign switching occurs, and locating when a zero-crossover value takes
place. Results presented by K. Krush in 1986 [25] (shown in Figure 1.13(a)) shows
how the value of saturation magnetostriction is very sensitive to the composition
of the material, in this case permalloy, with a crossover from positive to negative

magnetostriction occurring at 80.3% Ni.
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Figure 1.13: (a) Saturation magnetostiction A vs sample composition for Nickel/Iron
permalloy films, taken from K. Krusch (1986) [25]. (b) Measured saturation magnetostric-
tion A as a function of Ni concentration, taken from C.Hill 2013 [26]

This was reconfirmed in 2013 by using the indirect methods described in the
previous section. [26] The zero magnetostriction cross over point was approximately
at 80.5% Ni, as expected, and follows a linear trend. This crossover point from
a positive, through zero, to a negative magnetostrictive effect will be a region of

interest in work presented in Chapter 6.

1.6 Magnetic Domains and Domain Walls

As described in previous sections, magnetic domains form in ferromagnetic materials
due to the competition between different energy contributions. The magnetisation
of a sample does not suddenly change between domains. Instead, it will change
continuously over a region called a domain wall. There are two simple 1D domain
wall types often observed in films. In Bloch walls there is a rotation in plane of the
domain wall. In this configuration the magnetic moments point fully out of the
plane in the centre of the wall (Figure 1.14(a)). It is important to note that the

magnetisation is divergence free within the film, as seen in Figure 1.15(a).

In a Néel wall there is a rotation in plane, orthogonal to that of the domain

wall, and no out-of-plane component of the magnetisation occurs anywhere in the
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Figure 1.14: Schematic illustration of spin configurations of typical domain wall types
found in ferromagnetic thin films. (a) Bloch walls, (b) Néel walls and (c) Cross-tie walls.

domain wall. This process is highlighted in Figure 1.15(b), where the magnetic
charges form at the sides of the wall. Here the magnetisation is divergent within

the film, leading to a magnetostatic contribution.

The existence of Bloch and Néel walls depends on the materials thickness. Bloch
is divergence free and favoured for thick films. Néel is favoured for thin films, and
for materials with in-plane magnetisation. Below a critical thickness (approximately

30 nm), Bloch wall formation becomes energetically costly. When the domain
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wall width and film thickness become comparable, the energy associated with the
surface (Bloch) and volume (Néel) will change favourability, whereby the Néel-type

walls become more favourable.

It should be noted that there is a third, more complicated type of domain wall
configuration called a cross-tie wall shown in Figure 1.14(c) that appear at an
intermediate thickness (30-90 nm). They have a 90° wall structure separating
neighbouring domains. They behave as Néel walls of opposite rotation and form

vortices and antivortices due to the flux closures.

In this work presented, Néel domain walls in a 10 nm thick polycrystalline permal-

loy sample will be imaged using Lorentz imaging techniques described in Chapter 2.

(a) (b)
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Figure 1.15: Schematic illustration of the charge distribution of typical domain wall
types found in ferromagnetic thin films. (a) Bloch walls and (b) Néel walls.

1.7 Magnetisation Ripple

Fuller and Hale (1960) discovered that the magnetisation direction in a polycrys-
talline thin film is non-uniform on the micro-magnetic scale when visualised using
Lorentz microscopy, and named the phenomenon ‘Magnetisation Ripple’. [27] A
polycrystalline material has a granular structure where each grain has own randomly
oriented easy axis with an associated anisotropy K, as described in Section 1.4.4.

This causes a perturbation of the domain magnetisation.

Figure 1.16 demonstrates the physical origin of the magnetisation fluctuations
which results from the granular structure that is present in polycrystalline thin
films. The films investigated in this body of work have an overall induced uniaxial
anisotropy Kg through field and heat annealing treatments as described in Section

1.4.5. The anisotropy values for the induced uniaxial anisotropy are significantly
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Figure 1.16: Schematic of magnetisation ripple origin. (a) NigsFess bright field TEM
image, showing a granular structure, expected from a polycrystalline thin film. (b) The
random direction of the granular crystalline anisotropy Ky, with an additional global
uniaxial anisotropy Kg. (¢) Schematic of the magnetisation fluctuations, producing
low-angle domain walls, commonly referred to as magnetisation ripple, where the length
scale is in the order of 100s nm. (d) Lorentz TEM image displaying strong magnetisation
ripple of a NigsFess permalloy thin film. The arrow indicates the mean direction of
magnetisation M.

larger than that of the individual grains. For example, a typical value for K¢ for
a permalloy material would be 500 J/m? (5000 erg/cc), compared to 100 J/m3
(1000 erg/cc) for K, , which is an inherent magnetic property originating from the
granular crystalline anisotropy K, (Section 1.4.4). The effect of this variation in
anisotropy strength and direction is that it produces low-angle domain walls within
the film (Figure 2.16(c)). Grain sizes of ~ 10 nm will produce wave-like fluctuations
with a wavelength in the order of 100s nm. Figure 1.16(d) shows a visualisation
of magnetisation ripple properties by using Lorentz TEM imaging, with the mean

direction of magnetisation M highlighted by the arrow.

There are two possible configurations which are associated with the magnetisation
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ripple effect: the transverse and longitudinal components. [28] Longitudinal de-
scribes the fluctuations of the magnetisation direction are perpendicular to the mean
magnetisation. Transverse refers to the parallel fluctuations. A schematic illustration
of these two ripple components is shown in Figure 1.17. Fuller and Hale showed
that while the exchange and random local anisotropy energies (magnetocrystalline
anisotropies) for the two distributions is about the same, the magnetostatic energy is

much lower for the longitudinal component, which is therefore favoured energetically.
A
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(a) Longitudinal ripple (b) Transverse ripple

Figure 1.17: Schematic representation of (a) longitudinal and (b) transverse magnetisa-
tion ripple configurations.

A number of subsequent studies aimed to look at magnetic ripple from a theoretical
perspective, that focuses directly on the dominant transverse ripple component.
Theories show that the phenomenon can be explained by the randomly orientated
local anisotropies of the grains in the film. It is assumed that the magnetisation is
parallel to the thin film surface due to the large demagnetising field perpendicular
to the film. In theory the parameter causing the ripple is a local anisotropy in
each randomly-oriented crystallite, as demonstrated in Figure 1.16(b). Many highly
mathematical theories of magnetisation ripple have been developed, examples
include H. Hoffmann (1968) [29, 30] and K.J. Harte (1968). [28,31] In the following
sections, we will only treat Hoffmann’s interpretation of ripple as it is generally

seen as the standard model.
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Hoffmann made the basic assumption that the magnetisation will lie parallel to
the thin film surface, due the the large demagnetising field perpendicular to the film.
He also stated that the parameter causing the ripple is the local anisotropy present
in each randomly orientated crystallite. This local anisotropy is superimposed on

the overall uniaxial anisotropy which is uniform in direction.

Hoffmann stated that the direction of the magnetisation M exhibited an angular
deviation ¢(r). He expressed that the direction of M at any point @(r) as the sum

of the mean magnetisation <IM> direction ¢, as given by:

P(r) = ¢o + ) (1.24)

To derive the mean ripple angle, the total energy has to be calculated, and
then the derivative with respect to the angle @ of M is set equal to zero. These

components of the total energy are as follows:
 (a) External applied field, Ey

 (b) Uniaxial anisotropy, Ex,

(c) Exchange energy, Eg,

+ (d) Local anisotropy of individual grains, E,

(e) Magnetostatic, E,,

One further simplifying assumption is that the film possesses no overall magne-
tostrictive effects. If a film has an associated magnetostrictive energy, it should
be added to the crystal energy. Hoffmann’s approach was to minimise the total

energy of the film using the variational integral:

5/ (Ey + Ex + Epy + B, + Ep)dV =0 (1.25)
\%

5 /V (Ey)dV =0 (1.26)

where V is the volume of the film.
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By retaining only the initial terms in a Taylor series expansion in ¢, Hoffmann
simplified the variational problem considerably. His approximation leads to a
differential equation for the magnetization fluctuation ¢(r) which can be linearised
by neglecting the longitudinal stray field (parallel to the mean direction of M). In
this so called linear ripple theory, Hoffmann derives an expression for ¢(r) from

the linearised differential equation. [29]

Magnetisation Ripple Dispersion Theory

For comparison with experimental Lorentz TEM images, it is useful to calculate,
besides the magnetization fluctuation at every point, r, the root mean square of
magnetisation dispersion . This is defined as the root mean square of the value of

&(r)? averaged over the whole film and is referred to as ripple dispersion angle.

Magnetisation ripple dispersion relates to the variation of magnetisation orien-
tation from the mean direction of M, as shown in Figure 1.18. It assumes that
the perturbing anisotropies are randomly oriented magnetocrystalline anisotropies.
Knowing the local crystalline anisotropy in the film, allows for the dispersion to be
calculated. Hoffmann predicted that an estimate of the mean value of magnetisation

dispersion, 6 (radians), can be given by:

1 DK 1
0= 1 1 1" 3 (127)
drz (2d)iMz2  (AK,(h+1))s

where D is the mean grain size of the polycrystalline film, d is the film thickness,
K is the crystal anisotropy constant, M is the saturation magnetisation, K, is the
uniaxial anisotropy constant, and h = H/Hj, which is referred to as the reduced field.
As shown, there are many parameters which influence the ripple dispersion variation.
Some parameters can be investigated experimentally such as grain size. Theory
predicts that a decrease in grain size will lead to a decrease in the magnetisation

ripple dispersion. This will be investigated in greater detail in Chapter 4.
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NN

Figure 1.18: Schematic of magnetisation ripple dispersion #: The cone, highlighted by
the blue lines represents the variation in orientation of the magnetisation direction, from
the mean direction of magnetisation M.

Magnetisation Ripple Wavelength Theory

The second characteristic proposed by Hoffmann was the magnetisation ripple wave-
length (highlighted in Figure 1.17). This equation was derived by considering a region
exhibiting dispersion. It does not include parameters such as crystal anisotropy
as it is a long-range effect. Hoffmann used the following theoretical formula for

determining the ripple wavelength along the easy and hard axis respectively:

(h+1)z (1.28)
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where A is the exchange constant, K, = M Hj /2 is the uniaxial anisotropy constant

and A is the reduced field.

Hoffmann proposed that a thin film with a larger induced anisotropy constant
would have a smaller ripple wavelength, when compared to a sample with a smaller

K, value. This effect will be studied experimentally in greater detail in Chapter 4.

Equations 1.28 and 1.29 also state that the mean wavelength of the ripple decreases
with increasing field strength. A detailed experimental and simulation model study
into magnetisation ripple characteristics, such as ripple dispersion and wavelength

as a function of field, will be discussed in all following results chapters.
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1.8 Micromagnetic Simulations

Micromagnetism is the theory which describes magnetisation on the intermediate
length scales above those where individual atomic spins have to be taken into
account. For example, the exchange length L., is a parameter which indicates
the length scale in which you would expect little variation in the directionality of
magnetic moments. As L., is approximately an order of magnitude larger than
the distance between individual moments, a continuum approximation can be
made. In the continuum limit you remove the discrete nature of atomic spins and
replace it with a smoothly varying function of position and time. This enables
the application of computationally efficient numerical techniques to accurately

simulate magnetic materials.

Micromagnetic simulations are a vital tool when investigating or predicting the
magnetic behaviour of a specimen. In the work presented in the following results
chapters, the micromagnetic simulations will be provided using the MuMax? software.
[32] MuMax? is a GPU-accelerated programme that uses a model based on the
Landau-Lifshitz-Gilbert (LLG) equation which represents the magnetic energy terms
as effective fields to then produce dynamical behaviour.[33] MuMax® calculates
the effective field of each cell in the simulation, and can therefore calculate the
magnetisation by solving the LLG equation using finite difference methods. [34]
This describes the gyroscopic precession v of a magnetic moment due to the applied
field with damping conditions «. This causes the magnetisation M to precess and

spiral until it aligns with the effective field, which is visualised in Figure 1.19.

oM Yo
— =—-yMxH.,/y — —M M x H, 1.30
5 YM x H,yy ™M X (M x Hegy) (1.30)

H.ss is an effective field and is given by:

i 6Et0t
po OM

H ;= — (1.31)
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where E;,; is the total energy of the system. This will take into account the
magnetostriction, anisotropy, exchange energies and the external field interactions

as previously described in Section 1.4.

Figure 1.19: Visualization of the contributions to the magnetization dynamics as
described by the LLG equation. (a) Precessional motion around the effective field Hcyy.
(b) Dissipative motion of the magnetization toward Hcsy. (c) Combined precessional and
dissipative motion as described by the LLG. Recreated from [34].

The most realistic micromagnetic simulation would be one that considers all
the individual atomic moments in the material, such as Vampire software [35].
However this would be almost impossible to compute for the dimensions of typical
magnetisation ripple (minimum of several microns). Also as magnetisation ripple
has such a large length scale, atomic moment simulation would not be necessary. A
way around this problem is to create areas known as cells, which have an uniform
magnetisation. The cell size is an important variable when creating simulation
models and is something that is investigated in Chapter 5. Cell sizes must be on
the order of the exchange length of the simulated material to ensure the simulations
find physical solutions. There is a trade-off between simulation time and simulation
accuracy. The larger the cell size, that faster the simulation calculation time, however
it will provide a less realistic simulation of the micro-magnetic characteristics. The
size of the cell is normally of the order of the ferromagnetic exchange-interaction
length, L., of the material in the element (e.g. L., = \/% ~ 4 nm for Nig; Feqg). It
is important to note that if the cell size is much larger than the exchange length, the
results are unrealistic. However a smaller cell size does not always make simulation

more realistic i.e. there is a convergence in behaviour around the exchange length.
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The finite difference (FD) method is a widely used technique for micro-magnetic
simulation packages, such as MuMax?®, which is used here. [36, 37] In mathematics,
finite-difference (FD) methods are numerical methods for solving differential equa-
tions by approximating them with difference equations, in which finite differences
approximate the derivatives. In the case of magnetic systems, the various energy
contributions have to be approximated to their FD counterparts before the effective
field and LLG equations can be solved. This modelling technique requires the use
of a square mesh (Figure 1.20(a)), therefore it would be difficult to successfully
model any curved or irregular boundaries, like seen in finite-element (FE) simulation
packages such as NMag or magnum.fe [38, 39]. However, as work presented in
this includes magnetic thin films with a regular structure, the finite difference

modelling approach will be favourable.

(a) (b) &

Figure 1.20: (a) Finite difference (FD) simulation set-up showing 2D cell representation.
(b) Example 5 nm grains simulation for a polycrystalline permalloy structure, with the
colours representing the orientation of magnetisation, which in this case is randomly
distributed.
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2.1 Introduction

In this chapter, the various experimental techniques used in this project will be
outlined. In order to gain insight into the properties of magnetic materials and
devices, it is important to be able to study the physical and magnetic properties of
the material or device under investigation. Section 2.2 describes the substrates used
in this work which make magnetic measurements and electron microscopy possible.
This is followed by an outline of the deposition and annealing techniques. The
B-H looper method was used in this work to produce hysteresis loops from bulk
samples that could be further analysed, as described in section 2.3. Transmission
electron microscopy (TEM) is the main characterisation technique used in this
project, and it’s set-up is detailed in Section 2.3. It is a powerful and versatile
tool for acquiring high resolution experimental images that allow us to analyse
the physical structure of the samples as outlined in Section 2.5. Modification of
conventional TEM operations allows for the use of Lorentz imaging, which gives us
the ability to acquire magnetic TEM images. It allows for direct visualisation of
the micro-magnetic configuration of the material, as described in Section 2.6. The
understanding of the structure and in-situ dynamics of magnetic configurations, such
as magnetisation ripple and domain formation, is becoming increasingly important
in various applications of magnetic materials, such as thin-film recording heads

in the magnetic recording industry. [1]

2.2 Sample Preparation of Thin Magnetic Films
2.2.1 Electron Transparent Substrates

For thin film deposition, a substrate is needed. Conventionally, Si3N, membranes

are used in TEM imaging as they are thin enough to be electron transparent,
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therefore allowing TEM imaging to be performed. The substrates were acquired
from the James Watt Nanofabrication Centre and are shown in Figure 2.1. Their

dimensions are 2 x 2 mm?

, with a 100 x 100 pum? SisN, membrane window in
the centre for sample imaging. These membranes are approximately 50 nm thick

and have an amorphous structure.

Front Back
Cross-section

SiN

u( 5"0“‘“‘ \=/ \/ >
SiN

100 x 100 pm?
SiN window
2mm

Figure 2.1: Front, back and cross-section of a single SisN4 membrane used for thin film
deposition. These membranes can be loaded into a sample rod which is placed within the
TEM column, for sample visualisation.

2.2.2 RF Magnetron Sputtering

All samples studied in this thesis are polycrystalline thin films and are deposited

using RF magnetron sputtering by collaborators in Seagate Technology, Ireland.

Radio Frequency (RF) magnetron sputtering is a commonly used deposition
technique for thin films due to its uniform and dense coating with strong adhesion.
[2,3] Sputtering is a process whereby atoms or molecules of some materials are
ejected from a target situated in a vacuum chamber, becoming precursors for coating,
due to the bombardment of accelerated high-energy inert gas ions. Repetition of
this process leads to a build up of target atoms on the substrate, referred to as
sputter deposition.

Figure 2.2 is a schematic showing the main components and processes of a typical
RF magnetron sputtering system. In sputtering, two electrodes are used: one
electrode is the target material (i.e. the material to be deposited) and the other is

the substrate (i.e. the material to be deposited on). The system is held under a low
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base pressure of 6 x 1077 Pa, and filled with an inert gas, in this case, Argon. A
high frequency (~14 MHz) alternative current (high voltage) is applied between
the cathode and the anode, to sustain the ion production. The high voltage bias
ejects electrons from the cathode which ionise the argon gas atoms, creating a
plasma within the chamber. The argon ions are then accelerated into the negatively
charged target (cathode). This is a high energy collision which produces target
atoms from the sputtering target, which then travel through the chamber towards

the substrate, where they condense and produce a thin film.
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Figure 2.2: Schematic of a radio frequency (RF) magnetron sputtering system used for
sample deposition.

In addition, RF Magnetron sputtering uses magnets behind the negative cathode
to trap electrons over the negatively charged target material so they are not free to
bombard the substrate, increasing the focusing of the ions towards the material and
allowing for faster deposition rates. [4,5] The permalloy thin films were deposited a

room temperature on the front surface of the SizN, substrates shown in figure 2.1.

The film thickness can be controlled by increasing or decreasing the deposition
times. Furthermore, co-sputtering techniques mean multiple targets can be contained

within the chamber and deposited simultaneously. Different atomic compositions
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of the alloys could be achieved by taking into account the Ni and Fe density and
molar mass, to give individual deposition rates and combined alloy deposition rate.
In practice the alloy compositions of the films were controlled by altering the power
of the magnetrons which thereby altered the deposition rate. For this work, a
slight variation of percentage composition around the well known 80/20 nickel/iron
permalloy was used. Samples were capped with a 5 nm layer of zirconium to
avoid oxidation. Zirconium is able to provide a good shielding layer due to its
slow oxidation rate and good coverage of permalloy. [6] Samples characterised in
Chapter 4 contain additional Ruthenium seed layers with the aim of controlling

physical properties, such as grain size.

Samples were prepared in an Anelva C-7100 sputter deposition tool, situated at
Seagate Technology. Deposition rates were calibrated by x-ray fluorescence (XRF)
measurement and confirmed with scanning electron microscopy (SEM) measurement
of samples prepared by focused ion beam (FIB). [7] Samples were deposited on
TEM substrates (Figure 2.1) by being mounted onto thermally oxidised silicon

substrates with strips of Kapton tape, shown in Figure 2.3.
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Figure 2.3: Schematic of TEM substrate mounting and axis directions for sample
deposition.

2.2.3 Annealing of Samples

It is well known that the application of an external magnetic field during a heat
treatment of a thin film sample can have beneficial influence on magnetic properties,

such as a strong induced uniaxial anisotropy. [8] One of the most important effects
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of magnetic thermal annealing is the defining of the easy axis in a ferromagnetic
material.

When a ferromagnetic material is annealed at a high temperatures, the individual
magnetic moments within the material will align with the externally applied
magnetic field. Eventually, the system will reach an equilibrium state with the
external field still applied. As the temperature is slowly reduced, the material will

retain this preferred direction of magnetisation, known as the easy axis.

Following the process of thin film deposition as described in Section 1.4.5, samples
were annealed for 5 hours in a vacuum at 300 degrees, with an applied field of
250 oersteds, and left to cool overnight. A high temperature was used to improve

magnetic properties and a magnetic field was used to promote an easy-axis direction.
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Figure 2.4: Typical hysteresis loops for a (a) weakly annealed specimen and (b) strongly
annealed specimen with a strong induced uniaxial anisotropy as shown by the well defined
easy and hard axis loops.

Figure 2.4 shows the difference in hysteresis loops (see Section 1.3), where the
thermal magnetic annealing has been unsuccessful (a) compared to that of a
successful annealing (b). The purpose of annealing is to provide a well-defined
preferred direction of magnetisation. Figure 2.4(b) shows a BH loop where there

is a well defined easy and hard axis magnetisation behaviour.
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2.3 Bulk Characterisation
2.3.1 B-H Looper

A B-H looper provides a way of characterising the magnetic properties of bulk
materials, in this case 6" silicon wafers. A material’s magnetic response can be
measured by inserting the sample into a magnetic field, measuring the response
and analysing the resulting hysteresis loops. The benefit of using a BH looper
over other techniques, such as a vibrating sample magnetometer (VSM), is that it
produces and displays the samples hysteresis loop in ‘real-time’ i.e. quick refresh
rate, allowing for in-situ sample rotation. This leads to an quick and efficient
establishment of the easy and hard loops. The facilities used at the University
of Glasgow include a SHB instrument, Model 109A. A B-H looper measures the
magnetic properties of a thin film by producing a hysteresis loop of magnetic flux
density B versus applied field intensity H. The external magnetic field applied
across the sample will align the individual magnetic dipole moments in the direction
of the field. Hysteresis displays how a magnet may have more than one possible
magnetic moment M in a given magnetic field H, depending on how the field
changed in the past (Section 1.3). Remanence occurs when some of the alignment
of these magnetic dipoles is retained even when the applied field is reduced to zero.
The shape and size of the hysteresis loop depends on the magnetic properties. From
the resulting hysteresis loop, one can determine important magnetic properties such

as magnetisation saturation, coercivity and anisotropy field.

Figure 2.5 shows a schematic of the B-H looper set-up. The B-H looper utilises
Faraday’s law of electromagnetic induction to measure the hysteresis relating to the
specific sample. The sample is first magnetised by an AC field, leading to an induced
current in a pick-up coil. The pick-up coils are configured to measure thin-film
samples. The maximum field that can be applied to the sample is up to 200 Oe. This
field size is more than sufficient for the samples measured in this thesis. Full details

of the B-H looper by SHB instruments can be found on the company’s website. [10]



2. Instrumentation and Experimental Techniques 48

Helmbholtz drive
coils

Magnetic sample

L

v

) |} ot el 0
.
\/

-

=

Pick-up coils

Figure 2.5: B-H looper schematic: A magnetic sample is placed within an externally
applied magnetic and its magnetic response is measured by producing a hysteresis loop.

2.4 The Transmission Electron Microscope

Electron microscopy is a vital tool in material science when investigating the
micro-structural properties, along with the micro-magnetic properties of a magnetic
sample. It allows for the acquisition of high quality, high resolution images for
interpretation and analysis. Specifically, it allows for characterisation of the granular
structure and film texture, as well as using a modified TEM set-up to image the

magnetic structure, as detailed in the following sections.

2.4.1 Introduction

The idea that a microscope could use electrons as an illumination source was
proposed shortly after De Broglie’s hypothesis was published in 1925. This
revolutionary work hypothesised that all matter has a wave-like nature, where
he related wavelength and momentum as A = h/p. By 1929, De Broglie’s theory
was proven through interference diffraction experiments, showing that electrons
can exhibit wave-like characteristics and critically displaying a wavelength much

shorter than that of visible light. [11, 12] By 1933, the first transmission electron
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microscope was built by German physicists Ernst Ruska and Max Knoll, allowing
the study of features that have a length scale well below the optical resolution limit.
[13]

The following sections will outline the basic operating principles and TEM set-up.
It will then discuss the two types of imaging used in the work presented in this

thesis: structural imaging and magnetic imaging.

2.4.2 Operating Principles

The main parts that make up an electron microscope are the electron source, a set of
electromagnetic lenses, apertures and detectors. A beam of electrons pass through
the sample and a series of electromagnetic lenses, to where they are ultimately
focused at a viewing screen or camera at the bottom of the column.

TEMs consist of a column that is under a vacuum to minimise interactions between
the electron beam and air molecules. At the top of the column, there is an electron
emitter that generates a beam of electrons that travel down the column. The
incoming electron beam, i.e. the source of illumination, can be produced by two
types of electron sources: thermionic and field-emission. Field-emission sources
use a large field gradient between the source and an anode to extract electrons,
compared to thermionic sources which extract electrons through heating. All TEM
imaging in this thesis was performed using the FEI Tecnai T20 microscope in the
Kelvin Nano-Characterisation Centre in the University of Glasgow. The Tecnai T20

TEM is a standard commercial microscope, with a LaBg thermionic electron source.

The wavelength of electrons A that have been accelerated by a potential difference

V, can be related.

h

L
P (2mgeV)1/2

(2.1)

where h is Planck’s constant, P is the momentum and my and e are the rest mass
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and magnitude of charge of an electron, respectively. But as most modern TEMs,
including the one used in all parts of this thesis, use accelerating voltages of 200
kV, the relativistic kinetic energy of the electrons must be considered. In this case,

the wavelength of an electron can be described as:

A= h . (2.2)

1/2
lngeV <1 + 272‘(;2 )]

Using equation (2.2) where ¢ is the speed of light, the electron wavelength of 200

kV electrons is found to be 2.51 pm.

The resolution of a perfect lens system within a microscope is theoretically limited by
the wavelength of the illumination source. Microscopes that achieve this theoretical
resolution are described as ‘diffraction limited’. Abbe’s limit can be used to describe

the diffraction limited resolution of a microscope:

A

4= 2nsin(0)

(2.3)

where nsinf is the numerical aperture, \ is the wavelength of light /radiation
travelling in a medium with a refractive index n, where the light radiation converges
to a spot with a half angle 0, to make a spot of radius, d. Therefore one major
advantage of electron optics over visible light optics is that that wavelength of
2.51 pm is five orders of magnitude smaller than visible light (typically between
450-700 nm). The decreased wavelength would control the resolution capabilities
of the microscope in an ideal case, however there are other competing limiting

factors which will be discussed in following sections.

After electrons are produced by the electron source at the top of the optic axis
and accelerated by the electron gun, they pass through a series of electromagnetic
lenses. They use magnetic fields to focus the electrons, similarly to the way convex

glass lenses are used to focus light. However, electromagnetic lenses are imperfect.
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These lens defects, or aberrations affect the ability of the lens to form an image.
This means the lens system will be aberration limited, rather than diffraction

limited (as described by Equation (2.3)).

(a)

(b) < >

'

(©)

A =680 nm
A =500 nm

A =380 nm

Figure 2.6: Schematic showing electromagnetic lens aberrations. (a) No aberrations:
A ‘perfect’ lens. (b) Spherical aberration: Electrons passing through the outer portion
of the lens are more strongly refracted than those passing through the central region.
(c) Chromatic aberration: The variation of a lens’ refractive index with changed in
wavelength.

Electromagnetic lenses can have several types of aberration, which are highlighted
in Figure 2.6. The most limiting aberration is referred to as spherical aberration,
Cg, which causes off-axis electrons to converge more than on-axis electrons. As
a result a parallel illumination is imaged as a disk of finite size surrounded by a

series of diffraction rings. This ultimately will limit the resolution of the system
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and the ability to magnify detail. The practical resolution 7, for a system with

spherical aberrations can be given by the following equation:

rp = 0.91(C \*)/* (2.4)

For example, with typical values of A and Cg of 2.5 pm and 1.2 mm respectively,
a point-to-point resolution of approximately 0.34 nm is reached.
Although this is an important limiting factor in conventional TEM operation, the
effect of spherical aberration will be negligible when using Lorentz imaging (Section
2.6.1) as defocus is required to generate magnetic image contrast in the Fresnel
mode. Chromatic aberration Co occurs where the convergence of the electrons
varies with the electron wavelength. Most modern electron guns are capable of
reducing the spread of electron energies before they hit the specimen, this is known
as increasing the monochromaticity of the electron source. [14] The effects of these
aberrations means the resolution of the TEM is limited to approximately 50 X\ for

conventional transmission electron microscopes. [15]

2.4.3 The Microscope Column

There are two ways to configure a TEM. First is conventional TEM (CTEM), and
the second is scanning TEM (STEM), where the electron beam is focused into a spot
and rastered across the sample. All imaging performed in this thesis was acquired
using CTEM configuration on the FEI T20. Figure 2.7 shows a typical microscopy
set-up of a conventional transmission electron microscope, specifically an imaging
mode with positive magnification. High energy electrons (200 kV) are ejected from
the electron gun at the top of the column, where they enter the condenser system.
This system acts to control the electron intensity, spot size and convergence of the

beam through the use of electromagnetic lenses and apertures.

The specimen is placed between the upper and lower pole pieces of the objective
lenses. This is the main imaging lens of the system and determines the resolution

of the microscope. Electrons are focused so they are parallel to the specimen upon
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Figure 2.7: Schematic showing the typical set-up of a conventional transmission electron
microscope column. The figure illustrates key parts and positions of electromagnetic
lenses and apertures which are used in image formation which is finally viewed on a
phosphor screen, where the central dash line is the optic axis. The TEM is composed
of gun column, condensed lens, objective lens and projectors lens. The components and
electron beam path are not to scale.

interaction. After transmission through the specimen, the beam is focused to a
spot in the back focal plane by the lower objective lens. The objective aperture
acts to restrict the angular spread of the electrons allowed to form the final image,
enhancing contrast (see Section 2.5.2 bright and dark field imaging section later
in chapter). Below the objective system, there are a series of intermediate and
projector lenses which act to further magnify and project the image onto the viewing
screen. The intermediate lens selects the mode of operation of the microscope,

which is either imaging or diffraction. The FEI T20 microscope also contains
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additional features, such as the Lorentz lens, which allows the imaging of magnetic
materials in a low field environment. which will be discussed in more detail in
Section 2.6. Below the microscope column is the Gatan Image filter (GIF), which

was used for capturing CTEM images.

2.5 Structural Characterisation

There are two main modes of operation in a conventional TEM system. Electron
diffraction patterns can provide information on the physical properties such as crystal
structure and texture. Additionally, TEM image formation can provide information
on the specimen structure, such as grain size and shape. Both methods were used in

this thesis and will be described in more detail in Sections 2.5.1 and 2.5.2 respectively.

2.5.1 Diffraction

Electron diffraction is a powerful method for characterising a materials structure and
composition. [16] Diffraction in a TEM can be described as the elastic scattering of
waves by the arrangement of atoms in a material. Some electrons in the beam are
incident on the atomic planes at a critical angle (Bragg angle). These electrons are
reflected in phase with electrons from neighbouring planes, resulting in constructive
interference. To obtain the maximum constructive interference, it must satisfy

the Bragg condition:

nA = 2dsinf (2.5)

where n is an integer number which is the interference order, d is the spacing
of the planes, # is the incident angle and A is the wavelength of the electrons.
Figure 2.8 highlights the plane spacing and the path difference of the two waves

being equal to 2dsind.
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Figure 2.8: Electron diffraction in a crystal lattice. A beam incident on a pair of planes
which is separated by a distance, d. The angle of incidence is equal to the angle of
reflection, as indicated.

Within a crystal, each set of atomic planes has a different inter-plane spacing.
Two systems will be studied in this thesis; cubic and hexagonal. For a cubic

lattice, this spacing can be given by:

d= (2.6)

where a is the lattice parameter and h,k,]1 are the Miller indices for the set

of lattice planes.

The lattice spacing for a hexagonal crystal (hcp) in reciprocal space, in this

case the Ru layer, is given by,

1
dnkt = —= =
\/@(iﬂ—l—kz—l-hk)—i-g

(2.7)

with ¢ and ¢ being the lattice constants of the crystal structure, and h,k,[ are

the Miller indexes.

If we consider the diffraction phenomenon in reciprocal lattice space, the spacing

of (hkl) planes is given by:

dhkl = — (28)
Shkl



2. Instrumentation and Experimental Techniques 56

with gpnr the reciprocal vector given by:

g, = ha® + kb" + Ic” (2.9)

where, a*, b*, ¢* are the unit-cell translation vectors in reciprocal space, which

are related to lattice constants a, b, ¢, and the unit-cell volume, V., via the relation:

bxc
* 2.10
a =2 (2.10)
cxa
b* = 2.11
- (2.11)
axb
Y= 2.12
e = (212)

If we define difference vector, K = Kp - K; with K;, Kp are the incident and

diffracted wave vectors, respectively. The difference vector will given by:

2s1nd
K| =" (2.13)
A
As a result, Bragg’s law can be rewritten in reciprocal lattice space as:
K = g (2.14)

The equation 2.14 represents the Laue condition for constructive interference.
The construction of diffraction spots can be understood using the Ewald sphere
representation (Figure 2.9). The Ewald sphere is a sphere in reciprocal space of
radius of r = 1/\. From intersections of the Ewald sphere and reciprocal space
the diffraction spot can be constructed. In the TEM, electrons that pass through
the specimen are brought to focus in the back focal plane of the objective lens,

the diffraction pattern is produced in this plane.
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Figure 2.9: The Ewald sphere of reflection to construct the diffraction spot from
reciprocal space.

In a single crystal diffraction experiment, the electron wavelength, beam direction
and reciprocal planes which intersect with the Ewald sphere are fixed, resulting in
a pattern with bright spots on a dark background. However, the samples studied
in this thesis are exclusively polycrystalline. In the case of polycrystalline sample,
all possible orientations of crystallites are present and a ring pattern is visible
(Figure 2.10). This pattern appears as a superposition of many single crystal spot
patterns, therefore continuous rings are formed. The brightest spot lies at the
centre, due to the majority of electrons going directly through the sample, without
being scattered. This central (unscattered) spot is masked for image acquisition

as it can easily damage the CCD camera.

Crystalline texturing is the distribution of crystallographic orientations of the
grains in a polycrystalline material, occurring in a polycrystalline sample when
some preferred orientation exist [11] Moreover, in a textured-polycrystalline sample,
the pattern will have broken rings, or arcs, due to the variation of the preferred
orientation in the individual grains present in the sample. Despite the texturing in
one direction, the grains are still randomly orientated about this direction so do
retain a ring pattern. The characteristic feature of the textured specimen can be

seen in a pattern by tilting the specimen. If a texturing orientation exists, diffraction
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rings of some planes will appear and other ones may be disappeared because some
planes deviate from the Bragg condition. This texture, or lack of, can be viewed

when the sample is tilted, Figure 2.10(b) demonstrates a 30 degree tilt.

10nm’' 10nm’

Figure 2.10: Typical electron diffraction patterns with a fecc structure at 30 degree tilts
produced for (a) non-textured 10 nm NigsFess polycrystalline thin film and (b) a textured
10 nm NigsFess with an additional 1 nm NirgFeo; seed layer polycrystalline specimen.

2.5.2 Bright and Dark Field Imaging

A typical diffraction pattern for a polycrystalline sample consists of a bright central
spot surrounded by rings (see Figure 2.10(a)). The central spot contains the
direct unscattered electrons, whilst the rings are from the scattered electrons. The
objective aperture allows you to select specific diffracted electron beams to produce

either a bright-field (BF) or dark-field (DF) image.

Depending on the chosen electrons, only certain crystal orientations will contribute
to the image. Images formed from the direct electron beam are referred to as bright-
field (BF) images. Grains that appear dark in the bright-field image are those
that satisfy the Bragg condition. If only scattered electrons are used for image

formation, a dark-field (DF) image is produced.

Bright-field imaging is the most basic operational mode in the TEM. In bright-field
imaging the beam is spread out at the objective lens to give broad beam illumination
of a large area of the sample with electrons travelling near perpendicular to the

sample plane. This illumination type is called "parallel beam illumination". An
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(a) Bright-field (b) Dark-field (c) Centred dark-field

Incident beam

Specimen

Objective lens

Objective aperture

Figure 2.11: Ray diagram for the formation of (a) bright-field imaging, (b) dark-field
imaging achieved by centring the objective aperture around the diffracted electron beam,
and (c) centred dark-field imaging by tilting the incident beam to the Bragg angle.

aperture is inserted directly after the objective lens into the back focal plane to
ensure only electrons passing parallel though the objective lens pass through to
form the first image in the intermediate lenses before projection. Figure 2.11(a)
shows this in the form of a ray diagram. The rays forming the bright-field image
are shown in black and the rays blocked by the objective aperture are shown in
blue. An example of an typical experimental bright-field image, demonstrating

grains within a polycrystalline material is shown in Figure 2.12(a).

In dark field imaging, rather than only using the transmitted beam, electrons
that have been scattered by the sample are imaged. This is done by using an
aperture to block all but a select group of electrons by centring the aperture over a
single diffraction spot. Where the electron beam is incident to the specimen the
diffraction spots are located off-axis meaning the position of the objective aperture
must be moved to highlight a particular spot, this is called ‘off-axis’ dark field
imaging, shown in figure 2.11(b), i.e. looking at the image plane with apertures

used to select the diffraction plane. Alternatively, tilting the beam causes the
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RS s

Figure 2.12: TEM (a) bright-field and (b) dark-field images of polycrystalline grains
present in a 10 nm NigsFess polycrystalline thin film. A bright-field image is formed from
unscattered electrons, i.e. the direct electron beam, compared to a dark field image where
the image is formed from the deflected electron beam.

transmitted beam to appear off-centre to the optic axis and the diffraction spot
of interest to centre on the optic axis. This method is called ‘on-axis’ dark field
imaging, as shown in figure 2.11(c). The on-axis method is preferred as the off-
axis method causes the diffracted beam to pass though the objective lens at a
greater distance from the optical axis which will be more susceptible to aberrations.
Selecting only one diffraction spot results in an image where intensity is dependent
on crystallographic orientation. This technique is often employed when the grain

size in polycrystalline materials is of interest.

2.5.3 Measurement of Grain Size Distribution

The above techniques were used to image permalloy thin films and allow for the
characterisation of their physical structure, including crystal structure and grain size.
In thin film polycrystalline samples, like those studied in this thesis, the magnetic
properties of the material can be greatly influenced by the grain size distribution.
[18] Dark field images are useful when looking at grain size distribution due to the
high contrast between the grains. This makes it easier to distinguish individual
grains for analysis. An example of the difference between typical bright-field and

dark-field images can be seen in Figure 2.12.

The growth processes in granular systems are known to follow a log-normal

distribution which is defined as: [19]
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P(D) 1 _<ln(D) — (M)Q)Q

2T (2.15)

where D is the grain size, u is the mean value of In(D) and o is the standard

deviation of In(D).

To measure the grain size, a large number of dark-field images were acquired
(> 20) to ensure statistical significance. Image analysis can be done using the
software ImageJ where limits of minimum and maximum grey levels can be selected
to produce a final thresholded image (Figure 2.13(b)), allowing the individual grain
sizes to be measured. The calculated log-normal distribution is then plotted against
the measured diameters, shown in Figure 2.13(c). To ensure good statistical results,

a minimum of 10,000 grain diameters were measured for each specimen.

L I O B I B B
(C) r 1.0nm seed; 1.93nm 1
0.20H -

0.15

0.10

Probability P(D)

*200-nm

—

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Grain Diameter (nm)

Figure 2.13: Process of determining a typical grain size distribution: (a) Dark-field
TEM image showing polycrystalline granular structure, (b) Threshold image using Image
J software and (c) Plotted log-normal distribution. Images were taken from an 10 nm
NiysFess, with a 1 nm NiygFes; seed layer sample.

2.6 Magnetic Imaging

The observation of the magnetic configurations is of great interest for many

applications of magnetic materials. Lorentz Transmission Electron Microscopy
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(LTEM) is one of the techniques which enables analysis of the local magnetic
properties, potentially down to the nanoscale. This technique also allows in-situ
observations of the domain structure and micro-magnetic configuration of a magnetic
material throughout different stages of the hysteresis process, which will prove vital

for this project, and will be discussed in Section 2.6.3.

2.6.1 Lorentz Microscopy

In 1959, Hale et al discovered a conventional transmission electron microscope could
be used to image the magnetic configuration of a specimen. They discovered that
they could capture experimental TEM images featuring typical magnetic specimen
characteristics, such as domain walls, simply by defocusing the imaging forming
lens. [20]

Classic Lorentz microscopy is deemed an ‘umbrella’ term and it refers to all the
methods of magnetic imaging in a transmission electron microscope. The way in
which electrons interact with a ferromagnetic specimen is of great importance in this
project. This interaction can be described using both classical and quantum

mechanical approaches.

Classical Approach

When an electron beam passes through an area with a magnetic induction component
perpendicular to its trajectory, the beam will be deflected by the Lorentz force,

F;. The Lorentz force can be described classically by:

F, = —e(v xB) (2.16)

where e and v are the electron charge and velocity respectively, and B is
the magnetic induction. Figure 2.14 shows electrons passing through a thin
ferromagnetic film. The directions of magnetisation are in the plane of the

specimen as indicated.
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Figure 2.14: Deflection of an incoming beam of electrons, 3, due to the Lorentz force
when passing through a magnetic thin film.

A parallel beam, incident perpendicular to the plane of the film along the z-
axis experiences a deflection in the x-direction at angle (5, is demonstrated in
Figure 2.14. By integrating Equation 2.16 over the electron path, an expression

for the deflection is given by:

B (z) = ehA _O:O B,(x,y)dz (2.17)

where (37, is the magnetic induction in the z direction, h is Planck’s constant, A
and e are the electron wavelength and charge respectively. It is assumed that there
is an incident electron beam in the z-direction onto a thin magnetic sample that lies
in the xy plane, containing domain walls. If it is assumed that the magnetisation
lies along the +y and -y directions, there will be deflections of the incident beam in
the +x and -x directions.

Therefore, for an untilted, uniformly in-plane magnetised specimen with a thickness,
t, and a saturation induction Bg, then the magnitude of the deflection angle

can be given by:

. 6)\Bgt

Or A

(2.18)

A typical value of deflection from 20 nm thick permalloy, where Bg = 1.0 T,

magnetised in plane gives 12.7 prad. This means that the magnitude of the deflection
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of the electron beam due to the Lorentz force is much smaller than the typical

angle of Bragg diffraction in the order of 1072 rad.

Quantum Mechanical Approach

The above description is based on a classical point of view, and is sufficient to
qualitatively explain the principles of Lorentz microscopy. By taking a quantum
mechanical point of view, it is possible to extract quantitative magnetic information
from the specimen. The interpretation of quantum mechanical approach requires
a theory created by Yakir Aharonov and David Bohm, commonly referred to as

the Aharonov-Bohm effect. [21]

(b)

Figure 2.15: Schematic illustration of the Aharonov-Bohm effect. from a quantum
mechanical approach. (a) Two electrons with the same start and end point will acquire a
phase shift when travelling at different paths, P; and P9 through an interaction with the
magnetic vector potential (A). (b) The associated magnetostatic phase shift, ¢(x).

In quantum mechanics, the electron is represented as a waveform, with the
specimen and surrounding area being considered as a phase object. The image in
Lorentz microscopy is constructed by considering the electron wave propagation.
The Aharonov-Bohm effect states that a charged particle, in this case an electron,
experiences a phase shift when passing through an electromagnetic potential, as

shown in Figure 2.15.
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As an electron wave passes through a specimen, any phase shift ¢ needs to be
taken into account. If two electrons originating from the same point travel different,
but equal distance paths, and rejoin, they may develop a phase difference due to
magnetic effects. This phase difference will be proportional to the magnetic flux

through the surface defined by the two paths. This phase shift A¢ is given by:

2mre N
h

Ag = (2.19)

where N is the enclosed magnetic flux. The phase shift between any two points

x1 and x9 of an incident plane wave is given by equation 2.21:

Ap(xg — x7) 27T6/ / (x, 2)dzdx (2.20)

2 T
b [ B, (w)da (2.21)

Aote —n) =57,

where x; and x5 are the points defining the integrated path. Hence, it can be seen
that the magnitude of the phase shift is proportional to the integrated magnetic
induction along the electron trajectory. This shows that ferromagnetic phase objects

may be regarded as pure phase objects. [19]
Creating a field-free environment

The objective lens is the main imaging lens in most microscopes. It ultimately
defines the systems resolution due to the aberrations previously discussed in Section
2.4.2. The specimen is normally located at the centre of the objective lens, meaning
there is a large field present (usually in the order of 2 T), used to focus the
electron beam. This makes this set-up unsuitable for magnetic imaging as the
large field will overcome, and destroy any magnetic information in most areas
of interest. To successfully image any magnetic materials, the objective lens set-
up has to be modified to create a field-free conditions. [22] A way of achieving

field-free conditions is to incorporate additional lenses, known as Lorentz lenses.
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This enables the objective lens to be turned off meaning a remanent field of

approximately 100 Oe remains.

One advantage of the Lorentz lens integration is that whilst imaging using the
weaker Lorentz lens, the objective lens can be weakly excited, allowing it to be
used as an electromagnet within the electron column. This creates a controllable
field within the specimen region, allowing for in-situ magnetising experiments which

will be discussed further in section 2.6.4.

2.6.2 Fresnel Imaging

The Fresnel imaging mode is a well established magnetic imaging technique due
to it being a fast and easy-to-use method. Fresnel imaging consists of a parallel
beam of electrons hitting a sample and being deflected by the samples magnetic
induction. Depending on the direction of the magnetic induction, via domains, the
electron deflection can lead to convergent or divergent electron beams, meaning
an increase or decrease of the intensity in the image. This will lead to walls
imaged as bright and dark lines respectively, as explained below. A Fresnel imaging

schematic is shown in Figure 2.16.

Magnetic contrast is produced when the image is defocused by a distance Az.
Defocusing means that an object plane above or below the sample is imaged,
depending on whether the lens is under-focused or over-focused. The value of A has
to be carefully selected, as a larger defocus will lead to an increase in the magnetic
contrast, but at the detriment of the image resolution. Lorentz imaging is unsuitable
for the observation of very small details. However, it is a particularly useful method
for the study of micro-magnetic behaviour over a large area of a continuous thin film,

which is the region of interest in this project and discussed in the following section.

2.6.3 Imaging of Magnetisation Ripple

The Fresnel mode of Lorentz microscopy is ideal for studying continuous thin

films. High contrast images are possible with Fresnel imaging which is sensitive
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Figure 2.16: Fresnel imaging technique: An electron beam passes through a magnetic
material, where the Lorentz force either converges or diverges the electron beam to create
bright and dark areas in the image. This allows magnetic domains to be observed and
subsequently analysed.

<

to the variation of the micromagnetic structure. A Fresnel image of a magnetic
polycrystalline specimen provides a pattern of domain walls surrounded by a

background of magnetisation ripple, shown in Figure 2.17.

As discussed previously in Section 1.7, magnetisation ripple is the small wave-
like fluctuations of the magnetisation direction that occurs in thin polycrystalline
ferromagnetic films. It originates from the random orientation of local anisotropies
in each grain. The magnetisation ripple contrast lies perpendicular to the mean
direction of the local magnetisation, and so can be used to orient the specimen with
the applied field parallel to either the easy or hard axis. [23, 24, 25] Since magneti-
sation ripple is related to the magnetic and structural properties of the specimen,
characterisation of the ripple spectrum can provide quantitative information. [26,
27] This will help with the understanding of the micromagnetic behaviour of the
materials investigated in this thesis. A developed characterisation method has been
produced to analyse large sets of Fresnel images displaying magnetisation ripple.

A full description of this technique will be presented in Chapter 3.
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Figure 2.17: Fresnel image of a NigsFess polycrystalline thin film displaying magneti-
sation ripple. Imaging was taken along the hard axis, demonstrating zero field domain
formation. The direction of magnetisation M is shown by the blue arrows.

2.6.4 In-situ Magnetising Experiments

The ability to perform in-situ magnetising experiments is an advantage of Lorentz
microscopy. An external magnetic field can be applied to perform in-situ hysteresis

experiments and allow for imaging of the magnetic structure at each stage.

An magnetic field, H, is produced at the sample when an electric current flows
through the objective lens coil, which lies out of plane to the film when it is un-tilted.
When a specimen is tilted at an angle 6 around its central axis, it will encounter a

magnetic field component which lies parallel to the specimen plane, Hjj, given by:

H|| =H x Sln(e) (2.22)

where H is the magnetic field produced from the objective lens and € is the tilt angle
of the specimen with respect to the horizontal axis. The direction and the strength of

the in-plane magnetic field can be controlled by the sign and value of the tilt angle 6.

The FEI Tecnai T20 microscope used in this work has a maximum tilt range of
+30° determined by the tilt-rotate rod. This method will used in the following

results chapters. It is important to note that the specimen will also experience
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an out-of-plane magnetisation component when tilted. However this will have
a negligible influence on continuous thin film specimens due to the large out-of-

plane demagnetising factor. [28§]

2.6.5 Lorentz Image Calculation from MuMax? Simulations

Calculation of simulated Fresnel images plays a vital role in all results chapters
of this thesis. Fresnel images were calculated by scripts written by S. McVitie
and G. White [29], which implement a software version of an original algorithm,

created by M. Mansuripur. [30]

The intensity I of a Fresnel image is given by:

I(r,A)=1- ?:vi (r) (2.23)

Where A is the defocus and V2 is the Laplacian relating to the in plane co-
ordinates. The small focus limit assumes the higher order defocus terms are ne-

glected.

The spatial frequencies in the image determine the validity of the equation for a
given defocus. Ignoring conduction and displacement currents because there are
no conduction currents flowing and no field changing with time, the Laplacian

can be expressed as follows:

V2 (r) = -0 /:(v x M) - Adz (2.24)

where e is the magnitude of the electronic charge, n is the unit vector parallel
to the beam, g is the permeability of free space, h is the reduced is Planck’s

constant, and M is the magnetisation.
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If we consider inserting the above equation into Equation 2.23, where we take a
small value for defocus A, and assume the magnetisation is uniform throughout

the film thickness, ¢, the intensity can be written as:

et

I(r,A) =1 — AZ20(T x M(r)) - 2 (2.25)

Therefore the final Fresnel image intensity can be calculated to a first order
approximation. This helps interpretation as it only involves fields local to the
film and not all of space. Equation 3.18 is simple to evaluate as we have knowledge
of the microscope parameters and the out of plane component of the magnetisation
curl parallel to the electron beam. A schematic illustration of the Laplacian of

the phase can be seen in Figure 2.18.

7z XJ X2
(I)(X)/
V O(x) -
V2(x) |

Figure 2.18: Schematic of the phases changes that electrons experience when passing
through a magnetic specimen. The Fresnel mode of Lorentz imaging is sensitive to the
Laplacian of the phase, V2®.

The advantage is this method allows for a simple calculation and interpretation

of micromagnetic simulations, which can be compared to experimental images
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To calculate the Fresnel image, a uniform incident electron wave with unit
amplitude is assumed. The exit wave is then calculated by multiplication of the
Fourier transform of the incident wave and the transfer function based on a Lorentz
lens with spherical aberration term Cy = 8000 mm in a TEM with an operating
voltage of 200 kV and A = 2.51 pm. An inverse Fourier transform of the exit wave
multiplied by its complex conjugate gives the image intensity. This process has
been implemented through a script in Digital Micrograph. In practice, small values
of defocus present problems with the signal to noise ratio, especially when there

are non-magnetic contributions to the image contrast.

2.7 Summary

In this chapter a brief outline of the techniques used in fabrication process are
outlined. This is followed by a review into the background of transmission electron
microscopy (TEM). Conventional TEM procedures were discussed for physical
characterisation, including grain size and crystal structure. The main method of
characterisation in this thesis is Lorentz microscopy, the principle of which was
described concentrating on the Fresnel mode of imaging. Lorentz microscopy is
the main technique used in the presented work, used to quantitatively characterise
the micromagnetic structure of the thin films as described in following chapters.
Finally, simulated image calculation methods were discussed, which can be used

to create successful magnetic models for specific sample structures.



2. Instrumentation and Experimental Techniques 72
2.8 Bibliography

[1] D. Weller, G. Parker, O. Mosendz et al. A HAMR media technology roadmap
to an areal density of 4 Tb/in2. IEEE Transactions on Magnetics, 50(1), 2014.

[2] P. J. Kelly and R. D. Arnell. Magnetron sputtering: A review of recent
developments and applications. Vacuum, 56(3):159-172, 2000.

[3] J. E. Greene. Review Article: Tracing the recorded history of thin-film sputter
deposition: From the 1800s to 2017. Journal of Vacuum Science and Technology
A:Vacuum, Surfaces, and Films, 35(5):05C204, (2017).

[4] G. Brauer. Magnetron Sputtering. Phys. Technol., 19:67-75, (1988).

[5] R. Surmenev, A. Vladescum, M. Surmeneva et al. Radio Frequency Magnetron
Sputter Deposition as a Tool for Surface Modification of Medical Implants. Modern
Technologies for Creating the Thin-film Systems and Coatings, (2017).

[6] M. Gabor, C. Tiusan and T. Petrisor. The Influence of the Capping Layer on the
Perpendicular Magnetic Anisotropy in Permalloy Thin Films. IEEFE Transactions
on Magnetics, 50(11):1-4, (2014).

[7] J. I. Goldstein, D. E. Newbury, J. R. Michael, N. W. M. Ritchie, J. H. J. Scott,
and D. C. Joy. SEM Microscopy and X-Ray Microanalysis. Springer, 4 edition,
(2018). ISBN 9781493966745. doi: 10.1007/978-1-4939-6676-9.

[8] K. Masahiro and Y. Kazuhiro. The effect of annealing on the magnetic

properties of permalloy films in permalloy Ta bilayers, Journal of Magnetism and



2. Instrumentation and Experimental Techniques 73

Magnetic Materials, 147(1):213-220, (1995).

[9] J. K. Howard. Thin films for magnetic recording technology: A review. Journal

of Vacuum Science and Technology. 4(1), (1986).

[10] "shb instruments", http://www.shbinstruments.com.

[11] G. P. Thomson and A. Reid. Diffraction of Cathode Rays by a Thin Film.
Nature, 119(3007), (1927).

[12] C. Davisson and L. Germer. Reflection of electrons by a crystal of nickel.

Proc. Natl. Acad. Sci. U.S.A., 14:317-322, (1928).

[13] E. Ruska. The development of the electron microscope and of electron

microscopy. Reviews of Modern Physics, 59(3):627-638, (1987).

[14] B. Freitag, S. Kujawa, P. M. Mul, J. Ringnalda, and P. C. Tiemeijer. Breaking
the spherical and chromatic aberration barrier in transmission electron microscopy.

Ultramicroscopy, 102(3):209-214, (2005).

[15] O. L. Krivanek, T. C. Lovejoy, and N. Dellby. Aberration-corrected STEM
for atomic-resolution imaging and analysis. Journal of Microscopy, 259(3):165-172,

(2015).

[16] L.A. Bendersky and F.W. Gayle. Electron diffraction using transmission
electron microscopy. Journal of Research of the National Institute of Standards and

Technology, 106(6):997-1012, (2001).



2. Instrumentation and Experimental Techniques 74
[17] D. Litvinov, T. O’Donnell and R. Clarke. In-situ thin film texture determi-

nation Journal of Applied Physics, 85(4):2151-2156, (1999).

[18] Y.T. Chen, J.Y. Tseng et al. Effect of grain size on magnetic properties and

microstructure of NiggFeqq thin films Thin Solid Films, (2013).

[19] M.Fatima Vaz, M.A.Fortes. Grain size distribution: The lognormal and the

gamma distribution functions. Scripta Metallurgica 22:1, 35-40, (1988).

[20] S. McVitie and G. S. White. Imaging Amperian currents by Lorentz
microscopy. Journal of Physics D: Applied Physics, 37(2):280-288, (2004).

[21] Y Aharonov and D Bohm. Significance of electromagnetic potentials in the

quantum theory. Physical Review, 115(3):485, (1959).

[22] A. Kohn and A. Habibi. Adapting a JEM-2100F for magnetic imaging JEOL
News, 47(1):17-22, (2012).

(23] K. J. Harte. Theory of magnetisation ripple in ferromagnetic films. Journal

of Applied Physics, 30(5):789, (1959).

[24] H. Hoffmann. Quantitative calculation of the magnetic ripple of uniaxial thin

permalloy films. Journal of Applied Physics, 35(6):1790-1798, (1964).

[25] H. Hoffmann. Theory of Magnetisation Ripple. IEEE Transactions on
Magnetics, 4(1):32-38, (1968).



2. Instrumentation and Experimental Techniques 75

[26] T. Suzuki and C. H. Wilts. Quantitative Study of the Magnetisation Ripple
in Ferromagnetic Ni-Fe Alloy Films. Journal of Applied Physics, 39(2):1151-1153,
(1968).

[27] R. Ploessl, J. N. Chapman, and A. M. Thompson et al. Investigation of
the micromagnetic structure of cross-tie walls in permalloy. Journal of Applied

Physics. 73(5):2447-2452, (1993).

[28] S. McVitie and J. N. Chapman. Coherent Lorentz Imaging of Soft, Magnetic
Materials. MRS Bulletin, (October 1995):55-58, (1995).

[29] S. McVitie and M. Cushley. Quantitative Fresnel Lorentz microscopy and
the transport of intensity equation. Ultramicroscopy, 106(4-5):423-431, (2006).

[30] M. Mansuripur. Computation of electron diffraction patterns in Lorentz
electron microscopy of thin magnetic films. Journal of Applied Physics, 69(8):5890,
(1991).



Developing Methods for the
Characterisation of Magnetisation Ripple
using Lorentz Microscopy

Contents
B.1 Tntroductionl . .............. .. 0., 77
3.2 Relevant Literature Summary|. . . ... ... ... ... 78
B.3 Overviewl . .. ... ...t 80
3.4 Real Space Measurements| . . .. ... .......... 81
3.5 2D Fast Fourier ITransform|. .. .. ............ 85
3.6  Dispersion Angle|. . . . . .. ... o 00000, 89
B.6.1 Previous Methodd . ... ... .. ... .. ... .. ... 89
[3.6.2 New Method for 6 determination| . . . . . ... ... .. 91
B.6.3 Discussionl. . . . . . . . . ... 96
3.7  Dominant Ripple Wavelength| . . . . ... ... ..... 96
B.7.1 Previous Methods . .. ... ... ... ... ...... 97
[3.7.2  New Method: Apos| - - - - - o o o o o o o oo 102
13.7.3 New Method: Reciprocal Space Image Intensity Variation [{106
3.8 New Method: Spectroid Wavelength|. . . . . ... ... 106
3.9 Ripple Wavelength Method Comparison| .. ... ... 109
[3.10 Hysteresis Mapping| . . . . . . . . . .. v v v v, 111
[3.10.1 Dispersion Angle] . . . . . .. ... ..o 0L 112
[3.10.2 Dominant Ripple Wavelength and Integrated Intensity| . 113
13.10.3 Spectroid Wavelength| . . . . ... .. ... ... ... 115
.11 Summary| . . . . . v v v v ittt e e e e e e e e e e 116
3.12 Referencesl. . . . . . . . . i i i i i e e e e e e 118



3. Developing Characterisation of Magnetisation Ripple 77

3.1 Introduction

As previously noted in Chapter 1.7, magnetisation ripple is a well known phenomenon
that occurs in ferromagnetic polycrystalline thin films. It occurs over large areas of
thin films, where the properties such as ripple wavelength A and angle of deviation
from the mean direction of magnetisation € can vary. These variations occur even
without any external effects, such as applied fields and stress. A single experimental
Fresnel image, such as that shown in Figure 3.1(d), displaying magnetisation ripple
consists of a range of spatial frequencies. Analysis of such images allow the possibility

of ripple characterisation through careful interpretation.

This chapter includes a detailed review into previous characterisation methods
used to determine key parameters such as ripple dispersion and wavelength. Work
presented includes a newly developed characterisation methodology which allows
for convenient and reliable parameter determination by using automated data
analysis techniques. This chapter will include in-depth comparisons between old
and new methods, followed by discussions as to why the developed methodology is

an improvement on previous methods for both accuracy and measurement time.
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Figure 3.1: Schematic of magnetisation ripple origin. (a) NigsFess bright field TEM
image, showing a granular structure, expected from a polycrystalline thin film. (b) The
random direction of the granular crystalline anisotropy Ky, with an additional global
uniaxial anisotropy Kg. (c) Schematic of the magnetisation fluctuations, producing
low-angle domain walls, commonly referred to as magnetisation ripple, where the length
scale is in the order of 100s nm. (d) Lorentz TEM image displaying strong magnetisation
ripple of a NigsFess permalloy thin film. The arrow indicates the mean direction of
magnetisation M.

3.2 Relevant Literature Summary

This section will provide a timeline and a brief overview on developments in the
characterisation of magnetisation ripple, specifically focusing on the methodology

involved in experimental characterisation.

Research into experimental quantification of magnetic ripple properties has been
somewhat limited since it was first observed in 1959. Fuller and Hale, and E.
Fuchs were among the first to produce publications which used an electron-optical
method of viewing magnetisation contributions in thin films, using a standard
transmission electron microscope. [1,2,3,4] They both produced experimental TEM
images displaying magnetisation ripple. Fuller and Hale named the phenomenon

‘magnetisation ripple’ and made the first attempt to approximate the ripple
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wavelength by averaging the measured wavelength values [2]. This is a relatively
simplistic method of wavelength determination which will be discussed in great

detail in Section 3.4.

In the same year, E. Feldtkeller observed the rotation of the magnetisation
direction, featuring magnetisation ripple, through a hard axis hysteresis sequence,
however no characterisation was made. [5] In 1968, T. Suzuki measured ripple
characteristics over a range of permalloy alloy composition, substrate deposition
temperature and measurement temperature. [6] An estimate for ripple wavelength
was made from the spacing between fluctuations in experimental Fresnel images.
The amplitude of the angular spread of the magnetisation direction was then

estimated. [7]

Gaigher followed this in 1969 using the same method as Fuller and Hale, where
the mean long range wavelength was obtained from direct measurements on the

experimental ripple images. [§]

In 1994, advances in characterisation techniques were made by Herrmann, Zweck
and Hoffmann who produced the first publication where a 2D Fourier transform
was taken of experimental Fresnel images. [9] This imaging processing technique is
used to decompose an image into its spatial frequency components. They defined
the average ripple wavelength as the distance between the central peak and the
mode peak in the FFT. This method improved the reliability of ripple wavelength
measurements when compared to real-space measurements and will be discussed

in greater detail in Section 3.5.

L.J Heyderman, also in 1994, studied ferromagnetic multilayers through easy and
hard axis reversal processes. [10] She improved upon the FFT analysis used by
Herrmann. She was the first to use a power spectrum i.e. (the square of the modulus)
to display the data within the Fourier transform. This significantly reduced noise in
FFT spectrum measurements to improve the accuracy of line profile measurements.
She also defined contour plots of relative FFT intensities, and used these to define

ripple characteristics, such as dispersion angle and ripple wavelength.
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In 2002, Hosson presented a new method for magnetic ripple characterisation
using rotational averaging processes of the FFT images. [11] This method will
be studied in greater detail in Section 3.6.1 and 3.7.1 for dispersion angle and

dominant ripple wavelength respectively.

Some of the previous work was from the University of Glasgow and includes
visualisation of magnetisation ripple through Lorentz microscopy. Chapman used
the same methodoloy used as T. Suzuki [12, 13]. Others defined the ripple dispersion
as the FFT angle where the intensity falls by 75% of the value at the origin. [14, 15]
C. Brownlie, also from the University of Glasgow, characterised ripple properties
using the method devised by Fuller and Hale, by using real-space measurement
techniques. The average wavelength was estimated by taking a line trace parallel
to the axis of magnetisation, counting the number of intensity peaks and averaging
the distance between the peaks. [16] The limitations of this methodology will be
discussed in greater detail in Section 3.4. D. Ngo characterised the ripple wavelength
by using a large integrated box profile over a FFT structure. [17, 18] This process

will be also be described in Section 3.7.1, in comparison to the rotational average.

3.3 Overview

This chapter describes how using image processing to produce data in Fourier
space can lead to more information being acquired about a specimens magnetic
configuration during magnetisation reversal processes. It will include a description
and discussion of quantification methods used in previous publications including
real space measurements (3.4) and using reciprocal space measurements (3.5).
This is followed by a discussion into previous methods used for dispersion angle
characterisation (3.6.1). A new and improved processing method for dispersion angle
0 characterisation has been developed and will be detailed in Section 3.6.2. The same
outline is applied for characterisation of dominant ripple wavelength Ap,,, where
previous and new methods are discussed in Sections 3.7.1 and 3.7.2 respectively.

Two additional new methods of characterisation have been developed; ripple image
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intensity I (3.7.3) and spectroid ripple wavelength Osyeciroia (3.8). Ripple image
intensity allows for mapping of ripple contrast variation as a function of field. The
most subtle changes in image intensity of a sequence of Fresnel images can be picked
up. Magnetisation ripple consists of a range of wavelength frequencies. Unlike the
dominant ripple wavelength determinations, which characterises the mode peak, the
spectroid method has been developed to measure the weighted average wavelength
value in the full FFT spectrum. This is generally a more consistent method of ripple
determination with both strong and weak ripple properties. All methods can be used
in conjunction to maximise characterisation of ripple properties. A comparison of
ripple wavelength characterisation methods will be discussed in Section 3.9, followed
by an example Fresnel image sequence which highlights how these characterisation

methods can be utilised for hysteresis mapping (3.10).

3.4 Real Space Measurements

Real space line profiles of magnetisation ripple are easy to acquire from experimental
TEM images using software such as Digital Micrograph and ImagelJ. [18,19] Figure
3.2 shows four separate samples of experimental Fresnel TEM images with varying
degrees of magnetisation ripple present at an applied field of ~ 30 Oe, heading
toward the magnetisation saturation state. The compositions are all 10 nm NiysFess
with increasing NiggFeqq seed layer thickness’s. (Note, these are the samples which
will be studied in greater detail in Chapter 4). Example 1 exhibits a large variation
in M, where as in Example 4 the ripple is more suppressed. The differences
in magnetic ripple configurations are observable by the eye, however acquiring

quantitative information is the key to characterisation.

One method of achieving quantitative outputs is to take a simple line profile
through the image, integrated over a defined area. This was used by H. L. Gaigher
in 1969 [7]. This method was used for the example images shown in Figure 3.2.
where the white box highlights the integrated area used for the line profiles with

a width of 100 pixels, and the line traces from the equivalent images in 3.2 are
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10pm ‘ 10 N 10pm =

Figure 3.2: Examples of experimental Fresnel TEM images of polycrystalline thin
films with varying degrees of magnetisation ripple present. Images (a-d) show a 10 nm
NigsFess thin film with increasing NiggFeog seed layer thickness. The white box highlights
the integrated area of 100 pixels width used for the line profiles, with the white arrow
indicating the mean direction of magnetisation of the film M. These materials will be
studied in greater detail in Results Chapter 4.

plotted in Figure 3.3(a,c,e,g). The average distance between the peaks represents
the characteristic length scale, in this case average ripple wavelength. Additionally,

the 1D transforms of these line traces are displayed in Figure 3.3(b,d,f,h).

The distance between the peaks does decrease from Example 1 through to Example
4 as seen from the images, however the distances between the peaks is not uniform.
It is also somewhat variable on the location of the line trace over the Lorentz
image. Table 3.1 shows the approximated average wavelength values determined
from the average peak-to-peak distance, which has been manually measured, and
the associated estimated standard error. This method gives a quick output for
an average wavelength value and is useful when looking at images with a large
variation in ripple strength. Due to the large deviation in the spread, it wouldn’t be

a reliable method when looking at images displaying ripple with subtle differences.

Sample Average wavelength A
(pm)

0.9 £+ 0.1

0.5+ 0.1

0.3 +£0.1
0.2=£0.1

= W N =

Table 3.1: Real space measurement technique used to determine the average magnetisa-
tion ripple wavelength A\ value. This technique will work to obtain an approximate value
when comparing images with a large variation in ripple strength. However, there is a large
deviation in the spectrum and a significant standard error associated with this method.
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It is clear that there isn’t a single harmonic wavelength value in all example
images. This is confirmed when a 1D Fourier transform is taken of the line traces
shown in Figure 3.3(b,d,f)h). It reiterates that the signal is made up of a range of
frequencies, with decreasing amplitude. Examples 1 and 2 have larger lower spatial
frequency contributions. Examples 3 and 4 have significantly smaller lower spatial
frequency components and look almost like experimental image noise contributions.
The goal in this chapter is to develop an updated methodology for extracting an

average wavelength value and its corresponding deviation.
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Figure 3.3: Real space ripple measurements; an integrated line profile is taken over an
experimental real-space Fresnel image (a,c,e,g for Examples 1-4). Although there are
observable differences between the line profiles, it is more difficult to extract one final
value for ripple wavelength A. 1D Fourier transforms of the line traces shown in Figure
3.3(b,d,f,h). Confirms the presence of a range of wavelength values in an experimental
Fresnel image displaying magnetisation ripple. A weaker magnetisation ripple, as shown
in (f,h) has a smaller amplitude when compared to (b,d).
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3.5 2D Fast Fourier Transform

A fast Fourier transform, or FFT, is a well-known image processing technique used
to decompose an image into its spatial frequency components. It can be applied to
a 2D image to convert it from a spatial domain, to a spatial frequency domain. In
a frequency (or Fourier) domain image, each point represents a particular spatial
frequency contained in the spatial domain image.

First, a Fresnel image displaying magnetisation ripple is needed such as the example
given in Figure 3.4(a) i.e. a single domain region. A fast Fourier transform (FFT)
image can then be acquired, implemented in Digital Micrograph (Gatan software).

[19] The 2D Fourier transform will display data in k-space against intensity I.

Figure 4.4(a) highlights the difference in a single wavelength distribution, like
that of a sine wave compared to that of a distribution of magnetisation ripple
components in (b). The FFT is the spectrum of the ripple, each point in k space is
effectively the amplitude of that harmonic component. Therefore a FFT of a single
component will result in 2 sharp peaks like that shown in (c¢). Magnetisation ripple
has many contributions. Areas of high signal means there is a large amount of
ripple with a specific characteristic wavelength value. Typical magnetisation ripple
produces a ‘bow-tie’ structure, as shown in Figure 3.4(d). Integrated line traces
can be taken over the area of interest, highlighted by the blue box. This confirms
there is a single wavelength in (e) and a flat peaked distribution, representing

a range of wavelengths in (f).

The bow-tie structure consists of two lobe-like features. A more detailed schematic
is shown in Figure 3.5(b). There is a 2-fold symmetry associated with the structure.
A number of magnetic ripple characteristics can be determined and will be described

in the following paragraph.

The net orientation of the magnetisation, M can be determined from the mean
direction of the magnetisation ripple. This is given by the direction of a line
through the centre of the two symmetric lobes, shown by the red line in Figure

3.5(b). For example, this is a useful characterisation technique when determining
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Figure 3.4: Single sine wave wavelength distribution compared to a magnetisation ripple
distribution. (a) Single wavelength sine wave simulated Fresnel image, (b) Experimental
10 nm NigsFes5 Fresnel image displaying magnetisation ripple. (c,d) are the corresponding
FFT images, where the blue box highlights the location of the integrated line profile.
(e,f) show the plots of the line profiles, where the distance between the origin and either
measured peak represents the inverse ripple wavelength value.

the changes of magnetisation direction in hard axis hysteresis rotation during the

application of an applied field.

Secondly, Hoffmann first described magnetic ripple dispersion as the local deviation
of the magnetisation from its mean direction. [21, 22] It assumed that all fluctuations
of the magnetisation from its spatial average are small i.e. the sample is nearly single
domain. The magnetic ripple dispersion, ¢ can be determined by measuring the

spread of the angle of the lobes from the mean direction of magnetisation. This gives
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Figure 3.5: (a) Experimental Lorentz TEM image of magnetisation ripple. (b) FFT
of Fresnel image produces an image in the frequency domain, commonly referred to as
a ’bow-tie’ structure. It can be used to determine the following ripple parameters: the
direction of magnetisation M, the magnetic ripple dispersion angle, 8, and the ripple
wavelength, A. (¢) A line profile of one pixel width can be taken through the origin of the
bow-tie structure (along red arrow) to display a range of wavelength frequencies. (d) 3D
surface plot of FFT structure shown in (b), highlighting the spread of frequencies present
in the image.

information about the range of magnetic ripple orientations. A visual estimation
of the ripple dispersion angle was made in Figure 3.5(b) and is highlighted by the
angle between the 2 blue lines, 26. These lines can visually be defined by the region
where the white FFT structure stops. Figure 3.5(d) shows a 3D representation
of the FFT structure, where there is a gradually decrease in signal at the FFT
edges. Therefore this visual definition is an approximation. A large increase in the
angular spread is seen during the easy axis reversal processes, when an applied field

is reduced from magnetisation saturation to just before the coercive field Hs. In
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Section 3.6.1 the methods used by previous publications to determine the magnetic
ripple dispersion will be outlined. This is followed by a discussion into an improved,

and more reliable method for characterisation in Section 3.6.2.

Thirdly, a value for ripple wavelength, A can be determined. In Hoffmann’s ripple
theory publication, he discussed how there would be ‘one dominant periodicity’ of
magnetic ripple. However, when defining an equation for theory he defined the
ripple wavelength value as the ‘mean wavelength of the ripple along the mean
direction of the magnetisation’ Fuller and Hale also interpreted the fine structure

lines in terms of a ‘mean wavelength’ [1]

As mentioned earlier, Herrmann produced one of the first publications to success-
fully quantify magnetic ripple properties from experimental TEM images. [8] He
defined the ripple wavelength from the peak-to-peak intensity (or the mode value)
of the frequency spectrum. It is given by the inverse distance between the origin and
either point of highest intensity in each lobe. This distance can be acquired using
a single line profile (Figure 3.5(c)), and the corresponding measured distance is
highlighted by the green arrow in Figure 3.5(b). The ripple wavelength is inversely
proportional to the distance from the origin to the intensity peaks. For example, a
larger ripple wavelength will shift the intensity peak towards the centre of the image.
This is not an unreasonable method of characterisation, however is limited through
only using the peak intensities, rather than the full range of the spectrum shown in
Figure 3.5(d). For example, the regions of peak intensities should occur at equal
distances from the centre of the bow-tie structure. However in the example shown
in (c), there is an asymmetry with the measurement technique. This asymmetry is
a result of random noise in the image, and difficultly in determining an accurate
orientation of M from visual inspection. This method, along with others will be
described in Section 3.7, where the individual method limitations will be discussed

followed by how they can be improved upon.
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3.6 Dispersion Angle

In the following sections, a single experimental Fresnel image displaying strong
magnetisation ripple properties will be analysed as an example. Section 3.6.1
discusses using a previous publication method produced by Hosson. Section
3.6.2 describes a new method developed as part of the this project, and for

purposes of this thesis.

3.6.1 Previous Methods

As discussed previously, the dispersion angle is equal to the spread of the magnetisa-
tion from the mean direction. Hosson devised an improved method of determining
a value for the ripple dispersion angle from experimental Fresnel images. [10] A

schematic description of the quantification method is displayed in Figure 3.6.

The first step involves using the modulus of the FFT of an experimental Fresnel
image with single domain magnetisation ripple like that shown in Figure 3.6(a).
Hosson’s method involves applying a radial band pass mask to the FFT image
where the maximum intensity peak lies. This is illustrated in Figure 3.6(b) and
(¢) where a line profile is taken through the origin of the bow-tie structure, and
is plotted in (¢). An approximation of the first order maximum is made, i.e. the
highest pixel intensity. A radial band pass mask can be applied onto the FF'T,
so that it contains the highest pixel intensity. This is shown in Figure 3.6(d). A
definition for the appropriate width of the band pass mask was not given, but
for the purposes of this example, the width equalled 50% of the full lobe length,
centred around the highest intensity pixel (where the full lobe length is defined
as the distance from the FFT origin through the centre of the bow-tie structure
until the furthest edge.) This is followed by an azimuthal projection of the masked
FFT image, giving Figure 3.6(d) as a function of azimuthal angle in Figure 3.6(e).
Integrated line profiles are summed over the red box. Figure 3.6(f) shows when
the profile is plotted, the ripple dispersion angle was determined by locating the

angular distance where the peak intensity reduces by a root mean square value
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Figure 3.6: Schematic description of the quantification method in determining the
dispersion angle 6 of an image displaying magnetisation ripple, developed by Hosson [10].
A radial band pass mask is applied to a selected region on the FFT modulus (d) which
is an estimate of the (c) dominant wavelength value (i.e. region of highest intensity),
followed by an azimuthal projection of the image (e). An integrated line profile is taken in
the region of interest, highlighted by the red box in (e). This is plotted in (f) as integrated
intensity against angle. The FFT dispersion angle corresponds to when the peak intensity
reduces to approximately 70%. The determined angle of 2 6 gave a final value of 14° +
1.5 as the FFT dispersion angle.

(1/v/2 ~70%). This is an arbitrary decision as defined in the publication. This
region is highlighted by the green box in (f). Using Hosson’s method, a value of 28
degrees was determined as the FFT width, giving a final value of 14° + 1.5 as the
FFT dispersion angle # for the experimental image shown in Figure 3.6(a). This
measured deviation in magnetisation direction is highlighted in Figure 3.7 on both

the experimental Lorentz image (a) and the corresponding FFT (b).

Having a standard percentage intensity drop is a good method of determining
changes in ripple, however, this is based on the highest intensity value. This
peak value may not lie centrally in the noisy distribution. Figure 3.6(f) is a good

example of this, as it shows that there can be an asymmetry associated with the
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SRS

(a) Experimental Lorentz image (b) FFT of Lorentz image

Figure 3.7: (a) Experimental Fresnel image and (b) corresponding modulus of the FFT.
Highlighting the determined angle of 2 € given by the angle between the two red arrow
and the direction of magnetisation M. This gives a final value of 14 + 1.5 degrees as
the FFT dispersion angle, when using the methodology developed by Hosson [10] and
described in Figure 3.6.

peaks, if we consider the 2nd peak distribution relative to the first peak. The
highest intensity value can also be much larger than the intensity values in the
surrounding pixels, which will skew the profile and create an overall smaller FF'T
angle measurement. Even Figure 3.6(f) has a somewhat noisy profile, making the
measurement of angular width more difficult to accurately determine. These factors
decrease the reliability of this measurement technique. Another drawback is that this
is a subjective measurement technique. The location of the dominant wavelength
value and the appropriate width of the band pass mask is somewhat subjective.
Additionally, by applying such a large mask to the FFT, vital information is lost
about the full ripple spectrum.

3.6.2 New Method for 6 determination

In this section a new method is proposed for measuring the dispersion angle 6.
Unlike the method discussed earlier by Hosson, all data from the FFT modulus
image will be used in the analysis process. The following process uses the Python
programming language to implement the steps described. Python scripts were

written and developed for the purpose of this thesis.

Figure 3.8 displays the initial steps. The first step is to take intensity profiles

from the FFT of the ripple. This is shown in Fig 3.8(a). As an example, one
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is taken from the centre of the FFT along the symmetry axis of the distribution
(blue). The other is taken at the edge of the distribution (red). It is clear there
is a significant difference in the intensity profiles, where by the intensity through

the centre is much larger, as expected and shown in Figure 3.8(b).

LOX100F T —— T 7 — T T T 9
F —— Centre A
7 14x10°r —— Edge ]
ERENIUUS s
Z 1.0x10°F .
Z8.0x10°F .
w0 I
g 5
£ 6.0x10°F .
& 4.0x10°F —
2 I
A 2.0x10°F .
10 1/um I
—_— 0.0F —
0 1 2 3 4 5
Inverse Wavelength (1/pm)
(a) Example lineprofiles taken through the (b) Example lineprofiles are plotted
bow-tie centre (blue) and edge (red) demonstrating intenstiy changes
Wppr—r——7—7——T7——T—T—
3 “’ e Data Points 1
m o ° . . e
h= »° #® © Points for Fitting
Zosf PN <3 g
= é s i 5
= o o o o
iy 0.6 ° .: . s =
Z
L D
Zo04F ¢ t. s !. 4
g H s § 3
= P
[}
=T \-—J U |
1 1 L 1 L 1 L 1 1 |

L L 1 s
0 50 100 150 200 250 300 350 400
Angle (o)
(c) Integrated intensity can be plotted

against radial angle (black line)

Figure 3.8: Schematic of a proposed improvement in measuring the dispersion angle
0 of magnetisation ripple. Intensity line profiles are taken from the image origin for a
full 360 degree rotation. 2 line profile examples are shown in (a,b) where the blue and
red lines represent profiles taken through the bow-tie centre and edge respectively. The
average integrated intensity value for each profile can then be plotted as a function of
angle, and is shown by the black points in (c). It is assumed that both peaks are of equal
distribution. Therefore the peak with an unbroken 180 degree curve will be used for
further analysis, represented by the points in red.

For full analysis the script takes intensity line profiles are taken for a full rotation
of 360 degrees (27) from the image origin. Each line profile is integrated to get

the total intensity, so in the case of the two lines shown in (a) and (b) the blue
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line will have a larger value than the red. This is plotted for lines at all angles as
shown in Fig 3.8(c). Two peaks are generated, which represent the two symmetric
lobes on the FFT. It is assumed that the 2 peaks will be symmetric and equal (as
there is no misalignment error like described earlier), so only one will be used for
further analysis purposes. This is highlighted in Figure 3.8(c) where the red dots
represent the region used in any further analysis. There are 360 dots in total to

represent the 360 degrees, with equal angle spacing of one degree.
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Figure 3.9: Comparison of Gaussian (blue) and Lorentzian (red) standardised distribu-
tions, where they both feature the same full-width half maximum (FWHM). Lorentzian
peak tails are typically wider than that of Gaussian’s. Key points of both distributions
are highlighted, which are used in Equations 3.1 and 3.2.

The angle associated with the distribution of the peak can give information on
the spread of the magnetic ripple orientation. The desired quantitative output
is the full-width half maximum (FWHM) of the peak. However, when using the
unfitted data, and using the largest intensity point as the centre of the peak, it can
lead to an associated asymmetry when measuring the LHS and RHS of the FWHM
from the mode peak. A way to improve the data set is to use either a Gaussian or
Lorentzian curve fitting technique with typical examples shown in Figure 3.9. The

equations of the Gaussian I5(0) and Lorentzian I1,(0) functions used are as follows:

x
—+0 3.1
s (31)
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where a is the amplitude, b is the offset (in this case equal to zero), o is the

standard deviation and g is the mean of the distribution.

2

1(0) = g‘g_ e (3.2)

where a is the amplitude, b is a constant, v and z( is the width and the centre

of the distribution.

The Gaussian and Lorentzian curves plotted in Figure 3.9 show these formulae with
w1 and 7y equal to zero, as is b. The FWHM of these functions, given by 2.345 x ¢ and
v, are both equal and represent the distance of the curve when the intensity drops by

50%. These 2 values are the key parameters for characterisation of ripple dispersion.
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Figure 3.10: Figure demonstrating three different methods of determining the dispersion
angle of a FFT image. All methods determine the FWHM as the dispersion angle value.
The first option (a) is to use the raw integrated intensity values. An improved solution is
to fit a best fit curve, using either a (b) Gaussian or (c) Lorentzian fit.

The best fit peak also gives an associated angle for the mean direction of
magnetisation 6,;, which is useful for mapping hard axis reversal behaviour.
A comparison of outputs for the different FWHM determination techniques is
summarised in Table 3.2. All three methods are in good agreement with a variation

of as little as half a degree.
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Analysis OutPuts  Unfitted Gaussian  Lorentzian

Dispersion 6 (°) 23+ 1.0 229+£05 231405
M angle 6, (°) 214 £ 1.0 2127 £ 0.5 2128 £0.5

Table 3.2: Comparison of techniques for magnetisation ripple dispersion angle and
direction of magnetisation determination.

Residual plots are a method of visualising how much a best-fit line vertically
misses a data point. These are shown for the Gaussian and Lorentzian fits in Figure
3.11(a) and (b) respectively. The averaged residual value for the Gaussian plot
was in fact smaller than that of the Lorentzian, meaning it had a slightly overall
better fit to the raw data. Figure 3.9 shows that both fitting methods produce
good and reliable results and both could be used for successful analysis in upcoming
sections. However, the Lorentzian had a better fit at the region of interest (the
peak). Therefore, for the following results Chapters (4,5,6), the Lorentzian fit
method was selected for determining the dispersion angle # and direction of M

Orr, however either option would work well.
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Figure 3.11: Data point residuals for the (a) Gaussian and (b) Lorentzian fit, highlighted
in red and blue respectively. They represent a measure of how much a best fit-line misses
the raw data point. Both fits produce small residual values, confirming both methods
produce reliable fitting.
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3.6.3 Discussion

A comparison can be made of the measured dispersion angle 6 values using the
methodologies described. Hosson’s method measured the dispersion angle at a 70%
drop of intensity, compared to the new method which measures the corresponding
angle at the FWMH i.e. 50%. For the purposes of method comparison, all
measurements were taken at a drop of 50% intensity. The Hosson method and the
new developed method were used on all 4 example images previously shown in Figure
3.2, as all images have varying amounts of magnetisation ripple present. The outputs
for both methods are shown in Table 3.3. Both methods are in good agreement.
The main difference in the two methods is the consistency of each measurement.
As previously mentioned, Hosson’s method is a subjective measurement technique.
Additionally, by applying such large mask to the FFT structure, information will
be lost. The steps described for the new method can be automated, so there is no
bias in the analysis technique. It also proves to be a more accurate measurement,
mostly due to the lack of human biasing and measurement errors. Hosson’s method
is a viable option for an estimation of the dispersion angle. However when analysing
a large amount of experimental (or simulated) Fresnel images, the new method

will produce quicker, and more precise outputs.

Example Image Hosson Method New Method

(°) (°)

1 32 £ 1.5 37.5 £ 0.5
2 21 £ 1.5 23.1 £ 0.5
3 13 £ 1.5 122 £ 0.5
4 14 £ 1.5 14.0 £ 0.5

Table 3.3: Comparison of previous techniques developed by Hosson and a new proposed
methodology for magnetisation ripple dispersion angle determination.

3.7 Dominant Ripple Wavelength

In the following Section 3.7.1, previous published methods are discussed for deter-

mining dominant ripple wavelength value. For this section, two example Fresnel
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images with varying magnetisation ripple will be used, to discuss the breakdown of
previous methods with weaker ripple properties. This is followed by Section 3.7.2,
where a proposed new method for determining the dominant wavelength through
curve fitting is presented, which will be referred to as Ap,y,. This methodology will
be discussed for experimental images of both strong and weak ripple properties. A
new additional characterisation parameter of integrated intensity I is introduced in
Section 3.7.3. This is particularly useful for mapping variations in Fresnel TEM

image contrast when taking a sample through a hysteresis sequence.

3.7.1 Previous Methods

Important ripple characteristic length scales are the mean, dominant and the

deviation of the ripple wavelength.

The inverse spatial frequency with the maximum intensity (or the mode value)
can be found in Fourier space by measuring the distance between pixels of highest
intensity and the FFT origin. This method has been seen as the standard, and most
widely used parameter in publications involving magnetic ripple characterisation.
However, although the original theoretical paper discussed in Section 1.7 acknowl-
edges that there is usually a dominant wavelength value, the mean or average
wavelength value is used for the theoretical derivation of the ripple wavelength .
The asymmetric distribution of the spatial frequency spectrum means the mode
value (which represents the dominant ) will be different from the mean, where the
dominant wavelength value is usually significantly larger than the mean. This is
due to the mean including all lower frequencies in the spectrum. The dominant
wavelength refers to just one value. Methods for determining the dominant ripple
wavelength Ap,,, value will be discussed below, with an explanation into how

these methods can be improved upon.

The idea of using a rotational average method for accurate determination of the
dominant ripple wavelength Ap,,, was first used by Hosson in 2002. [10] Another

method used in several other publications to obtain this value involves taking an
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integrated intensity line profile over a region limited to the bow-tie structure. [16,17]
Both methods are outlined and compared in Figure 3.10 when used on experimental
Fresnel images displaying (a) strong and (b) weak magnetic ripple wavelength

properties. These methods will be discussed in detail below.

Hosson’s method consists of taking a rotational average (360 degrees) of the
modulus of the FFT. A single pixel width line profile can then be taken in any
direction from the image origin (e,f). This will result in a plot of image intensity
against k-space distance, where the distance from 0 to the first order maximum
is equal to 1/A. This method works well with images displaying larger ripple
wavelengths, giving rise to higher contrast, as demonstrated in Figure 3.12(i).
However, when the ripple is weak, the dominant wavelength peak becomes harder
to determine due to reduced contrast variation, as highlighted by the red line
plot. Additionally, the rotational averaging effect leads to a lack of area specific
information. It includes a large amount of unnecessary background noise which
makes the changes in contrast within the area of interest, i.e. the bow-tie structure,

less prominent and therefore more difficult to measure.

Another common dominant ripple wavelength Ap,,, characterisation method is
outlined in Figure 3.12(g,h), originating from a University of Glasgow publication
[15]. It involves similar steps to Hosson’s method, but rather than taking a
rotational average of the FFT, it involves taking a line profile through the centre
of the bow-tie structure, and integrating over a selected area that is larger than
the full width of the structure (the width of the integration is variable on the
spread of the FFT). The corresponding line profiles for both strong and weak

ripple wavelengths are plotted in (j).

This produces plots of integrated intensity against k-space. The measured distance
between the two highest intensity points is measured, which is equal to 1/2\.
Line profile plots are shown in Figure 3.12(h), for both strong and weak ripple

wavelength properties respectively. This proved to be a successful characterisation
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Experimental Lorentz image
(a) Strong ripple contrast  (b) Weak ripple contrast

|

5 1/pm

Corresponding modulus of FFT
(c) Strong ripple contrast  (d) Weak ripple contrast

Rotational average of FFT Box highlighting integrated area
) T T T . T N T T j T TU «1 05 [T T T . T . T T ’ ]
—1.0x10°F —— Strong ripple wavelength - —— Strong ripple wavelength
"é i —— Weak ripple wavelength E 6.0x10°F —— Weak ripple wavelength
= 8.0x10°F =
s | 2 5.0%10°
o o
S, . =,
= 6.0x10° 2. 4.0x10°
s =
£ a0x10°t g 30x0°
= o 20x10°
%;o 2.0x 1071 %;o
é L E 1.0x10°
0.0
. ‘ ‘ ‘ . . . ‘ 0.0 ‘ ‘ ‘
00 05 1.0 15 20 25 30 35 4.0 -4 -3 =2 -1 0 1 2 3 4
Inverse Wavelength (1/pm) Inverse Wavelength (1/pm)
(i) Rotational average method outputs (j) Box integration method outputs

Figure 3.12: Schematic of previous methods used in determining the dominant ripple
wavelength from the FF'T modulus data of an experimental 10 nm NigsFes5 single domain
Fresnel image displaying (a) strong and (b) weak magnetic ripple characteristics and
corresponding FFTs. The first method (e,f) is to take a rotational average of the FFT
(around 27)and take a single pixel width line profile from the origin, measuring the
Fourier distance from the origin to the peak. The second method (g,h) is to choose a
large integrated intensity area, which covers the full FFT and measure the Fourier space
distance between the peaks. The corresponding line profiles are plotted in (i,j). The
rotational average method becomes less effective with weaker ripple wavelength A, unlike
that of large integrated area.
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Figure 3.13: Box integration methods of dominant ripple wavelength determination
have an associated error with the final output. The integration area doesn’t take into
consideration that the ripple wavelength varies radially. This will create an error in the
k-space measurement, A k-space.

method for both variations of ripple properties, unlike that of Hosson’s which

struggled with weaker ripple.

The bow-tie structure is lobed, and the intensities can partially vary radially from
the origin . This means when using a simple average integration technique, in this

case in the shape of a rectangle, it comes with an associated error range.

A simplified schematic is shown in Figure 3.13, which denotes a ripple structure
which is truly radial. We assume all the black dots lie at equal distances from
the origin, but in varying orientations. It is important to note that this is an
exaggerated effect. Although there is some radial variation, there is no basis to
suggest that the structure is fully radial. When integrating over a box as shown in
Figure 3.12(f), the intensities will be averaged creating an associated error range in
k-space. The effect of this can be investigated using simple geometry rules and the
results are presented in Figure 3.14. As expected, an increase in the dispersion angle
increases the measurement error range in k-space. Similarly, if the distance between
the highest intensity peak increases, so does the measurement range error. As

previously discussed, this measurement range error is only valid if the distribution
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is truly radial. In reality, there will only be partial radial effect,therefore the use of

a rectangle integration will be less than the quantities seen in Figure 3.14.
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Figure 3.14: The associated range error with dominant ripple wavelength can be plotted
as a function of (a) increasing dispersion angle and (b) increasing ripple wavelength. The
error is directly proportional to the angle and wavelength.

Discussion

Table 3.4 shows a comparison of the outputs for dominant ripple wavelength
determination. This includes taking a single line profile through the origin of the
FFT, like the example shown in Figure 3.5(c), and the two methods described

(rotational average and box integration.

It is clear that the rotational average method is completely inconsistent for
both strong and weak ripple properties when compared to the other two methods.
Both the single line trace and box integration are in good agreement with each
other. This would be as expected. By integrating a line profile over a defined
area, it has the effect of averaging the data, resulting in the measurement error

being reduced, as highlighted in Table 3.4.

There is an order of magnitude increase when using the rotational average
method compared to the other methods. A ripple wavelength value that is larger
than a micron is usually only found when imaging along the easy axis and very
close to the coercive field i.e. where the ripple properties would be largest. The

rotational average method also completely breaks down when measuring smaller
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wavelengths, demonstrated in Figure 3.12(i). It can therefore be assumed that for
the experimental images used in this body of work, the rotational average wavelength
values would not be reliable. A quick real-space wavelength approximation can be
made, which confirms that a wavelength value larger than a micron, for both the
strong ripple and weak ripple cases, would not be correct. The box integration
method produces much more sensible outputs and works successfully for both strong

and weak ripple, as shown in Figure 3.12(j).

However, as described previously, and highlighted in Figure 3.13 and 3.14, there is
some discrepancy when using a box integration for a bow-tie FFT structure which
displays radial variations. An improvement to this would be creating a methodology
that uses the most successful aspects of the methods discussed here. It is proposed
that using a rotational average over a limited angular range (specifically the
dispersion angle) could yield a more accurate determination of the dominant ripple

wavelength. A method has been devised and will be discussed in the following section.

Method Outputs Strong ripple Ap,, Weak ripple Apom
Single line trace (um) 1.2+0.1 0.6 +£ 0.1
Box Integration (um) 1.24 £ 0.03 0.60 £+ 0.03
Rotational Average (um) 3.0 + 0.1 24 +0.2

Table 3.4: Comparison of outputs for dominant ripple wavelength determination Apom,
using previously used analysis techniques.

3.7.2 New Method: M\p,,

An improvement to both methods described in the previous section is proposed.
Rather than rotationally averaging the full FFT image like the Hosson method,
a partial rotational average can be used over a limited angular range, followed
by a radial integration. Using the information gathered from the previous ripple
dispersion analysis, the FF'T cone with the corresponding measured dispersion angle,
can be defined as the sole area being used to find the dominant wavelength value.

Then a partial integration technique can be used, as highlighted in Figure 3.15.
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Figure 3.15: A solution to the error is to calculate the average radial integration of the
bow-tie structure. The blue lines indicate the radial lines of integration, usually over a
distance of 1 pixel. The intensities that lie along these lines are summed and averaged.
These values can be plotted against distance from the origin.

This process includes integrating radially, by a width of a pixel, specifically in the
region previously determined by the dispersion angle i.e. a limited angular range.
This eliminates the discrepancy associated with measuring the distance of the peak
from the origin. The blue lines indicate the radial lines of integration, usually over
a distance of 1 pixel. The intensities that lie along these lines are summed and

averaged. These values can be plotted against distance from the origin.

These values can be plotted against distance from the origin, i.e. plot the radial
averaged integrated intensity against k-space and are shown in Figure 3.16. The
area of interest is solely the dominant value i.e. the mode value, so the data set is
cropped remove data points outside of the bow-tie structure. Three different data
sets can be used from our dispersion angle determination discussed previously: Raw
data points, Gaussian and Lorentzian i.e. The dispersion angle value determines
the region used for the partial rotational average, with the value shown in Table
3.3. Therefore there will be some variation, although small (< 1.5 degrees), in

the plots shown in Figure 3.16.

A Gaussian distribution function (Equation 3.1) can then be applied to the raw
averaged radial integration data. This figure displays how successful the fitting is
to the raw data, even with weak ripple properties. This method doesn’t breakdown
unlike that of previous methods described. The peak of the Gaussian fit can be
extracted with an associated error, the results of which are compared in Table
3.4. Even though 3 different dispersion angles were used to determine a final

dominant wavelength Ap,,, value, there is a variation of less than 2% between
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Figure 3.16: Schematic of dominant ripple wavelength plots. (a) and (e) are example
experimental Fresnel images displaying strong and weak ripple properties respectively.
The radial integrated intensity is plotted against k-space distance. A Gaussian distribution
be fitted to the data, where the peak corresponds to the dominant ripple wavelength value.
(b,f), (c,g), (d,h) represented the raw, Gaussian or Lorentzian dispersion angle integration
points respectively, described in the previous section. The results are summarised in
Table 3.4.

the three methods when measuring weak ripple properties, meaning we can be

confident in the final output results.

Unfitted

1.62 £ 0.02 1.62 £0.02 1.62 £ 0.02
0.82 £0.02 0.84 £0.02 0.84 £ 0.02

Analysis Outputs Gaussian ~ Lorentzian

Strong ripple Apep, (pm)
Weak ripple Apom, (pm)

Table 3.5: Outputs for dominant ripple wavelength determination Ap,,, using the newly
proposed analysis methodology.

Discussion

Table 3.6 summarises the outputs of dominant ripple wavelength \p,,, using the 3
different methods discussed in this section; a rotational average, a box integration,

and an improved proposal of a partial rotational average.
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As discussed earlier, the full rotational average method does not produce an accu-
rate determination of the dominant ripple values. It also fails when characterising
images displaying weak magnetic ripple properties, such as Figure 3.12(i). Due
to these reasons, the rotational average outputs are not a good representation

of ripple wavelength.

The outputs for the proposed method and the box integration method are in
better agreement with the expected output. However, there is a still a variation of
nearly 400 nm between both methods for the strong ripple case. The partial rotation
methods yields results which are quite larger than the box method. This difference
arises from the range of data which is being used. The box integration method uses
more signal from lower spatial frequencies, and more noise from regions outside
the lobes. The partial integration techniques removes significantly more of these
lower spatial frequencies. Therefore, the weighting of spatial frequencies is therefore
different in these methods. Each method represents different distribution of the
intensities in the FFT. No distribution will have a very clear peak (like the example
sine wave in Figure 3.4(e), so it makes sense for each method to give a different answer.
Another difference could be attributed to the box integration method being a manual
technique based on direct visualisation of the FFT image. The associated error with
the measurement also has to be considered. The partial rotational average technique

process has been developed and automated to reduce the measurement error.

Method Strong Ripple Ap,,, Weak Ripple Apom
(pm) (pm)
New Partial Rotational Average 1.62 £+ 0.02 0.84 £ 0.02
Old Rotational Average 3.0+ 0.1 24 +£0.2
Box Integration 1.24 £+ 0.03 0.60 £+ 0.03

Table 3.6: Comparison of old and new techniques for dominant magnetic ripple
wavelength Ap,, determination.
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3.7.3 New Method: Reciprocal Space Image Intensity Vari-
ation [

A second output can be extracted from the graphs shown in Figure 3.16. It shows
the peak of a curve, which when measured along the x-axis represents the dominant
ripple wavelength. However, the height of these curves, i.e. the integrated intensity
along the y-axis, changes with ripple properties. As ripple properties increase, such
as wavelength and dispersion, this leads to a higher integrated intensity value. This
change in intensity is particularly useful for the mapping of ripple contrast variation
as a function of field. For example, the image intensity will be lessened towards
magnetisation saturation due to a reduction in magnetisation ripple, and therefore
image contrast, when directly compared to images at remanence. This method of
characterisation involves measuring the changes in the dominant wavelength peak

height (i.e. integrated intensity) as a function of field.

The physical output values measured from this characterisation method are not
meaningful in isolation. This method is useful when being used in conjunction with
other characterisation methods described, such as dispersion angle and dominant
ripple wavelength. It allows for the visualisation of trends in the variation in ripple
properties throughout a hysteresis sequence. This should follow the same trend as
other characterisation methods. This will be studied in greater detail in Section

3.10.2, when it is used on 5 examples images during an easy axis hysteresis sequence.

3.8 New Method: Spectroid Wavelength

When Hoffmann proposed his theory for magnetisation ripple wavelength, he
acknowledged that the ripple would be made up of a broad range of wavelengths,
and therefore defined the ripple wavelength as the ‘mean’ value. However, as
any approximation of experimental ripple wavelength would have been evidenced
through real-space measurements at this time, it follows that this ‘mean’ value was
more than likely the dominant ripple value. As mentioned previously, the spectrum

of values can consist of lots of low frequency components. When the true mean
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wavelength value was determined for Figure 3.17(a), it gave an output of 306 nm for
the full FFT image, or 424 nm when just using the area of the lobes as determined
by the dispersion angle. These values are considerably lower than other wavelength

characterisation outputs, that instead look for the dominant wavelength value Apgy,.

Here, an alternative method of determining a value for the specimens mean
ripple wavelength has been developed and proposed for the purposes of this thesis.
The spectral centroid, commonly referred to as a spectroid, is a measure used to
characterise a spectrum. It indicates where the centre of mass of the spectrum is
located. It is calculated as the weighted mean of the frequencies present in the
signal, determined using a Fourier transform, with their magnitudes as the weights.
In this case, the spectrum consists of a range of magnetic ripple wavelengths.
The spectroid of the spectrum is measured through relative intensities and their

distances in k-space. It can be written as:

k-1(k
)\Spectroid - E:Z:(I)EC) (33)

where I(k) represents the weighted frequency value and k represents the centre

frequency of that bin.

The same raw radial integrated intensity plots acquired for the dominant ripple
wavelength analysis are used in this method (Figure 3.16) for determining the
wavelength spectral centroid. The difference here is that the data set is not cropped
around the peak, but all intensity points within the radial integration area are used.
Note that the partial rotational average area was used, similar to the dominant
wavelength determination. This ensures that lots of additional low-frequency
components won’t be included in the measurement, which would act to decrease

the final ripple output significantly. These plots are shown in Figure 3.17.

The spectroid wavelength will differ from dominant ripple wavelength value. This
is expected as it tells us information about where the centre of mass of the ripple
spectrum is present, rather than the highest integrated intensity value. The spectroid

wavelength is highlighted by the bold vertical lines in Figure 3.17, where all 3 varying
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Figure 3.17: Schematic of dominant ripple wavelength plots. (a) and (e) are example
experimental Fresnel images displaying strong and weak ripple properties respectively.
An alternative method to determine a value for ripple wavelength is to determine the
spectral centroid of the FFT, also refers to as the weighted centre of mass Agpectroid- This
value is highlighted by the bold vertical line. The corresponding standard deviation o, is
shown on either side.

integration areas are in good agreement. The spectral standard deviation, o, can also
be acquired, which tells us about the spread of the ripple wavelength values. This

value is highlighted on Figure 3.17 by the lines on either side of the spectroid value.

Discussion

Outputs are summarised in Table 3.7. There is good agreement in all 3 plots for
both the spectral centroid (= 1% deviation) and spectral standard deviation values
(= 5%) for both strong and weak ripple properties. All 3 analysis techniques could
be used, but for the purposes of this project, the Lorentzian fitting methods will

be used for the results presented in the following results chapters.

The spectroid wavelength is proposed as an additional method of determining
a single quantitative output for a samples magnetisation ripple value, along with
the dominant wavelength value. As shown in Figure 3.5(d), the distribution of

the intensities present in the FFT can vary greatly from case to case. A weighted
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Analysis Outputs Unfitted Gaussian ~ Lorentzian
Strong ripple Aspectroia (pm) 0.90 £ 0.01  0.88 £ 0.01 0.90 £ 0.01
Strong ripple o (um) 1.02 £0.01 1.08+0.01 1.08+0.01
Weak ripple Agpectroid (pm) — 0.60 = 0.01  0.60 = 0.01 0.60 &+ 0.01
Weak ripple o (um) 0.66 £ 0.01 0.72 £0.01 0.70 £ 0.01
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Table 3.7: Comparison of results for fitted and unfitted spectroid ripple wavelength
ASpectroid determination.

average favours using all ripple wavelength values present in the image, rather than
concentrating on one dominant value. It provides values that tell us information

about the full intensity distribution in the FFT structure.

Both methods are viable options of characterising ripple properties and are best
used in conjunction with each other. The dominant wavelength gives information
solely on the mode peak wavelength, and the spectroid tells us more about the
wavelength distribution. Both methods will be used as characterisation methods

in the following results Chapters 4, 5 and 6.

3.9 Ripple Wavelength Method Comparison

A comparison can be made of the outputs from different wavelength determination
methods, focusing only on 1 example image for simplicity. The outputs for the

example image displaying strong ripple properties are shown in Table 3.8.

As discussed in Section 3.7.1, is clear that the rotational average method does
not produce sensible outputs. An estimate in real-space tells us that the dominant
ripple wavelength will lie under 1 gm. This method produces a wavelength value
that is significantly larger than the real space measurement. This is reiterated
when both box integration and Ap,,, methods produce outputs much closer to

the real-space approximation.

It is important to note that there is almost a 50% difference in wavelength when

using the dominant wavelength method when compared to the spectroid method.
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This is expected as the spectroid factors in all the smaller wavelength frequencies
within the bow-tie structure from the Fourier transform. As this is a new technique,
measuring the distribution of the wavelength spectrum, rather than the dominant
value, the values obtained for this can not be directly compared to other methods

which aim to identify the mode peak.

Ultimately, all methods other than the rotational average method can be used
for determining a final output. However, in thin films with a more pronounced
uniaxial anisotropy, the ripple properties will be more suppressed and there will
be a much smaller variation across the film. More suppressed ripple increases the
associated measurement error when using the box integration method, therefore
highlighting a disadvantage of this method. The new methods developed in this
body of work for acquiring values for dominant wavelength \p,,, and weighted
wavelength Agpectroia Teduces the human bias and measurement error when acquiring
outputs. When these methods are used in conjunction, it allows for an insight
into both the dominant ripple wavelength, and an insight into the wavelength
distribution through the spectroid measurements. For this reason, these methods

will be used for ripple characterisation in all following results chapters.

Method Wavelength Output
(pm)
Old Rotational Average 3.0+£0.1
Box Integration 1.24 + 0.03
New Partial Rotational Average 1.62 £ 0.02
New  Agpectroid 0.9 £ 0.01

Table 3.8: Ripple wavelength method comparison. This table compares old methods
and new methods, of dominant Apen, and Agpectroid Outputs.
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3.10 Hysteresis Mapping

Hysteresis mapping can be undertaken by analysing images in a range of applied
fields, throughout a hysteresis sequence. Example images were chosen which
correspond to an easy axis hysteresis with a reducing field, displaying strong

ripple properties.
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Figure 3.18: Schematic displaying the variation in FFT intensity with increasing ripple
wavelength and dispersion. (b) 1-5 display experimental Fresnel images of a 10nm NigsFess,
0.25 nm NiygFeg; seeded sample (sample used as strong ripple example) taken in an easy
axis hysteresis sequence, where their location is highlighted on the hysteresis loop (a).
The corresponding modulus of the FFT is also shown in 1-5(c).

These images were taken on a 10 nm NiysFess thin films, with a 0.25 nm NigsFess
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seed layer. This is one of the samples which will be investigated in Chapter 4. The
corresponding easy axis M-H loop is shown in Figure 4.18 (a). There is a reduction
in M/M; from 0.99 in (1) to 9.3 in (5). (b) displays a range of experimental Fresnel
images in an easy axis hysteresis sequence with their corresponding modulus of the
FFT images shown in (c). Images (1) through (5) visibly show increasing magnetic
ripple properties, such as dispersion and wavelength. The following subsections will
use example images 1-5 to demonstrate changes in analysis outputs as a function
of field. These measured variations are vital when trying to understand micro-
magnetic dynamics, such as how field effects magnetic ripple properties. Dispersion
angle 0, dominant ripple wavelength Ap,,,, integrated intensity I and spectroid
wavelength Agpeciroia €xamples will be given in the following sections used the

example images shown in Figure 3.18.

3.10.1 Dispersion Angle

Dispersion angle relates to the range of magnetisation orientations, which manifests
itself as the spread of the FFT lobes. The spread of the lobes increases with
decreasing field (Figure 3.18(1c) to (5c)). When the analysis detailed in Section 3.6.2

is used on these example images, it produces results which are plotted in Figure 3.19.

The dispersion angle  is equal to half the angle measured at the FWHM of the
normalised Lorentzian fitted peak. Outputs for the example images are shown in
Table 3.9. The following figure reference refer to those shown in Figure 3.18. 1(b) at
a field of 50 Oe along the easy axis, has a measured dispersion angle of 16.3°. 5(b)
visibly has a much larger ripple dispersion and this is confirmed with a measured
angle of 21.5° at a field of -10 Oe. It is important to note that the larger the externally
applied field, the smaller the measured dispersion angle will be, if the field is applied
along the direction of the magnetisation. 1(b) may have a reduced ripple dispersion

when compared to 5(b), but still has some strong ripple properties present.
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Figure 3.19: Lorentzian fitted plots displaying intensity as a function of angle through
a reduction in applied field. The dispersion angle relates to the FWHM of the normalised
peaks.

Field Dispersion Angle 0
(Oe) (%)

+50 16.3 £ 0.5

+35 183+ 0.5

+30 197+ 0.5

+5 200+05

-10 21.54+0.5

Table 3.9: Dispersion angle 6 outputs as a function of applied field along the easy axis.

3.10.2 Dominant Ripple Wavelength and Integrated Inten-
sity

This method of characterisation involves using the radial integration data used for
dominant ripple wavelength analysis as described in Section 3.7.2 (Figure 3.14).
To determine the dominant ripple wavelength, the variation of the peak in terms

of the y-axis (integrated intensity) was used.

This method involves measuring the changes in the peak height as a function
of field. Results are recorded as a power spectral density (PSD), i.e. the power

contained in that frequency range at the Ap,,, value. This is a particularly useful
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Figure 3.20: Modulus of FFT intensity characterisation results, using the images
displayed in Figure 4.16. Image (1b) shows a Fresnel TEM with a large amount of
ripple dispersion, compared to that in Example (5b). The curves are taken from the
analysis of dominant wavelength value (Figure 4.16). The peak intensity values from their
corresponding FFT images can be measured and compared. A larger ripple dispersion
creates more contrast and increased integrated intensity.

method of characterisation when looking at a set of Fresnel images from a hysteresis
sequence. The resulting plot of the example images is shown in Figure 3.20, with

the outputs recorded in Table 3.10.

Field  Agom

(Oe)  (um™)
+50 0.24 £ 0.02
+35 028 £ 0.02
+30  0.34 £ 0.02
+5 046 £ 0.02
-10  0.91 + 0.02

Table 3.10: Dominant ripple wavelength Ap,.,, as a function of applied field along the
easy axis.

The results are in agreement with what can be seen visually from the experimental
Fresnel images. The image with the weakest ripple has the lowest peak intensity, and
this value increases with strengthening ripple. There is also a significant reduction

in the spread of wavelength values with strengthening ripple properties, as shown
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by the reduction in fitted peak spread along the x axis (k-space).

3.10.3 Spectroid Wavelength

The weighted average (spectroid) analysis was used on the example images shown
in Figure 3.18, in which Image 1(b) has the weakest ripple properties, compared
to Image 5(b) which exhibits the strongest. This is confirmed when taking the
weighted average of the raw integrated intensity points as shown in Figure 3.21.
The vertical lines represent the measured weighted average point. There is a shift of
this measured output towards the zero point origin with increasing ripple properties
(a smaller number in reciprocal space means a larger real space value, in this case
ripple wavelength). Analysis on Image 1(b) gives an inverse spectroid wavelength
value of 1.34 um~! compared to 1.07 um~! for Image 5(b). Real-space spectroid
wavelength values are shown in Table 3.11 which show follow typical behaviour

where there is a decrease in ripple properties with increasing applied field.
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Figure 3.21: Spectroid wavelength characterisation results, using the images displayed
in Figure 3.18. Image 1(b) shows a Fresnel TEM with a large amount of ripple dispersion,
compared to that in image 5(b). The raw data is plotted from the analysis of the weighted
average wavelength value. The measured spectroid values from their corresponding
FFT images can be measured and compared. Increasing ripple properties, in this case
wavelength, shifts the weighted average peak towards the zero-point origin.
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Field )\Spectroid
(Oe)  (um™)

+ 50 1.34 +0.01
+ 35 1.22 £ 0.01
+ 30 1.14 £ 0.01
+ 5 1.09 £ 0.01
-10  1.07 £ 0.01

Table 3.11: Measured spectroid wavelength outputs as a function of field. There is a
suppression of ripple properties with increasing applied field along the easy axis.

3.11 Summary

This chapter involves an in-depth discussion into both old and new steps implemented
when characterising magnetic ripple properties. Magnetic ripple is well known
phenomenon that occurs in ferromagnetic polycrystalline thin films, and can be
easily visualised using Lorentz microscopy techniques. A publication in the 1960s by
H. Hoffmann produced a theoretical model for predicting two parameters; the mean

magnetic ripple wavelength and the ripple deviation from the mean direction. [20,21]

Different experimental publications have used varying methods to produce a
single output for a materials magnetic ripple properties. Magnetic ripple can be
thought of as a wave-like fluctuation. Due to this, all methods discussed have a
common denominator; they all do their characterisation in reciprocal space through
a 2D Fourier transform. It produces what is commonly referred to as a ‘bow-tie’

structure and is described in Section 3.5.

The corresponding FFTs of real space images displaying magnetisation ripple
show spatial frequency spectras that are quite varied in both shape and distribution.
Whilst recognising this, it can be seen that different methods can be used to
characterise the magnetic ripple properties and extract useful numbers to quantify

the samples behaviour on the micromagnetic scale.

Section 3.6 discusses methods used to characterisation the magnetic ripple
dispersion angle #. It is defined as the spread of the lobes in the bow-tie structure

from the mean direction of magnetisation M. Previous methods have used selective
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masking of regions within the bow-tie structure. A proposed improvement is to
use all information available with the bow-tie structure. An averaged integrated
intensity line profile is taken over 360 degrees of the FFT image. This can be
plotted as a function of angle producing two symmetric peaks. The full-width half

maximum of the fitted peaks can then be extracted to produce 26.

The second parameter to be discussed is the dominant ripple wavelength Ap,,.
Although theory defines ripple wavelength as the mean value, there is usually an
obvious dominant ripple wavelength value within the spectrum, and this parameter
was used a lot in many experimental ripple publications. Previous methods discussed
in Section 3.7.1 were a rotational average method, and a box integrated intensity
method. Problems arising from these characterisation methods are discussed in
detail. An improved method was proposed using a combination of the benefits of
both old methods, featuring a partial rotational averaging method and is described
in Section 3.7.2. Section 3.7.3 discusses a new method of characterising the 2D
FFT image intensity, specifically the peak intensity value. This has proved to be

particularly useful when characterising subtle changes within a hysteresis sequence.

Section 3.8 discusses a new method of determining a value for the centre of
mass of a ripple spectrum, referred to as the Agpectroia- It is calculated as the
weighted mean of the frequencies present in the spectrum. The advantage of
this method is that it uses all wavelengths present in bow-tie structure, rather

than one single dominant value.

These new proposed methods, of (a) ripple dispersion angle 6, (b) dominant
ripple wavelength Ap,,, (c) weighted mean of the wavelength spectrum Agpectroid
and (d) FFT image intensity I, will be used for ripple analysis in the following
three results chapters. Examples of how they can be used for hysteresis mapping

are shown in Section 3.10.
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4.1 Introduction

In order to keep pace with the digital storage demands, it is necessary that the
capacity of storage devices increases while reducing cost per GigaByte and meeting
device reliability requirements. Hard Disk Drives (HDDs) remain an integral
and necessary part of the digital storage landscape with continuing demand for
increased storage density capability. In order to maintain this, reductions in
individual bit sizes are necessary to improve the systems areal density capability
(ADC). Read-write head development to support these system requirements benefits
from high moment, permeable ferromagnetic materials in both the write element
and read sensor components of the head for increased write field and improved

shielding characteristics respectively.

Bulk magnetic measurements, such as vibrating-sample magnetometer (VSM) and
magneto-optic Kerr effect (MOKE) measurements are well established techniques
for characterising a samples average magnetic behaviour. However, as read-write
head critical dimensions decrease, it is more important than ever to pay particular
attention to local, nano-scale magnetic effects as new materials are developed and
optimised. Transmission electron microscopy (TEM) is well known for its high
spatial resolution and can be used to characterise a materials granular structure,
with grain sizes as small as a few nanometres. [1,2] In addition to imaging a
materials structure, magnetic imaging can be achieved by using Lorentz TEM where
the objective lens is turned off, allowing for the visualisation of the micromagnetic
distribution. The films investigated in this Chapter will exhibit magnetisation
ripple, where a new characterisation method, as discussed in Chapter 3 is used for

analysis of magnetisation ripple properties in this results chapter.

In HDD read-write head design NigsFess has long been a high moment alternative
for NiggFes, however lack of a well-defined uniaxial anisotropy and higher coercive

fields have limited its widespread adoption. [3,4] Table 4.1 highlights and compares
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key parameters from bulk magnetic measurements of unseeded 1 pm thick NigyFeq
and NiysFess thin films. It highlights bulk magnetic properties such as the magnetic
flux density saturation Bg,, the anisotropy field Hy, the coercive field H. and

magnetostriction A. (Definitions for these properties can be found in Chapter 1).

Parameter NigoF@Qo Ni45F€55

Bsa (T) 1 1.6
Hy (Oe) 25 9.5
He (Oe) 0.3 0.4
A 1x10% 20 x 10

Table 4.1: Comparison of properties of 1 pum thick NiggFesy and NigsFess thin films.
Values quoted from High Performance write heads using NigsFess [5].

As can be seen in Table 4.1 the NiysFes5 thin film shows significantly increased
saturation magnetisation M. NiggFegy has a Bgys value of 1 T (equivalent to Mg,
= 10 kG), compared to an increased vale of 1.6 T (equivalent to Mg, = 16 kG)
for NigsFess thin films. A higher Mg, value results in higher write fields, and is an
important factor for switching higher coercivity media. It also increases permeability
in shielding structures, which provide better protection from unwanted stray fields
during read back processes. NigsFess also exhibits a reasonable coercivity (slightly
more than NiggFeyy but lower than higher percentage composition Fe alloys). Higher
Fe alloys (>55%) are subject to corrosion in head manufacture and operation in

the drive, so are not a viable option.

The disadvantages of NigsFess are also highlighted in Table 4.1, where there
is a both a switch of sign, and an = 20 fold increase in magnetostrictive effects.
HDD devices aim for little to no magnetostiction present in the read/write head
materials. Magnetostriction effects on permalloy thin films will be investigated in
greater detail in Chapter 6. There is also a significant increase in the anisotropy
field, Hy from 2.5 to 9.5 Oe, resulting in an increase in uniaxial anisotropy from

100 J/m? to 600 J/m? respectively.

Use of extremely thin seed layers, and ferromagnetic seed layers in particular, are of

interest to control the microstructure and stress in such films to achieve soft magnetic
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properties while maintaining a high magnetic moment density. The chapter aims to
provide a clearer understanding on the physical and magnetic effect of seed layers.
Magnetisation ripple properties are investigated and proposed as a viable additional
experimental characterisation technique for sample comparison throughout a full
hysteresis sequence. Additionally, the Hoffmann model for theoretical magnetisation

ripple (Section 1.7) will be tested.

Results presented in this Chapter are in collaboration with Seagate Technology,
located in Londonderry. The sample preparation and bulk magnetic measurements
were undertaken by Kevin McNeill and Muhammad Bilal Janjua using tools located
at Seagate. All remaining imaging and analysis was undertaken as part of this

project at the University of Glasgow.

4.2 Sample Deposition

Four polycrystalline films of similar total thickness, 15 nm, were investigated. All
films included a 10 nm NiyFes5 layer, followed by a 5 nm Ru capping layer to
prevent subsequent oxidation. Figure 4.1 shows a schematic illustration of the film
structure. In addition to an unseeded sample, thin NisgFes; seed layers of 0.25, 0.5
and 1.0 nm were also investigated. All layers were grown through radio frequency
(rf) magnetron sputter deposition (as previously described in Section 2.2.2) using
an Anelva c-7100 tool situated at Seagate Technology. A static 100 Oe aligning
field was applied in the plane of the film to help induce an uniaxial anisotropy.
Deposited films were then annealed in a 0.3 T applied field at 225 degrees (along
the same direction as the deposition field). Deposition rates were calibrated by
a X-ray fluorescence (XRF) measurement and confirmed with scanning electron
microscopy (SEM) measurement of samples prepared by focused ion beam (FIB).
The films were deposited onto 100 x 100 um? electron transparent SisN, membranes

for TEM measurements, as well as bulk Si substrates.
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(a) (b)
5 um Ru 5 nm Ru
10 nm NigsFes5
10 nm Nig5Fes55 Ni79Fen1
SisN4 Si3N4

Figure 4.1: Cross section schematic showing the structures of samples (a) unseeded, (b)
seeded samples with the following seed layer thickness; 0.25 nm NizgFes;, 0.5 nm NizgFeg;
and 1.0 nm NiygFes;. All samples consist of a 10 nm NigsFess layer, and are capped wit a
5 nm Ru layer. All samples were deposited on electron transparent SigN4 membranes.

4.3 Bulk Magnetic Measurements

The influence of very thin NizgFes; seed layers on the bulk magnetic properties of 10
nm thick films of NiysFess has been investigated. As stated earlier, bulk magnetic
measurements were undertaken by Kevin McNeill and Muhammad Bilal Janjua using
tools located at Seagate Technology, UK. To obtain a large enough signal to measure
a B-H hysteresis loop, samples were also deposited onto larger bulk Si wafers. Easy
and hard axis hysteresis loops for each film were determined using a commercial SHB

model 109S hysteresis loop tracer, operating at a maximum applied field of 200 Oe.

Figure 4.2 shows the normalised easy and hard axis hysteresis loops from the
B-H loop measurements on the four unseeded and seeded films. The red and blue
loops represent the applied field along the easy and hard directions respectively.
The unseeded film, shows near isotropic behaviour with a large coercivity of 29.1
Oe along the easy axis (as defined by the deposition and annealing fields), and little
change when applied along the hard direction. Therefore, the fields used during
deposition and annealing have not resulted in anisotropic behaviour. Uniaxial
behaviour improves with increasing seed layer thickness, as can be seen from the
loops of the other NiygFes; seeded films, with decreasing easy axis coercivities of
around 10.3 Oe, 3.8 Oe and 3.5 Oe respectively. There is also a marked increase
in uniaxial anisotropy, as evidenced by the increase in Hk from 2.0 Oe to around

12.8 Oe through the addition of 1 nm seed layer.
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It is notable that the effect of improved anisotropic behaviour of the films occurs
at just 0.25 nm seed layer thickness. This improved behaviour increases with
seed layer thickness, with a seed layer thickness of 0.5 nm 1.0 nm showing little
difference. It appears that an further increase in seed layer thickness will not
improve the magnetic properties further, however there are no thicker films to prove

this hypothesis. Key points in the hysteresis sequence are highlighted in Table 4.2.
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Figure 4.2: Hysteresis loops for 10 nm NiysFess sample (a) unseeded, (b) 0.25 nm
NizgFea; seed layer, (¢) 0.5 nm NiygFes; seed layer and (d) 1.0 nm NiygFes; seed layer,
with the field applied along the easy and hard axis, represented by the red and blue loops
respectively.

As discussed previously, NizgFes; seed layers were introduced as a way of con-
trolling physical and micro-magnetic properties of a higher moment NigsFess thin
film. The addition of increasing thickness seed layer increased the magnetic moment
of the film. Magnetic flux density values increased from 1.42 to 1.57 for the

unseeded to 1.0 nm seeded sample, measured in Teslas. This was calculated using
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Seed layer Thickness B (T) FEasy Axis Ho Hard Axis Ho Hard Axis Hg

(nm) (Oe) (Oe) (Oe)
0.00 1.42 20.1%* 25.8% -

0.25 1.46 10.3 6.4 10.2
0.50 1.52 3.8 0.7 12.7
1.00 1.57 3.5 0.8 12.8

Table 4.2: Key parameters from bulk B-H looper magnetic measurements, with increasing
NirgFes; seed layer thickness. A seed layer of NirgFes; improves uniaxial anisotropy
properties, as shown through a decrease in the coercive field Hg along the easy axis, and
increase in the anisotropy field Hk along the hard axis. *Indicates measurements are
made for the intended easy and hard axis. However a well defined easy axis has clearly
not been induced in these films.

bulk measurements and sample geometry. There is quite clearly a significant
improvement in magnetic properties, such as the reduction in H¢ and an increase
in Hk through the addition of NizgFes; seed layers when investigating larger, bulk
magnetic thin films. The following sections will investigate how this relates to

microstructure (4.4) and micromagnetic (4.5) properties.

4.4 Physical Microstructure

4.4.1 Crystal Structure

NiFe alloys used in the seeded layer, with a composition of 79/21 have a fec (face-
centred cubic) structure. The 10nm NiFe alloy with a composition of 45/55 has a bcc
(body-centred cubic) crystal structure. The Ru layer is a hcp structure. These crystal
structures are known for these compositions. Experimental diffraction images allow
for these structures to be confirmed with SAED measurements. The lattice spacing

for cubic and hexagonal systems can be determined using the following equations.

a
dhkl = (41)
(h? + k2 + 1)

1
dnkl = =
Vo (W2 + 12 + hk) + 2

(4.2)
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with @ and ¢ being the lattice constants of the crystal structure, and h,k,[

are the Miller indexes.

The crystal structure of a film can be determined using electron diffraction.
However, care is needed in analysing and indexing electron diffraction patterns
when imaging multi-layer stacks. Figure 4.3 shows selected area electron diffraction
(SAED) images for films that are (a) unseeded and untilted, following by samples
tilted by 20 degrees for: (b) unseeded, (c¢) 0.25 nm NiygFey; seeded, and (d)

1.0 nm NiygFey; seeded.

€Y Unsceded Untilted §&Y Unseeded 20° tilt

10 nm’! 10 nm™!

(9] 0.25 nm seed 20° tilt JKEH 1.0 nm seed

Figure 4.3: SAED patterns for an unseeded and (a) untilted sample, and (b) a 20
degree tilt angle sample. Frames (c) and (d) show the SAED patterns for the (c) 0.25 nm
NizgFeq; seeded sample, and (d) shows the 1.0 nm NiygFes; seeded sample, both at a tilt
angle of 20 degrees.

The uniform circular diffraction rings surrounding a single central spot obtained

from an un-tilted sample confirms that the sample is polycrystalline.
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The combination of several crystal structures results in the rings overlapping,
creating rings with larger widths, as shown in Figure 4.3. Figure 4.4(a,b) are intensity

line profiles from the origin of the diffraction patterns shown in Figure 4.3(a,d).

This is also highlighted in Figure 4.4(a,b), where the red line trace (b) which
represents the tilted 1.0 nm NiygFes; seed layer sample is less defined when compared
to the tilted unseeded sample shown in (a). This makes specific ring determination

more challenging, due to the overlap of allowed reflections.
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Figure 4.4: (a) Line profiles from origin of experimental SAED images, comparing
un-tilted unseeded and 1.0 nm NiygFes; seed layer samples. Indexing diffraction rings
from SAED patterns (b) unseeded and (c) 1.0 nm NiygFes; seed layer.

The diffraction rings for the unseeded and 1.0 nm NizgFes; seed layer sample
have been calculated and are shown to be consistent with experimental results. The
indexing of the SAED, as shown in Figure 4.4 confirms that for a Ru crystal, a =
0.270 nm and ¢ = 0.428 nm. It also confirms that for NigsFess, a = 0.358 nm, and

for NizgFes;, a = 0.360 nm. This is in agreement with expected values.

Experimental SAED images allows for crystal texture determination. When tilting
a non-textured polycrystalline specimen, the diffraction pattern rings maintain
their uniform intensity. In a textured polycrystalline film, the pattern will have
broken rings, or arcs i.e. the intensity of some rings is either enhanced or reduced.
This indicates that the grains in the film are not randomly oriented but in fact

display a preferred orientation. The results shown in Figure 4.3 show that there



4. Effect of ultra-thin NiygFes; seed layers 150

is texture present in the unseeded and 0.25 nm NizgFes; seed layer sample. This
texture is seen in the index HCP rings of 100, 002 and 101. This corresponds
to texture along the [010] direction. The addition of the NiygFes reduces the
texture in the thin film, demonstrated by the unbroken diffraction rings present

in the 1.0 nm seed layer sample.

Often, seed layers are usually used to promote a crystal texture direction, whereas
the opposite effect is seen here. [6,7,8] However, as the seed layers used in this
investigation are ultra-thin (< 1 nm), it is proposed that they in-fact don’t act
like conventional seed layers, but provide nucleation sites for the growing film,
leading to a reduced average grain size and more randomised texture directionality.

This is explored in the next section.

4.4.2 Grain Structure

In thin film polycrystalline samples, the magnetic properties of the material can be
greatly influenced by the grain size distribution and orientation. Bright-field (BF)
and dark-field (DF) TEM images were used to analyse the grain size distribution
of the film. Dark field images are particularly useful when looking at grain
size distribution due to the high contrast between the grains. This makes it
easier to distinguish individual grains for analysis. An example of the difference
between typical bright-field and dark-field images can be seen in Figures 4.5
and 4.6 respectively. (See Section 2.5.2). Note the examples given are taken
in different areas of the sample. Bright field and dark field TEM images were
taken to analyse the granular structure within the polycrystalline thin films, using

a FEI Tecnai T20 microscope.

Figure 4.5(a) of the unseeded film displays a large grain size with a large size
variation. Figure 4.5(b,c,d) visually demonstrate the reduction in grain size with the
addition of increasing NiygFes; seed layer thickness. A seed layer as thin as 0.25 nm

has a dramatic effect on the samples average grain size. Not only do the grains appear
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Figure 4.5: Experimental bright-field TEM images, displaying the grain size distribution
for a 10 nm NigsFes5 sample (a) unseeded, (b) 0.25 nm NizgFes, (¢) 0.5 nm NizgFes; and
(d) 1.0 nm NiygFey; seed layer.

Figure 4.6: Experimental dark-field TEM images, displaying the grain size distribution
for a 10 nm NigsFes5 sample (a) unseeded, (b) 0.25 nm NiygFes, (¢) 0.5 nm NizgFeg; and
(d) 1.0 nm NiygFey; seed layer.

to decrease in size, but the spread of the sizes observed is greatly reduced. The same

grain size variation was confirmed through dark-field imaging shown in Figure 4.6.

Figure 4.7 highlights key steps in average grain size determination. To measure

the grain size, a large number of dark-field images were acquired (> 20 images), like
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the example shown in (a). Image processing can be carried out using the software
Image J, where limits of minimum and maximum grey levels can be selected to
produce a threshold image (b). Individual grain areas can then be measured using
ImageJ software, which have been highlighted through the threshold image, and

an approximation of the grain diameter can be made.

T T T T
1.0nm seed; 1.93nm

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Grain Diameter (nm)

Figure 4.7: Average grain size determination using Image J. (a) Experimental dark-
field image for 0.5 nm NizgFeq; seed layer sample. (b) Image thresholding, where black
regions represent image grains. (c¢) Histogram of measured grain size diameter with fitted
log-normal distribution represented by the dashed line.

These results can be can be plotted as a histogram as shown in Figure 4.8. The
calculated log-normal distribution was determined using Python analysis and was
then plotted against the measured diameters, shown in Figure 4.9. (a) represented
the probability distribution for all samples, compared to the normalised log-normal
plots shown in (b). To ensure good statistical results, a minimum of 10,000 grain

diameters were measured for each specimen.

Table 4.3 demonstrates that the addition of ultra-thin seed layers has a pronounced
effect on the samples grain size distribution. Not only do the grains appear to
decrease in size, the range of measured grain sizes also reduces. The measured
log-normal peak decreases from a grain size diameter of 10.2 nm in the unseeded
film, to 7.5 nm in the 0.25 nm NiygFes; seed layer sample, then proceeds to saturate
at just under 2 nm for 0.5 nm seed layer. The narrow distribution of grains confirms
homogeneity of nano-grains existing in the film. It appears that the addition of
thicker seed layers will not reduce the grain size any further. It is suggested that

by reducing the grain size below the exchange length, typically 5-10 nm, it will
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Figure 4.8: Log-normal distributions fitted to histograms, displaying the grain size
distribution for a 10 nm NigsFes; sample (a) unseeded, (b) 0.25 nm NizgFesq, (¢) 0.5 nm
NizgFego; and (d) 1.0 nm NiygFes; seed layer.

lead to more efficient in-plane exchange coupling between the individual grains.
An effect of a stronger granular exchange coupling might be expected to suppress
the magnetisation ripple in the film. This will be investigated by imaging the

micromagnetic structure as described in the following section.

Seedlayer Thickness Mean Diameter Standard Deviation Log-normal Peak

(nm) (nm) (nm) (nm)
0.00 17.3 2.0 10.2
0.25 11.2 1.9 7.50
0.50 2.9 2.1 1.7
1.00 3.2 2.1 1.9

Table 4.3: Grain size distribution analysis outputs.
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Figure 4.9: Measured grain size distribution results; (a) Log-normal grain size
distribution, and (b) Normalised log-normal curves for for a 10 nm unseeded NiysFess
sample and 0.25 nm, 0.5 nm and 1.0 nm NizgFes; seed layer samples.

4.5 Micromagnetic Visualisation

The aim of this section is to provide an understanding of the micromagnetic
behaviour of a NiysFess thin film, and how the addition of ultra-thin NizgFes; seed
layers can usefully influence the magnetic properties. In order to fully understand
the specimens micromagnetic structure and magnetisation reversal processes of the
film, the Fresnel mode of Lorentz microscopy was employed for magnetic TEM
imaging. All films investigated in this section exhibit magnetisation ripple due to
their polycrystalline grain structure (discussed in Section 1.7). In-situ measurements
were carried out by sample tilting, resulting in applying a magnetic field using the
remanent field present in the electron column (previously described in Section 2.6.4).
The magnetising experiments involved easy and hard axis field application using a
tilt rotate rod in the TEM. In-plane fields were applied to a near magnetisation
saturation state, then the reversal process was recorded by varying the field from

maximum positive field to negative field, also known as hysteresis behaviour.

4.5.1 Magnetisation Reversal

The evolution of the magnetisation distribution of the unseeded and seeded thin

films have been investigated for orthogonal directions of the applied field. The
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easy and hard axis can be found by varying the direction of the applied field,
by rotation of the sample. For hard axis measurements, the sample is rotated
until purely magnetisation rotational behaviour is observed. This behaviour is
consistent with typical hard axis dynamics, an example of which is shown in Figure
4.10, where the rotation of the magnetisation M direction as a function of applied

field is highlighted by the blue arrow.

1opm-

+H < > +H

Figure 4.10: Simplified example of experimental Fresnel images (a-e) of the 0.5 nm
NiygFes; seed layer sample during a hard axis hysteresis reversal. Highlights the rotation
of the magnetisation M direction with a reduction of field, and an application in the
opposing direction. The red arrows represent the direction of the applied field, H, and K
is the uniaxial anisotropy direction.

An external field can be applied by simply tilting the sample, and using the
remanent field in the microscope. The field was taken from 430 Oe to - 30 Oe (which
corresponds to the remanent field and the tilt range used) to ensure magnetisation
saturation was reached. At a field of +30 Oe, and -30 Oe, the magnetisation aligns
parallel to the applied field. The outward path and return path were in agreement
with reversal occurring entirely through magnetisation rotation. The component
of magnetisation M along the hard axis is assumed be be proportional to cosé,
where 6 is the angle between M and the in-plane component of the applied field.
Therefore at saturation, when the magnetisation lies at 0, or 180 degrees, the
normalised magnetisation should be at 1 and -1 respectively. As the magnetisation
rotates as the field is reduced, the increase in the angle results in the normalised
magnetisation reducing towards zero. The final cosf value is plotted against the
external field applied through tilting. This can then be used to deduce the net

moment of the film, and in turn used to plot a M-H loop.
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Figure 4.11: Measured M-H loops from Fresnel TEM images with the external field
applied along the easy axis and hard axis for (a) 0.25 nm NiygFes; seed layer, (b) 0.5 nm
NizgFeo; seed layer and (c) 1.0 nm NiygFey; seed layer.

Figure 4.11 shows the M-H loop results for easy axis and hard axis field application.
The unseeded sample did not exhibit any measurable hysteresis behaviour due to
limitations of applying a large enough in-situ field, so will be ignored in results

shown in Figure 4.11.

The easy axis behaviour shows a reduction in the coercive field with an increase
in seed layer thickness, that saturates with thickness over 0.5 nm. This is in good
agreement with bulk magnetic measurements described in Section 4.3. All hard axis

plots also show typical hard axis behaviours, with 0.5 nm and 0.1 nm seed layer
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samples producing similar loops as expected. The 0.25 nm seed layer has a more open

loop, with a smaller anisotropy field value, Hx when compared to the other samples.

Although the M-H loops exhibit the typical easy and hard axis configurations
respectively, there is some discrepancy when compared to the bulk magnetic

measurement outputs. This can be attributed to a discrepancy in measuring

such a small field present in the TEM. This difference is highlighted in Table 4.4.

Seedlayer Thickness Bulk BH Hs Lorentz Hs; % Diff Bulk BH H;, Lorentz H, % Diff

(nm) (Oe) (Oe) (Oe) (Oe)

0.25 10.3 10.2 -1% - - -
0.5 3.8 3.9 +3% 13 16.8 +30%
1.0 3.5 2.1 -40% 13 13.8 +6%

Table 4.4: Easy axis coercive field Hg value comparison of bulk measurements compared
to micro-magnetic methods. All three samples show consistent trends when comparing
bulk and micro-magnetic measurements.

Table 4.4 highlights how both bulk and micromagnetic measurements exhibit the
same trends with increasing seed layer thickness. i.e. a reduction in H. and Hy. The

magnetic properties are relatively consistent between the bulk and TEM samples.

4.5.2 Easy Axis Reversal

In this section, Fresnel images will be shown of easy (Section 4.5.2) and hard
axis (Section 4.5.3) hysteresis reversals, to show differences in micromagnetic
behaviour followed by quantitative analysis which will be presented later in this

chapter, in Section 4.6.

For an applied field lying parallel to the easy axis of the magnetic thin film,
magnetisation reversal normally proceeds by a single 180° domain wall sweeping
across the sample within the field of view. In reality, the wall was rarely /never
imaged for easy axis reversal, however a rapid “event" was observed at the coercive
field Heo. The applied field was increased slowly to get in close approximation to
the coercive field He of the sample. Each Fresnel image is recorded in the same

region of the sample, and the applied field direction is indicated by the red arrow.
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Unseeded

Figure 4.12 shows the Fresnel images of the easy axis magnetisation reversal of the
unseeded 10 nm NigsFes5 sample. These images are of higher contrast and are much
more irregular compared to the other seeded thin films. The acquired images are
consistent with the bulk magnetic measurements, in that there is visibly a large
amount of ripple dispersion. It was observed that there was little to no difference
between the ‘easy’ and ‘hard’ axis loops, confirming the bulk measurements which

showed a lack of a defined anisotropy axis.

0.25nm NizgFes; Seed Layer

The observed magnetisation ripple behaviour in the seed layer samples depends
strongly on the seed layer thickness. The magnetisation ripple showed greater
transverse coherence and preferred directionality when compared to the unseeded
sample. Figure 4.13 shows images of the reversal mechanism along the easy axis of
0.25 nm NizgFes; seed layer sample, and their corresponding location on the bulk
BH hysteresis loop. On reduction of the applied field from + 30 Oe (a) to - 14 Oe
(c), there was a visible increase in ripple dispersion and wavelength. A domain wall

flash was observed at a switching field of approximately -15 Oe.

It is important to note the large changes of ripple properties between (c) and (d).
The applied field is almost the same with a small increase of only 2 Oe, but that
has causes a switch in magnetisation M direction (d) which lies parallel to that in
(c). The latter also has much more reduced dispersion and contrast. Any further
increase of field resulted in a slight suppression of the magnetisation ripple, as seen

in the comparison of Figure 4.13 (d) and (e) taken at -16 Oe and -30 Oe respectively.

0.5 and 1.0 nm NiygFe;; Seed Layer

Bulk magnetic measurements described in Section 4.3 showed that there was minimal
variation between the magnetic properties of the 0.5 nm and 1.0 nm NizgFey; seed

layer samples. Both samples followed typical easy axis behaviours. This was
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Figure 4.12: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of an unseeded 10 nm NigsFes5 thin film. The red arrows represent the direction
of the applied field, H, and K is the uniaxial anisotropy direction. The corresponding
location of the Fresnel image is highlighted on the bulk BH hysteresis loop. Note that
this film exhibits isotropic behaviour so there is little to no variation between images
taken at various applied fields.
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Figure 4.13: Fresnel images demonstrating the magnetisation reversal process along
the easy axis of 10 nm NigsFess thin film with 0.25 nm NizgFes; seed layer. There is
a visible increase in magnetisation ripple contrast until the coercive field Hg, which is
approximately -15 Oe, is reached, and the direction of magnetisation rapidly switches.
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confirmed when visually inspecting experimental Fresnel images along the easy axis.
Figures 4.14 and 4.15 demonstrate key points in an easy axis hysteresis sequence
with the use of Fresnel images, for the 0.5 nm and 1.0 nm samples respectively.
Similarly to the 0.25 nm seeded sample, there was a expansion of the magnetisation
ripple dispersion with a reduction of the applied field from the magnetisation
saturation state, seen in (a)-(c). There are significant changes from (¢) to (d), which
represent only an increase of a few Oe and a reverse of magnetisation direction
from anti-parallel to parallel with H. This is also less noticeable changes in ripple
properties such as dispersion. This was followed by a suppression after the coercive
field was achieved. (d)-(e). However, there is visually a substantial suppression of
magnetisation wavelength and dispersion angle when compared to the unseeded
and 0.25 nm seeded sample. Experimental images of the various samples at the

same applied field will be compared in the following section.
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Figure 4.14: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of 10 nm NigsFess thin film with 0.5 nm NizgFes; seed layer. There is a visible
suppression in magnetisation ripple properties when compared to Figure 5.12 and 5.13.
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Figure 4.15: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of 10 nm NigsFegs thin film with 1.0 nm NiygFeo; seed layer. The corresponding
location of the Fresnel image is highlighted on the bulk BH hysteresis loop.

Easy Axis Fresnel Image Comparison

Figure 4.16 shows an example of how bulk magnetic measurements don’t tell us the
full picture of a samples micro-magnetic behaviour. All experimental Fresnel images
were taken at equivalent applied fields, in this case + 24 Oe, highlighted by the black
dot in (a). The B-H loop denotes that all the 3 samples have nearly the same M /M,
value, measuring at 0.933, 0.991 and 0.997 respectively. However, when visually
compared with increasing seed layer thickness (b,c,d), there is a large suppression
of magnetic properties such as ripple dispersion angle and wavelength, leading
to an overall decrease in image contrast. Fresnel imaging allows for additional
characterisation of micro-magnetic properties that wouldn’t be possible with just
bulk magnetic measurements. These changes in magnetic ripple properties can be
characterised to produce quantitative outputs for sample comparisons, using the

methodology discussed in Chapter 3, and results will be given in Section 4.6.
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Figure 4.16: (a) B-H easy axis hysteresis plot for unseeded, 0.25 nm NizgFes; seed layer
and 0.5 nm NirgFes; seed layer, 10 nm NigsFess thin films. Corresponding experimental
Fresnel TEM images showing the suppression of magnetisation ripple are shown in (b,c,d).
All images were acquired with an externally applied field of +24 Oe, shown by the black
dot on the hysteresis plot. Visually displays the suppression of magnetisation ripple
through the addition of ultra thin NirgFes; seed layers.

4.5.3 Hard Axis Reversal

Hard axis behaviour typically involves rotation of the magnetisation and formation
of domain walls with reducing applied field, assuming the field lies exactly along
the hard axis. Experimental images from a hard axis hysteresis sweep will be shown
in the following sections. As the unseeded sample showed isotropic behaviour,
therefore meaning it did not exhibit any significant uniaxial anisotropy (i.e. an

easy/hard direction), it will be omitted from the discussion below.

0.25nm NirzgFes;; Seed Layer

Experimental Fresnel images were acquired from the hard axis of the 0.25 nm
NizgFes; seed layer sample. Typical hard axis hysteresis behaviour was observed

and is shown in Figure 4.17. Ripple dispersion and wavelength was increased with
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a reduction of the applied field, until the formation of low-angle domain walls
(Néel-type wall), displayed in Figure 4.17(b,c). These domains then rotate with
varying field, until the walls lie perpendicular to the hard axis (or parallel to the
easy axis). An increase in field in the opposing direction will rotate the domains
by 90 degrees until the magnetisation lies parallel to the field. On the reverse

path, similar behaviour was observed.

Although the 0.25 nm NizgFeq; seed layer sample has clear variation in easy and
hard behaviour, the uniaxial anisotropy present in the film is much weaker than
that of the thicker seed layer samples. This manifests itself when studying the
micro-magnetic behaviour shown in Figure 4.17. The reversal process reveals a
clear low angle wall formation that starts at a field of + 9 Oe (b), and remains
until a reverse field of - 17 Oe (d) is applied. The low angle domain walls become

higher in angle from (b) to (c), where the angle is then reduced again in (d).

1.0
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0.0
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Figure 4.17: Fresnel images demonstrating the magnetisation reversal process along the
hard axis of 10 nm NigsFes5 thin film with 0.25 nm NiygFes;. The red arrows represent
the direction of the applied field, H, and K is the uniaxial anisotropy direction. The
corresponding location of the Fresnel image is highlighted on the bulk B-H hysteresis loop.
The acquired images show typical hard axis behaviour with a rotation of the magnetisation
direction by 90 degrees with a reduced applied field, followed by domain formation which
lies parallel to the easy axis.
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0.5 and 1.0 nm NiygFes; Seed Layer

Similar hysteresis processes were observed for 0.5 nm and 1.0 nm NiygFey; seed
layer films. There is minimal difference between the two films, so the following
discussion will be an overview of both films behaviours. Fresnel images confirm an
improvement in magnetic properties with respect to anisotropy. Due to an increase
in the films uniaxial anisotropy, there was a reduction in the samples coercive field,

and anisotropy field values, as expected from bulk measurements.

In Figures 4.18(b) and 4.19(b), the applied field is reduced to +11 and +8
Oe respectively. Both images show the ripple dispersion becoming greater, and
magnetisation direction beginning to rotate, before domain wall nucleation in
Figures 4.18 and 4.19(c). When there is no field present on the sample, a single
domain wall appeared. The magnetisation of the domains lies parallel to the easy
axis direction, which is typically hard axis behaviour for a thin film with a strong
uni-axial anisotropy present (unlike that of the 0.25 nm seed layer sample exhibiting
less ordered domain behaviour). The top domains seen in Figures 4.18 and 4.19(c)
both increased in size with increasing field (in the opposing direction), gradually
covering the whole area of the membrane, through the movement of the domain
wall. A larger applied field forces the magnetisation direction from the easy axis

direction, to the perpendicular hard axis like in Figures 4.18(d,e) and 4.19(d,e).

Hard Axis Fresnel Image Comparison

Figure 4.20 shows a direct comparison of hard axis behaviour between the seed
layer samples. All experimental images shown here are taken at near zero applied
field, having been reduced from a +Mg,; field. The region is highlighted by the
dots placed on the normalised BH loops presented in (a). The red arrows represent
the direction of the magnetisation M. At near zero field, for all 3 samples shown
in Figure 4.20(b,c,d), the magnetisation direction has rotated to lie parallel to the
easy axis. The direction of the easy axis is highlighted by the green arrow, K. The
addition of 0.5 and 1.0 nm NizgFey; seed layers (Figure 4.20(c,d)) greatly reduces the
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Figure 4.18: Fresnel images demonstrating the magnetisation reversal process along
the hard axis of 10 nm NigsFes5 thin film with 0.5 nm NiygFes;. This followed typical
hard axis behaviour with a rotation of the magnetisation direction by 90 degrees with a
reduced applied field, with domain formation.
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Figure 4.19: Fresnel images demonstrating the magnetisation reversal process along
the hard axis of 10 nm NigsFess thin film with 1.0 nm NiygFes;. This followed typical
hard axis behaviour with a rotation of the magnetisation direction by 90 degrees with a
reduced applied field, with domain formation.

domain formation noise, and the ripple appears reduced when compared to 0.25 nm
NizgFey; seed layer sample (Figure 4.20(b)). Although, it is important to note the
change in scale between Figure 4.20(b) and (c,d). This reiterates the improvement

in magnetic properties, such as uniaxial anisotropy K, and anisotropy field, Hg.
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Figure 4.20: (a) Normalised B-H hard axis hysteresis plot for (b) 0.25 nm NizgFeq; seed
layer, (c) 0.5 nm NizgFes; seed layer, (d) 1.0 nm NiygFeq; seed layer 10 nm NigsFes5 thin
films. Corresponding experimental Fresnel TEM images showing domain formation. All
images were acquired at a near zero applied field when sweeping down from magnetisation
saturation, highlighted by the dot on the hysteresis plot. Red arrows indicate the direction
of magnetisation of individual domains. Green arrow indicates the easy axis direction, K.
Visually displays the suppression of domain formation noise through the addition of ultra
thin NiygFes; seed layers.

4.6 Easy Axis Fourier Transform Analysis

Chapter 3 detailed a newly developed methodology for magnetisation ripple charac-
terisation. It described how image processing techniques could be used to produce
data in the Fourier space, which lead to more information being acquired about a

specimens micromagnetic structure during magnetisation reversal processes.

The properties discussed in the following section are as follows: Dispersion angle 6,
dominant ripple wavelength Ap,,, spectroid ripple wavelength Agpectroid, and ripple
image intensity 1. All of the seed layer samples will be individually investigated
as a function of applied field along the easy axis in the following sections. This

will include a discussion into limitations of the automated analysis technique.
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Outputs at key points in the hysteresis sequence will be directly compared for

all samples in Section 4.6.5.

Section 4.7 provides further analysis and comparison between the seed layer
samples when considering the change in properties as a function of field, specifically
the exponent of easy axis trends going from the maximum applied field, up until
just before the coercive field. This will be investigated for all seed layer samples
(other than the unseeded isotropic film), and will also be compared to Hoffmann’s

theory for magnetisation ripple (Section 1.7).

4.6.1 Unseeded

Bulk magnetic measurements presented in Section 4.3 tell us that the unseeded
NiysFess sample exhibits isotropic behaviour. This means it has little to no uniaxial
anisotropy, with little variation between easy and hard axis behaviours. It has

a measured coercive field, Ho of 18 Oe.

Fourier transform analysis for the unseeded sample as a function of field is shown in
Figure 4.21. Dark and light purple refer to the sweep up and sweep down hysteresis

sweeps respectively. The shaded area refers to the measured coercive field value He.

A FFT dispersion angle as large as 45° reflects the large dispersion visible from
the experimental images previously shown (Figure 4.12). There is a gradual decrease
in dispersion angle with increasing applied field, for both sweep up and sweep down
loops, with the lowest value being at approximately 36°. This means the applied
field was not large enough to reach a magnetisation saturation state as there is still
substantial ripple present in the film. This is reflected through a maximum M /M,
value of 0.95 at a field of 26 Oe. Other analysis methods described in Chapter 3,
such as dominant wavelength (Figure 4.21(b)), spectroid ripple wavelength (c,d),
and image intensity (e), don’t show significant changes between the ripple properties
throughout a hysteresis sweep. The sample still shows significant micromagnetic

ripple structure even at relatively high fields.
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Figure 4.21: Ripple analysis outputs for a 10 nm NigsFes5 unseeded sample. The shaded
area refers to the coercive field, Ho value. The two lines represent hysteresis loops that
sweep up and down from Mg,:. Outputs are plotted against field for (a) dispersion angle
6, (b) dominant ripple wavelength Apom, (c,d) spectroid ripple wavelength Agpectroid and
standard deviation respectively, and (e) ripple image intensity 1.

4.6.2 0.25nm Nir9Fes; Seed Layer

Fourier transform analysis outputs for the 0.25 nm NizgFeq; seed layer sample are
presented in Figure 4.22. Results presented in (a)-(e) show similar characteristic
behaviour with discontinuities observed at coercive fields. This is recognised by a
sudden suppression of magnetic ripple properties as the coercive field H¢ is reached
and the magnetisation direction rapidly switches to the opposite direction. All

analysis techniques showed the same distinctive steps at the coercive field of the
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film. This region of +H¢ and -H¢ is highlight by the coloured blue box.
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Figure 4.22: Analysis outputs for a a 10 nm NigsFess sample with a 0.25 nm thick
NirgFes; seed layer. Shaded area represents the experimental switching field Ho. The
two lines represent sweep up and sweep down plots taken from -ve Msat to +ve Msat
or the reverse, respectively. (a) FFT dispersion angle 6, (b) dominant ripple wavelength
ADom, (c) spectroid wavelength Aspectroid, (d) spectroid wavelength standard deviation
and (e) integrated intensity L.

Figure 4.22(a) plots dispersion angle # as a function of field for both a up and down
hysteresis sweep. Results show a dispersion angle suppression from approximately
22° just before the switching field, to approximately 16° at an applied field that
is larger than 30 Oe. This shows a significant suppression from the unseeded
sample, roughly in the order of 50%. The dominant ripple wavelength results

plotted in (b) show the same trend, whereby the ripple wavelength increases to
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approximately 1.1 um before switching, compared to a suppression of ripple to
0.55 pum at a field of ~ 30 Oe. The spectroid ripple wavelength Agpectroia Plot
shown in Figure 4.22(c) was a successful characterisation technique when measured
as a function of field as it follows the same trend seen by other methods. The
coercive field value for both sweeps is consistent, with both sweeps exhibiting a
sudden drop off once a larger field is applied. An average spectroid wavelength
value of 1.08 pym was measured at He, where is it reduced to 0.88 pm at a field

of approximately 30 Oe, exhibiting a ~ 20% drop.

The integrated intensity plot shown in Figure 4.22(e) confirms the trends shown
by other characterisation methods with a significant reduction in the intensity with
increasing applied field. At He, the integrated intensity has a maximum value in
the order of 1.5 x 10°, which reduces to 5 x 10° (arb. units) with an applied field
of ~ 30 Oe, a substantial drop of 67%. This dramatic change in values can be

analysed further and results will be presented in Section 4.7.

4.6.3 0.5nm NiygFey; Seed Layer

The same analysis techniques were use on 0.5 nm NiygFes; seed layer sample, and are
shown in Figure 4.23. For samples with weak ripple contrast, the dispersion angle
measurements break down. Figure 4.23(a) seems to indicate that the dispersion
angle decreases as the coercive field is approached. This is the opposite of what is
expected and seen in the experimental Fresnel images themselves (Figure 4.14(a-c)).
Therefore it can be concluded that this measurement is unreliable for this sample.
However, the results show there is still a significant reduction in the measured
dispersion angle, of approximately 50% when compared with the 0.25 nm sample,

with a ripple angle in the range of 11 to 13°.

Other measurements were successful. We see a suppression of dominant ripple
wavelength from 0.86 pum at He, to =~ 0.6 pm at a field of 30 Oe in Figure 4.23(b).
This also shows an approximate suppression of 50% when compared to the 0.25

nm seed layer sample results. Figure 4.23(c) gives a spectroid ripple wavelength
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Figure 4.23: Analysis outputs for a 10 nm NiysFess sample with a 0.5 nm thick NizgFeo;
seed layer. Shaded area represents the switching field Ho. The two lines represent
sweep up and sweep down plots taken from -ve Msat or +ve Msat respectively. (a)
FFT dispersion angle 6, (b) dominant ripple wavelength Apep,, (¢) spectroid wavelength
ASpectroid, (d) spectroid wavelength standard deviation and (e) integrated intensity I.

ASpectroia Of 0.62 pm at the coercive field that reduces to 0.55 pm at an applied
field of approximately 30 Oe. This results in &~ 40% suppression of spectroid ripple

properties when compared to the 0.25 nm seed layer sample results.

The image integrated intensity results shown in Figure 4.23(e) arguably show
the most successful outputs due to the smooth line plots when compared to other
methods presented even when analysing images of low ripple contrast (towards

magnetisation saturation). The gradual increase of ripple contrast with reducing
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applied field is as expected. It also shows an overall reduction when compared
to the 0.25 nm sample. However, all outputs shown are in agreement with the

measured He value or +/- 4 Oe, as highlighted by the red box.

4.6.4 1.0nm NiygFes; Seed Layer

The results shown in Figure 4.24 are outputs from the experimental images exhibiting
the weakest, or most suppressed magnetisation ripple properties. This is reflected

in outputs, (a) - (e), as the variation between the images is harder to determine.

Generally, the measured dispersion angle is slightly smaller than that of the 0.5
nm NizgFes; seed layer sample. However, similarly to the 0.5 nm results, there
appears to be a breakdown of the analysis of the magnetisation ripple as the film
gradually reaches a more saturated state with larger applied fields (larger than 30
Oe) as shown in Figure 4.24(a). This again highlights that there is a limit to a
successful dispersion angle determination, whereby the contrast and angle must be
large enough to gain accurate outputs. Figure 4.24(b) shows that the dominant
wavelength determination also became more difficult to measure with weaker ripple
properties. The associated errors also increase with decreasing ripple properties.
The spectroid wavelength analysis presented in (c,d) and the integrated intensity
(e) appear to be successful methods even with reduced ripple properties. There is a
subtle suppression of 10% when comparing the 0.5 and 1.0 nm spectroid wavelength
outputs. This is reiterated by a subtle suppression between the two samples when
looking at the integrated intensity values. More details of these exact values for

direct comparison will be discussed in the following section.
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Figure 4.24: Analysis outputs for a a 10 nm NigsFess sample with a 1.0 nm thick
NirgFes; seed layer. Shaded area represents the experimental switching field Ho. The
two lines represent sweep up and sweep down plots taken from -ve Msat to +ve Msat
or the reverse, respectively. (a) FFT dispersion angle 6, (b) dominant ripple wavelength
ADom, (¢) spectroid wavelength Agpectroid, (d) spectroid wavelength standard deviation
and (e) integrated intensity I.

4.6.5 Comparison of Magnetisation Ripple for increasing
NirzgFes; seed layer thickness

Figures 4.25 and 4.26 show a direct comparison of the NizgFeq; seed layer samples
properties along the easy axis at (a) the coercive field and (b) at an applied field of
24 Oe, for dispersion angle ¢ and spectroid ripple wavelength Agpectroid respectively.

A field of 24 Oe was chosen as it is the largest applied field, and therefore closest
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to a magnetisation saturation state.

Figure 4.25 shows that there is a gradual decrease in dispersion from the mean
magnetisation direction with increasing seed layer thickness. This is consistent for
both measurements taken at the coercive field value (a) and an applied field of 24 Oe
(b). Additionally, there is a suppression of the dispersion angle for each sample from
He to 24 Oe. It is important to note that the 0.5 nm and 1.0 nm dispersion outputs
are equal for 24 Oe measurements as there appears to be a minimum dispersion

angle that can be determined accurately. Exact values are shown in Table 4.5.
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Figure 4.25: FFT analysis comparison for varying thickness of NirgFes; seed layers.
Figures (a,b) display the suppression of the dispersion angle from the magnetisation
M direction with increasing seed layer thickness, using the Lorentzian fitting method
as described in Chapter 3.6.2. (a) is measured at the samples coercive field Hc before
switching, where as (b) is measured at a field of +24 Oe approaching magnetisation
saturation.

Figure 4.26 shows the integrated intensity outputs at the same conditions. The
spectroid weighted average value is indicated by the coloured vertical line. Both
figures in (a) and (b), which represent the coervice field and an applied field of 24
Oe respectively, follow the same trend. There is an increase of the weighted average
wavelength value (in Fourier space) with increasing seed layer thickness. Additionally,
there is an increase in the k-space output with increasing field i.e. smaller ripple
wavelength. There also is a decline in the image integrated intensity (y-axis), which
is expected due to the reduced image contrast. The quantitative outputs of these

plots are highlighted in Table 4.5, including magnetic ripple properties at remanence.
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Figure 4.26: FFT analysis comparison for varying thickness of NizgFeq; seed layers. (a)
is measured at the samples coercive field Ho before the switch in magnetisation direction,
where as (b) is measured at a field of 24 Oe approaching magnetisation saturation. Figures
(a,b) show the shift of the central spectroid in k-space with increasing field. There is also
a note-able decrease in the images integrated intensity peak with increasing seed layer
thickness.

The addition of a 1.0 nm thick NiygFes; seed layer can suppress the ripple
wavelength from 1.08 pum to 0.56 pm when comparing 0.25 and 1 nm thick seed
layers, both measured at the films coercive field (>50% decrease). The same trends
were seen for the dispersion angle measurements, seeing a reduction from 42.5°
to 11.0° with a 0.5 and 1.0 nm seed layer. However, with a reduction of FFT
dispersion angle, the analysis technique breaks down when determining accurate
angle outputs, and therefore produces larger associated errors. This is possibly
due to two reasons: (a) Reduced contrast in the FFT image and (b) difficulty in
measuring variations in a reduced width bow-tie structure. It is suggested there
is possibly a limiting angle factor when measuring the FWHM values successfully.
For results presented here, there is a breakdown of dispersion angle determination

at approximately < 11 degrees.
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Seedlayer Thickness Dispersion Angle 6 (o)  Spectroid Wavelength A (um)

(nm) He (Oe) 0 0e 30 Oe He (Oe) 0 Oe 30 Oe
0.00 42.5 42.0 36.5 1.10 1.10 1.08
0.25 22.5 19.0 16.0 1.08 1.00 0.88
0.50 11.0 11.0 11.5 0.62 0.60 0.54
1.00 11.0 11.0 11.0 0.56 0.54 0.48

Table 4.5: Key outputs from ripple analysis. The ripple dispersion angle and wavelength
was investigated as a function of field, applied along the easy axis. Table includes outputs
for each seed layer sample at an applied field of 24 Oe, remanence and at the corresponding
coercive field Ho before the switch in magnetisation direction.

4.7 Discussion

As previously discussed in Section 1.7, Hoffmann derived a theoretical model for mag-

netisation ripple properties [9]; Dispersion angle # and dominant ripple wavelength \.

Hoffmann determined that the dispersion of the magnetisation depends on the
dispersion of the anisotropy, on the magnetic constants of the film, on the thickness
of the film and on the applied field. He predicted that an estimate of the mean
value of magnetisation dispersion when applying a field along the easy direction,

6, can be given by:

1 DK 1
0= — — - (4.3)
4drz (2t)iM= (AK,(h+1))s

Where D is the mean grain size of the polycrystalline film, ¢ is the film thickness,
K is the crystal anisotropy constant, M is the saturation magnetisation, K, is the
uniaxial anisotropy constant, and h = H/H}, which is referred to as the reduced
field. Therefore Hoffmann predicted there would be a increase in ripple dispersion

with increasing grain size and overall uniaxial anisotropy amongst other factors.

Hoffmann used the following theoretical formula for determining the longitudinal

ripple wavelength when an external field is applied along the easy axis:
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where A is the exchange constant, K, = MH;/2 is the uniaxial anisotropy
constant. It can therefore be predicted that a film would exhibit increased

magnetisation ripple wavelength with decreased uniaxial anisotropy.

Seedlayer D t K M A K,
(nm)  (nm) (nm)  (J/m®)  (A/m) (J/m)  (J/m?)
0.00 10 10.00 1 x 10® 11.1 x 10° 1.3 x 1071 116
0.25 5) 10.25 1 x 10® 11.4 x 10> 1.3 x 1071 250
0.50 3 1050 1 x 10 11.6 x 10° 1.3 x 107" 766
1.00 2 11.00 1 x 10® 11.6 x 10> 1.3 x 107! 796

Table 4.6: Values used in Hoffmann’s equations (4.3) and (4.4) for different seed layer
samples. All inputs were acquired from sample data and experimental measurements,
except the exchange constant A which is assumed from literature.

These two theoretical predictions can be plotted as a function of the reduced
field, h, using the experimental values obtained from previously discussed sections.

The examples given in Figure 4.27 relate to easy axis behaviour.
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Figure 4.27: Predictions of Hoffmann’s theory using parameters in Table 4.6 for seed
layer samples. (a) dispersion angle 6 and (b) dominant ripple wavelength A. Note, in (b)
the red and green plots overlap. These plots refer to a reduction in applied field from
near magnetisation saturation, until the coercive switching field is reached.

Hoffmann’s ripple theory is a fairly simple model and predicts simple behaviour.
In this work an empirical study was undertaken for magnetisation ripple for films

of different physical and magnetic properties.
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Values given through theoretical models often aren’t consistent with experimental
results. This is because they don’t consider real-world physical problems that come
with experimental procedures, such as measurement limitations. An example of this
is the difficulty of imaging a Fresnel image along the easy axis, before the switch
of magnetisation direction at the coercive field He. A simple correction involves
shifting the reduced field to start at 0.5 (h+1) rather than zero. This equates to
approximately 1 degree tilt (or around 1 Oe) away from the switching field value. As
discussed earlier, the remanent field of the objective lens present in the microscope
is 60 Oe. However, there is a good agreement with Hoffmann’s theory in that there
is a reduction in magnetisation ripple properties with increasing applied field. A
way to investigate the trends of the experimental results presented in Section 4.6 is
to measure the exponents of the curves, and compare them to that of the theory.
These curves relate to the transition from magnetisation saturation to the coercive
switching field through a reduction in applied field. The unseeded sample showed
isotropic behaviour so does not fit the criteria for this theoretical model and will
be omitted from the following discussion. As the dispersion angle results for the
more suppressed ripple present in the 0.5 and 1.0 nm seed layer samples was not

reliable at higher fields, they will also be omitted from the discussion.

Figure 4.28 shows fitting to experimental results for the dispersion angle 6 of the
0.25 nm NizgFes; seed layer sample. (a) Shows the best fit exponent of -0.17, which
gives the best fit to the data, but with half the exponent predicted by theory (-0.375).

The exponent line in Figure 4.28 can be compared to that predicted of theory,
displayed by the blue line in Figure 4.27. There is a substantial increase in the
experimental measurements for dispersion angle, with a near 200% increase when
comparing at a reduced field (h+1) of 4. Hoffmann’s theory predicts a dispersion
angles < 5 degrees when inputting with experimental values. It has been shown in
Section 4.5.2 from experimental Fresnel images that the predicted value is incredibly
small and not realistic. Simulations presented in Chapter 5 aims to investigate
how changes in parameters such as grain size, anisotropy and exchange constant

can change dispersion angle outputs. The goal for this will be to fine-tune the
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simulation input parameters to best match the experimental results, and then to

discuss how the theory can be modified to produce similar predictions.

3 T T T T T T T T
e (.25 nm NiyFe,,

Exponent

Dispersion Angle [°]

0 1 2 3 1
(h+1) [arb units.]

Figure 4.28: Best-fit exponent analysis for dispersion angle of the 0.25 nm NiygFeo;
seed layer sample.

Figure 4.29 shows the measured exponents from the best fit lines for (a) spectroid
wavelength and (b) dominant wavelength. Out of the 2 outputs presented in Figure
4.29, the ripple spectroid (a) produced exponents that were the furthest away from
theory predictions. The wavelength approximations were an order of magnitude
less. This is as expected as predictions made by Hoffmann are approximations for
the dominant ripple wavelength value, and not the weighted average. The spectroid

results have less of a variation with field, and behave more like a linear trend.

There is relatively good agreement when directly comparing Hoffmann’s theory
to experimental outputs for dominant ripple wavelength. When comparing at a
reduced field (h+1) of 4 for the 0.25 nm seed layer sample, the wavelength value is
measured as 1.2 um and 0.75 pm for experiment and theory respectively. For the 0.5
and 1.0 nm seed layer samples who exhibit similar properties, the wavelength value
is 0.7 pum and 0.4 pm for experiment and theory respectively. Similarly to dispersion
angle, a simulation investigation into how input parameters such as anisotropy and

the exchange constant can vary ripple wavelength will be presented in Chapter 5.

Figure 4.29(a,b) reiterates the large suppression of ripple wavelength through the
addition of seed layers. There is little variation between results presented for the

0.5 and 1.0 nm seed layer samples, highlighted by the lines in green and red. This
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Figure 4.29: Curve fitting of experimental results (a) spectroid ripple wavelength and
(b) dominant ripple wavelength, with measured exponents on plots.

confirms seed layers of additional thickness (larger than 1 nm) are less likely to
suppress magnetisation ripple properties further. Generally, the exponent outputs
were further from theory for the 0.5 and 1.0 nm seed layer samples. This would be
expected, as it has been confirmed from both bulk and micro-magnetic measurements
that the coercive field is much lower (=~ 3 Oe) than that of the unseeded and 0.25
nm seed sample. This means it is more challenging to successfully acquire Fresnel

images before the switching field is reached.

Micromagnetic simulation of magnetisation ripple will be a useful tool when trying
to gain better understanding of how specific parameters effect ripple properties.
For example, Hoffmann’s theory of magnetisation ripple has given a single value
for a materials exchange constant. This assumes 100% coupling between the

grains. In reality this percentage could be much lower. This is something that will
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investigated through simulations presented in Chapter 5. Other parameters used
in Hoffmann’s theory, such as grain size, and anisotropy will also be investigated
in detail will the aim of producing simulation outputs that match experimental

results presented in this chapter.

4.7.1 Comparison of magnetisation ripple along the hard
and easy axis

An additional observation was the variation in the magnetisation properties along
the hard and easy axis. Hoffmann’s theory for magnetisation ripple also predicts
that there will be a subtle suppression of ripple properties along the easy axis,
when compared to the hard axis with the same exact applied field. This theory
could easily be empirically investigated for films of different physical and magnetic
properties, in this case seed layers of different thickness’s. Magnetisation ripple
analysis was completed along both the easy and hard axis sequences, at an applied
field of =~ 24 Oe for all seed layer samples with a defined uniaxial anisotropy.
The unseeded sample exhibited isotropic behaviour so will be omitted from the
discussion. Table 4.7 summarises the results. Hoffmann’s theory of a slight hard
axis suppression was confirmed experimentally by all 3 seed layer samples, through
all 5 characterisation methods. Specifically, Hoffmann predicted a 30% reduction in
easy axis dominant ripple wavelength values, when compared to hard axis values
at the same field. Experimentally, this reduction was slightly lower, at 12% and
24% for the 0.25 and 0.5 nm samples respectively. However, overall theory and

experiment are in relatively good agreement.

Table 4.7 also summarises main result outputs, with a direct comparison between
the seed samples and their corresponding ripple properties. All analysis techniques
display the same conclusions: there is a large suppression of ripple properties when
increasing seed layer thickness from 0.25 nm to 0.5 nm, and this effect seems to

plateau with the addition of a thicker seed layer, in this case 1.0 nm.
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Analysis OutPuts 0.25 nm seed 0.5 nm seed 1.0 nm seed

EA HA EA HA EA HA
0 (°) 16.3 16.2 11.7 11.0 11.0 11.0
Spectroid (pm) 0.92 0.96 0.52 0.58 0.48 0.5
Spectroid SD (pm)  2.18 2.30 1.22 1.40 0.98 1.08
Intensity [arb. units] 5.1 x 105 6.5x 105 9.4 x 10* 2.0x10° 58 x 10* 1.9 x 10°
Wavelength (um) 1.08 1.28 0.60 0.74 0.58%* 0.66

Table 4.7: Ripple analysis outputs; Easy axis and hard axis comparison for all seeded
NiysFess samples at an applied field of 24 Oe. Theory predicts a suppression of
magnetisation ripple along the easy axis, when compared to the same field applied
along the hard axis. *Automated analysis failed to characterise wavelength values smaller
than 0.3 pm. This value was taken from a field of 20 Oe.

4.8 Summary and Conclusions

This chapter shows the influence of ultra-thin NizgFey; seed layers on the microstruc-
ture of thin NiysFess films with soft magnetic properties. Different stack thickness’s
were observed to vary in both physical and magnetic structures. Dark-Field TEM
images show that the co-sputtered films follow a typical log-normal distribution.
An addition of ultra-thin seed layers drastically reduces the average grain size of the
film from 10.2 nm to 1.7 nm, and reduces grain size variation. Crystal structure and
film texture could be detected from the splitting of the diffraction rings in SAED
images. The addition of seed layer reduces texture in the film, meaning the films
grains are randomly oriented in 3 dimensions. Bulk magnetic measurements were
taken using a B-H looper. The unseeded sample showed near isotropic behaviour.
The addition of seed layers produced well-defined uni axial hysteresis loops, with

decreasing easy axis coercivities Hq, and an increase in the anisotropy field H.

We have demonstrated how the Fresnel mode of Lorentz microscopy can be used
to provide a detailed description of the magnetisation reversal processes of four
different NiFe thin films. It allows for direction visualisation of micromagnetic
processes during magnetisation reversal, allowing for a more detailed insight when

being compared with standard bulk B-H measurements.

Polycrystalline thin films exhibit a phenomenon called magnetisation ripple. A

method was proposed for characterisation in two ways; the ripple dispersion and
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wavelength. The unseeded 10 nm Niy;Fes; sample exhibited very pronounced ripple
with large amount of dispersion and a large ripple wavelength. The addition of
NiygFes; seed layers as thin as 0.25 nm can suppress the ripple wavelength by 50%
when measured at the films coercive field. The addition of a thicker seed layer,
1.0 nm, suppresses the ripple wavelength by another 50% when compared to the
0.25 nm sample. The 0.5 nm and 1.0 nm samples had a very subtle suppression
of magnetic properties, suggesting a thicker seed layer sample would not improve
magnetic properties further (such as a reduction the coercive field). The same
trends were seen for the dispersion angle measurements. There was a suppression
of the magnetic ripple properties along the hard axis when being compared to easy
axis measurements at the same applied field. This is consistent with classical ripple
theory proposed by Hoffmann. The dramatic effect of seed layer addition suggests
that the film is a good candidate for controlling both the physical and magnetic

properties of NiysFess thin films, whilst maintaining a high magnetic moment density.
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5.1 Introduction

Magnetisation ripple is a phenomenon possessed by ferromagnetic polycrystalline

thin films, that can be studied through visual inspection of Fresnel images. [1,2,3]

165
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Usually, simulations are used alongside experimental images to help gain an under-
standing of the micromagnetic properties. However, simulation of this phenomenon
has been somewhat limited. [4,5] The work presented in this chapter details
development of micromagnetic models with the aim of replicating magnetisation

ripple effects in a permalloy thin film.

It must be noted that although micromagnetic simulations act as a guide in
conjunction with experimental results, they do not provide a reliable predictive
tool. For example, finite difference simulations use geometrically perfect elements
(cells) of uniform thickness, where as in reality the granular structure will be
irregular. Another difference is the simulation of hysteresis loops, whereby the field
changes in defined step sizes rather than a gradual change during experiments. As
a result it is expected that the micromagnetic simulations will differ at some level.
Despite this, simulations are a useful tool in understanding observed behaviour

and determining trends.

The aim for this project is to implement MuMax® for modelling of local grains
in a polycrystalline film exhibiting their own randomly orientated anisotropy. In
addition to this, the film should also possess its own uniaxial anisotropy K, in

order to simulate the effect of magnetisation ripple.

Two different models have been developed to simulate magnetisation ripple
properties, with the aim of replicating the experimental trends between samples
of increasing seed layer thickness presented in Chapter 4. Section 5.2 introduces a
‘Granular Magnetocrystalline Anisotropy Axis Variation model’, which has a limited
directionality variation about a fixed axis, whilst Section 5.3 introduces a more
sophisticated magnetisation ripple model which has two independent contributions
for global and granular anisotropy. As described in Section 1.7, the interaction of
the granular magnetocrystalline anisotropy K, and the global uniaxial anisotropy
K¢ gives rise to magnetisation ripple effects. A reminder of the magnetisation
ripple origin schematic is shown in Figure 5.1. This chapter will investigate the

merits of both the models described. The latter model exhibits a more realistic
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set-up but the former may give some insight and introduction into the effect of
local variations of magnetocrystalline anisotropy on micromagnetic structures. This

chapter will investigate the validity of both the models described.

Figure 5.1: Schematic of magnetisation ripple origin. (a) NiggFegy bright field TEM
image, showing a granular structure, expected from a polycrystalline thin film. (b) The
random direction of the granular crystalline anisotropy Ky, with an additional global
uniaxial anisotropy Kg. (c) Schematic of the magnetisation fluctuations, producing
low-angle domain walls, commonly referred to as magnetisation ripple, where the length
scale is in the order of 100s nm.

5.2 Granular Magnetocrystalline Anisotropy Axis
Variation

5.2.1 Simulation Method

Figure 5.1 is a simplified schematic of the physical origin of magnetisation ripple.
It is formed by 2 independent anisotropy factors: first a granular anisotropy
that is present in each grain and can be in any direction, and a global uniaxial
anisotropy that is along a specified direction. The former is inherent and relates
to the magnetocrystalline anisotropy of the material (Section 1.4.4), whereas the
latter is induced during the material growth or annealing processes (Section 1.4.5).
Anisotropies are key factors in determining the magnetisation state of the thin film.
In this proposed model we consider the resultant anisotropy in each grain, where
all grains will have the same magnitude of K, where K varies with direction. K

acts more like the larger and dominant induced anisotropy K¢ for the experimental
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films seen in Chapter 4. A modified schematic of Figure 5.1(b) highlighting the

simulation of anisotropy contributions for each grain is shown in Figure 5.2.

Grain

gl

Figure 5.2: MuMax?® simulation set-up for the granular magnetocrystalline anisotropy
axis variation model. Each grain is assigned a fixed K value. The orientation of the
anisotropy directionality is controlled using the angular variation parameter.

Simulation Set-Up

This model is based on creating a deviation of the magnetisation from a specified
direction. It is important to note that this is a 2D simulation model, so there
will be no contribution in the z-direction i.e. only simulated for the in-plane
anisotropy components. The initial mean direction was set as a constant, and

refers to the z-axis, or along the (100).

The parameter that introduces the directional deviation, is referred to as the
angular anisotropy variation. This can be set in the range of 0 to 100%, and is
multiplied by a constant of 2w. The 27 represents the radius of a circle, and all
possible directions in the x and y. Figure 5.3 provides a simplified schematic

for the simulation set-up.

For example, an angular variation of 0%, will produce zero deviance from the
initial magnetisation. A variation of 100% will produce a completely disordered
simulation, where the direction of anisotropy in each grain could lie anywhere in

the 27 region. A random normal distribution term is also used to draw from a
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Figure 5.3: MuMax® simulation set-up. Each square represents a cell. A grain is
made up of a group of cells, here indicated by the red region. Each grain is assigned an
anisotropy value, in which the direction can lie randomly within a defined region, in this
case highlighted by the red arrows which represent a region of 20% of 2.

normal Gaussian distribution. This is inbuilt in the MuMax? software. An equation

for determining the anisotropy vector in a grain is defined as:

Random vector orientation = RandNorm() x AngularV ariation X (5.1)

Figure 5.4 highlights how the angular variation parameter varies the anisotropy
directionality. Three example angular variation inputs are presented: 2, 10 and
20% (equivalent to 7/25, 7/5 and 27 /5 respectively). Figure 5.4 (a,c,e) show the
granular structure present in each simulation, to represent a polycrystalline thin film.
The magnitude of K is equal in each grain but lies along different directions. The
colours in these images represent the directionality of the anisotropy associated with
that grain, using the colour wheel shown in (g). For example, light green regions
represent the anisotropy in the +y direction, and red regions represent the +x

direction. However, it is important to note that the anisotropy in each grain is not



5. Simulation Modelling of Magnetisation Ripple 170

unidirectional, but uniaxial. This means that the red and blue grains have equivalent

uniaxial anisotropies. Therefore for any given angle, angle 4+ 7 is equivalent.

Figure 5.4 (b,d,f) are plots of the x and y components of the granular anisotropy
vector. It provides a way of visualising the distribution of anisotropy vectors. Note,
the anisotropies plotted are uniaxial so have equivalent distributions at the vector
angle + m. For the example figures presented here, only 30 grains were taken into
account, in one specific direction (rather than uniaxial) to prevent overcrowding
in the plot. In reality, there are approximately 2500 grains in each simulation. A
low angular variation, like in Figure 5.4(a,b), it is intended to represent a situation
where a sample has been annealed to give a strong in-plane easy axis. As the
angular variation is increased to 20%, for example in Figure 5.4(e,f), it increases the
random distribution of the grains, although the majority of the granular anisotropy
directions are still concentrated in the 4+x direction. This is intended to represent
a sample which has had a less successful annealing treatment but still exhibiting

easy and hard axis behaviour.

Simulation Parameters

Parameters were chosen for a standard 80/20 permalloy composition as this chapter

aims to investigate trends rather than direct experimental sample comparisons:

« Bulk exchange constant A = 13 x 107'2 J/m (for both intergranular and

intragranular exchange)
« Saturation magnetisation M, = 8.6 x 10° A/m
o Grid size = 1000 x 1000 x 1 cells
e Cell size = 5 nm x 5 nm x 20 nm
o Simulation size = 5 ym? x 5 pum? x 20 nm
o Grain size = 20 nm using Voronoi tessellation
o Periodic boundary conditions = 32 x 32 x 0 repetitions

« Anisotropy constant K = 1000 J/m?
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Figure 5.4: Effect of the angular variation parameter on the granular anisotropy of 1000
J/m3 of a simulated polycrystalline thin film. (a,c,e) show the granular structure of the
simulation, where the colours refer to the directionality of the anisotropy as defined by the
colour wheel in (g). (b,d,f) are plots of the x and y components of the anisotropy vector,
showing deviation for the specified mean direction +z. (a,b) show angular distribution
of granular anisotropy when set at 2%, where red grains denote anisotropy in the +
x-direction, therefore a non-random system. It represents a sample which has a strong
induced anisotropy that is much larger than that in the grains. (c,d) and (e,f) represent
10% and 20% angular range respectively.
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The anisotropy constant of K = 1000 J/m? is the anisotropy assigned to each
grain, the direction of this anisotropy depends on the angular variation value used
in Equation 5.1. This equals an equivalent anisotropy field H; of 25 Oe, which is

of the order seen experimentally in seedlayer samples.

The grain size diameter of 20 nm was selected to ensure the grain size was
sufficiently larger than the cell size (of 5 nm) without being completely unrealistic.
These sizes were chosen to improve simulation computing time, whilst still retaining a
large simulation dimensionality. In reality, the average grain size seen experimentally
for permalloy thin films (For example in Chapter 4) is less than 10 nm. This is a
factor that will be discussed later. Both the cell and grains exhibit the same exchange

coupling value A. The only difference between grains are the anisotropy directions.

It should be noted that in MuMax? the cells and grains are box shaped which
will be different form real grains seen in sputtered materials, which will have more
irregular surfaces. However it does allow for structures which can be matched to the

granular length scales, where the magnetic properties can be given realistic values.

Periodic boundary conditions were used at to eliminate any edge effects (or to
make the simulation more like an infinite one). [7,8] The simulations discussed here
used 32 x 32 x 0 repetitions i.e. the simulation reflects an area of 32 additional
cells in each in-plane direction. This means the demagnetising field behaves as if

there are 32 extra repetitions along the x- and y-directions.

Using the parameters defined above, the effect of anisotropy angular variation

was investigated for simulations run at 2, 5, 10, 15 and 20% of 2.

In order to obtain a hysteresis sequence for each simulation, the magnetisation
of the ferromagnetic material, in this case permalloy, was initialised to a single
domain state along a given direction (x- or y-direction). A strong magnetic field can
be applied along the same direction for an in-plane easy axis behaviour, or at 90°
rotation for an out-of-plane hard axis behaviour. For the following simulations a

maximum field H,,,, of 30 Oe was applied, from +H,,4, t0 -H 4. for one hysteresis
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sweep. This field was chosen to ensure a near magnetisation saturation state was

reached, whilst keeping simulation running time within reason.

5.2.2 Simulated M-H Loops

The influence of anisotropy angular variation on magnetic properties of a 20 nm
thick NiggFeqgy simulated sample was investigated. Figure 5.5 shows normalised easy
and hard hysteresis loops for angular variation of 2, 5, 10, 15 and 20%. By decreasing
the angular variation, the anisotropy is strengthened in one defined direction. A
result of this is a clearly more well defined uniaxial behaviour, in this case in the
x-direction. These results have some similarities with experimental results presented
in Section 4.3 (Figure 4.2), which showed a dramatic increase in uniaxial anisotropy

from an initial isotropic sample, through the addition of ultra-thin seed layers.
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Figure 5.5: Simulated MH hysteresis loops for a 20 nm NiggFeyy sample with varying
amounts of angular directionality variation: 2, 5, 10, 15 and 20%. (a) Easy axis outputs
and (b) hard axis outputs.

All outputs produce easy axis behaviours, however there is a substantial variation
in the measured coercive field value. There is an increase of the easy axis coercive
field from =~ 4 Oe to 23 Oe. This means a larger field is needed to overcome the
energy barrier, where the magnetisation direction switches by 180 degrees. There
is also a marked increase in measured uniaxial anisotropy K, with a reduction in

angular variation. This is measured from results presented in Figure 5.5(b) by
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the increase in Hy, from 2 to 24 Oe (K, = MgH/2). Note, that these values are
approximations for 15% and 20% outputs, which still retain some magnetisation

at zero field. Key hysteresis outputs are summarised in Table 5.1.

Angular Variation Easy Axis Ho Hard Axis Hy Hard Axis Mr K,

(%) (Oe) (Oe) Normalised M J/m?
2 23 24 0 950
5) 18 20 0 780
10 12 13 0 520
15 4 * 0.61 280%*
20 4 2% 0.97 80*

Table 5.1: Key parameters from simulated MH magnetic measurements, with increasing
angular variation. Results presented from both easy axis and hard axis outputs. *Indicates
an approximation value, as hard axis behaves more like typical easy axis behaviour.

Measured K, can be investigated as a function of angular variation percentage.
Results are presented in Figure 5.6 with a linear line of best-fit. All simulations
were Tun with an uniaxial anisotropy constant K, = 1000 J/m3. Measured outputs
from simulations are in good agreement. It can be approximated that measured K,

would also equal 1000 J/m? if granular anisotropy deviation was set to zero.
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Figure 5.6: Measured simulated uniaxial anisotropy K, as a function of angular variation
% with a linear line of best-fit. Increasing the angular variation creates an increasing
y-component of magnetisation, decreasing the effective K,,.

An increase in angular range reduced the simulated films uniaxial properties until

their behaviour was isotropic. This results in near isotropic behaviour for the 15
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and 20% simulations, whereby the corresponding easy and hard axis loops are the
very similar, if not the same. This would indicate the material has lost most of its

directionality and is now a completely disordered (or randomly distributed) system.

5.2.3 Simulated Fresnel Images

MuMax?® simulations were set to produce magnetisation outputs in the x, y and z
-directions, throughout a full hysteresis sweep. These files can be fed into Digital
Micrograph, where a script developed by S.McVitie et al (which implemented a
software version of an original algorithm, created by M. Mansuripur), can be used to
create a simulated Fresnel image from magnetisation components. [9,10] An example
is shown in Figure 5.7, of (a) M,, (b) M, and (c) M, components respectively.
When limits are set to +M; to - M (i.e. +1 to -1) there is reduced contrast in
the image. This is due to the fact that the magnetisation dominates along the
x-direction for easy axis behaviour. A smaller contrast range allows for visualisation
of the magnetisation fluctuations for both M, and M, components. Note that the
M. components is grey as this component is equal to zero. All simulations are

essentially 2D systems, as the thin film is only one cell in thickness.

We investigate the dependence of magnetisation ripple structure on the angular
directionality variation of the granular anisotropy. Fresnel images will be shown
of easy and hard axis hysteresis reversals, to investigate differences in micromag-
netic behaviour, followed by quantitative analysis which will be presented later

in Section 5.2.4.
Easy Axis

For an applied field lying parallel to the easy axis of a magnetic thin film with
strong uniaxial anisotropy, the experimental magnetisation reversal processes consist
of a rapid domain wall sweep across the sample, at the switching field. As seen
experimentally in Chapter 4, the magnetisation ripple properties such as dispersion

and wavelength, are expected to increase up until this switching/coercive field is
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Figure 5.7: Example magnetisation components: (a) M, (b) M, and (c) M, respectively.
Images acquired from a 20% angular variation using the parameters described in Section
5.2.1. Images are taken at a field of +30 Oe applied along the easy axis.

reached, at which the direction of field and net magnetisation become parallel.
Any field larger than this will suppress both the dispersion and wavelength until

the full magnetisation saturation is reached.

Figure 5.8 and 5.9 show a sequence of simulated Fresnel images of the easy
axis magnetisation reversal for an angular variation of 2% and 20% respectively.
Simulated Fresnel images were acquired using a defocus value of 500 pm. Note
the contrast limits are equal in both sets of images for direct comparison. The
simulated images visually resemble the experimental images obtained from real

permalloy thin films (Section 4.5.2 and 4.5.3).

The applied field direction is indicated by the red arrow. The fine structure that
is present in all images is simulated magnetisation ripple. It allows the orientation
of the magnetisation to be determined through FFT analysis. The direction of
magnetisation is highlighted by the blue arrow. The images presented range from
near magnetisation saturation at a field of + 30 Oe (a), until just before the

switching field at He (c) in each case. One difference between images Figure 5.8(c)
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Figure 5.8: Simulated Fresnel images with a defocus of 500 pum, demonstrating the
magnetisation reversal process along the easy axis of a 20 nm NiggFegy thin film, with
an angular variation of 2%. A full list of simulation parameters are described in Section
5.2.1. The red arrows represent the direction of the applied field, H, and K is the uniaxial
anisotropy direction. The blue arrow represents the mean direction of the magnetisation.
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Figure 5.9: Simulated Fresnel images with a defocus of 500 pum, demonstrating the
magnetisation reversal process along the easy axis of a 20 nm NiggFegq thin film, with an
angular variation of 20%. A full list of simulation parameters are described in Section
5.2.1.
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and 5.9(c) is what appears to be a rotation of the magnetisation direction for the
latter image. This shows the simulation is not showing true easy axis behaviour

and is a sign of less defined uniaxial anisotropy, when compared to the 2% image.

The observed magnetisation ripple behaviour from the simulated Fresnel images
depends on the angular variation value. Images 5.8(a,e) and 5.9(a,e) can be directly
compared as they are simulated Fresnel images at the same applied fields. The most
obvious difference is the contrast present in the images. There is higher contrast
present with the 20% angular variation images. This indicates there is a larger
deviation in the magnetisation from the mean direction. This can be confirmed

by comparing M, component images, as shown in Figure 5.10.
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Figure 5.10: Simulated M, components at a field of 430 Oe applied along the easy
axis for (a) 2%, (b) 5%, (c) 10%, (d) 15% and (e) 20% simulations. All images have
equivalent contrast limits. Lighter and darker contrast indicates a larger deviation in the
y-component directionality.

There is a gradual increase in contrast variation (light and dark regions) within
the image, signifying a larger deviation of the y-component. This increase in M,
dispersion confirms that there is an increase in magnetisation ripple dispersion, that
can be visually observed in the corresponding Fresnel images. These characteristics

will be quantitatively assessed in Section 5.2.4.
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Hard Axis

Typical hard axis behaviour involves rotation of the magnetisation direction on a
reduction of the applied field. Figure 5.11 and 5.12 show a sequence of simulated
Fresnel images of the hard axis magnetisation reversal for an angular variation of 2%
and 20% respectively. Figure 5.11 exhibited almost idealised hard axis behaviour

with the rotation of the magnetisation M with decreasing field.

1.001

[=3
§ Intensity [arb. units]

M,/M,

—40-30-20-10 0 10 20 30 40
Field (Oe)

Figure 5.11: Simulated Fresnel images with a defocus of 500 ym, demonstrating the
magnetisation reversal process along the hard axis of a 20 nm NiggFeog thin film, with an
angular variation of 2%.

Similarly to the easy axis results, the magnetisation ripple dispersion and
wavelength appear much larger for the 20% angular variation simulation when
compared to the 5%. The 20% simulation ‘hard axis’ loop (Figure 5.12) exhibits
something much more closely related to easy axis behaviour. This indicates that
there is a dispersed anisotropy resulting in a reduction in K, i.e. isotropic behaviour.
However, these images are only qualitative impressions, therefore further analysis is
needed to quantify ripple properties. These will be quantified with the techniques

discussed in Chapter 3 in the following section.
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Figure 5.12: Simulated Fresnel images with a defocus of 500 ym, demonstrating the
magnetisation reversal process along the hard axis of a 20 nm NiggFeog thin film, with an
angular variation of 20%.

5.2.4 Magnetisation Ripple Characterisation

Just like the experimental Fresnel images presented in Chapter 4, 2D FFT images
can be taken of the simulated Fresnel images created through MuMax? outputs.
Visually, the magnetisation and Fresnel images confirm that there is an increase in
the ripple dispersion with increasing angular variation, however analysis is needed to
produce quantitative outputs. The properties discussed in the following section are
as follows: Dispersion angle 6, dominant ripple wavelength Ap,,,, spectroid ripple
wavelength Agpectroia- Additionally, the resultant M component can be determined
by the modulus of M, /M, outputs. All simulation outputs of increasing angular
variation have been individually investigated as a function of applied field along

both the easy and hard axis.

From a visual inspection of both the M, component and simulated Fresnel images
presented in the previous sections, it is clear to see the ripple properties strengthen
with increasing angular variation, through the increased contrast due to larger

deviation of the magnetisation direction.
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This was confirmed for all simulations using ripple analysis techniques described
in Chapter 3. Tables 5.2 and 5.3 present ripple analysis results from an applied field
of + 30 Oe applied along the easy and at a remanent state respectively. Simulation
outputs produced a suppression of ripple properties with increasing applied field.
Dominant wavelength Ap,,, appears to be most ‘sensitive’ measurement, when
compared to Agpectroid, Which has considerably lower outputs when compared to
experimental results. This will discussed in the following section. All characterisation
methods for the easy axis analysis are in agreement, that there is a suppression of
magnetisation ripple properties with decreasing angular variation. Similar trends
were seen in the hard axis analysis, with increased ripple properties with increased

angular variation.

Angular Variation M,. /M ASpectroid ADom Dispersion # M component
%o [Normalised M]  (nm) (nm) ° °
2 0.999998 90 +£5 380+ 20 36 £+ 1 0.11
5 0.999991 100 £ 5 380 £ 20 40 £ 1 0.20
10 0.999985 100 £ 5 380 £ 20 41 £ 1 0.26
15 0.999968 100 £ 5 500 £ 20 41 £ 1 0.38
20 0.999902 100 £ 5 560 + 20 42 +£1 0.72

Table 5.2: Key outputs from easy axis ripple analysis. Table includes outputs for each
angular variation simulation at an applied field of +30 Oe along the easy axis, towards
magnetisation saturation.

Angular Variation M, /M, ASpectroid ADom Dispersion § M component
%o [Normalised M]  (nm) (nm) ° °
2 0.999992 100 £ 5 620 £+ 20 40 £ 1 0.21
5 0.999974 100 £ 5 640 £+ 20 40 £ 1 0.35
10 0.999940 110 £ 5 880 £ 20 41 £ 1 0.56
15 0.999158 120 £ 5 920 £ 20 40 £ 1 2.71
20 0.995082 120 £ 5 1060 4+ 20 42 +£1 22.63

Table 5.3: Key outputs from easy axis ripple analysis. Table includes outputs for each
angular variation simulation at zero field.

5.2.5 Discussion

This simplified micromagnetic model proved to be successful for producing sensible

magnetisation reversal processes. The simulated Fresnel images resemble the
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experimental Fresnel images acquired from other chapters (4 and 6) within this thesis.
We have also seen changes in behaviour by varying parameters. However physical
values, for example ripple wavelength, are much lower than seen experimentally.
However this is not necessarily surprising due to the difference in grain size.
Additionally, the observed contrast in simulated Fresnel images is very weak. This

will be discussed in this section.

The field dependence for (a) dominant and (b) spectroid ripple wavelength
values are presented in Figure 5.13 for increasing angular variation. This relates
to the region of an applied field of + 30 Oe along the easy axis, that is reduced
to just before the switching field. This is why each plot cuts off at different
negative field values, relating to the measured coercive field H. value for each
simulation. All lines show good agreement with both theory and experimental
observations, whereby the ripple wavelength reduces when increasing field where

field and magnetisation directions are parallel.
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Figure 5.13: (a) Dominant ripple wavelength and (b) spectroid wavelength results
measured from a field of + 30 Oe to just before the measured coercive field Ho value,
when applied along the easy axis for increasing angular variation.

It is important to note the discontinuities in Figure 5.13(a) unlike the smooth
variation in (b) with increased applied field. These are analysis artefacts due to
reduced contrast in simulated Fresnel images with highly suppressed ripple properties

as the magnetisation saturation is approached. The best-fit exponent of each plot
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can be fitted from results presented in Figure 5.13(a), with the discontinuities

removed. These exponent values are shown in Table 5.4.

Generally, the best-fit power dependence agrees well with Hoffmann’s theory of
magnetisation ripple (Section 1.7), which predicts a negative exponent (a decrease

in ripple wavelength with increased field) which approximates to Apy, = H™%5 [11].

Angular Variation  Exponent

%o [arb. units]
2 -0.3
5 -0.3
10 -0.5
15 -0.3
20 -0.3

Table 5.4: Key outputs from easy axis ripple analysis. Table includes best-fit exponent

outputs for each angular variation simulation, calculated for results plotted in Figure
5.14(a).

Simulated outputs can be compared to experimental ripple analysis results, which
can be found in Chapter 4. One of the samples under investigated (specifically
the 1 nm NiygFes; seed layer sample, had a measured uniaxial anisotropy of &~ 800
J/m3. From Table 5.5, this is comparable with the simulation with an angular
variation of 5%, which exhibited a simulation uniaxial anisotropy of 796 J/m3.
Another experimental sample from Chapter 4 (unseeded sample) exhibited isotropic
behaviour, which is comparable to the 20% angular variation simulation. Table
5.5 shows direct comparisons between experimental and simulated ripple analysis
for samples exhibiting strong and weak uniaxial anisotropy, at an applied field

of + 30 Oe along the easy axis.

The first positive was that the experimental results for the unseeded and 1 nm
seed layer sample have features that the simulation model was able to successfully
reproduce with regards to lack of anisotropy and a well defined anisotropy, deter-
mined from hysteresis loops. Although the simulation used a different approach
using angular variation, it successfully reproduced aspects of magnetic behaviour

seen experimentally. Chapter 5 detailed how the uniaxial behaviour could be
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manipulated through grain size variation. In the simulations, it is varied through a

range of anisotropy direction. However both show anisotropic to isotropic behaviour.

The behaviour of the simulated magnetisation ripple matched the experimental
trends very well. As seen from results presented in Chapter 4, a thin film with
stronger uniaxial anisotropy will experience a suppression of magnetisation ripple
properties (both wavelength and dispersion) when compared to a film with weak
uniaxial anisotropy. In this case, the unseeded sample and 20% sample both
exhibited isotropic behaviour. This was confirmed through a consistent increase
of properties, such as those shown in Table 5.5, with an increase in dispersion

angle and wavelength from the 5 to 20% simulation.

Parameter Experimental Outputs Simulated Outputs
1 nm NizgFes; Unseeded ‘ 5% 20%

K, (J/m?3) 800 Isotropic | 796 Isotropic

6 (°) 13 +£1 37+ 1 40 £ 1 42 + 1

ASpectroia (nm) | 480 £ 10 1080 =10 | 96 + 5 104 £ 5

ADom (nm) 600 + 20 1200 £+ 20 | 380 + 20 600 + 20

Table 5.5: Comparison of experimental results for a 1 nm NiygFes; seed layer sample
(presented in Chapter 4) with 5% angular variation simulated results, at an applied field
of + 24 Oe along the easy axis. Both experimental and simulated results exhibited a
uniaxial anisotropy of approximately 800 J/m3. Additionally, the experimental unseeded
sample and 20% angular variation simulation can be compared as they both exhibited
isotropic properties.

It is important to remember the limitations of simulating a realistic polycrystalline
granular structure. The granular structure for the experimental results consisted of
a distribution of grain sizes, with a mean diameter ranging from 3-10 nm. A grain
size of 20 nm was chosen for the simulations presented in this section to ensure
a large enough simulation dimensionality, without excessive simulation running
times. This grain size is obviously significantly larger than the 3 nm grain size
diameter measured experimentally, which will strongly contribute to the discrepancy
in simulated results results. Additionally, the simulated cells/grains are regular
box shaped with abrupt flat surfaces, unlike that of real grains which are irregular.

It is expected that further work would be required to explain the small scale



5. Simulation Modelling of Magnetisation Ripple 185

effects seen here, which could offer an explanation as to why such small spectroid

values are observed in the simulations.

Whilst this model is limited, by reasons outlined above, it has proved to be a
reasonable start. It has produced simulated Fresnel images which show magneti-
sation ripple that does show a good resemblance to aspects seen experimentally
(for example, in Chapter 4). It also allowed for successful characterisation of
magnetisation properties. The model allowed for simulations which represented
both highly ordered and disordered systems without physical changes in simulated
grain size. This model was successful is producing trends which replicate what
was seen experimentally in Chapter 4, whereby a material with a larger uniaxial
anisotropy exhibits a suppression of ripple dispersion and wavelength. Decreasing
the angular variation acted to strengthen the uniaxial anisotropy and thereby

decreasing the ripple properties.

The Anisotropy Axis Variation model assigned each grain a set magnetocrystalline
anisotropy value, which refers to the combination of K and K, in each grain. In
reality, there will be a number of anisotropy terms to consider. However, there
is a direction variation from grain to grain which has produced at least visually
good images of ripple. The following section will consider a model which allows

for control over individual anisotropy contributions.

5.3 Individual Anisotropy Contributions Model

5.3.1 Simulation Method

A more physically realistic micromagnetic model is also proposed which allows direct
control over individual anisotropy contributions rather than an overall effect as seen
in the Anisotropy Axis Variation model. In this model we aim to independently set

the local individual grain anisotropy K,, and overall global (induced) anisotropy Ke.

The anisotropy values for an induced uniaxial anisotropy can be significantly larger

than the individual crystalline anisotropy, depending on the materials properties.
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For example, a typical value for K for a permalloy material deposited in a field
with subsequent annealing in a field would be 800 J/m?, compared to 100 J/m? for
magnetocrystalline anisotropy K,. [12] This simulation model improves upon the
angular variation model by allowing the independent control of these two anisotropy
constants, replicating a more realistic simulation set-up. It represents much more
accurately the granular orientation in the films studied experimentally. Figure 5.14
shows a simplified schematic of the simulation set-up. The same limitations of grain
size, discussed in the previous section, will still remain an issue when trying to
model realistic structures. However, even with the grain limitations and trade off of

modelling realistic length scales, this should prove a useful exercise.

CellI > i P
. A
Grain //
|_—1
Ks
// along (1,0,0)
3 | | — /
/
z

Kg
}; randomly orientated in 3D

Figure 5.14: MuMax?® simulation set-up. Allows for control of individual anisotropy
components for a global uniaxial component Kg and a granular magnetocrystalline
anisotropy component K,, whereby the former is in a set direction and the latter can be
randomly orientated in the x, y and z directions.

The micromagnetic model was developed to simulate polycrystalline permalloy
thin films exhibiting magnetisation ripple. Creation of the micromagnetic model
encompasses several parts: setting up the material parameters and sample geometry.

An identical physical set-up to the previous model was also used here.
 Bulk exchange constant A = 13 x 1072 J/m

o Saturation magnetisation M, = 8.6 x 10> A/m
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Grid size = 1000 x 1000 x 1 cells

e Cell size = 5 nm x 5 nm x 20 nm

o Simulation size = 5 pm? x 5 pum? x 20 nm

o Grain size = 20 nm using Voronoi tessellation

e Periodic boundary conditions = 32 x 32 x 0 repetitions

« Global anisotropy K¢ = 800 J/m? (H;, = 20 Oe)

Granular anisotropy K, = 100 J/m? (H; = 2.5 Oe)

The global Kg and granular K, anisotropy values were chosen as they best
represent permalloy polycrystalline thin films that have been experimentally studied
in this project, allowing for a direct comparison. It is important to note that the
granular anisotropy is randomly orientated in 3D, unlike the previous model where
all anisotropies were confined in-plane. An external in-plane magnetic field H was

applied along the easy and hard axis of the material.

Figure 5.15 highlights the effect of the additional granular anisotropy contribution

to the global anisotropy, which was originally set as 800 J/m? in the x-direction.

T T T T T T T T ]
800 | " e Resultant anisotropy in each grain |
6001 AN N
N
L N J
\
400 . .
200

K component in y-direction [J/m?]
o
T

—800b=C 7 o

0 200 400 600 800 1000 1200 1400
K component in x-direction [J/m?]

Figure 5.15: Simulated K-components in the x and y-directions. Dashed circle indicates
radius of 800 J/m? resultant anisotropy. Dots shows the deviation from the initial 800
J/m3 with the addition of the randomly orientated granular anisotropy K, contribution.
Note the anisotropy in only one direction is shown here, there will be an equivalent
anisotropy in the opposite direction as it represents uniaxial anisotropy.
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It highlights how there is both a change in direction, and a change of magnitude
of the resultant anisotropy (compared to the previous model which just had an
angular deviation). Similarly to Figure 5.4, the anisotropy in only one direction is
shown here, there will be an equivalent anisotropy in the opposite direction as it
represents uniaxial anisotropy. Despite the completely random grain orientation
there is a clear angular range which is similar to the lower angular range seen in the
previous model (Figure 5.4). The range of angles seen in Figure 5.15 range from 0

to 26 degrees, which is comparable to the 2 and 5% angular variation ranges.

5.3.2 Simulation M-H Loops and Fresnel Images

Figures 5.16 and 5.17 show normalised hysteresis loops with the external field

applied along the easy and hard axis respectively.
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Figure 5.16: Simulation Fresnel images with a defocus of 500um, demonstrating
the magnetisation reversal process along the easy axis of a 20 nm NiggFegy thin film.
Parameters of the simulation include a global anisotropy of K¢ of 800 J/m?, a granular
anisotropy of K, of 100 J/m? and a grain size diameter of 20 nm.

Results produced typical easy and hard axis behaviours. There is a measured

coercive field of 18 Oe. The measured anisotropy field Hy was measured to be 20
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Figure 5.17: Simulation Fresnel images with a defocus of 500um, demonstrating
the magnetisation reversal process along the hard axis of a 20 nm NiggFegy thin film.
Parameters of the simulation include a global anisotropy of K¢ of 800 J/m?, a granular
anisotropy of K, of 100 J/ m? and a grain size diameter of 20 nm.

Oe, producing an uniaxial anisotropy of 800 J/m? for the simulated thin film.
As expected this is consistent with the input uniaxial anisotropy of the film.
These simulated M-H loops are a reasonable match for the 1.0 nm thick seed
layer in Chapter 4 (Fig.4.2), even with the variation in experimental (3 nm) and

simulated (20 nm) grain size.

Similar steps to section 5.2.3 were used, whereby MuMax® magnetisation compo-
nents can be used to produce simulated Fresnel images using Digital Micrograph.
Fresnel images are shown in Figures 5.16 and 5.17 for easy and hard axis hysteresis
sequences respectively. Visually, all images presented do exhibit magnetisation
ripple properties. Both outputs also produced typical hysteresis trends that have
been seen experimentally. Figure 5.16 (a) to (c) shows an increase in contrast
which can be attributed to a visual increase in dispersion before the coercive field.
The variation in ripple wavelength is less obvious and will need further analysis
to determine any changes (Section 5.3.4). (d) and (e) shows a more obvious

reduction in ripple dispersion, wavelength and image contrast following a switching
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in magnetisation direction. Figure 5.17 shows typical hard axis behaviour with
a rotation of the magnetisation direction with reducing field. When the field is
reduced to zero, as shown in (c), the magnetisation direction has rotated by 90°
to lie along the easy axis direction. The magnetisation continues to rotate with
a field applied in the opposite direction, until the magnetisation lies 180° from
its original direction (e). This is in good qualitative agreement visually with the

observations of the experimental films in previous chapter.

5.3.3 Magnetisation Ripple Characterisation

Further analysis is needed to characterise ripple properties of a large number of
simulated Fresnel images in a hysteresis sequence. The methodology developed
in Chapter 3 was used, resulting in outputs for both ripple wavelength and
dispersion. Figure 5.18 shows ripple analysis for (a) spectroid and (b) dominant
ripple wavelength as a function of field from +30 reduced to -30 Oe. Analysis
confirms what was seen visually in Figure 5.16, with an increase in ripple wavelength
with decreasing field, reaching a maximum ripple wavelength just before the coercive
field. After a switch of magnetisation direction, the ripple wavelength suppresses

with increasing field.
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Figure 5.18: Simulated magnetisation ripple wavelength analysis outputs from a field
of 4+ 30 Oe to - 30 Oe, applied along the easy axis. (a) Spectroid wavelength Agpectroid
and (b) dominant wavelength Ap,,, as a function of field.

Visually, both simulation methods created similar simulated ripple structures.

Comparisons can be made between experimental results from Chapter 4 and the
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two simulations models. Specifically the 1.0 nm seed layer sample, which exhibited
strong uniaxial anisotropy of 800 J/m3. This is compared with the 5% angular
variation simulation presented in the previous section, which also exhibited a
measured uniaxial anisotropy of 800 J/m?. Key points are highlighted in Table
5.6 for both the coercive field and at an applied field of 30 Oe.

Both simulation models produced similar outputs for all 3 parameters. However,
there was a reduction in ripple wavelength parameters from the angular axis model
to the individual anisotropy model. It could be attributed to the reduction in
the granular anisotropy. The first model had a magnetocrystalline anisotropy
of 1000 J/m?, compared to 100 J/m?3 in the second model. However, there is a
slight increase in measured dispersion angle in the individual anisotropy model.
A reason for this could be that the magnetocrystalline anisotropy direction was
completely randomised. The former model had strong directionality which could

in turn have reduced ripple dispersion.

Parameter Output He 30 Oe

M,./Mg Experimental 0.9173 0.9923
(Normalised M) Angular Axis Model 0.9993 0.9999
Anisotropy Model 0.9977 0.9999

Dispersion 6 Experimental 13+1 11 +1

° Angular Axis Model 40 + 1 40 £ 1
Anisotropy Model 46 + 1 48 + 1

ASpectroid Experimental 540 £ 10 480 + 10

(nm) Angular Axis Model 120 £ 5 100 £ 5
Anisotropy Model 90 + 5 80 £ 5

ADom Experimental 840 +£ 20 600 %+ 20

(nm) Angular Axis Model 1040 £ 20 380 % 20

Anisotropy Model 660 + 20 240 + 20

Table 5.6: Comparison of easy axis experimental results for a 1.0 nm NizgFes; seed layer
sample presented in Chapter 4 with results of both simulation models. Both experimental
and simulated results exhibited a uniaxial anisotropy of approximately 800 J/m?3.

Whilst the simulation images look similar to those seen experimentally, it is clear
that there are significant differences in the ripple spectrum. Figure 5.19 shows a

FFT spectrum comparison of experimental results and the 2 simulation models. A
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smoothed intensity plot can be taken through the centre of the FFT structures, for
a better understanding of the frequency contributions. (Note, variation in mode
peak k-space distance are expected as the dominant wavelength results showed
variation between experimental and simulated outputs). Results show there is a
significant variation between the experimental and simulated contributions. Both
simulations had large high spatial frequency components (mode peak), but also had
a substantially larger low frequency region, which appears to decrease much more
gradually when compared to the experimental intensity. Both simulation models
had significantly lower values for spectroid wavelength values (i.e. large k values)
indicating that the short wavelength contributions were much more prominent. The
reciprocal space intensity plots shown in Figure 5.19 could offer an observation as
to why the weighted average values are so different in simulations when compared

to what is measured experimentally.

Both models were successful in producing typical hysteresis behaviours, and
trends in magnetisation ripple properties. As the simulation spectrum is quite
different to what is seen experimentally, it allows for modifications of the model to

improve on quantitative outputs. This will be investigated in the following sections.

5.3.4 Effect of Grain Size

Results presented in Chapter 4 detailed the inclusion of an ultra-thin NiygFes; seed
layer resulted in a decrease in average grain size diameter. Magnetic properties,
such as magnetisation ripple, vary with grain size. As discussed previously, the
models developed in this project allow for the mapping of trends. Therefore, an
investigation was undertaken to simulate the dependence of grain size on magnetic
behaviour. The initial simulations, like those discussed previously, started with a
20 nm grain size as a compromise between creating a large scale simulation which
could run in a reasonable amount of time. We therefore wanted to explore how the
grain size could be adjusted to investigate the effect on the ripple spectrum. The

selected grain sizes ranged from 10 - 40 nm in 10 nm steps. The global anisotropy
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Figure 5.19: Smoothed integrated line traces through the centre of FFT for Fresnel
images at a field of +30 Oe. Highlighting the difference in spectrum frequency contributions
for both experimental and simulation outputs. Blue line refers to the 1.0 nm NizgFes; seed
layer sample. Orange line refers to the 5% Angular Axis Model with a K = 1000 J/m?
and the green line refers to the Anisotropy Contribution Model using a global anisotropy
of Kg = 800 J/m3, granular anisotropy of Ky =100 J/ m?. The respective vertical dash
lines refer to the measured spectroid wavelength values Agpectroiq and shown in Table 5.7.

K¢ of 500 J/m? and a granular anisotropy K, of 100 J/m® were used. (Note the
K¢ has been reduced from the previously used 800 J/m?* with the aim of producing
simulations with greater ripple variations to better match experimental values). The
physical parameters like grid/cell size and material constants remained unchanged.
Simulated M-H loops are presented in Figure 5.20 with the applied field lying

along the (a) easy axis and (b) hard axis.

The resulting loops show a dramatic variation in bulk magnetic properties through
an increase in grain size. An increase of grain size from 10 to 40 nm produces a
reduction in uniaxial anisotropy present in the thin film. Only the 10 nm grain
size loops show typical easy and hard axis behaviours for a film exhibiting strong
uniaxial properties. Increasing the grain size from 10 nm to 40 nm reduces the
measured uniaxial anisotropy so much so that the loop exhibits near isotropic
behaviour. This is indicated by the little variation between the easy and hard axis
loops. Decreasing the grain size, produces a reduction in the easy axis coercive field.
Similarly, a reduction in grain size closes the hard axis loop for the 10 nm simulation.

These outputs are in good agreement with what was seen experimentally, in terms
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Figure 5.20: Simulated M-H hysteresis loops, with the field applied along the (a) easy
axis and (b) hard axis, demonstrating the effect of increasing grain size on bulk magnetic
properties.

of comparison to seed layer samples presented in Chapter 4. Key points in the
hysteresis sequence are highlighted in Table 5.7. Note that the hard axis Hj, and
corresponding uniaxial anisotropy K, values are left blank for simulations with
isotropic behaviour. Instead, an alternative hard axis H. value can be measured, to
emphasis the isotropic behaviour. Only the 10 nm grain simulation has a measured

uniaxial anisotropy K, in an agreement with the original input value.

Angular Variation Easy Axis Ho Hard Axis Ho* Hard Axis Hx K,

(%0) (Oe) (Oe) (J/m?)

10 20 5 12.5 500
20 20 25 - -
30 25 25 - -
40 35 25 - -

Table 5.7: Key parameters from simulated M-H magnetic measurements, with increasing
grain size. Results presented from both easy axis and hard axis outputs. The effective
K, value is determined from the measured Hy where K,, = MgHj /2. *Indicates a hard
axis coercive measurement, indicating near isotropic behaviour i.e. when there is little
difference between the easy and hard axis behaviours.

The variation in bulk magnetic properties is reflected in simulated Fresnel images
shown in Figure 5.21, where (a) is a 10 nm grain simulation which increases in 10
nm steps until a 40 nm grain simulation shown in (d). These images were acquired

for an applied field of +50 Oe along the easy axis, being reduced from a 200 Oe
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maximum applied field. Visually, there is a substantial increase in both ripple
wavelength and dispersion properties with increasing grain size and visually look

more like the experimental ripple seen in Chapter 4.
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Figure 5.21: Simulated Fresnel images at a 500um defocus, demonstrating the effect of
changing the grain size on the simulated magnetisation ripple properties. (a - d) represent
images taken along the easy axis at a field of 50 Oe with increasing grain size from 10 -
40 nm in steps of 10 nm. (e -h) are the equivalent images for modelled grain sizes at the

remanent state.

Figure 5.21 (e-h) shows a comparison at the remanent state. This highlights the
clear increase in ripple wavelength and dispersion with increasing grain size, but

also the increase in these properties when compared to the images at +50 Oe (a-d).

This is reiterated when magnetisation ripple analysis is undertaken for all
simulations, for a full easy axis hysteresis sweep (from +Mg,; to -Mg,,). However,
for direct comparison, key points will be compared in Tables 5.8 and 5.9. These refer
to magnetisation components and ripple analysis outputs for the images presented
in Figure 5.21. All analysis parameters follow these same trend, whereby increasing
the grain size increases the magnetisation ripple present. The magnetisation ripple
wavelength at the remanent state (Table 5.9) was larger than at an applied field

of 50 Oe (Table 5.8) for equivalent grain sizes.
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Grain diameter M, /M ASpectroid ADom Dispersion § M component
(nm) [Normalised M]  (nm) (nm) ° °
10 0.998 305 70420 46 £ 1 2.8
20 0.995 35+5 90 £+ 20 54 + 1 4.3
30 0.992 40 £5 110 £ 20 55 + 1 5.6
40 0.987 45+ 5 170 £ 20 57 £ 1 7.4

Table 5.8: Key outputs from magnetisation ripple analysis. Table includes outputs for
increasing grain size diameter at an applied field of +50 Oe along the easy axis.

Grain diameter M, /M, ASpectroid ADom Dispersion § M component
(nm) [Normalised M|  (nm) (nm) ° °
10 0.986 45+ 5 240 £ 20 49 + 1 8.4
20 0.970 50 £5 280 + 20 95 £ 1 11.9
30 0.961 50 £ 5 300 £ 20 53 + 1 13.0
40 0.954 50 £ 5 460 £ 20 9b + 1 14.2

Table 5.9: Key outputs from magnetisation ripple analysis. Table includes outputs for
increasing grain size diameter at a remanent state

The simulation outputs produced here provide a useful tool for investigating trends.
Results presented are in excellent agreement with trends seen both experimentally
(for seed layer samples in Chapter 4) and with trends predicted by theory (Section
1.7), whereby grain size and ripple dispersion are proportional. The experimental
results showed an increase in average grain size lead to an increase in ripple dispersion
and wavelength and a reduction in K,. These exact trends have been presented

using the Anisotropy Contribution Model.

5.3.5 Effect of inter-granular exchange coupling

An investigation was undertaken to control the inter-granular exchange coupling
strength A = 13 x 10712 J/m, in an attempt to produce a ripple spectrum that
better matches what was seen experimentally. At grain boundaries the crystal
order is disrupted and so the exchange coupling between atoms is expected to have
some reduction. This parameter allows for the variation in strength of the coupling
between the grains. For example, 0% would mean exchange decoupled grains (fully
independent and randomly distributed), and 100% would mean all grains are fully

coupled. Simulations were run with the same parameters detailed in the previous
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section, with a global anisotropy K¢ of 500 J/m® and a granular anisotropy K,
of 100 J/m?3. The grain size was set to 10 nm as results shown in the previous
section exhibited good easy and hard axis behaviour. Simulations were run for easy
and hard axis hysteresis sequences with the exchange interaction coupling strength
set as: 0, 5, 15, 50, 100%. (Note values were chosen as most variation occurred
with reduced strength). Simulated M-H loops are presented in Figure 5.22 with
the applied field lying along the (a) easy axis and (b) hard axis.
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Figure 5.22: Simulated M-H hysteresis loops measured along the (a) easy axis and
(b) hard axis, demonstrating the effect of changing the intergranular exchange coupling
strength on the simulated bulk magnetic properties. Note, the 15, 50 and 100% plot lie
on top of each other.

An increase in intergranular exchange coupling strength results in behaviour
which can be identified as that for a film with well defined uniaxial anisotropy.
When the strength is reduced to 0%, the behaviour is isotropic, where there is little
to no variation between the easy and hard axis loops. There is a slight improvement
when the strength is increased to 5%. The M-H loops exhibit typical easy and
hard axis behaviour for simulations ran at 15% coupling strength or higher. Key

points in the hysteresis sequence at shown in Table 5.10.

Note that the hard axis Hy, and corresponding uniaxial anisotropy K, values are
left blank for simulations with isotropic behaviour. Instead, an alternative hard
axis H. value can be measured, to emphasis the isotropic behaviour. The 15, 50
and 100% simulations have a measured uniaxial anisotropy K, in an agreement

with the original input value.
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Coupling Strength FEasy Axis Ho Hard Axis Ho* Hard Axis Hx K,

(%0) (Oe) (Oe) J/m?
0 30 30 - -
5 20 10 - -
15 10 - 12.5 500
50 10 - 12.5 500
100 10 - 12.5 500

Table 5.10: Key parameters from simulated M-H magnetic measurements, with increasing
granular exchange coupling strength. Results presented from both easy axis and hard
axis outputs. The effective K,, value is determined from the measured H; where K, =
M Hy /2. *Indicates a hard axis coercive measurement, indicating near isotropic behaviour
i.e. when there is little difference between the easy and hard axis behaviours.

Simulated Fresnel images are presented in Figure 5.23, acquired at a field of
450 Oe and at remanence. The most obvious difference between the images is
the increase in contrast with reduced coupling strength. There also appears to be
an increase in ripple dispersion with decreasing coupling strength. Magnetisation
ripple characterisation was applied using the methods described in Chapter 3.
Results are shown in Tables 5.11 and 5.12 which represent results acquired at

+50 Oe and remanence respectively.

All simulations were in agreement, that there is a reduction in ripple properties
with increasing applied field. Ripple dispersion and M component analysis both
resulted in a increase in dispersion with decreasing coupling confirming what was
seen visually in Figure 5.23. This is in good agreement with what is predicted
by theory, which shows that dispersion angle and exchange constant are inversely

proportional (Equation 1.26).

As previously discussed, the simulated FFT spectrum can provide better un-
derstanding of the frequency components. Figure 5.24 highlights the difference in
FFT spectrum between 0% and 100% coupling strength at remanence. It shows
a reduction in low-frequency components in the FFT spectrum with increasing
coupling strength i.e. the spread of the frequency components is significantly smaller.

This provides an explanation as to why measurements showed an increase in ripple
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Figure 5.23: Simulated Fresnel images at a 500pum defocus, demonstrating the effect of
changing the intergranular exchange coupling strength on the simulated magnetisation
ripple properties. (a - e) represent images taken along the easy axis at a field of 50 Oe
with increasing coupling strength from 0 to 100%. (f -j) are the equivalent strengths at

the remanent state.
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wavelength with increased coupling strength. This again is in agreement with theory

which predicts a proportional relationship between the two. [11]

Coupling Strength M, /M, ASpectroid ADom Dispersion # M component
(%) [Normalised M]  (nm) (nm) ° °
0 0.9941 25+£5 50+ 20 56 £+ 1 4.95
5 0.9970 305 60+ 20 55 + 1 3.54
15 0.9981 305 75420 54 +1 2.82
50 0.9988 35+5 170 £ 20 46 £ 1 2.2
100 0.9991 40 £5 180 £ 20 43 £ 1 1.97

Table 5.11: Key outputs from magnetisation ripple analysis. Table includes outputs for
increasing intergranular coupling strength at an applied field of +50 Oe along the easy
axis.

Coupling Strength M, /M, ASpectroid ADom Dispersion § M component
(%) [Normalised M] ~ (nm) (nm) ° °
0 0.9819 305 370 +£20 57 £1 8.96
5 0.9839 305 380+£20 58 £ 1 8.69
15 0.9889 35+5 380 +£20 55 £ 1 7.34
50 0.9917 40 £5 460 £ 20 46 £ 1 6.54
100 0.9911 50 £ 5 500 + 20 43 £ 1 6.8

Table 5.12: Key outputs from magnetisation ripple analysis. Table includes outputs for
increasing intergranular coupling strength at a remanent state

Increased coupling strength did improve dominant wavelength values by increasing
them to better match what was seen experimentally. For example, experimental
results for the 1 nm seed layer sample showed a dominant ripple wavelength of
approximately 600 and 900 nm at near Mg, and remanence respectively. This is a
relatively good match for the 50 and 100% simulation outputs. Although spectroid
wavelength values did increase, it still remains that the wavelength values are
considerably smaller, by nearly an order of magnitude. Changing key parameters
like grain size and exchange coupling strength made little difference to improve
spectroid wavelength outputs. Therefore, it can be concluded that the spectrum
of simulated ripple for both models described, has different spatial contributions
to experimental magnetisation ripple. However this is not unreasonable as the

simulation set-up is not fully realistic in terms of physical set-up of cell/grain size.
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Figure 5.24: Smooth line intensity profile measured at remanence for (a) 0% (b) 100%
exchange coupling strength where 4 = 13 x 10~'2 .J/m. Anisotropy contribution model
using a global anisotropy of K¢ of 500 J/m3, a granular anisotropy of K, of 100 J/m?
and a grain size of 10 nm.

5.4 Discussion and Conclusions

The micromagnetic simulation program MuMax? is a finite difference software that
allows for the computation of magnetisation dynamics as well as the magnetisation
response to an applied magnetic field. The results presented in this chapter show
that it is instructive to use numerical micromagnetic modelling for the investigation
of the magnetisation reversal processes and the magnetic structure in polycrystalline
thin films. Specifically focusing on trends found from quantitative analysis of

magnetisation ripple properties.

Two models were presented, with the goal of replicating the phenomenon of mag-
netisation ripple which is a property exhibited by materials studied experimentally
in this work (Chapter 4 and 6). Experimental results presented in Chapter 4 showed
a large variation in magnetisation ripple properties through the addition of seed

layers. The two models were used to replicate trends using differing approaches.

The first model was referred to as the ‘Anisotropy Axis Variation’ model. This
worked by assigning each simulated grain its own magnetocrystalline anisotropy
value. However, the directionality of these anisotropies could be controlled. This

simulation model can replicate a sample ranging from a randomly distributed
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granular anisotropy to a system with a strong uniaxial anisotropy. This model
was successful in creating simulated Fresnel images which are visually very similar
to that seen experimentally, for example in Chapter 4 that saw an increase in
magnetisation ripple properties with increased grain size). The Fresnel images also
exhibited typical easy and hard axis behaviour, with coercive field switching and
magnetisation rotation respectively (for simulations with strong uniaxial anisotropy).
Magnetisation ripple analysis developed and described in Chapter 3 was tested
on simulated Fresnel images. Results confirmed there was a decrease in ripple
properties, such as wavelength and dispersion with decreasing angular variation
(and degree of global anisotropy observed). The observed magnetisation ripple was
visually very good in terms of qualitative appearance. The model proved useful
for predicting trends of magnetisation ripple properties, however it is simplistic in

it’s control over specific parameters, such as a anisotropies.

To improve on this, a second model was presented which allows for the control
over individual anisotropy parameters. It is referred to as the ‘Individual Anisotropy
Contributions Model. This was thought to be a more realistic model of the actual
anisotropy contributions in the material, though with caveat about grain shape.
In this model there were 2 inputted anisotropy parameters: (a) the individual
magnetocrystalline anisotropy, that would lie in a random direction in 3D and (b)
a global induced anisotropy that would lie in one specific direction, in this case
along the x-axis. These two inputs could be individually controlled, along with
other parameters. This model was used to investigate the effect of grain size. It
proved to have a significant change effect on magnetic properties. There was a
dramatic effect on the simulated M-H loops on both the easy and hard axis. A
smaller grain size appeared to give better uniaxial anisotropy definition, through an
increase in Hy, as defined by measurement from hysteresis loop. All magnetisation
ripple properties, such as wavelength and dispersion, increased with increasing grain
size. This confirmed the trends seen experimentally in Chapter 4. The effect of
intergranular exchange coupling had a more subtle effect when compared to the

grain size variation. However, it did produce an increase in ripple dispersion with
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decreasing coupling, which in turn produced a reduction in the observed uniaxial
anisotropy measured from the simulated M-H loop. There is also a decrease in
wavelength with decreasing coupling. Both properties (dispersion and wavelength)

follow trends predicted by magnetisation ripple theory.

Both models were successful in producing qualitatively excellent simulated Fresnel
images which visually replicated magnetisation ripple properties. The magnetisation
ripple characterisation methodology developed and described in Chapter 3 also

worked successfully on simulated Fresnel images.

The ripple spectrum for both models had a much greater high spatial frequency
contribution when compared to an experimental spectrum. This provides an
explanation as to why the spectroid wavelength values are significantly lower (by
nearly an order of magnitude) to what was seen experimentally. However, the
dominant ripple wavelength outputs were much more realistic, in the order of

100s of nanometres.

Limitations of the models means differences in values are to be expected. The
main issue being the realistic modelling of grains for the length scales required to
produce ripple effects. This certainly provides a problem for future work. An
improvement might be to use finite element (FE) modelling techniques. FE
modelling is not restricted by uniform square cell sizes, so would allow for a
more accurate representation of the polycrystalline granular structure, as seen
experimentally through bright-field images. This would allow for simulation of

granular shapes that are non-uniform.
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6.1 Introduction

The effect of magnetostriction (Figure 6.1) is an important, though less intensively
studied, effect in magnetic data storage technology. Although the presence of
magnetostriction in device materials may be a small effect it is recognised as
potentially significant. [1-3] Previous bulk measurement techniques showed how it
can have a significant effect on the magnetic properties, particularly in the presence
of tensile and compressive forces [4-8]. The effects of magnetostriction for materials
without such applied external stresses but under normal operating conditions are
less well understood. In this project we are interested in a micromagnetic study
to investigate this from an experimental and modelling perspective. This project
focuses on one of the most commonly used materials in data recording, permalloy
with a composition varying around the 80/20 nickel to iron ratio. Details of the
sample deposition can be found in Section 6.2. The reason for choosing this value
is that the magnetostriction constant changes from negative to positive around
this composition as the elemental ratio changes (as discussed in Section 1.5.4). We
aim to identify the subtle effects magnetostriction has on continuous thin films of
permalloy with three different compositions by studying their physical (Section
6.3) and magnetic behaviour (Section 6.4). Experimentally we have observed the
micromagnetic behaviour in terms of magnetic ripple using Lorentz transmission
electron microscopy (LTEM) for different magnetostrictive samples, with results
shown in Section 6.5. This nano-scale visualisation of the magnetisation ripple
structure allows for not only the mapping of hysteresis behaviour, but quantitative
characterisation of the material. Section 6.6 details how it might be possible to
quantitatively asses the magnetic effect magnetostriction has on the hysteresis
behaviour of these samples in the absence of strain. Simulations can be performed
in conjunction with these studies using the package MuMax® [9], in order to

compare simulated trends with experimental results. Simulated results are shown
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in Section 6.7. Lastly, a preliminary in-situ heating experiment was carried out to
determine the relationship between magnetisation ripple and temperature, with

results presented in Section 6.8.

—> I ax
< L > H r

0A
+AL
+ A
Y +—>
AL

Figure 6.1: Simplified schematic of the effect of magnetostriction. A material of
length L will exhibit a length change in the presence of an applied field H. A positive
magnetostrictive (+\) sample will experience an increase of length + AL along the direction
of H. The opposite occurs for a negative magnetostrictive sample - .

Results in this chapter were produced in collaboration with Seagate Technology,
UK. The sample preparation and bulk magnetic measurements were undertaken by
Kevin McNeill and Muhammad Bilal Janjua using tools located at Seagate. All re-

maining imaging and analysis was undertaken by myself at the University of Glasgow.

6.2 Sample Deposition

As mentioned previously, magnetostriction strength and sign in permalloy is highly
dependent on the composition values of the nickel and iron in the alloy. The
crossover of magnetostrictive properties as a function of sample composition is
a well published effect. [10,11] This crossover is the main focus area of results
presented in this Chapter. Table 6.1 summarises how small compositional variations

change the magnetostrictive signs.

Figure 6.2 shows a schematic illustration of the deposited thin film structures.
Three Nickel /Iron polycrystalline films of equal thickness were investigated. All

samples consisted of a 2 nm seed layer of Ru, followed by a 20 nm Ni,Fe g layer
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% Ni As
775 4 x10°°
30 1 x 10°°

82.5 -2.5 x 1076

Table 6.1: Summary of composition of samples fabricated in this study. Magnetostrictive
sign and value as a function of nickel composition in permalloy measured from bulk thin
films. [7]

with composition values given in Table 6.1. Additionally, all films were capped

with a 2 nm Ru layer to prevent subsequent oxidation.

Radio frequency (rf) magnetron sputter deposition took place at Seagate Tech-
nology, UK using an Anelva ¢-7100 tool. Deposition conditions were identical to
those used on the set of seed layer samples described in Chapter 4.2. This includes
a 100 Oe external field being applied in-plane during deposition to help induce
uniaxial anisotropy. Deposited films were then annealed in a 0.3 T applied field
at 225 degrees for 2 hours (along the same direction as the deposition field). This
is a vital step in the deposition process as a well defined easy and hard axis is
essential for the definition of good uniaxial behaviour. Films were deposited onto
100 x 100 pum? electron transparent SizNi, membranes for TEM measurements,

as well as larger Si substrates for bulk magnetic measurements.

2nm Ru '

20nm Py
2nm Ru
SiN

Figure 6.2: Cross section schematic showing the structure of samples under investigation.
All samples consist of a 20 nm permalloy layer of varying composition. All samples are
capped with a 2 nm Ru layer with an additional 2 nm Ru seed layer. All samples were
deposited on electron transparent SizNiy membranes.
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6.3 Physical Microstructure

6.3.1 Crystal Structure

The same experimental characterisation methods described in Chapter 4 were also
carried out on the set of magnetostrictive samples. This includes using electron
diffraction images to determine a thin films crystal structure. Figure 6.3 shows
untilted selected area electron diffraction (SAED) images for (a) NizysFeqn s (b)
NiggFey and (c¢) NigssFe75 permalloy alloys.

(b)

c

10 1/nm

10 1/nm

Figure 6.3: Experimental SAED patterns for (a) NiyysFess s (b) NiggFeyp and (c)
Nigo 5Fe17.5 permalloy thin films. Images were acquired at zero tilt. Blue box represents

the location of the integrated line profile which is shown in Figure 6.4, with an integration
width of 0.4 nm~!.

The uniform circular diffraction ring pattern confirms that all three samples
are polycrystalline. When tilted the circular rings retained their uniformity. This
indicates that the grains in the film are randomly orientated and there is no

texture present in any of the films.

The Nickel /Tron alloys for all compositions have a fec (face-centred cubic) crystal
structure. To recap, the lattice spacing for cubic systems can be determined

by the following equation:

a
dhk:l = (61)
(h? + k2 + 12)

The Ruthenium cap and seed layer has a different crystal system to the Nickel /Tron
permalloy. Ru has a hexagonal crystal (hep) structure. The lattice spacing for

this system is given by:



6. Characterisation of Magnetostriction using Lorentz TEM 211

1
dnrr = =
\/ﬁ(fﬁ—i—/@—i—hk)-l-iﬁ

(6.2)

with ¢ and ¢ being the lattice constants of the crystal structure, and h,k,[

are the Miller indexes.

Each diffraction ring can be successfully indexed by taking an integrated line
profile from the origin of the diffraction pattern and analysing the patterns of
peaks. The area of this integrated profile is highlighted on Figure 6.3 by the blue
box, with an integration width of 0.4 nm~!. All three line profiles are plotted and
shown in Figure 6.4. The three profiles overlap, meaning all 3 samples have

identical crystal structures.

500 [002] hep — 77.5% -
i [111] fec — 80.0% -
E | [100] hep [220] fec -
300 [200] fcc
= amk _
2 l 1 [1101hep | [112] hep ]
ey 102] h
Z 200 [102] hep [311] fec -
i‘; l [222] fec A

100

k-space [nm 1]

Figure 6.4: Indexed diffracton rings from SAED patterns for (a) Niz7 5Feg 5 (b) NigoFeg
and (c) Niga 5Fei7 5 permalloy thin films. Images were acquired at zero tilt. Both hcp and
fec crystal structures are successfully indexed, showing negligible changes in peak position
between the 3 samples.

By assuming crystal structures (e and ¢ parameters) for permalloy and Ru, each
ring can be individually identified. The corresponding locations are highlighted in
Figure 6.4. By assuming the peaks associated with the relevant crystal structures,

it was approximately calculated for a Ru crystal, ¢ = 0.3 nm and ¢ = 0.4 nm. It
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also confirmed that for all permalloy specimens, a = 0.4 nm, which is consistent
with the expected structures. Therefore it can be said all 3 samples in effect
have the same crystal structure with only a very small variation in the lattice

parameters of the permalloy.

6.3.2 Grain Size Distribution

Bright-field and dark-field TEM images allow for the visualisation of a polycrystalline
thin films granular structure. Figures 6.5 and 6.6 show experimental bright-field
and dark-field images respectively for various permalloy compositions. Visually
there is no significant difference between the 3 samples. All samples appear to

have a uniform distribution of grain sizes.

Figure 6.5: Experimental bright-field TEM images, displaying the grain size distribution
for a (a) Niy75Feg 5 (b) NiggFeg and (c) Niga5Fei7 5 permalloy alloy. Note, image pixel
size of 0.47 nm.

“

Figure 6.6: Experimental dark-field TEM images, displaying the grain size distribution
for a (a) Niy75Feg 5 (b) NiggFeg and (c) NigasFei7 5 permalloy alloy. Note, image pixel
size of 0.47 nm.

A large number of experimental dark-field images were taken for each sample

(=~ 20). The produced over 3000 grains (per sample) for measurement. The
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same grain size distribution measurement process that was used in Chapter 4
was used on the magnetostriction samples (See Section 6.4.2 for a more detailed
description). The calculated log-normal distribution can then normalised and
plotted against measured grain diameters. Results are shown in Figure 6.7, with

key outputs highlighted in Table 6.2.

k= 10F T ' T : T ' T —
z —_— 775%Ni |
o8k —— 80.0% Ni _
%O 6 — 825% Ni
> U.0

E

=041

2

[am

2 0.2

Z

% 0.0L, | . | . | . | .

= ) 10 15 20 25

Grain Diameter (nm)

Figure 6.7: Measured grain size distribution results; normalised best-fit log-normal grain
size distribution for (a) Niy75Fess 5 (b) NigoFegp and (c) Nige 5Feq7.5 samples.

Results show that the change in permalloy composition has a negligible effect on
the overall grain size distribution. All samples have a measured log-normal peak of
approximately 4.6 + 0.5 nm. The narrow distribution of the grains also confirms
homogeneity of the grain sizes, which is consistent over all samples. Results confirm
that the grain size is lower than the samples exchange length (l., = 5.3 nm for
NiggFeqq), meaning it is expected that there will be strong coupling between the
grains. As shown in results presented in Chapter 4, a small grain size results in a
suppression of the magnetisation ripple wavelength and dispersion when compared
to grains of larger diameter. Magnetisation ripple properties will be investigated
using Lorentz TEM in Section 6.5, which allows for micromagnetic visualisation. In
order to achieve improved magnetic properties (such as larger uniaxial anisotropy),

a uniform grain morphology and a narrow grain size distribution are suggested.
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Ni Content Mean Diameter Standard Deviation Log-normal Peak

(%0) (nm) (nm) (nm)

7.5 6.1+ 0.5 1.7 46+ 0.5
80.0 6.0 £ 0.5 1.7 4705
82.5 59+ 0.5 1.6 45+ 0.5

Table 6.2: Grain size distribution analysis outputs. All samples show near identical
granular distributions.

6.4 Bulk Magnetic Measurements

The influence of Nickel/Iron composition on the bulk magnetic properties of permal-
loy thin films can be investigated. As stated earlier, bulk magnetic measurements
were undertaken by K. McNeill and M. Janjua using tools located at Seagate
Technology, UK. Along with samples being deposited onto TEM membranes for
TEM imaging, samples were also deposited onto larger Si wafers. This was essential
to ensure there was a large enough signal when taking hysteresis measurements

on a commercial B-H loop tracer (as described in Section 2.3.1.)

Figure 6.8 (a) and (b) shows the normalised easy and hard axis hysteresis loops
respectively, from the B-H loop measurements. All three samples show well-defined
uniaxial hysteresis loops resulting from successful heat and field annealing treatments.
Key points in the hysteresis sequence are highlighted in Table 6.3. The easy axis
behaviour is near identical for all 3 compositions, with a variation of as little as
0.1 Oe for coercive field measurements. The measured He along the easy axis has

a value of &~ 1.9 Oe, and an easy axis anisotropy field of 2.6 Oe.

The hard axis behaviour sees more variation between samples, as seen from Figure
6.8 (b) by the change in slope. This results in a shift of the anisotropy field Hy
value. When measured there is a change of 1.5 Oe (25%) between the three samples,
with the +ve magnetostrictive sample having a Hy value of 6.0 Oe, compared to
that of 4.5 Oe for the -ve magnetostrictive sample. This variation in slope can be
characterised as hard axis magnetic susceptibility x, which shows an increase in

slope (x) with increasing Nickel content. Exact values are shown in Table 6.3.
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Figure 6.8: Hysteresis loops for NizFejgg_, alloys of varying compositions, with the
field applied along the (a) easy axis and (b) hard axis. Results show there is minimal
variation in easy axis hysteresis loops. Hard axis results reveal a small variation in the
anisotropy field Hy values, as little as 1.5 Oe.

Work presented from Queen’s University Belfast showed how bulk magnetic
behaviour could be manipulated through the addition of stress. [7] The changes in
bulk magnetic behaviour were dependent on the magnetostrictive sign of the film and
the direction of applied stress. For example, stress applied to a +ve magnetostrictive
sample along the hard axis would reduce the susceptibility, meaning a larger applied

field is needed to reduce magnetisation saturation i.e. an increase in Hy.

It is suggested that the applied field might cause similar modifications of hysteresis
behaviour, without the need for external stresses. The hard axis did produce results
with a variation of 1.5 Oe in H; measurements between the positive and negative
samples. This observation could be suggested to be consistent with magnetostriction
trends, however it would be expected for there to be a variation in easy axis

behaviour, that would manifest itself as a measurable effect.

There could be an argument to be made, that this effect could be due to the
relation between magnetisation and volume (Equation 1.3). This equation describes
magnetisation as inversely proportional to volume. If it is assumed that the magnetic
moment in each atom remains unchanged, then a negative magnetostriction sample
would experience a reduction in length, resulting in an increase in magnetisation.
It would then be expected that there would be a change of behaviour with applied

field, whereby the negative sample would reach saturation magnetisation ‘quicker’
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than a positive magnetostrictive sample. This effect can be easily estimated as
the exact magnetostrictive constants are known for each sample. These effects can
be approximated at an increase of +0.0004% of M for negative magnetostrictive
sample, and -0.00025% for the positive sample. Obviously, these approximations
are very small. However, it is worth considering as a possible trend in variation
of magnetic behaviour. This might show as a small difference in the slope of a

hard axis loop (susceptibility x).

However, it is important to consider than the trends seen here could be explained
by a simple variation of anisotropy with sample composition, rather than exclusively

magnetostrictive effects.

Micromagnetic measurements, which will follow in Section 6.6 will provide a more

detailed description on the magnetic properties of the magnetostrictive samples.

Ni Content Ag Easy Axis Ho Hard Axis Hx x = M/H
(%) larb. units] (Oe) (Oe)
77.5 4 x 107 1.9 6.0 0.17
80.0 1 x 107 1.8 5.0 0.20
82.5 -2.5 x 1076 1.9 4.5 0.22

Table 6.3: Key parameters from bulk BH looper magnetic measurements, with increasing
Ni% composition. All samples exhibit a well defined uniaxial anisotropy, with key
parameters such as easy axis Ho and hard axis Hy showing good agreement regardless of
sample composition. Susceptibility x is determined from hard axis slope.

6.5 Micromagnetic Visualisation

Previous sections show that all 3 magnetostrictive samples have near identical
physical properties, and bulk magnetic properties along the easy axis. However,
hard axis bulk analysis did produce subtle variations in the measured anisotropy
field H, and hard axis slope. The aim of this section is to provide a deeper
understanding into the micromagnetic behaviour, in this case magnetisation ripple,

which allows for the characterisation of more subtle effects. The goal is to observe
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any distinguishable differences between the three different permalloy samples, and

discuss if this could be attributed to magnetostrictive effects.

The remanent field present in the microscope column allows for the application
of an applied field. This involves in-situ measurements through the tilting of
the sample, allowing for magnetic hysteresis measurements. The Fresnel mode
of Lorentz microscopy was used for magnetic TEM imaging. The same imaging

methodology was used as that described in Chapter 4 (Section 4.5).

6.5.1 Magnetisation Reversal

The hysteresis evolution along both the easy and hard axis can be acquired through
Fresnel imaging of all 3 magnetostrictive samples. An external field can be applied to
the specimen by tilting the sample, and using the remanent field in the microscope.
The remanent field present in the microscope column at the time of image acquisition
was determined to be = 65 Oe. The magnetisation M is assumed be be proportional
to cos 0, where 6 is the angle between the net magnetisation direction and the
applied field direction. Therefore at saturation, when the magnetisation lies at 0, or
180 degrees (as determined by FFT analysis), the magnetisation should lie at 1 and
-1 (direction cosine) respectively. For example, for a sample exhibiting ‘ideal’ hard
axis behaviour, the magnetisation will rotate with decreasing field until it lies along
the easy axis at remanence. The final cos(#) value can be plotted against the external
field H applied through tilting. M-H loop results are plotted in Figure 6.9 for (a)

easy axis and (b) hard axis field application, with key outputs presented in Table 6.4.

The easy axis micromagnetic TEM measurements were in good agreement with
bulk measurements, with the largest difference between the methods being only 0.2
Oe. The hard axis Hy behaviour was still in relatively good agreement, but with a
larger method variation. It is also worth noting that the M-H hard axis behaviour
appears more ‘open’ at lower fields, which was not seen in bulk measurements. This

suggests there might have been some hysteresis present in the goniometer stage.
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Figure 6.9: Measured M-H loops with the external field applied along the (a) easy axis
and (b) hard axis for Ni77_5F€22.5 (—FA), NigoFego (%0 )\) and N182.5F617.5 (—)\)

Asymmetry in easy axis switching was observed for all 3 films with a value of ~

3 Oe. However, all samples were recalibrated to account for this.

Ni Content Bulk H- TEM He Bulk Hy TEM Hg

(%) (Oe) (Oe) (Oe) (Oe)
7.5 1.9 1.7 6.0 8.5
80.0 1.8 1.8 5.0 6.5
82.5 1.9 1.7 4.5 6.0

Table 6.4: Key parameters from micromagnetic measurements, with increasing Ni%
composition. All samples exhibit a well defined uniaxial anisotropy, with key parameters
such as easy axis Ho and hard axis H; showing good agreement regardless of sample
composition.

6.5.2 Easy Axis Reversal

For an applied field lying parallel to the easy axis of a magnetic thin film, the
magnetisation reversal process normally proceeds by a single 180° domain wall
sweeping across the sample. In reality, the wall was rarely /never imaged for
easy axis reversal, with only a rapid event being discernible at the coercive field
He. The applied field was increased slowly to get in close approximation to the
coercive field He of the sample. Magnetisation ripple allows for the orientation of
the magnetisation M to be determined as it lies perpendicular to the dominant

longitudinal ripple. The easy axis reversal processes for all 3 magnetostrictive
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samples will be briefly described. Example Fresnel images throughout one hysteresis
sweep will be shown. These acquired images are expected to exhibit very similar
micromagnetic reversal processes to the results obtained through bulk and M-

H hysteresis measurements.

Figure 6.10 shows images of the reversal mechanism along the easy axis of 77.5%
Ni sample, and the corresponding location on the bulk M-H hysteresis loop. On
reduction of the applied field from + 8 Oe (a) to +1.5 Oe (b), there was a visible
increase in ripple dispersion and wavelength. A domain wall suddenly appeared in
the field of view at a switching field of approximately -1.6 Oe shown in (c), featuring
cross-tie walls. Note the change in magnetisation direction (roughly approximated
by blue arrow) from image (b) to (d). Any further increase of field resulted in a
slight suppression of the magnetisation ripple, as seen in the comparison of Figure

6.10 (d) and (e) taken at -1.7 Oe and -8 Oe respectively.

0.0
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Figure 6.10: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of a 20 nm Niy7 5Feqs 5 thin film. The red arrows represent the direction of the
applied field, H, and K is the uniaxial anisotropy direction. The corresponding location
of the Fresnel image is highlighted on the bulk B-H hysteresis loop.

Similar behaviours were observed for 80% and 82.5% Ni magnetostrictive samples,
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presented in Figures 6.11 and 6.12 respectively. Visually, there are subtle differences
between the samples behaviours, with what appears to be increased ripple dispersion
with increased Ni content, however further analysis will be needed to confirm this
(Section 6.6). The characterisation methodology developed and described in Chapter

3 will be used to distinguish any subtle variation between the 3 different films.

M/Ms [arb. units]

—— R00%Ni |

—-10 =5 0 5 10
Applied Field (Oe)

Figure 6.11: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of a 20 nm NiggFegq thin film. The corresponding location of the Fresnel image
is highlighted on the bulk B-H hysteresis loop.
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Figure 6.12: Fresnel images demonstrating the magnetisation reversal process along the
easy axis of a 20 nm Nigy 5Fej7.5 thin film. The corresponding location of the Fresnel
image is highlighted on the bulk B-H hysteresis loop.

6.5.3 Hard Axis Reversal

Hard axis behaviour typically involves rotation of the magnetisation and formation
of domain walls with reducing applied field, assuming the field lied exactly along
the hard axis. Similarly to the previous section, acquired Fresnel images at key
stages in the hard axis hysteresis reversal will be shown for each magnetostrictive

sample for direct comparison.

Experimental Fresnel images were acquired from the hard axis of the 77.5% Ni
sample. Typical hard axis hysteresis behaviour was observed and is shown in Figure
6.13. Ripple dispersion and wavelength was increased with a reduction of the applied
field (b), until the formation of low-angle domain walls (Néel-type wall), displayed
in Figure 6.13(c). These domains then rotate with varying field, until the walls lie
perpendicular to the hard axis (or parallel to the easy axis). An increase in field in
the opposing direction will rotate the domains by 90 degrees until the magnetisation

lies parallel to the field (d,e). On the reverse path, similar behaviour was observed.
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Figure 6.13: Fresnel images demonstrating the magnetisation reversal process along the
hard axis of a 20 nm Nir7 5Fegs 5 thin film. The red arrows represent the direction of the
applied field, H, and K is the uniaxial anisotropy direction. The corresponding location
of the Fresnel image is highlighted on the bulk B-H hysteresis loop.

Figures 6.14 and 6.15 display experimental Fresnel images for the 80% and 82.5%
Ni samples respectively. Both samples display typical hard axis behaviour in regards
to M rotation and domain formation. The following section will use magnetisation
ripple characterisation techniques to measure ripple properties as a function of

field for both easy and hard axis behaviour.



6. Characterisation of Magnetostriction using Lorentz TEM 223

M/Mg [arb. units.]

-30 =20 =10 O 10 20 30
Applied Field (Oe)

Figure 6.14: Fresnel images demonstrating the magnetisation reversal process along the
hard axis of a 20 nm NiggFegy thin film. The corresponding location of the Fresnel image

is highlighted on the bulk B-H hysteresis loop.
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Figure 6.15: Fresnel images demonstrating the magnetisation reversal process along the
hard axis of a 20 nm Nigs 5Fej7 5 thin film. The corresponding location of the Fresnel

image is highlighted on the bulk B-H hysteresis loop.
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6.6 Magnetisation Ripple Characterisation

Chapter 3 detailed a newly developed methodology for magnetisation ripple char-
acterisation. It described how image processing techniques could be used to
produce data in reciprocal space, which leads to more information being acquired
about a specimens micromagnetic configuration during magnetisation reversal
processes. This section will use the spectroid ripple wavelength Agpectroid parameter
to investigate experimental ripple wavelength (a more detailed description is provided
in Section 3.8). It uses weighted averaging techniques for the full wavelength
spectrum to produce a more consistent method when characterising more suppressed
ripple properties for experimental Fresnel images (as shown in Chapter 4). Other
wavelength determination techniques, such as dominant ripple wavelength Ap,,,
(Section 3.7) have larger measurement errors for more suppressed ripple properties
with low experimental Fresnel image contrast. All of the magnetostrictive samples
were individually investigated as a function of applied field along the easy and
hard axis. The hysteresis sequence is directly compared for all samples in Figures
6.16 and 6.17 for easy and hard axis hysteresis respectively. Section 6.6.1 provides
further discussion and comparison between the magnetostrictive samples when
considering the change in magnetisation ripple properties, specifically as the field

increases towards magnetisation saturation.

Results displayed in Figure 6.16(a) show that there is a variation in ripple
wavelength along the easy axis when comparing the 3 magnetostrictive samples.
Generally, the 82.5% Ni (or negative magnetostrictive) sample has the largest ripple
wavelength through out a full hysteresis sequence. The 80%Ni sample generally
has a slightly lower ripple wavelength value, followed by 77.5% Ni exhibiting

the lowest wavelength values.

Remembering the bulk magnetic measurement results presented in Section 6.4,
the 77.5% (4ve magnetostrictive) sample exhibited the largest anisotropy field value
and smallest hard axis slope, resulting in the strongest uniaxial anisotropy of all 3

films. Similarly to results presented in both Chapters 4 and 5, a stronger uniaxial
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Figure 6.16: Easy axis magnetisation ripple analysis outputs for a magnetostrictive
samples of varying sign. Field going from negative to positive in each case. The shaded
area refers to the measured coercive field, Ho value. Outputs are plotted against field for
(a) spectroid ripple wavelength Agpectroid- (b) is a specific region of (a) indicated by the
box, ranging from -25 Oe to just before the switching field with best-fit power law. Note
the field values have been inversely flipped for ease of analysis.

anisotropy acts to suppress magnetisation ripple wavelength and dispersion proper-

ties. Therefore, magnetisation ripple analysis presented here is also in agreement.

A line of best-fit is applied to the ripple wavelength points for all 3 sample plots
(for the region outlined by the box in (a)) and is shown in Figure 6.16(b). For ease of
analysis, the fields are reversed to be positive, and refer to the region of -25 Oe to just
before the switching field. The wavelength is plotted against the reduced field (h+1
= (H/H, )+1) for standard easy axis behaviour. This allows for the exponent of the

best-fit power law to be determined, which will be discussed in the following section.

Similar trends are displayed in Figure 6.17(a) which show that there is a variation
in ripple wavelength along the hard axis when comparing the 3 magnetostrictive
samples. Again, the 82.5% Ni (or negative magnetostrictive) sample has the
largest ripple wavelength through out a full hysteresis sequence. The 80% Ni
sample generally has a slightly lower ripple wavelength value, followed by 77.5%
Ni exhibiting the lowest wavelength values. The best-fit power law of the ripple
wavelength points can be applied to all 3 plots using python analysis, with fields
larger than the anisotropy field Hy, (indicated by the box in (a)). The results are
shown in Figure 6.17(b). There is a change in the ¢ order’ of mangetostrictive

samples with applied field, when compared to the ‘order’ seen in Figure 6.16. At -25
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Oe the 80% (or near zero) magnetostrictive sample has the lowest ripple wavelength.

Reasons and significance of this change of trend will be discussed in Section 6.6.1
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Figure 6.17: Hard axis magnetisation ripple analysis outputs for a magnetostrictive
samples of varying sign. Field going from negative to positive in each case. The shaded
area refers to the measured anisotropy field, Hx value. Outputs are plotted against field
for (a) spectroid ripple wavelength Agpectroia- (b) is a specific region defined in (a), from
a field of -25 Oe until just before the anisotropy field, with best fit power line.

6.6.1 Discussion

Magnetisation ripple analysis was completed along both the easy and hard axis
reversal sequences. Ripple theory predicts that there will be a subtle suppression
of ripple properties along the easy axis when compared to the hard axis with the
same applied field. Experimental spectroid analysis confirms this theory for all

magnetostrictive samples at a field of -25 Oe, exact values are presented in Table 6.5.

Experimental analysis was undertaken to determine if there are distinguishable
differences in magnetisation ripple properties for the different magnetostrictive
samples. Table 6.5 summarises key points from the spectroid curves. Note that
ripple dispersion angle determination resulted in no obvious difference outside of
experimental error, with all results in the order of 12 degrees at a field of -25
Oe, so will be disregarded for the rest of the discussion. The best fit power line
exponents are also shown in Table 6.5. Similarly to results presented in Chapter

4, the exponents are lower than what is predicted by theory (A = H™%5).
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It is proposed that a magnetostriction effect would act to either increase or decrease
ripple properties, depending on the sign. The 77.5% Ni sample, which is positive,
may be expected to add a additional anisotropy factor along the applied field (easy
axis), which would suppress the magnetisation ripple. A negative magnetostriction
sample, 82.5% would have the opposite effect. There would be no effect on a zero
magnetostrictive sample. Therefore, as proposed, there was a measurable reduction
in the spectroid wavelength for the 77.5% Ni sample, when compared to both the 80
and 82.5%. The same outcome would also be expected for hard axis behaviour, with
the 77.5% having the smallest wavelength, however the 80% sample measured a
slightly lower wavelength (60 nm less than the 77.5% sample). Figure 6.9(b) showed
the experimental M-H loops for hard axis behaviour which appeared to still retain
significant magnetisation at zero field. In particular, the 80% and 82.5% loops had
the largest bulk/TEM measurement difference out of the 3 samples. This should
be considered when determining the validity of the increased ripple wavelength
measurements for hard axis behaviour. However, one important positive to draw
from the magnetisation ripple characterisation is that the 77.5% (+ve) sample
consistently had a lower wavelength when compared the the 82.5% (-ve) sample,
for both the easy and hard axis. This is expected as a larger uniaxial anisotropy

(and increased Hy) acts to suppress magnetisation ripple properties.

As magnetostriction is such a small order effect (1079), the effects are expected to
be subtle under current experimental and characterisation limitations. It is difficult
to determine with certainty that the ripple suppression effect can be attributed to
magnetostriction effects. It is much more likely that the variation between the films
could be explained by changes in uniaxial anisotropy due to film composition. In
reality, variation in all 3 films would be due to both compositional variations and

magnetostrictive effects, where the compositional variational dominates.

As discussed, there are characterisable differences between the 3 films. In Figure
6.16, the 77.5% (+ve) Nickel samples’ wavelength consistently stays smaller than
the other two compositions. However, this remains the same even when there is no

external field applied (at zero field), where the magnetostriction effect is expected
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to be zero. It could be argued that there is a possible inherent anisotropy difference

between the 3 films which is causing the magnetic variation between the films.

However, one indicator that it could be attributed to magnetostriction is that
there is a larger difference between the 77.5% and 80% sample, when compared to
the 80 and 82.5% sample. As stated in Table 6.1, the magnetostrictive effects are

expected to be larger for the 77.5% sample when compared to the 82.5% film.

Overall, results suggest that there is a variation in both the bulk and micro-
magnetic properties between the 3 varying composition samples, with the 77.5%
Ni having the strongest uniaxial anisotropy in the film and suppression of ripple
properties. Further work would be needed to determine if this is solely due to
anisotropy differences, or whether some effect can be attributed to magnetostriction.
To improve the validity of the results presented here, a number of repeat experiments

would be suggested to ensure consistency in the outputs.

Ni As EA Aspe EA Fit  HA Agpe HA Fit A Diff
% pm pam %
775 44 x107% 1.38+0.02 -0.06 1.52+0.02 -0.13 +10

80 +1x107% 144 +0.02 -0.11 1.50 & 0.02 -0.2 +4
82.5 -25x 1075 1.54 £0.02 -0.07 1.56 +0.02 -0.10 +1.3

Table 6.5: Easy and hard axis magnetisation ripple spectroid wavelength comparison
measured at an applied field of -25 Oe. EA and HA Fit refers to the measured exponent
of the best-fit power law.

6.7 Simulation of Magnetostrictive Effects

Simulations presented in this section will explore trends, with specific aims into
investigating how different magnetostrictive signs may affect magnetic properties,
using both simulated bulk and micromagnetic measurements (through magnetisation

ripple characterisation).

Work published by QUB gave an insight into magnetostrictive behaviour on

bulk measurements. [7] Using inverse magnetostrictive measurement techniques
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(Section 1.5.3), stress can be applied to the film, and the change in magnetisation
properties is measured. This manifests itself in a variation in anisotropy field Hy
values. A positive magnetostrictive sample will experience an additional anisotropy
effect in the same direction as the applied field. This acts to increase the films
overall uniaxial anisotropy, thereby creating a harder loop and a larger Hy value
(for hard axis measurements). A negative magnetostrictive sample will experience
an opposing anisotropy effect to the applied field direction. This acts to reduce the
overall uniaxial anisotropy and creates an ‘easier’ loop. The work presented at QUB
used external stresses to produce substantial variations in magnetic behaviour that
can be measured using bulk techniques. However, the work presented here focuses
on characterising unstressed films, meaning the effect is expected to be much more
subtle. Experimental bulk measurements (Section 6.4) showed a variation in the Hy
and slope of the hard axis loops in the absence of applied stress. This was confirmed
in Section 6.6 through the characterisation of magnetisation ripple which showed a
reduction of magnetisation ripple wavelength when comparing the 77.5% (+ Ag)
and 82.5% (- \g) samples. Using experimental outputs as the basis of the simulation
inputs, an investigation was undertaken with the aim of replicating positive and

negative magnetostrictive effects for both bulk and micromagnetic behaviour.

6.7.1 Simulation Set-Up

The MuMax® simulation package can be used alongside experimental images to
help further understanding micromagnetic dynamics and properties. However
the MuMax?® simulation package currently does not have the means to include a
magnetostriction parameter. Therefore, other methods were devised to replicate

both positive and negative magnetostrictive effects.

As described in Chapter 5, polycrystalline thin films have 2 sets of anisotropy
factors. Simulations have been run using the ‘Individual Anisotropy Contribution’
model, developed for Chapter 5.3. Polycrystalline thin films have 2 sets of anisotropy

factors. First, the random granular anisotropy K, that is present in each grain and
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can lie along any direction, and a global uniaxial anisotropy K that lies along a
specific direction. Magnetostriction can be thought of as an additional averaged bulk
anisotropy effect and will be referred to as Kj;. Depending on its sign, it will act to
either increase or decrease the overall uniaxial anisotropy of the film. A positive \g
sample will have the K,; anisotropy lying parallel to the applied field. A negative
As sample will have the K,; lying perpendicular to the field. The resultant of all 3
anisotropies will produce a final relaxed magnetisation state. Figure 6.18 shows a

simplified schematic of the anisotropy contributions used in the simulation model.

KM perpendicular to H for -Ag

Kg
along (1,0,0)
+

KM along H for +Ag

y
14 X randomly orientated in 3D

Figure 6.18: Magnetostriction MuMax?® simulation set-up. Model allows for control of
individual anisotropy components for a global uniaxial component Kg,a granular mag-
netocrystalline anisotropy component K, and a magnetostriction anisotropy component
Kys. The directionality of this component varies with magnetostrictive sign.

As mentioned, the simulations were performed by modifying the anisotropy model

described in Chapter 5.3, for the following magnetic parameters:
 Bulk exchange constant A = 13 x 1072 J/m

o Saturation magnetisation M, = 8.6 x 10> A/m



6. Characterisation of Magnetostriction using Lorentz TEM 231

o Grid size = 1000 x 1000 x 1 cells

e Cell size = 5 nm x 5 nm x 20 nm

o Simulation size = 5 pm? x 5 pum? x 20 nm

o Grain size = 20 nm using Voronoi tessellation

o Periodic boundary conditions = 32 x 32 x 0 repetitions

Note that average grain size was set to 20 nm. As shown in Section 6.3.2, the
grain size is significantly lower, averaging at 5 nm. However, larger cell and grain
sizes were chosen to improve simulation computing time, whilst still retaining a
large simulation dimensionality. As we are investigating magnetostrictive trends,

this is not expected to impact results.

Table 6.6 provides a summary of the anisotropy contributions used to simulate
magnetostrictive effects. Note, the Kg and K, contributions were taken from
experimental results presented in Section 6.4. The K,; values are equivalent to the

variation in anisotropy field measured from the M-H loops (Figure 6.8(b)).

Composition A sign Value Kq K, Ky
% Ni [arb. units] J/m* J/m? J/m?
77.5 + ve 4 x 1076 200 100 +40

80 ~ 0 1 x 1076 200 100 0
82.5 -ve -25x107% 200 100 -20

Table 6.6: Summary of composition of samples fabricated in this study. Magnetostrictive
sign and value as a function of nickel composition in permalloy. Table includes summary
of anisotropy contributions used in simulation model.

In order to obtain a hysteresis sequence for each simulation, the magnetisation of
the ferromagnetic material, in this case permalloy, was initially uniformly magnetised
in x-direction. A magnetic field can be applied along the same direction for an
in-plane easy axis behaviour. A field can be applied perpendicular for hard-axis
outputs. For all simulations a maximum field H,,,, of 50 Oe was applied from

+Hpar to -Hpe, for one hysteresis sweep.
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6.7.2 Simulation Results

M-H Measurements

Figure 6.19 shows normalised hysteresis loops with the external field applied along
(a) the easy axis and (b) hard axis. Results produced a clear variation between
different magnetostrictive simulations, which follow the trends seen experimentally

(Figure 6.8 for direct comparison).
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Figure 6.19: Simulated (a) easy and (b) hard axis M-H hysteresis loops for a 20 nm
NiggFesg thin film. Parameters of the simulation include a global anisotropy of K¢a of 200
J/m3, a granular anisotropy of K, of 100 J/m? and a grain size diameter of 20 nm. The
mangetostrictive anisotropy Kjs was dependent on mangetostrictive sign. All inputs are
highlighted in Table 6.6.

A positive magnetostrictive simulation acted to increase the films overall uniaxial
anisotropy when compared to the simulation with zero magnetostrictive effects.
This results in well defined unixial behaviour. Similarly, the +ve magneteostrictive
simulation resulted in a ‘harder’ hard axis loop, through an increase in the
anisotropy field Hx. The negative magnetostriction simulation produced opposite
results, producing isotropic behaviour. Key points in the simulated M-H loops

are highlighted in Table 6.7.

Simulated Fresnel Image Characterisation

MuMax?® produces magnetisation components which can be used to simulate Fresnel

images using Digital Micrograph. [12,13] Fresnel images are shown in Figure 6.20
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Ni Content Mgsign EA Ho EA Mrp  HA Ho* HA Hy  HA My K,

% (Oe)  [arb. units]  (Oe) (Oe)  [arb. units] J/m?3
77.5 +ve ) 0.9997 - 5 0.0245 200

80 0 3 0.9997 1 4 0.8737 160
82.5 -ve 2 0.9993 2 - 0.9709 -

Table 6.7: Key parameters from simulated M-H magnetic measurements, with variation
in magnetostrictive anisotropy effects Kjs. Results presented for both easy axis and
hard axis outputs. The effective K,, value is determined from the measured H; where
K, = MgHj /2. *Indicates a hard axis coercive measurement, indicating more isotropic
behaviour.

for a 50 Oe field applied along the easy axis. Visually, all images do exhibit similar,
or possibly near identical, magnetisation ripple properties, which can then be

characterised using the methodology detailed in Sections 3.7 and 3.8.

Intensity [arb. units]

o
o
©

- As 0 As + A

Figure 6.20: Simulated Fresnel image outputs with 500um defocus for (a) - Ag, (b) 0
As, (¢) + Ag at a 500um defocusing displaying magnetisation ripple properties at an
applied field of +50 Oe along the easy axis.

Outputs for both spectroid and dominant ripple characterisation are shown
in Figure 6.21. These represent magnetisation ripple wavelength values with a
field applied along the easy axis. Analysis showed minimal variation of ripple
wavelength between the 3 simulation outputs. This was again confirmed through
further analysis of additional properties such as dispersion, which are highlighted
in Table 6.8. Analysis did show a slight increase in ripple properties along the
hard axis, when compared to easy axis outputs. This is was is predicted by theory,

and also seen experimentally.
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Simulation outputs for measured spectroid wavelength are significantly smaller
than that seen experimentally in Section 6.6 (=~ 700 nm), by over an order of
magnitude. Result presented in Chapter 5.3.3 (Figure 5.19) detailed the difference
in wavelength spectrum’s for both experimental and simulated magnetisation ripple.
Simulated ripple consists of significantly more short wavelength contributions when
compared to an experimental spectrum. Simulated dominant wavelength values
are slightly larger than the spectroid wavelength, but are still much lower than
experimental values. The simulated outputs presented here are not physically
significant (for example, there are significant differences in grain size), however it

is a useful exercise for determining trends in behaviour.
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Figure 6.21: Simulated magnetisation ripple wavelength analysis for an applied field
along the easy axis. (a) Dominant wavelength, (b) spectroid wavelength from +H,,q, to
-Hynae and (c) dominant wavelength over a selected range of 20 - 50 Oe, outlined by the
region in (a).

Although this is a simplistic simulation model of variation in uniaxial anisotropy
properties (with the aim of reproducing magnetostrictive-like effects), it has produced
successful trends that replicate effects seen experimentally from bulk magnetic

measurements. Although micromagnetic analysis produced negligible variation
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between the simulations, it is suggested that an exaggerated magnetostrictive
anisotropy contribution would produce measurable changes to investigate trends.
In real systems, the magnetostriction component would be considerably smaller

than that of other anisotropy contributions.

A sign M /Mg ASpectroid ADom Dispersion # M component

[arb. units]  (nm) (nm) ° °
EA 4+ Xg 0.999997 4£5 220 £ 20 47 £ 1 0.12
0 As 0.999997 74 +£5 220 £ 20 47+ 1 0.13
- Ag 0.999997 74+£5 220 £ 20 47+ 1 0.13
HA + Xg 0.999996 74 £5 260 £ 20 ol =1 0.14
0 As 0.999996 74£5 260 £ 20 ol £ 1 0.14
- As 0.999996 4 +£5 260 £ 20 ol £ 1 0.14

Table 6.8: Key outputs from easy and hard axis ripple analysis for simulated Fresnel
images at a field of 450 Oe, displaying negligible changes between samples of different
magnetostrictive signs.

6.8 Heat Experiments

Facilities in The University of Glasgow allow for the option of in-situ heating
experiments. An initial investigation was undertaken to determine the temperature
dependence on micromagnetic properties of a 81% Ni permalloy thin film. This
particular composition was chosen for a preliminary experiment as it is the current

material used in data storage technology. [14-16]

In-situ heating experiments were carried out in a JEOL ARM 200cF TEM
equipped with a cold-field emission gun. The microscope was operated at a standard
200 kV. The objective lens was turned off prior to sample insertion, to ensure a
near field-free environment. A Gatan HC3500 sample holder was used to heat
the specimen in the electron column. The maximum temperature that could be
applied was 250°. Fresnel images were acquired in steps of 20 degrees, using the
Gatan Orius SC1000A CCD camera. Magnetisation ripple analysis was applied

to the set of acquired Fresnel images.
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The spectroid wavelength outputs in plotted as a function of temperature in
Figure 6.22(a). Results show there is little variation in the magnetisation ripple
properties, that can be attributed outside of experimental error. It can be suggested
that temperatures up to 250 degrees have negligible impact on the micromagnetic
properties and the films Mg. This is confirmed again when the Fresnel image
contrast was investigated as a function of temperature in Figure 6.22(b). Similarly,

no significant variation was found. Ripple dispersion analysis gave the same outcome.

This reiterates what was seen in previous publications, specifically one by T.
Suzuki which found that magnetisation ripple properties, such as ripple wavelength,
remained nearly constant, showing only a 20% decrease of ripple wavelength before
the ripple contrast disappeared at a temperature of 350°. These experiments also
used permalloy alloys, of composition NizgFeqy, with thickness’s ranging from 15 to
35 nm. [17] Although direct comparison can not be made at higher temperatures

due to heating limitations.
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Figure 6.22: Magnetisation ripple analysis outputs for a 81% Ni magnetostrictive thin
film. Outputs are plotted against temperature for (a) spectroid ripple wavelength Aspectroid
and (b) Fresnel image contrast.

6.9 Summary and Conclusions

This chapter focused on one of the most commonly used materials in data recording,
permalloy with a composition varying around the 80/20 nickel to iron ratio. The

reason for choosing this value is that the magnetostriction constant changes from



6. Characterisation of Magnetostriction using Lorentz TEM 237

negative to positive around this composition as the elemental ratio changes. Thin
films of different permalloy compositions were observed to be near identical from
physical characterisation. Dark field TEM images showed that there was a regular
distribution of the grains for each sample, and this was confirmed through log-normal
analysis. Outputs for all three samples were all in agreement, with an average grain
diameter of 6.0 nm. The crystal structure was also determined from SAED patterns,
which confirmed all samples to be polycrystalline, with both fec (NiFe) and hep

(Ru) layers present. There was no texture present in any sample.

Bulk magnetic measurements were taken using a B-H looper. All samples exhibited
well defined uniaxial hysteresis loops. The easy axis showed near identical hysteresis
loops, with negligible changes in the measured coercive field. However, the hard axis
exhibited a modest variation with an increase in Hy with decreasing composition.
A positive magnetostrictive material would act to increase uniaxial anisotropy in a

film, so the bulk B-H results were in agreement with initial predictions.

We have demonstrated how the Fresnel mode of Lorentz microscopy can be used
to provide a detailed description of the magnetisation reversal processes for the
three varying composition Ni,Fejgg_, thin films. It allows for direct visualisation
of micromagnetic processes during magnetisation reversal, allowing for a more
detailed insight into micromagnetic behaviour when being compared with standard

bulk BH measurements.

Permalloy polycrystalline thin films exhibit a phenomenon called magnetisation
ripple. Each composition was analysed for spectroid ripple wavelength properties
along both the easy and hard axis, throughout a hysteresis sequence. Results
show there was a suppression of the magnetic ripple properties along the hard axis
when being compared to easy axis measurements at the same applied field. This
is consistent with classical ripple theory proposed by Hoffmann. Ripple analysis
showed that the +ve magnetostrictive sample generally had a lower wavelength when
compared to the near 0, and -ve magnetostrictive samples. The -ve magnetostrictive

sample generally had the largest ripple wavelength. There are obvious differences
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between the 3 samples that do follow trends that have been seen experimentally in
previous publications where there is an increase in measured H;, with decreasing
Ni content. [6] However, these publications used excess stress to exaggerate
magnetostrictive effects. The results presented in this thesis are much more subtle

and involve quantifying variations without the need for external straining.

It can be concluded that there are differences between the films, showing an
increase in uniaxial anisotropy, and therefore a reduction in magnetisation ripple
properties with decreasing Ni content. However, it is not possible to determine if
these variations are exclusively due to differences in magnetostrictive properties.
Alternatively, the anisotropy and magnetisation ripple variations between samples
could be attributed to compositional variations. Further work would be needed

to better determine this and will be discussed in Chapter 7.

MuMax? simulations were run using a modified ‘Individual Anisotropy Contribu-
tion’ model (developed in Section 5.3) to introduce an additional magnetostriction
anisotropy term to replicate the effect of both positive and negative magnetostriction
effects. Simulated bulk measurements were useful for replicating the trends seen
experimentally in Section 6.4. A +ve magnetostriction effect will increase the overall
uniaxial anisotropy of the film through an increase in Hy. The -ve magnetostrictive
simulation resulted in the opposite effect, with a decrease in uniaxial anisotropy,
so much so that the behaviour was isotropic. Magnetisation ripple analysis of
simulated Fresnel images resulted in negligible variation in both ripple wavelength
and dispersion. It is suggested that much larger anisotropy values would need to

be used to replicate the trends seen experimentally in Section 6.6.

The final section involved a preliminary investigation into how temperature
effects the magnetisation ripple wavelength of an 81% Ni thin film. This particular
composition was used as it is currently used in data storage devices. It exhibits
near zero magnetostriction. There was found to be no significant changes in ripple
properties for up to temperatures of 250°. This agrees with other publications that

show the ripple properties don’t begin to degrade until a temperature of 350°.
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Summary and Outlook

This chapter will summarise the main outcomes of the research presented in this

thesis followed by suggestions for relevant future research avenues.

The work presented in this thesis centres on research into the characterisation of
ferromagnetic polycrystalline thin films, with special focus on Lorentz transmission
electron microscopy (LTEM). Bulk magnetic measurements, such as standard
magnetometry methods, are well established techniques for characterising large
magnetic wafers. However, bulk measurements don’t present the full picture
of a materials behaviour. Lorentz microscopy allows for in-situ visualisation of
the micromagnetic structure of magnetic thin films, where the magnetic signal
variation would be too low for standard bulk measurements. The nano-scale
visualisation reveals a structure, commonly referred to as ‘magnetisation ripple’.
This is a phenomenon that occurs in polycrystalline thin films. It originates from
the individual granular magnetocrystalline anisotropy of the film, that can be
randomly oriented. This results in the magnetisation fluctuating around a local

mean direction, rather than lying along one uniform direction.

Chapter 3 details a thorough study into previous magnetisation ripple charac-

terisation methods. Different publications over the past 50 years have proposed

2/1
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varying methods to produce a single output for magnetisation ripple properties,
such as ripple wavelength and dispersion angle. Difficultly in characterisation arises
as the magnetisation ripple properties consist of a spectrum of values, rather than
one standard output. However, there has not been a newly developed methodology
proposed since 2002. Discussions described how previous methodology’s might pro-
duce inaccurate outputs and how these methods can be improved up. This chapter
presents a detailed discussion into a newly developed method of characterisation
for the purposes of this thesis, which allows for large sets of both experimental and
simulated Fresnel images throughout a hysteresis sequence to be characterised with
ease. These new proposed methods, of (a) ripple dispersion angle 6, (b) dominant
ripple wavelength Ap,,, (c) weighted mean of the wavelength spectrum Agpectroid
and (d) FFT image intensity I, were used for ripple analysis in all following results
chapters. The benefits of an automated characterisation method include reducing
human biasing effects, with the additional convenience of producing results quickly.
This method creates additional information, specifically for the Agpectroia Wavelength,
that has not been seen before in previous publications. This methodology has the

potential to be used as a standard in future magnetisation ripple characterisations.

The rest of the results presented in this thesis includes characterisation of

permalloy thin films of varying compositions, for different applications.

Chapter 4 presented the influence of ultra-thin NizgFes; seed layers on thin
NigsFess polycrystalline films with soft magnetic properties. NigsFess has long been
a high moment alternative for the more commonly used permalloy composition of
NiggFeqg in hard disk (HDD) read-write head design. The goal of this work was to
investigate how seed layers can control both the physical and magnetic properties
of the film, with the aim of creating a higher moment film, that still retained a
strong uniaxial anisotropy. Grain size distribution analysis using bright-field and
dark-field imaging showed that the addition of ultra-thin seed layers drastically
reduced the average grain size by over 75% when compared to the unseeded sample.
It also reduced the spread of the grain sizes to produce a more regular distribution.

SAED analysis showed a reduction in film texture with seed layer addition. Bulk
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magnetic measurements showed a vast increase in uniaxial anisotropy which was
confirmed through magnetisation ripple analysis of experimental Fresnel images.
Similarly to grain size reduction, there was a 75% suppression of ripple wavelength
through an addition of 0.5 nm seed layer. The 0.5 nm and 1.0 nm samples had
a very subtle suppression of magnetic properties, suggesting a thicker seed layer
sample would not improve magnetic properties further. The dramatic effect of
seed layer addition suggests the film is a good candidate for controlling properties
of NiysFess thin films, whilst maintaining a high magnetic moment density. This
project has been extremely successful in controlling high moment materials magnetic
properties. CoroFesq materials could also be an interesting avenue since it has a high
saturation magnetisation of 1.8 T, building on the 1.6 T seen in NiysFes5 materials
(compared to 1.0 T seen in NizgFes;). Previous work has shown the coercive field
is nearly 50% larger than that seen in the unseeded sample presented in Chapter
4, meaning manipulation of the magnetic properties might prove more difficult.
[1-3] However, if the coercivity and anisotropy can be controlled, like seen in this

project, it could be a viable option for reader applications.

Work presented in Chapter 5 features a study into development of micromagnetic
models using MuMax?® software, with the aim of producing trends in magnetisation
ripple properties for permalloy polycrystalline thin film to match trends seen
experimentally in Chapter 4. Two different models have been developed to
simulate magnetisation ripple properties. First, a ‘Granular Magnetocrystalline
Anisotropy Axis Variation model’, which has a directional variation about a mean
direction of magnetisation, whilst a second model introduces a more sophisticated
methodology consisting of two ‘Independent Anisotropy Contributions’ for global

and granular anisotropy.

Both models were successful in producing qualitatively excellent simulated Fresnel
images which visually replicated experimental magnetisation ripple properties and
followed typical easy and hard axis hysteresis behaviour. The latter model was used
to simulate the effect of grain size to replicate the trends presented in Chapter 4. It

proved to have a significant change effect on magnetic properties, with a smaller
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grain size increasing the simulated uniaxial anisotropy. All magnetisation ripple
properties, such as wavelength and dispersion, increased with increasing grain size.
This confirmed what was seen experimentally in Chapter 4 proving the validity
of the model for predictive trends in magnetisation ripple properties. The effect
of intergranular exchange coupling had a more subtle effect when compared to
the grain size variation. However, it did produce an increase in ripple dispersion
and a decrease in wavelength with decreasing coupling, which are in agreement
with trends predicted by magnetisation ripple theory. However, the simulated
ripple spectrum had a much greater high spatial frequency contribution when
compared to an experimental spectrum, which provides a problem for future work.
There are still many parameters within the models that could lead to additional
investigations. An obvious variable would be thickness dependence of magnetisation
ripple properties, as that is something that is well known experimentally whereby a
thicker sample will experience a suppression of properties. [4] Similarly, the effect
of heat on magnetisation ripple can be easily simulated within the models, whereby
the magnetisation strength, and therefore the ripple will degrade with increasing
temperature. These models will be useful for simulation studies in magnetisation
ripple, as they can be easily modified for a variation of material constants, physical

properties and anisotropy contributions.

Lastly, we quantitatively assessed the magnetic effect magnetostriction has on the
hysteresis behaviour of magnetostrictive samples with varying signs, without the
need for external straining. Previous publications detail effects of magnetostriction
under external applied stress. The effect of magnetostriction under normal operating
conditions is less well understood. A micromagnetic and simulation modelling
investigation was undertaken. Results show that although all 3 films of varying
magnetostrictive signs exhibited near identical physical properties, there was a
subtle variation in micromagnetic properties. The negative magnetostrictive sample
exhibited a decrease in uniaxial anisotropy, with the positive magnetostrictive sample
exhibiting the opposite. This was confirmed in micromagnetic characterisation

of magnetisation ripple, resulting in a small suppression of ripple wavelength
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for the positive magnetostrictive sample. Variations between magnetostrictive
samples in this work have been characterised without any stress effects, and
are therefore much more subtle. Simulation modelling produced similar trends
for bulk magnetic behaviour, however found negligible changes for simulated
ripple properties. Although there are subtle variations between samples, it is
difficult to exclusively attribute these changes to simple compositional variations

or magnetostrictive effects.

Proposals for potential future work of magnetostrictive characterisation include
several options that could be used for in-situ straining of samples within the
microscope column. This would lead to much more obvious stress effects and
therefore easier characterisation. There are several mechanical straining TEM
sample holders that would allow for control of in-situ straining whilst using Lorentz
imaging to characterise the effect on micromagnetic behaviours. [5-7] There would
also be the option of local strain mapping under in-situ standard TEM. [8] Another
alternative method to in-situ strain effects could be the use of heat. [9-13] The
magnetic material can be directly deposited onto a heating chip, which will act
as a substrate, which is known to expand when heating. Alternative imaging
techniques, such as magneto-optic Kerr effect (MOKE) microscopy and magnetic
force microscopy (MFM) are also viable options for imaging in-situ stress effects.
[14,15] However this would not allow for the imaging of the magnetisation ripple

structure, but rather the domain configurations.
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