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ABSTRACT
Exploration of out-of-plane magnetic textures induced by magnetic field in Co monolayers

Dylan Harris
Department of Physics and Astronomy, BYU
Bachelor of Science

The performance of magnetic recording devices crucially depends on our knowledge and control
of the magnetic textures that may form in the media. To further explore this, we investigate
ferromagnetic cobalt (Co) thin films which exhibit interesting textures formed by magnetic domains
at the nanoscale. Magnetic domains are regions where the local magnetic moments align in the
same direction via exchange couplings. Such regions can extend from about 10 nm to several
microns. The direction of magnetization may be out-of-plane (OOP) or in-plane (IP), depending on
various parameters including the thickness of the film and the magnitude and direction of an applied
magnetic field. Investigating the morphology of magnetic texture via the use of an Atomic/Magnetic
Force Microscope (AFM/MFM) allows access to the OOP component of magnetization under a
changing magnetic field in-situ. By comparing AFM and MFM images taken at the same location
of the sample, we can identify purely magnetic textures that form and change throughout the
magnetization process, as an OOP field is applied. We also investigate how these textures correlate
to both the IP and OOP magnetization, which we measured using Vibrating Sample Magnetometry
(VSM). We found that the magnetic texture is the most contrasted slightly above remanence and
fades away with applied field, and reappears differently when the field is released. We also found
that this behavior is dependent on Co thickness.

Keywords: Magnetic Domains, Texture, Magnetization, Atomic Force Microscopy, Magnetic Force
Microscopy



ACKNOWLEDGMENTS

I would like to thank Dr Chesnel for her help in giving advice and pioneering the project,
Kistiaan Tempst for collaboration and the acquisition of the samples, Joey Ray for help with the
AFM, Riley Brinkerhoff for showing me how to start, Josh Vawdrey for fixing broken machines,

Bridget Kemper for staying with me through it all.



Contents

Table of Contents v
List of Figures Vi
1 Introduction 1
1.1 Background . . . . . . ... 1
1.2 ProjectObjective . . . . . . . . . . e 3
2 Methods 5
2.1 VSMTechnique . . . . . . . . . e e 5
2.2 AFM/MEM Techniques . . . . . . . . . . 8
2.3 IMmage Processing . . . . . . . i 10
2.3.1 Binarization. . . . . . . . ... e 10
2.3.2 WaveDetection . . . . . . .. . . .. 11
2.3.3 DensityCounts . . . . . . . .. . . e 11
2.3.4 FourierSpace . . . . . . .. e e e 12
3 Results 13
3.1 VSMResults . . . . .. . . e 13
32 MFMResults . . . . . . . . . e 15
3.21 5nmSample . .. .. ... 16
3.22 10nmSample. . . . . . e e 17
3.23 15nmSample. . . . . ... 19
3.24 20nmSample . .. .. 20
3.25 30nmSample . . ... 21
3.26 40nmSample. . . . . . .. 23
3.3 AnalysisinRealSpace . .. .. ... . ... ... 24
3.3.1 ManualCounting . . . . . . . . . . . e 24
3.3.2 Wave Densities and Directivity . . . . . . . . ... ... L. 25
3.4 Analysisin Fourierspace . . . . . . . . .. 26
3.4.1 GaussianFits . . . . . . . . e 26



CONTENTS v

4 Discussion 28

4.1 Interpretation
411 DomainWalls. . . . . ... . . .. 28

4.1.2 Wave Density as a Function of Thickness . . . . .. ... ... ...... 29

4.1.3 Connection Between Magnetization Loops and Texture

4.2 Conclusion . . . . . e 31

Appendix A Veeco Dimension V AFM/MFM setup 32
Appendix B Bruker AFM/MFM SOP 35
Bibliography 36

Index 38



List of Figures

1.1 MagneticFieldDomains . . . . . . . . . . e 2
1.2 Pictureofsample . . . . . . . 3
2.1 Depictionof VSMtechnique . . . . . . . . . ... 6
2.2 Magnetizationloopfeatures . . . . . . . . .. ... e 7
2.3 Depiction of AFMimagingsetup . . . . . . . . ... 8
2.4 Depiction ofthe MFM imagingsetup . . . . . . . . . . .. . ... .. ... 8
25 Pictureofsample . . . . . . 9
2.6 Pictureofsample . . . . . .. 11
3.1 OOPwvsIPgraphs . . . . . . . . . 14

3.2 Saturation, Coercivity, Nucleation point and Remanent magnetization vs thickness 15

3.3 Sequence of MFMimagesforS5nm . . . .. ... ... ... ... 16
3.4 Sequence of MFM images for 10 nm (Ascending) . . . . . . .. ... ... .. .. 18
3.5 Sequence of MFMimagesforl5nm . . . .. ... ... ... . ... .. .. ... 19
3.6 Sequence of MFMimagesfor20nm . . . . . . . . .. ... . ... 0. 20
3.7 Sequence of MFMimagesfor30nm . . . . . ... .. .. .. ... .. ... ... 21
3.8 Sequence of MFMimagesfor40nm . . . . .. .. ... ... ... ... ..., 23
3.9 Manual NumberofWaves . . . . .. .. ... . ... 25

Vi



LIST OF FIGURES vii

3.10 Manual Average Lengthof Waves . . . . .. . ... .. ... ... . ....... 25
3.11 Detected Wave Density . . . . . . . . . . . e 26
3.12 FWHMof Gaussian Fits . . . . . . . . . . . e 27
3.13 Ellipticity of Gaussian Fits . . . . . . . . . . . . 27

4.1 Texture Formation . . . . . . . . . . . . e 29

4.2 Texture and Magnetization . . . . . . . . . . .. 30



Chapter 1

Introduction

The following sections provide an introduction to magnetic thin Ims, with particular emphasis on
previous studies of thin Ims exhibiting perpendicular magnetic anisotropy (PMA). An overview of

the present study on single-layer cobalt thin Ims is also provided.

1.1 Background

The magnetic properties of thin Ims have been extensively studied because of their importance
in both fundamental physics and technological applications. [1] In particular, ferromagnetic thin
Ims have attracted signi cant interest for their use in magnetic storage technologies. [2] Thin Ims
exhibiting perpendicular magnetic anisotropy (PMA) have received particular attention because they
enable substantially higher storage densities in magnetic recording devices such as hard disk drives.
Understanding the magnetic behavior of individual ferromagnetic layers provides insight into the
fundamental mechanisms governing these systems and may contribute to the optimization of PMA-
based devices. PMA is most commonly achieved using multilayer thin Ims composed of alternating
ferromagnetic and nonmagnetic layers. [3] The interfaces between these layers give rise to strong

magnetic anisotropy, favoring an out-of-plane alignment of the magnetic moments. [2, 3] Such
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1.1 Background 2

Figure 1.1 Magnetic domains observed at remanence in a Co/Pt multilayer sample
following a speci ¢ magnetic hysteresis protocol. Extracted from [4]

multilayer structures are widely used in magnetic recording media, including hard disk drives and
magnetic tapes. [1] The evolution of magnetic domains under an applied magnetic eld is therefore
of considerable interest for understanding the behavior of these materials. Compared with multilayer
systems, single-layer thin Ims contain much less magnetic material, making measurements of
the local magnetization more challenging. Furthermore, important questions remain regarding the
relationship between the microscopic magnetic texture and the macroscopic magnetic response of
these Ims. Magnetic textures arise from the competition between different energy contributions
and organize into domains that minimize the total magnetic energy. [4] Depending on the material
properties and magnetic history, these domains can exhibit a variety of morphologies, including
labyrinthine stripe domains; [5] bubble domains, as illustrated in Fig 1.1; [4] vortices; [4] and
skyrmions. [6] Vortices and skyrmions are localized spin textures in which the magnetic moments
adopt characteristic rotational con gurations. [7] The morphology of these domain patterns evolves
signi cantly with the applied magnetic eld and depends strongly on the magnetic history of the
sample. [3] Past research on these domain patterns has been performed using a variety of methods,

including magnetic force microscopy [8] and electron microscopy. [9]
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Figure 1.2 Schematic side view of the samples. A cobalt Im is deposited on a silicon
substrate. Because the cobalt layer is uncapped, a surface layer of cobalt oxide with an
unknown thickness, likely no more than 1-2 nm, is expected to form. The thickness of the
cobalt ranges from 5 to 40 nm.

1.2 Project Objective

The objective of this study is to characterize the magnetic response of-fagglecobalt (Co)

thin Ims as a function of both applied magnetic eld and Im thickness. Speci cally, we aim to
determine how the owdf-plane (OOP) magnetic texture develops in simple-thimsystems and

how its formation is in uenced by thickness and external eld conditions. To address this question,
we examine Ims with the structure shown in Fig. 1.2 using Magnetic Force Microscopy (MFM) to
resolve magnetic texture and Vibrating Sample Magnetometry (VSM) to obtain magnetization loops.
By correlating the results from these two techniques, we seek to develop a more comprehensive
understanding of the magnetic behavior in siAgiger Co Ims, which may also provide insight

into domain formation mechanisms in multilayer systems such as Co/Pt and Co/Au that are widely

used in magnetic storage applications.
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In this work, six samples with Co thicknesses ranging from 5 to 40 nm were investigated. Each
sample consists of an uncapped cobalt Im deposited on a silicon substrate. Due to the absence of
a capping layer, a thin surface oxide layer—Ilikely no more than 1-2 nm—is expected to form, as
illustrated in Fig. 1.2. The substrates measure approximately 5 x 5 mm and coh@inE0 mm
observation window. The experimental procedures used for these samples are described in Chapter 2,
and the resulting magnetic textures and their correlations with magnetization behavior are presented

in Chapter 3.



Chapter 2

Methods

The process for measuring magnetic images via Magnetic Force Microscopy (MFM) is explained

step-by-step. The method of obtaining magnetization loops via VSM is also described in detail.

2.1 VSM Technique

The Vibrating Sample Magnetometer (VSM) we use is part of the Physical Property Measurement
System (PPMS) . This is a large vacuum chamber that allows for installing measurement tools as
well as a cryostat used for cooling the samples with either liquid nitrogen and liquid helium, as well
as a superconducting magnet, capable of producing magnetic eldsupto 9 T.

In order to set up the VSM, we need to rst insert a magnetic coilset into the vacuum chamber.
The coilset is used to detect the magnetization in the material through the Faraday effect while a
magnetic eld is applied via the superconducting magnet. The next element inserted is a long tube
with several rings and a rubber O-ring at the top of it. This is used as a guide for the sample to
ensure that it makes it into the pickup colil. Finally, the VSM motor is placed on top of the sample

holder to allow sample vibration inside the detection coil. The sample is then mounted as shown in
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Figure 2.1 Depiction of the VSM instrument. A sample is placed such that it is either
perpendicular or parallel to the applied eld for OOP and IP measurements, respectively.
Lines exiting the superconducting magnets represent the magnetic eld. The supercon-
ducting magnet is computer-controlled and produces elds ranging from -9 Tto 9 T. The
pickup coil enables the determination of magnetization via the Faraday effect.
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Figure 2.2 Major magnetization loop for the Co 40 nm sample and associated features.
This loop was run from -10000 Oe to 10000 Oe, and we have chosen to show only -6000
Oe to 6000 Oe for illustrative purposes. The blue is the ascending branch, and the orange
is the descending branch. (a) The nearly saturation p&ii8%), which we deemed as
when the sample reaches 98% of the highest magnetization at 10,000 OeHa(9&3)

is 6200 Oe. (b) The nucleation poidf, was measured by taking the derivative of the graph,
resulting inH, = 5600 Oe. (c) Remanent magnetization is measured as the difference in
spacing between the two opposite intercepts at H = 0. The vaMg=ibls = 0:18. (d)
CoercivityHc which is the difference between the two intercepts at M = 0 on the ascending
and descending branches; in this cases=1220 Oe.

Fig. 2.1 and is placed either perpendicular to the eld for OOP measurements or parallel to the eld
for IP measurements.

The system is now ready to take data. At this point, we measure the magnetic loops by applying
a magnetic eld and detecting the resulting magnetization. For most of the magnetic loops taken, the
range was -10000 Oe to 10000 Oe, and for the minor loops, they were typically started at -10000 Oe,
and then a loop was run from 0 Oe to some number less than 10000 Oe. The data for magnetization
loops is typically collected while sweeping the magnetic eld in steps of 10 to 20 Oe. Different

data points can be extracted from these loops as shown in Fig. 2.2.
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Figure 2.3 Depiction of the AFM tech- Figure 2.4 Schematics: Modi cations
nique: A vibrating cantilever taps the made for MFM in-situ measurements.
surface of the sample. Use of a laser These include a glass slide extended
and photodiode allows for determining over a magnet stack attached to an ad-
the height of features on the sample. justable stage in the z direction.

2.2 AFM/MFM Techniques

Atomic Force Microscopy is a technique capable of resolving surface features at the nanoscale.
This is possible using a tip that consists of a microscopic cantilever (Fig 2.3), which is vibrated,
causing the tip to go up and down, and is positioned such that at the bottom of these vibrations the
tip touches the sample, resulting in tapping. A laser is pointed at the tip of the cantilever, and the
amplitude and phase change as the tip taps the surface. Based on this signal feedback, we can trace
out a section of the sample and determine the physical height of the sample. We repeat this process
until we have mapped out a square area of typical size 10 mm by 10 mm composed of a 512 x 512

pixel image.
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Figure 2.5 Example of difference in AFM and MFM imaging on the Co 15 nm sample at
1800 Oe. The image on the left shows an AFM image depicting the physical features of
the sample. The image on the right is the magnetic topography as a result of the MFM
process. Due to imperfections in the method, there is some amount of the AFM image
present in the MFM image.

To visualize the magnetic texture at the surface, we begin by rst performing regular AFM.
After each line is traced out on the AFM, the tip is lifted and retraces the same path; we retrieve
the MFM signal in arbitrary phase units. In order to detect the magnetic eld, we use a cantilever
that is coated with a very thin magnetic layer (typically of CoCr). The local magnetic moment
existing at the end of the tip is then subject to a magnetic interaction with the magnetic eld gradient
emanating from the sample. After tracing out the surface topology via AFM of one line. The tip is
raised to a certain lift height, typically between 20 nm and 100 nm above the surface of the sample,
and traced back following the same topography. The phase difference between this image and the
previous one shows the magnetic response, such as in Fig. 2.5

Taking in-situ MFM images is challenging, and as such, we follow a procedure. A simpli ed
version is presented here; a more detailed version is shown in the appendix. We begin by turning

on the machine and moving the stage, and attaching a magnet stage as shown in Fig. 2.4. In order
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to know what the applied eld is for any particular measurement, we must calibrate the z-stage
using a Hall sensor. We do this by rst picking out a set of target magnetic eld values, which, with
our setup, is limited to the range of 0 Oe to 4000 Oe. The z-stage is translated up and down until
the target eld is reached, where we then note the readout on the z-stage in a notebook. We now
set up the AFM as per standard, which includes placing the sample on the stage, magnetizing and
mounting the AFM tip, and calibrating the tip. After this is complete, we engage the tip at the rst
target eld with a scan frequency of 1.02 Hz and allow it to trace out the entire image, typically
taking about 20 minutes. The resultant image(s) are attened and exported, upon which the tip is
disengaged, the z-stage is moved to the next target eld value, and the tip is engaged again. This

process is repeated until all target eld values have been reached.

2.3 Image Processing

This section describes the image—analysis procedures applied to fully processed and attened MFM
images. Each method is used to extract quantitative information about magnetic domain structure

and spatial organization.

2.3.1 Binarization

Binarization converts an image into a two—level representation in which each pixel is assigned
either black or white. For Co/Pt multilayer samples, this approach has historically been effective
because the domain morphology is relatively simple, enabling straightforward domain counting
and facilitating Fourier—space analysis. In contrast, for single—layer cobalt Ims, the increased
complexity of the domain structure makes binarization less reliable, often obscuring ne features

rather than clarifying them. Examples of binarization are included in Fig. 2.6
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Figure 2.6 lllustration of the binarization process applied to MFM images. The top
row shows a multilayer sample, where binarization produces a clear domain pattern. The
bottom row shows a single—layer cobalt sample, where the same procedure yields a less
interpretable result due to the more complex domain structure.

2.3.2 Wave Detection

Wave detection aims to identify the peaks of periodic magnetic features. This is accomplished
using MATLAB's edgefunction with the Canny method. The algorithm is executed over a range

of threshold values, and the resulting edge maps are combined with a weighting scheme that
emphasizes features consistently detected at narrower thresholds. The nal mask highlights the

most robust wave-like structures in the image.

2.3.3 Density Counts

Quantifying the density of magnetic domains or wave features is essential for characterizing how
magnetic texture evolves under varying applied elds. To perform this measurement, a binarized

image is rst generated using either the binarization method or the edge—based approach described
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above. MATLAB's bwconncomjunction is then used to identify connected white regions. The

number of these regions serves as a proxy for domain or wave density.

2.3.4 Fourier Space

Additional structural information is obtained by analyzing the images in Fourier space. A two—dimensional
Fourier transform is applied to each MFM image, after which the central peak is removed. The
next—largest peak is then identi ed, and its radial distance and angular position relative to the center
are recorded. The radial distance corresponds to the inverse spatial frequency; taking its reciprocal
yields the real-space periodicity, interpreted as the average spacing between wave features.
Further structural information for the single-layer samples is extracted using a 2D radial Gaussian
t. Our model is a sum of rotated anisotropic Gaussian Curves. In this procedure, we take the general
form of a 2D Gaussian curve and t it to the intensity pro le obtained from the 2D Fourier transform.
The tted curve provides several useful parameters: the peak position, which corresponds to the
dominant spatial frequency; the amplitude, which re ects the strength of the periodic modulation;
the ellipticity of the Gaussian, which shows the degree of anisotropy present; and the full width at
half maximum (FWHM), which characterizes the spread of spatial frequencies contributing to the
observed texture. The width of the Gaussian is particularly important, as it provides an estimate
of the coherence or uniformity of the wave-like magnetic structures. A narrow width indicates a
well-de ned periodicity, whereas a broader width suggests a more disordered or heterogeneous

magnetic texture.



Chapter 3

Results

This chapter presents the experimental results obtained from both vibrating sample magnetometry
(VSM) and magnetic force microscopy (MFM). The rst section summarizes the magnetization
loops and extracted magnetic parameters for each sample, while the second section provides

representative MFM images accompanied by brief qualitative observations.

3.1 VSM Results

Using VSM, magnetization loops were measured for all six cobalt samples. Measurements were
performed for both in-plane (IP) and out-of-plane (OOP) eld orientations, as shown in Fig. 3.1.

For the thinnest sample (5 nm), shown in Fig. 3.1a, both IP and OOP magnetization curves
exhibit minimal hysteresis, consistent with expectations for ultrathin cobalt Ims. As thickness
increases, the OOP hysteresis becomes more pronounced, with the 40 nm sample (Fig. 3.1f) showing
a noticeably larger hysteresis on the OOP loop. This trend aligns with the increasing contribution of

perpendicular magnetic anisotropy in thicker Ims.

13
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Figure 3.1 Magnetization loops for cobalt Ims of thickness (a) 5 nm, (b) 10 nm, (c)
15 nm, (d) 20 nm, (e) 30 nm, and (f) 40 nm. Each plot shows both the OOP and IP
magnetization components. The displayed eld range is 4000 to 4000 Oe, representing
a zoomed-in portion of the full 10000 to 10000 Oe sweep.

We next extract quantitative magnetic parameters from each magnetization loop. Following the
procedure illustrated in Fig. 2.2, we determine the saturation eld, coercivity, nucleation eld, and
remanent magnetization. A MATLAB script performs this analysis for every recorded loop, and the
resulting values are summarized in Fig. 3.2.

Figure 3.2a shows that the IP saturation eld decreases monotonically with thickness, whereas
the OOP saturation eld initially increases, reaches a local minimum at 20 nm, rises again at 30
nm, and then decreases at 40 nm. The coercdigtiFig. 3.2b) decreases with thickness up to 15
nm, after which the OOP coercivity begins a steady increase while the IP coercivity continues to
decay exponentially. The nucleation ekld}, (Fig. 3.2c) exhibits a similar trend to the saturation

eld, except that the OOP component shows a maximum at 20 nm rather than a minimum.
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Figure 3.2 Magnetic parameters extracted from major loops as a function of cobalt
thickness. Error bars represent the full range (minimum to maximum) of values obtained at
each thickness, and the central point denotes the average. Shown are (a) saturatign eld
(b) coercivityHc, (c) nucleation eldH,, and (d) remanent magnetizatibhh Normalized

by Ms.

3.2 MFM Results

In this section, we show several images obtained via magnetic force microscopy (MFM) and describe
the texture present. Images were acquired from each of the six Co thin- Im samples. Following
the imaging approach illustrated in Fig. 2.5, multiple MFM images are presented alongside an
atomic force microscopy (AFM) image of the corresponding region. The AFM images remained
unchanged throughout the imaging sequence and therefore provide a reference for the physical
surface morphology, allowing magnetic contrast observed in the MFM images to be distinguished
from topographic features.

For each sample, a sequence of MFM images is presented at selected applied magnetic eld

values. The selected elds include 0, 600, 900, 1200, 1500, 1800, 2100, 2700, and 3900 Oe, as well



3.2 MFM Results 16

as the highest eld at which an image was acquired. Greater emphasis is placed on the lower- eld
images because, as discussed in the following sections, the most signi cant changes in the magnetic
texture generally occur at relatively low applied elds. The images are examined qualitatively with
particular attention given to the evolution of magnetic domain morphology, contrast, characteristic
length scales, and apparent anisotropy as a function of applied eld.

Unless otherwise stated, all MFM and AFM images covéfam 10 m m region and were
acquired using Bruker MESP-V2 HM magnetic force microscopy tips. The MFM measurements
were performed while varying the applied magnetic eld, allowing the evolution of the magnetic

texture to be observed throughout the magnetization process.

3.2.1 5nm Sample

Figure 3.3 MFM and AFM images for the 5 nm sample. The applied magnetic eld was
varied from 0 to 5700 Oe.

The 5 nm Co Im contains the smallest amount of magnetic material among the samples investigated
and consequently exhibits the weakest and least clearly resolved magnetic contrast. The MFM

images from this sample are characterized by relatively high levels of granular background contrast



3.2 MFM Results 17

and contain numerous small-scale features that change between successive applied- eld values.
These features are substantially less well de ned than those observed in the thicker Co Ims, making
it dif cult to identify individual magnetic domains or domain structures with con dence.

The observed contrast in this sample is potentially disturbed by the presence of a cobalt oxide
(CoO) layer of unknown thickness at the surface. Because the Co layer is not capped, oxidation of the
surface is expected, and the relative contributions of the Co and CoO layers to the measured magnetic
signal cannot be determined directly from these measurements. In addition, the AFM measurements
indicate a height variation of approximately 10 nm across the imaged region. This relatively large
topographic variation may contribute to the observed MFM contrast, further complicating the
separation of magnetic and topographic effects. Consequently, while the MFM images indicate

eld-dependent contrast, the magnetic origin of the smallest features in this sample cannot be

established unambiguously.

3.2.2 10 nm Sample

The 10 nm Co sample contains approximately twice the thickness of magnetic material as the
5 nm sample. However, the relative contributions of the Co Im, the surface oxide layer, and
the underlying Si substrate to the measured signal remain dif cult to determine quantitatively.
Despite this uncertainty, the MFM images exhibit substantially improved contrast compared with
the 5 nm sample. The images are less granular and display magnetic structures that are more readily

distinguished from the underlying physical surface morphology.
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Figure 3.4 MFM and AFM images for the 10 nm sample. The applied magnetic eld
was varied from 600 to 5400 Oe on the ascending branch. The image at 0 Oe corresponds
to a5 nm image acquired at remanence and is included to provide continuity with the
subsequent measurements.

As shown in Fig. 3.4, the MFM image at 600 Oe contains numerous small, crescent-shaped or
wave-like regions of magnetic contrast with relatively weak directional preference. As the applied
magnetic eld is increased, these structures undergo substantial changes in their size, position,
and orientation. Individual features appear to move and rotate between successive measurements,
while new structures emerge and existing structures diminish. The broad background contrast also
decreases progressively with increasing eld.

A notable characteristic of the 10 nm sample is the large number of magnetic features and their
pronounced sensitivity to the applied magnetic eld. Atrelatively low elds, the wave-like structures
become increasingly prominent as the eld is increased. The number and apparent density of these
features reach a maximum at approximately 2000 Oe, beyond which the contrast associated with the
structures decreases rapidly. At higher elds, the wave-like features progressively merge into the

background and become dif cult to distinguish as the sample approaches magnetic saturation. This
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behavior suggests that a substantial portion of the magnetic recon guration in the 10 nm sample

occurs over a relatively narrow range of applied elds.

3.2.3 15 nm Sample

Figure 3.5 MFM and AFM images for the 15 nm sample. The applied magnetic eld was
varied from 0 to 4500 Oe on the ascending branch.

For the 15 nm Co Im, the increased amount of magnetic material produces more clearly resolved
magnetic contrast, providing greater con dence that the observed features originate primarily from
the Co layer. At 0 Oe, several wave-like magnetic structures are already visible in the MFM image,
indicating that a nonuniform magnetic con guration remains at remanence. As the applied magnetic
eld is increased, these regions of magnetic contrast become more pronounced and appear to expand,
with additional smaller structures developing in their vicinity.

This evolution continues through approximately 2100 Oe, at which point the magnetic contrast
begins to decrease substantially. With further increases in the applied eld, the domain structures
progressively disappear, leaving a relatively uniform background contrast. This transition is

consistent with the sample approaching a more uniformly magnetized state at high applied elds.
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Another notable characteristic of the 15 nm sample is the presence of a preferred direction
in plane, for the formation of magnetic textures. At lower elds, the wave-like structures exhibit
apparent anisotropy oriented from the bottom-left toward the top-right of the images. As the applied

magnetic eld increases, this preferred direction rotates slightly in the clockwise direction.

3.2.4 20 nm Sample

Figure 3.6 MFM and AFM images for the 20 nm sample. The applied magnetic eld was
varied from O to 5400 Oe on the ascending branch.

The MFM images obtained from the 20 nm Co Im exhibit a substantial change in magnetic
morphology compared with the 15 nm sample. Despite the relatively small increase in Co thickness,
the wave-like magnetic structures that are prominent in the 15 nm sample are largely absent. Instead,
the MFM images are dominated by diffuse regions of contrast and localized features resembling
shallow divots or depressions in the magnetic signal.

These features gradually change in appearance and contrast as the applied magnetic eld is
increased. In particular, the background contrast becomes progressively more uniform, while local

features shift and diminish. Only a relatively small number of distinct wave-like structures can be
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identi ed throughout the eld sequence. The relatively weak and diffuse nature of the magnetic
contrast makes the domain morphology of this sample less readily identi able than that of the 10 nm
and 15 nm samples.

The change in morphology between the 15 nm and 20 nm samples demonstrates that the magnetic
texture does not evolve monotonically with Co thickness. Instead, relatively small changes in Im
thickness can produce signi cant differences in the observed domain structure. This observation
motivates a more detailed comparison of the magnetic textures and their characteristic length scales

across the full range of sample thicknesses.

3.2.5 30 nm Sample

Figure 3.7 MFM and AFM images for the 30 nm sample. The applied magnetic eld was
varied from 0O to 5400 Oe on the ascending branch.

The 30 nm Co sample contains substantially more magnetic material than the 20 nm sample. Based
on the behavior observed in the thinner samples, one might expect the wave-like magnetic structures
to become less prominent with increasing Co thickness. The initial low- eld images are consistent

with this expectation, as relatively few well-de ned magnetic features are observed. However, as
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the applied eld is increased, wave-like structures begin to emerge, becoming increasingly distinct
between approximately 900 and 1500 Oe.

The wave-like structures are most clearly visible at intermediate eld values before gradually
diminishing as the applied eld is increased further. At higher elds, the magnetic contrast becomes
comparatively uniform, with relatively little discernible domain structure. The disappearance of
the wave-like features is therefore accompanied by a reduction in the spatial variation of the MFM
signal, consistent with the sample approaching a more uniformly magnetized state.

The magnetic texture also exhibits some in-plane anisotropy. At approximately 1200 Oe, the
structures display a preferred orientation that is approximately horizontal, extending predominantly
from left to right. With increasing applied eld, this preferred direction changes substantially.
By approximately 2100 Oe, the apparent anisotropy has rotated by ro8@hlyesulting in a
predominantly vertical orientation. As the wave-like structures subsequently disappear at higher
elds, the apparent anisotropy also becomes less pronounced. This correlation suggests that the
observed directional preference is closely associated with the presence and morphology of the

wave-like magnetic domains.
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3.2.6 40 nm Sample

Figure 3.8 MFM and AFM images for the 40 nm sample. The applied magnetic eld was

varied from 0 to 5700 Oe on the descending branch. The AFM image corresponds to the
800 Oe MFM scan.

The 40 nm Co Im represents the thickest sample investigated in this study. Based on the behavior
observed in the thinner Ims, one might expect the onset of the wave-like magnetic structures to
occur at progressively higher applied elds as the Co thickness increases. However, the 40 nm
sample does not follow this trend. As shown in Fig. 3.8, wave-like magnetic structures are
already apparent at approximately 600 Oe and become most prominent near 900 Oe before rapidly
decreasing in contrast at higher elds.

Following the disappearance of these textures, the MFM images become comparatively uniform
at high applied elds. In particular, there is little apparent change between the 3900 Oe and 5700 Oe
images despite the substantial increase in applied eld. This suggests that the magnetic con guration
has become relatively stable over this portion of the eld range and may indicate that the sample is

approaching saturation.
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