
Fabrication and characterization of cobalt
microbars

UNIVERSIDAD DE LOS ANDES

Physics Department

Dissertation document submitted for the degree of

Master’s in Physics at La Universidad de los Andes

Presented by:

Diego Hernando Useche Reyes

Director:

Prof. Edgar J. Patiño
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Chapter 1

Abstract

Magnetic materials have been widely used in applications such as data storage, magnetic

tunnel junctions and spin valve structures. In the present work, we explore the mag-

netic properties of various millimeter size arrays of magnetic microbars. For this study,

we focused on Cobalt microbars fabricated using photolithography, thermal evaporation,

sputtering and electron gun techniques. Magnetization measurements as a function of

angle were performed on microbars samples which differ slightly in their dimensions. The

measurements were carried out using vibrating sample magnetometry (VSM). Also, com-

puter simulations in OOMMF were done to simulate the experimental outcomes. As

results, when the applied field was parallel to the microbars the maximum coercivity was

found and decreased slightly as the field rotated towards the perpendicular direction. It

was also found a sheared hysteresis loop in three of the samples.
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Chapter 2

Introduction

The purpose of the present thesis work is to present a magnetic characterization of a set of

millimetric arrays of magnetic cobalt microbars, fabricated in the Nano Devices Labora-

tory at La Universidad de los Andes, by photolitography, thermal evaporation, sputtering,

and electron gun techniques. We used Atomic Force Microscopy (AFM) to picture the

dimensions of the magnetic microbars, this characterization was done at the Centers of Mi-

croscopy at La Universidad de los Andes and at La Universidad Central. The experimental

characterization of the microbars was carried out in the Vibrating Sample Magnetometer

(VSM), in the Nano Magnetism Laboratory at los Andes, and computer simulations in The

Object Oriented MicroMagnetic Framework (OOMMF) [1] were performed to corroborate

and explain the experimental results.

Sample Width(µm) Separation (µm) Thickness(nm) Co thickness(nm)

M1 (1x1) 1.3 0.6 42 25

M2 (1x10) 1.7 9.2 54 25

M3 (2x1) 2.0 1.0 60 25

S1 1.76 1.37 42 30

S2 1.47 1.67 60 50

Table 2.0.1: Dimensions measured in AFM of all the characterized samples.

We obtained five samples of magnetic microbars M1, M2, M3, S1, S2, the microbars differ

in their geometry. Magnetization measurements in VSM were performed varying the angle

between the microbars and the applied magnetic field, the two characteristic directions

8



CHAPTER 2. INTRODUCTION 9

in the measurements were the parallel and the perpendicular directions. The table 2.0.1

summarizes the dimensions and cobalt thicknesses of each of the samples. In addition,

we measured the magnetization of a continuous film with 50nm of cobalt to contrast the

results.

The chapters of the current thesis document were organized as follows: in the chapter

three, it is summarized the most fundamental concepts, the chapter four shows a review

of some past research work done other groups on nanowires and microbars with round

corners, and some previous works in La Universidad de los Andes on magnetic microbars,

the chapter five explains the experimental techniques to grow the magnetic microbars,

the chapters six presents the AFM and VSM characterization of the microbars and the

continuous film, the chapter seven shows some magnetic simulations in OOMMF, and

finally the chapter eight is dedicated to conclusions.



Chapter 3

Theory

In this chapter, we will introduce the necessary concepts to understand the present the-

sis document. First, we will look at the sources of magnetization in materials, then we

will describe ferromagnetic materials, presenting the three important points (saturation,

remanence, and coercivity) in the hysteresis loops which depict the ferromagnets. Fi-

nally, we will look at the concepts of magnetocrystalline and shape anisotropy, and the

characteristics of cobalt.
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CHAPTER 3. THEORY 11

3.1 Ferromagnetism

All magnetic phenomena have its source in tiny currents occurring inside the material [2].

These tiny currents are due to electrons orbiting around the nuclei, and the spinning of

the electrons. These currents are so small so we can consider them as magnetic dipoles,

see equation 3.1, where I is the current and ~A is the enclosed area vector. Usually, the

magnetic dipoles point in random directions, but when a magnetic field is applied in

the sample a net alignment of these dipoles can occur, and we say that the sample is

magnetized.

~m = I ~A (3.1)

Depending on the net behavior of the magnetic dipoles in the sample, the family mag-

netic materials receive different name. A paramagnetic material is a material that gets

magnetized parallel in the presence of a magnetic field, a diamagnetic material is a ma-

terial that its magnetization is opposite to the magnetic field, and finally, ferromagnetic

materials are materials that preserve their magnetization even after the magnetic field is

removed [2]. In the present thesis document, we are interested on dealing with cobalt

which is a ferromagnetic material.

To describe magnetized materials, we used the quantity ~M which is called magnetiza-

tion. This vector quantity corresponds to the total magnetic dipole moment per unit

volume,

~M =

∑
~mi

V
. (3.2)

As previously stated, ferromagnets maintain its magnetization even after the external

field is removed, this effect is due to the spins of unpaired electrons. In this phenomenon,

each dipole prefers to point in the same direction as the neighbor dipoles, due to quantum

mechanical effects [2]. It is statistically possible to align all dipoles in one direction, in this

case we reach the saturation magnetization. However, as the external field is decreased, it

is formed some boundaries with preferred directions of magnetization, these boundaries are

called magnetic domains as shown in figure 3.1.1. When the applied field is decreased to

zero some domains are turned to a random orientation, but some domains still point in the
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original direction of the magnetic field, creating a permanent magnet, this point is called

remanence. If the applied field is still decreased to negative values, the sample reaches a

point in which the net magnetization is zero, this magnetic field is called coercive field,

and corresponds to the required field to demagnetize the sample. If the external field is

further reduced the sample magnetizes in the opposite direction reaching a new saturation

point.

Figure 3.1.1: Magnetic domains in saturation and with no magnetization. The picture
was taken from Souza, 2009 [3].

This process of demagnetization of the sample can be visualized by a hysteresis loop,

which is a plot of the magnetization as a function of the external magnetic field see figure

3.1.2.

Figure 3.1.2: Schematic picture of a hysteresis loop. It is shown the points of retentivity
(remanence), saturation and coercivity [4].
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3.2 Magnetocrystalline and Shape Anysotropy

Based its geometric structure, magnetic crystals possess an easy axis and a hard axis of

magnetization. Hence, in certain directions within a crystal, see figure 3.2.1, it is easy

to magnetize the material, and in other directions it is hard. The magnetocrystalline

anisotropy leads to an additional energy in the system, the mathematical expression of

this energy depends on the geometry, the material and its temperature [5].

The magnetocrystalline anisotropy originates from the spin-orbit coupling and the quench-

ing of the angular momentum. This quenching of angular momentum refers to the neglec-

tion of the orbital angular momentum from the total angular momentum, that is J = S

[6]. This quenching is due to the strong orbit-lattice coupling which prevents the orbital

momentum to align along the direction of the magnetic field, nonetheless, the spins have a

weak coupling with the orbit, which allow them to align along the direction of the magnetic

field [6]. Then, only spins contribute to the total magnetization of the crystal.

Figure 3.2.1: Honda and Kaya measurements of the magnetization of Fe, Ni, and Co for
various directions within the crystals. This work shows magnetic anisotropy in the family
of ferromagnetic materials [7].

If we consider a magnetic sample with no preferred orientation of its grains, the net total

crystal anisotropy would be negligible. For a sample with a spherical shape, the same

magnetic field would demagnetize the sample in any direction, due to symmetry. However,

for a crystal with a non-spherical shape, it is easier to magnetize it along the long axis in

comparison to the short axis. The cause of this effect is that the demagnetizing field along

a short axis is stronger than along a long axis [6]. Hence, shape is a source of anisotropy

in a crystal.
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3.2.1 Magnetic properties of Cobalt

Cobalt is a ferromagnetic material with atomic number 27. It occurs at both hexagonal-

closed packed (hpc) and face centered cubic (fcc) structures. In the present thesis work

we are interested in the hpc structure, because this phase happens at room temperature.

Based on the work of Honda and Kaya 1926 [7] the magnetocrystalline energy in hpc

cobalt is given by the formula 3.3 with K0 and K1 the anisotropy constants and θ the

angle between the magnetization and the staking direction of the hexagonally closed packed

planes. Their results show that in the hpc face the c-axis is an easy axis of magnetization,

see figure 3.2.2, whereas the basal plane is uniformly hard to magnetize [6].

E = K0 +K1 sin2 θ +K2 sin4 θ + . . . (3.3)

Figure 3.2.2: Magnetization curves for a single crystal of cobalt [6].



Chapter 4

State of Art

The study of magnetic materials is crucial for science and technology. This broad area

has a great impact in our daily life. For example, thin films of magnetic materials have

applications on data storage, and multimedia devices (cellphones, computers, etc). Also,

magnets are used in MRI tomography for medical diagnosis, and they have applications

on security, space explorations, communications and others. In the following chapter, we

first present various experimental and computational studies in nanowires and microbars

with round corners. Then, we look at some previous work in magnetic microbars done at

La Universidad de los Andes.
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CHAPTER 4. STATE OF ART 16

4.1 Previous studies in magnetic nanowires and microbars

with round corners

Diverse experimental and computational studies show the behavior of the coercive field,

for various magnetic nano bars and wires. The first research [8] studies magnetic elec-

trodeposited nanowires. They characterized nanowires of lengths of 10µm and 20µm

and diameters from 30nm to 450nm, by means of magnetization, magnetic torque, and

magnetic force microscopy. This research reproduces previous results [9], which show that

coercive fields are enhanced for diameters less than 50nm. As a second result, the remanent

field in the wires is greater in the parallel direction in comparison with the perpendicular

direction see figure 4.0.1.

Figure 4.1.1: Hysteresis loops for Co nanowires with the magnetic field applied parallel
and perpendicular to the wires. The average diameters of the nanowires are, a) 30nm, b)
90nm and c) 200nm [8].

The results of paper [8] suggest a competition between shape and crystal anisotropy in

nanowires. This fact can be understood from measurements of X ray diffraction. For

nanowires with diameters less than 50nm, the cobalt grains were found to be aligned with

its crystal easy axis along the revolution axis, whereas for greater diameters the easy axis

was found within 10◦ of the normal of the revolution axis, as in Maurice et al. [10], see

figure 4.0.2. Hence, the greater remanence field in the parallel direction accounts for shape

anisotropy, but the remanence field decreases for greater diameters due to the competition
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with crystal anisotropy which points almost normal to the axis.

Figure 4.1.2: X-ray measurements in the nanowires. The easy axis points along the
revolution axis for diameteres of 40nm and perpendicular for diameters above 100nm [8].

Another research [11] related with magnetic nanowires consists of computational simula-

tions of magnetic nanowires in the program OOMMF (Object Oriented MicroMagnetic

Framework). This study analyzed single nanowires and 4x4 nanowires arrays with diame-

ters of 40nm, the variables in the study were length and interaction distance between the

wires. In their results, it was found the same hysteresis loops for a single nanowire and

4x4 NW array with separation distance L = 240nm. Nonetheless, for a lower separation

L = 50nm the coercive field is lower and there were some steps in the hysteresis loop. They

suggest the steps are due to magnetic interaction between wires and a non-synchronous

magnetic reversal of the wires in the array [12], see figure 4.0.3.

The third previous work of our interest studied magnetic microbars with round corners

[13]. The magnetic microbars were produced by nanoimprinting and electrodeposition, and

were micro-characterized by MFM (Magnetic Force Microscopy) and macro-characterized

by VSM (Vibrating Sample Magnetometer). Also, simulations in OOMMF were done to

replicate the results.

The microbars with round corners were fabricated with various length-to-width aspect

ratios. The width of the microbars was set 700nm, height 35nm, and separations were at

least 1000nm. In this work, the magnetic field was directed parallel to the microbars and

they obtained images of the demagnetized states by magnetic force microscopy (MFM) see

figure 4.0.4, the images show the magnetic dipole density distributions, measured as the

divergence component of the magnetization from the the perpendicular direction of the
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Figure 4.1.3: a) Magnetization of the nanowires showing non-synchronous magnetic
reversal. b) Hysteresis loops for (A) a single nanowire with length L = 80nm, for (B)
a 4x4 NW with separation between wires D = 50nm, and (C) with D = 240nm, with
applied field is along the wires [11].

Figure 4.1.4: a) AFM picture of the magnetic microbars with round corners. b) simulated
and measured demagnetizing states of the microbars with round corners [13].

microbars. They also performed simulations of this demagnetized state with show great

agreement with the experimental results as shown in figure 4.0.4. They found vortex and

diamond states in the microbars, which have been found in other demagnetized cobalt

structures [14, 15], they suggest that the white-to-black changes are due to a significant

change of the magnetization along the 45◦ direction.
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Figure 4.1.5: VSM measurements of the microbars with round corners from their remanent
states for various length-to-width aspect ratios. The microbars with AR of 2.14 and 2.86
present steps in the magnetization due to trapped vortices [13].

Another important result of this research comes from measurements of magnetization in

vibrating sample magnetometer of the microbars with round corners from its remanent

state, see figure 4.0.5. For aspect ratios of 2.14 and 2.86, they found steps in the magneti-

zation, in the 2.86 the step is found at around -0.75 of the normalized magnetic moment,

and in the 2.14 the step is found almost at no magnetization, they suggest from the MFM

that the steps are due to the presence of trapped magnetization vortices, which were found

in others papers [16] . These steps are important in our research because we also found

them in three samples of microbars.
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4.2 Previous works on magnetic microbars

In the Nano Devices Laboratory in La Universidad de los Andes were fabricated two sam-

ples of cobalt microbars by photolitography, thermal evaporation, and sputtering tech-

niques.

The two samples L1 and L2 were made by professors Leonardo Basile and Edgar Patiño.

Sample L2 is presented in figure 4.2.1, the cobalt microbars in this sample have 2.0µm of

width, 1.0µm of separation, and 30nm of thickness, see table 4.2.1. Sample L1 was grown

in glass and it is composed of 4.0nm of Cr, 25nm of Co, and 2.5nm of Nb and in sample

L2 is added 3.0nm of Ag, between the Cr and Co. The Cr was used to stick the Co to the

glass, and Nb was used to avoid the oxidation of cobalt.

Sample Width(µm) Separation (µm) Thickness(nm) Co thickness(nm)

L1 n.a n.a n.a n.a

L2 2.0 1.0 30 25

Table 4.2.1: Dimensions measured in AFM of sample L2.

It was performed a VSM characterization of sample L1 by professor Leonardo Vasile,

and some FORC measurements were performed by professor Juan Gabriel Ramirez. The

AFM characterization of the sample L1 is not available, but it was grown with approximate

dimensions of 1µm of width and separation. In the picture 4.2.1, it is presented the AFM

characterization, which was done in the Center of Microscopy at La Universidad de los

Andes.

Figure 4.2.1: AFM picture of the sample L2. It has 2.0µm of width and 1.0µm separation.
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The professor Leonardo Basile measured the hysteresis cycles of the sample L1 as a function

of the angle in the VSM. Also, he plotted the coercive field of the sample as a function of

the angle. The measurements were performed in the plane of the sample and they used

the notation that 0◦ corresponds when the applied field points parallel to the microbars

and 90◦ when the applied field points perpendicular to the microbars, as shown in figure

4.2.2.

Figure 4.2.2: Notation for the VSM measurements in the plane of the samples, 0◦ for the
applied field parallel to the microbars, and 90◦ for the field perpendicular to the microbars.

Angular measurements of the magnetization in sample L1 showed that the coercive field

is maximum when the applied field is parallel to the microbars (0◦) and it decreases as

the magnetic field points towards the perpendicular direction. Moreover, it was found a

second maximum in the coercive field of the sample when the magnetic field is close to

the perpendicular direction, see figure 4.2.3.

Figure 4.2.3: Coercive field as a function of the angle in the sample L1.
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As stated before, FORC measurements in the sample L1 were done by professor Gabriel

Ramirez. These measurements were carried out with the applied field parallel and perpen-

dicular to the microbars. A first-order-reversal-curve (FORC) is a measurement [17] in the

vibrating sample magnetometer (VSM) which consists of saturating the sample to Hsat

and decreasing the field to a reversal field Ha, then the sample gets once again saturated

to the field Hsat, as presented in the figure 4.2.4. This process of changing the field from

Hsat to Ha can be done in a series of steps with different reversal fields obtaining a FORC

measurement.

Comparing the results of the hysteresis loops in both directions (red cycles), the coercive

field was greater in the parallel direction as compared with the perpendicular direction.

For the FORC measurements, when the applied field is perpendicular to the microbars, it

was found that, when the magnetic field is reversed the magnetic moment in the sample

increases abruptly, see figure 4.2.4. Whereas, in the FORC measurement in the parallel

direction, when the applied field is reversed the magnetic moment in the sample increases

steadily, see figure 4.2.4, which might be an effect of the interaction between the microbars,

that is, the interaction field between the microbars avoid the demagnetization of the

sample.

Figure 4.2.4: FORC measurement in the sample L1, the field is parallel perpendicular to
the bars.

The writer of the present document and the student Ciro Gelvez measured the hysteresis

loops of the sample L2 as a function of the angle in the VSM in the plane of the microbars,

this was done to reproduce the previous results of sample L1. Once again, we plotted the
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coercive as a function of the angle in the sample.

In the figure 4.2.5, it is shown that the coercive field is maximum when the applied

magnetic field is parallel to the microbars, and it decreases as the magnetic field approaches

the perpendicular direction. Moreover, when the applied field points exactly perpendicular

to the microbars, the coercive field is enhanced to a second local maximum. Hence, the

previous results of the sample L1 was reproduced in the sample L2. In the picture 4.2.5, it

is presented the three characteristic hysteresis loops of the sample, the red cycle is when

the applied field is parallel to the microbars, the black cycle is at 87◦ , which is close to the

perpendicular direction and corresponds to the hysteresis loop with the minimum coercive

field, and the blue cycle corresponds to the perpendicular direction.

Figure 4.2.5: Coercive field as a function of the angle in the sample L2 and characteristic
hysteresis loops when the applied field is parallel, perpendicular and at 87◦.



Chapter 5

Experimental Techniques

In the Nano Devices Laboratory in La Universidad de los Andes we fabricated five samples

of cobalt microbars and a continuous film of Co by photolitography, thermal evaporation,

and sputtering techniques. We call the first two samples the set M, and the second set

of samples the set S. The set of samples S were grown with thermal evaporation and

sputtering technique, and the set of samples L with the electron gun technique. The

3-D characterization was done by AFM (Atomic Force Microscopy), and the magnetic

characterization by VSM (Vibrating Sample Magnetometry).

24



CHAPTER 5. EXPERIMENTAL TECHNIQUES 25

5.1 Growing of cobalt microbars

We used photolithography, thermal evaporation, sputtering, and electron gun techniques

to grow the magnetic microbars. First, we created a pattern in the resin of the microbars

with photolithography, then we grew the desired materials with the thermal evaporator,

the sputtering, and the electron gun. Finally, we removed the resin with acetone, which

is a process called lift-off.

5.1.1 Photolitography technique

Prior to the growth of the materials in the substrate, we created a photoresist pattern of

the microbars over the substrate with the photolitography technique. In this technique,

we used a quartz mask, with the microbars pattern, to filter UV rays. The unfiltered UV

rays impact over the photoresist, and the affected region of the photoresist is removed

with developer solution, see figure 5.1.2. This process leads to the desired pattern in

photoresist, it consists on the following steps:

1. We add the photoresist SC - 1827 over the Silicon

2. We place the sample over the Spinner, and we turn it 20000 rpm for 2 minutes

3. We place the sample on the Hot-plate at 110◦C during one and a half minutes.

4. We align the desired pattern of the quartz mask and the sample in the MJB3 HP

Mask Aligner, see figure 5.1.1.

5. We turn on the lamp and the UV rays for 8 seconds for M1, M3, S1, and S2, and 14

seconds for M2. It is mandatory for security to use the UV safety googles.

6. We place the sample over photoresist developer MF319 for two and a half minutes

and then we clean it with water and nitrogen. Sometimes the sample may need more

time in the developer.
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Figure 5.1.1: MJB3 HP Mask Aligner.

Figure 5.1.2: Photolithography technique [18].
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5.1.2 Thermal Evaporation technique

We used the thermal evaporator Edward E-601, see figure 5.1.3, to grow a layer of 6nm

Titanium in the sample. Titanium is a paramagnetic material and it is used to stick

the Cobalt to the substrate. The principle of the Edward E-601 consists on passing a

current over a metal boat, which contains the desired material (in our case Titanium), to

evaporate it over the substrate.

The process of evaporation was done in a chamber with a low pressure of 7.0× 10−6mbar.

To achieve this pressure, we first used a mechanical pump to get a pressure of 1.0 ×
10−3mbar and a diffusion pump in series to achieve the final pressure. It is important to

turn on the diffusion pump when the pressure is lower than 1.0× 10−3mbar and when the

water is circulating in the pump to refrigerate de system. Once a pressure of 7.0×10−6mbar

or less is obtained we could carry out the evaporation [19]. For the growing process, we

selected the proper boat in the system and turned on the quartz sensor. We increased

the current of the Variac slowly and gradually, it is recommended to increase the current

by 5A per minute. Titanium starts to evaporate when the current in the system is close

to 155A, the quartz sensor indicates how much Titanium has been grown in the sample.

Once we reached the desired amount of material, we decreased the current slowly to 0A,

we closed the valves of the pumps, and we took out the sample from the chamber.

Figure 5.1.3: Thermal evaporator Edward E-601.
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5.1.3 Sputtering technique

In the sputtering technique, we grew 25nm of Cobalt and 3nm of Niobium for the set of

samples L and M. We exposed the Argon plasma to the Cobalt target for 3 minutes and 12

seconds to reach 25nm of Co in the substrate and we exposed the Nb target for 1 minute

and 4 seconds to obtain 3nm of Nb.

This experimental technique consists on an Ion Plasma, usually Argon, which tears atoms

of the desired material in the main chamber, figure 5.1.4, and then they are deposited over

the substrate. In first instance, the Ar plasma is created by a discharge, and the ionized

atoms of Ar are accelerated by a DC current towards the source material which is either

Co or Nb. The source material is ejected as neutral particles or clusters, and they travel

linearly towards the substrate creating a uniform thin film of the material [20].

Figure 5.1.4: Sputtering technique.
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5.1.4 Electron Gun Technique

The samples S1 and S2 were grown by the electron gun technique, see figure 5.1.5. The

electron gun allows to grow various types of materials including titanium, cobalt, and

niobium. This technique consists of an electron beam which is generated from a filament,

and which strike the material directed by electric and magnetic fields. Due to the electron

beam, the material reaches some temperature at which the surface atoms vaporize and

have enough energy to leave the material. The teared atoms then travel through the

vacuum chamber and coat the substrate, for such technique is necessary a pressure below

3.0 × 10−4Torr [21].

The thickness of the grown material over the substrate is controlled by a quarz sensor.

The electron gun system has four types of vacuum systems, which in order of ignition,

they are mechanic pump, turbo pump, ionic pump, and sublimation pump.

Figure 5.1.5: Electron gun technique.
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5.2 Characterization of cobalt microbars

For the characterization of the magnetic microbars we used two techniques, AFM (Atomic

Force Microscopy), and VSM (Vibrating Sample Magnetometry). The first method al-

lowed us to picture the geometry of the magnetic microbars, and the second technique

was used to find the hysteresis loops of the microbars.

5.2.1 VSM (Vibrating Sample Magnetometer)

A measurement in a VSM is based in the Faraday’s law which states that a voltage is

induced in a coil (pick-up coils) when there is a change in magnetic flux, see figure 5.2.1.

In the VSM a sample vibrates sinusoidally in the z direction, which is magnetized by the

electromagnets, and its change in magnetic flux is detected by the pick-up coils.

The sample vibrates in the vertical direction at frequencies varying from 60Hz to 80Hz

and with an amplitude close to 1mm. The strength of the magnetic fields created from

the electromagnet go up to 106A/m.

Figure 5.2.1: VSM Technique [22].
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5.2.2 AFM Technique (Atomic Force Microscopy)

The Atomic Force Microscopy [23] technique is a method to create 3-D pictures of objects,

up to the nanometric scale. This method can be used to characterize hard, soft and

biological materials. The AFM measures height and roughness of the material and these

data can be visualized using the program IGOR, which creates colorful maps of the heights

and roughness of the samples.

This technique finds the heights and roughness of a sample by means of a sharp tip which

interacts with the object of interest in two different modes: the contact mode, and the

vibration mode [23]. In the contact mode the tip is directly touching the sample, while

in the vibrational mode the height is found by changes in the vibration of the tip in the

sample. Moreover, the tip is attached to a flexible microcantilever, which bends with the

tip, a laser is directed over the microcantilever, and the variations in the reflection are

measured by a position-sensitive detector. Hence, the distinct heights of the sharp tip are

quantified from the variations of the position of the laser.

Figure 5.2.2: AFM Technique [23].



Chapter 6

Results in AFM and VSM of the

samples

We fabricated five samples of cobalt microbars and a continuous film with the experimental

techniques previously discussed, we named the microbars samples M1, M2, M3, S1 and

S2. The samples M1, M2 and M3 were grown using thermal evaporation and sputtering

techniques, whereas, the samples S1, and S2 were grown with the electron gun technique.

Each of these samples vary in their widths, separations and thicknesses.

32
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6.1 Continuous Film

In first instance, we grew and measured the in-plane hysteresis loops for a continuous film

with 50nm of Co, at 0◦, 60◦ and 90◦, as shown in picture 6.1.1. The axis of rotation of

the measurements was the center of the sample.

Figure 6.1.1: Hysteresis loops for a continuous film on glass at different angles. There is
not significant change of the cycles at various angles for the continuous film.

It was found no difference in the magnetization of the continuous film for various angles in

the plane. This result indicates that for a continuous film with a thickness of nearly 50nm

of Co, there is not preferred axis of magnetization in the plane. Hence, the cobalt grains

align randomly, leading to the absence of magnetocrystalline or shape anisotropy.
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6.2 AFM characterization of the samples M1, M2 and M3

The growing of the three samples M1, M2, and M3 was done by the writer of the present

thesis work and Ciro Gelvez. The set of samples M1, M2 and M3 of microbars were grown

with the same thickness of each material and differ in their widths and separations. The

substrate of the samples is silicon, and the microbars are composed of 6.0nm of titanium,

25.0nm of cobalt, and 3.0nm of niobium. The titanium was grown to adhere the cobalt

to the substrate and the niobium to protect the cobalt from oxidation, both titanium and

niobium are not magnetic.

Sample Width(µm) Separation (µm) Thickness(nm) Co thickness(nm)

M1 (1x1) 1.3 0.6 42 25

M2 (1x10) 1.7 9.2 54 25

M3 (2x10) 2.0 1.0 60 25

Table 6.2.1: Dimensions measured in AFM of samples M1, M2, and M3.

In the pictures 6.2.1, 6.2.2, and 6.2.3, it is shown the AFM characterization of the three

samples performed at the Center of Microscopy in los Andes. The first sample M1 has

1.3µm of width and 0.6µm of separation. The second sample M2 has 1.7µm of width and

9.2µm of separation, in this sample the microbars are widely separated so we can consider

this sample as a system of isolated microbars. The third sample M3 of microbars has

2.0µm of width and 1.0µm of separation, see table 6.2.1. In the M1 and M3 samples, we

looked at the interaction between the microbars because of the separation between the

microbars is small. It is observed some small peaks of the material on the sides of the

bars, these peaks might be due to the growing or the AFM measurement, however, their

effects in the magnetic results were not explored in the research.
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Figure 6.2.1: AFM of the sample M1. It has 1.3µm of width and 0.6µm of separation.

Figure 6.2.2: AFM of the sample M2. It has 1.7µm of width and 9.2µm of separation.

Figure 6.2.3: AFM of the sample M3. It has 2.0µm of width and 1.0µm of separation.
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6.3 VSM characterization of samples M1, M2, and M3

We also called the samples by their approximate dimensions that is, M1 (1x1), M2 (1x10),

and M3 (2x1). It was measured the hysteresis loops for the sample M1 at various angles,

along the plane, as in samples L1 and L2 (See State of Art). It was found maximum

coercivity when the microbars are parallel to the magnetic field 0◦, and it decreases as

the field moves towards the perpendicular direction. In the figure 6.3.1, it is shown the

two characteristic directions (parallel and perpendicular to the magnetic field). Also, in

the picture 6.3.2, it is presented the coercive field as a function of the angle in the sample

M1.

Comparing the results of the sample M1 with the two samples of the previous works

(samples L1 and L2), it was not encountered a local characteristic peak in the sample

M1 when the bars are perpendicular to the magnetic field. The main difference between

the set of samples L and M1 is the absence of chromium in sample M1, which is an

antiferromagnetic element at room temperature.

The magnetic anisotropy of the sample M1 might be due to dipolar interactions between

nearby microbars. This explanation is broadly presented in the chapter 8.

Figure 6.3.1: Hysteresis loops of the sample M1 when the applied field is parallel and
perpendicular to the bars.
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Figure 6.3.2: Coercive field as a function of the angle in the sample M1.

On the order hand, it was measured the magnetization of the sample M2 (1.7µm of width

and 9.2µm of separation) in the two characteristic directions parallel and perpendicular

to the magnetic field. The sample M2 was of our interest because the bars have roughly

the same width as sample M1, but have greater separation. The magnetic response in the

VSM for this sample was lower in comparison with other samples due to the lower density

of magnetic material. In figure 6.3.3, we present the superposition of the hysteresis cycles

when the bars are parallel and perpendicular to the applied magnetic field.

In sample M2, we did not observe any significant difference in the hysteresis cycles and

coercive fields in the two characteristic directions. Hence, this sample does not present

magnetic anisotropy in the plane in these two characteristic directions, just as the con-

tinuous film. Given that the microbars are widely separated, this system simulates a set

of isolated microbars, and the interaction between the microbars is minimum. Moreover,

the results suggest that the shape anisotropy of a single microbar, in these dimensions, is

also negligible.
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Figure 6.3.3: Hysteresis loops of the sample M2 when the applied field is parallel and
perpendicular to the bars.

Furthermore, we measured the hysteresis loops when the applied field is in the parallel and

the perpendicular directions in the Sample M3 (2µm of width and 1µm of separation).

In the graph 6.3.4, it is plotted the magnetization in both directions. It was observed

greater saturation field in the perpendicular direction compared to the parallel direction.

This effect was probably encountered because in the sample M3 the microbars form a

rectangular millimetric-size array, so, the microbars are closer to the pick-up coils in

the VSM when they are perpendicular to the external magnetic field in comparison to

the parallel direction, leading to greater magnetic moment in the perpendicular direction

measured by the pick-up coils. This effect is also found to a lesser extend in the samples

M1 and M2.

In the sample M3, it was found steps in the coercive field in the parallel direction. These

steps occur when the external field is roughly equal to the coercive field of the hysteresis

loop in the perpendicular direction, and, when magnetic moment of the sample is ap-
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proximately zero. Similar steps in the coercive field have been found in a micromagnetic

simulation of a nanowires-array [11], and experimentally in microbars with round cor-

ners [13] (see State of Art). The micromagnetic simulation [11] suggest a non-synchronous

reversal when the nanowires are brought closer, whereas, the experimental study of mi-

crobars with round corners [13] proposed the existence of trapped vortices in isolated

microbars with round corners. We have performed magnetic simulations to explain the

steps in this sample, and we suggest that these steps occur due to dipolar interactions

between the microbars, see chapter 8.

Figure 6.3.4: Hysteresis loops of the sample M3 when the applied field is parallel and
perpendicular to the bars.
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6.3.1 Comparison of VSM characterization of samples M1, M2, and

M3

In the graphs 6.3.5, and 6.3.6 it is plotted the normalized hysteresis loops in the samples

M1, M2, and M3. Firstly, it was found that the coercive field is approximately the same

in the three samples when the microbars are perpendicular to the magnetic field. This

result suggests that when the microbars are perpendicular to the magnetic field there is

no interaction between the microbars, then its coercive field corresponds to the normal

demagnetization field of cobalt in these dimensions.

When the applied field is parallel to the microbars, it was observed magnetic interaction

between the microbars. For instance, in comparison with the sample M2 (1x10), the

sample M3 (2x1) is greatly sheared, these steps in the hysteresis loop may be an effect

of dipolar interactions in the microbars. Also, in the sample M1 (1x1) it was found an

enhancement in the coercive field, this suggest that this sample may demagnetized like the

sample M2, but the demagnetization happens more steadily. The increase in the coercive

field in the sample M1 and the steps in the hysteresis loop in sample M3 might be due

to the existence of trapped vortices and dipolar interactions between the microbars, these

reasons are extended in section 8 (Simulations in OOMMF).
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Figure 6.3.5: Normalized magnetization of the samples M1, M2, and M3 when the applied
field is parallel to the bars.

Figure 6.3.6: Normalized magnetization of the samples M1, M2, and M3 when the applied
field is perpendicular to the bars.
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6.4 AFM characterization of the samples S1 and S2

Two additional samples S1 and S2 were grown with the same composition as samples

M1, M2 and M3. The substrate in samples S1 and S2 is also silicon, they are composed

of 6.0nm of Ti, sample S1 has 30nm of Co, and sample S2 has 50nm of Co, and they

both have 3.0nm of Nb. In order to verify the steps on the magnetization on sample

M3, the microbars in the samples S1 and S2 were grown with approximately the same

widths and separations as sample M3, but with distinct thicknesses of cobalt, see table

6.4.1. The AFM characterization was done in the Center of Microscopy at La Universidad

Central.

Sample Width(µm) Separation (µm) Thickness(nm) Co thickness(nm)

S1 1.76 1.37 42 30

S2 1.47 1.67 60 50

Table 6.4.1: Dimensions measured in AFM of samples S1 and S2.

In the figures 6.4.1 and 6.4.2, it is shown the AFM characterization of both S1 and S2.

It is observed that in sample S1, part of the material was not removed during the lift-off

process. Also, it is shown that the width of sample S2 is less than the width of sample S1,

even though we used the same mask to grow both samples.

Figure 6.4.1: AFM of the sample S1. It has 1.76µm of width and 1.37µm of separation.
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Figure 6.4.2: AFM of the sample S2. It has 1.47µm of width and 1.67µm of separation.
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6.5 VSM characterization of samples S1 and S2

In the figure 6.5.1, it is presented the magnetization of sample S1 when the applied field is

parallel and perpendicular to the microbars. Also, in figure 6.5.2, it is plotted the magneti-

zation in these two characteristic directions for the sample S2. In these two samples, it was

found steps in hysteresis loops. These steps are found roughly at half the saturation fields,

and when the applied field is approximately the coercive field of the hysteresis loops in the

perpendicular direction. Comparing the three samples M3, S1, and S2, see figure 6.5.3, in

the sample M3 the steps occur roughly when the magnetic moment is zero, whereas in the

samples S1, and S2, happen at half the maximum magnetic moment. Nevertheless, in all

three sample the steps are found approximately at the same applied magnetic field, this

magnetic field, which is roughly 30G, which corresponds to the required field to demag-

netize the samples M1, M2, M3, S1, and, S2 when the microbars are perpendicular to the

applied field.

Figure 6.5.1: Hysteresis loops of the sample S1 when the applied field is parallel and
perpendicular to the bars.
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Figure 6.5.2: Hysteresis loops of the sample S2 when the applied field is parallel and
perpendicular to the bars.

Figure 6.5.3: Normalized magnetization of the samples M3, S1, and S2 when the applied
field is parallel to the bars.



Chapter 7

Simulations in OOMMF

In the current chapter, we will present the results of various micro-magnetic simulations

in OOMMF (Object-Oriented-Micromagnetic-Framework) in order to corroborate the ex-

perimental results in samples M1, M2, M3, S1, and S2. For such purpose, we will show

computer simulations of 1 microbar and 2 microbars with various dimensions, with the

applied field parallel to the microbars.

46
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7.1 OOMMF characteristics

OOMMF (Object-Oriented-Micromagnetic-Framework) [1] is a micromagnetic framework

written in C++ which allows the user to plot various magnetic variables, such as, magne-

tization and Zeeman energy, and to visualize the magnetic domains.

In the interface mlaunch of OOMMF, the magnetic simulations are run in a 3-D solver

called oxssi, which runs a .mif archive with all the parameters of the simulation, such

as, the characteristics of the material, the geometry and the applied magnetic field. In

mgraph, it is possible to plot the hysteresis cycles of the simulation, and in mdisp the

user can visualize the magnetic domains in the sample.

This program works by solving the Landau-Lifshitz-Gilbert equation,

d ~M

dt
= −γ ~M × ~Heff +

α

Ms

(
~M × d ~M

dt

)
. (7.1)

This equation yields the change in magnetic moment ~M in time in the sample. The

first term in the equation corresponds to the magnetic torque, where γ is the Gilbert

gyromagnetic ratio, and ~Heff is the effective magnetic field, which is a superposition of

four distinct fields, the external field, the demagnetization field, the magnetocrystalline

field, and the exchange field. The second term corresponds to a damping factor which

depends on the saturation magnetization Ms, and α is the damping factor.
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7.2 Magnetic simulations

In order to reproduce the results of magnetic characterizations of samples M3, S1, and

S2, we made simulations of 1 bar and 2 bars to analyze the magnetic interactions in the

microbars.

The first parameter of the simulation is the geometry (length, width, thickness), for non-

usual geometries like circles, or various microbars a .bip image, with the desired geometry,

is called in the .mif file. Another parameter of the simulations is the material type, we

used Cobalt(hpc), which includes the default values of saturation magnetization Ms =

1400×103A/m, α = 0.5 (damp coefficient), A = 30×10−12J/m the exchange constant, and

the K1 (magnetocrystalline anisotropy) is set to zero assuming that in these dimensions

there is not preferred axis of magnetocrystalline anisotropy. The magnetic field applied

in the simulations is set to vary in a cycle from 800G to −800G. The last parameter

corresponds to the cell size, which is a rectangular brick which indicates the single magnetic

dipoles, this parameter has been set to 5nm. This parameter is expected to be smaller than

the exchange length of the material, and big enough to reduce the time of the simulation.

In the figure 7.2.1, it is presented the material parameters in the simulations.

Figure 7.2.1: Material parameters of cobalt (hpc) in OOMMF.

Initially, it was expected to create simulations of microbars with widths close to 2µm.

However, due to the cell size these calculations take a vast amount of time. Hence, we

made simulations of 1 Bar and 2 bars of with lower dimensions, that is bars with widths

of 250nm and 500nm.
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7.2.1 First set of simulations of 1 bar and 2 bars

The first set of simulations correspond to 1 bar and 2 bars with the applied field parallel

to the microbars. The table 7.2.1 shows the parameters of the simulations, the bars

have widths of 250nm. Also, in the graph 7.2.2 it is shown the hysteresis loops for both

simulations.

1 Bar 2 Bars

Width (µm) 0.25 0.25

Height (µm) 0.75 0.75

Thickness (nm) 25 25

Separation (µm) n.a 0.125

Cell size (nm) 5 5

Table 7.2.1: Parameters of the first set of simulations of 1 bar and 2 bars of widths of
0.25µm.

Figure 7.2.2: Hysteresis loops of the first set of simulation of 1 bar and 2 bars. The bars
have widths of 250nm and the applied field is parallel to the bars.
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Figure 7.2.3: Magnetic domains in the simulation 1 of the two bars system, a) during the
demagnetization, b) during the step of the hysteresis loop, c) after the step in the loop.

For these two simulations, it was observed a high coercive field in both samples, and it was

found two steps in the magnetization of the two bars when the applied field is parallel to
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the microbars. The figure 7.2.3 shows the magnetic dipoles in the sample for three distinct

moments a) during the demagnetization, b) during the step of the hysteresis loop, c) after

the step in the loop. The picture 7.2.3b shows that the step in the hysteresis loop is due to a

dipolar interaction between the two bars, in this case one bar is magnetized upwards while

the other is magnetized downwards. Hence, this result suggest that the steps in sample

M3 are caused because half of the microbars are magnetized upwards while the other half

are magnetized downwards, see figure 7.2.4, this effect might happened in samples S1, and

S2 to a lesser extent.

Figure 7.2.4: Possible explanation for the steps in samples M3, S1, and S2, half of the
microbars are magnetized upwards and half are magnetized downwards, reaching an equi-
librium state maintained by dipolar interactions.
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7.2.2 Second set of simulations of 1 bar and 2 bars

The second set of simulations corresponds to 1 bar and 2 bars, just as the first set of simu-

lations, but with greater dimensions, the parameters of the two simulations are presented

in table 7.2.2, the bars have widths of 500nm. In the graph 7.2.5, it is shown the hysteresis

loops of both simulations, where the applied field is parallel to the bars.

1 Bar 2 Bars

Width (µm) 0.5 0.5

Height (µm) 1.5 1.5

Thickness (nm) 25 25

Separation (µm) n.a 0.25

Cell size (nm) 5 5

Table 7.2.2: Parameters of the second set of simulations of 1 bar and 2 bars of widths of
500nm.

Figure 7.2.5: Hysteresis loops of the second set of simulation of 1 bar and 2 bars. The
bars have widths of 500nm and the applied field is parallel to the bars.
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Figure 7.2.6: Magnetic domains in the simulation 2 of the two bars system, a) during the
demagnetization, b) during the step of the hysteresis loop, c) after the step in the loop.

The graph 7.2.5 shows that the coercive field is lower for bars of greater dimensions.

Furthermore, in the 1bar model it was found a step in the hysteresis loop, but the step
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was greater for the 2bars model. In the figures 7.2.6, it is presented the magnetization of

the 2bars model before, during, and after the step.

The figure 7.2.6a shows that during the demagnetization of the bars the adjacent sides

resist the demagnetization, suggesting the existence of a non-external field due to the in-

teraction between the bars. Also figure 7.2.6b illustrates that the adjacent sides of the

bars are not demagnetized during the step, and there are two vortices in the microbars,

these two concurrent conditions create a state of equilibrium in the magnetization. Fur-

thermore, the equilibrium state is broken when the magnetic dipoles of the corners are

demagnetized, generating the remainder of the adjacent sides of the bar to be demagne-

tized, figure 7.2.6c. This effect is caused due to a competition between the external field,

and the field due to the magnetic dipoles within the bar and the adjacent bar.

In the first set of simulations the step was due to dipolar interactions, between the two

bars, however, in the second set of simulation the step was due to trapped magnetization

vortices and a resistance of the sides of the bars to demagnetize. This shows that all three

conditions might be possible explanations for the steps found in samples M3, S1, and S2,

nonetheless, the dipolar interactions, encountered in the simulation of 2 bars of 250nm,

create a greater state of equilibrium, which might indicate that this effect accounts to a

greater extend for the results in these three samples.
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Conclusions

We grew five samples of magnetic microbars, M1, M2, M3, S1, and S2, and a continuous

film, and we measured their hysteresis loops in the plane. For the sample M1, we measured

the variations of the magnetic loops and their coercive field for various angles in the

VSM. However, for the other samples, we only characterized their magnetization in the

two characteristic directions, that is, the applied field parallel and perpendicular to the

microbars.

Regarding the angular measurements of the hysteresis loops in the sample M1 (1x1),

the coercive field is maximum when the applied field is parallel to the microbars, and it

decreased as the field pointed towards the perpendicular direction, which contrast with

the continuous film, see pictures 6.1.1 and 6.3.2. The sample M1 presented a similar

behavior as samples of the previous works L1 and L2 (See state of art), but, the second

local maxima at the perpendicular direction, was not found in this sample. This fact can

be attributed from the difference in the composition of sample M1 with respect to samples

L1 and L2. For instance, samples L1, and L2 has approximately 4.0nm of Cr, which is a

antiferromagnetic magnetic material at room temperature, while M1 does not.

The samples M1, M2, and M3 were grown with around 25nm of Cobalt. The AFM

characterization showed that roughly, sample M1 has in 1.3µm of width and 0.6µm of

separation, M2 has 1.7µm of width and 9.2µm of separation, and M3 has 2.0µm width

and 1.0µm of separation. The VSM characterization in sample M1 (1x1) showed that the

coercive field was maximum when the microbars were parallel to the field and it decreases

as the field approached the perpendicular direction. In the sample M2 (1x10), which can be
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considered as a set of isolated microbars, we did not find differences in the hysteresis loops

in the two characteristic directions, see figure 6.3.3, this result suggests that in a single

microbar in these dimensions the magnetocrystalline and shape anisotropy do not play a

substantial role in the magnetization, as the continuous film, and in contrast to magnetic

nanowires [8]. Furthermore, in the sample M3 (2x1), we found steps in the hysteresis loops

when the applied field is parallel to the microbars, see figure 6.3.4. These steps occurred

approximately, when the magnetization of the sample was zero and when the applied field

was the coercive field of the loop measured in the perpendicular direction.

Making a comparison between the samples M1, M2, and M3, in the perpendicular direc-

tion all three samples had roughly the same coercive field, see figure 6.3.6. However, in

the parallel direction the coercive field in sample M1 (1x1) was greater than in the per-

pendicular direction, the hysteresis loop of sample M3 (2x1) was greatly sheared, and the

sample M2 (1x10) remained intact in comparison with the other direction, see figure 6.3.5.

These findings may indicate that there exists an interaction between the microbars, when

the applied field is parallel to the microbars, and they are close together. Furthermore,

the enhancement of the coercive field in the sample M1 might be due to same effects as

the sample M3, but more steadily.

The AFM results show that the sample S1 has in 1.76µm of width and 1.37µm of sepa-

ration, and S2 has 1.47µm of width and 1.67µm of separation. The sample S1 was grown

with nearly 30nm of Co, and S2 with 50nm of Co. The VSM measurements present steps

in the hysteresis loops of both samples, when the applied field is parallel to the micro-

bars. The steps in the magnetization of sample M3 happened when the bars where nearly

not magnetized, whereas, for samples S1 and S2 these steps occurred roughly at half the

saturation magnetization on the microbars, see figure 6.5.3. Yet, the steps occurred in

the three samples almost when the external field was around 30G, which corresponds to

approximately the coercive field in the perpendicular direction for samples M1, M2, M2,

S1, and S2.

We performed computer simulation in OOMMF of 1 bar and 2 bars with the applied field

parallel to the bars, the first set of simulation were bars of widths of 0.25µm, and the

second set of simulations of 0.5µm, the separations in the 2 bar models were half the

widths, and the thicknesses were 25nm. We chose these dimensions and only two bars

because for greater dimensions the time of the simulations increased abruptly, considering

a cell size of 5nm. As general results, there were found steps in the hysteresis loops of the
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two bars models, as in a simulation of cobalt nanowires [11], see figures 7.2.2, 7.2.5. In

the simulation of 2 bars of 0.25µm the step occurred when a bar was magnetized upward

while the other was magnetized downward, see figure 7.2.3b, indicating non-synchronuous

reversal as in magnetic nanowires [11]. In the simulation of 2 bars with 0.5µm the step

occurred in the presence of magnetic vortices, as in microbars with round corners [13], and

when the adjacent sides of the two bars were not demagnetized, see figure 7.2.6b. Hence,

the steps might be due dipolar interactions, the presence of vortices, and border effects in

the bars, but, dipolar interactions play a more significant role to explain the steps in the

experiments and simulations.

In conclusion, the sheared hysteresis loop in sample M3 is perhaps mostly due to dipolar

interactions, in which, half of the microbars are magnetized in the direction of the magnetic

field and the other half are magnetized in the opposite direction, see figure 7.2.4. Moreover,

the steps in the parallel direction in samples S1, and S2, might be due to the same behavior

as in sample M3, but to a lesser extent. And finally, the increase in the coercive field in

sample M1 in the parallel direction in comparison to the perpendicular direction, could

be due to the same effect as in sample M3 but more gradually.
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