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Abstract
The project is dedicated to the study of amorphous samples made of
a thin film of Fe89 Zr11 with magnetic microstructures produced by Boron
ion-implantation through a mask. More precisely to the observation of magnetic domains lying within the sample. Samples with different shapes of the
Fe80 Zr10 B10 elements are measured, a series composed of three samples with
the shape of a stick and a second series of disks. The sticks have the same
dimension, 5µm width, 10µm heigh. Only the distance between two sticks
varies. Whereas for disks, their diameter get different values, 5µm, 20µm and
50µm. For the measurements a MOKE microscope based on the Kerr effect
is used. For every samples, images of the ground state and images during
hysteresis loop are collected with at least two Kerr sensitivities (longitudinal
and transverse). The analysis of the results allows to highlight the size effect
on the formation of magnetic domains and the competition between different magnetic energies, such as the exchange energy and the magnetostatic
energy.
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1

Introduction

The magnetic properties one can experiment in everyday life are the direct consequence of the formation of microscopic magnetic domains formed
inside the magnetic body. Their studies is therefore of primary importance
to deeply understand magnetization processes. A magnetic domain is a region of the magnet where all the atomic magnetic moments are aligned in
the same direction. Their distribution is ruled by several energies.
For this project, the study is turned towards the analysis of a film composed of a matrix of Fe89 Zr11 and elements of Fe80 Zr10 B10 embedded in the
matrix. They are both amorphous and soft magnetic materials. However
they each differ from their Curie temperature (Tc ) which is a characteristic
temperature for magnetic materials. Below this temperature the material
is ferromagnetic, i.e. it has spontaneous magnetization. On the contrary,
above Tc it becomes paramagnetic, it has a magnetization only when an external magnetic field is applied. Therefore at room temperature since only
Fe80 Zr10 B10 is ferromagnetic only magnetic domains lying within it will be
observed. The elements of Fe80 Zr10 B10 can take several shapes. We are studying two sets of samples, one with a disk shape for the elements of Fe80 Zr10 B10
and the other one with stick shape. The disk-set is composed of three samples
with different diameters, 5, 20 and 50 µm. The stick-set is also composed of
three samples but only the distance between two sticks differs from a sample
to an other. To observe the magnetic domains we exploit the magneto-optical
Kerr effect (MOKE) that all magnetic materials with a reflective surface develop. It describes the variation of the polarization of the light reflected
on the sample, directly related to the orientation of the magnetization lying
within the body. Thus, by analyzing the polarization of the out-coming light
one has access to information about the direction of the magnetization. Since
every domains possess different direction of magnetization compared to its
neighbours, the changes in the polarization varies at the same time from one
domain to an other. Which make the Kerr effect a convenient tool to observe
and distinguish domains and their properties. The MOKE microscope which
is the set-up used for this project combine the capacities of a normal microscope and the possibility to detect the Kerr effect. The main advantage of a
microscope compare to all other set-up used to measure magnetic properties
is that it is possible to see directly domains and follow their evolution in
real-time. Especially to interpret hysteresis loops. These loops (depicted in
Figure 1) describe the magnetization of a material evolving with an external
4

Figure 1: Exemple of a standard M(H) loop. Ms is the saturated magnetization. Hc the coercive field and Mr the value of the magnetization at
remanence.
field. During the process the material goes through different states, the saturation state, the material reach its maximum magnetization, the remanence
state (even though the external magnetic field is zero, there is a remaining
magnetization) and the coercivity which corresponds to the moment when
the total magnetization is zero. It is then particularly interesting to linger
on this to try to understand how magnetic domains evolve to reach these
different states of magnetization.

5

2
2.1
2.1.1

Background
Theory
Magnetic domains

Magnetic materials have always intrigued scientists through centuries but
it was really in the 19th century that theories trying to explain such properties were developed. However studies where lead at a macroscopic scale. It
is Weiss who the first wondered what was happening at a microscopic scale.
He emitted the hypothesis that the magnetization lying within a material
was actually not uniform but on the contrary that the body was composed
of regions presenting their own magnetization Mi (Figure 2).
P Organized in a
way that the resulting magnetic moment M vanishes, i.e. i Mi is zero (for
ferromagnetic materials). In other words, the moments lying in each region
cancel each other.

Figure 2: Example of magnetic domains. The arrows indicate the direction
of the magnetization. [2]

Now these regions are well known under the name of magnetic domains.
They are separated by walls called Block or Néel walls depending on their
properties. Within walls the magnetization rotates from the direction of the
magnetization within the first domain to reach the direction of magnetization
of the second domain. For Bloch walls this rotation is done out of the plane
of the wall whereas for Néel walls it is done in plane as shown in Figure 3.
To deeply understand the formation or even the presence of domains one has

6

to look at the different energies which enter in game.

Figure 3: Rotation of the magnetization from one domain to the other domain
through a wall. a) represents a Bloch wall whereas b) is a Néel wall. [2]

2.1.2

Magnetic interactions

The formation of domains corresponds to a minimization of the total
energy of the system. The total energy is a sum of several magnetic interactions.
Etot = Eex + Emstatic + Emca + Ez + Emstriction
The three first energies, Eex the exchange energy, Emstatic the magnetostatic
and Emcrystaline the magnetocrystalline anisotropy (for crystals) energy are
the main energies to describe the ground state domain configuration. The
two first will be described in details. The magnetocrystalline anisotropy describes the tendency for the magnetization to align along the easy axis of
the crystal. Since our samples are amorphous they don’t have crystalline
axis thus no magnetocrystalline anisotropy. This energy won’t take part in
7

formation of domains in our specific case.
There are also others energies. Emstriction the magnetostriction energy,
describes the ability of a material to change its dimensions depending on the
magnetization. Applying an external filed changes the magnetization and
thus the magnetostriction. And Ez , the Zeeman energy or external field energy, corresponds to the energy of a magnetized body in external magnetic
field.

Exchange Energy To deeply understand the exchange energy, one has
to look at the atomic scale. Indeed the magnetization is actually related to
the behaviour of spins. Roughly speaking the magnetization is the average
of spins moments direction. The exchange energy describes the interaction
between neighbouring spins.
X

Eex = −2

Jij S~i .S~j

(1)

<ij>

The summation is over all pairs of neighbouring atoms ij. J is the
exchange parameter, for ferromagnetic coupling J>0, neighbouring spins
tend to be aligned in the same direction. Whereas J<0 gives rise to antiferromagnetic coupling, with neighbouring spins aligned in opposite directions.
We make the assumption that the exchange parameter is the same from
a couple of neighbour to the next one giving Jij = J. And that |S~i | = S. (1)
can then be rewritten as :
X
Eex = −2JS 2
cosθij
<ij>

Where θij is the angle between two spins. If θij is small, we can approximate it as cosθij = 1 −

2
θij
.
2

Eex ≈ −2JS 2

Then Eex becomes :
X
<ij>

1−

2
X
θij
2
= −2JS 2 + JS 2
θij
2
<ij>

The first constant term corresponding to the case where all spins are
aligned is dropped. Finally the exchange energy for one couple is :
2
Eij = JS 2 θij
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The Magnetostatic energy Also called demagnetizing energy, stray field
or magnetic dipole interaction, the magnetostatic energy explains the formation of domain. This energy is composed of the wall energy Ew and the
magnetostatic self-energy Em . Since a domain possesses a magnetization Mi
it naturally gives rise to apparition of poles at the surface of the domain,
these magnetic charges generate a demagnetizing field. Em is the integral
over the volume of the sample of the product between the demagnetizing
field and the magnetization . Which gives the following equation,

1
Em =
2

Z

~ d .M
~ dV
µ0 H

V

Where Hd is the internal demagnetizing field induced by the sample itself
(Figure 4), µ0 the vacuum permeability and M the spontaneous magnetization. Even though the integral is over the volume of the sample/magnetic
domain, it takes in account the whole demagnetized energy which can extents
outside the sample.
The demagnetizing field, as indicated by its name, is opposite to the
magnetization M, it then can be written as,
~ d = −N M
~
H
Where N is a demagnetizing tensor.
Then Em is :
Em ∝ N M 2 V
With V the volume.
Since the stray field is generated by the poles, its energy is thus related to
the density of poles. To reduce the magnetostatic energy so the demagnetize
energy, ones has to make the density of poles decrease and so the spatial
extent of the stray field. To do so one possibility is to subdivide the domain
in several domains like it is shown in Figure 5.
The magnetostatic energy
9

Figure 4: (a) represents the field lines of the magnetization M. (b) represents
the field lines of the demagnetizing field Hd . [1]
can even be reduced to zero if the magnetic flux inside the body is closed. To
reach this, magnetic domains have to be organized in a flux closure pattern.
Different kind of flux closure exist, one is shown in Figure 5 (d) and (e).

Figure 5: (a), (b), (c) shows the extent of the stray field and the magnetization vector lying within the sample. (c) Increasing the number of domains
decreases the spatial extent of the stray field. (d) and (e) are flux closure
configurations. [4]

An other energy, the shape anisotropy derives directly from the magnetostatic energy. Let’s consider a sample showing symmetry involving a long
and short axis. We can imagine two cases for the orientation of the magnetization, it can be along the long axis or the short one. Along the long
axis the density of poles will be smaller than if the magnetization is along
the short axis. As a result the magnetostatic energy is smaller in the first
10

case. The energetically favorable configuration depends on the shape of the
sample, thus the name shape anisotropy.

Competition between the Exchange energy and the Magnetostatic
energy. The ferromagnetic exchange interaction and the magnetostatic energy show clearly opposite objectives. On one hand the exchange energy
tends to align magnetic moments together as depicted in Figure 6 giving
rise to apparition of free poles. On the other hand the magnetostatic energy
tends to avoid the formation of poles by creating flux closure and thus non
aligned moment.

Figure 6: (a) Schema of aligned atomic moments in a disk and formation of
poles denoted S and N at the edges. (b) vortex configuration. [5]
However these energies coexist. It is due to the fact that they both have
their own region of influence. We saw previously that the magnetostatic
energy was Em =µ0 M 2 V for a uniformly magnetized body (as in Figure 6(a)).
For a vortex (Figure 6(b)) the exchange energy can be written as [5],
Eex = (

2AV
) ln r
r2

With A the exchange stiffness constant, V the volume of a disk, r the radius
of the disk.
The exchange density energy [5] is r dependent. Thus by computing the
11

ratio of the exchange energy density over the magnetostatic energy density
to one we can define the typical radius r for which the exchange energy or
the magnetostatic energy prevails.
Eex
1
Em
A
1
r 2 µ0 M 2
A
 r2
µ0 M 2
s
A
r
µ0 M 2
q
Thus for r  µ0AM 2 , the magnetostatic prevails. Let’s call lex this typical
distance. Then for r  lex one expects to have a single domain and for
r  lex a flux closure configuration or a multi domain configuration. Experimentally it has been observed, that Supermalloy (Ni80 Fe14 Mo5 ) disks of
size 300µm have vortex configuration whereas disks of size 100µm present
single-domains [9].
In addition, simulations of magnetic domains configurations have been
done with crystals in [2]. Indeed for low anisotropy, for a small size range
one will find first single domain and then vortex which is a flux closure configuration. The simulation is displayed in Figure 7.

Domain Walls The formation of domain walls is actually related to the
exchange energy. Indeed we saw that the exchange energy for one couple is
Hij = JS 2 cos(θij )2 . Then if two neighbouring spins are in opposite directions (θij = π), Hij is maximum. The minimization of the exchange energy
prevents from an abrupt change of the direction of the spin between two
neighbours. That is why at domain boundaries there are these domain walls
within which the direction of spins smoothly rotates from one domain to an
other. This phenomenon is depicted in Figure 8.
Now that we saw why there are domains, the question is how can we
observe them.

12

Figure 7: Simplified phase diagram representing the multiplicity of domains
depending on the reduced magnetic anisotropy and the size range of the body.
It is applicable to cubic particles with a uniaxial anisotropy. [2]

Figure 8: Spin rotation in a domain wall. [5]
2.1.3

The Kerr effect

In order to observe these magnetic domains described above we’ll exploit
the magneto-optical Kerr effect. It is particularly convenient for the observation of magnetic domains since this effect express the influence of the
magnetization over the light properties. More precisely, it’s based on the
rotation of the polarization plane of the incoming light during the reflection
from a magnetic sample. The incoming light is linearly polarized i.e. the
plane of polarization is also the plane of E the electric field of the light.
When the light reaches the surface of the sample, the Lorentz force induces
13

a small vibrational motion of electrons (perpendicular to the magnetization
and to the primary motion of electron (parallel to E ) which induces a small
component of the polarization perpendicular to the original one (Figure 9)
As a result, the polarization is turned by an angle θ. The rotation of the
polarization is totally dependent on the direction of the magnetic moments.
Then from one domain to an other the polarization will be turned with a
different angle θ. By measuring the intensity of the out-coming beam of light
we measure at the same time magnetic domains.

Figure 9: Kerr effect is represented for the polar sensitivity. The magnetization is out of plane (represented by he vector J). The electric field E and J
induce a Lorentz force νLOR which generates the component RK of polarization. The addition of Rk to the original component RN gives a new vector E
rotated by a small angle from the original one. A similar effect is observed
in transmission, it is called the Faraday effect.[2]

It exists three different Kerr effects, the longitudinal, the transverse and
the polar effect. They all vary from the angle between the magnetization and
the incident light, their geometry are depicted in Figure 10. For the longitudinal the incident light and magnetization vector are in the same plane. The
same condition is encountered for the polar MOKE except that the magnetization has to be normal to the surface of the sample. Finally for the
transverse MOKE the plane of incidence is perpendicular to the magnetization.
14

Figure 10: Representation of the (a) polar, (b)longitudinal and (c) transverse
MOKE. m is the unit vector of magnetization. [7]

2.1.4

MOKE microscope

To measure the Kerr effect, we use a MOKE microscope whose optical
path is shown in Figure 11. The basic operation is the same as for a normal
microscope. However to detect the Kerr effect it is necessary to add elements
capable of measuring a variation in the polarization of the light, i.e. a polarizer and an analyzer. The polarizer placed in the incoming path guaranties
to have a linearly polarized incoming light. The analyzer in the out-coming
path allows us to measure the change on the polarization by observing a
change in the intensity detected by the camera-detector. A compensator is
added since due to the Kerr effect the polarization becomes slightly elliptic,
the compensator corrects it. Finally a Bertrand lens is added to allow the
user to select which kerr effect (longitudinal, transverse or polar MOKE) one
wants to measure.

2.2
2.2.1

Fe80 Zr10 B10 samples
Description of the fabrication

For this project, we use samples of Fe89 Zr11 implanted with B. Their fabrication is described in detail in [8], each samples are composed of several
layers as shown in Figure 12. Both Al70 Zr30 layers are used as protection
layers against oxidation. The implantation is done by scanning a beam of
Boron over the mask resulting of regions of embedded Fe80 Zr10 B10 , whose
15

Figure 11: Description of the optical path in a Moke microscope set up. The
incoming path (a) and out-coming path (b). [7]
shape is defined by the mask. Two shapes are analyzed here, disks and sticks
with different sizes. The series are illustrated in Figure 13. Both the matrix
and the elements of Fe80 Zr10 B10 are amorphous and soft-magnetic materials.

Figure 12: (a)Representation of multilayers sample. (b) The desired geometry is obtained by applying a Cr mask then a beam of Boron-ion is scanned
for implantation. (c) The mask is removed, leaving the original sample with
elements of Fe80 Zr10 B10 embedded in Fe89 Zr11 matrix. [8]
16

Figure 13: (a) set of disks composed of three samples, Panel 1,2,3. For each
the diameter and the inter-distance between two disks vary from 5µm to 20
and 50µm. (b) set of sticks composed of samples 27,28 and 29. The size of
sticks stays the same only the horizontal inter-distance between neighbour
sticks is modified from a sample to an other.
The implantation of Boron modifies the Curie temperature of Fe80 Zr10 B10
17

(340 K) compared to that of Fe89 Zr11 , Tc of 208 K. At room temperature
regions of Fe80 Zr10 B10 are ferromagnetic and the matrix Fe89 Zr11 is paramagnetic. Therefore only magnetic domains of Fe80 Zr10 B10 will be observed
through the microscope at room temperature.

2.2.2

Properties

Fe80 Zr10 B10 is an amorphous magnetic material. Amorphous materials,
on the opposite of crystals don’t possess a long range atomic order. They
present sites where it exists a local anisotropy direction which varies from
site to site without periodicity.
In addition to be amorphous, Fe80 Zr10 B10 is also a magnetic material,
more precisely it is part of the so called soft magnetic materials. Their main
characteristic is that they need a small external field to be magnetized and
have a low coercivity and remanence. A sharp hysteresis loop, similar to the
one measured in [8] is displayed in Figure 14 for a sample of disks of size
20µm.

Figure 14: M(H) loop of a disk sample (d=20µm) of Fe80 Zr10 B10 measured
with L-MOKE at room temperature with a magnetic field in a range of
±6mT. [8]
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3

Method

To observe magnetic domains we use a MOKE microscope which requires
preliminary settings to optimize the contrast of images.

3.1

Description of the set-up

In addition to the microscope described above, we add a rotatable magnet
connected to a Kepco power supply. Since our samples are soft material we
need to apply only small magnetic field in range of 5mT. The magnet is
composed of two coils with few windings adapted for our use. A cooling
system is added to avoid the magnet to warm up during measurements.
Finally we use the KerrLab software to process measurements. The software
is directly related to the camera allowing to have a live screen of the sample.

Figure 15: (a) picture of the rotatable magnet. (b) picture of the MOKE
microscope.

3.2
3.2.1

Adjustments
Kerr sensitivity

The advantage of using the MOKE microscope is the possibility to choose
the Kerr effect we want to do measurements. The settings are done in the
19

conoscopic mode (the back focal plane of the objective lens), and consist in
placing the slit in the corresponding area of the cross (Figure 16). The width
and the height of the slit are controlled with wheels and pads. The Figure
16 shows the corresponding area to the three different Kerr effects.

Figure 16: Representation of the cross obtained in the conoscopic mode and
of the three possible positions of the slit.

3.2.2

Improvement of the contrast

Adjustment of parameters are very important in order to get the best
contrast as possible. They are not systematic since all settings depend on
the sample. Therefore every time it is necessary to play with the parameters
of the microscope combined with those available in the software.
The first obvious adjustment is the focus on the sample like for any other
microscopes. The settings of the polarizer, analyzer and compensator are particularly important to reach optimum conditions to see Kerr effect. Therefore
the polarizer and analyzer should be in extinction configuration to extinguish
the light coming from some domains, they will appear totally black, whereas
others will appear more or less bright. If there is no extinction then it is
harder to distinguish domains since they all would be grey-ich. To reach the
extinction condition one has to simply look in the eyepieces of the microscope
and rotate the polarizer until the image appears the darkest.
The second adjustment has to be done in the conoscopic mode of the
microscope. In this mode we see the back focal plane of the objectif lens. If
adjustments are correctly done, a black maltese cross should be formed. It
is the sign of the optimizing of the illumination path. If there is no cross,
20

the compensator and the analyzer have to be moved to reach that condition.
The cross has to be straight. However depending on the sample and its surface, the cross can be more or less defined. The width of the slit described
above has also an influence on the contrast. Often the sharper is the slit the
better is the contrast. However a too sharp slit decreases the light intensity,
therefore a correct equilibrium has to be found.
The last important setting is done via the software KerrLab. It consists
on dealing with the exposure time and the number of averaged frame. We
can choose a exposure time from 0.0001 to 0.1 second. A high exposure
time reduce the noise but in counterpart it decreases the frame rate. Yet
a low frame rate implies a low number of averaged frame in order to keep
a reasonable real-time observation. This option is not the optimal settings
for M(H) loop measurements for instance since it first takes lot of time to
achieve the loop and secondly because after a certain time the shifting of
the lamp intensity is more and more significant creating some shadows-like
around defects at the surface of the sample. It is then important to strike a
balance between a reasonable exposure time and frame rate. Often 0.04sec
is the best option for the choice of exposure time.
To summarize there are three main settings to reach a good contrast, the
tuning of the position of the extinction condition, the position of the analyzer and compensator, the width slit and the exposure time coupled with
the number of frame rate. In addition, the lamp in the microscope has a
visible-light spectrum which also plays a very important part to have a good
resolution and a good level of intensity.
Others settings can also be done like the choice of the averaged frame.
Often it is preferable to select a high number of average (128) to decrease
the noise. However for some reason described above like for the hysteresis
loop it is better to choose a low average number (16 or 32) to both shorten
the time of measurement and limit the lamp shift effect.
The last settings is to change the brightness and the grey scale of images. It
is done through the software where the histogram of images is shown, often
one wants to center the histogram around 2000.
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3.3

Acquisition and process of images

For the Image Processing we use the Difference image technique consisting in subtracted the background from collected images. The background
has then to be free-of domains to avoid to disturb the contrast in the image
difference. To do so, an AC field (with maximum amplitude of 5mT) is applied to put domains in stochastic motion and an average of frames is taken.
The resulting image is an averaged grey.
The function SUB on KerrLab makes the difference images between liveimage and the background.
All the images presented in the section 4 Results and Analysis are processed
with the software Fiji [10] to modify the brightness and contrast of images
and normalize the background.

3.4

Measurements procedure

To have a complete measure of a sample, two kinds of measurements are
done. First the degauss or demagnetization procedure which consists in applying an alternative decreasing current in the coils, the sample is then first
in the saturation configuration to, at the end, reach the demagnetized state.
The main goal of this operation is to demagnetized the material and erase
its magnetic memory so to speak.
Once the sample is in its demagnetized state we can proceed to an M(H)
loop applying a magnetic field in a range of ±5mT. The curve is obtained by
plotting the average image contrast as a function of the magnetic field.
Each time both procedures have been done for the three Kerr configurations (L,T and P-MOKE). Since the polar-MOKE didn’t give any contrast,
only images obtained with the longitudinal and transverse MOKE will be
analyzed here. One solution for observing the P-MOKE would be to use a
circular magnet to apply a field out-of-plane instead of in-plane to increase
the out-of-plane magnetic moments. But lacking of time it has not been done
during this project.
In addition an other technique was used to measure samples with the
transverse MOKE. Instead of using the corresponding area of the maltese
22

cross, the longitudinal settings were kept but the sample and the magnetic
field were rotated by 90◦ in the same direction. This configuration is perfectly equivalent to a T-MOKE measurement and have advantages. It is
faster since it is not necessary to redo the slit settings and it avoids to loose
the contrast we got.
Measurements at low temperature were also done with a cryostat using
liquid Nitrogen. At low temperature both the elements of F e80 Zr10 B10 and
the matrix F e89 Zr11 are ferromagnetic, it would have been interesting to
see if there were couplings between them. Unfortunately the vibrations of
the lamp probably combined to vibrations due to the cryostat affected the
stability of the system. As a result images showed a very poor contrast, it
was impossible to distinguish any domains. No results will be presented here.
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4
4.1

Results and Analysis
Disks

This section is dedicated to the study of magnetic domains within disk
samples. Three samples with different dimensions (show in Figure 13) have
been analyzed. The particularity of disk samples is that they exhibit a vortex
configuration as ground states (Figure 17) for intermediate sizes.. A vortex
is different from a single domain as the magnetization lying within is not uniform, the magnetic moment is rotating showing a singularity at the center
of the disk. It is neither considered as a multi-domains because there are no
walls. Vortex is a perfect flux closure and the sign of the isotropy of the soft
magnetic material.

Figure 17: Image of Panel 3 (d=50µm) at its demagnetized state taken with
L-MOKE (representing by the white arrow). More precisely, the white arrow
represents in which direction we are probing the magnetic moment. Then it
means that the white areas of the disk have the magnetic moment is in the
same direction as the white arrow and dark areas have their moment in the
opposite direction.
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4.1.1

Demagnetized state

Formation of vortices corresponds to the ideal state for a minimization of
the magnetostatic energy since it is a flux closure configuration. It should be
the preferential configuration for ground states of disks in soft magnetic materials of the size of about 300µm. For the three disk samples we still observe
vortices (although their size is about few micrometers) however their proportion varies with the size of the sample. for disks of size 5µm we observe 94%
of vortices, 75% for disks of 20µm and only 11% for disks with d=50µm. The
rest are multi-domains and vortex-like (uniquely for sample 3). The latter
can be due to inhomogeneities in the sample. Vortex-like configurations are
characterized by a shifting of the singularity (disks (2) (3) and (4) in Figure
18)
The number of vortex decreases as the size of the disk increases (The
sample 1 is 4 and 10 times smaller than respectively sample 2 and 3). Then
the formation of multi-domains is a consequence of the size of the samples.
It is also interesting to notice that there are still vortices which are formed
for disks of size 50µm even if they are 10 times bigger than disks of Panel 1
(d=5µm). This can be due to the fact that the material is a soft-magnet for
which it is possible to have a torsion of the spins over a large distance.

It is also possible to determine the sens of rotation of the magnetic moments inside a vortex. Since we measure with the L-MOKE we know that
the moments of white and black domains point up or down. I arbitrarily
choose that the moments in white domains point up. Thus for the vortices
having the left-half mostly white the moments turn clockwise and conversely.
For Panel 1 (d=5µm) 53% of vortices have a clockwise rotation of moments
and 47% an anticlockwise one. For Panel 2 (d=20µm), 56% are clockwise
and 44% anticlockwise (the statistic have been done using several different
pictures of the demagnetized state.) Theses results don’t allow to conclude
something concerning a potential preferable configuration for vortices.

The results for demagnetized states agree with what we saw in the theory,
that for small size there is formation of vortex and then for bigger samples
the formation of multi-domains. This size effect is also visible on the images
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taken through M(H) loops.

Panel 1 (d= 5µm)

Panel 2 (d= 20µm)
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Panel 3 (d= 50µm)
Figure 18: Images of Panel 1, 2 and 3 at a demagnetized state. The white
arrows indicates the direction of the applied magnetic field H and the MOKE
sensitivity used for measurements, in this case L-MOKE. The yellow curved
arrows indicates the sens of rotation of the magnetic moments for vortices.
For instance for Panel 1, in vortex(1) the magnetic moments turn clockwise
and in vortex (2) they turn anticlockwise.
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4.1.2

M(H) loop

By measuring an H(M) loop we have access to the process of magnetization, more precisely to the equilibrium configuration of domains in different
magnetic field. For Panel 2 (d=20µm) and 3 (d=50µm) the evolution of
magnetic domains during the reversal magnetization displayed in Figure 19
is the same.

+5.03mT

+0.07mT

-0.03mT

-0.22mT

-4.97mT

Figure 19: Images of Panel 2 (diameter=20µm,) collected from a M(H) loop
measurement (magnetic field range from ±5mT) at room temperature with
MOKE microscope in the longitudinal configuration indicated by the blue
arrow. The red one indicates the direction of the external field.
Both (a) and (e) correspond to the saturation state presenting single domain with the magnetization parallel to the applied field H but in opposite
direction since the magnetic field is reversed throughout the M(H) loop. The
reversal magnetization starts with a double curling of the magnetization at
the top-edges. Then at remanence (c) the two curls join to form a cat-eye
configuration with three anti-parallel aligned domains. For the two panels
only the cat-eye configuration is formed. However for the Panel 1 (d=5µm)
at remanence vortex and cat-eye configurations coexist at the same rate (Figure 21. During the reversal magnetization close to remanence the curling still
occurs but for disks which present the vortex formation they join not in the
center but on one edge. The detail of the formation of vorteces is depicted
in 20
N.B: At remanence and saturation the fields is not respectively exactly
5.00 and 0.00 mT because of a residual field.
To conclude on the disk-set, the results clearly show that the size of the
samples has an effect on the configuration of domains. The creation of walls
seems energetically unfavorable for small samples which prefer to form vortex
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Figure 20: Images collected during M(H)loop of Panel 1 (d=5µm). Only
images close to the remanence are shown. a), b), c), d) and e) are images of
the reversal magnetization. f) vortex occurs at remanence. g) the domains
evolve toward the saturation state. The blue arrow indicates the Kerr sensitivity, longitudinal. The red arrow indicates the orientation of the magnetic
field.
configurations. And the larger is the sample, the greater the proportion of
multi-domains is important.
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Figure 21: Panel 1 (d=5µm). Image at remanence collected during an M(H)
loop. The blue and red arrows respectively indicate the kerr sensitivity and
the direction of the external field.
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4.2
4.2.1

Sticks
M(H) loop

For the three stick samples we got the same results for all measurements.
Then the analysis is only based on images of sample 28. During the reversal
magnetization (Figure 22) a double curling appears at the edges of sticks
(a), it is due to the curved edges. At remanence (c), the curling join to form
three domains of anti-parallel alignment.
Domains are formed along the long edge and in the direction of the magnetic
field. These conditions tend to minimize the magnetostatic energy.

Figure 22: Images collected during an M(H) loop measured with the LMOKE. (a) and (d) sticks are their saturated state. (c) the sample is at
remanence.

4.2.2

Demagnetized state

The ground states obtained after degauss procedure present different patterns depending on the orientation of the magnetic field and the sensitivity
used for the measurement. It is displayed in Figure 24 and Figure 23.
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Figure 23: Image of sample 28 at its demagnetized state. The white arrows
indicate the direction of the field applied H during the degauss process and
the Kerr sensitivity used for the measurement.
In Figure 24, (a) domains are divided either in a flux closure or in a double domains. For both configurations, domains appear gradually grey at the
edges, there are no 90◦ walls. It is due to the curved shape of sticks at the
edges. The observed flux closure is similar as the one presenting in Figure 25
except at the edges where there are no 90walls. Both configuration appears
at the same rate.
For (b) two domains with anti-parallel alignment are observed. Again
like for (a) the edges are gradually grey because of the curved shape of the
sticks at the edges. Only this configuration is observed. In the case (c),
multi-domains are observed, the multiplicity of domains tends to minimize
the extent of the stray-field. Finally, for (d) two configurations appear (like
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Figure 24: Demagnetized states of sample 28. The red arrows indicate the
direction of the field applied during the degauss process. The blue arrows
indicate the Kerr sensitivity with which the image has been taken. L for
longitudinal MOKE and T for transverse MOKE. The black and white arrow indicate the direction of the magnetic moments. a) and b) longitudinal
components of magnetization are measured. c) and d) The transverse components are detected.
for (a)), a flux closure and multi-domains.

Figure 25: From [2] Demagnetized state of permalloy N i81 F e19 , flux closure,
the arrows represent the magnetization vectors

The flux closure observed with in (a) and (d) of Figure 24 are depicted in
Figure 26. The flux closure obtained with the T-MOKE in (d) is complementary of the one obtain in (a) with the L-MOKE. Indeed in the L-MOKE all
grey-domains should appear black or wight under T-MOKE and it is what
we see. The grey diamond in the center in (a) appears wight in (d) and
the same thing for grey domains at the edges which appear black in (d). It
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Figure 26: (a) Closure pattern observed with the L-MOKE. d) flux closure
configuration observed with the T-MOKE. The white and black arrows indicate the direction of the resulting magnetic moment within domains. And
in the corner the white arrows indicate the kerr sensitivity and the direction
of the applied field during the degauss process.
gives additional information on the direction of the transverse component of
magnetization which was impossible to determine just with the L-MOKE.
The fact that we got different configurations for ground states eventhough we had exactly the same sample is linked to the formation of walls
during the demagnetization. The motion of walls also depends on the direction of the magnetic field relative to the sample. though it can be in contradiction with the minimization of the magnetostatic energy like for cases
(b) and (d). Which implies that the motion of walls constitutes an energetic
barrier.
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5

Conclusion

The study of magnetic domains and their observation give precious information on the different steps of the magnetization. Measurements led over
Fe80 Zr10 B10 samples reveal that formation of domains highly depends on the
size and the shape of the samples. Indeed we have observed with Panel 1,2
and 3 that the proportion of vortex configurations decreases when the size of
the sample increases for the benefit of formation of multi-domains. It would
be interesting to run complementary measurements with a sample presenting an even smallest diameter to see if only vortices are formed. The results
also show that even though Fe80 Zr10 B10 is amorphous it follows the same
pattern of domains formation as for crystals with low anisotropy especially
concerning the influence of the size of the sample. Finally we can say that
the MOKE microscope is a convenient and efficient method to observe magnetic domains. By using this device it is possible first to follow the formation
and motion of magnetic domains and get images with a good contrast and
secondly to run measurements with the three different Kerr effects.

35

References
[1] E. du Trémolet de Lacheisserie, D. Gignoux, M. Schlenker,
NETISM 1-FUNDAMENTALS. Grenoble Sciences, 2002.

MAG-

[2] Hubert Alex, Schäfer, Rudolf, Magnetic Domains: The Analysis of Magnetic Microstructures. Springer, 1998
[3] Craik, Derek J Magnetism: Principles and Applications. Wiley-VCH,
September 2003
[4] Krishnan, Kannan.M Fundamentals and Applications of Magnetic Materials. Oxford University Press, 2016
[5] S. Chikazumi Physics of Ferromagnetism. Oxford University Press, 1997.
[6] H. Kronmüller, M. Fähnle Micromagnetism and the Microstructures of
Ferromagnetic Solids. Cambridge University press, 2003
[7] McCord, Jeffrey Progress in magnetic domain observation by advanced
magneto-optical microscopy. Journal of Physics D: Applied Physics, 2015.
[8] G. Muscas, R. Brucas, P. Jönsson Bringing nanomagnetism to the
mesoscale with artificial amorphous structures. Physical Reviw B, 2018
[9] R.P. Cowburn, D.K. Koltsov, A.O. Adeyeye, M.E. Welland and D.M.
Tricker Single-Domain CIrcular Nanomagnets. Physical Review Letters,
1999.
[10] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair,
T. Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, JY. Tinevez, DJ. White, V. Hartenstein, K. Eliceiri, P/ Tomancak and A. Cardona Fiji: An open-source platform for biological-image analysis. Nature
Methods, 2012.

36

