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Abstract

Memory devices need to be able to write and read more data while using less energy.
In recent years, the research field to achieve this has been focused on ultra-thin film
magnetic materials used in Magnetic Random Acess Memory. In these materials,
the spin Hall effect induces a spin-orbit torque which breaks the spin-symmetry of
the system. However, external magnetic fields are still required to accomplish this
symmetry breaking. There are other possibilities to possibly break the symmetry
and one of them is by the use of anisotropy. This is the directional dependence
of a sample. By using a thee-dimensional magnet, the anisotropy constant can be
determined for all possible directions. The goal of this thesis is the creation of the
software of a thee-dimensional magnet and the validation of its experimental data
with the use of a one-dimensional magnet.

The software and set-up of a three-dimensional magnet are introduced in this
thesis. The set-up is found to have a difference in the magnetic field magnitude for
the individual magnets. This is due to the smaller pole-spacing of one of the magnets
compared to the other two. It is also found that the separate dipole magnets exert
a large influence on each other. This influence is asymmetrical and in the order of
10 %, depending on the magnetic field strength. The magnetic field strength cannot
reach its maximum in every direction.

Furthermore, the data obtained by the three-dimensional magnet is validated.
This is done by determining the anisotropy of a Pt/Co/Pt sample using a one-
dimensional magnet and the three-dimensional magnet. The anisotropy constant
is obtained by measuring the Anomalous Hall Effect of a sample, which is propor-
tional to the perpendicular magnetization component. This component is used in the
Stoner Wohlfahrt model to quantify the anisotropy. The effective anisotropy is deter-
mined to be Keff = 0.8 MJ/m3. This value was found for both the one-dimensional
as well as the three-dimensional magnet. From this, the conclusion can be drawn
that for the used data, the three-dimensional magnet is working accordingly. Recom-
mendations are given to improve the set-up to make magnetic fields in all directions
possible.
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1 Introduction

The race for faster and better computers has been continuous ever since its first introduc-
tion. As early as 1965, the famous Moore’s law that states that the number of transistors
in integrated circuits doubles every two years, still holds until this day [1]. However, more
and more cracks occur in this famous law and its end is close [2, 3]. Luckily, there are
still possibilities. In recent years, new memory devices have been developed with ultra-thin
film magnetic materials used in Magnetic Random Access Memory (MRAM). The research
group FNA of the TU/e has a three-dimensional magnet to experiment with these kinds of
materials. However, it is not yet operational. A three-dimensional vector magnet enables
magnetic field sweeps in all directions. This gives the opportunity to determine all kinds
of material properties that cannot be obtained with a one-dimensional magnet. These
properties might be the key to solve the challenges of ultra-thin magnetic materials. An
important mechanism in these magnetic materials is the Spin Hall effect (SHE) for mag-
netic switching as a way to write data. SHE causes separation of electrons with opposite
spin in a material with a high spin-orbit coupling. It is observed in heavy metals, like
the one used in this thesis: platinum [5, 6]. When such a heavy metal is stacked with
a spin-transparent magnetic layer and a protecting capping layer, it is possible to insert
these spins induced by the SHE. Figure 1 shows such a three-layered sample with its mag-
netic component in the z-direction perpendicular to the sample. The blue bottom layer

(a)
(b)

Figure 1: Trilayer sample with a capping layer, ferromagnetic layer and a heavy metal
layer. By an induced current, I, separation of spins occur at the interfaces of the heavy
metal [4]. b.) Side view of the sample with a saturated magnetic component due to SOT
during and after an induced current occurs.

is a heavy metal in which due to an induced current SHE occurs. This is denoted by the
blue and red arrows in the positive and negative y-direction. These spins are inserted into
the magnetic layer. This insertion causes a torque on the magnetization, ~M , known as
a spin-orbit torque, SOT [7]. This torque is always perpendicular to the magnetization
component for perpendicular magnetic anisotropy (PMA) samples, which is in this case
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the negative y-direction as seen in figure 1b. Samples with PMA have their magnetization
components’ equilibrium in the positive or negative z-direction. When the current is turned
off, the magnetic component ~M returns to this equilibrium position due to the loss in spin
injection. However, both perpendicular directions are equally favorable. Therefore, switch-
ing can occur in both direction, to either the positive or negative z-direction. This is called
stochastic switching. By applying an external field it is possible to break the symmetry
of the spin-orbit torque in the system [8]. This symmetry breaking enables switching to
only one of the two equilibrium positions. Therefore, it gives deterministic switching. The
question is if it is also possible to break the symmetry of the system, enabling deterministic
switching, by using the in-plane anisotropy of the sample? The next section will discuss
this report and how to perform experiments using a three-dimensional magnet, that can
enable symmetry breaking of the system using anisotropy.

This Thesis

This section gives the goal and structure of this thesis.

This thesis’s goal is the development of initial control software and magnetic mapping of
a three-dimensional vector magnet. With this magnet, it is possible to apply an exter-
nal field in all direction with a maximum of +/- 0.6 T. This enables experiments with
PMA samples and their possible in-plane anisotropy that cannot be performed using one-
dimensional magnet. The in-plane anisotropy component might be the key for symmetry
breaking without an external field, making it possible to have deterministic switching.
The biggest part of this thesis is the field homogeneity mapping of the magnet. With this,
possible recommendation on how to improve or optimize the influence that the dipole elec-
tromagnets generate on each other is given. Furthermore, experiments are performed on a
Pt/Co/Pt thin film PMA sample to quantify its anisotropy using both a one-dimensional
magnet and three-dimensional magnet. These results are compared and discussed.

The structure of this thesis is as follows: in chapter 2, the theory behind the measure-
ments is introduced. In chapter 3, the results of the magnets software, magnetic mapping,
and anisotropy using a model are given. In chapter 4, a conclusion of the results is given
with recommendations and an outlook.
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2 Theory

This section of the report is divided into four parts. These parts are necessary to understand
the physics and used models required to interpret the results. The first section describes
the general concept of hysteresis in ferromagnetic thin films. Secondly, the understanding
of anisotropy is explained. Thirdly, the Stoner-Wohlfahrt model is introduced, which is
used for magnetic modeling. In the last section, a way on how to quantify anisotropy by
using the anomalous Hall effect is given.

2.1 Hysteresis in ultra-thin ferromagnetic films

In this section, hysteresis in ultra-thin ferromagnetic films is discussed. The goal is to
understand the simple mechanisms behind hysteresis.

Ferromagnetism is the mechanism that enables common metals like iron and cobalt to have
a magnetization component. This is due to the fact that inside these materials sponta-
neous magnetic ordering occurs, even without an external magnetic field[11]. When an
external field is applied, hysteresis occurs. This means that the magnetization of the sys-
tem depends on its history. Figure 2 shows such a history dependency of a sample with
a randomly oriented magnetic component. 2. When an external field, ~H, is applied, the
atomic dipoles of the ferromagnetic material align. This magnetic dipole moment is due
to the fact that electrons have a spin-direction (up or down), that acts like tiny magnets.
The spins align due to the external field, creating a magnetization component. When the

Figure 2: Graph of the magnetization versus applied field with a hysteresis loop of a ran-
domly oriented ferromagnetic sample sorted in different parts 1 to 4 with a low anisotropy
value. The red arrow gives the saturation of the magnetization, while the blue arrow gives
the coercivity of the sample.
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field is removed, part of this alignment will remain. This is seen in Figure 2 in which a
ferromagnetic sample with a randomly oriented magnetic component is shown, divided into
4 segments. Segment 1 is the start of the initial magnetization curve, it is still reversible
since the applied field is relatively small. Different spin alignments occur, creating many
small segments with a uniform magnetic direction called magnetic domains. These are
separated by so-called domain walls. In segment 2, an irreversible jump occurs as the do-
main walls sweep through the sample, eliminating all but one: the most favorable domain.
Segment 3 shows the reversible coherent rotation of the remaining domain magnetization,
~M , towards ~H. When a larger field is applied after segment 3, the sample approaches its

asymptotic value. This is called the magnetic saturation, Ms, and is denoted with the red
arrow in figure 2. The required field to reach this saturation is called the anisotropy field,
Ha. When the field ~H is decreased again towards segment 4, the sample returns from a
single domain to a multi-domain state with no net magnetization at the intersect with the
x-axis. The latter is given with the blue arrow and is called the coercivity of the sample,
Hc. This is a quantification of a ferromagnetic material to withstand an external field
without becoming demagnetized. In the figure, this can be observed by the fact that the
magnetization component can only be zero in the hysteresis loop by applying an external
field. The full loop is observed by increasing the applied field again. However, the starting
point of the sample is not reached. It can only return to a demagnetized state when heat
or a reversed magnetic field is applied. The hysteresis loop is in this case due to changes
in the number of domains[12].

However, the hysteresis loop has a totally different shape when a sample has a direction
preference for the direction of the applied field. This preference is called the magnetic
anisotropy of a sample.

2.2 Magnetic anisotropy

This part of the theory will cover the magnetic anisotropy, the directional dependence of
magnetic thin films and its different components. The samples used in this thesis are
Pt/Co/Pt. Therefore, the goal is to find the anisotropy energy of such ultra-thin films.

Magnetic anisotropy is a way to show that the ferromagnetic axis of a sample lies along
some fixed direction(s). The direction dependence can be in multiple different directions.
This gives differences in its equilibrium-, intermediate- and unfavorable directions. This
thesis focuses on uniaxial magnetic anisotropy. A magnetic sample with such an anisotropy
only has one easy axis and one hard axis. For thin film PMA samples, the most favorable
position and therefore the magnetic component equilibrium is the z-direction (perpendic-
ular direction to the plane of the sample), which is, therefore, the easy axis. The hard
axis is the most unfavorable axis, which is the perpendicular direction of the easy axis for
uniaxial magnetic anisotropy. This corresponds to the in-plane directions in thin film PMA
samples. In figure 3, the hysteresis of both the easy and hard axis of a uniaxial sample is
given. It is clearly observed that for the easy axis, both directions are equally favorable
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Figure 3: Graph of the magnetization versus applied field with the hysteresis loop for a
magnetization component. The ’square’ loop is the easy axis and the dotted line the hard
axis in which no hysteresis occurs. The red arrow gives the saturation of the magnetization,
while the blue arrow gives the coercivity of the sample.

and they switch by an applied field in the same direction. The coercive field, Hc, is denoted
with the blue arrow and gives the external field necessary to demagnetize the sample. For
the easy axis, the energy is minimal for all the fields between Hc. Therefore, all these fields
reach saturation of the magnetic component giving the square loop shape. For the hard
axis, the field slowly aligns the magnetization component towards the perpendicular field
direction, but a relatively large field is needed to reach saturation.

The magnetic anisotropy energy of a thin layer cobalt, which has a single easy axis
(uniaxial)-perpendicular to its hard axis, can be written in the following way:

Ea =
∞∑
n=1

Kunsin
2nθ ≈ Ku1sin

2θ, (1)

where θ is the angle between the magnetization and the easy axis or anisotropy axis and
Kun the anisotropic constants.

There are two important sources of anisotropy for thin films. The first one is the shape
anisotropy. This is not an intrinsic property since it is dependent on the shape of the
material. This creates non-perfect demagnetization fields which give therefore directional
dependence. The second source is the magneto-crystalline or magneto-static anisotropy.
This is due to the properties that depend on the direction of the applied field with respect
to the crystal lattice. Depending on the orientation of the field with respect to the crystal
lattice, lower or higher fields are needed to reach Ms. This anisotropy term consists of
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Figure 4: Graph of Keff · t versus the layer thickness of the cobalt layer in Pt/Co/Pt. The
line-fit is to the t ≥ 0.5 nm, enabling the contribution of the interface anisotropy deduction
[14].

a volume- and interface (or surface) term. For thin films, the interface term increases in
dominance for decreasing thicknesses.In ferromagnetic materials, the most important ma-
terial parameters are the magnetic anisotropy and the exchange energy. The Pt/Co/Pt
samples used in this thesis have a strong perpendicular magnetic anisotropy (PMA), in-
duced by the platinum layers on the thin layer of cobalt. For these kinds of samples, the
anisotropy energy must be larger than the demagnetization energy. When the demagne-
tization field is seen as a uniaxial term along the hard axis, just like the anisotropy, the
effective perpendicular anisotropy term can be seen as:

Keff = K − 1

2
µ0M

2
s , (2)

where K is the anisotropy constant, µ0 the magnetic permeability and Ms = |M |, the
saturation magnetization. The latter is assumed to be constant in the entire sample.

When the sample is sufficiently thin, only one magnetic domain can be energetically
stable through the thickness. All dipoles are aligned to maximize the total magnetization
~M . The samples that are used in this experiment are Pt/Co/Pt. Cobalt bulk has a hexag-

onal close-packed (hcp) crystalline structure with its lowest packed direction as <001>,
the easy axis. The <100> corresponds to the highest packed direction, the hard axis.
Cobalt is, due to its hcp structure which has less symmetry, one of the most anisotropic
materials [13]. However, the thin film samples that are used are only three atomic layers

7



thick, around 7.5 Å. This makes it that the cobalt layer is not in a hcp-structure but in a
face-centered cubic structure due to the interface interactions. This ensures that for thin
films, the anisotropy in Pt/Co/Pt is even higher than for bulk Cobalt as seen in figure 4.
The graph clearly shows that for decreasing thickness of the cobalt layer in Pt/Co/Pt, the
anisotropy, K of the sample increases. When K is a positive value, the PMA will align
out-of-plane. For negative values, the anisotropy term will align in-plane.

To determine this effective perpendicular anisotropy for a Pt/Co/Pt sample with PMA
the Stoner-Wohlfahrt model is used, which is a good approximation for single-domain
ferromagnets [15].

2.3 Stoner-Wohlfahrt model

This section of the theory describes the Stoner-Wohlfahrt (SW-) theory, which is used to
quantify the anisotropy constants of Pt/Co/Pt samples.

The SW-model is used for magnetization of single-domain ferromagnets. It actually as-
sumes that the entire sample behaves like one domain. When an external field ~H is
applied to a thin film with a magnetization vector ~M , another energy term occurs next to
the anisotropy term: the Zeeman or magnetostatic energy. This term is dependent on the
angle between the magnetization and the field as seen in figure 5a with θ the angle between
the magnetization and its easy axis (for uniaxial samples perpendicular) and α the angle
between the external field and its easy axis.

The SW-model minimizes the total energy of the system for different angles α − θ
of ~H compared to ~M by using the Zeeman and anisotropy term easy axis. For a one-
dimensional magnet, the magnetic field is in one direction. Therefore, the sample itself is
rotated for an angle α to achieve different field angles. For a three-dimensional, the sample
can remain stable and the magnetic field can be set in different direction α. Therefore, the
field is rotated to achieve different field angles Figure 5b shows the rotation of the different
magnets in a schematic way.

The total energy is given by the following equation:

E = −µ0Ms ·Hcos(α− θ) +Keffsin
2(θ), (3)

with the first term as the Zeeman term and its interaction between the applied field and
magnetization. The denoted angles are shown in figure 5. The second term is the first order
anisotropy energy with K given by equation 2. Keff determines the out-of-plane angle for
the easy axis of the PMA sample, which is in-plane for negative values and out-of-plane
for positive Keff values.

The question that remains is how to quantify the anisotropy constant by minimizing
the systems’ energy using the Stoner-Wohlfahrt model for different field angles α.?
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(a) (b)

Figure 5: a.) PMA sample with the magnetizations angle θ to its easy axis and the
externally applied field with angle α to the samples easy axis. b.) Schematic overview of
sample rotation for a one-dimensional magnet and field rotation for a three-dimensional
magnet.

2.4 Quantification of anisotropy

This last part of the theory describes how to quantify the magnetic anisotropy constant
Keff and how this is connected to hysteresis, the Stoner-Wohlfahrt model, the ordinary
and anomalous Hall effects.

The SW-model gives the minimized energy for the entire system for different external field
angles. As mentioned, this can be achieved by rotating the sample or by rotating the
external field. By obtaining the magnet(s) field responses in two orthogonal directions
relative to the sample, it is possible to determine the strength of the anisotropy. However,
it is not possible to measure the hard axis magnetic response for PMA samples due to
non-uniform rotation effects [16]. Luckily, it is possible to avoid these abnormalities by
not performing hard axis measurements but to measure the out-of-plane component of the
magnetization ~M as a function of the applied field ~H for different angles close to the easy
axis of the PMA sample. This out-of-plane magnetization component is given by:

Mz = Mscos(θ), (4)

where θ is the angle of the magnetization of the sample relative to its easy axis seen
in figure 5. By sweeping the field strength at different angles α, this component can be
obtained using the anomalous Hall effect (AHE) which is found in thin film layers.

The Hall effect is an electric potential difference that is defined to be perpendicular
to a current inside the material in which it occurs. There are two Hall effects that are
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Figure 6: Schematic overview of a thin film sample and its four-point measurement.

interesting for magnetic materials. The ordinary Hall effect (OHE) and the anomalous
Hall effect, or extraordinary Hall effect. The OHE arises due to the Lorentz force that
acts on the moving electrons. It is still under debate how the AHE is established but it
is either an extrinsic effect due to spin-dependent scattering of the charge carriers or an
intrinsic effect due to Berry phase effects in momentum or k-space [17]. For PMA samples
like Pt/Co/Pt, this can be seen as spin-up and spin-down electrons that have different
scattering.

As stated, the perpendicular magnetization component can be obtained by using the
AHE. The AHE can be determined by performing a four-point measurement. A current
is applied yo a thin film sample, and its Hall Voltage is measured perpendicular to this
current. In Figure 6, a four-point measurement is shown. The AHE can be determined
by using the measured Hall Voltage. It has a proportional relationship with the magne-
tization component given by: VAHE ∝ Mz/Ms. The AHE change that is observed for

different magnetic field angles ~H can be translated into the perpendicular magnetization
component. This change is due to the pulling of the magnetic moment towards the applied
field direction, ~H.

Thus, by applying an external magnetic field, ~H, and rotating this relative to a PMA
Pt/Co/Pt easy axis, the magnetic moment is pulled towards the applied field. A difference
in the anomalous Hall effect signal is measured which, due to its proportional relationship,
can be used to determine the perpendicular magnetization component. This is used in the
SW-model to quantify and obtain the anisotropy of a PMA sample.
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3 Results

This part of the thesis gives the results, which is divided into multiple sections. The first
section gives the results of the alignment of the three-dimensional vector magnet and the
created software. The second section gives the magnetic field mapping of the magnet
in which the influence of the dipole electromagnets is discussed. In the last section, a
comparison of the anisotropy of a Pt/Co/Pt sample generated with a one-dimensional
magnet and a three-dimensional vector magnet is given.

3.1 Three-dimensional vector magnet

The magnet that is used throughout this thesis is a three-dimensional vector magnet. It
consists of three dipole electromagnets that together can reach a magnet field of 0.6 T.
This is unique in the world, with only two other vector magnets that can reach such a
magnitude. However, this magnitude gives rise to problems which are discussed later in
this thesis. Figure 5 gives a top- and side-view schematic of the magnets’ orientation.
Each dipole magnet consists of 2 coils with one pointing upwards (transparent) and one
pointing downwards (non-transparent). The angle of the coils between the xy-plane and
the z-axis is approximately 60 degrees. It is important to note from figure 7a that magnet 3
is orthogonal to the x-axis of the Hall probe. Therefore, only magnet 1 and magnet 2 have
control of the magnetic field in the x-axis in this system. It is important that all dipole
electromagnets are aligned in the same way, which is elaborated on in the next section.

(a) (b)

Figure 7: Schematic representation of the three-dimensional vector magnet. The magnets
are numbered 1 to 3. The non-transparent magnets are the top magnets pointing in the
negative z-direction, and the transparent magnets their opposite counterparts pointing in
the negative z-direction. a.) Top view and b.) Side view.
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Figure 8: Graph of the current versus the flux density of the three-dimensional vector
magnet for each individual magnet. The black line is magnet number 3 which is aligned
perpendicular to the x-axis in the system. The blue and red lines are the mirrored left and
right magnets numbered 1 and 2.

3.1.1 Magnetic alignment

This section of the three-dimensional vector magnet gives and discusses the alignment of
the three single dipole magnets. The goal is to give a better understanding of the deviations
that arise.

Since the Hall sensor is just below the placement of the eventual sample holder, it is
important that the magnitude of the magnetic field exerted by each magnet is known in
this location. The magnitude can be easily determined by measuring the field of each coil in
every direction and combining that by using: Bmagnitude =

√
(Bx)2 + (By)2 + (Bz)2. The

results are given in figure 8. The graph shows a symmetrical shape around 0.5 Ampère.
This is not zero due to the soft iron coils magnetic behavior. The soft iron particles still
have a small remnant magnetic field at zero current. This becomes zero when a small
magnetic field in the opposite direction is applied. While magnet 1 and 2 show a near
perfect overlap, magnet 3 shows an increasing offset for its field magnitude for different
currents. This occurs due to two different deviations. The first one is the resistance of the
coils, and thereby the total length of the wire of the coils. There is a 1 % deviation between
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Figure 9: First half of the LabVIEW software program. The numbers indicate different
steps that are fulfilled. The last part of the script is not included which is primarily used
for the sweep backwards, which is a mirror of steps 5 till 8 and data acquisition.

magnet 3, which has a higher resistance, and magnet 1 and 2. Therefore the total wire used
for coil 3 is larger than for the other magnets, giving a larger field magnitude. However,
this is a relatively small deviation and not enough to enable the difference shown in figure
8. The second deviation is the spacing between the poles of the magnet. This distance
is between the upwards- and its downwards facing counterpart pole. The pole-spacing is
approximately 12 % closer for magnet 3 compared to the other two magnets. Therefore,
it can probably be assumed, that the latter causes the offset of the field magnitude of
magnet 3. Why magnet 3 is built in such a way is unclear, but can be compensated
easily. To make sweeps and measurements possible using the coils, taking into account
their particular alignment, a software program is written in LabVIEW.

3.1.2 LabVIEW software

This section gives the software that is used to operate the three dimensional vector magnet.
The goal is to give a step by step approach on how the program works.

LabVIEW is a system-design platform and development environment for a visual program-
ming language. It is in this thesis used for data acquisition and instrument control. To be
able to do magnetic sweep measurements, the software should be able to perform several
continuous steps to eventually measure the magnetic field and an external output that
depends on the performed experiment. This is shown in figure 9 in which the steps are
given one by one. It is important to notice that this is not the full program. This flowchart
only gives the forwards sweep for magnetic field measurements. To also perform backward
sweeps, step 5 till 8 are mirrored after step 9 and their data stored. The LabVIEW program
works in the following way for all coils receiving the same current for a forward magnetic
sweep:
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1. This step is the starting phase. Its input is the start-, end point and step size. By
using this, it creates the current arrays for the KEPCO power supply. It is split into
a negative and positive current array, which enables the ability to have a magnetic
field in opposite direction.

2. The second step initiates the instruments. Making sure that the power sources, relays
and hall probes are set up properly and sets the current to zero.

3. The software only performs forward sweeps as a first measurement. If the starting
current is negative, the relays have to switch accordingly which occurs in this step.

4. To make sure that the relays have time to switch, a small time buffer is set in the
system.

5. This is the data generation part. The negative current array is sent row for row.
This means that the current increases towards zero for the given input step size. For
each array row, the magnetic field is measured by the Hall sensor when the actual
current of the power supply is within a 1 % deviation of the input current.

6. When the negative array is completed, the power supply is set to zero Ampère to
make relays switching possible.

7. This step switches the relays so a positive current flows through the coils setting an
opposite field compared to a negative current.

8. This step is comparable to step 5. However, the final current measurement in the
positive direction is the end point input given in step 1.

9. This step is only performed if a back sweep not performed. The current is set to zero
and the instruments are closed. When a backward sweep is necessary, step 5 till 8
are mirrored after which the current is set to zero and the instruments are closed.
After step 9, the generated data is stored and plotted.

In the description above, no other outputs next to the magnetic field are mentioned since
these are depended on the measurement that is performed. For anisotropy measurements,
the Hall voltage is measured, in the same way as the magnetic field in step 5 and 8 for the
same current. With this software and magnet alignment, measurements can be performed.
However, it is still important to determine the influence that the dipole electromagnets
exert on each other and the possible deviation which this generates to perform experiments.
For this thesis, the deviations for magnetic fields smaller than 100 mT are ignored.
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(a) (b)

Figure 10: Graphs of the magnetic field versus applied current. a.) The maximum field in
the z-direction combining all three magnets in the same direction. b.) Maximum field in
the y-direction combining all three magnets. c.

3.2 Magnetic field mapping

This section of the results covers the magnetic field mapping. The influence of the dipole
electromagnets that they exert on each other and the magnetic field deviation that occurs is
given and discussed. The goal is to determine the possibility of a look up table from which
magnetic field sweeps in all directions can be performed.

The dipole electromagnets 1 and 2 are positioned in such a way, that they exert a magnetic
field in a xyz-plane. Due to the positioning of the Hall sensor, magnet 3 only has a field in
the yz-plane. Therefore, it is not always possible to reach the maximum magnetic field of
0.6 T, in just one direction. Two examples are shown in figure 10. The maximum fields in
the y- and z-direction combining all three magnets are given. For figure 10a, the direction
of the magnetic field is only in the z-direction, while for figure 10b, there is a combination
of both z- and y-direction. A magnetic field in only the y-direction is possible but will
decrease the maximum magnetic field that can be reached. For both graphs, hysteresis
is also observed. This is due to the magnetic field remnant of the coils, which is positive
or negative depending on the forward or backward sweep. For both graphs, there is a
linear and non-linear part. The linear part occurs at currents between -10 and 10 Ampère.
Here the magnetic particles of the soft iron coils align in the same direction proportional
to the current. However, for larger currents, this relation becomes non-linear due to the
saturation of the coils. Another explanation that causes the non-linearity is the fact that
the coils start to pull on each other for higher magnetic fields.

The best way to create software that is able to do sweeps in all directions of a system
is by using a lookup table. This table consists of all the magnetic field directions for each
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(a) (b)

Figure 11: a.) Graph of the magnetic field difference between the three separate magnets
fields and the combined fields versus the current. b.) Graph of the difference in the
magnetic field divided by the total field magnitude versus the applied current.

magnet for all currents. By combining the magnets, it is possible for the software to find
the best possible current to set for each coil for a certain magnetic sweep. However, the
influence that each magnet has on each other has to be taken into account to be able to use
this table effectively. This is not taken into account otherwise. The influence of the coils
is determined by first measuring the magnetic fields of the single magnets. By taking the
difference between these three combined fields versus the magnets field of a measurement
of all the magnets together, the influence can be determined. This is shown in figure 11a
for the maximum field in the z-direction.

Figure 11a shows that the influence exerted by the magnets in the z-direction on each
other occurs for currents larger than 10 Ampère (a field of 0.3 T). In the current range
of -10 to 10 Ampère, the difference is relatively small and constant. Due to this, this
range is neglected for further influence results. This constant range is the same as the
linear relation between magnetic field and current. The influence occurs therefore in the
non-linear region in which the coils reach saturation. For the influence, this occurs in a
linear relation for the current range: ±10-25 Amprère and reaches a constant point when
the magnetic field is almost constant for the coils. The y-direction gives an increasing
difference for the start point of the forward- and the end point of the backwards sweep.
This is due to thermal heating of the coils. This is also visible for the x-direction. Therefore
it can be assumed that this also occurs in the z-direction, which needs to be compensated
for. The overall graph in the z-direction is symmetrical around the origin of the graphs
, from which can be concluded that the magnets exert the same influence on each other
for opposite z-directions. The range of ± 10 Amprère, corresponds to the magnetic field
region of ± 0.3 T. This is probably an explanation why most of the commercially available
three dimensional vector magnets have a maximum field of 0.3 T. To be able to see the
impact of the influence, the percentile difference is determined and shown in figure 11b. It
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Figure 12: a.) Graph of the magnetic field difference between the 3 separate magnets and
the combined fields versus the current in the y-direction. b.) Graph of the difference in
the magnetic field divided by the total field magnitude versus the applied current.

is clear that the relative difference for the z-direction has a maximum of 10 %. This large
relative difference makes the possibility of a lookup table much more difficult.

The same analysis is also performed for the other example given: the maximum in the
y-direction. This is given in figure 12a. For figure 12a, there is both a z- and a y-direction
field difference which is expected due to the field directions in figure 10b. The thermal
heat difference for the y-direction and a constant deviation in the ± 10 Ampère range is
observed. Therefore, it is again possible to neglect this region. However, the y-direction
difference has an offset of 1 % and is not zero for the constant deviation range. Why this
offset is present is unclear. Also, the thermal heat that was observed in figure 11a in the
x-direction is not observed. The relative difference compared to the total magnetic field is
again determined to be able to see the impact that the influence has. This shown in figure
12b. It is clear that the relative difference for the y-direction has a maximum of 4 %.

From these two examples, the conclusion can be drawn that the influence that the
magnets exert on each other is in the order of 10 % for maximum fields. However, the
deviation is not consistent with each current. Due to the large deviation, the lookup table
will have a difficult time, setting proper magnetic field sweeps for higher currents in all
directions. A solution for this problem can be to create another so-called deviation table.
This should store the deviations for each current due to the other magnets. By combing the
two tables, the software can create magnetic sweeps taking into account the magnetic field
deviation that occur due to the three magnets. The three-dimensional magnet is therefore
not yet operational for all magnetic field directions. However, it is already possible to
measure the maximum fields of the combined magnets in several directions. These magnetic
field sweeps can be performed on a Pt/Co/Pt sample to determine its anisotropy. These
results are compared with the results of a one-dimensional magnet and elaborated upon in
the next section.
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Figure 13: Results of the one dimensional magnet of the Hall Voltage vs the applied field.
The blue arrow indicates the Anomalous Hall Effect. a.) Sample rotation of α = 0◦ and
b.) sample rotation of α = 45◦.

3.3 Comparing 1-D and 3-D anisotropy mapping

This last section of the results compares the results of a Pt/Co/Pt PMA sample, obtained
by using a 1-D magnet and the 3-D vector magnet. The goal is to validate the 3-D mag-
net by comparing the samples anisotropy obtained by the use of the Stoner-Wohlfahrt model.

The three-dimensional magnet can be verified by comparing the anisotropy results of a
Pt/Co/Pt sample obtained with a one-dimensional magnet. The magnet used for this con-
sists of two parallel weak iron coils. In between these coils, the Pt/Co/Pt sample is placed.
The sample can be rotated for an angle α, as seen in figure 5b. Due to this rotation,
the out-of-plane magnetization component is not parallel to the magnetic field. When the
field is high enough, the magnetization component pulls towards the applied magnetic field
direction. The magnetization component is given by equation 4, which has a proportional
relationship to the AHE signal. Two examples for different angles α of the one-dimensional
magnet are given in figure 13.

Figure 13a shows the hysteresis loop for the sample with its magnetization component
parallel to the magnetic field, α = 0◦. The hysteresis shows a small coercivity field and a
vertical switch in Hall Voltage signal. Furthermore, the signal switches from saturation to
saturation which is to be expected for the easy axis of a PMA sample. Figure 13b shows a
slightly larger coercive magnetic field, and a reduction in Hall Voltage signal for increasing
positive or negative magnetic fields. The switching, which gives the AHE signal, differs
from the AHE signal of the easy axis hysteresis. The pure AHE signal can be obtained
by subtracting the OHE signal at the easy axis hysteresis, α = 0◦. The perpendicular
component of the magnetization of the sample can be determined by the proportional rela-
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Figure 14: Graph of the perpendicular component of the magnetization divided by the sat-
uration magnetization versus the applied field of the one-dimensional magnet for different
rotation angles α and their associated SW-fits. b.) Sample is 90◦ turned compared to a.

tionship of the pure AHE signal. This component is determined for a number of rotations
α. The results are used in the Stoner Wohlfahrt model to determine the anisotropy of a
sample. The SW-model and the experimental data for different α is shown in figure 14.
The data is shifted +0.05 for each data set.
Figure 14a shows an almost perfect correlation between the SW-model and the experimen-

tal data. There is a small discrepancy for α = 70◦ between 0.7 and 1.3 T. This is probably
due to the fact that the SW-model is a good approximation for angles up to 75◦, and
already starts to differ slightly in this region for α = 70◦. Another option is the possible
difference due to K2. This is the second order of the intrinsic anisotropy constant obtained
by the SW-plot and scales with B2. The first order, K1, is used to determine the intrin-
sic perpendicular anisotropy minus the magneto-static and shape anisotropy contribution,
Keff . The fact that it is positive means that the anisotropy is in an out-of-plane orienta-
tion. The Keff is used to determine the field at which magnetization reaches saturation,
Ha. For figure 14a, this gives Ha = 1.23 T.

The sample is turned 90◦, which gives different voltage and current connections as seen
in figure 6. This is done to obtain a possible in-plane anisotropy for the sample. Figure 14b
is almost similar to figure 14a. This is seen in the figure but also in the almost identical
Keff value. The difference in experimental data and SW-fit in the 0.7 to 1.3 T region is
also observed for α = 70◦. The anisotropy field is 1.24 T. From these similarities, it can
be assumed that the sample used in this thesis has no in-plane anisotropy component.
To be able to compare the data and SW-fits, the same method is performed for the three-
dimensional vector magnet. However, the three-dimensional magnet cannot set fields in
every direction yet, due to the lack of compatibility of the software with a possible lookup
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Figure 15: Graph of the three-dimensional magnet of the Hall Voltage vs the applied field.
a.) Field direction of α = 46◦ and b.) field direction of α = 76◦ compared to the easy axis.

table. Therefore, only magnetic field angles can be set for a combination of the three
magnets operating on the same current array. Luckily, this is the case for three angles α
compared to the easy axis in the yz-plane. These angles are α =0◦, 46◦ and 76◦. The
hysteresis loops of the last two angles are shown in figure 16.
The first observation is the lack of OHE signal compared to the one-dimensional magnet

for both angles α. This is due to the fact that the three-dimensional magnet has a maximum
magnetic field of ± 0.6 T. The second difference is the smoothness of the plot itself, which
shows much more line deviation. This is mostly observed in figure 15b. This is due to
the way the Hall Voltage data is collected, which is done by a 12-bit DAQ. The change
in AHE and OHE signal is in the same range as the minimum step size of the DAQ. This
gives the roughness in the hysteresis plot, which is actually the minimum signal difference
that can be distinguished. The coercive fields show an increase for larger field rotations
α, which is the same as for the one-dimensional magnet. The pure AHE signal change
is again determined and used in the same method for the SW-model. This is done for
α = 76◦ and shown in figure 16a. This graph clearly shows the minimum step size and
the minimum signal difference that can be observed. This limits the accuracy of the SW-
fit. However, it can still be used to determine the order of magnitude of the anisotropy
constant. By using the SW-model, Keff is determined as 0.84 MJ/m3. This is in the
same order as the anisotropy constant for the sample determined by the one-dimensional
magnet. To be able to compare the SW-models of the two different magnet types, the
SW-fit is plotted in the same graph shown in figure 16b. The SW-fit for α = 75◦ for the
one-dimensional magnet and the SW-fit for α = 76◦ is used. This difference is due to
the fact that the latter has limited options for the rotation angle α. From figure 16b, the
following observations can be made. The SW-fits overlap for most of the magnetic field
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Figure 16: Graph of the perpendicular component of the magnetization divided by the
saturation magnetization versus the applied field. a.) The SW-fit of the 3D-magnet and
its associated data set for α = 76◦ relative to the samples easy axis. b.) Comparison of
the SW-fits for two different angles, with the black line as the one-dimensional magnet,
and the red line as the three-dimensional magnet.

range. The comparable range is only 0.6T, due to the three-dimensional magnet maximum
magnetic field. The SW-fit of the two magnets deviates slightly for increasing magnetic
fields. This has three possible explanations. The first one is the rotation angle difference.
On average, the angle α for the three-dimensional magnet is 76◦, but varies from 75.5◦ to
76.5◦ for an increasing magnetic field. For higher angles, the SW-fit decreases faster. This,
therefore, can explain the overlap for a low magnetic field and the increasing deviation for
an increasing magnetic field. The second explanation is the difference in K2 value obtained
from the SW-model for the one- and three-dimensional magnet. This second order term
gives rise to differences for a higher magnetic as mentioned. The third explanation is the
accuracy of the three-dimensional SW-fit. Since the experimental data is limited by the
minimum data difference size, the SW-fit probably has slight deviations. However, even
with these limitations, the observation can still be made that the Keff value for the one-
dimensional and three-dimensional magnet is in the same order of magnitude.
The conclusion which can be drawn from this is the fact that the three-dimensional magnet
gives comparable data with respect to the one-dimensional magnet for the used rotation
angle. This means that the software works accordingly. The only downside is the lack of
other possible field directions that can be used at this moment of time to further validate
the comparison in SW-fits. Therefore, to give a solid conclusion that the three-dimensional
magnet gives comparable data, more rotation angles α need to be compared. For now, the
data sets of the different magnets are in the same order of magnitude. Since the models also
overlap, the assumption can be drawn that the three-dimensional magnet works accordingly
for the mentioned and used data sets.
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4 Conclusion and Recommendations

The goal of this thesis was the development of the initial control software and the magnetic
mapping of a three-dimensional vector magnet. Furthermore, the goal was to validate the
three-dimensional magnets’ results by comparing them to a one-dimensional magnet.
The set-up itself has slight deviations. The field magnitude is unequal for the different
dipole magnets. This is due to the difference in pole-spacing and resistance of magnet 3
compared to magnet 1 and 2. Why this is built in such a way is unknown, but it can be
easily compensated.

The magnetic mapping of the three-dimensional magnet shows that it is not always
possible to reach the maximum field in one direction. Furthermore, the magnets exert a
certain influence on each other. This is not identical for different magnetic field directions
or different magnetic field strengths. The influence also increases due to thermal heating
of the coils. The influence exerted by the coils on each other has a maximum of 10%.
The influence is not just for relatively high magnetic fields but also occurs for lower fields.
Therefore, two table need to be created for the software to be able to set magnetic fields
in all direction. This is a lookup table, for the values of the individual magnets for each
current, and a deviation table. This table takes the deviation due to the influence of the
magnets on each other into account. With this combination, it is possible to create soft-
ware capable of setting magnetic fields in all directions.

The anisotropy of a thin film Pt/Co/Pt sample is compared by using the Stoner
Wohlfahrt model for both a one-dimensional and a three-dimensional magnet. This is done
by using the change in pure AHE signal due to a different magnetic field angle relative to
the samples easy axis. The AHE signal is proportional to the perpendicular magnetization
component of the sample, which is used for the SW-model. The sample is determined to
have an effective anisotropy constant of 0.8 MJ/m3. It is determined to have no in-plane
anisotropy due to no difference in results for a rotated sample. The anisotropy constant,
Keff , has the same order of magnitude for both magnets. Therefore, it can be concluded
that the software works accordingly for the used magnetic field angles. However, this must
be further investigated with an increased number of magnetic field angles to validate this
for all magnetic field angles.

The three-dimensional magnet is not fully operational yet. Even-though some magnetic
fields directions can be used, the entire goal of the machine is to be able to set magnetic
fields in every possible direction. There are multiple adjustments and measurements that
need to be done before this is possible which are given in the following list:

• The software needs to be adapted to be able to work with a lookup table. The lookup
table without deviations for the individual magnets is already available but cannot be
used with the magnets’ software at this time. Furthermore, a deviation table needs
to be added to take the influence of the magnets exerted on each other into account.
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• The interference of the coils exerted on each other needs to be reduced. A possible
solution could be the use of magnetic shielding foil such as MuMetal foil, covering the
coils. If the influence is lower, the deviation-table needed next to the lookup table
doesn’t have to be used for every field magnitude. This simplifies the software and
measurements enormously.

Furthermore, there are problems that will arise when using the set-up for measurements
that were not an issue for this thesis.

• The sample holder needs to be adjusted in such a way that it has no ferromagnetic
materials. This enables non-moving sample experiments, which without would give
inconclusive data.

• The magnets exert such a force on its placeholders that they are not in the same
position for high magnetic fields. It is therefore recommended that these holders are
mechanically strengthened with the other placeholders. This should make the set-up
move as one system, making the total movement smaller. An idea of how this can
be done is seen in figure 17.

Figure 17: Schematic overview of the three-dimensional magnet mechanically strengthened.

Luckily, all these problems can be solved and with that the possibility of new ex-
periments using the three-dimensional magnet opens. The possibility of magnetic field
measurement in all directions can help quantify in-plane anisotropy for ultra-thin mag-
netic films. This might be the key to break the symmetry of a system, necessary to make
deterministic switching possible. This will significantly increase the efficiency in reading
and writing of data, opening new possibilities for even faster technologies.
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