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Abstract
Controlling magnetic domain walls (DWs) in nanoscale devices holds promise
for application in new spintronics devices, such as the magnetic racetrack memory. In this thesis, various aspects of DW motion in perpendicularly magnetized
ultrathin Pt/CoFeB/Pt films are investigated.
Firstly, the magnetization reversal process of Pt/CoFeB/Pt films is studied
as a function of the composition of the CoFeB layer. It is found that the
DW velocity is enhanced in CoB compared to pure Co since the pinning of
DWs at inhomogeneities is reduced, making it a promising system for DW
motion applications. The addition of Fe leads to a reversal dominated by the
uncontrolled nucleation of many domains and is therefore not recommended.
Secondly, a way to controllably inject DWs into a device is demonstrated.
This is achieved by locally changing the magnetic properties through irradiation
with a Focused Ion Beam of Ga+ ions. The surprising behavior of the injection
field as a function of Ga+ dose is fully explained by micromagnetic modeling.
This controlled DW injection mechanism is of significant importance for future
DW motion studies in perpendicularly magnetized materials, which previously
relied on nucleation at random structural defects.
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Chapter 1

Introduction
Over the last decades, tremendous advances in technology have drastically
changed the way we live, work and communicate. Possibly some of the most
remarkable feats were accomplished in the field of digital information storage.
In particular, the areal density of magnetic data stored on Hard Disk Drives
(HDDs) has grown even faster than exponentially since the discovery of the
Giant Magnetoresistance effect (GMR) [1, 2]. The discovery of this effect in
1988 have enabled us to sensitively probe magnetism at the nanoscale, and gave
rise to the birth of a new and exciting research field, that of spintronics.
However reliable a modern HDD might be, scientists and engineers alike are in
constant pursuit of smaller, faster and better devices. The recent discovery of
the Spin Transfer Torque (STT) effect [3, 4, 5] provides a new way to change
the state of a magnetic system, through electrical current. One of the proposed storage devices exploiting this effect is the Magnetic Racetrack Memory
(MRM) [6], in which the information pattern is stored as magnetic domains in
a nanoscale magnetic wire. When a current runs through the wire, the STT
pushes forward the magnetic bits, which then ‘race’ through the wire to get
the information at the desired position.
In this thesis, research related to this racetrack memory is performed. In particular, we investigate the dynamics of magnetic domains in a new class of
materials, an ultrathin perpendicularly magnetized Pt/CoFeB/Pt layer system, which might be very suitable for racetrack memory. Furthermore, we
will demonstrate a way to gain control over the position of domains by locally
changing the magnetic properties, using Focused Ion Beam (FIB) irradiation
on a small magnetic wire. We will see that not only can this be used as a tool in
racetrack experiments, but might also be employed to create an efficient GHz
oscillator that could be used in, for example, mobile communication.
3
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In this introductory chapter, we start with a very brief introduction to the field
of spintronics in section 1.1. This is followed by a description of the Magnetic
Racetrack Memory concept in section 1.2. We then list some of the recent
scientific advances towards realizing this memory in section 1.3. Hereafter, the
class of magnetic materials used in this thesis work are introduced in section
1.4. We then list some of the critical steps needed to create a functioning
racetrack device in section 1.5, followed by a sneak preview of this thesis in
section 1.6.

1.1

The exciting field of spintronics

In conventional electronics, only the property of electric charge of electrons is
used to carry information. However, since the independent discovery of the
GMR effect by Peter Grünberg and Albert Fert in 1988 [1, 2], realization came
that another property of the electron, its spin, can also serve as an efficient
way to transport information. A GMR structure consists of two ferromagnetic
layers separated by a non-magnetic spacer layer. The relative orientation of
the magnetization in the two layers can be either parallel or antiparallel. The
great discovery made independently by Grünberg and Fert is that the electrical
resistance of the device is different in the parallel or antiparallel configuration.
It turns out that the spin of the electron is responsible for this effect.
The main ingredient that is needed in spintronics devices, is a spin polarized
current, in which one of the two possible electron spin orientations dominates
over the other. The easiest way to obtain a spin polarized current is by passing a current through a ferromagnetic material such as Co, Fe or Ni. It was
first proposed by Mott [7] that the conductance of a certain material contains
contributions from two independent channels: the spin up and spin down electrons. In ferromagnetic materials, the spin up electrons experience a different
conductance than the spin down electrons, leading to a current that is spinpolarized.
This mechanism can be explained using the simplified band structure of a
ferromagnetic material, shown in figure 1.1. There are two bands in the vicinity
of the Fermi level: the symmetric 4s band and the 3d band, which is asymmetric
for the two possible spin states of the electrons. The current through this
material is carried by the s-electrons at the Fermi level, which have a much lower
effective mass (due to the higher band curvature) and are therefore delocalized.
However, there are also bound d-states at the Fermi level. Due to overlap of
the s- and d-wavefunctions, it is possible for the s-electrons to scatter into these
d-states. However, assuming that spin is conserved, there are more states at

1.2 Magnetic racetrack memory concept
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Figure 1.1: Simplified Density Of States (DOS) diagram of a ferromagnetic
transition metal. The s-electron band is symmetric, but there is a splitting of
the d-electron band between the majority and minority spin direction. Filling
the band diagram with electrons up to the Fermi level, there are more majority
than minority spins, which is responsible for the spontaneous magnetization.
There is also an imbalance between majority and minority spins at the Fermi
level, that causes the spin polarized current. From [8].

the Fermi level to scatter into for the minority spins than for the majority spins.
Therefore, the resistance that minority electrons encounter is much higher than
that of majority electrons, and a spin polarized current is the result.
By now it is clear that the magnetization of a ferromagnetic material influences
the current. As often in physics, the opposite mechanism also exists. A current can also influence the magnetization, through an effect called Spin Transfer Torque (STT) [5]. This effect works in regions where the magnetization
changes direction, such as the transition regions between magnetic domains,
the domain walls (DWs). Here the spin polarization of the current changes,
because it follows the local magnetization direction, and therefore the spin angular momentum of the conduction electrons change. Through conservation of
spin angular momentum, this acts as a torque on the domain wall. This is the
mechanism at work in the racetrack memory, which we will explain in detail in
the next section.

1.2

Magnetic racetrack memory concept

The Magnetic Racetrack Memory (MRM) is a new memory concept envisioned
by Stuart Parkin at IBM. The basic way of data storage is the same as on a
conventional hard disk drive (HDD): a ferromagnetic material is divided into
small areas (domains) and in each domain the magnetization has two possible
directions, corresponding to a ‘0’ or ‘1’. What is new is the way data is read

6
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and written. In a HDD, data is stored in tracks on a relatively large magnetic
platter, which is spun around its axis in order to move the data underneath a
reading and writing head. There are some obvious drawbacks to this approach:
due to the mechanically moving parts, failure rates are rather high and access
times are long because the head and disk need to move to the right positions.
The MRM overcomes these drawbacks, because the data is not moved mechanically, but by the application of electric current. This concept is visualized in
figure 1.2(a). Data is stored as domains in a small magnetic nanowire. By
applying an electric current through the wire, the current becomes spin polarized. However, the direction of magnetization and hence the spin polarization
of the current changes sign at the transition between two domains. Therefore,
the angular momentum of the conduction electrons is changed and this angular momentum is transferred to the magnetization through the STT effect.
This torque acts on the magnetization in the transition region between two
domains, i.e. the domain wall (DW). The DWs are thus displaced, there is
current-induced domain wall motion (CIDWM).
Since the spin transfer torque always moves the domain walls in the direction of
electron flow, the domain pattern moves as a whole under the application of a
current pulse. This is the reason why current is used instead of a magnetic field
to move the magnetic domain walls. Under field, it is energetically favorable for
the magnetization to align with the field direction. Therefore, domains expand
if their magnetization direction corresponds to the external field, or shrink if
they are oppositely aligned, hence at some point all domains annihilate and
the bit pattern is destroyed. By electric current, the domains can be moved
coherently past a reading head and a writing head. Reading a data bit can
for example be accomplished by connecting a magnetic tunnel junction (MTJ)
to the racetrack [6], as shown in figure 1.2(c). The MTJ is the successor of
the GMR read head and is used in the current generation of hard disk drives.
Various writing schemes for the racetrack are possible, one of which is shown
in figure 1.2(d).
In the as-envisioned racetrack memory, the nanowires are folded in a vertical
U-like shape (figure 1.2(b)), so more of them can be put on the same chip area
(figure 1.2(e)). By moving into the third dimension, unprecedented areal data
densities might be achieved. However, to produce structures in such a shape
is an extremely challenging task, and therefore research so far has focussed on
nanowires which lie parallel to the surface. This could already have numerous
advantages over the conventional HDD in terms of speed and reliability, and
also over solid state drives (which wear out after a certain number of read/write
cycles) and Random Access Memory (RAM) because data is maintained even
when power is off.

1.2 Magnetic racetrack memory concept

Figure 1.2: The racetrack memory as envisioned by Parkin et al. (a) Horizontal racetrack; (b) Vertical racetrack; (c) Data readout using a magnetic tunnel
junction; (d) A possible bit writing scheme involving the stray field of a DW
moving in a secondary nanowire; (e) An array of vertical racetracks packed on
a chip could yield a very high data storage density. From [6].
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1.3

Recent developments

Conceptually, the MRM is very promising. However, there are many experimental hurdles which need to be overcome before a reliable device can be
made. Therefore, much research has been conducted related to the MRM and
DW motion in general, both field- and current-induced.
One point of interest is the magnetization profile within the DWs, since this determines the interaction with current and field. It was found that in Permalloy
(Ni80 Fe20 ), the material most frequently used for DW motion studies [9], there
are two main DW shapes that occur in the nanowire geometry: the transverse
wall which is preferred in narrow wires, and the vortex wall which is favored in
wider wires (figure 1.3). However, both wall types are metastable so either can
be formed in the same wire, and they can also be transformed into one another
[10]. The fact that it is often not predictable which wall type is formed adds
another difficulty to the production of a reliable racetrack memory, because
the behavior of DWs under current depends heavily on the wall type. The
transverse wall turns out to be much harder to move under current [11, 12],
probably because it is more strongly pinned at edge irregularities [13].

(a) transverse wall

(b) vortex wall

Figure 1.3: The two most common wall types in in-plane magnetized
nanowires (from [14]). The color code of the magnetization direction is shown
on the right.

An experimental problem is that for the DWs to move fast and in a controlled
fashion, structures of very high quality are required. DWs tend to be pinned
at rough edges or other structural imperfections, as sketched in figure 1.4(a).
Pinning means that a DW tends to stick to some position because of local
inhomogeneities or defects, for instance due to a locally reduced saturation
magnetization, anisotropy or geometrical variations1 . DWs are susceptible to
pinning because the energy cost of a DW is minimized at a pinning site [10].
Another consideration is that the wires need to be very narrow (smaller than
100 nm with thickness of order 10 nm [6]) for the STT to dominate over the Oersted field generated by the large currents and to minimize the total current and
thus power consumption. Probably the best quality structures were produced
1

We will explain DW pinning in much more detail in chapter 2: Theory of domain wall
motion

1.3 Recent developments
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by IBM, which have measured a very good correspondence to the simulated
velocity of DWs in Permalloy nanowires produced by electron-beam lithography and ion beam milling [6]. A reliable 3-bit DW shift register was produced
by precise tuning of the current pulse duration, essentially demonstrating the
viability of the MRM [15].
On one hand, researchers aim at reducing the pinning strength in nanowires,
but on the other hand, it is useful to realize controlled pinning at desired
locations. This is needed for a racetrack memory, because DWs might be moved
by a slightly different distance at each current pulse. Precise control of the DW
position is required for a synchronized memory device and therefore pinning
sites for the DW to remain are proposed. Additionally, controlled pinning is
useful to ensure thermal stability of the stored domain pattern. One successful
way of pinning is to create small notches in the wire at equidistant positions,
as visualized in figure 1.4. This way, motion from notch to notch was observed
with each current pulse [6], albeit not completely reproducible.
(a)

(b)

DW

DW
Energy
landscape

Figure 1.4: (a) Sketch of a rough nanowire (top), leading to a random pinning potential for a DW (bottom), which tends to be pinned at local energy
minima; (b) Sketch of a smooth nanowire with notches acting as artificial pinning centers. By applying current pulses, the DW can be moved from notch
to notch.

Despite the promising results on CIDWM reported by some groups, the critical current density needed for DW motion is of the order 1012 Am−2 , which is
very high. This critical current is believed to be due to DW pinning at irregularities. At these current densities, Joule heating by the current is significant
and influences the DW motion, which makes interpretation of experiments difficult [16]. Moreover, there is only a small region of current densities at which
CIDWM occurs, because the nanowires are quickly destroyed. Lowering the
critical current density is therefore the goal of many experiments.
Another problem is understanding the physics behind current-induced domain
wall motion. It was found that the simple argument of angular momentum
conservation is not sufficient to explain experimental data, and an additional
STT contribution is necessary. The common interpretation is that the spin
polarization of the electric current can not completely follow the local magnetization as it passes through a DW, and a mistracking between the current and
DW spins occurs, which acts as an additional field-like torque on the magne-
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tization. This contribution is often called non-adiabatic spin transfer torque
and is promising for the racetrack since it can enhance the DW velocity and
also gets rid of the intrinsic critical current density required in the purely adiabatic case. The origin and magnitude of this contribution is, however, subject
to debate between theoreticians [17, 18, 19] and the motivation of numerous
experimental investigations [20, 21, 22, 23]. We will discuss the effects on DW
motion of the adiabatic and non-adiabatic STT in greater detail in section 2.1.

1.4

Materials with out-of-plane anisotropy

So far, research on the MRM has mainly focused on the use of soft magnetic
materials, such as Permalloy. The main benefit of Permalloy is that they have
a long exchange length of 5 nm (the length over which the magnetization may
vary), leading to relatively wide DWs which are less sensitive to local structural
defects [9]. Also, it has a large anisotropic magnetoresistance (AMR), allowing
detection of DW motion by electrical measurements. Permalloy has a low material anisotropy, which means that the preferential direction of magnetization
is purely determined by the geometry of the nanowire. The magnetization lies
within the plane of the wire, because this configuration minimizes the demagnetization energy, yielding DW structures as shown in figure 1.3.
Another interesting class of materials are ultrathin films with a very large
anisotropy perpendicular to the plane, meaning that the magnetization also
points out-of-plane. A commonly used example is Pt(∼4 nm) / Co (0.3−0.8 nm)
/ Pt(∼2 nm), which is also the model system in this thesis. The anisotropy
in these materials is usually caused by interface effects and is therefore only
present in ultrathin films, where interface effects can dominate over the bulk
behavior. Possible interface effects are [8]:
• Symmetry breaking, resulting in a change in the electronic orbitals perpendicular to the interface;
• Electronic bonding (hybridization) between the two materials at the interface which can enhance or decrease the magnetic moment at the interface, depending on the interfacing material. Heavy metals such as Pt have
large spin-orbit coupling due to the large ion potential. Therefore, the
hybridization induces a magnetic moment perpendicular to the interface
in the Pt atoms;
• Lattice mismatch between (for instance) Co and Pt. The mismatch causes
a strain which can result in an additional anisotropy contribution, the

1.4 Materials with out-of-plane anisotropy
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magnetoelastic anisotropy. Under strain, the distance between the magnetic atoms is changed and hence the interaction energies are changed.
In principle, this is a volume effect, but since the strain is relaxed when
the layer thickness is increased it can also appear to be an interface contribution [24].
The anisotropy of a certain ferromagnetic material is characterized by a constant K (energy per unit volume), and an easy axis. If the magnetization in a
certain volume points parallel to this axis (in either of the two directions), the
anisotropic energy is zero and this is the optimal configuration. For an arbitrary angle θ with the easy axis, the anisotropic energy is K sin2 θ. This type
of anisotropy with a single preferential direction is called uniaxial anisotropy
and is the dominant anisotropy in the materials we study.
For a perpendicularly magnetized material system like ultrathin Pt/Co/Pt, the
anisotropy can be divided into a volume and surface contribution,
K = Kv + 2Ks /t,

(1.1)

where Kv is the volume anisotropy, Ks the surface anisotropy and t the magnetic film thickness. The factor two in the second term arises from the fact
that there are two interfaces. We should note that the first term, the volume
anisotropy Kv , is effectively negative, since demagnetization effects favor inplane magnetization. Therefore, above a certain t, this contribution dominates
and the total anisotropy is effectively in-plane. In Pt/Co/Pt, the interface
anisotropy is very large and the second term by far dominates the volume
anisotropy Kv as long as t is sufficiently small. This leads to a very high outof-plane anisotropy in ultrathin films and means that domain walls existing in
such films must be very narrow, since the magnetization within a DW has a
component perpendicular to the easy axis that costs energy. This is described
in more detail in section 2.1.1.
The use of perpendicularly magnetized materials can have advantages and disadvantages for CIDWM:
• Due to the very high anisotropy, domain walls are very narrow. An
obvious advantage of this is that higher data storage densities can be
achieved, which was also achieved for conventional HDDs in recent years
by using perpendicularly magnetized materials. Another advantage is
that the domain walls have a simpler structure than in the in-plane case,
which can be important for the reproducibility of MRM operation. A final
possible advantage is that the non-adiabatic contribution to STT could
be larger for narrower walls, because the gradient in the magnetization
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direction is much larger and the mistracking between spin polarization of
the current and the local magnetization is therefore also expected to be
larger.
• There are more degrees of freedom for tuning the magnetic properties in
perpendicularly magnetized materials. For in-plane magnetized materials, the shape determines the anisotropy and these properties can not be
tuned independently. For out-of-plane magnetized materials, the properties can be tuned in a number of ways, such as varying the thickness of
the magnetic layer and changing the chemical composition of the layer.
• A possible drawback is that the Curie temperature of Pt/Co/Pt (500 K) is
significantly lower than that of Permalloy (850 K). When the temperature
during a current pulse comes close to or beyond this temperature, the
wire is easily demagnetized. This means that Joule heating might be
even more significant for out-of-plane than for in-plane nanowires, and
pulses of lower amplitude or smaller duty cycle should be used.
Because of the promising advantages, some research has recently focused on
DW motion in perpendicularly magnetized materials. Typically, it turns out
to be very hard to move DWs by current in such materials [25]. In only one
publication to date, domain walls were moved at high velocity [26] by using
Pt/Co/AlOx layers, but in a later Erratum it was mentioned that the DWs
moved in the direction opposite to the electron flow, which excludes spin transfer torque as the driving force.
In most publications, an additional magnetic field must be applied and the current just accelerates the motion by a small amount, leading to current-induced
depinning. This is believed to be due to the polycrystalline nature of these materials: the magnetic layer is not homogenous but divided into small grains of
about 20 nm in size [27], where each grain can have a slightly differently oriented
crystal axis. Because the regions separating the grains, the grain boundaries,
have reduced magnetic properties (anisotropy, saturation magnetization), it is
preferable for a DW to rest at such a position since the energy cost of a DW
has a local minimum at these positions. The grain boundaries lead to a potential landscape for the DW, with a correlation length of about the grain size,
which is larger than the DW width (∼5 nm). Therefore, the DW dynamics is
strongly affected by this potential, whereas for in-plane materials with wide
domain walls, this pinning is less strong because the DW is spread out over
many grains and does not feel the individual grain boundaries. This is sketched
in figure 1.5. Evidence for this pinning was also obtained in pure field-induced
motion, since the dynamics are consistent with a creep law describing thermally
activated (stochastic) motion in small discrete steps [28, 27, 29]. This will be
described in detail in section 2.2.2.

1.5 Critical steps in racetrack device design

(a) ⊥ magnetization, narrow DW
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(b) in-plane magnetization, wide DW

Figure 1.5: Cartoons of (a) a narrow DW in a perpendicularly magnetized
granular film, which is strongly pinned at grain boundaries and (b) a wide
DW in an in-plane magnetized film, where pinning at grain boundaries is less
strong because the DW is much larger than the grain size.

Since the high critical current density for DW motion in perpendicular materials relates to the polycrystalline structure, it is expected to drop when the
material is amorphous. The alloy CoFeB is known to grow amorphous and also
has perpendicular anisotropy when sandwiched between Pt layers. Therefore,
Pt/CoFeB/Pt might be a better suited material than Pt/Co/Pt for CIDWM
(although in the ultrathin limit the polycrystalline Pt layers might also lead to
some crystallization in the CoFeB layer). This will be one of the main topics of
this thesis. In particular, we will investigate how the field-induced reversal is
influenced by the addition of B and Fe, and argue what this implies for CIDWM
in chapter 4.

1.5

Critical steps in racetrack device design

The work presented in this thesis is aimed at improving experimental racetrack
devices that can be created in our group. A schematic picture of such a device is shown in figure 1.6. Below we mention what we consider critical steps
needed to produce a properly functioning racetrack device of a perpendicularly
magnetized material. Each point is illustrated in the figure.

1. A suitable material system should be chosen, which maximizes the DW
velocity under reasonable current values. The intrinsic pinning strength of
the material system, due to for instance the crystalline structure, should

14
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I

1 Pt/Co(FeB)/Pt wire

4

Injected
domain

2 Roughness

3 Probe contact

5

Controlled
pinning sites

2 µm

Figure 1.6: Sketch of the critical steps in designing an experimental racetrack
device. The underlying image is a Scanning Electron Micrograph (SEM) of a
real 500 nm wide nanowire device. The numbers correspond to the points
mentioned in the text.

be minimized. Also, the layers must be very homogeneous to avoid random nucleation of new domains at defective spots. Magnetization reversal
in the material must be dominated by DW motion rather than DW nucleation. The wire in figure 1.6 is made of Pt/CoFeB/Pt, the material
under study in this thesis.
2. Apart from the intrinsic quality of the layer stack, extrinsic sources of
pinning should also be minimized. Roughness of the edges (indicated
in figure 1.6) becomes more and more important as the nanowire size
decreases. It was found that rough edges lead to pinning of the DW,
and in general higher DW velocities were found in smoother wires [30].
Therefore, it is needed to create high quality, smooth nanowires.
3. A way to probe the DW motion is needed. In our devices, the Extraordinary Hall Effect (EHE) is used: the magnetization induces a potential
difference transverse to the wire which changes sign when the magnetization reverses. This is measurable by transverse contacts in a Hall cross
geometry, as shown in figure 1.6.
4. DWs should be injected in a nanowire in a controllable way. This is
sketched in figure 1.6, where a domain is created at one end of the wire
and moves in the indicated direction along the nanowire. In the proposed
racetrack memory, a domain is injected by a highly localized magnetic
field. However, in particular for experiments, the ability to controllably
inject a DW by a global field is useful, and for both experiments and applications, it can be important to reduce the field needed for DW injection.
For low anisotropy materials, a preferential nucleation spot is usually
made by geometrical variation, however this does not work for out-ofplane materials since the anisotropy dominates and therefore nucleation
occurs at random spots. One interesting way to control nucleation is to
irradiate a small area with a Focused Ion Beam (FIB) which damages the
structure and leads to a local reduction of anisotropy.

1.6 This thesis
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5. Once we are able to produce wires that show fast DW motion of a single
DW in a controlled direction, engineered pinning sites should be introduced in order to have a discretized bit register, also illustrated in figure
1.6. It is interesting to study the depinning of a DW from various types
of pinning sites to see which is the most reliable for applications. From
a more fundamental point of view, the depinning behavior can give vital
information on the relation between the non-adiabatic and adiabatic STT
contributions [22, 23].

In this thesis work, the research focuses on point 1 and 4 (finding a suitable
material system and controlling DW injection), with an outlook on 5 (controlled
DW pinning). In the next section, the contents of this thesis are listed.

1.6

This thesis

For this thesis, experiments were conducted on perpendicularly magnetized
materials that might be suitable for a racetrack memory device. In particular,
we will investigate the use of Pt/CoFeB/Pt films and analyze whether it is more
suitable than pure Co, because of reduced pinning by the amorphous nature
of the material. Additionally, we will investigate the use of Ga+ FIB to create
artificial nucleation sites. We limit ourselves to field-induced motion, since this
is a logical prerequisite for successful current-induced experiments, which are
more difficult due to the problems associated with high current injection in a
tiny device.
In Chapter 2, a review of the theory behind field- and current-induced DW motion is given, with a focus on perpendicular materials. To gain understanding
in the DW motion mechanisms, a 1-dimensional model is presented and original micromagnetic simulations are conducted. This is needed to understand
the state-of-the art in DW motion research, and the micromagnetic framework
turns out useful in understanding the controlled DW injection in chapter 5.
The idealized picture presented by the simulations alone is not sufficient to understand experiments on DW motion in chapter 4, because they do not describe
the strong pinning in perpendicular materials and the influence of temperature.
Therefore, we will also describe a theoretical framework of thermally activated,
field-induced magnetization reversal in realistic films, which is more appropriate
in describing those experiments.
Chapter 3 gives a short description of the experimental tools that were used
to obtain the results in this thesis. We describe how magnetotransport measurements are conducted using the Extraordinary Hall Effect (EHE) and how
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samples are fabricated.
In Chapter 4, the magnetization reversal properties of various compositions
and thicknesses of Pt/Co100−x−y Fex By /Pt are experimentally assessed. Information is obtained from relaxation measurements, where the magnetization of
a saturated sample subjected to an opposing field is measured as a function of
time. A conclusion is drawn on the use of Pt/CoFeB/Pt for MRM.
In Chapter 5, we demonstrate how Ga+ FIB irradiation on a small Pt/Co/Pt
wire can be used to tune the field needed to inject a DW and the position of DW
injection. The results are fully understood by micromagnetic modeling. Furthermore, based on the newly gained understanding, we will present an outlook
on an interesting new device, consisting of a DW oscillating at tunable GHz
frequencies by application of small DC currents, realizable by FIB irradiation.
This device has possible applications as a microwave source in, for example,
telecommunication devices.

Chapter 2

Theory of domain wall motion
In this chapter, a theoretical background needed to understand DW motion in
perpendicular materials is presented. The chapter is roughly divided into two
parts; the first part describes in detail the theory of DWs and their propagation
in a nanowire, under the application of field or current. The starting point
here is the Landau-Lifshitz-Gilbert (LLG) equation of magnetization dynamics.
Although this theory is very elegant, it cannot fully account for field- and
current-induced DW motion in a realistic perpendicularly magnetized material
at finite temperature. Therefore, the second part of this chapter deals with
thermally activated field-induced magnetization reversal phenomena in thin
films. This theory does not solve the dynamics by solving an equation of
motion, but by considering the magnetization reversal as a stochastic energy
minimization process. This part of the theory is needed for the interpretation
of experimental data in chapter 4.

2.1

DW motion in magnetic nanowires

In this section, the theoretical background of domain wall motion in magnetic
nanowires is presented. Firstly, the domain wall spin structures that exist in
nanowires at equilibrium are described. A description of DW dynamics under
field (section 2.1.2) and current (section 2.1.3) is given based on a simple 1D
model and full micromagnetic simulations, focusing on out-of-plane materials.
17
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2.1.1

Equilibrium DW structures

In ferromagnetic bulk materials or in continuous thin films, the domain structure depends only on material parameters, most notably the anisotropy and the
exchange constant. Various types of domain walls, which differ from each other
by the arrangement of spins, are known and have been researched intensively
in the past [24]. The basic wall types are the Bloch wall and the Néel wall,
which are both shown in figure 2.1.

Figure 2.1: Schematic representation of a Néel wall and a Bloch wall. In both
cases, the wall is the transition region between up and down magnetization,
but they differ in the way the magnetization rotates.

In laterally confined magnetic structures such as nanowires, new domain wall
types occur. This is especially the case for in-plane magnetized materials with
a low anisotropy constant K (as introduced in section 1.4), because the spin
arrangement is dominated by the geometry instead of material properties. This
is often described in terms of an effective anisotropy contribution, the shape
anisotropy, which is much larger than the anisotropy constant of the material itself (the material anisotropy) for nanowires of soft magnetic materials
[10]. Out-of-plane materials typically have very high material anisotropy and
therefore shape anisotropy plays only a minor role and simple Bloch/Néel walls
persist.
The term nanowire refers to a small magnetic structure with length L, thickness
t  L, width W  L, as sketched in figure 2.2. In this report only nanowires
with t < W are treated (some authors refer to this geometry as nanostripes
[31]). Nanostructures with t ≈ W in the nanometer range are difficult to make
with standard lithographic techniques [10].

Energy minimization
The spin structure of a domain wall results from energy minimization. In the
absence of an external field, the stable wall structure is obtained by minimizing

2.1 DW motion in magnetic nanowires

(a) Perpendicular anisotropy

(b) In-plane anisotropy

Figure 2.2: Schematic overview of the nanowire geometry in (a) the case of
perpendicular anisotropy and (b) in-plane (shape) anisotropy. The profile of
the DW in the 1D approximation is also shown. The symbols are defined in
the text. The field direction needed to move the DW is also shown.
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the internal energy U [32],

U=



Z 

µ0
 A
2 
2
−
+
K
sin
θ
(∇M)
H
·
M

 dV.
d
2
2 {z } | {z } 
V  |M|
|
anisotropy
|
{z
}

(2.1)

demag.

exchange

Here, M is the (spatially varying) magnetization. The first term is the exchange
interaction with A the exchange constant, which tends to align neighboring
spins in a parallel fashion. The second term is the demagnetization energy1 ,
with µ0 the vacuum permeability, Hd the demagnetizing field, which tends to
organize the spins in such a way that flux closure within the magnetic structure
is achieved and stray fields are minimized. The last term is the uniaxial (material) anisotropy, which tends to align the spins with an easy axis. K is the
anisotropy constant (a material parameter) and θ the angle between the easy
axis and the local magnetization. Other types of anisotropy, like crystalline
anisotropy, can also be taken into account, but they are negligible in the class
of materials we study.
The demagnetizing field Hd is related to the magnetization as

Nx 0
0
Hd = −N M = −  0 Ny 0  M,
0
0 Nz


(2.2)

where N is the demagnetization tensor with trace one. For uniformly magnetized ellipsoids, only the diagonal elements of N are non-zero and they depend
solely on the geometry. This is also true for rectangular cuboids, in good approximation [33]. The demagnetization energy can be modeled as an effective
anisotropy contribution, the shape anisotropy, with an easy axis in the wire
direction x (represented by a near-zero matrix element Nx ), a hard axis along
z, and an intermediate axis along y. See figure 2.2 for the definition of axes.
For soft magnetic materials like Permalloy, the material anisotropy is very weak
and the shape anisotropy is the dominant anisotropy contribution.
In materials with perpendicular anisotropy, the strong easy axis in the z direction is caused by the material anisotropy and shape anisotropy has only a
secondary effect. For a homogeneously magnetized infinite film with perpendicular anisotropy, Nz = 1 and Nx = Ny = 0 and the effective anisotropy (terms
2 and 3 in (2.1)) is
1
Keff = K − µ0 Ms2 ,
(2.3)
2
1

The demagnetization energy is also known under the aliases magnetostatic energy and
stray field energy.
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with Ms = |M| the saturation magnetization, which is constant throughout
the material. However, modeling the magnetostatic energy as an effective
anisotropy contribution is in general not sufficient, since it is only valid for
a homogeneously magnetized object. Of course, in systems that contain a DW,
this is not valid. For a nonuniform object such as a DW structure the demagnetization factors depend very much on the local spin structure and are
complicated to calculate in general. Below, we will demonstrate that demagnetization factors of a DW can be approximated by defining an effective DW
volume, for which the demagnetization factors are easy to calculate.
The competition between the exchange energy and the effective anisotropy energy determines the width of a DW (∆ in figure 2.2). The exchange interaction
tends to widen a DW, since a gradual transition from one magnetization direction to the other gives a smaller energy drawback than a sudden change.
The anisotropy energy favors infinitely thin domain walls, because in that case
none of the spins makes an angle with the easy axis and the anisotropy energy
is zero.

1D model
We will consider the optimal shape of a DW using a simple 1D model. The
magnitude of magnetization |M| = Ms everywhere inside the material, thus
we allow only variations in the direction of magnetization. Furthermore, it is
assumed that the magnetization only varies along the wire direction x, but
is constant along the y- and z-axes (M = M(x)) . Then, the magnetization
profile of the DW can be described in terms of two angles θ and φ, defined
in figure 2.2. It was shown by Bloch that the following profile for the angle θ
minimizes the energy [34]
h
 x i
θ(x) = 2 arctan exp
,
(2.4)
∆
which describes a DW centered at x = 0 as sketched in figure 2.3(a). Here, ∆
is defined as the DW width. The optimal value of ∆ is found by minimizing
the energy integral (2.1), which gives [35]
s
A



,out-of-plane(2.5a)

1
2
 K + µ0 Ms (Ny cos2 φ + Nx sin2 φ − Nz )
2
∆(φ) =
s


A


,
in-plane. (2.5b)
 1
2
2
2
2 µ0 Ms (Nz cos φ + Ny sin φ − Nx )
The total energy per unit cross section of a 1D domain wall is found by evaluating the energy integral (2.1) using the magnetization profile expressed in
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(2.4), which gives:
σDW =

4A
.
∆(φ)

(2.6)

This expression still depends on the angle φ, which is constant throughout the
DW. The optimal value of φ depends on the magnitude of the demagnetizing
factors in equation (2.5a); If Ny < Nx , The Bloch wall (φ = 0 or π) minimizes
the DW energy. If on the other hand Ny > Nx , the Néel wall (φ = ±π/2) is the
optimum. If Ny = Nx , all angles φ are in principle equally favorable2 , since the
φ-dependency then drops from (2.5a). These demagnetizing factors are related
to the geometry, so this also goes for the optimal angle φ, as we will discuss
below.
As mentioned before, the demagnetization factors Nx , Ny and Nz are complicate to calculate for a DW. We therefore first discuss qualitatively what to
expect for the angle φ as a function of the geometry. For out-of-plane magnetized thin films without lateral confinement, or very wide magnetic wires
(w  ∆), the value φ = 0 or π is optimal since it minimizes the demagnetization energy [34]. This is illustrated in the top left of figure 2.3(b). It is easy
to understand this if one considers the shape of the DW volume: the magnetization always points along the long axis of a volume. This results in a Bloch
wall, in which the spins lie in the plane of the DW. Decreasing the lateral size
and going to the nanowire geometry, the wire width becomes more and more
of the order of the DW width. Then at a certain crossover width, it becomes
more favorable for the spins to point perpendicular to the plane of the DW
(φ = ± π2 ), because this is the long axis of the DW volume. This results in the
Néel wall, which is shown in the bottom of figure 2.3(b).
We now postulate a criterion that enables us to estimate the demagnetizing
factors of a DW. At a certain wire width, the DW transforms from Bloch to
Néel and at this point, the demagnetizing factors in the x and y direction are
equal, Nx = Ny . The length scales that determine this point are the wire width
w and the DW width ∆. Using a micromagnetic simulation,3 with magnetic
parameters given in table 2.1, we find that at the transformation occurs at
w ≈ 6.2 ∆, where ∆ = 5.2 nm in this case. This transition is shown on the right
of figure 2.3(b). The effective DW volume that determines the demagnetization
effects, is thus a rectangular box of length 6.2 ∆, width w and thickness t (film
thickness). The demagnetization factors Nz , Ny and Nz of such a shape are
well known [33]. A more detailed analysis, testing whether this criterion has
general validity, will be presented in the master’s thesis by Geerit Kruis.
In simulations, we observe that there still is an optimal angle φ ≈ 45◦ , due to inhomogeneous demagnetization fields which are not taken into account in this simple model.
3
More details about the simulation procedure follow later, when we discuss the magnetization dynamics. The simulation here minimizes the energy of the magnetic configuration,
starting with an artificial, infinitely thin DW
2
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Figure 2.3: (a) (left) Profile of the θ angle of a DW in the 1D model.
This is the angle with the hard axis as defined in figure 2.2. (b) (center)
Schematic drawing of the transition from a Bloch to a Néel wall in a perpendicular nanowire as the width is reduced. The DW spins tend to align with the
long axis of the DW volume; (right) Micromagnetic simulation of the crossover
behavior, where the red (blue) colors indicate the up (down) component of the
magnetization and the arrows indicate the in-plane component.

Table 2.1: Parameters used in the micromagnetic simulations. Apart from
the magnetic parameters (A, Ms and K), the film thickness t, strip length L
and the cell size of the computational grid are given. The strip width w was
varied (see text).

A
10 pJ/m

Ms
600 kA/m

K
400 kJ/m3

t
5 nm

L
3 µm

grid
4×4×5 nm3

The demagnetization effects within a domain wall are interesting for experiments, because a DW can show oscillatory transformations from a Bloch to a
Néel type when the demagnetization field is overcome by an external field or
current. This greatly influences the field- and current-induced dynamics, as we
will show in the next sections. When a DW is close to the Bloch-Néel transition, the demagnetization field is low and a low current is needed to excite a
precession, which we propose to use in a new device in section 5.5.
Because of the very thin DWs in perpendicular media with high anisotropy,
structures with a width below 6.2∆ are hard to fabricate. We therefore assume
in the remainder that wires are wide enough such that Bloch walls are the
preferred domain structure. The next sections describe the field- and currentinduced domain wall motion of such domain walls. We should note that the
dynamics of Néel walls are completely analogous to those of Bloch walls.
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2.1.2

Field induced motion

The starting point in describing DW dynamics is to introduce the equation of
motion. The dynamical motion of a spin system is described by the LandauLifshitz-Gilbert (LLG) equation [31]:
∂m(t)
∂m(t)
= −γµ0 m × Heff + αm ×
.
(2.7)
∂t
∂t
Here, m = M/Ms is the magnetization direction, γ ≈ 1.76 · 1011 rad s−1 T−1 is
the (electron) gyromagnetic ratio, Heff is the effective magnetic field, including
anisotropy, demagnetization and exchange contributions, and α is the Gilbert
damping parameter. The dimensionless material parameter α is a measure for
how fast an electron spin, precessing in a magnetic field, relaxes towards the
field due to scattering processes. The first term in (2.7) describes precession,
the second term the damping. The damped precessional motion of a spin in an
effective field Heff is visualized in figure 2.4.
H eff

m m
-m H eff
m

Figure 2.4: Visualization of the damped precession of a spin in an effective
field Heff , as described by the LLG equation. From [36]

Because both m and Heff are nonuniform, the LLG equation is in general impossible to solve analytically for realistic structures. Micromagnetic simulations are
a popular way of solving the LLG equation. In this simulation technique, the
structure is divided into small cells and starting from an initial configuration,
the time-evolution of the magnetization of each cell is calculated, by calculating
the effective field from all the relevant energy contributions. Usually, thermal
effects are neglected, but they can be added in a Langevin approach. In analyzing the DW dynamics, we will compare results from the simple 1D model
with full micromagnetic calculations, conducted with the LLG Micromagnetics
Simulator software [37]. Below, we will describe how a DW in a perpendicularly magnetized nanowire is moved by an externally applied field and how
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the motion depends on the field strength. A similar analysis is conducted for
the current-induced motion of a DW in section 2.1.3. The parameters of the
simulation were already given for a static simulation in table 2.1. Additional
parameters for the dynamics are the Gilbert damping constant α = 0.02 and
the wire width w = 120 nm.

Solution of the LLG under field
We first describe field-induced DW motion qualitatively. A domain wall in a
magnetic nanowire can be moved by applying a field along the easy axis. The
field exerts a torque γµ0 m × H on the spins in the domain wall, which have
a component perpendicular to both the easy axis and the field. This rotates
the magnetization inside the DW a little bit towards the hard axis, as shown
in figure 2.5. This rotation is crucial, since it induces a demagnetizing field Hd
opposing the hard axis magnetization component. In turn, a torque γµ0 m×Hd
acts on the spins and lets them rotate towards the direction of the applied field,
which moves the DW forward.

Figure 2.5: The mechanism behind field-induced DW motion; (a) the applied
field exerts a torque on the DW spins, rotating them towards the hard axis;
(b) the demagnetization torque pushes the DW forward.

We now discuss the solution of field-induced DW motion in the 1D-model.
Assuming again a 1D wall profile for the case of an out-of-plane material, the
LLG equation can be expressed in three wall parameters: width ∆, angle φ of
DW spins with the y axis (both shown in figure 2.2) and the position q of the
DW along the x-axis. Assuming a constant width ∆, the LLG equation can be
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written into two coupled differential equations [31]:


α
(1 + α2 )φ̇ = γµ0 Hext − HKt sin(2φ) ,
2


∆
2
(1 + α )q̇ = γµ0 α∆Hext + HKt sin(2φ) ,
2

(2.8a)
(2.8b)

where HKt is the effective transverse anisotropy field. In the out-of-plane geometry with a Bloch Wall, HKt is related to the demagnetizing factors of the
DW as
HKt = |Nx − Ny | Ms .
(2.9)
The transverse anisotropy field HKt plays a very important role in the solution
of (2.8). In equilibrium (without applied field), the transverse anisotropy determines which in-plane direction is favorable for the DW spins. However, the
torque in the φ direction rotates the DW away from this equilibrium. Once the
applied field is large enough to overcome the transverse anisotropy, the solution
changes drastically. This phenomenon is known as the Walker breakdown [38]
αH
and the transition field is called the Walker field HW = 2Kt . The solution of
(2.8) thus has two regimes, below and above the Walker breakdown:
• |Hext | < HW : A steady solution φ̇ = 0 exists, with φ itself nonzero, and
the DW moves at constant velocity
v=

γµ0 Hext ∆(φ)
.
α

(2.10)

Figure 2.6 shows snapshots from micromagnetic simulations of the DW
before the application of the field and during steady motion. At the start
of the field pulse, the field torque cants the DW spins towards the wire
axis, which is the hard axis in this case. During this process, the DW
velocity is increased, but once φ is steady, a constant DW velocity is
obtained. The velocity in this regime scales inversely with the damping constant α, because the damping acts against the canting in the φ
direction, as one can also see in equation (2.8a).
• |Hext | > HW : The torque on the DW exerted by the external field is so
large that the DW spins precess around it. The velocity is not constant,
but varies with the same period as the precession and the wall moves
back and forth. There is only an effective forward motion because of the
damping torque αm × ṁ, which always keeps the same sign along the
wire direction during the precession. The average velocity therefore drops
at this transition field, and only increases again for much higher fields,
where
γµ0 Hext ∆(x)
v=
.
(2.11)
α + α−1
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Figure 2.6: Snapshots of the DW spin configuration during its initial acceleration after application of a field below the Walker threshold. Colors indicate
the z-component of the magnetization, arrows indicate the in-plane magnetization. The in-plane angle changes initially until it reaches a stationary value.
The snapshots are always centered around the DW position, but this position
itself moves in the indicated direction. The direction and magnitude of the field
and the simulation times at which the snapshots were taken are also shown.

Because typically α  1, the DW velocity is approximately linear to
α in this regime, in line with our remark that the damping torque is
responsible for the net forward motion.
Figure 2.7 shows snapshots of the DW at various times during one precessional period. Interestingly, for these material parameters, it turns out
that the DW spins do not precess coherently, but a vortex is nucleated
during the switch from φ = 0 to φ = π. Apparently, a coherent φ = π/2
(Néel) arrangement is energetically less favorable than this vortex state
because of the magnetostatic energy. It might be expected that precession via a vortex state does not occur for reduced wire width, because the
exchange interaction then dominates. Interestingly, the vortex is absent
for an identical simulation with large α = 1. Precession via a vortex state
was not reported before in perpendicular materials and further investigation is needed to find out under which conditions it occurs.

Figure 2.7: Snapshots of the DW spin configuration during its precessional
motion above the Walker field. The top arrows show the instantaneous DW
velocity.
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Figure 2.8: DW velocity as a function of magnetic field. The Walker breakdown field HW ≈ 8 Oe.

In figure 2.8, the v(H) characteristic obtained by micromagnetic simulation is
compared to a numerical integration of the 1D model. The benefit of using a
numerical solution of the 1D model instead of the analytical one, is the ability
to take into account the change of the DW structure (∆ and φ) during motion. It is also needed because there exists no analytical solution just above
HW [31]. The demagnetizing factors were recomputed at every time integration step, assuming that the width of the DW volume is 6.2∆, as we found
before. Since these factors also affect the DW width ∆ (see equation 2.5a), ∆
is solved iteratively at each time step. This way of solving the 1D model has
not been reported elsewhere.4 The results of this analytical 1D model and the
micromagnetic simulations match reasonably well, given that the DW structure is not strictly 1D during simulations (as seen in figure 2.7). In the 1D
model, the Walker field at these parameters is given by HW = 6.6 Oe and in
the micromagnetic simulation HW = 8 Oe.5

2.1.3

Current-induced motion

In this section, current-driven DW motion is discussed. DWs have been shown
to move under the action of electric current because of spin transfer torque [39].
4

The author wishes to thank Geerit Kruis for implementing the 1D model in Matlab.
Throughout this thesis, the magnetic field is expressed in the unit Oe, whereas the SI
unit is A/m. The conversion is 1 A/m = 4π · 10−3 Oe. However, it is more convenient to
remember that a field H = 1 Oe corresponds to a magnetic induction µ0 H = 0.1 mT.
5
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The basic principle of spin transfer torque is shown in figure 2.9. A current
through a ferromagnet is spin-polarized in the direction of magnetization because there is a difference in the density of states at the Fermi level between
majority and minority spins. At the DW, in the case of a transition metal,
the spin of the (4s-)electrons adiabatically follows the magnetization, through
an interaction with the localized (3d-)electrons responsible for the magnetization, which Berger called the s-d exchange force [39]. Because of spin angular
momentum conservation, the torque on the conduction electrons leads to a
torque on the 3d-electrons themselves, which causes the DW to be pushed in
the direction of electron flow.
m

s

DW

Conduction spins follow adiabatically

em

Mistracking conduction spins

s

eAdiabatic torque on DW

m

Non-adiabatic torque on DW

Figure 2.9: Visualization of the adiabatic (left) and non-adiabatic (right)
spin-transfer torque. In the adiabatic case, the conduction electrons locally
follow the magnetization direction, and the reaction torque on the magnetization causes the DW to move. In the non-adiabatic torque, the mistracking
between the conduction electrons and the local magnetization causes an additional torque.

An important assumption in the above description is that the angle between
the spins of the conduction spins and the local magnetization is very small,
such that the electrons follow the direction of magnetization. This is called the
adiabatic approximation. This approximation might be invalid especially for
very thin domain walls, since the spatial variation of the DW spins is so big
that it is impossible for the electrons to follow. Therefore, the angle between
the conduction electron spins and the local magnetization is non-zero, and this
leads to a torque perpendicular to the DW (right part of figure 2.9). This
contribution is known as the non-adiabatic spin transfer torque [17, 40]. The
origin, as well as the magnitude of this non-adiabatic contribution is still subject
to scientific debate [18, 17, 19] and we will elaborate on this below.
Irrespective of the microscopic origin of the non-adiabatic STT, it can be introduced phenomenologically alongside the adiabatic spin transfer torque effect,
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by introducing two new terms in the LLG equation [18]:
∂m(t)
∂m(t)
= −γµ0 m × Heff + αm ×
− (u · ∇)m + βm × [(u · ∇)m] . (2.12)
| {z } |
{z
}
∂t
∂t
adiabatic

non−adiabatic

The adiabatic term is easily derived from spin angular momentum conservation,
assuming the current spins adiabatically follow the magnetization, as described
above [9]. The role of the current is captured by the vector u, the effective
velocity, directed along the electron flow and of magnitude
u=

gµB P J
.
2eMs

(2.13)

Here, g is the Landé factor (∼2), µB is the Bohr magneton, J is the current density, P is the spin polarization of the current (which depends on the material)
and e is the elementary charge.
The non-adiabatic term is introduced in (2.12) using a phenomenological parameter β, called the non-adiabaticity parameter. Different theories predict
different values of β. For example, in the theory of Zhang and Li [17], the
mistracking between the electron spin and the local magnetization leads to a
spin accumulation across the DW, which relaxes by spin-flip scattering, leading to both adiabatic and non-adiabatic torques. In this model, β is a material
parameter that does not depend on the width of the DW. Tatara and Kohno
[41] proposed a different mechanism, in which electrons are reflected at the DW
because of the sudden change of magnetization, leading to momentum transfer
to the DW. Their calculation assumes that the DW is extremely narrow, having a width smaller than the Fermi wavelength of the electrons (∼ 1 Å). The
momentum transfer effect can be modeled using an effective β parameter, but
the value of β then depends on the width of the DW. It is therefore expected
by some theorists that β is larger in materials with narrow domain walls, such
as materials with very strong out-of-plane anisotropy. This is one of the possible advantages of this class of materials for use in DW motion applications.
Because the magnitude of β is not well-known, we investigate the dynamics of
a DW under current for various values of β below.

Solution of the LLG under current
We now assume a 1D-model again, as first introduced in section 2.1.2, with
only a (spin-polarized) current in the x-direction. To get direct insight into
the dynamics, we choose to express the LLG equation (2.12) in terms of all
the torques acting on the DW in the θ and φ direction, rather than in the
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coordinates q and φ. Again, see figure 2.2(a) for the definition of these angles.
All torques combined give [35]
sin θ
,
θ̇ = − γµ0 Ms (Nx − Ny ) sin θ sin φ cos φ − αφ̇ sin θ − u
|
{z
} | {z } | {z
∆}
damping
demagnetization

φ̇ =

(2.14a)

adiabatic

sin θ
γµ0 Hext sin θ + |{z}
αθ̇ + βu
|
{z
}
| {z∆ }
field

damping

non−adiabatic



− γµ0 Ms sin θ cos θ Nz − Nx sin2 φ − Ny cos2 φ .
|
{z
}

(2.14b)

demagnetization

Below, we will describe how a DW moves under the action of a current in
micromagnetic simulations, and explain these results using the torque terms in
(2.14). We will see that the dynamics strongly depend on the relation between
α and β. Because this relation is still unclear and might depend on the specific
material, it is interesting to investigate the dynamics for various values of the
parameters. In figure 2.10, we already show the most important result: the
DW velocity as a function of the effective velocity for various β values.6 The
result corresponds qualitatively to the solution of the 1D model [35]. They
also agree with micromagnetic simulations by Fukami et al., [42], who used the
same parameters. The in-plane case yields similar results [18].
We now try to explain qualitatively the various regimes7 of current-induced DW
motion as observed in the micromagnetic simulations, in terms of the torque
contributions acting on the DW spins in (2.14). The dynamics are rather
complex and therefore, it might be difficult to follow this analysis. Afterwards,
we will give an overview of published experimental results, which try to extract
the value of β based on measured DW dynamics.

• β = 0: Below a certain intrinsic critical current density, the DW moves
forward and the DW spins cant towards the direction of electron flow up
to a certain angle φ, at which the motion stops completely. This can be
explained as follows: the adiabatic STT exerts a torque along −eθ , so
θ̇ < 0 and the DW is pushed forward. This leads to a damping torque in
the −eφ direction, so φ̇ < 0 which leads to a slight canting towards the
hard-axis y. This again leads to an additional damping torque in the θ
6
We should note that the β term is implemented in a different way in the LLG Micromagnetics simulation software. Therefore, a value β in our definition corresponds to a different
α−β
β 0 in the software as β 0 = α(αβ+1)
[36].
7
The regime 0 < β < α is not discussed but it is basically a superposition of the β = 0
and β = α case.
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Figure 2.10: Simulated DW velocity vs. effective velocity u (current density)
β
for different values of β. In all cases, the velocity scales approximately as α
u
at low fields. For β = 0, this means the velocity is zero up to an
intrinsic
√
critical current density ucrit , after which the velocity increases with u − ucrit .
For β = 0.02 = α, the relation is linear for all currents. For β = 0.04 > α,
there is a breakdown current density, similar to the Walker breakdown in the
field-induced case.

direction, but with opposite direction. At some point the torques cancel
leading to θ̇ = φ̇ = 0. When the current is removed, the wall moves back
to its initial position.
Above a critical current density, the adiabatic torque is large enough to
cant the DW angle to |φ| > π4 . Therefore, φ starts precessing and a nonsteady motion occurs. Snapshots of the precessional motion are shown
in figure 2.11. Again, we see precession via a vortex state. Although the
DW velocity is not constant, the motion is always forward contrary to the
field-induced case where the wall moves back and forth. This is because
the driving force, the adiabatic contribution, always has the same sign,
while in the field-induced case the demagnetizing torque responsible for
the motion reverses sign upon precession.

Figure 2.11: Snapshots of the DW spin configuration during its precessional
motion above the intrinsic critical current for β = 0. Colors indicate the zcomponent of the magnetization, arrows indicate the in-plane magnetization.
Simulation times at which the snapshots were taken are also shown.
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• β = α:
The domain wall motion is completely linear with current.
The damping and non-adiabatic torque exactly oppose each other in the
expression for φ̇, so the wall does not deform at all and remains at φ =
0. The adiabatic contribution directly drives the DW leading to steady,
linear DW motion.
• β > α:
Below a certain critical current density, the DW spins cant
out of the easy plane after which the velocity is steady. The β term in
the precession is now larger than the α term, and therefore the canting φ̇
at the beginning is opposite to the β < α case. Therefore, the damping
term in the θ direction also reverses sign and is now helping instead of
opposing the DW motion.
Because of the canting of the spins within the DW, there again is a critical
current for which |φ| > π4 is reached. This is called the Walker current
density JW , in analogy with the Walker field HW . In the same way as
for the field-induced case, the average velocity is reduced for currents
higher than JW and precessional motion occurs, because the demagnetizing torque changes sign during precession. However, only the magnitude
of the velocity and not the direction of DW motion is changed during
the precession, since the adiabatic spin transfer torque always has the
same sign and is larger than the demagnetizing torque. The direction of
precession is opposite compared to the β < α case.

Figure 2.12: Snapshots of the DW spin configuration during its precessional
motion above the Walker current density for β = 2α.

We have seen that in every case, except α = β, there is a critical current
density, above which the DW motion is precessional and the velocity-current
relation has a sudden change. Just like in the field-induced case, this critical
current density scales with the transverse anisotropy field HKt in the following
way [18]:
γµ0 HKt ∆α
ucrit =
.
(2.15)
2|β − α|
If there is no transverse anisotropy (HKt = 0), every in-plane wall angle φ is
equally favorable and the DW precesses already at infinitesimal current values.
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Tuning the parameters properly can thus result in a very small critical current
density for precession. We will use this in section 5.5, where we propose a DW
oscillator device that makes smart use of this phenomenon.
In conclusion, we have given an overview of DW motion in magnetic nanowires
with perpendicular magnetic anisotropy. We have described all the regimes
of field- and current-induced domain wall motion that follow from solving the
LLG equation, using micromagnetic simulations and a 1D model. It was seen
that for current-induced domain wall motion, the parameter β plays a crucial
role. Both in theory and experimental results, there is disagreement about the
value of β. Measurements of β can be obtained by comparing experimental
data to simulations like the ones shown in this chapter. We now list some of
the most important, conflicting experimental results. By measuring v(J) in
Permalloy wires with varying damping α, Moore et al. [20] observed a Walker
breakdown, which is only allowed if β > α, and they estimated β ≈ 16α.
However, Hayashi et al. [21] found β ≈ α in Permalloy, by measuring how
the Walker breakdown field HW shifts when a current is applied. The value
of β can also be extracted using the fact that a high β should lead to easier
depinning of a DW, because there is no intrinsic critical current density. From
measurements of the enhanced depinning efficiency in Pt/Co multilayers, Boulle
et al. [22] found that β > α. However, by studying current-induced depinning
in perpendicularly magnetized CoNi and FePt nanowires, Burrowes et al. [23]
recently reported that β is a little bit smaller than α, and that this holds for
wall widths of 10 nm and 1 nm, contrary to some theories which predict that
walls must be very narrow to have a significant β. Regardless of the magnitude
of β, experiments usually indicate that the ratio β/α is constant, pointing to
a similar microscopic origin of both effects. To conclude, the β discussion is
far from settled and new experiments to measure β are of great value to the
research community.
The theory presented in this chapter assumes idealized defect-free wires at zero
temperature. Realistic materials provide an inhomogeneous energy landscape
for a DW, slowing down the DW motion significantly because of pinning. Materials with perpendicular magnetic anisotropy have been shown to be especially
prone to pinning, probably because the narrow DWs are very sensitive to local defects such as grain boundaries. This has lead to experimentally measured
domain wall velocities (both field- and current-induced) that are orders of magnitude below the expected values. The DW motion is a stochastic, thermally
activated process, on a much larger timescale than described by the LLG equation. In the next section, we present a theoretical framework for such thermally
activated magnetization reversal, which is more appropriate to explain the experimental results in chapter 4. In the theory as well as in the experimental
results, we will focus on field-induced reversal.

2.2 Magnetization relaxation in thin films

2.2
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Magnetization relaxation in thin films

This section gives a description of the physics behind the thermally activated,
field-induced magnetization reversal in perpendicularly magnetized films. We
leave behind the nanowire geometry and assume relatively large ‘bulk’ films, for
which the theoretical models were originally developed, but the considerations
presented here apply also to the nanowire geometry.
We first describe a widely used model capturing how the magnetization of a
saturated film switches when subjected to an oppositely aligned magnetic field
in section 2.2.1. This Fatuzzo model describes magnetization reversal through
nucleation of multiple domains and their expansion by domain wall motion.
This model is used in the results chapter 4 to analyze the reversal of large
magnetic areas.
Section 2.2.2 is an outline of the theory of DW creep. This theory does not deal
with the nucleation of a domain, but it describes a DW as an elastic manifold
moving in a random potential landscape. This theory correctly describes DW
dynamics in perpendicular media over a quite wide range of low fields. It also
differs from the Fatuzzo model in the sense that it considers a DW as a series
of elastically connected segments, whereas the Fatuzzo model assumes perfect
circular expansion. We will see that both models are valuable in analyzing the
experimental results in chapter 4.

2.2.1

Fatuzzo model

Magnetization relaxation is the switching process of a homogeneously magnetized object subjected to an opposite (constant) field. In early models of
magnetization relaxation, a magnetic medium is described as an assembly of
non-interacting particles, each of which switches independently by thermal activation over an energy barrier. These models were applied successfully to some
materials [43], but they are not realistic for many materials since the exchange
interaction between adjacent particles is left out.
A more realistic picture for many (imperfect) thin-film systems is given by
a model first used by Fatuzzo for ferroelectrics [44] which was transferred to
magnetism by Labrune [45]. This model assumes that the reversal is governed
by two processes; (1) the nucleation of domains and (2) their expansion (circular
growth). This is visualized in figure 2.13. At low fields, both processes can be
described by thermal activation over an energy barrier, where each process has
its own distribution of activation energy barriers. This can be understood in
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view of the polycrystalline grain structure which we visualized in figure 1.5(a).
At the start of the reversal, some grains are switched, and due to exchange
coupling, the grains adjacent to them are more likely to switch than others.
This determines how the magnetization evolves in time with a constant applied
field.

2

v
rc
1

v
rc

Figure 2.13: Schematic drawing of the reversal process by (1) nucleation of a
domain with radius rc and (2) expansion with a velocity v. Multiple domains
might be nucleated and at some point coalesce.

The nucleation of new domains is assumed to be a statistical process. At the
start of the reversal, domains are nucleated at a high rate because there are
many possible nucleation sites available, but this rate decreases in time until
there are no nucleation sites left. Therefore, the number of nuclei N at time t
is given by
N = N0 (1 − exp(−Rt)),
(2.16)
where R is the nucleation rate and N0 the total number of nucleation sites. It
was experimentally verified [46] that the nucleation rate R varies exponentially
with field, for reasons we explain later,
R ∼ exp(βH).

(2.17)

The domains are assumed to grow at a constant speed v, so a domain nucleated
at t = 0 with initial radius rc occupies the following area s,
s(t) = πv 2 (rc /v + t)2 .

(2.18)

Subtracting the size of the initial domain sc = πrc2 , the area swept by DW
motion sp is given by
rc
sp (t) = πv 2 (2 t + t2 ) .
(2.19)
v
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In a first step, it is assumed that a domain never coalesces with other domains
and never over-runs a nucleation site. The switched area A as a function of
time under these assumptions is simply given by the sum of the areas switched
by DW motion and nucleation,
Z t
dN
A(t) =
sp (t − τ )dτ + πrc2 N (t).
(2.20)
0 dt τ
Evaluating this expression yields [44]
A(t) =

2N0 v02 
1 − (Rt + k −1 ) + 12 (Rt + k −1 )2
R2

−e−Rt (1 − k −1 + 21 k −2 ) .

(2.21)

In (2.21), an important dimensionless parameter k is introduced,
k=

v
,
rc R

(2.22)

which can qualitatively be described as the ratio of reversal speed by DW
motion (v) and nucleation (Rrc ). This parameter is in some way a measure of
film quality, as a large k indicates a homogeneous film and reversal dominated
by DW motion and few nucleation events. For applications of DW motion, we
are looking for materials with large k, since we want to study the controlled
motion of DWs and minimize the likelihood of an additional domain being
nucleated. From the results in chapter 4, we find evidence that the ratio k is
not only an intrinsic property of a material, but that it is also largely influenced
by the quality of the sample, since defects lead to easy nucleation sites.
The function (2.21) holds in the limit of small t, but needs to be corrected
for the fact that domains at some points start to coalesce. Using a theorem
demonstrated by Avrami [47] and modified by Fatuzzo to account for the initial
size of the domains, the fractional reversed area θ is



1
2
2
θ = 1 − exp −
A + πrc N0 Rt − πrc N (t) ,
(2.23)
T
with T the total area. This evaluates to [44]


θ = 1 − exp −2k 2 1 − (Rt + k −1 ) + 21 (Rt + k −1 )2

−e−Rt (1 − k −1 ) − 21 k −2 (1 − Rt) .

(2.24)

Here, the assumption has been made that a nucleus can be formed anywhere
on the sample surface (N0 πrc2 = T ).
In Figure 2.14, the two limiting cases k  1 and k  1 are plotted. These
limits correspond to a magnetization reversal dominated by nucleation and DW
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Figure 2.14: Reversed fractional area as a function of reduced time in the
limits k  1 and k  1.

motion, respectively. These limits can also be evaluated analytically,

exp(−k 2 R3 t3 /3),
k  1,
θ(t) =
exp(−Rt),
k  1.

(2.25a)
(2.25b)

An interesting experimental parameter is the time it takes for half the area to
reverse, t50 . This is found by equating (2.25) to 21 :
(
(3 ln 2)1/3 /Rk 2/3
k  1,
(2.26a)
t50 =
ln(2)/R,
k  1.
(2.26b)
Interesting properties can be obtained by studying the field dependence of the
magnetization relaxation. Under low fields, the magnetization processes are
thermally activated [45]. This means that nucleation does not occur at a fixed
rate, but rather is a statistical process with a mean rate R, which is governed
by an Arrhenius law,
R = R0 exp [−(Wn − 2µ0 HMs Vn )/kB T ] ,

(2.27)

which describes field-assisted thermal activation over an energy barrier Wn .
Note the similarity with the experimental relation (2.17). In (2.27), Ms is the
saturation magnetization of the material and Vn is the activation volume for
nucleation, i.e. the typical volume that switches during a nucleation event.
The activation energy Wn is typically 50-100 kB T at room temperature [45], so
spontaneous nucleation of domains in the absence of a field is very unlikely.
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The magnetic field reduces this barrier and therefore increases the nucleation
rate.
DW motion in the low field regime is governed by a similar process,
v = v0 exp [−(Wp − 2µ0 HMs Vp )/kB T ] ,

(2.28)

with in principle a different activation barrier and volume, Wp and Vp . This
is associated with a DW motion in small ‘random’ jumps (Barkhausen jumps),
where the domain expands with each jump by the amount Vp . The two activation barriers have equal order of magnitude, but Wp is the lowest of the two
in films where the reversal is dominated by DW motion [45, 48].
It is common to define typical fields needed for domain nucleation and DW
motion, Hn and Hp respectively,
Hn,p =

Wn,p
,
2µ0 Ms Vn,p

(2.29)

which is found by equating the exponents in (2.27) and (2.28) to zero.
Experimental measurements of the magnetization as a function of time can
give information about the dominant reversal process. Another indication is
given by hysteresis loops; a square hysteresis loop means that the reversal is
started at a few nucleation centers and continues through rapid DW motion.
In that case DW motion is dominant, k  1 and the required nucleation field
Hn is larger than the propagation field Hp [27]. We will see in chapter 4 that
many Pt/CoFeB/Pt samples show this is behavior, which is promising for DW
motion applications, since it makes the spontaneous nucleation of domains (i.e.
information loss) less likely.
An interesting observation emerges from the definition k = v/(rc R). The field
dependence of k is found by putting the expressions for the velocity and the
nucleation rate into this definition, giving
k=

v0
exp [2µ0 HMs (Vp − Vn )/kB T ] .
rc R 0

(2.30)

Experimentally, it is often found that for a given sample, k is independent
of field, i.e. the relaxation curve has the same shape at any field in a wide
range [49, 43]. It is also reasonable to assume that rc is field-independent,
since it is associated with the intrinsic defects of the film. This leads to the
result that Vn = Vp , implying that nucleation and DW motion arise from the
same mechanism, i.e. the switching of a single magnetic grain. One might
expect that in an amorphous material, which is in principle free of grains,
there is a more fundamental difference between the two reversal phenomena
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and Vn 6= Vp . In the experimental results in chapter 4, we present evidence
that Vn = Vp in Pt/Co/Pt whereas Vn 6= Vp in Pt/CoB/Pt, which is attributed
to the amorphous nature of CoB.
Putting both thermally activated phenomena (nucleation and DW motion) into
the experimentally easily accessible parameter t50 (equation (2.26)) gives

t50

"
#

1
2
1
2
W
+
W
−
2µ
HM
(
V
+
V
)

n
p
0
s
n
p
3
3
3
3


, k  1, (2.31a)
 τ0 exp
kB T
=




Wn − 2µ0 HMs Vn

 τ0 exp
,
k  1, (2.31b)
kB T

which can be generalized to


t50


W − 2µ0 HMs VB
= τ0 exp
,
kB T

(2.32)

for all k. Here, W is a ‘hybrid’ activation energy due to both processes (nucleation and DW motion) and the same goes for the activation volume hereby
defined as the Barkhausen volume VB . Many authors use (2.32) without acknowledging the role of the two different reversal processes. We argue that this
is, strictly speaking, only valid if VB = Vn = Vp .
It is useful to discuss the limitations of the above model. First, the origin of nucleation needs further attention. It is generally accepted that nucleation occurs
at local inhomogeneities in the sample. At low fields, nucleation always initiates at low-anisotropic defects or film edges. However, at high fields, nucleation
takes place at many low-coercivity regions correlated with the polycrystalline
structure [27]. The distribution of nucleation energies is thus very complicated. However, a linear expansion in H of the nucleation energy barrier (as in
(2.27)) is generally accepted to be valid in the field range 0.8Hn ≤ H ≤ Hn , or
0.8Hc ≤ H ≤ Hc (as the field at which nucleation takes place determines the
coercive field Hc ) [27].
Also the mechanism for DW propagation deserves further attention. In the
above model, the energy barrier for thermally activated DW motion decreases
linearly with field as in the exponent of (2.28). Theoretically, this has been
predicted for flat DWs and weak pinning [50, 51]. However, we will show in the
next section that different models are valid in various regimes of the applied
magnetic field. Experimentally, it is thus important to know in what regime
one is measuring: if one measures in a limited field range, the data can typically
be fitted to any of the models.
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DW creep theory

In the previous section, we showed a model of the reversal of a perpendicularly
magnetized film in an opposite magnetic field. Reversal occurs through nucleation of domains and their circular expansion. For the motion of the DW, we
assumed the DW expands as a perfect circle, albeit in small steps (Barkhausen
jumps) by thermal activation. In each propagation step, an energy barrier
Wp − 2µ0 HMs Vp is overcome. The main reason for the barrier is the out-ofplane anisotropy field, and an oppositely applied magnetic field simply reduces
this barrier linearly. However, this simple model does not take into account
how the DW interface is deformed under the influence of the potential landscape of the magnetic film. Therefore, it is only valid in a range close to the
so-called depinning threshold, where the DW is flat8 and pinning is weak [27].
A more suitable description at lower fields is given by creep theory, which we
will outline below.
Creep

Depinning

Flow

v

x

ξ

T=0
T>0
Hcrit
(a) (from [52])

u

H
(b) (from [53])

Figure 2.15: (a) Velocity as a function of field at zero (solid line) and finite
(dashed line) temperature, in the three regimes mentioned in the text. Insets
show Kerr microscopy images of a rough DW in the creep regime and a flat
DW in the depinning regime in a 350 µm wide area. (b) Sketch of a DW in
the creep regime, moving in one direction but with local deviations along its
length due to the presence of energetically favorable pinning sites (circles).

Before going into creep theory, we first present an overview of all the regimes.
The theoretically predicted (and experimentally verified [52]) velocity-field diagram is shown in figure 2.15(a). At zero temperature, the DW is pinned at
low fields and starts to move above a critical (depinning) field Hcrit . At finite
temperature, it shows three regimes as a function of field, labeled creep, depinning and flow. The DW velocity in the low-field creep regime, where the DW
8

A flat domain wall is a domain wall that looks like a straight line (like the second inset
in figure 2.15(a))
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slowly ‘creeps’ through the medium, is given by
"
#


H −1/4
Uc
v(H) = v0 exp −
,
kB T Hcrit

(creep)

(2.33)

with Uc an energy constant. A typical DW in the creep regime is shown in
the inset of figure 2.15(a) and is rather rough because it adjust to the local
potential landscape; it is this roughness that leads to the exponent 14 as we will
explain later. The depinning regime is merely a transition from the creep to
the flow regime. In a limited transition regime close to Hcrit , the energy barrier
for DW motion decreases linearly with field and relation (2.28) reported in the
previous section is valid,
v = v0 exp [−(Wp − 2µ0 HMs Vp )/kB T ] .

(depinning)

(2.34)

As the inset shows, a DW in this regime is flat, leading to a different v(H)
relation than in the creep regime. At high fields, the effect of pinning is small
and the flow regime based on the solution of the LLG equation (section 2.1.2)
is valid, and the DW velocity is linear with field9 ,
v ∝ H.

(flow)

(2.35)

Here we sketch the mechanism of DW creep. We present a phenomenological
argument rather than a derivation; a sketch of the derivation is given in Appendix A and can also be found in [28] and the supplementary materials of
[29].
Creep theory was originally developed to describe vortices in superconductors
[54], but can be applied to a very wide range of phenomena. The basic idea
is that many systems, when pushed slowly, respond with discrete events of a
variety of sizes [55]. For example, the earth responds in shocks to tectonic
plates that rub past one another, a piece of paper emits sharp noises if it is
slowly crumpled, and a magnetic film reverses in small steps under the action
of an applied magnetic field [28]. In the general case, creep theory describes
the movement of a d-dimensional interface (for instance a DW) through a 2dimensional weakly disordered medium in n transverse directions. The main
ingredients of the theory are a weakly disordered potential, meaning that the
spread in the pinning barriers in the material is small, and the presence of an
interface (the DW). The mean orientation of the interface moves in one direction10 (n = 1) and the DW is allowed to locally deform only in this direction
9

The flow regime can be either the linear regime below or far above the Walker breakdown,
as we will discuss in section 2.2.3
10
Strictly speaking, a circularly expanding domain does not move in one direction during
the initial stages of expansion. However, as soon as the domain radius is significant, locally
the DW is properly described as moving in one direction and the model is valid.

2.2 Magnetization relaxation in thin films

43

(d = 1), implying that the DW is a 1D interface. This is sketched in figure
2.15(b). The characteristic length of the disorder potential (distance between
pinning sites) is denoted as ξ.
In the model, the DW is considered to be a chain of segments. The segments
have a length L and a displacement u with respect of the mean position of
the DW (the average of all sections). The free energy F(u, L) of such a DW
contains contributions from the DW elastic energy, pinning energy and Zeeman
energy due to the
√external field. The elastic energy is simply the domain wall
surface tension 4 AK (equation (2.6)), integrated over the entire length of the
DW: it therefore favors a flat DW (u = 0) since that minimizes the DW length.
However, the pinning energy is optimized when the DW adjusts to the local
potential landscape. By equating the surface tension and pinning energies of
a section of length L for a displacement u = ξ (so, displacement over a single
pinning center), a critical length Lc (the Larkin length) is found. When the
total DW length is smaller than this length (i.e. for a very narrow nanowire),
the DW is not allowed to deform and the wall is a zero-dimensional particle,
and the dynamics of this DW is described by a hopping model rather than
creep theory [29]. For L > Lc , the DW can locally adjust to the potential
landscape and can be considered as a chain of segments of length Lc that move
independently, and creep theory is valid.
To describe the creep dynamics of a DW segment of length L > Lc , one needs
to take into account the roughness of the DW. The roughness is characterized
by a certain parameter, the wandering exponent ζ = 23 defined from the correlation function of the DW (see equation (A.4) in Appendix A). This wandering
exponent, which was theoretically derived for a d = 1, n = 1 system, provides
us with a relation between the mean displacement u of a segment as a function
of its length L. Putting this relation into the free energy of a segment, the free
energy is reduced to a function of the section length L only, F(L). Optimization
with respect to L gives the maximum energy barrier Fopt encountered during
the motion of a DW through the medium. This maximum energy barrier is the
limiting factor for the DW motion and therefore dominates the dynamics. It
scales with the magnetic field as:


H −µ
Fopt = Uc
,
(2.36)
Hcrit
with the exponent related to the roughness exponent as µ = (2ζ − 1)/(2 − ζ),
which evaluates to 14 in our case. Simply plugging this energy barrier into an
Arrhenius law gives the DW velocity in (2.33).
The first convincing experimental evidence of this theory showed agreement
over 11 orders of magnitude of the velocity, in the range 0.05 Hcrit < H <
0.2 Hcrit [28, 27]. Many orders of magnitude are needed to verify this expo-
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nent, since typically such data fits just as well to other values of the exponent
when measured in a narrow range. It might not even be clear whether one is
measuring in the creep or depinning regime, where the exponent equals −1 (see
equation 2.28). Ferré et al. [27] claimed that for a Pt/Co/Pt film, the latter
relation holds only in a very small field range close to Hcrit , down to 0.8 Hcrit .
An experimental problem is that Hcrit is hard to determine through low temperature experiments, since it depends on temperature dependent anisotropy
constants [28]. The linear relation is therefore often fitted in a rather arbitrary
field range. Many authors [45, 56, 48, 57] estimate Hcrit by the coercive field,
but as will be demonstrated in the results in chapter 4, this is problematic since
(1) the coercive field is not well-defined and depends heavily on temperature
and field sweep rate and (2) the coercive field mainly relates to nucleation,
whereas Hcrit is a characteristic of the motion of an already nucleated domain.

2.2.3

Masking of Walker breakdown in the flow regime

In the previous sections thermally activated magnetization reversal phenomena
were treated. It was seen that local pinning forces strongly affect the DW
motion. An entirely different analysis was conducted starting from the LandauLifschitz-Gilbert (LLG) equation of magnetization dynamics in section 2.1 in
the nanowire geometry. The basic result, which also holds for unstructured
films, is that the DW velocity increases linearly with field, up to the Walker field
at which the DW structure becomes unstable. However, at low fields, pinning
dominates and the mean DW velocity is much lower than expected from the
analysis of the LLG equation. Since this also holds for current-induced DW
motion, this is a problem for realizing the racetrack memory, since it leads to
large current requirements (power consumption), slower data access times, and
an increased degree of stochasticity, which is not good for a properly functioning
memory device.
In perpendicular materials, DWs are narrow and therefore pinning is strong,
leading to a creep regime that extends to relatively high fields. In experiments,
with increasing field a linear flow regime is eventually found. As we discussed
in the analysis based on the LLG-equation, there are two linear regimes in the
velocity-field diagram (figure 2.16(a)). However, it is unclear which of these
regimes corresponds to the measurements. The creep regime could ’mask’ the
Walker breakdown, as visualized in Figure 2.16 [52]. The Walker breakdown
was never demonstrated convincingly in perpendicular materials, and based
on measurements of v(H) in Pt/Co/Pt it is most likely that the measured
linear flow regime is far above the Walker breakdown [52], since the slope
corresponds to a realistic value of the Gilbert constant α in this regime. To
verify that the theory of DW motion based on the LLG equation also holds in
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perpendicular materials, it would be valuable to have a material system with
low pinning in which the Walker breakdown is unmasked. Pt/CoFeB/Pt might
be a promising system to observe Walker breakdown due to its reduced pinning,
as we demonstrate in chapter 4 and [58]. In this thesis work, we could not go to
high enough fields to observe the flow regime and a possible Walker breakdown,
because the temporal resolution of the experiment was not sufficient.

Figure 2.16: (a) DW velocity as a function of field obtained by solving the
LLG equation. In ultrathin films, the measured high-field linear regime might
correspond to (a) the linear regime below HW or (b) the second linear regime
far above HW . From [52].
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Experimental tools
In this chapter, we will give a brief description of the experimental toolbox
used to generate the experimental results in chapters 4 and 5. Section 3.1,
describes the techniques used for sample fabrication. Section 3.2 describes the
magnetotransport setup that was used for most of the actual measurements.
We conclude by discussing modifications to the setup that allow measurements
on a much wider range of timescales than previously attainable.

3.1

Sample fabrication

Here, we describe briefly the sample production techniques used in this thesis
work. A more elaborate overview of these and other techniques that are at our
disposal can be found in [59].
In all the samples we study, the main ingredient is the magnetic layer structure.
This consists of a 4 nm Pt layer, an ultrathin (0.4-0.8 nm) magnetic layer and
another 2 nm of Pt, as sketched in figure 3.1. In studying the magnetic properties (chapter 4), the thickness of the magnetic interlayer is varied and various
compositions of CoFeB are used. The structures were grown layer-by-layer by
DC sputter deposition using the Ultra High Vacuum (UHV) sputtering facility
CARUSO [60]. In this technique, a target consisting of the desired material
acts as the cathode of an argon plasma, and high energy argon ions knock
off atoms from this target. A part of these atoms land on the sample, and a
layer is grown at an Å/s rate. The growth time and thus the layer thickness is
controlled by a mechanical shutter.
47
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Pt 2 nm
Co(FeB) 0.4 - 0.8 nm
Pt 4 nm
Si substrate

Figure 3.1: Schematic representation of the layer structure grown by sputter
deposition.

To study the magnetization reversal properties of these layer structures, unstructured films were grown on large (5×5 mm2 ) B-doped Si substrates. However, it is also interesting to study small structures consisting of the same layer
structure. We have produced devices in multiple different shapes, so here we
describe the general method used to create a structure in any desired shape.
In the results chapters 4 and 5, we will show the chosen geometry where appropriate.
Because we use the extraordinary Hall effect (EHE) to probe the magnetization, the samples are electrically contacted by adhering each sample onto a
chip carrier and connecting wirebonds between the sample and the chip carrier
contacts. For unpatterned samples, the wire-bonding is done directly onto the
Pt/CoFeB/Pt, whereas patterned samples are deposited on a template that
has gold contacts predefined by UV-lithography. For patterned samples, a substrate with an insulating 2 µm SiO2 layer was used, to exclude current shunting
through the substrate. By making sure all the current runs through the structure, the EHE sensitivity is optimized, whereas in unpatterned samples the
EHE signal is large due to the size of the probed area.

3.1.1

Creating small magnetic structures

Small structures are produced using a standard electron beam lithography
(EBL), sputtering and lift-off process. A schematic picture of this process
is shown in figure 3.2. We outline the basic steps below:
• A bi-layer of the positive resist PMMA is spin-coated on the substrate.
The bottom PMMA layer is approximately 200 nm thick and consists of
polymer chains of (on average) 450k repetitions, whereas the second layer
is 60 nm thick and is harder because of the longer polymer chains (950k
repetitions). After each spinning step, the resist is baked for 2 minutes
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at 150 ◦ C on a hot plate, to remove the solvent (anisole).
• To define the desired pattern, EBL is performed using the electron beam
in a FEI Nova dualbeam system. The energy of the incident electrons
(30 keV) breaks the PMMA chains and makes the material softer and
dissolvable.
• The exposed structure is developed in a solution of methyl isobutyl ketone
(MIBK), opening the layer where the electron beam has scanned. The
gaps have an undercut because the bottom layer is softer and thus dissolves more easily. The entire sample is sputter-coated with the desired
Pt/CoFeB/Pt stack.
• Lift-off in aceton removes the remaining resist and all the sputtered material on top of it, but leaves behind the sputtered layers in the gaps.
Hereby, the desired structures are completed.
• The above is repeated a second time to define electrical contacts at desired positions, but this time sputtering only a 30 nm Pt layer to have
well-defined low-ohmic contacts. These contacts connect the magnetic
structure to the predefined gold wires on the substrate.
ePMMA 950K
EBL

PMMA 450K
SiO2

Developing

Pt/Co/Pt

Sputtering

Pt/Co/Pt

Pt/Co/Pt

Lift-off

Figure 3.2: Schematic drawing of the production process of patterned samples
by EBL, sputtering and lift-off.
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An example Scanning Electron Micrograph (SEM) of a fabricated structure is
shown in the next chapter, figure 4.2(b).
The main advantage of EBL/lift-off is that it is relatively fast, flexible and has a
better spatial resolution than for instance UV-lithography. The main drawback
of any lift-off process is that edges tend to be rather rough and ill-defined due
to shadowing by the undercut. This is not a big problem for wide structures,
down to ∼ 1 µm, but for narrow wires the roughness is large relative to the
wire width and this leads to DW pinning. For the experiments in this thesis,
it was not very important to have narrow wires and the smallest structure
dimension used was 2 µm. Better defined nanowires can be produced using ion
beam milling, and recently an ion beam miller was acquired in our group.

3.1.2

Ga+ FIB irradiation

Once a magnetic device has been produced as described above, we can further
modify it using a FIB. The FIB is part of the same FEI Nova dualbeam system
used for EBL. In the FIB system, a beam of Ga+ ions accelerated to 30 keV is
focused into a tiny spot (∼ 10 nm), which is scanned over the sample surface.
The usual application of FIB is to locally remove materials in order to expose
buried layers or to ‘drill holes’. However, we use only very low doses of Ga+
(very short exposure times) which is not enough to actually remove material,
but which does significantly alter the magnetic properties, in particular the
anisotropy [61, 62, 63, 64, 65, 66]. Precise positioning of the applied dose is
achieved by using the same patterning engine as used for EBL, which works
by first scanning the ion beam over alignment marks. We express the dose in
terms of the charge of the Ga+ ions per unit of irradiated area (µC/cm2 ).1
We now explain qualitatively how the perpendicular anisotropy (introduced in
section 1.4) is reduced by FIB irradiation. Using a model taking into account
ballistic recoils and by measurements on the atomic structure, it was found that
the following mechanisms are responsible for the reduction of the anisotropy
under FIB irradiation [61]:
• Due to the lattice mismatch between Pt and Co, the Co layer is under
tensile stress. This leads to an anisotropy contribution, the magnetoelastic anisotropy. By FIB irradiation, the stress is relieved and therefore
the anisotropy is reduced. This effect is non-linear with dose and occurs
already at very low doses. It is more important for thicker Co layers,
since the magnetoelastic anisotropy is a volume effect.
1

The dose can also be expressed in the unit Ga+ ions/cm2 . The units relate as 1µC/cm2 =
6.24 · 1012 Ga+ ions/cm2 , which corresponds to 6.24 ions at an area of 10 × 10 nm2 .
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• Due to increased roughness of the Pt/Co interfaces after FIB irradiation,
the interface anisotropy is reduced. This effect is linear with dose, and is
the dominant contribution for ultrathin Co layers of ∼ 0.5 nm, the thickness range we use. In these layers, indeed a linear decrease of anisotropy
with dose was found [67]. The increased roughness after irradiation is
visualized in figure 3.3. There is an asymmetry between the two Pt/Co
interfaces, which is mainly caused by the Co penetrating more easily into
the Pt than the other way around [61]. The intermixing is thus only
caused by the motion of the Co atoms. Co atoms moving downwards
(along with the Ga+ ions) travel more than one interatomic distance and
become isolated (Co-Pt alloying), whereas Co atoms moving in the opposite direction travel typically only one interatomic distance and contribute
to roughness.

Figure 3.3: Schematic picture of the atomic structure (a) before and (b) after
Ga+ irradiation. From [68].

A reduction of the anisotropy leads to a reduction of the coercive field. By
irradiating locally in the range 0.1 − 5 µC/cm2 , the coercivity is locally reduced
and a domain is first nucleated at this position and can expand from this area
when a field is applied [62]. This will be used in chapter 5 to controllably inject
a DW into a nanowire. It turns out that apart from the position, also the field
needed to inject the DW can be tuned by varying the Ga+ dose, which has not
been reported before.

3.2

Magnetotransport measurements

In all experiments, we study how the magnetization evolves when an external
field is applied. We therefore need a way to probe the magnetization. Probably
the most widely used probe is the magneto-optical Kerr effect (MOKE), due
to its relative experimental simplicity. However, this effect is not very sensitive
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and spatial resolution is limited due to the optics. Alternatively, there is a
wide range of electric effects, dealing with how conduction electrons react to
the magnetization, which can be used as a sensitive probe. In materials with
perpendicular anisotropy, the extraordinary Hall effect (EHE) is very strong
and often used. The main drawback of this type of measurements is the requirement of electrical contacts. Extra process steps are needed to electrically
contact a small structure, which are time consuming and may alter the magnetic properties. Furthermore, small electrically contacted structures are very
vulnerable to destruction by electrostatic discharges.
Phenomenologically, the EHE is comparable to the ordinary Hall-effect, where
the perpendicular magnetization takes the role of a perpendicular magnetic
field. This is illustrated in figure 3.4. However, the effect is not due to the
contribution of the magnetization to the total magnetic field, but has a totally
different origin. Although there still is a lot of debate on the exact origin of
the EHE, it is generally accepted as a probe of the magnetization component
perpendicular to the plane and widely used in published results. A review of
the various theories can be found in [69].

V+

I

-

M
V-

Figure 3.4: Schematic illustration of the extraordinary Hall effect. The average transverse deflection of the conduction electrons depends on the electron
spin, and because there is an imbalance between up and down spins at the
Fermi level this leads to a potential difference. After [8].

In experiments, the measured Hall resistivity ρH is a superposition of the ordinary and the extraordinary Hall effect,
ρH = ROHE Hz + REHE Mz ,

(3.1)

where ROHE and REHE are constants that characterize the strength of the
respective effects. The EHE is usually much larger than the ordinary Hall effect
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in perpendicularly magnetized materials, so REHE  ROHE . The ordinary Hall
effect is a small contribution that is linear in the field, which is easy to correct
for but can often be neglected.

3.2.1

Magnetotransport setup

For the magnetotransport measurements, we use a setup that is capable to
measure the EHE effect on a sample under reproducible conditions. Therefore,
the sample is positioned in a cryostat system placed between the poles of a
rotatable electromagnet. This enables us to control the temperature, magnitude and direction of the magnetic field. The sample is electrically contacted
through a chip carrier that is inserted into a chip socket which resides on a
cryostat insert. A photograph of this setup is shown in figure 3.5. All experiments in this report were conducted at room temperature (295 K) and with
the magnetic field perpendicular to the plane. The magnetic field is set using
a Delta power supply operating in current control mode.
For accurate measurement of the EHE effect, a lock-in amplifier is used. A
sinusoidal current at a typical frequency of 5 kHz is applied to the magnetic
structure, and the EHE voltage will oscillate at the same frequency. This is
measured by the lock-in amplifier at contacts transverse to the current as in figure 3.4. When the magnetization in the probed sample area reverses, the EHE
voltage changes sign and this leads to a change in the lock-in signal. This technique increases the signal-to-noise ratio by orders of magnitude compared to a
direct voltage measurement, and is especially needed for the microstructured
samples.
Multiple ways were used to record the EHE lock-in signal as a function of
time. The lock-in amplifier has a built-in memory that can store values at a
maximum rate of 200 Hz. It also has an ADC input, which we connected to the
output of a Lakeshore Gaussmeter to record the magnetic field simultaneously.
The buffer could be read by a host PC over a GPIB interface. However, this
scheme has two limitations. Firstly, the size of the sample buffer is not sufficient
because long waiting times were required for some samples (as we will explain
in chapter 4). This fills the 32 kpoints buffer long before the magnetization has
actually changed. Furthermore, the buffer storage interval (5 ms) is a limiting
factor for measurements on small structures, which reverse much more quickly.
Therefore, we also use an alternative scheme, in which the output signal of the
lock-in amplifier is connected to an oscilloscope set to trigger on the onset of
the reversal.
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Figure 3.5: The magnetotransport setup, showing the top of the insert (with
wiring), cryostat, electromagnet, electronics rack and the position of the sample
during measurement.
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Figure 3.6: Shape of a pulse generated by the large electromagnet (solid red
line), and simultaneous EHE measurement on a Co48 Fe32 B20 sample (dashed
black line). The rise-time of the pulse is significant compared to the reversal
time of the sample.
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Pushing the limit of temporal resolution

For studying magnetization relaxation, it is desirable to have a constant field
during the reversal of the sample. However, the electromagnet reacts rather
slowly to changes in the applied voltage and therefore has a rise-time in the
order of 2 s. This is rather significant compared to the typical reversal times
(10−100 s) of the large unstructured samples, and much larger than the reversal
time of a typical microstructured sample. This is illustrated in figure 3.6,
where the field pulse is plotted alongside the response of the magnetization of
an unstructured sample. This experiment is described in detail in the next
chapter. The slow rise-time leads to an inaccuracy in the experimental results,
because the reversal time is longer than it would be with an instantaneously
applied field, and also distorts the shape of the reversal trace.
Although useful results could be gathered with the slow magnet, a second way
to create a magnetic field was investigated. Using a small, hand-wound, coreless solenoid (2.1 cm long, 1.9 cm in diameter, 23 windings), a much faster field
rise-time could be obtained. The sample was positioned in a temporary setup,
just below the opening of the solenoid. The current through the solenoid is
controlled by a Techron signal amplifier, connected to the output of an Agilent
pulse generator. By tuning the capacitor and resistor in a compensation network of the current control loop, a very sharp field pulse with a rise-time of
9 µs could be obtained. Some of the results at fast timescales in chapter 4 were
obtained using this method.
A drawback of the small electromagnet is the large current that is required,
because a ferromagnetic core is absent. For a field of 200 Oe, a current of
40 A is needed. Therefore, the pulse length should be minimized at high fields,
otherwise the insulation layer of the copper wire evaporates.
In order to get the best of both worlds (fast rise-time and long pulses), a
new insert for the cryostat was developed with an integrated solenoid, similar
to the one described above. To get a more homogeneous field, the sample
is sandwiched between two identical solenoids. The idea is to apply a stable
magnetic field using the large electromagnet, and shortly apply a larger but
oppositely aligned field by the small solenoid to saturate the sample before
reversal. Also, the small solenoid can be used to nucleate a DW by a high
field pulse, and the slow expansion of this domain can be studied at low fields
supplied by the large magnet. The new insert was not yet ready at the time of
writing, but will be a very useful tool in future experiments.
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Magnetization reversal in
ultrathin Pt/CoFeB/Pt
As outlined in section 2.2, in perpendicularly magnetized films (e.g. Pt/Co/Pt)
the magnetization reversal is slowed down by pinning at inhomogeneities such
as grain boundaries, thickness variations, etcetera. The source of pinning can
be both intrinsic to the material, i.e. relating to the natural polycrystalline
structure of Pt and Co, or extrinsic, relating to the preparation method of the
material system. The pinning leads to a thermally activated reversal, where
the magnetization switches in small discrete steps (Barkhausen jumps). It also
leads to the requirement of very large current densities to move a pinned DW,
which limits its applicability to applications such as the racetrack memory.
In the present study, we will analyze to what extent the suitability for DW
motion applications is improved by replacing the Co layer with a CoFeB layer
in various compositions. It is expected that CoFeB, which is amorphous in bulk,
is also (to some extent) amorphous when sandwiched between platinum layers.
This would lead to a reduction of the number of intrinsic pinning sites due to the
absence of grain boundaries in the amorphous material. This reduced pinning
would make this material system more suitable for CIDWM. Also, it would
be more viable to uniquely observe the Walker breakdown, which is usually
masked by the creep regime in perpendicular materials (see section 2.2.3).
A convenient measure of the distance between pinning sites for thin ferromagnetic films is the Barkhausen length lB . It is related to the Barkhausen volume,
the typical volume that is reversed in each thermally activated reversal step (see
2 t, where t is the thickness of the magnetic film. In
section 2.2.1), as VB = lB
Pt/Co/Pt, it was found that the Barkhausen length is strongly correlated with
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the grain size, of about 30 nm [27, 70]. Therefore, we expect that in the more
amorphous Pt/CoFeB/Pt, lB is increased [58].
A way to analyze the Barkhausen volume and other reversal properties is by
means of magnetization relaxation measurements. In these measurements, a
sample is first saturated in one direction along the easy z-axis (which we call
the negative direction) by a large field. After that, the field is set to zero for a
few seconds and at t = 0, a constant positive field is applied. The z-component
of magnetization as a function of time M (t) is then measured, and VB can
be determined from the relation between the typical reversal time t50 and the
applied field H, which was given before as equation (2.32) and is repeated
below:
t50 = τ0 exp [(W − 2µ0 HMs VB )/kB T ] .
(4.1)
Here, t50 is the time needed for the mean z-component of the magnetization to
become zero, in other words, where half of the sample area has reversed from
−z to +z. W is the energy barrier for reversal at zero field, and τ0 is a time
constant.
More material properties can be obtained by looking at the shape of the reversal
trace itself, which in the theory of Fatuzzo follows (2.24), repeated below:


M (t)/Ms = 1 − 2 exp −2k 2 1 − (Rt + k −1 ) + 21 (Rt + k −1 )2

−e−Rt (1 − k −1 ) − 21 k −2 (1 − Rt) .
(4.2)
By fitting the measured M (t) with the above equation, k and R can be determined. Especially the dimensionless parameter k = rcvR is interesting, since it
is the ratio of reversal by DW motion and DW nucleation. In figure 2.14 it
was shown what a reversal trace would look like in the case of DW motion only
(k  1) or nucleation only (k  1). For DW motion devices, we are looking
for materials with high k, since we do not want nucleation at a lot of positions
simultaneously but rather at one controlled position. Therefore, we investigate
k as a function of CoFeB composition and thickness.
As mentioned in section 2.2.1, the parameter VB (and consequently lB ) is actually an effective parameter due to the two mechanisms, nucleation and DW
motion. In principle, the individual phenomena might have different activation
volumes Vn and Vp . We explained that they can be separated using the fielddependence of k. It is often found [45] that k does not depend on the magnitude
of the field; the shape of the reversal trace is universal which corresponds to
equal activation volumes for the nucleation and DW motion mechanisms. Since
these activation volumes are of the same order as the grain size, this is a strong
indication that the grain boundaries play an important role in the pinning. In
fact, it might imply that there is no fundamental difference in the two lowfield reversal mechanisms: both are caused by switching of individual magnetic
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grains, where DW motion is simply caused by grains adjacent to an oppositely
magnetized grain being more likely to switch because of exchange interaction.
However, if there is a difference in the volumes (which we will see for CoFeB),
this could point to a more fundamental difference between the reversal mechanisms: not the intrinsic crystalline structure but extrinsic film defects related
to the preparation are responsible for nucleation and pinning. This would be
promising for applications, since the total pinning is less strong and can in
principle be made even smaller by changing preparation conditions.
This introduction can be summarized in the following three questions, that we
try to answer in the experiments:
• Does the Barkhausen length of Pt/Co(FeB)/Pt increase with the addition
of B and Fe and can this be ascribed to the amorphous nature of the
material?
• To what extent is the reversal dominated by DW motion and nucleation
(k-parameter) and does this depend on the composition?
• Is Pt/CoFeB/Pt more suitable than Pt/Co/Pt for application in racetrack
memory?

4.1

Experimental considerations

To answer the questions raised in the previous section, we need to measure the
magnetization as a function of time of a certain area of Pt/CoFeB/Pt, which we
call the sample. In the ideal sample, which is completely described by Fatuzzo’s
theory, each position on the sample is equivalent, so the positions where domains are nucleated are random. This entered in one of the assumptions in
the derivation of equation (2.24) (repeated as (4.2) above), namely that all the
nucleation centers together cover the total sample area (N0 πrc2 = T ). It is
inevitable that in a real sample, there are some spots where nucleation is more
likely than others, in other words there is a distribution of nucleation barriers
Wn and the lowest barriers switch first. It is also likely that edge effects play a
role; as the edges are not well defined, they might act as preferential nucleation
centers. Furthermore, the theory does not take into account the finite ‘field of
view’ of any real sample. If there are only a few domains that expand (high k,
figure 4.1(a)), the observed signal shape will show kinks when these domains
reach the border of the field of view (sample border), coalesce with each other,
or are pinned at a strong defect. This is expected to be less of a problem in
large samples (with many domains) or if the reversal is largely dominated by
nucleation (low k, figure 4.1), since then the switching is only local and the
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shape of the sample does not matter. Therefore, it should be possible to distinguish at least qualitatively between nucleation and DW motion dominated
reversal in a real sample.

(a) k  1

(b) k  1

Figure 4.1: Schematic drawing of (a) DW motion dominated and (b) nucleation dominated reversal in a polycrystalline film.

Before going into the details of the experiment, we should also mention that
determination of ‘the’ Barkhausen volume is not as straightforward as the simple formulas suggest. It is a phenomenological parameter with only a limited
quantitative meaning, since it assumes a certain narrow range of fields. Even
this field range itself is not clearly defined; in principle, it is defined in the
depinning regime just below Hcrit (section 2.2.3), which is extremely different
to determine [28]. One therefore generally measures in the region just below
the coercive field Hc . This is by no means a well-defined parameter, as one can
already see from the dependency of Hc on temperature and the field sweep rate
Ḣ [51], 1



kB T
µ0 Ms VB
Hc =
× ln(Ḣ) + ln ln(2) τH=0
.
(4.3)
µ0 Ms VB
kB T
It is hard to exclude that the measurement range is not in the depinning regime,
but rather in the creep regime, where ln(t50 ) ∝ H −1/4 . In this regime, the linear
relation of ln(t50 ) with H does not hold. Then the linear coefficient from which
VB is extracted depends somewhat on the field regime in which we measure.
If Hc is low, the field range is low, and the local linearization of H −1/4 has
an artificially high slope, and VB is overestimated. We will come back to this
point later at the end of this chapter. For the moment, the best we can do
1

Hc is experimentally determined by sweeping the field from negative to positive at a rate
Ḣ and measuring at which field the z-component of magnetization crosses zero.
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(and many others have done in the past, without explicitly stating so) is to
determine an effective Barkhausen volume that holds in a limited range of
fields and at a certain temperature, under circumstances that are as identical
as possible. This is done by producing samples of various compositions under
identical circumstances, and by measuring Hc at a fixed field sweep rate Ḣ.
This way, a systematic comparison of an effective VB at various compositions
is obtained.
Because of the relative ease of fabrication, unstructured samples of Pt/Co/Pt
were studied in the first instance. Square substrates (5×5 mm2 ) of boron-doped
silicon with a native SiO2 layer were sputtered with Pt (4 nm) / Co100−x−y Fex By
(0.45-0.8 nm) / Pt (2 nm). Two different iron contents were used: x = 0 and
x = 20 at%. For each iron content, the Boron contents y = 0, 8, 20 and 32 at%
were used. For the reference system of pure Co without Fe and B, the interlayer thicknesses were t = 0.45, 0.5, 0.6, 0.7 and 0.8 nm. For all other CoFeB
compositions, only 0.5 nm and 0.6 nm were considered to limit the parameter
space. The Extraordinary Hall Effect (EHE) is used as a sensitive probe of the
perpendicular magnetization of the samples, as described in section 3.2.
The experimental geometry is sketched in figure 4.2(a). The sample is electrically contacted for the EHE measurements by gold wires bonded directly to
the magnetic surface. The electrical contacts are placed approximately at the
center of each side, close to the edge. A small AC voltage (typically 0.1 V at
5 kHz) is applied between the left and right contacts and the EHE voltage is
measured between the top and bottom contacts by a lock-in amplifier.
As we will see later, the large samples produced some dispersed results related
to extrinsic film imperfections, which are not well controlled in the sample
preparation. Therefore, we also conduct experiments on smaller 20 × 20 µm2
microstructured devices (figure 4.2(b)) for a subset of the parameter space.
Because of the small area, there is less chance of extrinsic defects occurring
and the results would be better reproducible.
The electrically contacted sample is placed in a cryostat. In this case all measurements are performed at room temperature. The cryostat is placed between
the poles of a large electromagnet (see section 3.2). The field is directed perpendicular to the sample plane, along the easy axis.
In a first step, the easy axis hysteresis loop is measured to determine the coercive field Hc . The field was swept at the same slow rate of 0.25 Oe/s for
each sample. In a second step, magnetization relaxation measurements are
conducted by first saturating the sample with H ≈ −2000 Oe, then setting the
field to zero followed by a field in the range 0.8Hc < H < Hc , the regime
where the linear decrease of energy barrier height with field (expressed in 4.1)
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Figure 4.2: Experimental geometry of (a) a large homogeneous sample and
(b) a microstructured sample of Pt/CoFeB/Pt (SEM micrograph).

is supposed to be valid [27]. At each field, the magnetization is then measured
as a function of time, yielding magnetization traces from which information on
the reversal parameters is extracted.

4.2

Results and Discussion

In this section the results of the magnetization relaxation measurements are
presented. We start with investigating the influence of the thickness of the
Co layer tCo in Pt/Co/Pt. After that, the influence of CoFeB composition is
discussed. Finally, measurements on microstructured devices are discussed and
compared to measurements on large samples, to reduce the effect of coincidental
extrinsic defects that might influence the results.

4.2.1

Magnetic layer thickness dependence in Pt/Co/Pt

We first compare the magnetization reversal of the macroscopic films for different Co thicknesses tCo . In figure 4.3, the out-of-plane hysteresis loops obtained
by EHE measurements are shown for all films considered. It is seen that the
hysteresis loops are quite square up to tCo = 0.7 nm, while at 0.8 nm the hysteresis loop is more rounded and the remanent magnetization at zero field drops
below 100 %. The coercive field Hc , at which the magnetization crosses zero,
increases with thickness up to tCo = 0.7 nm, above which the coercivity decreases (figure 4.4). The relatively square hysteresis loops indicate a strong
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easy axis out of the plane. The rounding of the loop and reduced coercivity
and remanence at 0.8 nm are indicative of a magnetization that is partially inplane. This is expected, since the anisotropy is an interface effect which loses
dominance when the thickness is increased, as discussed in section 1.4.
1.0

0.5

M/M

S

Co thickness
0.45 nm

0.0

0.5 nm
0.6 nm
0.7 nm
0.8 nm

-0.5

-1.0
-80

-60

-40

-20

0

20

40

60

80

H (Oe)

Figure 4.3: EHE hysteresis loops for various Co interlayer thicknesses.

The increase of the coercive field with thickness in the range 0.45 − 0.7 nm is
counterintuitive. If we consider the switching of a perfect magnetic particle at
zero temperature, the coercive field would be determined by the field needed to
overcome the effective anisotropy field, HK = 2µK0eff
Ms , which is higher for thinner
layers. This trend was observed by hysteresis loops previously measured for
the same films at T = 5 K in a SQUID.2 The opposite trend observed at room
temperature is due to thermal processes. In equation 4.3, an expression was
given for the coercive field at finite temperatures. It scales approximately with
the inverse of Ms VB . Since Ms does not vary too much in this thickness range
(Ms ≈ 1350 kA/m observed from SQUID measurements), it is plausible that
the activation volume VB could be a deciding factor for the coercive field. We
will see below that VB indeed deceases with thickness.
Assuming the validity of (4.1), we can extract VB from the slope of ln(t50 )
versus H in the range 0.8 Hc < H < Hc and by using independent SQUID
measurements of Ms carried out earlier [8]. An examplepmeasurement is shown
in figure 4.5. In figure 4.6, the Barkhausen length lB = VB /tCo , a measure for
the lateral grain size, is plotted as a function of cobalt thickness tCo , where the
error bars are dominated by an estimated 10 % error margin in Ms . It is seen
2

SQUID = Superconducting Quantum Interference Device, a device useful to measure the
magnetic moment of a sample quantitatively.
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Figure 4.4: Coercive field as a function of Co interlayer thickness. The error
bars are based on the step size of the field sweep. The line is a guide to the
eye.
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Figure 4.5: (a) Reversal traces of a 0.7 nm Co film, at various constant fields;
(b) t50 (H), extracted from the intersection with the M = 0 axis in figure (a).
VB is obtained from the fit of ln(t50 ) as a function of H, also shown.

that lB (as well as VB ) has a minimum at tCo = 0.7 nm. This is compatible
with the explanation for the peak in the coercivity at 0.7 nm. The physical
reason for the decrease of lB with cobalt thickness is not trivial. It might be
that for thicker structures, there is more room for a polycrystalline structure
to develop, hence the mean grain size is smaller.
In order to find out to what extend the reversal is dominated by DW motion
or domain nucleation, magnetization reversal traces were fitted with relation
(4.2) with fit parameters k and R and a time offset t0 . For example, traces of
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Figure 4.6: Barkhausen length lB as a function of thickness of the cobalt layer.
Error bars are calculated from the error in the fitted slope and an estimated
error of 10 % in Ms . For t = 0.45 nm and 0.8 nm, Ms was not measured and
the values of 0.5 and 0.7 nm were used, respectively.

a 0.6 and 0.7 nm Co film are shown in figure 4.7. The exact value of k is hard
to deduce from these fits, especially in the case of high k, for two reasons; (1)
in this limit the parameters k and R merge into a single parameter k 2 R3 as in
(2.25) and these fit parameters are then hard to distinguish; (2) if the reversal
is dominated by only a few expanding domains, the shape of the trace will be
distorted, for instance when the domain reaches the sample border (see for an
example figure 4.10(a)). Therefore, no clear trend of k with film thickness could
be obtained. However, we clearly see k  1 for all tCo ≤ 0.6 nm (figure 4.7(a)
shows the case tCo = 0.6 nm), so the reversal is dominated by DW motion in
these films, which we also observed by magneto-optical Kerr microscopy [58].
Figure 4.8(a) is an example of such a Kerr microscopy image, showing reversal
by a single domain in the field of view.
For tCo = 0.7 nm (figure 4.7(b)), we see a marked change of the behavior and
a very good fit with k = 0.5 was obtained. Notice how the reversal trace
changes from convex to concave for the 0.6 nm film, whereas it is instantly
concave at 0.7 nm. This indicates k  1 and k  1, respectively. For even
higher thickness (0.8 nm), the reversal trace looks like k  1 but in fact does
not fit the model for any k. This might arise from the fact that the Fatuzzo
model assumes either ’up’ or ’down’ magnetization and excludes an in-plane
component. From the rounding of the hysteresis loop in figure 4.3, it is likely
that the magnetization has an in-plane component at tCo = 0.8 nm and this
changes the reversal process. Figure 4.8(b) shows the magnetic state of a 0.8 nm
Co film during reversal. Clearly, there is nucleation of many domains and the
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Figure 4.7: Fits of typical reversal traces to the Fatuzzo model (4.2), for (a)
0.6 nm Co and (b) 0.7 nm Co. A transition from high to low k is observed at
this thickness.

rough shapes of the domains show that DW motion is hampered.
The transition from DW motion dominated to nucleation dominated reversal
with increasing film thickness might relate to the anisotropy. For higher thickness, we are closer to in-plane anisotropy, and therefore some parts (i.e. the
grain boundaries) might be in-plane. In principle, a perpendicular domain can
not expand through a purely in-plane area, and therefore the film might be
regarded more as a collection of isolated areas that switch independently (as
visualized in figure 4.1(b)), yielding a nucleation dominated reversal.
To summarize this section, we have seen that Pt/Co/Pt is clearly out-of-plane
magnetized in the thickness range 0.4 − 0.7 nm. In this range, the Barkhausen
volume and length decrease with thickness. The coercive field in this regime
scales inversely with the Barkhausen volume. Close to the transition thickness
to in-plane anisotropy, a transition in the reversal mechanism from DW motion
dominated to nucleation dominated was observed from both the shape of the
reversal traces and Kerr microscopy images. Based on these measurements, the
thinnest Co sample used (0.45 nm) would be most appropriate for racetrack
memory, since it has the largest Barkhausen length while it retains a reversal
mechanism dominated by DW motion.

4.2.2

Dependence on Pt/Co100−x−y Fex By /Pt composition

We now limit ourselves to two thicknesses where the out-of-plane magnetization is certainly well developed (0.5 and 0.6 nm), and study how the reversal
properties depend on the CoFeB composition.
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(a) 0.6 nm
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(b) 0.8 nm

Figure 4.8: Kerr microscopy images of magnetization reversal for tCo =
0.6 nm and 0.8 nm (field of view: 350 × 250 µm2 ). The 0.8 nm structure in
(b) clearly shows a stronger nucleation dominated reversal. The black (white)
areas correspond to up (down) magnetization.

In figure 4.9, all hysteresis loops for CoB samples with zero iron content are
shown. For every sample studied, we see a marked decrease of the coercivity
compared to the pure Co samples. Interestingly, some samples have a much
more square hysteresis loop than others. A square hysteresis loop is indicative
of a reversal dominated by one or few nucleation events, followed by rapid
expansion of the domains by DW motion (see theory section 2.2.1 and [27]). In
other words, the nucleation field Hn is much larger than the DW propagation
field Hp . So, once a domain is nucleated, it has no problem propagating through
the entire film. Also in samples containing Fe in the alloy, some samples have
much more square hysteresis than others (not shown).
In samples that exhibit very square hysteresis loops, the fact that very few
nucleation sites are involved is also evidenced by the magnetization relaxation
measurements in the range 0.8 Hc < H < Hc . At low fields within this range,
the reversal does not start immediately after the field pulse is applied (as in
the samples with rounded hysteresis loops), but at a random time after the
start of the pulse. An example is shown in figure 4.10(a), and this behavior
occurs for each of the films with square hysteresis loops. The randomness in the
start of the reversal is evidence for reversal triggered by a single (or very few)
thermal activation events, i.e. the nucleation of a single domain. This is also in
line with the shape of the reversal traces of these samples which show, without
exception, a k  1 behavior and a non-smooth curve hinting to reversal by only
a few domains, as discussed earlier. Samples with rounded hysteresis loops do
reverse shortly after the start of the pulse (with at most a few seconds delay
due to the rise-time, see figure 3.6) and some of them show a low-k behavior
where nucleation is relatively more dominant (figure 4.10(b)).
Further evidence for the remarkable fact that, despite the large size of the
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Figure 4.11: t50 vs. H for a single sample, with several repetitions of the
measurement at each field. Interestingly, there are exactly two pathways for
reversal, each with a different signal shape, leading to two lines in this plot.
This is attributed to two possible nucleation sites.

samples, only very few nucleation sites are involved in the reversal, is shown
in figure 4.11. It shows t50 as a function of H for a 0.6 nm Co68 B32 sample.
The magnetization relaxation measurements from which t50 was extracted were
repeated several times for each field, and it turns out that each measurement
lies on one of two possible lines. Remarkably, there are thus exactly two reversal
pathways for the sample, corresponding to two possible nucleation sites (with
about the same activation energy). The reversal traces for the two pathways
have different characteristic features, which causes the difference in t50 . It
is easy to speculate about the reason for different reversal times of the two
pathways: the fastest one might start from the center, whereas the slower one
might start at the edge, and a much larger time is needed to reach the other
side. The slope in figure 4.11 is the same in both cases, which is a welcome
confirmation that the determination of VB is not sensitive to such details.
Whether the start of the reversal is instantaneous (rounded loops) or stochastic (square loops) differs from sample to sample with no clear correlation. We
therefore speculate that this is in part due to details during the sample preparation process, i.e. cleanliness of the substrate, accidental scratches or local
damage due to wire-bonding. The samples with square hysteresis loops are
believed to have less of these defects, which limits the number of potential nucleation sites and the number of hard pinning sites that slow down the reversal.
To aviod the existence of such defects as much as possible, we will also study
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smaller samples in section 4.2.3.
Measuring t50 as a function of H in the field range below Hc yields Barkhausen
lengths for all B and Fe contents as plotted in figure 4.12. We should emphasize
that t50 was always measured with respect to the onset of the reversal, which
sometimes was over hundreds of seconds. Samples with a stochastic start of
reversal are indicated by open symbols, while the other samples have a closed
symbol. In general, the Barkhausen length at a layer thickness of 0.6 nm is
smaller than at 0.5 nm, in line with what was found for pure Co. There are
some trends visible that hold regardless of thickness:
• With increasing boron content, the Barkhausen length increases. In the
0.6 nm layers, it gradually increases from 33 to 54 nm. In the 0.5 nm
layers, it increases from 44 to 140 nm, where a very sharp increase occurs
at the highest B content, but with a large uncertainty, originating from
the fact that the rise-time of the field pulse was significant compared to
t50 .
• At a fixed B content of 20 %, as a function of Fe content, the Barkhausen
length first reaches a minimum at 8 % before it increases again at higher
content.
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Figure 4.12: Barkhausen length as a function of (a) B content at zero Fe
content and (b) Fe content at a fixed B content of 20 %. Open symbols indicate
that the start of reversal was stochastic for the measured sample. The insets
show the coercive fields to illustrate the inverse correlation between lB and Hc .

Again, the same trends are observed (inversely) for the coercive fields in the
insets of figure 4.12. This again points to an intimate relation between the two
material parameters, as we saw before with the thickness variation.
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The data indicates that the Barkhausen length increases with Boron content.
This means that adding Boron does reduce DW pinning. This is also in line
with the magnitude of the reversal times: the reversal is always faster in CoB,
even though the fields at which we measure (around the coercive field) are much
lower.
The Barkhausen volume also appears to increase with Fe content. However,
adding Fe also changes the nature of the reversal from DW motion dominated
to nucleation dominated. This is evidenced by the samples with the highest Fe
content, which clearly show a low-k behavior. A nucleation dominated behavior
was also found by Magneto-optical Kerr effect (MOKE) microscopy on similar
samples. Our samples still show a high-k behavior at 8 % Fe, but here the
Barkhausen length is actually a bit smaller than in the sample without Fe.
These observations lead us to the conclusion that the addition of Fe makes
the material less suitable for DW motion devices. A possible reason for the
increased nucleation is that Fe clusters might be formed which act as nucleation
centers. In contrast to Pt/Co interfaces, Pt/Fe interfaces do not hybridize in
the d-orbitals, leading to a much lower perpendicular anisotropy. This gives
rise to a distribution of the anisotropy with large local variations, which is a
known origin of nucleation dominated reversal [71].
To summarize this section, it was found that the magnetization reversal in
Pt/CoB/Pt involves few nucleation sites, and in some samples even so few that
the onset of reversal is stochastic (with long waiting times) and hysteresis loops
are extremely square. This shows that the influence of extrinsic defects due to
the sample preparation is significant. Both the addition of Fe and B lead to
an increase of the Barkhausen length. At the highest Fe content, a nucleation
dominated reversal appeared, which is not favorable for applications. To conclude, the enhanced Barkhausen length and faster reversal by the addition of
B makes CoB an interesting candidate material for DW motion applications,
an observation that we recently published in [58].

4.2.3

Reversal properties of patterned Pt/CoB/Pt

In the previous section, we observed a large sample-to-sample fluctuation in the
reversal mechanism. In some, the start of the reversal was stochastic whereas
others start to reverse immediately after the field is applied. Since there is no
correlation with the composition, this was attributed to extrinsic defects, for
instance caused by the edges of the substrate, variations in sample quality or
damage due to wire-bonding. Because the probed area is so large, there is a
significant chance that such inhomogeneities are present. This can be circumvented by using small, well-defined areas with well-defined electrical contacts.
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Therefore, similar experiments were conducted on EBL-patterned 20 × 20 µm2
squares, such as the one shown in figure 4.2(b). The analysis was restricted
to a single thickness of 0.6 nm, because in the macroscopic samples, the same
trends were observed regardless of thickness. We also omit Fe for reasons discussed earlier and focus on a comparison between pure Co and Co68 B32 , where
the enhancement of VB is expected to be most significant. For both, multiple
squares were produced to check reproducibility.
All structures show an extremely square hysteresis and a k > 500 behavior,
indicative of switching by DW motion. Below Hc , the start of reversal is again
thermally activated and starts at a random time. Averaged over 8 squares, the
coercive field of Pt/Co(0.6 nm)/Pt was 54 Oe with a sample-to-sample standard
deviation of 5 Oe. For Pt/Co68 B32 (0.6 nm)/Pt the average Hc was 55 Oe with
a much larger standard deviation of 15 Oe. The coercive field in these small
samples is associated with the switching field of the ‘easiest’ nucleation center.
A possible explanation is that CoB intrinsically has a larger spread in nucleation
barriers, which also leads to a spread in the coercive fields among various
identically prepared samples. But it cannot be excluded that the coercive field,
also in these samples, is determined by extrinsic effects such as the quality
of the sample (for example, relating to rough edges by the lift-off procedure),
which by coincidence is worse in some of the CoB samples.
In figure 4.13, we compare t50 as a function of H for Co and CoB, in the range
close to the coercive field as before. Note that the field range is different for both
samples because Hc was lower in this particular CoB sample. The value t50 was
most accurately determined by fitting to the Fatuzzo model (with parameters
k, R and a time offset t0 ) and extracting t50 from the fitted reversal trace. For
Co, multiple identically prepared samples were measured and all displayed the
same logarithmic slope of t50 as a function of H, showing that the results are
reproducible. A higher slope was found for CoB, and taking into account the
value of Ms this translates into a twice as large Barkhausen volume VB and
thus also a larger Barkhausen length lB .

Table 4.1: Comparison of activation volumes for nucleation Vn and DW propagation Vp .

Composition
Co
Co68 B32

Vn (10−24 m3 )
2.7 ± 0.3
4.9 ± 0.8

Vp (10−24 m3 )
2.9 ± 0.6
12 ± 2

Because every measured reversal trace was fitted to the Fatuzzo model (4.2),
the field dependence of the fit parameters k and R can also be studied. From
this, the activation volumes for nucleation and DW motion Vn and Vp can in
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Figure 4.13: Comparison of t50 as a function of H in the range close to the
coercive field, for 20 × 20 µm2 patterned Co and Co68 B32 . Values of lB are
obtained from the fitted slope.

principle be distinguished.3 As already noted in section 2.2.1, if those volumes
are equal to each other, the ratio k = rcvR should not depend on field. If they
are not, the field-dependence of the parameter k scales as
k ∝ exp [2µ0 HMs (Vp − Vn )/kB T ] ,

(4.4)

whereas the nucleation rate R has a different field dependence,
R ∝ exp [2µ0 HMs Vn /kB T ] .

(4.5)

By fitting equations (4.4) and (4.5) to the data, Vn and Vp can be determined.
The result is shown in table 4.1. It is seen that for Co, both volumes are equal
within the experimental accuracy and k did not depend on field, in correspondence with that is usually found in literature [43]. For Co68 B32 however, k
significantly increased with field and therefore Vp > Vn . Thus the volume that
is reversed in a nucleation event is much smaller than that of a DW motion
event. This might have the following implications:
• Firstly, as mentioned earlier, the significant difference between Vp and Vn
could point to a more fundamental difference between the reversal of Co
and CoB: the nucleation and pinning are both dominated by the polycrystalline structure in Co, whereas extrinsic film defects related to the
preparation are responsible for nucleation and pinning in CoB. This is another nice indication that CoB has reduced pinning due to its amorphous
nature.
3
Such an analysis was more difficult on the unstructured films and therefore omitted, since
it is sensitive to the shape of the reversal trace, which is influenced by the slow risetime of
the pulse.
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Table 4.2: Comparison of film parameters obtained from large films or small
areas, with tCo = 0.6 nm. Note that Ms VB corresponds to the slope of ln(t50 )
as a function of H, and VB and lB are calculated from this parameter.

Co (large film)
Co (20 × 20µm2 )
Co68 B32 (large film)
Co68 B32 (20 × 20µm2 )

Hc
(Oe)
45
61
12
44

Ms VB
(10−18 Am2 )
9.2 ± 0.2
3.9 ± 0.2
16.2 ± 0.2
6.4 ± 0.7

Ms
(kA/m)
1380
1380
933
933

VB
(10−24 m3 )
6.7 ± 0.8
2.2 ± 0.3
17 ± 2
7±1

lB
(nm)
33 ± 6
22 ± 5
54 ± 10
34 ± 11

• Another advantage of the more extrinsic character of the pinning sites in
CoB, is the larger room for improvement by changes in the fabrication
process, such as using a different substrate. In sputter-grown Co, the existence of the polycrystalline structure is virtually unavoidable, although
the size of the grains may be enlarged by changing sputtering parameters
[70].
• Furthermore, the difference in DW propagation volume Vp between Co
and CoB is much more pronounced than the difference in the ‘effective’
Barkhausen volume VB , that contains a contribution from both nucleation
and DW propagation. This is encouraging, because Vp is actually a much
more relevant parameter for DW motion.

Also note that the difference in activation volumes is consistent with the increased difference between the nucleation field Hn and propagation field Hp in
CoB.
In table 4.2, the obtained values of Hc and lB are compared with the values
from the large area films. It is seen that the coercivity is much larger in small
area films, compatible with the view that the onset of reversal is dominated
by only the easiest nucleation sites. Assuming a constant areal density of
nucleation sites, there are simply much less such sites in a small area film.
Also, the Barkhausen length is much reduced in the small areas, compatible
with the consistently observed inverse relation with Hc . This might imply that
the stochastic nature of Hc has a large impact on lB if we stick to the definition
that it should be determined in the range 0.8 Hc < H < Hc , which may be
in the creep regime rather than the depinning regime. Another explanation is
that the reduced sample quality at the edges due to the lift-off effect leads to a
smaller Barkhausen volume, although this is somewhat unlikely given the fact
that a 20 µm film is still macroscopic with respect to the Barkhausen length
(∼ 20 nm).
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Measuring over a broad field range

Since the field range in which VB is determined might have an effect on its
value, it is interesting to measure reversal times in a field range as broad as
possible. To this end, a small fast solenoid was used to obtain a pulse with
a fast rise-time of 9 µs. This excludes any errors in the measurement caused
by a non-constant field during reversal, as mentioned in section 3.2.2. With
the fast solenoid, one has to take care not to over-heat the solenoid, which is
especially likely to occur at low fields, since long waiting times are required.
To be able to measure in a lower field range, the measurement is prepared in a
slightly different way. After negative saturation, a very short positive field pulse
(100 µs, 120 Oe) is used to nucleate some domains (the number and positions
of which are unknown). The reversed area after this pulse is very small and
is not visible in the EHE signal. However, after this pulse, a much lower field
is required to reverse the sample than without a preparation pulse, proving
that the reversal is due to expansion of prepared domains. The lowest field at
which reversal was measured was ∼ 30 Oe (for Co). At even lower field, the
reversal time becomes longer than 20 seconds, which was avoided because of
over-heating of the solenoid.
To increase the field range even further, a different measurement technique
was used in the high-field range. Above a certain field, the reversal time is
lower than the typical time constant of the lock-in amplifier, and reducing
this time constant below 10 µs the signal-to-noise ratio becomes far too large.
Therefore, the lock-in scheme was abandoned in the high field range and the
EHE voltage was measured directly, using a sensitive oscilloscope probe and a
small DC current. This signal is of course very small and therefore, the average
over 1000 reversal traces is taken at a repetition rate of ∼ 5 Hz. This gives an
averaged signal from which t50 can be measured by fitting to the Fatuzzo model.
The highest field (or shortest reversal time) that can be achieved is limited by
the rise-time of the field pulse (9 µs), since the field should be constant during
reversal.
Using the techniques described above, a preliminary measurement of t50 over 5
orders of magnitude could be carried out. The result is plotted for a 20×20 µm2
Pt/Co/Pt structure in figure 4.14(a). We should note that the data of the DC
measuring technique does not overlap with data from the lock-in technique.
Most likely, this is a systematic artefact of fitting the averaged signal, which
is still quite noisy after 1000 averages. It could also be that the sample was
in a different position with respect to the solenoid, leading to a different field,
since a temporary setup was used. Nevertheless, it is clearly seen that the
logarithmic plot of t50 as a function H is not linear. The field range in which
the measurement is conducted, thus has an effect on the measured slope of
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t50 (H): the slope from which VB is extracted is higher when the field range
(coercivity) is lower. Below we wil discuss the implications of this observation.
Much better agreement over a wide range of fields is found with the creep
velocity relation introduced in section 2.2.2, equation (2.33). The reversal time
t50 is inversely proportional to the DW velocity, hence
"
#


Uc
H −1/4
t50 (H) = τ0 exp
.
(4.6)
kB T Hcrit
If t50 is plotted as a function of H −1/4 as in figure 4.14, a very good linear
relation is found for both of the measured ranges. This is a good indication
that we are measuring in the creep regime of DW motion. However, to unambiguously prove that the exponent equals 1/4, even more orders of magnitude
are required. This will be done in future experiments, using a new cryostat
insert that allows measurement at better reproducible conditions. Then, also
other CoB compositions will be analyzed in a similar way.
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Figure 4.14: Measurement of t50 (H) over 5 orders of magnitude, using 2
different measurement techniques. The same data is plotted as a function of
H in (a) and as a function of H −1/4 in (b).

These results confirm that the definition of the Barkhausen volume, which is
very frequently used in literature, is somewhat arbitrary. It is obtained from
a linear fit to a relation that may not be linear when measured over a wider
range, and therefore very sensitive to the chosen range. The coercivity, being
a very complex parameter that does not even reproduce well from sample to
sample, is not a good way to determine the field range. In principle, the
Barkhausen volume is defined in a field range higher than the creep regime,
just below the so-called depinning field Hcrit [72], which is the field at which a
domain wall starts to move at zero temperature (see also section 2.2.2). This
field is, however, very difficult to determine experimentally. Determination
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of Hcrit through low temperature experiments is not sufficient to obtain Hcrit
at room temperature, since it depends on temperature dependent anisotropy
constants [28]. Therefore, relaxation measurements below Hc are still valuable
for a systematic comparison of VB , although the obtained values may not be
quantitatively correct.

4.3

Conclusions

In this chapter, the magnetization reversal of Pt/CoFeB/Pt was systematically studied at room temperature under the variation of layer thickness, layer
composition and lateral size of the structure.
Under variation of the Co thickness in the range (0.45 nm < tCo < 0.7 nm), it
was found that the coercive field increases with thickness, contrary to the expectation based on reduced anisotropy and probably relating to the thermally
activated character of the reversal. This was accompanied with a decrease in
the Barkhausen length obtained from magnetization relaxation measurements
in the field range close to the coercive field. At tCo = 0.8 nm, the magnetization gets more of an in-plane character, evidenced by a reduced coercivity and
remanence, more rounded hysteresis loop and a magnetization reversal trace
that does not fit to the Fatuzzo model. Just before the transition to in-plane,
between 0.6 nm < tCo < 0.7 nm, evidence was found for a transition from DW
motion dominated reversal to nucleation dominated reversal. Based on these
measurements, 0.45 nm is the optimal Co thickness, since it has the highest
Barkhausen length.
Replacing the Co layer by CoFeB, it was seen that many samples show strong
evidence of reversal by very few nucleation events. This could mean that in
these materials, the ratio of the nucleation field Hn and the DW propagation
field Hp is much larger compared to pure Co. The reason why this way of
switching occurred with no clear correlation with CoFeB composition, was attributed to nucleation at extrinsic defects, caused by the quality of the sample.
A general trend towards higher lB was observed with increasing B concentration, with roughly a factor 2 increase at the highest content (Co68 B32 ). This
also holds to a lesser extent for the addition of Fe, but a tendency towards nucleation dominated reversal was also observed, which is not desirable for DW
motion studies.
By studying smaller EBL-defined 20 × 20 µm2 structures of Co and Co68 B32 ,
a higher coercivity and a lower Barkhausen volume was found. The higher
coercivity is expected because statistically there is a a lower quantity of possible
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nucleation sites, but the Barkhausen volume should be an intrinsic material
property. By studying the dependence of k and R on field, it was found that
in CoB there is not a single Barkhausen volume for both mechanisms, but the
activation volume for DW motion is larger than that for nucleation, which is
not the case in pure Co. This was argued to enhance the suitability of CoB as
a material for racetrack memory for a number of reasons.
By measuring over a much broader field range, it was found that the energy
barrier for reversal of Co does not scale linearly with field, but rather with
the DW creep law with an exponent − 14 . Therefore, the measured Barkhausen
volume depends on the measurement range, which was always chosen near the
coercive field: a lower Hc automatically leads to a higher lB . This does not
harm the potential improvement achievable using CoB in DW motion devices:
also in absolute sense, the DW motion is much faster in CoB compared to Co.
These results only indicate that the role of VB in this enhanced DW velocity
might be smaller than previously thought, and other material properties (i.e.
anisotropy, Gilbert damping) might play a more important role.

4.4

Outlook on future experiments

Our preliminary measurement in the previous paragraph indicate that it is a
good idea to compare different compositions on a much wider range of fields.
Then, it might be seen if the transition from the creep regime to the flow
regime, which is the desirable regime for applications, occurs at lower fields in
CoB compared to Co. For such an analysis, it is useful to study the movement
in one direction of a single domain, rather than the reversal of an area by
an arbitrary number of domains. Therefore, it is recommended to switch to
a small wire geometry, where a DW can only move along the wire direction.
Recent experiments conducted in our group on CoB nanowires showed the first
indication of a transition from the creep to the depinning regime. Of course,
the next step is to investigate whether current pulses can be used to move a DW
and whether current-induced DW motion is indeed easier in CoB compared to
Co.
For DW motion measurements below the typical nucleation field, we used a
short global field pulse to nucleate domains. However, it is much more elegant
to nucleate a single domain at a controlled position. For this, it would be useful
to locally reduce the coercive field at a certain position, so that a domain first
nucleates at this position when a field is applied. This is exactly what we will
investigate in the next chapter, by using a Focused Ion Beam (FIB) of Ga+
ions to locally change the magnetic properties of a small magnetic wire.

Chapter 5

Controlled DW injection by
Ga+ FIB irradiation1
For applications of DW motion in magnetic nanostructures, it is vital to precisely control the position of the DW within the nanostructure. One challenge
is to control the position where a DW is initially created. It is possible to use
a field pulse to nucleate a domain, but this leads to uncontrolled nucleation at
an arbitrary position, or even the nucleation of multiple domain walls simultaneously, if no precautions are taken. For in-plane DW devices, this problem
is easily overcome by using the demagnetizing effects of engineered geometrical variations, but this is not viable for out-of-plane materials, since the huge
anisotropy dominates over demagnetization effects. Most often, one attaches a
large pad at one end of the magnetic wire, which acts as a kind of DW reservoir:
there simply is a statistically higher chance of nucleation defects because of the
large area. This is by no means an elegant, nor a reproducible solution. Another possibility is to use a highly localized magnetic field (which is proposed
in various schemes for the racetrack memory [6]), for instance by a small pulse
line in the vicinity of the wire. However, this may not always be precise enough
and may also lead to undesirable heating close to the structure.
In this chapter, we study how local irradiation by a Ga+ Focused Ion Beam
(FIB) on a perpendicularly magnetized Pt / Co / Pt stack can be used for
controllable DW injection. It has been shown in numerous studies that lowdose irradiation by Ga+ ions leads to a modification of magnetic properties
[61, 62, 63, 64, 65, 66]. The most important result is that the out-of-plane
anisotropy is gradually reduced with increasing dose and this leads to a decrease
of the local coercive field Hc , until the magnetization turns in-plane. Therefore,
1

A condensed version of this chapter is currently under review at Applied Physics Letters.
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if only part of a structure is irradiated, this area switches first when a field is
applied. However, it has to our knowledge not been reported what this means
for the injection field needed to move the DW into the untouched part of the
structure, which we define as Hin . Here, we report the interesting experimental
observation that Hin sharply decreases under low dose but then increases again
with increasing dose. This seemingly counterintuitive behavior is shown to
match very well with micromagnetic simulations on a structure with locally
reduced anisotropy, supported by a simple analytical 1D-model for DW motion.

5.1

Experimental details

The investigated structures are 2 µm wide, 90 µm long wires of Pt(4 nm) /
Co(0.6 nm) / Pt(2 nm), grown on a 2 µm SiO2 substrate using a standard Electron Beam Lithography (EBL), DC magnetron sputtering and lift-off recipe
(for details, see Chapter 3). In order to probe the magnetization through the
Extraordinary Hall Effect (EHE), the wire has 4 Hall crosses of width 2 µm,
separated by 20 µm along the wire direction. On top of these lateral branches,
20 µm thick Pt contacts are defined using a second lithography step. A SEM
image of the completed structure is shown in figure 5.1.

V1+

V2+

V3+

V4+

Ga +
Pt
Au
Pt/Co/Pt

V1-

V2-

V3-

V4-

Figure 5.1: SEM image of a completed structure. A 500 nm wide area within
one of the Hall crosses is irradiated at low Ga+ dose. Four lock-in amplifiers
are used to measure the magnetization at the crosses simultaneously
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Prior to the lithography step of the electrical contacts, one of the Hall crosses is
partly irradiated with Ga+ ions in a FEI Nova DualBeam system. The energy of
the incident ions is 30 keV and the beam current is 2 pA. The irradiated area is
500 nm wide along the entire length of the crossing as depicted in figure 5.1. The
doses used are on the low end of the range attainable in our FIB system, limited
by a minimum pixel dwell time of 0.4 µs. At the lowest dose used (0.1 µC/cm2 ),
the area is irradiated at this dwell time in pixel steps of 32×32 nm2 , significantly
larger than the listed optimal beam diameter of 3.5 nm. Therefore, the beam is
slightly defocused such that the FWHM approximately matches the pixel size.
For the higher range of doses (up to 5 µC/cm2 ), the pixel step size was fixed
at 10 nm and the dose was varied by choosing the dwell time. All doses are so
low that no structural damage can be observed from SEM images.
For each dosed sample, EHE hysteresis loops of the structures are measured at
room temperature at all four crosses simultaneously, using four lock-in amplifiers one of which also acts as current source, as shown in figure 5.1. The RMS
current density was approximately 3 · 109 Am−2 , at an oscillation frequency of
5 kHz and a lock-in time constant of 30 ms. From the shape of the hysteresis
loop of the partly irradiated cross, information on the switching mechanism is
obtained. The non-irradiated crosses serve to check that the DW indeed moves
in the desired direction.

5.2

Results

In figure 5.2, a typical set of 4 hysteresis loops is shown, where cross 2 has been
irradiated with a Ga+ dose of 0.6 µC/cm2 . Starting from negative saturation,
the field is increased at a sweep rate of ∼ 1 Oe/s. It is clearly seen that the
irradiated cross switches before the others. Three steps are observed in the
hysteresis loop of cross 2: the first (a bit rounded) step is attributed to switching
of the irradiated area, forming a domain in the center of the cross. The second
and third steps are due to expansion of this domain through the wire towards
cross 3 and 1, respectively. After passing through cross 3, the domain expands
further towards cross 4. This correct order of switching was observed in all of
the irradiated samples, with some exceptions where (part of) a cross switches on
its own before the DW reaches it. Clearly, Ga+ irradiation leads to a reduction
of the injection field of the DW.
Verification that the interpretation of the hysteresis loops is correct is obtained
from Kerr microscopy images. In the Kerr microscope, a bright polarized xenon
light beam is reflected from the sample, where the magnetization induces a
rotation of the polarization. By placing a second polarizer after the reflected
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Figure 5.2: Simultaneously measured (partial) hysteresis loops of the four
Hall crosses, showing the order of switching. Cross 2 (green line) is partially
irradiated with Ga+ ions. The schematics to the right show the magnetic
configuration at the indicated fields.

Figure 5.3: Kerr microscopy snapshots of the domain configuration with
increasing field. The line that switches first was irradiated with 0.5 µC/cm2 .
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Figure 5.4: Hysteresis loops of partially irradiated Hall crosses at a variety
of irradiation doses.

beam, this rotation is converted into an intensity plot, which is recorded by a
CCD camera. By subtracting the background intensity image, the magnetic
domain structure can be visualized as a function of time.
In figure 5.2, the effect of an increasing magnetic field on the domain structure for a microwire irradiated with 0.5 µC/cm2 is visualized. The sample is
produced in the same way as before, but without the electrical contacts. It is
seen that the irradiated line switches first in small steps, which corresponds
to the small steps in the hysteresis loop in figure 5.2. At a certain point the
DW moves away to one side, and at a slightly higher field to the other side,
corresponding to the two major steps in the hysteresis loop. The reason for the
step-wise reversal within the irradiated area may relate to an inhomogeneous
irradiation caused by a fluctuating beam current, together with the ultra short
pixel dwell time. This might lead to pinning of nucleated domains within the
irradiated area.
In figure 5.4, the hysteresis loops of irradiated Hall crosses are shown, for a
variety of doses. The curves are normalized by also measuring at very high
fields (7 kOe) and compensating for the ordinary Hall effect. At the lowest
dose (0.1 µC/cm2 ), the switching field is very high and therefore the reversal is
so fast that it could actually not be seen whether the irradiated cross is the first
to switch. At higher dose, the coercivity is drastically reduced and we see three
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steps corresponding to switching of the irradiated area, and DW depinning
events on the two sides. The reason that a different field is required on both
sides may relate to local inhomogeneity. In some cases, instead of 2 equally
sized depinning jumps, there are 3 or more jumps, which can be attributed to
geometric pinning of the DW at some point within the Hall cross, which has
been experimentally observed before [57].
Above 0.4 µC/cm2 , it is seen that the coercivity of the first part of the loop
(switching of the irradiated area) is gradually reduced, and the loops becomes
more and more rounded. This is easily explained by a gradual out-of-plane to
in-plane spin reorientation transition, which was documented earlier for Ga+
irradiation on similar structures [65]. The remanence at zero field clearly reduces with dose, evidencing the increasing in-plane character of the anisotropy.
Surprisingly, it is also seen that the DW depinning occurs at higher field with
increasing dose, a trend that is discussed in more detail below.
Apart from information on the anisotropy, an estimate of the change of Ms
with dose can be obtained. To this end, we look at the signal difference just
before and after the DW depinning events (figure 5.5(a)). Subtracting this
from the total signal difference at saturation, we get the EHE signal fraction
originating from the irradiated area, plotted in figure 5.5(b) as a function of
dose. It is found that the signal fraction is around 18 % for all irradiated areas,
with no clear correlation with dose. Therefore, we conclude that in this range
of doses, the Ga+ irradiation does not significantly reduce Ms . A value of 18 %
is reasonable, since 25 % of the width of the cross has been irradiated and also
a significant part of the arms of the Hall cross are probed [73].
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Figure 5.5: (a) Hysteresis curve of partly irradiated Hall cross, showing the
signal fraction attributed to switching of the non-irradiated part; (b) Signal
fraction attributed to the irradiated area as a function of dose.
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Figure 5.6: DW injection field Hin as a function of Ga+ dose. Data is
obtained by measuring the same hysteresis loop 5 times and averaging over all
the fields at which DW injection jumps are seen to occur. The line is a guide
to the eye.

To gain insight into the physical reason for the reduced injection field and to
find the optimal dose (where the injection field is lowest), we systematically
measure the field needed to inject a DW into the wire as a function of Ga+
dose. For this, we measure each hysteresis loop 5 times at a fixed field sweep
rate, and locate any step that can be interpreted as injection of the DW into
the wire. We check that there is correlation with the switching of a nearby
cross shortly after the irradiated cross. In total, this gives 4 depinning events
per loop, so an average is taken over 20 depinning fields to minimize the noise
introduced by thermal activation. The result is plotted in figure 5.6, where the
error bars are the standard deviation of the measured fields.

5.3

Discussion

Interestingly, in figure 5.6 it is seen that the injection field first rapidly decreases
with dose, to recover again at higher doses. To explain this observation, micromagnetic simulations were conducted on a simple model system. A small wire
(400×60×1 nm3 ) is split into two parts, where one part has a fixed out-of-plane
anisotropy K0 = 1.5 MJ/m3 and the other a reduced anisotropy K (sketched
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in the top of figure 5.7). We simulate quasistatic out-of-plane hysteresis loops
of this structure as a function of the anisotropy K. Other relevant parameters
are Ms = 1400 kA/m and the exchange constant A = 16 pJ/m, which are both
assumed constant throughout the wire. Although for Ms this assumption was
justified experimentally, the influence of Ga+ irradiation on A is unknown. The
field is increased in small steps, and at each field step the LLG solver iterates
until the torque on the magnetization is virtually zero. Hysteresis loops of
the out-of-plane magnetization component averaged over the wire are shown in
figure 5.7.
400 nm
60 nm

K0

K<K0

Figure 5.7: Hysteresis loops (at zero temperature) obtained by simulation
of a 400×60×1 nm3 nanowire, where half the area has a reduced anisotropy
K and the other half a fixed anisotropy K0 = 1.5 MJ/m3 as shown in the top
illustration. The anisotropy increases from top to bottom. The DW injection
fields are indicated by ×’es.

Looking at the spin structure during simulations, it is seen that the area with
reduced anisotropy always switches first. This results in the creation of a DW
at the interface (separating the two regions), which then moves through the
rest of the wire. For relatively large anisotropy 1.25 MJ/m3 < K < K0 , the
DW immediately moves through the interface after its nucleation, within one
field step, yielding completely square single step hysteresis loops. At lower
anisotropy, the DW is pinned at the interface after being nucleated, and a
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Figure 5.8: Injection fields as a function of K obtained from the simulation
(closed circles). The red dashed line shows the analytical calculation of the
eff
effective anisotropy field HK = µ2K
, which agrees with the field needed for
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Figure 5.9: Sketch of the potential energy of a DW at an anisotropy interface
in the case of zero field (top) and a field that is large enough to depin the DW
(bottom).
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higher field is needed to inject this DW into the second part of the wire, visible
as 2 steps in the hysteresis loop (for example at K = 1.2 MJ/m3 ). Reducing
K below 1.19 MJ/m3 , the effective anisotropy Keff = K − 12 µ0 Nz Ms2 becomes
negative (in-plane), leading to a gradual switching of this area, but still the
other area switches by the motion of a DW originating from the interface.
In figure 5.8, the injection field obtained from the simulations is plotted as a
function of the anisotropy. The qualitative behavior corresponds very well to
the experimental data of figure 5.6, where a higher Ga+ dose corresponds to
a lower anisotropy. The magnitude of the fields is much lower in experiment
because thermal activation plays a crucial role, on which we will elaborate
further at the end of this discussion. In the high anisotropy range, the injection
field Hin is linear with anisotropy and exactly corresponds to the anisotropy
field (red dashed line),
2Keff
HK =
.
(5.1)
µ0 Ms
Below 1.25 MJ/m3 , pinning at the interface dominates the injection field and
an inverse trend is seen.
The surprising increase of the DW pinning field with decreasing anisotropy
(increasing dose) can be explained using the simple 1D model introduced in
section 2.1. We describe the DW as a point particle moving in a 1D potential
landscape, with q the position of the DW along the x-axis. The anisotropy
step at x = 0 causes an energy barrier given by the energy difference between
a DW existing at q < 0 or q > 0, as sketched in figure 5.9. The larger the
anisotropy difference, the larger this barrier. By applying an external field Hz ,
the potential landscape is tilted making it possible for the DW to escape as
soon as the tilt slope cancels the maximum slope of the DW energy landscape.
In the following, we derive an expression for the pinning field Hpin as a function
of the anisotropy K. We will discuss two limiting cases: (1) small (K0,eff −Keff ),
and (2) Keff  0 (large in-plane anisotropy).

(1) (K0,eff − Keff ) small
A DW centered at a position q in a perpendicularly magnetized nanowire
has a standard Bloch profile (first introduced in equation (2.4)), with the outof-plane angle θ given by [34]



x−q
θ(x) = ±2 arctan exp
,
(5.2)
∆
with ∆ the DW width. The in-plane angle φ is constant. (For the definition
of angles, see figure 2.2). This profile is not exactly valid in the vicinity of the
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anisotropy interface since the DW tends to widen in the low-K region, but we
consider this as a first order approximation. Considering effective anisotropy
and exchange contributions, the domain wall energy density is [34]
" 
 #

∂θ 2
∂φ 2
w(x) = A
+ sin θ
+ Keff (x) sin2 θ
∂x
∂x




A
2 x−q
=
,
(5.3)
+ Keff (x) sech
∆2
∆
where Keff has a discontinuity at x = 0,
(
K0,eff = K0 − 12 µ0 Nz Ms2
Keff (x) =
Keff = K − 12 µ0 Nz Ms2

for x < 0,
for x > 0.

(5.4)

The total DW energy per unit cross-sectional area σDW of a DW centered at q
is found by integrating over the entire length,

Z ∞
Z −q 
 
A
2 x
+
K
sech
dx
σDW (q) =
w(x)dx =
0,eff
∆2
∆
−∞
−∞

Z ∞
 
A
2 x
+
+
K
sech
dx.
(5.5)
eff
∆2
∆
−q
For estimating the depinning field, we are only interested in the derivative of
the DW energy with respect to q,
q
dσDW
= (K0,eff − Keff ) sech2
.
dq
∆

(5.6)

The derivative has a maximum at q = 0,
q
dσDW
= (K0,eff − Keff ) sech2
−∞<q<∞ dq
∆
max

q=0

= K0,eff − Keff = K0 − K.

(5.7)
The derivative of the total energy per unit cross-sectional area ε(q) includes
the change in Zeeman energy due to the displacement of the wall,
dε
= K0 − K − 2µ0 Ms Hz .
dq

(5.8)

Equating (5.8) to zero, we find the field Hpin needed to overcome pinning at
the interface,
K0 − K
Hpin =
.
(5.9)
2µ0 Ms
Relation (5.9) is plotted as the black line in figure 5.8. It is seen that it
corresponds exactly to the simulated data in the high anisotropy range. It
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starts to deviate at lower anisotropy, which is no surprise because the effective
anisotropy is in-plane there (Keff < 0). Therefore, the magnetization has an inplane component in the low-K region and thus the Bloch profile is not valid, and
also the Zeeman energy gained by a DW displacement is different. Therefore,
we also derive an expression for the low anisotropy limit below.

(2) Keff  0
If the perpendicular anisotropy of the irradiated area is quenched completely,
this results in an effective in-plane anisotropy. Therefore, the DW at the moment of depinning is not necessarily an ‘up’ to ‘down’ transition. In the following, we will assume that the in-plane anisotropy is so large that the spins are
completely in-plane in the irradiated area, even though a perpendicular field is
applied. This in fact corresponds to infinite in-plane anisotropy. Furthermore,
it is assumed that the Bloch profile is still valid, but rescaled from the domain
θ ∈ [0, π] to θ ∈ [0, π2 ]. The profile then reads (notice the factor 2 difference
with (5.2))



x−q
θ(x) = ± arctan exp
.
(5.10)
∆
This profile fits reasonably well with the simulated micromagnetic profile. The
DW energy density reflects the change of easy axis at x > 0:
" 

 # (
K0,eff sin2 θ for x < 0,
∂θ 2
∂φ 2
w(x) = A
+ sin θ
+
(5.11)
∂x
∂x
|Keff | cos2 θ for x > 0,

x−q
K0,eff exp(2x−q∆ )
for x < 0,
A
exp(2 ∆ )+1
(5.12)
=
+
2
1
|Keff |
4∆
for
x
>
0.
x−q
exp(2 ∆ )+1
In analogy with (5.6), the derivative of σDW becomes


−2q
K
exp
− |Keff |
0,eff
∆
dσDW


=
.
dq
exp −2q + 1

(5.13)

∆

This function is monotonically decreasing and is maximal at q → −∞. Therefore, the maximum slope of the energy barrier is given by


−2q
− |Keff |
K
exp
0,eff
∆
dσDW


= K0,eff .
(5.14)
max
= lim
−∞<q<∞ dq
q→−∞
exp −2q + 1
∆

A more detailed analysis showed that at finite in-plane anisotropy, if a small
z-component of magnetization is assumed for x > 0, the maximum derivative is not at −∞ but close to q = 0 (retaining the same magnitude), so that
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depinning indeed occurs at the anisotropy interface. The derivative of total
energy includes again a Zeeman term, which now has half the original magnitude, because the z-component of magnetization is zero at one end of the DW.
Therefore,
dε
= K0,eff − µ0 Ms Hz ,
(5.15)
dq
and the pinning field is found by equating this expression to zero,
Hpin =

K0,eff
.
µ0 Ms

(5.16)

This limit for the pinning field is plotted alongside the simulation data in
figure 5.8 (dotted horizontal line), and agrees quite well with the simulated
result. Note that this is the limit of infinite in-plane anisotropy. In the finite
range that is plotted, the injection field is reduced because the out-of-plane
component to the right of the DW leads to a larger gain of Zeeman energy
when the DW is moved. Interestingly, the limit is exactly half the nucleation
field of the homogeneous structure with K0 (data-point in the upper right
corner). The same factor 2 is roughly seen in the experimental data of figure
5.6, providing further evidence that the proposed model correctly describes the
physics.
The magnitude of the injection fields is roughly a factor 20 higher in the simulations/1D model compared to the experiments. This is not unusual, since
the simulations do not include any thermal fluctuations. In room temperature
experiments, thermal fluctuations play a crucial role in all magnetization reversal phenomena, as discussed extensively in the previous chapter. For one,
the coercive field (responsible for the injection field in the high-K range) is
greatly reduced at finite temperatures, and occurs by the nucleation of a small
area followed by DW motion, instead of the Stoner-Wohlfart type of switching in our model. In SQUID measurements, it was found that for a similar
film, the coercivity at 5 K is roughly 40 times larger than at room temperature.
Also, the escape of a DW over an energy barrier (responsible for the DW injection in the low-K region) is much easier at elevated temperatures, so lower
fields are required for depinning. Therefore, only a qualitative comparison with
simulations can be made.
We would like to conclude this discussion with remarking that in principle, an
optimal anisotropy Kopt that minimizes the injection field can be found from
the intersection of (5.9) and (5.1),
Kopt =


1
K0 + 2µ0 Nz Ms2 ,
5

(5.17)
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with an optimal injection field

Hin,opt

2
=
5



K0
1
− N z Ms
µ0 Ms 2


=

2 K0,eff
.
5 µ0 Ms

(5.18)

It is doubtful that these relations are useful at non-zero temperatures, for the
reasons discussed previously. Assuming at least a qualitative validity, further
reduction of the injection field can be achieved by using a material with higher
Ms or lower K0,eff . This would also increase the range over which the injection
field can be tuned, in both of the discussed regimes.

5.4

Conclusion

In conclusion, we have seen that by irradiating a Pt/Co/Pt ultrathin film with
Ga+ FIB, the anisotropy is gradually reduced, while from indirect measurements it is seen that Ms is conserved. By irradiating a small area of a nanowire,
this can be used to inject a DW at a controlled position at a controllable injection field. From experiments and simulations is was seen that at very low
doses, the injection field is governed by the coercive field of the irradiated area.
Above a critical dose of about 0.4 µC/cm2 , the injection field is limited by the
pinning of the DW at the interface, which increases with increasing dose. The
measurements agree very well with micromagnetic simulations and a simple 1D
model of pinning at the anisotropy interface.
Apart from being a useful tool for controllable DW injection in DW motion
devices, the sharp anisotropy step that can be achieved by FIB irradiation
opens up other interesting possibilities. For example, by irradiating a thin line
along the width of a nanowire, this could act as a potential well for DWs,
creating an artificial pinning site. By placing such pinning sites at equidistant
positions along the wire, a DW shift register is created and a DW might move
from site to site by short current pulses, as proposed in racetrack memory.
Additionally, the anisotropy might be reduced in such a way, that the DW
becomes wider. If the DW is wide relative to the wire, a Néel wall becomes
energetically favorable, while a Bloch wall is stable in the original wire, as
we discussed in detail in section 2.1.1. If the DW is pinned at the interface,
the Bloch and Néel wall are at some point equally favorable energetically. In
the outlook that follows, we propose a device that makes smart use of this
phenomenon.
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Outlook: Tunable DW oscillator at an anisotropy
interface

Although we have focused on racetrack memory in this report, there are many
other promising applications exploiting the STT effect. One other hot topic
in spintronics research is the possibility to drive a nanomagnet into oscillatory
modes in the GHz range by means of STT [74]. The original idea, patented
by Slonczewski [75], is to drive a DC-current through a nanopillar device consisting of two magnetic layers separated by a non-magnetic spacer. The first,
magnetically fixed, layer causes the current to become spin polarized, and this
spin polarized current exerts a torque on the second magnetic layer, causing
a precessional motion of the magnetization in this layer. Through the GMR
effect [2] (see section 1.1), this results in a periodic change of the resistance
of the device at GHz frequencies, and hence this can be used as a microwave
source. Microwaves are extensively used in modern technology, in particular for
mobile communication, and the prospect of more efficient nanoscale microwave
sources is promising. In current devices, rather large and costly crystals are
used for this application.
Since the production of such nanopillar devices is far from trivial, different
magnetic oscillation schemes are also sought after. Recently, some authors
suggested to use a localized, oscillating DW in a nanowire, in either an in-plane
[76, 77, 78] or out-of-plane configuration [79]. It is vital that the DW remains
at the same position, but oscillates at GHz frequencies under the application
of an electric current. Figure 5.10 shows a way in which the oscillation of a
localized DW, can be converted into a microwave current, through a GMR
device or Magnetic Tunnel Junction (MTJ) on top of the DW.
Bias-T

output

V2
DW

V1
Figure 5.10: Schematic illustration of a microwave source based on an oscillating DW in an in-plane nanowire; Voltage source V1 controls the current
through the nanowire that causes the DW precession, leading to a periodic
change of the resistance of the layer stack on top of the DW. This is converted
into a GHz current, with an amplitude independently controlled by a second
voltage source V2 . From [77].

In this outlook, we propose a new DW oscillator scheme, based on a DW pinned
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at an interface of changing perpendicular anisotropy. This scheme is promising
for a number of reasons, which we discuss at the end of this section.
As was discussed in the preceding chapter, a DW can be pinned at a transition
(interface) from lower to higher anisotropy. By tuning the anisotropies correctly
in the two parts of the nanowire, the situation can occur that in the high
anisotropic part, a Bloch wall is favorable (wall directed transverse to the wire
direction) whereas in the low anisotropic part, the Néel wall is stable (wall
directed along the wire direction). It was the basis of our 1D-model of DW
pinning that an applied magnetic field tilts the potential landscape experienced
by the DW, as sketched in figure 5.9. With increasing field, the local energy
minimum at the interface is shifted from the low-anisotropic part (Néel wall)
towards the high-anisotropic part (Bloch wall), until the field is so high that
the local minimum vanishes and the DW depins. If the field is tuned correctly,
it can be achieved that the DW is pinned and the Bloch and Néel walls are
equally favorable. This behavior is simulated in figure 5.11, where a DW at
the interface slowly transforms from Néel to Bloch as a function of field and
the in-plane angle φ ≈ 45◦ at a field of 650 Oe, which can be interpreted as
the cross-over point from Néel to Bloch. We used a higher value than before
for the high anisotropic region (2.5 MJ/m3 ), because using the previous value
depinning occured before φ ≈ 45◦ was reached.

Figure 5.11: A DW pinned at an anisotropy interface transforms from a
Néel type (left) to a Bloch type (right) as it is pushed towards the interface
by the magnetic field. The arrows indicate the in-plane component of the
magnetization within the DW.

As discussed in detail in section 2.1.1, page 22, the Bloch and Néel walls are
equally favorable when the DW demagnetizating factors Nx and Ny are equal,
leading to a zero transverse anisotropy field HKt = 0 (see equation 2.9). Because there is no transverse anisotropy field, a DW can precess freely by an
applied field. In other words, the Walker breakdown field, above which the
DW precesses, is zero if HKt is zero. We also saw that under current, there
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is precessional motion above a certain critical current density Jcrit (or, critical effective velocity2 ucrit ) and we already stated in equation (2.15) that this
critical current also scales with the transverse anisotropy.
The idea is now to apply a current which is not enough to depin the wall,
but enough to excite the precession. In figure 5.12, we show an example of
such a precessing DW. By choosing the correct field, the DW is at the Néel
to Bloch transition, the transverse anisotropy field is nearly zero and so is
the current density needed for precession of a pinned DW. We here define
this as the critical current density (which is not necessarily the same as the
critical current density of a moving DW). This scheme could be used to create
an efficient, tunable steady state oscillator, which was recently proposed in
a different form by Bisig et al. [79]. They propose to use a perpendicularly
magnetized nanowire which is locally more narrow, that acts as a pinning site,
while at the same time reducing the transverse anisotropy field. Our geometry,
however, might have some advantages that we discuss later.

Figure 5.12: Snapshots of the precessional motion of a DW pinned at an
anisotropy interface, excited by a DC current. The applied field H = 700 Oe
and the effective velocity u = 4 m/s.

It was analyzed in theory that the angular oscillation frequency φ̇ of the DW,
in the case of zero transverse anisotropy, increases linearly with the current
[80, 79],
u
.
(5.19)
|φ̇| =
α∆
By applying a spin polarized DC current along the wire in the simulation, it
was found that the DW starts to oscillate at frequencies in the GHz range,
while remaining pinned. The direction of electron flow was from low to high
2
Please note that the effective velocity is equivalent to the current density via the relation
BP J
u = gµ
, as defined in (2.13). Here, for simplicity we also use the term current density
2eMs
when referring to the effective velocity.
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anisotropy, as indicated in figure 5.12. We used α = 0.2 and assumed adiabatic
STT only (β = 0). The resulting frequency as a function of the effective velocity
(current density) is plotted in figure 5.13(a), for various applied fields. It is seen
that the frequency increases approximately linearly with current, in line with
(5.19). Furthermore, we see that the field slightly increases the oscillation
frequency, but more importantly, it shifts the critical current density ucrit . The
critical current density is plotted as a function of field in figure 5.13(b). We
see that it is optimized around 700 Oe, which corresponds approximately to the
point where the DW angle φ ≈ 45◦ in figure 5.11 (650 Oe). The minimal value
of ucrit achievable using these material parameters is 2 m/s, which corresponds
to a real current density of 1·1011 Am−2 (assuming a spin polarization P = 0.5).
The critical current density is never zero like one would theoretically expect for
zero transverse anisotropy, since inhomogeneous demagnetization fields (which
are not included in the model) pose an additional energy barrier between the
Néel and Bloch walls [79]. These inhomogeneous demagnetization fields might
at least partially arise from the fact that the DW is asymmetric due to the large
difference in anisotropy. One can see this asymmetry in the snapshots of figures
5.11 and 5.12, where the DW is wider at the bottom end compared to the top
end. We should note that the parameters here (with an artificially high K0 )
are chosen just to demonstrate the proof of principle, and for a more realistic
anisotropy value the critical current density might be even lower, because the
DW is more symmetric.
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Figure 5.13: (a) DW oscillation frequency as a function of current at various
fields; (b) Critical current density as a function of magnetic field.

One might expect that the oscillator is asymmetric with respect to the direction
of current. The STT pushes the DW a little bit towards the high anisotropic
region, but if the current is reversed, it pushes the DW away from it. This
was indeed seen to have a significant effect. In figure 5.14, we show the oscillation frequency for both positive and negative currents at the optimal field of
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700 Oe. The insets schematically show how the position of the oscillating DW
is slightly changed when the current is reversed. This has a pronounced effect;
it limits the increase in oscillation frequency at higher fields. This is easily understandable from (5.19); the positive current pushes the wall towards the high
anisotropic region, where ∆ is smaller hence φ̇ is larger, leading to a faster than
linear increase with current. The reversed current works the other way around,
leading to a slower than linear increase of the oscillation frequency with current. At low currents close to ucrit however, the frequencies are approximately
equal.
The influence of the non-adiabatic STT contribution is also shown in figure 5.14,
through variation of β. The latter only alters the oscillation frequency slightly,
through a field-like contribution. Studying the influence of the β parameter is
important, because its value is not well-known. These simulations indicate that
the β term does not hamper the correct operation of the device. By devising
smart experiments, it might even be possible to deduce β from its influence on
the oscillation frequency.
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Figure 5.14: DW oscillation frequency as a function of current in two directions and for various values of β. The field was fixed at 700 Oe. The insets show
how the DW displaces in the energy landscape by the two current directions,
which leads to the asymmetric behavior.

So, what we have demonstrated is a device that starts to oscillate under the
application of a small DC current, where the frequency can be tuned by the
magnitude of both current and field. For a realistic device such as a microwave
generator for telecom devices, it is vital to have high output power. One can
think of the following two ways to accomplish this [79]:
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• Achieve a coupling between many oscillating DWs, such that they phaselock. Multiple oscillators could couple through the emission of spin waves
[81].
• Enhance the signal using a magnetic tunnel junction, as was visualized in
figure 5.10. By growing a tunnel junction with a fixed magnetic reference
layer on top of an oscillation position, the nanowire acts as the free layer
of the tunnel junction. Because of the tunnel magnetoresistance effect,
the resistance of the stack changes periodically as the relative orientation
of the DW spins and the reference layer changes. This way, the output
power and oscillation frequency can be tuned independently.
We end this outlook by comparing our scheme with other schemes, most notably
the only other one with perpendicular anisotropy proposed by Bisig et al. [79].
Our scheme might have the following advantages and disadvantages,
• In our scheme it is inherently easy to prepare a DW at the correct position.
If the anisotropy difference is tuned correctly, by applying a field above
the nucleation field but below the depinning field, the system is in the
correct state. In the other schemes, the DW must first be created and
moved to the correct position by other means.
• Because of the previous point, it is also much easier to have many oscillators in a single nanowire, simply by irradiating a periodic pattern. In a
scheme where the pinning is at geometrical constrictions, one would need
almost the full functionality of racetrack memory to prepare an initial
state of many pinned DWs. Additionally, by having the DWs in a single nanowire, the oscillators are connected through a magnetic medium
through which spin waves can propagate, and this might be used for
efficient phase-locking.
• The external field gives control over the DW position at the interface,
thus tuning the effective transverse anisotropy and therefore the critical
current. This is a great advantage compared to pinning at geometrical
constrictions, since there the transverse anisotropy can not be tuned after preparation. Also, the field provides an additional way to tune the
frequency.
• The necessity of a constantly applied external field also poses a drawback,
namely that at finite temperature it significantly increases the chance of
DW depinning. It is not unlikely that the DW depins from the interface, before the Bloch-Néel transition is reached. In a first step, lowtemperature experiments might therefore be a good idea. It might be
possible to find a set of parameters where the critical current for exciting
a precession is already low enough, even at zero field.
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• When multiple oscillators have to be used in a single wire by an alternating pattern of up/down domains, some domain walls experience a current
that pushes them away from the energy barrier at the interface, while others are pushed in the other direction. This was visualized in figure 5.14
and leads to a splitting of the oscillation frequencies at higher current
values. Maybe it is possible to couple all oscillators through spin waves,
such that they will oscillate at the same frequency. By using MTJs as a
signal amplifier as described above, this is not necessary, since one can
choose to put the MTJs only on top of the desired type of oscillator.
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Conclusions and Outlook
In this chapter, we briefly summarize the conclusions from the previous chapters
and provide an outlook on future research.

6.1

Conclusions

In chapter 2, micromagnetic simulations were presented on the field- and currentinduced DW motion in perpendicularly magnetized nanowires. It was seen that
two types of walls exists in such nanowires, and a criterion was formulated to
estimate DW demagnetization effects and to predict which type occurs under
given parameters. The dynamics of a Bloch DW were then analyzed in detail,
with a focus on how the different torque contributions of the Landau Lifschitz
Gilbert equations lead to the different dynamics in the various regimes. As the
LLG equation does not correctly describe the much slower dynamics in realistic
films at finite temperature, an overview of the available models for thermally
activated magnetization reversal was also given.
In chapter 4, the magnetization reversal of unstructured Pt/CoFeB/Pt films
was investigated as a function of the interlayer composition, by means of magnetization relaxation measurements. It was seen that, generally, these films
show a magnetization reversal that is strongly dominated by DW motion rather
than domain nucleation, if the thickness is thin enough to ensure out-of-plane
anisotropy, which is promising for applications in DW motion studies. The
Barkhausen length, a measure for the distance between pinning sites, was found
to generally increase with reducing interlayer thickness, and therefore opting for
thinner layers may be useful in future experiments. Furthermore, with increas101
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ing B content, the Barkhausen length increased by roughly a factor 2 at 32 at%
B. With increasing Fe content, there was also some increase in the Barkhausen
length but less significant. At the highest Fe contents, there was a tendency
towards nucleation dominated reversal and therefore these compositions are
not recommended for use in DW motion studies. Between the various Co(Fe)B
samples, there was an interesting difference in the way the reversal took place;
some samples displayed a much more square hysteresis loops than others, indicative of switching by few nucleation events followed by rapid expansion of
the domains. This was attributed to extrinsic effects (sample quality), where in
some samples there happen to be many nucleation sites or strong DW pinning
sites.
In an attempt to limit the influence of extrinsic defects, similar experiments
were conducted on small 20×20 µm2 squares of 0.6 nm Co and Co68 B32 . Here, a
higher coercivity and a smaller Barkhausen volume was found, but still a factor
two larger for CoB compared to Co. Additionally, an indication was found
that in CoB, the reversal mechanisms can not be described in terms of a single
activation volume VB , but rather in two different volumes for the processes
of domain nucleation and DW motion. From preliminary measurements using
a faster measurement scheme, it was noted that it is likely that some of the
measurements took place in the creep regime of DW motion, where strictly
speaking an analysis in terms of activation volumes is not valid, although such
an analysis still has important qualitative significance.
In order to have control over the position and the number of domains initially
created in future DW devices, the controlled nucleation of domains in Pt/Co/Pt
was investigated in chapter 5. It was found that under local low-dose Ga+ FIB
irradiation, preferential domain nucleation spots are created. The field needed
to inject a DW into the device from the irradiated area, first decreases sharply
with dose, which is expected because the anisotropy is locally reduced. However, at higher doses, the injection field needed to inject a DW into the device
increases again. This trend was successfully explained using micromagnetic
simulations, and a 1D model of DW pinning at an anisotropy interface. The
observation that a DW is pinned at an anisotropy interface, led to an interesting idea for a new device, where the pinning at the interface is combined
with the Bloch-Néel transition described in the first chapter. This tunable GHz
oscillator may have great advantages over previously suggested DW oscillators
or nanostencil STT oscillators for use in telecommunication applications.
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Outlook

With respect to the micromagnetic simulations in chapter 2, the following
things may be interesting for the future:
• The vortex-like state which was observed during DW precession deserves
further attention, as it was to our knowledge not reported before. As it
was only observed under certain combinations of parameters (low damping, sufficiently wide wires), the next step is to determine under which
exact conditions it occurs, why this is the case and whether it has any
relevance for experiments.
• It could be investigated whether pinning sites can be realized by Ga+ FIB
irradiation, i.e. by modeling a local variation in the anisotropy with a size
comparable to the DW width. The pinning strength could be determined
as a function of parameters like the anisotropy or the size and shape of
the irradiated area. A comparison to more conventional pinning sites,
induced by geometrical variations, could be made.
• Simulations on the tunable oscillator for various parameters deserve further attention. Also, it is relevant to simulate multiple oscillating DWs
in a single wire to see if phase-locking is feasible.
With respect to the investigation of Pt/CoFeB/Pt in chapter 4, it would be
useful to measure on a magnetic field range as broad as possible, and see how
Co and CoB compare in that case. A new insert for the cryostat that might
assist in this process is currently in production. For an easier interpretation
of the experiments, it is useful to switch to a nanowire geometry and use controlled nucleation. Of course, for investigating the suitability of CoB for the
racetrack memory, it is useful to measure whether current-induced DW motion
is indeed faster in CoB, and whether domains can be moved by current pulses
alone, without an additional external field. Additionally, current-assisted DW
depinning experiments are still very valuable, since it can be used to measure
the β parameter [23] which is of significant fundamental importance.
Although tuning of the injection field in Pt/Co/Pt has been achieved, there
are still many things that can be optimized. The doses used were really at
the lower limit of what was technically possible, and therefore the first part of
the trend (reduction of the injection field due to reduction of the coercivity)
actually consisted of only one measurement point. To gain better control of
the dose, a SiO2 buffer layer deposited on top of the wire could be used, to
distribute the energy of the ions more evenly [62]. Additionally, more sensitive
control might be achievable using helium instead of gallium FIB. Furthermore,
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it should be studied whether the mechanism also works in smaller nanowires,
whether it works in different materials such as Pt/CoB/Pt, whether the size of
the irradiated area has an influence, and whether FIB irradiation can be used
to create tunable pinning sites. Once full control over all the parameters is
gained, it might be possible to experimentally realize a tunable DW oscillator.
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Heyderman, A. Fraile Rodrı́guez, F. Nolting, T. O. Mentes, M.Á. Niño,
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Appendix A

DW creep theory
In this Appendix, we give a sketch of the derivation of the creep law (2.33).
It describes the movement of a d-dimensional interface (for instance a DW)
through a 2-dimensional disordered medium in n transverse directions. In the
case of domain wall propagation in a fixed direction through an ultrathin film,
d = 1 and n = 1.
The growth of an interface in a weakly disordered medium in the presence of a
driving force is described by the Kardar-Parisi-Zhang equation [82, 27, 83]
 2
δu
d2 u
du
=F +ν 2 +λ
+ η(x, u) .
(A.1)
δt
dx
dx
Here, u is the wall displacement at position x along the mean orientation of the
interface (figure A.1). F is the applied driving force, i.e. the magnetic field.
The second term on the right models the elasticity of the interface which tends
to minimize the length of the DW, with ν an elasticity constant. The third
term is a non-linear term justified in [82], with λ a kinetic parameter. The
fourth term η(x, u) models the random pinning forces and usually comprises of
uncorrelated Gaussian noise.
interface
at time t
mean
orientation

u(x,t)
x
L

Figure A.1: Sketch of the displacement of an interface in a random medium.
After [27].

At fields smaller than a certain threshold Hcrit , λ tends to zero and the third
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term in (A.1) can be neglected. The integral form of (A.1) then becomes, by
multiplying with −u and integrating over x [27]
#
Z "  2
εel du
E(u) =
+ εpin (x, u) − F u dx ,
(A.2)
2 dx
with εel and εpin the interfacial energy per unit length and the pinning energy,
respectively. Now considering only a segment of the DW of length L and taking
u as the displacement amplitude of the segment, the free energy of this segment
becomes [28]
1/2
u2
F(u, L) = εel − γξ 2 L
− µ0 Ms HtLu .
(A.3)
L
2 n ξ is a parameter that scales the pinning strength of the disHere, γ = fpin
i
order, with ni the areal pinning site density, fpin the local pinning force and
ξ the characteristic length of the disorder potential. In the last term (Zeeman
energy), the driving force F = µ0 HMs t has been substituted, with H the magnetic field, Ms the saturation magnetization and√t the magnetic film thickness.
In the case of Bloch DWs (section 2.1.1), εel = 4 AK, where A is the exchange
stiffness and K the anisotropy constant.
An important length scale is Lc (the Larkin-Ovchinikov length [54]), defined
by equating the elastic and pinning forces, Eel (Lc , u = ξ) = Epin (Lc ). This
yields Lc = (ε2el ξ 2 /γ)1/3 . At lengths L > Lc , the wall adjusts itself to the
optimal local configuration. Therefore the wall can be considered as a chain of
independently moving segments of typical length Lc .
At low fields, in the so-called creep regime, propagation is not continuous but
occurs in thermally activated small jumps over local energy barriers. In this
regime, it is important to link the displacement u and the height of the energy
barriers to the size L of the interface. This relation is related to the wandering
exponent ζ > 1/2 of the DW, defined from the spatially and thermally averaged
correlation function Weq of the DW, [28]
Weq =

2

[u(x + L) − u(x)]

eq

∝

u2c



L
Lc

2ζ
,

(A.4)

where uc scales the displacement amplitude. Theoretical calculations of ζ have
been performed, yielding ζ = 2/3 for n = 1, which was also experimentally
confirmed from magneto-optical DW motion studies [28].
Assuming that the displacement u scales with the length of the displaced section
L as u(L) ∝ uc (L/Lc )ζ , the energy barrier between two metastable states is
 2ζ+d−2
L
E(L) = Uc
.
(A.5)
Lc
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In the quasi-static approximation, i.e. at very low velocities (low fields), the
free energy becomes

F(u, L) = Uc

L
Lc

2ζ+d−2


− 2µ0 Ms HtLc uc

L
Lc

ζ+1
,

(A.6)

where the latter term represents the Zeeman energy corresponding to the reversed volume. Maximizing (A.6) with respect to L gives the maximum energy
barrier [84]


H −µ
Fopt (H) = Uc
(A.7)
Hcrit
with µ = (2ζ + d − 1)/(2 − ζ) = 1/4 for a d = 1 interface and the critical field
Hcrit = (εel ξ/µ0 Ms tL2c ). The largest waiting time τ spent in an energy valley
is given by the Arrhenius law
"


 #

Fopt (H)
H −µ
Uc
= exp
τ (H) = exp
,
(A.8)
kB T
kB T Hcrit
and the average domain wall velocity at low fields simply scales with the inverse
of this waiting time,
"

 #
H −µ
Uc
.
(A.9)
v(H) = v0 exp −
kB T Hcrit


