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Introduction

Spintronics

The discovery of the giant magnetoresistance (GMR) [1, 2] which awarded the 2007 Nobel Prize
in Physics to A. Fert and P. Grünberg has triggered the rise of a new field of electronics called
spintronics. This discovery is associated to a remarkable transition from fundamental research
of spin-dependent transport in nanostructures to device applications in the area of data storage
technologies. Spintronics devices exploit the spin degree freedom of electron rather than its
charge, and offers new ways to store, carry and control the information. Such devices could
also combine several advantages such as non-volatility, high speed data processing, reduced
power consumption and high integration densities [3].

Among other, research in spintronics address two basic requirements: the detection and
the manipulation of the magnetization in ferromagnetic nanostructures, which are the basic
building blocks of spintronics. These two points are major challenges for fundamental research
and the main topics of this thesis.

Magnetization reversal detection

Magnetoresistance (MR) effects based on spin-dependent transport properties can provide
simple and fast ways to detect magnetization reversal in nanostructures. So far, the develop-
ment of spintronics is based on few magnetoresistances including the giant magnetoresistance
(GMR), the tunneling magnetoresistance (TMR), the anisotropic magnetoresistance (AMR)
and the extraordinary Hall effect (EHE).

Important for both fundamental research and applications, the GMR is based on the large
change of the resistance of a magnetic multilayer under the application of a magnetic field.
The discovery of the GMR is considered to be the starting point of spintronics. Shortly later,
spin-valve structures composed of two ferromagnetic layer separated by a nonmagnetic metallic
layer, and exhibiting GMR effect were developed [4]. Basically, GMR spin-valves structures
reveal the change in resistance depending on the relative orientation of magnetization of the
two ferromagnetic layers in which the resistance is low when the magnetization in ferromagnetic
layers are parallel and high when anti-parallel.
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Introduction

Later, the observation of room temperature TMR in 1995 [5] in magnetic tunnel junctions
(MTJs) [6] was considered as a second breakthrough in the development of spintronics. MTJs
consist of two ferromagnetic layers separated by an ultra-thin insulating layer in which the
electrons can tunnel from one ferromagnetic layer to the other. As for GMR, the resistance of
the stack depends on the relative orientation of the magnetization of the ferromagnetic layers.
GMR reaches up to 180 % values whereas TMR goes up to 1000 % in MgO-based MTJ.

GMR and MTJ are the basic elements of spintronics devices which include magnetic field
sensors, hard drives, read heads and magnetoresistive random access memory (MRAM) [7].
The higher the MR signal is, the smaller and faster the storage element can be.

Apart from the great potential for application, GMR and TMR are also of great interest
for studying novel spintronics nanostructures since the change of resistance is quantitatively
proportional to the orientation of the magnetization. Indeed, GMR measurement has been
used to study magnetization reversal in an individual nanomagnet such as nanopillar [8] and
is particularly used to detect domain wall (DW) position and motion in nanowires [9].

Although it was replaced by GMR for magnetoresistive HDD read heads [7], AMR is still
an extremely important tool for studying the magnetic state of nanostructures. AMR was
first observed in 1856 by William Thomson [10] and arises from the spin orbit coupling. The
amplitude of AMR is much smaller than GMR and TMR (a few percent in some alloys based on
3d metals) but the resistance value is directly related to the orientation of the magnetization
and the current lines [11]. AMR measurements have been thus extensively used to study
magnetization reversal in materials with in-plane magnetization [11, 12, 13] and have been
used more recently to probe the presence of DW in nanowires [14] or to distinguish different
type of DW [15].

The EHE arises also from the spin–orbit scattering. The possibility for applications, such
as magnetic sensors and nonvolatile MRAM, has been mentioned but no significant progress
has reported until recently [16]. For nanostructures with perpendicular magnetization, the
EHE is the most common detection technique of magnetization reversal [17]. Additionally,
EHE is very important for characterizing DW motion and precise detection of DW position
within Hall crosses [18].

It is worth noticing that extensive approach to follow DW motion is the use of imaging
techniques such as Kerr, magnetic force microscopy (MFM), Lorentz transmission electron
microscopy techniques and so on. In this thesis, we will mostly focus on the ways using
magnetotransport measurements.

Magnetization reversal manipulation

The second important requirement for further development of spintronics is the ability to
manipulate the magnetization reversal in nanostructures, which has been done conventionally
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using magnetic field. In the first generation of MRAM devices, the magnetization of the
memory element is switched by local magnetic fields generated when passing current through
nearby metallic wires [19]. However, the writing current is high and limited by the CMOS
electronic circuit.

For that reason, more efficient ways to switch the magnetization of nanodevices without
the use of magnetic fields are sought. For instance, laser induced magnetization switching
provide an ultra-fast way to manipulate magnetization [20] which can offer new perspectives
for applications.

Recently, the experimental demonstration of current induced DW motion and magneti-
zation switching in magnetic nanostructures opened a fast and promising way to manipulate
magnetization.

Due to the spin dependent scattering of the electrons in magnetic materials, the electrical
current is spin polarized, the direction of the spins being aligned with the direction of the
local magnetic moments. The first concept of spin transfer torque induced DW motion was
proposed by Berger in 1984 [21]. The idea is that across a DW, the exchange interaction
aligns the spin direction of the conduction electron with the direction of local magnetization.
To conserve the total angular momentum, it has to be transferred to the local magnetization,
which is equivalent to a torque acting on the magnetization. This interaction consequently
induces a displacement of the DW in the direction of the electron flow.

Experimental studies on current-induced DW motion have been performed shortly after
the theoretical prediction (cf. ref. [22]). However, these early experiments have been mostly
studied on thick NiFe films in which several difficulties arise as the extended thin films can
result in more complex DW structures. Also, heating and Oersted fields become significant
when increasing the film thickness and the current intensity. Importantly, these pioneering
studies established the first steps for investigating current-induced DW motion.

The second concept of spin-transfer torque was proposed by Slonczewski in 1996 [23] and
predicted that a flow of spin polarized current can exert a torque on the magnetic moments of
thin magnetic layers and consequently switch the magnetization. Shortly later, this prediction
was experimentally confirmed using point contact geometries [24] and nanopillars [25]. These
results have basically shown that in order to observe the spin transfer torque effect, one needs
to avoid the effect of the Oersted field and heating by reducing the size of the sample to
nanoscale. Thus nanostructures such as nanopillar and nanowires became ideal systems for
studying current-induced magnetization switching and DW motion.

Thanks to recent advances in lithographic techniques, magnetic nanostructures with lateral
dimensions as small as a few tens of nanometers can be realized. In such nanostructures, the
magnetic configuration can be properly tuned. For instance it is possible to study the current
induced motion of a single DW inside nanowires, or the magnetization switching in the macro-
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spin limit in pillars. Consequently, the topic of current induced magnetization switching became
very active, both for experiments and theories [26]. This phenomenon offers an alternative way
to conventional field-induced DW motion and new concepts based on DW motion such as the
race-track memory or DW logic devices emerged [27]. These devices could simplify the design,
integration and down-scaling of device architecture altogether with faster data processing and
lower power consumption capabilities.

In the last decade, the number of studies on current induced DWs in magnetic nanowires
has boomed. At first, single permalloy (NiFe) nanowires [28] or NiFe based spin valve structures
[29] have been used to perform such experiments. As NiFe is the softest magnetic material,
the magnetic properties can be well controlled, DW velocities are high (~100 m/s) [30] and
the spin torque was expected to be efficient. Nevertheless, the critical current density for DW
displacement at zero field is high ∼ 1012 A/m2 [26].

More recently, this topic progressively moved toward systems with perpendicular magneti-
zation as CoPt [31], Co/Ni [32] and FePt [33] nanowires. These systems with high anisotropy
increase the thermal stability and exhibit narrow DW that should present higher spin torque
efficiencies (through the large magnetic gradient) and device densities [26].

On the theoretical side, the studies on current induced DW motion also flourished. Basi-
cally, the idea is to extend the Landau-Lifshitz-Gilbert (LLG) equations by adding spin transfer
torque terms, i.e., adiabatic and non adiabatic spin torque terms [34]. However, no consensus
has still emerged on the origin and magnitude of the non adiabatic term. Moreover additional
contributions such as Oersted field [35], Rashba effect [31] or automotive force [36] complicate
the precise understanding of the phenomena.

Although such promising devices based on current induced DW motion motivated a large
effort of research but several important open question need to be addressed. Discrepancies
between theoretical and experimental results which linked to the nature of the current induced
torques, the origin, the amplitude or even the existence of the non adiabatic torque term still
exist. Different measurement methods and analysis has been used, which induce obviously
different conclusions [26]. Additionally, the reduction of current densities for lower power
consumption and increase of DW velocities for fast data processing are also major challenges.

Also, another promising way to manipulate the magnetization reversal in nanostructures
is the use of pure spin currents which are created by either spin accumulation at the inter-
face between ferromagnetic and metallic materials [37] or by the spin Hall effect [38]. The
generation and detection of pure spin currents which are usually based on lateral spin valve
structures [39] are also interesting perspectives in this field.

To conclude, the detection and the manipulation of magnetization reversal in nanostruc-
tures are crucial issues for both fundamental research and practical applications of spintronics
devices. In this context, this PhD thesis will used a novel magnetoresistance effect, i.e., the
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Magnon magnetoresistance (MMR), to detect the magnetization reversal in nanostructures.
We will show that this MR is able to provide information such as the DW position during the
magnetization reversal. We will emphasis the versatility of this technique by doing so for two
typical magnetic systems with planar (NiFe) and perpendicular magnetization (FePt). Having
detected the position of DW in nanowires, we will study the DW depinning mechanism from
different class of pining sites, either by field or current. For any device based on DW, this effect
must be controlled precisely. We will show that similar features are found for both materials
and a microscopic description of the phenomena will be given altogether with the comparison
of field and current effects.

This thesis is organized as follows:

Chapter 1: Domain wall and magnetoresistance in nanostructures This chapter de-
scribes the micromagnetic origin of DW formation and the basic model of DW dynamics in
nanostructures. The magnetotransport measurements which are usually used to detect mag-
netization reversal and characterize the DW motion in nanostructures are also presented.

Chapter 2: Magnetization reversal in FePt based thin films and nanowires Magne-
tization reversal in single layer FePt films and nanowires are presented, emphasizing on the
dimensionality effect and the variation of reversal modes when reducing the wire width.

Chapter 3: Detection of magnetization reversal in FePt nanowires using the Magnon
magnetoresistance This chapter will give a short description of the MMR in FePt thin film.
We then show that MMR can be used to probe magnetization reversal in FePt nanowires and
detect the switching field, the position of DW and its propagation along nanowires.

Chapter 4: Magnon magnetoresistance in NiFe nanowires and nanomagnets We
will show that MMR measurements can be extended to systems with in-plane magnetization,
as NiFe nanowires. We highlight the transition of MR signature from AMR to MMR by tuning
the shape anisotropy and use the MMR to study the magnetization reversal in NiFe nanowires
and nanomagnets.

Chapter 5: Stochasticity of domain wall depinning in ferromagnetic nanowires In
this chapter, we study the stochasticity of DW depinning under applied field and current
in magnetic nanowires having perpendicular (FePt) or in plane (NiFe) magnetization. By
changing the class of DW pinning site, we observe three different behaviors of DW depinning
in both systems and provide the associated microscopic descriptions.
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Chapter 1

Domain wall and magnetoresistance in
nanostructures

In this chapter, we begin with a short description of the domain wall (DW) structures in
magnetic nanowires. We then discuss the theoretical models which have been developed to
describe the phenomenon of the DW motion in nanowires driven by the magnetic field or the
spin polarized current. The concepts for data storage applications based on the phenomenon
of current induced DW motion will be shortly presented.

Finally, we will describe the experimental techniques to probe the position of a DW in
nanowires which is a key point for studying field or current induced DW motion. In particular,
we emphasize on the magneto-transport measurements which we mostly used in our studies,
as they are well adapted to nanoscale structures.

1.1 Magnetic domain wall in nanowires

Magnetic DWs are boundaries between magnetic domain of different magnetic orientations.
DWs play an important role in the magnetization reversal process of magnetic materials and
have been intensively studied for many decades [40].

Basically, the formation of a domain results from the competition between various energy
terms being: exchange, magnetocrystalline, Zeeman and magnetostatic energies. The total
energy of the system is simply the sum of those energy terms:

E = Eex. + EMC. + EZeeman + Emag. (1.1)

As for all physical systems, the magnetic system tends to minimize its free energy. Since
the magnitude of the magnetization vector is fixed, the way to do so is to vary its direction.
The exchange energy (Eex.) is minimized when the orientation of neighboring spins are par-
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1. Domain wall and magnetoresistance in nanostructures

allel to each other. The magnetocrystalline energy (EMC.) is associated to the direction of
the magnetization relative to the some structural axes of the crystal. The Zeeman energy
(EZeeman.) is minimized when the orientation of magnetization and the externally applied field
are parallel. The magnetostatic energy arising from the dipole–dipole interaction is responsible
for the formation of domain structures. Indeed, any uniformly magnetized regions will have
lines of M that terminate on its surfaces. These sources and sinks of lines of magnetization will
give rise to a nonzero divergence at these points. Using the basic relationship B = µ0(H+M),
we can express the divergence of M as:

∇.M = ∇.B
µ0
−∇.H (1.2)

since the Maxwell’s equation shows that ∇.B = 0, it leads to ∇.M = −∇.H

Hence these sources and sinks of magnetization at the sample surfaces will give rise to
a field H that ensures the continuity of lines of B. This field is known as the demagnetizing
field. The energy associated with this stray field H is expressed in the form of two equivalent
integrals:

Emag. = 1
2µ0

ˆ

all space

H2dV = −1
2µ0

ˆ

sample

H.MdV (1.3)

Note that the first expression is always positive, the second thus also must be always
positive. The system will try to minimize this energy term as much as possible, making the
stray field as small as possible. The second expression can be seen as the energy of a dipole
MdV in the field created by the environment. By forming a non-uniform, flux-closed magnetic
state, it is possible to reduce the number of lines of M that terminate on the sample surfaces
and hence reduce the magnetostatic energy [41].

In general, one observes large uniformly magnetized regions separated by the regions where
the magnetization rotates from the direction of one domain to the next. This region of non-
uniform magnetization is called a DW. There are two typical types of DW known as Bloch and
Néel (cf., fig. 1.1). Within a Bloch wall, the magnetization is oriented parallel to the plane of
the wall. Whereas, in a Néel wall, the rotation of magnetization is perpendicular to the plane
of the wall.

12



1.1. Magnetic domain wall in nanowires

Figure 1.1: Schematics of (a) Bloch and (b) Néel DWs. In a Bloch wall, the magnetization
rotates in a plane parallel to the plane of the wall. In a Néel wall, the magnetization rotates
in a plane perpendicular to the wall (Figures are reproduced from [40])

In principle, the competition between the exchange and the magnetic anisotropy is respon-
sible for the size of the DWs. If the exchange energy dominates, the wall tends to be wider, it is
due to the fact that a small angle between adjacent spins results in a smaller exchange energy.
On the contrary, the anisotropy energy causes a narrow DW, inside the wall the direction of
spins is away from the easy axis of magnetization.

Figure 1.2: (a) Schematic presenting a magnetic wire with two domains pointing in opposite
directions (red and blue arrows) and a domain wall (dotted line) separating the two domains.
(b) top view of the spin structure of a transverse DW and (c) a vortex DW (Figures are
reproduced from [26]).

In the case of nanowires with an in plane magnetization, the spin structures of DWs
arising from the competition between the exchange energy and demagnetizating energy are
predicted to be transverse walls or vortex walls (cf., fig. 1.2) which depends on the width
and thickness of the nanowires [42]. In the transverse wall, the spins rotate in the plane
of the structure. Whereas, in vortex wall, the spins curl around the vortex core where the
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1. Domain wall and magnetoresistance in nanostructures

magnetization is pointing out of the plane with a polarity pointing up or down. Also, the
in-plane magnetization can curl clockwise or counter-clockwise around the vortex core leading
to multiple configuration states. The energies of the two wall types vary with the geometry
and material and it can be calculated from the micromagnetic simulations [26].

In film with perpendicularly magnetized materials, the anisotropy axis is perpendicular to
the film plane and the anisotropy K is much larger than the demagnetizing energy K0 =
µ0M

2
S/2 so that the magnetization is oriented perpendicularly to the film plane. The DW

exhibit a Bloch configuration inside the layer and tends to the Néel one close to the surfaces
(closure). The Bloch wall width is proportional to 4 =

√
A
K

where A is exchange constant
and K is anisotropy constant. In these systems, DW width parameters,4 are typically of the
order of a few nanometers. In FePt epitaxial thin films used in our study, the very strong
magnetocrystalline anisotropy induces very narrow Bloch DW (4~1 nm).

1.2 Domain wall motion in magnetic nanostructures

In principle, the operation of DW based devices is based on the displacement of DWs between
at least two positions using either applied field or current pulses. Therefore, it is important to
understand how DWs pin and depin in a magnetic nanostructure. It has been shown that there
are several ways to pin DWs in magnetic nanostructures. For instance, the artificial pinning
centers which can be properly defined using lithographies allows one to pin a DW at precise
position in a nanowire. In nanowires with in-plane magnetization, there are various designs of
artificial pinning sites which are mostly the notches or the constrictions with various widths
and depths [42, 43]. For nanowires with out of plane magnetization, the pinning sites can
be created using the local geometry of nanowires such as constrictions [44, 33], Hall crosses
[45]. It can also be obtained by local change of the layer thickness [46], local decrease of the
anisotropy using ion irradiation [47], pinning due to the edge roughness or lithographic defects
[48]. Importantly, in such high anisotropic systems, the pinning sites due to intrinsic defects of
layers are critical and can also efficiently pin DW [49]. The pinning can be due to a decrease
of energy through the change of the DW length or by a reduction of the magnetocrystalline
energy in the pinning potential landscape.

Once a DW is pinned, it will leave the pinning sites promptly if the strength of DW
driving forces are strong enough to overcome the pinning barrier. Otherwise, they can cross
the barrier by thermal activation, but with random delay leading to stochasticity. These DW
driving forces can be provided by either an applied magnetic field through the Zeeman energy
or by the electrical current through the spin transfer torque. This aspect will be discussed on
the frame-work of the theoretical models which have been developed to describe the field and
current induced DW motion.
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1.2. Domain wall motion in magnetic nanostructures

1.2.1 Field induced domain wall motion

1.2.1.1 Landau-Lifschitz-Gilbert (LLG) equation

Understanding and controlling the field induced motion of DWs in nanowires [43, 50, 51] is
an important preliminary step for studying their current-driven dynamics.

The dynamic of the DW motion under the influence of an applied field can be described
by Landau-Lifschitz-Gilbert (LLG) equation:

∂m

∂t
= −γ−→m ×−−−→Heff. + α−→m × ∂−→m

∂t
(1.4)

where m is the magnetization normalized to the saturation value, Heff is the effective field
which includes the external magnetic field and the contributions of anisotropy, demagnetizing
and exchange fields, γ = gµB/~ is the gyromagnetic ratio where µB is the Bohr magneton, g
the Landé factor, and α the Gilbert damping constant. The first term on the right-hand side
of equation 1.4 is the precessional term which leads to the precession of the magnetization
around the effective field direction. The second term is the damping term leading to the
relaxation of magnetization towards this effective field.

1.2.1.2 Different regime of domain wall motion without pinning in ideal nanowires

Schryer and Walker [52] have studied the dynamic of DW motion deriving the first analytical
solution for the motion of a Bloch wall in a uniaxial bulk materials under the influence of an
applied field. The analytical solution within 1D model have predicted two separated regimes: a
steady motion with a high mobility at low field and the precessional regime with a low mobility
at high fields.

In an ideal nanowire without pinning sites, the motion of a DW has distinct characteristics
depending on the magnitude of the applied field. In the first regime, at low fields, the DW
velocity reach a steady value. In this stationary regime, the velocity increases linearly with
field, according to the relation [43]:

ν(H) = γ4
α
H (1.5)

where ν(H), γ, 4, α, H are velocity of DW motion, gyromagnetic ratio, DW width,
Gibert damping, magnetic field, respectively.
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1. Domain wall and magnetoresistance in nanostructures

Figure 1.3: DW velocity determined by time-resolved MOKE measurements in a single layer
permalloy nanowire as function of the applied field. This curve shows two regimes of the DW
motion which are separated by the Walker breakdown field. (Figures are reproduced from ref.
[53]).

When the field exceeds a certain threshold value, called Walker breakdown field, the average
DW velocity drops sharply. Above this field, the DW moves in a complex manner, and its
velocity oscillates in time. When the field is increased further, the average velocity is again
proportional to the field, although the wall mobility is strongly reduced compared to the low-
field value. The velocity in this second regime depends on the field value according to the
relation:

ν(H) = γ4
α + α−1H (1.6)

There are several experimental results on the dynamic of DW motion in nanowires using
time resolved measurements. The parameter widely used to characterize DW motion is the
wall mobility which is defined as the change of DW velocity with the applied field. For example,
Ono et al., [9] have used GMR measurements to probe the propagation of the DWs in 500 nm
wide NiFe/Cu/NiFe multilayer structures. They found that the DW velocity increases linearly
with field above a threshold value but with relatively low mobilities, ν/H of about 2.6 m/s.Oe.

Atkinson et al., [54] performed a similar study on a single layer Permalloy nanowire us-
ing time-resolved MOKE experiments. The DW motion was probed at very short timescale
(20–500 ns). These authors also found that the DW velocity increased linearly with field as
previously reported in ref. [9]. However, the DW mobility was more than 10 times higher (~38
m/s.Oe). These experiments have been performed in relatively high fields compared to the
Walker breakdown fields.

In 2005, Beach et al., [53] experimentally observed two regimes of the DW motion in
single layer Permalloy nanowires as the predicted by Walker (cf., fig. 1.3). This is the first
observation of the Walker breakdown which was found to be a few Oersteds. They also showed
that in the high-field regime, the velocity also increases linearly with field.
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1.2. Domain wall motion in magnetic nanostructures

1.2.1.3 Different regime of domain wall motion in nanowires: The role of intrinsic
defects

In systems with high magnetocrystalline anisotropy as FePt, Co/Ni or Co/Pt, the role of
layer defects are no longer negligible. Indeed, once the DW is injected, in order to propagate
further, DW has to overcome the local energy barriers (induced by structural disorder of the
layer) which give rise to the threshold field HP , i.e., propagation field at T=0 K. Basically,
at zero temperature, DWs are pinned until the propagation is reached. At finite temperature,
thermal energy can allow DW propagation below the propagation field. This results from the
competition between an elastic energy that acts to straighten the DW and a random structural
disorder which tends to roughen it by local pinning site [51]. In this case, the motion of DW
is characterized by two different regimes: a thermally activated regime below the propagation
field and a viscous regime above the propagation field. This has been theoretically [55] and
experimentally [48, 56, 51] studied in nanostructures with perpendicular magnetization.

It has been observed two different regimes for the DW motion in Pt/Co/Pt nanowires: a
thermally activated regime and a viscous regime (cf., fig. 1.4). In the thermally activated
regime H < HP , the velocity of DW motion can be given by [51]:

ν(T, H) = ν0exp

(
−2MSV (HP −H)

kBT

)
(1.7)

where kB is the Boltzmann constant and T the temperature, H and HP are the applied
and propagation fields, respectively, and V is the activation volume.

In the creep regime for H�HP which reveals the response of DW to small applied field,
the DW velocity is written by:

ν(T, H) = ν0exp

(
−UC(HP/H)1/4

kBT

)
(1.8)

where UC and HP are the scaling constant and the propagation field, respectively.
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1. Domain wall and magnetoresistance in nanostructures

Figure 1.4: (a) DW velocity as a function of field in a Pt/Co/Pt sample. When H > HP ,
the DW propagation is in a viscous regime and the velocity is linear in fields. For H < HP ,
the DW motion is in thermally activated regime. The propagation field is determined by the
intersection between the linear regime and ν = 0. (b, c) Schematic illustration of the pinning
potential V (x, H) experienced by a DW for H�HP and H~HP . The red arrows correspond
to the jump to the next metastable state (Figures are reproduced from ref. [51]).

Basically, the difference between the two thermally activated regimes is that for H�HP ,
two neighbor metastable states are separated by a high energy barrier. While for H ∼ HP ,
the pinning potential is slightly tilted under the action of the magnetic field. Experimentally,
Cayssol et al., [48] found in Pt/Co/Pt nanowires that the wall velocity varies as the inverse
of the wire width, and decreases with wire roughness. Both regimes are characterized by very
small DW velocities (∼1 m/s).

Finally, for high applied fields H > HP , a viscous flow regime is attained in which, the
domain wall velocity varies linearly with the applied field

ν(H) = µ(H −HP ) (1.9)

where µ is the DW mobility. In this regime, the disorder only acts as a friction force that
renormalizes the applied magnetic field [51].
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1.2. Domain wall motion in magnetic nanostructures

1.2.2 Current induced domain wall motion

1.2.2.1 Early model of current induced domain wall motion

The first model of interaction between spin polarized currents and the DW has been proposed
by Berger [21]. The first type of interaction that can occur when a polarized current flows a
magnetic system is called self-induced DW drag or hydromagnetic domain drag [57]. According
to Berger, the current loop arising from nonuniform current distribution around a DW creates
a magnetic field. This thus exerts a net force on the DW in the direction of the drift velocity
of the carriers and it can lead to DW motion.

The second type is the s−d exchange interaction between the conduction electrons and the
localized magnetization. Berger showed that such interaction can influence the DW dynamics
in two different ways. The first contribution which is called s–d exchange drag [21], is a viscous
force on the DW which is proportional to the current. This term arises from the difference
between the spin-dependent reflection coefficients of the conduction electrons at the DW. The
second contribution is an exchange torque related to the transfer of spin angular momentum
from the s conduction electrons to the localized magnetization [58] which is similar to the
model of spin transfer torque in multilayers proposed by Slonczewski [23].

1.2.2.2 Model of current induced domain wall motion

The influence of the current on the DW dynamics can be studied by solving the Landau–Lifshitz–Gilbert
(LLG) equation of motion [34]. Two spin-torque terms which are proportional to the gradient
of the magnetization are added to the LLG equation. In the case of homogeneous magnetic
materials, and assuming that the current is flowing along the x direction, the LLG equation
can be written as :

∂−→m
∂t

= −γ−→m ×−−→Heff + α−→m × ∂−→m
∂t
− u∂

−→m
∂x

+ βu−→m × ∂−→m
∂x

(1.10)

The first two terms on the right-hand side of equation1.10 are describing the magnetization
dynamic under the applied field. The last two terms describe the interaction with the current.
The first current contribution is called adiabatic torque term. In the adiabatic limit which is
valid for a wide DWs, the conduction electrons spin stays parallel to the local magnetization
direction due to the exchange interaction. The magnitude of the adiabatic spin torque, which
can be derived directly from the conservation of spin angular momentum, is given by [59]:

u = gµBJP

2eMS

(1.11)

where J , P, and e are the current density, the spin polarized current, and the electron
charge, respectively. The parameter u is called the spin drift velocity and is actually the

19



1. Domain wall and magnetoresistance in nanostructures

maximum velocity that the DW can reach in the adiabatic limit when the conduction electron
spin moments are fully converted into DW displacement.

Since the result of analytical or micromagnetic simulations based on the description of spin
transfer torque in the adiabatic limit were not reproducing quantitatively the experimental
results [59]. Thiaville et al., [34] introduced a second term in the LLG equation 1.10 which is
called the non-adiabatic spin torque. This term basically occurs in systems with narrow DW
in which the gradient of magnetization is too large for the spin polarized current to follow the
local magnetization direction. Non-adiabatic spin torque is characterized by a dimensionless
constant β. However, both the origin and the magnitude of β is still not clear. Many
mechanisms have been proposed to explain the β term such as momentum transfer [60], spin
mistracking [61] or spin-flip scattering [62]. It is predicted that a large non-adiabatic effect
should appear in narrow DW due to the large magnetization gradients [60]. However, no
consensus has merged on the value of β. For instance, the calculation in ref. [63] showed
that β should be equal to α while other models indicated that this is not the case [64]. The
experimental studies also found very different values of β parameter for both in plane [65, 43]
and perpendicular anisotropy system [45, 33].

This dispersion of β value arises from the theoretical model and experimental method that
are used to estimate β. This could also arise from the additional contributions such as the
Oersted field [35], the Rashba effect [66] or automotive force[36].

1.2.2.3 Effect of Oersted field and Joule heating on current induced domain wall
motion

Apart from the spin transfer torque induced DW motion, the Oersted field created by the
current flow into the sample also affects on the DW depinning process. Experimentally, current
induced DW motion usually require high current densities giving rise to large Oersted fields.
Basically, this field is transverse to the current direction, its influence in single layer nanowires
is often neglected because there is no net field along the nanowire direction. However, for
spin valve structures where the distribution of current lines are usually inhomogeneous and
asymmetric due to the different resistivities of the layers, it results an uncompensated Oersted
field in the direction transverse to the nanowire within each layer. It has been shown that
such effect can play a significant role on the DW motion, in particular for sample with weak
pinning sites or low propagation fields [35, 43]

Additionally, high current densities leads to a significant contribution of Joule heating
effect. This may lead to local temperature increases. It can be up to a few hundred of Kelvins
depending on the wire structure, the material composition and current densities [45]. This is
obviously influencing on the experiments, especially by getting close to the Curie temperature.
For example, the change in the nanowire’s resistance and thermal energy due to Joule heating
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can lead to incorrect values of spin torque efficiency if it is not properly taken into account
[67, 42, 45]

1.2.3 Applications of current induced domain wall motion

Although the mechanism of spin transfer torque phenomenon is still under discussions, the
experimental results clearly demonstrated that spin polarized current can manipulate the mo-
tion of the DWs along nanowires. These results make the spin transfer torque phenomenon
on the road toward applications. Indeed, several concepts for data storage based on such
phenomenon have been recently proposed.

Figure 1.5: Schematics of the device based on current induced DW motion: (a) the race track
memory and (b) DW-RAM.

The most famous concept of DW based memory has been proposed by Parkin et al., it
is called the race track memory [27]. Basically, this device contains a number of DWs in
which each one carries an information bit being shifted synchronously by current pulses along
a nanowire (cf., fig. 1.5a). The race track memory has the advantage to combine the high
density of the hard disk approach with the reliability of solid state memory. Such device is
then operated without mechanically moving parts. A second concept is DW Random Access
Memory (DW-RAM) in which the magnetic bit is written through the propagation of a DW
in a narrow track while the bit is read using a magnetic tunnel junction (cf., fig. 1.5b)
[68]. In principle, this device uses current induced DW motion to switch a bit from P state
(“0”) to AP state (“1”). Despite a more complex three terminal architecture compared with
standard MRAM, a low writing current is obtained even for relatively high current density due
to the small cross-section area of the track. The RAM endurance can be increased since no
writing current is flowing in the junction. Using high perpendicularly magnetized materials will
be promised to reduce the size of device and increase the thermal stability, altogether with
smaller power writing. These two concepts are the DW based counterpart of the MRAM or
Spin-RAM based on pillar shaped vertical structures.
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1.3 Magnetoresistance effects in nanostructures: Domain
wall detection

The recent trends in nanomagnetism are shifting toward magnetic nanostructures, which are
of technological relevance. Nevertheless, detection of the magnetization reversal of such
nanostructures is a challenge since the magnetic moment is very tiny (e.g., order of 10−15-
10−141 emu for Fe particles of 5-20 nm size [69]). Experimentally, such measurements can not
be performed by the conventional magnetometers as vibrating sample magnetometer (VSM)
or superconducting quantum interface device (SQUID) since the magnetic signal is well beyond
the sensitivity limit of the such magnetometers (sensitivity is order of 10−5 emu for VSM or
~10−7 emu for SQUID) [70]. The MR effects based on the interaction between spin polarized
currents and magnetization can provide an easy and fast technique to study magnetization
reversal in nanostructures. These techniques are one of most popular way to investigate the
magnetization reversal in nanostructures [12, 9, 8, 71, 13].

This part will briefly discuss the use of magnetotransport measurements to detect mag-
netization switching and, in particular, to characterize the DW motion in nanostructures.
The anisotropic magnetoresistance (AMR) is used to study in-plane magnetized single layer
while the use of the extraordinary Hall effect (EHE) is favored for systems with out of plane
anisotropy. For multilayer structures, the detection of magnetization reversal can be carried
out using the giant magnetoresistance (GMR) effect. GMR measurements can provide infor-
mation on the DW position along a nanowire while AMR can only probe the presence of the
DW.

1.3.1 Anisotropic magnetoresistance

In a metallic ferromagnet, the variation of resistivity in the presence of external magnetic field
typically exhibits the AMR effect in which the resistance depends on the angle between the
current lines and magnetization directions. AMR effect which arises from spin-orbit coupling
can reach few a percent in some alloys based on 3d metallic Fe, Co, and Ni at room temperature
[11]. In general, the resistance is high when the current lines are parallel to the direction of
magnetization and low when the magnetization is perpendicular to the current. Let us define
θ the angle between the magnetization and the direction of the current, the resistivity can be
expressed by:

ρ = ρ⊥ + (ρ‖ − ρ⊥)cos2θ (1.12)

where ρ⊥and ρ‖ are the resistivities obtained when the magnetization is perpendicular or
parallel to the current direction.

22



1.3. Magnetoresistance effects in nanostructures: Domain wall detection

In in-plane magnetized systems, AMR is thus sensitive to the magnetization components
during the reversal process, AMR has been commonly used to investigate magnetization rever-
sal in nanostructures, especially in nanowires. The angular dependence of the switching field
measurement allows studying magnetization reversal modes in such nanostructures [13, 71, 12].

The presence of a DW within nanowires will induces a change of the total resistance because
the magnetization within the DW deviates from the current direction. A local variation of the
magnetization direction within the DW with some magnetic moments having a component
perpendicular to the current direction results in a lower resistance compare to the saturated
state.

Therefore, AMR measurements have been commonly used to detect the presence of DW
in nanowires [14, 42]. As an example, Thomas et al.,[43], shows the MR measurement 300
nm wide and 4 µm long NiFe nanowire with a triangular notch patterned on one side of the
wire, which acts as a pinning center for the DW (cf., fig. 1.6).

Figure 1.6: Examples of MR curves obtained when the propagation of a DW along a NiFe
nanowire is probed by AMR (Figures are reproduced from ref. [43])

In the saturated state, magnetization is parallel to the current flow, the resistance is at
the highest level. The partially reversed state corresponds to the injection of a DW into the
nanowire that is trapped at the pinning site. This results in a sharp drop of resistance of 0.2 Ω
due to the misalignment of the local magnetization within the DW and the current direction.
By further increasing the applied field, the DW is driven from the pinning site to the outside
of the contacts probes and the resistance reverse back to the saturation value through a sharp
increase of resistance (cf., fig. 1.6).

Although the signal is rather small (∼0.04 % [43]), the AMR can be highly sensitive to
the details of the DW structure [42, 15]. In particularly, AMR can distinguishes the vortex
and transverse wall since they reveal a different component of the magnetization which is
perpendicular to the current direction. However, AMR measurements is not sensitive to the
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position of DW, it only detects the presence or absence of a DW in between the contacts.
Therefore, such measurements can not provide any information about the position and the
displacement of the DW. On the other hand, it has been recently showed that the enhancement
of shape anisotropy in narrow NiFe nanowires leads to the disappearance of AMR effect [72].
AMR measurement is also quite limited to the study of magnetization reversal in narrow
nanowires.

1.3.2 Extraordinary Hall effect

In ferromagnets, the Hall effect consists of two contributions, the ordinary and the EHE [73]
being proportional not only to the external field Hext but also to the magnetization M of the
ferromagnet. The Hall resistivity ρH is thus described as:

ρH = ρ0H + 4πρSM⊥ (1.13)

where ρ0, ρS are ordinary and extraordinary Hall coefficient, respectively. H is the external
applied field andM⊥ is the perpendicular magnetization. The ordinary Hall effect is associated
to the Lorentz force acting on moving charge carriers. The EHE is related to the spin–orbit
scattering in magnetic materials and the effect is much larger than the ordinary Hall effect in
metals. Experimentally, when increasing the applied field Hext, ρH changes rapidly at first due
to the alignment of the magnetization, and then tends to vary in proportion to the applied
field. The constant increment gives the value of ρ0, and the extrapolated value of ρH to
Hext= 0 gives the value of 4πρSM . This analysis shows that EHE measurement can provide
the information of the net magnetization in magnetic materials.

For the material with perpendicular magnetization, EHE has been extensively used as a
powerful technique to detect magnetization switching in nanostructures [17, 74] and also
commonly used to characterize DW motion [18, 45, 32]. Such measurement provide a large
signal which allows the precise detection of DW motion within the Hall cross [75]. As an
example, Ravelosona et al., [18] shows EHE minor loop in fig. 1.7 corresponding to the
reversal of the free layer in spin valve structure by propagation of a single DW through the
200×200 nm2 Hall cross. The variation of the EHE allows detecting the DW motion on a
scale as small as 10 nm, such as the jump indicated in fig. 1.7c.

However, it only points out the position of a DW within a Hall cross. Therefore, EHE
measurement requires the devices to be patterned into a Hall cross geometry which limits the
flexibility of the device structures.
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Figure 1.7: (c) EHE minor loop corresponding to the reversal of the free layer in a 200×200
nm2 Hall cross. A small EHE jump corresponds to DW motion over 10 nm, the EHE values
(1) to (4) refer to the positions indicated in (d) (Figures are reproduced from ref. [18]).

1.3.3 Giant magnetoresistance

GMR was first observed in samples with a large number of repetitions of Fe/Cr bilayers [1], this
consequently leaded to the development of spin valve structures in which two ferromagnetic
layers are separated by a thin metallic non-magnetic spacer [4]. In such structures, one
ferromagnetic layer acts as a free layer in which its magnetization is easily reversed by a small
magnetic field. The other one is a reference layer, i.e., its magnetization remains unchanged
under a small magnetic field due to a larger coercive field [76].

The mechanism of GMR can be basically understood in terms of spin-dependent resistivity
and spin accumulation in magnetic and non-magnetic layers. These origins are closely related
to each other and are at the heart of the mechanism of GMR effect which can be presented
in the simple picture of the two current models (cf., fig. 1.8).
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Figure 1.8: Schematic illustration of electron transport in a multilayer structure for (a) P and
(b) AP configuration of two ferromagnetic layers. The solid lines are schematic illustration of
individual electron trajectories within the two spin channels. Bottom panels show the resistor
network within the two-current series resistor model.

In parallel configuration (P) of the magnetization, one of the two spin channels has a
low resistance while the other has a high resistance (cf., fig. 1.8a). Whereas, in anti-parallel
configuration (AP), both spin channels have high resistance, since both up spin and down
spin electrons are scattered at the interfaces (cf., fig. 1.8b). As a result, the resistance in AP
configuration is larger than that in P configuration. Further details on the GMR effect and
its developments for spintronics application can be found in this review paper [77].

Obviously, the GMR effect reveals that the change in resistance depends on the relative
orientation of magnetization of the two ferromagnetic layers. This means that the variation
of the resistance is proportional to the amount of reversed magnetization in one of the fer-
romagnetic layers. Such measurement provide a powerful technique to detect quantitatively
the magnetization reversal in nanostructures. It has been shown that GMR measurement
can be used to study magnetization reversal in individual nanostructures as nanopillars [8] or
nanowires [9].

During the magnetization reversal of one ferromagnetic layer, the total resistance of the
system is given by some average of the resistances in the P and the AP configuration. In
the case of spin valve based nanowires, the domains are assumed in series with respect to the
current direction then the resistance of this system can be given by [78]:

R = x

L
R↑↑ + L− x

L
R↓↑ (1.14)
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where x is the position of a DW, L is the length of the wire, R↑↑ is the resistance for P
configuration and R↓↑ is the resistance for AP configuration. This equation underlines that a
simple resistance measurement allows detecting the position of a DW. Experimentally, Ono et
al., [79] has showed an example of GMR measurement to measure DW position in a 500 nm
wide NiFe/Cu/NiFe nanowire (cf., fig. 1.9).

Figure 1.9: Resistance as a function of the external magnetic field of 500 nm wide
NiFe/Cu/NiFe wire at room temperature. The magnetic domain structures inferred from
the resistance measurement and the direction of the external field are schematically shown
(Figures are reproduced from ref.[79]).

Fig. 1.9 shows the variation of GMR as a function of the applied field in which four
very sharp leaps are observed. Increase of resistance (state 1) corresponds to the reversal
of the free NiFe layer, a plateau of resistance at state 2 corresponds to the pinning of DW
on the free NiFe layer. The ratio of the resistance changes from state 1 to state 2 allows
measuring DW position where it pinned on the free NiFe layer by using the equation 1.14.
Similarly, the DW position on the reference NiFe layer also can be detected based on the ratio
of resistance changes from state 3 to 4. This result proved that the GMR is directly sensitive
to the position of the DW along the nanowire, emphasizing that such measurement is very
attractive for studying DW motion [78]. So far, spin valve structures have been extensively
used to characterize the DW propagation in nanowires [79, 9, 18, 29, 33, 67]

However, the presence of the additional layers, i.e., the reference and spacer layers in
spin valve structures can give rise to several problems. For example, the shunting of current
through the nonmagnetic spacer layer, which is typically much more conducting than the other
layers in the stack, results in an inhomogeneous current distribution through the wire. This
can also lead to the creation of Oersted fields which might influence the DW dynamics [35].
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Arising vertical spin current or mirroring of the DW in the reference layer can alter the DW
configurations. These can make the interpretation of the results more complicated.

1.4 Conclusions

In this chapter, we have briefly discussed the configuration of DW structures in magnetic
nanowires. The formation of DW structures arise from the interplay between the exchange
energy, anisotropy energy and demagnetizing energy which typically showed that transverse
walls or vortex walls in nanowires with in plane magnetization and mixing Bloch and Néel
configurations in nanowires with perpendicular magnetization.

We then discussed the theoretical models of the DW motion in nanowires driven by the
magnetic field which basically showed the different regimes of DW motion. In the case of
ideal nanowires without pinning which mostly apply for system with in-plane magnetization,
the motion of DW is characterized by two regimes: a steady motion with a high mobility at
low field and the precessional regime with a low mobility at high fields. While in the system
with narrow DWs, because the pinning is induced by intrinsic defects, the motion of DW is
separated by two regimes: a thermally activated regime for fields smaller than the propagation
field and viscous regime for applied field higher than the propagation field.

The influence of the current on the DW dynamics was discussed by introducing two spin-
torque terms (i.e., adiabatic and non-adiabatic spin torque terms) which are proportional to
the gradient of the magnetization in the LLG equation. The adiabatic spin torque term was
well understood in term of the conservation of spin angular momentum in which the electron
spins exert a torque on the magnetization which leads to the motion of DW. However, the
understanding of the microscopic origin and the amplitude of the non-adiabatic torque term
is still under discussions. The measurement of the β value shows very much different value
depending on the measurement methods and the model used to extract the β term. Also, we
shortly presented the concept for new data storage devices based on the current induced DW
motion phenomenon.

We finally presented the typical magnetotransport measurements which can provide a good
spatial and temporal resolution to detect magnetization switching, in particular, to characterize
DW motion in nanowires. This part implied the comparison between the available techniques
for the DW detection by AMR, EHE and GMR with the MMR which have been successfully
developed in our group. This latter type of measurement will be described in detailed in the
following chapters to characterize the motion of a DW for systems with either perpendicular
or in plane magnetization.
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Chapter 2

Magnetization reversal in FePt based
thin films and nanowires

In this chapter, we will present the investigation on the magnetization reversal of high per-
pendicular anisotropy FePt materials with ultrathin DW . We particularly focus on the DW
pinning on the structural defects and the dimensionality effect on the magnetization reversal
modes of FePt nanostructures [80, 81].

Firstly, we will give a description of the growth and magnetization reversal process in a
single FePt thin film and FePt/Pd/FePt spin valve deposited on MgO substrate. Secondly,
we will show the effect of nanostructuration on the intrinsic coercivity and the change of the
magnetization reversal modes when reducing the dimension of the nanowires. These results
emphasis the importance of controlling these reversal modes for next experiment on studying
the DW propagation in such nanowires. On the other hand, in view of applications, these
effects must be controlled precisely, especially to reach technological nodes below 30 nm when
pushing the scalability of DW-based devices towards ultimate sizes.

2.1 FePt based thin films

2.1.1 Growth of a single FePt thin film on MgO substrate

At room temperature, the equilibrium phase of Fe50Pt50 is in L10 phase (cf., fig. 2.1a). The
unit cell is tetragonal and the crystal structure can be described by a stacking of Fe and Pt
atomic planes. There is a quadratic axis along the [001] direction corresponding to an easy
axis of magnetization. The axial ratio c/a of the lattice parameters is slightly less than one,
c/a∼0.96-0.98. In the disordered fcc phase, the Fe and Pt atoms randomly occupy the lattice
sites. In the case of FePt L10 phase, we can define an occupancy nFe/Fe(or nFe/Pt) of Fe
atoms in the sub-lattice of Fe (or Pt). The order parameter for the ordered phase is defined
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as:

S =
[
nFe/Fe − nFe/Pt

]
(2.1)

In the ordered phase, the directional short range order is directly responsible for the
anisotropy, it can be quantified using the probabilities P Fe/Fe

In−plane and P Fe/Fe
out−of−plane corre-

sponding to the probabilities for a Fe atom having a first neighbor Fe in plane or out-of-plane.
In the case of the stoichiometric composition Fe50Pt50, these probabilities vary from P

Fe/Fe
In−plane

=P Fe/Fe
out−of−plane =0.5 for disordered phase to P Fe/Fe

In−plane= 1 and P Fe/Fe
out−of−plane = 0 for perfectly

L10 ordered alloy. Experimentally, the long range order can be measured by X-ray diffraction.
The short range order which is directly responsible for the magnetocrystalline anisotropy of
the L10 alloys is more difficult to measure quantitatively. However, V. Gehanno et al., showed
that this directional short range order parameter can be evaluated by using the polarized X-ray
absorption fine structure (EXAFS) measurement [82]

Figure 2.1: (a) Schematic of crystallography FePt structure chemically order in the L10 phase,
with lattice parameters c = 0.379 nm and a = 0.386 nm. (b) Schematic of FePt films deposited
directly on MgO substrate.

The microstructure and magnetic properties of L10 FePd and FePt thin films deposited
by Molecular Beam Epitaxy (MBE) on MgO substrates has been extensively studied in our
Laboratory: it has been particularly studied in previous PhD thesis [83, 84, 85, 86]. These
works showed that the optimized condition to obtain the high order corresponding to the high
magnetocrystalline anisotropy of FePt thin film can be of two ways:

+ Growth of FePt film at high temperatures (~500oC) on a Pt buffer layer. In this case,
the lattice misfit between FePt and Pt (∼ 1.5%) relaxes through the pileup of a/6 〈112〉 partial
dislocations along [111] planes, leading to the formation of microtwins [87, 83].

+ FePt film can be directly grown on MgO substrate(100). In this case, the strain relax-
ation process due to the lattice misfit between FePt and MgO(∼ 10 %) occurs by the creation
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of a dense lattice of dislocations at the interface between the MgO substrate and the FePt
layer [88, 86] relaxing in a few atomic layers.

To avoid current passing through the large buffer layer, we choose the second type of FePt
layers. We focus here on studying magnetization reversal of 10 nm thick FePt films deposited
directly on single crystal MgO (001) substrate (cf., fig. 2.1b). The detail description of
experiment process is given in the appendix A. These layers possess a very high perpendicular
anisotropy (Ku ∼ 5.106 J/m3), which results on a magnetic configuration composed of
perpendicularly magnetized domains separated by a Bloch-type DW. The disorders and defects
in these layers arise either from local change in the chemical ordering of the L10 phase or from
crystal relaxation due to the misfit between the FePt lattice parameter and that of MgO
substrate.

2.1.2 Magnetization reversal of a single FePt thin film

Following the layer growth, the magnetization reversal process of as-deposited samples were
studied using macroscopic EHE and polar Kerr microscopy measurements. Hysteresis loop of
10 nm thick FePt was studied by EHE at room temperature using the lock-in technique with
an external field applied perpendicularly to the layer. As showed in fig. 2.2a, the hysteresis
loop of the FePt layer exhibits a square loop with full magnetic remanence. The coercivity
of 10 nm thick FePt films are around 0.4 T. The square hysteresis loop indicates that the
magnetization state is unchanged from high fields collinear to the magnetization down to the
value of the negative field corresponding to the magnetization reversal. It emphasize that
there is no change in the magnetization when the applied field is reduced to zero fields. This
allows the observation at any intermediate states of the reversal process at zero field using
magnetic microscopes.

The high coercive field and the fullness of the magnetic remanence in such layers imply
(cf., fig. 2.2a) that the DWs are tightly pinned on defects. Structural studies showed that
the strain relaxation process occurs by the creation of a lattice of dislocations at the interface
between the MgO substrate and the FePt layer [85]. These defects could interact with DWs
through magnetoelastic coupling. It has been showed by numerical simulations [88] that the
anti-phase boundaries can also pin efficiently the DWs in FePt layers.

In the following, the magnetization reversal of the FePt thin films is studied by polar Kerr
microscopy (cf., fig. 2.7b). The magnetic domain structure is imaged in a remnant state
after applying field pulses. The sample is initially saturated in one direction by a strong field
(∼ 1.5 T), we then apply a sequence of field pulses in the opposite direction to create a
partially reversed state of magnetization. Fig. [2.2b presents the typical domain configuration
occurring during magnetization reversal. The Kerr image shows that the reversed domain
(“white” domain) expands by DW propagation. Note that the white domain is connected.
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Figure 2.2: (a) Room temperature hysteresis loop measured in perpendicular field using EHE.
(b) Polar Kerr microscopy image of a 10 nm thick FePt in partially reversed state showing
that the reversed domains grows with dendritic structures. The sample was initially saturated
by a negative field, the domain structure is obtained after applying a field pulse of 0.41 T with
a pulse duration of 7 µs. The reversed domain appears in “white” domain. The size of Kerr
image is 170×130 µm2.

This means that all the white domain could originate from a single nucleation center.
Furthermore, there can be large unreversed areas, which imply that the distance between
nucleation centers is much larger than 100 µm. As seen previously [89], the structure of the
reversed domain leads to fractal configurations.

Based on the model of invasion percolation without trapping (IPWT) [90], Attané et al.,
[89] demonstrated that this fractal geometry of magnetic domain does not depend on the
structure of the lattice (quasi-square lattice of structural defects for FePt/Pt: microtwins or
isotropic defects distribution for FePt/MgO: dislocation or antiphase boundaries), it is part of
a universality class process.

Basically, this model can be simply described as the schematic in fig. 2.3. The formation
of structural defects during epitaxial growth process in FePt sample can be characterized by
a distribution of numbers corresponding to the strength of defects, “N” corresponds to the
nucleation center for the reversed domain.

At large scale, it is considered that the disorder strength is much larger than the exchange
and demagnetizing fields. For a given applied field, only a portion of the sites (those for which
B(t) + hi > 0 where hi is the random static field and Bt is the uniform field that drives the
domain growth [89] can be reversed (“white” part). Consequently, in IPWT problem [90], the
pressure and the resistance to fluid invasion can be replaced, respectively, by the magnetic field
and the local coercivity values hi. Note that the invasion percolation process occurs without
trapping. Indeed, and contrarily to the initially proposed case of two incompressible fluids,
in a magnetic layer a trapped unreversed domain, i.e., an unreversed domain surrounded by

32



2.1. FePt based thin films

a reversed domain can be reversed if the magnetic field increases (cf., fig. 2.3b) [89]. The
reversed domain growth directions are basically selected as the easiest paths for the motion of
the DW, which try to get around the defects possessing the highest pinning strengths (cf., fig.
2.3c,d). Therefore, the generated percolating cluster is similar to those obtained in standard
percolation.

Figure 2.3: Schematic of an invasion percolation without trapping (IPWT) model to explain
the magnetization reversal mechanism in FePt sample. The set of number corresponds to the
strength of local coercitive field, “N” corresponds to the nucleation center. The “white” part is
reversed domain and “grey” part is unreversed domain. One can see that the reversed domain
propagates in the direction of the easiest paths when increasing applied field. For example: (a)
Without reversal at H=0. (b) H=0.3, reverses the parts connected with the nucleus having a
local coercivity lower than 0.4. (c) Reversal for H=0.5. (d) Finally H=0.6 reverses half of the
layer by avalanche.

Further study using simulation, Attané et al., [89] also elucidated that the fractal structures
are qualitatively similar to the experimental results at large scale. At short distance, the effect
of the demagnetizing field is found to be crucial, creating the dendritic pattern, i.e., small
unreversed domain embedded in the reversed domain that is observed in fig. 2.2b. However,
for the large distance, the measurement of the fractal dimension of the reversed domain showed
that properties of the percolating cluster are not influenced by the demagnetizing field.
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2.1.3 FePt based spin valve thin film on MgO substrate

Recently, there has been a dramatic increase in the interest towards application of GMR
and MTJs with perpendicular anisotropy in the field of spintronics, such as a spin transfer
switching [91], magnetic random access memory and ultra high density magnetic information
devices [92]. This interest is due to the fact that the systems with perpendicular anisotropy
are expected to provide high thermal and magnetic stabilities. Therefore, this will allow the
realization of small size devices, highly valuable for spintronic applications [93].

Basically, the effects of GMR require to stabilize a magnetic configuration in which the mag-
netization of two layers are anti-parallel. This anti-parallel configuration can be obtained using
the exchange coupling with an antiferromagnetic layer [94], the exchange coupling between
neighboring magnetic layers through the RKKY interaction [95], or simply using materials with
different coercitive fields. This part will briefly present the properties of spin valve based on
FePt with a Pd spacer. We show that the anti-parallel state is extremely stable by varying the
nucleation fields of the two FePt electrodes layer. This is an important result for next studies
of this thesis concerning the dynamic of DW propagation in spin valve based nanowires.

As shown in ref. [76, 86], by changing the Pt spacer layer to Pd with lower spin orbit
coupling can improve slightly the amplitude of the GMR. Taking into account the advantage
of this study, several spin valve structures FePt/Pd/FePt with different thicknesses of Pd have
been deposited on MgO substrate using MBE. Both FePt layers, 5 nm thick, were grown by
co-deposition of Fe and Pt at 500 oC, the Pd spacer with thickness ranging from 2 to 3 nm
being grown at a lower temperature 330 oC to avoid the diffusion of Fe in the Pd layer.

Figure 2.4: (a) EHE and (b) GMR measurement of spin valve FePt(5 nm)/Pd(2.4 nm)/FePt(5
nm) layer at room temperature.

Following the sample fabrication, we carried out EHE and GMR measurements at room
temperature using the lock-in technique, with an external magnetic field applied perpendicu-
larly to the layer. Fig. 2.4a shows an example of EHE measurement of the structure with 2.4
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nm Pd, the separation of the coercitive fields (i.e., BC ∼ 0.2 T for the soft layer and 0.4 T for
the hard layer) revealing the AP configuration of the two FePt electrodes as evidenced by a
large plateau in the curve. As a result of the AP configuration, the GMR effect is consequently
obtained. GMR measurement of the sample with 2.4 nm Pd is plotted in the fig. 2.4b. The
GMR curve shows a large plateau corresponding to a higher resistance in the AP state. The
resistance increases sharply when the soft layer is reversed. This is followed by a decrease in
resistance when the hard layer is reversed in turn.

Figure 2.5: Major and minor hysteresis loop of FePt(5nm)/Pd(2.4nm)/FePt(5nm) spin valve
for (a) soft layer and (c) hard layer. The direct observation of the magnetization reversal
process using Kerr microscopy measurement for soft layer (b) and hard layer (d). The reversed
domain is white. The size of each MOKE image is 170×130 µm2.

Interestingly, in this study, two different coercivities are obtained for similar thicknesses of
two FePt electrodes. In order to understand the origin of this different coercitive field, we
studied the magnetization reversal process of the two FePt layer using polar Kerr microscopy
(cf., fig. 2.5). Thanks to the high magnetic anisotropy, the magnetization of FePt layer
can be stable when the applied field is reduced to zero fields as shown in the minor loop
of EHE measurements (cf., fig. 2.5 a, c). This specific properties of FePt layer allows the
observation of intermediate states during the reversal process. As proposed in the previous
part, the magnetization reversal of FePt layers occurs by nucleation of reversed domains and
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propagation of DW in which the DW is pinned on defects [89]. Kerr microscopy allows imaging
both FePt layer thanks to the thin overlayer and spacer.

Kerr image in partial reversal state of soft layer in fig. 2.5b shows that the reversed domain
(“white domain”) is connected and expand with a dendritic structure. As it has been observed
previously in single FePt layers, this suggests that the nucleation is extrinsic and rare. Then
it is followed by propagation of the DWs on the whole surface. Whereas, in the case of the
hard layer (cf., fig. 2.5 d), a large number of nucleation sites are observed revealing that
the propagation field is higher than the intrinsic nucleation field. Both FePt layers contain a
number of interfacial and structural defects, i.e., interfacial dislocations, antiphase boundaries,
microtwins and so on that act as pinning sites for DW motion [89]. The value of the coercitive
field in the FePt layers is found in the balance of several factors such as chemical ordering,
anisotropy, and pinning strength.

We suggest that the difference in the coercive fields between the two FePt layers originates
either from the variation in the type and density of the pinning defects in the different layers
or from a lower anisotropy of the bottom electrode.

This lower anisotropy might be due to the high misfit between the FePt and the MgO
substrate (∼ 10 %) and the subsequent difficulty to obtain a high chemical order. Thus, an
AP state of the two electrodes, even for similar thicknesses ratio of the two electrodes can be
obtained.

In order to optimize the spin valves, we study structures with various thicknesses of the
Pd spacer so that a magnetic decoupling could be achieved without depolarizing the electrons
passing through it. In order to improve the GMR, the thickness of the spacer has been reduced
down to almost the thickness limit below which no AP state can be stabilized.

Figure 2.6: (a) GMR measurement of FePt based spin valve layer with different thickness of
Pd spacer and (b) thickness dependence of the amplitude of GMR.

An example of an GMR measurement of spin valve structure with different thickness of Pd
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is shown in fig. 2.6. The highest value of GMR is obtained (~ 0.5%) for the case of 2 nm Pd
spacer and this is decreased down to 0.35 % when increasing the thickness to 3 nm (cf., fig.
2.6b). The sample with highest GMR will be used for nanofabrication process for next studies
concerning the DW propagation in nanowires.

2.2 Magnetization reversal of FePt based nanowires

Recent progress in nanofabrication allows creating structures whose dimensions get smaller
than characteristic lengths of magnetism. Novel properties can thus arise when crossing
spin-dependent transport lengths (e.g., the spin-diffusion length [96]), micromagnetic lengths
(e.g., the exchange length, DW width), or microstructural lengths (e.g., the distance between
defects). In particular, the magnetization reversal, which has to be controlled thoroughly,
is known to be very sensitive to the dimensions and aspect ratio of the nanowires [97, 98].
Moreover the technological implementation of DW based spintronics devices, such as DW-
RAM memories, motivates the control of the magnetic properties at wire widths of 30 nm or
smaller in order to compete with actual technology node.

This part will present the dimensionality effect on magnetization reversal modes of FePt
nanowires. For this purpose, we have studied the magnetization reversal in wire of widths
ranging from 2 µm to 30 nm. We show that the reversal process of FePt nanowires can
be determined by the comparison of the wire dimensions with four characteristic lengths: the
dendrite width, the disorder length, the mean edge roughness and the nucleation distance [81].

We first show that the magnetization reversal modes vary from the growth of a dendritic
structure to the propagation of a single DW when reducing the wire width below than the
dendrite width. Secondly, we show the enhancement of the coercitive field at low sizes which
are mostly attributed to the suppression of the available paths for DW propagation [80].
An invasion percolation model, as well as simulations, is proposed to describe this coercivity
enhancement. Additionally, the mean edge roughness is also found to contribute to the increase
of coercivity in narrow nanowires. Finally, we show that the coercivity increase leads to the
decrease of the nucleation distance which results in a mix of nucleation and DW propagation
during magnetization reversal.

2.2.1 Effect of magnetic dendrite width on the magnetization rever-
sal mode of FePt nanowires

The first characteristic length which affects the magnetization reversal modes of FePt nanowires
is the dendrite width, which can be defined as the mean width of the magnetic domains ap-
pearing during the reversal. In our experiments, we observed the dendritic structure of the
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domains of 10 nm thick FePt/MgO(001) films which are chemically ordered in the L10 phase.
As analyzed in Kerr images above (cf., fig. 2.2b), at large scale, the demagnetizing energy is
much smaller than the disorder strength, the reversed domains are known to lead to fractal
configurations. At low scale, in partially reversed zones, the reversed domain grows in dendritic
structures, i.e., existence of small unreversed domain embedded within the reversed domain.
Basically, the effect of the demagnetizing field is found to be crucial since it is responsible
for the dendritic pattern [89]. Indeed, at the short distance, the demagnetizing energy be-
comes relatively strong in comparison with DW energy. The growth of reversed domain is thus
dominated by the geometry of the pinning centers in the equilibrium conditions.

In the following, we observe the dendritic growth of the reversed domain at low scale using
Magnetic Force Microscopy (MFM). Fig. 2.7a presents the major and minor hysteresis loops
of the FePt layer measured by EHE at room temperature.

Figure 2.7: (a) Major and minor hysteresis loop of a 10 nm thick FePt thin film, measured
by EHE. (c) 5µm × 5µm MFM image observed in a partially reversed magnetic state after
realizing the minor loop. (c) Hysteresis loop corresponding to the demagnetization of the
layer, done in order to obtain a magnetic state as close as possible to the equilibrium magnetic
state. (d) 5 µm × 5 µm MFM image obtained at zero field after the demagnetizing process.
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For an external field applied perpendicularly to the layer, the magnetic hysteresis exhibits a
square loop and a full remanence at any stage of the magnetization reversal. Fig. 2.7c shows
the MFM image obtained in a partially reversed state (M/MS ∼ 0.7) after realizing the minor
loop of fig. 2.7a. The reversed domain (“white domain”) is connected and exhibits a dendritic
structure.

The mean width of these dendrites is about 300 nm. This dendrites width is basically
close to the equilibrium domain width, which is determined by the competition between de-
magnetizing field energy and DW energy. Note that the equilibrium configuration is difficult
to obtain in these strongly remanent layers. A quasi-equilibrium state of magnetization can be
obtained using a demagnetization process in an oscillating field of decreasing amplitude (cf.,
fig. 2.7b) [99].

The domain width estimated using this process and measured by MFM (cf., fig. 2.7d) is
around 260 nm. This value is also close to the width of the domains in an as-deposited sample
(w=200 nm), which corresponds also to a near-equilibrium state.

Note that contrarily to the equilibrium domain width, the dendrite width is also affected by
the disorder. Indeed, in our layers, the strong disorder can distort the DW: previous analysis
of the fractal configurations of magnetic domains in these layers [89] showed that the DW
elasticity is weak in front of the pinning disorder. In material with strong disorder, the com-
petition between DW elasticity, demagnetizing field and disorder can lead to a characteristic
dendrite width slightly larger than the equilibrium DW width, as the disorder prevents DW
propagation. Following the layer growth, nanowires have been prepared by means of e-beam
lithography and ion milling techniques (cf., appendix A), of widths ranging from 2 µm to 30
nm. As seen in fig. 2.8a, a large magnetic area at one end of the wire acts as a DW reservoir
that allows injecting a single DW into the 15 µm long wires. A magnetic coil is used to apply
7 µs long perpendicular field pulses that reverse the magnetization. The MFM observations
are then realized at zero field. At the beginning of the experiment, the magnetic structure is
saturated by a strong perpendicular field. Field pulses are applied to introduce a DW into the
wire.

Fig. 2.8b shows MFM images of partially reversed wires for widths above 500 nm (first
three MFM images in fig. 2.8b). The structure of the reversed magnetic domains appears
to be similar to those of the layer (cf., fig. 2.7c): small non-reversed parts (in dark) remain
embedded inside the reversed domain (in white). The existence of such non-reversed areas
is basically due to the phenomena creating the dendritic structure in the thin films, i.e.,
demagnetizing field effect and selection of the easiest paths by the DW [89, 100].
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Figure 2.8: (a) SEM image of the nanodevice used for MFM observations, with a nucleation
pad connected to wires of various widths, ranging from 2 µm to 150 nm. (b) MFM observations
of various wires showing that the reversal mode changes with the width of the wires: above
500 nm, the wire is not completely reversed, and there remains unreversed domains (dark
parts). For 200 nm wide wires, the complete reversal occurs by propagation of a single DW:
the reversed part is entirely white.

When decreasing the widths of the wires below 500 nm, the magnetization reversal takes
place by the motion of a single DW which reverses the whole wire magnetization. As an
example, fig. 2.8b (last MFM image) shows the propagation of a single DW along a 200
nm wide nanowire. The characteristic length associated to this transition between partial and
full reversal is basically the average width of the dendrites observed during the reversal of
the continuous film. Reducing the width below the dendrite width, we can get a single DW
propagation along the nanowire which is important for future studies of this thesis.
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2.2.2 Enhancement of coercive field in FePt nanowires

This part will show the enhancement of coercive field when reducing the wire width. Basically,
the characteristic length linked to coercivity enhancement is the disorder length, which is the
mean distance between pinning defects. A simple computation has been realized to describe
the DW propagation process which is based on the percolation model. Finally, we show that
the mean edge roughness of the wire also contribute to the coercivity enhancement in such
narrow nanowires.

2.2.2.1 Experimental observation of coercivity enhancement in FePt nanowires

In our experiments, the coercivity is measured using magneto-transport measurements. Nanowires
are here again prepared by E-beam lithography, a second lithography step being used to create
Ti/Au electrical contacts, and Hall crosses are disposed along the wires. Fig. 2.9a shows
an optical microscopy image of FePt nanodevice for magnetotransport measurements. A low
scale SEM image of Hall cross in fig. 2.9b shows that the edge roughness is smaller than 10
% of the width, even for 30 nm wide Hall crosses.

Figure 2.9: (a) Optical microscopy image of 50 nm wide FePt nanowire with a set of Au
contacts for magneto-transport measurement and (b) SEM image of the 30 nm wide Hall
cross. (c) EHE loops measured in perpendicular field of a FePt thin film and of 100, 50 and
30 nm wide FePt Hall crosses. (c) Coercivity dependence with the width of FePt nanowires.
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Perpendicularly magnetized systems give rise to high EHE and the Hall voltage is propor-
tional to the perpendicular component of the local magnetization within the cross. Such EHE
measurement allows detecting precisely the value of the switching field of a single nanodevice.
In this measurement, a small ac current (J = 2.109 A/m2 , f = 1023 Hz ) is injected along
the wire. The voltage drop is measured using the lock-in technique at room temperature. The
EHE measurements for different wire widths in fig. 2.9c show that all hysteresis loops are
squared, and that the coercivity is gradually increased when reducing widths. It is found that
the switching field increases with decreasing width, from 0.4 T to 0.68 T for the continuous
layer to 30 nm wide, respectively.

Coercivity enhancement for low widths have already been reported and discussed in both
systems with planar and perpendicular magnetization [e.g., [101]]. As discussed in details in
ref.[80] for larger wires (w>200 nm), the coercivity increase in L10 FePt nanowires can be
partly attributed to the suppression of the available paths for DW propagation. The defects
of the layer induce a distribution of local pinning fields. The DW somehow follows the easiest
path during its propagation, which means that it gets around the defects with higher pinning
strengths. For small wire widths, the number of available paths for the DW is geometrically
reduced: the DW can not get around the strongest defects. As a result, to reverse narrow
wires the DW has to cross the defects possessing the largest pinning strengths, which leads to
an increase of the coercive field. To give qualitatively account of this phenomenon, the width
of the wire has to be compared to the characteristic length of the disorder, below which the
DW has to cross all defects sequentially.

2.2.2.2 Modeling the enhancement of the coercivity in FePt nanowire

Taking into account similar magnetic behavior between both FePt/Pt and FePt/MgO system
as presented in previous part, we use the invasion percolation model [80] to describe the
coercivity enhancement in FePt/MgO based nanowires. In the case of FePt/Pt system, the
existence of a quasi-square lattice of structural defects, namely microtwins [87], is responsible
for the magnetic coercivity. Based on the percolation model proposed in ref. [102], but applied
in this case to describe the confinement of the DW, we can qualitatively give account of the
observed phenomena. The nanostructures are described as perfect two-dimensional square
lattices, each side of a cell corresponding to one microtwin.

In the case of FePt/Pt sample, the size of the cells which obtained by AFM [87] corresponds
to an average distance between microtwins of ∼70 nm. This is physically the length scale to
which the width of the cross has to be compared. The disorder corresponds to the distribution
of the propagation fields of the microtwins. Previous AFM observations made in [102] provided
the distribution of sizes of microtwins (i.e., the number of dislocations that created each
microtwin), which is spread out. It is difficult to accurately extract the correspondence between
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the size of a microtwin and its pinning field using micromagnetic simulations [88, 102].

However, we can assume that the field distribution, like the microtwin size distribution,
is spread out. It is limited to positive fields, as there can be no depinning at negative fields,
and by a maximal field H (corresponding to the biggest microtwins). Also, in the proposed
model, the median field of the distribution corresponds to percolation and is thus equal to the
coercitive field of the layer [89]. For simplicity, propagation fields are assumed to be uniformly
distributed between 0 and 1. Each microtwin can be represented as a bond between two
adjacent cells. At a given applied field, each link can be blocking or nonblocking, depending
on its associated propagation field, and a nucleation center is set in one branch, far from
the cross. When the applied field increases, blocking bonds become nonblocking, allowing
the reversed domain to spread on the neighboring cells, always choosing the path of least
resistance.

Figure 2.10: Results of computations based on an invasion percolation without trapping model.
The top row shows the reversal process in crosses of different widths, where (a) corresponds to
a continuous layer. Each pixel corresponds to an elementary cell delimited by four microtwins.
The scale of colors indicates the field at which the pixel was reversed: dark blue pixels were
reversed at low fields, and red and purple pixels were reversed at higher fields. Larges zones of
uniform color were reversed by avalanches. The number of avalanches in the cross diminishes
with the cross width, and they mainly occur in the branches. The smaller cross (c) is nearly
completely reversed by a single avalanche. In the bottom row, the corresponding hysteresis
loop for each panel’s top image is shown as it would appear if measured by EHE. When going
toward small dimensions, the reversal is sharper, and the coercitive field increases [80].
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This description is an invasion percolation without trapping problem [90] in a lattice of
bonds, which describe the displacement of one fluid by another fluid in a porous medium. In
the original version of this percolation problem, bonds represent throats between pores and are
of random sizes, whereas in our case bonds correspond to defects of various pinning strength.
In our computations, the reversal occurs from a nucleation center located in one branch of the
cross. The Hall effect sensitivity function [103] is taken into account: the cells’contributions
are summed up to calculate the total Hall voltage. When increasing the applied field from
negative values, the DW is blocked in the branch, progressing by avalanches, until an avalanche
reverse a large part of the cross, inducing a large jump of magnetization in the cross. Then,
the remaining cells are reversed progressively. Results of these simulations are shown in fig.
2.10, which presents the reversal modes of a nonpatterned thin layer and a cross of various
widths, with the corresponding hysteresis loops. For the nonpatterned thin layer, or when the
width of the branches is large (1 µm; i.e., 14 cells), the cross is partially reversed at a field
close to HP = 0.5 (i.e., 50% of defects can be crossed; (cf., Fig. 2.10a, b), which corresponds
to the percolation threshold in a square lattice of bonds. The hysteresis loop thus consists in
a steep reversal followed by a slow saturation, as was observed experimentally. When reducing
the width, the number of available propagation paths is limited. As the path is imposed, the
DW gets blocked by microtwins whose pinning fields are larger than HP , which accounts for
the observed increase of the coercitive field in small crosses. Finally, the biggest defect of the
path of least resistance is crossed, and a huge avalanche reverses the whole cross, as can be
seen in fig. 2.10c. This explains the amplitude of the sudden magnetization reversal at the
coercitive field, which is experimentally bigger for smaller crosses.

To give qualitatively account to this phenomenon, the width of the wire has to be com-
pared to a length characteristic of the disorder, below which the DW has to cross all defects
sequentially. In first approximation, this disorder length is close to the distance between pin-
ning defects. In the lattice models proposed above, this disorder length would be the microtwin
lattice parameter, whereas in a continuous model, where a pinning field is associated to each
point of the layer, the relevant length would be the correlation length of the pinning field. In
any case, this disorder length is difficult to measure precisely, however, structural and mag-
netic observations suggest [88, 80] that it is in these layers of a few tens of nanometers. This
simple picture can simply explain the increase of coercivity of our sample as the wire width is
decreased taking into account that natural pinning center are always present in our wires as
observed in dynamic measurement.

2.2.2.3 Contribution of the mean edge roughness to the coercivity

After the dendrite width and disorder length, the third important length scale which can effect
on the magnetization reversal mode of FePt narrow wires is the mean edge roughness of the

44



2.2. Magnetization reversal of FePt based nanowires

wire, which is below 5 nm in our 30 nm-wide wires. In ref. [80], which concerned wires wider
than 200nm, it was shown that roughness effects could be neglected. However, when the
width of the wire gets close to the edge roughness, the total length of the DW has to change
strongly during its propagation. As the process of extending the DW costs surface energy, the
roughness can contribute to the coercivity. For a given roughness, this increase is supposed
to scale with 1/W , W being the width of the wire. It has been shown [48] that in a simple
2D model, a straight wall moves in direction x of the wire, the roughness being represented
by fluctuations of width W (x) of the wire. The coercivity increase due to the roughness can
be written:

4H = σ

2MSW

(
dW

dx

)
max

where σ = 4
√
AK, A, K, MS are DW areal energy, exchange energy, anisotropy constant

and saturation magnetization, respectively. W is width of nanowire, (dW/dx)max is the
tangent of the maximal angle made by the edges with the longitudinal direction. With σ =
23.10−3 J/m2, MS=1030.103A/m. The limitation dW

dx
< 0.2 can be estimated from SEM

observations of the 100 and 30 nm wide nanowires.
Note that this 2D model assumes that the DW width

√
A
K
(∼1 nm in our samples) is much

smaller than the width of the wire. Based on this model, we can estimate that the additional
coercivity due to the roughness is 0.02 T for 100 nm and 0.07T at 30 nm wide wires. These
values are smaller than the observed coercivity increase, probably because it is mostly due to
the suppression of propagation paths; however the roughness contribution to the coercivity is
no longer negligible as it was for nanowires much wider than the mean edge roughness.

2.2.2.4 Effect of nucleation distance on the magnetization reversal modes in nar-
row FePt nanowires

The last important length scale which can change the magnetization reversal mode in narrow
FePt nanowires is the nucleation distance, i.e., the mean distance between nucleation centers.
Indeed, for very narrow widths, a new behavior of magnetization reversal appears, involving a
mix of DW nucleation and propagation. The reversal is no longer associated to the propagation
of a single DW, as new nucleated domains appear within the wires. This can be seen in MFM
images of 40 and 30 nm wide FePt (cf., fig. 2.11), showing the presence of several reversed
domains along the nanowires.

This phenomenon is due to the decrease of the nucleation distance with the applied field.
Basically, to each point of a magnetic thin film can be associated a nucleation field. The
distribution of these nucleation fields is known to be spread: for example, if small pulsed fields
are applied to a continuous layer, there are usually few nucleation centers. On the contrary,
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2. Magnetization reversal in FePt based thin films and nanowires

if short pulsed fields larger than a few Tesla are applied, any small defect within the layer is
expected to behave as a nucleation center (e.g., [104]). In this case, the nucleation density is
large and thus the nucleation distance is small.

Figure 2.11: MFM observation of the nanowires with the widths smaller than 50 nm. In both
case, one white domains nucleated along the wires.

The dependence of the nucleation distance with the applied field is also relevant in the case
of nanowires. When the wire is large, the wire is reversed by the propagation of a single DW
created in the pad, and the switching field corresponds to the propagation field of the DW.
When the wire gets narrower, the propagation field increases. The probability to find some
new nucleation site within the wire increases, because the characteristic distance between
nucleation centers at higher field becomes smaller than the length of the wire. Then, the
reversal consists of a mix of nucleation and DW propagation, which might prevent the use of
such ultra-small wires for DW based spintronic devices: further decrease of nanowire width
requires more homogeneous samples with few extrinsic nucleation centers.

Conclusions

In this chapter has been shortly presented the growth of FePt thin film on MgO substrate
using MBE. Magnetization reversal of such layer showed that at large scale the structure of
reversed domain leads to fractal configuration which was described by invasion percolation
without trapping model. At the short distance regime, the effect of the demagnetizing field is
found to be crucial, creating the dendritic pattern.
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We also demonstrated that spin valves effect can be obtained using FePt material with
high perpendicular anisotropy, without conventional antiferromagnetic pinning layer. A high
CIP-GMR amplitude has been found at room temperature in the optimized structures, thanks
to the different reversal field of the two FePt layers.

We have studied the magnetization reversal of FePt nanowires with perpendicular mag-
netization, for width down to 30 nm. The results show that in perpendicularly magnetized
systems, the magnetization reversal mode is strongly dependent on the dimensions of the
nanowires. Below the dendritic width, magnetization reversal occurs by propagation of a sin-
gle DW that reverse the whole volume of the wire. Decreasing the width towards the disorder
length and/or the mean edge roughness leads to a large increase of coercivity. This coercivity
increase is associated to a decrease of the nucleation length, which can become prohibitive for
applications if it gets smaller than the wire length. Note that there exist materials in which
the role of structural defects and/or demagnetizing field is weaker (CoNi, CoFeB. . . ). The
DW is then smoother, with a bubble-like growth. By tuning carefully the microstructure of
the layer, a weak dispersion of the pinning fields can be achieved, in order to push the scal-
ability of DW-based devices towards ultimate sizes. This weak dispersion should indeed lead
to longer disorder lengths, which would partly avoids the increase of coercivity at low widths,
and the associated decrease of the nucleation distance. Still, we anticipate that in sub-50 nm
nanowires DW elasticity and edges defects should lead to an increase of propagation fields,
and to the appearance of the mix of propagation and nucleation.
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Chapter 3

Detection of magnetization reversal in
FePt nanowires using Magnon
magnetoresistance

In this chapter, we demonstrate that the detection of magnetization reversal for nanostructures
can be achieved using magnon magnetoresistance (MMR), i.e., the contribution of magnons
to the resistivity [105]. Following a short description on the observation of MMR in FePt
thin film with high perpendicular anisotropy, we will show that MMR can be used to dectect
magnetization reversal in nanostructures, including the detection of DW position and DW
motion along a nanowire. Finally, we show that a contribution of Hall resistance appears in
a four probes longitudinal resistance measurement when a DW is located within two contact
probes.

3.1 Observation of Magnon magnetoresistance in FePt
thin films

Magnon is the quasi-particles associated to spin waves, i.e., small amplitude magnetic exci-
tation, as phonons are for the lattice vibrations. The dispersion relation of magnon has a
quadratic form, with an energy gap proportional to the effective magnetic field felt by the
magnons:

E(k) = Dk2 + gµBBeff (3.1)

where D, µB and g are the material-dependent exchange stiffness constant, the Bohr
magneton and the Landé factor, respectively. When the magnetization and the applied field
are parallel, an increase of the applied field induces a shift of the dispersion curve towards
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higher energies, and consequently a decrease of the magnon population. This phenomenon
can be simply described: when the applied field increases, the spin lattice becomes more rigid,
and the magnon population thus decreases. In 2002, Raquet et al., showed that up to high
fields (∼ 30 T ), the resistivity of 3d metallic layers decreases linearly with the applied field.
They related this effect to the decreasing number of electron-magnon diffusion events [106].
In previous study [107, 86], Mihai et al., pointed that in FePt thin layers, the huge anisotropy
field (∼10 T ) is associated to a large gap in the dispersion relation. At zero applied field,
the dispersion curve is thus shifted by the anisotropy field. When an external field is applied
parallel to the magnetization, this field adds to the anisotropy field, shifting the dispersion curve
towards higher energies and decreasing the resistivity. Due to the high anisotropy and coercivity
of FePt sample, a configuration in which the applied field is anti-parallel to the magnetization
can be stable. In such anti-parallel state, the applied field subtracts to the anisotropy field: the
dispersion curve is shifted towards lower energies, hence increasing the resistivity. Therefore,
at a given field, the resistivity depends on the orientation of the magnetization relatively to the
field: this property is at the heart of the MMR. One part of this thesis focus on studying the
change of resistance during magnetization reversal in nanostructures. We will show that such
MMR measurement can be used as a tool to study quantitatively the magnetization reversal
in nanostructures.

Experimentally, 10 nm thick FePt thin film deposited on MgO substrate using MBE. As
presented in detailed in the chapter 2, this film is chemically ordered within the L10 structure
and the magnetization reversal is dominated by DW propagation rather than DW nucleation.
In the following, EHE and MR measurements have been carried out using an external magnetic
field applied perpendicularly to the layer. Magnetotransport measurement configurations are
schematically shown in fig. 3.1a. The EHE hysteresis loop in the fig. 3.1b reveals a square
loop and perfectly separates two states of magnetization. The corresponding longitudinal
MR measurement is presented in the fig. 3.1c. Obviously, fig. 3.1b and 3.1c show that
above saturated state, the magnetization is stable while the resistance evolves linearly with
the applied field in both magnetically saturated and remanent states. At the coercitive field,
the resistance is abruptly reduced of about 0.2 % in both positive and negative half loops.
Note that this MR curve shows a different behavior from that of AMR effect. Indeed, AMR
shows that above the saturation the resistance is constant with the applied field. Also, in this
measurement configuration, the applied current is always perpendicular to the magnetization
within magnetic domain and there is consequently no AMR contribution.

As demonstrated by Raquet et al., the linear dependence of resistance in the magnetic
saturate state is due to spin-wave damping in high fields, which corresponds to a decrease
of the intrinsic spin disorder [106]. Increasing the applied field leads to the lowering of the
magnon population and thus of the resistivity.
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Figure 3.1: (a) Schematic of EHE and MR measurements configuration of the FePt thin
film deposited on MgO substrate. (b) Room temperature EHE hysteresis loop and (c) MR
measurement in perpendicular field of a 10 nm thick FePt thin film.

Interestingly, in our FePt layers with high perpendicular anisotropy, the linear dependence of
resistance with the field is preserved in the remanent state where the direction of magnetization
and applied field are anti-parallel. Indeed, in the anti-parallel configuration, the anisotropy field
tends to maintain the magnetization direction, while the applied field tends to destabilize it,
increasing the magnon population and the resistivity. At the coercive field, the magnetization
switch from one state to the opposite one. The magnetization and applied field thus switch
from an anti-parallel to a parallel configuration. This results in an abrupt change of the magnon
population and consequently to a drop of resistivity (cf., fig. 3.1b,c).

Previously, Mihai et al., [107, 86] also confirmed the magnon origin of this resistivity by
measuring temperature dependence of this effect. As expected from theoretical model of
electron-magnon scattering [106], the effect decreases and finally disappears when decreasing
the temperature to very low values. Here, we mainly study how the MMR can be used to
detect the magnetization reversal in nanostructures.

The MMR curve reveals two interesting features. Firstly, the sharp decrease of resistance
corresponds to the switching field, and secondly, the slope of ρ(B) provides an information on
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3. Detection of magnetization reversal in FePt nanowires using Magnon magnetoresistance

the magnetization orientation with respect to the applied field.

Figure 3.2: Schematic of MMR measurement in a partial reversed state. V ↑, V ↓ are the
volume occupied by domain up and down. ρ↑, ρ↓ are the resisitivity of these domains.

We will now analyze qualitatively the change of resistance associated with the magnetiza-
tion reversal when the magnetization proceeds by DW motion in systems with strong uniaxial
anisotropy, i.e., with two states of magnetization. As showed in the previous chapter, magne-
tization reversal in FePt layer occurs by nucleation of a few reversed domains, followed by DW
propagation over the whole layer. Due the high anisotropy and hence to the large size of the
involved domains, the contribution of the DW-related resistances can be neglected in a first
approach. Thus, MR in a partially reversed state can be considered as due to two different
contributions, arising from the reversed (i.e., up domain) and unreversed domains (i.e., down
domain). It can be simply described in the schematic of fig. 3.2.

In the following, let us denote α the ρ(B) slope taken in saturated state of magnetization
(α < 0), ρ0 the resisitivity at zero field and B the applied along the direction of the anisotropy
axis. The value of α can be easily obtained from MR measurements above saturation. In the
parallel configuration (of applied field and magnetization), increasing the applied field leads
to a decrease of resistance (the slope α is negative):ρ↑ = ρ0 − αB. On the contrary, for anti-
parallel configuration (remanent state), the slope is positive and ρ↓ = ρ0 + αB. The global
resistivity of the layer can be expressed as the average of up and down resistivities weighted
by the volume fraction of the corresponding domains:

ρ = ρ↑V↑ + ρ↓V ↓
V0

(3.2)

where V 0 is the total volume of the sample (V0 = V↑ + V↓) decomposed in V ↑ and V ↓,
the volume parallel and anti-parallel to the field, respectively.

On the other hand, the normalized magnetization of the layer corresponds to the volume
fraction difference can be expressed as:

M

MS

= V↑ − V↓
V0

(3.3)
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where M is the global magnetization along the anisotropy axis, MS is the saturation
magnetization. The volume covered by up and down domains are thus given by:

V↑ = V0

2

(
1− M

MS

)
(3.4)

V↓ = V0

2

(
1 + M

MS

)
(3.5)

Based on this simple model, we can link the dependence of resistance on the magnetization
by the following formula:

ρ = ρ0 + α
M

MS

B (3.6)

This formula underlines that MMR is proportional to the magnetization. In other words, such
MMR measurement can give quantitatively access to the magnetization. The following section
will show that MMR can be used to detect magnetization reversal in nanowires, in particular,
to detect DW position.

3.2 Detection of magnetization reversal and domain wall
position in FePt nanowires

3.2.1 Detection of magnetization switching in FePt nanowires

Following the layer growth, FePt nanowires have been prepared by means of e-beam lithography
and ion milling techniques. A detailed description of the nanofabrication process is presented
in appendix A. A representative optical microscope image of the device with a set of electrical
contacts is showed in fig. 3.3a.

A large magnetic pad at one end of the wire acts as a DW reservoir that allows injecting
a single DW into the wire from the same side. Fig. 3.3b shows an example of low scale
SEM image of a typical FePt nanowire. Such a device allows simultaneous EHE and MR
measurements.

To perform magneto-transport measurements, a small ac current (J = 2.109A/m2 , f =
1023 Hz) is injected along the wire. The voltage drop is measured using lock-in technique at
room temperature.
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3. Detection of magnetization reversal in FePt nanowires using Magnon magnetoresistance

Figure 3.3: (a) Optical microscopy image of a FePt nanodevice, with a set of electrical leads
designed to carry out magnetotransport measurements. A large magnetic area at one end of the
wire acts as a nucleation pad, allowing injecting a single DW into the wire. (b) Representative
SEM image of a 100 nm wide FePt nanowire, two Hall crosses are disposed along the 3µm
long segment of the wire.

An example of EHE and MR measurements of a 50 nm wide FePt nanowires are showed
in fig. 3.4. For applied fields perpendicular to the layer, the EHE hysteresis loop of Hall cross
exhibits a square loop (cf., fig. 3.4a), with a coercive field of about 0.6 T.

Figure 3.4: (a) EHE hysteresis loop of the 50 nm wide Hall cross and (b) corresponding MR
in perpendicular field and at room temperature.

Fig. 3.4b shows the four-probe MR measurement of the 6 µm long nanowire located
between two Hall crosses. It shows MMR can also be observed in 50 nm wide nanowire. As
previously seen in FePt thin films, a drop of resistivity of 0.2 %, due to the abrupt change of
magnon density, appears in both positive and negative half loops, revealing the magnetization
switching of the nanowire. The obtained values of the switching field using EHE and MMR
measurements are well corresponding.
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As seen above, the MMR signal is proportional to both the magnetization and the applied
field. The amplitude of the MMR effect associated with magnetization reversal is thus null
at zero field, and increases with the applied field. As a result, the magnetization reversal
corresponding to large coercive fields will provide a higher signal. In the FePt case, where
the coercive field is high, the MMR is about 0.2 %, which is easily measurable using lock-in
techniques.

Figure 3.5: (a) MMR measurements in perpendicular field of a FePt thin film and of 100 and
30 nm wide FePt nanowires. (b) Schematic of MMR measurements configuration for different
rotation of the applied field (φ) where the rotation plane belongs to the plane of the anisotropy
field (yz plane) and always orthogonal to the wire axis to avoid AMR. (c) MMR measurement
of 100 nm wide FePt nanowire with different angles.

The MMR measurement allows studying magnetization switching of FePt nanowires with
different widths (cf., fig. 3.5a). The obtained values of the switching field using MMR
measurements for different wire widths are in agreement with EHE measurements as presented
in the last chapter (cf., fig. 2.9): the switching field increases with decreasing width, from
0.4 T for the full layer to 0.68 T for a 30 nm wide wire. Moreover, fig. 3.5b shows the MR
measurement of a 100 nm wide FePt nanowire, for different orientations of the applied field.
The curves show a gradual increase of the switching field from 0.6 T for 0° to 1.1 T for 68°.
Measurements for the larger angles are not available because the switching field is higher than
the field limit of our electromagnet. Note that the slope of MMR decrease when the applied
field rotates from 0 to 68º. It is basically due to the fact that the strong anisotropy in FePt
allows magnetization stay perpendicularly to the layer, then the projection of the applied field
on the magnetization is close to cos(φ), the effective field is decreased of Bext.cos(φ) instead
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of Bext.. So, a larger field is need to get the same effect as in the case of staying parallel
to anisotropy plane. A simple analytic model to describe more precisely these measurements
will be presented in appendix B. In any case, these MR curves show that the MMR effect can
be used to detect the magnetization reversal for various field orientations, as the anisotropy
is strong in comparison to the switching fields. Finally, note that MMR measurement detects
the magnetization reversal of the whole wire, whereas EHE is sensitive to the reversal only
within the Hall cross.

3.2.2 Measurement of domain wall position and motion along FePt
nanowires

As shown in the chapter 2, from 200 down to 50 nm wide FePt nanowires, the magnetization
reversal occurs by propagation of a single DW. This result is important for studying the
detection of DW position and motion in this chapter.

We will now show that the MMR can be used to detect quantitatively the magnetization
reversal of a nanowire, including the detection of DW position and DW propagation along a
FePt nanowire [105]. According to Eq. 3.6, the MMR signal allows measuring the ratio M

MS

which can be related to the position of the DW along the wire.

Figure 3.6: Detection of the DW position along a FePt nanowire. (a) Major and minor MMR
loops. The wire is partially reversed at +0.645 T. The slope of the minor loop corresponds to
M
MS
∼ −0.52, i.e., to the reversal of around 24± 1% of the length of the wire. (b) Schematic

showing the partial reversal of the FePt nanowire after measuring the minor loop, the reversed
domain is illustrated in brown.

To confirm that hypothesis, a major MMR loop has been measured, followed by a minor
loop in which a DW is introduced within the wire (cf., fig. 3.6a).

As seen in the previous experiments [49], the DW gets pinned on a structural defect, which
allows to go back to zero field without inducing DW motion. According to Eq. 3.6, the slope
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of the minor loop
(
∂ρ
∂B

)
during the return to zero field is equal to α M

MS
(α is the MMR slope

in the saturated state). This results in a value of M
MS

∼ −0.52. In this field sweep direction,
the ratio M

MS
switches from -1 to +1, this value thus corresponds to the reversal of 24± 1%

of the length of the wire (cf., schematic illustration in fig. 3.6b)

Figure 3.7: MFM image realized after measuring the minor loop showing that a single DW is
located at around 23 ± 1% of the length of the wire. The reversed domain appears in dark
brown.

To verify this result, we then measured the DW position using MFM. The MFM image in
fig. 3.7 shows that a single DW is located at 1.4 µm distance from the first Hall cross which
corresponds to the reversal of 23 ± 1% of the 6 µm long wire, in very good agreement with
the MMR measurement.

Figure 3.8: (a) Major and minor MMR loops. The slope of the minor loop corresponds to
M
MS
∼ −0.76, i.e., to the reversal of around 12±1% of the length of the wire. (b) MFM image

realized after measuring the minor loop revealing that a single DW is located at 13 ± 1% of
the length of the wire.
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In fig. 3.8, we show another example of the detection of the DW position for a different
device. The slope of the minor loop leads to the value of M

MS
∼ −0.76 , i.e., to the reversal

of 13± 1 % of the length of the wire. It is also in agreement with the observation of the
DW position by MFM (cf., fig. 3.8b): the MFM image indeed shows a single DW located at
0.78 µm from the first Hall cross corresponding to the reversal of 13±1% of the6 µm long
wire. These results clearly proved that the MMR allows measuring precisely the position of
DW along nanowires.

As an example of application, MMR measurement can provide a way to investigate the
dynamics of DW motion along a nanowire. In this measurement, the sample is initially satu-
rated in a strong negative field (-1.2 T). A positive constant field (+0.65 T) is then applied to
create a partial reversal of magnetization, and we simultaneously record the variation of the
resistance as function of time. Fig. 3.9 shows the resistivity of a 50 nm wide FePt wire as a
function of time and under a constant field.

Figure 3.9: Resistivity of the nanowire as a function of time under a constant field

The first sharp decrease of resistance corresponds to the introduction and motion of the
DW into the wire. It then gets pinned on a defect for a while, which correspond to the
observed MMR plateau. The DW is finally depinned due to thermal activation, leading to the
magnetic saturation of the wire. Such measurement allows extracting the pinning time of DW
on the defect. This behavior is exactly similar to what was measured in ref. [33] using GMR,
which emphasizes that MMR measurements provide, although with lower signals, the same
information as TMR and GMR measurements [e.g., [9, 108]]. However, MMR do not need
an additional magnetic reference layer that may change the involved physics (DW dynamics,
spin-transfer torque. . . ) because of stray fields or spin accumulation effects [109, 110, 111].
Also, MMR obviously offers a more accurate description of the reversal than AMR, which only
detect the presence of a DW in the nanowire, and EHE, which only detects the presence of
the DW in the Hall crosses. The detailed study of DW dynamic will be discussed in chapter 5.
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3.3 Hall contribution to the MMR measurement

The field dependence of longitudinal MR is expected to be symmetric with respect to the sign
of the magnetic field while transverse Hall resistivity being asymmetric with respect to applied
field. This part will show that an asymmetric contribution of resistance on the applied field
appears in a longitudinal MR measurement when a DW is located between the voltage probes
of the MR measurement.

3.3.1 Introduction

The asymmetric longitudinal MR behavior has been observed in several systems with per-
pendicular anisotropy as metallic thin films [112, 113, 114] or ferromagnetic semiconductors
[115, 116].

As an example, Cheng et al.,[112] showed that the asymmetric behavior appears in longi-
tudinal MR measurement of Co/Pt thin film when a single DW is located between the voltage
probes. They suggested that the effect was due to the electrical fields generated by EHE which
have opposite polarities on both sides of the DW, which can produce a circulating current loop
at vicinity of the DW and resulting in an additional voltage contribution. According to their
analysis, the resistance arising from the nonuniform current around the DW varies, depending
on the position of DW between the two probes (the maximum resistance is attained when the
DW is located at center of the two probe voltages).

Based on another experiment, Segal et al., [113] claimed that a non-uniform variation
in the Hall voltage along the sample arising from the variation of thickness, Hall coefficient,
and non-uniform magnetization reversal generates an additional asymmetric signal in longitu-
dinal voltage. For the systems with perpendicular anisotropy, this additional signal becomes
significant due to a large change of the Hall voltage at the magnetization reversal.

However, most experiments or the theoretical analysis have been studied on the large thin
film samples or microdevices. In such systems, the distribution of current lines is complicated
which make the precise understanding the phenomenon more difficult.

In this part, we show that in the case of narrow nanowires with perpendicular magnetization,
this asymmetric behaviour which appears in longitudinal MR measurement arise from EHE.
This is due to the different magnetization orientation within two contact probes. It does not
depend on the position of DW within the probes (each voltage probes giving an additional
Hall voltage).
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3.3.2 Asymmetric signal in longitudinal MMR measurement

Fig. 3.10 shows a SEM image of 50 nm wide FePt Hall cross and the corresponding EHE
hysteresis loop of Hall crosses. As expected, the transverse Hall resistance appears with an
asymmetric behavior with respect to the applied field.

Figure 3.10: (a) Representative SEM image and (b) corresponding EHE measurement of 50
nm wide FePt Hall cross.

In the following, we show in fig. 3.11a major and minor MMR loop of 50 nm wide FePt
nanowires between contact 1 and 2 (cf., fig. 3.11b). As analyzed in the previous part, the
slope of the minor loop

(
∂ρ
∂B

)
allows measuring the value of M

MS
∼ −0.84, corresponding to

the reversal 8± 1% the length of the wire.

Figure 3.11: (a) Major and minor MMR loop of a FePt nanowire, the voltage being probe
between contacts 1 and 2. The minor loop corresponds to a partially reversed state at +0.64T
and shows an offset resistance at zero field. (b) MFM image after realizing the minor loop
reveals a single DW located at 7± 1% of the length of the wire.

This value is in agreement with the MFM image in Fig. 3.11b. The MFM image shows
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that a single DW is located at 0.21 µm of the first Hall cross, which corresponds to the reversal
of 7± 1% of the 3 µm long wire.

We will now analyze the existence of an offset of resistance at zero field during the minor
loop. Indeed, according to the eq. 3.6, the MMR signal is proportional to both the mag-
netization and the applied field, it means that the resistance should be always the same at
zero field. However, the minor loop in fig. 3.11a shows that there exists an offset resistance
(∼ −1.9Ω) at zero field. We emphasize that this does not prevent using the MMR to detect
DW position because the DW position only depends on the slope of the minor loop.

To elucidate this behaviour, we measured the minor loop (between contacts 1 and 2) in the
opposite direction of the applied field as displayed in the fig. 3.12a. In this case, the slope of
the minor loop allows measuring the value of M

MS
∼ +0.86 (with this field sweep direction, the

ratio M
MS

switches from +1 to -1), corresponding to the reversal of 7± 1% the length of the
wire. This means that in both cases, the DW position being given by MMR slope is the same.
There also exist an offset resistance (∼ +2.2Ω) at zero field but here it is positive. Moreover,
the polarity of these offset resistances is also reversed (cf., fig. 3.12b) if the longitudinal MR
measurement is performed along the opposite side of the wire (i.e., measurement between
contacts 1 and 2 compare to 3 and 4 (cf., fig. 3.11b)).

Figure 3.12: (a) Major and minor loop of MMR measurement probed between contacts 1
and 2. The minor loops correspond to a partially reversed state in the both signs of applied
field. They show an opposite polarity of the offset resistance. (b) The minor MMR loops are
recorded along opposite side of the wire (red curve is probed between contacts 1 and 2 and
black curve between 3 and 4) also showing an opposite polarity of the offset resistance.

On the contrary to what was previously reported [112, 116], this asymmetric behaviour is
found to be independent on the position of DW between two contact probes. As an example,
fig. 3.13 shows the same effect for another device where a DW is located at 24 % of the length
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of the wire. To understand such behavior in nanowires, we show in the following a simple model
to explain the existence of an asymmetric signal in longitudinal MR measurement.

Figure 3.13: The minor loops of 50 nm wide FePt nanowire in the both signs of applied field
showing an opposite polarity of the offset resistance. In this measurement, the slope of minor
loops correspond to the location of a DW at 24 % of the length of the wire.

3.3.3 Model of Hall contribution to MMR measurement

In our measurement configuration, the current is applied along the nanowires. The interpre-
tation of the measurements can be schematically illustrated in the fig. 3.14. In the saturated
state (cf., fig. 3.14a), the electrical field generated by the EHE is oriented in the same direction
in the whole wire. The longitudinal MR measurement exhibits thus a symmetrical behavior,
as seen from the major MMR loop of fig. 3.11a (black curve). However, the presence of a
DW between the two voltage probes will separates the device into two domains of opposite
magnetization (cf., fig. 3.14b). As a result, the electrical field in one of the contacts points
now in the opposite directions. For example, if one measures the EHE of the Hall cross in
one side of the DW, i.e., with the up domain (+M), the EHE signal will be proportional to
+M . Whereas, if measuring in the cross on the other side of the DW, the EHE signal gives
an opposite result, being proportional to −M . In this case, the longitudinal MR measurement
between two contacts probes having different magnetization orientation will deviate from the
value measured in the saturated state. In one cross, the additional voltage in MR measurement
is thus half of Hall voltage in EHE measurement. The contributions in the two contacts add
up when a DW is present and the voltage probes are on the same side of the wire. Then the
total contribution of the EHE to the longitudinal measurement is equivalent to the voltage
obtained in a single EHE measurement.
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Figure 3.14: Schematics presenting the magnetic state of a perpendicularly magnetized
nanowire and the associated distribution of the transverse electrical field when applying the
current along the nanowire. White arrows present the transverse electrical field. To calculate
the voltage different between the contact, one has to calculate the circulation of −→E (

´ −→
E
−→
dl)

along the dotted line. (a) saturated state. (b) the presence of a DW in the positive field give
a negative Hall contribution and (c) a positive Hall contribution when sweeping in negative
field. In (a) the half Hall resistance in each cross cancel each other.

In figs. 3.15 are plotted major and two minor MMR loops (red and black curve) and the
EHE loop of a full Hall cross (blue curve). In our model (cf., figs. 3.14), the comparison
of the resistance value of a full Hall cross and the additional resistance arising from MMR
measurement have the same magnitude. However, as shown in the fig. 3.15, the offset
resistances at zero fields during the minor loop of the MMR measurement in both sign of the
applied field are not symmetric to zero (+2.2Ω for reversing in the negative side and −1.9Ω
for the positive side) as expected for the solely contribution of the Hall effect.

The additional resistance is due to the contribution from intrinsic DW resistance, which is
mainly attributed to spin mistracking [117, 118]. Indeed, FePt epitaxial films with strong per-
pendicular magnetic anisotropy, results in Bloch type DW. Therefore, the magnetization inside
the DW is always perpendicular to the current, which exclude the AMR contribution arising
from the rotation of magnetization within the DW. In the present case, the DW resistance is
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roughly estimated by comparing the middle point of the 2 minor loops at zero fields with the
full loop. The middle point is presented by a black cycle dot in the fig. 3.15.

Figure 3.15: Comparison of the Hall resistance measured for a single Hall cross. The offset
resistance during the minor loops in MMR measurement shows a DW resistance contribution.
The middle point of the 2 minor loops at H=0 is presented by a black dot and is shifted
compared to the saturated case.

The DW resistance of a single DW is found to be around 0.15 Ω, corresponding to the
resistance area product of 7.5.10−17 Ω.m2 for 50 nm wide and 10 nm thick FePt nanowire. This
value is of the same order of magnitude with the previously reported value of 2.6.10−16 Ω.m2

for 900 nm wide and 18 nm thick FePt wire [119].

In summary, we have shown the existence of Hall and DW resistance in longitudinal MR
measurement when a DW is located between the voltage probes. However, this does not
modify the slope of the MMR measurement, it only contributes to an additional resistance
on the MMR measurement. In fact, this behavior generally happens in the perpendicularly
magnetized systems based nanostructures. Indeed, we also found the same behavior in the
CIP FePt based spin valve structures. In partially reversed state, i.e., a DW is located between
two voltage probes of GMR measurement, it also exits an offset of resistance due to the Hall
resistance. This result underlines that one has to take into account the offset due to the
Hall resistance when measuring the DW position using GMR measurement in system with
perpendicular anisotropy.
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Conclusions

We have demonstrated that MMR measurement can provide a way to probe magnetization
reversal in FePt nanowires. In particular, we showed that it can be used to detect DW position
and to follow the dynamic of DW propagation in a nanowire made of a single layer. Note that
these quantitative measurements of DW position and motion in ferromagnetic nanostripes
have been only achieved using multilayers with GMR or TMR but they require an additional
magnetic reference layer. In comparison to MMR, AMR only indicate whether or not the DW
is present in between the contacts. Similarly, EHE only points out the presence of a DW within
a Hall cross. Therefore, the MMR provide a promising tool to study magnetization reversal in
nanostructures.

Finally, we showed the existence of an asymmetric behavior in longitudinal MR measure-
ment of FePt nanowires when a DW is located between the voltage probes. This is due to an
additional Hall resistance arising from the perpendicularly magnetized contacts. By comparing
with a single Hall cross measurement, this allows deducing the intrinsic DW resistance in FePt
nanowires.

65



3. Detection of magnetization reversal in FePt nanowires using Magnon magnetoresistance

66



Chapter 4

Magnon magnetoresistance in NiFe
nanowires and nanomagnets

In the previous chapter, we showed that MMR allows measuring quantitatively the magnetiza-
tion reversal in nanowires with perpendicular magnetization. In the following works, we prove
that such MMR measurement can be extended to systems with in plane magnetization such
as NiFe nanowires [105]. We indeed show that the replacement of the magneto-crystalline
anisotropy by a shape anisotropy leads to very similar MMR properties. NiFe nanowires con-
stitute model systems in which the magnetization reversal is governed by the shape anisotropy,
and provide the basis of most experiments on field-induced DW dynamics [54] and current-
induced DW motion [26]. They are also used in numerous experiments and are the most
commonly used spin injector in non-magnetic nanowires [120, 121]. Up to now, the MR of
NiFe nanowires has always been interpreted in term of AMR [71, 122]. In this chapter, we will
show that the enhancement of the shape anisotropy in narrow wires leads to the disappear-
ance of the AMR signal, the remaining contribution to the MR being that of the magnons.
Particularly, by using a constriction to pin the DW, we prove that the MMR signal can give
access to the position of a DW along the wire [72]. Finally, we will present the study of the
magnetization switching of a single NiFe nanomagnet using MMR measurement. Also, the
measurement of the angular dependence on the magnetization switching allows studying the
magnetization reversal mode in a single NiFe nanomagnet. Finally, we suggest and studied
ways to enhance MMR signal.
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4.1 Observation of the Magnon magnetoresistance in NiFe
nanowires

NiFe nanowires with widths ranging from 500 to 50 nm have been patterned by means of
e-beam lithography on Si substrate. For that purpose, a 30 nm thick NiFe layer was e-beam
evaporated from an alloy target of nominal composition Ni80Fe20. The composition of the
layer, measured by energy-dispersive X-ray spectroscopy, is Ni84Fe16. The NiFe nanowires
were then obtained using a lift-off process. The detail of the nanofabrication process can be
found in the appendix A. Fig. 4.1 displays the representative SEM image of a 200 nm wide
NiFe nanowire with a set of Au contacts for electrical characterizations. MR measurements
were carried out at room temperature in a four-probe configuration, using standard lock-in
techniques. An ac current (J = 3.1010A/m2, f = 6700 Hz) was then injected along the
wire, and the voltage drop is measured at different positions on the 20 µm long nanowire.

Figure 4.1: (a) SEM micrograph of a 200 nm wide NiFe nanowire, with a set of Au contacts
to perform four-probe resistance measurements. (b) Low scale SEM image of the 200 nm
wide NiFe nanowire.

Fig. 4.2 shows the MR curves of a 50 nm wide NiFe nanowire, for different orientations
of the applied field (the rotation axis belongs to the sample plane, and is perpendicular to the
wire). If the applied field is perpendicular to the wire (θ = 90°) (cf., fig. 4.2a), one observes
the classical AMR curve, the bell shape curve indicates the rotation of magnetization with
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the applied field [122, 71]. The total amplitude of resistance change is 2%, as expected for
NiFe. However, at zero degree, the resistivity decreases linearly with the applied field, whereas
according to AMR theory it should be constant. We attribute this non negligible decrease of the
resistance with the applied field to the electron-magnon diffusion. An alternative explanation
based on AMR can be disregarded as it would require a misalignment of ∼20° to give account
of the observed slope (~ 0.2 % in 1 T).

Figure 4.2: (a) MR curves of a 50 nm wide NiFe nanowire for different angles between the
wire axis and the applied field. (b) MR curves for an applied field parallel to the wire.

Obviously, the MR curves at 0° (cf., fig. 4.2b) have an aspect very similar to the MMR loop
observed in FePt, with a sharp decrease of resistivity associate to the magnetization reversal.
We state that the MR behaviour at 0° is dominated by the MMR.

Figure 4.3: Normalized MR curves of a NiFe nanowire, for fields applied at (a) 90° and (b) 0°
at 77K and 300K.

To corroborate this analysis, we studied temperature dependence on the MR behavior.
Fig. 4.3 shows MR curves of 50nm wide NiFe nanowires at different temperature for 0 and
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90°. Whereas AMR signal increases when temperature is lowered (cf., fig. 4.3a), the MMR is
reduced when the magnon population decreases (cf., fig. 4.3b). This decrease of MMR signal
at low temperature is similar to what has been previously observed in FePt [107].

Also, our interpretation is supported by the size dependence of the phenomenon. Fig. 4.4
shows the MR curves, for fields applied along the NiFe nanowires, and for widths ranging from
500 to 50 nm. It clearly shows that the MR behaviour changes when varying the widths. Note
that for all widths, in the saturated state the resistance of the nanowires evolves linearly with
the applied field. This effect observed at high fields is related to the MMR [106, 107].

Figure 4.4: MR curves recorded on NiFe nanowires of various widths, as indicated on the
curves, for a field applied along the nanowires. The usual decrease of resistance associated
with the magnetization reversal measured by AMR becomes an increase of resistance for the
smallest wires.

Indeed, in 500 nm wide wires, one can observe the classical AMR effect, where a decrease
of resistance is at first observed after the field reversal, followed by a positive jump of resis-
tance revealing the magnetization switching. This behaviour corresponds to the rotation of
magnetization toward the reversed direction of applied field, generating a decrease of resis-
tance. Surprisingly, when reducing the width of the nanowire, this decrease of resistance is
changed into an increase of resistance, which appears as soon as the field direction is reversed.
For widths smaller than 150 nm, the MR curves exhibit, after the field reversal (i.e., when
magnetization and applied field are anti-parallel), the same linear variation observed at high
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field. This evidences that the AMR contribution has disappeared and that the MR is thus
dominated by the MMR. As seen in FePt sample [107, 105], the MMR curves show a drop of
resistance at the switching field, due to the abrupt change of magnon density. The disappear-
ance of the AMR contribution in narrow NiFe wires is due to the enhancement of the shape
anisotropy. As the width gets smaller, the increased importance of the demagnetizing energy
keeps the magnetization along the wire axis. Consequently, the magnetization stays parallel
to the wire. Apart during the reversal, the magnetization direction is always parallel to the
current lines, thus the AMR contribution to the MR loop vanishes. The theoretical analysis
of the MMR curve is the same as those provided for FePt [107] and described in detail in the
previous chapter, except that the uniaxial magnetocrystalline anisotropy of FePt has simply to
be replaced by the shape anisotropy of the NiFe nanowire.

4.2 Detection of magnetization reversal and domain wall
position in NiFe nanowires

4.2.1 Detection of magnetization reversal in NiFe nanowires

The following work show that MMR measurement can be used to study quantitatively mag-
netization reversal in NiFe nanowires. The low field MMR curves on various lengths of a
50 nm wide NiFe nanowire in fig. 4.5a show a sharp decrease of resistivity about ∼0.02 %
corresponding to the magnetization reversal of the nanowire. These MMR signals are quite
small but as seen in fig. 4.5, they are nicely measurable using lock-in technique.

Figure 4.5: (a) MR curves of various lengths of a 50 nm wide NiFe nanowire for applied fields
parallel to the wire. (b) MR curves of a 50 nm wide NiFe nanowire for different angles between
the wire axis and the applied field.

Moreover, these loops also reveal that MMR curves do not vary with the distance between
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contacts, even when using a two probes measurement (curve for the 14 µm long wire) which
exclude any magnetoresistive contribution related to the contacts. Such a simple resistance
measurement using a two probes configuration can be useful to detect the switching fields
of ferromagnetic nanowires, in nanostructures possessing various geometries (e.g., injection
electrodes as in lateral spin valves [120, 121]).

Interestingly, the angular dependence of MMR curves in fig. 4.5b show that such measure-
ment can be performed to detect magnetization reversal for various field orientations. As the
shape anisotropy is strong in comparison with the switching fields, there is no significant AMR
contribution at angles smaller than 20°, and the MMR measurements allow detecting precisely
the switching fields. These curves also underline, here again, the fact that the observed loop
is not due to an AMR contribution, which might come from a misalignment of the applied
field and of the wire.

Remarkably, the MMR curves of NiFe nanowires in fig. 4.5 show that, by applying fields
smaller than the switching fields, it is possible to detect the magnetization orientation without
reversing it: the sign of the ρ(B) slope is negative if the magnetization is parallel to the field,
and positive if it is anti-parallel.

4.2.2 Measurement of domain wall position along a NiFe nanowire

In materials with in-plane magnetization as NiFe nanowires, the AMR may be used to detect
the presence of DWs along a nanowire [14, 123]. However, AMR measurements only indicate
whether or not the DW is present in between the contacts. The presence of DW is associated
to a decrease of resistance since the local magnetization has some transverse components.
Here, we demonstrates that MMR measurements can measure precisely the position of a DW
along the NiFe nanowires [72].

In order to pin a DW between two electrical contacts, we used a constriction as previously
reported (e.g., [123, 14]). Fig. 4.6a shows the SEM observation of a 100 nm wide NiFe
nanowire with a 40 nm constriction. A large NiFe nucleation pad at the end of the wire allows
injecting a single DW into the nanowire.

Fig. 4.6b shows the MR curves of different segments of the NiFe nanowire for an applied
field parallel to the wire. One can observe that MR measurement between contacts 1 and 2,
without constriction, shows clearly a MMR effect which is similar to the case of a straight NiFe
wire. Note that in this case the switching field is considerably smaller (BC ∼ 0.02 T) than
the case of straight wire (BC ∼ 0.05 T) as presented above. It is due to the fact that DW
has already been nucleated in the nucleation pad at the end of the wire: the switching field
is determined by propagation rather than nucleation field. The MR curve recorded between
contacts 3 and 4 where a constriction is located shows a slightly different behavior (cf., fig.
4.6b). Above magnetization saturation, one can observe a linear dependence of the resistance
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on the applied field which is due to MMR.

Figure 4.6: (a) SEM images of a 100 nm wide permalloy nanowire with a 40 nm wide constric-
tion. (b) MR measurements of different segments with the field swept along the wire axis, i.e.,
without constriction between contact 1 and 2 (R12), and with constriction between contacts
3 and 4 (R34) of the 100 nm NiFe nanowire.

The MR curve shows a sharp downwards drop of resistance at the switching field (∼0.02
T), followed by a sharp resistance jump upwards at a field of 0.044 T. By further increasing
the applied field, a linear dependence of the resistance is again observed. The different MR
behavior in this case arises from a pinned DW between contact 3 and 4. In this case, an
additional contribution to the resistance must be considered. It is due to the AMR arising
from the rotation of magnetization within the DW and to the intrinsic DW resistance [42, 124].

Let’s just assume that the AMR contribution of the pinned DW and intrinsic DW does
not vary during the partial reversal (in fact, the pinned DW only contribute to an offset of
resistance, not to the slope of MMR measurement). As shown previously in chapter 3 the
contribution of MMR to the resistivity can be written as:

ρ = α
M

MS

B (4.1)

where M is the total magnetization of the wire along the effective field axis, MS is the
magnetization at saturation, B is the applied magnetic field, and α =

(
∂ρ
∂B

)
sat.

is the slope of
ρ(B) taken in the saturated magnetic state (α < 0)

As in the analysis of the previous chapter, eq. 4.1 implies that the slope of ρ(B) in a given
partially reversed state allows extracting M

MS
and thus the DW position.

To demonstrate that MMR measurements provide the position of a DW along the NiFe
nanowires, we followed the method used in the last chapter for FePt nanowires, based on the
analysis of the slope during a minor loop. Fig. 4.7 show the recorded MR minor loop, in which
a DW is injected into the nanowire and then gets pinned on the constriction. The applied field
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is then swept back to positive values and the ρ(B) slope is measured until the magnetization
reverse on the other side.

Figure 4.7: Extraction of magnetization from the slope of minor loops. (a) Minor MR loops
measured between contacts 3 and 4. The slope of the minor MR loop allows measuring the
value M

MS
∼ 0.16, i.e., to the reversal of around 42±5% of the length of this part of the wire.

(b) Similarly, the minor loop of MR measured between contacts 1 and 4 showing the reversal
of 76±5% the length of the wire.

According to eq. 4.1, the slope of the MR minor loop measured between contacts 3 and 4
(cf., fig. 4.7a) leads to M

MS
∼0.16 (with this field sweep direction, the ratio M

MS
switches from

+1 to -1), i.e., the DW has reversed 42±5% of the length of the wire. This corresponds to
the position of the constriction as observed in the SEM image, corresponding to ~44±2% of
the length of the wire.

Figure 4.8: MFM image realized after the minor loop, showing that a single DW is located on
the constriction. It is in agreement with the MMR measurement.

Furthermore, the slope of the minor loop measured between contacts 1 and 4 (cf., fig.
4.7b) provides the value M

MS
∼ −0.52, i.e., the DW has reversed 76±2% of the length of the
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wire. It also corresponds exactly to the position of the constriction as observed with SEM (at
74± 2% of the wire segment).

In both cases, the pinned DW position given by MMR measurement is in excellent agree-
ment with the position of the constriction. Finally, we examined the DW position using MFM.
Fig. 4.8 shows that a single DW is indeed located on the constriction. We emphasize again
that such a detection of the DW position is not accessible using AMR measurements. Al-
though the MMR amplitude is relatively small, MMR measurements thus provide in simple
systems similar information to those obtained in multilayers using GMR or TMR.

4.3 Detection of magnetization reversal of a single nano-
magnet

Due to tiny magnetic moment of nanostructure, the conventional magnetometers as VSM or
SQUID are limited to study magnetization reversal of individual nanostructure. This empha-
sizes the need of measurement techniques to detect the magnetization reversal of a single
nanostructure. MFM measurement with high spatial resolution have been used to detect
magnetization reversal of a single nanomagnet, but this measurement is limited for time or
field dependent measurement [125]. Also, the micro-superconducting quantum interference
device (µ-SQUID), which has been developed to study the magnetization reversal of a single
nanostructure, possess an excellent spatial and temporal resolution, however, this technique
is limited to very low temperatures [126]. This part will shows that such a detection can be
realized at room temperature using MMR measurement for a single 32 × 30 × 200 nm NiFe
nanomagnet.

200 nm long ellipsoidal NiFe nanomagnets have been prepared using e-beam lithography
and evaporation from a NiFe target on a patterned resist, the deposition being followed by a
lift-off process.

This is basically the same nanofabrication process of NiFe nanowires as presented above.
The NiFe layer is 30 nm thick, and the width of the nanomagnets ranges from 109 to 32 nm.
Fig. 4.9a shows a representative SEM image of the nanodevice with a set of Au contacts.
On each device, there are 3 separated nanomagnets that possess identical geometries and can
be measured independently. Low scale SEM images of NiFe nanomagnets with different sizes
(as indicated on each image) are showed in fig. 4.9b. The alignment of the Au contact on
each nanomagnet has been done precisely, as the overlap with the nanomagnet is around 50
nm. MR measurements were carried out at room temperature using a two-probe measurement
configuration (cf., fig. 4.9a). An ac current (I = 50 µA, f = 6700 Hz) is injected, while
the voltage drop is measured using a lock-in. Note that the Au contacts are made deliberately
larges, to reduce the contribution of the Au pads to the measured voltage drop.
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Figure 4.9: (a) Representative SEM images of 109 nm wide NiFe nanomagnets, with a set
of Au electrical contacts to perform magnetotransport measurements. (b) SEM image of
different size of NiFe nanomagnets. Their widths are indicated in each image.

Fig. 4.10a presents the MR measurements for nanomagnets of different sizes, for an applied
field direction along the anisotropy axis of the nanomagnet. The MR behaviour varies when
reducing the width from 109 to 32 nm. The MR behaviour of 109 nm wide nanomagnet is
dominated by the AMR. The resistance first decreases and is followed by a sudden increase
of resistance corresponding to the magnetization switching. When the width is reduced, the
AMR contribution disappears, as shown in the MR curves of 72 and 32 nm wide. Here again
is observed the transition of MR phenomenon from AMR to MMR. Note that above the
magnetization saturation, the only remaining MR is the MMR, with a linear dependence of
the resistivity with the applied field for all nanomagnets. The value of this slope (0.15 %
at 1 T) is similar to that of a nanowire or layers despite of the two-probe measurement. It
emphasizes that the contribution of magnons to the resistivity does not change from thin layer
to very small nanomagnets. The disappearance of AMR in NiFe nanomagnets can be here
again attributed to the enhancement of the shape anisotropy, as in the case of NiFe nanowires.
A high aspect ratio in small nanomagnets leads to an increase of demagnetizing energy which
tends to confine the magnetization along the easy axis. In our measurement configuration,
the current lines are consequently always parallel to the magnetization direction, which is why
the AMR contribution vanishes completely.
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Figure 4.10: (a) MR curves recorded on NiFe nanomagnets of different widths (indicated on
the curves), for a field applied along the easy axis of the nanomagnet. At small widths, the
usual decrease of resistance associated to the AMR contribution disappears, replaced by an
increase of resistance due to the MMR. (b) MR curves of NiFe nanomagnets calculated on
the basis of OOMMF simulations.

The experimental curves are in good agreement with the behavior predicted by micromag-
netic simulations [127], using the magnetic parameters of NiFe (MS=800.103 A/m, A=13.1012

J/m, and negligible magneto-crystalline anisotropy). The simulated nanomagnets possess el-
lipsoidal geometries (30 nm thick, 200 nm long, and 30 to 100 nm wide). The cell size is
chosen to be 5 × 5 × 5 nm3, which is close to the exchange length of NiFe. The hysteresis
behavior is then computed using discrete field steps. Finally, the MR behavior is extracted
from the simulation data by taking into account both the AMR and the MMR contributions.
It is assumed that each cell of the nanomagnet possess its own contribution to the MR, which
depends on its magnetization direction. The current density is supposed to be homogeneous
in the whole nanomagnet, and oriented along the easy axis. The AMR effect due to spin-orbit
scattering can be written [11]:

ρAMR = ρ⊥ + (ρ‖ − ρ⊥)cos2θ (4.2)

Where ρ⊥and ρ‖ are the resistivities obtained when the magnetization is perpendicular or
parallel to the current direction. θ is the angle between the magnetization and the current
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direction. The values of ρ⊥and ρ‖ are experimentally determined using MR measurement in
parallel and perpendicular direction respect to the easy axis (the typical value ρ‖−ρ⊥

ρ⊥
in our

sample is ∼1.5 %)
As shown above, MMR works in every direction and can be expressed as:

ρMMR = α
M

MS

B (4.3)

The typical value of the slope of ρ(B) is 0.15 % in 1T at room temperature which is experi-
mentally extracted from MR measurements at high fields.

Based on this expression the total resistivity of a cell can be written:

ρtotal = ρ⊥ + (ρ‖ − ρ⊥)cos2θ + α
M

MS

B (4.4)

Fig. 4.10b presents the calculated MR curves of 100 and 30 nm wide NiFe nanomagnets.
The simulations reproduce the transition from AMR at large size to MMR at small sizes. It
emphasizes that the high shape anisotropy in small nanomagnets leads to the disappearance
of the AMR contribution, and that MR measurements in NiFe nanomagnets should take into
account both the contribution of AMR and MMR. The simulations also reproduce, at low
widths, the drop of MMR corresponding to the decrease of the magnon population at the
switching field. Experimentally, MMR measurements allow detecting precisely the switching
field of the NiFe nanomagnets at room temperature. This measurement is not restricted to the
specific case where the applied field and the anisotropy axis are parallel: it is indeed possible
to study the complete angular dependence of the switching field.

Fig. 4.11b shows the MR curves of a 32 nm wide nanomagnet for various angles (the
rotation axis is perpendicular to the sample plane as schematically illustrated in fig.4.11a).
It shows that the MR behaviour strongly depends on the direction of applied field and the
shape anisotropy. One can see in fig. 4.11, at zero degree, and more generally for angles
smaller than 20°, the magnetization is nearly parallel to the current lines, until the applied
field reaches the switching field. In this configuration, the AMR variations are thus weak,
but it is possible to measure the switching field using MMR. For larger angles, the AMR
contribution increases and finally dominates over the MMR contribution. For example, the
MR curve at 45º (cf., fig. 4.11b) exhibits at low fields a positive jump of resistance due to
AMR and revealing the magnetization switching. When the applied field is perpendicular to
the easy axis of the nanomagnet, one observes the classical parabolic behaviour due to AMR
[122], which is induced by the coherent rotation of the magnetization. Whatever the direction
of the applied field, the switching field of the 32 nm NiFe nanomagnets can be detected, using
MMR at small angle and AMR otherwise. Note that for 0 and 90° orientations, there is above
the magnetization saturation a linear dependence of the resistance with the applied field due
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to the MMR.

Figure 4.11: (a) Schematic showing the direction of the applied field respect to the easy axis.
(b) MR curves of a 32 nm wide NiFe nanomagnet for different angles between the applied
field direction and the easy axis of magnetization. (c) Switching field of the 32 nm wide
NiFe nanomagnet as a function of the angle between the applied field direction and the easy
axis of magnetization, extracted from the MR measurements (green cycles), from OOMMF
calculations (red squares). The continuous blue curve corresponds to the Stone-Wohlfarth
model.

The angular dependence of the switching field extracted from MR measurement is presented
in Fig. 4.11c (green cycles). For a comparison, we added the prediction of the Stoner-
Wohlfarth model by drawing the corresponding astroid curve. The differences between the
two curves arise from the fact that here the reversal is probably non-uniform [128, 129],
as the characteristic size of the nanomagnet is significantly larger than the exchange length
(l0 =

√
A

µ0M2
S
≈ 5nm). In our measurement, the size of NiFe nanomagnet is about∼200

nm long, thus its magnetization mode seems to be dominated by non-uniform reversal. The
angular dependence of the switching field has been computed using OOMMF simulations.
The switching is found to be non uniform, and the obtained angular dependence is close to
the experimental one. Note that OOMMF simulations corresponds to T=0 K calculation.
The switching of a single NiFe nano element can be thus measured using magneto-transport
measurements at room temperature. For applied fields nearly parallel to the anisotropy axis,
the reversal has to be detected using the MMR. These results suggest that MMR measurements
can be a tool to study the dynamics of magnetization reversal of a single nanomagnet.
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4.4 Enhancement of MMR signal

As presented above, MMR measurement might become a versatile tool for realizing transport
experiments in magnetic nanostructures, and has to be taken into consideration when inter-
preting MR curves of magnetic materials. Even though its magnitude is small for applications,
it can be easily and precisely measured using standard lock-in techniques.

Figure 4.12: (a) MR curves of a NiFe nanowire, heated by different offset of current densities.
The slope of the curves give the amplitude of the MMR effect, which increases with the
temperature. (b) MR curves of different thin films at room temperature. One can see the
amplitude of the MMR increasing for the sample whose Curie temperature is close to room
temperature.

Also, magnitude of MMR can be enhanced: as seen in fig. 4.12a, that might be simply
done by heating. These experiments were carried out by adding an dc offset current to MR
measurements. For example, at current density Jdc = 1.2.1012 A/m2 , the slope of MMR is
increased by a factor of 2 compared to Jdc = 0 . Moreover, the magnitude of the MMR is
strongly material dependent [106], and materials engineering may provide samples with high
MMR signals.

Indeed, the normalized slope of MMR for different materials in fig. 4.12b show an enhance-
ment of the MMR signal when measuring the sample with Curie temperature closer to the
room temperature. The largest slope is obtained for the Ni70Cu30 sample whose Curie tem-
perature is around 300 K. When the temperature approaches the Curie temperature, the MMR
slope is significantly increased, as the magnon contribution to resistivity increases relatively to
other sources of resistivity (phonons,. . . ).
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Conclusions

We have shown that MMR measurements are not restricted to systems with strong perpendic-
ular anisotropy. In particular, for certain field directions the magnon contribution dominates
the magnetoresistance, clearly overcoming the AMR. Consequently, MMR can be used to study
magnetization reversal in nanowires with in-plane magnetization.

We found that the MR behavior varies strongly when reducing the wire widths. In small
NiFe nanowires (w<150 nm), and for fields nearly parallel to the wire axis, the AMR contribu-
tion disappears and the remaining contribution to the MR then has to be understood in terms
of MMR. This underlines that the explanation of MR measurements in NiFe nanowires should
take into account both the AMR and MMR contributions.

We also proved that MMR can be used as a tool to detect precisely the DW position
in NiFe nanowires. Therefore, it will provide a quantitative way to follow the magnetization
reversal in ultra narrow wires with in-plane anisotropy, including DW position and motion. In
the chapter 5, we will present the results on dynamic of DW pinning in NiFe nanowires using
this new technique.

Moreover, we showed that MMR measurements can be used to detect the magnetization
switching of a single nanomagnet down to 200 nm in length and 32 nm in width (order 107

of atoms). The angular dependence of the switching field can be measured, thus allowing the
study of reversal modes of such nanomagnets.

The MMR signal can be enhanced when getting closer to the Curie temperature. Finally,
we suggest that it could also be used as a tool to probe the magnon population: when the
magnon population increases, the resistivity should vary with the number of electron-magnon
diffusion events.
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Chapter 5

Stochasticity of domain wall depinning
in ferromagnetic nanowires

Precise control of DW pinning and depinning in nanowires is crucial for the operation of new
spintronics devices: race track memory or DW-RAM. However, the existence of the random
behavior of DW depinning is a major challenge for practical applications. The stochastic
behaviors of DW depinning have been experimentally studied in systems with perpendicular
[49, 33, 130] and planar magnetization [123, 131, 132, 133]. This behavior has been also
investigated using simulations [134] or analytical models [135]. It has been shown that two
sources of randomness exist: thermal activation and different configurations of the pinned
DW. In this chapter, we will first discuss on state of the art of field and current induced DW
depinning in nanowires. In the following, we will show our experimental results in which we
focus on the three different behaviors of DW depinning which have been similarly observed in
both FePt and NiFe nanowires using different class of pinning site.

5.1 State of the art of field and current induced domain
wall depinning

5.1.1 Stochasticity of domain wall depinning under applied field

The first origin of the stochastic behavior of DW depinning arises from thermal activation.
The thermally activated regime can be observed at an applied field below the propagation
field where the DW motion is characterized by discrete jumps between metastable states.
Experimentally, time resolved measurements have been mostly used to study the thermally
assisted DW depinning [49, 44, 33, 133, 130, 67]. Due to the broad distribution of switching
fields, the measurement process is usually repeated several hundred times in order to get a
good estimation of the distribution of pinning time. Finally, the probability to depin the DW
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is measured at different applied fields or at different currents which allow studying the nature
of pinning barriers.

Using EHE measurements to detect DW depinning from a single structural defect in FePt
nanowires, Attané et al., [49] have observed the stochastic behavior of DW depinning under
applied field. The results showed that the DW pinning time is random and follows an expo-
nential probability law (cf., fig. 5.1). This demonstrated that the DW motion in the wire is
dominated by a thermally activated process over a single energy barrier.

Figure 5.1: (a) Two independent measurements of the sum of Hall voltages V1+ V2 (the two
Hall crosses are separated by 10 µm) as a function of time under the same constant field and
leading to different propagation times ta and tb. (b) Cumulative distribution functions of the
propagation time at T=300 K and 200 K, resulting from 400 independent measurements. At
300 K, the curve can be fitted by an exponential law (Figures are reproduced from ref.[49]).

For systems with in-plane magnetization as Py nanowires and using transmission electron
imaging of DW motion between two positions in real time, Eltschka et al., [133] showed that
the motion of DWs is assisted by thermal activation and well described by an Arrhenius law.

The second source of stochasticity arise from the different configurations of the pinned DW.
The reason is that several metastable structures of a pinned DW exist, each one corresponding
to different pinning potential. Hayashi et al., [42, 15] showed an interesting example where
a DW is injected and pinned at a notch in 300 nm wide Py nanowires. Combining AMR,
MFM measurements and micromagnetic simulations, they found four different DW states
corresponding to two vortex walls and two transverse walls, each one having different chirality,
either clockwise or anticlockwise (cf., fig. 5.2).
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Figure 5.2: Left panels: MFM images showing the four different DW configurations pinned at
the notch of a Py nanowire. (a-d) Vortex and transverse DWs with different chirality: clockwise
(V C , TC) and anticlockwise (V A, TA). Right panels: Field driven depinning probability vs
applied field showing different depinning fields for different DW types (Figures are reproduced
from ref. [42]).

Interestingly, the results showed that the DWs can have four different internal spin struc-
tures each one corresponding to the different depinning fields (cf., figs. 5.2). In another
experiment, Im et al. [132] observed by magnetic soft X-ray transmission microscopy the
stochasticity of the DW depinning field at the notch of Py wire. They showed that such
stochastic behavior depends on the wire width and the notch depth which induces the gener-
ation of various DW types in the vicinity of the notch. Similarly, Akerman et al., [123] showed
that the microstructure of the pinned DW depends not only on the geometry or the quality of
the patterned notch, but also on the structure of the moving DW approaching the notch.

In some cases, the stochasticity have been observed due to both thermal activation and
configuration multiplicity of DW which induced a more complex mechanism of depinning
[67, 131].

5.1.2 Domain wall depinning under applied current

Experimentally, current-induced DW dynamic can be usually studied based on two kinds of
experiments, current-induced DW propagation and current-induced DW depinning. In the first
one, the DW position in the nanowire is detected before and after the application of currents.
Thus, the critical current and the velocity of DW motion can be estimate. In the second
one, DW depinning is measured as a function of the applied current which allows studying the
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nature of pinning barrier under the influence of currents. A few review papers on the topic of
current induced DW dynamic can be found in the refs. [43, 26] and the references therein.
Here, we will mention on recent experimental results of current induced DW depinning in
nanowires.

A simple technique is to measure the depinning field as a function of the applied currents.
In most experiments, a linear dependence of the depinning field on the applied currents is
found [45, 18]. As an example, Boulle et al. [45] showed the variation of depinning field in
(Pt/Co/Pt) Hall cross at constant sample temperature with different current polarities in which
one current polarity assist the DW depinning whereas the other one hinders the depinning (cf.,
Figs. 5.3).

Figure 5.3: (a) Variation of the depinning field, measured by EHE as a function of the applied
current for a constant cryostat temperature. (b) A linear dependence of depinning field on
the applied current allows extracting the spin torque efficiency of this system (Figures are
reproduced from [26])

From the evolution of the depinning field versus current, they can derive a spin torque
efficiency, ξ = 2.5±0.35×10−14T.m2/A for Tsample = 250 K and ξ = 6±1.5×15−15T.m2/A

for Tsample = 300 K. Furthermore, using simulation based on a 1D model including thermal
activation and nonadiabatic torque as an effective field µ0H = ξI. This allows deducing the
nonadiabatic term β = 1.45 ± 0.25 for Tsample = 250 K and β = 0.35 ± 0.08 for Tsample
= 300 K. For the systems with a complex DW structure as in in-plane magnetized materials,
to improve the description, experimental studies are usually combined with micromagnetic
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simulations that includes applied fields and currents. One can then compare the measured
depinning field as a function of current density with simulations using different values for β
and spin polarization P [136].

The second approach is based on the time-resolved measurements. Assuming that a DW
can be described as a quasiparticle in a 1D potential landscape, Kim et al. [137] showed
theoretically that the mean depinning time due to thermal activation process that follows an
Arrhenius law over a single energy barrier. As the result, the pinning time can be expressed
as:

1
τ

= f0exp

[
−E(I)
kBT

]
(5.1)

where f 0 is the attempt frequency and E(I) is the energy barrier under the application of
current I .

As generally observed in the experiments, the model assume that the action of the current
on the energy barrier is equivalent to an external effective magnetic field Heff = ξI. The
energy barrier change due to current induced spin-torque is thus linear with the applied current:

E(I) = E0 − 2MSVa(H + ξI) (5.2)

where V a, E0, I are the activation volume, the potential barrier in the absence of current,
the applied current, respectively. ξ represents the spin torque efficiency. Experimentally, the
value of ξ can be obtained by comparing the influence of the applied current and the applied
field on DW depinning. As consequence, the model showed that ξ is proportional to the
non-adiabatic spin torque term and is given by:

ξ = βP
h

e

∆x
λ

(5.3)

where β is the nonadiabatic spin torque term, P is current polarization,∆x is the width of
the pinning potential and λ is the DW width. The experimental values of beta are determined
by fitting the slopes of lnτ as a function of current and by assuming that 4x = λ.

Experimentally, time resolved measurements have been used to study DW depinning under
influence of currents in both perpendicular magnetization [44, 33, 67] and planar magnetization
systems [133].

Performing the time resolved experiments of DW depinning based on EHE and GMR
measurements, the refs. [67, 33] showed that the application of a current and an applied
field affects on the stochastic behavior of DW depinning in the same way. The characteristic
depinning time τ was found to vary exponentially with the current which suggested that the
spin torque acts as an effective field (cf., figs. 5.4).
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Figure 5.4: Mean pinning time of DW as a function of the applied current density for different
magnetic field values for (a) CoNi and (b) FePt. The symbols represent experimental data
and the solid lines represent a linear fit on a log scale (Figures are reproduced from ref. [33]).

The variation of the mean pinning time is equivalent under applied fields and currents and
allows one to define the spin torque efficiency in such systems. For instance, Mihai et al., [67]
found the same values of spin torque efficiency ξ = 1.10−13T.m2/A for both FePt single layer
and FePt based spin valve. Furthermore, Burrowes et al. [33] calculated the nonadiabatic
term β = 0.022± 0.002 for CoNi and β = 0.06± 0.03 for FePt which are close to the value
of the Gilbert damping constant, αCoNi = 0.032± 0.006 and αFePt = 0.1. As the DW width
in FePt (~ 1 nm) is much smaller than in Co/Ni (~10 nm), the authors conclude that β seem
to be independent of the DW width. The origin of β could then be due to the magnetic
dissipation processes. In those experiments, the current density was small and heating effect
can be supposed to be negligible.

Another case, using real time Lorentz microscopy to image the hopping of DW between two
metastable states in NiFe nanowires, Eltschka et al. [133] also found that the characteristic
time of DW depinning evolves linearly with the applied current. This result allows deducing
the β = 0.01 for transverse wall andβ = 0.073 for a vortex wall. The larger value for the
vortex wall is attributed to a larger non-adiabatic contribution due to the large gradient of
magnetization at the vicinity of the vortex core.
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Figure 5.5: (a) Two-dimensional map of the energy barrier as a function of applied field and
current which reveals a quadratic behavior. (b) Energy barrier as a function of current at
several applied field values (Figures are reproduced from ref. [130]).

Recently, Kim et al. [130], showed that when the experimental range of the applied
current is wide enough, the current dependence of the energy barrier is found to be the sum of
a linear and a quadratic terms (cf., fig. 5.5). The quadratic contribution of the current mainly
comes from the adiabatic spin torque rather than nonadiabatic spin torque. They underlined
that the analyses based solely on the linear contribution might overestimate the effect of the
nonadiabatic spin torque and thus should be carefully reexamined.

5.2 Studying field and current induced domain wall de-
pinning in FePt and NiFe nanowires

5.2.1 Detection of domain wall depinning using transport measure-
ments

FePt-based spin-valves [FePt(5 nm)/Pd(2 nm)/FePt(5 nm)//MgO] with high perpendicular
anisotropy have been grown by molecular beam epitaxy at high temperature as presented in
the chapter 2. NiFe samples with 30 nm thickness were deposited by e-beam evaporation from
a NiFe alloy target. Nanowires have then been processed in both kinds of layers using e-beam
lithography techniques, with gold electrical contacts.
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The FePt and NiFe nanowires are respectively 200 and 100 nm wide. Each device possesses
a nucleation pad, used to inject a DW through the main wire (cf., fig. 5.6a,c). As shown in
[49, 80, 81], the coercivity of FePt nanowires is usually controlled by structural defects disposed
along the wire. In narrow wires, the DW has to cross all those pinning centers sequentially,
and the coercivity depend on the defect possessing the highest pinning strength.

Figure 5.6: (a) AFM and MFM images of 200 nm wide FePt/Pd/FePt nanowires. The MFM
image shows a single DW pinned on the constriction of the main wire. (b) Variation of the
GMR as a function of time associates to the motion of DW between the two contacts. The two
different pinning times obtained by repeating the measurement process illustrate the stochastic
of DW depinning. (c) SEM image of 100 nm wide NiFe nanowire with a constriction, MFM
image (the inset) show a DW pinned on the constriction. (d) The DW motion is probed by
combining AMR and MMR measurements which also reveals the stochastic nature of the DW
depinning .

At the vicinity of the coercive field, the DW thus gets pinned on this particular defect.
Here, constrictions have also been disposed along the nanowire: the constriction then adds
a pinning force due to DW elasticity to the already existing pinning force due to the defects
present within the constriction. Several types of constrictions have been prepared: long, sharp
and smooth. Indeed, MFM observations reveal that, even though in FePt DW elasticity effects
are usually weak in front of intrinsic coercivity [102, 80, 81], constrictions can be used to pin
reproducibly the DW at a given position (cf., fig. 5.6a). In NiFe, the coercivity is essentially
governed by DW elasticity (i.e., the geometry of the wire), and constrictions are also patterned
in order to pin the DW (cf., fig. 5.6b). The position of the DW along the wire is detected
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using transport techniques: small ac current (J = 2.109A/m2, f = 1023 Hz for FePt and
J = 3.1010A/m2, f = 6700 Hz for NiFe) is injected in the main wire, while the voltage drop
between two contacts is registered with lock-in technique. A field close to the depinning field
of the constriction is applied along the easy magnetization axis, i.e., either perpendicularly to
the layer (FePt) or along the main wire direction (NiFe).

The DW position is then detected using the Giant Magneto-Resistance (GMR) effect for
FePt based spin valve (cf., fig. 5.6b), or a combination of Anisotropic Magneto-Resistance
(AMR) and Magnon Magneto-Resistance (MMR) for NiFe (cf., fig. 5.6d) [105, 72]. In both
case, the observed signals indicate that a DW is injected from the nucleation pad, gets quickly
pinned on the constriction where it stays for a while, before a depinning event occurs, followed
by DW propagation. The applied field is adjusted so that the pinning time is around a few
seconds. As observed in refs. [67, 49, 130, 33], the pinning time is found to be stochastic,
and the measurement has to be repeated several times (usually 400) in order to determine the
probability law associated to the pinning time.

Such probability laws can be represented using the cumulative distribution function of the
pinning time P (t), i.e., the probability to be depinned at time t. Several series of measurements
have been realized using different geometries of the constriction. The data analysis shows
that, for both the FePt and the NiFe systems, three different kinds of probability laws can be
identified. We indeed show that the P(t) curves can follow the regular exponential law. But
also that the derivative of P(t) can be zero at t=0, or that lim

t→infinity
P (t)6= 1 which cannot

be interpreted using a single exponential. We will show in the following that these three
types of behaviors, which can be qualitatively compared correspond to three basic depinning
mechanisms: the DW depinning occurs along either a simple path, serial paths, or alternative
paths.

5.2.2 Simple path

As seen in figs. 5.7b, c, in the case of a simple path, the P(t) curve can be fitted by an
exponential law [49]:

P (t) = 1− exp
[
− t
τ

]
(5.4)

Where τ , the mean pinning time, depends on the attempt frequency f0 and on the energy
barrier height E(H) :

1
τ

= f0exp

[
E(H)
kBT

]
(5.5)

This stochasticity corresponds to the random crossing of a single energy barrier due to
thermal activation. It has been already observed by Eltschka et al. in a system with planar
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magnetization [133].

Figure 5.7: (a) Schematic illustration of DW depinning process following the simple path.
Cumulative probability function P(t) of depinning at different constant magnetic field following
the single exponential law for (b) FePt and (c) NiFe. For FePt, a sharp constriction is used
and a smooth constriction for NiFe.

Such behaviour can also be reproduced by micromagnetic simulations taking into account
thermal activation [135, 134]. In perpendicular systems, this behaviour has been observed in
CoNi and CoPt with constrictions [33, 130]. However, the behaviour have never been observed
in FePt nanowires without constrictions [49, 33, 67]. The appearance of a simple exponential
law when using the constriction of fig. 5.7b is probably due to the fact that the constriction
constrains the DW, reducing the number of available pinned configurations. Therefore, there
remains only one configuration for the pinned state, and the depinning involves a single energy
barrier.

In the range of studied fields, the energy barrier is found to vary linearly, accordingly to
the simple 1D model,

E(H) = E0 − 2HVaMS (5.6)

withMS (FePt) =1.03.106A/m, V a being the magnetic volume reversed by the elementary
depinning process in the activated state (activation volume) and E0 the energy barrier at zero
field.

This expression is linked to τ13 through Eq. 5.5 which is linearly dependent on the applied
field (cf., fig., 5.8). Based on this analysis, we then obtain: Va = 266 nm3,E0 = 1.44 eV and
Va = 2613 nm3,J = 1.7 eV for FePt and NiFe, respectively. The activation volume in NiFe
is found to be one order of magnitude larger than that of FePt which might be due to the
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larger DW width in NiFe.

Figure 5.8: Characteristic pinning time as a function of the applied field for (a) FePt and (b)
NiFe. The symbols represent experimental results and the solid lines illustrate a linear fit on
a log scale .

5.2.3 Serial paths

In fig. 5.9b, c appear a yet unobserved behaviour, with a derivative of P(t) equal to zero at
t=0. We propose that this behaviour is due to a depinning process along serial paths: the
DW has to cross sequentially two energy barriers to get depinned, as schematically illustrated
in fig. 5.9a.

Figure 5.9: (a) Schematic illustration of depinning process following the serial paths. Cumu-
lative probability function P(t) of depinning at different constant magnetic field for (b) FePt
and (c) NiFe. For FePt a long constriction is used and a smooth constriction for NiFe.
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In this figure, state 1 is the first pinned state, state 2 the second pinned state, and state 3
the depinned state. In both states 1 and 2, the DW is in the constriction, but they correspond
to different micromagnetic configurations or position. It is possible to calculate P(t) using the
fact that the depinning process is a Markov homogeneous process: under the influence of the
applied field and of the temperature, the system jump stochastically from one state i to an
other state j with a frequency 1

τij
. Let us note −→Ω (t) the vector whose ith component is the

probability to be in the ith state at time t. For example the DW is always pinned in state

1 at t=0, and thus the initial condition can be written −→Ω (0)=


1
0
0

. The Markov matrix

corresponding to this sequential paths case is:

M =


− 1
τ12

1
τ12

0
0 − 1

τ23
1
τ23

0 0 0

 (5.7)

The evolution of the system is then given by the differential equation which leads to
d
−→Ω (t)
dt

=
−→
Ω (t).M .

P (t) =
−→
Ω (t)


0
0
1

 = [1 0 0] exp [tM ]


0
0
1

 (5.8)

And finally:

P (t) =
τ12

(
1− e−

t
τ12

)
− τ23

(
1− e−

t
τ23

)
τ12 − τ23

(5.9)

In one FePt device, we managed to observe more closely this phenomenon. The pinning on
the constriction is evidenced by a plateau in the GMR signal. Low-noise measurements show
that it is actually divided in two sub-plateaus, corresponding to two different micromagnetic
states of the pinned DW, i.e., to the states 1 and 2 of our analysis (cf., fig. 5.10). A statistical
analysis shows that, in accordance to our model, state 1 always appears before state 2, and
that the pinning times in state 1 and in state 2 both follow exponential laws, whereas the
overall pinning time on the constriction follow the probability law of equation 5.9 (cf., fig.
5.10b) (Further analysis will be given in appendix C)
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Figure 5.10: (a) Variation of GMR as a function of time showing two different steps of
resistance which correspond to two different positions of the pinned DW. In this case, the
variation of the resistance associated to the distance between two positions is approximately
30-100 nm. (b) Cumulative functions P(t) of DW pinned on the two different positions (blue
and red curves). The corresponding processes follow a single exponential law with mean time
τ12 and τ23, respectively. The green curve is for the total pinning process .

5.2.4 Alternative paths

The third depinning behavior appears in Figs. 5.11 and corresponds to alternative path. This
case also involves three states: in states 1 and 2, the DW is pinned on the constriction, but
along different micromagnetic configurations, and in state 3 the DW is depinned.

It has been shown in planar systems that different kind of DW (chirality of the DW
[138, 139, 140], or DW type [141, 123, 131, 132, 142] could lead to different depinning
fields, or to different depinning currents [143, 42, 15].

Here, let us assume that the depinning field of state 1 is lower than that of state 2, and that
the applied field is somehow in-between these depinning fields. If the DW is pinned in state
1, it can get depinned by thermal activation, which leads to the exponential-like behaviour of
P(t). However, when pinned in state 2, it stays forever in state 2, which gives account of the
non-saturation of P(t).

One question remains to be answered in order to fit our data: how can one calculate the
probabilities to be pinned along state 1 or state 2? In refs. [49], it has been proposed that
the whole phenomenon could be treated as a Markov process, as represented in fig. 5.12. In
a sense, this alternative paths is similar to the crossing of two barriers in parallel.
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Figure 5.11: (a) Schematic illustration of depinning process following the alternative paths.
Cumulative probability function P(t) of DW depinning at different constant magnetic field for
(b) FePt and (c) NiFe .

Figure 5.12: Scheme of the possible reversal states involved in the Markov process where DW
begin in state 1 and jump to either state 2 or directly to state 3.

In this case, the DW begins in state 1 and jumps either to state 2, either to state 3.
This model assumes that the DW can change its configuration from 1 to 2 while remaining
pinned, in a way similar to the thermally activated transitions from one wall type to another
(transverse-vortex) in ref. [141] or to the vortex switching process in ref. [144].

In our experiments, the transition rate from state 2 to state 3 being very low, on the time
scale of the experiments, once in state 2 the DW is stuck. The probability to get stuck is thus
given by the difference between τ12 and τ13: If τ13 � τ12 one retrieves an exponential law of
parameter τ13. If τ13 � τ12 then P(t)=0.

In ref. [131], Briones et al. also observed a behavior corresponding to the alternative path,
but found that in some devices the proportion of each type of DW, i.e., the probability to be in
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state 1 or 2, depended only on the injection process, and was therefore field independent. This
is not what is seen in our experiments: for instance, in figs. 5.11b, c, where changes of the
applied field give different probabilities for the DW to get stuck in state 2. In fig. 5.11c, the
reported case for NiFe, τ13 is small with P (t = 0) 6= 0. In both FePt and NiFe, our data can
be fitted using the Markov process of fig. 5.12 [49], were the Markov matrix can be written:

M =


−
(

1
τ12

+ 1
τ13

)
1
τ12

1
τ13

0 − 1
τ23

1
τ23

0 0 0

 (5.10)

Leading to:

P (t) = 1− (1− r)e
−t
(

1
τ12

+ 1
τ23

)
− re−

t
τ23 (5.11)

where r =
1
τ12

1
τ12

+ 1
τ13
− 1
τ23

It is possible to imagine a more complex process with n states. In such case, it is possible to
construct the corresponding n × n Markov matrix, and to solve the differential equation. Any
possible process would combine both serial and alternative paths: the mechanisms observed
here are therefore the elementary building block of any depinning mechanism. As an example,
Fig. 5.13 shows a complex process with 4 states in which the pinning time can be calculated
based on the Markov matrix 5.12.

Figure 5.13: An example of a complex depinning process with 4 states which combines both
serial and alternative paths.

M =


− 1
τ12

1
τ12

0 0
0 −

(
1
τ23

+ 1
τ24

)
1
τ23

1
τ24

0 1
τ32

−
(

1
τ34

+ 1
τ32

)
1
τ34

0 0 0 0

 (5.12)

Note that the proposed analysis can also deal with cases where both τij and τji are finites,
which would lead to DW jumps forward and backward from state i to state j, and thus to
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telegraphic noise as seen in [145, 146, 133]. In this case, τji element should be introduced
into the matrix. Also, for a process constituted of a large number N of sequential path
of equal transition rates τ , the distribution of the total pinning time should resume to a
narrow Gaussian distribution centered around Nτ . When N becomes large enough, there is
consequently a transition from a stochastic to a reproducible behaviour, as seen in [147].

5.2.5 Effect of applied current on domain wall depinning in FePt and
NiFe nanowires

The statistical analysis of pinning times thus provides an insight of the mechanisms involved
during the field-induced DW depinning. It has been shown previously that it provided a way
to measure the spin-torque efficiency [33, 67].

Figure 5.14: Cumulative probability functions P(t) of depinning at constant magnetic field
for various currents. These curves show the bipolar effect of the current on the depinning
probability by spin transfer torque. In both FePt and NiFe systems the current-field equivalence
can be generalized for the three kind of paths, (a, e): simple path, (b, f): serial paths, (c, g):
alternative paths.

In perpendicularly magnetized systems, and for the simple and alternative path, adding a
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DC current was found to be equivalent to change of the applied field. A similar behaviour has
been shown for a simple path in a planar system in ref. [133] (see ref.[148] for a review article
addressing the field-current equivalence problem).

Here, we show in figs. 5.14 that in both systems the current-field equivalence can be
generalized for the three kinds of paths. In our convention, a positive current adds to the
action of applied field and decreases the pinning time whereas a negative current reduces this
action and increases the pinning time. The bipolar effect is found probably because in such
experiment the action of small current densities can be studied.

Extraction of the data obtained for the simple path show that ln(τ13) varies linearly with
both the field and the applied current (cf., fig. 5.15). Note that Kim et al. [130] recently
observed in Co/Pt nanowires an additional quadratic dependence of ln(τ13) with the current,
attributed to the adiabatic spin-transfer torque.

Figure 5.15: Characteristic pinning time as a function of the applied currents for (a) FePt and
(b) NiFe. The symbols represent experimental results and the solid lines illustrate a linear fit
on a log scale.

Here, we did not observe such effect, probably because of the weakness of the current
densities applied to our systems. Whatever, we show that the efficiency of the spin transfer
relatively to the applied field can be measured using the same experimental method in materials
possessing very different coercivities. The obtained values are ξFePt ∼ 4.10−13 T.m2/A in
agreement with previous values measured in FePt [33, 67] and ξNiFe ∼ 1.10−14T.m2/A higher
than that in ref. [149].

5.2.6 Effect of the constrictions on domain wall depinning

In fact, we have performed a large number of measurements for each kind of pinning site
and we now try to conclude which depinning behaviour is associated for both systems. In
the case of FePt nanowires having a Bloch wall, the mechanism is seem to be dependent
on the geometry of the constrictions. As an example, the table 5.1 summaries the effect of
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the type of defect on the depinning process in which each set of data is average of at least
three different devices. This reveals that the DW depinning from a sharp constriction favors a
simple path, that long constriction leads to serial paths and structural defects of straight wire
are responsible for alternative paths. From the statistic analysis based on different models
proposed above, we can estimate the basic parameters for thermal activation process which is
also summed up in the table 5.1 (the data of serial paths are given for state 1). Although the
mechanisms are very different, the activation volume and energy barrier are found to be of the
same order of magnitude. This might suggests that the structural defect in FePt still affect
on DW depinning process, having the same microscopic influence. The constriction acts as a
filter that select one particular defect controlling the propagation as the width for the reversal
modes in chapter 2.

On the other hand, in case of NiFe nanowires, due to different DW configurations, it is
difficult to predict which kind of constriction is responsible for such depinning behaviors. We
observed that the sharp constriction is quite reproducible with alternative paths while smooth
constriction favors sometime either simple or serial path. In fact, the signal provided by the
combination of AMR and MMR measurement of NiFe nanowires is quite small, we did not
observe the displacement of DW between two different state as was observed in FePt based
spin valve sample or the change of DW configuration (for example, from vortex to transverse).
This discrepancy might be due to the much large size of the DW that can be less controlled
by structural defects. Further studies are required for better understanding of such behavior.

Type of defects (FePt) Depinning process E0(eV) V a(nm3) STT efficiency ξ(T.m2/A)
Sharp constriction Simple path 1.3 350 4.5.10−13

Long constriction Serial paths 1.6 230 5.10−13

Structural defect [67] Alternative paths 1.0 100 1.10−13

Table 5.1: Evolution of DW depinning process for different type of defects for FePt nanowires.

Conclusions

In this chapter, we showed that the depinning mechanism is found to depend on the nature
of the defect or of the geometry of the constriction. For wire dimensions where microscopy
techniques become ineffective, and because the importance of intrinsic defects complicates
the use of micromagnetic simulations, it is yet difficult to predict which kind of constriction
should lead to which depinning behaviour. Here, we showed that the statistical study of
DW depinning allows obtaining detailed information about the depinning mechanism. In both
planar and perpendicular systems, the basic elements of any depinning mechanism have been
observed and identified. It consists of the possibility of single, serial or alternative path. Their
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signature on the statistic have been identified. Finally, all depinning mechanisms are found to
react identically to variations of field or to the addition of a DC current.
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General conclusions

This thesis deals with two basic questions related to spintronics: the detection and the manip-
ulation of the magnetization reversal in ferromagnetic nanostructures. The obtained results
and the most significant contributions can be summarized as follows:

Controlling magnetization reversal modes in FePt nanowires: We thoroughly stud-
ied the magnetization reversal of FePt from thin films to ultra-narrow nanowires, having very
high magnetocrystalline anisotropy, using magneto-transport and magnetic imaging techniques
(chapter 2). We showed that the magnetization reversal of such layers is dominated by DW
propagation and DW pinning on structural defects. For FePt nanowires, we found that the
magnetization reversal process is strongly dependent on the wire dimensions with respect to
four different length scales: the dendrite width, the disorder length, the mean edge roughness
and the nucleation length. We indeed showed the transition of the reversal mode from in-
complete reversal to the reversal by propagation of a single DW by decreasing the wire width
below the dendrite width. Further deceasing the wire width towards the disorder length and/or
the mean edge roughness leads to a large increase of coercivity. This coercivity increase is
accompanied to a decrease of the nucleation length, which induces a mix of DW propagation
and nucleation when it becomes smaller than the wire length.

Detection of magnetization reversal in nanostructures using magnon magnetore-
sistance: Following the observation of MMR in FePt thin films in our group in 2008, this
thesis demonstrated that MMR measurement can be used to detect the magnetization reversal
in nanostructures with either perpendicular (FePt) or planar magnetization (NiFe) (chapter 3
and 4). We showed that MMR can be used in nanowires and nanomagnets, in particularly,
to detect DW position and to follow the dynamic of DW propagation along the nanowires
processed in a single material.

Additionally, the expanding application of MMR measurement to NiFe nanowires will pro-
vide further understanding of the MR signature in ultra-narrow nanowires with in-plane mag-
netization in which the effect of AMR tends to disappear.
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Dynamic of domain wall depinning in nanowires: We observed three different fea-
tures of DW depinning under field and current actions in both FePt and NiFe systems which
depend on the nature of defects or the geometry of the constriction. Statistical analysis us-
ing the cumulative distribution function of the pinning time P(t) showed that such depinning
process can be described as simple path, serial paths or alternative paths.

Although, the results were statistically analyzed based on a large number of experiments,
it is difficult to give a final conclusion on which kind of constriction is responsible for such
depinning behaviors for both systems. Nevertheless, these statistical analysis of DW depinning
using simple magneto-transports measurements provide an unique insight of the depinning
process in narrow nanowires which might be impossible using the imaging techniques. Finally,
the effect of DC current on all depinning mechanisms is found to be equivalent to the effect
of applied field which allow one to extract the spin torque efficiency in these systems.

During this PhD thesis in experimental physics, I had the chance to learn different aspect
in the nanofabrication, magneto-transport, characterization and modeling in the field of nano-
magnetism and spintronics. I developed the fabrication process, from thin films deposition
using e-beam evaporation and MBE, to the nanofabrication process using optical and e-beam
lithographies, ion milling, lift-off.... Finally, I realized all the sample characterizations (SEM,
AFM, MFM, Kerr...) and the transport measurements.

Perspectives

Although materials with perpendicular magnetization are very promising for spintronics ap-
plications, the appearance of the mix of propagation and nucleation due to the decrease of
the nucleation length in narrow nanowires with strong disorder as FePt material can be an
obstacle for application when pushing the scalability of the DW based devices towards ultimate
sizes. The question is that which systems can be used to solve this problem? We suggest
that systems with weaker disorders can be good candidates, for example CoNi, CoPt, CoFeB...
These systems can partly avoid the increase of coercivity when reducing the width to narrow
nanowires. However, in very narrow wires, DW elasticity and edges defects could lead to an
increase of propagation fields which can give rise to the mix of different magnetization reversal
modes. This aspect needs to be checked in the near future.

MMR signal is not so high for practical applications, but it can be an useful tool to study
magnetization reversal in nanostructures since its variation depends on the magnetization
orientation. Notably, it can be used for a single material, even measured using two probes
configuration. For example, one can use it to probe magnetization switching, the magne-
tization orientation of narrow ferromagnetic nanowires in such complex geometry as lateral
spin valves [39]. Time-resolved study of DW dynamic in novel perpendicular magnetization
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systems for current-induced DW propagation as CoNi, AlOx/Co/Pt, CoFeB... [66] are also
promising since it is more versatile in comparison with commonly used EHE [32]. Moreover,
the disappearance of AMR for narrow wire with in-plane magnetization will make MMR the
only available tool to detect magnetization reversal in such nanowires. In any case, one need
to take into account MMR when interpreting quantitatively the MR curves of ferromagnetic
materials.

Spin torque studied using spin polarized currents face several problems as the additional
contribution of Joule heating and Oersted field. Pure spin current arising from spin accu-
mulation or spin Hall effect can be an efficient ways to eliminate them. Understanding the
mechanism of DW depinning and using MMR to detect DW position during its propagation in
nanowires can push forward the study of magnetization reversal and DW depinning based on
pure spin current. The non-local geometries should be applied to the study of DW depinning
by pure spin currents. Constrictions can be placed at such position in lateral spin valves that
spin current could be absorbed at the vicinity of DW. Moreover, the spin torque could be then
tested in other geometries, for example in the case of a vertical spin current.
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Appendix A

Sample preparation

A.1 FePt thin films deposition

A.1.1 Description of the Molecular Beam Epitaxy system

In principle, Molecular Beam Epitaxy (MBE) uses atomic or molecular beams as a source of
materials for deposition on the surface of a substrate.

MBE is considered as an ideal approach for thin film deposition since it can precisely control
the beam fluxes and the growth conditions. Working in ultra high vacuum chamber (typically
in order of 10−10 Torr) minimize the contamination of the deposition.

The system that we used consists of three main chambers: a load-lock chamber for the
introduction of the sample without breaking the vacuum of the main chamber, a preparation
chamber where substrates are degassed and a deposition chamber for growing samples (cf.
fig.A.1)

For our growths, we used electron bombardment evaporators. The Fe and Pt targets are
placed in copper crucibles cooled by a circulation of water to avoid the chemical interaction
between the target and the crucible. The evaporation process is provided by an electron beam
generated by a Tungsten filament raised to high temperature. Following, the electrons are
accelerated by a high voltage (10 keV) to evaporate the material. The deflection of electron
beam is done by two magnetic coils which allow scanning the beam on the surface of the
target

Liquid N2 is used to cool down some parts of the deposition chamber, in order to add some
cryogenic pumping power and increase the pumping efficiency of Ti deposits. The deposition
rate is regulated through the quartz balance receiving the flux of materials simultaneously with
the substrate.
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A. Sample preparation

Figure A.1: Schematic of the MBE evaporation chamber.

In our MBE, reflection high energy electron diffraction (RHEED) with a electron source
up to 30 kV is present. It allows characterizing the surface of crystalline films during and after
deposition process.

A.1.2 FePt deposition process

We used MgO substrate because it can provide several advantages for our studies:
- It can be used at high temperature which is a requirement for the formation of L10 FePt

phase.
- MgO has a lattice constant a = 4.219 Å which allows the epitaxial growth of FePt

(a=3.86 Å)
- MgO is an insulating oxide. It will be good for transport measurements afterward since

it can avoid the current flow into the substrate.
However, using MgO substrate has also occurred some difficulties as its surface is very

sensitive with environment, discharging effect during nanofabrication process of electron beam
lithography.

In our studies, we deposited directly FePt films on MgO substrates, therefore the prepa-
ration of substrate is important because it can affect easily the quality of samples, e.g., the
fluctuation of the coercivity field. The cleaning process of MgO substrate can be divided into
two steps as follows:
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Ex-situ cleaning: - Degreasing in boiling Dichloromethane
- Cleaning in an acetone bath
- Rinsing in an ethanol bath and it is finally dried up using flow of N2 gas.

In-situ cleaning: - Following, MgO substrate is bonded on sample holder using Indium
and introduced into the introduction chamber for degassing in few hours at high tempera-
ture under vacuum. This process is used to eliminate all adsorbed species as water, CO,
hydrocarbon. . . being on the surface of MgO prior to the growth of FePt.

Our FePt films were deposited using co-deposition of Fe and Pt at 500oC. The deposition
rate is regulated around 0.6 Å/s. For FePt based spin valve films, Pd spacer layers were
deposited at lower temperature (330oC) to avoid the diffusion. The deposition process is
followed in-situ using RHEED. Finally, prior to nanofabrication process, magnetic properties
of FePt films were also checked ex-situ by hysteresis loop of EHE measurements.

A.2 Nanostructures fabrication

Almost all our nanodevices were studied by magneto-transport measurements, therefore, sev-
eral steps of lithography are required to create electrical contacts and the nanowires. Basically,
fabrication process of NiFe and FePt nanowires are similar except the last steps of mask re-
mover. In the following, we will briefly explain step by step the nanofabrication process.

A.2.1 Optical lithography

We use optical lithography process to define the large electrical contacts and the alignment
marks which are required for the e-beam lithography step. The process is basically similar as
the process of e-beam lithography in fig. A.2 except the exposure is done with UV source
instead of e-beam.

1. A photo-resist layer is firstly coated on either surface of silicon substrate for NiFe
samples or FePt for FePt samples.

2. The design on the optical mask is then replicated on the resist using an UV with wave
length λ = 365nm.

3. For positive resist, the exposure part is selectively removed in AZ photoresist developer
in 30 second and rinsed in water in 30 second.

4. The patterns on the resists are used as a template for deposition of 5 nm of Ti and 100
nm of gold.

5. Finally, the remaining parts of the resist is removed in acetone using the lift-off process.
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Figure A.2: (a) NiFe and (b) FePt nanowires fabrication process using e-beam lithography.

A.2.2 E-beam lithography

We use two steps of e-beam lithography: The first one is the creation of main wire and the
second one is used to connect nanowires to the large electrical pads. Principle of the process
can be followed as schemes in fig. A.2.

1. A positive e-beam resist layer of PMMA layer is deposited on the surface of the sample
using spin coating, followed by 5 min baking at 180oC to remove solvent and to achieve
the homogeneous distribution of resist on the substrate. The thickness of PMMA layer is
approximately of 120 nm.

2. E-beam of a JOEL nanowriter is used to directly write the patterns on the samples.
This system works at 100 kV and provide a typical resolution around 7-10 nm in the used
conditions and overlay alignment around 30 nm.

3. PMMA resist is then developed in MIBK and Isopropanol solution (ratio 1:3) in 30
seconds, followed by rinsing in Isopropanol in 30 seconds.

4. Deposit of 30 nm NiFe layer for NiFe samples or 20 nm Al for the fabrication of hard
mask for FePt samples. This step is performed using e-beam evaporation.

5. The resist is then removed in acetone using the lift-off process. Creation of NiFe samples
are done at this step. For FePt samples, it requires further process to create FePt nanowires.

6. Ion milling process using Ar+plasma allows removing unwanted parts of FePt. The
etching process is controlled by a SIMS detector, which measures the species present in the
chamber during the etching process. For FePt 10 nm thick, it is usually carry out in 2 minutes
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at RF power of 300 W.
7. The Al mask is removed using optical developer solution in 2 minutes. The definition

of FePt nanowires is done at this step.
The second step of e-beam lithography is to connect the nanowires to the large contacts.

It is basically the same procedures as for A.2a. In order to avoid the charging effect by MgO
substrate on FePt sample, 20 nm Al is deposited on top of PMMA resist prior to e-beam
exposure and removed before the development process. In the step of Ti/Au deposition, it is
usually used an Ar+beam etching process to clean the interface of the nanowires before to
deposit 5nm of Ti and 100 nm of Au.

Finally, nanodevices are characterized by SEM, AFM and mostly by transport measure-
ments.
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Appendix B

Angular dependence of MMR
measurements

As shown in the chapter 3, the slope of MMR is slightly changed when the applied field is
rotated out of the anisotropy axis. Here, we present a simple analytical model to take into
account the evolution of the MMR when the angle, φ of the applied field is varied. The rotation
plane belongs to the yz plane and is orthogonal to the wire axis (cf., B.1)

Figure B.1 – Schematic of MMR measurements configuration for different rotation of the
applied field (φ) where the rotation is perpendicular to the wire axis in order to avoid AMR.

The MMR is related to the effective field. When the external field is applied along the
anisotropy axis, the effective field is simply the algebraic sum of the anisotropy field and the
applied, Heff = Ha + H .This relation catches the parallel and the antiparallel situations.
However, when H is oblique, a vector expression is required. The magnetic equilibrium requires
that the effective field is parallel to the magnetization giving the following equation :

−−→
Heff = −→H +Ha(−→m.

−→
k )
−→
k = Heff

−→m

Where −→m is the unit vector of magnetization and −→k is the unit vector of the easy axis
(here along the z axis). Ha is the effective anisotropy field constant related to the anisotropy
constant corrected by the demagnetizing energy :

Ha = 2Ku

Ms

− µ0Ms
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Figure B.2 – Variation of effective field Heff as a function of the applied field H for various
rotation angle φ of the applied field.

The vector equation can be rewritten using the angles of the magnetization, θ, and the
angle of the applied field, φ, respect to the direction normal to the layer :

Heff cos(θ) = H cos(φ) +Ha cos(θ)

Heff sin(θ) = H sin(φ)

These 2 equations allow to write the couple (H,Heff ) as a function of θ and to draw
parametrically the curves Heff (H) for various angles of the applied field, fig. B.2.

H = Ha
cos(θ) sin(θ)

sin(φ−θ)

Heff = Ha
cos(θ) sin(φ)

sin(φ−θ)

In our case, the anisotropy field is so large with respect to the applied field that we can use
the weak field approximation :

Heff ≈ Ha + ∂Heff

∂H H=0
H = Ha + cos(φ)H

It shows that oblique applied field acts as it was reduced by a factor cos(φ). Then it should
be interesting to represent the resistance of figure 3.5 in chapter 3 as a function of H cos(φ)
to see if the slopes of the MMR for various angles are close to each other. Fig. B.3 reproduced
after correcting the applied field with cos(φ), show that the slope of MMR well overlap. The
small difference in the slope can be attributed to the estimation error in the real angle values.
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Figure B.3 – (a) MMR measurement for different applied field angles. (b) MMR as function
of applied field corrected by cos(φ).
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Appendix C

Further analysis of domain wall
depinning by serial paths

As discussed in detailed in chapter 5, DW depinning process can follow the serial paths: the
DW crossing sequentially two energy barriers to get depinned. The characteristic time of each
process can be deduced by fitting the total depinning process using the following equation:

P (t) =
τ12

(
1− e−

t
τ12

)
− τ23

(
1− e−

t
τ23

)
τ12 − τ23

(C.1)

We provide an example in fig. C.1, the experimental data can be well fitted with eq. C.1.
This allows extracting the basic information of thermal activation process as pinning time,
activation volume and energy barrier of each process as shown in fig C.3a and table C.3b.

Figure C.1: Cumulative probability function P(t) of DW depinning with the case of serial path,
at different constant magnetic fields . The solid lines are fits using eq. C.1.

As GMR provided a large signal, in one particular device, we could directly observe a small
displacement of DW from state 1 to state 2 by GMR measurement. This allows analyzing
independently each pinning state. We show in fig. C.2 that each pinning state can be
perfectly fitted with one barrier process by eq. C.2. The characteristic parameters of each one
is presented in fig. C.3c and table C.3d.
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P (t) = 1− exp
[
− t
τ

]
(C.2)

Figure C.2: Cumulative probability function P(t) of DW depinning at different constant mag-
netic fields for each state of pinned DW: (a) state 1 and (b) state 2 . The solid lines are for
a simple path using eq.C.2

The results using the two ways are equivalent as being given in fig. C.3.

Figure C.3: Characteristic pinning time as a function of the applied field. The data are deduced
from fitting for (a) total and (c) each depinning process. The symbols represent experimental
results and the solid lines illustrate a linear fit on a log scale. Table (b) is the activation volume
and energy barrier being calculated from data in (a) and (d) from data in (c).
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Abstract 
 

In the first part of this thesis, we study the magnetization reversal process of FePt 
nanowires with high magnetocrystalline anisotropy. When reducing the wire width below the 
mean dendrite width, the magnetization reversal favors a transition from the dendrite growth to 
the propagation of a single domain wall (DW). Further decreasing of the width towards the 
disorder length and/or the mean edge roughness leads to a large increase of coercivity, which 
finally results in a mix of DW propagation and nucleation in ultra-narrow wires.  

The second part focuses on the use of Magnon magnetoresistance (MMR), i.e., the 
magnon contribution to the resistivity, to study the magnetization reversal in nanostructures with 
either perpendicular (FePt) or planar magnetization (NiFe). We showed that MMR can be used 
in nanowires and nanomagnets, in particular to detect DW position in nanowires processed in a 
single layer.  

Finally, the dynamic of DW depinning under field and current in both FePt and NiFe 
systems has been studied. We observe three different modes of DW depinning, which depend 
on the nature of defects, or on the geometry of the constriction. Statistical analysis of the pinning 
time indeed shows that the depinning path can be described as simple path, serial paths or 
alternative paths. Additionally, the effect of DC current on all depinning mechanisms is found to 
be equivalent to the effect of applied field which, allow measuring the spin transfer efficiency in 
these systems.  
 

Keywords: Magnetization reversal, magnon magnetoresistance, domain wall, spins 
transfer torque. 
 

Résumé 
 
Dans la première partie de cette thèse, nous étudions le renversement de l'aimantation 

de nanofils d’alliage FePt à forte anisotropie magnétocristalline. Lorsque la  largeur du fil devient 
inférieure à la taille des dendrites, nous avons montré qu’il existe une transition du processus de 
renversement de l'aimantation, de la croissance de dendrites vers la propagation d'une paroi 
magnétique unique qui renverse tout le fil. Au-delà, la diminution de la largeur du fil jusqu'à la 
taille caractéristique du désordre et/ou de la rugosité moyenne conduit au renforcement de la 
coercivité. Ceci conduit finalement dans les fils ultra-fins à un renversement consistant en un 
mélange de nucléation de domaines et de propagation de parois magnétiques. 

Dans la deuxième partie, nous rapportons l'utilisation de la magnétorésistance de 
Magnon (MMR), qui provient de la contribution des magnons à la résistivité, pour mesurer le 
renversement d’aimantation, dans des nanostructures avec aimantation perpendiculaire (FePt) 
ou planaire (NiFe). Nous avons montré que la MMR peut être utilisée pour détecter le 
retournement de l'aimantation dans les nanofils et nano-aimants, et en particulier pour détecter 
la position d’une paroi magnétique le long d’un nanofil fabriqués à partir d'une couche unique. 

Enfin, nous étudions dans une dernière partie la dynamique de dépiégeage de paroi 
magnétique sous champ et sous courant, dans les deux systèmes FePt et NiFe. Nous 
observons trois types de dépiégeage de paroi, qui dépendent de la nature des défauts ou de la 
géométrie de la constriction. L'analyse statistique du temps de piégeage montre que le 
processus de dépiégeage peut être décrit comme procédant d’un chemin simple, de chemins en 
série, ou de chemins alternatifs. En outre, l'effet du courant sur tous ces mécanismes de 
dépiégeage s'est révélé équivalent à l'effet du champ appliqué, ce qui permet de mesurer 
l'efficacité du transfer de spin dans ces systèmes. 
 

Mot clés: Renversement de l'aimantation, magnétoresistance de magnon, paroi 
magnétique, effets de transfert de spin 
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