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I used to wonder how it comes about that the electron is negative. Negative-positive—these
are perfectly symmetric in physics. There is no reason whatever to prefer one to the

other. Then why is the electron negative? I thought about this for a long time and at
last all I could think was “It won the fight!”

Albert Einstein

“Daddy,”she says, “which came first, the chicken or the egg?”
Steadfastly, even desperately, we have been refusing to commit ourselves. But our ques-
tioner is insistent. The truth alone will satisfy her. Nothing less. At long last we gather

up courage and issue our solemn pronouncement on the subject: “Yes!”

So it is here.
“Daddy, is it a wave or a particle?” “Yes.”
“Daddy, is the electron here or is it there?”

“Yes.”

“Daddy, do scientists really know what they are talking about?”
MYeS!”

Banesh Hoffmann






Abstract

In the attempt of proposing new concepts for more efficient magnetic memories and logic
devices, an intense scientific research is conducted in the field of Nanomagnetism and
Spintronics. Accordingly, in the recent years a new discovery, going under the name
of spin-orbit torques (SOTSs), has attracted the attention of the scientific community.
SOTs are expected to play a key role in the design of novel and more efficient spintronic
devices based on the manipulation of the magnetic texture in ferromagnetic systems by
electric currents. The origin of the SOTs is the strong spin-orbit interaction (SOI) in
the material systems where such novel torques been observed, i.e. magnetic multilayers
of the type: heavy metal\ferromagnet\oxide. Moreover, the structural inversion asym-
metry (STA) characterizing those magnetic heterostructures is the second key factor in
the generation of the SOTs.

This thesis reports on the observed SOT—driven magnetization manipulation in two
different magnetic multilayers: Ta\CoFeB\MgO and Pt\Co\AlOx, employing Kerr mi-
croscopy. The two materials systems have an ultra-thin ferromagnetic layer (1 nm for
the CoFeB layer, 0.9-1.4 nm for the Co layer) and a spontaneous magnetization pointing
out—of—plane. All the investigated material stacks were patterned into 1-1.5 pym-wide,
8-28 pm-long magnetic nanowires (NWs).

First, a deterministic current—induced magnetization switching effect is observed in
Ta\CoFeB\MgO NWs. The symmetry and the efficiency of the magnetization reversal,
due to the injection of current pulses of different lengths and amplitudes, are investi-
gated. The experimental observations are in agreement with the presence of a strong
SOT acting on the ferromagnet’s magnetization, which originates from the large spin—
Hall effect (SHE) in the Ta layer.

Second, current-induced magnetic domain wall motion (CIDWM) is studied in NWs
made of Ta\CoFeB\MgO. The observed CIDWM along the conventional current (j)
points to SOTs as the driving mechanism. The material system is found to exhibit a
positive Dzyaloshinskii-Moriya interaction (DMI), generated at the Ta\CoFeB interface.
The observed dependence of the CIDWM velocity on an applied longitudinal magnetic
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field (Hp) is in agreement with the scenario of a SHE-SOT-driven motion of DMI-
stabilized right—-handed homo—chiral DWs. Furthermore, the Boron is found to play a
key role in the definition of the sign of the observed DMI.

Finally, fast CIDWM is observed in Pt\Co\AlOx NWs. Here, the influence of the Co
thickness (t¢,) on the DW motion is at the center of the study. The general dependence
of the DW velocity on j and on Hp, is in agreement with the interpretation based on
DW moved by the SOT originating from the SHE in the Pt layer. A decrease in the
magnitude of the effective negative DMI with an increasing t¢, is extracted, justifying
the interpretation based on an interfacial origin for the DMI in our system. Finally, the
DW width is observed to play a key role in the definition of the DW velocity dependence
on the longitudinal field.



Kurzfassung

Die Suche nach neuen Konzepten effizienterer magnetischer Speicher und elektronischer
Logikbausteine inspiriert schon lange die wissenschaftliche Forschung im Bereich des
Nanomagnetismus und der Spintronik. In Folge dessen zieht die Entdeckung der Spin-
Bahn-Drehmomente (SBD) seit einigen Jahren grofie Aufmerksamkeit auf sich. Allen
Erwartungen nach werden SBD eine Schliisselrolle in der Entwicklung neuartiger und
effizienterer Spintronikbausteine spielen, die auf der Manipulation magnetischer Tex-
turen in ferromagnetischen Systemen durch elektrische Strome basieren. Der Ursprung
dieser neuartigen SBD ist die Spin-Bahn-Kopplung (SBK) in Materialsystemen wie z.B.
magnetische Multilagensysteme der Form Schwermetall\Ferromagnet\Oxid. Die zweite
Hauptvoraussetzung zur Erzeugung der SBD ist eine strukturelle Inversionsasymmetrie
(SIA) in solchen magnetischen Heterostrukturen.

Diese Doktorarbeit befasst sich mit der Manipulation der Magnetisierung in zwei ver-
schiedenen magnetischen Multilagensystemen durch die SBD: Ta\CoFeB\MgO und Pt\
Co\AlOx, gemessen und abgebildet mit der Technik der Kerr-Mikroskopie. Beide Mate-
rialsysteme besitzen eine ultradiinne ferromagnetische Schicht (1 nm im Falle von CoFeB,
0.9-1.4 nm im Falle von reinem Co), welche spontan senkrecht zur Ebene magnetisiert
ist. Die untersuchten Multilagensysteme wurden so strukturiert, dass magnetische Nan-
odriahte (ND) erhalten wurden mit Breiten von 1-1.5 gym und Léngen von 8-28 pm.
Zunéchst wurde beobachtet, dass sich die Magnetisierung in Ta\CoFeB\MgO ND mit
Hilfe eines elektrischen Stroms deterministisch schalten lasst. Die Symmetrie und die
Effizienz der Magnetisierungsumkehr wurden als Funktion von Strompulslénge und —
amplitude untersucht. Die experimentellen Beobachtungen sind in Ubereinstimmung
mit der Anwesenheit eines starken SBK-Effektes, welcher auf einem grofien Spin—Hall
Effekt innerhalb der Ta—Schicht basiert und auf die Magnetisierung des Ferromagnets
einwirkt.

Dariiber hinaus wurde die durch den elektrischen Strom induzierte Bewegung magnetis-
cher Doménenwénde (DW) in ND aus Ta\CoFeB\MgO untersucht. Die beobachtete
Doménenwandbewegung entlang konventioneller Stromrichtung (j) deutet auf SBD als

treibenden Mechanismus hin. Das Materialsystem zeigt zudem eine positive Dzyaloshin-
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skii-Moriya Wechselwirkung (DMWW), die durch die Ta\CoFeB-Grenzflache entsteht.
Die festgestellte Abhangigkeit der Doménenwandgeschwindigkeit vom longitudinal zu
den ND angelegten Magnetfeld (Hy) kann erklart werden durch die Annahme, dass
rechtshandige, homo—chirale, DMW W-stabilisierte Doméanenwénde vorliegen, deren Be-
wegung durch SHE-SBD hervorgerufen wird. Dariiber hinaus, wurde festgestellt, dass
Bor eine Schliisselrolle fiir das Vorzeichen der beobachteten DMWW spielt.

Schliefllich wurde eine sehr schnelle Domé&nenwandbewegung in Pt\Co\AlOx ND beob-
achtet. In diesem Fall ist der der Einfluss der Co-Schichtdicke (¢¢,) der zentrale Gegen-
stand der Untersuchung. Die generelle Abhéngigkeit der DW-Geschwindigkeit von j und
Hyp ist in Ubereinstimmung mit der Interpretation, dass die DW durch die SBD auf-
grund des SHE in der Pt-Schicht angetrieben werden. Eine Verringerung der Starke der
effektiven, negativen DMWW mit zunehmendem t¢, konnte extrahiert werden, wodurch
die Interpretation des Ursprunges der DMWW an der Schichtgrenzflache untermauert
wird. Schliellich spielt die DW-Breite eine Schliisselrolle fiir die Abhangigkeit der DW-

Geschwindigkeit vom longitudinal angelegten Feld.
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Chapter 1

Introduction

The storage of digital information, which can be read and processed electronically,
started over half a century ago [1]. For many years the magnetic hard disc drive (HDD)
has been one of the main forms of information storage. The success of magnetic HDD
originates in its low cost/bit ratio, which is hundred times smaller than the one of the
solid—state Random Access Memory (RAM) [2], and its ability to keep the digital data
stored for years passively, i.e. without the need to actively refresh it.

The reason is that, in a magnetic memory a data—bit corresponds to a particular mag-
netic state. After a bit is written no electric currents or magnetic fields are required
to avoid that the magnetic state of the bit changes. This makes magnetic HDDs very
efficient from an energetic point of view, so that keeping information stored in magnetic
memories is cheaper than with many other technologies. All these features makes mag-
netic storage devices very attractive, and justify the huge effort put in the development
of a ferromagnetic—based technology that could be exploited in order to design magnetic
RAMs [1-4].

The main limitation of HDDs is the long time needed to retrieve the stored information
(in the order of ms), due to the relative mechanical movement between the magnetic
disk and the read/write head in order to reach the position where the required informa-
tion is stored. In solid-state RAMs this access time is 10° times smaller than in HDDs
[3]. In the attempt to overcome this obstacle, new concepts of magnetic memories have
been proposed. One of them is the magnetic Racetrack Memory (RM), proposed by
Parkin et al. [1, 2]. The basic concept of the magnetic RM is that the information is

stored in magnetic nanotracks, in the form of aligned magnetic domains separated by
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Chapter 1. Introduction 2

magnetic domain walls (DWs). Each domain is a bit, which can be read or written by
a read/write device, e.g. a magnetic tunnel junction [3, 5]. However, the revolutionary
idea in RM is the way how information is retrieved. The different magnetic bits are
displaced by electric current pulses, due to DW motion in the nanotrack, exploiting the
spin—transfer torque (STT) mechanism [6-8]. In this way the magnetic bits reach the
read/write device without any mechanical movement. By properly engineering the mag-
netic system that the racetrack is made of, it is possible to reach DW motion velocities
larger than 100 m/s [9, 10]. This could allow to design magnetic memories where: first,
no parts are moving relatively to each others, avoiding mechanical failures typical of
magnetic HDDs; second, the writing and reading times would be compatible with the
ones in present RAM.

The goal of this work is to investigate potentially promising material systems for current—
induced magnetization manipulation. The investigation is focused on magnetic het-
erostructures where an ultra—thin ferromagnetic layer is sandwiched between a heavy
metal and an oxide. Due to the presence of interfaces, such systems are characterized
by a structural inversion asymmetry (SIA). The lack of symmetry inversion is a crucial
point, since it is at the origin of brand—new effects, named spin—orbit torques (SOTs)
[11]. The SOTSs are expected to allow a more effective current—driven magnetization
manipulation than STT, and are at the center of this scientific work.

An overview of the main theoretical concepts necessary to understand the present experi-
mental results is reported in Chapter 2. A description of the experimental methodologies
employed for this study is presented in Chapter 3. Chapter 4 and 5 report on the exper-
imental results obtained from the investigation of the first material system investigated
in this work: Ta\CoFeB\MgO. Chapter 4 is dedicated to the description of the observed
current—induced magnetization reversal, while Chapter 5 reports on current—induced
DW motion. The experimental results concerning current—induced domain wall motion
in Pt\Co\AlO,, the other investigated material system, are described in Chapter 6. A

general conclusion and outlook are given in Chapter 7.



Chapter 2

Theoretical background

2.1 Microscopic origins of magnetism

2.1.1 Atomic magnetism

The primary origin of magnetism in matter, in any of its possible phases is one single
particle: the electron. The electron is an elementary particle that can be characterized
by three main properties: its electric charge —e, its mass me and its intrinsic angular
momentum, or spin S. The first two properties have a possible interpretation in the
classical sense, while the spin—angular momentum is an intrinsic quantum mechanical
property of the electron [12].

Considering an atom in its classical view (see Fig. 2.1), the electron has an orbital mag-
netic moment p and an angular momentum L. The relation between the orbital angular

momentum and the corresponding magnetic moment is described by the equation:

—€

(2.1)

K= 2me

Y

where the ratio v = 2;168 is defined as the electron gyromagnetic ratio [12, 13]. The

corresponding quantum mechanical quantity for the classical angular momentum L is

defined by the quantization rules [12]:

L =+\/l(l+ 1)k L, = myh, (2.2)
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where [ = 0,1, 2, ... is the orbital quantum number and m; = 0, +1, ... £ is the magnetic

quantum number. Equations 2.2 define the orbital angular momentum of the electron.

Morb

FIGURE 2.1: Atomic magnetism. Classical picture of an atom with the nucleus and
an electron orbiting around it. The electron has two different angular momenta: the
orbital angular momentum L and the spin angular momentum S. The two of them
correspond to two different magnetic moments: the orbital magnetic moment p,,; and

the spin magnetic moment ;.

This angular momentum can attain only some specific quantized values, both in its
magnitude (L) and in its component along a specific symmetry breaking direction (L. ).

Due to the direct connection to the angular momentum, also the corresponding magnetic

moment is quantized. Using the definition of the Bohr magneton, up = 2‘;’2”6 [13], the z-

component of the electron magnetic moment can be described by the following equation:

[y = —LBmy. (2.3)

The spinning electron as a classical picture of the spin angular momentum has no physi-
cal meaning. The spin angular momentum is an intrinsic quantum mechanical property
of the electron, with a corresponding spin magnetic moment (see Fig. 2.1). The quan-

tization rules apply also for the spin angular momentum:

S =+/s(s+1)h; S, = msh. (2.4)

For the spin quantum number there is only one possible value: s = %, which results

in only two possible values for the corresponding magnetic moment mg = :l:%. When

the electron is in the spin state S, = +% or S, = —%, it is referred to as “spin—up”or
“spin—down”, respectively.

As a result, the total magnetic moment of an electron is given by the sum of the orbital
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and the spin contribution. This can be expressed in a classical way by:

e

H= Porp + Hspin = ﬁ(l‘ + gS), (25)
e

where g is the so—called Landé g—factor, which is circa 2 for the electron spin [12].

These two momenta interact in the so—called spin—orbit interaction (SOI), which can be
interpreted classically as the spin magnetic moment of the electron interacting with the
magnetic field in the rest frame of the electron, which is a result of the orbital motion
of the electron itself in the electric field generated by the positive charge of the atomic
nucleus [12, 13].

The energy associated to the SOI can be calculated as a Zeeman energy, which is the
magnetostatic energy of a magnetic moment p interacting with a magnetic field B. The
Zeeman energy is given by: Fz = —u - B, and it is minimized when p is aligned parallel

to B. Analogously, the SOI energy is given by:
ESO = _“spin : BSO = )\SOS : L, (2.6)

where Ago is the spin—orbit coupling constant. The relation between the relativistic
magnetic field Bgo and the electron orbital angular momentum L can be expressed by
Bgo = MeXso,

In the presence of the SOI, the new Hamiltonian of the atom’s electron contains not only
the Coulomb interaction but also the spin-orbit interaction. For the new Hamiltonian,
the conservation rules do not hold any longer separately for the orbital and the spin
angular momentum. They sum up in order to form the total angular momentum J,

which gives the new eigenvalues of the electronic Hamiltonian and is the new quantity

that is conserved [12]:

J =i+ 1)h; J. = myh, (2.7)

where j =l £ s and m; = j,j —1,...,—j + 1,—j are the new good quantum numbers,

instead of m; and m.

In the process of formation of atoms, the reason why electrons occupy the different
atomic orbitals is described by the Pauli exclusion principle. However, the way that

the electrons occupy the corresponding energy shells of an atom, resulting in the atomic
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minimum energy state, can be described by the so—called Hund’s rules [12, 13]. The
main interaction to be minimized is the Coulomb repulsion between the electrons, caus-
ing them to occupy the available states in a way to maximize the occupation of the space
at their disposal.

As a consequence of the minimization of the Coulomb energy in atoms according to
Hund’s rules, elements like Fe, Co and Ni (the itinerant ferromagnets) with not com-
pletely filled 3d—sub shells are generated. This results in a non—zero atomic magnetic

moment, which is one of the requirements for obtaining ferromagnetism in solid systems.

2.1.2 Microscopic origin of magnetism in solids: the exchange inter-

action
2.1.2.1 Heisenberg—exchange interaction

When magnetic atoms join to form condensed matter, a long-range ferromagnetic order
can be generated. Ferromagnetism is observed when the atomic magnetic moments align
parallel to each other. The origin of the parallel alignment of the atomic moments is
the exchange interaction [12], a pure quantum-mechanical effect which describes the
Coulomb repulsion between electrons belonging to two neighboring atoms, jointly with
the Pauli principle, which forbids two electrons to occupy the same quantum state.
The strength of the interaction is directly connected to the overlap of the electronic
wave-functions, justifying the definition of the exchange interaction as a short-range
interaction.

A possible model for the description of ferromagnetism is the Heisenberg model [13]. In
solid systems, due to the presence of a crystal electric field the “quenching” of the orbital
angular momentum is commonly observed (mainly for itinerant ferromagnets) [12, 13].
This results in an effective magnetic moment for ferromagnetic materials arising solely
from the atomic spin magnetic moment. Accordingly, the Heisenberg Hamiltonian for

the exchange interaction can be written as [13]:

Hez - Z _Jexsi . Sj7 (28)

1<j

where J., is the inter-atomic exchange interaction strength between the two neighboring

atoms 7 and j in the solid, S; and S are the spins of the two atoms and the sum is over
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all neighboring atoms. In order to minimize the Heisenberg energy, two neighboring
spins will align parallel for J., > 0. This is the case of ferromagnetic materials like
Fe, Co and Ni. While, in case J., < 0, the spins will align anti—parallel, generating an

anti-ferromagnetic ordering [13].

Je X

The strength of the exchange interaction defines the Curie temperature, To o e,

of the ferromagnetic material, above which the material is in the paramagnetic phase.
When T > T the spontaneous magnetization of the system is lost, due to large thermal
excitations; while for T' < T the exchange interaction dominates and the spontaneous
ordered ferromagnetic phase is restored. A typical example for an itinerant ferromagnet
is Fe, with a T ~ 1000 K [13].

The Heisenberg exchange interaction is also defined as a symmetric exchange. This
is due to the scalar product between the two spin vectors in the Hamiltonian in Eq.
2.8. The definition of symmetric exchange is also used to distinguish the Heisenberg
exchange from the so—called anti—symmetric exchange interactions. One of those is the
Dzyaloshinskii-Moriya interaction [14], which is defined anti-symmetric since in the
corresponding Hamiltonian the two spin vectors are multiplied by a vector product (see
next section). As a consequence, the energetically favorable alignment of the two spins
is perpendicular to each other. This is typical for systems with low symmetry, as it will

be discussed in more details further below.

2.1.2.2 Dzyaloshinskii—-Moriya interaction

The Dzyaloshinskii-Moriya interaction (DMI) is an anti-symmetric exchange interac-
tion. It was first proposed by Dzyaloshinskii [14] in 1958 and shortly after by Moriya
[15, 16] in 1960, in the attempt of describing the “weak ferromagnetism in antiferromag-
nets”and the “anisotropic super—exchange interaction”in bulk magnetic crystals charac-
terized by a low symmetry. Dzyaloshinskii was first in understanding that there was a
direct connection between the crystallographic symmetry and the magnetic configuration
of solid systems. A lack of symmetry was at the origin of the small spontaneous mag-
netization in antiferromagnetic crystals, e.g. a-FeaO3 or MnCOg [14]. Moriya [15, 16]
was first in showing that, taking into account the spin—orbit coupling (SOC) AgoS - L

and expanding it in powers of Agp, the effective Hamiltonian describing the interaction
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between two spins, S; and S;, contains a term linear in the SOC which reads:

Hpmr = Z —Dy; - [Si x Sy, (2.9)
i<j

where D;; is the DMI vector, whose modulus D;; is proportional to the SOC (but not
only, as it will be explained later) in the magnetic system. As it is shown in Fig. 2.2, the
two spin magnetic moments need to be orthogonal to each other in order to minimize
the DMI energy, resulting in a non—collinear spin configuration.
In magnetic systems, where the Heisenberg exchange interaction and a finite DMI are
both present, the total Hamiltonian of the system contains both energy terms. Including
also the effect of an external magnetic field, the ground state of the ferromagnetic sys-
tem can change from a ferromagnetic state (Heisenberg exchange-dominated) to DMI-
dominated states, like chiral spin spirals and magnetic skyrmions [17, 18].
Beside the bulk systems with low symmetry discussed by Dzyaloshinskii and Moriya in
their early papers, in the last years a great interest has been growing around magnetic
multilayers with interfacial DMI [19, 20]. In this case, the broken symmetry needed for
the generation of the anti-symmetric exchange interaction is given by the interfaces of
the material stacks [21, 22]. Considering an heterostructure where a thin FM layer is
sandwiched between two different non—magnetic layers, a broken inversion symmetry is

generated at each interface of the FM. As it is shown in Fig. 2.2, when a (3d) ferromag-

FM

HM

Z ® o
y

large SOC

>
>

X

FIGURE 2.2: Dzyaloshinskii—Moriya interaction at the interface. Magnetization

configuration at the HM\FM interface with DMI. The bottom heavy atoms mediate, via

their strong SOC, the anti—symmetric exchange interaction between the magnetic atoms

on top of them. The magnetic moments m; and m; have a finite angle in between,

resulting in the minimization of the DMI. The rotation of the magnetic moment is
dictated by the direction and the sign of the DMI vector D;;.
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netic layer is in direct contact with an (5d) heavy metal layer with strong SOC, a DMI
is generated between the ferromagnetic atoms and the heavy atoms directly at the inter-
face, with the DMI vector D;; lying in the plane of the interface. As it has been shown
by Yang et al. [22] with their first principles calculations for a Pt\Co interface, only
the atoms right at the interface are mostly contributing to the generation of the DMI.
Thus, the term “interfacial DMI”has been coined for such a new effect. A more detailed
description of the microscopic origin of the interfacial DMI in metallic heterostructures
will follow next, in the section focused on magnetism in metallic systems, where the

concept of electronic energy bands will be introduced.

2.1.3 Magnetism in itinerant electron systems

On moving from single atoms to larger condensed matter systems, the description of the
electronic states needs to be adjusted. In atomic systems, electrons occupy electronic
orbitals, which are localized around the atomic nucleus. However, in solids electrons
are contained in electronic energy bands [23]. Such energy bands are generated as a
result of the overlapping of the electronic orbitals of the atoms present in the solid.
This is mainly the case for the electrons residing in the outer shells, which are furthest
from the atomic nucleus, while the inner shells’ electron states tend to remain localized
around the nucleus. The outer electrons occupy the energy bands at their disposal
up to the Fermi Energy, Er. For metallic systems, EF is in one (or more than one)
of the energy bands, defined as conduction band. The electrons present at the Fermi
energy can be shared among atoms, making them itinerant electrons. Those electrons
are responsible for the conduction of the electric current in metals [23]. In the case of
3d itinerant ferromagnets (Fe, Co and Ni), the conduction energy band originates from
the 3d and 4s atomic orbitals. This means that the charge carriers in these metals are
3d—4s hybridized electrons.
A simple model for the description of ferromagnetism in metals was proposed by Stoner,
based on a free—electron approximation [13]. The Stoner’s model describes the two spin—
polarized (spin—1 and spin—|) energy bands of a metallic ferromagnet as spontaneously
shifted in energy. This split of the two energy bands occurs when the Stoner criterion
is fulfilled:

I+ Ny (Ep) > 1. (2.10)
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I is the Stoner exchange parameter; while Ny | (EFr) = % is the density of states per

atom for each spin state (1 or |), with D(EF) being the total density of states (DOS)
at the Fermi level and n the number of atoms per unit volume. In Fig. 2.3 the DOS of
an itinerant ferromagnet, with two spin—polarized sub—bands, is illustrated.

In a molecular field approach, the energy split between the two sub—bands can be ex-
plained as due to the presence of the internal exchange field, H., = ngM, where ng
is a coefficient which describes the strength of the exchange field. The exchange field
adds a Zeeman-like energy term to the conduction electrons energy due to their spin

magnetic moment. The electrons with their magnetic moment parallel with H., will be

4s

Er
spin-down 1 1 spin-u
A ex
-€ >
DOSmajority Dosminority

FiGUrE 2.3: DOS of itinerant ferromagnets. Schematic of the DOS for the two
spin—polarized sub-bands of an itinerant ferromagnet close to the Fermi level. The
conduction electrons are contained in the overlapping 3d and 4s energy bands. The |-
electrons are the majority electrons, while the 1—electrons are the minority ones. The
net magnetization is parallel to the magnetic moment of the majority electrons.

at lower energy compared to the electrons with the magnetic moment anti—parallel to
H,,. The energy difference between the two spin states is AE.; = 2uopt, - Her. The net
magnetization is in turn generated by the difference between spin—-down and spin—up
electrons contained in the metal. Considering the case in Fig. 2.3, due to the larger
number of spin—down electrons present in the system compared to spin—up electrons, a
net magnetization pointing in the direction of the magnetic moments of the spin-down

electrons is obtained.
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2.1.4 Microscopic origin of the interfacial Dzyaloshinskii—Moriya in-

teraction

Recently, different interpretations have been proposed for the microscopic origin of the
DMI at |[heavy metals]\[3d-ferromagnets]| interfaces. On one side, new first principles
calculations based on density functional theory [24] have highlighted the SOI, the hy-
bridization between the 3d and the 5d orbitals, and the position of the Fermi level with
respect to the center of the 5d electronic energy band as the key terms in the definition
of the strength and the sign of the effective DMI.

The SOI is observed to affect strongly the electronic energy due to the hybridization of
the 3d and 5d states. The electronic energy is observed to be increased or decreased by
the SOI across the 5d band, generating an oscillating DMI as a function of the electronic
energy. A change of the heavy metal, which means to change the number of electrons
occupying the 5d energy band, generates a shift of the Fermi level in the 5d band. Ac-
cordingly, the Fermi level moves from positive DMI energies to negative DMI energies
and vice versa, justifying the observed different signs and strengths of the DMI for dif-
ferent 5d metals [20, 25]. Furthermore, calculations based on a tight—binding model for
a system consisting of two 3d ferromagnetic atoms and one 5d metal atom [24] confirm
the linear proportionality of the DMI strength with respect the strength of the SOC at
the 5d atom.

An alternative interpretation for the origin of the interfacial DMI has been proposed
by Ryu et al. [26]. Studying the effect of an applied in—plane field on the current—
induced domain wall motion in [heavy metals]\[3d—ferromagnets] nanowires, they ex-
tracted larger effective DMI values for the material systems with a larger magnetization
induced at the interface in the heavy metal layer. According to the observed correlation
between the strength of the induced magnetization and of the effective DMI, Ryu and
co—authors propose the origin of the DMI to be closely related to the proximity—induced
magnetization. However, this interpretation in not able to explain the origin of the sign
of the effective DMI.

Finally, it has also been proposed the possibility of tailoring the strength and the sign
of the DMI by doping the bottom heavy metal layer with light atoms characterized by a
large electronegativity. This is the case discussed by Torrejon et al. [27], where they at-
tributed the appearing of a positive DMI at the interface between Ta and CoFeB due to

a doping of the heavy metal with N. The argument is that, the larger electronegativity of
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the N atoms ([He]2s?2p?, 3.0 Pauling) compared to the one of Ta atoms ([Xe]4f'45d36s,
1.5 Pauling) [28] gives a change of the electronic configuration at the interface due to the
2p—bd hybridization of the electronic orbitals. Such modification of the electronic states
at the TaN\CoFeB interface is expected to influence directly or indirectly the DMI in

the material system.

2.2 Thermodynamical description of magnetism in the mi-

cromagnetic approximation

In order to describe macroscopic magnetic systems, the atomistic description based on
the Heisenberg Hamiltonian needs to be replaced by a thermodynamical description
based on the micromagnetic approximation. In the micromagnetic approximation, the
atomic magnetic moments are replaced by a continuous magnetization function, M(r)
[13, 29, 30], which describes the magnetization locally in the system. The magnetization,
M, is the vector field that describes the density of the magnetic dipole moments in a
magnetic material.

What defines the final magnetization configuration of a ferromagnetic sample is the
minimization of its magnetic free energy, corresponding to either a local or a global

energy minimum. It is possible to express the magnetic free energy as [13, 31]:

P / Fr)dPr = / on(r) 4 F2 () + Fotr(r) + Fami(r) + . dPr, (2.11)

where the terms in the volumetric integral are the contributions to the local free energy
density, f(r), respectively from the exchange interaction, the Zeeman interaction, the
dipolar stray field generated by the magnetic moments, the magnetic anisotropy, and
other contributions not relevant in the present discussion. In the following, each term

will be described in more detail.

2.2.1 Exchange energy

The first term in Eq. 2.11 is the exchange energy. It reads [13]:

Fez:/fex(r)dSr:/A|VeM|2d3T, (2.12)



Chapter 2. Theoretical background 13

where ey = M (r)/Ms is a unit vector in the local magnetization direction. Mj is
the saturation magnetization of the magnetic sample. A is the exchange stiffness. For
crystallographic systems, the exchange stiffness can be defined as A ~ %QZC [13], with
Z. the number of atoms per unit cell and a the lattice parameter.

The exchange interaction does not define any preferential direction in space for the
alignment of the spins. In other words, the exchange interaction is isotropic. The

energy minimum is reached when all the spins are aligned to each other.

2.2.2 Zeeman energy

The second term in Eq. 2.11 is the Zeeman energy, which is the magnetostatic energy
of the system due to the presence of an external magnetic field, H ¢, (7). The effect of
the presence of this external magnetic field is the tendency for the local magnetization,
M (r), to align itself parallel to H¢,;. The corresponding energy can be expressed as
[13]:

Fy = / Far)dPr = —pg / M(r) - Hou(r)dr. (2.13)

The Zeeman energy of the system is minimized when M (r) is aligned parallel to H ()

everywhere in the magnetic sample.

2.2.3 Magnetic dipolar energy

The single magnetic moments inside the sample generate a dipolar magnetic stray field,
which interacts with all the other magnetic moments present in the sample. Such dipolar
interaction gives rice to another energy contribution to the total magnetic free energy.
In the micromagnetic approximation the stray field, H g, (), can be calculated by the

274 Maxwell’s equation [13]:
V-B=pV-(H+M)=0. (2.14)

Indeed, in the absence of an applied external magnetic field, Eq. 2.14 turns into uoV -
(Hsyr + M) = 0, which implies:

V- -H, =-V M. (2.15)
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It is possible to define the stray field as generated by an effective magnetic charge density
pym(r) = V - M(r), using the Gauss’s theorem for a vector field [13]. Accordingly, the

energy contribution to the free energy due to the dipolar interaction reads [30]:

1
For = / fstr(r>d3T = 2:”0/ ‘Hstr(r)‘ngry (2-16)
14 R3

where V is the magnetic volume and R? indicates the real three-dimensional space.

The shape of the sample strongly influences the stray field energy, which is often referred
to as shape anisotropy. The stray field inside the magnetic sample is also referred to as
demagnetizing field, Hg [13]. To understand better why the name shape anisotropy is
employed to describe the dipolar magnetic energy, let us consider the case of a thin film
nanostructure, where the length [ and the width w of the system are much larger than
the thickness t (I > w >> t, as shown in Fig 2.4). The magnetization M(r) is finite
inside the sample, and zero outside. This makes the divergence of the magnetization
large at the sample surfaces if the component of M(r) normal to the surface is non—
zero. In a phenomenological description, the magnetization component normal to the
surface of the sample acts as a source of “magnetic charges”, which in turn generate the
demagnetizing field, as described above.
Considering the magnetic nanostructure shown in Fig. 2.4, the magnetization can lie
along three main directions: (a) along the length, (b) along the width or (c) along the
thickness of the sample. For all the three cases, the demagnetizing field can be expressed
as [13]:

Hy; = —Ng; M, (2.17)

where ¢ = z,y,2 and Ny, + Ngy + Ng. = 1. The Ny; are defined as demagnetizing
coefficients. For the chosen geometry, where ¢ << w < [, it is possible to obtain the

following expressions for the demagnetizing coefficients [32]:

t t
Ngp~ —— , Ny, = ——, Ny, =~ 1. 2.18
dx 972l dy 272w dz ( )
The shape anisotropy can be phenomenologically described as an effective magnetic
field produced in the sample when the magnetization moves away from the minimum

H,; direction. For M moving away from the z—direction towards the y—direction in Fig.

2.4, the anisotropy field can be expressed as Hgpgpe = M(Ngy — Ngy) = M L (% -1

272 w
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[32]. The corresponding magnetostatic energy density is:

1
€shape = *§M0M : Hshape = N shape COS2(C¥) = Kshape - Kshape COS2(0)7 (219)

where Kpape = ﬁuo(% — %)Mf > 0 is the shape anisotropy constant, o defines the
tilting of M with respect to the y—axis and 6 is the angle between M and the x—axis
(the axis of minimum energy density). According to Eq. 2.18 and 2.19, in absence
of any other magnetic anisotropy, the magnetization would spontaneously lie along the
long side of the sample, since this would minimize the demagnetizing field and thus the

magnetostatic energy of the system.

hard-axis T hard-axis

FIGURE 2.4: Magnetic shape anisotropy. The magnetization and the correspond-

ing demagnetizing field, for the three main magnetization configuration. The “+”and

“represent the “magnetic charges”at the sample surfaces. The more charges are pro-
duced, the larger the demagnetizing field will be.

2.2.4 Anisotropy energy

It is common to observe in crystalline ferromagnets that the spontaneous magnetization
prefers to lie along some specific crystallographic directions. For example, in Fe, which
exhibits a body centered cubic crystallographic structure, the magnetization prefers to
align itself spontaneously along the sides of the cube [13]. This results in anisotropic
magnetic systems, where the magnetization prefers to align only along specific crystal-

lographic axes, defined as easy—azes.
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The origin of such anisotropy is linked to the crystal electric field, due to the crystal-
lographic structure. Due to the spin—orbit interaction (see Eq. 2.6), the spins S of the
atoms are not free to point in any direction, but only in those ones that minimize the
SOI. Since this anisotropy originates directly from the crystal, it is defined as magne-
tocrystalline anisotropy.

In the micromagnetic approximation, the uniaxial anisotropy energy can be described

as:

Funi = /fam(r)dST = /Ksin2(0)d3r, (2.20)

where K is the first order magnetocrystalline anisotropy constant and 6 is the angle
between the magnetic easy—axis and the magnetization direction. From Eq. 2.20, it
is clear that the energy is minimized when the magnetization is collinear to the easy—
axis (6 = 0°,180°), while it is maximized when the magnetization lies in the plane
perpendicular to the easy—axis (6 = 90°,270°). As a result, in a ferromagnetic system
characterized by a uni—axial magnetic anisotropy, the anisotropy energy is minimized

when the spontaneous magnetization lies along the easy—axis.

2.2.5 Induced perpendicular magnetic anisotropy

The investigation of magnetic nanostructures characterized by a strong perpendicular
magnetic anisotropy (PMA) has been of great interest in the last few years [25, 33-36].
The general material system where the PMA has been observed is a multilayer consisting

of:

e A few nm—thick bottom heavy metal (HM) layer (Pt, Ta).

e An ultra-thin (a few A to 1 nm) ferromagnetic (FM) layer in the middle (Co,
CoNi, CoFe, CoFeB).

e An oxide (Ox) top layer (AlO,, MgO).

A general PMA material stack is schematically shown in Fig. 2.5. According to what is
reported above concerning the shape anisotropy, the magnetization in such ultra—thin
FM is expected to lie in the plane of the sample. So, a possible explanation for the
observed PMA could be a large crystal anisotropy with an easy—axis pointing perpen-

dicular to the film surface. However, those systems are characterized by polycrystalline
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FIGURE 2.5: PMA material system. The PMA has been observed in material

systems consisting of: a bottom heavy metal (HM) layer; an ultra—thin (< 1nm thick)

ferromagnetic (FM) layer; a top Oxide (Ox) layer. The two interfaces of the FM with

the HM and the Ox is where the PMA is originated, due to strong SOI and electronic
orbitals overlaps.

ferromagnetic layers, which consist of nanometer—size grains separated by grain bound-
aries, or by amorphous ferromagnetic materials. There is no long range crystallographic
order to justify a macroscopic crystal anisotropy. As a consequence, another anisotropy
term has to be taken into account to explain the observed out—of-plane (OOP) sponta-
neous magnetization.

The origin of this OOP easy—axis has been shown to be at both the HM\FM-interface
and the FM\Ox—interface, from which the name of magnetic interface anisotropy. At the
HM\FM-interface the induced PMA is attributed to the HM 5d-FM 3d-hybridization
of the electronic orbitals [37]. Due to the strong SOI present in the system, the electronic
orbitals with their magnetic moment pointing OOP are energetically favorable compared
to the others. An example is the observed enhancement of the orbital magnetic moment
tory in Co at the Pt\Co interface [37], which drives the PMA in the system.

A second origin for the PMA in the magnetic thin film is at the FM\Ox—interface. As
shown by first principles calculations [38] for the Fe\MgO and Co\MgO interfaces, there
are two main mechanisms which generate the PMA in such magnetic bilayers. First,
there is the overlap between the Ox—p,—like and the transition metal FM-d,2—like elec-
tronic states (see electronic orbitals in Fig. 2.6), which results in hybridized p — d-like
electronic states at the interface. Second, there is the hybridization between the d,2—like
and the d,. ,.-like electronic states in the ferromagnet. Due to the SOI, the hybridized
electronic states close to the Fermi edge carrying an OOP magnetic moment, are ener-
getically favorable in comparison to the ones with an in—plane magnetic moment.

The two interface anisotropy contributions sum up resulting in a net PMA for the ma-
terial stack. The total effective anisotropy of the system due to the co—existence of

the interface anisotropy, the bulk (crystal) anisotropy, and the shape anisotropy can be
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phenomenologically described by [39]:

K; 1
Kepr = Ky + —— — oM. (2.21)
teny 2

Here, K} is the bulk anisotropy energy density, that, for non—-textured and amorphous
FM layers, is zero. K; is the interface anisotropy energy per unit area. The last term
represents the shape anisotropy energy density due to the demagnetizing field. Since the
latter contribution to the effective anisotropy is constant with respect to the thickness
of the ferromagnetic layer, tpys (assuming no change of M, with respect to tpar), Keps
can be positive or negative depending on tgj;. In the case of a large K;, for a very thin
FM layer K¢y will be positive and the system will exhibit a PMA. On the other hand, if

tr is large enough, K, rr will be negative, resulting in an in—plane effective anisotropy.
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FIGURE 2.6: Atomic 2p and 3d electronic orbitals. Angular distribution of the
electronic density of the 2p and 3d atomic orbitals [13].

2.2.6 Energy minimization: magnetic domains and domain walls

The final magnetic texture in a magnetic sample is the one which minimizes the sum
of all the energy terms contributing to the magnetic free energy, and it can reflect a
local or an absolute energy minimum, depending on the specific energy minimization
path followed by the system. Considering only the exchange energy and the magnetic
anisotropy, it would be expected to observe macroscopic ferromagnetic systems fully

magnetized in one direction, corresponding to one of the magnetic easy—axis. However,
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it is of common knowledge that usual macroscopic ferromagnetic systems have no net
magnetization, due to the presence of magnetic domains separated by thin magnetic
domain walls.

According to Weiss’s theory [13], macroscopic ferromagnetic systems split up into many
microscopic magnetic domains in order to minimize their total dipolar energy Fg., due
to the dipolar stray field (or demagnetizing field) [13]. However, the formation of a
domain wall (DW) in between two magnetic domains is also energetically expensive.
This means that a DW is generated only if the total energy of the system is reduced
after its formation.

Considering the case of a ferromagnetic system characterized by a uni—axial anisotropy
along the z—axis (see Fig. 2.7), the dimension of a DW (proportional to the number
N of spins contained in the DW along its width) is determined by the minimization
of the sum Fi, + F,p;(assuming no other contributions to the total free energy, beside
these two). The magnetization rotates continuously over many inter-atomic distances,
moving from one uniformly magnetized area to the next. The minimization of the sum
of exchange and anisotropy energy will define the width of the DW. An expression for
the width of the DW is given by [13]:

[ A
)\DW:N*CL% E’ (2.22)

where A is the exchange stiffness, K is the uni—axial anisotropy energy density constant,

and a is the lattice parameter.
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FIGURE 2.7: Magnetic domain wall. Two magnetic domains separated by a DW.

The magnetization in the DW rotates continuously from domain 1’s magnetization di-

rection to domain 2’s magnetization direction. Both domains have their magnetization

pointing along the easy—axis, but anti-parallel with respect to each other. The DW

width, Apw, is given by the lattice parameter, a, times the number of spins, N, needed

to move from domain 1 to domain 2. 0;; defines the angle between two consecutive
spins in the DW.
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2.3 Néel-Brown model of magnetization reversal

The theory of magnetism in the micromagnetic approximation presented in the previous
section refers to the case T' = 0 K, where the effects of thermal fluctuations are not
considered. However, in real systems the temperature is finite, and the 7' = 0 magneti-
zation stable state obtained by the minimization of the magnetic free energy in Eq. 2.11
is continuously perturbed by thermal agitation.

A description of thermal fluctuations of magnetic moments in a single-domain magnetic
particle was, for the first time, proposed by Néel [40] and Brown [41]. Considering a
magnetic particle whose internal magnetization can be described by a single macrospin
(being all the magnetic moments aligned), with a uni—axial magnetic anisotropy, its
magnetization will lie along the magnetic easy—axis, in one of the two stable states (see
Fig. 2.8). The two stable states are separated by a single energy barrier, Ey(H ), which
is a function of the applied magnetic field, H. The magnetization changes from one
state to the other by overcoming the energy barrier . The energy barrier between
the two stable states can be lowered by applying H in the opposite direction of the
particle’s magnetization. When the field is large enough, the thermal fluctuations will
allow the system to reverse its magnetization. An simple analytical approximation for

the dependence of Ej, on H is [42]:

H

FEy(H) = Eg(l — ——
b(H) = Eo( HO

)X, (2.23)

where Ej is the energy barrier at zero field, HY, is the switching field at zero temperature,
and Yy is a coefficient that is usually equal to 1.5. The probability that the magnetization

in the magnetic particle has not switched after a time ¢ is give by [42]:
t
P(t) = eap(~1), (2.24)
T

where 7 here represent the inverse of the switching rate, also known as relazation time,

and can be expressed as [42]:

Ey(H)
kT

(T, H) = Toexp( ), (2.25)

with 79 being the inverse of the attempt frequency, fo. Here, 79 represents the time

during which the thermal fluctuations of the magnetization occur, which is in the order
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of 1 ns.

FI1GURE 2.8: Néel-Brown model. Schematic of the thermal activated magnetization

reversal described by the Néel-Brown model. The probability of transition between the

two magnetization states is defined by the single energy barrier, Fj, separating the two

states. When FEj, is sufficiently small, due to the application of an external magnetic

field for example, the particle’s magnetization can switch due to thermal fluctuations.

The switching time (or relaxation time) and the fluctuation time are indicated by 7
and 7y, respectively.

2.4 Interfacial DMI in PMA magnetic nanowires: chiral

Néel domain walls

Let us consider now the effect of the interfacial DMI discussed before on the magnetic
texture in magnetic nanowires. As shown in Fig. 2.9, for PMA materials with large
values of the magnetic anisotropy DW widths, Apy, of the order of a few nm are
expected [43]. Accordingly, in thin films (¢F3s < 1 nm) and in the commonly investigated
nanostructures [25, 35, 44] with a width w ranging between a few 100 nm and a few pum,
Bloch—type DWs are expected, for magnetostatic reasons (see Fig. 2.9(a)). However,
as shown by Thiaville et al. [45], in the presence of DMI at the HM\FM interface, a
Néel-type DW can be generated. Increasing the strength of the DMI, the DW magnetic
moments can be rotated from the full Bloch configuration to the full Néel configuration,
as shown in Fig.s 2.9(b) and 2.9(c). This is due to the minimization of the DW energy
density, where the magnetostatic energy and the DMI are competing in the definition of
the DW final state. As calculated by Thiaville et al. [45], when D > D, = 4\pw K/,
the DW will assume the Néel configuration (where K is the shape anisotropy density of
the DW), while for D < D, the DW’s moments reorient to the Bloch configuration with
decreasing D.

In PMA systems two different types of DWs can be obtained: 1/-DW and |T-DW; as
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shown in Fig. 2.10. In the presence of DMI at the interface, the Néel component of
the DW magnetic moment mpyy, will have opposite sign for the two DWs, forming
“chiral”domain walls. This means that, moving from one magnetic domain to the other,
the magnetic moments in the DW will rotate with the same winding (either clockwise
or counterclockwise) around the direction of D. When the winding occurs clockwise
the DWs are referred to as right-handed and the DMI is said to be positive; while for
counterclockwise winding the DWs are referred to as left-handed and the DMI is said
to be negative.

Phenomenologically, the action of the DMI on the DW magnetic configuration can be
described as an effective magnetic field Hpysr localized at the DW [25, 35, 45]. Such
effective field points along the longitudinal direction (z—axis) and has opposite sign for
1T}~ and [1-DW, generating the Néel component of the DW in Fig. 2.10. The expression
of the effective DMI field reads [45]:

D

_ 2.26
poMApw’ (226)

Hpyr =

with Hpasr pointing along +z—direction (—z—direction) when D points along the +y—
direction (—y—direction), for an 1}-DW. The same symmetry, but with opposite sign,
holds for a |T—-DW.

2.5 Field—induced magnetization dynamics: the Landau—

Lifshitz—Gilbert equation

Formally, the dynamics of magnetization in ferromagnetic materials is described by the
phenomenological Landau—Lifshitz—Gilbert (LLG) equation [46]. The LLG equation can

be expressed as [46]:

oM « oM
— oM X Hegr + —M x 22
ot e VT

(2.27)

where v is the gyromagnetic ratio, pg is the permeability of free space, Hegr is the total
effective field acting on the magnetization M, and « is the Gilbert damping constant.
The effective field is the sum of all the magnetic fields acting on the magnetization:
external field, anisotropy field and other possible effective fields that could be interacting
with M.
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FIGURE 2.9: An 1]-DW’s magnetic configuration as a function of the DMI.

(a) In the absence of DMI, in PMA magnetic nanowires with w >> Apw, DWs are

expected to be of the Bloch-type, due to the strong shape anisotropy of the DW. (b)

In the presence of a moderate DMI, with D < D,., the DW is between the Bloch and

the Néel configuration. (¢) When the DMI is strong enough, with D > D., the DW

is fully Néel-type. The case reported here refers to a positive DMI, which induces
right-handed DWs.
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FIGURE 2.10: Chiral domain walls. Top—view and side-view of an 1/-DW (left)

and a [T-DW (right), in a material system with a positive interfacial DMI. The DMI

strength is finite and lower than the saturation value D., generating right—handed DWs

with a finite Néel component mpy,, that it positive (negative) for the 1]-DW ({1—
DW).

The first term on the right side of Eq. 2.27 describes the precession of the magnetic
moment around the effective field, as indicated by the violet arrow in Fig. 2.11. Without
any dissipation term, the magnetic moment would precess around the effective field
continuously. Accordingly, the second term is introduced in order to account for the
energy dissipation effects [47]. The corresponding damping torque is indicated by the
red arrow in Fig. 2.11. Such a torque tends to align the magnetic moment with the

effective field.

FIGURE 2.11: Magnetization dynamics as described by the LLG equation.

Schematic of the magnetization dynamics in the presence of a net effective magnetic

field, H.f¢r. When the magnetization vector is non collinear with Hcss, a precessional

torque, Tpre, causes precession of M around the effective field, while a damping torque,
T damp, aligns M with the field.
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2.6 Current—induced magnetization dynamics in metallic

ferromagnets

2.6.1 Spin—dependent transport

Referring to Fig. 2.3, the overlapping of the 3d and the 4s energy bands at the Fermi
level results in spin—dependent transport properties. The presence of a net magneti-
zation introduces a spin—dependent scattering process, which is characterized by two
different momentum scattering mean free path for spin—up and spin—down electrons,
AT+, associated to two different momentum scattering times, 77+. As a consequence,
the injection of an electric current into an itinerant ferromagnet results in the generation
of a spin—polarized current.

Referring to Fig. 2.3, the spin—down electrons are defined as majority electrons, while
the spin—up electrons are the minority electrons. The majority and minority electrons
populate the majority and the minority band, respectively. Due to the spin—dependent
scattering characteristic of metallic ferromagnets, the two types of electrons have differ-

ent conductivities [13, 48]. This can be expressed by [49]:

o 1 _ 2D (Ep)
o= = , (2.28)
pT»L m*

€

where 1 and | refer to spin—up and spin-down electrons, D(Ef) is the DOS at the
Fermi level, m? is the effective mass of the conduction electrons and 71+ is the spin—
dependent momentum scattering time. A two—channel model can be developed for
itinerant ferromagnets [50], where the metallic system consists of two half-metals (a
half-metal is a metallic system where only electrons of one type of spin contribute to
the conductivity). In such a model, considering also the possibility of inter—channels
scattering events, the ferromagnet resistivity can be expressed in the following way [50]:

_ P+ (e 40T

p (2.29)

where p*! is the resistivity contribution due to the inter—channel scattering processes

(also known as spin—flip scattering events). It is easy to see from Eq. 2.29 that, when

prpt
prpt

ptT << pt, pl, the total resistivity p = is equivalent to that resulting from 7T—spin

J—spin half-metals connected in parallel.
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The electrical resistivity of the two spin—channels are usually different [50]. The prob-
ability of scattering in the s—d band is a function of the available states at the Fermi
level. More available states means a higher probability for the “itinerant”(small m})
s—like electrons to be scattered into the more “localized” (large m}) d-like states, which
results in a higher resistivity, in accordance with Eq. 2.28. On the other hand, the DOS
at the Fermi level is also usually different for the two spin—channels. As a consequence,
the two contributions I+ and IT to the total current (I = IV +I") are different, resulting
in the generation of a spin—polarized current, I4; sy = I +—IT. The degree of polarization
of the electric current is referred to as spin—polarization (P) [13, 48], and can be defined
as [13]:
~ Aaigy v DY EF) — v, DT (EF)

P = : 2.30
I~ v, DHEp) + v}, D (Ep) (2:30)

where vg 1 | is the spin dependent Fermi velocity of the electrons and n = 0, 1, 2 for spin—
polarized photoemission, ballistic transport or diffusive transport, respectively. Accord-
ing to the definition of spin—polarization, the commonly used itinerant ferromagnets Fe,
Co, and Ni have P > 0 under diffusive transport conditions, with the major contribution

to the total electric current originating from their majority band electrons [13].

2.6.2 Spin—transfer torque: a toy model

Let us consider a system consisting of two ferromagnetic thin films, FM1 and FM2, sep-
arated by a non—magnetic metallic layer, NM, as shown in Fig. 2.12. Such a magnetic
system is known as a spin valve [48]. If an electric current is injected from the left
to the right of the spin valve in Fig. 2.12, the conduction electrons are spin—polarized
in FM1, with their magnetic moments aligned with the magnetization My (neglecting
the orbital moments, a reasonable approximation at this basic level of description for
transition—metal ferromagnets, due to the quenching of the angular moments [46]). Mov-
ing towards FM2, the spin—polarized electrons cross the thin NM layer without losing
their spin polarization, if £x s is smaller than the spin diffusion length, Aspin, in the NM
(Aspin is the distance over which the electron travels with a fixed spin, defined by the
scattering probability of the electron in the metal [48]). At this point, the spin—polarized
electrons reach FM2, where the magnetization Mg is not collinear to M;. Right at the
interface NM/FM2 there are spin magnetic moments aligned with My, entering the

second ferromagnet. The misalignment between the itinerant magnetization, M’17 and
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M, generates a torque (actually, a change of the magnetization in time) on the local
magnetization in FM2 (STT-arrow in Fig. 2.12), due to s — d—exchange interaction.
The itinerant s—spin, s, and the localized d—spin, S, interact locally at the d—electron’s
position. The s —d-exchange can be described by H3, ¢ = —J5-9Q)|%S; - S; [13], where
J~4 is the s — d-exchange constant, (2 is the volume of the core d shell and |t)|? the
s—electron probability density. Reciprocally, the spin—polarized electrons entering FM2
will be forced to align along My due to the internal exchange field Hex 2. This is the so—
called spin—transfer torque (STT) effect, described for the first time by J. C. Slonczewski
[6, 7, 51] and L. Berger [8, 52]. The torque acting on My due to the spin—polarized elec-
trons coming from FM1 is directed along the line joining the two magnetization vectors,
as shown in Fig. 2.12.

The STT is not generated only between two FMs separated by a thin NM layer. Anytime

FM1 NM FM2

pd LI 2

NM
tNM < Aspin

FIGURE 2.12: STT mechanism. Schematic description of the STT effect. The spin—

polarized current generated in FM1 is able to exert a torque on the magnetization in

FM2 if it is not collinear with My. The resulting torque is along the line joining the

two vectors My and M/17 with the latter representing the itinerant magnetization at

the interface NM/FM2. The big yellow arrows represent the magnetization vectors in

the two FMs, while the small yellow arrows are the magnetic moments of the itinerant
electrons. The electron flow is from left to right.

a spin—polarized current enters a differently magnetized region in a ferromagnet, a torque
is applied on the local magnetization. This is the case of a ferromagnetic nanostruc-
ture containing magnetic domains separated by DWs. Each time that the conduction
electrons move from one magnetic domain to the next, crossing the DW in between, a
similar case to the one described here is realized. This time the torque is exerted on the
DW’s internal magnetization, as depicted in Fig. 2.13.

In the case of DWs, the STT mechanism can be described as follows: the spin—polarized
electrons coming from domain D1 (see Fig. 2.13) cross the DW on their way to D2.

In the magnetic DW, the magnetic moments of the conduction electrons and the ones
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of the local magnetization are non—collinear. Due to the s — d—exchange interaction,
the non—collinearity between the two spins results in a torque acting on the local spin,
which makes it to rotate towards the itinerant spin—polarization. However, due to the
conservation of the total angular momentum in the exchange interaction, the spins of
the conduction electrons experience an opposite torque which reorients them parallel to
the local spins. As a result, a net motion of the DW in the direction of the electron flow
occurs. This is the underlying mechanism in current-induced DW motion (CIDWM)
based on the STT effect. However, as will be explained in more details later, it is possible

to have different types of STT—driven DW motion.

D1 DW D2

2R

P/~ b

t,<t<t,

t>t,

AT

FIGURE 2.13: STT at a magnetic DW. The STT can be generated also at magnetic

DWs. The spin—polarized current from domain D1 exerts a torque on the DW'’s internal

magnetization. In return, the electrons crossing the DW experience an opposite torque

which aligns their magnetic moments (small red arrows) with the local magnetization

(black arrows). This generates a motion of the DW in the direction of the electron—flow,

during the application of an electric current between time to and ¢;. The red horizontal
arrow indicates the electron flow.

2.6.3 Landau—Lifshitz—Gilbert equation with STT

In the presence of a spin—polarized electric current, a STT is expected to influence the
magnetization together with the effective field. In the LLG equation, the effect of the
STT can be included by adding a third term on the right side of Eq. 2.27, as in the
following;:

oM o oM OM

—_— = = M x H —M —_— 2.31
5 YoM x eﬂ"|‘MS X + ( T )STT, (2.31)

where the last term on the right side assumes a different expression for different exper-

imental situations. In Fig. 2.14 the orange arrow indicates the STT, which points in
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the opposite direction with respect to the damping torque. However, the STT would
be parallel to T g4, if the current sign was changed. Considering the direction of the
applied magnetic field, the STT has the symmetry of a damping torque, justifying the
definition of damping—like torque. However, this holds if only the so—called adiabatic
STT is considered (see below). Indeed, as it will be explained in more details in the
following, this is not the only type of STT which can be generated.

The STT can be used for inducing magnetization dynamics in ferromagnets, such as
stable precessions or reversal of the magnetization in the ferromagnet [46], as well as
for displacing magnetic domain walls [43]. In the next section the case of STT-driven

domain wall motion will be presented.

FIGURE 2.14: Magnetization dynamics in the presence of STT. Schematic of

the magnetization dynamics in the presence of a net effective magnetic field, H.yy

and of STT. When the magnetization vector is non collinear with Hc¢¢, a precessional

torque, Tpre, causes precession of M around the effective field, while a damping torque,

Tdamp, aligns M with the field. On the other hand, in the presence of an electric

current a damping-like STT, 757, is generated. The Tgpr will increase or decrease
the misalignment between M and H., depending on the sign of the current.

2.6.4 STT-driven domain wall motion

Of particular interest for this thesis is the concept of domain wall motion driven by a
spin—polarized current. Accordingly, a description of the STT-driven DW motion in
nanowires is presented in the following.

In the description of current induced torques at a DW, it is possible to distinguish be-
tween two different limiting cases [43]. One is the adiabatic limit, within which the
spins of the conduction electrons are always perfectly aligned with the local magnetiza-
tion due to the exchange interaction J 9. This is the case for the wide DWs, where
the gradient of the magnetization in the direction of the drift motion of the electrons

is much smaller than the spin precession length (which is the length that the electron
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travels during the time of one precession of its spin around the exchange field) or than
the Fermi wave-packet’s dimension (which is of the order of the inverse of the Fermi
wave—vector). Typically, this is valid for low anisotropy materials, like Permalloy (Py),
having DW widths around 100 nm [43]. In this case the electrons crossing the DW
have enough time to exchange their angular momentum with the local magnetization,
reorienting their spins continuously. Due to the conservation of angular momentum,
this results in a torque on the local magnetization which tries to align the magnetization
with the spin polarization of the electric current. The STT acting on the DW can be

expressed as [43]:
jPhom

e Ox (2.32)

TSTT,ad =

where P is the spin—polarization of the current, j the current density for a current
flowing along the x—direction.

Due to the STT, the time derivative of the magnetization unit vector reads as:

(%?)STT,M =—(u-V)m, (2.33)

where u = jPup/2eMg is generally called the spin drift velocity. The velocity, wu,
is the maximum velocity at which a DW can move under the action of the 7977 44
This is obtained when all of the changes in the angular momentum of the conduction
electrons are transferred to the local magnetization and eventually converted into DW
displacement. For each electron moving from one domain to the next, the angular
momentum transfer amounts to 1A, corresponding to a change of 2up in the magnetic

moment.

The adiabatic torque is not the only STT term which can act on a DW. This became
clear since the experimental observations of current-induced DW motion could not be
fully explained by the adiabatic STT model. Accordingly, an additional non—adiabatic
STT has been proposed, which takes into account other possible mechanisms for the
change in the electron spin, besides the adiabatic exchange of angular momentum with
the local magnetization.

The non—adiabatic torque was first proposed in 20042005 by different scientists [53-55],
in an attempt to understand the experimental observations of DW motion in magnetic

nanowires obtained at that time. Phenomenologically, the non—adiabatic torque can be
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described by a dimensionless parameter, 8 [43]:

(%—T)STTWM =fm x [(u- V)m)]. (2.34)
As can be seen by comparing Eq. 2.33 and Eq. 2.34, the new torque is perpendicular
to the adiabatic torque. It has the symmetry of a torque generated by a magnetic field
applied along the easy—axis of the system. Accordingly, the non—adiabatic torque is
defined as field—like torque, while the adiabatic torque is defined as damping—like torque.
There are several origins for the non—adiabatic torque, however they can be separated
in two categories. The first type of 7977 nq4q is due to spin-relaxation phenomena in the
DW. The spin-relaxation can occur via spin—flip events at impurities or with phonons.
Since these scattering events are driven by spin-orbit coupling [43], there is no conserva-
tion of the angular momentum, justifying the definition of “non—adiabatic”torque. This
non—adiabatic STT can be interpreted as a dissipative term, since it has the same mi-
croscopic origin as the Gilbert damping effect [56].
The second type of non—adiabatic torque is linked to the internal magnetization of the
DW. In the case of systems with a strong magnetic anisotropy, resulting in narrow DWs,
the gradient of the magnetization is large. This makes the spin precession length compa-
rable with the DW’s width, resulting in a non—adiabatic alignment of the electron spin
with the local magnetization. This generates a non—adiabatic torque. As Tatara et al.
[57] explained, this can be seen as a linear momentum transfer (in the one-dimensional
model) from the conduction electrons to the DW, due to the scattering of the electrons

at the spatially fast varying DW’s spin texture.

Adding the two STT terms reported above to the LLG equation, it is possible to phe-
nomenologically describe the dynamics of DWs under the effect of electric currents. The

corresponding form of the LLG equation results [43]:

oM a oM B
o —YpoM X Hegr + WSM X5 T (u- V)M + EM X [(u-V)M], (2.35)

where the last two terms indicate the adiabatic and the non—adiabatic STTs.
Equation 2.35 can be written in a simple analytical form, if a one-dimensional (1D)
model is used for describing the magnetic DW [43]. In the 1D model, the DW dynamics

are described by the dynamics of two independent variables: its position, ¢, and its
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internal magnetization angle, ¥ (see Fig. 2.15). The equations of motion resulting from

the 1D model are [43]:

o  a 9q fu Y OVpin

T H — 2.36
at Aow ot 1O * Apw  2Mg 9q (2.36)
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Apw Ot @ ot 2 sin(2¢) + ADW (2.57)

Here, Hy is the DW demagnetizing field (Hx = 2K4/(noMs), with Ky being the DW
demagnetizing energy), H is the external field applied along the easy—axis, V), is the
pinning potential of the DW due to the roughness, impurities or grain boundaries present

in the system. In ideal nanowires, where no pinning is present, if the adiabatic STT is

Bloch wall AZ Neel wall AZ
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FIGURE 2.15: Domain walls magnetization configuration in the 1D model

for PMA systems. Schematic representation of a magnetic DW in the 1D model

framework, for PMA systems. The DW is described by its position ¢ and its internal

magnetization angle 1. The color—code describes the macro—spins belonging to the two

different magnetic domains and to the DW in between. (a) Bloch wall configuration.
(b) Néel wall configuration. (c) Magnetic configuration of a general DW.

the only torque acting on the DW magnetization, an intrinsic critical current density
ue = ypoHrgApw /2 needs to be reached in order to move the DW [43]. Indeed, the
adiabatic torque generates a net displacement of the DW only if the critical torque needed
to induce a continuous precession of the DW internal magnetization is reached. This
happens when the current—induced torque is strong enough to overcome Hg, inducing
the so—called Walker breakdown (WB) [58]. In the WB regime, the average velocity of
the DW motion is described by < vpy >= @ [43].

On the other hand, in the presence of the non—adiabatic torque there is no longer an
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intrinsic critical current density for ideal nanowires. However, in real systems with a
finite DW pinning strength, an extrinsic critical current density is given by the strength
of the pinning potential V,;;,. In the steady state regime (even known as the flow regime),
the velocity increases linearly with the current density as vpyw = gu [43]. The larger
the non—adiabaticity parameter, the larger the final velocity of the DW. This justifies
the enormous interest towards magnetic systems with large 5, due to the possibility of
using them for the design of new magnetic memories and logic devices based on fast DW
motion [2, 59]. The final DW velocity changes linearly with the current until a critical
value uyy = ucwfﬁ is reached [43]. Above uy the DW undergoes periodic oscillations
as already described before and the average velocity drops if 8 > «, or increases if
B < «, similarly to the adiabatic limit. Finally, for very large value of the current

density (that means, large u) the final average velocity of the DW motion converges to

the limit < vpy >= %y [43].

2.6.5 Current—induced magnetization reversal: generalized Néel-Brown

model

The Néel-Brown model previously reported is useful in the description of thermal as-
sisted magnetization reversal in single-domain magnetic structures when an external
easy-axis magnetic field is applied. However, such a model is not able to describe
the magnetization switching induced by a spin polarized current. This is the case for
spin—valves (see Fig. 2.12) [60, 61] and magnetic tunnel junctions [62, 63], where the
spin—polarized current generated in a magnetic reference layer is used to induce mag-
netization reversal, by STT, in a second magnetic free layer [62, 64]. When an elec-
tric current is injected through the magnetic system, an out—of equilibrium situation
is generated, which cannot be described anymore by the Boltzmann distribution func-
tion: Pp x exp(—E/kpT) [65]. In the presence of a spin—transfer torque acting on the
magnetization, the correct description is offered by the Fokker—Planck equation, which,
numerically solved, allows to obtain the probability distribution that describes the sys-
tem out—of-equilibrium [65, 66].

In the presence of an electric current, the energy barrier, Fp, which governs the magne-
tization reversal depends on the magnitude as well as the direction of the current [65].
However, even if the Néel-Brown formula (reported in Eq. 2.25) does not apply in the

presence of STT, according to Li and Zhang [65] the out—of-equilibrium situation can
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be described by a modified version of it. It is possible to define an effective tempera-
ture, T™, or equivalently an effective energy barrier, E}, so that a modified version of
the Néel-Brown formula can be employed to describe the magnetization reversal in the
presence of STT. The modified Néel-Brown formula for the switching rate will then read
[65]:

*

7 = foeap(— ), (2.35)

aj

with E}f = Ep(1 — HL&U)B( — a—c) being the effective energy barrier. Here, H is the
applied field along the easy—axis, H, is the switching field at zero temperature, 3 is a
coefficient which can vary between 1.5 and 2, a; describes the strength of the STT, and
a. represents a critical STT (linked to the minimum STT needed in order to switch the

magnetization at zero temperature).

2.7 Spin—orbit torques

In the last 7 years a new kind of current—induced torque has been reported, whose origin
has been attributed to the strong spin—orbit coupling (SOC) characterizing the material
systems where they were observed [9, 25, 35, 36, 44, 67-69], from which originates the
name spin—orbit torques (SOTs). Such observations have been obtained in the investi-
gation of magnetic multilayers with structural inversion asymmetry (SIA). The general
material stack where the new torque has been observed consists of a thin ferromagnetic
layer sandwiched between two different non magnetic layers, where the bottom layer
consist of a strong SOI and the top layer is usually an oxide, as the one reported in Fig.
2.5.

There are two main effects that have been proposed so far as playing a role in the gen-
eration of the SOT, namely: the inverse spin—galvanic effect (ISGE) [69-72], originating
from the Rashba effect [73]; and the spin—Hall effect [74-77]. Both effects listed above
have their origin in the SOI. Each one of them will be briefly presented, including a

description of the role played by each one of these effects in the generation of SOTs.
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2.7.1 Inverse spin—galvanic effect

2.7.1.1 Rashba spin—orbit interaction

As it was first shown by Bychkov and Rashba [73, 78], a crystal with a single high
symmetry axis can generate an energy term in the spin—orbit Hamiltonian which is
linear in the electron momentum p = hk. This is also the case for magnetic multilayers
with SIA [71]. Following the discussion in [71], the one-electron Rashba Hamiltonian
reads:

Hso = ar(k x Z) -0, (2.39)

where ap is the Rashba coefficient (function of the SOI in the specific material), o =
(02,0y,0:) represents the Pauli spin-matrices and Z is the out—of-plane unitary vector.
For 2D systems, as for example surfaces or interfaces in multilayers, Eq. 2.39 can be
simplified in the form:

Hso = ar(kyoy — kyoy), (2.40)

where it is possible to see that there is a coupling between the electron direction of
motion in the plane and the spin of the electron. The electron spin is locked to the
electron momentum, being always orthogonal to it.
Equation 2.39 formally describes the Zeeman-like interaction between the electron spin
and an effective spin—orbit magnetic field. This can be shown writing the Hamiltonian
in the following way [71]:

Hso = upo - Bso, (2.41)

where Bgo is the effective spin—orbit magnetic field. The orientation of Bgo(k) as a
function of the wave—vector k is shown in Fig. 2.16. The effective magnetic field is
always perpendicular to the electron direction of motion.

One possible way to understand how SIA can generate a Zeeman-like interaction is
to consider the motion of electrons in a non—symmetric crystal electric field potential
V. In the electron’s rest frame, the electric field E = —VV transforms in a magnetic
field. When transformed back into the laboratory’s reference frame such a field results
in Bso = —(ve X E)/2¢% = (hk x VV)/2m.c? [71], where v, is the electron velocity and
¢ is the light velocity in vacuum.

In the case of itinerant systems, the conduction electrons experience both the microscopic

nuclear potential V,,,,. due to the nuclear charge, and the macroscopic interface potential
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Vint due to the presence of a surface or an interface between two different materials (SIA).

This results in a spin—orbit Hamiltonian which contains both contributions [71]:

Hso =

50 [k X V (Vi + Vi) (2.42)

According to Eq. 2.42, there are two different degrees of freedom in the control of

Ky

FIGURE 2.16: Orientation of the Rashba spin—orbit field in the k—space. Ori-

entation of the spin—orbit magnetic field with respect the electron momentum k. The

effective magnetic field (blue arrows) is always orthogonal to the momentum of the
electron.

the Rashba effect: the nuclear charge and the interface potential. Considering the first
one, it results that the Rashba Hamiltonian is proportional to Z* [71], where Z is the
atomic number. This suggests that in systems containing heavy metals, with large Z,
the Rashba effect will be large. On the other hand, concerning the potential at the
interface, its contribution to the Rashba Hamiltonian is maximized for interfaces with
a large electric potential gradient. This can be obtained at the interface between two
materials with a huge mismatch in the respective work functions, justifying why the
Rashba effect is expected to be present at interfaces between an heavy metal and an
itinerant ferromagnet [36, 67, 71] or between a metal and an oxide [79, 80]. It is clear
that a trilayer consisting of a bottom heavy metal, an ultra—thin itinerant ferromagnet
and a top oxide layer like the one reported in Fig. 2.18 is a good candidate for the

observation of a strong Rashba effect.



Chapter 2. Theoretical background 37

2.7.1.2 Inverse spin—galvanic effect

The Rashba effect presented above has possible consequences on the transport properties
of conducting systems. Considering the model system consisting in a non magnetic two—
dimensional electron gas (2DEG) with Rashba SOI, the electronic Hamiltonian reads

[71]:

H= +agrk x2) -0, (2.43)
m}, being the effective electron mass. The eigenvalues for this Hamiltonian result to be:

h2k?
= + k|. 2.44
=5 +anlk (2.44)

€

In Eq. 2.44, the term proportional to the Rashba coefficient adds a energy contribution
linear in k, which has an opposite sign for spins parallel (4) or anti-parallel (-) to the
spin—orbit field. A split in energy between the two spin—bands is obtained, resulting in
different kr and so different iso—energetic contours for the two spin—states at the Fermi
level, as shown in Fig. 2.17(a). In the absence of current, the total spin—polarization
of the system averages out, since the average net electron momentum is < k >= 0.
However, in case an electric current is injected into the system, it will generate a non
equilibrium situation. As it is shown in Fig. 2.17(b), the application of an external
electric field E.p; = FepX will displace the two Fermi discs of a different amount for
the “4”and “-”spin—-band. This results in the generation of a non—equilibrium spin
polarization, which can be phenomenologically described as Sso = armi(z x j.)/eh
[72], where ap is the Rashba coefficient, m} the effective electron mass. This is the
so called inverse spin—galvanic effect (ISGE), also known as Edelstein effect [69-72],
where an electric current induces a non equilibrium spin polarization due to SOI. This
effect is the reciprocal of the spin-galvanic effect (SGE), where a non—equilibrium spin
density S, _.. injected into a system with Rashba SOI gives rise to an electric current
je = —ear(2 x S,.—¢) [72, 81]. Let us consider now the magnetic system reported
in Fig. 2.18. The system consist of a thin ferromagnetic layer sandwiched between an
heavy metal and an oxide. Due to the presence of the two interfaces at such a small
distance (tpps < 1 nm) a net intrinsic electric field is found in the ferromagnetic thin film,
perpendicular to plane. If an in—plane electric current is injected through the conductive
layers, a net “out—of—equilibrium”spin polarization of the current is generated in the

direction E x < k >. Such a spin polarization will couple with the localized magnetic
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(a) (b)

FIGURE 2.17: Fermi contours for a Rashba 2DEG. (a) The Fermi contours for
the two spin—bands are different. The Fermi momentum kg for the electrons with spin
anti—parallel to the spin-orbit magnetic field (blue arrows) is larger that the one for
the electrons having their spin parallel to it (red arrows). (b) In the presence of an
external electric field, E.;;, the two Fermi discs are displaced of a different amount
Aky, generating a non—equilibrium spin—polarization, Sgo, in the system. The insets
describe the relative orientations of the electron spins and the spin—orbit field.

Oxi
FM

HM

Ficure 2.18: ISGE in a magnetic multilayer. Schematic of the inverse spin—
galvanic effect in a ferromagnetic multilayer with PMA. Due to the presence of the two
interfaces with a bottom heavy metal layer (HM) and a top Oxide layer (Ox), a built—in
electric field E in the ferromagnetic layer (FM) along the z—axis is generated. When an
electric current j. is injected in the multilayer along the Z—direction, a non—equilibrium
spin polarization Sgo is generated in the ferromagnet along the ¢ direction. In turn,
Sso acts on the local magnetization, m, by exchange interaction. This is equivalent
to the presence of an effective spin—orbit magnetic field, { Bgp, in the ferromagnet.
Eventually, the spin—orbit field will tilt the out—of-plane magnetization towards the
in—plane direction, changing the magnetic configuration in the FM.
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moments in the ferromagnet via the s — d exchange interaction, J5, 4. As a result, Sso
will exert a torque on the magnetization, acting on the localized magnetic moments,
equivalent to an effective magnetic field of the type §Bsp = —0BsoS8so, where d Bgo
is the magnitude of the non—equilibrium SO field and 850 is the non—equilibrium spin—

polarization unit vector. The generated SOT reads [82]:

Tso,FL. = —m X Bgso = Tso,rrm X iso, (2.45)

where 750, . is the magnitude of the torque, m is the unitary magnetic moment and @tso
is a unit vector parallel to the the non—equilibrium SO field [82]. The SOT in Eq. 2.45
is a field-like (FL) torque, being odd in the magnetization direction m [82]. In the case
of magnetic multilayers, like the one discussed here, the effective ISGE-torque acting on
the whole magnetic layer is expected to be observable only in ultra—thin ferromagnetic

layers, due to its intrinsic interface—like character.

So far, the ISGE has been discussed as a perfect interface—like effect, generated by a
single free electron—like energy band. However, the magnetic multilayers investigated
in the present thesis are far more complex than the single-band Rashba 2DEG system
discussed above. A more advanced description of the real system is offered by Li et al.
[82], where a multiband magnetic Rashba 2DEG is considered. Both the intra—band and
the inter—band contributions to the current—induced spin—orbit torque are theoretically
studied. According to Li and co—authors, the inter-band contribution to the SOT can

generate an additional torque with the symmetry:

TSO,pL = TSO,pLM X (g0 X M), (2.46)

with 750,4pr being the magnitude of the torque. The new torque is defined as an
damping-like (DL) torque, even in the magnetization direction m [82]. Accordingly, in
magnetic multilayers with SIA, current—induced torques with both symmetries, field-like
and damping-like, are expected to be originated due to a Rashba-like SOI.

Furthermore, the observation of a current induced ISGE-DL-torque has been reported
by Kurebayashi et al. [83] for the ferromagnetic semiconductor (Ga,Mn)As with crystal
inversion asymmetry. The origin of the DL-SOT is attributed to the intrinsic (impurity—

independent) relativistic quantum—mechanical effect named Berry curvature [72, 84, 85].
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Such intrinsic origin of the DL-SOT is actually the same proposed as origin of the
intrinsic spin-Hall effect in paramagnetic heavy metals [76, 86]. As it will be discussed
in the next section, the SHE is actually the other main effect considered as possible

origin of the observed DIL—torque in magnetic multilayers with STA.

2.7.2 Spin—Hall effect: magnetization manipulation by a pure spin—

current

2.7.2.1 Spin—Hall effect

The spin—Hall effect (SHE) was for the first time proposed by Dyakonov and Perel in
1971 [74, 75]. They predicted the possibility of producing a pure spin—current in solid—
state systems due to spin—dependent scattering processes. More than thirty years later,
a scattering independent SHE was theoretically proposed by Murakani et al. [87] and
Sinova et al. [76]. The origin of such spin—dependent phenomena is the SOI [86, 88].
In the SHE, when an electric current j, is injected in a solid with SOI, electrons with
opposite spins are deviated in opposite directions and a transverse spin current j, is
generated. The spin of the deviated electrons is perpendicular to the plane containing
J. and j,. As a result, spin with opposite signs accumulate at opposite interfaces of the

sample, as shown in Fig. 2.19. The spin accumulation has an intrinsic chiral symmetry,

where o5 < j. X j,. Here, o, represents the spin accumulation vector. The SHE can be

FIGURE 2.19: Spin—Hall effect in heavy transition metals. (a) Schematic of the

spin accumulation generated at the top and bottom interfaces of a Platinum (Pt) layer

due to the SHE. (b) As in (a), but for a Tantalum (Ta) layer. The arrows indicate the
spin of the conduction electrons in the metal.
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described by the transversal spin—Hall conductivity, o, resulting in j; = U%Ex, where

$y7
E, is the applied external electric field and j is in the orthogonal direction. Following
the recent review paper about the SHE by Sinova et al. [86], three different microscopic
contributions to ol y have been identified: the ntrinsic contribution, ag int. the skew-

H—skew sj

vy . The sum of

scattering contributlon, o ; and the side—jump contribution, agy

the three Hall conductivities defines the total spin—Hall conductivity of a certain mate-
H—int k H—sj
rial, o1 vy = Oy in +a I - oy
The intrinsic contribution to the spin—Hall conductivity is only dependent on the band
structure of the perfect crystal. This result in a contribution which is directly linked to
the topological properties of the Bloch states [86]. It is independent of the transport
H—int

scattering life—time, 744, resulting in o X T

2y 0 .- The intrinsic term is particularly

relevant for systems with a strong SOI, as for heavy transition metals like Ta and Pt.
In the case of such strong SOC materials, with relatively complex energy bands, the
spin—Hall conductivity arises from the presence of SOC—connected bands near the Fermi
level [77, 89]. Very relevant for the present thesis are the results presented by Tanaka et
al. [77], where it is shown that the size and the sign of the intrinsic spin—Hall conduc-
tivity in bd—transition metals is a function of the 5d-band filling. The largest values of
o=t are predicted for Tungsten (W) ([Xe]4f**5d*6s?; almost half filled 5d-shell with
4 electrons) and Platinum (Pt) (Xe]4f'45d%6s!; almost completely filled 5d-shell with

9 electrons), while the sign of O'H int

is predicted to change from negative to positive
moving from Ta ([Xe]4f'45d36s2; only 3 electrons in the 5d-shall) to Pt in the period 6
of the periodic table of the elements. Such prediction have been experimentally verified,
as reported by Wang et al. [90].

The skew-scattering contribution to the spin-Hall conductivity has an extrinsic origin.
It originates from a spin—dependent scattering of electrons at the disorder potential
into the crystal, where SOC is present [86, 91]. A chiral scattering is produced, re-

sulting in the deviation of electrons with opposite spins in opposite directions, as de-

picted in Fig. 2.19. This extrinsic contribution to ol y depends on 7y, resulting in

amy_‘*kew o 7L, as for the longitudinal conductivity, oz,. Accordingly, the spin-Hall
resistivity pf oy —skew — ag skew 2 is proportional to the longitudinal resistivity, pgz,

when this contribution is the dominant one [86]. However, such extrinsic contribution is
expected to be less relevant than the intrinsic one in the case of heavy transition metals,
as reported by Zimmerman et al. [91] in their theoretical study.

The third contribution comes from the side—jump mechanism, which can be defined as
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the difference between the total Hall conductivity and the previously presented terms,

. . H—sj iy 3
giving oy 5 — gg _ (UZ/ int +U£Z skew

). In the side-jump mechanism, the electrons
with opposite spins are separated a certain distance (the side—jump) in the transverse
direction, undergoing a scattering process with impurities present in the crystal. The
side—jump mechanism is believed to have both an intrinsic and an extrinsic contribu-
tion, mainly when considering materials with a large SOC. As explained by Sinova et al.
[86]: the extrinsic—side—jump refers to the non—spin—orbit coupled part of the electronic
wave—packet (describing the conduction electron) scattering off the spin—orbit coupled
disorder. On the other hand, the intrinsic—side—jump refers to the spin—orbit coupled
part of the electronic wave—packet scattering off the scalar potential (of the impurity)
without spin—orbit coupling. This second type of side—jump is expected to dominate in
heavy metals like Ta and Pt. Both types of side-jump mechanisms generate a contribu-
tion to the Hall conductivity which is scattering independent, resulting in ogfsj o 7.

Accordingly, the skew—scattering term is the only real extrinsic contribution to the spin—

Hall conductivity, being a function of the transport scattering life-time.

Considering a bilayer HM\FM as illustrated in Fig. 2.20, when an in—plane electric
current, j ., is injected in the bottom layer an out—of-equilibrium situation is generated.
Due to the sum of the different mechanisms of the SHE which are actually contributing
in the specific material, a transverse pure spin current, 37, is generated along the out—of-
plane direction. The superscript y indicates the direction along which the electron spins
are aligned. The link between the injected charge current and the generated pure spin
current is given by: j¥ = HSHEQ% JeZ, which is the spin current generated by the SHE
with an efficiency 0gp g, flowing towards the positive z—direction with the electron spins
aligned along the y—direction. The SHE efficiency is usually referred to as spin—Hall
angle (SHA).

Each heavy transition metal is characterized by its own SHA, which can go from about
zero to a few tens of percent, and can be positive or negative. For example, Pt is known
for being characterized by a positive SHA, while 5—Ta has a negative SHA [86, 92], as
illustrated in Fig. 2.19. Furthermore, a spin—diffusion length, Agpip, is defined to char-
acterize the transverse length scale over which the spin accumulation decays.
Considering the HM\FM bilayer depicted in Fig. 2.20, the spin current propagating

towards the top interface will eventually enter the top ferromagnetic layer. The actual
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spin density entering the ferromagnet is a function of the SHE efficiency in the HM (de-
fined by its SHA) and its thickness, tFjs, and of the properties of the HM\FM interface.
The properties of the HM define the spin current density below the interface. For a HM
layer with thickness much larger than its spin diffusion length, the spin current density
close to the top interface is saturated, as described by js(tgar) = js(00)(1— sech(%)),
where js(00) is the bulk value of the spin current density in the HM layer [93]. This
equation is obtained using drift—diffusion theory [94] and describes the limit of a trans-
parent HM\FM interface, where it is assumed no accumulation of spins transverse to the
ferromagnet’s magnetic moments at the interface. However, in real systems the interface
between the HM and the FM is not transparent, and interface’s transparencies of differ-
ent values characterize different material systems [95, 96]. The spin—transparency of the
system can be improved by appropriately engineering the interface [96]. In HM\FM sys-
tems the spin—transparency is believed to be a function of the spin—mizing conductance
[96-98]. The spin—mixing conductance is a concept usually employed for describing the
generation of a spin current at the HM\FM interface due to spin pumping from the
ferromagnet [97, 98]. The same concept can be used also in the description of a pure
spin current injected from a HM to a FM.

One more effect has been proposed in the attempt of describing the process of spin cur-
rent transmission through a HM\FM interface. This effect is the so—called spin-memory
loss [99], where the spin current pumped from the FM towards the HM layer experience
a strong depolarization. The same effect is believed to play a key role in the transmission

of a SHE—generated spin current into a ferromagnetic layer.

2.7.2.2 Magnetization manipulation by the SHE—spin current

It has been proposed theoretically [45, 100] and demonstrated experimentally that the
SHE-spin current injected into a ferromagnetic layer through the HM\FM interface
can be used for producing magnetization reversal [25, 34, 68, 101] or magnetic DW
motion [25, 35] in the ferromagnetic layer. The component of the itinerant electron
spins perpendicular to the magnetization can be absorbed by the ferromagnet due to
exchange interaction, generating a spin—transfer torque acting on the local magnetization
[101]. The spin torque generated by the SHE on the local magnetization has the form
[101]:

TSHE = TSHEM X (65 X M), (2.47)
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FIGURE 2.20: SHE—spin current in the HM\FM bilayer. (a) SHE-spin current

in the Pt\FM bilayer. The spin polarization of the spin current injected into the FM

is indicated by o. (b) As in (a), for a Ta\FM bilayer. Note that the polarization of

the pure spin current at the HM\FM interface changes sign for j. with an opposite
polarity.

with 7¢g g being the magnitude of the torque, m the magnetization unit vector and &
the SHE—spin polarization unit vector. This torque has the symmetry of a DL—torque,
since it is even in the magnetization direction m.
Alternatively, the effect of the SHE—generated spin current onto the ferromagnet’s mag-
netization can be described by the presence of an effective magnetic field, Hggg. Such
a field is defined by the following expression [25]:

Msueljel .

H — L. 5 % 3 2.48
SHE 2N0|€|MstFMmX (ZXJ€)7 ( )

with j. the electron—current density (jo = —j.) and je the corresponding unit vector, M
the saturation magnetization of the ferromagnetic material, tp; the thickness of the FM
layer and m the magnetic moment unit. This expression for the SHE—effective field is
valid only under three assumptions: (i) the HM layer where the SHE is generated is thick
enough in order to saturate the spin current; (4) the HM\FM interface is characterized
by a 100% spin—transparency and no spin—memory loss; (ii7) 100% of the spin angular
momentum is transferred from the itinerant electrons to the local magnetization.

The precessional torque per magnetic moment unit acting on the local magnetization,

due to the presence of an effective magnetic field like the one in Eq. 2.48, reads:

TspE = —ym x poHspp = —y7ogpih x (M X &), (2.49)
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with 78,5 = m—ilﬁl. Including the effective SHE-field in the LLG Eq. 2.35 it is
possible to describe the magnetization dynamics in the presence of the SHE.

From Eq. 2.48 it is clear that the effective field is a function of the magnetization too.
More precisely, the out—of-plane component of the effective field (which is collinear with
the easy-axis for PMA materials), H%; 5, and so the corresponding torque are maxi-
mized for m being along the current direction. Accordingly, as shown by Khvalkovskiy
et al. [100], Néel DWs (1h // z—axis & L &) maximize the SHE-torque, while for Bloch
DWs (1 // y—axis & // &) the torque is zero. Furthermore, the sign of the effective
field changes for 1] and |1 chiral DWs, making it possible to move both types of DW in
the same direction [25, 35], as shown in Fig. 2.21(a). HZy can also drive magnetiza-
tion reversal processes in PMA materials. The symmetry of Hgy g is described in Fig.
2.21(b).

It is interesting to report that a FL—torque can also be induced by the SHE, as it has

been reported for example by Nan et al. [102]. By spin-torque ferromagnetic resonance

f )
H SlHE Hshe

FI1GURE 2.21: Symmetry of the SHE effective field. Schematic of the symmetry
of Hep g generated in a PMA ferromagnetic layer. (a) The direction of the effective
field at the DW is a function of its internal magnetic moment. Chiral Néel DWs are
moved in the same direction by Hgg g, since the field sign is opposite for the 1|— and
IT-DW. (b) The SHE—effective field can induce magnetization reversal.

measurements in Pt\NiFe bilayers, they could observe that both an DL-torque and a
FL-torque were generated by the SHE in the heavy metal layer. This effect is mainly
due to the presence of a non—zero imaginary part of the spin—mixing conductance at the
interface between the HM and the FM [95]. As explained by Haney et al. [103] in their
semiclassical modeling of the current induced SOTs, the generation of the FL-torque
due to the SHE can be explained by the precession of the itinerant spins diffusing across

the ferromagnetic layer. Indeed, during their diffusive motion across the ferromagnet,
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the electron spins transversal to the local magnetization will experience a precession
around the internal exchange field. This results in the generation of a spin polarization
into the FM which is transversal to the injected spin polarization right at the interface.
As a result a new field-like torque, TsHE FI, = TSHE,FLM X G, is generated in the FM.
Note that &5 in the previous equation is in the direction of the spin polarization at the

interface.

2.8 Beyond the spin—orbit torques: chiral damping

During the last year, the new concept of chiral damping has been proposed as an al-
ternative explanation, to the SOTs, for the observed DW motion in material systems
with STA. Jué et al. [104] employed the new concept in the attempt of explaining the
observed field-induced DW motion in OOP-magnetized Pt\Co\Pt trilayers. In their
experiment, the DWs are moved by OOP magnetic field (H) pulses, in the presence of
a static in—plane magnetic field (H,). The DW motion is observed in the so—called creep
regime, where the DW velocity is strongly affected by thermal excitations and can be

expressed by [104]:

U, H1/4
VUVDW,creep = V0 * ea:p[— kBT ’ Hpi/4]7 (250)

with U, being the pinning energy barrier of the DW that has to be overcome in order to
move the DW from its pinning site, 7" the temperature of the magnetic system, H,, the
de—pinning field needed to move the DW, H, the applied OOP field, and vy is a velocity
pre—factor. As shown by Jué et al. [104], the velocity pre—factor is inversely proportional
to the effective damping parameter, vy = vg(a) é, resulting in vpw,creep X é

They observed that the velocity of the 1/-DW and the [1-DW, equal for H, = 0, were
different in the presence of a finite H,: ng(H 2 Hy) # vgw (H,, H;). Such observation
has been attributed to different values of the effective damping for the two types of
DW. Accordingly, the following expression for the effective damping influencing the DW
motion has been proposed: o x ag + a.(m - Vm). The effective damping is presented
as the sum of an isotropic term, ag, and a chiral term, a.(m - Vm) [104], where the
latter is a function of the relative orientation between the magnetic moment in the DW
and the gradient of the magnetization at the DW.

The theoretical concept of chiral damping has been presented by Akosa et al. [105] in a
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phenomenological description. For ultra-thin magnetic systems with STA, which is the

relevant case for the presented work, the effective damping tensor takes the form:
ol = af)j +a9Am - [(2 x V) x m], (2.51)

where aéj are the isotropic damping terms, o the chiral damping terms, A is the
characteristic exchange length, 2 the direction of symmetry breaking, and m the mag-
netization unit vector. From Eq. 2.51 it is clear that the effective damping is a function
of the direction of the magnetization, m, and of its spacial gradients, Vm. Including
Eq. 2.51 in Eq. 2.50 with U%W x é makes DWs with different chirality move at different
velocities during their creep motion.

In PMA systems, 1) and /1 DWs have opposite chirality when an in—plane field is ap-
plied parallel to the DW motion direction. This happens when the applied field is large
enough to align the internal magnetic moments of the two types of DWs, parallel to each
other. According to the new theory of chiral damping, if such a situation is generated,
the two types of DWs are expected to move at different velocities. This is in agreement
with findings of Jué et al. [104].

The chiral damping is only the latest proposed mechanism governing the complex and
still not well understood dynamics of DWs in magnetic systems with SIA and strong
SOI [104-106]. Furthermore, it is not clear yet which the limits of applicability of the
new theory are in the interpretation of the multitude of observations of field-induced

[19, 20, 104, 107] and current—induced [9, 25, 27, 35, 44] DW motion reported so far.

2.9 Magnetic nanostructures with structural inversion asym-

metry: new effects for Spintronics

The observations of SOT's in ferromagnetic metal layer—based systems started only when
the attention of several researchers in the field of nanomagnetism and spintronics fell on
magnetic heterostructures with an ultra—thin FM layer in direct contact with a strong
SOC material. The material system where the SOT have been observed experimentally
for the first time was the trilayer Pt\Co\AlO,, with a 0.6 nm thick Co layer [9, 44, 67].
The ultra—thin FM layer was the key to make the observation of SOTs in the system

possible. Since the ISGE is expected to be a pure interfacial effect and the spin current
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injected into the FM layer due to the SHE decays rapidly across the FM thickness, the
thin Co layer made it possible to observe the effects of the new torques. The exciting
novel effects observed in such multilayered material systems with SIA [9, 25, 35, 36, 44,

67, 68] inspired and motivated the experimental work presented in this thesis.



Chapter 3

Experimental techniques

3.1 Introduction

This chapter offers a description of the techniques employed for the characterization of
the samples and for the fabrication of the devices analyzed in this thesis. Moreover, an
introduction to the main experimental techniques used for the investigation of those de-
vices will also be given in this chapter. The magnetic properties of the investigated mate-
rial stacks were characterized by superconducting quantum interference device (SQUID)
magnetometry. The device fabrication process was based on electron-beam lithography
and Argon—ion milling. Finally, the magnetic domains and the current—induced domain
wall motion (CIDWM) were imaged by Kerr microscopy and photo-emission electron
microscopy (PEEM). The physical principle behind each of these techniques will be dis-
cussed in the following sections. Particular attention is paid to the magneto—optic Kerr
effect (MOKE) and to Kerr microscopy, which is the main technique used for the present

scientific work.

3.2 Sample characterization

3.2.1 Superconducting quantum interference device magnetometry

In order to pre—characterize the magnetic properties of the material stacks, SQUID mag-

netometry was used. Coercivity field, H., hard—axis saturation field, Hy, and saturation

49
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magnetization, M, were determined for the material stacks used for device fabrication.

The SQUID is a device based on a quantum interference effect. As its name implies, it
consists of superconducting elements, it involves quantum effects and it is mainly based
on an interference effect [108]. The specific device used for obtaining the results here
reported was a RF-SQUID. However, for simplicity, in the following the principle of
operation of the DC-SQUID will be presented.

In Fig. 3.1(a) a schematic of the so-called DC-SQUID is shown, and the corresponding
electric circuit is illustrated in Fig. 3.1(b). It consists of two superconductive elements
separated by two Josephson junctions (two tunnel barriers). A bias current [ is injected
across the device, which splits in half at point A into two different conductive paths.
After passing through the junctions, the two currents join again at point B. The two
electronic wavefunctions will undergo a dephasing when traveling through the two tun-
nel barriers. Such dephasing is defined by the specific device properties. If a magnetic
field B is trying to enter the superconductive loop, an extra dephasing component will
be added to the two wavefunctions. In particular, this extra phase exhibits the same
magnitude but opposite sign for the two current paths. Thanks to this dephasing, an in-
terference effect between the two wavefunctions will occur at point B. The so—generated
interference pattern will depend on the magnetic field entering the superconducting loop.
In particular, its maxima and minima will be periodic with respect to the magnitude of
B, with a period corresponding to one magnetic flux quantum ®y=h/2e, where h is the
Planck’s constant and e the electron charge. By measuring the voltage drop between

point A and point B as a function of B a sinusoidal signal will be obtained.

At this point, it is clear that a SQUID can be used for measuring magnetic fields. Fur-
thermore, since the magnetic moments of a magnetic sample generate a stray field in the
surrounding space, such a field can then be as well measured with SQUID magnetome-
try. Thus, by measuring the stray field of a magnetic sample, we can actually measure
its total magnetic moment and extract its magnetization, that is its magnetic moment
per unit volume. To measure H. and M, the magnetic moment of each sample was
measured as a function of an external magnetic field applied along the magnetic easy—
axis of the sample. Sweeping the magnetic field back and forth between a minimum and

a maximum value, an hysteresis loop such as the one sketched in Fig. 3.2(a) is obtained,
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FIGURE 3.1: DC-SQUID. (a) Schematic of the device, consisting of two supercon-
ductive elements separated by the two tunnel barriers JJ1 and JJ2. (b) Corresponding
electric circuit.

where actually the magnitude of the magnetization, M, as a function of the applied
magnetic field is shown. However, as the magnetic moment is actually measured by the
system, the value of the magnetization can be obtained by dividing the measured mag-
netic moment m by the magnetic volume Vrys = tpas * Appr, being tgps the thickness
of the magnetic film and Ay, its area.

On the other hand, to measure Hj the magnetic moment is measured as a function of
an external magnetic field applied along the magnetic hard-axis of the sample. The
resulting hysteresis loop appears as the one sketched in Fig. 3.2(b). However, before
being able to extract the saturation field, the diamagnetic signal originating from the
bulky substrate has to be subtracted from the total measured signal. This is explained
in more details in the Master thesis works of Mr. G. V. Karnad [109] and Mr. T. N.
Zake [110].

3.3 Device fabrication

After characterizing the magnetic properties of the material stacks, spintronic devices
were lithographically fabricated on them. The patterning process, fully developed by
the author as part of this experimental PhD project, consisted in two steps of electron—
beam (e-beam) lithography (EBL) [111] and sputtering [112], plus one step of EBL
and Argon—ion milling. At the end of the fabrication, each device consisted of several

magnetic nanowires parallel to each other, where the effect of electric current on the
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FIGURE 3.2: Hysteresis loops. (a) Magnetic hysteresis loop for external magnetic

field along the easy-axis. The loop is squared. (b) Magnetic hysteresis loop for external

magnetic field along the hard-axis. No hysteresis, the magnetization is a linear function
of the applied field, up to its saturation value.

magnetic texture in all of them could be observed at the same time. The typical ma-
terial stacks used in the present work consisted of a magnetic multilayer on top of a
Si\SiOy substrate. A detailed description of the specific material stack used in each

experiment will be offered in the corresponding chapters.

Electron—beam lithography is mainly based on the use of the highly focused electron
beam of a scanning electron microscope (SEM) to define structures down to nanometric
dimensions in an electron—sensitive polymeric resist [111]. The resist is spin—coated on
the sample surface before the exposure to the electron beam. After a development step
in an appropriate solvent, the regions of the polymer exposed to the e-beam are removed
from/left on the sample surface in case of a positive/negative tone resist. As a result, a
polymeric mask is defined on the sample surface. Such a mask can then be used either
to deposit material on the free areas on the sample surface, or to pattern devices from
the material stack with a specific shape.

Sputtering is a well developed technique for thin film deposition on the surface of a
substrate [112]. Many different classes of materials can be deposited with this tech-
nique, among which metals and oxides. After that the substrate, which the thin film
has to be deposited on, has been in a high vacuum chamber reaching a base pressure
between 107? and 107% mbar (the lower the base pressure, the higher the purity of

the deposited thin film), an Argon atmosphere with a pressure of about 10~2 mbar is
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produced. Argon—plasma is subsequently generated in front of a target made of the
material to be deposited by applying a high voltage (around 300 V in this case) between
the target and an anode in front of it. The Ar—ions are accelerated towards the target
and, by impacting against it, atoms of the target will be sputtered away from its surface.
Those atoms are now free to move towards the substrate (situated in front of the target,
at a certain distance usually in the range of a few—several cm) with a certain kinetic
energy, and will be eventually absorbed on the substrate surface.

Ar—ion milling is a technique used to remove material from the surface of a substrate.
Its functioning is very similar to the one described above regarding the sputtering depo-
sition technique, with the difference that now the “target”is the thin film sample itself.
Assuming to have a hard mask on the sample surface previously produced by EBL, the
milling technique can be used to remove a desired amount (thickness) of material from
the uncovered regions at the top surface. As a result, devices can be patterned on the

sample surface, consisting of the material stack elsewhere removed.

In order to pattern the devices and electrically connect them to the rest of the experimen-
tal set—up, a multi-step lithographic process was implemented. Alignment markers were
patterned first. They were obtained by transferring the lithographically defined mask
on the bare sample. The mask consisted of the bi-layer methyl methacrylate\ polymethyl
methacrylate (MMA\PMMA), a positive tone electron—sensitive resist bi-layer [113].
The mask transfer consisted in depositing 10 nm of Cr (adhesion layer) followed by
100 nm of Au on the sample by sputtering technique and then lifting off the resist from
the sample by immersion in Acetone. At the end of the process, an array of Cr\Au—
markers was obtained.

Using the patterned markers as a reference framework, a new mask for the patterning
of the devices was defined by a second step of lithography. This time, a negative tone
electron—sensitive resist (AR-N 7520.073 [114]) was employed, so that a hard polymer
mask was obtained with the same shape of the desired devices. By Ar—ion milling, all
the material stack was removed from the uncovered regions of the sample, down to the
Si\SiO9 substrate. At the end of the milling process, the resist left at the top of the
devices was removed with a very effective solvent (Remover AR 300-70 [115]). In this
way, the desired magnetic devices were obtained on the initial sample.

Finally, bond pads were patterned on the sample with a second lift—off step. Those con-

tacts, made of Cr(10 nm)\Au(100 nm), were patterned in a way to be directly in contact
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with the devices. One of the patterned devices used for the experiments described in

the following chapters is shown in Fig. 3.3.

(b)

FIGURE 3.3: Device patterning. (a) SEM micrograph of a typical device used for
current-induced domain wall motion experiments. In the center of the figure are the
magnetic nanowires, while on the two sides are the two gold pads used for current
injection. In this specific case, one gold pad consists in an Oersted—line. (b) Detail of
the device in (a), showing the Oersted-line and some of the magnetic nanowires.

3.4 Kerr Microscopy

The principal experimental technique used for the imaging of the current—induced mag-
netization manipulation was Kerr microscopy. The Kerr microscope exploits the so—
called magneto-optic Kerr effect (MOKE) to produce a magnetic contrast in the image
of the sample. With this technique, a direct visualization of the magnetic domains
structure at the sample surface is possible. Furthermore, by imaging the sample before
and after the application of an external magnetic field or of current pulses through the
structures, it is possible to directly visualize the motion of the magnetic domain walls.
In the rest of this section, an introduction to MOKE is offered, in order to explain the
basic physical phenomenon which Kerr microscopy relies on. Then, the general operat-
ing principles of the Kerr microscope will be described, together with some details about

the actual device used for the experiments discussed in the following chapters.
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3.4.1 Magneto—optic Kerr effect

The observation of the magneto—optic Kerr effect was for the first time reported by
John Kerr, as described in his article published on the Philosophical Magazine and
Journal of Science in 1877 [116]. The effect consists in the rotation of the plane of
polarization of a light beam by reflection from the surface of a magnetic material. Given
a linearly polarized light shining onto a magnetic surface, the reflected light will not be
linearly polarized anymore. The beam reflected off the sample surface will be elliptically
polarized, with the main polarization axes rotated of a certain angle compared to the
initial linear polarization. The degree of ellipticity and the angle of rotation of the
polarization plane are defined as Kerr ellipticity, ex, and Kerr rotation, Ok, respectively.
Together, they define the so—called complex Kerr angle: ®x = O + iex [117], which
fully describes the reflection of the incoming beam at the magnetic surface.
In order to understand MOKE more in details, the quantum mechanical response of
the matter to the electromagnetic field of the incoming light beam has to be taken
into account. The microscopic origin of the Kerr effect seems to rely on the spin—
orbit interaction present in the ferromagnetic materials [117, 118]. The MOKE can
be described as a birefringence effect due to the magnetic properties of the sample,
where the spin—orbit coupling and the exchange interaction act at the same time on the
electronic states involved in the absorption/emission process [119]. However, a detailed
discussion of the quantum mechanical origin of the Kerr effect is beyond the scope of
the present thesis, and not crucial for the understanding of the experimental results here
reported. To anyone who could be interested in going more in depth in that direction,
the references [117, 118] are suggested as a starting point.
It is possible to describe the MOKE by a classical dielectric tensor theory [117, 120],
where the reflectivity tensor is a function of the magnetization. Defining as E! and E*
the electric field of respectively the incoming and reflected light beam, it is possible to
write:

ol I L I Eg . (3.1)

E,; Tps Tpp EIZJ
Here, s and p define the component of the electric field perpendicular and parallel to the
plane of incidence, as shown in Fig. 3.4. According to Eq. 3.1, when an incoming light
beam is reflected off the magnetic surface the two orthogonal components of the electric

field are mixed up. This is possible when the off-diagonal elements of the reflectivity
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Plane of incidence

FiGURE 3.4: Light beam reflection at a magnetic surface. The incoming beam

E! is reflected off the sample surface obtaining the reflected beam E*. The s— and p—

component of the electric field are mixed at the reflection, due to non—zero off-diagonal

elements of the magnetization—dependent reflectivity tensor. The vector d indicates
the light’s propagation direction.

tensor are non—zero and a function of the sample magnetization. This means that, the
reflectivity properties of the sample are a function of its magnetization state. Different
magnetization magnitudes and directions correspond, for a fixed incoming beam, to a
different reflected beam. Due to this coupling between the magnetic and optical prop-
erties of magnetic samples, it is possible to investigate the magnetization state of the
sample or the effect of an external magnetic field on the magnetization looking at the
reflected beam properties. This is the core of the MOKE technique used as a magne-
tometry tool [121].

Analogously to SQUID magnetometry, by MOKE magnetometry it is possible to char-
acterize samples from a magnetic point of view. However, the SQUID is sensitive to bulk
properties of the sample, due to the fact that it probes its total magnetic moment, while
MOKE is only sensitive to the surface of the sample, where the reflection effect occurs.
For metallic samples probed with visible light, the probing—depth of MOKE is in the
order of 10-20 nm [121], making it more suitable for the investigation of magnetic thin
films. This is the case of the magnetic systems studied in this work, which is focused on
the investigation of magnetic multilayers containing an ultra—thin ferromagnetic layer
(tppr = 1 nm). Accordingly, MOKE magnetometry was also employed in the process of

sample characterization, jointly to SQUID magnetometry.

Three main different MOKE configurations are typically defined. What distinguishes
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these three different configurations is the relative orientation between the magnetization
vector and the plane of incidence of the probing light beam. As shown in Fig. 3.5,
when the magnetization lies in the plane of incidence, pointing perpendicular to the
sample surface, the system operates in the so—called polar-MOKE configuration. More-
over, there are two other configurations in the case that the magnetization vector lies
on the sample surface. It is common to distinguish between longitudinal-MOKE and
transverse-MOKE in the case of M being in the plane of incidence or perpendicular to

it, respectively. As the focus of the work presented in this thesis was on magnetic thin

Longitudinal Polar Transversal

FiGure 3.5: MOKE configurations. The three MOKE configurations: longitudinal,
polar and transverse. In case of samples with the magnetization pointing out of the
sample surface the polar configuration is the one to be used.

films with magnetization perpendicular to the sample surface, the polar configuration
has been used, as it is the only one sensitive to the magnetization pointing perpendicu-
larly to the sample surface. Accordingly, in the remaining part of the discussion about

MOKE and Kerr microscopy, we will refer to the polar configuration.

The classical interpretation of the MOKE relies on the concept of the Lorentz force [121].
As shown in Fig. 3.6, when the incoming beam reaches the sample surface, the electrons
at the sample surface start to oscillate with the incoming electric field Ei, with a veloc-
ity ve. Due to this oscillation and as a consequence of the non—zero internal magnetic
field Hj,¢ of the magnetic sample, a Lorentz force of the form Fro, = —eve X Hjpe will
influence the electrons motion. Such a Lorentz—oscillation (in Fig. 3.6 indicated by the
dashed white arrows) causes the emission of electromagnetic radiation where the total
electric field has a new component Ex, which is defined as the Kerr component. Due

to the presence of Ek, the reflected beam will exhibit a different polarization state with

r

respect to the incoming beam. The in—phase component of Ek, with respect to Eg ,

generates the Kerr rotation 6, while the out—of-phase component of Ex generates the

Kerr ellipticity ex. In Fig. 3.6(a) and Fig. 3.6(b) the MOKE in the polar configuration
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is pictorially described for an incoming beam with p and s polarization, respectively.
Based on the argument of the Lorentz force, it is clear that the polar—Kerr effect is
maximized for small incident angles (6; ~ 0°), when the angle between the incoming

electric field and the magnetization is maximum (90°). According to what has been said

Plane of incidence

Plane of incidence
(a) (b)

FIGURE 3.6: Polar MOKE. (a) The MO Kerr effect in the polar configuration is

pictorially described, based on a Lorentz—force argument. In this particular case, a

p—polarized incoming beam is considered. (b) The same as in (a), but for the case of
an s—polarized incoming beam.

so far, by analyzing the polarization state of the reflected beam, it is possible to assess
the magnetic properties of the analyzed samples. Then, let us consider now to build up
an experimental set—up for the measuring of the MOKE. Such a set—up is schematically

shown in Fig. 3.7. As it is reported in the schematic, the principal components of such
a MOKE set—up are:
The light source, used for generating the probing radiation.
The polarizer, used for fixing the polarization state of the incoming beam.
The magnetic surface, which is at the center of investigation.

The analyzer (e.i. a second polarized), used for filtering the reflected beam to

measure the Kerr effect.

The detector, which is used for measuring the final light beam intensity.

First of all, a light beam is produced by a light source, which can be, for example, a laser,
a mercury lamp or a light emitting diode (LED). After its generation, the incoming beam
is polarized in the preferred state (s— or p—polarization) by a polarizer, before reaching

the sample surface with an intensity I;. After being reflected, the light beam leaves the



Chapter 3. Ezperimental techniques 59

sample with intensity I, and with a new polarization state, characterized by the Kerr
rotation angle 0. Here it is filtered by an analyzer, which has a polarization direction
tilted compared to the one of the reflected beam. Such an angle a4 can be considered
also as the angle between the two polarization directions fixed by the polarizer and the
analyzer, since the Kerr rotation is a very tiny effect. Finally, the reflected beam is
absorbed by a photo—detector, used for measuring the beam intensity 1.

The detected intensity is given by
Iy = I.(cos(an))?, (3.2)

and the differential intensity with respect to the analyzer angle is

dl

don 21, cos(aa) sin(ay). (3.3)

According to Eq. 3.3, the maximum change of the total intensity due to a change of a4
is obtained for cwq = 45°. This means that, the change in the measured intensity due to
the Kerr effect is

dly

resulting in the relative Kerr intensity or Kerr sensitivity

Al
Torr = =od = 20k tan(aA) =

Imax - Imln
_— 3.5
> (35)

)
Imax

where I,,q, and I,,;, are the maximum and minimum measured intensity. Equation
3.5 makes it clear that in order to have the highest sensitivity to the Kerr rotation the
set—up has to be employed close to the so—called extinction mode, that means a4 ~ 90°

[122].

3.4.2 The Kerr microscope

In the previous section the MOKE has been described, using the concepts of magnetization—
dependent reflectivity tensor and Lorentz force. In the following, it will be explained
how such a magneto—optic effect can be exploited to directly image the magnetization
state of magnetic surfaces and thin films. An optical microscope equipped with a po-

larizer and an analyzer is an efficient tool for imaging magnetic domains, as it will be



Chapter 3. Ezxperimental techniques 60

Light source . %

B w
% / ' \ x Detector
Polarizer ‘ | Analyzer
Ii ~ Ir ,

Ficure 3.7: MOKE set—up. A schematic of a typical polar-MOKE set—up. The
light beam is first generated by a light source and then polarized before impinging onto
the sample surface. At the magnetic surface the light beam is reflected with a certain
Kerr rotation 0. After that, the reflected beam is filtered by an analyzer before being
detected at a photo—detector, where the intensity of the light is measured.

explained in the following.

In Fig. 3.8, the schematic of a wide—field Kerr microscope is reported. There is a light
source (an LED), a series of lenses used for projecting/focusing the light beam, a few
apertures for the lateral confinement of the beam, a beam splitter for deviating the light
path, a polarizer/analyzer and a compensator for manipulating the light polarization
state and a CCD camera used for collecting the reflected light and recording the sample
image. In green and yellow are reported the illumination light path and the image—
forming light path, respectively.

The aperture diaphragm (AD) is used to regulate the total intensity of the illumination
light as well as the Kerr configuration. As it will be explained later, positioning the AD
centered or off—centered allows to actually change the magnetization component probed
by the microscope. After passing through the field diaphragm (FD), the light beam is
linearly polarized by a polarizer (P) and then focused by the focusing lens (FL). The
FL produces an image of the AD at the back focal plane (BFP), while the objective lens
(OL) projects the light beam uniformly on the sample surface. This configuration of
lenses is needed in order to generate the so—called Kohler illumination, which ensures
an uniform illumination and the formation of no image of the light source on the sample
surface [121]. The OL collects the reflected light coming from the sample, and after that
the light passes through a compensator (C) and an analyzer (A) before being focused
on the camera pupil in order to finally record the sample image.

As said before, the FL generates an image of the AD in the BFP. When the P and the

A are in the extinction configuration, the image of the AD in the BFP appears as the
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FIGURE 3.8: Kerr microscope — Schematic. Schematic of a wide—field Kerr micro-
scope in the polar configuration. The illumination light path and the image—forming
light path are separately shown. An LED is the commonly used light source in com-
mercial devices. The sample images are recorder by a CCD camera, which allows for a
digital image processing. All the rest is as previously discussed for the MOKE set—up.

one shown in Fig. 3.9. Such an image takes the name of Maltese cross, and it can be
observed in the so—called conoscopical image of the microscope [121]. The black aperture
in Fig. 3.9 is the AD. As it can be seen, the selection of different specific areas of the
Maltese cross corresponds to set the microscope in different Kerr configurations. So,
in case the operator is interested in probing the out—of-plane component of the sample
magnetization (PMA materials, for example) the AD has to be positioned centered. On
the other hand, if the magnetization of the sample is in—plane, the AD has to be posi-
tioned off-centered in order to operate the microscope in the longitudinal or transverse
mode. Due to the fact that in this project the attention was focused on out—of—plane
magnetized thin films, the microscope was operated in the polar—Kerr configuration, i.e.
the AD was kept centered.

Once that the Kerr configuration is selected, the microscope can be employed to image
the magnetic state of the sample. In Fig. 3.10 the process of magnetic imaging ac-
quisition is schematically illustrated. The linearly polarized incoming beam is reflected
with a different polarization state from differently magnetized magnetic domains. Af-

ter the analyzer, the intensity of the light coming from the different domains will thus
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Polar Longitudinal Transversal

F1GURE 3.9: Maltese cross. Image of the Aperture diaphragm in the back focal plane,

in the extinction condition, for the three different Kerr configurations. The positioning

of the aperture selects the Kerr configuration. In order to probe magnetization pointing

perpendicularly to the sample surface, the aperture as to be centered. The black areas
indicate where the light is transmitted through the AD.

have different intensities. Once the light is collected by the CCD camera, an image of
the sample is obtained, where different domains will appear as areas with high or low
intensity.

Since the Kerr effect gives rise to a small variation of the light polarization, the magnetic
image is enhanced electronically. This is possible by using the so—called differential imag-
ing mode, where a background image is subtracted from a second image with a different
magnetization state. The change in the magnetization state between the background
image and the second image will be strongly enhanced by subtracting the two images.
This will remove all the non magnetic information from the final image (in an ideal case,

with no mechanical vibrations), leaving it with only an enhanced magnetic contrast

[121].
Magnetic thin film
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Ficure 3.10: Kerr image formation. The process of Kerr imaging is described.

The magnetic contrast is generated by the analyzer, which is differently transparent

to the light coming from different magnetic domains. As a consequence, in the sample
image the areas corresponding to different domains will appear brighter or darker.
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3.4.3 Imaging domain wall motion at the Kerr microscope

For the measurements here reported, a commercial Fvico wide—field Kerr microscope
was employed. The light source of the microscope is a high stability white LED posi-
tioned at the back of the microscope, while the sample images are recorded by a CCD
camera located at the top of it, as shown in Fig. 3.11. The electronic image acquisition
process is controlled by a commercial Lab—View—based software, which allows also the
control of the magnetic coils. Moreover, it is also the software used for the generation
of the magnetic contrast by differential imaging.

For the employed microscope, two different objective lenses were available, with magnifi-
cation factors of 20x and 50x. Furthermore, the microscope itself contains an extra lens—
system which allows for an additional magnification of either: 1x, 1.6x, 2.5x or 4x. This
means that the maximum magnification available is 200x, which is more than enough
in order to observe domain wall motion in the patterned micrometer—wide nanowires
like the ones shown in Fig. 3.3. The lateral resolution of the Kerr microscope can be
heuristically assumed as given by the diffraction limit, where the minimum resolvable

distance between two points is given by [121]

0.5\

where \ is the light wavelength and NA = n * sin(«) is the numerical aperture of the
objective lens (n is the refractive index of the material at the interface with the sample
surface and « is the acceptance angle of the objective lens). For the actual imaging of
the DW motion, the employed objective lens is an Olympus LCPLFLN50xLCD, with a
magnification of 50x and a numerical aperture of NA = 0.7. Accordingly, the ratio %
is in the order of the unity, resulting in a lateral resolution of the microscope fixed by
the light wavelength, which for the visible light is between 380 nm and 750 nm. Such a
lateral resolution allows us to image the patterned micrometer—wide nanostructures, like
the ones reported in Fig. 3.3. However, even if the effects of the diffraction start to be
visible in the imaging of narrower structures, resulting in blurred images, the magnetic
contrast can actually still be visible (in the actual set—up it was possible to observe
a magnetic contrast in nanostructures with a width down to 250 nm). Furthermore,
when the differential imaging technique is used, mechanical drift is occurring between

the acquisition of the background image and of the second image. Such a drift reduces
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the possibility of observing a clear magnetic contrast in the nanostructures. However, in
order to minimize the drift effect due to vibrations of the microscope, an anti—vibration
table is employed.

The experimental set—up needed to carry out the imaging of current—induced domain

wall motion and magnetization switching is schematically depicted in Fig. 3.12. A pulse

(b)

FIGURE 3.11: Ewvico wide—field Kerr microscope. (a) A picture of the front side of

the Kerr microscope used during the experiments here reported. (b) A second picture of

the front side of the microscope, where the imaged structure is visible at the computer

screen. The electronic imaging can be exploited in order to increase the signal-to—noise
ratio and the magnetic contrast.

generator is used for injecting the desired current pulses in the device. Sometimes a
power amplifier was needed in order to generate the desired amplitudes of the current
pulses. The sample is connected to the pulse generator on one side and to a 50 )-resistor
termination on the other. The sample is also glued on a custom—designed high frequen-
cies printed circuit board (HF-PCB), and connected electrically to it by two bonded
aluminum wires. Finally, the injection of current pulses through the devices is made
possible by HF SMA-end launchers. All the circuit, except the Al wires, is designed in a
way to be 50 Q-impedance matched. The devices are patterned in a way to be as close
as possible to such condition. The PCB is plugged in a custom—designed Kerr micro-
scope sample stage, and the imaging of current—induced magnetization manipulation in

magnetic nanostructures is made possible.
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Protocol for DW motion measurement. The protocol used for current—induced do-
main wall motion measurement using a device like the one shown in Fig. 3.3 is described
in Fig. 3.13. First of all, the NWs are saturated in one of the two possible directions (up
or down) by an external out—of-plane magnetic field. After that, a background image
of the device is saved and subtracted (electronically) to the real time image acquisition,
resulting in a no—contrast image as shown in Fig. 3.13(a). Second, reversed magnetic
domains are nucleated in the NWs, in this case by a current pulse through the Oersted—
line. At this point the reversed areas will generate an intensity contrast in the image, as
shown in Fig. 3.13(b). This new image is now used as background image and subtracted
from the real time image acquisition, resulting in the new no—contrast image shown in
Fig. 3.13(c). Finally, current pulses are injected through the NWs, generating DW dis-
placements. The motion of the DWs in the NWs result in the intensity contrast in Fig.
3.13(d). The last image containing the displacements of the DWs is analyzed employing
the software Image J. The line—profile (integrated over the width on the NW) of the
light intensity signal along the NWs length is acquired, from each area delimited by the
red rectangles shown in Fig. 3.13(d). The result is shown in Fig. 3.13(e). Calibrating
the length—scale of the line—profile graph with the scale contained in the picture, it is
possible to measure the displacement Az of the DW as the full width at half maximum

of the obtained profile.
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F1GURE 3.12: Schematic experimental set—up. A pulser and a power amplifier are

used in order to generate the desired current pulses to be injected in the device. The

sample is connected to a custom—designed HF—PCB and through it to the electronic

device, so that the injection of current pulses is made possible. All the circuit is designed
(where possible) in a way to be 50 Q-impedance matched.
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FIGURE 3.13: Protocol for measuring DW motion at the Kerr microscope. (a)
-Saturation- The NWs are saturated by an external magnetic field, and a background
image is acquired. (b) -Nucleation- Reversed domains are nucleated, resulting in
dark areas in the NWs. (c) -Background subtraction- Image in (b) is used as new
background image, resulting in a new no—contrast image. (d) -Motion- The nucleated
DWs are moved by current pulses, generating a new magnetic contrast. (e) -Measuring
DW motion- The DW displacement is measured by a software for image analysis.
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3.5 Photo-emission electron microscopy (PEEM)

The second experimental technique used for the investigation of the patterned samples
is photo—emission electron microscopy (PEEM). This is a hybrid microscopy technique,
since it is based on the absorption of light (UV or soft X—rays) from the sample (as in a
spectroscopy technique) and it collects the photo-emitted secondary electrons in order to
generate an electron image of the sample (as in an ordinary electron microscope) [119].
Nowadays, most of the magnetism—related PEEM experiments are done at synchrotron
radiation sources, where it is possible to obtain monochromatic soft x—ray radiation
with a specific polarization (linear or circular) and a high brilliance [119]. This makes it
possible to investigate samples made of different materials with elemental selectivity, due
to the possibility of tuning the x—ray energy on a specific absorption edge. Furthermore,
selecting the specific element by x-ray tuning gives the opportunity to investigate not
only materials present on the sample surface, but also buried materials up to a depth of
circa 5-6 nm. A later space resolution down to 20 nm can be obtained [119].

The schematic of a PEEM is shown in Fig. 3.14, where its main parts are illustrated.
The sample is mounted on a sample stage, which is in some cases piezomotor—driven
in the x and y directions, into an ultra high vacuum chamber (working pressure of
the order of < 107 mbar). This allows the user to move the sample horizontally,
so that different areas of the sample surface can be imaged. Generally, the electron—
optics present in the microscope are of the electrostatic type. The reason is the need
of avoiding any magnetic stray field produced by magnetic lenses close to the sample
surface, since it could influence the magnetization of the sample under investigation.
However, the employed Elmitec PEEM at the Nanoscience beamline 106 in DTAMOND
(the synchrotron light source in Didcot, UK) had actually a magnetic objective lens,
where the small stray field generated close to the sample was actively compensated. In
the specific case of the Elmitec microscope employed during the measurements reported
in this thesis, the objective lens consists of a magnetic lens surrounded by an electrostatic
cathode, which is put at a different electrostatic potential with respect to the sample
(sample is at ground). The secondary electrons emitted from the sample surface after
the x—rays absorption are accelerated by the objective lens cathode due to the existing
potential difference, usually of 15-20 kV. The accelerated electrons are then processed
by all the electron—optic components present after the objective lens, eventually reaching

the electron—sensitive screen. On their way to the screen, the electrons are processed
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in order to reduce the spherical and chromatic aberrations (by the contrast aperture),
astigmatism (by the stigmator) and to define the field of view (FoV, by the Iris aperture
and the projective lenses). Finally, the optimized image formed on the screen is captured

by a CCD camera [119].
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FIiGURE 3.14: PEEM. Schematic of a photo—emission electron microscope. The sam-

ple absorbs the incident radiation and emits secondary electrons. Those electrons are

collected by the objective lens and processed by all the electron—optics till the reaching

of an electron—sensitive screen. A CCD camera generates an electronic image of the
sample.

3.5.1 X-ray magnetic circular dichroism (XMCD)

Since the primary interest is to image the magnetic texture present in the patterned

nanostructures, the x—ray magnetic circular dichroism (XMCD) [123, 124] has been
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exploited for magnetic contrast formation. At the core of the technique there is the
difference in the absorption of right and left circularly polarizes x—rays at the inner shell
absorption edges of magnetic materials (see Fig. 3.15). More precisely, the absorption
matrix element depends on the relative orientation between the incoming light spin
direction s, and the local magnetization M direction in the magnetic material (or the
corresponding electrons spin s).

Considering the L3 absorption edge process for transition metals (Fe, Co, Ni) as shown
in Fig. 3.15, the XMCD effect can be explained as a three—step process, even if it is
actually a quantum mechanical one-step process [119]. First, the circularly polarized
x-Tays are resonantly absorbed by the 2p3/, shell electrons, which are excited to the
empty electron states just above the Fermi level Er. The probability of absorption is a
function of the density of states (DOS) at the Fermi edge. For the specific case discussed
in Fig. 3.15, the minority electrons have more available states at Er. Accordingly, more
minority than majority electrons can be excited due to photon absorption. This defines
an asymmetry in the absorption probability between minority and majority electrons.
Second, the generated holes decay by filling the empty core states with electrons coming
from higher energy states. Third, the energy conservation allows for the emission of
Auger electrons. The asymmetry in the photon absorption is kept in the Auger electrons
emission. Finally, on their way to the sample surface the emitted electrons experience
inelastic scattering events, ending in the emission of secondary electrons with a certain
energy distribution from the sample surface. This explains how the difference in photon
absorption probability for different magnetized areas of the samples can be measured by
collecting the emitted secondary electrons.

For a fixed circular light polarization (left, with s, = —1 or right, with s, = +1) the
probability of absorption is different in different magnetic domains. On the other hand,
for a fixed magnetic configuration, the absorption of right and left polarized x—rays is
different. By taking two images of the sample with right and left polarized x—rays and
then subtracting one form the other, a clear image of the magnetic configuration with a
strong magnetic contrast can be achieved. This is described by the XMCD asymmetry

Axncep as
Ig — Iy,

Axmcp = Tnt Iy

where Ir (I1) is the measured intensity for right— (left—) circularly polarized x-rays

[119].
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Ficure 3.15: XMCD. Three-step model of x—ray magnetic circular dichroism for
the Ls absorption edge. 1) Photon absorption; 2) hole decay; 3) emission of Auger
electrons. The different probability for the absorption of circularly polarized x—rays by
majority and minority electrons is at the core of the magnetic contrast formation in the
PEEM image. This is due to the fact that the asymmetry in the photon absorption is
conserved in the emission of secondary electrons, which are then used for the formation
of the sample image. The thickness of the different arrows is a visual indication of the
probability of the represented transition/emission.




Chapter 4

Spin—orbit torque—driven
magnetization switching in

Ta\CoFeB\MgO

4.1 Introduction

Spin—orbit torques (SOTs) are at the center of this scientific work. The main goal is to
measure the strength and sign of such torques, in order to learn more about their physical
origin. One of the material stacks chosen for this investigation is Ta\CoFeB\MgO. There
are two reasons at the basis of this choice. First, Ta\CoFeB\MgO is a material system
widely used in the fabrication of magnetic tunnel junctions, an important component in
present spintronic devices [3, 5]. Any new discovery regarding this system would be very
interesting from an application point of view, due to the compatibility of the stack with
the present technology. Second, the material stack consists of a few nm—thick heavy
metal bottom layer, an ultra—thin ferromagnetic layer and an oxide layer at the top.
All these ingredients make it a good candidate for the observation of SOTs, due to the
strong spin—orbit coupling in the heavy metal and the structural inversion asymmetry
which are present in the system [25, 68].

The first experiment discussed here is the magnetization switching by current pulses
injected through magnetic nanowires. The purpose of the experiment was to verify if the

magnetization switching was governed by SOTs, which would also provide information
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on the symmetry of the torques. The effect of thermal excitations on the switching
process was also studied. The topic discussed in this chapter has been already presented

in a manuscript published in the journal Applied Physics Letters in 2014 [125].

4.2 Material stack: Ta\CoFeB\MgO

The material system employed for the patterning of the magnetic devices was the mul-
tilayer: Ta(5.0)\CogoFegoB2o(1.0)\MgO(2.0)\Ta(5.0) (all thicknesses in nm). The stack
was deposited at the Singulus Nanotechnologies AG by magnetron sputtering technique
(a Singulus TIMARIS/ROTARIS tool was employed) on a Si\SiO2 substrate. The de-
position process was followed by an annealing step at 300 °C for 2 hours in vacuum,
in order to obtain a large perpendicular magnetic anisotropy (PMA) [110, 126]. From
growth studies carried out at Singulus Nanotechnologies AG it is known that the Ta
bottom layer grows largely in the S—phase (tetragonal unit cell for single—crystal [127]),
for the specific deposition conditions and thicknesses. This is confirmed by its high mea-
sured resistivity (180 uQ2cm, while typical resistivity values for the bcc—phase are around
25-50 pf2em [127]), which is a hallmark of this specific crystallographic phase [68, 127].

A schematic of the stack is reported in Fig. 4.1. A high resolution tunneling electron

CoyoFegoByg (1 nm)

B-Ta (5 nm)

FIGURE 4.1: Ta\CoFeB\MgO stack. Schematic of the Ta\CoFeB\MgO stack used

for magnetic nanowires patterning. The arrows indicate the magnetic moments in the

ferromagnet, which is characterized by PMA. The bottom Ta layer is mainly in its
crystallographic S—phase [127].

microscopy (HRTEM) image of the cross-section of the material stack! is reported in
Fig. 4.2 [128]. The TEM micrograph in Fig. 4.2 shows a sharp CoFeB\MgO interface, a

less sharp Ta\CoFeB interface and provides evidence for the presence of a top Ta—oxide

!The HRTEM micrograph has been taken by our collaborators L. Nasi and L. Lazzarini from the
IMEM-CNR of Parma, Italy.
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layer due to the natural Ta oxidation in air. It is also visible the presence of crystalline
MgO and CoFeB layers around the top interface. Finally, the image confirms the nomi-
nal thicknesses of the different layers.

During the annealing process, the B is expected to diffuse out of the ferromagnetic layer,
mainly towards the bottom Ta layer (as also confirmed by the chemical depth profiling
measurements reported in Chapter 5). As a consequence of that, at the CoFeB\MgO
interface a larger number of Fe—O bonds are expected to occur compared to the case
of the as—deposited stack. Since part of the origin of the PMA is believed to rise from
the hybridization between the Fe-d,» and the O-p, orbitals [38], as explained in the
Theory chapter, the annealing is expected to increase the out—of—plane anisotropy in
the material stack. The effect of the annealing process on the out—of—plane magnetic
anisotropy has been experimentally observed also by other groups [129].

The material stack was pre—characterized by SQUID and MOKE magnetometry, where
Mg, H. and Hx were measured. An out—of-plane hysteresis loop obtained by MOKE
magnetometry is reported in Fig. 4.3 . It can be observed that the loop is very square,
confirming the presence of a strong uni—axial PMA, with a coercive field of H. ~ 2.5 mT.
As reported in the Diploma Thesis of Mr. Tim Zacke? [110], SQUID magnetometry mea-
surements confirmed the strong PMA characterizing the material system, with a mea-
sured in—plane saturation field of Hx = 400 mT. This demonstrates that the interfacial
uni—axial anisotropy energy density, K, = tf—;{ = Kefr + %MOMSQ, is strong enough in
order to generate an out—of-plane magnetized thin film (K.f; > 0), for such a thickness
of the magnetic layer (tppr = 1 nm). All the values of the magnetic parameters of the

material stack are listed in Tab. 4.1.

M, (A/m) | poHe (mT) | poHy (mT) | Ky (J/m?) | Keg (J/m?)
1.1% 106 2.5 400 9.8 % 10° 2.2 % 10°

TABLE 4.1: Magnetometry data for the Ta\CoFeB\MgO material stack. Mag-

netometry values for the material stack used for current—induced magnetization switch-

ing experiments. All the values contained in the table but the coercive field are extracted
from Ref. [110], where they have been obtained by SQUID magnetometry.

2Tim Zacke was a diploma student at the Kliui Lab in 2012, who also investigated Ta\CoFeB\MgO
thin films and nanostructures.
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FIGURE 4.2: TEM image of the cross—section of the Ta\CoFeB\MgO stack.
High resolution TEM micrograph of the cross—section of the Ta\CoFeB\MgO stack used
for magnetic nanowires patterning. A sharp CoFeB\MgO interface is visible, suggesting
that the B diffused out of the FM towards the bottom Ta layer. This is also confirmed
by less sharp Ta\CoFeB interface, where the two layers appear more intermixed. Data
from [128]. (Image taken by L. Nasi and L. Lazzarini from the IMEM-CNR of Parma,

Italy.)
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FIGURE 4.3: Polar—-MOKE hysteresis loop of the Ta\CoFeB\MgO multilayer
for an applied out—of-plane field. MOKE magnetometry hysteresis loop for the
Ta\CoFeB\MgO stack used for magnetic nanowires patterning. The external magnetic
field was applied perpendicular to the sample surface, with the MOKE system operating
in the polar configuration. The experiment was carried out at room temperature (T ~
300 K). The loop is square, indicating a strong PMA, with a coercive field of 2.5 mT.
(Measurement carried out by T. Schulz, T. Zacke and Dr. S.—J. Noh at the Johannes
Gutenberg Universitdt Mainz.)
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4.3 Experimental set—up

In order to carry out the desired current—induced magnetization switching (CIMS) ex-
periments, the material stack described above is patterned into an array of 20 nanowires
in a parallel configuration (see top part of Fig. 4.4) by e-beam lithography and Ar—
ion milling [125]. Each nanowire is 1 um wide and 8 pm long. At both ends of the
nanowires there are two magnetic pads, directly connected to two gold pads made in a
second lithography step. As depicted in Fig. 4.4, during the measurements the device
is electrically connected in series to a pulse generator on one side, and an oscilloscope
on the other. A voltage pulse is applied to the sample and the pulse waveform is mea-
sured by the oscilloscope across its 50 2-internal resistance (R,). The current flowing
through the system is obtained by the measured voltage V, across R,. The Ta—capping
layer at the top of the stack is assumed to have no influence on the current—induced
magnetization dynamics generated in the magnetic layer, since it is electrically isolated
from the rest of the conductive part of the stack. However, some of the current injected
in the device is shunted by the conductive part of such a layer. Only about 3 nm of
the total 5 nm of the capping layer are still conductive, due to natural surface oxidation
when exposed to air [128]. Accordingly, the total current density through the device is
calculated as in the following: 1 V dropping across R, (corresponding to a total current
of 20 mA) corresponds to a current density j, = 1.1 * 101 A/m? flowing through the
nanowires.

As explained in Chapter 3, the magnetization state of the nanowires during the exper-
iments is imaged by differential Kerr microscopy in the polar configuration. For the
specific experiments discussed here, the microscope is equipped with a magnetic coil
for the generation of an external in—plane magnetic field H,. All the experiments are
carried out at T=300 K.

In order to observe CIMS, first of all the magnetic nanowires are saturated in the
“up”(+z) or “down”(-z) magnetization state in an external out—of-plane field (see bot-
tom left in Fig. 4.4). After that, a constant and uniform in—plane magnetic field, H,,
is applied along the nanowires. Injecting a current pulse through the device, the mag-
netization of the nanowires is switched for appropriately chosen field amplitude and
current density. Each magnetization switching event is observed and recorded by the
Kerr microscope, after the current pulse injection (bottom-right in Fig. 4.4). Part of

the measurements reported here were carried out in collaboration with Dr. A. Hrabec.
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FI1GURE 4.4: Experimental set—up for the CIMS experiment. At the top, it
is shown a schematic of the experimental set—up for current pulse injection, includ-
ing an SEM micrograph of the Ta\CoFeB\MgO nanowires. The shape of one of the
voltage pulses applied to the device is shown in the inset. It was measured with an
oscilloscope (across the 50  internal resistance). At the bottom-left, a differential
Kerr microscopy image of the initialized nanowires with the magnetization pointing
“down” (—z) everywhere. At the bottom-right, a differential Kerr microscopy image of
the same nanowires, after their magnetization has been switched “up” (+z) by a current
pulse in the presence of an in—plane magnetic field collinear with the current—flow. The
red symbols represent the magnetization state in the magnetic device. Data from [125].

4.4 Magnetization switching by spin—orbit torques

4.4.1 Measuring the magnetization switching

Firstly, it is observed which combination (if any) of current density and magnetic field
could produce a certain switching event. In Fig. 4.5 switching events for different
current—field combinations are shown. The condition for the observation of a success-
ful magnetization switching event, for the specific experiment here described, is defined
as switching in at least half of the total number of pre—saturated nanowires. Successful

switching events for all the four possible combinations of current and field are illustrated.
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FIGURE 4.5: Magnetization reversal events. Successful magnetization reversal
events for all the four possible combinations of current and field. (a) Switching for
ja > 0 and H, > 0. (b) Switching for j, < 0 and H, < 0. (¢) Switching for j, < 0
and H, > 0. d) Switching for j, > 0 and H, < 0. In (a) and (b) two examples of
down—up switching events are reported, while (c) and (d) refer to up—down switching
events. Black (white) contrast indicates an “up”(“down”) magnetization state. The
yellow rectangles indicate the fully switched NWs. Five or more fully switched NWs
indicate a successful magnetization reversal event.
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Figures 4.5(a) and 4.5(b) report down—up switching events for j, parallel to H,, while
Fig.s 4.5(c) and 4.5(d) show up—down switching for j, anti-parallel to H,. The suc-
cessful switching is indicated by the fact that at least half of the imaged nanowires are
fully switched (as indicated by the yellow rectangles), where “fully” means that at least
a 90% of the total NW’s area is switched.

Figure 4.6 reports about the magnetization switching for 100 ns— (closed symbols) and
100 ms— (open symbols) long current pulses, when a constant and uniform external

magnetic field, H,, is applied along the nanowire direction. For both the 100 ns— and
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FIGURE 4.6: Current—induced magnetization switching. Minimum current den-

sity j, needed to switch the magnetization in at least half of the nanowires (5 of 10)

for a fixed longitudinal in—plane magnetic field poH,. The closed (open) symbols show

the switching events due to 100 ns— (100 ms—) long current pulses. The squares (trian-

gles) show the down—up (up—down) switching events. For the long pulses it can be

observed a saturation in the current density needed to obtain the switching event, for
small H,. Data from [125].

I>0|1I<0
Hy>0| +M, | —M,
Hy<O0| —M, | +M,

TABLE 4.2: Stable magnetization configurations for Ta\CoFeB\MgO. Sta-
ble magnetization states for the four different field—current combinations: +M, (+2z—
direction), —M, (—z—direction).

100 ms—long pulses, it is determined the minimum current amplitude j, needed to obtain
successful magnetization switching in combination with a fixed external magnetic field
value (see Fig.4.6). In Fig. 4.6 it is possible to see that there is a clear link between the

current density needed for the switching to occur and the applied in—plane field. The



Chapter 4. Spin—orbit torque—driven magnetization switching in Ta\ CoFeB\MgO 79

lower is the in—plane field, the larger is the necessary amplitude of the current pulse to
satisfy the switching condition. Secondly, for larger durations of the current pulses the
needed switching current density amplitude is smaller. Finally, as reported in Tab. 4.2,
the final stable magnetization state is found to be a function of the specific combination
of the sign of j, and of H, (see also Fig. 4.5). When j, and H, are both either positive
or negative, the observed stable magnetization state is in the +z—direction. While, if j,
and H, are of opposite sign, the stable magnetization state is in the —z—direction.

The switching event is observed only in the case that the initial magnetization state
of the nanowires was different from the stable state corresponding to the particular
current—field combination under use. For example: in case the initial magnetization
state is “down”, the switching event towards the “up”—state is observed only if the cur-
rent density and the field are both positive or negative (Fig.s 4.5(a) and 4.5(b)), that
means both current and magnetic field pointing in the positive or negative x—direction
(squares in Fig. 4.6). On the other hand, starting form an “up”initial state, the switch-
ing toward the “down”-state (Fig.s 4.5(a) and 4.5(b)) is observed only in case current

and field have opposite signs (triangles in Fig. 4.6).

4.4.2 Discussion

The results reported above are qualitatively in agreement with the model of the spin—
orbit effective field reported by Liu et al. [68] and Emori et al. [25]. According to
the model, an effective magnetic field is produced when an electric current is injected
through the material stack, parallel to the sample surface. Such a field is defined by the

following expression [25]:

hosuEelj
Hspr = BlJe|

=200 i x (20X je), 4.1
2M0|6|MstFM ( .]6) ( )

where Ogp g is the spin-Hall angle (SHA), j. the electron—current density (je = —j, ) and
je the corresponding unit vector, My the saturation magnetization of the ferromagnetic
material, tFps the thickness of the ferromagnetic layer and m the magnetic moment
unit vector (see Fig. 4.7). As already explained in the Theory chapter, such a model
is valid only under three assumptions: (i) the HM layer where the SHE is generated
is thick enough in order to saturate the spin current [93]; (i7) the HM\FM interface

is characterized by a 100% spin—transparency [96] and no spin-memory loss [99]; (i)
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100% of the spin angular momentum (transverse to the magnetization) is transferred
from the itinerant electrons to the local magnetization. Due to the thickness of 5 nm

of the Ta bottom layer present in the investigated device, and the spin diffusion length

Ta
spin

in Ta which has been reported to be A\J% =1-2 nm [130-132], the first assumption can
be considered fulfilled (see Chapter 5 for more details, where the SHA of Ta for the
same materials stack will be extracted). While, the second and the third assumptions
represent the real approximation adopted in the present work, since neither the spin—
transparency/spin—memory loss at the Ta\CoFB interface nor the efficiency of the spin
angular momentum transfer in the ferromagnet are known.

As it can be seen in Eq. 4.1, the effective spin—orbit field is expected to be a linear
function of the electron current density je. This is due to the fact that, in this particular
model, the origin of the spin-orbit field is attributed to the spin—Hall effect (SHE) [74—
77] in the Ta bottom layer. As explained in Chapter 2, due to the SHE a pure spin
current is generated, which flows from the HM towards the FM. The spin polarization
of the generated spin current is oriented along the y—direction, with the sign being fixed
by the current polarity and the sign of the SHA. Such a spin current, diffusing into the
ferromagnet, exerts a torque on the magnetic texture.

The second main point about the strength and the sign of Hgpp is that: the effective
field is parallel to the vector product between the magnetic moment in the ferromagnet,
m, and the direction Z x j. (which is collinear with the y—axis). Accordingly: first, the
larger is the x—component of m, the stronger is the z—component of the effective field,
which is the one needed to switch the magnetization from “up”to “down”and vice versa;
second, the sign of Hg ;1 is a function of the relative orientation between j. and m.
The first point explains why the current density needed for switching is observed to
decrease with increasing magnetic fields. The strength of the switching effective field is
fixed. Since for larger H, larger m, are obtained, in order to keep the strength of Hg
constant, j, has to be reduced with increasing H,. This is in agreement with what is
reported in Fig. 4.6. The second point concerning the sign of Hgpp offers a possible
explanation for the symmetry of the graph shown in Fig. 4.6 and for what is reported
in Tab. 4.2. According to Eq. 4.1, the sign of H% 5 is fixed by j,, m, and Osyp.
For conventional current and magnetic field both positive or negative (that means m,
pointing along the same direction of j,), Hgp results pointing “up”(“down”) in case
OspE is negative (positive). On the other hand, when the current and the field are

anti-parallel, H,  results pointing “down”(“up”) when sy is negative (positive).
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Interpreting the experimental observations according to that, a negative sign for the
SHA is extracted. This is in agreement with previous experimental observations, where
the Ta layer was reported to be in its crystallographic S—phase and its SHA being
negative [25, 68]. The conclusion is that the main effect at the origin of the observed
magnetization reversal is indeed the SHE effective field due to the Ta bottom layer, as
illustrated in Fig. 4.7. In the presence of H, > 0 (Fig. 4.7(a)), the generated SHE-
field stabilizes the magnetization “up”(“down”) for j, > 0 (j, < 0). While, in the
presence of Hy < 0 (Fig. 4.7(b)), the generated SHE-field stabilizes the magnetization
“down” (“up”) for j, > 0 (j, < 0).
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FIGURE 4.7: Symmetry of current—induced magnetization switching in
Ta\CoFeB\MgO nanostructures. Schematic of SHE effective field-driven mag-
netization reversal in Ta\CoFeB\MgO. (a) The generated effective field, Hgp g, in the
presence of an applied H, > 0. For j, > 0 (j, < 0), the stable magnetization config-
uration is m, > 0 (m, < 0). (b) The generated effective field, Hgy g, in the presence
of an applied H, < 0. For j, > 0 (j. < 0), the stable magnetization configuration is
m, < 0 (m, > 0). The symbols in the Ta bottom layer indicate the direction of the
conduction electrons’ spins.

4.5 Thermal effects in the magnetization switching process

A second main observation obtained during the switching experiment is the difference
in the switching current density for the two different pulse lengths, as reported in Fig.
4.6. First of all, the amplitude of the short current pulses required for switching is

about 3 times larger than what it is in the case of long pulses, for a fixed value of H,.
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Furthermore, the switching current for the long pulses saturates for values of pgH, lower
than 50 mT. This is not expected according to the SHE-SOT model, where the current
density needed for the switching process to occur is always increasing with decreasing
in—plane fields. These observations clearly point to thermal effects playing a crucial role,
as it will be explained in the following.

To study the observed thermally activated switching process in more detail, a second
experiment is carried out. Using a fixed current density amplitude of 7 x 10! A /m?,
for fixed applied in—plane magnetic fields the probability of switching is measured as a
function of the length of the current pulse, At,. The measurement is repeated 5 times
for each poH,—At, combination, in order to obtain an average probability, P, and a
statistical error on it. For each single switching event (recorded in each single Kerr
microscopy image), the switching probability is defined as the switched fraction of the
total switchable area in the observed NWs. Accordingly, if all the NWs are completely
switched a P = 100% switching event is observed, as explained in Fig.s 4.8 and 4.9
(the two figures will be analyzed in more details in the following Discussion section).
In Fig. 4.10, the At, needed to switch the magnetization in the system, with a certain
probability P, is reported as a function of the applied poH,. While, in Fig.s 4.11(a)
and 4.11(b) the switching probability is reported as a function of poH, (for certain
values of At,) and as a function of At, (for certain values of jigHy), respectively (the
two graphs will be analyzed in more details in the following Discussion section). These
measurements were done on a second device, made of the same material stack and with
the same thicknesses reported above. This second nominally identical device was used

since the previous device was damaged during the experiment.

In Fig. 4.10 the minimum At, needed for a 10%, 30% and 50% (actually 49% for
the zero field case, since the 50% is the asymptotic limit in that case) probability of
switching is reported. According to the graph, At, seems to be an exponential function
of the external magnetic field H,, for all the three different switching probabilities
here reported (blue dots, green diamonds and red stars refer to a 10%, 30% and 49%
switching probability, respectively). The smaller is the applied in—plane field, the longer
is the current pulse needed for switching. For ugH, = 0 mT we observe a 10%, 30% and
>49% magnetization switching starting from a pulse length of 17 ns, 18 ns and 23 ns,

respectively.
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FIGURE 4.8: Magnetization switching probability at constant in—plane field.
Tllustration of single switching events at a fixed applied in—plane field of poH, = 7.5 mT.
(a) Switching with At, = 9.5 ns, resulting in a probability of P = 20%. (b) Switching
with At, = 10 ns, resulting in a probability of P = 50%. (c) Switching with At, =
10.5 ns, resulting in a probability of P = 80%. (d) Switching with At, = 10.75 ns,
resulting in a probability of P = 100%. The probability is defined as the ration between
the switched area and the total switchable area (NWs) times 100. The pulse current
density is j, = 7+ 101* A/m?2.
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FIGURE 4.9: Magnetization switching with a 50% probability. Illustration of
single switching events with a switching probability of 50%. (a) Switching with At, =
10.75 ns and poH, = 6 mT. (b) Switching with At, = 11.25 ns and poH, = 4.4 mT. (c)
Switching with At, = 12.5 ns and poH, = 2.9 mT. (d) Switching with At, = 23 ns and
noH; = 0mT. The probability is defined as the ratio between the switched area and the
total switchable area (NWs) times 100. The pulse current density is j, = 7+10*! A /m?.
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FIGURE 4.10: Thermal effects in current—induced magnetization switching.
Minimum length of the current pulse At, needed to switch the magnetization in the
NWs of the sample with a probability of at least 10% (blue dots), 30% (green diamonds)
and 49% (red stars), as a function of the longitudinal magnetic field pgH,. The pulse
current density is j, = 7%10* A/m?. The error bar corresponds to 0.25 ns, which is the
difference between two consecutive pulse lengths used during the measurements. The
solid lines are the corresponding fitting curves, based on the generalized Néel-Brown
model for thermal-assisted current—induced magnetization switching. Data from [125].

4.5.1 Discussion

The origin of the observations reported above can be attributed to thermal fluctuations
of the magnetization in the device. For large enough current density amplitudes, the
thermal fluctuations of the magnetization, M, due to Joule heating generate an in—plane
component, My, which is comparable to that generated by a finite external magnetic
field. When a large enough My is eventually thermally generated in the appropriate
direction, the spin—orbit effective field acts on it, yielding local magnetization switching
events in different parts of the nanowire. This would explain the observed switching at
zero—field. Furthermore, during the injection of long pulses there is much more time for
the thermally induced switching to occur than in the case of short pulses, increasing the
switching probability and thus reducing the necessary in—plane current. This explains
why, even for large pulse amplitudes, there is no observation of the saturation effect for
short pulses in Fig. 4.6.

To obtain the key parameters of the thermally activated switching, we fit our experimen-
tal data reported in Fig. 4.10 with a generalized Néel-Brown model [65]. As explained
in the Theory chapter, this model describes the role of the thermal fluctuations in mag-
netization switching processes, in the presence of a spin—transfer torque. It relies on

the introduction of an effective temperature (or an effective energy barrier) based on a



Chapter 4. Spin—orbit torque—driven magnetization switching in Ta\CoFeB\MgO 86

100 T T T T T T T T T
80 F E
60 | E
S
o 40t .
o Atp:10.75 ns|i
20 @ At=12.0ns |
r At =13.0ns |
o N é 1 1 I P . I
0 2 4 6 8
n])HX(mT)
(a)
100 T T T T T T
. @ pH=00mT
80 | @ pH=29mT|]
uH,=6.0mT
60 E
< I
(=)
& 4o} § o 9.
20 - % é .
o e Y A A A O é 1 1

Dtp(ns)
(b)

FIGURE 4.11: Switching probability. (a) The average switching probability P as a
function of the applied field poH,, for three different values of the pulse length. (b) The
average switching probability P as a function of the pulse length At,,, for three different
values of the applied magnetic field. The pulse current density is j, = 7 % 101* A/m?2.

stationary solution of the Fokker—Planck equation [65]. In our experiment we have a
similar situation, with an electric current flowing in the system and a spin—current en-
tering the magnetic layer due to the SHE. The equation that describes our experiment

is the following [65]:

2 (1— H, )15

At, = —In(1 — P)fo~ v exp®sT" HW' (4.2)
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where P is the switching probability, fy is the attempt frequency, Ef = Ey(1 — o) is
the zero—field effective energy barrier at the given current (I is the current flowing in the
system, « is a coefficient), ugH?, is the switching field at 0 K, and poH,, is the effective
field along the easy axis. In this case, assuming to have no contribution to the current—
induced effective field originating from the ISGE [82, 83], 100% spin transparency and
no spin-memory loss at the HM\FM interface, the field along the z—direction is the

: . _ _MsuE|jel ~ _MsHgpljel Hy sat :
effective SHEfield, H, = SuolelMatpnr 1% N SpolelMatpny ot where H7% is the longitu-

dinal field needed for aligning all the magnetization in the z—direction (~ 400 mT in
our system). As can be seen in Fig. 4.10, the model (solid lines) fits the data for a value
of the effective energy barrier £ ~ 90 meV. The extracted average attempt frequency
is fo =~ 1.4 GHz.

The value reported above for Ej is a lower boundary of the actual energy barrier Ej.
This is because the electric current flowing in the multilayer lowers the effective energy
barrier separating the two magnetization stable states, due mainly to the increase in
temperature generated in the system. In Appendix A, the measurement of the sample
resistance as a function of the temperature and of the current density, during current
injection [133], is discussed. From this measurement, the actual temperature in the
nanowires during the injection of 1 ms—long pulses is found to be T'~ 1070 £ 80 K at a
current density of 7 10! A /m?2. This value is close to the expected Curie temperature
of our magnetic material, that is T ~ 1030 K (for annealed CoggFegyoB2g) as reported
by M. Yamanouchi et al. [134]. However, for the experiment reported in Fig. 4.10 the
actual length of the injected pulse is in the order of a few tens of ns. Accordingly, the
temperature in the NWs during the experiment is much lower than that, allowing us to
interpret the experiment in the condition T' << T¢.

The fitting curves in Fig. 4.10 have an off-set of 10 ns which can be explained as the
sum of two potential contributions. One contribution is due to the actual shape of the
pulses we were able to apply with the set—up at our disposal at the time the experiment
was carried out. For this specific experiment, we have a rise- and a fall-time of about
2 ns each. Accordingly, the current density is actually at its maximum value for at least
4 ns less than the nominal duration of the pulse. Secondly, we assume an 100% switching
in each NW when the magnetization is reversed throughout its length. For a switching
mechanism based on domain nucleation followed by domain wall motion [135], part of
the minimum time obtained from the fitting curve could also be due to the fact that the

nucleated domain walls need some time to move and reach the end of the nanowires (this
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can be sen in Fig. 4.5). The calculated domain wall speed is in the order of 100 m/s,
which is in line with the velocities measured for similar materials stacks [9, 25, 44, 67]

as well as for the very same one [128] (see also next chapter).

Figure 4.11 shows that the probability of switching increases with both increasing H,
(4.11(a)) and increasing At, (4.11(b)). This is again in support of the interpretation
of the experimental data based on a thermal-assisted SHE-field—driven magnetization
reversal. An increasing H, corresponds to a stronger SHE—field, which makes the switch-
ing probability higher. While, a longer At, increases the chance of having a switching
event due to two main reasons: first, the system has a longer time to switch; second,
the Joule heating produced in the system increases, giving place to stronger thermal
excitations and so an higher probability of switching.

In Fig. 4.11(b) it is possible to observe that in case of a finite in—plane field (red and
orange dots), the probability P always increases with increasing At, (eventually reach-
ing 100%). However, for the zero—field case (blue dots) the switching probability does
saturate for long pulses to the value P = 50%. This is also visible in Fig. 4.9(d), where
the total switched area is almost the 50% of the total one, but not more than that.
The switching event in the zero—field case consists of many small reversed areas in each
NW of the device, confirming that the switching is a local event assisted by the Joule
heating. Due to the absence of a longitudinal magnetic field which would break the
in—plane symmetry of the system, the switching is not deterministic. As a consequence,
after that the switching in the pre—saturated NWs has occurred, the reversed areas can
eventually switch back to their initial magnetic state (during the pulsing time). This
results in a lower value for the measured switching probability. However, in the present
analysis the back switching event is not considered. Moreover, in the absence of an
external magnetic field, after the local domains are nucleated they do not expand. This
is due to the fact that both types of domain wall (1] and |1) are moved in the same
direction (see next chapter), resulting in a net zero expansion of the nucleated domains.
As a result, the switching process moves from a fully switched NWs case, in the presence
of H, (see Fig.s 4.9(a), 4.9(b), 4.9(c)), to a locally switched NWs case, in the absence of
H, (see Fig. 4.9(d)).

These observations give the possibility to understand the real mechanism at the basis
of the magnetization reversal. After local nucleations randomly occurring in the NWs,

the nucleated domains expand due to fast motion of the two types of domain walls in
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opposite directions (see next chapter), as also explained by Garello et al. [135]. This
means that, after that several domains are nucleated, they merge by DWs annihilation,
resulting in fully switched NWs as shown in Fig.s 4.9(a), 4.9(b), 4.9(c). However, this
is not the case when no field is present, due to the fact that the domains do not expand
and the back switching probability is not zero. Accordingly, a saturation of P around

50% for long pulses at zero—field is expected, as observed here.

4.6 Conclusion and outlook

Current—induced magnetization switching in magnetic NWs made of Ta\CoFeB\MgO
was reported. The switching effect was observed for 100 ns— and 100 ms—long current
pulses, and current densities values of the order of 10" A/m2. The symmetry of the
switching process was found to be consistent with the model of the SHE effective field,
suggesting that the main driving force in the observed effect was indeed the SHE—spin
current injected in the ferromagnet through the HM\FM interface, with a negative SHA.
Furthermore, the process was also found to be dependent on the length of the pulse,
mainly due to thermal effects. The experimental data could be reproduced by employing
a generalized Néel-Brown model for thermally—assisted current-induced magnetization
switching, enabling the extraction of the attempt frequency and the effective energy
barrier for the specific switching process taking place locally in the system.

The observed SOT—-induced switching process is a good candidate for the design of actual
spintronic devices. The most promising application of switching by SOTs is a three—
terminal magnetic tunnel junction, where only the reading current would go through the
MgO-tunnel barrier, while the writing current pulse would flow in the bottom Ta\CoFeB
bilayer [68, 101]. This would ensure a more durable and efficient device. However, the
thermally activated switching is not unidirectional. In the absence of the magnetic
field, the spin—orbit torque, assisted by the thermal fluctuations, would destabilize the
magnetization configuration every time a current pulse is injected in the system. This
means that, it is possible to obtain switching in both directions using the same current
pulse polarity. For applications, this would require a reading step after each writing step,
in order to verify the switching event. For the sake of completeness, it has to be added
that there have been new suggestions on how to obtain a unidirectional SOT—driven

switching at zero field [33, 34]. They are based on an engineered magnetic anisotropy,
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which breaks the symmetry of the system in the plane of the sample and fixes the torque

direction in the absence of any external magnetic field.



Chapter 5

Spin—orbit torque—induced
domain wall motion in

Ta\CoFeB\MgO

5.1 Introduction

As discussed in the previous chapter, by the current—induced magnetization switching
experiment it is possible to gain information about the symmetry of the torques acting
in the Ta\CoFeB\MgO nanostructures. However, in order to understand more about
the origin of the torques it is necessary to investigate the motion of domain walls (DWs)
when an electric current flows perpendicular to them. Looking at the displacement of
DWs generated by current injection, it is possible to extract not only the symmetry, but
also the strength of the acting torque.

This chapter reports current—induced DW motion in Ta\CoggFegoBao\MgO nanowires.
The observed DW motion is not explicable by the standard spin—transfer torque—model
[6-8, 43, 51, 52]. The interpretation offered here relies on the action of spin—orbit torques
[25, 35, 45]. In the framework of the spin—orbit torque model, the measurement of the
current—induced DW motion gives the possibility to extract the sign and the strength
of the spin—Hall effect [74-76, 87] and of the Dzyaloshinskii-Moriya interaction [21, 136]
present in the material system. Most of what is discussed in this chapter is contained

in a manuscript published in the journal Physical Review B in 2015 [128].
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5.2 Experimental set—up

The main results presented and discussed in this chapter were obtained with a sample
made of the same material stack used for the switching experiment reported in Chap-
ter 4 (see Tab. 4.1 for magnetic parameters values). Accordingly, the sample consists
of NWs made of the materials stack: Ta(5.0)\CozoFegoB2(1.0)\MgO(2.0)\Ta(5.0) (all
thicknesses in nm). As reported in Chapter 4, the entire material stack was deposited
on a thermally oxidized Si\SiOs—wafer by sputtering (using a Singulus TIMARIS/RO-
TARIS tool), and then annealed at 300 °C for 2 hours in vacuum so that a large PMA
was obtained. From growth studies carried out at Singulus Nanotechnologies AG it
is known that the Ta bottom layer grows largely in the S—phase (tetragonal unit cell
for single—crystal [127]), for the specific deposition conditions and thicknesses. This is
confirmed by its high measured resistivity (180 pflcm, while typical resistivity values
for the bee—phase are around 25-50 pf2em [127]), which is a hallmark of this specific
crystallographic phase [68, 127]. For a measured in—plane magnetization saturation field
poHy, = 400 mT and a saturation magnetization My = (1.1 £0.1) * 10 A/m (measured
by SQUID [110]), we obtain an effective anisotropy K. sy = pioHpM;/2 = 2.2%10% J/m?.
More details about the material stack can be found in the dedicated section in Chapter
4.

By e-beam lithography and Ar—ion milling the sample was patterned into an array of
20 nanowires in a parallel geometry (see Fig. 5.1). The dimensions of each wire is
1 pmx8 pm. At the ends of the wires there are magnetic pads, directly connected
to two gold contact pads made in a second patterning step by lift—off technique. One
of the two gold pads consists of an Oersted-line (3 pum wide, 150 nm thick), used for
the nucleation of reversed magnetic domains in pre—saturated wires, by the injection of
20 ns-long current pulses (j, ~ 102 A/m?).

As shown in Fig. 5.1, a pulse generator is used for injecting current through either the
Oersted—line or the magnetic wires. An oscilloscope is used for measuring the pulse
waveform, across its 50 Q-internal resistance (R,). The total current flowing through
the system is obtained by the measured voltage V, across R,. Taking into account the
oxidation of the top 2 nm of the Ta capping layer (see the section on the materials
stack’s description at the beginning of Chapter 4), a current density of 1.1 x 101t A /m?
is estimated to flow through the nanowires when 1 V drops across R, (corresponding to

a total current of 20 mA). The conventional current density j, is assumed to be positive
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when it flows in the +a—direction (see Fig. 5.1), corresponding to an electron current
density j. flowing in the —x—direction.

The magnetization configuration of the wires is imaged by polar Kerr microscopy in
differential mode, and the analysis of the images is carried out following the protocol de-

scribed in Chapter 3. A magnetic coil is used for the generation of an external in—plane

:(L Pulser

3.0y Oscilloscope

FIGURE 5.1: Experimental set—up for CIDWM. At the top, it is shown the exper-
imental set—up for current pulse injection, including an SEM micrograph of the sample
used during the experiment. The inset shows the shape of one of the pulses applied
to the device, measured with the oscilloscope (across the 50 Q-internal resistance). At
the bottom-left, a differential Kerr microscopy image of nucleated magnetic domains
by Oersted—field in initialized nanowires. The magnetization in the reversed domains
is pointing “up”(+z, black areas). At the bottom-right, a differential Kerr microscopy
image of the same wires on the left, after domain walls motion obtained by injecting
a burst of 50 current pulses (At = 25 ns, j, = —2.75 % 101 A/m?, j, > 0 in the +a—
direction) through the nanowires. The flowing direction of the conventional current
density, j,, and of the electron current density, j., is indicated by the red and blue
arrow, respectively. The red symbols represent the magnetization state in the magnetic
device. Data from [128].



Chapter 5. Spin—orbit torque—induced domain wall motion in Ta\ CoFeB\MgO 94

magnetic field. The experiments are carried out at T=300 K. First, the magnetic wires
are saturated in the “up”(+4z) or “down” (—z) magnetization state by an out—of-plane
magnetic field. Second, reversed domains are nucleated in the NWs, in order to have
DWs useful for the current-induced DW motion (CIDWM) experiment. The nucleation
is obtained by the Oersted—line when only one type of DW is required for the experiment,
either “up—down” (1) or “down—up”(}1) DWs. While, when both types of DWs are re-
quired to be present in the NWs at the same time, a current pulse is injected through
the wires, which generates current—induced magnetization switching locally in the NWs
[125] (see also Chapter 4). As a consequence of that, both types of DWs are generated
in the nanostructures at the same time. At the bottom-right and bottom-left of Fig.
5.1, controlled domain nucleation by a single current pulse through the Oersted-line and
DW displacement by the injection of a burst of negative current pulses (j, < 0) in the
wires are shown, respectively. Most of the measurements reported here were carried out

in collaboration with Dr. A. Hrabec.

5.3 Current—induced domain wall motion

5.3.1 Moving domain walls with current

Figure 5.2 reports the average velocity of the DW as a function of the current density
jo flowing through the magnetic wires. For each current density the measurement is
repeated three times, yielding a total of 30 DW displacements (10 nanowires are imaged
at a time). This made it possible to obtain sufficient statistics for the extraction of
average velocities with respectively small error bars. Bursts of several (n) current pulses
with a time duration At,=10, 15, 20 and 25 ns are used for the current-induced domain
wall motion (see Fig. 5.2(a)). The time between two consecutive pulses is 100 us and
the number of pulses in a burst ranges from n=20 to n=400.

The velocity of the DW is calculated as the ratio between the average displacement of
the domain wall due to the injected pulses and the total pulsing time, t;o; = n * At,.
In Fig. 5.2(a) the average velocity of the DW, vpy, is reported as a function of the
current density, j,, for 4 different lengths of the pulse. Different vpy for different At,
are obtained. This is due to the particular shape of the current pulses used during the

experiment, as it will be explained more in detail in the following “Discussion”section.
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While, in Fig. 5.2(b) the resulting average DW velocity free of the influence of the pulse
shape is reported. One of the key pieces of information in Fig. 5.2 is the direction of the
DW velocity: the DWs move against the electron flow (e-flow). Furthermore, the DWs
start moving with j, ~ 2.5 * 101* A /m?, at increasing speed with an increasing current

density.

5.3.2 Discussion

First of all, we explain the different velocities of the DW reported in Fig. 5.2(a) when
different lengths of the current pulse are employed. The actual current pulses injected
with the experimental set—up employed during the experiment are affected by a rise—
and fall-time of 5 ns. Accordingly, for about 10 ns of the total (nominal) pulse length,
At,, the current amplitude is actually not at its maximum value. Indeed, as shown in
Fig. 5.2(a), higher velocities are measured for longer pulse lengths at a fixed current
density. This is because the rise/fall-time takes up a smaller proportion of the overall
pulse length in the case of longer pulses, enabling the torque acting on the DW to be
maximum for a larger fraction of At,. This is something to take always into account
when comparing results for different At,.

Carrying out measurements with different pulse lengths it is possible to rule out the
effect of the rise- and fall-time. In Fig. 5.3(a), the average DW’s displacement due to a
single pulse, < Ax >, for a fixed j, is reported as a function of At,. As it can be seen in
the graph, the DW displacement is almost null for the shortest pulse, with At, = 10 ns.
This is not surprising, since such a pulse length is identical to the sum of the rise— and
fall-time, making it impossible for the current to reach its full amplitude. On the other
hand, for longer pulses < Az > starts to increase linearly with increasing pulse length.
By linear fitting the experimental data point for the three largest At, (solid line in Fig.
5.3(b)), it is possible to extract the DW velocity free of the influence of the pulse shape.
The result of this process, done for all the used current density’s amplitudes, is what is
shown in Fig. 5.2(b).

The observed CIDWM reported above cannot be explained solely by the conventional
STT [6, 43], since it would result in a DW motion with the e-flow. Theoretically, it is
actually possible to obtain a STT—driven DW motion against the e-flow, but this would
require a negative non—adiabaticity parameter for the magnetic system [137]. However,

there is no experimental evidence that this is the case for CoFeB. Furthermore, as it will
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FIGURE 5.2: CIDWM in Ta(5.0)\CozFesB2o(1.0)\MgO(2.0) NWs. (a) Av-
erage velocity of the DW, vpy,, as a function of the current density, j,, injected in
the magnetic wires, for different durations of the current pulse, At,. The DW velocity
increases with the pulse duration, due to the fact that the 5 ns rise— and fall-time of the
injected pulses have less influence on the measured domain wall velocity during longer
pulses. The DW moves with the conventional current j, (against the electron flow j.).
The average velocities and the error bars (standard deviations) are calculated from 30
different DW motions, at each current density. (b) Average velocity of the DW as a
function of jg, corrected for the rise— and fall-time influence. Data from [128].
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be discussed later in the chapter, other experimental observations support even stronger
the idea that STT is not the leading mechanism in the observed CIDWM. Accordingly,
a new interpretation is needed to explain the reported observations.

A possible alternative interpretation is based on the SOT-model [25, 35, 45]. The same
approach was used in the interpretation of the observations obtained for Pt\CoFe\MgO
and Ta\CoFe\MgO systems [25], where the authors claimed that the DW motion was due
to the SHE—effective field Hgpg = 2joelsequES‘f;'Mrh X (Z xje), where Ogpy g is the spin—Hall
angle (SHA), j. is the electron current density, Mj is the saturation magnetization of the
ferromagnetic material and tpps is the thickness of the ferromagnetic layer. However,
in the experiment here reported the DW motion is in the opposite direction to that
observed in Ta\CoFe\MgO.

The main difference between the material system in [25] and the one here discussed is
the presence of Boron (B) in the ferromagnetic layer. This suggests an interpretation of
the present observations based on the effect of the B contained in the material stack. In

order to support such interpretation, a structural and chemical analysis of the material

stack has been carried out, as it will be discussed in Section 5.6.

5.4 Chiral domain walls in motion

5.4.1 Effect of an external magnetic field on the domain wall motion

To understand the surprising observed CIDWM against the electron flow, a deeper
investigation of the phenomenon is needed. Accordingly, the effect of magnetic fields on
the current-driven DW motion is studied. More precisely, the DW velocity is measured
as a function of an applied magnetic field along the wire axis (z—direction) for fixed
current densities.

First of all, both types of DW (1] and |7) are nucleated in pre-saturated nanostructures
by current—-induced magnetization switching (left side of Fig. 5.4). Typical nucleation
pulses used in the experiment have a current density’s amplitude of j, ~ 10'? A/m?
and a duration of At, = 20 ns. Once the DWs are generated, they are displaced by the
injection of a burst (n=1-20) of 20 ns—long current pulses with lower current densities
(jo = 1.8 — 3.6+ 10'* A/m?) as shown in the right side of Fig. 5.4. In order to calculate

the DW velocity, the full width at half maximum of the current pulse is used as the time
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FIGURE 5.3: Extraction of the CIDWM velocity in

Ta(5.0)\CozoFesB2o(1.0)\MgO(2.0) NWs. (a) Average displacement for

single pulse, < Az >, as a function of the pulse length, A¢,. (b) Linear fitting (solid

line) of the three data points in (a) with largest < Az >. The slope of the fitting line

(equation in the inset) is the average velocity of the DW, independent of the pulse’s
shape.
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Ficure  5.4: Nucleation and motion of chiral DWs in
Ta(5.0)\Coz0FegnBap(1.0)\MgO(2.0) NWs. On the left side, differential
Kerr microscopy image of nucleated magnetic domains in pre-saturated nanowires.
The magnetization in the reversed domains points in the +z—direction (black areas).
The green lines indicate the position of the DWs. The red arrows describe the
Néel-component of the DWs’ magnetization configuration. Observing the NWSs’
magnetization texture from small x values towards large x values, two [1~DWs are
followed by two 1]-DWs. On the right side, differential Kerr microscopy image of the
domain walls motion due to current pulse injection (j, = +3.6 * 1011 A/m?), when
a longitudinal field is applied (upH, = —35 mT). The dashed green lines indicate
the starting position of the DWs, while the solid orange lines indicate their final
position. The blue arrows show the DW motion. DU (}1) DWs move fast and with the
conventional current—flow, while UD (1)) DWs move slower and with the electron—flow.
Data from [128].

duration of a single pulse. For each current density—field amplitude combination the

measurement is repeated five times. The DW velocity as a function of the longitudinal

field, poHx, is shown in Fig. 5.5(a) and 5.5(b) (symbols) for the |1— and 1/-DWs,

respectively. It is clear from the graphs that the DW’s velocity is strongly influenced by

the presence of the longitudinal field. While at zero—field the velocity of both types of

DWs is the same, in the presence of the field the two DWs move at different velocities.

The change in the field amplitude affects differently the velocity of the two types of DW,

making it possible to obtain 1]/— and |t-DWs moving in opposite directions, when the

field’s amplitude is large enough. A symmetric behavior is observed for the velocity of

the two DW types with respect to Hy, as shown in Fig. 5.6 (red symbols for the 1/-DW,

blue symbols for the [T-DW).
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FIGURE 5.5: Chiral DWs’ velocity in Ta(5.0)\CozFesB2o(1.0)\MgO(2.0)
NWs. (a) Average velocity of [1-DW as a function of the longitudinal field, puoHy, for
three different current densities. Blue symbols refer to j, = 3.6 * 10'1 A/m?, magenta
to jo = 2.8 % 10* A/m? and green to j, = 1.8 * 10*' A/m?. Squares refer to j, > 0,
while triangles refer to j, < 0. (b) As in (a), for 1/-DWs. Data from [128].
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FIGURE 5.6: Symmetry of chiral DWys’ velocity in

Ta(5.0)\CogoFegoBop(1.0)\MgO(2.0) NWs. Average velocity of 1| (red

symbols) and |1 (blue symbols) DWs as a function of uoH,, for a current density

of jo = +3.6 x 10'1 A/m? (squares), and j, = —3.6 * 101 A/m? (triangles). Lines

represent the 1D-model fitting—curves (by E. Martinez, University of Salamanca).
Data from [128].

5.4.2 Discussion

In order to understand the observations reported above, including the motion of DWs
against the e-flow, the interplay of different mechanisms has to be considered. According
to the standard STT-model [43] the DWs are expected to move always with the electron
flow, since the spin—polarized conduction electrons tend to expand the magnetic domain
where they “come from”. Unless the magnetic layer exhibits a negative spin polarization
or a negative non—-adiabaticity parameter [137], it is impossible for the STT to move
domain walls against the drift motion of the conduction electrons. However, it seems
that neither a negative spin—polarization nor a negative non—adiabaticity parameter has
been reported experimentally, so far, for this material stack. Secondly, such a strong
effect of a longitudinal magnetic field on a STT-driven DW motion is not expected.
Furthermore, the STT cannot explain why for some specific longitudinal fields the DW
stops moving or even changes its direction of motion. All this suggests that a different

interpretation has to be found for the present experimental data.

Let us consider now the scenario where spin—orbit torques originating from the SHE are

the main driving force of the DW dynamics [25, 35, 45]. In the SHE-SOT-model, the
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magnetic DW can move with or against the e-flow. The direction of motion depends on
the sign of the SHE and on the domain wall’s internal spin—structure. Assuming to have
a predominant contribution to the total SOT from the SHE in the Ta bottom layer, the
driving force for the DW motion is the pure spin—current induced by the SHE during
the pulse injection. Furthermore, as discussed already in the Theory chapter (Chapter
2), one more ingredient has to be taken into account here: the Dzyaloshinskii-Moriya
interaction (DMI) [21, 24, 136]. In the presence of a non-zero DMI, the DMI at the
interface between the heavy metal and the ferromagnetic layer is responsible for the
initial magnetic configuration and in particular the chirality of the DW [20, 45], which
is one of the two key factors governing the DW motion. As a consequence, the direction
of motion of the DW depends on both the sign of the SHA and the sign of the DMI,
where the latter fixes the chirality (left— or right—handed) of the Néel-component of the
DW’s magnetization.

The SHE of §—Ta is known to have a negative sign, as reported in the literature by other
groups for different materials stacks [25, 27, 68] as well as in the previous chapter of this
thesis and in [125]. While, an extensive study of DMI in [heavy metal]\CoFeB\MgO
systems is still missing, apart from a few reports contained in the literature [27], where
a strong dependence of the measured DMI on the material and the thickness of the
underlayer was found. Accordingly, an analysis of the present data within the SOT-

model framework is reported in the following.

As previously reported in the Theory chapter, the interfacial DMI acts on the magnetic
texture as a longitudinal effective field localized at the domain wall position [45]. This
field is known as the DMI effective field and is defined (in the 1D model framework)
as poHpyr = D/(MsApw) [45, 138], where D is the DMI vector (D its modulus, the
DMI coefficient) and Apw is the DW’s width. Theoretically [45, 139], it is predicted
the existence of a particular value of the applied external longitudinal field at which the
SOT is minimized (stopping field), resulting in a stationary DW. Such stopping field
is of the same amplitude as and with opposite sign respect to Hpysr, (assuming that
there is no significant STT). However, Fig.s 5.5(a), 5.5(b) and 5.6 show that there is
a range of in—plane longitudinal fields where the DW remains stationary (with zero or
very small DW’s velocity compared to the velocities measured for larger longitudinal
fields). This zero—motion field’s range is not expected in the simple SOT-model based

on perfect nanostructures, where the pinning of the DW due to the edge roughness



Chapter 5. Spin—orbit torque—induced domain wall motion in Ta\ CoFeB\MgO 103

and the imperfections of the crystal lattice is not considered. Accordingly, to properly
analyze the experimental data a more accurate model is needed, where the pinning of

the DW is taken into account [26, 139, 140].

5.5 Extraction of the Dzyaloshinskii—-Moriya interaction in

Ta\CoFeB\MgO

In order to extract the DMI coefficient from the observed CIDWM, the approach pre-
sented in the manuscript by K.—S. Ryu et al. [26] is followed. There is a particular
magnetic field amplitude which is able to suppress the Néel-component of the DW due
to the DMI. Such a field is the so—called stopping field, and it has the same amplitude
and the opposite sign of the effective DMI-field localized at the DW position, as illus-
trated in Fig. 5.7. In the actual experiment, such a stopping field is contained in the
pinning range, that is the range of longitudinal magnetic fields where there is no motion
of the DW (as reported in Fig. 5.5). In order to extract the value of the stopping field,
it is required to fit, for each DW type, the experimental data for the positive and the
negative current density by two linear functions, as shown in Fig. 5.8. The fitting is
done considering only the “high”velocity points (data points in the two graphs in Fig.
5.8, between the vertical dashed lines and the graphs vertical axis), since they are least
influenced by the pinning effect and so very close to the ideal flow regime, which is the
one assumed in the 1D-model where no pinning is present. The point where the two
fitting curves are crossing each other indicates the stopping field. This is done for both
1J— and |1-DWs, as shown in Fig.s 5.8(a) and 5.8(b), respectively.

For the 1]-DW the extracted stopping field is ,uoH,T(i = —8.5 + 1.8 mT, which corre-
sponds to a DMI effective field ,UOH%M[ = +8.5+ 1.8 mT. On the other hand, for
the |[T-DW the extracted value is ,uOH,if = 47.0 £ 1.5 mT, which corresponds to
ungMI = —7.0 &£ 1.5 mT. The errors on the DMI-fields are obtained from the ac-
curacy of the fitting curves, which are a function of the errors of the experimental data
used for the fitting procedure. Finally, the value of the DMI effective field is calculated
as the average of the two extracted values (in absolute value) for 1/— and [1-DWs. This
results in uoHpar = +7.8 £ 1.2 mT, since by convention the DMI field refers to the
case of the 1|/-DW.

As reported before, the definition of the DMI field is [45, 138]: poHpyr = D/(MsApw ),
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FIGURE 5.7: Chiral domain walls. (a) Chiral DWs stabilized by a positive DMI

at the bottom interface. The blue arrows indicate the built—in DMI effective fields

at the DWs’ location. (b) Re-orientation of the DWs’ magnetization by an external

longitudinal field, H,. At the top (bottom), the magnetic configuration during the

application of the stopping field for the [+ (1)) DW is illustrated. The SOT acting on
the DW in the Bloch—configuration is expected to be null.

where the DW’s width is calculated to be Apy = %ff =7nm (A= 10" J/m from
[138]), and the saturation magnetization is M = 1.1%105 A /m (values reported in Chap-
ter 4). The resulting DMI coefficient for the investigated Ta\CoagFegoBag\MgO system
is D = +0.06 4+ 0.01 mJ/m?. Such a value is close to the one measured for the Ta\CoFe
interface [138], but of opposite sign. This indicates the presence of right-handed DWs
in the present material stack (see Fig. 5.7(a)), while left-handed DWs were reported for
Ta\CoFe\MgO nanowires [138].

Using the definition of DW’s anisotropy energy density reported in [140], for the DWs
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FIGURE 5.8: Extraction of DMI effective field from CIDWM in
Ta\CoFeB\MgO. (a) The symbols are the experimental values of the DW’s velocity
as a faction of the longitudinal field for $/-DWs. Squares (triangles) refer to positive
(negative) j,. The solid lines are the fitting curves for the fast DW motion points
(which are the data points between the dashed line and the graph’s vertical axis, for
both positive and negative fields). The crossing point between the fitting curves defines
the stopping field. (b) The same as in (a), for J[1~DWs. The current density amplitude
is j, = 3.6 % 101t A/m?.
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in the present system it is possible to calculate an effective shape anisotropy field
of H = N,M, = @#MS = 0.032M; = 3.52 % 10* A/m, corresponding to an
induction field of ugH; = 44 mT. The corresponding anisotropy energy density is
K| = 3puoH M, = 2.4 % 10* J/m?, resulting in a critical DMI constant of D, =
A‘)‘f’%[ﬁ = 0.21 mJ/m? [45]. The critical DMI constant, D, is the DMI value above
which the DW, in the investigated system, has its energy minimized when it assumes
the Néel configuration. In this case, the calculated value of D, is 3.5 times larger than
the extracted DMI coefficient, resulting in D < D.. Accordingly, the DMI-stabilized

DWs in the studied system are expected to be in a hybrid configuration, with a small

chiral Néel component, as shown in Fig. 5.9(a).

5.5.1 An alternative method for the extraction of the DMI

Here, an alternative method for the extraction of the DMI is proposed. The experimental
data used for the following analysis are the ones presented in Fig. 5.5. The criterion at
the basis of this alternative procedure for the extraction of the DMI is the following.

First, as discussed in the literature [25, 35, 128, 139], and according to the symmetry
of the SHE—effective field reported above, the stopping field, H y’”, is the field at
which the torque acting on the DW’s magnetic moments is zero, and around which the
torque changes sign. Assuming the STT being much smaller than the SHE-SOT [25,
35, 128, 139], |[HIHH| = ]ng\fﬂ Second, reducing (H, < HJ"'1) or increasing (H, >
Hy’“) the applied H, with respect to Hy’“, the torque acting on the DW increases in
magnitude, in both cases, due to the rotation of the DW’s internal magnetization towards
the Néel-configuration. The torque increases of the same amount and with opposite
sign in the two cases, for the same change in magnitude of H, (H, = Hy’“ — AH,
or H, = HiW' 4 AHg), for symmetry reasons [139]. The depinning of the DW occurs
when a critical strength of the torque is reached, that corresponds to a specific AH,%P.
According to the discussion above, the range of in—plane magnetic fields where the
DWs are observed to be pinned (or moving at low velocities) is expected to be centered
around the DMI effective field. The pinning range can thus be expresses as: [Hg]\ﬂ —
AH, %P Hg](ﬂ + AH,%P]. Accordingly, the DMI effective field can be extracted as the
center of the observed pinning regions in H,. Finally the strength of the DMI can be

obtained by the equation D = ugHpyr MsApw [45, 138].
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The protocol used for the extraction of the two stopping fields, H and Hff, is described
in the following. This is done for each type of domain wall, for both positive and negative
currents. First of all, it is taken note of the magnetic field values H; and Hs at which
the threshold condition |vpw| > Opw, is obtained. Here, pyw is a chosen value of the
velocity of the DW just outside the pinning region, which defines the border between low—
velocity regime and high—velocity regime. For this specific experiment, opy = 10 m/s

is chosen. The values of H; and Hs are used as the extremes of the pinning range, and

+,—

stops 18 calculated as the arithmetic mean of the two.

the corresponding stopping field, H

Two stopping fields are calculated for each type of DW, corresponding to j, > 0 (H;OP)

and j, < 0 (H;top), and the average stopping field for each DW'’s type is obtained as

HJoptHa
H, T = st 2 top

Let us consider the case of j, = 3.6 * 10! A/m?, reported in Fig. 5.5 (blue symbols)
and Fig. 5.6. For 1|-DWs, it is obtained: ppH; =5+ 1 mT (the error on the magnetic
field comes from the accuracy of the measurement by the Gauss-meter) and poHs =

—25+ 1 mT, resulting in poHJ;

stop = —10£1 mT for jo, > 0; poHy = 10 £1 mT and

poHz = =25 £ 1 mT, resulting in uoHg,, = —7.5+ 1.0 mT for j, <0. As a result, the

+ —
extracted stopping field for the 1]-DW is ,u,OHN = Wﬂ = —-88+1.0mT. On
the other hand, for the |[T-DW it is obtained: poH; = 20+£1 mT and poHs = —10£1 mT,

resulting in M0H$Op =5+1mT for j, > 0; poH1 =25+1 mT and pgHy = —10+1 mT,

resulting in 10 H g,

+ —
field for the [T-DW is ,uOHLT = % = 6.3+ 1.0 mT. To these stopping fields

= 7.5+ 1.0 mT for j, < 0. As a result, the extracted stopping

correspond: MOHSM} = 8.8+ 1.0 mT and MOH%)TMI = —6.3 £ 1.0 mT; resulting in an
Nt
effective DMI field of pugHpyy = “Hps_totou — 4764 1.0 mT.

In order to extract the effective DMI coeflicient, D, the values of the DW width, Apy =
7 nm, and of the saturation magnetization, M = 1.1% 105 A /m, are used. Accordingly,
the effective DMI results to be D = uoHprrrMsApw = +0.06 + 0.01 mJ/mQ.

The extracted DMI value is equal to the one extracted in the previous section, by the
linear fitting of the high velocity data points, according to Ryu et al. [26]. This result
suggests the method here presented as an alternative method for the extraction of the
effective DMI from CIDWM measurements.

Finally, the new procedure has been used for the extraction of the DMI from the data
points corresponding to the other two current densities reported in Fig. 5.5 (magenta

for j, = 2.8 % 101" A/m?, and green for j, = 1.8 * 101! A/m?). The extracted DMI
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strengths are in line (equal in the limits of the error) with the one obtained for the high
current density, as reported in Tab. 5.1. No clear influence of the current density on the

extracted DMI is observed, for the range of j, employed in the measurement.

Ja (101 A/m?) | poHparr (mT) | D (mJ/m?)
1.8 +9.4(1) +0.07(0.01)
2.8 16.9(1) 10.05(0.01)
3.6 17.6(1) 10.06(0.01)

TABLE 5.1: Extracted DMI values for Ta\CoFeB\MgO for different current

densities. Values of the effective DMI field, Hp 5, and of the effective DMI coefficient,

D, for each of the three current densities employed for the investigation of the velocity

of the DW, vpy, as a function of the longitudinal magnetic field, H,. In parentheses
are the values of the error.

5.6 Chiral DWs in Ta\CoFeB\MgO moved by SOT

Interpreting the experimental observations in the framework of the SHE-SOT model, the
answer to why DWs are observed moving against the e-flow can be found. The observed
CIDWM can be interpreted as due to the presence of a positive interfacial DMI and a
negative SHE in the investigated material system. When an electric current is injected

through the material stack, parallel to the sample’s surface, an effective magnetic field,

hsuE|jel

Siole Mt enr mx (ZX]Je), is generated at the DW’s location. Such a SHE effective

Hsnp =
field, in the present material system and with no applied external field, results to be
parallel to the magnetization of the domain from which the conventional current, j,, is
coming from (see Fig. 5.9(a)).

As already explained in the Theory section and in Chapter 4, such a model is valid only
under three assumptions: (i) the HM layer where the SHE is generated is thick enough
in order to saturate the spin current [93]; (i) the HM\FM interface is characterized by
a 100% spin—transparency [95, 96] and no spin-memory loss [99]; (i) 100% of the spin
angular momentum (transverse to the magnetization) is transferred from the itinerant
electrons to the local magnetization. The reported values for the spin—diffusion length
in Ta are in the range )\Z;D%n ~1-2 nm [130-132]. Due to the thickness of 5 nm of the
Ta bottom layer present in the investigated device, the amplitude of the spin current

density, js, crossing the Ta\CoFeB interface is expected to be lower than the bulk value,

Js(00). According to Liu et al. [93], the fraction of the bulk spin current density at the
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Ta\CoFeB interface is given by: % =(1- sech(;ign)) =0.99-0.84, with /\z;%n =1-

2 nm. Accordingly, between the 84% and 99% of the bulk spin current is generated right
below the HM\FM interface, due to the 5 nm—thick Ta layer present in our sample.
Concerning the second and the third assumptions, neither the spin-transparency /spin—
memory loss at the Ta\CoFeB interface nor the efficiency of the spin angular momentum
transfer in the ferromagnet are known. As reported by Kim et al. [141], the Ta\CoFeB
interface is characterized by a spin—transparency which is less than 1. However, due
to the lack of quantitative information, the approximation of 100% spin-transparency
will be used in the following. The same approximation is employed concerning the
efficiency of the spin angular momentum transfer between the SHE—spin current and
the magnetization in the ferromagnet, according to what has been done previously by
other groups [25, 27]. A possible approach to improve the present analysis would consist
in measuring the spin—transparency at the Ta\CoFeB interface, for example by spin—
torque ferromagnetic resonance measurements as reported by Zhang and co—authors
[96].

The SHE—effective field above contributes to the total effective field acting on the DW'’s
magnetic moments, generating an additional precessional torque, Tsgg1 < —MmxHspy g,
and an additional dissipative torque, Ty g2 < —1 x (M X Hgyg), which result in the
motion of DWs along the direction of the conventional current, in the zero-field case (see
Fig. 5.9(a)). However, when a finite longitudinal field is applied, the internal structure of
the DW is changed. If the Néel-component of the DW, my, points in the same direction
of the applied field, the Hgy g acting on it will become larger and the velocity of the
DW will be increased. While, in case my is initially anti—parallel to the applied field,
the magnetization will rotate to the Bloch—configuration and then eventually reverse in
the opposite direction along the longitudinal direction. In turn, Hg g is reduced to zero
and then changed in sign. This results in the stopping and then in the reversal of the
DW?’s velocity for increasing H,, as reported in Fig. 5.5 and illustrated in Fig. 5.9(b).
If on one side the negative SHE is in agreement with previous observations by other
scientific groups [25, 27, 68], on the other the observation of a positive DMI at the
Ta\CoFeB interface is new, and it has still to be understood. Regarding this second
point, later in the chapter it will be proposed a possible explanation for the extracted
positive DMI, based on the outcomes of a structural and chemical characterization of

the material stack.
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FIGURE 5.9: Chiral DWs in Ta\CoFeB\MgO moved by the SOT. (a) DW
motion driven by SOT in Ta\CoFeB\MgO NWs, at zero—field. DWs are stabilized by
the DMI in a chiral state, with a small Néel-component. The effective SHEfield acts
locally on the DWs, pointing in opposite directions for 1) and |7 DWs. The result, due
to the action of the precessional torque, Tsx 1, and of the dissipative torque ,7sm g 2,
on the DW’s magnetic moments, is the motion of both DWs with j, in lock—steps.
(b) Applying an external magnetic field along the NW’s length, the DW’s internal
magnetization is rotated. The velocity of DWs with intrinsic my parallel to the field
is increased, while for DWs with intrinsic m, anti—parallel to the field the velocity is
reduced. In case the applied field is stronger than the DMI effective field the DW’s
velocity can be reversed. This sketch tries to explain the experimental observations
reported in Fig.s 5.5(a), 5.5(b) and 5.6.
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5.7 1D modeling of chiral domain wall motion: extraction

of the spin—Hall effect efficiency

The strength of the SHE in the investigated sample is quantified by reproducing the ob-
served CIDWM reported in Fig. 5.5 with a 1-dimensional (1D) model. As reported in
the Theory chapter, the 1D—-model describes the entire DW dynamics by two degrees of
freedom: the DW position ¢ along the NW (assumed to be a 1D object) and the angle ¢
between its magnetization vector (in plane) and the NW’s axis. In the used 1D-model!
[139, 140, 142], the thermal fluctuations and the DW pinning due to the edge roughness
are taken into consideration, in order to simulate more accurately the experimentally
observed DW motion in the actual sample. The results of the simulations are reported
in the shared manuscript [128], which contains also the main experimental findings re-
ported in the present chapter. A summary of the simulation outcomes is presented in
the following.

The experimental data reported in Fig.s 5.5(a), 5.5(b) and 5.6 are reproduced by 1D sim-
ulations, where the effective pinning landscape (strength Vj and periodicity p), the SHA
and the DMI coefficient are the three main fitting parameters. The pinning potential
parameter, Vy = 7x1072° J, is chosen to be the one corresponding to the experimentally
observed depinning field (at zero—current), poH, ~ 0.5 mT. The value of the DMI coef-
ficient is also chosen to be the same as the average value experimentally obtained, that
is: D = +0.06 +0.01 mJ/m? (in the actual simulations, the value of D = 40.06 mJ/m?
is employed as exact parameter). The best fitting of the experimental results reported
in Fig.s 5.5(a), 5.5(b)and Fig. 5.6 allow to extract a SHA of ggr = —0.11 (and a pin-
ning potential periodicity p = 21 nm). Such a value of the SHA is very close to others
previously reported in literature for similar material systems where Ta was the bottom
layer [68, 138]. However, the extracted effective value of the SHA, 0syp = —0.11, is
influenced by the thickness of the Ta bottom layer. Accordingly, this is not the bulk
value of the SHE efficiency. The extracted SHA is a function of the t7,, as reported
above [93]: Osir = 0%y (1 — sech(5%2)). Assuming to have AZ% =1-2 nm [130-132],

spin
spin

this results in an extracted |02, ;| =0.11-0.13 for the SHA in bulk Ta.

It is important to underline that those fitting parameters can reproduce, with a good

accuracy, the experimental values for j, = 3.6 * 10'' A/m? and j, = 2.8 * 10' A/m?,

!The simulation work has been carried out by our collaborator Prof. E. Martinez from the University
of Salamanca (Spain).
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but not the ones obtained for the lowest current density j, = 1.8 * 101 A/m?. The
reason seems to be that the lowest current density used for the experiments reported
in Fig.s 5.5(a) and 5.5(b) is actually smaller than the critical current density needed
to start moving the DWs in the NWs (at zero-field). This can be seen in Fig. 5.2(b),
where it is clear that for j, < 2.5 10! A/m? the DWs are not displaced by current
injection. Accordingly, since the 1D—model for the extraction of the SHE applies only to
the case of DW motion in the flow regime [139] (where the DW pinning and the thermal
activations play a little role in the DW motion process), the fitting is meaningful only
for the two “high” current density cases. In Fig. 5.6, the solid lines are the fitting curves
obtained for the highest current density case. The red (blue) solid symbols in the figure
show the experimental data for 1/J-DWs ([1-DWs).

5.8 The role of B in the material stack

5.8.1 Observation of B diffusion

According to what has been discussed above, the observed motion of DWs against the
e—flow at zero—field seems to be connected with the presence of a positive DMI at the
Ta\CoFeB interface. According to the sign and the small absolute value of the extracted
DMI coefficient, the DWs are in an intermediate state between Néel and Bloch, with a
right—handed chiral Néel-component. However, the origin of this positive DMI is still
not clear.

For explaining the observed positive DMI coefficient, it is important to note that the
material stack was annealed at 300 °C for 2 h in vacuum. Since the DMI and the SOTs
depend strongly on the interfaces’ conditions [20, 26, 96, 143], a structural characteriza-
tion of the material stack is carried out in order to gain more information about them.
High resolution transmission electron microscopy (HRTEM) imaging of the cross sec-
tion of the material stack (see Fig. 4.2), and chemical depth profiling measurements by
secondary ion mass spectrometry (SIMS)? are carried out in order to characterize more

in depth the material system. As already discussed in the previous chapter, the TEM

2The chemical depth profiling measurements and relative analysis were carried out by our collabora-
tors, Dr. A. Lamperti and Mr. R. Mantovan at the Laboratorio MDM, IMM-CNR of Agrate Brianza
(Ttaly).
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FIGURE 5.10: Chemical depth profiling of the

Ta(5.0)\Coz0FegnBag(1.0)\MgO(2.0) stack. SIMS depth profiles of as—deposited
(ad) and annealed (ann) (300 °C, 2h) structures. Signals related to B (dots), MgO
(squares), Fe (up-triangles) and Co (down-triangles) are shown. Following the B
profile, the presence of B diffusion from the CoFeB layer towards the Ta layer (and
partially the MgO layer) is evidenced. For the sake of clarity profiles are aligned at
Ta\CogoFegoBag interface. Secondary ions are collected in negative mode, and the
measurement parameters are as reported in [144]. This image and the related analysis
were performed by Dr. A. Lamperti and Mr. R. Mantovan from the Laboratorio
MDM, IMM-CNR of Agrate Brianza (Italy). Data from [128].

cross—section confirms the nominal thickness of each layer composing the stack, and pro-
vides evidence for the presence of a top Ta—oxide layer due to the natural Ta oxidation
in air. The top MgO\Ta interface shows sub-nanometer topographical roughness after
the crystallization of the MgO and the CoFeB layers upon annealing, in agreement with
other reported results [145]. Furthermore, the bottom Ta\CoFeB interface results to be
not sharp, revealing a strong intermixing between the two layers.

The results obtained from the time—of-flight SIMS depth profiling measurements are
shown in Fig. 5.10. The figure reports about the distribution of the different elements
as a function of the stack’s depth, starting from the top surface, for the material stack
before the annealing (ad, open symbols) and after the annealing (ann, solid symbols).

Comparing the open black dots with the solid black ones in Fig. 5.10, it is possible to
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deduce that B diffuses out of the CoFeB-layer towards the MgO and the bottom Ta-
layer during the annealing process. Summarizing the SIMS observations for the material
stack before and after annealing: (i) the B intensity in the CoFeB layer is reduced after
annealing; (i7) the B intensity increases in the region corresponding to the underneath
Ta layer after annealing; (iii) a different intensity close to the CoFeB\MgO interface is
observed after annealing. All these observations suggest that the B diffuses from the
ferromagnetic layer to the adjacent layers during the annealing process, thus affecting

in particular the Ta\CoFeB interface, where the B is expected to segregate [146].

5.8.2 Discussion

As stated before, the DMI is expected to depend on the material structure of the sys-
tem, particularly the atomic arrangement at the [heavy metal]\ferromagnet interface
[20, 24, 27, 136]. Accordingly, the B accumulation at the Ta\CoFeB interface can play
a major role in the generation of the positive DMI, in particular due to the fact that
the B is the key difference compared to CoFe-based material stacks, which have been
reported to exhibit negative DMI. Furthermore, the idea that a strong accumulation of
B in the bottom Ta-layer could be responsible for the character of the DMI is supported
by previous works where it was reported that a N-doped Ta bottom layer can change
the DMI sign compared to the case of a pure Ta\CoFeB system [27]. The larger elec-
tronegativity of the N atoms ([He]2s22p3, 3.0 Pauling) compared to the one of Ta atoms
([Xe]4f!*5d36s2, 1.5 Pauling) [28] is expected to change the electronic configuration at
the interface due to the 2p—5d hybridization of the electronic orbitals. Such modification
of the electronic states at the TaN\CoFeB interface is expected to influence directly or
indirectly the DMI in the material system.

Relying on the interpretation offered by Torrejon et al. [27], it is possible to interpret
the role of the observed concentration of B near the Ta\CoFeB interface and inside the
Ta layer similarly to the one of N in N-doped Ta. The accumulation of B in Ta (as
observed in our material system, after the annealing process) and the larger electroneg-
ativity of B ([He]2s?2p!, 2.0 Pauling [28]) with respect to Ta can lead to a change in
the electronic configuration at the Ta\CoFeB interface due to the 2p-5d hybridization
of the electronic orbitals. Accordingly, the observation of a positive DMI in our system
could be due to a rearrangement of the electronic configuration at the interface during

the annealing step.
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It is important to underline that the interpretation offered for the observed positive
DMI in Ta\CoFeB\MgO NWs is the latest interpretation proposed at the time when
this thesis was written. More investigation is required from both the theoretical and
the experimental side in order to clarify whether this is the real origin of the positive
DMI experimentally observed. However, it is also important to add that observations
of right-handed chiral DWs in Ta\CoFeB\TaO, systems have been recently reported
[147]. This supports the findings here presented, adding one more experimental evidence
to the interpretation based on the presence of a positive DMI in Ta\CoFeB systems.

Finally, CIDWM was also investigated in Pt\CoFeB\MgO NWs. PEEM images of the
DW displacements shows motion with the e-flow (for more details see Appendix B). This
result is again in disagreement with what has been reported so far about Pt\CoFe\MgO
systems, where DW motion against the e-flow was observed, attributing it to a negative
DMI [25]. Another indication that systems containing B could show different results
compared to very similar material systems where no B is present. However, this is not
a complete study, and a more detailed investigation of the Pt\CoFeB\MgO system is

needed in order to clarify the preliminary results reported in this thesis.

5.9 Conclusion and outlook

In the present chapter, the observed current—induced domain wall motion in magnetic
nanowires made of Ta\CogoFegoB2o\MgO is reported. First of all, the velocity of the
DWs is measured as a function of the current density flowing into the nanostructures.
The DWs are observed to move against the direction of motion of the conduction elec-
trons, at a velocity that increases with an increasing current density. Such a DW motion
is interpreted as due to the spin—orbit torque generated by the spin—Hall effect in the Ta
bottom layer. Secondly, the effect of a longitudinal magnetic field on the CIDWM is in-
vestigated. The DW'’s velocity is strongly dependent on the applied magnetic field, and
such a dependence is found to be symmetric for 1]- and |T-DWs. This is interpreted
as the presence of an interfacial Dzyaloshinskii—-Moriya interaction in the investigated
system. Such a spin—orbit interaction at the interface between the heavy metal layer
and the ferromagnetic layer is the origin of a chiral Néel-component of the DW internal
magnetization. A positive DMI with a strength of D = (40.06 £ 0.01) mJ/m? is ex-

tracted, indicating the presence of homo—chiral right—-handed DWs. Such a positive DMI
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seems to be connected with the presence of the B in the material stack. Furthermore,
reproducing the experimental results by 1D-model simulations, an effective spin—Hall
angle value of Ogprp = —0.11 is obtained. The extracted positive DMI joined with the
negative SHE of Ta emerge as the key factors at the basis of the observed DW motion.
The obtained results have a certain relevance from both a scientific and a technological
point of view. From the scientific point of view, it is very interesting to discover the pres-
ence of such new phenomena in a material system which has already been investigated
for decades. The presence of a DMI in Ta\CoFeB\MgO systems is a new observation,
with very few publications reporting on it. Probably this is due to the fact that the
measured DMI is small (if compared, for example, to the much higher value of DMI
reported for Pt\Co\AlO, systems [148]), making it harder to be detected. Furthermore,
these observations can help in the understanding of the real origin of spin—orbit torques,
shedding new light on the problem. Second, these findings are very important from a
technological point of view, since Ta\CoFeB\MgO is a material system already used in
the fabrication of present magnetic storage devices. The new findings can be used for
the design of novel spintronic devices, where a more effective manipulation of the DW
motion by spin—orbit torques could be the key factor for their success. An example of
the basic functioning of a racetrack memory [2] based on spin—orbit torque—driven DW
motion is shown in Fig. 5.11, where the principle of operation of a Ta\CoFeB\MgO
racetrack is illustrated. Starting with pre-initialized racetracks, magnetic bits can be
written by a current pulse injected in the Oersted—line. After that, the written infor-
mation can be transported by current pulses injected through the racetracks. Opposite
magnetic bits can be written in the racetracks by a second current pulse through the
Oersted—line, but in the opposite direction compared to before. Finally, both types of
magnetic bits can be transported through the racetracks by the SOT.
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FIGURE 5.11: Principle of operation of a Ta\CoFeB\MgO racetrack. (a) Ini-
tialization: the two racetracks are pre-initialized in the “down”state. (b) Informa-
tion writing: by a current pulse injection through the Oersted-line, two magnetic bits
(1s) are written in the racetracks. (c) Information transport: by a train of current
pulses trough the nanostructures, the magnetic bits are displaced in the racetracks. (d)
New information writing: two new bits (0s) are written in the racetracks. (e) Infor-
mation transport: the magnetic bits are again displaced in the racetracks. The black
contrast indicate magnetization “up”(or “1”as memory—bit state), while gray indicates
magnetization “down” (“0”memory-bit state). The red arrows indicate the direction of
the conventional current, j,,.






Chapter 6

Spin—orbit torque—induced
domain wall motion in

Pt\Co\AlO,

6.1 Introduction

In the previous chapter, it was reported about the experimental observation of SOTs
acting on DWs in a system characterized by a weak DMI. In the present chapter, the
focus is on a different material system, which has a much larger DMI [138, 148]. SOTs
are investigated in nanowires made of Pt\Co(tc,)\AlO,!, for different thicknesses of
the ferromagnetic layer, by a systematic current—induced DW motion study. The main
interest is on the investigation of the effect of to, on the measured DW motion, trying
to learn about the effective SOT acting in the material stack. Furthermore, the effect of
the ferromagnetic layer’s thickness on the measured DMI is also investigated. A direct
comparison between the results here presented and the outcomes of the investigation
of the weak DMI system is conducted along all the chapter, trying to highlight the
main differences between the two cases. The experimental methodology developed and

presented in Chapter 5 is employed for the investigation of this new material stack.

1The material stack used for the patterning of the devices presented here was grown by Dr. J.-S.
Kim and Dr. D.-S. Han from the Findhoven University of Technology (The Netherlands).
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6.2 Material stack: Pt\Co(t¢,)\AlO,

The material system employed for the patterning of the magnetic devices is the mul-
tilayer: Ta(4.0)\Pt(4.0)\Co(0.8-1.8)\AlO,;(2.0) (all thicknesses in nm). The stack was
deposited by magnetron sputtering technique? on a Si\SiOy substrate. The Ta buffer
layer is used in order to induce a growth of the Pt layer with a smooth surface, with a

strong (111) texture [149]. A schematic of the stack is reported in Fig. 6.1.

FIGURE 6.1: Pt\Co(tc,)\AlO, stack. Schematic of the Pt\Co(tc,)\AlO, stack
used for magnetic nanowires patterning. The arrows indicate the magnetic moments in
the ferromagnet, which is characterized by PMA. The Co layer is a wedge layer, with a
nominal change in thickness of 1 nm (from 0.8 nm to 1.8 nm) over a 2 cm length. The
Ta buffer layer is used to improve the crystallographic properties of the Pt layer.

The material stack is characterized by a wedge Co layer, with a nominal increase in thick-
ness of 1 nm over 2 cm in the horizontal direction (z—direction in Fig. 6.1). The wedge
Co layer is obtained by an in—situ moving shadow mask [150]. MOKE magnetometry
hysteresis loops for an applied out—of—plane magnetic field are measured at different tc,
positions of the material stack’s surface, as reported in Fig. 6.2. The stack results to be
characterized by an out—of-plane magnetic easy—axis, with a spontaneous magnetization
pointing along the z—axis. The coercive field is observed to decrease with increasing tco,,
together with a reduction of the squareness of the loops, in agreement with previous
observations [148]. The observed perpendicular magnetic anisotropy (PMA) is induced

by a strong interface anisotropy at the Pt\Co interface [37, 148, 151]. The interface-like

2The material stack used for the patterning of the devices presented here was grown by Dr. J.-S.
Kim and Dr. D.-S. Han from the Findhoven University of Technology (The Netherlands).
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origin of the observed PMA is confirmed by Brillouin Light Scattering (BLS) measure-
- %MOMSQ, is found to

ments®. The effective anisotropy energy density, Koy = tIéZ
decrease with an increasing Co thickness, consistent with the presence of an interface
anisotropy of K; = 3.48 + 0.1 mJ/m2. This explains the reducing coercive field as a
function of an increasing Co thickness observed by MOKE magnetometry (Fig. 6.2).
All the values of the magnetic parameters for the five devices used in the investigation

of CIDWM are reported in Tab. 6.1.
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FIGURE 6.2: Polar-MOKE hysteresis loops of the Pt\Co(tc,)\AlO, multi-
layer for an applied out—of—plane field. MOKE magnetometry hysteresis loops for
the Pt\Co\AlO, stack used for magnetic nanowires patterning. The external magnetic
field is applied perpendicular to the sample surface, with the MOKE system operat-
ing in the polar configuration. The experiment is carried out at room temperature
(T = 300 K), probing 10 equidistant areas on the stack’s surface along the increasing
Co thickness direction. (I) refers to an area of the sample with a nominal thickness of
the Co layer of tc, = 0.9 nm, (X) to tc, = 1.7 nm. The Co thickness for each of the
probed areas of the sample is given by: t&, = tL + %i, with ¢ = 0,1,2...,8,9
(i=0—1,i=1—1II,...i =9 — X). Both the coercive field and the squareness
of the loops decrease with increasing t¢,. (Measurements carried out together with Mr.
Nam-Hui Kim.)

3The BLS measurements were carried out by our collaborator Mr. N.-H. Kim, from Inha University
(Korea).
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Device# | tco (nm) M (A/m) K, =  (

1 0.93 1.8 10°(3 x 10%) | 3.7%105(5 % 10%) | 1.7 % 106(0 1 % 100)
0.99 1.8%10°(3 +10%) | 3.5%105(5 % 10%) | 1.5 % 10%(0.1 * 10°)
1.31 1.8 10%(3 % 10%) | 2.7%105(4 % 10%) | 6.4 % 10°(0.8 * 10°)

( ) ( ) ( )
( ) ( ) ( )

J/m?)

et (J/md)

1.37 1.8%105(3 % 10%) | 2.5%10%(4 % 10%) | 5.3 % 10°(0.7 * 10°
1.43 1.8%105(3 % 10%) | 2.4%10%(3 % 10%) | 4.2 % 10°(0.7 * 10°

QY x| W DN

TABLE 6.1: Magnetometry data for Pt\Co(tc,)\AlO, from BLS measure-

ments. Values of the main magnetic parameters for the five devices used in the CIDWM

experiments. All the values contained in the table are extracted by BLS—based spin—

waves spectroscopy measurements (see [150]), by our collaborator, Mr. N.—H. Kim from

Inha University (Korea). The t¢, values are the nominal values. In parentheses are the
values of the error.

6.3 Experimental set—up

The results presented and discussed in this chapter are obtained from CIDWM mea-
surements in five different devices, patterned on the material stack presented above.
The nominal thickness of the Co layer in the different devices ranges between 0.93 and
1.43 nm, as reported in Tab. 6.1. The magnetic devices are patterned by e-beam
lithography and Ar—ion milling, at 5 different tc,—positions on the sample surface, as
schematically shown in Fig. 6.3. Each device consists of an array of several NWs in
parallel. The dimensions of a single wire is (1.5-2) pumx(25-28) pm. At the ends of the
wires there are magnetic pads, directly connected to two gold contact pads made in a
second patterning step by lift—off technique. An SEM micrograph of one of the devices
used for the CIDWM experiment is reported in Fig. 6.4.

As shown in Fig. 6.4, a pulse generator together with a power amplifier (nominal am-
plification in power of +40 dB) are employed for injecting the desired current pulses
through the magnetic wires. The net pulse’s rise—time and fall-time for the experi-
mental set—up employed during the experiment here discussed are around 2 ns each, as
reported in Fig. 6.5. A 50 2—termination is used to drive the injected pulse to ground
after flowing across the device. In a second time, an oscilloscope is used for measuring
the pulse waveform, across its 50 {2-internal resistance (R,). The total current flowing
through the system is obtained by the measured voltage V,, across R, (see Fig. 6.5). For
the evaluation of the current density, j,, the nominal thicknesses of the layers are used.
The resistivity of the Ta layer is expected to be around 4-5 times larger than that of Pt
[25], while the Co layer and the Pt layer are assumed to have a similar resistivity value.

Accordingly, considering the case of a device with 28 NWs in parallel, with a width for
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FIGURE 6.3: Devices’ positions on the Pt\Co(tc,)\AlO, sample. Schematic of
the five devices patterned on the Pt\Co(tc,)\AlO, sample, at positions with different
Co thickness. Device 1 (D1) is the thinnest one, with tc, = 0.93 nm, while device 5
(D5) is the thickest one, with ¢, = 1.43 nm. The other three devices have intermediate
Co thicknesses, as indicated in the sketch. All the thicknesses are nominal values,
obtained by the growth’s conditions and calibration’s data. The insets are small SEM
micrographs of one of the devices actually used for the experiments. The image is not
to scale.

the single NW of 1.5 ym and a nominal ¢, = 1 nm, a current density of 7.9%10'% A /m?
is estimated to flow through the nanowires when 1 V drops across R,. The conventional
current density j, is assumed to be positive when it flows in the +z—direction (see Fig.
6.4), corresponding to an electron current density j. flowing in the —z—direction.

The magnetization configuration of the wires is imaged by polar Kerr microscopy in
differential mode, as explained in Chapter 3. A magnetic coil is used for the generation
of an external in—plane magnetic field. The experiments are carried out at T=300 K.
First, the magnetic wires are saturated in the “up”(+z) or “down”(—z) magnetization
state by an out—of—plane magnetic field. Second, the magnetization is reversed in all the
NWs by the switching process presented in Chapter 4, this time by the SHE induced in
the Pt layer. As a result, a DW ready to be displaced in each NW is obtained.

At the bottom left (right) of Fig. 6.4 the CIDWM experiment for 1]—- (}1-) DWs in
pre—saturated NWs is shown. At ¢t = tg the DWs are nucleated. At ¢t = t; the DWs are
moved by the injection of a train of current pulses. At ¢t = to the DWs are moved again
by the injection of a second train of current pulses. All the DW displacements are cap-
tured by Kerr microscopy in differential mode. The analysis of the images is carried out
following the protocol described in Chapter 3. However, in this case the measurement of
DWSs’ motion is performed with the help of a Python-based software®. It automatically

recognizes and evaluates the DWs’ displacements contained in the acquired images.

4The software for the automatic recognition and evaluation of DWs’ displacement was entirely de-
veloped by Mr. K. Litzius, a colleague PhD student in Physics at the Johannes Gutenberg—Universitat
Mainz, in collaboration with the author.
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FIGURE 6.4: Experimental set—up for CIDWM in Pt\Co(¢c,)\AlO, NWs. At
the top, it is shown the experimental set—up for current pulse injection, including an
SEM micrograph of one of the devices used during the experiment. At the bottom, a
series of differential Kerr microscopy images show the CIDWM measurement protocol.
At t =ty the DWs are nucleated by the application of a fixed external magnetic field
(50-100 mT) and a current pulse (high 10! A/m?, 50 ns). At t = t; the DWs are
moved by the injection of a train of current pulses (8 * 10! A/m?, 10 ns). At t = t5
the DWs are moved again by the injection of a second train of current pulses. The
procedure is shown for 1]-DWs (left side) and J1~DWs (right side). The red symbols
represent the magnetization state in the magnetic device. The tilt of the DWs visible
in the Kerr microscopy images will be discussed in the following.

6.4 Current—induced domain wall motion in Pt\Co\AlO,
NWs

6.4.1 Moving domain walls with current

Figure 6.6 reports the DW’s average velocity, vpy, as a function of the current density,
ja, flowing through the magnetic wires, for all the five devices. The measurement is
done for both 1/-DWs (red dots) and [t-DWs (blue dots), for positive and negative
Ja- Bursts of several (n) current pulses with a time duration At, (full width at half

maximum) are used for the current—induced domain wall motion. The time between
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FIGURE 6.5: Pulse’s waveform in the experimental set—up for CIDWM in

Pt\Co(tc,)\AlO, NWs. Typical waveform of a pulse transmitted through the stud-

ied devices. The transmitted voltage, V,, is measured across the 50 2-internal resistance

of an oscilloscope, R,. The illustrated waveform corresponds to an injected pulse with

a nominal time duration At, = 10 ns and an amplitude V,, = 200 mV, amplified by a
+40 dB power amplifier.

two consecutive pulses is 1 ms. The number of pulses in a burst ranges from n=>5 to
n=>50.

The velocity of the DW is calculated as the ratio between the average displacement of
the domain wall due to the injected pulses and the total pulsing time, t;o; = n * At,,.
The DWs, both 1] and |1, are observed moving with the current flow, like in the case
of the Ta\CoFeB\MgO NWs presented in the previous chapter. This points again to
SOTs as the leading mechanism in the DW’s motion. The critical current density, in
all the devices, is found to be in the range j, ~ 6.0 — 8.5+ 10! A/m?. In all cases, the
DW’s velocity increases rapidly with increasing j, for current densities just above the

depinning condition.

6.4.2 Discussion

In all the five devices, 1]~ and [1-DWs are observed moving in the same direction (with
the conventional current j,), at approximately the same speed (within the error bars).
The critical current density for inducing a measurable DW motion in each device is
observed as being in the range j, ~ 6.0 — 8.5 % 10 A/m?, in line with what has been

reported in literature [9, 44]. Such a value is 2.5-3.5 times larger than what has been
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FIGURE 6.6: CIDWM velocity in Pt(4)\Co(tc,)\AlO,(2) NWs. Average DW’s
velocity, vpw, as a function of the current density, j,, injected in the magnetic wires,
for 5 different devices. The DW’s velocity is reported for both 1|-DWs (red dots) and
IT-DWs (blue dots). The DW moves with the conventional current j, (against the
electron flow j.). The average velocities and the error bars (standard deviations) are
calculated from several DW’s motions, for each current density. (a) CIDWM data for
D1, with tc, = 0.93 nm. (b) CIDWM data for D2, with ¢c, = 0.99 nm. (¢) CIDWM
data for D3, with tc, = 1.31 nm. (d) CIDWM data for D4, with ¢, = 1.37 nm. (e)
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reported for the Ta\CoFeB\MgO NWs. The reason for the observation of an higher
critical value in Pt\Co\AlO, is mainly due to the expected polycrystalline character of
the Co layer. Indeed, CoFeB is an amorphous material due to the presence of B that
prevents the formation of a crystalline structure [146]. However, reducing the B concen-
tration the CoFe-alloy tends to become crystalline (as also reported in Chapter 4 and
5). The presence of grains and grain boundaries in the Co layer are expected to increase
the effective pinning of the DW, resulting in a higher depinning current density for the
Pt\Co\AlO, sample compared to the Ta\CoFeB\MgO sample, as reported here.

In the reported experiments, DWs are observed moving against the electron—flow (e—
flow). This cannot be explained if the STT [6, 43] alone is considered to be the driving
mechanism. Accordingly, the reported observations are here analyzed employing the re-
cently discovered spin—orbit torques [25, 35, 45, 151]. Considering the SHE-based SOT
[25, 35, 45], a pure spin—current produced by the SHE in the Pt bottom layer diffuses into
the Co layer, where it generates a torque on the local magnetization. The interaction be-
tween the SHE—spin current and the magnetization in the ferromagnet can be interpreted
as the interaction between the magnetization and an effective magnetic field, Hgr g (see
Chapter 2). The SHE-effective field is defined as: Hgyp = %ﬁl X (z % jeo);
where Ogp g is the effective spin—-Hall angle (SHA) of Pt, j. is the electron current density,
My is the saturation magnetization of the ferromagnetic material, £ s is the thickness of
the ferromagnetic layer and Z is a unit vector indicating the +z—direction (the symmetry
breaking direction). The limitations of such approach and the assumptions at the basis
of it have been already discussed in Ch. 2. Some more details are also reported in the

last part of this chapter, where the motion of DWs under the action of the SHE-SOT

in large DMI-systems is discussed in more detail.

In Fig. 6.7, the DW velocities measured in the five devices are compared. As shown
in Fig. 6.7(a), the “vpw vs j,”curves (ideally obtained by joining the data points) are
similar to each other, from a qualitative point of view. However, the observed DW ve-
locities in D2 are clearly smaller than in all the other devices, and it is not clear why
at the moment. Further investigation is required in order to clarify the origin of such
difference between the observations obtained for D2 and the ones obtained for the other
four devices. On the other hand, Fig. 6.7(b) reports the normalized DW velocities,

UDW /VDW,maz, for the five devices. In this graph, it is possible to see that the five
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FIGURE 6.7: Comparing the CIDWM velocities in the five Pt\Co(t¢,)\AlO,
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Normalized average DW velocity, vpw /Vpw,maz, as & function of the current density,
Ja, for the 5 different devices. Error bars are removed in order to make the graphs more
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curves are both qualitatively and quantitatively similar, showing a general trend for
UDW /VDW,maz as a function of j,. The normalized DW velocity values for D2 are now
observed to be similar to the data points referring to the other devices. This seems to
indicate that the observed CIDWM in all the devices has a common origin, even if it is
not possible, at this stage, to say if there is more than one origin behind the observed

DW motion.

6.5 Chiral domain walls moving in Pt\Co\AlO, NWs

6.5.1 Effect of an external magnetic field on the domain wall motion

Following the same approach used in the investigation of Ta\CoFeB\MgO NWs, the
effect of magnetic fields on the DW motion is studied here as well. For each device, the
DW velocity is measured as a function of an applied magnetic field along the wire axis
(z—direction) for fixed current densities.

For each device, the measuring protocol is the following. First, one type of DW (1] or
171) is nucleated in each pre—saturated NW by current—induced magnetization switching
[36, 101, 125] (as described in Fig. 6.4). A typical switching pulse used in the experiment
has a current density amplitude of j, ~ 8 * 101! A/m? and a time duration of At, =
40 — 50 ns, assisted in the switching process by an external longitudinal field of about
50 mT. Once the DWs are generated, they are displaced by the injection of a burst
(n=1-50) of current pulses with a nominal duration of 10 ns. In Fig. 6.8, the motion of
17J-DWs in the presence of an applied longitudinal field is illustrated. The total DW’s
displacement is strongly affected by the presence of a finite H. In order to calculate the
DW velocity, the full width at half maximum of the current pulse (see Fig. 6.5) is used as
the time duration of a single pulse. The measured average DW velocity as a function of
the longitudinal field, poHy, for each device is reported in Fig. 6.9. Red (blue) symbols
refer to 1) (/1) DWs, while squares (stars) refer to j, > 0 (j, < 0). It is clear from the
graphs that the DW velocity is strongly influenced by the presence of the longitudinal
field, in a similar way to what has been reported before about the Ta\CoFeB\MgO
system. While at zero—field the velocity of both types of DWs is the same, in the
presence of a finite longitudinal field the two types of DW move at different velocities.

The change in the field amplitude affects differently the velocity of the two types of DW,
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;
Ja T1

FIGURE 6.8: Motion of chiral DWs in Pt\Co\AlO, NWs in presence of an
in—plane longitudinal field. Effect of an applied in—plane longitudinal magnetic
field, H, on the current—induced motion of 1/-DWs. The velocity of the DWs reduces
for H, > 0 and increases for H, < 0, for both j, > 0 and j, < 0. The gold dashed
lines indicate the initial position of the DWs. The gold arrows indicate the DWs’
direction of motion. The injected current density is j, = 8.7 % 1011 A/m?, while the
longitudinal field amplitudes are: puoH, = —58 mT, puoH, = 0 mT, poH, = +58 mT.
The red numbers indicate how many pulses are used to generate the illustrated DWs’
displacements. The images refer to Device 1.

making it possible to obtain 1]— and |t-DWs moving in opposite directions, when the
field’s amplitude is large enough. A symmetric behavior is observed for the velocity of

the two DW types with respect to Hy, of the type: vgw(ja, H,) = vﬁw(ja, —Hy).

6.5.2 Discussion

As extensively discussed in the previous chapter, the observed motion of DWs against
the e-flow at zero—field and the strong effect of a longitudinal field on the DW’s veloc-
ity cannot be explained considering the STT as the main mechanism behind the DW’s
dynamics. An alternative interpretation for such observations has to be found. The
interpretation relies on the presence of SOTs in the material stacks under investigation.
Accordingly, the following analysis will be conducted in the SOT-model framework

25, 35, 45].
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FIGURE 6.9: Symmetry of chiral DWs’ velocity in Pt(4)\Co(tc,)\AlO,(2)
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0.93 nm; j, = 8.7 x 10** A/m?. (b) Data for D2, with tc, = 0.99 nm; j, = 9.5 %
10* A/m?. (c) Data for D3, with tc, = 1.31 nm; j, = 9.2 % 10* A/m?. (d) Data for
D4, with tc, = 1.37 nm; j, = 9.1 x 101 A/m?2. (e) Data for D5, with tc, = 1.43 nm;
Ja = 9% 101 A/m2.



Chapter 6. Spin—orbit torque—induced domain wall motion in Pt\ Co\ AlO, 132

Assuming the SHE-SOT as the main driving force behind the DW motion, the di-
rection of motion depends on the sign of the SHE and on the domain wall’s internal
spin—structure. The reported values for the spin—diffusion length in Pt are in the range

APt ~0.5-4nm [93, 99, 130, 131, 152, 153]. The bottom Pt layer has a nominal thickness

spin

Pt
spin®

of tp; = 4 nm, which is comparable or larger than A Accordingly, it is reasonable to
assume that the spin current crossing the Pt\Co interface is not influenced by the SHE
in the Ta buffer layer. This is also supported by the fact that the Ta layer is expected
to be several times more resistive than the Pt layer [25, 154], resulting in the shunting
of the current through the Pt layer. Accordingly, the predominant contribution to the
total SHE-SOT is expected to rise from the SHE in the Pt bottom layer, for which a
positive SHA has been reported [25, 35, 93, 96, 131].

The DW motion is activated by the pure spin—current generated in the Pt layer during

the current pulse injection. According to Liu et al. [93], the fraction of the bulk spin

current density at the Pt\Co interface is given by: % = (1 — sech( )‘%}; )) =1-0.35,
with )\gfm =0.5-4 nm. Accordingly, between the 35% and 100% of the bulk spin current

is generated right below the Pt\Co interface, in the investigated devices.

On the other hand, as already discussed in Chapter 5 and reported in literature [25, 26,
35, 45], the Dzyaloshinskii-Moriya interaction at the interface between the heavy metal
and the ferromagnetic layer is responsible for the initial magnetic configuration and in
particular for the chirality of the DW [20, 45], which is the second key factor, together
with the SHE, governing the DW motion. The interfacial DMI acts on the magnetic

texture as a longitudinal DMI effective field, poHparr = & (where & indicate the

Mo
+az—direction) [45, 138], localized at the domain wall position. Accordingly, the applied
external longitudinal field, H,, adds up to the DMI field, resulting in a net longitudinal
field acting on the DW. The resulting field defines the final DW’s magnetic configuration

(as explained later, see Fig. 6.11), which in turn defines the strength of the SOT.

As reported in Fig 6.9, the DW velocity is strongly affected by an applied longitudinal
magnetic field. Considering 1/-DWs, a positive H, slows them down, bringing them in
a slow motion regime, while a negative H, speeds them up. For large enough positive
H, the DWs are also observed to change their direction of motion. However, differently
from the case of the Ta\CoFeB\MgO system, it is not possible in this case to access the
regime of fast DW motion in the reversed direction. Indeed, for in—plane fields larger

than the ones shown in the graphs, local spontaneous magnetization reversal events
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[27, 125] start to occur, making the DW motion measurement not possible. The ampli-
tude of Hy at which domains start to nucleate is observed to decrease with increasing
tco, even if the used current density is actually lower for thicker NWs. This results in a
reduction of the range of in—plane fields which can be used for the investigation of each
device, moving from D1 to D5.

The reason why the nucleation probability is observed to increase with increasing tc, is
not clear. An increasing tc, results, for ultra—thin layers like the ones under investiga-
tion, in an increasing conductivity of the ferromagnetic layer [155]. This increases the
fraction of the total current actually flowing in the Co layer. Accordingly, the observed
increasing nucleation probability could be linked with the increase of the current flowing
in the ferromagnetic layer, due to an increasing Joule heating produced directly in the
FM [125]. Furthermore, as reported by Pai et al. [95], the increase in t¢, generates
an increase in the efficiency of the damping—like-SHE-SOT. Since such a torque is con-
sidered to be the main driving force for the magnetization reversal in the presence of a
longitudinal field, as discussed in Chapter 4, this could explain the observed increasing
switching efficiency with an increasing tc,. However, further investigations are needed
in order to better understand such observations.

The nucleation process is observed to be particularly strong in the thickest of the inves-
tigated devices, where already at applied fields of 10-20 mT reversed domains start to
appear in the NWs after the current pulses injection. This results in the impossibility
of observing any DW motion’s reversal, as reported in Fig. 6.9(e). The lack of data
points about reversed DWs’ motion will affect the approach for the extraction of the
DMI effective fields, as it will be discussed in the next section.

All that has been described above concerning 1T]-DWs is valid for |T~DWs too, even if
in a symmetric way with respect to H,. In this case, a positive in—plane field boosts
DWSs’ motion, while a negative field slows them down, bringing them in a slow motion

regime (see Fig. 6.9).

6.6 Dzyaloshinskii—-Moriya interaction in Pt\Co(t)\AlO,

According to what has been discussed above for the measurements reported in Fig. 6.9,
it is not possible to use the approach by K.—S. Ryu et al. [26] to extract the strength
of the DMI in the Pt\Co\AlO, samples, as done for the Ta\CoFeB\MgO system. The
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reason is the lack of high velocity data points for one of the two field polarities (positive,
for 1/-DWs; negative, for [1~DWs) in the reported graphs. As already discussed, the
lack of those data points is related to the impossibility of measuring DW motion due
to the generation of magnetization switching events. Accordingly, it is impossible to
proceed with the linear fitting of the high velocity data points in order to extract the
stopping fields. As it will be shown clearer in the next section, a linear fitting of the
available high velocity data points contained in the graphs in Fig. 6.9, for each DW-type
and each current sign, results in the extraction of stopping field values which are outside
the observed pinning ranges. This is a clear indication that the 1D-model is sometimes
too simple to describe the real systems, since the stopping field has to be contained in
the pinning range [139].

For the extraction of the effective DMI in the Pt\Co\AlO, samples under investigation,
the alternative method presented in the previous chapter will be employed. As shown in
Chapter 5, such alternative method for the extraction of the effective DMI from CIDWM
data (like the ones reported in Fig. 6.9) is a reliable one. As already explained, the
method is based on the following observation: the range of in—plane magnetic fields
where the DWs are pinned (or move at low velocities) is expected to be centered around
the DMI effective field, due to the symmetry of the SHE-SOT [139] (when the STT
acting on the DW is much smaller than the SHE-SOT [25, 35]). The pinning range
can thus be expresses as: [ng\ﬁ - Adee”,HE]{ﬂ + AH,%P); where Hgﬁ; is the
DMI effective field for 1, |1 DWs, 2AH,%P the pinning range of longitudinal magnetic
fields. Accordingly, the DMI effective field can be extracted as the center of the observed
pinning ranges of H,. Finally the strength of the DMI can be obtained by the equation
D = poHpyir MsApw [45, 138].

The protocol used for the extraction of the two stopping fields, H and Hff, is described
in the following. This is done for each type of domain wall, for both positive and
negative currents. First of all, it is taken note of the magnetic field value, Hy, at which
corresponds the highest measured vpy, in the reversed direction. Such velocity is here
assumed to be the threshold velocity, ¥py -, which defined the boundary between the low
velocity regime (pinning regime) and the high velocity regime. Second, it is looked for
the data point with the same absolute value of the velocity, but with opposite sign, and
the magnetic field at which it occurs, Hy. These two values of the applied magnetic field

+= i

are used as extremes of the pinning range, and the corresponding stopping field, Hg,, . i
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calculated as the arithmetic mean of the two. Two stopping fields are calculated for each

) and j, <0 (Hs_top),
H], +H,
2

stop

type of DW (when this is possible), corresponding to j, > 0 (H;‘;Op

and the average stopping field for each DW’s type is obtained as Hy ' =

Let us consider the case of D1, reported in Fig. 6.9(a). For 1/-DWs it is obtained:
uoH1 = 158.0 £ 0.5 mT (the error on the magnetic field comes from the accuracy of the
measurement by the Gauss-meter) and poHs = 19.5 + 0.5 mT, resulting in /’LOH;I;op =

89.0+£0.5 mT for j, > 0; poH1 = 180.0+0.5 mT and pgH2 = 39.0+£0.5 mT, resulting in

poH g, = 109.5£0.5 mT for j, < 0. As aresult, the extracted stopping field for the 1)~
+ —
DW is ,ugHN = % =99.0+0.5 mT. On the other hand, for the [1~DW it is

obtained: pugH; = —158.0+0.5 mT and pgHs = —19.5£0.5 mT, resulting in MOH;;:Op =
—89.0 £ 0.5 mT for j, > 0; poH; = —158.0 £ 0.5 mT and poHs = —58.5 + 0.5 mT,

stop =
+ p—
field for the [1-DW is poHi = “olsert oo — 99,0 4 0.5 mT. To these stopping

resulting in g —108.5+ 0.5 mT for j, < 0. As a result, the extracted stopping

fields correspond: MOHEMI = —-99.0+£0.5 mT and MOHETMI = 499.0+£ 0.5 mT; resulting
Tt
in an effective DMI field for D1 of N0HJ5M[ = “OHDMIQ“OHDMI =-99.0£+0.5 mT.

In order to extract the effective DMI coeflicient, D, the DW width needs to be calculated
first. For D1, Apw = \/W =4.240.1 nm (where the used value for the exchange
stiffness of the Co layer, A = 3.1 % 107! J/m, is taken from [13]). Accordingly, the
effective DMI in D1 results to be D = ,u,oH}jMIMS/\DW = —0.75 £ 0.02 mJ/m?.

The same process is repeated for D2, D3 and D4, extracting the respective effective DMI
field and DMI strength, which are reported in Fig. 6.10(a) and Fig. 6.10(b), respectively.
All the data about the five devices are summarized in Tab. 6.2. For D5 it is not possible
to extract an effective DMI value. The lack of observations of DW motion in the pinning
regime, due to the nucleation issue described above, does not allow to employ the DMI

extraction method used for the other four devices.

Looking at Tab. 6.2 and Fig. 6.10(b), it is possible to recognize a clear trend in the
changing of the effective DMI coefficient with the Co thickness. The measured effective
DMI strength decreases with increasing tc,. This is in qualitative agreement with an

interfacial DMI scenario, where the effective DMI strength is expected to be proportional

to 1/tppy: D &'E, with D;,; being the pure interfacial DMI. However, as shown by

the dashed area in the graph (which is only a guide to the eye), a hypothetical linear
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missing for D5, due to the impossibility of extracting them from the available data

points in Fig. 6.9(e). The dashed area is a guide to the eye.
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fitting of the data points would not generate a linear curve that crosses the origin of the
axes. The crossing for tai — 0 would happen at a finite value of the ordinate axis.
These observations are in agreement to what observed by Cho et al. [150] for a Pt\Co
system, and by Nembach et al. [156] for a Pt\NiggFeyy system. Cho and co—authors
observed a linear dependence of the effective DMI strength, D, on ta}) for ta}) > 0.5nm ™!
(like in the present study), and a rapid drop of D for t(_;:; < 0.5 nm™!, going to zero at
toe — 0 [150]. Nembach and co—authors obtained similar results and attributed their
observations to a non—trivial dependence of the interfacial DMI strength, D;,+, on t}_;]lw
[156]. These findings give rise to new questions concerning the microscopic origin of the
interfacial DMI and on the non-interfacial contributions to it coming from the FM and
the HM layers.

Finally, the extracted D for Device 2 is out of the general trend followed by the other data
points. It is still not clear why this low value of the DMI is extracted for D2. A possible
explanation is the malfunctioning of the patterned device, even if its measured electrical
DC resistance (60 €2) is in line with the ones measured for all the other devices. The next
step is to measure another device on the sample with the same t¢,, and compare again
the new results with the actual ones. However, due to lack of time, these measurements

could not be carried out before the writing of this thesis.

Device# )\DW (nm) | poHppr (mT) | D (mJ/m?)
1 4.2(0.1) ~99(0.5) ~0.75(0.02)
> 1.5(0.2) T76.5(05) | —0.62(0.02)
3 6.9(0.5) ~54(0.5) ~0.67(0.04)
1 7.7(0.7) —48(0.5) ~0.66(0.04)
5 $.6(0.9) — —

TABLE 6.2: DMI effective values for Pt\Co(tc,)\AlO,. Values of the DW’s

width, the effective DMI field, and the effective DMI coefficient for each of the five

investigated devices. No Hppsr and D values are ported for D5, due to the impossibility

of extracting them from the available experimental data. In parentheses are the values
of the error.

The extracted DMI coefficients reported in Tab. 6.2 are of negative sign. This means
that a negative DMI is observed in this material system, which is in agreement with
other observations obtained in material stacks where a bottom Pt layer was in direct
contact with a ferromagnetic layer [25, 138, 148, 156]. As a consequence, left-handed
homo—chiral DWs are expected to be present in the studied material stack, as illustrated

in Fig. 6.11.
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Device# | poH 1 (mT) K, (J/m?) D¢ (mJ/m?) | |D| (mJ/m?)
1 111(3) | 9.9+ 10%(0.3* 10%) | 0.53(0.02) 0.75(0.02)
2 110(5) | 9.9%10%(0.5+10%) | 0.57(0.04) 0.63(0.02)
3 95(7) 85 10%(0.6  10%) | 0.75(0.08) 0.67(0.04)
1 89(3) 8.0+ 10%(0.7+10%) | 0.78(0.10) | 0.66(0.04)
5 83(9) 7.5%10%(0.8 x 10%) | 0.82(0.12) - —

TABLE 6.3: Critical DMI values for the Pt\Co(tc,)\AlO, devices. Values of the

DW'’s anisotropy field, anisotropy energy density, critical DMI strength and effective

DMI strength for each of the five investigated devices. No value for D is ported for

D5, due to the impossibility of extracting it from the available experimental data. In
parentheses are the values of the error.

As in the previous chapter, also in this case we use the concept of DW’s anisotropy
[45, 140], which defined the energy needed to change the DW’s configuration from Bloch
to Néel, by applying an external magnetic field. The effective DW’s anisotropy field is de-
fined as H| = N, M, = ZT;(/Q\)%M s- The values of ugH  for the 5 devices are reported in
Tab. 6.3. The corresponding anisotropy energy densities are given by K| = % woH 1 Mg,
and finally the critical DMI constants defined as D, = %. All values are reported
in Tab. 6.3, where, in order to allow a direct comparison, the absolute values of the
extracted DMI coefficients are included as well.

The extracted DMI strengths are very close to the corresponding critical values. How-
ever, it is also observed that the extracted D and the calculated D, have a different trend
as a function of the Co layer’s thickness. The effective DMI is observed to decrease with
increasing to,, while the critical value D, is expected to increase with increasing tcy,.
This results in a particular to, where D becomes smaller than D.. In this particular
experiment, the cross point is observed to be in between the two thicknesses of the Co
layer in D2 and D3. Accordingly, the DW internal configuration is expected to change
from a fully Néel configuration (D1, thin Co), to a hybrid configuration with a predom-
inant Néel-component (D5, thick Co). This should influence the dependence of vpy
on H, in the five different devices, due to a different dependence of the DW magnetiza-
tion’s angle on the applied magnetic field. However, as it will be discussed in the next
section, no clear evidence of this difference is visible from the experimental results here
reported. The homo—chiral Néel DWs stabilized by the DMI are schematically shown in
Fig. 6.11(a).

The large effective DMI coefficients here obtained give the possibility to explain one
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more observation. As it is possible to see in the Kerr microscopy pictures contained
in Fig. 6.4 and Fig. 6.8, the DWs’ surface appears to be not orthogonal to the NW’s
axis. The DWs are visibly tilted away from the expected normal configuration, which
would be the energetically most favorable configuration from a magnetostatic point of
view, since the DW’s energy is proportional to its surface’s area. However, this is not
the observed situation.

In order to understand such observation, it is necessary to take under consideration the
strong DMI characterizing the investigated devices. As explained by Boulle et al. [157],
DMI in PMA material systems can induce a tilt of the DW’s surface when the DW
dynamics is driven by an applied easy—axis magnetic field or a spin—polarized current.
Furthermore, the tilt of the DW increases with an increasing DMI strength, in a non—
trivial way. This explains why such a DW tilt is not observed for the Ta\CoFeB\MgO
system in Chapter 5, where the extracted DMI strength is one order of magnitude lower
than what is reported here for Pt\Co\AlO,. A similar tilt of the DW has been ob-
served in another PMA material system with an effective DMI strength similar to what
reported here [158]. However, the observed tilting of the DW is a dynamical effect. It is
generated by the SHE-SOT acting on the DW’s magnetization, resulting in a dynam-
ical tilting angle, x, which has a non—trivial dependence on the SHE—effective field of
the type [157]: tan(x) o @COS@)), with x (¢) being the DW’s tilting angle (DW’s
magnetization angle) with respect to the longitudinal axis of the NW, and ¢ = o(D)
the DMI-dependent DW energy density. The tilt of the DW should be observable only
during the injection of the current pulse, when a non—zero torque acts on the DW’s
magnetization. Instead, such effect is visible in our experiments, where the magnetiza-
tion configuration is imaged a few seconds after the end of the pulse injection. At the
moment of the image’s acquisition the DW is stationary, in its final position [157], with
no torque acting on it.

The reason why a DW'’s tilt is present in the images reported in this study is the edge
roughness of the nanowires. During the pulse injection, the DW starts to move, and its
surface is tilted by the presence of the torque. After the pulse injection, the DW would
relax in its minimum energy state, if the system was ideal. However, in a real device
the DW is pinned to the edge roughness, which prevents the relaxation of the DW and
allows us to image a tilted DW. In turn, the tilting angle observed in our images is ex-
pected to be a lower limit for the actual tilt during the DW motion, since the resulting

DW?’s profile is expected to be in between the theoretically predicted dynamical profile
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FIGURE 6.11: Chiral domain walls in Pt\Co(tc,)\AlO,. (a) 1} (left) and |t
(right) chiral DWs stabilized by a negative DMI at the bottom Pt\Co interface. The
blue arrows indicate the built-in DMI effective fields at the DWs’ location. The case
illustrated here is for D > D.. (b) Re-orientation of the DWs’ magnetization by an
external longitudinal field, H,. At the top (bottom), the magnetic configuration during
the application of the stopping field for the 1| ({1) DW is illustrated. The SOT acting
on the DW in the Bloch—configuration is expected to be null. When H, is applied
in the same direction of H pjsr, the Néel wall is enlarged, resulting in a larger DW’s
Width, )\DW-
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and the profile with minimum surface (after the relaxation of the DW). The comparison
between the observed experimental DW’s tilting angle and micromagnetic simulations
would give us an alternative way, to what reported above, to estimate the DMI in our

systems.

6.7 Chiral DWs in Pt\Co\AlO, moved by SOT

According to what is reported above, the observed CIDWM in the Pt\Co\AlO, devices
is due to the presence of a negative interfacial DMI and a positive SHE in the inves-
tigated material system. This results in the generation of an effective magnetic field,
Hsyrp = %rﬁ x (z x je), at the DW’s location, which is parallel with the mag-
netization of the domain that the conventional current, j,, is coming from.

The SHA reported in the previous equation has to be considered as an effective value
of the intrinsic SHE efficiency value. As discussed in the previous sections, due to the

thin Pt layer present in our devices the effective spin current reaching the Pt\Co in-

terface is expected to be between the 35% and 100% of the bulk spin current which

Pt
spin®

would be generated in a thick Pt layer, with tg, >> A Furthermore, only a frac-
tion of the generated spin current actually crosses the interface, due to the spin—mixing
conductance/spin—transparency [95-98] at the Pt\Co interface. As reported by Pai et
al. [95] and Zhang et al. [96], the spin—transparency at the Pt\Co interface is around
60% for tco, > 1 nm, and is observed to be even smaller for thinner Co layers [95].
Finally, spin—memory loss [99] is also expected to occur at the interface when the spin
current generated in the Pt layer enters the Co layer. This would result in an additional
reduction of the efficiency of the SHE-SOT, and additional ferromagnetic resonance
measurements joined with spin pumping measurements would be necessary to quantify
such a reduction in our systems [99].

The SHE-field contributes to the total effective field acting on the DW’s magnetic mo-
ments, generating an additional precessional torque, Tspgr,1 < —m x Hgypg, and an
additional dissipative torque, Tgpp2 o< —m x (M x Hgyg), which result in the motion
of DWs along the direction of the conventional current, in the zero—field case (see Fig.
6.12(a)). This is all analogous to what is observed in the Ta\CoFeB\MgO NWs. The
reason is that both the DMI and the SHE have opposite sign in the two material stacks,

resulting in the generation of a Hgyp that has the same symmetry in both systems.
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FIGURE 6.12: Chiral DWs in Pt\Co\AlO, moved by the SOT. (a) DW motion
driven by SOT in Pt\Co\AlO, NWs, at zero—field. DWs are stabilized by the DMI in
a homo—chiral Néel state. The effective SHE-field acts locally on the DWs, pointing in
opposite directions for 1| and |t DWs. The result, due to the action of the precessional
torque, T E,1, and of the dissipative torque ,7sm g 2, on the DW’s magnetic moments,
is the motion of both DWs with j, in lock—steps. (b) Applying an external magnetic
field, Hy, along the NW’s length, the DW’s internal magnetization is rotated (the DW’s
width is increased) for Hy anti—parallel to Hpyr (Hx parallel to Hparr). The velocity
of DWs with intrinsic my parallel to the field is increased, while for DWs with intrinsic
m, anti—parallel to the field the velocity is reduced. In case the applied field is stronger
than the anti—parallel Hp,sr, the DW’s velocity can be changed in sign. This sketch
tries to explain the experimental observations reported in Fig. 6.9.
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However, when a finite longitudinal field is applied, the internal magnetic structure of
the DW is changed, and different effects are obtained in the two material systems. In-
deed, only the DMI defines the chirality of the DWs, and the DMI has been found with
opposite sign and with different magnitude in the two material stacks.

Similarly to what reported in Chapter 5, in case the Néel-component of the DW’s mag-
netic moments, my, is initially anti—parallel to the applied field, the magnetization will
rotate to the Bloch—configuration and then eventually reverse in the opposite direction
along the longitudinal direction. In turn, Hggp is reduced to zero and then reversed.
This results in the stopping and then in the reversal of the DW’s velocity for increasing
H,, as reported in Fig. 6.9 and illustrated in Fig. 6.12(b).

On the other hand, when my is parallel to the applied field, the main effect of Hy is not
the increasing of the Néel-component of the DW, or at least not only that. The DWs
are expected already to be mainly of the Néel type, due to the strong DMI extracted
for the present material stack. As a result, the application of Hy is expected to increase
the width of the Néel DW, as illustrated in Fig. 6.12(b). Accordingly, as suggested
by Martinez et al. [139], the increasing of the DW’s width is one more ingredient in
the description of the final DW’s velocity as a function of an applied longitudinal field.
Furthermore, the tilting angle of the DW during its motion is also to take into account
in the description of the DW’s dynamics. Indeed, in the 1D model including the tilting
angle of the DW, the final velocity of the DW is expected to be given by the following

expression [139] (at high current densities):

g(HDMI + H,)cos(¢), (6.1)

with x being the angle between a vector normal to the DW’s surface and the NW’s axis
(defining the DW’s tilt), ¢ the DW’s magnetization angle with respect to the NW’s axis.

According to Eq. 6.1, the DW velocity along the NW is expected to be directly propor-

tional not only to H,, but also to the term 22w<25(®)

cos( . The experimental results reported
x)

in Fig. 6.9, for each device, are qualitatively in agreement with Eq. 6.1, suggesting a

Apw cos(¢)

constant value for the term cos(
X)

with respect to the applied Hy.
In order to understand better the description of the experimental results offered by Eq.
6.1, let us analyze the expected effect of the applied field on the two angles y and ¢.

Here we focus our attention on the fast DW motion case, with the external magnetic
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field being parallel to the intrinsic Néel component of the DW magnetization.
According to the predictions by Martinez et al. [139], an applied in—plane field parallel
to the intrinsic Néel-component of the DW’s magnetic moments results in the stabiliza-
tion of such Néel-component. In turn, during the application of a current pulse, the
precessional torque, Tgmg,1, rotates the magnetic moments of the DW away from the
Néel configuration of a smaller angle, ¢, than at zero—field. This results in a decreasing
¢ with an increasing H,, during the DW motion. As a consequence, also x is expected
to decrease with increasing H,, due to the strong DMI characterizing the investigated
samples, resulting in %&); being a non—trivial function of H,.

Experimentally, the reduction of x with increasing H, has been actually observed, as
reported in Fig. 6.13. The bright and dark areas in the figure indicate the DW displace-
ments in the NWs due to the current pulse injection. The measured final tilting angles,
at the end of the CIDWM, are observed to be smaller in presence of H, parallel to the
intrinsic Néel component of the DW. The tilting angle in the presence of H, = 136 mT,
is observed to be reduced of about the 50% compared to the case at zero—field, as shown
in Fig. 6.13. This is observed for both |1 (left side) and 1] (right side) DWs. Finally,
the tilting angle is observed to be positive for the 1]-DW and negative for the |T—-DW.
This is in agreement with the presence of a SHE-SOT, in a material system with a
positive SHA and a negative DMI [139, 157], as here reported.

Concerning the effect of an applied longitudinal field on the DW width, Apy is expected
to increase when an increasing H, is applied parallel to the intrinsic Néel-component of
the DW’s magnetization. In Fig. 6.14 are reported both the DW’s width and its nor-
malized value (with respect to the zero—field value), as a function of the applied parallel
in—plane field. The values of Apy as a function of H, are obtained by micromagnetic
simulations®. The static magnetic configuration of a DW in a magnetic NW with PMA,
characterized by the same magnetic parameters of D1, was micromagnetically simulated.
The Thiele definition of DW width, m = & [ (22)2d3r [48], as been here em-
ployed for the extraction of (Apw )7hiele from the simulations outcome. In the previous

equation, S is the cross section of the NW, m the normalized magnetization vector in

the DW and z the longitudinal direction parallel to the NW axis. In Fig. 6.14 the DW

®The DW’s magnetization state for a PMA ferromagnetic nanowire with the same magnetic parame-
ters of D1 has been simulated employing the micromagnetic software Micromagnum. This was a courtesy
of Mr. Andrea De Lucia, a colleague PhD student in Physics at the Johannes Gutenberg Universitét
Mainz.
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width extracted from the micromagnetic simulations is observed to increase monotoni-
cally with increasing H,, reaching a 33% increase for H, equal to the highest magnetic
field experimentally applied. The situation in the real experiments is expected to be in
line, at least from a qualitative point of view, with the simulations outcome.

Z

X

FIGURE 6.13: Tilting of chiral DWs in Pt\Co\AlO, NWs in the presence of
an in—plane longitudinal field. Illustration of the DW’s tilting angle, at the end
of the DW motion (indicated by the bright and dark areas in the NWs). The tilting
angle is observed to be reduced in the presence of an applied in—plane field parallel to
the intrinsic DW magnetization, for both |1 (DU) and 1) (UD) DWs. The injected
current density is j, = 8.7 x 1011 A/m?, while the longitudinal field’s amplitudes are:
woH, = +136 mT (DU) and poH, = —136 mT (UD). The red numbers indicate how
many pulses are used to generate the illustrated DWs’ displacements. The gold numbers
indicate the tilting angles, x, of the DWs in the NWs. The angles x shown in the figure
are rotated of —90° with respect to the definition contained in the text. The images
refer to Device 1.

cos(9)

cos0x) and Apy are expected to be

According to the discussion above, both the ratio

dependent on H,. Since Apy increases with an increasing parallel H,, as observed in

cos(®)
cos(x)

the almost constant slopes, %’—5&1, observable in Fig. 6.9. However, a full micromagnetic

micromagnetic simulations, the ratio should decrease instead, in order to explain
simulation of the SHE-SOT-induced DW motion is needed to gain a more detailed un-
derstanding of the reported results and to extract the efficiency of the torque producing

the DW motion, as explained by Martinez et al. [139].

Observing the results for the different devices, it is possible to see that the slope with
which vpyw increases as a function of H, is larger for devices with thicker Co layers. In
Fig. 6.15, the data points represent the measured vpy in the 5 devices, for [T—DWs
and j, > 0, as a function of H, parallel to the intrinsic Néel-component of the DW’s

magnetization. The lines are the fitting linear curves of the experimental data, for the
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FIGURE 6.14: DW width in the presence of an in—plane longitudinal field.
Width of the DW and its normalized value (with respect to the width at zero field) as
a function of H, applied parallel to the intrinsic Néel-component of the DW’s mag-
netization. The reported data are the outcome of micromagnetic simulations. The
static DW’s width of a PMA magnetic nanowire with the same magnetic parameters
of D1 is extracted in the presence of an in—plane field, H,, with different amplitudes.
Simulations are a courtesy of Mr. Andrea De Lucia (Johannes Gutenberg Universitét
Mainz).

five devices. The linearity coefficient of the fitting curves is observed to increase, apart
from the case of D2, with increasing t¢, (from D1 to D5).

As reported in Tab.s 6.1and 6.2, the increasing thickness of the ferromagnet results in
a smaller PMA, generating wider DWs in the patterned NWs. This suggests that the
increase of the DW width with increasing t¢, is one of the reasons why the slope ag%
(given by the linearity coefficient of the fitting curve) is observed to increase from D1

to D5. Figure 6.16 reports aggzv and Apw (at zero—field), normalized to the respec-

tive values for D1, as a function of tc,. The relative change of the DW’s width and
of the linearity coefficient with respect to t¢, are very similar, almost the same in the
error bars. This seems to indicate that the observed increasing 86”% with an increasing
Cobalt thickness is mainly due to an increase of the DW’s width, Apy, as described by

Eq. 6.1.

Finally, just a comment about the possibility of using the DMI extraction procedure
based on the linear fitting of the high velocity data points. By the linear fitting procedure
we extract stopping fields (the value of H, at which the fitting curves cross the abscissa

axis in Fig. 6.15) that are outside the pinning range. Furthermore, the dependence



Chapter 6. Spin—orbit torque—induced domain wall motion in Pt\ Co\ AlO, 147

400 T
DU
300
—
n
~
E 200t
> D1:j =+8.7*10" Aim’
- D2: j =+9.5%10"" A/m”
100 D3: j,=+9.2*10" A/m*
D4: ] =+9.1¥10" A/m’
D5: | =+9.0*10" A/m”
0 1 " 1 " I I T
50 100 150 200
mH, (mT)
X

FIGURE 6.15: DW velocity increase in Pt\Co(tc,)\AlO, N'Ws in the presence
of an in—plane longitudinal field. High velocity data points for the |1 (DU) DW
with respect to H, parallel to the intrinsic Néel-component of the DW’s magnetization,
for the 5 studied devices. The reported data points refer to measurements with j, > 0.
The lines are the linear fitting curves for the 5 different measurements. The linearity
coefficient is found to generally increase with increasing t¢, (from D1 to D5).
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FiGURE 6.16: DW velocity dependence on longitudinal field as a func-
tion of the Co thickness in Pt\Co(tc,)\AlO, NWs. The normalized slope,
(%%)/(ag%)pl, and DW’s width, (Apw)/(Apw)p1, as a function of the Cobalt
thickness. The relative changes for the two quantities as a function of t¢, are very
similar. This suggests that the main origin for the increasing 2

5h- with increasing tc,
is the increase of the DW'’s width.
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of such stopping fields on t¢, is not a monotonous decrease with increasing thickness,
resulting not in agreement with theoretical predictions [45] and existing experimental
observations [148, 150, 156]. Emblematic is the observation, in Fig. 6.15, that the
stopping fields for D3 and D4 are larger than the one for D1, which is the device where
the largest stopping field is expected to be observed, having the thinnest Co layer among
the five devices. All this is in support of the alternative methodology employed in this
chapter for the extraction of the DMI strength in the investigated devices, which allows
us to extract a dependence of the effective DMI on ¢, in line with what is reported in

literature [148, 150, 156].

6.8 Conclusion and outlook

In the present chapter, the observed current—induced domain wall motion in magnetic
nanowires made of Pt\Co(tc,)\AlO,, for five different Cobalt thicknesses, is reported.
First of all, the velocity of the DWs is measured as a function of the current density
flowing into the nanostructures. The DWs are observed moving against the direction
of motion of the conduction electrons, in all the five investigated devices. Such a DW
motion is compatible with an explanation based on a damping-like torque generated by
the spin—Hall effect in the bottom Pt layer.

Secondly, the effect of a longitudinal magnetic field on the CIDWM is investigated. The
DW’s velocity is strongly dependent on the applied magnetic field, and such a depen-
dence is found to be symmetric for 1)— and |t-DWs, with respect to the sign of the ap-
plied field: ”gw (Ja, Hy) = vﬂw (Ja, —Hz). The observations for the five devices are qual-
itatively the same. This is interpreted as the presence of an interfacial Dzyaloshinskii—
Moriya interaction at the interface between the heavy metal layer and the ferromagnetic
layer. The effective DMI is found to range between D = (—0.75 £ 0.02) mJ/m? and
D = (—0.62 £ 0.02) mJ/m?, in general decreasing with increasing tc,, in agreement
with the interpretation based on an interfacial origin of the effect. The observed DMI
generates left—-handed homo—chiral Néel DWs in the investigated NWs.

Furthermore, in agreement with the description of the SHE-SOT-driven DW motion in
the 1D model-framework including the DW'’s tilt, the DW width is found to be one of
the key parameters in the definition of the dependence of the observed DW velocity with

respect to tco-
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For a more quantitative interpretation of the experimental data, full micromagnetic sim-
ulations are required. The strong DMI characterizing the investigated NWs makes the
analysis of the DW motion not trivial, due to the strong influence on the DW’s geome-
try, which in turn influences the effective DW speed. Furthermore, the role of the ISGE
on the DW motion should also be taken into account [129, 140, 151, 159]. Finally, in
order to obtain a better estimation of the intrinsic efficiency of the torques acting on
the DW, harmonic voltage measurements, ferromagnetic resonance measurements and
spin pumping measurements are necessary to estimate the spin—transparency and the

spin—memory loss at the Pt\Co interface in our devices [95, 96, 99].






Chapter 7

General conclusion and outlook

Current—driven magnetization manipulation was studied in magnetic nanostructures
made of Ta\CoFeB\MgO and Pt\Co\AlO,. The two material systems under inves-
tigation were characterized by structural inversion asymmetry (SIA) and perpendicular
magnetic anisotropy (PMA), resulting in a magnetization pointing out—of-plane. The
investigation was carried out employing lithographically patterned nanowires (NWs),

whose magnetization state was imaged by Kerr microscopy.

Current—induced magnetization switching was studied in Ta\CogoFegoB2o\MgO NWs
[125]. The switching effect was observed for current densities of the order of 10 A /m?,
employing 100 ns— and 100 ms-long current pulses. The symmetry of the switching
process was found to be consistent with the action of a damping—like spin—orbit torque
(SOT) originating from the spin—Hall effect (SHE) in the bottom Ta layer, with a neg-
ative spin—Hall angle [68]. Furthermore, the process was found to depend on the length
of the pulse, mainly due to thermal effects. The experimental data could be reproduced
by employing a generalized Néel-Brown model for thermally—assisted current—induced
magnetization switching [65].

Current—induced domain wall motion was also investigated in magnetic nanowires made
of Ta\ CogoFegoBao\MgO [128]. The DWs were observed to move against the direction of
motion of the conduction electrons, at an increasing velocity with an increasing current
density, in agreement with a SHE-SOT—driven DW motion [25, 27, 35]. The effect of a
longitudinal magnetic field on the CIDWM was investigated as well. The DW’s velocity

was found to dependent strongly on the applied magnetic field, in a symmetric way for
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- and |1-DWs. Such a dependence of the DW velocity on the longitudinal field can
be described as Ugw (Jar He) = vgw (Ja, —H). This was interpreted as due to the pres-
ence of an interfacial Dzyaloshinskii-Moriya interaction [45]. An effective DMI with a
strength of D = (4+0.06 4 0.01) mJ/m? was extracted, indicating the presence of homo—
chiral right—-handed DWs. Such a positive DMI has been attributed to the presence
of a Boron accumulation at the bottom interface in the material stack. Furthermore,
reproducing the experimental results by 1D-model simulations, an effective spin—Hall
angle value of 0gyp = —0.11 is obtained. The extracted positive DMI together with
the negative SHE of Ta emerge as the key factors at the basis of the observed current—
induced DW motion.

Finally, current—induced domain wall motion was studied in magnetic nanowires made
of Pt\Co(tc,)\AlO,, for five different Cobalt thicknesses ranging from tc, = 0.93 nm
to tco = 1.43 nm. The DWs were observed to move against the direction of motion of
the conduction electrons, in all the five investigated devices. Such a DW motion is com-
patible with an explanation based on a damping-like SOT generated by the spin—Hall
effect in the Pt bottom layer [25, 35]. Furthermore, in analogy to what observed for the
Ta\CoFeB\MgO system, the DW velocity was found to depend strongly on an applied
longitudinal magnetic field, as described by vgw (Ja, Hz) = U‘LDTW (Ja, —Hz). A strong ef-
fective DMI was found to characterize the investigated devices, with a strength ranging
between D = (—0.75 + 0.02) mJ/m? and D = (—0.62 + 0.02) mJ/m?. The magnitude
of the effective DMI was observed, in general, to decrease with an increasing tc,, in
agreement with the interpretation based on an interfacial origin of the effect [150, 156].
Furthermore, in agreement with the description of the SHE-SOT—driven DW motion in
the 1D model-framework including the DW’s tilt [139], the width of the DW was found
to be one of the key parameters in the definition of the dependence of the observed DW

velocity with respect to tc,.

At the end of this thesis, according to the presented results and the respective dis-
cussions, new open questions are left unanswered. Here, possible measurements are
proposed that could help with finding an answer to some of them.

Concerning the Ta\CoFeB\MgO system, the observed positive DMI has here been at-
tributed to the accumulation of Boron (B) at the Ta\CoFeB interface, due to the post—
growth annealing procedure. The measurement of the effective DMI as a function of

the nominal B concentration, in samples undergoing the same annealing process, would
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offer a more detailed knowledge on the role of the B concentration on the definition of
the DMI at the bottom interface. An alternative approach is to investigate identical
as—deposited material stacks, annealed for different times and at different temperatures.
This is also expected to generate a different accumulation of Boron at the bottom inter-
face [146], providing the opportunity to study the dependence of the effective DMI on
the B concentration at the Ta\CoFeB interface.

Regarding the Pt\Co\AlO, system, in addition to the damping-like SOT originating
from the SHE in Pt, a second torque with a different origin may be contributing to the
observed DW motion. Harmonic voltage measurements could add new insight in this
direction, since they allow to disentangle SOTs with different symmetry, distinguishing
between damping-like and field-like torques [151]. The dependence of the two kind of
torques on the Co thickness could reveal how interface-like (generated by the ISGE) or
bulk-like (SHE) are the two torques. However, in order to not be misled in the analysis
of the data, the spin—transparency and the spin—memory loss at the Pt\Co interface
need to be quantified as well, by ferromagnetic resonance and spin—pumping measure-
ments [95, 96, 99]. After that the dependence of the intrinsic torques’ efficiencies on the
Co thickness is revealed, it will be possible to understand more about the actual origin
of the two torques. This, in turn, would also help to gain a better understanding of the

DW motion here reported.






Appendix A

Temperature calibration during

current pulse injection

In order to calibrate the effective temperature of the Ta\CoFeB\MgO nanowires during
the pulse injection, the dependence of the sample resistance R on the measured tem-
perature of the sample T was measured, with the sample in a cryogenic bath (He-bath).
The temperature is swept between 130 K and 278 K, obtaining a change in the sample
resistance from 134.2  to 130.7 €2, as reported in Fig. A.1. R, is measured by a lock—in
technique. A reduction of Ry is observed when the temperature of the sample increases.
This indicates [160, 161] that a small part of the MgO tunnel barrier is still present in
the location of the electric contacts, underneath the Au pads, despite the milling process
carried out in order to remove the insulating layer and obtain a good metallic contact.
By fitting the curve in Fig. A.1(a) linearly in the range of Ts 250-278 K, we extract a
slope of -0.018 /K (see Fig. A.1(b)).

Once that the trend of the sample resistance as a function of the temperature is ob-
tained, Ry was measured as a function of the current flowing in the nanowires. Limited
by the experimental set—up, the measurement of the change in Ry during the injection
of ns—long current pulses (the pulse lengths used for the switching experiment reported
in the main text in Fig. 4.10) was not possible. However, the resistance change in
the nanowires (at a bath temperature T}, of 278 K), during the injection of a much
longer 1 ms—long current pulse was measured. This ensured that the temperature in the
nanowires reached a quasi—equilibrium value [162].
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The experimental results are reported in Fig. A.2 (solid symbols), yielding a linear
fitting curve (solid line) described by Rs = (130.9(£0.2) — 2.0(£0.2) * j) Q. Ex-
trapolating the fitting curve for j = 7 % 10'' A/m?, a change in the resistance of
ARy = —(13.9 £ 1.4) Q is obtained. Using the calibrated rate of -0.018 Q/K above,
the obtained change in temperature is AT = (770 £+ 80) K. Accordingly, a temperature
Ts(j = 710" A/m?) =~ (1070 £ 80) K was extracted, for a 1 ms-long current pulse
with 7 = 7%10'" A/m? injected in the sample. The actual temperature in the nanowires
during the injection of ns—long current pulses is expected to be much lower than this
value [162], for the same current density amplitude.

The equation in [162] was used to determine the temperature rise for the ns—long pulses.
This resulted to be less than half of the ATy for the ms—long pulses value. Given that the
Curie temperature of the magnetic material in the nanowires (as determined in [134])
is higher than 1000 K, the heating measured in the device here discussed remains far

below the Curie temperature.
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FIGURE A.1: Sample resistance calibration during current pulse injection. (a)

Sample resistance as a function of the measured sample temperature, in the range 130—

278 K. (b) Linear fitting of the resistance values as a function of the sample temperature,

for the high temperature range. Such a linear fitting is used for the calculation of the
actual temperature of the sample during current injection.
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FIGURE A.2: Sample resistance and temperature as a function of current den-
sity. The solid symbols represent the measured resistance as a function of the injected
current density in the NWs. The solid line represents the linear fitting of the measured
values. On the right side, the extracted sample temperature. By extrapolation, it is
possible to extract the sample temperature for higher current densities.






Appendix B

Current—induced domain wall
motion in Pt\CoFeB\MgO

nanowires

Current-induced DW motion was also imaged in a Pt(4.5)\ CoggFe22B10(0.6)\MgO(1.5)*
nanowire (thicknesses in nm) by x-ray magnetic circular dichroism combined with pho-
toemission electron microscopy (XMCD-PEEM) 2 [128]. The layout of the sample used
for the experiment is shown in Fig. B.1. The magnetic structure (blue area) consisted
of a magnetic pad connected to a magnetic nanowire. In this experiment, a magnetic
nanowire 500 nm in width was investigated. On the two sides of the magnetic structure
there were a ground pad and an Oersted-line (gold areas), which were used for the in-
jection of current pulses through the structure. PEEM imaging was employed due to
its higher spatial resolution compared to Kerr microscopy, with the intent of imaging
smaller structures and their magnetic texture with a higher resolution.

As shown in Fig. B.2, DWs were observed to move along the electron—flow (indicated
by the e-arrows) when a burst of current pulses (j, = 5 * 101* A/m?) is injected in
the nanowire. Reversing the current direction, the DW motion (DW-arrows) was also

inverted in its direction.

'The material stack was grown by Dr. A. P. Mihai, from the School of Physics and Astronomy of the
University of Leeds (UK).

2The XMCD-PEEM experiments were carried out at the Nanoscience Beamline 106 of the DIA-
MOND Light Source synchrotron in Didcot, England (UK), with an ELMITEC microscope.
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The observed DW motion with the electron—flow could be easily interpreted in the STT-
model [6, 43]. However, this observation is in disagreement with what was observed in
Pt\CoFe\MgO nanowires by Emori et al. [25]. They recently observed DWs moving
against the electron—flow in their material system. According to the SOT—model, such a
movement is due to the presence of a negative DMI at the Pt\CoFe interface (resulting in
left—handed chiral Néel-domain walls), jointly with a positive SHE generated in the Pt
bottom layer. Following the same interpretation, the experimental observations reported
here suggest the presence of right—handed Néel-domain walls (D > 0) in the material
system here discussed, since the sign of the Pt—-SHE is not expected to change, being
a bulk property of the heavy metal. This means that in our system D has an opposite
sign with respect to the DMI coefficient reported for nanowires made of Pt\CoFe\MgO,
corroborating the idea that the B contained in the system can play an important role
in the definition of the sign of the DMI at the Pt\CoFeB interface.

However, this result is only a preliminary one. A more detailed study of the DMI in the
material stack containing B is needed, in order to clearly identify which is the role (if

any) of the B on the definition of the DMI in the multilayer.

Ground pad

FicUrRe B.1: Layout of the sample used for PEEM imaging. SEM micrograph
of the sample (courtesy of Dr. A. Hrabec, from the School of Physics and Astronomy of
the University of Leeds (UK)) used for the imaging of CIDWM in Pt\CoFeB\MgO by
XMCD-PEEM. The blue area indicate the magnetic structure, consisting of a magnetic
pad and a NW with a 500 nm width. On the other hand, the yellow ares indicate the
ground pad and the Oersted-line (made both of them of Au), respectively a the top
and the bottom of the image. Current pulses through the Oersted-line were used for
nucleating DWs in the nanowire; on the other hand, injecting pulses through the NW
was possible to displace the nucleated DW along the NW.



Appendix B. CIDWM in Pt\ CoFeB\MgO nanowires 161

Ficure B.2: XMCD-PEEM images of current—induced DW motion in
Pt\CogsFes3B19\MgO nanowires. (a) Image of the magnetic structure with a nu-
cleated DW close to the end of the NW. The black line indicates the position of the DW
in the nanowire, while red (blue) areas indicate the “down” (“up”) magnetized domains.
In (b), (c) and (d) the current-induced DW motion is shown. The dashed (solid) line
indicates the initial (final) position of the DW. The DW moves with the electron—flow,
as indicated by the arrows. The average measured DW velocity is vpw ~ 0.5 m/s, at
a jo = 5% 10" A/m?. Data from [128].
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