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RIASSUNTO

La Spintronica e una branca della Fisica che ha attratto un notevole

interesse negli ultimi 30 anni. Diversamente dall’Elettronica, che affida alla
carica dell’elettrone la codifica binaria, la Spintronica prende in
considerazione sia la carica sia il momento di spin degli elettroni. Tale
connubio tra carica e spin consente agli spin di influenzare il trasporto degli
elettroni, e, viceversa, alle cariche elettriche di modificare le proprieta
magnetiche. In questo modo, si sono resi possibili la progettazione e
fabbricazione di dispositivi caratterizzati da dimensioni nanometriche, basso
consumo di energia, non-volatilita, alta velocita, grande scalabilita e
compatibilita con 1’odierna industria elettronica.

| dispositivi spintronici sono tipicamente composti da un tristato
dove un materiale non magnetico € frapposto tra due ferromagneti. La
magnetizzazione di uno di essi pud essere manipolata, non soltanto tramite
I’applicazione di campi esterni, bensi anche per mezzo di una corrente
elettrica che fluisce perpendicolarmente al multistrato. Questo grado di
liberta aggiuntivo nel controllo delle dinamiche della magnetizzazione ha
dato vita a molteplici applicazioni tecnologiche dei dispositivi spintronici,
come memorie magnetiche, le quali sono state gia commercializzate,
oscillatori alle frequenze delle microonde, che sono gli oscillatori piu piccoli
esistenti in natura, e rilevatori a microonde, la cui sensitivita ha gia superato
quella dei diodi Schottky.

Una strategia per migliorare le prestazioni dei dispositivi spintronici
concerne 1’uso di configurazioni non uniformi della magnetizzazione, tra le
quali gli skyrmion hanno mostrato caratteristiche promettenti. La principale
peculiarita e la protezione topologica, che rende gli skyrmion molto stabili e
difficili da essere distrutti.

Questa tesi descrive i risultati ottenuti mediante simulazioni
micromagnetiche sulle memorie magnetiche, oscillatori e rivelatori alle
frequenze delle microonde basati sia sullo stato uniforme della

magnetizzazione, sia sullo skyrmion.



ABSTRACT

Spintronics is a branch of Physics which has attracted a lot interest

over the past 30 years. Differently from Electronics, that entrusts the binary
encode to the electron charge, Spintronics considers both charge and spin
momentum of electrons. This bond between electron charge and spin allows
to alter the electronic transport by spins, and, vice versa, to affect the
magnetic properties by electron charges. In this way, it has been possible to
design and make devices characterized by nanometer dimensions, low
energy consumption, non-volatility, large speed, high scalability, and
compatibility with nowadays’ electronic industry.

Spintronic devices are typically composed of a trilayer where a non-
magnetic spacer is sandwiched between two ferromagnets. The
magnetization of one of them can be manipulated, not only by external
applied fields, but also by an electrical current perpendicularly injected into
the stack. This additional degree of freedom in controlling the magnetization
dynamics has given rise to several technological applications of spintronic
devices, as magnetic storages, which have been already commercialized,
microwave oscillators, which are the smallest oscillators existing in nature
and microwave detectors, whose sensitivity has already overcome the one of
Schottky diodes.

A strategy to improve the performances of spintronic devices
concerns the use of non-uniform configurations of the magnetization,
among them skyrmions have shown promising features. The main
characteristic is the topological protection which makes skyrmions very
stable and hard to be wrecked.

This thesis shows the results achieved by means of micromagnetic
simulations on magnetic storages, microwave oscillators and detectors based

on both a uniform and a skyrmion state of the magnetization.
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BASIC CONCEPTS

1. BASIC CONCEPTS

In this chapter, several aspects concerning Micromagnetics,
Spintronics, Spin-Orbitronics will be reviewed, in order to provide the basic
background necessary to read the results of this thesis. First of all, a brief
introduction of the micromagnetic formalism (paragraph 1.1) and the
torques acting onto the magnetization vector of a ferromagnetic material
(paragraph 1.2) will be presented. Paragraph 1.3 will deal with the key
concepts of Spin-Orbitronics and, the last paragraph 1.4 will introduce the

magnetic texture of the skyrmion.

1.1 Micromagnetism

Micromagnetism is a continuum field theory [1, 2, 3] which aims at
the study of static and dynamical properties of ferromagnetic particles
within a mesoscopic level. In other words, the characteristic scale of
investigation is larger than the atomic one (10°— 10 m), but small enough
to describe the internal structure of magnetic domains and domain walls
(DWs).

The history of Micromagnetics starts in 1935 with a paper by
Landau and Lifshitz [4, 5] on the structure of a wall between two
antiparallel (AP) domains, and continues with Brown [6, 7] and many others

up to nowadays. For many years, Micromagnetics was only used to
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determine nucleation processes of domains, domain structures properties [8]
and magnetization dynamics in simple and ideal systems. However, since
the middle of 1980s, with the development of large-scale computations,
Micromagnetics acquired more and more importance for the possibility to
investigate realistic problems which were more amenable to be compared
with experimental data [9, 10].

One of the fundamental assumptions of the micromagnetic theory is
that the magnetization of a volume of material dV, denoted by the vector
position r, can be represented as a vector M, which is a continuous function
of the position r and has a modulus Ms constant in time (Ms is the saturation
magnetization of the material). In particular, the size of the volume dV has
to be chosen big enough to contain a large number n of magnetic momenta
i, but small enough to allow the magnetization vector to smoothly change
between each volume element (Fig. 1.1). In this way, the magnetization can
be locally expressed by:

Zn:l’«i
M(r,t)= I_le (1.1)

We can also refer to the normalized magnetization vector as:

m(r,t)=M(r,t)/M (in this thesis both notations m(r,t), M(r,t) or m

and M will be used to indicate the magnetization). In order to obtain the
equilibrium configurations of the magnetization M, it is necessary to
introduce the fundamental energetic contributions, known as standard

micromagnetic energies.
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Fig. 1.1: fundamental assumption of Micromagnetics, by which the magnetic momenta p,

of a volume element dV can be represented by a magnetization vector M .

1.1.1 Exchange energy

The exchange is a short-range interaction which tries to align
neighboring magnetic momenta along the same direction [1, 7]. It is the
basis of ferromagnetism and it has quantum-mechanical origins linked to the
overlapping wave functions among electrons and to the Pauli exclusion

principle. The volume energy density &y related to the exchange is:
o= Al (VM,)"+(Vm, )+ (Vm, ) | (1.2)

being my, my, and m, the three normalized components of the magnetization
along the three spatial coordinates x, y, and z, respectively, and A is the
exchange constant in J/m.

1.1.2 Uniaxial Anisotropy energy

It is well-known that in a crystalline lattice the magnetization vector
tends to lie along preferential directions, which are called easy axes. On the
other hand, the directions where the magnetization difficulty aligns are
called hard axes. Therefore, the magnetocrystalline anisotropy energy [1, 7]
can be defined as the energy surplus necessary to align the magnetization in
a direction different from the easy one. The volume energy density &
related to the uniaxial anisotropy is:

&, =k ssin@+k,sin* @+k,sin® 9 +... (1.3)
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where kg, k, and ks are uniaxial anisotropy constants expressed in J/m* and 6
Is the angle between the magnetization direction and the easy axis. Usually,
only the first term is considered, leading to:

£y = kl[l—(m.uk)z} (1.4)

being uk the unit vector of the easy axis. If k; is positive, a minimum is
obtained when the magnetization is parallel (P) or AP to the easy axis. If k;
IS negative, the plane perpendicular to the hard axis (defined in the direction
uyk) is an easy plane for the magnetization. In this thesis, also the symbol k,

is used to indicate the first order perpendicular anisotropy constant.

1.1.3 Magnetostatic energy

The magnetostatic energy is linked to the interactions among the
magnetic dipoles inside the material [1]. The magnetostatic field Hy, arising
from those interactions is opposite to the internal magnetization M. For this
reason, it is also known as demagnetizing field. If only M and Hy, are taken

into account, the magnetic induction B is equal to:

B(r)=,(M(r)+H,,(r) (1.5)
where 1 is the vacuum permeability. In order to obtain the expression of
Hm, the Maxwell equations have to be considered [11]. Those equations, in

absence of electrical fields, electrical currents, and considering only Hy,, are

reduced to the following ones:

V-B(r)=0 L6
VxH,(r)=0 (19)

and, using Eqg. (1.5):
Ve, (M(r)+H,, (r)) =0 L7)

VxH,(r)=0
Since the curl of Hy, is O, it is possible to derive the magnetostatic field from

a scalar potential Up,:
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H, (r)=-VU,_(r) (1.8)
and, by including Eqg. (1.8) into the first Eq. (1.7):

VAU, (r)=-V-M(r) (1.9)
where the quantity —V-M(r) = p,(r) plays a role of a volume magnetic

charge density. Now, the boundary conditions, which determine the
continuity of the normal component of B and of the tangential component
Hn, at the body surface, have to be considered:

N-(B(r)ue —B(r); ) =0
n ><(H(r)dyext - H(r)dvim) -0

where n is a unit vector pointing outward from the surface.

(1.10)

In terms of the scalar potential, the corresponding conditions are:

U m (r)ext =U m (r)int
U, (nN| o, () — M(")n (1.11)
on ext on int

where the quantity M(r)-n=oc,(r) plays a role of a surface magnetic

charge density. It is possible to notice that the surface of a magnetized body
is influencing the overall response of a phenomenon having its origins at the
atomic level. Finally, the expression for Hp, can be written:

Hm(r)i{j%v j#ds (1.12)

where " and S’ are the volume and surface of the body, respectively, and

and where all other fields create magnetic momenta (r'). With the
knowledge of Hy,,, the magnetostatic energy density &, is calculated as:

g, :—%%M.Hm (1.13)

The magnetostatic energy density is positive definite, hence volume
charges and surface charges cannot compensate each other. This leads to

Brown's pole avoidance principle, which states that a magnetic structure
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tends to avoid magnetic charges. The tendency of the system to avoid
surface charges often results in an alignment of magnetization with the
surface. This effect is often referred to shape anisotropy, even though it is a
pure magnetostatic effect, which is not related to crystalline anisotropy.

The magnetostatic energy competes with the uniaxial perpendicular
anisotropy energy in fixing the easy axis of the magnetization. The
magnetostatic energy depends on the geometrical properties of the

ferromagnet as:
H, =-Mg(N,m&+N,m §+N,m,2) (1.14)

where Ny, Ny, N are the shape-dependent demagnetizing factors along the x,
y, z directions, respectively. The demagnetizing factors sum to 1 and are
smallest for directions along the longest dimensions of the magnetic
element, meaning that the magnetization tries to be aligned along the
longest dimension of the element. For a sphere, the demagnetizing factors
are Nx=Ny=N,=1/3 and there is no preferential direction that minimizes the
magnetostatic energy. For an infinitely long cylinder, the demagnetizing
factors perpendicular to the axis of the cylinder are 1/2, whereas 0 along the
axis, hence the magnetization prefers to lie along the axis of the cylinder.
However, if the uniaxial perpendicular anisotropy field overcomes the z-
component of the magnetostatic field, the magnetization will align along the
out-of-plane (OOP) direction. The competition between magnetostatic and
uniaxial anisotropy field is fundamental for the control of the magnetization

easy axis in spintronic devices.

1.1.4 Zeeman energy
The Zeeman energy is related to the application of an external
magnetic field Heyxt. Its energy density &y can be expressed as [1, 7]:

ot = _ILlOM ’ Hext (115)
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1.2 Equilibrium and dynamical equations

It is necessary to understand the effect of each of the previous
energetic contribution on the equilibrium configuration of the
magnetization. In fact, every contribution favors different energetic minima
and the final equilibrium state is given by the balance among them.
Therefore, collecting together the energetic densities, the following
expression for the free energy &o: Oof a generic ferromagnetic body is

obtained:

gtot

=g, tE, +E, FE = A[(me)2 +(me )2 +(Vm, )2}+
(1.16)
2y 1
+k1(1_(m'uk) )_EﬂoM Hy —1,M-H,,
By means of variational calculus, it is possible to define a particular field,

called effective field [7], as the functional derivative of the total energy

density:
1 ¢
= ——— ot (1.17)
H#Mg om
where the functional derivative is expressed by:
9 _0 y_ 0 (1.18)
om om o(Vm)
Hence, the total effective field is given by:
Hyr =22 (9im) =25 (m.u uy +H, +H,. (1.19)
oMy Mg

(we can also refer to the normalized effective field

he (rt)=Hq (r,t)/My).

As well as the four terms of the effective field related to the standard
micromagnetic contributions, it is possible to consider other two additional
terms to the effective field, linked to the Oersted field and the thermal field.
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1.2.1 Qersted Field
It is well known that a flow of electric charges generates a magnetic
field, known as Oersted field Hoe, Which can calculated via the Maxwell

equations:

HOe(r)%{jj(r')x(“r')dv ] (1.20)

7|y |r—r'|3
where j(r') is the current density which gives rise to Hee. Indeed, the

Oersted field acts as an external field, therefore the energy density &oe has
the same form as the Zeeman one:

oo =~ 1M -Ho, (1.21)

1.2.2 Thermal Field

In computational micromagnetics and other classical spin models,
the interaction with the lattice is taken into account phenomenologically by
means of a damping term in the dynamic equation and, in some cases, also

by a random field representing thermal fluctuations. The amplitude of this

random field is proportional to JT , where T is the lattice temperature. The
effect of thermal fluctuations is included in the micromagnetic model
following the Langevin formalism [12]. The thermal effect is considered as
an additional stochastic term Hy, to the deterministic effective field in each

computational cell [13, 14]:

Hy = (&7 M )\2(aK,T / 157,AV M, At) (1.22)

where Kz is the Boltzmann constant, 47 is the volume of the computational
cubic cell, 4¢ is the simulation time step, and & is a three-dimensional white
Gaussian noise with zero mean and unit variance, and it is uncorrelated for
each computational cell.

All the ingredients to study the magnetization dynamics have been
described, and, thus, the Landau-Lifshitz-Gilbert equation can be

introduced.
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1.2.3 Dynamical equation
A homogeneous magnetic field Hes acting on a magnetic momentum
u exerts a torque t which, for definition, is equal to the time derivative of

the angular momentum L.:

T= o xHyy = ot (1.23)

The relation between the angular momentum and the magnetic momentum

IS given by:

1]
== 1.24
C=7 (1.24)

where yis the gyromagnetic ratio, expressed by:

ge QUg
=— =38 1.25
V= o > (1.25)

e
being g the Landé factor [15, 16], e and m, the charge and the mass of the
electron, respectively, ug the Bohr magneton and Z the Planck’s constant.
The Landé factor is equal to 2 when the magnetic momentum originates

purely from the electron spin. By using Eq. (1.24), Eq. (1.23) turns into:

d
T = tyynxHg :d_il (1.26)
and, in the micromagnetic framework, it becomes:
dd—l\t/lz_yoMXHeff (1.27)

where y, =—u,7 . EQ. (1.27) indicates that the magnetization vector rotates

persistently around the direction of the effective field (see Fig. 1.2(a)).

In a real material, dissipative processes result in a damping of the
precession (for instance due to scattering processes, interactions with the
internal structure of crystals, etc.) and, therefore, the magnetization will tend
to align along the effective field. To take into account the damping, Eq.
(1.27) has been firstly extended in the explicit form by Landau and Lifshitz

[4], by adding a phenomenological damping torque:
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dd—'\t/lz—y'MxHeﬁ —i/l—aMx(MxHeﬁ) (1.28)
S

being o the damping parameter.

Later, Gilbert proposed an implicit expression for the
phenomenological damping [17, 18], presenting the so called Landau-
Lifshitz-Gilbert (LLG) equation:

dM a dM
ey MxH,, +—| Mx— 1.29
a0 e MS( 8 dt] (1.29)

According to both Eq. (1.28) and (1.29), the magnetization will be
eventually aligned with the effective field (see Fig. 1.2(b)). However, from
the implicit form reported in Eq. (1.29), it is possible to obtain an equation
formally equal to Eq. (1.28):

dM:_ Yo MXHeﬁ—LMX(MXHeﬁ) (130)

dt  (1+a?) (1+a* )M

The last equation is more suitable for numerical analysis, because of the

explicit expression of the time derivative of the magnetization.

(b)

Fig. 1.2: (a) persistent precession of the magnetization M around the effective field H.,

when only the conservative torque acts. (b) Damped precession of the magnetization when

the damping torque is considered.

Finally, such equation needs to be completed with a term related to

the spin-transfer torque.

10
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1.2.4 Spin-Transfer Torque

In 1996, Slonczewski [19] and Berger [20] independently predicted
that a current flowing perpendicularly to the plane in a metallic multilayer
could change the magnetization direction in one of the layers. In fact, when
a current flows through a ferromagnet, all the electrons spins angular
momenta become polarized along the same direction of the magnetization
inside the ferromagnet: a spin-polarized current is generated. This spin-
polarized current can exert a spin-transfer torque (STT) on the
magnetization of an adjacent ferromagnet, if it is not parallel to the first one
(see Fig. 1.3). The mechanism responsible for the transfer of the spin-
angular momentum is the exchange interaction “felt” by the electrons in the
ferromagnet, which exerts a torque on the electron spins and, in turn,
induces a reaction torque on the magnetization [21]. The possibility to
manipulate the magnetization of a ferromagnet by means of a current, and
not only of external magnetic fields, has opened new routes for promising
applications of spin-transfer torque based devices, such as STT-Magnetic
Random Access Memories (STT-MRAMsS), spin-torque nano-oscillators
(STNOs), nano-magnetic logic devices, etc. [22, 23, 24].

Ferromagnetl Ferromagnet2

ty b ¢ #
\ | $'4
*** ’,Qﬁ - .].++ A )‘

< — ——
Reflected spins Entering spins Spin-polarized current Transmitted spins

Fig. 1.3: schematic representation of the creation of the spin-polarized current. Part of the

entering spins in the ferromagnetl are polarized in the same direction of M,, generating
the spin-polarized current, which will transfer a spin-torque onto the magnetization M, of

the adjacent ferromagnet2. Part of the entering spins is reflected with a polarization

opposite to M, .

11
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Indeed, two types of STT can be considered: one acts when the
current flows perpendicularly to the plane of a multilayer [19], and another
one is exerted when the current flow is in-plane (IP) [20]. Basically, these
torques arise in two different devices: the former in OOP devices, the latter

in IP ones.

1.2.5 STT in OOP devices

Typical OOP devices are multilayered structures, made by two
ferromagnets separated by a non-magnetic material. Usually, one of the two
ferromagnet is thicker, in order to keep fixed its magnetization, and it is
called pinned or fixed or reference layer or polarizer as well. The other
ferromagnet is thinner to allow changes of its magnetization and it is called
free layer [21]. The chemical nature of the spacer leads to distinguish two
types of devices: if the spacer is an electrical conductor, the multilayer is
called spin-valve; on the other hand, the presence of an electrical insulator
spacer characterizes a magnetic tunnel junction (MTJ). When the electrical

current density je,, flows perpendicularly to the device plane, it is
polarized by the magnetization m_ of the pinned layer and, subsequently it
will manipulate the magnetization m, of the free layer, via the STT 7,

(see Fig. 1.4(a)), which can be modeled as an additional contribution to the
LLG equation, as derived by Slonczewski [19]:

glquFE—oop
Toop = W&(mf ,mp)[mf ><(mf xm, )] (1.31)
being t the thickness of the free layer and &(m;,m_ ) the polarization

function, whose expression depends on the relative orientation between the
pinned and free layer magnetization, the category of the device (i.e. spin
valves, MTJs), thicknesses and ferromagnetic materials under investigation.

In particular, for spin-valves the following &(m,,m,) expression is usually

used [19]:
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|:3+(mf 'mp):| (1.32)

3
gy (M, m ) = —4+(1+7) p 3
n

where 7 is the spin polarization factor related to the magnetic material. In
the case of MTJs, the expression becomes [25]:

0.5
[1+772 (m, -mp)}

It is important to notice now that the Slonczewski torque acts as an

&y (Mg, M) = (1.33)

anti-damping torque (or also ‘“negative” damping) [26]. In fact, by
comparing the damping torque in Eq. (1.28) and (1.30) with the STT
expression in Eq. (1.31), it is possible to observe that they have a similar
vector structure. Therefore, for a proper direction of the electrical current
(more in detail, for positive current, which conventionally means electrons
flowing from the free layer to the pinned layer), the two torques are

opposite, implying that, while the damping torque tries to align m, with
m,, the STT tries to avoid such alignment, pushing m, away from m, (see
Fig. 1.4(b)). The balance between these two torques is necessary to generate
persistent oscillations of the magnetization in dissipative media [23, 26].

The dimensionless Landau-Lifshitz-Gilbert-Slonczewski (LLGS)
equation for a spin valve finally reads:

=_(mf xheﬂ)+a(mf xddﬂj+

T

dm;
dr

g;quFE-oop
N
7,eM¢t

(1.34)
gy (M;, mp)[mf X(mf xm, ):|

where the dimensionless time step dz=y,MJdt has been introduced.

Similarly, the LLGS for an MT]J is obtained:

13
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d
(1+0‘2)dﬂ;:_(mf Xheff)_a[mf X(mf Ny )]_

_ gzquFE—oop
YoEM gt

(1.35)
Enry (Mg, mp)[mf ><(mf X mp)— Q(V)(mf X mp)J

where, the main difference with Eq. (1.34) is the presence of an additional

component of the STT term, namely the “field-like torque” or “out-of-
plane” torque q(V)(m, xm, ), which depends on the voltage applied to the

MTJ leads [27].
(a) STT firom & parpencliakr eurent ©—

charge

(b)

H AdM
eff ‘I\I.XW

Fig. 1.4: (a) schematic illustration of the spin-transfer torque exerted on the free layer

magnetization in an OOP device. (b) representation of all the torques acting on the

magnetization.

1.2.6 STT in IP devices

An IP device can be envisaged as a ferromagnetic strip with the
length much larger than its width, containing magnetic regions with
different internal magnetization (domains) separated by DWSs. A current
density jg,,, flowing through the strip, is naturally polarized and can
induce a translational motion of DWs. More specifically, when an electron
flows in a ferromagnetic wire containing a single DW (see Fig. 1.5), the
direction of its spin will adiabatically change, meaning that the electron spin
will be almost parallel to the local magnetization. Such change in the spin

direction gives rise to a STT which shifts the DW along the strip length. The
expression of the adiabatic STT =}, was formulated by Berger [20] and

reads:
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a _ MgP /.
Tp=""— - -V)m 1.36
P VE (JFE-up ) (1.36)

being P the spin polarization factor, which represents the amount of spins

$6 ¢ sev b ¢
W11 2,
1 N

x> Domain UP Domain Wall Domain DOWN
| 1 ] |
| 1 1 1

Fig. 1.5: schematic representation of two domains (UP and DOWN) separated by a domain
wall. A non-polarized electron flowing through this magnetization configuration will
change the direction of its spin adiabatically, namely it will follow the local magnetization
orientation.

Later, a second STT was phenomenologically added in order to
explain unexpected early stage experimental results. It was called non-
adiabatic STT and its expression is:

w2 = plicesy V)m (1.37)
7oeMg
where £ is the non-adiabatic parameter. A complete description and physical
origin of the two mentioned torques can be found in [28].

By considering the adiabatic and non-adiabatic STT, the

dimensionless LLG equation for IP devices is:

=—(m><heﬂ)+a(mxd—m)+

dr

dm
dr

P /. P .
+ 7§éBM§ (JFE—iP 'V)m B 7/:;BMSZ ﬁ(JFE-iD 'V)m

(1.38)

1.2.7 Voltage controlled magnetocrystalline anisotropy (VCMA)
The application of an electric field can induce variations of the

magnetic anisotropy of a ferromagnet, and, hence of its magnetization [29,

30]. The ferromagnet has to be ultrathin for at least two reasons: (i) its
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perpendicular anisotropy has to derive from interfacial effects (see
subparagraph 2.1.4) [31]; (ii) the electric field can only penetrate few
monolayers of the ferromagnet. For these reasons, the VCMA has not been
observed in MTJs with relatively thick free layers (>3 nm). One possible
origin of this phenomenon is that the electric field influences the electron
filling of the ferromagnetic layer, which, consequently, affects the
perpendicular anisotropy [32].

In MTJs composed of an iron rich CoFeB and a MgO spacer, the

variation of the perpendicular anisotropy field AH,, with the applied

voltage Vap has been measured and reported in Fig. 1.6, where
AH,, =H, (V,,,)—-H,,(0), being H,(V,,) and H,(0)the perpendicular
anisotropy field values with and without the applied voltage, respectively.
The relation is linear with a slope of 0.6 kOe/V [29]. Therefore,
micromagnetically, the VCMA is implemented as a linear change of the

perpendicular anisotropy effective field with respect to the applied voltage.

60+

N
o O
1 N

AH,(0¢)

_40- slope=0.6 kOe/V |

-604

-100 -50 50 100

Ia/pp (mV)

Fig. 1.6: variation of the effective perpendicular anisotropy field when a voltage is applied
in CoFeB-MgO MTJs [29].

1.3 Spin-orbit interactions
In the previous paragraphs, it has been seen how both external
magnetic field and the STT, as well as the VCMA, can modify the magnetic

state of a ferromagnetic material.
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Very recently, an additional way to control the magnetization of a
ferromagnet has been demonstrated [33, 34, 35, 36, 37], owed to the
coupling between the spin angular momentum of an electron and the orbital
one in non-magnetic materials (it can be also observed in ferromagnetic
material). Such demonstration has opened a novel direction in Spintronics,
namely the so-called Spin-Orbitronics.

To easily understand the fundament of the spin-orbit coupling
(SOCQ), it is possible to write an approximated expression of its Hamiltonian
Hso:

H = AL -p (1.39)
where A is a parameter that depends on the electrical potential V “seen” by
the electron. In particular, in the case of central potential approximation, A is
proportional to the atomic number of the non-magnetic material [38]. For
this reason, heavy metals (HMs) (Platinum, Tantalum, Iridium, Palladium,
Tungsten, etc.) are usually characterized by a large SOC.

The SOC has different forms and origins. In bulk systems, it is
possible to distinguish an extrinsic SOC, linked to interactions with
impurities, and an intrinsic SOC, related to the band structures of the
material [39]. More in detail, the extrinsic SOC can occur in two physical
mechanisms: the skew scattering and the side jump, which both regard the
spin-dependent scattering of electrons when they interact with an impurity.
In the former case, electrons with spin-UP will be scattered on one side of
the impurity with a certain angle, electrons with spin-DOWN will be
scattered on the other side (see Fig. 1.7(a)). The latter corresponds to a
lateral displacement of electrons towards an impurity (see Fig. 1.7(b)). In
both mechanisms, the effect is asymmetrical with respect to the spin state,

meaning that spin-UP and spin-DOWN currents are different [38].
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oo o
X

Fig. 1.7: schematic picture of (a) the skew scattering mechanism and (b) the side-jump

(a) (b)
Skew scattering $ Side-jump

mechanism. The letters U and D refer to the sign of the spin, respectively spin-UP and spin-
DOWN. The yellow circle represents an impurity.

The intrinsic SOC is related to the spin-splitting of the electronic
bands occurring in systems lacking the inversion symmetry. This refers to
the property of a material to maintain the same characteristics when the
position of each particle in the elementary cell is changed from r to —r. For
instance, the body-centered cubic cell represented in Fig. 1.8(a) is
characterized by the inversion symmetry. But, it is enough to shift the
central atom towards one of the faces of the cube to lose the inversion
symmetry property (see Fig. 1.8(b)). The intrinsic SOC is linked to the lack

of inversion symmetry of the electrical potential, namely V (r) #V (-r), so

that the spin-orbit Hamiltonian Hso is not invariant under the spatial
inversion. This so-called bulk inversion asymmetry (BIA) of the elementary
lattice cell is typical of non-centrosymmetric crystals. However, another
kind of inversion symmetry can be identified: the structural inversion
asymmetry (SIA), which arises in crystals subject to surface strains as well
as in heterostructures where a ferromagnetic layer is placed between two

asymmetric interfaces [38, 39].
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() (b)

Fig. 1.8: (a) example of crystalline lattice characterized by the inversion symmetry
property. (b) Example of crystalline lattice lacking the inversion symmetry.

Both extrinsic and intrinsic SOC are responsible for the generation
of spin-orbit related phenomena, such as the anisotropic magnetoresistance
(AMR), the spin-Hall effect (SHE), the anomalous Hall effect (AHE), the
Rashba effect, and the Dzyaloshinskii-Moriya Interaction (DMI). In the
following subparagraphs, the micromagnetic model of the SHE, Rashba
effect and DMI will be described.

1.3.1 Spin-Hall Effect

The SHE [33, 40, 41, 42] originates from both extrinsic and intrinsic
SOC in by-layered structures where an ultra-thin ferromagnetic material
(FM) is deposited on a HM and the electrical current density jum flows

through the HM (see Fig. 1.9). The spin-dependent electrons

Fig. 1.9: schematic picture of the FM/HM bilayer, where the SHE arises, inducing opposite

spin accumulations near the upper and lower surface of the HM.
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scattering create a spin accumulation of opposite sign near the upper and
lower side of the HM, characterized by a spin-polarization perpendicular to
the direction of the electrical current (i.e. if the charge current is along the x-
axis, the spin-polarization is along the y-axis). The spin-accumulation
localized at the FM/HM interface allows the spins to diffuse towards the
FM. In other words, a vertical spin-current is generated and, consequently,
absorbed by the FM, exerting a torque tsye On its magnetization, which is

expressed as:

_ 944565,

Tor = mxm(Zxj 1.40
SHE 270EM32t ( JHM) ( )

being 6, the spin-Hall angle, which represents the amount of charge

a

current jym converted into spin-current js: j, =6, J - 2 is the unit vector
in the OOP direction (the direction of the electrical current is supposed
along the x-axis). It is possible to notice that the structure of this torque is
similar to the Slonczewski torque of Eq. (1.31) [34, 36, 37], with the

difference that, instead of considering the direction of the spin-polarization

given by the magnetization m,, here the cross product (2><jHM) indicates

the direction of the spin-polarization. Therefore, the SHE torque acts as an
anti-damping term [26]. Since the framework where the SHE torque can be
observed is an extension of IP devices, it is possible to add tsne to Eqg.
(1.38):

dm
dr

:_(theff)Jra(mx?j_ijr ,UE;P2 (jFE-ip'V)m_
T 7.eMg
(1.41)

Mg P - 9 1505 5 i
— eV Iim——"-mxm(Zx
]/OeMSZ ﬂ(JFEqp ) 27/0eM 32t ( JHM )

In this way, if the electrical current flows completely via the ferromagnet,
jum =0 A/lcm? and only the STT is taken into account. On the contrary, if the
electrical current is entirely passed through the HM, jee.ip =0 Alcm? and
only the SHE torque acts.
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1.3.2 Rashba effect

In the bilayer analyzed in the previous subparagraph, an electric field
can build up due to the SIA at the FM/HM interface. If an electrical current
density jre.ip flows through the ferromagnet, the electrons passing near the
interface “perceive” that electric field as a magnetic field (Lorentz
transformation) [Supplementary Information 34, 43]. This effect is
micromagnetically modeled by considering two terms: an effective
magnetic field hg in the direction transverse to both the electric field and the

current density and an anti-damping torque tr [44]:

_ HgagP s -
e = ez ™ e | (1.42)
Mt P 5 s
T, mﬁmxmx(zxmp), (1.43)

being « the Rashba parameter.

Hence, when an electrical current flows via a FM coupled to a HM
(see Fig. 1.10), gives rise to both the STT and the Rashba effect, leading to
the following LLG equation:

dm dm P /.
d—T=—(mxheﬁ)—(mth)+a(mxd—Tj+ﬁ(JFE_ip.V)m_

(1.44)

Mg P ; Mg P 5 i
M Bicern 'V)m_Wﬂmxmx(ZXJFE-ip)

ce)
diﬁm‘

S

QU
Reshbo B HM

Fig. 1.10: the Rashba effect arises in FM/HM bilayers, when the electrical current flows

through the ferromagnet.
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1.3.3 Dzyaloshinskii-Moriya Interaction

The DMI is a chiral energetic term, which acts as an antisymmetric
exchange contribution [45, 46]. In fact, while the exchange tries to align
adjacent spins in parallel, maintaining a uniform magnetization state, the
DMI prefers to align them orthogonally, fostering the formation of
rotational magnetization textures. The DMI originates from both BIA, in
single crystals, and SIA, in multilayered structure at the FM/HM interface.
In the first case, a bulk DMI arises, whereas, in the second one, an
interfacial DMI (i-DMI) takes place (see Fig. 1.11) [47]. The energy density
expressions for the two types of DMI are [48]:

Eguomt = PM-Vxm

(1.45)
Einteromi = D I:mzV ‘m _(m V) m, :I
being D the parameter taking into account the intensity of the DMI. Indeed,

for the expression of &, ..om. the ultra-thin film hypothesis has been

considered (8 —Oj
0z
) w ER (b)
(a) Famemerns /
(eavy M@l o

0

Fig. 1.11: (a) bulk DMI vector originating in a non-centrosymmetric crystal because of the
interaction of the ferromagnetic atoms with an impurity with large SOC. (b) Interfacial
DMI vector in a FM/HM bilayer.

In the micromagnetic framework, the DMI is considered as an
additional term to the effective field, directly derived from the energy

densities:
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1 o, 2D

Nguom =— M BUlOML — Vxm
HMg om HoM
1 O&memm _ _ 2D

Mg om H#,M

(1.46)

h [(Vm)2-Vm, |

InterDMI —

Besides, the DMI affects the boundary conditions (BC) of the ferromagnet
in the following way [48]:

Bulk DM BC: 9m _ mxn

dn &

Interfacial DMI BC:(il—m = %(2xn)>< m

n

(1.47)

2A . . :
where & = D is a characteristic length in presence of the DMI.

As it will be explained in the next paragraph, the DMI is one of the

key ingredients to stabilize magnetic skyrmions.

1.3.4 Three terminal MTJ device

In 2012, Liu et al. [49] introduced a new spintronic device where an
MTJ is deposited on an extended HM underlayer (see Fig. 1.12). In this
framework, the magnetization of the MTJ free layer can be manipulated by
the STT from a perpendicular current flowing through the MTJ and by the
spin-orbit torque (SOT) from the SHE [50], due to an IP electric current
injected into the HM, as well as by other spin-orbit phenomena, such as the
DMI. In other words, the so called “three terminal device” combines
Spintronics and Spin-Orbitronics.

If the three terminal device is used as storage, the writing current is
injected via the first terminal into the HM. In this way, high currents can
flow without damaging the insulator barrier of the MTJ. On the other hand,
the small reading current can directly be injected via the second terminal
into the MTJ.
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Fig. 1.12: schematic representation of a three terminal device, where an MTJ is coupled

through its free layer to a HM underlayer.

The dynamics of the free layer magnetization can be studied by

means of the following equation, which is an extension of Eq. (1.35):
dm
1+ a?)—L =—(m,xh_ )—a| m, x(m,xh
(L+a®) 2= —(my xhyg ) -amy x(m, xhy )]

_ 9 450
2y,eMt

B g:quFE—oop
70eM 52t

gﬂB‘QSH

m, x(Zxj
2 M (2%Jum)  (1.48)

[mexmy (2% ) ]+

Evms (mf’mp)[mf X(mf me)_q(v)(mf me)}

1.4 Magnetic skyrmions

Skyrmions are a non-uniform configuration of the magnetization
which are attracting a growing interest from both fundamental and
technological point of view. Together with DWs, vortexes, bubbles, a
skyrmion can be considered a magnetic soliton and, in certain scenarios, can
behave like a rigid object. The term skyrmion derives from the field of
Particle Physics and was coined by the physicist Tony Skyrme [51] to

identify topologically stable field configuration related to mesons. Recently,
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that term has been borrowed in Spintronics to indicate topologically

protected particle-like magnetization patterns.

1.4.1 Topology and skyrmion number

The adjective “topologically protected” comes from a classification
of magnetic solitons according to a parameter called skyrmion number S,
defined as [52, 53, 54]:

1
S= 2 -(0,mxa,m Jdxdy (1.49)

In general, an integer skyrmion number implies a topological protection of
the soliton, meaning that it cannot be continuously deformed into the
uniform ferromagnetic state without causing a singularity [54]. In other
words, configurations with different skyrmion numbers cannot be
continuously converted into each other because of the presence of a Bloch
point or line. The understanding of the meaning of the skyrmion number can
be related to the total variation of the magnetization angle when moving
counterclockwise around a circle, divided by 2z [54]. For example, let’s
consider the spin configurations in Fig. 1.13. In the first case (Fig. 1.13(a)
left panel), all the spins point in the same direction, hence there is no
variation of the magnetization angle and the skyrmion number is zero. The
same result is obtained for the configuration of Fig. 1.13(a) right panel. In
fact, if we start to move from the circled spin, after a quarter of turn, the
magnetization angle covers n/2 in a counterclockwise sense. In the next
quarter of turn, the magnetization covers again an angle of =/2, but in the
clockwise sense, resulting in a zero angle variation with the respect to the
starting spin. The same occurs for the other subsequent half turn. Therefore,
at end, there is no change in the magnetization angle and the skyrmion
number is again zero. In the case of Fig. 1.13(b), a 2x continuous rotation of
the magnetization angle is observed in a complete turn, leading to a

skyrmion number equal to 1. In the last case of Fig. 1.13(c), the
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magnetization covers continuously an angle of 4m in a turn, being
characterized by a skyrmion number equal to 2.
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Fig. 1.13: magnetization configurations with skyrmion number S equal to (a) zero, (b) one,
and (c) two [54].

In this concern, DWs have a zero skyrmion number [55], vortexes
have S=+1/2 (the sign depends on the polarity of the vortex) [56], and

bubbles can be characterized by different S. Bubbles with S =+1 are called
either Bubble skyrmions, if stabilized by a competition between exchange
and magnetostatic field and without DMI, or Skyrmions in presence of DMI.
An example of topological soliton with S =2 is the quadripole [57].

Magnetic skyrmions consist of two perpendicular and opposite
magnetization domains separated by a circular IP DW. In order to nucleate a
skyrmion, two main features are necessary: the use of ferromagnetic
materials with the magnetization pointing in the OOP direction (use of large
external field or perpendicular materials), and the presence of the DMI. In
particular, since two types of DMI exist (as explained in the subparagraph
1.3.3), two types of skyrmions can be stabilized. In the case of bulk DMI,
Bloch skyrmions are stabilized, which have a vortex like configuration of
the domain wall spins (see Fig. 1.14(a)); when the i-DMI originates, Néel
skyrmions are obtained, characterized by a radial distribution of the domain
wall spins (see Fig. 1.14(b)) [47]. The chirality of both skyrmions depends
on the sign of the DMI parameter. It is worthy to underline that skyrmions
have a double protection linked to, firstly, the free energy minimization and,
secondly, to the topology, which confers to them a strong stability.
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Fig. 1.14: magnetization distribution of a (a) Bloch skyrmion and (b) Néel skyrmion [47].

1.4.2 Observations of skyrmions

Skyrmions have been observed in the form of skyrmions lattice,
isolated skyrmions (skyrmions not organized in a lattice) and single
skyrmion. After the prediction of the existence of skyrmions in 2006 by
Rossler et al. [58], the first indirect experimental observation of skyrmions
concerned a skyrmions phase in the field-temperature phase diagram of a
MnSi compound, characterized by a bulk DMI [59]. In 2010, the first real
observation of Bloch skyrmions lattice and isolated skyrmions was achieved
by means of Lorentz Transmission Electron Microscopy in FeCoSi alloy
[60]. A year later, a Néel skyrmions lattice was observed via Spin-
Polarized-Scanning Transmission Microscopy in a monolayer of iron grown
on a iridium underlayer and at zero external field [61]. However, all these
studies were carried out near the temperature of 0 K. In 2012, Huang et al.
[62] proved that in a thin FeGe compound, a Bloch skyrmions lattice could
be obtained close to room temperature and at zero external field.
Afterwards, several numerical studies were performed in order to better
understand static and dynamical behaviors of skyrmions. Iwasaki et al. [63]
predicted the motion of skyrmions lattice by the injection of an IP electrical
current, gathering the so called universal current-velocity relation. Later, the
same group demonstrated the motion of a single skyrmion in a confined
MnSi strip, proposing a way to nucleate single skyrmions by means of a
notch made in the ferromagnetic layer [64]. At the same time, Fert et al.

proposed a technological use of skyrmions in racetrack memories, as
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alternative to DWs [47]. A milestone is the work by Sampaio et al. [65],
where, via micromagnetic simulations, they proved that a single skyrmion
can be nucleated by a perpendicular polarized current and it can be moved
by either the STT or the SHE. The latter mechanism drives the Néel
skyrmion in the same direction of the current and it is energetically more
efficient than the STT, as the same skyrmion velocities can be achieved by
applying lower currents (see subparagraph 2.4.1).

Further numerical predictions have involved skyrmions as basis for
logic gates [66] and transistors [67] and as source of microwave signals in
point-contact nano-oscillators, linked to either a mode of the skyrmion core
called “breathing mode” [68, 69, 70] (see paragraph 4.1) or to the rotation of
the skyrmion around the nano-contact [71].

Recently, the hardest challenge regarding the stabilization of single
skyrmions at room temperature seems to have been overcome, both in
circular nano-dots [72] and in multilayered nanowire [73], encouraging the

research on skyrmions for new device concepts.
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2. MAGNETIC MEMORIES:
STT-MRAM AND
RACETRACK

The second chapter concerns the study of spintronic devices such as
magnetic memories. Paragraph 2.1 deals with the use of MTJs as STT-
MRAM and it focuses on the achievements on tunnel magnetoresistance,
reduction of the critical current to write the information bit, and thermal
stability, giving also a brief description of the state of the art of STT-
MRAMs. Paragraph 2.2 shows the results obtained about STT-MRAMS. In
the paragraph 2.3, a brief review on racetrack memories is presented,
followed by the outcomes achieved on skyrmion racetrack memories,
discussed in paragraph 2.4.

2.1 MTJ based STT-MRAM

STT-MRAM is a magnetic non-volatile solid state memory which is
a promising candidate to be used as “universal memory” (supporting both
operations and storage in computing architecture) in the next generation
products [22]. The fundamental component of STT-MRAMSs is the MTJ
(see subparagraph 1.2.5), having, nowadays, lateral dimensions of about 20
nm [74]. The functionality of a STT-MRAM is made possible thanks to two
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basic phenomena: the already discussed STT (see subparagraph 1.2.4),
involved in the writing process of information bits, and the Tunnel
MagnetoResistance (TMR) [75], necessary for the reading process. The
information bit is stored in the MTJ free layer. More in details, it can have
two magnetization states: one is parallel to the pinned layer magnetization,
and the other one is antiparallel. Because of the TMR, these two magnetic
states correspond to two electric resistance states of the device, low and high
respectively. Therefore, it is possible to associate two information bits “0”
and “1” to the two magnetic states of the MTJ [22]. In order to write the
bits, it is necessary to switch the free layer magnetization, via the STT
mechanism, from the P to the AP configuration and vice versa.

The switching dynamics are micromagnetically studied by solving
the LLGS equation in Eq. (1.35).

In the following subparagraphs, the key points of STT-MRAMSs will
be discussed, in terms of TMR, writing and reading processes, and thermal

stability.

2.1.1 Tunnel MagnetoResistance

The TMR is exhibited by MTJs because of the presence of the
insulator spacer placed between the two ferromagnets and concerns the
spin-dependent tunneling through the insulator barrier. The phenomenon
can be understood by considering the example shown in Fig. 2.1. The
electrons with a certain spin orientation can tunnel from the pinned layer to
the free layer (assuming that spin is conserved during tunneling) only if
there are empty states available in the free layer, corresponding to such spin
orientation. In particular, the majority electrons spins orientation is related
to the magnetization direction of each ferromagnets. In Fig. 2.1(a), the
magnetization state is parallel along the positive OOP direction. Therefore,
the majority electrons are characterized by spin-UP and can fill the majority
states in the free layer, while minority electrons with spin-DOWN will fill

the minority states. This will result in a low electric resistance Rp of the
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junction. In the case of AP magnetization state (see Fig. 2.1(b)), the
majority and minority states in the two ferromagnets are reversed, namely
the pinned layer has majority electrons with spin-UP, whereas the free layer
has majority electrons with spin-DOWN. Hence, the majority spins from the
pinned layer fill minority states in the free layer and vice versa, resulting in
a low current flow and, therefore, in a high electric resistance Rap of the
device. It is possible to define the TMR ratio as:
TMR = Ry =Re

P

2.1)

The TMR effect has been first observed in 1975 by Julliere, who
detected a TMR ratio of 14% at 4.2 K [75].

(a) Pinned layer Free layer (b) Pinned layer Free layer

Fig. 2.1: schematic illustration of the TMR phenomenon in MTJs, where in (a) the
magnetization state is parallel, allowing many spin-UP electrons to tunnel from the pinned
layer to the free layer, in (b) the magnetization state is AP and just few spin-UP electrons
can tunnel, leading to a high resistance of the MTJ. In the bottom panels, the density of
states at Fermi level are represented, corresponding to the two ferromagnets in the two
magnetization configurations.

In 1995 Miyazaki et al. [76] and Moodera et al. [77] made MTJs
with amorphous AIO barriers, obtaining TMR of 18% at room temperature,
which has been increased later to about 70% by optimizing the

ferromagnetic materials and the conditions for fabricating oxides [78]. In
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2004, TMR ratios of about 200% were obtained at room temperature with a
crystalline MgO barrier [79]. Nowadays, MgO based MTJs can exhibit a
TMR larger than 500% [80]. High TMR values are suitable for memory
applications because they improve the detection of the two magnetization
states.

2.1.2 Writing and reading process
STT-MRAMs differ significantly from standard MRAMSs, which use

a magnetic field with a toggle procedure to switch the free layer
magnetization [81, 82]. The main disadvantages of field switched MRAM
are the more complex cell architecture as well as high writing current (order
of mA) to generate the magnetic fields and poor scalability beyond 65 nm
[83]. STT writing technology overcomes these drawbacks with lower
switching current (order of pA), simpler cell architecture, thus, reducing the
manufacturing cost, and more importantly, very high scalability to future
technology nodes [83, 84, 85]. A major challenge for the STT writing mode
is the reduction of the dc critical current density Jc (writing current) which
switches the free layer magnetization from the P and to the AP state and
vice versa, while maintaining high thermal stability necessary for long-term
data endurance [31]. Minimal critical current densities are required for at
least three main reasons. Firstly, for reducing the energy consumption of the
memory cell. Secondly, smaller voltages across the MTJ decrease the
probability of tunneling barrier degradation and breakdown, ensuring write
endurance of the device. Thirdly, for dropping the size of the selection
transistor connected in series with the MTJ (see Fig. 2.2) to achieve the

highest possible memory density.
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Transistor

-

Fig. 2.2: schematic representation of a MTJ connected in series with a selection transistor.

Two types of STT-MRAMSs exist according to the magnetization
orientation of the pinned and free layer: IP memories and OOP ones (see
Fig. 2.3). For the IP cell, considering the hypothesis of uniform switching
approximation and at zero temperature, the analytical expression for the

critical current density J° is given by [85, 86]:

20e

JP = Mt (Hq +H, +2nMg—H,, /2) (2.2)

ext
Evma

where 2nMj; is related to the demagnetizing field. For the OOP cell, the

analytical formula of the critical current J2* reads [85, 86]:
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20

I = Mgt(H +H,, —21M) (2.3)

ext
v

being 2nMg the demagnetizing field parallel to H,, , and H,, the
perpendicular external field. When the injected current J>Jc, the
magnetization of the free layer is reversed. Indeed, the critical current

density JZ*", inducing the P to the AP state switching, is different from

the corresponding J2°~F, since the spin polarization function ¢,,;, depends

on the relative orientation of the pinned and free layer magnetizations [87,
88]. In order to be competitive with the nowadays’ used CMOS technology,
the STT-MRAMSs should exhibit a critical switching current density (SCD)
of the order of 10° - 10° A/lem?[31].

o I o —

: , Free layer [ ‘

Insulator

Fig. 2.3: schematic illustration of (a) an IP MTJ and (b) an OOP one.

The reading process occurs via the same transistor, but using a

current | smaller than the critical one. Depending on the electric resistance

state (Rp or Rap), the resulting output voltage R.(R,5)- ! will be low (high),

detecting the information bit “0” (“1”).

2.1.3 Thermal stability and writing energy

The thermal stability is directly correlated to the non-volatility
property of STT-MRAMSs, and, consequently to the endurance (or retention
time) of the information bit. In other words, it is possible to define a thermal
stability factor A that indicates the magnetic bit stability against false

switching events due to thermal activation. For instance, a thermal stability
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factor of 40 means a retention time of about 10 years [89]. In particular, the
stability factor for uniform magnetization is expressed by [31, 86, 89]:
A= keffV _ MSHKeﬁV

= = 2.4
KT 2k, T @24)

where ke is the effective anisotropy constant in J/m?, V is the magnetic

volume of the free layer, and H, is the effective anisotropy field, which

takes into account both the anisotropy and the demagnetizing field. It is
important to notice that, if the volume of the free layer is decreased, the
effective anisotropy field needs to be increased to keep the same thermal
stability factor, for example, by changing the shape of the free layer cross
section (aspect ratio, namely length to width ratio) or its thickness. Indeed, it

Is also possible to vary Mg, by changing the material of the free layer.

Moreover, for IP devices the thermal stability factor in mainly related to the
shape anisotropy, whereas, for OOP devices, it depends on the
perpendicular effective anisotropy field. This leads to an advantage of
perpendicular memories on IP ones, as described in the next subparagraph.

The energy E,, necessary to write the bit depends on the current
pulse width t, as [89]:

E, =JiS*Rt, (2.5)
being S and R the area of the cross section and the resistance of the MTJ,
respectively. Therefore, the write energy can be essentially reduced, by
decreasing the resistance (which is limited for practical reasons), and, again,

by reducing the critical SCD.

2.1.4 State of the art

STT-MRAMs combine materials development from the hard disk
drive industry, with the know-how of memory design and manufacturing
from the field switched MRAM. The first switching demonstration via the
STT mechanism has been reported in IP spin-valves in 1998 [90]. Since

then, many efforts have been done from both theoretical and experimental
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side, leading, in 2004, to the first STT induced switching in AlO based IP
MTJs [91]. In 2005, the switching has been successfully demonstrated in
MgO based MTJs with TMR>150% and small SCD [87], and later, in 2006,
the first reversal in perpendicular spin-valves has been proved [92]. In 2010,
the key milestone work by Ikeda et al. [31] has opened the design of OOP
MgO based MTJs with perpendicular anisotropy [29, 93]. Specifically, it
has been demonstrated that in these kinds of devices, the perpendicular
anisotropy is dominated by the interfacial effects between the MgO barrier
and the iron-rich CoFeB free layer, due to the electrostatic interaction
between the 2d iron orbital of the ferromagnet and the 2p oxygen one of the
spacer [31]. Perpendicular MTJs based STT-MRAMSs have shown reduction
of the critical current density (considering an equal thermal stability of IP
memories), larger thermal stability thanks to the high anisotropy field, and
manufacturability in smaller technology nodes down 30 nm. This last
advantage over IP devices is owed to the thermal energy barrier dependence
on only the effective perpendicular anisotropy, which avoids the use of
elongated cross sections of MTJs (as, instead, happens for IP devices),
enabling the fabrication of circular memories [89]. Furthermore, the
possibility to manipulate the perpendicular anisotropy by means of the
VCMA (see subparagraph 1.2.7), has led, in 2012, to electric field assisted
STT-MRAMs characterized by a unipolar switching of the magnetization
[29].

Lately, after the promising results about magnetization switching
driven by the SHE [34, 37, 94], the research has been also devoted to the
design of MRAM based on such spin-orbital interaction [95].

Finally, it is useful to mention some commercialization achievement.
In 2005, Sony announced a first 4 kb SpinRAM memory, based on CoFeB-
MgO MTJ with high TMR of 160% [96]. In the same year, Renesas, the
joint branch from Hitachi and Mitsubishi from Japan, started the production
of STT-MRAM chips in a 65 nm process in cooperation with the american

company Grandis. In 2007, a Hitachi and Tohuku University joint
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collaboration announced a 2 Mbit STT-MRAM [97], and in 2008, IBM
provided a preview of 64Mbit memory. In 2009, Samsung and Hynix started
to work on 30 nm STT-MRAM. In 2012, Toshiba developed a prototype
STT-MRAM that, according to Toshiba, achieves the world's lowest power
consumption ever reported [74]. In 2013, Buffalo Memory launched the first
product on the market: a solid state drive SATA 11l (the S6C series) that
uses Everspin's STT-MRAM [98] as cache memory.

2.1.5 Comparison with other technologies

In the memory hierarchy, the information is temporally stored in
static random access memories (SRAMs) as cache memory, and in dynamic
random access memories (DRAMs) as the principal working memory, and
then, permanently stored in Flash or hard drives, used as non-volatile
memories for long-term retention. In particular, SRAM is the fastest of the
three (operating in the GHz range), needs little dynamic power (about 100 fJ
per switch), has unlimited endurance, and can be incorporated directly on
the logic chip. However, SRAM is volatile, has a very low density (resulting
in a higher cost per bit) and the standby power consumption increases too
much as the transistor dimensions are scaled down. DRAM has a higher
density compared with SRAM, but it is also volatile and needs a periodic
refresh, which results in power consumption for maintaining the memory
state. The NOR flash memories have the highest density among the three,
and are non-volatile. However, they have very slow write speed and very
limited endurance. They also use high power for writing data and high
internal voltages are needed for their operation. These factors provide strong
motivation to develop a technology that utilizes new physical principles and
is scalable to smaller technology nodes. A number of such technologies
have been explored in the past, but only few of them were proven to match
these high demands, and STT-MRAMSs are among those few. They might
have the density of DRAM, the speed of SRAM and the non-volatility of

flash, as well as unlimited endurance and low power consumption. While it
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is challenging to meet all these requirements at the same time (DRAM

technology node is below 30 nm, flash density is up to 3 bits per cell, write
operation for SRAM takes less than 1 ns), STT-MRAMs have a large

potential market because it can combine the capability of existing memory

technologies with new functionality (for example, the density of DRAM

combined with the non-volatility of flash) and provide greater scalability to

future technology nodes [89]. A comparison of the main characteristics of

the storage technologies is reported in Table 2.1.

STT-
Feature SRAM | DRAM FLASH | MRAM MRAM
Non-volatile No No Yes Yes Yes
Cell size (F?) | 50-120 6-8 4-8 16-40 6-20
Node (nm) 300 20 30 65-200 30-130
Density Low High High High High
Read Speed 1ns 10 ns 25 ps 2-20ns | 1-10ns
Write speed 1ns 10 ns 200 ps 2-20ns | 1-10ns
F[))ynamlc Low Medium | Very high High Medium
ower
L eakage High | Medium None None None
Power
Scalability Yes Yes Yes Yes Yes
Data
retention ms ms 10 years | 10 years | 10 years
Write
endurance 10'° 10'° 10° 10" 10"
(cycles)
500- 100- 100-
Cost ($/GB) 1000 1-10 0.1-1 1000 1000

Table 2.1: comparison of storage technologies [99].
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2.2 Results on STT-MRAMs
In the next two subparagraphs, the results achieved on STT-MRAMSs

based on a uniform state of the free layer magnetization will be described.

2.2.1 Switching Properties in Magnetic Tunnel Junctions With

Interfacial Perpendicular Anisotropy: Micromagnetic Study

As mentioned in the subparagraph 2.1.4, in structures with a CoFeB
free layer and an MgO spacer, it is possible to exploit the IPA to achieve
suitable switching and dynamical properties. This interaction is
micromagnetically modeled as a perpendicular anisotropy field contribution
hipa (see subparagraph 1.1.2).

Experimental data in Fig. 1 of [100] show Ms and IPA for a
CoyoFegoB2o free layer as function of its thickness, highlighting an inverse
proportionality of the IPA. In the same paper, IPA is quantified by means of
the product of k, and the free layer thickness.

Here [101], we numerically study the dependence of the SCD on the
IPA and on the Ms, either with an IP or with an OOP magnetization,
simulating a fast switching (20 ns) and an ultra-fast switching (10 and 5 ns).
Moreover, we analyze the effect of the thermal contribution at room
temperature, showing the critical current density, which allows to reach a
reliable magnetization reversal, as a function of the IPA and of Ms. We
further provide a complete scheme of the power dissipation. With respect to
the experimental works, where the IPA contribution is changed through the
free layer thickness or composition, our numerical analysis permits to
determine directly the IPA value for the design of MRAMS.

We reproduce the same experimental framework of [100]. The
object under investigation is an MTJ nanopillar with an elliptical cross
section of 170x60 nm?, as displayed in Fig. 2.4. The sample structure stack
includesPtMn(15)/CozgFesn(2.3)/Ru(0.85)/CogoFes0B20(2.4)/Mg0O(0.8)/Cozp
FesoB20(1.4) (thicknesses in nm). No external magnetic field is applied. We
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introduce a Cartesian coordinate system with the x-axis oriented along the
larger dimension of the ellipse and the z-axis along the layers thickness. We
consider the critical current to switch the magnetization from the AP state to
the P configuration and that the switching phenomenon is achieved when

the normalized x-component of the magnetization reaches +0.8.

> Free layer
® Spacer

- Pinned layer

Fig. 2.4: schematic representation of the studied MTJ.

We perform micromagnetic simulations based on the numerical
solution of the LLGS equation in Eq. (1.35). We set «=0.02. In order to
consider an IP magnetization, we refer to the curves reported in [100] and
we extract the free layer thickness t=1.4 nm, where the bulk anisotropy is
null, and the corresponding Ms=8x10> A/m. After setting that value of t, we
study the IP switching properties (within a switching time close to 20 ns and
to 10 ns) by changing the free layer composition (Ms and IPA). In practice,
those parameters can be varied by changing the percentage of Co, Fe, and B.
Particularly, it has been experimentally observed that the coercivity field

(proportional to the term H,, —27M. ) changes with the free layer chemical

composition [102] and, therefore, Ms and IPA can be tuned in this way as
well. Similarly, we analyze the OOP ultra-fast switching with a switching
time equal to 5 ns and 10 ns.

We also include the thermal effect at T=350 K (see subparagraph
1.2.2) for the specific case of IP fast magnetization reversal (<20ns).

Fig. 2.5 shows the SCD as a function of the IPA and parameterized
with three different values of Ms: 8x10° A/m, 10x10° A/m, and 12x10°A/m,

as obtained by means of our numerical simulations.
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Fig. 2.5: IP SCD depending on the perpendicular anisotropy. The three curves with symbols
refer to a saturation magnetization equal to 8x10° A/m, 10x10° A/m and 12x10°A/m. The
green line without symbols represents the minimum values of IPA over which, for a fixed
Ms, the free layer is OOP.

We can identify two regions in the phase diagram, divided by the
solid line without symbols (green online): (i) the IP free layer region, where
the magnetization is collinear to the polarizer; (ii) the OOP region, where
the free layer magnetization is perpendicular to the polarizer. The green line,
in fact, has been determined from static simulations: for a fixed value of Ms,
the point in the line represents the minimum IPA value which gives rise to
the transition of the easy axis from IP to OOP. This behavior is due to a
competition between the IPA field and the h, as explained in the
subparagraph 1.1.3. Until the hjpa contribution is smaller than the hy, z-
component, the magnetization keeps IP.

We observe that the IP SCD exhibits a hon-monotonic trend as a
function of IPA for Ms=10x10° and 12x10° A/m. In fact, it is evident a first
decrease, followed by a sudden increase until the maximum points (peaks in
the curves) are reached, for IPA equal to 1.4x10™* and to 4.2x10™ J/m?,
respectively. Then, a monotonically decrease appears again, up to the IPA
values where the free layer magnetization turns OOP, equal to 7x10™ and
9.8x10™ J/m?, respectively. The SCD drops with the increase of the IPA
because the IP magnetization becomes energetically less stable, making the

magnetization reversal to be easier.
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In addition, when increasing the Ms and keeping constant the IPA,

the SCD increases as well. This is qualitatively consistent with Eq. (2.2) and
Eq. (1.35). In particular, in the latter equation, the g jre.oop/70EMct

factor, that precedes the negative damping term, has to be maintained
constant in order to balance the free layer natural damping; thus, to an Ms
increase, an SCD rise has to correspond.

In order to explain the peaks in the curves, we have to refer to the
spin domains excited in the device: when the IPA field is low, in the
elliptical section, three magnetization domains are nucleated, which have a
symmetric oscillation at the boundary, called edge mode (see Fig. 2.6).

P .
B

X

Fig. 2.6: representation of the spin magnetization domains of the MTJ elliptical section,
describing the IP switching phenomenon, when the spins are oriented along (a) -x and (c) x

and (b) during the switching.

For the IPA values linked to the jumps in the curves (indicated
above), the metastability of the domains is larger, due to a trade-off between
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the Oersted field and the STT [103, 104], leading to a longer switching for a
fixed current. In fact, studying the switching without the Oersted field, the
peaks disappear, as we see in Fig. 2.7. Moreover, we can underline that the
observed decreasing linear relationship between the SCD and IPA in Fig.

2.7 qualitatively agrees with the analytical prediction of Eq. (2.2).
4
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Fig. 2.7: IP SCD as function of the perpendicular anisotropy, without the Oersted field. The
two curves refer to a saturation magnetization equal to 10x10° A/m and 12x10°A/m.

A similar study is carried out for a switching time of 10 ns. As we

see in Fig. 2.8, a shorter switching time needs a higher SCD, about twice

larger, whereas the SCD behavior as function of IPA and of Mg is the same

explained for a reversal time of 20 ns.

AS A M8x10° A/m
Ng 6 == M=10x10° A/m ]
=2 @ M~12x105A/m
24 ]
o)
32 :

"

0 02 04 06 038

IPA (mJ/m?)
Fig. 2.8: IP SCD depending on the perpendicular anisotropy, without the Oersted field and

for a reversal time of 10 ns The three curves refer to a saturation magnetization equal to
8x10° A/m, 10x10°> A/m and 12x10°A/m.

For IPA values larger than 10x10™* J/m?, the free layer magnetization
is OOP. In order to numerically simulate an OOP structure, we orient the

polarizer direction along the z-axis. Those results are illustrated in Fig. 2.9.
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Comparing the two graphs, we note a decrease of the SCD for longer
switching times. Focusing only on Fig. 2.9(a) (the same evaluations can be
extended to Fig. 2.9(b)), we show that the SCD increases linearly for higher
IPA (as analytically confirmed by (2.3)), because of the larger stability of
the magnetization z-component.

The SCD, for a fixed value of the IPA, increases with the reduction
of the Ms. This is in agreement with the bulk anisotropy definition

K, = Ky /teores —2nM [31, 100] where tcores is the free layer thickness.

According to this relationship, higher Ms values lead to a greater OOP
anisotropy contribution, favoring the energetic stability of the
magnetization.

In addition, contrarily to the IP case, the OOP results show a
monotonic trend without peaks. This can be ascribed to the fact that the

Oersted field has a null perpendicular component, so that it does not

influence the OOP SCD.
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Fig. 2.9: OOP SCD as function of the perpendicular anisotropy, for a switching time of (a)
10 ns and (b) 5 ns. The curves refer to a saturation magnetization equal to 8x10° A/m,
10x10° A/m and 12x10° A/m.
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Fig. 2.10 represents the SCD behavior as a function of IPA and of
Ms when the thermal contribution at room temperature T=350 K is
considered and when the free layer magnetization is IP, neglecting the
Oersted field. The SCD plotted values are those ones that allow to obtain the
switching phenomenon with a probability of 99.99 %, within a reversal time
of 20 ns. As can be noted, the influences of IPA and of Ms on the SCD are
the same of the previous cases. Comparing those results with the results
obtained for T=0 K (Fig. 2.5 and Fig. 2.7), we point out that the thermal
contribution leads to a greater SCD reduction, up to 0.3x10° A/cm? for
IPA=4.2x10"* J/m? and Ms=8x10°> A/m. These are very important results in
terms of applications, as the SCD values are compatible with the state of the
art semiconductor technology, and open interesting perspectives to make
STT-MRAMSs competitive.
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Fig. 2.10: IP SCD as function of the perpendicular anisotropy, without the Oersted field and
for a reversal time of 20 ns at a temperature T=350 K. The three curves refer to a saturation
magnetization equal to 8x10° A/m, 10x10° A/m and 12x10°A/m.

A complete analysis of the device switching mean energy is shown

in Fig. 2.11. The energy is computed by the following expression [105]:

EW=Z(dt.(Jc.s)z.Rp+AR[1_CZ°S‘9D (2.6)

where dt is the time step, Jc is the SCD, @ is the angle between the

magnetization of the free layer and the polarizer, and 4AR=Rp-Rap (these
values are extracted from the experimental data [100]). About the IP

switching (Fig. 2.11(a)), by increasing the IPA, a reduction of the averaged
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energy is observed, but, at the same time, a worse thermal stability is
achieved as well. Thus, in order to consider a device with good
performance, it is necessary to find the right trade-off between the switching
energy and the thermal stability limit value. As expected, studying the OOP
switching averaged energy (Fig. 2.11(b) and (c)), the lowest dissipated

power is reached for the lowest IPA values and for a switching time of 10

ns.
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Fig. 2.11: switching averaged energy as function of the IPA for (a) the IP switching, (b)
OOP switching in 10 ns and (c) OOP switching in 5 ns.
In summary, we numerically studied the IP and OOP SCD
depending on the IPA and on Ms. We showed that the presence of the IPA

yields an IP SCD decrease up to values close to 10° A/cm? for all
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considered Ms values and for a writing time of 20 ns. The switching
averaged energy diminishes too, with a consequent smaller thermal stability.
The effect of the thermal contribution at room temperature was the
reduction of the SCD with respect to the SCD values at 0 K. On the
contrary, about the OOP switching, the lowest SCD values are reached for
low IPA contributions and high Ms ones, either for a writing time of 5 ns or
10 ns. In addition, for shorter writing time, a larger SCD is necessary and
this means also a higher switching averaged energy. Finally, these
achievements can be useful in the preliminary design stage of STT-
MRAMs, as they provide interesting information on the switching currents

and the corresponding energy consumption.

2.2.2 Micromagnetic Study of Electrical-Field-Assisted

Magnetization Switching in MTJ Devices

Reduction of the critical current and high-thermal stability have been
obtained with different strategies, on top of those the use of IPA (see
subparagraph 2.2.1). However, the reversal current density is still too high,
hence, besides the only STT, other switching mechanisms have to be
investigated. Many experimental [106, 107], and macrospin [108] studies
have addressed the magnetization reversal assisted by the VCMA (see
subparagraph 1.2.7) and, among them, a milestone experiment was
performed in [29]. These studies have demonstrated that switching
processes can be controlled by a trade-off between He and a unipolar
voltage pulse, achieving the magnetization switching for current densities of
the order of 10* A/lcm? in the presence of a small Hex (+z-direction). For the
initial P state (both magnetization along -z-direction), a low voltage pulse is
applied to decrease the perpendicular anisotropy in order that the current
flowing through the stack switches the state from the P to AP. The P—AP
switching is assisted by the external field. For AP—P switching the scenario
is different. A high-voltage pulse reduces drastically the perpendicular
anisotropy, leading to an IP free layer magnetization. In this case, the STT
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related to the large current density flowing through the MTJ stack switches
the magnetization.

Here [109], we perform a numerical study by means of
micromagnetic simulations to deeply understand that experiment [29]. Our
results predict the achievement of electrical-assisted- magnetization reversal
in the nanosecond scale at Jwr;=10° A/cm? making such switching
mechanism more suitable for high-speed storage applications. The switching
occurs via the nucleation of complex magnetization patterns, including
vortex and antivortex and, therefore, it is strongly spatially non-uniform,
making impossible its understanding in the framework of macrospin
approximation.

We study an MTJ stack composed of CoFeB(1.3 nm)/MgO(1.2
nm)/CoFeB(1.6 nm). The thinner and the thicker layers act as pinned and
free layer, respectively. A sketch of the structure is shown in Fig. 2.12. We
introduce a Cartesian coordinate system with the z-axis oriented along the
OOP direction and the x- and y-axis positioned into the film plane. The
device has a circular cross section with a diameter 1=200 nm, Ms=9x10°
A/m, and A=2x10"** J/m. Since the free layer is very thin and it is coupled
to an MgO insulator, we can consider a k,=5.3x10° J/m® [31], which is large
enough to stabilize an OOP magnetization easy axis. The magnetization of
the pinned layer points down (negative z-direction) and Hex=5.5 mT is
applied along the positive z-direction. Initially, the free and pinned layer
magnetizations are collinear. The voltage dependence of the anisotropy
constant is linear, as shown in [29]. The anisotropy constant is reduced to
k,=4.8x10° J/m® for the current pulse to switch P—AP, while its value is
4.4x10° J/m* for the current pulse to switch AP—P.

The micromagnetic simulations are based on the numerical solution
of the LLGS equation in Eq. (1.35).
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Fig. 2.12; Sketcﬁ of the studied MTJ device.

We set =0.015, a typical value for this material [31]. The thermal
field is included as explain in the subparagraph 1.2.2.

Fig. 2.13(a) shows the current pulses (as a consequence of the
voltage pulses) as a function of time t. We consider that the switching
phenomenon is achieved when the normalized z-component of the
magnetization reaches +0.8. The voltage pulses give rise to an anisotropy
constant reduction and a current flow through the MTJ. The first pulse, long
15 ns, gives rise to a negative current density of about 6x10°> A/cm?. During
this time range, the z-component of the magnetization starts to reverse (Fig.
2.13(b)), remaining in an oscillatory state. At t=18 ns, when the first current
pulse is switched OFF, k, is turned back to the initial value, and due to the
external field Hex: (pointing upward), the P—AP switching is fully attained.
This is a stable state and the <mz> keeps firmly the AP state. At t=38 ns,
the second higher pulse is applied (J=—7x10°> A/cm?) for a time of 3 ns.
Consequently, since k, reduces more and the negative current favors the P
state, the AP state becomes unstable, accordingly <m,> starts to switch
back. When the current pulse is switched OFF (t=41 ns), the anisotropy field
returns to the initial value and helps the full magnetization reversal. At t=47
ns, the AP—P switching is achieved. The current densities to achieve both
switching processes in less than 50 ns are about one order of magnitude
smaller than the one used in STT-MRAM [100].
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Fig. 2.13: (a) applied current pulses. (b) Time domain plot of the three normalized

components of the magnetization (<m,>, <m,> and <m,>, respectively represented in blue,
red and black) during a whole reversal process (P->AP and AP->P) as a function of the
current pulses in (a).

The P—AP is approximately insensitive to the pulse time duration.
With this in mind, we systematically study the AP—P switching as a
function of the duration of the current pulse. In detail, we sweep the pulse
duration from 2.6 to 7 ns, with a time step of 0.2 ns, finding that only when
the pulse time is 2.8, 3, and 5.6 ns the switching is obtained. In Fig. 2.14, we
illustrate the temporal evolution of <m,>, <m,>, and <m,> when the pulse
duration is 3 ns (Fig. 2.14(a)) and when it is 2.6 ns (Fig. 2.14(b)). After the
current pulse is switched OFF, in the former case <m,> switches from AP
to P, whereas in the latter one the reverse does not occur and <m;> returns
to the AP state (<m,>=+1).

The origin of such dependence can be understood by studying the
spatial configuration of the magnetization before and after the current pulse
is removed. Fig. 2.15 shows the spatial distribution of the magnetization in
the case where the reversal occurs (Fig. 2.15(a) and (b)) and when it is not
achieved (Fig. 2.15(c) and (d)). In OOP MgO-based MTJs, the easy axis of
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the magnetization is mainly dependent on the competition between the hy,
and h,, (see subparagraph 1.1.3). Once we reduce the perpendicular
anisotropy by applying the current pulse, hy, becomes comparable with h,

and we obtain a quasi-IP structure. In this framework, the applied current is
able to excite non-uniform chiral magnetization configurations, such as

vortexes and antivortexes [110].

— <m,>
— <m,>
A — <m >
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Fig. 2.14: time domain plot for the three normalized components of the magnetization

<m,>, <m,> and <m,>, respectively represented in blue, red and black. (a) Pulse time of 3
ns. (b) Pulse time of 2.6 ns.

When the current pulse is applied, the circular symmetry of the
Oersted field nucleates a vortex state. In this case, two vortexes are
generated and they rotate in the plane of the structure. In particular, in Fig.
2.15(a) and (b), we can clearly identify two vortexes and two antivortexes
(indicated with VV and AV, respectively, in the figures); on the other hand, in
Fig. 2.15(c) and (d), the second antivortex is pushed out from the free layer
and only one antivortex is evident together with two vortexes. In addition, in
the cases when the switching is obtained, a larger portion of the
magnetization points down along the negative z-axis (Fig. 2.15(a) and (b)
show blue background color), with respect to the other two cases (Fig.

2.15(c) and (d)). After removing the current pulse, the spatial distribution of
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the magnetization evolves in a central domain oriented in the positive out-of
plane direction and in two side domains pointing along —z-direction (Fig.
2.15(e)). At a later stage, the two side domains collapse each other forming
only one domain. Finally, it expands across the whole section of the free
layer. A magnetization configuration similar to the previous case is also
observed when the current pulse is long 2.6 ns (Fig. 2.15(f)), with the
exception that the central domain is larger and the lateral domains.
Subsequently, the central domain expands, bringing back the magnetization
in the AP state. After removing the current pulse, the vortex state (with +z
polarity) is destroyed relaxing into a more uniform magnetization
configuration pointing upward. The width of this region depends on the
spatial position of the vortexes before removing the pulse. If the area of the
nucleated central domain is confined in the center of the free layer, the side
domains (pointing downward) are quite large to favor energetically the —z-
magnetization direction (case of Fig. 2.15(e)).

Just to summarize, the AP—P switching is achieved only in the case
where two vortexes and two antivortexes are simultaneously nucleated just
before the current pulse is switched OFF. On the other hand, when two
vortexes and only one antivortex are generated, the AP—P switching does
not occur. The number of chiral configurations (four or three) excited when

the current pulse is removed depends on the pulse duration.
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Fig. 2.15: spatial magnetization configurations before the current pulse is switched off. The
arrows refer to the y-component of the magnetization (blue positive and red negative),
whereas the background colors refer to the z-component (red positive direction and blue
negative direction). The letter “V” indicates vortexes, while “AV” refers to antivortexes. (a)
Pulse time of 3 ns. (b) Pulse time of 2.8 ns. (c) Pulse time of 2.6 ns. (d) Pulse time of 3.4
ns. (e) Spatial magnetization configuration after the current pulse is removed for a pulse
time (e) t=3 ns and (f) t=2.6 ns.

Finally, we introduce the thermal field as computed at room
temperature T=300 K. Fig. 2.16 shows the <m,> behavior for different
current pulse durations in the P—AP switching (Fig. 2.16(a)) and in the
AP—P one (Fig. 2.16(b)). In the first reversal process, pulse durations from
6 to 15 ns are considered and in all the cases the magnetization is fully
reversed within 30 ns. On the other hand, the thermal effects make the
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second switching harder. Only when the pulse durations are 3 and 6.2 ns,
the magnetization switching is obtained and for time larger than 80 ns.
Therefore, the thermal effect triggers the P—AP switching and delays the
process for the AP—P one. This is related to the fact that the P—AP process
is strongly dependent on the external field, while the AP—P is mainly
related to STT.

10 T T T T
0.5 F -
A L —— t=6.0 ns
b3 —— t=8.0 ns
S 0.0 - t=l(l.0n:|s 7]
V 3 — t=12.0ns
-0.5 -
L (a) ]
B e e e—— Jolb—v v
0 10 20 30 0 20 40 60 80
Time (ns) Time (ns)

Fig. 2.16: time domain plot for the z-component of the magnetization for different time
pulses at T=300 K. (a) P-> AP switching process. (b) AP->P switching process.

In summary, the magnetization switching assisted by an electric
field, studied experimentally in [29], has been described within a
micromagnetic framework. The dependence of the full switching process on
the current pulse time duration has been analyzed, highlighting that the
AP—P one occurs only when two vortexes and two antivortexes are
simultaneously excited before the current pulse is switched OFF. Thus, the
switching behavior is characterized by strongly non-uniform magnetization
configurations and, for this reason, it is not possible to describe it using a
simple macrospin model. Furthermore, with respect to the experimental
case, it has been shown how the whole magnetization reversal process can
be executed in a time of about 50 ns, and, by considering also the thermal
effect at room temperature, within about 100 ns (much less than the
experimental evidence). In this perspective, the results suggest that the
electrical-field-assisted switching mechanism can be very useful and

achievable from a technological point of view.
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2.3 Racetrack memory

Magnetic hard disk drives have been the main memories devoted to
store digital data over the past 50 years [111]. The two dimensional
technology of the magnetic hard disk drives uses the magnetization
direction of small regions on a magnetic thin film as basic element to store
information bits. Such regions are read and written by means of a
mechanical head, standing few nanometers above the surface of the disk.
However, nowadays, those magnetic regions have become so tiny that the
technologies needed to read and write bits are reaching fundamental limits.
In this concern, the racetrack memory [112] might represent a worthy
alternative to hard disk drives, and potentially, it might store 100 times more
data than flash memory does today [113].

The racetrack memory is, in its simplest version, composed of a
ferromagnetic wire, where magnetic regions with opposite magnetization
direction are separated by DWSs. It has been introduced by IBM [112] in
2008 and its working principle concerns the displacement of the DWs via
the STT (see subparagraph 1.2.6) and the detection of the bit by an MTJ
read head (such memory architecture does not need mechanical parts). The
DWSs motion can be concordant with the electron flow and the achieved
velocities are around 100 m/s for current densities of the order of 108 A/cm?.
The first prototypes of DWSs racetrack memory were made by a soft
magnetic material, Permalloy, and exhibited IP domains (see Fig. 2.17(a))
[112]. However, since the width of DWs depends on the shape anisotropy of
the wire, soft materials are not suitable as the DWs size can drastically
expand, especially in presence of the STT [111]. For this reason, an
improved racetrack memory (see Fig. 2.17(b)) was realized using materials
with an OOP easy axis of the magnetization due to high perpendicular
anisotropy (such as, Cobalt, Cobalt-Nickel alloys, etc.) [114]. In this case,
DWs are narrower and more stable, but the motion is not faster. In 2011
[43], large DWs velocities (about 350 m/s for current densities of the order
of 108 A/lcm?) have been measured in FM/HM bilayers (see Fig. 2.17(c)),
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essentially owed to spin-orbit interactions, in terms of enhancement of
perpendicular anisotropy of the ferromagnet, nucleation of Néel DW
because of the i-DMI (see subparagraph 1.3.3), and motion induced by the
SHE (see subparagraph 1.3.1) [115]. In the last framework, the direction of
motion and velocity of DWs particularly depends on the magnitude and sign
of SHE and i-DMI. These can be tuned independently by varying the
thickness of the HM layer and the composition of the ferromagnetic layer
[116, 117]. Very recently, DWs have achieved velocities of about 800 m/s
in racetracks formed by synthetic antiferromagnets (see Fig. 2.17(d)) [118].
Basically, two thin CoNi ferromagnets are coupled via the interlayer

exchange coupling deriving from an ultra-thin Ruthenium layer placed

between them.

()

Fig. 2.17: evolution of DW racetrack memory. (a) and (b) represent a single ferromagnetic
wire with IP and OOP domains, respectively. (c) bilayer where the DW motion is induced

by the SHE. (d) motion of DWs due to the SHE in a synthetic antiferromagnet.
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An alternative racetrack memory can be based on skyrmions (see
paragraph 1.4). These topologically protected magnetic configurations can
directly code information, namely the presence of the skyrmion represents
the bit “1”, its absence stores the bit “0”. Skyrmion racetrack memories
would consume less power, (the critical currents to move skyrmions would
be lower than the ones for DWSs), would be ultra-dense (a skyrmion would
occupy less space than a DW, allowing to code more bits in a same
racetrack), and would be less sensitive to pinning effects, resulting from the
presence of defects (edge and/or surface roughness, dislocations,
imperfection, etc.) [47]. This kind of memory has been predicted by Fert et
al. in 2013 [47] and intensively studied by several groups in the past two
years [64, 65, 119]. Currently, all the efforts are pointing towards a reliable
experimental evidence of skyrmion motion in nanowires at room

temperature.

2.4 Results on racetrack memories

2.4.1 A strategy for the design of skyrmion racetrack memories

A skyrmion racetrack memory can be obtained in four different
scenarios (A), (B), (C) and (D) by combining the skyrmion type, Bloch or
Néel (see subparagraph 1.4.1), and its motion driven by the STT (see
subparagraph 1.2.6) or the SHE (see subparagraph 1.3.1). Fig. 2.18
summarizes the four different scenarios and the insets show the skyrmion
types [120]. In scenarios A, C, and D the magnetic strip is 1000x100x1nm?,
while in B it is 100x1000x1nm®. A Cartesian coordinate system has been
also introduced. The current flows always along the positive x-direction. In
all the scenarios, the skyrmion velocity has both a parallel (longitudinal) and
a perpendicular (transversal) component to the electrical current flow [64,
121]. In Fig. 2.18, we indicate the direction of the drift velocity (the larger
velocity component). The Bloch skyrmion has been nucleated in agreement
with the MnSi phase diagram [63]. The Néel skyrmion has been nucleated

by using the same method as described in [65].
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The micromagnetic model used is based on the numerical solution of
the LLG equation in Eq. (1.41).

(a) CUEULY M (b) Scenario B
Interfacial DMl and STT Interfacial DMI and SHE
-
t SN
(c Scenario C ()] Scenario D

Bulk DMl and STT

Bulk DMl and SHE

Fig. 2.18: (a) Néel skyrmion motion driven by the STT. (b) Néel skyrmion motion driven
by the SHE. (c) Bloch skyrmion motion driven by the STT. (d) Bloch skyrmion motion
driven by the SHE. The four insets show the spatial distribution of the Néel and Bloch
skyrmion, where the background colors refer to the z-component of the magnetization (blue
negative, red positive), while the arrows are related to the IP components of the
magnetization. The current flows along the x-direction. The skyrmion moves along the x-
direction in the scenarios A, C, and D and along the y-direction in the scenario B.

Fig. 2.19(a) shows the drift velocity of the skyrmion as a function of
the current jee (scenarios A, C) and jym (scenarios B, D). Those results are
achieved for an OOP Hgy of 250 mT. The external field is necessary to
nucleate Bloch skyrmions for the scenarios C and D studied here. The
skyrmion velocity is proportional to the injected current with different
slopes depending on the scenario. In particular, the Bloch skyrmion velocity
driven by the SHE (scenario D) exhibits the largest tunability on current.
The STT moves both types of skyrmions (scenarios A and C) mainly along

the direction of the electrical current (x-axis). The origin of this motion is

related to the torque terms (j..,,-V)m which are non-zero along the

current direction only. On the other hand, the SHE moves Néel and Bloch
skyrmions with the drift velocity in different directions, namely the former

(scenario B) along the y-axis and the latter (scenario D) along the x-axis.
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This is the first important result of our study. The physical origin of the
different directions for the drift velocity for Néel and Bloch skyrmions can
be heuristically understood by considering the SHE as source of anti-
damping [35, 94, 42]. For a current flow along the + X -axis, the electrons
flow is along the - x-axis, the spin polarization is along the +Y¥ -axis (the
spin-Hall angle is negative) and the SHE stabilizes the magnetization
component parallel to the spin-current polarization (the spin current diffuses
from the HM to the ferromagnet). Fig. 2.19(b) represents a sketch of the
mechanism which provides the motion of the Néel skyrmion along the y-
direction. The SHE reverses the IP component of the magnetization (arrow
in the square) from -y to +y and, assuming rigidity, the magnetization
reversing is achieved via a skyrmion shift. The same mechanism occurs for
a Bloch skyrmion, but in this case because of the azimuthal chirality, the
shift is along the x-direction (see Fig. 2.19(c)).

The Thiele’s equation [122] for the scenario B has been derived for a
comparison with the numerical results. The “hedgehog” like topological

magnetic texture of a Néel skyrmion can be parameterized as
m(x,y)=sing(p)cosgy p+sind(p)singod+cosd(p)z by setting ¢ =0 [123].

The translational motion is obtained by projecting the (LLG) equation

including the SHE onto the relevant translational modes, yielding [122]:
GxV-ad-V+47B& (¢ =0)- juy =0 2.7)

Here, the vector G can be identified as the “gyrocoupling vector”,
. . . . (@ 0) .
V:[Vx’Vy] is the velocity of the skyrmion, the matrix © = 0 o is the

dissipative tensor describing the effect of the dissipative forces on the
moving magnetic skyrmion, ® is the IP rotation matrix. The coefficient B
is linked to the SHE. From Eq. (2.7), a simple expression of the skyrmion

velocities can be derived:
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v = aDB j
N e

B 2.8)
Y ltg i ™M

Both components of the velocity are proportional to jyy. However, being vy
also proportional to the Gilbert damping (a<<1), it follows that v,<<vy. This
result confirms the micromagnetic predictions. On the other hand, the
Thiele’s equation derived for the scenario D related to the Bloch skyrmion

(¢o:”/2) shows that vy<<vy [121], confirming again our numerical

results. A complete description of the derivation of the Thiele and the
velocity equations for Néel and Bloch skyrmion driven by the SHE can be
found in Supplementary Material S1 of [120].

The results of Fig. 2.19(a) also indicate that for the scenarios A, B
and C, the skyrmion is stable for a wide range of current <120 A/cm?.
Considering the four scenarios, although the scenario D seems to be the
most promising configuration from a technological point of view (larger
slope of the velocity vs current curve), it is stable up to juv=15 MA/cm? and
at low temperature [59, 124, 125]. Scenario C has been studied both
theoretically and experimentally [63, 124, 126]. On the other hand, the
experimental implementations of the scenarios A, B and D have not been
achieved yet, representing challenges and routes in the design of magnetic
materials and devices.

The analysis of the four scenarios leads to the conclusion that one of
the most promising strategies for the design of a skyrmion racetrack
memory is the framework of the scenario B (Néel skyrmion, SHE) when
considering both the skyrmion velocity vs current, scaling and the relative
ease of creating these systems (i.e. these systems can be created with
standard magnetron-sputtering or evaporation deposition techniques and can
be polycrystalline) [43, 115, 127]. For this reason, in the rest of this study

we will focus on the scenario B. Fig. 2.19(d) shows the drift velocity as a
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function of the current in presence of thermal fluctuations T=350 K and for
both a perfect and rough strip. We consider an edge roughness by randomly
removing regions from the strip boundaries with a uniform probability
distribution characterized by the typical roughness size Dg=4 nm [128].
Those results show that the skyrmion motion is qualitatively not affected by
thermal fluctuations and roughness. Quantitatively, the maximal applicable
current reduces to 100 MA/cm? and, in presence of the roughness, the

threshold current to move the skyrmion increases to 10 MA/cm?.
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Fig. 2.19: (@) A comparison among the skyrmion velocities obtained for each scenario (A,
B, C, and D). The current jeg is related to the scenarios A and C while jyy to the scenarios
B and D. (b) Sketch of the motion mechanism of the Néel skyrmion driven by the SHE
along the y-direction. (c) Sketch of the motion mechanism of the Bloch skyrmion driven by
the SHE along the x-direction. (d) Skyrmion velocities as a function of j obtained for the
scenario B: (i) thermal fluctuations (T=350 K) and perfect strip (red curve) and (ii) thermal
fluctuations (T=350 K) and rough strip (blue curve). The arrows for (b) and (c) refer to the

IP components of the magnetization, the spin-polarization of j, is also displayed.

We have also performed a systematic study as a function of the
external OOP He,; obtaining no qualitative differences in terms of skyrmion

velocity vs current. Fig. 2.20(a) shows the stability phase diagram of the
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Néel skyrmion as a function of D and Hex. The coloured part of the diagram
identifies the region where the skyrmion is stable. It is interesting to notice
how, reducing Hey;, the range of the i-DMI where the skyrmion is stable is
also reduced. The line inside this region indicates the values of the i-DMI
and Hex Which maintain the skyrmion diameter constant at 46 nm. In order
to reduce the power dissipation and to make the design of the skyrmion
racetrack memory much simpler, one of the most interesting solutions
should be achieved with no bias field (the i-DMI parameter is 1.8 mJ/m?).
For a fixed thickness, D can be controlled experimentally by changing the
thickness or the composition of the HM [129, 130] and the thickness of the
ferromagnet [65].

Fig. 2.20(b) shows the skyrmion velocity as a function of jyy at zero
field, zero temperature and perfect strip (black curve). It increases linearly
with the current up to 117 m/s at jm=60 MA/cm?. Fig. 2.20(b) also shows
the skyrmion velocity as computed from Eq. (2.8) (green line with
triangles). The quantitative accordance between the analytical and the
micromagnetic results is excellent, indicating a simple tool for a preliminary
design of skyrmion racetrack memories (scenarios B and D). The
comparison between the skyrmion velocity as a function of the current for
different field configurations (compare Fig. 2.19(d) with Fig. 2.20(b)) points
out that the slope does not change (skyrmion size is constant), while
reductions of the maximal applicable current are observed up to 60 MA/cm?
at zero external field. The reduction of the current working region is linked
to the transient breathing mode [131] of the skyrmion, excited by the
application of the current. In particular, for a fixed current, the expansion of
the skyrmion increases as Hey decreases (the OOP field stabilizes the
magnetization state out of the skyrmion). Fig. 2.20(c) illustrates the time
domain evolution of the skyrmion diameter for three different current
densities (30, 40 and 50 MA/cm?). The maximal expansion of the skyrmion
increases with the current, reaching the boundary of the strip at jyu=65

MA/cm?; as consequence, the skyrmion state disappears giving rise to a
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complicated magnetic pattern. This is the second important result of our
study, underlining the technological limit of a skyrmion racetrack memory.
In other words, at high currents, the information stored in the skyrmion can
be lost. Fig. 2.20(d) also shows a comparison of the skyrmion velocity as a
function of the current for an ideal strip (T=0 K) (black curve) and a rough
strip and room temperature (T=350 K) (red curve). Again, the thermal

fluctuations and the roughness do not qualitatively affect the skyrmion

motion.
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Fig. 2.20: (a) phase diagram (i-DMI parameter vs. external field) of the skyrmion stability.
The colored part highlights the region where the skyrmion is stable and the red curve points
out the values of D and Hg for which the skyrmion diameter is 46 nm. (b) Skyrmion
velocity as a function of the current calculated by micromagnetic (black curve) and
analytical computations (green line). (c) Time domain evolution of the skyrmion diameter
during the transient breathing mode at three different values of the jyu, 30 MA/cm? (black
curve), 40 MA/cm? (blue curve) and 50 A/cm? (red curve). (d) A comparison of skyrmion
velocity as a function of the current for an ideal strip (T=0K) and a rough strip and room

temperature.

We now wish to highlight the differences in our results of scenario B

with a previous work [65], detailing a scheme for skyrmion motion. In that
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work, the motion of the Néel skyrmion driven by the SHE is in the same
direction of the applied electrical current and it is achieved for current
densities <5 MA/cm?®. This seems to contradict both our analytical theory
and the results from micromagnetics in scenario B where the skyrmion
motion is orthogonal to the current flow direction. With this in mind, we
studied the Néel skyrmion motion driven by the SHE, but now in a strip
1000x100x1 nm?® (see Fig. 2.21(a) scenario B*). Fig. 2.21(b) shows the x-
component of the skyrmion velocity as a function of the jyu. At zero
temperature and for a perfect strip (red curve), the threshold current density
is 0.01 MA/cm?, while the skyrmion motion is achieved up to 0.5 MA/cm?
(w=22.8 m/s). This is in accordance with the previous result. However, one
can also see that the y-position changes during the course of the trajectory
and moves closer to the edge of the wire. Our results show that the y-
position A4y, that the skyrmion equilibrates at during the course of its x-
motion, is dependent on the current. At larger current, the skyrmion is
expelled from the strip. The current range over which the skyrmion is stable
and the current at which the skyrmion is expelled from the wire seems to
depend heavily on thermal fluctuations (T=350K) and wire edge roughness
(Fig. 2.21(b) black curve). Edge roughness tends to slow down the skyrmion
and to facilitate its expulsion. These facts suggest that the x-directional
motion of the skyrmion and the y-position of the skyrmion in the wire arises
from an interplay among the SHE, magnetostatic confinement [123] and
boundary conditions imposed by the i-DMI [48].

The role of the boundaries in skyrmion motion constitutes the key
difference between the two skyrmion motions in B and B*. Eq. (2.8) for the
velocity derived for the scenario B could, in fact, be generalized to the
scenario B* by taking into account the confinement effect (additional term
in Eq. (2.7)) [123].

We have further analyzed the effect of the confinement on the
skyrmion motion in B* for different w of the strip. Fig. 2.21(c) shows the x-

component of the skyrmion velocity as a function of jyu for three values of
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w (100, 150 and 200 nm). The three curves overlap indicates that the
confinement effect gives rise to a steady-state velocity independent of w.
When the current is injected, the skyrmion moves from the equilibrium
position (at a distance Ay; (half width), see Fig. 2.21(a)), along y and x.
After a transient time At;, vy=0 m/s and the skyrmion stabilizes at a distance
Ay, from the boundary. Ay, decreases as the current increases. The transient
time is around 30 ns for the current range studied, whereas the travelling
distance Ax; during this transient time increases linearly with the current,
from 74 nm at juwm=0.01 MA/cm?to 406 nm at jwm=0.5 MA/cm?. In addition,
the distance Ay, is independent of w for juv > 0.1 MA/cm?. The existence of
the transient At; introduces an additional bottleneck in this kind of racetrack

memory.

Scenario B*
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Fig. 2.21: (a) sketch of the skyrmion motion due to the SHE in a sample confined along the
y-direction. (b) Skyrmion velocity (x-direction) as a function of the current: (i) no thermal
fluctuations and perfect strip (red curve) and (ii) thermal fluctuations (T=350 K) and rough
strip (black curve). (c) Skyrmion velocity as a function of the current when the strip width
w is 100 nm (red curve), 150 nm (black curve) and 200 nm (blue curve). The colors for (a)

refer to the z-component of the magnetization (blue negative, red positive).

65



MAGNETIC MEMORIES: STT-MRAM AND RACETRACK

A comparison of the scenario B* with the scenario B (Fig. 2.20(b)
and Fig. 2.21(b)) demonstrates that the threshold current is smaller in
scenario B*, and that therefore the geometry and setup of B* can be used for
ultra-low power storage devices. However, the skyrmion motion in scenario
B is much more robust to thermal fluctuations and is much less sensitive to
defects and edge roughness that are present in real devices. Skyrmion
motion in scenario B can also be achieved for a wider current range and it is
stable at larger currents implying larger skyrmion velocities.

In summary, we have analyzed the possible technological scenarios
for controlling the shifting Néel or Bloch skyrmions driven by SHE or STT.
Our results indicate that scenario B (Néel skyrmion motion driven by the
SHE) is one of the most promising from a technological point of view and
its experimental implementation could be achieved bearing in mind that the
skyrmion mainly moves perpendicularly to the electrical current flow. Our
results suggest a new route to design and develop a more efficient skyrmion

racetrack memory.
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3. SPIN-TORQUE
OSCILLATORS AND
DIODES

This chapter describes the use of spintronic devices as oscillators
and diodes. Paragraph 3.1 focuses on oscillators, providing a brief
discussion on their most important properties. Paragraph 3.2 introduces the
STNOs, describing the working principle, the classifications, and the state
of the art. Paragraph 3.3 shows the results obtained about STNOs.
Paragraph 3.4 deals with diodes, pointing out functionality and
characteristics of STDs. The last paragraph includes the results achieved on
STDs.

3.1 Introduction on oscillators

In general, an oscillator is a device where, from a constant input, a
periodic output is generated. For instance, harmonic oscillators (the most
important class of oscillators), exhibit an oscillating output characterized by
a single mode, and, hence, by a single frequency. Oscillators have oodles of
applications in many fields, such as digital circuits, quartz digital watches,
satellite receivers, radio and video transmission, and can be technologically

implemented in several ways: LC tank voltage controlled oscillators, crystal
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oscillators, relaxation oscillators, STNOs, etc. The most significant features

of oscillators are:

frequency tunability, which should be adjustable as fast as possible
in operation over a specified frequency range (fundamental
requirements for radio applications, where radios receive and
transmit signals at different frequencies);

phase noise, which indicates short-time random variations of the
frequency;

frequency stability, which refers to the capability of keeping the
same frequency over a certain time interval,

power dissipation, which has to be as minimal as possible for
applications;

supply voltage, which is the input to be varied in order to tune the
oscillator frequency. Noise in the supply voltage can introduce phase
noise;

output power, which has to be as large as possible. An approximated

expression of the power efficiency 7, =P, /P, , being Pi, the supply

power and P, the output power;

linewidth, which defines the full width at half maximum (FWHM) of
the frequency spectrum. Narrower linewidths are suitable for
improving the quality of oscillators;

quality factor Q, which can be defined as Q = f,/2Af , being f, the
resonance frequency and Af the linewidth;

injection locking, which occurs when an input signal, characterized
by a large enough amplitude and a frequency close enough to one of
the multiples of the fundamental free-running frequency, locks the
free-running oscillation frequency to its own one;

immunity to disturbances, deriving from either the supply voltage or
the substrate where the oscillator in embedded.
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3.2 Spin-torque nano-oscillators

STNOs are among the smallest oscillators existing in nature [23]. A
standard STNO can be composed of either a spin-valve or an MTJ (see Fig.
3.1(a)) and its working principle is due to the two spintronic fundamental
phenomena (as for the case of STT-MRAMS): STT (see subparagraph 1.2.4)
and Giant Magnetoresistance (GMR) for spin-valves (see subparagraph
1.2.5) or TMR (see subparagraph 2.1.1) for MTJs. Indeed, the last two
effects originate from the same physical interaction, namely the spin-
dependent scattering of electrons when they travel from the pinned layer to
the free layer and vice versa, with the difference that the GMR involves
electronic transport in metals (in spin-valves the spacer is an electrical
conductor), whereas the TMR comprises electron tunneling. However, the
definition of the GMR ratio is exactly the same of Eq. (2.1). The GMR was
discovered in 1988 by Fert [132] and Grunberg [133] (both awarded by the
Nobel Prize in Physics in 2007) and led to a revolution in the reading
technology of hard disk drives by the fabrication and commercialization of
GMR read heads in 1997 [134, 135, 136, 137]. It is necessary to specify that
the TMR was discovered in 1975 (see subparagraph 2.1.1), but it did not
receive much attention until higher quality barriers were developed.
However, nowadays, the TMR is quite larger than the GMR, enabling an
increase of the sensitivity of hard disk drives read heads, which have been
based on the TMR since 2004 [138].

The functionality of an STNO can be described as follows: the STT,
due to the perpendicular spin-polarized current created by the pinned layer,
if large enough to compensate the damping losses of the free layer, induces
a persistent precession of its magnetization. Consequently, the
magnetoresistive effect (GMR or TMR) converts the magnetization
oscillation into an electrical resistance oscillations (see Fig. 3.1(b)), and,
thus, into a microwave voltage linked to the product of the dc injected

current and the oscillating resistance.
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The oscillation dynamics in STNOs are micromagnetically analyzed
by means of Eg. (1.34) and Eq. (1.35) for spin-valve and MTJs,
respectively.
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Fig. 3.1: (a) schematic illustration of an STNO. (b) example of time domain oscillation of

Resistance

the STNO electrical resistance, when precessions of the free layer magnetization are

excited.

3.2.1 Classification of STNOs

A few classifications of STNOs can be done according to different
parameters [23, 139]. As already discussed, a first categorization concerns
the type of device, spin-valve or MTJ. A second classification regards the
geometry. STNOs can be patterned into nanopillars, where the electrical
currents flows through the entire cross section of the multilayer (see Fig.
3.2(a)), and into nano-contacts (also known as point-contact geometry),
where the currents is locally injected via an electric contact into an extended
free layer (see Fig. 3.2(b)). Thirdly, STNOs can be classified according to
the magnetization configuration: in-plane oscillators, with both free and
pinned layer magnetizations having an IP easy axis (see Fig. 3.2(c));
perpendicular oscillators, where both free and pinned layer magnetization
orientations are orthogonal to the plane (see Fig. 3.2(d)); in-plane-
perpendicular oscillators, having an IP pinned layer and an OOP free layer
(see Fig. 3.2(e)). Finally, the oscillation can be related to a quasi-uniform
precession of the magnetization or to a soliton mode (i.e. vortexes can rotate
around the nano-contact [140], skyrmions can do the same [71] or can be
characterized by an expansion and contraction of the core — breathing mode
[69, 70]).
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It is possible to highlight some characteristic linked to each of the
previous classification.

In spin-valves, large currents can be injected to generate oscillations,
however the output power will be relatively small as the GMR is low. On
the other hand, MTJs exhibit a larger output power due to higher TMR than
the GMR, but the maximal applicable current is limited by the barrier
breakdown voltage (about 1 V) [23, 139].

The oscillating magnetization dynamics are excited by larger current
densities (107-10° A/cm?) in nano-contacts and lower ones (10°-10” A/cm?)
for nanopillars. On the other hand, STNOs with point-contact geometry are
characterized by a narrow linewidth (1-10 MHz) and, therefore, higher
quality factor (up to 18000) [23, 139].

IP and perpendicular STNOs need the application of an external
magnetic field, tilted a few degrees away from the free layer magnetization
easy axis, in order to produce the microwave oscillations, whereas in-plane-
perpendicular oscillators can emit microwave signals even at zero external
field [23, 139].

(a) (b) l
— Contact Free layer -
l y Spacer M Pinned layer /

Nanopillar SR Nano-contact

©) (d) mm (¢) L
1 T2 (19

In-plane Perpendicular In-plane-perpendicular

£

Fig. 3.2: (a) and (b) geometry classification of STNOs, (a) nanopillars and (b) nano-contact.
(c), (d) and (e) magnetization configuration classification of STNOs, (c) in-plane, (d)

perpendicular and (e) in-plane-perpendicular.
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Vortex based STNOs exhibit an oscillation frequency limited to
about 1 GHz, while the frequency range of uniform STNOs is much larger
[23, 139].

Eventually, it is worthy to mention that, very recently, a further kind
of oscillator has been designed, which is based on the SHE. Two SHE
oscillator configurations have been experimentally studied: a FM/HM
bilayer patterned as both a disk [36] and a wire [141], and the three terminal
device (see subparagraph 1.3.4).

3.2.2 Output power and linewidth

Two of the most important features of STNOs are the output power
and the linewidth. A major challenge in improving the performance of
STNOs is to achieve high output power accompanied by narrow linewidth
[23, 139].

The output power is linked to the magnetoresistive effects of spin-
valves and MTJs. As explained above in this paragraph, the magnetization

oscillation induced in the free layer by a dc I is converted in an oscillating

resistance R=R_ +(AR/2)cos(wt), being R, the average resistance value,

AR and o the amplitude and the frequency of the oscillating resistance,

respectively. If the STNO supplies an inductance load R,, the time-
averaged delivered power to the load is [23, 139]:
V2

__ _out

2 2
P, —ou 1 _ARTR (3.1)
2R 8 (R,+R)
Therefore, in order to increase the STNO output power, the ratio R /R, has
to be enhanced as well as the amplitude of the oscillating resistance. In

particular, AR=M_, -GMR(or TMR), hence the amplitude of the

magnetization oscillation M__ can be increased too, together with the

X

magnetoresistive effect. Larger oscillation amplitudes are obtaining by

increasing the ratio J/J,, where Jy indicates the threshold value of the
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current density over which the persistent magnetization precession is
excited. Unfortunately, in MTJ based STNOs the maximal applicable
current is limited by the barrier breakdown voltage, therefore, the other
possibility is to decrease Ji. On the other hand, spin-valve STNOs exhibit a
lower GMR, even though it is possible to inject larger currents.

Let’s, now, provide two examples for the output power. In the case
of spin-valves, typical experimental values are GMR in the range (0.1-
10%), I=1 mA, Ry=5 Q, 4R=0.5 Q, and R =50 Q, leading to P,,=0.5 nW.
In the case of an MTJ, with TMR>50%, considering that I=1 mA, Ry, =450
Q, AR=150 Q, and R =50 Q, the output power can reach the value of 0.5
uW. Nowadays, the measured power has achieved a value of about 0.28 pW
MgO based MTJs with large TMR and IPA. A correlated parameter is the

power efficiency, which can be expressed as [139]:

gt Vo 1 ARTR (3.2)
" PR, 2RR,® 8R (R,+R)

and it results low (0.5x10° — 5x10°®) for both spin-valves and MTJs.

A method to increase the output power of STNOs is to synchronize
more oscillators, i.e. via the phase locking phenomenon [142, 143]. In this
way, considering 10 spin-valves connected in series, it would be possible to
obtain an output power of 62 nW, while 16 uW for 10 typical MTJs, and 28
uW for 10 optimized MgO based MTJs [23, 139].

The linewidth, as defined above in this chapter, is deeply influenced
by the geometry and material parameters of STNOs, as well as the working
conditions. For instance, in point-contact oscillators the linewidth ranges
from a few MHz to 100 MHz, whereas in nano-pillars can reach the order of
GHz. This difference can be ascribed to the effective free layer area
involved in the dynamics. Fig. 3.3 shows an example of linewidth at room
temperature for an MTJ having a nanopillar geometry [23].

The linewidth is also related to thermal fluctuations and phase noise,
and depends on the emitted power Py, [144], namely it decreases when Py
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increases. This implies that small oscillation amplitude are affected by the
thermal fluctuations, whereas large amplitudes show a sharper linewidth.
Moreover, an increase of the linewidth can be due also to effects caused by
device edges, defects or inhomogeneous current injections, which induce

non-uniform precessions characterized by different frequencies.
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Fig. 3.3: example of MTJ-based nanopillar STNO spectra showing a narrow linewidth at

room temperature [23].

Several strategies have been used to reduce the linewidth. One aims
at the identification of operational points where the non-linear frequency
shift is as low as possible [145, 146]. Another one involves the excitation of
a vortex mode, which can be characterized by a sub-MHz linewidth [147,
148, 149]. A further method concerns the synchronization of more STNOs
[150, 151, 152], which can exhibit a linewidth one order smaller than the

same unsynchronized STNO.

3.2.2 State of the art

In 1998, Tsoi et al. [153] proved the excitation of steady-state
magnetization dynamics in point-contact geometries where a perpendicular
external field was applied. Later, these oscillations were demonstrated to be
related to exchange-dominated cylindrical spin wave modes (called
‘Slonczewski modes’ [154]). In 2003, persistent magnetization precessions

were measured in Co/Cu/Co spin-valves with a nanopillars geometry [155].

74



SPIN-TORQUE OSCILLATORS AND DIODES

In the same year, Fuchs et al. showed persistent magnetization oscillations
in MTJs with an AIO tunnel barrier [156]. A year later, experiments on
point-contact geometries with an applied IP field were carried out,
demonstrating the excitation of spin-wave localized modes called “bullet
mode” [157]. Therefore, it was possible to represent a phase diagram of the
magnetization dynamics in spin-valves with point-contact geometries as a
function of the direction of the applied field [23]. Particularly, it exists a
critical angle below which bullet modes are generated and above which
Slonczewski modes are excited. Indeed, in presence of a large Oersted field,
these two modes can be excited in a non-stationary way in a specific range
of field angles and currents [158, 159].

In 2006, thanks to improvements in the oxide barrier fabrication, a
clear oscillation was detected in MTJs, characterized by a narrow linewidth
[160]. In 2007, the first in-plane-perpendicular nanopillar STNO was
realized and the first observation of vortex dynamics in spin-valves with a
thick enough free-layer (60 nm) was accomplished [147]. In 2008, the
rotation of a vortex around the electric contact in point-contact spin-valve
was achieved [161], and, in the same configuration, also rotating vortex—
antivortex pairs were observed [162]. More in detail, in the former case, the
dynamics is linked to both pinned and free layer. In 2009, Boone et al. [163]
proposed an alternative design of STNOs, by using a ferromagnetic
nanowire with the electric contact placed in the middle of the strip. A year
later, vortex dynamics were measured in MTJs, and, differently from spin-
valves, the dynamics was excited in only the free layer [148]. In 2010,
magnetization precessions were also achieved in nano-contacts spin-valves
with an OOP free layer [164]. Afterwards, thanks to the discovery of the
IPA, it was possible to induce magnetization oscillations in IP and OOP
MTJs [165, 166]. In those years, an STNO composed of two IP free layers
and two OOP polarizers were fabricated, which exhibited a very large
oscillation at zero bias field [167]. In 2012, persistent magnetization

oscillations driven by the SHE were observed both in bilayered nano-disks
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[36] and in three-terminal devices [49]. Later, in 2014, Duan et al.
introduced the first nanowire oscillator based on the SHE [141].

Recently, skyrmion based STNO have been studied, characterized
by either a rotation of the skyrmion around the electric contact in point-
contact device [71] or an expansion-shrinkage mode of the skyrmion core,

known as “breathing mode” in nano-contact spin-valves [69, 70].

3.3 Results on STNOs
3.3.1 Dynamical properties of three terminal magnetic tunnel

junctions: spintronics meets spin-orbitronics

We study a three terminal device, which efficiently couples
Spintronics with Spin-Orbitronics [168]. The pioneering idea of that system
has been introduced by Liu et al. [49]. However, in that experimental work,
the current injected via the third terminal was only used to control the IPA
maintaining the STT negligible. Differently, here we predict the behavior of
that system when also the STT contribution is significant. The three
terminal device is composed of an MTJ
CoFeB(2)/MgO(1.2)/CoFeB(4)/Ta(5)/Ru(5) (thicknesses in nm) built over a
Tantalum (Ta) strip (6000x1200x6 nm®) [49]. The CoFeB(2) and the
CoFeB(4) act as free and pinned layer of the MTJ, respectively. Fig. 3.4
shows a detailed sketch of the system. We introduce a Cartesian coordinate
system where the x-axis is oriented along the larger dimension of the
Tantalum strip, the y- and z-axis are related to its width and thickness,
respectively. There are many advantages to study this system. First of all,
the magnetization precession is read via the tunneling magneto-resistive
effect instead of the AMR [169]. In fact, the oscillator output power can
reach the same order of magnitude of the state of the art MTJs-based
oscillators [23, 166, 170]. Secondly, it is possible to control the injection of
two current densities: the IP jyyv in the Tantalum strip and the perpendicular
Jurs flowing into the MTJ-stack, achieving an additional degree of freedom
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in the control of the magnetization dynamics. In addition, the use of
Ta/CoFe/MgO gives rise to a spin-Hall angle two times larger than the one
in Pt/Co/AlIO [35].

Our findings are important both in the understanding the types of
spatially-inhomogeneous dynamics, that can be excited in presence of
SOTs, and for an optimized design of devices which couple Spintronics and
Spin-Orbitronics. The two main results of this study are: (i) micromagnetic
understanding of the dynamical properties of those oscillators in terms of
oscillation frequency and spatial distribution of the excited modes, and (ii) a
spintronic/spin-orbitronic synchronization scheme which can be used to
improve the properties of the oscillators (linewidth, output power).

Eq. (1.48) has been numerically solved to study the dynamics of the
free layer magnetization.

First of all, we carried out preliminary numerical simulations of the
same structure studied by Liu et al. in [49], analyzing different cross-
sections and free layer thicknesses, in order to geometrically optimize the
device response in terms of magnetization dynamics. In the following, we
present the micromagnetic study for the geometry configuration where we
obtained large amplitude magnetization precession. In this case, the
dimensions of the ellipse are: 100 nm along the x-axis, 300 nm along the y-
axis, and thickness t=2 nm. The advantage to use a larger thickness (in the
structure by Liu et al. [49] it was 1.5 nm) consists in a better understanding
of the STT effect, being the perpendicular anisotropy and the i-DMI
negligible [31, 166, 115]. Particularly, we identified a configuration which
permits to excite a quasi-uniform mode and to achieve promising results for
the injection locking phenomenon driven by a “weak” microwave STT and

a fixed bias jum. The used physical parameters are: Ms=1000x10° A/m,
A=2.0x10"" J/m, ¢=0.015, &, =-0.15, and 77 =0.66.

Fig. 3.5(a) shows the oscillation frequency as a function of jum
related to the oscillation of the y-component of the free layer magnetization
for two different field amplitudes Hex=30 and 40 mT (Jurs=0 A/cm?). The
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external field is applied with an IP angle tilted ¢=30° with respect to the x-
axis of the ellipse. For this thickness, the critical current densities are of the
order of 10° A/cm? and are almost independent of the field amplitude (at

least for the simulated values 20-50 mT).

Fig. 3.4: schematic representation of the three terminal MTJ device.

As the field amplitude increases, a decrease of the current region
where coherent magnetization dynamics is observed (e.g. at He=40 and 30
mT the current range are between -1.65 and -1.95x10°A/cm? and between -
1.38 and -1.97x10° A/cm?, respectively).

As expected, the oscillation frequency increases with the amplitude
of the external field and its value at the critical current is 3.75 GHz for
Hex=30 mT and 4.60 GHz for He:=40 mT. The oscillation frequency
exhibits a slightly red-shift as function of jum, indicating the presence of an
IP oscillation axis, as also confirmed by the temporal evolution of the
magnetization. Fig. 3.5(b) shows <m,>, <m,>, <m,> (dashed, solid, and
dotted line respectively) for jum=-2.13x10® A/cm? and Heq=30 mT for a
time of 1 ns. In this case, a large amplitude of the oscillation mode in the x-y
plane is shown. The spatial configuration of the magnetization snapshots are
displayed in Fig. 3.5(c) (red positive and blue negative y-component of the
magnetization, related to the numbers 1-6 as displayed in Fig. 3.5(b). Quasi-
uniform magnetization dynamic is observed, with the magnetization
oscillating of 180° back and forth (compare snapshot 1 and 4). In other
words, the y-component of the magnetization rotates firstly clockwise

(points 1-4) and then counter-clockwise (points 4-6).
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Fig. 3.5: (a) oscillation frequency of the magnetization as a function of the jyu for He,=40
mT (top curve) and He=30 mT (bottom curve) when the Jyr; is zero. (b) Temporal
evolution of the three normalized components of the magnetization <m,> (dashed curve),
<m,> (solid curve), <m,> (dotted curve) during 1 ns of the magnetization oscillations, for
jrm =-2.13x10% Alcm?, He=30 mT. (c) Snapshots of the magnetization during an oscillation
period in the time instants reported in Fig. 3.5(b). The color scale refers to the y-component
of the magnetization (red positive, blue negative). The arrows indicate the magnetization
direction.

Fig. 3.6(a) shows the oscillation frequency of the main excited mode
for a fixed juw=-2.13x10° A/cm? as function of a bias Jur,. For positive Ju,
the oscillation frequency exhibits small variation near 3.75 GHz, while a
large frequency tunability around 100 MHz/(10° A/cm?) for negative Jyry is
observed. This result can be explained in the following way. A positive Jyr;
acts as an additional positive damping, in fact, for Jur; larger than 7x10°
Alcm?, the microwave emission is switched off. On the contrary, a negative
Jmrys acts as a negative damping, showing a significant role in the oscillator
frequency [26]. This behavior is different from the one observed
experimentally [49], where a linear tunability of the oscillation frequency on
current was found with both signs of the Jur;. Indeed, in that particular
framework, the Jur; was used to modify the perpendicular anisotropy,
whereas in this case the anisotropy contribution is negligible. Fig. 3.6(b)

shows the Fourier spectra for different values of the Jyr;. In agreement with
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the experimental data, it can be observed that the amplitude of the peak

increases with increasing the negative value of the current.
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Fig. 3.6: (a) oscillation frequency for fixed Heq=30 mT and juw =-2.13 x 10® Alcm? as
function of the bias Jyr;. (b) Fourier spectra for different values of the Jyr;. (c) Arnold
tongues showing the locking regions as function of Jyax for T=0 K (lower curve) and
T=300 K (upper curve) at jyy=-2.13 x 10® A/cm?.

One of the main properties of STNOs is the possibility to control the
output frequency of the self-oscillation via the injection locking
phenomenon [171, 172, 173]. For IP magnetized free layer, the injection
locking has been observed at the 2"%-harmonic (in our case the frequency of
the y-component of the magnetization) [174]. In general, the microwave
currents were applied to the same terminal of the bias current [175]. Here,

the magnetization precession is driven by the juu, while the injection

locking is due to a microwave current density jurur = JySen(2af ,t)
applied via the third terminal (J,, and f, are the amplitude and the

microwave frequency). In other words, this system permits to study the non-
autonomous behavior of an STNO by separating electrically the biasing
current from the microwave source. We fixed juwm=-2.13x10® A/cm? and
Hex=30 mT, which corresponds to an oscillation frequency of 3.75 GHz.
The locking properties have been studied for a jwras With amplitude Jyax
from 1 to 4.2x10° A/cm? at T=0 K and up to 8x10° A/cm? for T=300 K and a
microwave frequency from 3.0 GHz to 8.0 GHz. Fig. 3.6(c) summarizes the
locking range A_ as function of Juax, without and with the thermal
fluctuations (T=300 K) [176, 177]. For example, at Juax=2x10° Alcm?, the
locking range is A =320 MHz, from 3.61 to 3.93 GHz. For current densities
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up to 4.2x10° A/cm? the response is qualitatively the same, the A, increases
linearly with Jyax. The presence of thermal fluctuations imposes a larger

Juax to reach the same locking region A.. No qualitative differences are
observed by changing -0.1< 6y, <-0.2 and 0.5<7<0.7, and by considering

different MTJ cross sections of 310x100 nm? and 290x100 nm?. Our results
predict locking regions comparable or even larger than the experimental
ones for microwave current densities of the same order [26, 171, 174]. In the
synchronization region, where the resistance R oscillates at the same

frequency @, of the microwave source, the signal can be written as
R=R,s+ARssin(agt+¢), being ¢ the intrinsic phase shift in the

synchronized state [176]. The output voltage v

out

over the MTJ is given by:

Vour = (Roys + AR SIN (et + 5 )) 1y SiN(ost) =
AR.I (3.3)
=R, slyaxsen(ast) + % (cos (¢ ) —cos(2agt + ¢ )

where |1, =SJya - TOgether with the microwave signals at 2«5 and o

that can be used for the design of microwave oscillators, a dc component
0.5AR1,,, COS¢ is also observed (as it will be described ahead in the
paragraph 3.4).

Now, we focus on MTJs with different cross sections (MTJ;, MTJ,,
and MTJ3) with in plane axes 310 and 100 nm, 300 and 100 nm (same
studied above), 290 and 100 nm, respectively. Fig. 3.7(a) shows a sketch of
the proposed synchronization scheme for the three MTJs, but we stress the
fact that this system is highly scalable and it can be extended to an array of
N-three terminal systems.

The dependence of the oscillation frequency on jum in MTJ; and
MTJs is similar to the one related to the MTJ, (not shown). For a fixed jum,
the locking range of the three MTJs is of the same order, but centered over a
different oscillation frequency. For example, at jum=-2.13x10® A/cm? and

Juax=2.0x10° A/cm?, we achieved for MTJ; a magnetization precessional
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frequency f,=3.62 GHz and A ;=390 MHz, for MTJ, f,=3.75 GHz and
A1»,=320 MHz, and for MTJ; f3=3.78 GHz and A 3=310 MHz. As illustrated
in Fig. 3.7(b), the locking ranges are overlapped for a region of 290 MHz,
suggesting a possible way to synchronize parallel connected three terminal
oscillators.

The magnetization precession is excited by means of the SHE in all

the MTJs. The synchronization is achieved via a microwave voltage applied

to the third terminal V, =V, sin(ast) . The output signal can be read as the
voltage over R,. For each i-MTJ, the conductance G, is given by

G,=G,,; +AG;sin(wt+¢) where G_,

is the average conductance when the

magnetization precession is excited, AG,, @ and ¢ are, respectively, the

amplitude, the frequency, and the intrinsic phase shift [176] of the
oscillation generated in the i-MTJ. For N-synchronized MTJs at the

frequency o the total conductivity IS given by

Gr=D Gupi+ D, AGsin(wst+4,). The electrical circuit is completed

i=1..N i=1..N
by adding two filters with the aim to use the synchronization scheme to

enhance the output microwave power at 2. In the case of pass-band
filters, Z,and Z, are composed by a capacitor and an inductor connected in

series, where L0C0=i2and L1C1=i2 respectively. In this way, the

S Wy
output voltage over Rq is given by:

. RV
Vout=R0|0: P

D AG, cos(2wm4t+ ) (3.4)

i=1..N

When ¢ values are the same (or within a range smaller than 10 degree), v,
can be approximated to the sum of the signals from the MTJs as

Vo # 0.5R)V,, cos(2axt + ¢ ) D AG, . Eq. (3.4) points out how the proposed

i=1...N
synchronization scheme can give rise to an improvement of the dynamical

properties (for example power) if used as oscillator.
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Fig. 3.7: (a) schematic representation of the proposed highly scalable synchronization

scheme. (b) Locking ranges as a function of the cross-section dimensions for Jyax=2.0 X
10° A/cm? and jiw =-2.13 x 108 Alcm?.

In summary, we have micromagnetically studied the dynamical
behavior of a three terminal MTJs driven by the SOT and the STT. We have
found that the control of the STT and the SOT via electrically separated
terminals opens promising perspective from a technological point of view in
the design of next generation of spintronic oscillators, overcoming the limit
of the output power by means of an innovative highly scalable

synchronization scheme.

3.3.2 Intrinsic synchronization of an array of spin-torque

oscillators driven by the spin-Hall effect

Synchronization of more STNOs, by means of phase locking, has led
to an increase of the output power and a reduction of the linewidth (see
subparagraph 3.2.2). Since the initial demonstration, the advances in the
STNOs synchronization are going ahead slowly, considering that only
synchronization of three high frequency nano-contacts STNOs or of four
vortex oscillators has been measured so far [152, 178].

Here [179], we have performed micromagnetic simulations of a

Platinum (Pt)\Permalloy (Py=NigoFeyo) bilayer, where the magnetization
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self-oscillations are driven by the SHE. The main result concerns the
excitation of a uniform mode, spatially distributed in the whole
ferromagnetic layer, for a certain range of current and external field. This
outcome is in qualitative agreement with recent experimental evidences
[141] and opens perspectives for the construction of an array of intrinsically
synchronized conventional STNOs, which share the ferromagnet of the
bilayer as free layer. This study has been completed by the investigation of
the effect of the Oersted field on the magnetization dynamics and its
characterization using a joint time frequency analysis [180, 181, 182].

Our research has been based on the numerical solution of Eq. (1.48).
The magnetic parameters used for the micromagnetic study are: A=2.0x10™*
J/m, Ms=650x10° A/m [141, 183] &=0.02 and 6s;=0.08 [37].

Fig. 3.8 illustrates the studied device whose IP dimensions are
lexw=2000x200 nm? and the thicknesses of Py, trg , and Pt, tyw , are equal
to 5 nm. A cartesian coordinate system is introduced as depicted in the
figure. The current juv flows in the x-direction, whereas Hex is applied
along the y-direction. The computation of the spatial distribution of the
current density shows that the current flows mostly in the Pt layer (we have
considered conductivities of 5.1x10° (m)~* and 2.2x10° (m)* for Pt and
Py, respectively) [141, 184], which makes the Rashba effect negligible.

Permalloy

z
S _—
X Hext

Fig. 3.8: schematic representation of the FM/HM bi-layered device. (Inset) Detailed sketch

of the bylayer structure showing the thicknesses of the layers, the direction of the current
density jum and the applied external magnetic field Hey.

Fig. 3.9 shows the Fourier transform of the x-component of the self-
oscillating magnetization, when Hq,=80 mT (Fig. 3.9(a)) and 90 mT (Fig.
3.9(b)), respectively, whereas juw is swept from -0.90x10° A/cm? to

-1.20x10® A/cm?. For a magnitude of [jum|=0.90x10® A/cm?, no persistent
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precession is excited. Results for Hex=80 mT indicate the excitation of a
single mode, whose frequency increases with higher values of jym. In the
case of Heq=80 mT, for [jum|=0.90x10® A/cm? only an excited mode is
observed with a frequency peak P1, whereas, for |juum|=1.00x10% A/cm?, two
close frequency peaks P2 and P3 arise, revealing the existence of two
independent modes. No relevant self-oscillations are observed for larger
magnitude [jum|>1.00x10% Alcm?.

In Fig. 3.10 the Fourier transform as a function of Hey is represented
for two values of the current: juu=-0.90x10® A/cm?® (Fig. 3.10(a)) and
-1.00x10® A/ecm?® (Fig. 3.10(b)), respectively. For both current density
values, the frequency of the self-oscillation increases as the Hey increases.
In particular, we obtain the generation of a single mode for all the He
values, except for the configuration Heq=90 mT and jum=-1.00x10°® A/cm?,
where two modes are observed (same configuration previously represented
in Fig. 3.9(b)).

7 ——— 7
Hex=80 mT —-0.90x10°A/cm® Hexr=90 mT —-0.90x10°A/cm?
6 P i ——— 95X 10" Alcr 6 o e A e — e ) G510 Afetn®
-1.00x10°A/cm® -1.00x10°A/em®
T3 b A AN e | i Ba 2 5 108 A S
= -1.05x10°A/cm J -1.05x10°A/em’
= AN —-1.10x1 & —-1.10x10%A/cm®
- P—— " :
g4 e —Lisx10aem?|| 4 —-1.15x10°A/em?
2 " —-1.20x10°A/cm® 1 "ﬁ‘\ —-1.20x10°A/em’
g ; ( P2, AP3 )
<2 2 o VA
1 11—
{ Pl
P @) = . (b)
(g 0 -
-5 6 6.5 7 6 —— 6.5 7 7.5

Frequency (GHz)
Fig. 3.9: Fourier spectra as a function of jyu. (a) Hex=80 mT. (b) Hex=90 mT.

In order to achieve a deeper understanding of the dynamics
described above, we have studied the action of the Oersted field, the spatial
mode distributions (SMDs) [185], and the results of a time-frequency
analysis as performed by computing the Micromagnetic Wavelet Scalogram
(MWS) according to the method described in [180].
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Fig. 3.10: Fourier spectra as a function of Hey. (8) jrm=-0.90x10° Alcm?, (b) jrm=-1.00x10°
Alcm?,

When the Oersted field is neglected, no significant changes in the
frequency spectra are detected (not shown). This is an expected result, since
in such kind of bi-layered device the Oersted field is uniform in the whole
ferromagnet and it is oriented in the same direction of Hey:. On the contrary,
in conventional STNOs, the Oersted field is non-uniform, exhibiting a
higher amplitude near the contacts and lower towards the boundaries. When
the lateral dimensions of STNOs are increased, it will exist a critical size
over which the Oersted field will become predominant on the STT, leading
to the nucleation of non-uniform magnetization patterns, such as vortexes.

Fig. 3.11 reports the time-frequency study based on the Wavelet
Analysis (WA), as computed by means of MWS (the amplitude of the
wavelet coefficient increases from white to black), whereas the SMDs are
calculated using micromagnetic spectral mode decomposition mapping
technique (MSMDMT) [186]. In detail, Fig. 3.11(a) represents the results
for the case Hex=90 mT and jiw=-0.90x10® A/cm?. In this scenario, when a
single mode is observed (inset of Fig. 3.11(a)), it is uniform in the whole
ferromagnetic cross section (its frequency is fp1=6.2 GHz), and WA reveals
that the mode P1 is also stationary in time. Fig. 3.11(b) refers to the
configuration He=90 mT and juw=-1.00x10® A/cm?. As it can be clearly
seen, the two modes P2 (fp,=6.4 GHz) and P3 (fp3=6.5 GHz) are uniform
(see insets in Fig. 3.11(b)) but non-stationary in time, being excited in two
different time windows. In addition, no differences in both the SMDs and

WA are found when the Oersted field is neglected, as well as in the
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computation of the power that highlights a non-linear trend with current (not
shown) [173].

Power
(a.u.)

. 5 1.5
73 Hew=90 mT Jn=-0.90x10® A/em® Hex=90 mT  jy,~-1.00x10% A/em® 08
® ™ I
= 7| ! T s
5] 0 P3
>~
- K < -
= —_—— m P2
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Fig. 3.11: MWS for H.,=90 mT, where the power increases from white to black. (a) jum=-
0.90x10% Alem?, (b) jum=-1.00x10°® A/cm?. Insets: SMDs related to the x component of the
magnetization (the power increases from white to red).

In summary, our results are interesting from a technological point of
view, since when a uniform mode is generated it is possible to design an
embedded microwave oscillator made by an array of conventional STNOs
intrinsically synchronized. The architecture would be similar to the array of
three-terminal MTJs described in the previous subparagraph, where,
likewise, the self-oscillations were achieved through the SHE and the output
power was read via the tunnelling magnetoresistance. Differently from that
geometry, the device here proposed is an array of STNOs built over the HM
and sharing also the free layer (Py ferromagnet), with the advantage to attain

the synchronization without applying any external microwave source.

3.4 Spin-torque diode

The diode is a non-linear circuital component that reacts in a
different way according to the sign of the applied voltage. In a typical case,
it behaves like a switch: it allows the current to flow when the applied
voltage is positive (switch ON), otherwise, it hampers the charges flow
(switch OFF). More in general, the diode acts as a switch-converter, like
direct current to direct current (dc—dc) or alternating current to direct current
(ac—dc) converter [187]. Diodes are fundamental elements of the modern

87



SPIN-TORQUE OSCILLATORS AND DIODES

technology; just think that, without them, there wouldn’t be transistors and
all the digital world around them, electronic signals could not be processed,
and electric current would just be used for powering motors, heaters, and
light bulbs. Another particular aspect, that highlights the importance of
diodes, is that 18 Nobel Prizes have been awarded in relation with the
discovery and development of diodes and their technologies [187].

From the early high-frequency prototype fabricated by Hertz at the
end of 1800, a lot of progress has been made in the research and
development of diodes (known as also rectifiers), leading, nowadays, to four
basic technologies: Schottky, Tunnel, Metal-Insulator-Metal, and MTJ spin
diodes [187]. In particular, the Schottky technology is currently the most
matured, with well-established and reliable processes [188]. The “common
factor” among all the technologies is the conversion of a radio-frequency
signal into a dc signal, by means of an electrical non-linear element. The
“deviation from the Ohm’s law” is efficiently achieved by using a potential
barrier: for Schottky diodes, electrons overcome the barrier through thermal
activation, while, in the other cases, they tunnel the insulator barrier. The
diode effect can be applied as mixer in radio receivers (the diode operates
like a switch and it converts a radio-frequency in an intermediate frequency
as efficiently as possible), microwave detectors (it returns a dc signal
proportional to the magnitude of the input radio-frequency signal, simply
indicating its presence of absence), and in the field of energy harvesting
(diodes play a central role in the conversion process of solar panel
harvesters, wind/ocean-wave energy harvesters, thermal harvesters, Kinetic
energy harvesters as well as radio-frequency and electromagnetic energy
harvesters) [187, 188].

3.4.1 Spin-torque diode effect in MTJs
The STD effect is a rectification effect occurring when an input

microwave current iy, = Iy SIN27 T t+¢,) is passed by an MTJ with a

frequency fi; close to fo. The free layer magnetization starts to oscillate
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because of the STT and, consequently, the magnetoresistive effect related to
the TMR converts this oscillation in a resistance oscillation

R=AR;sin(2zf t+¢;). Coupling the input microwave current to the
oscillating resistance, the output voltage is obtained
Vo =y - R = lyax AR SiN(2z Tt + ¢, )sin(z f t+¢;) .  Making  some
calculations, the following expression is reached:

1
Vour = > I ax AR [COS(({), _¢R)_COS<4” fu +o + 05 )] (3.5)

Neglecting the voltage contribution at twice the angular frequency

1
v, =5 lwax ARs cos(47z f +¢, +¢;), only a dc component of the voltage

remains:
1
V,, :EIMAXARS cos(®y) (3.6)

where @ represents the phase difference between the input current and the

resulting oscillating resistance. Just to summarize, a conveniently designed
MTJ having as input a microwave signal, gives back a dc signal and thus it
behaves as an ac—dc converter.

The STD can be related to two different operational regimes [189].
In the case of IP MTJs, the STT gives rise to small-angle precession of the
free layer magnetization around an IP axis (see Fig. 3.12(a)). For
perpendicular MTJs, the STT induces large-angle oscillations of the
magnetization around the OOP axis (see Fig. 3.12(b)).
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Fig. 3.12: schematic representation of an STD working in the (a) IP regime and (b) in the
OOP regime.

One of the most significant parameter which can be seen as a figure
of merit for the STD efficiency in converting an input power into a usable
voltage is the sensitivity. This represents the conversion of the microwave
input power Pj, to the output dc voltage Vg, which is typically expressed in
VIW or mV/mW:

Vd
= 3.7

in

E =

For instance, the sensitivity of a commercial Schottky diode ranges from
500 to 3800 V/W, while the highest sensitivity of STD is 75000 V/W [190].

In order to increase the sensitivity of STDs, both eternal magnetic
fields and dc currents can be applied together with the microwave current.
In this configuration, the device is called biased STD.

3.4.2 State of the art

The first experimental observation of the STD effect occurred in
MgO-based MTJs in presence of an external field in 2005 [191]. Since the
measured sensitivity was very low (1.4 V/W), the STD was afterwards used
only to quantitatively estimate the torques (Slonczewski, field-like, and
voltage-controlled torques) in MTJs and to clarify their underlying physics
[27, 192]. Different strategies were used to improve the sensitivity
performance, such as choosing optimized external field configurations [193,

194], using the stochastic resonance together with a bias dc current [195] as
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well as using the VCMA (sensitivity of 317 V/W in unbiased scenario and
of 440 V/W with external field) [30]. In 2014, Miwa et al. [196] measured a
sensitivity of 12000 V/W in MTJs where a tilted external field and a bias
current were simultaneously applied. In the same experiment, the STD
exhibited a sensitivity of 630 V/W at zero bias current. Very recently, the
largest sensitivity (75000 V/W) of STDs have been measured in MgO-based
MTJs characterized by high perpendicular anisotropy (this avoids the use of
external fields) and TMR, and where the injection locking phenomenon
arises due to the application of both an dc and ac component of the current
[190]. In the same study, Fang et al. showed a sensitivity of 900 V/W for
unbiased devices. Fig. 3.13 summarizes the sensitivity achievements for
STDs compared with the Schottky diode sensitivity.

As mentioned above, diodes have a fundamental role in the field of
energy harvesting. In this concern, unbiased MTJ spin-diodes (no need of
external inputs, meaning zero input power) could represent the basic brittle

to develop the next generation of diodes.
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Fig. 3.13: comparison of STD sensitivities with the one of the Schottky diode [190].
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3.5 Results on Spin Torque Diode
3.5.1 Influence of the Dzyaloshinskii-Moriya interaction on the

spin-torque diode effect

In three terminal MTJs (see subparagraph 1.3.4), we can use the
additional degree of freedom regarding the SHE (see subparagraph 1.3.1) to
control the STD response. We have performed a numerical study based on
the solution of Eq. (1.48) of the ferromagnetic resonance (FMR) response in
three terminal MTJs [197]. We have studied a system similar to the
experimental one reported by Liu et al. [49]. The MTJ stack is made by
(CoFeB(1)/MgO(1.2)/CoFeB(4)/Ta(5)/Ru(5) (thicknesses in nm)), milled
over a Tantalum (Ta) strip (6000 nm x 1200 nm x 6 nm). We introduce a
Cartesian coordinate system where the x-axis is positioned along the larger
dimension of the Ta strip, the y-and z-axes are consequently oriented along
the other IP direction and along the thickness of the Ta strip. The MTJ has
an elliptical cross section 180x50 nm? with the larger dimension oriented in
the y-direction. The ultra-thin CoFeB(1) acts as free layer (Ms=1x10° A/m)
and because of the very low thickness, the IPA is large enough (k,=7x10°
J/Im? related only to the IPA energy contribution) [100] to impose an OOP
easy axis. The CoFeB(4) is the reference layer and its magnetization is IP
fixed along the negative y-direction. We apply an external magnetic field
Hex=8 mT in the negative y-direction to balance the dipolar field from the
reference layer. The magnetic parameters for the micromagnetic study are:
A=2.0 x 107" J/m, 0=0.021 and 6,=-0.15.

Firstly, we consider the STT effect (FMR response with no juu) for
jmror with an amplitude Jyax=0.5x10% A/cm? and sweeping f,s from 3.0 GHz
to 7.6 GHz. The FMR signal is computed as the difference between the
maximum and the minimum value of the oscillating y-component of the
average magnetization. Two scenarios are investigated: the first one, where
the i-DMI (see subparagraph 1.3.3) effect is neglected (D=0.0 mJ/m?) and
the other one when the i-DMI is relevant (D=-1.2 mJ/m?) [44]. Without the
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iI-DMI contribution, the FMR shows only one peak at 5.8 GHz, (see Fig.
3.14(a) upper curve). The insets near the peak of Fig. 3.14(a) illustrate the
SMDs for the y- and z-component of the magnetization at the FMR
frequency, as computed with the MSMDMT [94]. As can be noticed, a
central mode is excited for the two magnetization components. By
considering the i-DMI (see lower curve), the FMR response displays two
peaks: the first one at a frequency of 5.7 GHz (indicated with 1 in Fig.
3.14(a)) and the second one at 6.1 GHz (indicated with 2 in Fig. 3.14(a)).
This FMR behavior is clearly due to the effect of the i-DMI, which splits the
FMR mode in two, as also observed in the SMDs. In fact, while the SMD of
the y-component shows a similar central mode, the SMD of the z-
component displays the generation of two edge modes for the first peak and
four edge modes for the second peak. Moreover, observing the time domain
plot (not represented here), we note that for the frequency of 5.7 GHz, the
TMR is in advance with respect to the injected microwave current; on the
contrary, at the frequency of 6.1 GHz, the TMR is lagging behind the jurr.
The i-DMI influences only the z-component because of the edge non-
uniformities induced by the dipolar field.

Fig. 3.14(b) represents the FMR responses for a microwave current
of Jwax=0.1x10° A/cm?®. The FMR frequency increases, either without DMI
(top curve), reaching 6.1 GHz, or with i-DMI (bottom curve), attaining 6.2
GHz and, additionally, both the FMR curves have a single peak. The
evidence of only one frequency peak, even considering the i-DMI, is
ascribed to the use of a weak microwave current, which keeps the FMR
response in a linear regime. Also in this case, the SMD of the magnetization
z-component shows an edge mode. In addition, the FMR frequency changes
(value and shape) with Juax because a higher amplitude of the microwave
current generates non-linear dynamics [166, 198]. As demonstrated in [27]
(see Fig. 3(a)), this non-uniform regime can be observed by the presence of

an asymmetric FMR spectrum.
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Fig. 3.14: FMR responses for j,=0 A/lcm? a) Jyax=0.5x10° A/cm? without i-DMI (top
curve) and with i-DMI (bottom curve); b) Jyax=0.1x10° A/cm? with no i-DMI (upper
curve) and with i-DMI (lower curve). The insets represent the SMDs for the y- and z-
components of the magnetization.

Fig. 3.15 shows the FMR response when a bias jyw=-1.50x10’
Alcm? flows in the Ta strip with (upper curve) and without (lower curve) the
i-DMI contribution. A microwave current with Jyax=0.5x10° A/cm? is
injected in the MTJ stack. The top curve shows a similar behavior with
respect to the corresponding curve without the IP current (Fig. 3.14(a)); in
fact, a main central mode is visible in the SMDs for both y- and z-
component of the magnetization. A similar behavior is also obtained in
presence of the i-DMI: two FMR peaks are visible and the SMDs have a
configuration similar to the one previously investigated (see for comparison
the SMDs in Fig. 3.14(a) lower curve). Hence, the FMR behavior is not
affected by a sub-critical jyv, and the i-DMI effect concerns again the

splitting of the main mode.
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Fig. 3.15: FMR responses for a sub-critical jyu=-1.50x10" A/cm? and a Jyax=0.5x10°
Alcm? without i-DMI (top curve) and with i-DMI (bottom curve). The insets represent the

SMDs for the y- and z- components of the magnetization.
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The FMR behavior is different when the jum is increased. Fig.
3.16(a) shows the computed FMR with (upper curve) and without (lower
curve) i-DMI, when both the jwm=-1.40x10® A/lcm? (this value is very close
to the switching one, which leads the free layer from OOP to IP) and the
microwave current with amplitude Juax=0.5x10° A/cm? are applied.
Without the i-DMI, the increase of jum does not change the FMR
qualitatively, but it induces a reduction of the FMR frequency, from 5.8
GHz (Fig. 3.16(a)) to 4.8 GHz. Whereas, taking into account the i-DMI, a
decrease of the FMR frequency and a low power peak at higher frequency
are observed. Furthermore, the SMDs of the lower frequency peak show that
the main excited mode is shifted from the central position. Thus, with a jum
large enough (that means a relevant SHE contribution), the i-DMI moves
the SMD of the main central mode towards the left side of the sample.
Changing the sign of D, the central mode moves to the right side (not
shown). Fig. 3.16(b) displays the FMR for jum=-1.40x10® A/cm? and
Juax=0.1x10° A/ecm?. In this case, while the FMRs with and without the i-
DMI are very similar (top and bottom curves respectively), a small
displacement of the central mode is observed in the resonance frequency
SMDs including the i-DMI.
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Fig. 3.16: FMR responses for juv=-1.40x10® A/lcm?. a) Jyax=0.5x10° A/lcm® without i-DMI
(top curve) and with i-DMI (bottom curve); b) Jyax=0.1x10% A/lcm?® with no i-DMI (upper
curve) and with i-DMI (lower curve). The insets represent the SMDs for the y- and z-

components of the magnetization.
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In summary, the effect of the i-DMI on the FMR has been analyzed
in both cases with and without the IP Ta current. We have observed that,
regardless of the juw, the effect of the i-DMI is to break the symmetry of the
main central excited mode. However, the way of the symmetry breaking has
been dependent on the Ta current. If jum is negligible or it assumes a sub-
critical value, we have observed that i-DMI breaks the symmetry of the
main central mode in two (or more, as function of the peak) different edge
modes. For larger jum, the i-DMI contribution is not so large to divide the
main excited mode and its effect is the displacement of the main central

mode towards a lateral position only.
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4. SPIN-TORQUE
OSCILLATOR AND DIODE
BASED ON SKYRMION

This chapter discusses the results obtained on microwave oscillators
and detectors based on the non-uniform state of the magnetization, which is
the skyrmion. Paragraph 4.1 deals with the use of skyrmions in STNOs,
while paragraph 4.2 describes the STD based on skyrmions and the

implications in the energy harvesting field.

4.1 Topological, non-topological and instanton
droplets driven by STT in materials with

perpendicular magnetic anisotropy and DMI

Solitons are self-localized wave packets that can be observed in
media characterized by non-linear and dispersive constitutive laws and can
be also classified on the basis of their topology, i.e. the skyrmion number
(see EQ. (1.49)). The study of magnetic solitons [52, 199], has been
reinforced by the experimental evidence that the STT (see subparagraph
1.2.4) can nucleate both static and dynamic solitons from a uniform state or

97



SPIN-TORQUE OSCILLATOR AND DIODE BASED ON SKYRMION

manipulate strongly non-uniform magnetic configurations. In particular,
static solitons can be achieved in either IP (vortexes, antivortexes, and
DWs) or OOP devices (bubbles, skyrmions, and DWSs) and they can behave
like particles, e.g. vortex [140] and skyrmion [71] can rotate around a
nanocontact in point contact geometries (oscillators), skyrmions and DWSs
can be shifted in a track (racetrack memory) [47, 65, 120, 111, 115] (see
paragraphs 2.3 and 2.4). On the other hand, dynamical solitons, that are
unstable in dissipative magnetic materials, can be sustained by the STT and
used as source of microwave emissions (self-oscillations) in nanoscale
oscillators [53, 200, 201, 202]. In the recent literature, only few works have
been devoted to the identification and study of topological modes [70]. In
detail, the excitation of a topological mode was predicted by Zhou et al. [70]
and used to explain recent experimental observations in CoNi [69].

Here [203], the adjectives “non-topological” and “topological” are
used to identify a mode with a skyrmion number zero (S=0) and one (S=1),
respectively. The numerical results are achieved by numerically solving Eq.
(1.34).

Fig. 4.1 shows a sketch of the studied device, consisting of a spin-
valve of Pt(5 nm)/Co(0.6 nm)/Cu (4 nm)/CoPt(4 nm). The ultrathin Co layer
acts as free layer (square cross section of 400 x 400 nm?and thickness of 0.6
nm), while the CoPt acts as fixed layer or polarizer and it is shaped as a
circular point contact (diameter d.=70 nm) in order to locally inject the
current into the free layer. Both free layer and polarizer have an OOP
magnetic state at zero bias field. A Cartesian coordinate system, with the x-
and y-axes oriented along the IP directions of the device and the z-axis along

its thickness, has been introduced.

98



SPIN-TORQUE OSCILLATOR AND DIODE BASED ON SKYRMION

CoPtEnms
fixed layer

—

Fig. 4.1: spin valve with a point contact geometry, where the Co free layer is coupled to the
Pt underlayer. For the sake of clarity, an enlarged view of the nanocontact (fixed layer) and
the diameter d. of the nanocontact are illustrated, together with the dimensions | x | of the
square Cross section.

Fig. 4.2(a) summarizes the phase diagram of the magnetization as a
function of the current density (swept back and forth) and the i-DMI
parameter D. For the sake of simplicity, in the following, the current density
J<0 (the current flows from the free layer to the fixed layer) is given in
modulus. Five different states can be identified, two static states: uniform
state along the z-direction (FM) and static skyrmion (SS), and three
dynamical states, NTD [53, 202], TD and ID. The i-DMI regions described
above are separated by straight horizontal lines, as obtained with a D
resolution of 0.05 mJ/m?, whereas the dotted line for D=3.7 mJ/m? marks
the i-DMI value above which the skyrmion, once nucleated, is stable
without current. In some current regions, the FM state is overlapped with
the three dynamical states, since all the modes deal with a sub-critical Hopf
bifurcation [204] (finite power at the threshold, current density hysteresis,
the mode is switched off at a current density smaller than the excitation
value, and the oscillation axis is different from the equilibrium configuration
in the FM state). Starting from the FM state, the modes are excited at
J=7.0x10" Alem? (D<3.0 mJ/m?) independently of the i-DMI, while the
switch-off current density depends on the i-DMI. This is due to the

dependence of the i-DMI field (see Eq. (1.46)) on the spatial derivative of
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the magnetization that does not influence the excitation current in the
uniform state. The SS state is achieved for 1.6<D<3.0 mJ/m? from the TD
state with a reversible transition, while a static skyrmion, once excited, is
stable with no current for D>3.7 mJ/m?. From the theory developed in [48],

the critical i-DMI parameter which stabilizes the skyrmion state is given by

eff

%

D, =4

c

=4.4 m)im®, where ki :ku—% “4MZ. As expected and
T

already well discussed in [48], the analytical value is larger than the
micromagnetic one because the D, expression has been derived within a 1D

model.
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Fig. 4.2: (a) stability phase diagram of the magnetization ground-state as a function of the
modulus of the current density and of D at zero external magnetic field. Letters A, B, C and
D are linked to Fig. 4.4. The meaning of the symbols in the phase diagram are as follows.
FM: ferromagnetic; SS: static skyrmion; TD: topological droplet; NTD: non-topological
droplet, ID: instanton droplet. (b) Spatial distribution of the topological density (a color
scale is represented, red +1, blue -1) for the three dynamical states NTD, TD, and ID at i-
DMI values of 0.00, 2.50, and 1.25 mJ/m?, respectively.
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We have also performed a systematic study of the stability phase
diagram as a function of different physical parameters, namely ky, the A and
a. We found that, in order to achieve magnetization dynamics at zero
external magnetic field, a high perpendicular anisotropy (k,>0.95 MJ/m®) is
needed, whose values have been already measured in similar devices [34].

The NTD mode is excited for D<0.5 mJ/m® and its dynamics
concerns a 360° IP rotation of domain wall spins [53, 200, 202]. Unlike
previous studies, where the NTD is characterized by two or four regions [53,
201] of opposite topological density, here the NTD exhibits a more complex
behavior as can be also seen from a snapshot of the topological density in
Fig. 4.2(b). Close to D=0.25 mJ/m?, the NTD is characterized by a small
shift of the droplet core together with the domain wall spins rotations. The
origin of the different topological density of the NTD will be discussed
ahead.

The TD is excited for 1.6<D< 3.0 mJ/m?. It exhibits a core breathing
dynamics that is synchronized with a 360° in phase rotation (space and time)
of the domain wall spins, which can be seen as a continual change from
Néel to Bloch skyrmion magnetic texture (S=-1, see a snapshot of the
topological density in Fig. 4.2(b))

Fig. 4.3(a) and Fig. 4.3(b) show the frequency-current and the output
power vs current for D=2.0 mJ/m? as computed from simulations,
respectively. The oscillation frequency of the TD (at values smaller than the
FMR frequency, about 37 GHz) decreases with increasing current [201].
The oscillation power computed from the z-component of the magnetization
(perpendicular polarizer) shows a finite value at the excitation current when
the initial state is the FM, as expected for a sub-critical Hopf bifurcation,
whereas it tends to zero as soon as the SS state is approached. These results
show that the TD state can be seen as a reversible linear mode of the SS
justifying the name of dynamical skyrmion already used in literature.

Looking at the spatial distribution of the oscillating spins of the TD
modes (see Fig. 4.3(c)) for the two-dimensional profile of the TD for D=2.5
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mJ/m? and J=8.5x10" A/cm? as computed with the micromagnetic spectral
mapping technique [173, 205], it is easy to demonstrate that the
dimensionless output power poy, due to a variation in the GMR signal, is

related to the breathing mode as:

r2
[1— rg—J Moax ST
fmax (4.1)

rl
1—% [
C

being rmin and rmax the minimum and maximum radius of the TD during the

Pout =

breathing and r. the radius of the point contact (see Fig. 4.3(c)). The
dimensionless output power calculated according to Eq. (4.1) shows a very
good agreement with the one computed by means of micromagnetic
simulations (Fig. 4.3(b)).

The TD mode described in this study, already observed in [70], is
different from the ones seen in the subparagraph 2.4.1, where the breathing
mode is just a transient due to the application of the spin current, in [68]
where the breathing mode is a resonant state of a static skyrmion excited by
a microwave field, and in [69] where no synchronization between the core
breathing and domain wall spins precessions is detected.

In general, in 2D systems the topological states are represented by
local minima in the free energy landscape separated by a finite energy
barrier. This energy barrier is proportional to the exchange contribution in a
texture where the spins are not locally parallel but resemble through a
hedgehog-like spin configuration with a singular point in the middle. This
magnetic structure can be called “instanton”, which in our framework is a
time-dependent  magnetization  configuration  connecting  different
topological states [206, 207]. In the i-DMI region 0.5<D<1.6 mJ/m?, time
domain changes in the topology (skyrmion number) of the topological mode
are found, in particular a configuration linkable to NTD or to TD can be

observed.
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Fig. 4.3: (a) frequency-current density hysteresis loop at D=2.0 mJ/m* the black (red)
arrows indicate the path where the initial state is FM (SS). (b) Output power as a function
of current density for D=2.0 mJ/m?. The solid line refers to the analytical computation from
Eg. (4.1), while the dotted line is determined by micromagnetic calculations. The black
(red) arrows indicate the path where the initial state is FM (SS). (c) Two dimensional
spatial profile of the TD for D=2.5 mJ/m?.
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The first definition of instanton was classical and referred to
localized finite-action solutions of the classical Euclidean field equations
with finite Euclidean action [206]. Recently, an instanton dynamics has been
introduced to study the quantum dynamics of vortexes in magnetic disks
starting from the generalized Thiele’s equation [208]. In analogy, we have
defined an instanton as a time-dependent configuration connecting different
topological states. In other words, in our framework the term “instanton”
has been introduced with the aim to extend this important notion to low-
dimensional semi-classically described magnetic systems, thus achieving
the classical correspondence of the pseudoparticles theoretically found in
[209]. This has been obtained by solving micromagnetically the LLGS
equation (Eg. (1.4)) of motion for low-dimensional magnetic systems.
Specifically, we identify with “instanton droplet” only the i-DMI region
where the dynamics is characterized by a variation in time of the topological
charge (skyrmion number) passing from TD (S=-1) to NTD (S=0) and vice
versa.

The continual changes in the droplet topology generate incoherent
emission of spin waves [131, 210] being the topological transition non
periodic. To highlight the main characteristics of the dynamical states of the
phase diagram, the Fourier spectra for different values of i-DMI (D=0.25,
0.75, 1.00, and 2.50 mJ/m?) are shown in Fig. 4.4.
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Fig. 4.4: frequency spectra as a function of the i-DMI, when J=8.5x10" A/cm® Capital
letters A, B, C, and D are linked to the phase diagram of Fig. 4.2.
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The NTD and TD are characterized by a single mode (the Fourier
spectra exhibit a main frequency peak at 4.12 GHz for D=0.25 mJ/m? and at
3.17 GHz for D=2.5 mJ/m?, respectively). In the ID region, the time-domain
non-stationary topological transitions give rise to the excitations of
incoherent spin waves leading to noisy Fourier spectra (see the spectra for
D=0.75 and D=1.00 mJ/m?). From an experimental point of view, it is
possible to detect the ID region by performing microwave emission
measurements.

Fig. 4.5 summarizes the oscillation frequency linked to the mode
with larger power as a function of the i-DMI for a fixed current density of
8.5x10" A/lcm?, as indicated in Fig. 4.2. The transition from a dynamical
region to the other one is similar to the topological transitions from
skyrmion to a uniform ferromagnetic state or vice versa as described in
[211]. In particular, the topological changes characterizing the instanton
droplet can be seen as finite-time singularities [211] which are driven by the
spin-polarized current. The inset of Fig. 4.5 shows the energy related to the
continual change of the topology as a function of D, within a time window
of 42 ns. The energy increases with D because more stable topological
droplets are achieved.
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Fig. 4.5: oscillation frequency as a function of D for J=8.5x10" A/lcm?. The different states
are indicated. The inset shows the energy related to ID transitions as a function of D for
J=8.5x10" Alcm’.
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Finally, we have studied the mode excitation for different contact
diameters. Fig. 4.6 shows the Fourier spectra of the magnetization dynamics
when J=8.5x10" A/cm? and zero i-DMI for three different values of d.. As
expected, by injecting the same current density, the frequency of the domain
wall rotation increases while decreasing the nanocontact diameter due to
energy balance between the current input and the Gilbert damping.
Moreover, for the smallest d., the spatial distribution of the topological
density is composed of four different regions, whereas for the larger
diameters a more complicated topological density distribution is obtained,
including several alternated regions with positive and negative topological
density. Our results show that the topological density of the NTD can be

controlled by the size of the nanocontact d..
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Fig. 4.6: frequency spectra as a function of the contact diameter d., when J=8.5x10" A/lcm?
and zero i-DMI, together with the spatial distribution of the topological density (red +1,
blue -1) which corresponds to the frequency peak in the NTD dynamical state.

Micromagnetic simulations show qualitatively the same phase
diagrams for contact size larger than 50 nm. In particular, for D=2.50
mJ/m?, the TD state is excited in the range (3.0<J< 6.5)x10" A/cm? and
(7.0<J< 9.0)x10" A/em? for d. = 100 nm and d.=70 nm, respectively. When
d.=40 nm, the TD mode is not excited, even when the spin-polarized current
is increased. This is due to the fact that the small size of the nanocontact

hampers the breathing mode of the droplet. However, at reduced contact
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diameter sizes d.<50 nm, to stabilize a TD, an external OOP field is
necessary (not shown).

In summary, micromagnetic results point out that the additional
degree of freedom of the i-DMI energy together with a spin-polarized
current can drive transitions from either static to dynamical or dynamical to
dynamical states, also implying a change in the topology during these
transitions. These results indicate a route for the fundamental study of
topological transitions in driven systems. Moreover, we have identified a
new mode we called “instanton droplet”, which is characterized by time
domain transitions of the topological charge.

Finally, the breathing mode of the TD can be used as basis for the
design of high power spin-transfer torque oscillators by considering a
redesign of this system in an MTJ [166], where it is possible, in a
phenomenological way, to link the microwave output power and the size of

the breathing mode.

4.2 Skyrmion based microwave detectors and

harvesting

We report the results of micromagnetic simulations of STD where a
Néel skyrmion is the magnetic ground state of the free layer of an MTJ. We
have considered the skyrmion based STD as response to a microwave
current locally injected into the ferromagnet via a nano-contact [212].

We have studied an MTJ (see sketch in Fig. 4.7), with a circular
cross section of diameter 1=100 nm. The stack is composed of an iron-rich
free layer, with thickness of 0.8 nm, and an MgO spacer with on top a nano-
contact of CoFeB acting as current polarizer of diameter dc.<l. The system is
designed in order that the IPA is large enough to induce an OOP easy axis
(z-axis) in both ferromagnets [31]. Furthermore, the free layer is coupled to

a Pt layer to introduce in its energy landscape the i-DMI (see Eq. (1.46)).
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Fig. 4.7: sketch of the device under investigation. The extended CoFeB acts as free layer
while the top nano-contact made by CoFeB is the current polarizer (d. is the contact
diameter, 1=100 nm). The Pt layer is necessary to introduce the i-DMI.

All the results are achieved at zero external field. The main
simulation parameters are: Ms=900 kA/m, A=20 pJ/m, and « =0.03. We
have performed micromagnetic simulations based on Eqg. (1.35) to study the
stability and the dynamical response of a single Néel skyrmion as a function
of k, and of D.

The inset of Fig. 4.8(a) shows a snapshot of a skyrmion (the arrows
refer to the IP component of the magnetization, while the color is linked to
its OOP component - blue negative and red positive) as ground state of the
free layer, where also its diameter dsk is indicated (the radius is calculated
as the distance from the geometrical center of the skyrmion, where m; is -1
to the region where mz=0). The main panel of Fig. 4.8(a) shows the profile
of m; as computed by considering the section AA'. The negative region
coincides with the skyrmion core, while the non-monotonic behavior near
the edges is due to the boundary conditions in presence of the i-DMI (see
Eq. (1.47)). For the nucleation of the skyrmion, we apply a localized dc
spin-polarized current following the same procedure described in [65],
finding that the nucleation in a time smaller than 5 ns is achieved with bias
Jum=30 MA/cm?.

Fig. 4.8 (b) and (c) show dsk as a function of D for two values of
k,=0.8 and 0.9 MJ/m® and as a function of k, for D=3.0 and 3.5 mJ/m?
respectively. In our study, we have used DMI parameters larger than the one
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estimated in state of the art materials (>2.0 mJ/m? for a ferromagnetic
thickness of 0.8 nm) [213, 214, 215]. However, ab initio computations have
predicted values of D close to 3.0 mJ/m? for Pt/Co bilayers [216]. In
addition, this choice can permit to have a comparison with previous
numerical studies [68]. The fixed layer diameter d., which also corresponds
to the nano-contact size, has been chosen to be comparable or larger than
the skyrmion diameter. This aspect is important to design the skyrmion
based microwave detector in order to optimize its sensitivity as it will be
discussed below.

resistance of the device R

Numerically, the is given by

R=R,+(R—Rp)(1-<m,>) being the polarizer aligned along the
positive z-axis. Within the approximation that the direction of the
magnetization changes sharply from down (-1) to up (+1) when moving
across a skyrmion, the R can be estimated directly from the skyrmion

diameter dgk as follow:

2 2
R 1—di +R di d <d
R: P d2 AP d2 ’ SK c

c

(4.2)

c

RAP; SK C

for d_ <d; the left (right) contribution is related to the micromagnetic

cells below the nanocontact where m, >0 (m, <0).
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Fig. 4.8: (a) profile of the OOP component of the magnetization corresponding to the
section AA', as indicated in the inset. ds, represents the skyrmion diameter. Inset: example
of a snapshot of a Néel skyrmion stabilized by the i-DMI, where the arrows indicate the IP

component of the magnetization while the colors are linked to the OOP component (blue
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negative, red positive). (b) and (c) Skyrmion diameter as computed by means of
micromagnetic simulations (the radius is computed as the distance from the geometrical
center of the skyrmion, where mz=-1 to the region where m;=0). Skyrmion diameter (b) as a
function of D for k,=0.8 and 0.9 MJ/m® and (c) as a function of k, for D=3.0 and 3.5 mJ/m”.

To characterize the dynamical response of the STD, we have also
used the detection sensitivity ¢ (see Eq. (3.7)), where P, =0.5J7 S*R.

Fig. 4.9(a) and (b) show the STD responses as a function of the

microwave frequency (d;=40 nm) achieved for J,,, =3 MA/cm?, in (a)

k,=0.8 MJ/m® is maintained fixed while D=2.5, 3.0, 3.5 and 4.0 mJ/m?, in
(b) D=3.0 mJ/m? while k, changes from 0.7 MJ/m® to 0.9 MJ/m>. The
skyrmion response is mainly characterized by the excitation of a breathing
mode of its core, with a preserved radial symmetry, similarly to the
fundamental mode described in literature [68, 210, 217]. The weak
sinusoidal microwave current (quasi-monochromatic signal) excites the
fundamental mode, being the skyrmion response in a quasi-linear regime.

This mode induces a resistance oscillation of amplitude AR linked to the

minimum and maximum skyrmion core diameter dsk-min and dsk-max and
given by

2 2

d
(RAP_RP) SK —max SK —min d < d

d 2 SK —max c

AR, = ; (4.3)

dz
(RAP—RP)[I—%J d,_>d,

ARgis as larger as > —>0 and d —->d_. Moreover, as expected,
SK—min SK —max

the FMR frequency does not change with the contact diameter d. (not
shown), being linked to the excitation of the fundamental mode of the
skyrmion.

The FMR frequencies as a function of D for different k, are
summarized in Fig. 4.9(c). This non-monotonic trend can be attributed to a
different effect of the confining force (self-magnetostatic field) on the
skyrmion fundamental mode. To qualitatively understand this behavior, we
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refer to the concept of critical D introduced in [48]. For extended
ferromagnets, when D is below Dgi, the confining force is negligible,
whereas for D near or above D, the confining force plays a crucial role in
fixing the skyrmion size. We argue that this fact gives rise to the different
slopes of the FMR frequency vs D for our system. Those arguments are
confirmed by micromagnetic simulations performed for devices with
diameter 1=75nm and 150nm (k,=0.80 MJ/m®) and displayed in Fig. 4.9(d).
For I=75nm, the confining force acts on the skyrmion also at small D giving
rise to a monotonic FMR frequency vs D curve. On the other hand, for
I=150nm the non-monotonic trend is exhibited again and the minimum

moves towards D= D¢=3.07 mJ/m?, as expected.
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Fig. 4.9: (a) STD response as a function of D for k,=0.8 MJ/m®. (b) STD response as a
function of k, for D=3.0 mJ/m?. (c) FMR frequency as a function of D for two different
values of k, as indicated in the panel (d) FMR frequency as a function of D (k,=0.8 MJ/m°)
for three different values of the cross section diameter 1=75, 100, and 150 nm with the
indication of the critical DMI parameter Dy

To compare the skyrmion-based STD to the state of the art MTJ-
based STDs, we have performed a systematic study of the sensitivity
computed at the FMR frequency as a function of the d; (30 nm< d; < 60
nm). All the data discussed below are obtained for k,=0.8 MJ/m* and D=3.0
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mJ/m?, however qualitative similar results have been achieved for k,=0.9
MJ/m?® and D=2.5 and 3.5 mJ/m”.
Fig. 4.10(a) summarizes the sensitivities computed for four different

current amplitudes J,,,, =1-4 MA/cm? maintained constant at different d. (
R, =15 kQ and R, =1 kQ) [218]. One key finding is the existence of an

optimal contact size where the sensitivity exhibits a maximum value. This
result can be qualitatively understood as follow. For a fixed skyrmion
ground state, the change in the d. introduces a change in the microwave
power (both static resistance R and contact cross section depend on d. ).
Fig. 4.10(b) displays the detection voltage and the input microwave power

as a function of the contact size for J,,,, =1 MA/cm?. As can be observed,
both the detection voltage and the input microwave power increases as a
function of dc. Their ratio determines the optimal d;, as reported in Fig.
4.10(a). In particular, the key condition to be fulfilled is:

de _1fp AV , dR g (4.4)
dd,) By " d(d) d(d,)

which should be solved numerically. The second result is the prediction, for
an optimal configuration, of sensitivities of the order of 2,000 V/W, which
are larger than the ones of state of the art unbiased MTJ-based STDs around
900 V/W [190].

Fig. 4.10(c) summarizes the sensitivities computed as a function of
the d, for different values of the microwave power. Those computations also
show the existence of an optimal contact, which coincides with the
maximum of the detection voltage, as summarized in Fig. 4.10(d). In fact,
for the last computational framework, the Eg. (4.4) holds
_de _ dV,
d(d,) d(d,)
5 nm (compare Fig. 4.10 (a) and Fig. 4.10 (c)).

=0. As can be observed, the two maxima differ of less than
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Fig. 4.10:(a) sensitivity as a function of the contact diameter for different amplitudes of the
microwave current as indicated in the main panel. (b) Detection voltage and microwave

power as a function of the contact diameter for Jy,. =1 MA/cm? (c) Sensitivity as a
function of the contact diameter for different microwave powers as indicated in the main
panel. In both (a) and (c) an optimal contact diameter corresponding to a maximum in the
sensitivity can be observed. (d) Detection voltage as a function of the contact diameter for
different microwave powers. All the data reported in this figure are obtained for k,=0.8
MJ/m® and D=3.0 mJ/m?.

The last part of this study investigates a possible contribution of the
VCMA (see subparagraph 1.2.7) to the sensitivity of skyrmion based STDs.
We have implemented this contribution as an additive field to the effective

field as H,, =AH o, Sin(@t) applied along the OOP direction [219]. We
have performed an ideal numerical experiment considering the optimal
scenario of Fig. 4.10(a) (d.=40 nm, FMR frequency ~4.6 GHz). At J,,,, =0
MA/cm?, the H,.,, drives an oscillating z-component of the magnetization,
whose amplitude as a function of AH,,,, is displayed in Fig. 4.11(a). The

key difference with parametric resonance is the absence of a threshold value
for the excitation of dynamics. In other words, the VCMA acts on a
skyrmion state as linear excitation [219]. Fig. 4.11(b) shows the sensitivities

as a function of the AH,,, for J,,. =1 and 2 MA/cm?. The minimum in
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the sensitivity around AH,,,,=4 mT can be explained by the change in the
phase @, (see Fig. 4.11(c)). While the amplitude of the ARq
monotonically increases with the AH,,,,, the @4 is non-monotonic: firstly
it decreases up to a minimum value at AH,,,,=4 mT (D4 =0.667 for J,.

=1 MA/cm?) and then increases. An in-depth analysis of the micromagnetic

configurations show that at low AH,, both d__ _and d__ change (

d, _ decreases and d___ increases). On the other hand, as the AH, ¢y,

SK —mi

increases, it exists a critical value at which the dSK_max saturates to d., while

d_ _ will continue to decrease. In this way, AR (see Eq. (4.3)) and,

SK -
consequently, V. increases, proving that the presence of a large enough

VCMA effect can significantly improve the sensitivity of the skyrmion
based STD.
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Fig. 4.11: (a) amplitude of the z-component of the magnetization driven by AHycya at
Juax =0 MA/cm?; (b) sensitivity as a function of the AH,y,s, considering the optimal

contact diameter of Fig. 4(a) (dc=40 nm), computed for Jyax =1 and 2 MA/cm?. (c) Phase

shift @y as a function of AH, s for the same microwave currents amplitudes of (b).

To estimate the VCMA contribution, we consider the optimal case of
Fig. 4.10(@a), J,,, =1 MA/cm? and a typical experimental VCMA value of
60 mT/V [30]. However, by using state of the art values of VCMA, the
AH, s =1 mT would result negligible giving rise to a negligible effect in

our devices.
In summary, we have proposed a zero field and an unbiased

skyrmion based STD for passive microwave detection and energy
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harvesting application. The skyrmion is stabilized by the i-DMI and when it
is supplied by a microwave spin current with perpendicular polarization, a
breathing mode is excited. The change in the size of the skyrmion is
converted to a change of the TMR signal, which gives rise to a detection
voltage. We have pointed out that sensitivities as large as 2,000 V/W can be
achieved for optimized contact diameter. Our results open a path for
fundamental physics in understanding the skyrmion dynamical properties

and for the design of STD with a non-uniform ground state.
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