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Introduction 3

The discovery of the giant magnetoresistance in 1988 is considered as the birth date of a new
and dynamic research field called spintronics. The rich physics associated with spin transport
has created a breakthrough for the future of nano-electronics. Giant magnetoresistance (GMR)
based sensors have enhanced the data storage density by several orders of magnitude and this
trend will continue to be pursued with the oncoming non-volatile magnetic recording random-
access memories (MRAMs). In the magnetism roadmap, spin-torque oscillators (STOs) are

candidates for future generation of spintronic based rf-devices.

The concept of a spin torque oscillator originates with the discovery of the spin transfer torque.
The transfer of spin between a spin-polarized current and the magnetic moments of a ferromag-
net can compensate the magnetic damping and thus lead to sustained oscillations of the mag-
netization. Combined with the magnetoresistive effect, it leads to a device called a spin-torque
oscillator that convert a dc-current into voltage oscillations. These new and promising oscilla-
tors present a large accordability, are radiation hardened, compatible with CMOS technologies
and can operate in a frequency range from 100 MHz to 65 GHz. Thus, a new generation of

rf-devices, from frequency synthetizer to frequency detector, based on STO has been predicted.

Intense studies have developed since their first observation in 2003 but at the beginning of my
PhD one major issue of spin-torque oscillators remained their poor spectral coherence. Different
strategies have been considered to decrease the linewidths of STOs: (i) the development of
magnetic materials with a low damping and large spin-polarization, (ii) the study of collective
mode dynamics in hybridized magnetic systems (iii) the stabilization of the STO dynamics
with a reference external signal (iv) the synchronization of multiple STOs to enhance both
their power and spectral coherence. In my thesis, I investigated these different approaches to
overcome the issue of phase noise in STOs. With this in mind, I concentrated my efforts on
vortex based STOs which present higher spectral coherences than other kinds of STOs. A
first part of my work consisted in identifying, experimentally and analytically, the different
mechanisms that can drive and stabilize the dynamics of a vortex based STO. From this work,
I could think up and study different concepts of spintronic rf-devices based on vortex STOs

from rf-synthetizers to bio-inspired networks.

My thesis consists of three parts. The first part includes a short description of the physical
concepts that will be addressed in this thesis and then introduces the concept of spin-torque
oscillators. In chapter 1, I present the physical mechanisms involved in their operation, i.e.
the magnetoresistance, the spin-transfer torque and the magnetization dynamics. 1 chapter 2
I introduce the properties of vortex based STOs. I present the characteristics of an isolated
magnetic vortex and then describe the sustained dynamics of a vortex gyrotropic mode excited

by a spin polarized current. Following the works done by N. Locatelli during his thesis, I extend
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my study to the case of double vortex based STOs and highlight the potential of mode coupling
for STOs.

In the second part, I investigate the dynamics of a double vortex based STO in the autonomous
and non-autonomous regime. The experimental measurements have been performed on hybrid
magnetic tunnel junctions that combine a Cu based double vortex spin-valve above a magnetic
tunnel junction with a synthetic antiferromagnet (SAF) polarizer as presented in the appendix
A. In chapter 3, I demonstrate that the coupled mode dynamics are strongly affected by the
vortex core configuration. A better spectral coherence is reported in anti-parallel vortex core
configuration (APc) compared to parallel core configuration (Pc). I associate this feature to the
dipolar repulsion between the two vortex cores and correlate it to a lower critical current and a
higher effective damping in the APc configuration. I thus demonstrate that mode coupling can
be used to improve the rf-properties of the vortex gyrotropic mode. In chapter 4, I present the
different non-autonomous regimes of a vortex based STO and experimentally investigate the in-
jection locking and the resonant excitation driven by an rf-current. I first demonstrate that the
locked state is mainly driven by a strong in-plane Field-like torque in our magnetic tunnel junc-
tions (MTJs), leading to a record thermal stability for a spin-torque oscillator. In this “pure”
phase locked state, I prove the absence of phase slips, i.e desynchronization/resynchronization
events, that are detrimental for the stability of the spin-torque oscillator. Then I extend my
study on the case of a damped oscillator resonantly excited by an rf-current at a fraction of
the eigenfrequency. For the first time, a phenomenon of superharmonic resonance in an STO
is reported. There, I discuss the origin of the excitation mechanism, either “normal” and/or
parametric resonances. In chapter 5, I highlight the limits of the single mode approach in our
double vortex based STO. In a regime of strong interaction between the two coupled modes,
one can no longer consider that one mode is excited by spin-transfer force while the other is
damped. Thus, I show that the mode interaction can lead to exotic new phenomena in STOs,
such as “self-resonance” and chaotic behaviors, in both the autonomous and non-autonomous

regimes.

In the last part, I propose three different concepts of STO based rf-devices. First, I present in
chapter 6 a preliminary study towards the development of an on-chip STO based phase locked
loop. I analytically highlight the correlation between the locking process of such a phase locked
loop and the one of a modulated STO. In chapter 7, I first theoretically study the spindiode
excitation in a vortex based STO. By taking advantage of the large Field-like torque in our
MTJs, a new rf detection scheme based on the resonant and reversible expulsion of the vortex
core is proposed. This novel detection scheme is shown to be more efficient than the state
of the art Schottky diode. Finally, in chapter 8 I show the first experimental observation of
the electrical synchronization of two STOs. I study the properties of the synchronized state

depending on the relative parameters of each STO and on the phase shift between them. In
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the best locking conditions, I succeed to observe, as theoretically predicted, a quantitative

enhancement of the output power by a factor 4 and of the spectral coherence by a factor 2.






Part 1

Introduction on spin-torque oscillators






Chapter 1

From spin-polarized current to

spin-torque oscillators

1.1 Physical phenomena under investigation

1.1.1 Electronic transport in ferromagnets

Among all elements, 3d transition metals and 4f rare earths are the two main classes of
materials with ferromagnetic properties at room temperature. Transition metals like Co, Fe,
Ni and their alloys have the advantage of combining ferromagnetic properties with excellent
transport properties which makes them key components in the field of spintronics research. 4 f
rare earths have localized conduction electrons that are weakly sensitive to the environment.
Furthermore they have a much higher resistivity than the 3d transition metals and a high

magnetic anisotropy so that they are more found in the development of permanent magnets.

At the Fermi energy, 3d transition metals have an electronic configuration with two electronic
shells: the 4s shell is filled and the 3d shell is partially filled as represented in Fig. 1.1. The 4s
shell has as many conduction electrons with an up spin and a down spin. Thus the 4s shell only
contributes to the transport properties of the materials and not to its ferromagnetic proper-
ties!. On the contrary, the 3d is half-filled and the exchange interaction between neighbouring
electrons favors the alignment of the spins. At the Fermi level, the reduction of exchange energy
associated with two parallel spins is higher than the increase of kinetic energy (Stoner criteria).
This favors the spins to align in one preferential direction and induces an energy splitting of

the 3d conduction shell into two sub-shells associated with each direction of spin as represented

'In reality, 4s bands have also a non zero spin-polarization at the Fermi level due to hybridization with the d bands
but it is much smaller than the 3d bands.
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in Fig. 1.1. At the Fermi level, a 3d transition metal has two different density of states, one
for each direction of spin (1 and ) which defines a preferential spin orientation leading to a

ferromagnetic ordering.

Density of state

FIGURE 1.1: (a) Bandshell structure of a soft ferromagnet transition metal with Er the Fermi leve
(b) Equivalent circuit in the two current model

Magnetic alloys made of transition metals have also been developed to enhance the net magnetic
moment of 3d transition metals. The evolution of the net magnetic moment by atom with the
number of valence electron follows a “Slater-Pauling” curve (see Fig 1.2). In Ni alloys, such as
NiFe that we investigate in this work, the 3d; shell is full and only the number of electron with
1 spin decreases. In the alloy, the increase of net magnetic moment corresponds to the number

of | electrons that has been removed.
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Number of electrons per atoms

FIGURE 1.2: Slater-Pauli curve of transition metal alloys

A ferromagnetic alloy with a Fermi level above the 3d; sub-shell can thus be obtained. Thus,
the 4s4 electrons, more delocalized and responsible of the transport properties (higher DOS at
Fermi level), do not scatter through the localized state of the 3d; sub-shell. On the contrary,
the 4s, electrons can diffuse through the 3d; sub-shell. This results in different transport
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properties for the two directions of spin, i.e to a lower resistivity r4 for the 1 electrons than the

resistivity r, for | electrons [1].

1.1.2 Giant magnetoresistance (GMR) effect and spin-polarization of the current
1.1.3 Principle of the GMR

The giant magnetoresistance discovered by A. Fert and P. Griinberg [2, 3] can easily be de-
scribed in a two channel model. The effect of magnetoresistance takes place in ferromagnetic
/ non-magnetic / ferromagnetic multilayers, i.e. in a system called a spin-valve. Two kinds of
spin-valves can be distinguished depending on the direction of the injected current, either in
the plane (CIP) of the multilayers as it was first observed, or perpendicular to the plane (CPP)

of the multilayers.

In this thesis, we focus on the CPP configuration. In the first FM, the electrons with majority
spins, i.e with spins parallel to the local magnetization, are less scattered. Then we assume
that the spin of electrons is conserved during the transport in the non-magnetic layer. This
hypothesis is valid if the NM layer is thinner than the spin diffusion length (mean distance
between two collisions leading to a spin flip). Indeed, due to spin-accumulation the current
remains spin-polarized in the NM layer over the spin-diffusion length in CPP configuration
and not only over the mean free path (mean distance between two diffusive events) as in CIP
configuration. In the second FM layer, the transport of electrons is again facilitated for the spins
parallel to the local magnetization. Taking into account the transport in the two FM layers, we
can model a resistance equivalent to the spin-valve for each magnetic configuration, respectively
Rp and R,p for parallel (P) or antiparallel (AP) magnetizations in the two ferromagnetic layers

as shown in Fig. 1.3.

For two non-collinear ferromagnetic layers, the expression of the spin valve-resistance R depends

on the magneto-resistance ratio (GMR) and on the angle 6 between the magnetic layers [4]:

M _
R=R, |1+ %(1 —cos(f))| with GMR = RAPR—PRP

(1.1)
In all metallic spin-valves, the GMR ratio is generally between 1 and 10 % at room temperature
with the largest ratio in Heusler alloys [5]. Much larger ratio up to a few hundred percents are

obtained in MTJ junctions [6] with an insulating non-magnetic spacer.



Chapter 1. From spin-polarized current to spin-torque oscillators 12

P configuration AP configuration

d—f—ti—~  o—p—l—

i v

FIGURE 1.3: Two current model for a spin-valve FM/NM/FM in parallel (P) and antiparallel (AP)

configuration. When a dc-current goes through a ferromagnetic layer, the electrons with a spin parallel

to the magnetization sense a lower resistance than the electrons with a spin anti-parallel to the local
magnetization

1.1.4 Transport in magnetic tunnel junctions (MTJs)

The two current approach does not permit to estimate the current spin-polarization for GMR
or MTJ junctions. More complex models have been developed to investigate in more details the
spin-polarized transport properties: the Valet-Fert model [7] for GMR spin-valves, the Julliere
model [8] and then the Slonczewski model [9] for MTJ junctions. For a MTJ junction such
as will be presented later in this thesis, the Slonczewski model allows to solve the Schrodinger
equation for two identical ferromagnetic electrodes, modelled with parabolic and shifted den-
sities of states for the majority and minority spins, and separated by a rectangular potential
barrier in the free electrons approximation. By considering that only the ? vectors normal
to the surface (/;/> = 0) participate to the transport of electrons, the tunneling conductance

dependency with the magnetization angle between the two electrodes 6 is expressed as:

kT — kl, /€2 — kikT

1.2
]{T+k¢/€2+k¢]€1~ ( )

G(0) = Go |1+ P2 cos(@)] with P.sp =

The effective spin polarization, F.r¢, depends on both the wave vectors of minority k+ and
majority k4 spins in the ferromagnetic electrodes and on the attenuation constant of the wave
functions inside the tunnel barrier k. The attenuation constant x depends on the height and on
the width of the barrier. Thus the spin-polarization is hence not a property of the ferromagnetic
metal but of the ferromagnet /insulator bilayer. From these expressions, the TMR ratio can be

written as:
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2P82f s

TMR = T po_ (1.3)
eff

The first MTJs were developed with amorphous alumina barriers [10-12]. In 2004, Yuasa et al.
[6] and Parkin et al. [13] respectively demonstrated on epitaxial MgO junctions with Fe and
CoFe electrodes that the TMR ratio does not only depend the weight and width of the barrier
but also on the crystalline orientation and on the nature of the barrier (epitaxial or amorphous).
The crystalline structure of the barrier introduces a filtering mechanism as predicted by Zhang
and Butler [14]. The Bloch states in the ferromagnets couple at the interface with the evanescent
states of the insulating layer. Using crystalline MgO barrier, the minority electrons have faster
decay rates as their Bloch states are coupled with evanescent wave functions that attenuate
much faster in the barrier. Consequently, the effective polarization is higher in crystalline

MTJs.

1.1.5 Transfer of spin angular momentum

1.1.5.1 Spin-transfer torques: Slonczewski and Field-like torques

In 1996, J. Slonczewski [9] and L. Berger [15] introduced the concept of spin-transfer (ST)
by demonstrating theoretically that a spin-polarized current can excite spin-waves and even

reverse the magnetization of a magnetic layer in a thin FM1/NM/FM2 spin-valve.

In CPP configuration, a dc-current I, is injected perpendicularly to the structure. The first
ferromagnetic layer is thick so that it plays the role of a fixed polarizing layer. The second
ferromagnetic layer is thin and thus its magnetization is free and sensitive to the effect of an
injected spin-current. The two magnetic layers are separated by a thin non-magnetic metal
or an insulator. The magnetization of the two ferromagnetic layers make a small angle 6 (see
Fig. 1.4). The injected current first gets spin-polarized along ]\71> and then is injected into
the spacer and eventually crosses the second magnetic layer FM1. The spin current has a
component transverse to ﬁg and proportional to . When the current crosses the thin layer,
the spins align rapidly along ﬁg and their transerve components are transfered to ]\7; This

) —
transverse component, proportional to |AnTﬁ| acts as a torque ? on Ms:

1 1
T = 52 P (s < (713  70)) and [ x (713 x 7)) | = s 6) (14)
0

with P; the spin-polarization at the NM/FM2 interface, vy the gyromagnetic ratio, e the ele-

mentary charge, g the Landé factor (equal to 2 for an electron), up the Bohr magneton, mi
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> —
and 75 the unit vectors parallel to M; and M. It can also be noted that the torque depends

on the sign of the current direction.

Transverse component of
\ electrons magnetic moment
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FIGURE 1.4: (a) Principle of spin-transfer torque in a FM1/NM/FM2 spin-valve (b) The transverse
component of the spin-polarized current is transfer to the magnetization

Several studies later confirmed [16, 17] that the ST torque is an interfacial phenomenon and
that the transverse spin-current component is absorbed over a few atomic planes. If we consider
an interface between a ferromagnetic metal and a non-magnetic layer, an incident spin-current
?inc is either transmitted ?tmns or reflected ?,,ef. Locally, the torque exerted on the local

spins (or magnetic moment of the free layer) is equal to :

? — ?trcms + 7ref - ?inc (15)

Again, only the transverse component of the spin-current is absorbed and acts as a torque on

the magnetization. Three absorption mechanisms drive the effect of spin transfer:

1. First, the difference between ?inc 1 and ?m L= ?tmns 1 leads to a non-zero torque.

2. In the ferromagnetic free layer, the spins precess around the exchange field with a random
phase. Above the phase coherence length (around 1 nm), one can consider that ?tmns L=

0. Thus, the spin transfer torque can be written as T = incl + ?mﬁ.

3. In metallic systems, the transmitted and reflected conduction electrons have random
%

phases as represented in Fig. 1.5. Thus their average contribution on all the % vectors

is zero. In this case, the torque exerted by a current polarized along p on the local

magnetization 7 is called the Slonczewski torque and it can be described as :

]dCP’)/h

Ttone = Tstonet X (1 X F) With Tsione = =370
sHM0

(1.6)
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with M, and L the respective saturation magnetization and thickness of the magnetic
layer, o the vacuum permeability, v the gyromagnetic ratio and e the electron charge.
In magnetic tunnel junctions, mainly the wave vectors around Eﬁ = 0 are transfered. The
phase coherence of the reflected wave vectors is thus higher and L«Tfﬁ is non-zero. This
effect gives rise to a second spin transfer torque that acts like a field and is called the
Field-like torque:

T N (L.7)

with 7y, the Field-like torque efficiency. Its amplitude varies from 0.1-0.4 the Slonczewski
efficiency in MTJs [18-21]. The origin of this torque remain in debate and different
mechanisms have been proposed to explain it such as interlayer exchange coupling [22] or
spin relaxation process [14]. In this thesis, we will show that in vortex based systems, the
contribution of the Field-like torque can be large compared to the Slonczewski torque due
to the different symmetries of the two torques. We will especially highlight the crucial

role of the Field-like torque in the non-autonomous regime of a vortex based STO.

Spin filter effect Differential precession

Random spin &
rotation \ /

Incident spin é Ferromagnetic |
spin density

current b ’

distributed
over the Fermi surface Non-magnet = Ferromagnet

//\.
S

e :

FI1GURE 1.5: Mechanisms contributing to absorption of incident transverse spin current. Electrons
incident (lower left) from the nonmagnet are distributed over a distribution of states represented by
three different incident directions. All of these electrons are in the same spin state, which is transverse
to the ferromagnetic spin density (blue arrow). The reflected electron spins have predominantly
minority character and their transverse components are distributed over many directions (random
spin rotation). The transmitted electron spins precess as they go into the ferromagnet because the
wavevectors for the majority and minority components are different. Electrons with different initial
conditions precess at different rates, leading to classical dephasing. Extracted from [23]

1.1.5.2 Spin-orbit torques

More recently, new type of spin-torques arising from spin-orbit interactions have been iden-
tified (Spin Hall effect, Rashba Edelstein effect). These spin-orbit interactions are intrinsic
in magnetic materials with large spin orbit coupling like the 4f rare earths or extrinsic in

magnetic materials containing impurities with a high spin-orbit coupling. Recently, they have
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been rather studied as interfacial effects between a ferromagnetic material and a non magnetic
metal with a strong spin-orbit (SO) coupling. The main idea is that a charge current injected
in the non-magnetic metal with a SO coupling could lead to the generation of either a pure
spin-current or/and a spin-accumulation at the FM/NM inferface. A spin-accumulation and
spin-current are not fundamentally decorrelated. However one should consider that the Spin-
Hall effect mainly leads to the generation of a spin-current? (scattering of spin up and down)
[24, 25] while the Rashba effect leads to spin-accumulation through spin-filtering (k filtering
at the interface) [26, 27]. It must be noted that spin-orbit torques in bilayers can be observed
only if the conductivity of the NM metal is larger than that of the ferromagnetic layer.

Both a interfacial pure spin current (“Slonczewski like effect”) or a spin-accumulation (“Field-
like effect”) will act on the local magnetization and can thus be associated with a spin-orbit
torque 7 s0. The efficiency of the different spin-orbit torques remains under debate in many
of metals with a strong SO [28]. However all the studies agree that the spin-orbit interaction is
generally proportional to Z* and so focus on metals with a high atomic number Z like Pt, Pd,
Ta, Au or W. One main advantage of these spin-orbit torques is that no charge current flows

in the ferromagnetic layer which permits to avoid detrimental phenomena like Joule heating.

1.2 Magnetization oscillations due to spin-current injection

1.2.1 Magnetization dynamics with the Landau-Lifschitz-Gilbert equation

In a FM1/NM/FM2 trilayer, the spin torques modify the magnetization direction of the free
layer m5. The dynamics of uniform magnetization (macro-spin model) is described by the
phenomenological Landau-Lifschitz-Gilbert equation (LLG) [29] in which the spin torques are

included (see also Fig. 1.6):

N
D8 0 H gy iy 5 OO gy x (703 5 B) e < B (18)
The first term describes the magnetization precession around the effective field ]—fff> that takes
into account the contributions of the external field, the anisotropy field and the coupling fields
(7 is the electron gyromagnetic ratio). The second term corresponds to the damping term. The
last two terms correspond to the Slonczewski and Field-like spin-transfer torque with 75, and
TrL, their relative efficiencies, and p the direction of spin polarization. In our study, we will

consider only the “classical” Slonczewski and Field-like torques.?

2Tt also leads to a small spin-accumulation and to a corresponding diffusive spin-current.
3The spin orbit torques are negligible in our studied samples.
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FIGURE 1.6: Scheme of the different torques acting on the local magnetization. a, 7y ;;, TFL, TSL
correspond to the torques respectively associated with the effective field, the damping term and the
two spin-transfer components.

From the LLG equation, we can then define the effective damping (in first approximation, we

neglect the the Field-like torque and the nonlinear damping term):

1.Pyh

—_— 1.
2L M pge (19)

a=a+
We notice that the spin-transfer torque acts as an extra- or anti-damping torque depending on
the dc-current sign. When the spin-transfer torque and the damping term cancel each other
out, the effective damping term is zero. Depending on the shape of the energy potential, it can
either switch the magnetization or trigger sustained oscillations of the magnetization which

leads to the concept of spin-torque oscillator.

1.2.2 Principle of the spin-torque oscillator

In spin-valve multilayers (GMR or TMR junctions), sustained oscillations of the magnetization
at the eigenfrequency of the excited magnetic free layer can be excited through the spin-
transfer torques generated by the dc-current. The magnetoresistance (MR) effect converts
the oscillations of magnetization in voltage oscillations, which can then be detected using
a spectrum analyzer or an high frequency oscilloscope. Thus spin-torque oscillators (STO)

convert a de-current into voltage oscillations at the device terminals as represented in Fig. 1.7.

The main features of a spin-torque oscillator are the following: its frequency, its emitted power,
its spectral coherence and its tunability. The frequency of a STO can go from 100 MHz for a
magnetic free layer in the vortex configuration up to 70 GHz for perpendicularly magnetized
free layer [30]. The power is proportional to the square of the voltage and so to the square of
the dynamical part of the MR ratio. In magnetic tunnel junctions, the output emitted power
can thus reach a few microwatts while the power of GMR based STO remains below 1 nW even

for Heusler alloys with large spin polarizations [31]. However in a MTJ the applied voltage, and
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FiGure 1.7: Principle of a spin-torque oscillator. The dc-current gets spin-polarized in the first

ferromagnetic layer. The spin polarized current then exerts a torque on the local magnetization of

the second ferromagnetic layer, which can induce sustained oscillations of the magnetization. The
magnetization oscillations are converted in voltage oscillations through the GMR effect.

so the amplitude of oscillations, is limited by the breakdown voltage of MTJs (< 1 V). This
restrains the STO frequency tunability that is determined by its amplitude of oscillations as in
any nonlinear system. To lower the critical current required to obtain sustained oscillations,
the choice of magnetic material is crucial as it determines both the damping parameter and
the anisotropy of the system. Generally soft ferromagnetic materials like Co, Fe, Ni and their
alloys are used as they have low anisotropies, relatively low damping parameters (o between

0.005-0.03) and also relatively large spin-polarization (P = 0.1 — 0.4).

1.2.3 Different families of spin-torque oscillators

The first spin-torque oscillators have been measured in 2003 by Kiselev et al. [32] in confined
nanodots with an in-planely magnetized free layer. Then, Rippard et al. [33] demonstrated that
point contact based STOs with similar magnetic configuration could reach higher frequency of
oscillations. These first results were observed in GMR based STOs and the output emitted
power was below 1 nW. In 2006, a record 10 nW emitted power was reported for a MTJ based
STO [34]. Until now, MTJ based STOs have been limited to confined nanodots and to the
recent sombrero shape STOs [35]. The geometry of point contact, where the free magnetic free
is spatially extended, is currently limited in output power as realizing M'TJ based nanocontacts

is a real challenge.

In these first results, the STOs had an in-plane magnetized free layer. Later on, other types
of spin-torque oscillators have been reported like the vortex based STO in 2007 [36] and the
bullet mode STO in 2010 [37]. With the stabilization of skyrmions at room temperature [38],
skyrmion based STOs are anticipated [39] and might present a higher thermal stability than
other STOs. Up today, vortex based STOs present the lowest linewidths given that the vortex
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gyrotropic mode is much lower in energy than the other vortex modes and involves larger

magnetic volume than other type of STOs.

In these different families of STOs, one key issue for applications is to avoid the use of magnetic
field. In the last few years, different tricks have been proposed to tackle this issue. For STOs
with an in-plane free layer, Houssamedine et al. [40] and Devolder at al. [41] respectively
proposed to use a perpendicular polarizer or an in-plane polarizer shifted by 90° compared to
the free layer. In vortex based STOs, Khvalkovskiy et al. from CNRS/Thales [42] first proposed
to use a second vortex as a spin-polarizer. N. Locatelli et al. [43] reported on such double
vortex systems record quality factor, up to 16 000. Recently, Dussaux et al. [44] showed that
a single vortex based STO with a perpendicular polarizer can also permit to observe sustained
oscillations at zero applied field. All in all, vortex based STOs present major advantages for

rf-applications: they present the best spectral coherence and they can easily operate at zero
applied field.

More generally, one common characteristic of all types of spin-torque oscillators is their strong
nonlinear behavior that couples their amplitude of oscillations to their frequency. This non-
linear behavior strongly enhances the STO agility but also leads to a detrimental loss of spectral
coherence. Understanding and controlling the non-linear behavior of spin-torque oscillators is

thus a crucial concern that can be addressed in the “auto-oscillator model” [45].

1.2.4 Nonlinear behavior and auto-oscillator framework

To model the STO behavior, Slavin et al. [45] proposed a general formalism that can describe
the dynamics of any nonlinear oscillator (STO, voltage control oscillator, pendulum etc). This
model, called “the auto-oscillator model”, permits to predict the necessary conditions to es-
tablish a regime of self-sustained oscillations and to evaluate the effect of thermal noise on
the sustained regime. Furthermore, it can also predict the conditions for synchronizing the
oscillations with an external periodic signal. In the last few years, different analytical, experi-
mental and micromagnetic studies have demonstrated that the dynamics of STOs can be well
described by this theoretical model. In this section, we present the main ingredients of this
model that we will use to discuss our experiments in different chapters of the manuscript. In
chapter 4, we will adapt this model to the vortex based STO locked with an external current
and highlight how the locking process can be precisely tuned through the spin-transfer locking

forces.
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1.2.4.1 Auto-oscillator equation

The auto-oscillator model describes in a complex form the dynamics of a single excited mode.
In a STO, the hypothesis of a single mode excited by spin-transfer torque is quite strong as
we will see in this manuscript. However this model is widely used as it fits well with the
experimental results even when several weakly coupled modes are excited. In this framework,
an excited mode is modelled by a variable c(t) = +/q(t) expi®(t) with ¢(t) = |c(t)|* and
®(t) = arglc(t)] its respective power and phase. The mode dynamics are then described by the

following equation :

9 4 ieP)ett) + [ lg) ~ T(@))elt) = 10 (1.10)
with w the oscillator resonance frequency, I', the intrinsic damping for energy dissipation, I'_
the negative damping corresponding to the action of the energy source, and f(t) the driving
term which model the interaction with external signal or thermal fluctuations. For spin-torque
oscillator, the intrinsic positive damping is defined by the Gilbert damping. The negative
damping corresponds to the effect of the spin torque and is thus proportional to the applied
current . All the system parameters generally depend on the auto-oscillation power p = |c/|?

so that the spin-torque auto-oscillator is a nonlinear system.

1.2.4.2 Self-sustained regime

The dynamics of an isolated (f(f) = 0) auto-oscillator equation can be described by its phase
®(t) and amplitude ¢(¢) dynamics:

da 4 o0 — T Jq(t) =0

GVa(t) +wla)y/a(t) =0

(1.11)

This system has a stationary solution ¢o(t) = /qo exp i®¢(t) with a non-zero power if I'; (0) >
I'_(0). Thus the condition I'; (0) = I"'_(0) determines the threshold for sustained oscillations
(see Fig. 1.8). The stable solution is then determined by the condition I'\(q9) = T'_(qo)
where the negative damping exactly compensates the positive damping, i.e where the effective
damping is equal to zero. Generally, the negative and positive damping respectively increases

and decreases with pg so that the system has a unique and stable solution.



Chapter 1. From spin-polarized current to spin-torque oscillators 21

The stationary power py and the frequency of oscillation w are expressed as [45]:

_ 1
o= (1.12)

w=wy+ N %
with ¢ = I/I, the dimensionless supercriticality parameter, () the nonlinear positive damping
parameter (I'y = T'g(1 + Qp)), wo the oscillator’s intrinsic frequency and N = dw/dp the
nonlinear frequency shift which links the power to the phase of the oscillator. The stationary
power is thus equal to zero at the threshold current and increases with the supercriticality.
One should notice that a modification of power creates a change of the oscillating frequency
(see Fig. 1.8).

To determine the stability of this solution, we linearize Eq. 1.11 around p = pg. Thus we

determine the damping rate I', for small power deviations dp:

dl'y(p) dI'_(p)
dp dp

Iy = ( )Po (1.13)

dr'y (p) ar_(p)
dp > dp

spin-torque oscillator [45]. For an STO, the damping rate is expressed as:

which is the case of a

The stationary solution is thus stable only if I', > 0, i.e

Iy =(¢—Dlg (1.14)

with I'¢ the linear contribution of the positive damping. One can notice that we find again

that T, is positive only for ¢ > 1, i.e. in the regime of self-sustained oscillations.

Contrary to most oscillators in nature, the nonlinear frequency shift N of a STO is generally
large. This means that the phase of a STO is strongly coupled to its amplitude and so that
STOs are highly nonlinear oscillators. A relevant parameter to describe the impact of this

coupling on the STO dynamics will be the nonlinear dimensionless parameter v:

V:Npo
r

(1.15)
p

In a spin torque oscillator, v is generally large (v >> 1). This parameter v will be particularly
crucial to understand the non-autonomous regimes of a STO or the dynamics of a STO under

thermal fluctuations as we will see in this manuscript.
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FIGURE 1.8: Dependences of the damping rates and oscillation frequency on the oscillation power
p. Intersection of the curves I'y and I'_ determines the free-running operation point of the oscillator
with the power pg and free-running generation frequency wgy. The slopes of the damping rates and
the frequency at the free-running operation point define the nonlinear positive and negative damping
coefficients and the nonlinear frequency shift coefficient N. Extracted from [45].

1.2.4.3 Effect of thermal fluctuations on the auto-oscillator’s dynamics

The small size of a spin torque nano-oscillator makes them really sensitive to noise as the
energy of the thermal fluctuations are of the same order as the energy of the system at room
temperature. In the presence of thermal noise, the auto-oscillator complex variable ¢(t) is no
longer monochromatic. Thus the frequency spectrum of the auto-oscillator is no longer a Dirac
peak but has a finite linewidth Aw. Generally the thermal noise f;(¢) can be considered as a

white Gaussian stochastic process.

The linearized equation of motion of the spin-torque oscillator under the influence of noise is
expressed as:

Ba 4 o1 £,0q(t) = 2,/q0gs(t)

1

do® (1.16)
‘& twsrollal?) = Z=h(t)

with gy(t) = Re[fp(t) exp (—i®(t))] and hy(t) = Im|[fy(t) exp (—iP(t))], and wgro the STO
frequency. The amplitude dynamics is driven by a retroaction process, due to the retroaction
force 27 f,0q(t) with f, = I',/m, which is not the case of its phase that diffuses during time.
Thus the oscillator linewidth will mainly be determined by the phase dynamics [45, 46].
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From the fluctuation-dissipation theorem, it is also possible to calculate the diffusion constant
A fo associated with the thermal noise [46]:

kT
E(Qo)

Afo=T4(q) (1.17)

with ', the intrinsic damping, k, T the thermal energy, F the energy of the system. Given
the absence of a phase retroaction, the linewidth of a linear oscillator (v = 0) is thus directly
equal to A fy. For a nonlinear spin-torque oscillator, the linewidth A f strongly depends on the

amplitude/phase coupling as demonstrated by J. V. Kim et al. [46]:
Af =1+ v*)Af (1.18)

The strong impact of the amplitude/phase coupling on the linewidth contributes a lot to the

quite poor spectral coherence of STOs.

To analyze more in details the spectral coherence of a STO, one should not only focus on
its linewidth but also on the spectral densities of amplitude and phase noises which represent
the repartition of power around the oscillating frequency. Indeed depending on the type of
rf-applications, the noise requirements are at a different frequency offset, i.e. more or less
closer to the oscillator frequency carrier fy. By solving the linearized equation of motion of the
spin-torque oscillator in the Fourier domain (see Eq. 1.19), we can establish the expressions of

the amplitude and phase noise spectral densities:

S5p — Afo 1

T f24f2
Grp — Afo v? 35 _ Afo 2 I (1.19)
se = zp + e = Tp (1+ 1V plp

Through time domains measurements, M. Quinsat et al. [47] and E. Grimaldi et al. [4§]
respectively demonstrated the validity of these equations on uniformely magnetized STOs and
vortex based STOs. In Fig. 1.9, we notice that (f,, Afy and v) are the three parameters that
drive the oscillator response to thermal fluctuations. It can be seen that the amplitude-phase

coupling increases by 14 dB (10log(1+ %)) the phase noise level for frequency offset lower than
fo-

1.2.4.4 Enhancement of the spectral coherence in the self-sustained regime

Controlling and understanding the three parameters, i.e f,, Afy and v, that drive the oscillator
dynamics is thus a crucial issue to enhance the spectral coherence of a STO. In this perspective,

different approaches can be considered:
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FIGURE 1.9: Experimental measurements of the power spectral density of phase (orange dots) and
amplitude (green dots). The dot and solid lines respectively correspond to the theoretical linear phase
noise and total phase noise. Adapted from [48].

1. The reduction of the linear linewidth A fy: Vortex based STOs are particularly promising
as their dynamics involve larger oscillations of magnetization than uniformely magnetized
STOs, which increase their energy F(q) and reduce A fy. Vortex based STO thus present
lower linewidth than uniformly magnetized STOs (300 kHz [36] compared to 20 MHz [49]

in NiFe based junctions).

. The development of magnetic materials with lower damping constant o than the gener-
ally used NiFe: For example, FeB junctions are particularly promising with a damping

constant a two times lower than permalloy (0.005 for FeB [50], 0.01 for NiFe junctions).

. The control of the nonlinear dimensionless parameter v: A large v increases the oscillator
frequency tunability with current but also increases the oscillator linewidth through the
amplitude/phase coupling. A optimal tradeoff between these two requirements is thus
be needed. As demonstrated by Houssameddine [49], interlayer mode coupling can be
an option to control the oscillator nonlinear behavior. In Chapter 3, we will discuss this
option in double vortex based STOs. Vortex based STOs have an intrinsic advantage,
compared to other STOs, which is the fact that their frequency tunability with current
is decorrelated from their nonlinear behavior. Indeed, thanks to the Oersted field (that
modifies the vortex confinement) they can have a high frequency tunability with the

dc-current for either large or low N parameter.
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1.2.4.5 Auto-oscillator in the non-autonomous regime

Controlling an oscillator with an external oscillating signal f.,; offers multiple options to
improve its dynamics. Depending on the type of excitations, the STO is in different non-
autonomous regime (injection locking [51-58], mutual synchronization[45, 59, 60|, parametric

[61, 62] or resonant excitation [53], frequency modulation [63-65] etc..).

Similarly to the autonomous regime, experimental and theoretical studies [45, 56, 66-68] have
reported the strong influence of the oscillator’s nonlinear behavior on the non-autonomous
regimes (locking bandwidths [45], spectral coherence [66, 69], transient regime [56, 70] among
others).

Most of these experimental studies have focused on the non-autonomous regimes driven by
oscillating magnetic signal (either generated by a rf-source or a second STO) such as spin-waves
[59, 60, 65, 71] or dipolar [53, 61, 69, 72]/exchange [73] interactions. Different parameters have
been identified as crucial to control these types of locking mechanism such as the field symmetry

(61, 62] and the attenuation length of spin-waves [74].

In parallel, most of the possibilities offered by the different spin-transfer torques to lock a STO
remain to be explored. In chapters 4 and 7, we will demonstrate that the specific locking
process of a vortex based STO involves two different components of spin-transfer torques: the
Slonczewski torque and the Field-Like torque. In particular, we will show in chapter 8 that the
Field-like torque driven synchronization permits to achieve mutual synchronization of STOs
driven by the self-emitted currents. Spin-orbit torques should offer similar perspectives to

control the non-autonomous regime of STOs.

1.3 Potential spintronics rf-devices based on spin-transfer

nano-oscillators

In this section, we present the different technologies that could take advantages of spin torque
oscillators. Beyond their small size and low power consumption, STOs are tunable oscillators,
compatibles with CMOS technologies and radiation hard [75].
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1.3.1 RF emitters and amplifiers
1.3.1.1 Frequency tunable oscillators

Within the family of rf-applications, the first application that we think about is the frequency
generator. Information and communications technologies face a growing demand on oscilla-
tors that can generate rf-signals from a few kHz to hundreds of GHz. The state of the art
spin torque oscillators cover a large range of frequencies from 100 MHz to 65 GHz [30], and
antiferromagnet based STOs are expected to reach the THz [76]. Depending on the targeted
applications, the required characteristics can vary from a highly coherent and stable oscillator
like quartz oscillators to a frequency tunable oscillator like a voltage control oscillator (VCO).
The characteristics of STOs fit more with the second family given their nonlinear behavior.
Their high agility combined with their low size and tolerance to radiations are particularly well
adapted for rf-applications such as mobile and satellite telecommunications. Indeed, the widely
used VCOs consists of RLC resonator with diode varactor. Thus its size is generally above the
micrometer and limited by the size of the inductance and the capacitance. The STO has the
great advantage to be much smaller (around 100 nm?). Nevertheless their phase noise remains
much larger than the conventional VCO (-90 dBC/Hz against -120 dBc/Hz at 1 MHz offset

frequency).

One approach is to stabilize the sSTO through a phase locked loop circuit with a quartz as
reference oscillator. The STO frequency is divided and its phase continuously compared to the
quartz phase. An error signal generates a current feedback to correct the oscillator phase. This
option should enhance the oscillator spectral coherence close to the coherence of the quartz
oscillator but it will strongly enhance the dimension of the total device. However this type of
circuit has its interest for satellite applications which requires radiation hard oscillators like
STOs. In Chap. 6, we will present some promising developments towards the integration of

STO based phase locked loop in conventional electrical circuits.

Another approach is to take advantage of the large frequency agility of STOs. Indeed, their
agility constant is determined by the oscillator effective damping which is about ten times
their period of oscillation [68, 77], i.e. of only a few nanoseconds. Thus Choi et al. [7§]
experimentally demonstrated that STOs can transmit information through discrete amplitude
changes of their carrier signal with a modulation current, i.e. with “an amplitude-shift keying
(ASK)” technique (see Fig. 1.10). In their experiment, they encode the information with a
binary signal, i.e a pair of discrete amplitudes, and their encoding rate is about 200 kHz. They
anticipate that better STOs [79] could operate at a much faster rate, up to 1.5 GHz, for an
estimated 12.5 dB signal to noise ratio. After amplification the encoded signal is emitted with

an rf antenna and transmitted over a 1 m distance before being detected by a second antenna.
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The detected signal is then demodulated with an envelope detector to recover the initial signal.
These preliminary results are really promising as they used STOs that are far from the current
state of the art [80].
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FIGURE 1.10: (Top) Schematic of the STNO-based binary amplitude-shift keying transmitter (Bot-
tom) Measured time trace of the modulated signal when the pulse frequency is 100 kHz at nodes a
and b. Adapted from [78]

A third option is to synchronize an array of N-STOs to increase the total output emitted
power by a factor N? and the spectral coherence by a factor N [81]. However as the number of
synchronized STOs increases, the array will loose its agility, except for vortices thanks to the
influence of the Oersted field. Thus a precise trade-off is needed between the targeted coherence,
power and the agility to evaluate the optimal number of synchronized STOs. Anyway, the
synchronization of multiple STOs is expected for more than ten years [60, 82] and has not been
successful for more than N=4 [73] through exchange coupling which is not really suitable for
applications. The most promising type of coupling is the electrical synchronization of STOs
that had been theoretically largely studied [66, 83-86] but never experimentally observed until
now (see Chap. 8), mainly due to technical (low output power [83]) and intrinsic (coupling

mechanism [84]) limitations.

1.3.1.2 RF-amplifiers

In 2006, Slavin et al. [87] proposed the concept of a microwave-frequency selective amplifier
based on an array of STOs. Indeed, a damped STO can be resonantly excited by an rf-current
or field either around its eigenfrequency fo (“normal” resonance [53, 58, 88]) or twice 2f,
(parametric resonance [61, 62, 89]). Thus the STO retransmit a copy of the injected rf-signal
but the output power of a single STO need to be strongly enhanced to get an amplified copy.
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For an array of N-STOs, locked to the injected rf-current, the power is enhanced by a factor N2
which is potentially larger than the power of the injected rf-current. Furthermore, the frequency
of the device can be tuned by the dc-current. Thus arrays of STOs have all the characteristics
required for an rf-amplifier. One should also notice that the parametric phenomenon is well

known to act as a low noise amplifier [87].

1.3.2 Frequency detector
1.3.2.1 Spin-diode detectors and filters

The state of the art for microwave detection is the Schottky diode. The diode rectifies the
incident rf-signal and sends it to a bypass capacitor that then delivers an amplitude proportional
to the input power level (square-law). The sensitivity of the diode can be controlled with a
dc-current that changes the functioning point to enhance the conduction. However most of
the commercial Schottky diodes work at zero electric field to reduce the power consumption.
The commercial Schottky diode based detector currently uses semiconductor materials (GaAs,
Si etc..) which make them really sensitive to thermal fluctuations and radiation. Another
limitation is their large size as the detection circuit has to contain a Schottky diode but also

an RF choke and a bypass capacitor to return a dc-current and fix the detection bandwidth.
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FIGURE 1.11: Comparison of the the semiconductor p—n diode (left panel) and the spin-torque diode

(right panel). In the semi-conductor diode, if positive voltage is applied to the n side, the space charge

region around the p—n junction is enlarged, and the resistance is high. For the opposite polarity, the

space charge region is shrunk and the resistance is low. In the case of the spin-torque diode, the

free-layer magnetization oscillates owing to the current-induced torque. The bottom trace in the right

panel of a shows the schematic variation of the product of the current and the change in resistance
and its average value that is non-zero. Adapted from [90]

Thus the small size of spin-torque oscillators and their potential use on a large range of tem-
perature make them promising candidates for rf-detection applications. Indeed Tulapurkar et
al. [90] demonstrated in 2005 that spin-diode rectification could be observed with a spin-torque

oscillator excited by an rf-current. The spin-transfer torque associated with the spin-polarized
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rf-current makes the magnetic moment oscillate when its frequency is close to the eigenfrequency
of the magnetic layer. The generated oscillations of magnetoresistance are proportional to the
injected rf-current and either in-phase or out-phase with it. The multiplication of the injected
rf-current with the oscillations of magnetoresistance generates a rectified voltage proportional
to I7; (see Fig. 1.11). Similarly to the Schottky diode, the spin-diode effect follows a power
square law. Recent studies on the out-of-plane modes of uniformely magnetized STOs have

reported a maximum effective sensitivity of 12,000 V/W [91], exceeding that of semiconductor
diode detectors (3,800 V/W [92]).

To go beyond these already record sensitivies, one perspective is to detect with an array of
STOs that react at close frequencies. Depending on the circuit geometry (phase shifter) or on
the STO configuration (direction of the spin-transfer torques, see Chap. 7), the array can either
act as a band-pass or band-stop filter around the central frequency of the array. If N STOs
are simultaneously excited by the rf-current, the detected signal is enhanced by a factor N2.
Moreover, if the N STOs are synchronized, the bandwidth selectivity of the filter is expected
to increase by a factor N (see Fig. 1.12) as it is the case for its spectral coherence in the

autonomous regime.

a

T i TSTO

\( / 2570,
i/ 3 STO
|

-32
.‘! 48 49 50 51 352 53 54 55 56 57 58
= Frequency (GHz)

FIGURE 1.12: (a) A bandstop filter based on coupled STOs. The external circuit permit to fix with
precision the frequency of oscillation and is adapted to reduce the losses (b) Frequency response of a
filter depending on the number of coupled STOs. Adapted from [93]

Another alternative approach to enhance the detection sensitivy is to correlate the detection
scheme with a magnetic switching. Indeed, a spin-polarized rf-current can resonantly excite a
magnetic layer and induce its switching [94]. In such case, the rectified signal will be enhanced as
a magnetic switching is associated with a change of resistance scalable with the TMR. In Chap.
7, we report a record effective sensitivity of 40000 V/W in vortex based STOs by resonantly
expulsing the vortex core with an rf-current. A similar detection scheme have recently been

reported by B. Fang et al. [95] on uniformly magnetized STOs.

With this large effective sensitivity, the response of the STO detector is no longer a problem.

A similar detection scheme can thus be used to develop another kind of STO array that cover
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a large band of frequencies as targeted for mobile telecommunications. Each STO of the
array will be patterned to have its own eigenfrequency so that we have multiple detection
channels and the size of the circuit remains in the range of the yum?. This makes this kind of
network particularly suitable and promising for radio frequency telecommunications where a

size reduction and larger frequency bands are targeted.

1.3.2.2 Hard disk read head

In the competitive sectors of data storage, strong efforts are continuously made to reduce the
size and enhance the storage capacity of hard disk. The latest generations of hard disk present a
storage density of hundreds Gbit/in? and the next step is now to reach the Thit/in?. Different
technologies are under development to reach this aim like the Shingle Magnetic Recording [96]
or the Bit Patterned Media [97] that could store information bit of around 20-30 nm.

To encode or read so small a bit, data read heads of similar size are necessary. In commercial
HDD, the read head consists of highly sensitive magnetic tunnel junctions with a free and fixed
layer. As seen in Fig. 1.13, the resistance state of the junction indicates the magnetic state of
the magnetic bit below the read head as the free layer switches in the field direction parallel to
the bit. This current technology is limited both by the signal to noise ratio as the read head
size decreases and by the relaxation time of the free layer which limits the reading rate below
1 Gbit/s.
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FI1GURE 1.13: Principle of a GMR read hear. Extracted from a MRSEC lecture

One solution proposed by Toshiba researchers is to develop a 30 nm STO based read head with
an oscillating free layer instead of a fixed one. The reading is driven by the stray field of the
magnetic bit which acts as a modulating field that modifies the STO frequency. By demodu-
lating the signal, the changes in frequency are converted into a DC voltage signal. The reading
rate is therefore determined by the nonlinear behavior of the spin-torque oscillator through its
effective relaxation time, i.e its effective damping f,, which is of only a few nanoseconds. Thus

such a technology could lead to a reading rate of a few Gbit/s. Nevertheless, the oscillator



Chapter 1. From spin-polarized current to spin-torque oscillators 31

noise remains currently too large for real applications. Different solutions are currently under
investigation to face with this issue such as employing a delay detection method [98], using the

parametric effect and phase locked loop driven STOs [87] or through the development of new

materials.
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FiGURE 1.14: STO read head coupled to an injection locking circuit. The signal from the local

reference oscillator locked in a PLL is divided in two part. One is sent to a frequency multiplier to

generate a 2fy ac-signal isolated with a band-pass filter and that injection locks with the STO read

head. The second part is sent to a frequency mixer that allows the detection of the STO signal filtered
with a bandpass filter. Adapted from [99]

In Fig. 1.14, we present the principle of the parametrically locked STO read head with a
reference signal supplied by a STO stabilized in phase locked loop (PLL) as proposed by
Braganca et al. [99]. The STO read head oscillates at fy and can parametrically synchronize
with a reference ac-signal emitted at 2f,. This reference signal can be a second STO that also
oscillates at fy and which is stabilized in a phase locked loop. By using a frequency mixer, a
signal at 2f; is generated and used to lock the first STO. In this locked regime, the STO read
head has a much better SNR and its output power is enhanced. Furthermore, Muduli et al.
[100] and Iacocca et al. [101] respectively demonstrated experimentally and theoretically the
stability of such a regime by studying the modulation regime of a synchronized STO. In the
device proposed by HGST researchers [99], the ac-reference signal and the output signal are
decorrelated (one at fy, the other at 2fy). The detection scheme is thus performed through the
demodulation of the STO read head signal with the reference signal of the second STO (see
Fig. 1.14).
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1.3.3 Heterodyne and self-homodyne frequency mixers

A heterodyne frequency mixer is a electrical device that can create two new signals (f; — fo
and f1 + fo) from two input signals (f; and fy). The widely used applications with this type
of device is the superheterodyne receiver which lowers the frequency of a receiving signal to
facilitate its post-process. The frequency is lower by mixing the receiving signal with a second
signal generated by a local oscillator. Generally the output signal is filtered with a low pass
filter to only keep the lowest frequency. Such detection circuits are widely used to demodulate a
signal and recreate a copy of the original signal. Spin torque oscillators have been considered to
combine both functions of a heterodyne frequency mixer [102] and thus to form a self-homodyne
frequency mixer. Indeed it is possible to modulate the emitted signal of a STO due to its highly

nonlinear behavior. Thus a STO is a local oscillator that can also effectuate a mixing function.

In 2007, A. Yamaguchi et al. [103] demonstrated that a ferromagnetic nanowire can demodulate
the modulated amplitude of a rf signal whose carrier frequency corresponds to the resonant
frequency of the nanowire. Spin-torque nano-oscillators are expected to perform a similar
function but with much larger demodulating ratio and higher SNR as we mentioned. A STO
could replace the envelope detector used in the study of Choi et al. [78] (see Fig. 1.10) leading
to a full spintronic transmitting and receiving chain.
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FIGURE 1.15: (a) Block diagram of a general rf signal demodulator. BPF: bandpass filter, LPF:

low-pass filter, CR: carrier recovery circuit, STR: symbol timing recovery circuit, and A/D: threshold

comparator analog-to-digital converter. (b) Block diagram of an equivalent demodulator using a single
ferromagnetic wire. Extracted from [103].

1.3.4 Oscillator networks for non-conventional and bio-inspired rf-applications

Besides the constant research for miniaturization, there are various classes of problems related
to brain functions like image and voice recognition that computers handle only with complex

Boolean algorithms at the cost of a large power consumption. In this section, we expend
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upon different considered approaches to use STOs in associative memories that can handle

non-boolean logic.

1.3.4.1 The brain architecture

Non-Boolean methods have been proposed to change the computing paradigm and to mimic the
best known non-Boolean system, i.e the human brain. The brain is made up of neurons that are
massively interconnected in parallel through synapses to form neural networks. Its properties
make the brain much more efficient for recognition/learning and less power consuming than a

supercomputer (10 MJ per day compared to 10° MJ).

The basic unit of the brain is the neuron, an electrically excitable cell that processes and
transmits information (the “neuron doctrin” [104]). Each neuron has its own function and
can only be activated by specific and defined inputs. The neuron activity is defined by “an
integrate and fire” model. The neuron potential integrates the received electrical pulses. When
the neuron potential overtakes a threshold value, the neuron fires and emits an electrical pulse

(or eventually a train of pulses).

The neuron activity is controlled by its external connections through synapses. A synapse is
a structure that connects two neurons and controls the transport of neurotransmitters (either
electrical or chemical) between them (see Fig. 1.16). The synaptic plasticity, i.e the dependance
of the transmission rate with the history of the external inputs, is controlled by the pre- and
post-synaptic activity of the neurons. Synapses thus play a key role in the memory function.

Some synapses connect with a neuron to itself to form an autapse.
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FIGURE 1.16: Principle of communication between neurons. Extracted from www.educarer.org

Depending on the learning inputs, a neural network change its connecting weights and thus

adapts its activity. The network activity can be described as an energy function that minimizes
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to a stable state through the evolution of the network interconnections. It should be noted

that the learning process can either be supervised or not depending on the type of network.

1.3.4.2 Spin-torque based neural networks

Studies about neural networks have flourished in the 70s and 80s but have dropped off since
then. Over the past decade, there has been a renewed interest with the development of new
techniques that allow to the observation of neural activities [105, 106]. Another perspective
to study and mimic neural network is to develop bio-inspired networks. A first example of
effective associative memories based on classical electronic components (micro-controllers and

a potentiometer) has been proposed and demonstrated by Pershin et al. [107].

Indeed, neurons can be modeled as nonlinear oscillators. They adjusts their firing rate de-
pending on the signal of excitation. Thus a network of coupled neurons can synchronize or
not depending on the coupling weights mediated through synapses. A network of non-linear
spin-torque oscillators can present similar properties. Spin-torque oscillators also have the ad-
vantage of presenting intrinsically different ways to tune their coupling weight through their
non-linear behavior v or their frequency detuning. Nevertheless it may be difficult to individ-
ually control with precision these parameters in large arrays of oscillators. Another possibility
is to tune externally the coupling constant of two STOs. This can be realized in the case of
electrically coupled STOs. Indeed we can easily add between them an electrical component

that acts like a synapse.

A synapse can be modelled by a memristive device that confers the property of dynamical
learning to the total network. A memristive device, also called a memristor, is a non-volatile
and multi-state memory that adapts its memory state to the input activity. Such devices
represent a promising alternative to the binary information storage. Recently, we demonstrated
at CNRS/Thales the concept of a spin-torque memristor [18] that could be combined with
STOs to form a neural network as represented in Fig. 1.17. For a system of two STOs coupled
through a memristor, the impedance mismatch between the STO and the memristor could thus
drive and modify the coupling constant. In such a case, each STO is not only connected to its

neighbour but also to itself due to the reflection at the memristor interface.

Other promising architectures of neural networks based on STOs and without memristor devices
have also been proposed [108]. Generally, the patterns are either store in the phases of the
STOs or in the frequency detunings between the different STOs. The difficulties to measure
the STO phase and to achieve phase synchronization make the second option more promising
for large networks. To stabilize and drive the network, Bourianoff et al. [108] proposed for

example to use STO based phase locked loops that we will present in Chapter 6.
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Chapter 2

Vortex based spin-torque oscillators :

”From single vortex to double vortices”

For this thesis, we study the dynamics of vortex based STOs in confined nanodots. In this
chapter, we present the main properties of the vortex magnetization distribution and describe
how external parameters such as field or current can modify this distribution. We describe the
dynamics of the lowest mode in energy of a magnetic vortex configuration, i.e the gyrotropic
mode of the vortex core, in the framework of the Thiele equation. The gyrotropic mode
is generally the only mode observed in vortex based STOs given that it is far in frequency
from the other modes and the symmetry of the spin-transfer torque. We thus discuss the
different spin transfer forces that can excite self-sustained oscillations of the gyrotropic mode.
Finally, we extend our study to the case of coupled vortices. Indeed, different studies reported
[43, 49, 101, 109] that mode coupling could be used to tune the properties of a STO. Here we
present the theoretical expectations for a double vortex based STO that we will investigate
experimentally in the next chapters. In this system, the coupling between the two vortices
leads to an hybridization of the vortex gyrotropic modes. There we highlight that the STO’s
properties can be controlled by changing the relative configurations (chirality and polarity) of

the two vortices.

2.1 The magnetic vortex

The magnetization distribution of a ferromagnetic configuration is defined by the balance be-
tween magnetostatic, exchange and anisotropic energies. In circular, but not only, ferromag-

netic dot, a non-uniform magnetization state can be stable for a certain aspect ratio between

37
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the radius and the thickness of the magnetic film. This non-uniformed magnetic state, with

zero mean magnetization, is called “magnetic vortex”.

2.1.1 Properties of a magnetic vortex
2.1.1.1 Stability domain

The stability diagram of a ferromagnetic nanodot depends on the radius R, on the thickness
L and on the exchange length L. = ‘/m?_lf\él? of the magnetic material (with A the exchange
constant) as shown in Fig. 2.1. To stabilize a magnetic vortex, the radius R and the thickness
L have to be large to respectively minimize the effect of the exchange energy and to avoid an

in-plane magnetization.

In the region of vortex stability, the magnetization distribution is composed of two parts.
A spatially extended region, called the “vortex body”, where the magnetization is circular
and contained in the disk plane. This planar component of the magnetization is orthoradial
(colinear to the border of the disk), minimizing the stray field. In the center of the vortex body
is a second region, spacially restricted (about twice the exchange length Ly 10 nm), where the

magnetization is out of plane and is called the vortex core.

FIGURE 2.1: Phase diagram of the magnetization distribution in a ferromagnetic cylindric dot with

an exchange length L, a radius R and a thickness L. The three stable magnetic states are: the

vortex, the quasi-uniform distribution in-plane or out of plane. Full line determined stability regions.

A metastable zone, called the corail zone, is represented in red and delimined by full and dot lines.
Extracted from [110]

Two parameters characterize a magnetic vortex: the vortex polarity P, which corresponds to
the direction of the vortex core (either up +1 or down -1), and the vortex chirality C, which
corresponds to the coiling of the magnetization in the vortex body (either clockwise +1 or

anticlockwise -1)
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2.1.1.2 Static properties of a vortex
2.1.1.2.1 Centered vortex

Usov et al. [111] first used the variational method to obtain the magnetization distribution
of a centered vortex in a dot. They minimized the exchange energy to obtain the shape of
the vortex core, and then the total free energy (i.e exchange, magnetostatic and anisotropy
energies) to obtain its size. Supported by micromagnetic simulations, Feldtkeller et al.[112]
demonstrated that the vortex core distribution was more precisely described (see Fig. 2.2) by a
Gaussian distribution (Eq. 2.1). In spherical coordinates, the total magnetization distribution

is then written as (see Fig. 2.3):

m, =0
m, =C <1 — cos? (@(,0))) (2.1)
m. = cos (O(p)) = P exp (—ln2(2b3)2>

with ©(p) the angle between the local magnetization 7i and m,

1

= 1) Usov
2) Feldtkeller
-== 3) Hoelinger
----- 4) Fourier transform
5) OOMMF data
6) SLASI data
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FIGURE 2.2: Out of plane magnetization. Dot lines corresponds to different analytical models: (1)

Usov, (2) Feldtkeller (gaussian), (3) Hollinger, (4) Fourier transform. Filled lines correspond to mi-

cromagnetic simulations: (5) OOMMEF software, (6) SLASI software for a disk with a 100 nm radius
and 20 nm thickness. Adapted from [113]

Among the different models presented in Fig. 2.2, the Feldtkeller’s model gives the most precise
description of the magnetization of the vortex core. A precise description of the magnetic
distribution of the vortex core is particularly useful to understand the dynamical properties
of a vortex based STO [48, 114] given that the core is the main contribution to the effective

damping of a magnetic vortex.
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2.1.1.2.2 Off-centered vortex

To describe the vortex dynamics, it is necessary to model the magnetization distribution of
the vortex when it is out of its equilibrium position. We can assume that the perpendicular
magnetization is not affected by the vortex dynamics. However, in a dynamical regime the
in-plane magnetization cannot be considered as orthoradial in each point. A model, called the
Two Vortex Ansatz (TVA), was proposed to take this deformation into account and to avoid
the formation of charge surface at the edges of the cylinder. Two rigid vortices are considered,
e
The magnetization distribution 71 at the coordinates (p,x) can then be described by the angles
(0,P) as:

—
one at the vortex position Z (pe, Xe) and a second ghost vortex at the position X <R2 , Xc)-

2

cos (@(7)) =P exp | —In2 M

’ (2.2)

‘I’Zafg(?—YZ)Jrarg(?—ﬁ)—7r—><0+Cg
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FIGURE 2.3: (a) Polar coordinates of the off-centered vortex. § = x4+ C7/2 is the angle defined by the

net inplane magnetization (with C' the vortex chirality). The net inplane magnetization, equivalent

to the total vortex inplane magnetization, is represented by the grey arrow. (b) Spheric coordinates

used to describe the local vortex magnetization. The vortex core has the coordinates (p, x.). The

in-plane magnetization 1), at the coordinate (p,x) is characterized by the angle ®. The out-of-plane
magnetization is characterized by the angle ©.

This description will allow us to determine the instantaneous net inplane magnetization (vortex

equivalent inplane magnetization) during the vortex oscillations.
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2.1.1.2.3 Net in-plane magnetization of a vortex

Determing the net in-plane magnetization is crucial to understand the characteristics of the
signal emitted by a STO. Indeed, the output power of a STO depends on the oscillations of
resistance due to the effect of magnetoresistance which is defined by the respective orientations
of the polarizer and the free layer. Thus for a vortex based STO with an in-plane fixed polarizer,
the dynamics of the net in-plane magnetization directly determine the properties of the emitted
signal. In Chap. 4, we will highlight that the phase of a vortex based STO is a crucial parameter
for phase locked multiple STOs, and that this parameter is directly proportional to the angle

defined by the net in-plane magnetization and the fixed polarizer.

To study the net in-plane magnetization, we thus use the works of K. Y. Guslienko et al. [115]
that demonstrated for small displacements (p. < 0.6R) that the net in-plane magnetization

can be expressed as:

— 20M;— _ 2CM;

M, = X, x el = 3R p(sin(xc)u_; — cos(Xc)u_;) (2.3)

_>
with M; the saturation magnetization,R the dot radius, C' the vortex chirality, X.=(p,x.) the
position of the vortex core with p the distance of the vortex core from the dot center and x.
the angle defined by (@,O‘Aﬁc as represented in Fig. 2.3).

2.1.1.3 Effect of current on the vortex stability

To reach the autonomous regime of a vortex based STO, we need to supply the STO with a
dc-current that can also modify the vortex configuration. Indeed, the dc-current generates an
orthoradial magnetic field called the Oersted field. Within a dot, its amplitude increases as a

function of the distance p from the dot center:

— C
H — oe
“ 21R2
with C,. the chirality of Oersted field defined by the direction of the current I.

1I|p e for p< R (2.4)

The chirality of the Oersted field either stabilizes (if parallel) or destabilizes (if antiparallel)
the chirality of the vortex. For large enough dc current, the vortex chirality can be reversed
by a dc-current with an Oersted field opposite to its chirality. Experimentally, this will allow
us to control the vortex chirality by changing the sign of the applied dc-current.
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2.1.1.4 Effect of a magnetic field on the vortex shape and stability
2.1.1.4.1 For an in-plane field

When an in-plane field is applied, the vortex core moves from the center of the dot due to the
Zeeman torque so that the vortex aligns its net in-plane magnetization parallel to the field.
In the framework of the two vortex ansatz, this displacement is perpendicular to the field and
proportional both to the field and the dot ratio § = %:

?:zﬁffzxﬁ
M

(2.5)

When the vortex core comes close to the border of the dot (at H,, in Fig. 2.4), it becomes
unstable and the disk enters the uniformly magnetized configuration. By decreasing the field,
the vortex can be nucleate again. However it happens only at a field lower H, than H,,. An
hysteretic behavior is thus observed in the annihilation/nucleation process of the vortex with
a magnetic field. The transition between the uniformed state and the vortex state happens

through a metastable state, generally a C state (vortex without a core) as seen in Fig. 2.4.b.

1.0r
S o5} @
Er Annihilation
E Nucléation
)
% -0.51
=

‘1'OI L L " (b) L Il
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Field (mT)
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FIGURE 2.4: Hysteresis loop and modification of the magnetization due to the nucleation, displacement
and annihilation of a magnetic vortex. The figure has been obtained from micromagnetic simulations
on a nanodisk with R = 0.1 gm and L = 30nm. (Adapted from [116])
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2.1.1.4.2 For an out of plane field

A perpendicular field H.,, does not modify the equilibrium position of the vortex but its

magnetization distribution. In a first approximation, the magnetization in the vortex body

linearly goes out of plane as a function of the perpendicular field m.oay) = Hf;:p.

2.1.2 Thiele formalism: A model equation to describe the vortex dynamics

The Thiele model provides a general analytical approach to describe the translational motion of
a magnetic soliton in an infinite environment. A wave which propagates without deformation
in a nonlinear and dispersive environment is called a soliton. The Thiele approach is thus
consistent with the gyrotropic motion of a vortex in an extensive film. The vortex dynamics is

thus described by the following Thiele equation:

OxX - _pRR 1 Forn(X) =T (2.6)
9

In a first approach, it is also possible to assume that the gyrotropic mode of a vortex confined
in a dot corresponds to the translational motion of the core as shown in Fig. 2.5. In this
section, we present, in the framework of the Thiele equation, the terms associated to the
vortex gyrotropic motion, excluding the spin transfer contribution ?STT that plays the role of

an anti-damping term which will be discussed in Sec. 2.2.
y

o

Core trajectory

[/
N

FIGURE 2.5: Schematic representation of the different forces acting on the vortex core in the Thiele
framework
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2.1.2.1 The gyroforce vector G

ax

The first term of the Thiele equation is the conservative gyroforce 8 x “2-. The gyrovector
is associated to the cross product of magnetization gradients that is non zero only within the
vortex core. This force is responsible for the rotational motion of the vortex core around the

center of the dot. The expression of the gyroforce is given by:

M
G = —2nPL8 = _pae (2.7)
Y

with G = 27L ]\15, ~ the gyromagnetic ratio and P the polarity of the vortex. The gyrovector

tends to increase the vortex core displacement as the vortex speed is increased.

2.1.2.2 The confinement force

The confinement force derives from the gradient of the potential energy S?E. The potential
energy is the sum of the magnetostatic energy and of the Zeeman energy. When the vortex
core is shifted from the dot center, the creation of a non-zero net in-plane magnetization
increases the magnetostatic energy. Thus the confinement force acts to return the vortex core
to the dot center and to lower the total energy of the system. The confinement force expression
has been calculated by Gaididei et al. [113]:

N 10 L?

E“OMEE (2.8)

— 1, pe _
E,= /inTZ = kmsp(1 + Z(%)Q)up with &, =

The Zeeman energy contributes to the total confinement in presence of an external field or an

external current that generates an Oersted field. The Zeeman term can be expressed as:

L, pe .
Fop = Chioedp(1 — 5 (5, with k. = 08510 M, LR (2.9)

with C' the vortex chirality relatively to the Oersted field

2.1.2.3 The damping force

Usov et al. [111] first established an analytical expression for the damping constant, and
showed the large contribution of the vortex core in the relaxation process. Subsequently, A.
Khvalkovskiy et al. [117] proposed a new approach, based on the energy dissipation of the

vortex dynamics, to calculate the damping term. This model, more accurate than the Thiele
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formalism, uses the two vortex ansatz (TVA) and permits the description of not only the

translational but also circular motions:

D(p.) = 2ral (77 o (p—é) ) % (2.10)

with 7 = In(R/2b) — 1 the linear damping contribution and ' = 2/3 the nonlinear damping

contribution.

2.1.2.4 Damped oscillations of the vortex eigenfrequency

From the Thiele equation, we can establish the gyrotropic trajectory of the damped oscillations
of a magnetic vortex. In the hypothesis of small amplitudes of oscillations, the vortex core will
have a damped circulary trajectory, i.e a spiral trajectory around the equilibrium position.
The sense of gyration of the vortex core is defined by the vortex polarity [115, 118]. The

eigenfrequency of the gyrotropic mode w can be expressed, at the first order, as:

W= g _ % (2.11)
The eigenfrequency w is proportional to the aspect ratio of the vortex layer L/R through
the first confinement term k,,;/G, and to R through the second term associated with the
Oersted field generated by the dc-current. The frequency tunability with the dc-current is
thus controlled by the Oersted field and not only by the nonlinearities of the system through
the amplitude of the gyration radius [45, 119]. The Oersted field offers here a crucial and
interesting way to tune the frequency of vortex based spin-torque oscillators as we will see in

the next chapters.

2.1.2.5 Evolution of the Thiele equation with the perpendicular field

As we have seen in Sec. 2.1.1.4.2, the magnetization distribution of the vortex is modified
in presence of a magnetic field. The shape of the energy potential changes and so does the
eigenfrequency of the system. G. de Loubens et al.[118] demonstrated that the vortex frequency
is expressed as w(H ) = (kms(H 1)+ Jkoe(H1))/G(H ) with the gyrovector and the confinement

terms which respectively decreases and increases as a function of the applied field:
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G(HL) = G(0)(1 — Pcos©Oy)
Ems(H 1) = kms(0) sin? Oy (2.12)
]{ZOQ(HL) = kOe(()) sin @0

with cos©¢ = H,erp/Hs and sin ©g the perpendicular and planar magnetization components.
Then we notice that the vortex frequency increases (decreases) with the applied perpendicular
field when the vortex core is parallel (anti-parallel) to the field. The perpendicular field will

thus offer another tool to tune the frequency of a vortex based STO.

2.2 Spin transfer excitation of vortex based oscillator in confined

nanodots

Tsoi et al. [120] first shed light on the strong potential of spin currents to excite magnetic
modes in thin magnetic films. Here we describe the different spin transfer (ST) forces that can
excite the gyrotropic mode of a magnetic vortex. Either resonant or self-oscillating behavior
can be observed depending on both the symmetry of the system and on the characteristics of

the applied current (rf or ac, spin polarization).

2.2.1 For a spin-polarized current with a perpendicular component:

It has first been demonstrated that a perpendicularly spin polarized current could excite the
gyrotropic mode of a magnetic vortex confined in a nanodot through the corresponding Slon-

czewski ST torque. The threshold current J. needed to establish a sustained regime is then

k ML
Wms - wigh 4, = 2222 (2.13)

Jo=———
Rl — ankae Y

where a; is the ST torque efficiency, M, is the magnetization saturation, v the gyromagnetic
ratio and L the thickness of the free layer. Depending on the current sign, the ST torque either
acts as an extra- or an anti-damping term. Sustained oscillations of the magnetization can
be observed only when the condition Jpp, > 0 is fulfilled with J the current flow defined as
positive for electron flowing from the vortex free layer to the polarizer, p, the perpendicular

polarization of current and p the vortex core direction.

Experimentally vortex based STO excited by a perpendicularly spin-polarized current have

first been realized in spin-valves [121, 122] and then in magnetic tunnel junctions [119] with
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a vortex based magnetic free layer and an in-plane magnetized layer as a polarizer (often the
top layer of a synthetic antiferromagnet). In presence of an in-plane polarizer tilted by an
out-of-plane field and for a sufficiently large dc-current, a self-oscillating state of the vortex

core can be observed.

To avoid the use of magnetic field, it has recently been demonstrated that self-sustained oscil-
lations can be obtained at zero field on similar systems by adding on top of the vortex layer an
additional spin-valve with a perpendicularly magnetized layer that directly plays the role of a

perpendicular polarizer [44, 48].

2.2.2 Through a uniformly in-plane spin-polarized current:

Contrary to the previous case, we cannot excite sustained oscillations of the vortex core with a
uniform de-current distribution in a system with an ideal in-plane polarizer. For a non-uniform
distribution of the dc-current, Martin et al. [89] demonstrated that sustained oscillations could
be observed at zero field but no other groups have reported similar results. Indeed, the ST
forces associated to an in-plane polarizer, i.e the Slonczewski and Field-like in-plane ST torques,

do not have the required symmetry to maintain the circular trajectory of a gyrotropic motion:

Fs_g = AgpJ [cos(@(t))u_;( + sin(@(t))@)] the Slonczewski inplane force (2.14)
P—’F_z =AprJ [sin((‘)(t))u_x> - COS(Q(t))u_;} the field-like inplane force .
with Ag;, = CrMLbasp,, and Ap, = 2/3C7M;LRa;E{pLp, the respective efficiency of the
two ST torques, b, the diameter of the vortex core, {ry, the Field-like torque efficiency, p,, and
p. the in-plane and perpendicular spin-polarization, J the current density, 77;( and 'zT; the polar
vectors defined by the position of the vortex core (see Fig. 2.3), and 6(t) the angle determined
by the net inplane magnetization relatively to the direction of the inplane polarizer (which is
thus the phase of the STO).

The expression of the two torques, Slonczewski and Field-like, depend on the phase of the
vortex core and they are respectively oriented along u, and u_; For a circular trajectory and
a dc-current, they thus both act like in-plane fields that can only slightly shift the vortex core

from the center of the dot.

Nevertheless, in presence of an alternating current applied at the vortex eigenfrequency, the
averages of these torques during a period of oscillations are non-zero. In this case, the spin
transfer torques do not compensate the damping term but can induce resonant phenomena

that are crucial for synchronization and spin-diode effects as we will develop in Chap. 4 and 7.
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2.2.3 Through a circularly polarized current:

One original approach to induce a self-sustained gyrotropic motion has been proposed by
Khvalkovskiy et al.[42]. They demonstrated that the Slonczewski force associated with a cir-
cularly polarized current could excite the gyrotropic mode of a vortex confined in a nanodot.

In this case, the spin transfer force takes the following form:

%(ejx?) si
X >0

N JM,Lxb ’?H <b
Fopg — — ML b

N (2.15)
v ey si

The ST force is thus linear at small gyration radii and saturates for orbits larger than the

vortex core b.

The spin transfer and damping forces both depend on the vortex polarity so that the vortex
core does not influence the conditions of excitation. To observe sustained oscillations, the sign
of the ST force, relative to the damping force, must fulfill the condition JCC,y < 0 and is thus
determined by the relative orientation of the vortex chirality and of the polarizer circulation,

and the current sign JCC,y < 0.

Experimentally Locatelli et al. [43] demonstrated that sustained oscillations of the gyrotropic
mode could be observed with such circular spin polarization in a double vortex based spin-valve
nanopillar. Depending on the sign of the applied dc current, one vortex layer is excited by spin
transfer while the second one is damped by spin-transfer. A second but negligible ST force
arises from the perpendicular polarization of the vortex core [43, 123]. In the first studies, it
was considered that one of the two vortices acts as a quasi-static circular polarizer. However,
we will see that the coupling between the two vortices plays a crucial role in these systems so

that coupled modes can be excited by ST and simultaneously observed in the two vortex layers.

2.3 Double vortex based spin transfer nano-oscillators and their

characteristics:

Numerous studies [36, 48, 119, 121] have shown the high spectral coherence of vortex based
STOs, with Q > 1000, compared to other kinds of STNOs. However the key features of single

vortex based STOs are still far from rf-applications requirements.

Within the family of vortex oscillators, record quality factor (Q > 15 000 by Locatelli et al.
[43]) has been reported on double-vortex based STOs at zero applied field. Only recently have
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similar quality factors (Q > 6400) been reported for a single vortex based STO by Tsunegi et
al. [80] but a magnetic field is still required. In this study, FeB free layers were used instead
of NiFe ones in the previous studies on single vortex based STOs. This material has a much
lower damping (a=0.005 for FeB compared to 0.01 for NiFe) leading to lower critical current.
Thus, at a same dc-current the energy involved in the gyrotropic mode is higher, and so is
the effective damping rate which stabilizes the dynamics of the STO and explains the higher
quality factors [48].

The record quality factors reported in permalloy based double vortex spin-valves cannot be
explained by the material parameters. These observations could rely on either the specific ST
torques associated to a vortex polarizer or on the effects of mode coupling on the oscillator’s
dynamics. In this section, we theoretically focus on both these two aspects and how each of
them could impact the characteristics of a double vortex based STOs. We consider the case of an
asymmetric system where the thicknesses of the two vortex layers differ V(thick)/NM/V (thin).
To illustrate our analytical statements, we take the example of a Py(20nm)/Cu(9nm)/Py(6nm)

double vortex system on which we will present experimental results in Chap. 3.

2.3.1 Spin-transfer behavior in the self-sustained regime

To quantify the precise contribution of both core and body ST forces on the oscillator’s dy-
namics, we follow the approach performed by Sluka et al. [123], and N. Locatelli [43] and we
numerically calculate the expression of each ST force for a vortex core described by the TVA

model and a gaussian model for the vortex core.

2.3.1.1 Spin-transfer force associated to the vortex body

In a double vortex spin-valve, each vortex can be excited by the ST torque associated to
the second vortex body if the condition JCypiCinice < 0 (with J > 0 positive for electrons
flowing from thin to thick layer) is fulfilled. However for a given current sign, only one vortex
layer is excited by ST torque while the other one is damped. The conditions of excitation are

summarized in the following table:

| [ >0 [ 1<0 |
CihinCinick = +1 thin | thick
CihinCinick = —1 || thick | thin

TABLE 2.1: Excited vortex layer depending on the chiralities of the two vortices. (Positive current
corresponding from electrons flowing from thin to thick vortex layer
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The integral expression of the spin transfer force associated to the vortex body can be written

as:

CLJJMSL

—
?STT—bodyﬂfhin = _]Dthin Othincthick fbody (pc)ex

. p=R X=27 dOe 0
with fuay(p) = [ [ im0l ot (p dudp (216)
p=0 x=0 X

In Fig. 2.6.a, we note that contrary to expectations (Eq. 2.15), the ST force does not saturate at
large amplitude radii but still increases with a slower slope. Indeed, the polarization component
along az in the vortex polarizer body, below the vortex core of the excited vortex, is slightly
higher when the gyration radius increases. This nonlinear behavior of the spin transfer force

will have an influence on the oscillator relaxation damping rate I', presented in Sec. 1.2.4 of
Chap 1.

2.3.1.2 Spin-transfer force associated with the vortex core

The force associated with the vortex core is similar to a perpendicular polarizer located at the
center of the dot. This situation is well known in nanocontact based STOs in which Kim et al.
[124] demonstrated that this force is inversely proportional to the gyration radius p. Following
this study, we establish a similar analytical expression of such ST force for a vortex core located
at the dot center. The profile of this force is precisely described by the following expression
and plotted in Fig. 2.6.b :

CLJJMSL

?STT—core,thin = Pthinfcore (pc) az

, 1 =R e - do
with fcore(pc) = _/ / |pz,thick(p)| S @(p7 X)d_P dX dp (217)

Pec Jp=0 Jx=0 X
Given the % dependency, we see in Fig. 2.6.b that this ST force has a negligible impact for
large gyration radius. However it is not the case at small gyration orbits which could induce a

non negligible effect on the critical current.
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FIGURE 2.6: (a) Profile of the spin transfer force associated to the core of the polarizer vortex (b)

Profile of the spin transfer force associated to the body of the polarizer vortex (c) Total profile of

the spin transfer forces for parallel (Pc) or antiparallel (APc) cores between the free vortex and the
polarizer vortex (§r represents the distance from the dot center).

2.3.1.3 Total spin-transfer for a static vortex polarizer

In a double vortex based STO, the ST torques have thus two components, each of them is
either associated to the body or the core of the vortex polarizer. The total ST force depends

on both the relative core polarities and chiralities of the system:

JMgL
Fopp = —pl st

_>
[COpolfbody<pc) - PPpolfcore(pc)} ex (218)
As expected and shown in Fig. 2.6.c, at a large orbit of gyration, the main ST contribution
arises from the body of the vortex polarizer. At small intercore distances, the contribution of
the vortex core is non-negligible so that the profile of the total ST force strongly depends on the
vortex core relative configuration as seen in Fig. 2.6.c. Furthermore the analytical expression

of the critical current also depends on the vortex core relative configuration:

AN Kms

Jer =
CthincthickUH + Pinick Penino> — anb"ioe

(2.19)

with o and o, the respective efficiency of the forces associated to the body and the core of
the vortex polarizer. From the profile of the total ST force (see Fig. 2.6.c) and Eq. 2.19, we
expect a lower critical current for parallel core configuration (Pc) than for antiparallel core
configuration (APc). However, the first experimental study by N. Locatelli et al. [43] have
shown that sustained oscillations of coupled vortices in spin-valves were observed only in the
APc configuration. To understand this contradiction, one should notice that we do not consider

in this section the magnetic coupling between the two vortices. In the next section, we will



Chapter 2. Vortex based STOs: “From single vortex to double vortices” 52

demonstrate how the magnetic coupling between each vortex could impact the double vortex

dynamics.

2.3.2 Mode coupling in double vortex systems

To explain the physics present in double vortex systems, a deep focus on the origin of the
coupling between each vortex is needed. Indeed, the source and the intensity of the coupling

can largely impact the characteristics of the gyrotropic modes.

In a double vortex system, the coupling interaction between each vortex can be of two types:
either dipolar or exchange coupling. The total energy of the system can thus be expressed as

the following:

Wier = %k@?? + %kl)?? + Wing (2.20)
where )T; the respective position of each vortex and W;,; the interaction energy that can take
different form depending on the coupling properties. Due to the interaction energy, the two
gyrotropic modes hybridize and are replaced by two coupled modes with different properties
that depend on the coupling interaction. In a spin-valve with two vortices as we study in this

thesis, only the dipolar interaction between the two vortices has to be taken into account.

2.3.2.1 Body-body coupling

Guslienko et al. [115] first presented a theoretical model for interacting vortices in a FM1/NM/FM2
system with two ferromagnetic vortex layers of different thicknesses. By considering that the
net in-plane magnetization is proportional to the vortex core displacement, the Thiele equation

for each vortex layer is then expressed as:

%
with a , Z and X the respective gyrovectors, confinement terms and vortex core positions of
each of the two vortices (i,j). The term p corresponds to the dipolar body-body coupling term

between the two coupled vortices.

From the eigenvalues and the eigenvectors of the coupled system, we get access to the hybridized

gyrotropic frequencies and to the localization of the two modes in each magnetic vortex layer:
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In Fig. 2.7, we represent the theoretical expectations concerning the frequency and the de-

localization of the coupled vortex modes in a double vortex Py(6nm)/Cu(9nm)/Py(20nm)

spin-valve. Note that we will present experimental results on similar system in Chap 3.

with wy o the frequencies of the coupled modes. For each coupled modes, (%) (

represents the ratios of the mode gyration radii in each vortex layer.
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FIGURE 2.7: (a) Frequency and (b) ratio of gyration radii for the two coupled modes vs coupling
strengh p for parallel (blue and blue sky) and antiparallel core (red and orange) configuration.

We can first notice in Fig. 2.7 that the frequencies of the two coupled modes correspond to the
non-interacting gyrotropic frequencies at zero coupling. In this case, each mode is thus present
only in one vortex layer. As expected the more the coupling is increased, the more the mode
frequencies differ from the non-interacting gyrotropic frequencies. In addition, we notice that
the ratio of the gyration radii in each layer p;/ps is largely affected by the coupling strength
and by the vortex core configuration, either parallel (Pc) or antiparallel (APc). Thus we can
quantify the localization of each coupled mode in the two vortex layers. As seen in Fig. 2.7.b,
the two vortex cores are expected to rotate in phase (<£—;> . > () for one coupled mode (see
in light blue the high frequency mode in Pc configuration) while the cores should rotate in

antiphase ((/’%) < 0) for the other coupled modes.
2/1,2
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In a spin-torque oscillator, the ST torque should excite only one vortex layer and thus only
the coupled mode mainly associated with this magnetic layer. However we will see in Chap.
3 and 5 that for some conditions, the two degenerated modes are simultaneously excited. In
such a case, the trajectory of the two vortices is not circular anymore but each vortex core
rotates around their common barycenter that is rotating itself around the center of the dot. In
this case, the hypothesis of a static vortex polarizer is no longer valid and can lead to exotic
dynamics when the two modes are equally excited as we will develop in Chap. 5. Similarly, the
trajectory of the vortex cores can become much more complex in the case of strongly coupled

vortices as discussed in Chap. 7.

2.3.2.2 Core-core coupling
2.3.2.2.1 Weak coupling case

For a system of two weakly coupled vortices in a single dot, we make the hypothesis that the two
vortex cores can be modelled by two monodipoles (equivalent to a gaussian core distribution)
in the center of each layer. In that case, we can establish the energy of the dipolar interaction

between the two vortices:

2
L1+L
 pomPL Py M 1 M, 5 Ly Lob?b3 —pe +2 (dspacer + A5 2)

Wint core—core =
b 64in(2)? )2
(Pg + (dspacer + %) )

with b; and by the respective diameters of the vortex core for each vortex. In Fig 2.8, we plot

(2.23)

5
2

the interaction energy as a function of the intercore distance. We can notice that the core-core
interaction is negligible when the intercore distance is higher than 25 nm. Thus the vortex
core interaction is generally negligible, compared to the vortex body interaction, in the auto-
oscillating regime. However, below the critical current, when the two vortex core are located

close to the dot center, the strong intercore interaction can play a predominant role.

2 . . . :

v T v T v
0 50 100 150
ofc (nm)

F1cURE 2.8: Amplitude of the core-core dipolar energy interaction depending on the intercore dis-
tance. (Here we consider a spacer of 9 nm between the two magnetic layers as studied in Chap.
3)
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Depending on the relative vortex core configuration, the core-core interaction (for parallel chi-
ralities) is either repulsive (for antiparallel vortex cores) and so acts against the dot confinement
or attractive (for parallel vortex cores) and reinforces the dot confinement. Thus, it is easier
to move the vortex core from the dot center in APc configuration. One should expect that the
critical current needed to observe sustained oscillations is potentially either strongly decreased
in APc configuration or increased in Pc configuration. It has to be noticed that this conclusion
is opposite to what we expect from the different ST contributions but in agreement with the

experimental observation of N. Locatelli et al.[43].

Micromagnetic simulations performed by A. Khvalkovskiy have even predicted a zero critical
current in APc configuration as presented in Fig. 2.9. One should notice that zero critical
current are obtained only for a dot diameter larger than 200 nm. This is related with a lower

confinement when the dot diameter increases.
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FIGURE 2.9: (a) Frequency of the excited coupled mode. Associated gyration radii in the excited
thick (b) and damped thin (c) vortex layers. (Adapted from [125])

2.3.2.2.2 Strong coupling case:

Recently, different studies [126, 127] have reported, on Py/Cu/Py based spin-valves with a
Cu spacer lower than 5 nm, that the dynamics of coupled vortices is modified in the strong
coupling regime. In this strong coupling regime, the inter-layer exchange interaction becomes

non-negligible compared to the dipolar interaction and the mode dynamics change.

In this regime, Cherepov et al. [126] have thus demonstrated that high frequency azimutal and
vibrational modes appear for parallel vortex core configurations and anti-parallel chiralities
(see Fig. 2.10.a-b). Introducing a mass term for the vortex and a third order gyrovector is
necessary to model these new modes that present eigenfrequencies in the GHz range. These
new modes, the rotational mode around 2 Ghz and the vibrational mode above 5 GHz as seen

in 2.10.c, could offer an interesting perspective to enhance the frequency of vortex based STOs.

As for the weak coupling regime, the strong vortex core repulsion acts against the confinement

in the APc configuration. In the high coupling regime, F. Boust et al. [128] highlighted through
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FIGURE 2.10: Micromagnetic illustration of the vortex core trajectories for the rotational mode at 2

GHz (a) and the vibrational mode at 6 GHz (b). (c) Microwave spectroscopy data for Pc-AP vortex

core with coupled or uncoupled vortex core. (The vortex cores are decoupled with a 40 Oe in-plane
field). Adapted from [126]

micromagnetic simulations that the decrease of the confinement can induce a reduction of the
mode frequency down to a few MHz or even suppress it completely (see Fig. 2.11). This
indicates that the dot confinement tends to zero, which should strongly reduce the critical
current needed to observe sustained oscillations of the magnetization. As such, thus could be

of great interest in the perspectives of spintronics based low power consumption electronics
[129].

(a) Pc config. (b) APc config.
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FIGURE 2.11: Resonance frequencies of the two vortex core modes (red and blue lines) as a function
of the interdisk distance ¢z for paralell Pc (a) and antiparallel APc (b) vortex core configurations with
parallel chiralities. Extracted from [128]
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In this chapter, we presented the main characteristics of vortex based spin-torque oscillators
which have the advantage of presenting a high spectral coherence. Since the first vortex based
STO developed in 2007 [36], different kinds of polarizers, from a perpendicular polarizer to a
vortex polarizer, have been proposed to excite a magnetic vortex by spin-transfer torque at
zero applied field [43, 89, 119, 130]. Here, we particularly discussed how mode coupling in a
double vortex based STO leads to the hybridization of the vortex gyrotropic modes and how
it could improve the rf-properties (critical current, mode localization, frequency and spectral

coherence) of vortex based STOs.
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Chapter 3

Double vortex dynamics in the

self-sustained regime

In this chapter, we investigate how coupled vortex modes can impact vortex based spin transfer
nano-oscillators. In such a system, spin transfer will give rise to self-sustained oscillations of
hybridized gyrotropic modes that depend on the relative configuration of each vortex (core
polarity and chirality) as seen in Chap. 2. Thus, it can be considered as being a model
system [43] for the study and the improvement of the properties of spin transfer nano-oscillators

through collective modes dynamics.

The studied samples are nanopillars made from a multilayer stack containing an in-plane mag-
netized CoFe/Ru/CoFeB synthetic antiferromagnet (SAF), an MgO barrier and on top of it
a NiFe/Cu/NiFe spin-valve (see App. A for more details), where each NiFe layer has a vor-
tex magnetic configuration. The coupled modes (and thus the emitted power) are essentially
detected through the vortex dynamics in the NiFe layer adjacent to the MgO barrier layer.
Thus we cannot directly access the dynamics of the two vortex layers. To avoid this issue,
we investigate two different systems that give us the opportunity to independently probe the
dynamics of the excited and the damped vortex layers, and to report record output emitted

powers (0.8 uWW) for permalloy based STOs.

In this study, we demonstrate the strong influence of the relative core polarity configurations on
the non-linear mode behavior as well as on the main features of the associated microwave signal
e.g. frequency, spectral coherence, critical current, mode localization etc... By investigating the
oscillator’s dynamics in frequency and time domain measurements, we discuss the evolution of
the STO’s nonlinear parameters with I;.. Finally, we succeed in demonstrating how the mode

coupling offers new perspectives to handle the rf-features of vortex based STOs.

61
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3.1 Dynamics of coupled vortices in “Sample A” STOs

The samples A, studied here, consist of a NiFe (20 nm) / Cu (9 nm) / NiFe (8 nm) spin-valve
on top of a MgO barrier and a SAF (see Fig. A.1 in the Appendix A).

3.1.1 Intrinsic properties of coupled modes

In double vortex based STOs, the different configurations of vortex polarities and chiralities
considerably increase the number of accessible magnetic configurations (2% = 8). Thus we can
excite by ST torque one of the 16 coupled modes, each of these coupled modes have different
intrinsic properties. The mode coupling between vortices will thus offer us an original way to
enhance the limited range of accessible frequencies [36], or to develop STO based memories [43]

or logic gates [131].

3.1.1.1 Coupled modes for chiralities parallel to the induced Oersted field
3.1.1.1.1 Mode selection driven by spintransfer

First, to prepare the two vortices with chiralities parallel to the Oersted field, we apply a large
dc-current I, that generates a sufficient Oersted field to impose the vortex chiralities in both
layers. In this configuration, it is anticipated that for a negative current (i.e electrons flowing
from thin to thick layer) the ST torque excites the thin top vortex layer and thus the coupled
mode dominated by this layer. On the contrary, for parallel polarities and positive Iy, the
coupled mode dominated by the bottom thick layer is excited by ST torque. However in our
system, the threshold current of the coupled mode mainly located in the thick layer is too high
to observe sustained oscillations without damaging the junction barrier. This originates from
the width of the thick vortex (20 nm) which enhances the mode energy. Thus, we focus our
study on negative dc-currents that will generate spin transfer oscillations of the coupled vortex
system along the coupled mode dominated by the thin layer. This mode is expected to have
a lower frequency than the one dominated by the thick layer given that eigenfrequencies are
proportional to the ratio L/ R with L the thickness and R the radius of the vortex layer as seen
in Sec. 2.1.2.4 in Chap. 2.

In such a configuration, we observe sustained oscillations for parallel (Pc) or anti-parallel (APc)
vortex core polarities. The preparation of the vortex polarities is performed by field cycling,
similar to N. Locatelli et al. [43] who showed that the polarity switching field of the vortex

core depends on thickness of the vortex layer.
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mode for (a) APc and (b) Pc configuration at Iy, = —16 mA. Frequency spectrum of the output emitted
signal at H, = 0 kA/m for (c) APc and (d) Pc configuration.

For both cases, as shown in Fig. 3.1.c-d, we detect a peak with a large amplitude and a narrow
linewidth at a frequency of 190 MHz, close to the predicted gyrotropic frequency for the isolated
thin layer’s vortex (197 MHz). We also record a much broader peak (linewidth above 4 MHz)
at a higher frequency which is attributed to the thermal excitation of the second coupled mode.
In Fig. 3.1.a (resp. Fig. 3.1.b) we show for anti-parallel (resp. parallel) core polarities, the
linear frequency evolution of these two modes as a function of the perpendicular applied field
Herp As expected, the slopes of these modes have the same (resp. opposite) sign for parallel
(resp. anti-parallel) core polarities [118]. We also note that the best spectral coherence for the
excited modes has been measured in the APc configuration, with a minimum linewidth of 80
kHz (at Hperp = 30 kA/m and I3 = —16 mA) leading to a Q factor of 2400 compare to a
Qmax = 300 in the Pc configuration.

BO—T— T T T T
—_ d mo e
g Dampedmode . PEES
E amEnEnNESEE =
< 300 .
| 4. -
c FI1GURE 3.2: Field dependence of the low frequency
% 2404 b b 4 excited” mode and the high frequency ”damped” mode
8 for both Pc configurations (both vortex cores up or
T 180 Excited mode down) at I4. = —16 mA and room temperature

=

40 20 0 20 40
Perp. field Hz (kA/m)
In Fig 3.2 we present the excited and damped modes for the two Pc configurations (for a
negative I;.). Their eigenfrequencies present as expected the same frequency dependencies
with field revealing the symmetry of the two configurations. However the range of field where

we can observe the different modes is not the same for the two configurations. This may
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indicate the presence of pinning defects that do not have the same influence depending on the

system configuration.

3.1.1.1.2 Spectral coherence and power of the coupled modes

To further investigate the properties of the excited coupled modes, we display in Fig.3.3.a-b the
evolution of the frequency and the integrated power of the excited low frequency mode with I4.
for both Pc and APc core configurations at zero applied magnetic field and room temperature.
Several important features can be noticed. Firstly, we find an almost linear dependence of
the frequency with I4.. This feature is interesting for frequency modulation using STOs [59]
as it permits an easy control of the STO frequency with a modulating current. Moreover the
two df /dl. slopes are identical and are separated by a constant frequency difference of 20
MHz. Secondly, the output emitted power of the excited mode is about 10 times smaller in
the APc core configuration (around 10 nW) compared to Pc case (around 100 nW). Third, the
threshold current I is found to be much lower in the APc configuration (/c.ap = —12 mA and
Icp = —15.6 mA). To understand the different features associated with each coupled mode, we
have developed an analytical model combined with micromagnetic simulations of our double

vortex system.
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FIGURE 3.3: Evolution of the frequency (a) and the integrated output emitted power (b) with the dc-
current for APc (red dot) and Pc (blue dot) configurations at zero applied field and room temperature.

3.1.1.1.3 Analysis of the coupled mode behavior

The large differences of microwave features of the excited modes in the two core configurations
can be analyzed using the analytical model developed in Sec. 2.3.2.1 of Chap. 2. By analytically
solving the system of coupled Thiele equations, we can extract for both the Pc and APc

configurations, the hybridized resonant mode frequencies w; 2 as well as the ratio of gyration
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radii in each layer p;/ps = % We recall at this stage that neither the ST torque nor the
nonlinear contribution of the confining force and the damping force are taken into account to

describe the coupled modes.

In Fig. 3.4, we display the evolution of the frequency (Fig. 3.4a) and the ratio of the gyration
radii (Fig. 3.4.b) of the low frequency mode as a function of the coupling strength normalized
to the confinement p/k; for the Pc core configuration (blue line) and for the APc one (red

line).
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From the 20 MHz frequency difference between the two cores configurations found experimen-
tally (Fig. 3.3 in Sec. 3.1.1.1.2) we can estimate the matching value of the coupling coefficient
(see dotted line in Fig 3.4.a-b to be equal u = 0.14k4, as well as the corresponding gyration radii
ratio from Fig 3.4b: p;/ps = 0.3 for Pc configuration and p;/ps = 0.1 for APc configuration.

These latter predictions for the ratio of the gyrotropic radius for each vortex have been con-
firmed by micromagnetic simulations (see Fig. 3.5) done by F. A. Abreu Araujo in UCL,
Louvain. For I;. = —16 mA, we find similar radii for the gyrotropic motion of the thin layer
vortex (about 90 nm) for both core configurations whereas the radius of the thick layer vortex
motion strongly depends on the core configuration: 9 nm in APc and 32 nm in Pc. Further-
more, the emitted power by the STO comes from the dynamics of the vortex layer close to the
MgO barrier, i.e from the bottom thick vortex layer. Thus the difference of gyration amplitude
of the thin and thick vortex layer shown in Fig. 3.4.b allows explaining, even quantitatively

the strong difference of emitted power found experimentally between Pc and APc core config-

uration (see Fig. 3.3.b) : 100nW/10nW o (p1.pe/p1.ape)? [45].

This large difference of gyration radii in the thick layer cannot be attributed to the influence

of the spin-transfer as it is not taken into account in the analytical model. Rather, it comes
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FIGURE 3.5: Micromagnetic simulations of gyration radii in both layers for Pc and APc configurations
at zero field and Iy, = —16 mA. (The dot radii of each vortex layer differ due to ion etching as shown
in the Appendix A)

directly from the sense of gyration of the vortex thick layer. Indeed we want to emphasize that,
even when vortices have opposite core polarities, the two vortex cores are in phase and gyrate
in the same direction, thus confirming that the spin transfer torque excites a single coupled
mode and not two independent gyrotropic motions. In this configuration, the vortex core of
the thick layer follows the dynamics of the vortex in the thin layer and rotates in a direction
opposite to its “normal” (defined by its own polarity [115, 118]). The frustration of the system

can thus explain the low gyration radius in the bottom thick vortex layer in APc configuration.

3.1.1.2 Coupled modes for chiralities antiparallel to the induced Oersted field

In this section, we present the dynamics of the coupled modes excited by ST torque for chiralities
antiparallel to the induced Oersted field. To do so, we first applied a positive I;. to impose
similar chiralities in both layers and a high field to impose parallel polarities. We then sweep
the current back to a negative current that do not switch the vortex chiralities. We now expect
to excite the coupled mode mainly associated to the vortex thin layer but with a lower critical
current than for chiralities parallel to the current. Indeed, in this configuration the Oersted
field generated by the dc-current acts against the dot confinement and thus reduces the mode

energy.

In Fig 3.6, we report a threshold current of 9.1 mA. This value must be compared to the 16
mA threshold current observed for parallel polarities and chiralities parallel to the dc current
(see Fig. 3.4). The mode frequency is also lower in this configuration, around 130 MHz, and

slightly decreases with the current as the Oersted field compensates the confinement. The
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linewidth and the power are similar to the case of chiralities parallel to the current. However
the emitted signal disappears for I4. > [9.8mA| which corresponds to a chirality switching in
the thin vortex layer. The ST force then favors the thick layer vortex but the critical current

is still too high to observe sustained oscillations of its associated coupled mode.

We also notice that the experimental dc-current that triggers the chirality switching has a
dispersion of £0.2 mA. This indicates that the mode excited before the switching is not fully
stable. Indeed the vortex configurations with chiralities parallel to the induced Oersted field
is energetically more stable. Thus the vortex configurations with chiralities antiparallel are

not appropriate for the synchronization experiments where the STO interacts with an external

signal.

3.1.2 Nonlinear behavior of mode coupling
3.1.2.1 Frequency and time domain measurements

To understand the different spectral coherences associated with each coupled mode, it is an-
ticipated that the non linear behavior inherent in spin-transfer oscillators, which has not been
taken into account up to now, should play a crucial role. Indeed several approaches have been
proposed to evaluate the influence of the non-linearities on the STO linewidth [46, 101, 132, 133].
Notably, it has been demonstrated that the normalized dimensionless nonlinear frequency shift
v (see Sec. 1.2.4 in Chap. 1) results in a conversion of amplitude fluctuations into phase

fluctuations that are detrimental for the phase coherence of the STO. It has been proposed
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recently that this important parameter can be extracted through the analysis of the linewidths

of the signal’s harmonics [134].

In Fig. 3.7, we present the evolution of the linewidth of the low frequency coupled mode and
its first harmonics (measured but out of the frequency range of Fig. 3.1.b-c) as a function of
I;.. In the APc core configuration (for parallel chiralities and parallel to the induced Oersted
field), we find that the ratio between the linewidth of the fundamental mode A fy and the first
harmonic Af; is close to 4 for all values of injected current (see Fig. 3.7.a). Such behavior is
consistent with an oscillator that is quasi-isochronous (v < 1) for which it has been predicted
the linewidth of the n-th harmonic is Af,, /A fo = (n+1)2. This behavior strongly differs for the
Pc configuration (Fig. 3.7b) for which we find a ratio close to 2 between A fy and A f; for all I,,.
This corresponds to a non-isochronous oscillator (large v), a case for which Af,/Afy = (n+1)

as reported for a uniformly magnetized STO by M. Quinsat et al. [134].
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FIGURE 3.7: Spectral linewidth of the fundamental and the first harmonics divided by two (filled
symbols) and four (open symbols) for APc (a-b) and Pc (c-d) configuration measured. (a)(c) Evolution
with field for I;. = —16 mA. (b)(d) Evolution with the dc-current at zero applied magnetic field.

Note that this latter case obtained for Pc core configuration also appears to be similar to the

single vortex case in which large values of the normalized dimensionless non-linear frequency
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shift v have been found (between 6 and 20 in Ref. [48]', around 13 in Ref. [135]). More-
over, the strong reduction of non linearity in APc configuration is consistent with the much
smaller linewidth (about 100 kHz) we found in APc configuration. Indeed, linewidth broaden-
ing is directly correlated to the nonlinear behavior of the oscillator [46]. We emphasize that
these features have been reproduced for several other samples and are also consistent with our

previous studies in spin-valve nanopillars for APc configuration [69].

To understand the differences between Pc and APc configuration, we identify the origins of the
different non linear behaviors. As described in Chap. 1, the normalized dimensionless nonlinear
frequency shift v is expressed as v = Np/I', where N is the nonlinear frequency shift, p is the
normalized oscillation power and I', is the effective damping rate that describes how fast an
oscillator returns to its stable trajectory after a deviation of its amplitude. It is important to
note that the normalized power is related to the motion of both thick and thin layer vortices
while the detected emitted power corresponds only to the thick layer vortex gyration in our

system.

Experimentally, we can estimate the parameter N from the evolution of the frequency with Ipc
. f = fo(I)+ 27 Np. For both configurations, we find similar linear df /dIpc (see Fig. 3.4 (a))
which indicates that the nonlinear frequency shift N is small and of comparable amplitude.
The normalized power p can be easily estimated from micromagnetic simulations. We estimate
from Fig. 3.5 that the normalized oscillation power is only slightly higher in the Pc configura-
tion (about 12% higher) than in the APc case. This slight difference of the normalized radii
compared to the measured output emitted powers is due to the fact that we detect it through
the dynamics of the thick vortex layer, in which the radii differ for both configurations, but
the gyration radii in the excited thin layer are much larger and around 90 nm for the two
configurations. Thus, the main contribution to the normalized radius p comes from gyration

radius of the thin layer.

= 1 0® (a) APc colnfig. = 10°] (b) IPc cuﬁfig.

; < .
§1O-m 5:10 1u\
210 210"

0 20 40 60 0 20 40 60
T (NS) T (ns)

FIGURE 3.8: Autocorrelation function of power fluctuations for both configurations APc (a) and Pc
(b) at zero field for Ij. = —17 mA.

Tn Ref. [48], an error in the analytic expression of v makes it two times smaller than its actual value
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The last term entering in the expression of the non linear frequency shift v is the effective
damping rate I',. This parameter can be extracted from the experiments through the study of
the temporal evolution of the signal. To do so, we have performed Hilbert transforms on 5 ms
time traces and fitted the autocorrelation function of the power fluctuations (as shown in Fig

3.8 ¢ and d) with the following expression [136]:

kip = (8p(7) | 6p(0)) = Alpo, Tpe 1) (3.1)

Through such analysis, we find that, at a given /4., I';, is twice as large in the APc configuration
(~ 30 MHz) than in the Pc case (< 13 MHz) as seen in Fig. 3.8. Finally, taking into account
all the contributions, we deduce that the nonlinear frequency shift v is about 3 times larger in
the Pc core configuration than in the APc. It is however to be emphasized that this ”small”
difference leads to drastically different microwave features, thus demonstrating the importance
in tuning precisely the nonlinear parameters of STOs. An interesting feature of our coupled
vortex oscillators is the factor 2 difference in the effective damping rate I';, that could be of a
great interest for rf-applications. Indeed, M. Quinsat et al. [68] demonstrated that the effective
damping is directly linked to the modulation bandwidth as we will see in Chap. 4 and 6.

3.2 Dynamics of coupled vortices in “Sample B” STOs

In this section, we study NiFe(6nm)/Cu(9nm)/NiFe(20nm) double vortex based STNOs sim-
ilarly to the previous section. However here the thin vortex layer, that we can easily excite
by ST torque, is close to the MgO barrier beneath the spin-valve (see Fig A.2). Thus the
dynamics of the coupled mode mainly associated with the thin vortex can be directly detected.
We thus measure a much larger output emitted power, up to 0.6 uW. Such a large power is
not only useful for rf-applications but also to have a more precise insight into the dynamics of
the coupled modes. Furthermore, we choose here to focus our study on the coupled modes with
chiralities parallel to the Oersted field. The mode stability is much lower, with a detrimental
impact for applications, when one or two chiralities are antiparallel to the Oersted field due to

switching of chirality (see section 3.1.1.2).
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3.2.1 Coupled modes with parallel chiralities (and parallel to the Oersted field)
3.2.1.1 Mode selection driven by ST torque
3.2.1.1.1 Negative current

For a negative I;., we can excite, via ST torque, the coupled mode dominated by the top vortex
thick layer in the APc configuration. Given that the thick layer is located at the top of the
spin-valve, we detect the excited coupled mode through the dynamics of the bottom thin layer.
In that case, we again observe (see Fig. 3.9 in the App. A) a narrow peak close to the frequency
of the gyrotropic frequency of the isolated thick layer’s vortex, and a low frequency thermally
activated peak associated to the second mode. As expected, the slopes of these modes have

opposite sign given that the core polarities are anti-parallel.
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For these conditions, the detected power of the excited mode is only of about 30-50 nW which
is even lower than the power of the thermally activated peak. This is related to the weak

delocalization of the excited mode in the bottom thin layer in APc configuration.

3.2.1.1.2 Positive current

For positive I, we excite, via ST torque, the coupled mode dominated by the bottom vortex
thin layer and thus we detect for Pc and APc configurations a low and narrow linewidth (below
1 MHz, down to 100 kHz) peak close to the eigenfrequency of the thin vortex layer and broader
peaks (linewidth above 10 MHz) at a higher frequency which is attributed to thermal excitation
of the second coupled mode (see Fig. 3.10). In the inset of the Pc configuration in Fig. 3.10,
we notice the presence of not only the fundamental frequencies of the excited and the damped

modes but also the first harmonic of the excited mode. Furthermore, we do not detect sustained
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oscillations in the Pc configuration at a low applied field due to the current, without breaking
the junction, being below the threshold current (the field range of Fig. 3.10.a is limited from
90 to 190 kA/m). This again highlights the strong impact of vortex core repulsion on the

threshold current in Pc configuration (see Sec. 3.1.1.1.2).

(a) Pc config. (b) APc config.
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FIGURE 3.10: (a) & (b) Field dependence of the low frequency ”excited” mode and the high frequency
”damped” mode for APc (a) and Pc (b) configuration at I4. = +11 mA. Inset: Frequency spectrum of
the output emitted signal at H, = 50 kA /m for APc (a) and H, = 100 kA /m for Pc (b) configuration.

The frequency of the excited mode is lower in Pc than APc configuration (50 MHz lower

at Ige = +11 mA and Hp.,, = 50 kA/m) and its output emitted power is large for both
configurations as shown in Fig. 3.10. The two main issues of having the excited vortex layer
close to the MgO barrier are thus : the detected emitted signal of the excited mode is of a few
hundreds of nanowatts for both configurations (compared to a maximum of 130 nW for the
previous sample generation) and the detected signal of the thermally activated peaks is much
smaller. Indeed, the thermally activated mode is mainly localized in the damped thick layer

and is difficult to observe in the excited bottom thin layer.
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FIGURE 3.11: (a) Field dependence of the emitted power associated to the low frequency ”excited”
mode for APc configuration at at Iy. = +11 mA (b) Field dependence of the damping term Dk

We focus our study on the APc configuration for which we can excite by ST torque a coupled
mode at zero or small applied perpendicular fields. We note in Fig. 3.11 (a) that the detected
power of the excited mode increases when the applied field is parallel to the vortex core of

the excited layer. This behavior is explained by a decrease of the damping force with the field
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(see the expected analytical evolution of the damping term Dk in Fig. 3.11.b). As soon as the
vortex core is deformed by a perpendicular field, the energy dissipates by the dynamics of the
vortex core decreases. Hence the total damping term is reduced as the core represents its main
contribution. One could imagine decreasing the damping of a vortex based STO by expelling

the vortex core from the dot and exciting C-state’s modes as evoked in [137].

All these experimental results for positive and negative I;. confirms our initial observations
made on samples A and our theoretical predictions about the intrinsic properties (frequency

and localization of the coupled modes) of coupled vortex modes.

3.2.2 Nonlinear behavior of mode coupling
3.2.2.1 Frequency domain vs time domains analysis

In section 3.1.2, we highlighted the weak nonlinear behavior in the APc configuration but
without systematic time domain measurements given the low emitted power and the large
thermally activated peaks. The large output emitted power in this second generation of samples
gives the opportunity for a deeper insight into coupled mode dynamics. In this section, we
choose to focus our study on APc configuration for positive current, a configuration for which
the emitted power is large and for which we observe sustained oscillations at zero field as

expected for potential applications.
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In Fig. 3.12, we show that the frequency of the excited mode has a strictly linear dependency
with I;. in the self-sustained regime. Again a sharp increase of power, from zero to 350 nW,
is observed when I;. reaches the threshold current. This behavior is completely different from
the single vortex case [48, 119, 138] for which the power increases linearly from 0 nW above
the critical current. In the double-vortex case, the threshold current in APc configuration

is expected to be much lower than the experimental value due to the core-core repulsion as
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presented in Chap. 2. This discrepancy with theoretical expectation may be associated to
the presence of pinning defects in our nanodot. In that case, the vortex core radius present a

drastic enhancement when /. exceeds the critical pinning current.

By harmonics analysis, we deduce that the STO has an apparent linear behavior just above
the threshold current I, given that Af;/Af is close to 4 above +8 mA as shown in Fig.
3.13. To go beyond this qualitative analysis as presented in section 3.1.2, we performed time
domain measurements. As we mentioned, this is possible in “samples B” as the amplitude of

the thermally activated peaks is low and the emitted power of the excited mode is high.
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FIGURE 3.13: (a) Spectral linewidth as a function of I, for the fundamental mode (Af) and for its
first harmonic (A f7) divided by two (filled symbols) and four (open symbols) for APc configuration.
Associated current dependency of the oscillator nonlinear parameters (Afy (b), I', (c), v (d)).

We plot in Fig. 3.13 the evolution of the STO nonlinear parameters (the nonlinear dimensionless
parameter v, the effective damping I', and the linear linewidth Afy). Above Iy, i.e 7 mA, all
the nonlinear parameters present a quasi-linear evolution with 4. (increase in I', and decrease
in v and Ay). For a higher current, their evolution is still linear but with a lower slope. The
profile of the spin-transfer force associated with the vortex body, which nearly saturates at

large gyration amplitude, can explain this behavior.

One should notice that the effective damping, I', is never zero, and about 27 MHz just above
Iip,. This is contrary to the theoretical expectations (Sec. 1.2.4 in Chap. 1) which predict a
linear increase of I', from zero above /.. This reinforces the hypothesis of pinning defects that
may impact the threshold current. In that case, the gyration radius and the effective damping
can be large just above Iy;,. Above the threshold current, the effective damping I', increases
linearly and reaches up to 35 MHz (15 % of the oscillating frequency) at about 40 % above the

experimental threshold current.



Chapter 3. Double vortex dynamics in the self sustained regime 75

Furthermore, the nonlinear dimensionless parameter v is non zero for all current values. It
decreases just above I. and its values are between 4 and 5 for [>8 mA, i.e in the range of
current where we observe Af; = 4Af. For this sample, the lowest measured v is about 3,
which is by far the minimum value measured for a STO. However it is not the apparent fully
linear behavior expected through linewidth analysis. We thus want to emphasize that it is
necessary to perform time domain measurements in order to have a quantitative analysis of the
nonlinear behavior of a STO. This is a crucial issue as even small v (below 5) can have a large
impact on the oscillator dynamics, especially on its non-autonomous regime as we will develop

in chapter 4.

In conclusion, we highlighted, through frequency and time domain measurements, the specific
role of mode coupling in the dynamics of a double vortex based STO. We demonstrated the
strong correlation between the vortex core configuration and the nonlinear parameters of the
oscillator. In particular, the core-core repulsion in the APc configuration is shown to dras-
tically reduce the threshold current to observe self-sustained oscillations and to enhance the
spectral coherence of the excited mode by enhancing the effective damping. Furthermore, if
the nonlinear dimensionless parameter v is low (between 4 and 6) in APc configuration, it
remains non-negligible which is an important issue to synchronize STOs as we will see in Chap.
4 and 8. All these different features reinforce the potential of mode-coupling for STO based
rf-applications. In parallel, we showed that the coupling between the two vortices leads to a
hybridization of the gyrotropic modes, and to the delocalization of the different coupled modes
in the two vortex layers. Due to the mode selectivity of the spin-transfer torque, we showed
that the contribution of the damped mode in the dynamics of the excited layer is generally
negligible. However, in some experimental conditions, where the mode interaction is maximal,
the hypothesis of a single excited mode is not always valid and can lead to exotic dynamics as

we will show in Chap. 5.







Chapter 4

Locking mechanisms in the

non-autonomous regime

The small dimensions of STOs (less than 1 um?) in the nanometer scale, make them very
sensitive to external perturbations and notably to thermal noise despite all research efforts in
the last decade. This represents the main limitation of STOs for the development of spintronic
based rf-applications. In Chap. 3, we have shown that mode coupling between internal modes
offers a perspective to improve significantly the spectral coherence of STOs. Other approaches
rely on the external control and on the stabilization of the dynamics of an oscillator with an
external reference signal. One is the injection locking of an auto-oscillator with a reference rf-
source at the oscillator’s eigenfrequency or at its harmonics [45, 53-56, 58, 139]. Alternatively
one can self-synchronize an oscillator with its own emitted signal [140]. One other approach
relies on the mutual synchronization of auto-oscillators [60, 71, 82, 141]. A fourth one is the
resonant excitation of an oscillator in the damped regime [61, 62, 142]. Last but not least, the
dynamics of an oscillator can be controlled with a reference modulating signal [59, 68, 143, 144]
as it is the case in phase locked loop [145-147].

In this chapter, we study these different possibilities to tune the phase of a STO with an external
oscillating signal and adapt it to the vortex case. We experimentally and theoretically highlight
the locking mechanisms that drive the injection of a vortex based STO with an rf-current at
fraction of its gyrotropic frequency. With time domain measurements, we identify the presence
of phase slips as a source of the linewidth enhancement in the phase locked state. Lastly, we
demonstrate that a rf-current can also excite a vortex based STOs in the damped regime and

discuss the mechanisms of excitation, either “normal” and/or parametric resonances.

7
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4.1 The non-autonomous regimes of an oscillator

In this section, we introduce the different non-autonomous regimes of an oscillator. We espe-

cially focus on the phenomena of synchronization and resonance.

4.1.1 Synchronization

The notion of synchronization was first established by the Dutch researcher Christiaan Huygens.
He discovered that two oscillating clocks suspended to a common stand ended up oscillating
at one similar frequency, in antiphase in his case. He correctly analyzed that an imperceptible
motion of the support was responsible for the locking mechanism. Furthermore, he noted that
the coupled system went back to its equilibrium when it was slightly perturbed by an external
interference. This phenomenon, called mutual synchronization, has now been widely observed
in science, such as in voltage control oscillators [148] or Josephson junctions [149], in the brain

learning rules of neurons [150], but also in wider society [81].

i

FIGURE 4.1: Original picture of C. Huygens illustrating its experience with two clocks placed on a
single support.

In the comprehensive review written by Pikovsky et al.[81] synchronization is defined as the
“coadjustment of rhythms of oscillating objects due to their weak interaction”. Thus we should

call synchronization, a phenomena that fulfills the following conditions:

e The two (or more) oscillators are self-oscillating, i.e, they oscillate even when they are
not coupled. The case where at least one oscillator stops oscillating belongs to what is

called resonant phenomenom which will be presented in the next section;

e The oscillators can adjust their rhythms thanks to a weak interaction. For example in
Huygens’ experiment, for a fixed rod that joins the two oscillators, we would not observe
a synchronization phenomenon because the two oscillators would be forced to oscillate at

the same frequency;
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e The oscillators adjust their rhythms within a certain range of frequency mismatch. If the
frequency of one of the oscillators is sligthly varied, the synchronization frequency follow
this variation. If the frequency mismatch is larger than the bandwidth of synchronization,
the two oscillators will oscillate independently (at frequencies corresponding to the weakly

coupled modes).

4.1.2 Resonant excitation

It is important to clearly differentiate the phenomena of synchronization from the resonant
excitation of a coupled system. In this second case, at least one of the oscillators is not in
the self-oscillating regime. To determine if we either face with resonant or synchronization
phenomena, it is crucial to know if all the oscillators have their own source of energy so that

they can auto-oscillate independently.

A resonant excitation is, for example, the relaxation process of two stable and non-oscillating
pendula when one of them is moved away from its stable position. To bring back the total
system to its stable position, both pendula oscillate with different amplitudes at a common
frequency. However it is not a synchronization phenomena given that the oscillators do not

oscillate in absence of the external perturbation.

Similarly, we consider a single pendulum whose weight is replaced by a magnet. If the system
is placed close to a coil supplied with an oscillating current at a frequency f, the pendulum is
forced to oscillate at the frequency f of the generated alternating field. The pendulum increases
its amplitude of oscillation when the frequency of the field approaches its eigenfrequency. How-
ever the system stops oscillating when we separate the two parts of the circuit so that it is a

resonant phenomenon.

4.1.3 Modulation of the oscillator’s dynamics

The auto-oscillator frequency can be tuned through the interaction with an external signal
oscillating at a frequency close to its own frequency or close to a fraction of it. Another option
to control the frequency of a nonlinear oscillator consists in modulating the amount of energy
injected in the system, and thus the amplitude of oscillation. The nonlinear coupling between
phase and amplitude permits the transformation of an amplitude modulation into a modulation
of the oscillator frequency. To observe an effect of modulation, the input of energy has to vary

slowly so that the oscillator has enough time to continously adapt its frequency.
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4.2 Sources of locking in vortex based STNOs

In this part, we present an overview of the different locking processes for a vortex based
STO with an external reference signal. Here, we focus on the case for which the coupling
is unidirectionnel which means that a single oscillator (the STO) adapts its frequency to an
external reference signal (a reference source). This case will give use crucial information about
the locking conditions of a vortex based STO such as the locking mechanism, the locking
efficiency and the locking stability. Moreover it will allow us to go further towards the mutual

synchronization of STOs, that is one of the main objective of this thesis.

4.2.1 Injection locking with a resonant locking force
4.2.1.1 Injection locking to an rf-field

A uniform in-plane rf-field can phase lock the gyrotropic motion of a vortex based STO. Ex-
perimentally an isolated antenna, placed on top of the STO nanopillar and supplied by an

rf-current source, can generate an in-plane rf-field used to synchronize the STO dynamics (see

Fig. 4.2).
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FI1GURE 4.2: Experimental setup with a STO pillar and a top isolated rf antenna. The rf-antena
generates an in-plane field that can phase lock the dynamics of the STO. Extracted from [67]

The locking force induced by such an in-plane rf-field can be expressed as:

FTT; = ,qusé*(e_Z) X h—T;) = %qusg(cos((ws — w)t + (/53)6_X> — sin((ws — w)t + qbs)e_;) (4.1)

with £ the factor relating the average magnetization and the position of the vortex core, w the
frequency of the STO, w, the source frequency and ¢, the dephasing between the source and
the STO. The vortex core coordinates are expressed in the cylindrical coordinates of the dot

(€x.€,) as represented in Fig. 2.3 in Chap. 2.
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In collaboration with CEA SPEC, we demonstrated in Ref. [67] that the locking behavior of a
double vortex based STO with an rf-field is highly efficient at its eigenfrequency. We observed
a phenomenon of synchronization for a minimum rf-field of 0.5 Oe, and a maximum bandwidth
of synchronization of 80 MHz for a rf-field of 7 Oe as shown in Fig. 4.3. These results opened
the way to the efficient dipolar synchronization of vortex based STOs which we will discuss in
Chap. 8.
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FIGURE 4.3: (a) Evolution of the gyrotropic frequency with the rf-source frequency for a 2.5 Oe
amplitude of rf-field. Aw represents the locking bandwidth (b) Locking bandwidth depending on the
amplitude of rf-field. Extracted from [67]

4.2.1.2 Injection locking with an in-plane spin-polarized rf-current

For rf-applications, it is more appropriate to use an rf-current as a locking source than an
rf-field that is more easily attenuated. For the case of electrical synchronization, we can also
inject both the dc-current and the rf locking current directly in the STO which reduces the size
of the total system. The mechanism that locks the vortex STO with an rf-current J, s cos(wst)
is driven by the ST forces that act directly on its phase (). As noted in Chap. 2, the two
active ST torques in our junctions are the Slonczewski and Field-like torques associated with
the in-plane spin polarization arising from the magnetization of the top SAF layer. These two
active torques have similar forms but they are respectively along u; and wu; (see Eq. 2.14 in

Chap. 2). Thus their combined contribution can be expressed as:

— = =3
Fi,, = Fsp + Fpp = VAL + AL T (sin((ws — w)t + CIDSt)az — cos((ws — w)t + @St)e_g) (4.2)

From Eq. 4.2, one should notice that the driving force phase shift ®,, = arctan(i£L) (for

AsrL

% > () depends on the ratio of the strengths of the two locking forces. From the expressions

of the two locking torques (see Eq. 2.14 in Chap. 2), we establish that this ratio is equal to
b/(2Répr) with Epp, the Field-like torque efficiency [151]. Thus the total phase shift, between
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the rf-current and the STO phase, will significantly depend on the relative contribution of the
two ST locking torques.

4.2.2 Parametric locking force

The locking forces considered until now have a common characteristic: they do not compensate
the damping term but act as “classical” resonant forces when their frequency is close to the
eigenfrequency of the STO. Here we consider an other source of locking, called parametric
synchronization or parametric resonance, where the oscillator’s motion is driven by the variation
of (at least one of) its intrinsic parameters. Thus the effective damping will be reduced,
eventually fully compensated or even more. The classical example of this phenomenon is a
child swinging on a swing (see Fig. 4.4) who moves his legs backwards and forwards at twice
the oscillating frequency. The child’s movements modify the center of inertia of the total system
making it oscillate. Such a parametric locking process is efficient only for excitation frequency
at Qn—f (decreases as n increases). Thus, for an excitation frequency at f it can be difficult to

distinguish it from a “classical” resonance as we will see later on.

FIGURE 4.4: The change in the position of the centre of mass when swinging with an increasing
amplitude. Adapted from [152]

For a parametric excitation, the amplitude of the parametric locking force Vi,orametric(p) depends
on the amplitude of oscillation p. Thus the excitation has to reach a threshold to result in a
forced regime of excitation. Above the threshold, the system is in a regime of parametric
instability. In this regime, the amplitude of oscillation grows exponentially and is only limited

by the nonlinear relaxation process of the STO [61, 62].

Parametric phenomena have been discussed either in uniformly magnetized [61, 153, 154] or
vortex [62] based STOs. Urazhdin et al.[61] have shown that the parametric excitation band-
width of uniform based STOs with an rf-field should evolve as:
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1

™

JVIp)2 — (T, —T_)2 (4.3)

with V' the coupling coefficient between the rf-current, that generates a rf-field through an

Aparametric =

antena, and the magnetization, and I'_ and I'y the respective damping and anti-damping

torque terms.

In this equation, it can be noted that the parametric bandwidth is not defined below a threshold
in field. This threshold depends on the difference between the damping and anti-damping
terms. A similar equation can be obtained for a parametric excitation with an rf-current. As
the anti-damping term increases with I, the threshold rf-current I, to observe a parametric

excitation decreases with an increase of ;. as seen in Fig. 4.5.
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More recently, P. Bortolotti et al. [62] at CNRS/Thales lab have shown that similar parametric
behavior can be observed in confined vortex based STOs with an alternative Oersted field as
a source of excitation. As we mentioned, the ST forces act as resonant forces and not as
parametric forces. To induce parametric oscillations through the oscillating Oersted field, the
vortex core has to be non-centered, i.e. slightly shifted from the dot center at the equilibrium,
which is experimentally the case. Indeed, the vortex core is generally moved from the dot
center either because of a remaining stray field from a SAF, of an externally applied in-plane
field or of the in-plane components of the Slonczewski and Field-like ST forces associated with
a dc current [151].

To fit the experimental observations with this model, a relatively large displacement of the
vortex core from 20 % of the dot center (zy = 0.2R) has been assumed [62]. For low rf-current,
below the regime of parametric excitation, a regime of parametric amplification is observed in
which a thermally activated peak is amplified and detected (see Fig. 4.6.a-b). Indeed at small
amplitude of excitation (below the threshold current), the mechanism of parametric excitation
permits the amplification of an existing oscillating signal such as a thermally activated STO.
This phenonemon may lead to the development of low noise amplifiers [87] as we could imagine

to combine a regime of resonant excitation and parametric excitation in a single STO. We will
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discuss such a perspective in Sec. 4.4 by studying the forced excitation of a vortex based STO in
the sub-critical regime. For larger rf-current, we observe a regime of parametric instability with
a much higher spectral coherence and for which the amplitude of oscillations is only limited by

the nonlinearities of the system (see Fig. 4.6.c-d).

4.2.3 Modulation force

As we mentioned previously, an rf-current can not only resonantly or parametrically phase
lock a STO in the autonomous regime but a low frequency current I,,,q can also modulate
the dynamics of a STO by modulating the anti-damping term I'_ [59, 68, 77, 144, 155]. The
frequency of the modulating current has to be lower than the effective damping that defines the
rate at which the STO reacts to an external signal. Generally, the modulation frequency has
thus to be at least, one order of magnitude lower than the auto-oscillation frequency. Therefore
the modulation current can be considered as an “extra” dc-current I; and contributes to the

anti-damping term of the LLG equation:

T (Tictmod(t), |e)?) With Tgeymod(t) = Lae(1 =+ fim cOS wWpnt) (4.4)
with I'_ the anti-damping term and g, = I,¢/I4 the modulation strength.

In my work, I do not investigate experimentally the regime of modulation. Detailed studies of
this regime for the vortex case have been performed by S. Y. Martin et al. [63] in nanopillar
STOs and by M. Manfrini et al. in nanocontact STOs [77, 156]. However, we will focus our
study on a similar regime in Chap. 6 in which we consider the case of a STO locked by a
phase locked loop. In a phase locked loop, the signal emitted by the STO is compared with

a reference signal to generate an error signal that modulates the injected dc-current. In such
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electrical device, we find that the effective damping is again a key issue that strongly impacts
the phase-locked state.

4.3 Fractional phase locking of a self-oscillating vortex based STO

Here, we study the injection locking of vortex based STOs with an rf-current that has already
been studied for different types of STOs [54, 55, 61, 66]. However, in all the reported studies,
the phase noise remains large even in the locking state and the presence of detrimental phase

slips is reported in micromagnetic simulations [157].

We propose here theoretical and experimental insights on the phase locking regime of a vortex
based STO. Similarly to the previous chapter, we study a double vortex spin-valve on top of an
MgO based magnetic tunnel junction with a synthetic antiferromagnet (see “sample B” in the
App. A). With frequency and time domain measurements, we can determine with precision the
locking conditions of a vortex based STO. These results will be particularly useful to achieve

for the first time the mutual synchronization of two STOs with electrical coupling presented in
Chap. 8.

4.3.1 Theoretical predictions for vortex based STO with inplane polarizer

In the self-sustained regime, it is known that a STO can be well described in the general auto-
oscillator framework developed by A. Slavin et al. [45] (see also Sec. 1.2.4 in Chap. 1). Here
we extend this approach to the non-autonomous regime in our case of interest, i.e. the vortex
oscillator under an external rf current with a frequency, 27 F, = w,, close to the oscillator
fundamental frequency fy. In Sec. 4.2.1.2, we found that only the Slonczewski and Field-like
torques associated with the in-plane spin polarization drive the locking mechanism. At the first
order (in the regime of small perturbation), we can then establish (from the Thiele equation)
the equations describing the dynamics of the power fluctuations dp and the phase difference
O (t) = 0(t) — wst between the oscillator and the rf-source [45, 70]:

% = —2T",0p + 2Fpy cos(P + Py) 45
% = +Nop — Fsin(® + &) — Awp

where I', is the effective relaxation damping rate, N the nonlinear frequency shift, F' =

2 2
e ;\GSE:;%”L the normalized external driving force, &y = arctan(%) the additional locking

force phase shift for positive de-voltage (our experimental case), Aw = wy — 27 fj the frequency

detuning, py the normalized power in the self-oscillating regime.
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Contrary to the autonomous regime, in which the phase drifts over time, in the phase locking
regime the locking force plays the role of a retroaction process that acts on the phase of the
oscillator. The oscillator phase is locked to the external signal, because of the unidirectionnal
coupling, and is supposed to follow the phase dynamics of the reference. Thus the spectral
coherence of the locked oscillator is expected to increase up to the spectral coherence of the
reference signal. From Eq. 4.5 we can also notice that the phase locking process is directly
determined by the characteristics of the two ST locking forces. An intriguing feature of STOs
is that the retroaction process can in turn be controlled through the adjustment of the different
ST forces.

4.3.1.1 Locking equilibrium and locking bandwidth

A stable phase locked state (% =0, Cfl—f = 0) can exist only within the locking range defined

as:

Aw, = /(1 + 12)F (4.6)

The locking range corresponds to the main locking range, i.e when the external current fre-
quency Fy is around fy. Similar expressions can be obtained for locking ranges at multiple of
the oscillator’s eigenfrequency (fo:qFs) where ¢ is an integer. In that case, the (1:¢) locking
range can similarly be defined as Aw, = \/mgl,qF with a parameter ¢, , that describes

the efficiency of the driving force F at higher harmonic frequencies [61].

Within the locking range, the oscillator adapts both its amplitude and its phase relative to the
source. A new equilibrium is defined and can be expressed, in the first order, as:

v/ (14p?)F2-Aw?
5]90 = Do (I+02)12

(4.7)
dy = arctan(v) — arcsin ($> — b,

(1+v2)F

where v = Np/T', is the nonlinear dimensionless parameter [45, 46]. The phase shift @,
corresponds to the phase difference between the reference source and the STO. This parameter
is crucial for rf-applications and should ideally be zero if synchronizing multiple STOs connected

in series or in parallel with an increase in emitted power is targeted (see Chap. 8).

In the case of uniform STOs, the driving force phase shift @, is zero as only a Slonczewski
ST force is involved in the locking process (in all the reported studies). In such a case, the

dephasing parameter @, is equal to +7/2 at zero detuning (Aw = 0) given that STOs are
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also highly nonlinear oscillators (and thus have large v parameters) [70, 85, 86, 158]. For
vortex based STOs, the locking process involves two different ST forces which offer a unique
opportunity to tune the phase shift ®; through the additional term ®,. This will make the

electrical synchronization of two STOs possible as we will show in Chap. 8.

4.3.1.2 Transient regime and phase noise level

Zhou et al.[70] have shown that the transient regime can be investigated by linearizing Eq. 4.5
near the stable solutions (see Eq. 4.7). We then obtain the decay rates of phase and power

fluctuations:

1 1 ?
AN=T,+ §F cos(Pg + Pgy) + \/<Fp - §F cos(Pg + (IDSt)) — 2UuF sin(®g + Dyt) + F2 (4.8)

The decay rates correspond to the retroaction times of the oscillator’s phase and amplitude. In
injection locking experiments with an external rf-current, it is thus expected to reduce, down
to the phase noise level of the reference signal, all the noise contributions with a characteristic
time lower than the retroaction times. It can be notice that the square root term can be

negative and leads to oscillating transient regime (instead of asymptotic).

To go beyond this analysis, we determine (by calculation in complex form) the power spectral
density (PSD) of both the phase and amplitude noises:

.

Gy = Al {fQ (—v+F/ fpsin(@o+@ar) ) +( fpt2F cos(q>o+q>st))2} +F2F? cos(Bo+Dyt)?
T [f24F2 cos(®o+ @1 )?] [(FLF FpVI+12 sin(@o+P st +arctan(l/v))— f2)2+ F2(fpt2F cos(<1>o+<1>5t))2]
g, — Afo G
p = T . 2 2
[(FQ—Ffp\/ 1402 51n(<1>0+¢5t+arctan(1/u))—f2) +f2 (fp—l—QF cos(<I>0+<I>St)) }
\

(4.9)
These expressions are quite complex and difficult to discuss. Nevertheless, we can at least
notice from Eq. 4.9, that both amplitude and phase noises are reduced in the locked state and
that their levels are strongly correlated with the locking strength I, i.e on the amplitudes of
the two locking torques (the Slonczewski and Field-like torques), and with the phase shift ®.
Given that &, depends on the frequency detuning Aw, the shape of noise PSDs also varies
within the locking range. To analyze more in detail these expressions, we will compare them

to our experimental results in Sec. 4.3.4.2.
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4.3.2 Fractional phase locking

In our experiments, we observe a locking state when the frequency of the current source F;
approaches the fundamental gyrotropic frequency fy (see Fig. 4.7.a-b). Beyond this expected
behavior, we observe that a frequency locking can be also achieved when Fy is around ¢f,
with ¢ an integer (¢ = 1 in Fig. 4.7.b, ¢ = 2 in Fig. 4.7.c; and ¢ = 3 in Fig. 4.7.d). The
mechanism of synchronization at higher harmonics (q integer) is usually associated with the
presence of harmonics in the autonomous regime [159, 160] (which drive the synchronization
process). The rf-current signal can thus lock with the g-harmonics around ¢fy. The locking
efficiency at harmonics, proportional to the locking bandwidths, decreases as ¢ increases (as
the amplitude of harmonics decreases with ¢ as seen in Fig. 4.7). Thus we report a locking
bandwidth of 12%, 4% and 2% at F around fy, 2f, and 3 f; respectively for a locking amplitude
=TI/l = 20%.
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FIGURE 4.7: (a) Schema of the electrical circuit to phase lock a STO, alimented by a dc source Iy,

with a rf-source I.¢. The detected signal is measured by a spectrum analyzer, connected to the circuit

with a -6 dBm power splitter (PS). (Right) Frequency of STO vs external source frequency Fy around
fo (a), 2fo (b), 3fo (c) for I,y = 2 mA (at zero applied field and 4. = + 11 mA and @ = 300 nm)

We note that the phase locked state is ultra-stable with a minimum linewidth of 1 Hz (as shown
in Fig. 4.8.b for Fy = 2f,), only limited by the resolution bandwidth of the spectrum analyzer
(note the change of x-scale for the two graphs). One should notice that this value is about 102
lower than the autonomous regime (700 kHz, Fig. 4.8.a). This strong linewidth reduction is
combined with an output emitted power (integral of the intensity) increased from 0.8 uW in the
autonomous regime to 1.1 pWW in the synchronized regime. This enhanced power is associated
with an increase of the radius of core gyration in the synchronized state. Indeed, as expected
from Eq. 4.7, the phase of a nonlinear STO adapts its dynamics through a modification of the

amplitude.



Chapter 4. Locking mechanisms in the non-autonomous regime

89

LA B L B E AL L B B | N

-a) Free o 42 = [b) Synchronized 108 %

I { = i el

" 13 0.4 >

e \d - 3 =

h— (%]

[ 1o g

00 Litocio. 0.0 =

- Vo=

4 2 0 2 4 £ 12 8 0 6 12 =
F - Fs/2 (MHz) F - F4/2 (Hz)

FIGURE 4.8: Emitted spectrum in (a) the autonomous regime without any external signal and in (b)
the synchronized state with a rf source at Fs = 2f

Importantly, such a significant improvement of the spectral coherence is observed not only
at high harmonics of synchronization but also at sub-harmonics. Indeed as displayed in Fig.
4.9.a-b, we report, for the first time in the case of an STO, a synchronization with the external

rf current even for a fraction of the oscillator frequency (fy/q), at Fs around fy/2 and fy/3.
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FIGURE 4.9: Oscillator frequency fosc vs external source frequency Fs around fo/3 (a), fo/2 (b) for
I,y = 2 mA (at H=0 and I, = + 11 mA and @ = 300 nm)

It should be noted that sub-harmonic phase locking in STOs has been predicted in micromag-
netic calculations [161] but never observed experimentally. Indeed, sub-harmonic synchroniza-
tion (1/¢) usually relies only on the nonlinear behavior of the oscillator. Thus when an rf-signal
is applied at a given frequency f, it is assumed that a nonlinear system will generate a small
response at nf [159, 160] (with n integer). The small amplitude of this response explains why
here the locking ranges at fo/2 and fy/3 are small (respectively around 2% and 1% of fo)
compared to fy. The origins of this mechanism of excitation will be further investigated in the

section concerning the forced oscillations of a STO in the sub-critical regime (see Sec. 4.4).
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4.3.3 Evolution of the locking characteristics with /;. and I, ¢
4.3.3.1 At F; around fj

In this part, we study the characteristics of the synchronized state depending on the locking
conditions and compare it with our analytical model. First, we present in Fig. 4.10 the
evolution of the locking bandwidth with I, for a fixed amplitude of rf-current (I,; = -14 dBm)
at Fy =~ fo. We note a decrease of the locking bandwidth from 17 MHz at I;.= + 10.7 mA
(i.e close to 10.5 mA the threshold current) to 9 MHz at I;.=+11.6 mA, and then a small
increase up to 11 MHz at I;. = +12.0 mA. This trend is linked to the STO characteristics in
the autonomous regime. As seen in Fig. 4.10, we observe in the autonomous regime a similar
trend for the nonlinear dimensionless parameter v (obtained with time domain measurements)
which evolves from 7 at I;. = +10.7 mA to 4.5 at I;. = 12 mA. A more precise fit of the locking
bandwidth dependency can be obtained by taking into account the evolution of the gyration
radius with 74. In that case, we observe an excellent agreement (see Fig. 4.10) between the
trends of the locking bandwidth and the ratio v1+12/\/py (with \/po = p/R) as expected
from Eq. 4.6.
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FIGURE 4.10: Evolution of the locking bandwidth with Iy, for I, ;= -14 dBm (at H=0). Evolution of
the nonlinear dimensionless parameter v and of the gyration radius with I4.. (The nonlinear parameter
v is extracted from the phase noise curves)

We have also studied the locking bandwidth as a function of the locking strength p = I,7/14.
for I,. = +11 mA. We observe, as shown in Fig. 4.11, a quasi-linear dependency of the locking
bandwidth at small locking strength p. For larger driving forces, a small change of slope
appears. This is most probably related to a significant change of the normalized power dp,
i.e of the gyration radius of the vortex core, that increases with the locking strength p (see

the evolution of the normalized power with the amplitude of the synchronization force F' in
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Eq. 4.7), which may also impact the nonlinear behavior v. By comparing our experimental
observations to our analytical model, we can extract an estimation of the efficiency of the
Field-like torque. Indeed, we notice in Fig. 4.11 that the expected locking range in absence of
the Field-like torque (see Eq. 8.3) does not fit with the experimental locking. On the contrary,
we get a quantitative agreement with a large Field-like torque efficiency &p;p, = 0.4. A large
Field like torque is expected for assymetric magnetic tunnel junctions [22, 23] but the value
reported here is quite high. However, it is not surprising as a large Field like efficiency of a
factor &g, = 0.4 has already been reported through spin-diode measurements performed by
Matsumoto et al.[162] and Chanthbouala et al. [18] on similar magnetic tunnel junctions. This
Field-like torque efficiency leads to a torque ratio Apy/Asy equal to 6 (0.4 x 150/10) for this
vortex based STO. Thus the locking process is mainly driven by the Field-like torque. It must
be emphasized that the Field like torque is amplified compared to the Slonczewski torque in
vortex based STOs given that they are respectively dependent on the size of the body and the
core of the vortex (and b << R)[151].
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FIGURE 4.11: Evolution of the locking bandwidth with I,¢ for I4. = +11 mA (at zero applied field).
Expected locking bandwidth for £p, = 0 (grey line) and &pz, = 0.4 (black line)

4.3.3.2 At F; around 2f;

Here we study the STO when it is phase locked with an external current at F ~ 2f,. Contrary
to the previous case, the properties of the locked oscillator are not masked by the large power
of the rf source. In Fig. 4.12, we display how the experimental locking range Awgy,. (defined
by the difference between the maximum and minimum frequencies of the locked STO) and
the normalized power evolve with the locking strength p. For g < 0.05, we observe a linear

dependence of the locking range and then a change of slope for a large driving force. Again
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this deviation from an linear dependency may be associated with an increase of the normalized
power in the locked regime (see Fig. 4.12.b). Note that this dependence of the locking range
with pg is expected only in the case of normal resonance and not for parametric resonance as

developed in Sec. 4.2.
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FIGURE 4.12: Evolution of (a) the locking range (for Fy =~ 2fy) and of (b) the normalized power py

(for Fy = 2fy) as a function of the amplitude of injected rf-current. STO frequency (¢) and normalized

power py (d) dependency with the rf-source frequency Fs. (The measurements are done with an

oscilloscope at zero field, for I;. = +11 mA and @ = 300 nm. The normalized power is extracted from
the amplitude of voltage oscillation [138]).

Furthermore, as predicted from Eq. 4.7 and shown in Fig. 4.12.c-d, the vortex oscillator adapts
its frequency to the external frequency through a substantial modification dp of its normalized
power py and hence its gyration radius. These two features illustrate the amplitude/phase
coupling of our nonlinear oscillator that adapts its phase dynamics through a modification of

its amplitude (even in APc configuration for which v is small).

4.3.4 Dynamics of a STO in the locked state
4.3.4.1 Stability of the locking regime

To gain a deeper understanding of the 1 Hz linewidth when the oscillator is locked, we perform
time domain measurements by recording 5 ms long output voltage time traces with a single-
shot oscilloscope (for details see [48]). By Hilbert transform, we are able to extract the power
spectral densisty of the phase and amplitude noises. Given that the phase noise is much larger

than the amplitude noise, we focus our study on the properties of the phase noise.
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FIGURE 4.13: Phase noise of the locked oscillator for different driving force (at zero field, I;. =
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As already reported for other STOs [48, 134, 138], we find that the power spectral density
(PSD) of the phase noise in the autonomous regime displays a 1/f? dependence from the
carrier frequency that is associated to a white frequency noise (see black curves in Fig. 4.13).
This level of phase noise is seemingly modified when the frequency of the external current I,
approaches fo, fo/2 , 2fo, fo/3 or 3fs. When Fy = fy, a significant reduction of phase noise
is observed even for a low driving force y = I,¢/l;. = 0.02 (see orange curve in Fig. 4.13.c).
For such a low injection power, we observe a plateau in the phase noise from a high frequency
roll-off, frou—ofs, down to a low offset frequency corner f, (for example, for = 0.02 at F, = f;
in Fig. 4.13.c, f. = 200 kHz and f,oy—off = 3 MHz). Similar behaviors with larger external
rf current are obtained for an external frequency at 2f, (cyan curve in Fig. 4.13.d with p =
0.08), 3fo (violet in Fig. 4.13.e with p = 0.25), fo/2 (magenta curve in Fig. 4.13.b with pu =
0.15) or even fy/3 (wine curve in Fig. 4.13.a with p = 0.21).

For an offset frequency lower than f,, the phase noise has a 1/f? dependency because of
the phase slips in the phase dynamics [81, 157, 163, 164]. Similar features were reported in
micromagnetic simulations [157] but not observed in time domain measurements. The phase
slips are associated to desynchronization-resynchronization events occurring because of the

thermal fluctuations.
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FIGURE 4.14: Phase deviation (®(t) = O(t) — 27 fot) associated to phase noise curve of Fig. 4.13 at
an 2f07 and 3f0

The amplitude of these phase slips is related to the number of stable positions available over

one period, which directly depends on the frequency of the current source. As a consequence,
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for a driving force frequency around ¢fy, the phase deviation (®(t) = 0(t) — 2x fot with 6(¢)
being the phase of the STO) of the locked oscillator presents some phase slip events with an
amplitude of 27/¢. In Fig. 4.14, the amplitude of the measured phase slips is thus, as expected,
respectively 2w, 7, 27w /3 for the fy, 2fo, and 3 f cases.
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FIGURE 4.15: Phase deviation (®(t) = O(t) — 27 fot) associated to phase noise curve of Fig. 4.13 at
fo/3, fo/2

However when the source frequency is smaller than that of the STO, and F is close to fy/q,
we only observe phase slips of 27 as shown in Fig. 4.15 for Fy around f,/2 and f,/3. These
27 phase slips confirm that the STO can phase lock with an injected rf-current around fy/q
because of its nonlinear behavior. The STO generates at f; a harmonic replication of the
injected rf-current which allows the locking process. It can also be seen that for each locking
range, all the observed phase slips present the same amplitude, which demonstrates the absence

of chaotic behavior or other dynamical regimes related to multi-stability [81] in our STOs.

For large enough driving forces (in Fig. 4.13.b-d, resp. p = 0.25 purple curve at fy/2, = 0.08
red curve at fy and g = 0.2 dark blue curve at 2f)), a constant phase noise level from fo_ofs
to 300 Hz offset frequency (lowest value associated with our oscilloscope memory) is observed.
In this ultra-stable locked regime, we note the absence of phase slips (see Fig.4.14. The phase
deviation remains below 27 with an associated resulting noise level of -90 dBc/Hz at 1 kHz
from the carrier when the external frequency is at 2f; (see Fig. 4.13.d). Note that a similarly
low phase noise is reached at fy (Fig. 4.13.c) but the data at very low offset frequencies are
hindered by the phase noise of our Agilent rf-current source. Furthermore, we observe that this
pure phase locking state is indeed not achieved for Fy equal to 3fy or fy/3 as the efficiency of

the locking process is too weak in these two conditions.

The presence or the absence of phase slips highlights here the fundamental difference between
the largely reported “frequency locked state” [52-55, 58, 61, 89] and a “pure” (or “real”) phase

locked state, which only exists in the absence of any phase slip events.

4.3.4.2 Transient regime of synchronization and phase noise level

The constant phase noise level, reported in the previous section, is characteristic of the retroac-

tion process acting on the phase of the oscillator. Indeed, all thermal noise events with a
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characteristic frequency lower than the retroaction frequency (here indicated as the frequency
roll-off frou_ofs in Fig. 4.13) are strongly reduced or suppressed. This retroaction frequency

corresponds to a direct observation of the phase noise retroaction time A as defined in Eq. 4.8.
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FIGURE 4.16: Experimental phase noise spectra at Fy, = fo for 4 = 0.08 (orange dots) and p = 0.2
(red dots) at zero field and Iz = 411 mA (@ = 300 nm). Modelled phase noise spectra for g, =0
(light red and orange lines) and {ry, = 0.4 (red and orange lines)

As we presented in section 4.3.1.2, we can extract some crucial information on the transient
regime of the locking process by analyzing the phase noise in the locked state. As expected,
the retroaction constant increases with the locking strength and thus induces a decrease of
the phase noise level. In Fig. 4.16, we plot with Eq. 4.9 the expected phase noise levels for
1= 0.08 and g = 0.2 with (g, = 0 and {rp = 0.4. It can be noticed that the experimental
curves fit with our model for £z, = 0.4 which confirms the crucial role of the FL torque in the

locking process.

We can thus deduce from Eq. 4.7 that the phase shift introduced by the locking ST forces
by, = arctan(App/Agp) is close to /2 and compensates the phase shift due to the STO
nonlinear behavior (arctan v with v around 10 for the functioning point in Fig. 4.16). Thus
we can deduce that the phase shift @3 between the injected rf-current and the STO phase is
close to zero at zero detuning (see Eq. 4.7). This will be an important and crucial issue for

our mutual synchronization measurements (see Chap. 8).

Finally, we succeed to demonstrate “pure” injection locking of a vortex based spin transfer
oscillator by an external current with multiple integers, i.e., fo, 2fy and 3 fy, as well as half and
third integer frequencies fy/2 and fy/3. A “pure” phase locking state with no phase slips and
a large output power (> 1uW) is observed at room temperature and zero magnetic field. It is

associated with a record low phase noise down to -90dBc/Hz at 1 kHz offset. We demonstrate
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that the physical mechanisms at play for the oscillator to be locked, notably in the transient

regime of synchronization, are correlated to the symmetry of the ST locking forces.

4.4 Forced oscillations in the sub-critical regime

For rf-applications, an important concern is to reduce the energy consumption and thus to
reduce I;. and so the Joule heating. Until now, we have studied the case of a vortex based STO
in the self-sustained regime where a large dc-current is applied to compensate the losses. In this
section, we consider a vortex oscillator in the sub-critical regime where no sustained oscillations
are observed. One open question here is to determine the conditions for which we can observe
a regime of forced excitations when we supply the STO with an rf-current. Answering this
question could eventually give rise to the perspective of zero dc-current frequency multiplier or
divider. To do so, it is necessary to identify the locking mechanisms that could be involved in

this regime of forced excitation.

In the literature, it was reported that a vortex based STO in the damped regime could be
excited with an external current at 2 f; and f, [62], and also at 3 fy [89]. The authors attributed
their observations to a phenomenon of parametric excitation. However this is partially in
contradiction, at least because 3f;, works, with the fact that a parametric phenomenon is

efficient only when the source frequency fulfilled the condition F; = %

Here we first show that we can observe forced oscillations not only when the source frequency
is around 2fy, or fy but more generally when the condition Fs:% is fullfiled (with ¢ an
integer). Then we discuss the different mechanisms of excitation at 2f, and fo. We compare
our analytical results with analytical predictions taking into account both parametric resonance
and normal resonance and find that both these processes are involved in the mechanism of

excitation. We support our conclusion by simulations performed in collaboration with the
group of M. Stiles in NIST.

4.4.1 STO response depending on the frequency of the rf-source

In our study, we apply a dc-current so that the anti-damping term I'_ partially compensates
the damping term I',. The damping constant in our permalloy based STO is too high to
observe a forced regime of excitation without applying any dc-current. Thus we performed our
experiments for I;.= +7 mA, i.e 80% of the threshold current in our junction with a 300 nm
diameter, at zero applied field. By applying an additional rf-current, we could then observe a
forced regime for a source frequency Fy around ¢fy or fy/q with ¢ an integer as seen in Fig.
4.17 for I,y =2 mA (i.e a locking amplitude of 30%).
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The efficiency of the excitation is then determined by the ability of the oscillator to modify its

intrinsic frequency. Thus to compare the different locking efficiencies, we measure the forcing
Ws,max —Ws,min

q
mininal external frequencies that lock the oscillator for each locking bandwidth!. We note that

interval defined as w, = where Wg ey and wg e, are respectively the maximal and
the locking interval is larger for F around fy (14% of the vortex eigenfrequency). At Fy around
%, 2fo and 3fy, the different locking intervals are of similar order of magnitude, respectively
9%, 6% and 5% of the vortex gyrotropic frequency. At F, around %, the locking bandwidth is

much smaller, about 3% of the vortex gyrotropic frequency.
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FIGURE 4.17: Frequency and amplitude of forced oscillations as a function of the normalized frequency
of the external rf current (with I,y = 2 mA, H=0, Iy = + 7 mA and @ = 300 nm)

In fact, these regions of excitation and the magnitudes of the locking ranges do not well agree
with a complete regime of parametric excitation. Indeed this phenomenon should only be
observed for an excitation frequency around Fy = 2fy/n with n an integer and its efficiency
should decrease as n increases. Here, we observe a response at Fy; = 3f; and no signal at
F, = % Thus we conclude that parametric excitation alone cannot account for the results

that we observed.

4.4.2 Excitation mechanism at f and 2f

To envisage the possible mechanism of excitations, we first analyze the locking characteristics
for a source frequency around fy or 2fy. In Fig. 4.18, we note that for each case the bandwidth

of excitation evolves linearly with u. However, for F ~ 2f, a threshold of excitation is observed

!This is equivalent to measuring the minimal and maximal frequencies of the locked oscillator for each locking
bandwidth.
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(at p =~ 0) whereas there is no threshold at fy (see Fig. 4.18). We will discuss more in details

this observation with simulations later on.
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FIGURE 4.18: Evolution of the locking band-

width with the locking strength p at Fy around

fo and 2fy at zero external field (Filled dots: ex-

perimental values / Unfilled dots: Matlab simu-
lations for H = 4kA/m)

For F, =~ 2f, we can also plot the evolution of the gyration radius with p as seen in Fig. 4.19.

To do so, we extract the power of the STO from the power spectral density (PSD) and take its

square root [48]. Thus we first observe that the radius increases rapidly and linearly with the

amplitude of rf-current I,; and then more slowly due to the nonlinearities of the system.
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The observed thresholds at Fy ~ 2f, have been associated in the literature to parametric
effects. In particular, P. Bortolotti and al. [62] highlighted on vortex based STOs that the

oscillating Oersted field associated with the rf-current could induce a parametric excitation

only for non-symmetric systems (see Sec. 4.2.2).

On the contrary, at F, around fy, the absence of a threshold tends to prove that we have a

normal resonant process. Thus contrary to Martin et al. [89], we cannot attribute our results

to a parametric phenomenon. Contrary to parametric forces, the Slonczewski and Field-like in

plane torques of the SAF polarizer, as we have seen previously, do not depend on the gyration

radius of the vortex. Thus their action can lead to forced oscillations of a vortex based STO

in the subcritical regime, without any threshold of excitation. For an excitation frequency at
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21 Fy = w, we can establish (from the Thiele equation) the expression of the resulting gyration

radius:

J
sor VAR + AL (4.10)

T o—wy + T —1.)

with G the gyrovector, R the dot radius, Ar; and Ag; the respective efficiency of the Slon-

czewski and Field-like in plane torques, I'_ the anti-damping term, I, the damping term.

From Eq. 4.10, we predict a linear increase of the excitation bandwidth with the amplitude
of rf-current as it is the case in our experiment. This efficiency of the excitation process is
sufficiently high in our MTJ so that it can lead to the expulsion the vortex core from the
junction as we will see in Chap. 7. From these experiments in the sub-critical regime, it seems
that the process of excitation relies on phenomena of normal resonance at fy and of parametric

resonance at 2fy (due to the presence of an excitation threshold).

To further understand the mechanisms behind these excitations in the sub-critical regime,
we simulate our vortex based STO for I;. = 0.8, with a Matlab program that solves the
Thiele’s equation. Using this program developed in collaboration between J. Grollier and the
NIST group of M. Stiles, we study the response of the system when we excite it with an rf-
current at different amplitudes. To evaluate the contribution of the parametric excitation in
our experiments, we observe the temporal dynamics with or without an in-plane field that
shifts the vortex core from the dot center as required for parametric excitation. To evaluate
the effect of the normal resonance, we simulate the system with or without the Slonczewski

and Field-like in plane force (as previously, &gy is fixed to 0.4).

In the simulation results represented in Fig. 4.18, we notice that a regime of forced dynamics
at 2fy is observed only in presence of an in-plane field that shifts the vortex core by 0.3 of
the radius. At fy, a resonant excitation is observed only when the ST in-plane torques are
considered. This shows that the process of excitation mainly relies on phenomena of normal

resonance at fo and of parametric resonance at 2 fj.

Furthermore, one may notice in Fig. 4.18 that the locking bandwidth obtained by our Matlab
code at 2 fj is much smaller than the experimental locking. This discrepancy can be reduced by
increasing the in-plane field considered in our Matlab code but the locking bandwidth remains
lower than the experimental one for realistic values of field (lower than the field that will expulse
the vortex core from the STO). This could be explained by the fact that we consider perfectly
circular dots in our Matlab code. In our experiments the nanopillars are not perfectly circular

(see Appendix A) which can lead to a non-perfectly circular gyrotropic motion. Thus, the
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presence of high harmonics, as reported in the experiments, can enhance the locking process

at 2fp through a process of normal resonance at the frequency of the harmonics.

4.4.3 Superharmonic resonance at %

In mechanical systems [165], it has been reported that superharmonic resonances could be
observed for large amplitudes of excitation. This phenomenon is only observed in highly non-
linear oscillators when Fj is around %. Indeed, as seen in Chap. 4, the rf-excitation of a
nonlinear oscillator at a fraction of its eigenfrequency generates a response at harmonics of the
input frequency. This response can be close to fy so that a resonant excitation at fy can be
observed. In our vortex based STOs, the nonlinearities arises from the damping term I', and
the confinement term wy (see Sec. 2.1.1 in Chap. 2) which depends on the gyration radius p

at the second order.

In our experiments, we can observe, as shown in Fig. 4.20.a, a resonant response at f, for
an excitation frequency at %. This behavior corresponds to the regime of superharmonic
resonance. Given that the efficiency of this process is low, the locking bandwidth increases
slowly with the locking strength p. Thus it is difficult to observe it for low driving forces. For

example, we do not detect any response at % for p < 0.2.
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FIGURE 4.20: Excitation bandwidth at %7 %7 and fo as a function of the locking strength p: (a)

Experiments and (b) Matlab simulations H = 4kA/m and H)| = 0) (¥ = 300 nm)
The same behaviors are observed in our Matlab simulations at zero applied field as shown in
Fig. 4.20.b. For a vortex based STO similar to the experimental case, we note that there is no

threshold in the response at % Furthermore, we do not get any response if we switch off the ST
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forces. These different observations confirm that the excitation process is mainly driven by an
effect of superharmonic resonance and not by a parametric excitation driven by the oscillating
Oersted field. However, we get a quantitative agreement with our experiments for F, around
% or around 2f, only in presence of a small in-plane field (similar to the experimental SAF
stray field). This means that the process of excitation combines two mechanisms, i.e a classical

resonant effect amplified by a parametric effect.

We also want to point out that with our Matlab code, we get a response at % only for an
unrealistic locking strength of 0.6 (not represented in Fig. 4.20) and only in presence of a small
in-plane field. This behavior must be related with the fact that our model only takes into
account the second order of nonlinearities. Taking into account the higher order of nonlinear-
ities should be necessary to fit more precisely with our experiments. Nevertheless, the good
agreement in the response at f—2° and at fy already represents a clear evidence of superharmonic
resonance assisted by parametric amplification. Such phenomenon had never been reported in

magnetic systems and it will open new perspectives for spin-torque oscillators.

In summary, we achieved phase locking of a vortex based STO with an rf-current at multiple
integers, as well as half and third integer frequency. In the locked state, we reported a record
minimum phase noise of -90 dBc/Hz at 1 kHz offset with a large output power (> 1uW). With
time domain measurements, we improved our understanding of the locking behavior and of
its stability. We developed an analytical model that indicates that the locking process of a
vortex based STO is controlled through different sources of spin-transfer locking torques, i.e
the Slonczewski and Field-like in-plane torques. By fitting our experiments, we highlighted the
crucial role of the Field-like in-plane torque in the locking process.

We then showed that an rf-current can excite a forced excitation of a vortex based STO in the
damped regime either at multiples or at fractions of the gyrotropic frequency. With frequential
measurements and analysis based on Thiele equation, we demonstrated that the mechanism of
excitation relies on both parametric amplification and normal resonance. Finally, we observed,
for the first time, the presence of superharmonic resonance in a STO.

Finally, vortex based STOs in magnetic tunnel junction can easily synchronize with an external
rf-current thanks to large Field-like torques. In Chap. 6, this high efficiency of the locking

process will help us to probe the coupled motion of two vortices and to observe exotic dynamics

associated to the locking of both damped and excited coupled modes.







Chapter 5

Limitations of the “single mode”

hypothesis

Spin-torque oscillators generally present one single mode excited by spin-transfer. Indeed, the
spin-transfer process first excites the lowest mode in energy that can become unstable. As we
previously discussed, the dynamics of the excited mode is well described by the auto-oscillator
model [45]. Nevertheless, different studies reported the presence of multi-mode generation in
uniform STOs, with either mode hopping or mode coexistence [101, 166]. The coupling between
those modes can be driven by different parameters (current and field [65, 167], noise [168]).
Theoretical extention of the auto-oscillator model with more than one mode have permitted
to fit well the experimental observations but the physical origin of the coupling often remains
unclear [101]. For example, the inter- or intra-layer mode coupling have been reported to lead
to really different features such as linewidth enhancement or reduction [69, 101, 109, 169].
Only recently Tacocca et al. [170] explained, in the limit of equally excited mode by ST torque,
these different behaviors through different coupling regimes, either mode hopping or mode
co-existence. However the direct observation of different coupled modes is often difficult to

perform so that strong hypotheses are needed to model the mode-coupling mechanisms.

In this specific chapter, we highlight the limitations of the single mode approach in double
vortex based STOs. We first focus our study on the coupling mechanism at harmonic mode
crossings that we reported to strongly impact the spectral coherence of the STO [69]. By
time domains measurements, we identify with precision the parameters that drive the coupling
between modes and show the strong impact of mode coupling on the effective damping of the
different modes. Then, we present, for the first time, a direct and simultaneous observation
of two inter-layer coupled modes, one damped and one excited by ST torque. We highlight

that mode coupling can lead to self-resonant excitation in a single isolated STO. Then we use

103
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an external rf-source to demonstrate that we can control with precision the coupling between
modes and that it can lead to exotic phenomena such as the annihilation of the excited mode,

the overlapping of two locking bandwidths and potentially chaotic behavior.

5.1 Energy transfer between coupled modes

5.1.1 Mode crossing at multiple harmonics

In double vortex based STOs in spin-valve, we recently highlighted in a study performed in
collaboration with CEA SPEC [69] that the dynamics of the excited mode could be strongly
affected by the interaction with the damped mode. At harmonic crossings between the damped
and the excited mode (nFyump = Mfeze With m and n integers), a strong increase of the
linewidth of the excited mode is observed (see Fig. 5.1.a). In parallel, we notice a softening of
the frequency dependency with field as shown in Fig. 5.1.b. This behavior has been attributed

to the transfer of energy from one mode to another.
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FIGURE 5.1: Blue dots: fundamental frequency F; and harmonics F5 of the auto oscillating mode

dominated by the thick layer (vortex core polarity pp = -1) as a function of the perpendicular field.

Red dots: frequency f of the overdamped mode dominated by the thin layer (polarity pa = +1). Red

tone straight lines are guides to the eye and show successive harmonics of f. (b) Evolution of the
inverse generation linewidth. Adapted from [69]

Such exchanges of energy have been reported in other magnetic or non-magnetic systems [171,
172] having several eigenmodes. When the mode frequencies cross each other, some energy is
transferred from one mode to another [173-176]. In the case of STOs, if one of these modes is

excited by spin-transfer, the transfer of energy is generally from the excited mode to the damped
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mode which facilitates the dissipation of energy. The mode interaction can be mediated either
by spin-waves [60], dipolar [69, 72, 175-177] or electrical coupling [83]. In the dynamics of
double vortex based STOs, the interaction between the two coupled modes is mediated either
through a dipolar coupling between the vortex bodies and/or an electrical coupling due to

reciprocal ST forces.

The coupling strength depends on the frequency (i.e energy) difference between modes. To
reduce the mode interaction, STOs should thus operate at the largest gaps in energy, i.e far
from harmonic crossings (as we did in the previous chapters), between excited and damped
mode. Far from mode crossings, the hypothesis of a single excited mode is valid and we
can use the auto-oscillator model. On the contrary, the hypothesis of a single excited mode is
probably less or even not valid at the crossings when there is a large transfer of energy from one
excited mode to other damped modes. Furthermore, the physics associated to the interaction
between coupled modes still remains an open question that can lead to new phenomena such
as chaotic behavior [81, 178-180].

5.1.2 Correlation between mode parameters and energy exchange

In the literature, several groups [65, 69, 101, 101, 109, 166-169] have tried to understand the dy-
namics of coupled modes in STOs but numerous questions still remain open as it is often difficult
either to identify the different coupled modes or to access separetely their properties. Among
these studies, lacocca et al. [101, 170] theoretically demonstrated that the auto-oscillator model
could be well adapted to mode interaction. However such theoretical predictions are often dif-
ficult to perform given the large number of unknown and adjustable nonlinear parameters for
the different modes. Experimentally, the excited mode can either present an increase [169] or
a decrease [69, 181] of the linewidth at the crossings of harmonics. From all these studies, it
appears that the mode interaction is mediated by a modification of damping and thus of the
effective damping ratio of the coupled modes. Here, we try to understand in more details, with

time domain measurements, the coupling mechanisms at harmonic crossings in a double vortex

based STO.

We focus our study on samples B (see Appendix A) where the excited thin vortex layer is
close to the MgO barrier so that the emitted power associated with the excited mode is large.
In APc configuration, we observe oscillations of the linewidth (from 200 kHz to 7 MHz) due
to harmonic crossings (feze = faamp/2 and feze = faamp/3 in Fig. 5.2). In parallel, we note
that f is globally linear with the applied field H.,, but that some frequency softenings appear
at harmonic crossings (see Fig. 5.2.b). These softenings of df /dH,e,, correspond to the new

frequency dispersion curve due to the interaction between modes [173]. In Fig. 5.2.c, we notice
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from the analysis of harmonics (used to evaluate the nonlinear parameters as seen in Chap. 3)

that the STO seems to have a quasi-linear behavior in the all field range as the linewidth of
the first harmonic Af; is close to four times the linewidth of the fundamental 4Af.

In Fig 5.3, we display the evolution of the nonlinear parameters with I for four different
perpendicular fields: either close (-55 kA /m, black dots), far (-15 kA /m, green dots) or between
(-48 kA /m and - 30 kA /m, red and orange dots) two crossings. The parameters v, Afy and T,
are extracted from the diagrams of phase and amplitude noise. The nonlinear frequency shift
N = dw/dp is extracted from dw/dHpep, and dp/dHperp (as dw/dp = dw/dHper, X dHperp/dp).
First, we can notice that the different nonlinear parameters globally present a quasi-linear
dependence with I, for the different field conditions as expected in the auto-oscillator model.
Only the linear linewidth Af, first decreases with I;. and then slightly increases far from the
crossing (-15 kA /m) and at high surcriticalities (I4. > +10 mA). Similar behavior was observed
in a single vortex STO by E. Grimaldi [48] and it may correspond to a change in the vortex

structure.

Nevertheless, if we focus our analysis for I;. = +11 mA (the case represented in Fig. 5.2), we
notice that the nonlinear dimensionless parameter v is non-zero for all the range of fields as we
would have not expected from the analysis of the harmonic linewidths. This confirms, as we
noticed in Chap. 3, that we have small but non-zero v for double vortex based STOs in the

APc configuration.

We note that the linear linewidths A fy and the nonlinear frequency shifts N do not depend on

the fields at I;.=+11 mA . On the contrary, the nonlinear dimensionless parameter v and the
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FIGURE 5.3: Nonlinear parameters dependency with current for four different fields: nonlinear dimen-
sionless parameter v (a), the linear linewidth A fy (b), the effective damping I', (c¢) and the nonlinear
frequency shift N (d). The different fields are either close (-55 kA/m) or far (-15 kA/m) from an

harmonic crossing.

effective damping I', take completely different values for the four values of fields. They present

higher v and T', close to the crossing of the harmonics (at -55 kA /m).

Moreover, we experimentally found that the critical currents are larger close to the harmonic
crossings (+8 mA at -55 kA /m against +7 mA at -15 kA /m). Combined with the lower effective
damping at harmonic crossings, it indicates that the exchange of energy between modes can
be modelled by an extra-damping term « that affects the dynamics of the excited mode [182].
This extra-damping term cieoupiing leads to a decrease of the effective damping ratio I', close to

the harmonic crossings.

This non-intuitive deduction comes from the fact that the effective damping ratio is defined
as I') = (dI'_/dp — dI'; /dp)po (see Chap. 1 and Ref. [48, 183]). Thus it can be expressed as
I'), = (£ — 1)I'¢ with £ the surcriticality and I'¢ the damping force. Given that £ is inversely
proportionnal to a and I'g is proportional to «, the effective damping ratio is thus proportionnal
to A— Ba and not directly to a. As a consequence, the effective damping ratio I', thus decreases

when the damping increases.

In our experiments, the enhanced damping « at the harmonic crossings leads to larger threshold
currents and thus to lower surcriticalities £, which in turn induces a lower effective damping.
This lower effective damping ratio at harmonic crossings explains why the lowest linewidths
are observed far from the crossings given that the linewidth is defined as Af = (1 + v?)Afy =
(14 (Npo/Tp)*)Afo). The fact that M. Romera [182] observed lower linewidths at harmonics
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crossings may be correlated to a strong softening of the nonlinear frequency shift N = df /dp

that leads to larger v parameters.

In summary, we identify the effects of mode coupling on the dynamics of a mode excited by
ST torque that interacts with a damped mode. In particular, we highlight that the transfer of

energy from one mode to another modifies the damping of the excited mode.

5.2 “Resonance” of damped modes

To analyze in more detail the mechanisms of energy exchange, a direct observation of both the
damped and excited modes is required. In this section, we study sample A (see Appendix A)
for which both the excited and the damped modes can be detected simultanecously as seen in
Fig. 5.4 (see also Chap. 3). We perform our study for vortices with parallel chiralities and

anti-parallel core polarities (APc) in the autonomous and non-autonomous regimes.

(a) (b) (c)

-T2
g " . ” e w —_
Mode “excited 44 8nm =
by dc-STT g .
o~ ; ! . 3
- = / ; 0 [ : ot
" o
Wa20nm — { Mode “damped" L 1 . il diiip;
= = e by de-STT 150 200 250 300 350
— Frequency (MHz)

MgO

FIGURE 5.4: (a) Schema of the vortex configuration and (b) of the mode degeneracy in APc config-

uration with parallel chiralities. (c¢) Example of a detected spectrum for a double vortex based STO

(® = 600 nm) for which we probe the dynamics of the thick vortex layer with a MgO barrier above a
SAF layer (see “Sample A” in the Appendix A)

5.2.1 Self-resonance in the autonomous regime

In Fig. 5.5, we plot the evolution of the frequency of the excited and the damped modes as
a function of H,,, for I;. = —14.5 mA. One striking feature is the” synchronization of the
damped mode” with the excited and self-sustained mode for Fjq,, around 3/2f;. At this
harmonic crossing, both mode frequencies soften as seen in Fig. 5.5.a. In particular, the
frequency of the damped mode adapts its frequency to follow the frequency of the excited
mode!. This observation highlights that we force the dynamics of the damped mode through

'Similar features have been observed in double vortex based spinvalves for Faamp = 1/2fo with a MRFM setup to
probe the dynamics of the damped mode
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an internal process of self-resonance with an excited mode in an STO without any external
rf-signal. This process can be mediated through spin-transfer [69, 72] and/or dipolar [173]
interaction. It must also be emphasized from the time domain measurements in Fig. 5.5.d-f

that the two modes coexist without any mode hopping between them in the all range of field.
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FIGURE 5.5: Evolution with field of the frequencies (a), linewidths (b), powers (c) of both the excited
(black dot) and damped (red dots) modes. Power spectrum and instantaneous frequency time traces
for three value of fields: -10 kA/m (d), 3 kA/m (e), 20 kA/m (f) (I4 is fixed to -15 mA)

In this forced regime, the spectral coherence of the damped mode is strongly enhanced. The
minimum linewidth is of 800 kHz at 5 kA/m, close to the 350 kHz of the excited mode as
seen in Fig. 5.5.b. This feature indicates that the “damped” mode enters in a steady state in
this region of field. Consequently, the emitted power of the “damped” mode is also enhanced.
However it cannot be quantitatively correlated to the power decrease of the excited mode given
that this mode is mainly located in the top thin layer (for “Sample A”, we probe the dynamics
of the bottom thick layer through the MgO barrier as presented in Chap. 3).

Contrary to the case of uniform STOs in nanocontacts [101, 170], the linewidths of the two
coupled modes do not evolve as a function of the coupling strength (maximum at harmonic
crossings) in our regime of mode co-existence. In Ref. [170], the two modes are assumed to
be equally excited by ST torque while in our case, one mode is damped by ST torque while

the other one is excited by ST torque. Here we even notice that the variations of linewidths of
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the two coupled modes are not directly correlated between them. The linewidth of the excited
mode decreases as the power of the damped mode increases as seen in Fig. 5.5. This is coherent
with the fact that the transfer of energy from the auto-oscillating mode to the “damped” mode
leads to an enhancement of the linewidth of the excited mode. The linewidth of the “damped”
mode is minimum at the center of the “self-resonance” bandwidth and maximum at the edges
as it is the case in injection locking experiments due to the effect of frequency pulling [51]. The
rf-features of the two coupled modes are thus sensitive to the transfer of energy between them

but also to the fact the dynamics of one mode is enslaved by the second one.

5.2.2 Forced resonance in the non-autonomous regime

In this section, we demonstrate that the mode coupling between the damped mode and the
excited mode can be controlled with an external rf-current. Such a precise control can lead
to more exotic effects such as the presence of multiple lockings ranges, the annihilation of the

excited mode, or the overlapping of two locking bandwidths and even chaotic behaviors.

As in Chap. 4, the Slonczewski and Field-like ST torques from the SAF can synchronize the
dynamics of our STO. In sample A, the layer close to the MgO barrier is the thick permalloy
layer. Thus the locking process will drive the STO through the dynamics of the bottom
thick vortex layer. The rf-current directly affects the thick layer and can thus simultaneously
synchronize the excited mode that is delocalized in the bottom thick layer and resonantly excite
the damped mode mainly localized in thick laye. In this mode competition, two parameters

are crucial: the amplitude of rf-current and the frequency detuning.

5.2.2.1 Overlapping of locking bandwidths

We first consider a double vortex system under the conditions for which we can clearly observe
the excited mode (fp = 215 MHz in Fig. 5.7.e) but barely the damped mode (Fyumpea = 390
MHz in Fig. 5.7.e) on our spectrum analyzer. There we perform injection locking experiments
at an rf-frequency F, around twice the eigenfrequency of the excited mode 2f; for different

levels of rf-current.

In Fig 5.6.a-e, we note that a single locking range for Fy around 2f; (around 430 MHz) is
observed at -18 dBm. At -12 dBm, we surprisingly notice the appearance of a second locking
range at lower driving frequency F (around 400 MHz). The bandwidth of this second locking
increases with I,¢. In this locking range, the STO still adapts its frequency at half the driving
frequency. The position of this second locking range corresponds to the region for which we

expect to have a resonant excitation of the damped mode (Fy around Fuumpeq). From this
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observation, we deduce that the rf-current resonantly excites the damped mode and that the

excited mode adapts its frequency to synchronize with the forced oscillations of the damped

mode.
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FIGURE 5.6: (a) Evolution of the locking bandwidth for Fy around 2f; at different amplitude of
rf-current (b-d)

In the second locking range (Fs = Fyumpea), the system is highly frustrated between one mode
(fo) that is favored by the dc ST torque and another mode (Fygmpea) favored by the rf ST
torques. Indeed, the senses of gyration for each mode are opposite given that the two vortices
have opposite polarities (and each mode is mainly driven by one of the two vortices). Thus this
second locking state is less stable and its corresponding linewidths are higher than for Fy ~ 2f,
as seen in Fig. 5.7.a. The linewidths are thus larger in this second locking state, and the time

traces also present more phase slips than in the first locking state (see Fig. 5.6.b compared to

Fig. 5.6.d).

One should also notice that the locking range associated to the fundamental resonance of the
damped mode (around Fyuumpeq) increases more quickly with the amplitude of the rf-current
(see Fig. 5.6 and Fig. 5.7.a). This highlights that the fundamental resonance of the damped
mode Figmpeq is a more efficient process than the one associated with the excited mode for
Fiampea = 2fo. This thick layer mediated locking of the excited mode offers news possibilities

to enhance the locking range of a STO far from its fundamental locking.

Interestingly, the two locking regions (Fy ~ Fyumpea and Fs ~ 2fy) are close and can even
merge for large rf-current (-6 dBm and -3 dBm in Fig. 5.6.d-e). At the intersection of the two
locking ranges, we measure an increase of the linewidth (see inset of Fig. 5.7.a) and many more

phase slips as seen in Fig. 5.7.c. In this region, the phase slips are 7 and 27 (see Fig. 5.7.c)
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FIGURE 5.7: (a) Linewidth of STO as a function of the rf-frequency for different rf-amplitudes (b-d)

Example of time traces for different frequency of rf-current (in the two different locking ranges and in

the region of overlap) at -3 dBm. (e) Power spectrum in the self-sustained state. The experimental
conditions are : Hperp = 205 kA/m, Iy, = —15 mA, and the dot diameter is of 600 nm.

while they are 27 in the first locking region (see Fig. 5.7.b) and 7 in the second one (see Fig.
5.7.d). Such a “frustrated” response shows the strong instability of the STO in the overlapping
region and probably indicates the presence of a chaotic behavior [180]. Theoretically, it was
demonstrated that the response of an oscillator in the overlapping region corresponds to erratic

jumps between the different locking states [81, 178].

In this specific chapter, we demonstrated that the dynamics of a double vortex based STO
cannot be fully described in the single mode approach. In a double vortex based STO, we
showed that the mode interaction at harmonic crossings leads to a large energy transfer from the
excited mode to the damped mode of the coupled vortex system. This energy transfer increases
the damping associated with the excited mode, reducing its power and its spectral coherence.
For some certain experimental conditions, we even reported the possibility of resonantly exciting
the damped mode because of the action of the excited mode. The STO can thus be self-
resonantly excited. Finally, we demonstrated that the two coupled modes of the system can be
excited with an rf-current. At large rf-excitation, the locking bandwidths of the two coupled
modes overlap so that we simultaneously excite the two coupled modes. This leads to an

complex and incoherent motion that may correspond to a chaotic behavior.
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Chapter 6

Towards spintronic rf-nanosources by
the integration of STO in phase locked
loop

A phase locked loop (PLL) consists of an electronic circuit with a controllable oscillator (gen-
erally a VCO, voltage controllable oscillator) whose phase is constantly adjusted to match with
the frequency of a reference input clock. A phase locked loop permits the reduction of the
phase difference between a reference signal and a local oscillator by using a feedback loop. This
type of device, first developed in 1932 by de. Bellescize [184], is currently widely use for various
rf-applications such as frequency demodulators, stable frequency generators at multiples of the

input frequency or as a frequency distributors in microprocessors.

Error block

Osc \ STO > Vour

Reference oscillator Filter Oscillator

W

+N

Frequency divider

FIGURE 6.1: Schema of a phase locked loop. The PLL consists in a error detector block, a frequency
divider, a filter, a slave oscillator (here a STO) and a reference oscillator (see Appendix C for details
about each block).

In this chapter, we present the concept of an STO based phase locked loop (see Fig. 6.1, more
details about classical phase locked loops can be found in Appendix C). Recently, different
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studies have demonstrated the potential of this type of device for reducing the phase noise of
an STO [146, 147]. Here, we show preliminary results for an on-chip phase locked loop with
our vortex based STO. This on-chip phase locked loop has been developed by M.Kreissig from
TUD (Dresden) within the EU project MOSAIC coordinated by U. Ebels.

6.1 Expectations for spintronic based phase locked loops

The specific advantages of STOs compared to classical VCOs, such as their small size and
radiation hardness, have created significant interest in STO based phase locked loop. One
could argue that the size of the loop is often much more limiting than the size of the STO in
our case. However, as we mentioned, one potential application could be a phase locked loop
that drives at long distance multiple STOs and acts as a frequency distributor in which the
size of the local oscillators is crucial. Furthermore, for space system applications, the main

advantage of STOs is not their size but their resistance to electromagnetic radiations.

The theoretical background of a phase locked loop is well-known for many years (see Appendix
C). In this section, we briefly report the characteristic of an STO based phase locked loop
depending on the characteristics of the loop and of the STO. The oscillator dynamics can be
well described in the auto-oscillator framework by adding a modulating feedback current Al
[185]:

de

o w(lple + [ (1pl) ~ T-(+ ADJe =0 (6.1)
with AT = eK(p)F(A®), e = Al/Iy, w(|p|) the STO eigenfrequency, K(p) the filter trans-
mission coefficient, F'(A®) the normalized feedback signal of the phase detector and A® the
phase difference between the STO and the reference oscillator. One should also notice that
the retroaction force corresponds to a modulation of the dc spin-transfer force that drives the

self-sustained oscillations. Thus the feedback force acts only on the amplitude of the STO.

By considering no spurious peaks and no loop instability, A. Mitrofanov et al. [185] recently
studied the loop characteristics of an ideal filterless (K (p) = 1) PLL with a phase detector
F(A®) = sin(A®). The phase detector provides a signal that corresponds to the low frequency
component of a frequency mixer. Such an ideal case permits the identification of the STO
parameters that may limit the functioning of the phase locked loop (if the filter itself is not the

limiting aspect).

Here we do such a study for a vortex based STO. Contrary to uniformly magnetized STOs

[185], the vortex based STO has a linear anti-damping torque I'_. For such a case, we derive
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the expressions of the normalized power p and of the phase shift ®; between the phases of the
driving current and of the STO in the locked state:

p=po (1+ "5 sin(@,))

(6.2)
_ . 2Aw
®y = arcsin (—V fp”>

Aw = wy — Wrey (01 Ngjpwires if a frequency divider is considered, with Ng, the number of
division) is the frequency detuning, py is the normalized power, v is the nonlinear dimensionless

parameter, and f,; = I'_(/)e is the normalized locking force.

From Eq. 6.2, we can obtain the expression of the PLL bandwidth that strongly depends on
the nonlinear behavior of the STO:

AWpana = 2V fpur (6.3)

Then we derive the expressions of the noise power spectral density for the PLL locked vortex

based STO in presence of thermal fluctuations:

(

f 2
(2L7lrl sin(<I>0)) +f2

2 2
[f2+ufp%sin<<1>o> e fﬁ%cos(cbo))

2 6.4
f2 |:y2f3+(fp+f2p7il COS(CDO)) :|+f4 ( )
S., = Afo

5(;5 7Tf2 |:

2 fout ? fpul 2
[PHvfp=2=sin(®o)| +f2( fp+5- cos(®o)

\

Due to the amplitude/phase coupling, both amplitude and phase noise are strongly reduced by
the effect of the PLL although the feedback force acts only on the oscillator amplitude. The
noise levels are reduced down to the level of noise that corresponds to the retroaction times of
the PLL. For large driving amplitudes, one should notice that the phase and amplitude noises
are reduced for offset frequencies higher than the effective damping (I', = 7 f,) as represented
in Fig. 6.2. We can thus conclude that the effective damping is not a direct limitation for the

development of an STO based phase locked loop.

6.2 Experimental development

In this section, we present a short state of the art of PLL experiments with a STO and then
some preliminary results obtained for a vortex based STO with the on chip phase locked loop
developed in TUD.
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FIGURE 6.2: Phase noise spectral density of a PLL locked STO for different amplitudes of current
feedback. (Adapted from [185])

6.2.1 State of the art on STO based PLLs

In 2009, Keller et al.[147] from the NIST in Boulder performed the first experiments with a STO
based PLL. With a commercial PLL of a 1 MHz bandwidth and a single vortex based STO,
they could observe a drastic reduction of the linewidth (by a factor 80, from 780 kHz down to 10
kHz) in the PLL locked state as shown in Fig. 6.3. However they couldn’t observe any reduction
of phase noise with time domain measurements (probably due to a limited oscilloscope memory

as mentioned).
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FIGURE 6.3: Spectrum analyser measurements of amplified STO signal (a) PLL OFF with a lorentzian
fit (b) PLL ON, with same data as in (a) for comparison. (Adapted from [146])

Recently, similar studies have been done with uniform based STOs in AIST in Tsukuba, Japan.
S. Tamaru recently demonstrated [146] for short time traces that the linewidth of a 5 GHz
uniform STO could be reduced down to 1 Hz in the PLL locked state, with an associated
record quality factor of 5e9 (see Fig. 6.4). For longer time traces, they still observe the

presence of phase desynchronizations.

Similarly to Keller et al.[147], they use a PLL with a bandwidth of a few MHz. Such features
are quite unconventional compared to the usual rf-applications based on phase locked loops.
Generally, the PLL bandwidth is between a few kHz and a few hundreds of kHz. Indeed large
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FIGURE 6.4: Spectrum analyser measurement of an amplified STO locked in a PLL with a 80 MHz
reference clock (Extracted from [146])

PLL bandwidths often lead to the presence of detrimental spurious noises. However the poor
spectral coherence of STOs, compared to the classicaly used VCOs, requires the use of a large
bandwidth PLL in order to observe a real increase of the spectral coherence in the locked state.
To go beyond these preliminary and promising results, there is thus a real challenge to develop

a phase locked loop that precisely fits with the specific features of STOs.

6.2.2 CMOS integrated PLL for vortex based STOs

The development of a CMOS integrated STO based PLL requires a collaboration between
research groups from both spintronic and conventional electronic domains. Due to technical
problems, the final development of CMOS integrated PLL for a vortex based STO is still
under development in Dresden. However preliminary and promising results could already be
obtained with the first generation of PLL. As shown in Fig. 6.5.a, the idea is to combine the
local oscillator, the phase locked loop with the amplifiers and the reference oscillator on a single

micro-chip.

With this first generation of CMOS PLL, we could lock the STO with the reference signal
and obtain a maximum phase noise reduction of -40 dBc/Hz on a 100 kHz bandwidth from
the carrier frequency as shown in Fig. 6.6. In this experiment, the STO carrier frequency is
equal to 406 MHz, the reference clock has a 25.4MHz frequency and the dividing ratio of the
PLL Ny, is equal tol6. However, we couldn’t observe locking bandwidths larger than 100 kHz
although the PLL bandwidth had been designed to be tuned up to 1 MHz. Similar tests on
VCOs are undergoing to identify the origin of this discrepancy between our experiments and

the theoretical expectations.
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One can also notice that the expected presence of periodic kicks on the STO phase in the inset
of Fig. 6.6.b. These kicks correspond to the action of the PLL that periodically corrects the
phase dynamics and reduces the STO phase deviation. The frequency of these kicks corresponds
to the PLL bandwidth.
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FIGURE 6.6: (a) The noise of the free and the PLL locked STO (b) Corresponding phase deviations

during time. Inset: phase deviation of the best locking conditions for which we see the periodic kicks

due to the feedback of the PLL (The frequency of the free running STO is 406 MHz and its linewidth
2.5 MHz)
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In this short chapter, we have shown how the development of STO based phase lock loops could
permit the drastic reduction of the phase noise for this type of nanoscale oscillator. We aimed
at demonstrating that it is possible to develop STO based CMOS integrated phase locked loops.
We believe that these first results give an interesting outlook for potential rf-applications based
on spintronic phase locked loops (such as a frequency distributor or a STO based associative
memory driven by a PLL [186]).







Chapter 7

Efficient rf-detection by a resonantly
excited vortex based STO

7.1 Spin-diode based rf-detection in spin-transfer nano-oscillator

In 2005, Tulapurkar et al. [90] observed the generation of a spin-torque rectification voltage in
a STO excited at its eigenfrequency by an rf-current. This rectified voltage is the result of the
mixing between resistance and current oscillations. Since this pioneering work, several studies
[91, 95] have confirmed that STOs could be considered for the field of high frequency detection

as their sensitivity already exceeds the conventional Schottky diode [91].

In this chapter, we first introduce the concept of spin diode and develop an analytical model
for the case of vortex based STOs. Then, we experimentally, in particular in the postdoc
of A. Jenkins, study the spin-diode response of a single vortex based STO (“sample C” in
Appendix A) excited by a rf-current. At large amplitudes of rf-currents, we find that the rf
excitation can result in an expulsion of the vortex core from the junction and thus a change
of the magnetic configuration inducing a change of the resistance state due to the effect of
the magnetoresistance. We thus propose a new rf-detection scheme based on the reversible
change of resistance. In a second part, we demonstrate that vortex based STOs can cover a
wide range frequency as expected for rf-detectors. We show that we can control the magnetic
configuration (polarity and chirality) of vortex based STO with an rf-current. Finally, we report
a high rectification voltage for a rf-excitation above 2 GHz in a magnetic tunnel junction with
two strongly coupled vortices. Thus, we take advantage of mode coupling to develop a high

frequency detection scheme based on vortex based STOs.
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7.1.1 Concept of spin-diode

When a spin-polarized rf-current is applied at the free layer eigenfrequency of a spin-torque
oscillator, it can induce forced oscillations of the magnetization and thus the emission of an
rf-signal driven by the reference signal as we have seen in Chap. 4. Nevertheless, another
phenomenon called the spin-diode effect can simultaneously be observed. When an STO is
resonantly excited by an rf-current, it is possible to measure a rectification voltage at its
terminals [90]. Indeed, the forced oscillations of resistance can be either in-phase or out-of-
phase with the injected rf-current. Thus the mean voltage can be non-zero depending on the
dephazing between the oscillations of the STO’s resistance and the rf-current (see Fig. 7.1).
The name of spin-diode was then choosen in reference to the rectification effect in standard

electrical diodes.
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FIGURE 7.1: Principle of the spin-diode rectification voltage

7.1.2 Excitation of the gyrotropic mode in vortex based STOs

In the last decade, this spin-diode effect have been mainly studied for uniform modes in mag-
netic tunnel junctions [90, 91, 95, 187]. Here, we consider a magnetic vortex confined in a
magnetic tunnel junction with a synthetic antiferromagnet as a polarizer. As seen in Chap.
4, the efficient ST torques are the in-plane Slonczweski and Field-like torques. By taking into
account these two torques in the Thiele equation, we obtain the evolution the core radius p as
a function of the rf-current frequency w and amplitude J,¢ as developed in Chap. 4. We can

also obtain of the dephazing angle 6y between the rf-current and the oscillations of resistance:

vy vV A%‘L +A2SL

2GR/ (w—wo)2+(I - —T'4)2

_ . C(w—wo) _ Arp
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with G the gyrovector, R the dot radius, I'_ the anti-damping term, I', the damping term, C'
the vortex chirality. One may notice that these expressions are more difficult to solve for large
amplitudes of rf-excitation when the nonlinear dependency of the oscillator frequency wq(p)

and damping I'; (p) have to be taken into account.

At the first order, we can obtain the analytical expression of spin-diode rectification voltage V5,
which has, similarly to the uniform case, two distinguished contributions: one lorentzian part
associated with the Slonczweski torque efficiency (Agz) and one anti-lorenztian part associated
with the Field-like torque efficiency (Apyz):

Vip = ARpe(t)1, (1) >= A2 O40)
A
. Jop | Csign($EE)Arz(w — wo) B Asp(T- —T4) (7.2)

2GR [lw— )P + T T30 Jw— )+ [ —T.)p

with A\ the conversion factor between the oscillations of magnetization and the oscillations of
resistance (see Ref. [48]). By analyzing the shape of the rectified voltage, spin-diode measure-
ments have been studied as a mean to extract a quantitative estimation of the Field-like torque

efficiency which remains unknown in many spin-valve systems [19, 162].

7.2 Optimization of the detection process: spin-diode vs reversible

magnetization switching

7.2.1 Amplitude of excitation as a function of the applied rf-current
7.2.1.1 For small rf-excitation

In Fig. 7.2, we present the evolution of the rectified voltage with the frequency of the applied
rf-current at zero field and zero dc-current. In this pure spin-diode measurement, we observe
a rectified voltage of 0.8 mV when the rf-frequency matches with the gyrotropic frequency,
here around 110 MHz. As discussed in the previous section (see Eq. 7.2), the lineshape of the
generated peak is a combination of two peaks: one lorentzian and one antilorentzian. Here the
shape is close to an anti-lorentzian indicating that the Field-like torque is the most efficient

torque.

The resonant orbital trajectory of the vortex core can also be modelled micromagnetically, and
the transient trajectory of the vortex core is shown in Fig. 7.2.b. From Eq. 7.2, we estimate
the radius of excitation as a function of the frequency of excitation. We obtain an excellent

agreement between our experiments and the micromagnetic and analytical developments with
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the following input parameters: Mg = 580x10® A/m, Gilbert damping a = 0.009, a vortex
layer of 5 nm, a dot diameter of 500 nm, a polarisation P = 0.2 [119] and a Field-like torque
efficiency &pr, = 0.4 (the micromagnetic simulations were carried out with the OOMF code [188]
with a mesh size of 5x5 nm). All these parameters, excepting the efficiency of the Field-like
torque, are known experimentally or from previous studies [151]. Thus, one can notice that a
Field-like torque efficiency &gy, equal to 0.4, i.e. Apr/Agr, = Répr/b ~ 10 permits us to fit all

our experimental results.
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FIGURE 7.2: (a) Measured voltage as a function of the source frequency for I,y = 0.4 mA, with Iy, =

0 mA, and H,,, = 160 kA/m. (b) Micromagnetic simulation of the transient trajectory of the vortex

core when excited at fyource = 100 MHz for Iy = 0.4 mA. (¢) Estimation of the radius of excitation, p,
for I,y = 0.4 mA extracted using Eq. 7.1.

7.2.1.2 For large rf-excitation

For higher amplitude of injected rf-current, the shape of the dc-voltage drastically (at I;. = 0)
changes and an abrupt zero voltage plateau appears close to the vortex eigenfrequency as shown
in Fig. 7.3.a. Indeed above an rf-current threshold, the vortex core reaches the edges of the dot
and is expelled. The system then enters a stable and static C-state. The free layer returns to a

vortex configuration only when the frequency of the rf-current is out of the resonant conditions.

The change of magnetic configuration (dynamical vortex to static C-state) in the “expulsion
regime” is associated with a large drop in resistance. Thus the dc-voltage response no longer

depends on the amplitude of rf-current:

‘/7"ect. = AReszdc—i_ < ARosc(t)Jrf(t) > (73)

with AR, = (R,+R,p)/2, R, and R,, the respective resistance in the parallel and antiparallel
state (we assume that the static C-state is close to a uniformly magnetization state as shown

in micromagnetic simulations).
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FIGURE 7.3: (a) Measured voltage as a function of the source frequency for I,y = 1.6 mA, with I,

= 0 mA, and Hy.,, = 160 kA/m (inset shows voltage response at Iz = 5 mA). (b) Micromagnetic

simulation of the transient trajectory of the vortex core when excited at Fy, = 100 MHz for I,y = 1.6

mA. (c) Estimation of the radius of excitation, p, for I,y = 1.6 mA extracted using Eq. 7.1. (The vortex

core was initially located in the centre of the 500 nm diameter disk and was excited with a current

polarised in the (0 0.8 0.2) direction. The radius was modelled by calculating p = posc + paisp + PH,
and expulsion is assumed when p > 0.75, as observed in micromagnetic simulations.)

For the vortex core expulsion, only the first term of Eq. 7.3 contributes to the rectified voltage.
The generated signal is thus linear with the injected dc-current. On one hand, the voltage
response is thus zero at zero injected current. On the other hand, the voltage response is
directly scalable with the dc-current. In the inset of Fig. 7.3, we show that a large rectified
voltage can be obtained for a 5 mA dc-current. The direct scalability of the response voltage
with both the dc-current and the TMR ratio opens a new perspective to drastically enhance
the voltage response of STOs [94].

7.2.2 Evolution with the dc-current

In the rectified response of vortex based STOs, it should be considered that the spin-transfer
torque associated with the dc-current also acts as an anti-damping term. In single vortex based
STOs with a synthetic antiferromagnet, the anti-damping torque is efficient only in presence
of a perpendicular spin-polarization that is obtained by applying a perpendicular field [36].
Thus at zero field, the dc-current only amplifies the voltage response. On the contrary, when a
perpendicular field is applied it contributes not only to amplify the voltage response but also

to act on the magnetization dynamics (a positive current acts against the damping).

In Fig. 7.4, we show that I, ¢, , as expected from Eq. 7.1, the minimum rf-current needed to
expel the vortex core from the dot is constant at zero field while it decreases as the dc-current
increases at high perpendicular field. Our experimental results can be well fitted with our

analytical model and the system parameters used in the previous section. It has only to be
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FIGURE 7.4: Evolution of If,”m as a function of I4. for two magnetic fields, Hperp = 0 and 125 kA /m,
where the data points are the experimental data and the line is the fit with Eq. 7.1

noticed that we assume here that the vortex core is expelled when p > 0.75R to take into

account the experimental roughness at the edges of the nanopillar (see Appendix A).

Thus the applied dc-current determines both the minimum rf-current needed to expel the vortex
core and the amplitude of the rectified voltage. In Fig. 7.5, we note that the voltage response
is almost linear with the injected rf-current in the spin-diode regime (without expulsion) and
then constant in the expulsion regime where the rectified voltage is only determined by the
dc-current. At +6 mA, the vortex core is expelled as soon as we applied an rf-current at the

gyrotropic frequency (as low as 0.15 mA in our experiments).

Interestingly, the voltage response is independent of the injected rf-current. From an application
point of view, it represents a great opportunity to detect a low rf-current without an amplifier
and a breakthrough compared to the previous published studies (see Table 7.1) in which the
detected power always depends on the injected rf-current. It is also important to note that
this study was performed with MTJs which had a relatively low TMR ratio (8.5%), an order
of magnitude lower than the junctions presented in [91]. A subsequent improvement of the
maximum generated voltage associated to the vortex core expulsion may be anticipated for

larger TMR ratio (as we will see later on our double vortex system with a 70 % TMR ratio).

Furthermore, this system could also be considered for the development of a powermeter. Indeed,
by a sweep in dc-current the minimal value of dc-current needed to expulse the vortex core
can be obtained. This value is directly related with the amplitude of the injected rf-current.
The time of measurement is determined by the number of dc-steps with a minimal time scale

per step corresponding to the retroaction constant of the system I'y. The precision of the
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FIGURE 7.5: (a) Rectified observed voltage for the a) core expulsion and b) the spin-diode measure-
ments taken at 6 mA and 0 mA, respectively, for a I,y = 0.2 mA. (c¢) Evolution of the generated
voltage, AV, as a function of the excitation current, I,¢, for a range of d.c. currents, at Hperp = 120

kA /m.
Vmax (,U/ V) Vmin (,u V) P max (dBm) P min (dBm)
Tulapurkar (IPP, MTJ) [90] | 32 3.9 -11 -19
Miwa (OPP, MTJ) [91] 1,300 2.4 -26 -67
Resonance* (@Q O0mA) 100 0.63 -10 -32
Expulsion* (@ 6mA) 2,000 2,000 -5 -43

TABLE 7.1: Table of current state of the art in voltage rectification measurements available (* = this
study)

measurement will be limited by the stochastic switching, due to thermal fluctuations, close to

the expulsion threshold. This aspect remains under investigation during A. Jenkins postdoc.

7.2.3 Voltage response as a function of the in-plane field

In the regime of vortex core expulsion, we experimentally notice that the measured resistance
associated with a static C-state in the free layer is either close to the parallel or anti-parallel
resistance state (see Fig. 7.6.b-c) depending on the direction of the applied in-plane field
(mainly due to either the SAF stray field, or to an external field). In Fig. 7.6, we present
experimental results and micromagnetic simulations for a slightly tilted perpendicular field of
120 kA/m (90.35° and 89.65°). The vortex core is always expelled so that the C-state net
in-plane magnetization is parallel to the in-plane field as seen in Fig. 7.6. Thus the direction

of the in-plane component of the field selects the C-state configuration.

However one should remark that the frequency bandwidth of vortex core expulsion differs for

symetric angles around 90° degrees. Indeed, the dc-components of the in-plane Slonczewski and
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FIGURE 7.6: (a) Resistance state as a function of the angle of the applied at Ij. = 5 mA and Hperp

= 120 kA /m. (b) Measured resistance as a function of the rf source frequency for two different angles

of field. The blue (red) corresponds to the parallel (antiparallel) state, and the green to the vortex

state, and the vortex state is suppressed when the source is equal to the gyrotropic frequency, Fy =

120 MHz. (c) Micromagnetic simulation of the m, component as a function of source frequency for

an in-plane magnetic field of £3 mT, where the final m, component is shown for the points labelled
1), 2) and 3).

Field-like torques act like an in-plane field whose sign depends on the sign of the dc-current.
Thus it favors the vortex core expulsion in only one direction. To evaluate accurately the
vortex dynamics under a resonant excitation, it is necessary to take into account a small initial

displacement from the dot center pg;sp, of a few nm, (which has been done in all our fittings)

2
associated with the dc-inplane torques: pgisp = \/ (Zédu.c10> (A2, + A2 7).

Finally, the current needed to observe core expulsion can be tuned either by reducing the
effective damping with a dc-current and a perpendicular field, or by displacing the vortex core

within the dot with an in-plane field or polarized current.

7.3 Spin-diode in double vortex based STOs; Beyond a single low

frequency detection channel

Few limits of vortex based STOs for applications are their frequency, which is limited between
100-2000 MHz, and their frequency tunability with I, which is of about 15% of the gyrotropic
frequency. One other drawback of vortex based STO is that we have to apply a field and/or a

dc-current cycling to initialize the vortex configuration.

In this section, we focus our study on double vortex based STOs. We first demonstrate that a

regime of vortex core expulsion can be observed in double vortex systems at zero applied field.
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Then we highlight that we can excite with an rf-current not only the vortex gyrotropic mode

but also high frequency modes (of a few GHz) that are associated with core-core interactions
[126].

7.3.1 Record voltage rectification in double vortex based STOs

First, we study a spin-valve with two weakly coupled vortices above a synthetic antiferromagnet
as in Chapter 3 (see “sample A” in the Appendix A). In this sytem, the effect of the rf-current is
as expected similar to the single vortex case. The large TMR (about 70%) of our double vortex
systems gives rise to a record rectified voltage in the regime of vortex core expulsion. In Fig
7.7, we present the rectification voltage associated to vortex core expulsion for different level
of de-current. For a positive bias (as in Fig. 7.7), the dc-current acts as an additional damping
term. In that case, the width of the rectification voltage, region of vortex core expulsion,
decreases as we increase I4. but its amplitude still increases. A maximum rectification voltage
of +12 mV is thus obtained for I;. = +6 mA. This is one order of magnitude larger than in
our single vortex based STOs with a 8.5 % TMR ratio, and could even be enhanced with the
recent development of FeB based STO with a 130 % TMR ratio [80].
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FIGURE 7.7: Response of the vortex at different power of de-current for a 400 diameter junction. The
rf-current is fixed at -10 dBm and no field is applied.

We see again here that the voltage response is directly scalable with the amplitude of the dc-
current. Furthermore we notice that we can control the bandpass of detection with the sign of
I4.. The rectification voltage associated with vortex core expulsion is thus highly scalable in

amplitude and frequency bandpass.
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7.3.2 Mode splitting due to core-core interaction: towards high frequency

detectors

In this section, we consider a magnetic tunnel junction with two strongly coupled vortices,
without an in-plane SAF polarizer, and with a 10 % TMR ratio (see “sample D” in the Appendix
A). By controlling the vortex chiralities, we expect to switch the system from a low resistance
state of 12 Ohms (parallel chiralities) to a high resistance state of 13.5 Ohms (anti-parallel
chiralities). This rectification voltage could thus be twice as high as for a single vortex based

magnetic tunnel junction with a SAF (for a same TMR ratio).

Without a SAF polarizer, the Slonczewski and Field-like spin-transfer torques do not have the
right symmetry to excite the gyrotropic mode of the two vortices for weakly coupled vortices.
However, in the strong coupling case we can control the vortex configuration with an rf-current
in our experiments. In Fig. 7.8.a, we display the stability diagram of the vortex chiralities
with the dc-current and the perpendicular field. One should notice in Fig. 7.8.b that we
can switch with an rf-current the vortices configuration from parallel chiralities to anti-parallel
chiralities for fixed initial conditions (I;. = +2 mA for the all range of perpendicular field). The
chirality switching of the thin vortex layer occurs when the rf-source frequency is around the
resonant frequency of the gyrotropic mode mainly associated to the thin layer. Micromagnetic
simulations are still in progress to explain these observations. The profile of the spin-transfer

forces is probably strongly impacted by the the strong core-core interaction.
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FIGURE 7.8: (a) Stability diagram as a function of the de-current and of the perpendicular field. (b)

Stability diagram as a function of the rf-source frequency and of the perpendicular for I;.= +2 mA

and I, ;= -10 dBm (the source frequency is swept from low to high frequency). The system consists
of a 200 nm diameter double vortex system (Py(7 nm) / MgO(1 nm) / Py(11 nm))

The strong core-core interaction can also lead to new mode dynamics that strongly differ from
the usual gyrotropic mode. In such a system, Cherepov et al. [126] have observed the presence
of high frequency azimutal and translationnal modes that are associated with a strong core-

core interaction [126]. Imaging experiments by J. F. Pulecio et al. [127] have also revealed
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the presence of incoherent dynamics in this strong coupling regime. In our system we observe
the presence of one of these high frequency modes in Fig. 7.9. Interestingly, a large voltage
response is obtained under resonant excitation by an rf-current so that it can be detected
without any locking setup. In Fig. 7.9, one should notice that this mode disappears at large
field when the top thin vortex is not anymore stable. At lower field, its frequency decreases

with the perpendicular field while the rectified voltage increases with field.
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FIGURE 7.9: (a) Color map of dec-voltage response as a function of the excitation and of the per-

pendicular field for I,y = —10 dBm (the source frequency is swept from low to high frequency) at

I;. = 0. (b) Spectrum for different perpendicular field. The system consists of a 200 nm diameter
double vortex system (Py(7 nm) / MgO(1 nm) / Py (11 nm)).

One can notice that with this system we do not observe any switching of magnetization at high
frequency. Recentely, we studied similar samples with FeB vortex layers. In this case, thanks
to the lower damping of FeB compared to Permalloy, we could induce, similarly to the single
vortex case, a reversible switching of the magnetization at the frequency of the gyrotropic mode
or at the high frequency mode as seen in Fig. 7.10. This switching is associated with a large
change of resistance from the parallel state (120 €2) to the anti-parallel state (200 €2). We can
thus conclude that the change of magnetization corresponds to a chirality switching of one of

the two vortices.

The mechanism that leads to this chirality switching is still under experimental and micromag-
netic investigation. Nevertheless, we can mention that Guslienko et al. [189] have demonstrated
that the state of antiparallel chiralities is more stable than the parallel state at zero dc-current.
Here, I, favors the state of parallel chiralities through the generated Oersted field. On the
contrary, the rf-current destabilizes this state of parallel chiralities by exciting the two vortex

cores.

To conclude, the high frequency switching in these double vortex systems opens new promising

perspectives for vortex based STOs. It highlights the interest of studying the vortex core
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FIGURE 7.10: Evolution of the STO resistance state as a function of the rf-source frequency. (Hperp =

240kA/m, Iy = 0.3 mA and I,y = —8 dBm). The system consists of a 200 nm diameter double vortex
system (FeB(4 nm) / MgO(1 nm) / FeB (8 nm)).

modes in magnetic systems with strongly coupled vortices and it enhances the classical range

of frequency of vortex based STOs towards the perspective of high frequency rf-applications.

In this chapter, we demonstrated that the spin-diode response of a single vortex based STO
(“sample C”) can be large in magnetic tunnel junctions with a large Field-like torque. This
allowed us to develop a new rf-detection scheme based on reversible switchings of resistance
controlled by rf-current. With the rf-excitation, we controlled the magnetization of the STO
and thus the resistance of the junction through the effect of magnetoresistance. Instead of the
rectified voltage of classical spin-diode effect, we measured a voltage response due to a change
of resistance. In that case, the detection voltage is scalable with I;. and not with I,; as for
conventional diode effects. In a magnetic tunnel junction with only 8.5 % of TMR, we could
report a record voltage peak of 2.000 uV .

In a second part, we highlighted that we can use vortex based STOs with strongly coupled
vortices (“Sample D”) for rf-detection at frequencies above to 2 GHz contrary. In a system of
two strongly coupled vortices, we showed that rectified voltages can be obtained for rf-excitation
between 2 and 5 GHz. We associated this response to the modes corresponding to the strong
core-core interaction. Finally, we also demonstrated that we can reversibly switch the vortex
magnetization by exciting these high frequency modes. We believe that these high frequency

modes will open a path to develop a high frequency detection scheme based on vortex based
STOs.




Chapter 8

Mutual synchronization of spin-torque

oscillators through electrical coupling

The first demonstration of the mutual synchronization of spin-torque oscillators have been re-
alized more than ten years ago in 2005 by two differents groups [60, 82]. Since there, all the
published studies have mainly focused on spin wave coupling [59, 71|, excepting in Ref. [73].
Only recently, we demonstrated in spin-valve based STOs that the dipolarly coupling could
be used for synchronizing oscillators. All these coupling relies directly on the magnetization
dynamics of each oscillator. In parallel, electrical coupling have been largely studied theoreti-
cally [66, 83, 85, 93] and through micromagnetic simulations [190-192] as a promising approach
to develop tunable and controllable arrays of synchronized STOs. However no experimental
demonstration have been reported yet. Indeed, this type of coupling relies not only on the
magnetization dynamics but also on both the two fundamental mechanisms at the root of spin-
tronic: (i) the conversion of the magnetization dynamics in oscillation of resistance through the
magnetoresistance effect (ii) the effect of a spin-polarized current on the magnetization dynam-
ics through the ST torques. These two mechanisms have thus to be highly efficient to observe
an electrical synchronization of two STOs. In our double vortex based STOs, the high output
emitted power (associated to the 70 % TMR ratio) and the strong efficiency of the Field-like
torque permit to face these issues and to achieve mutual synchronization of two STOs driven

by self-emitted current.

In this chapter, we first present the state of the art about mutual synchronization of spin
torque oscillators and focus on the theoretical expectations for two electrically synchronized
STOs. Then, we show the first experimental observation of the mutual synchronization of two
double vortex based STOs driven by self-emitted current[193]. We investigate the properties
of the synchronized state and highlight that the electrical coupling can be tuned either by an

135
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extrinsic delay (by adding an electrical delay line between the two STOs) or by the spin-transfer
locking forces. In the synchronized state, we observe a drastic improvement of the rf-features,

i.e. a enhancement of the spectral coherence by a factor 2 and of the output power by a factor
4.

8.1 State of the art on mutual synchronization

8.1.1 Coupling via the spin-wave interaction

The first observations showing the mutual synchronization of STOs were observed by two
differents groups in similar systems, i.e. in uniformely magnetized point contact STOs. Two
point contact STOs, separated by a few hundred nanometers share a common free layer and are
supplied by independent [82] or comon [60] dc-sources (see Fig. 8.1.a.). Under an applied field,
they observed two independent peaks corresponding to the self-sustained regime of each point
contact STO. By sweeping the dc-current of one (or two) STO, the peak frequencies change,
getting closer and eventually merging into one as shown in Fig. 8.1.b. In the region where a
single peak is observed, the output emitted power is enhanced by more than a factor 2 (up to
41). This indicates that the phase difference between the two STOS is bounded and thus that
the two STOs are synchronized.
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FIGURE 8.1: (a) Schema of the experimental setup used to synchronize two point contact STOs
through spin-wave coupling. (Extracted from [82]) (b) Spectrum of the emitted signal depending on
the applied de-current. (Extracted from [60])

In these systems, the STOs are coupled both by spin-wave and dipolar coupling. However it was
demonstrated theoretically [194] and experimentally [74] that the spin-wave coupling is the main
mechanism involved in the synchronization process. Thus the synchronization phenomenon is
limited by the attenuation length of the spin-waves (around 1.5 pm in permalloy). After these

two pioneering works, it took eight years to reproduced similar results with four STOs [71].
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Indeed, spin-wave coupling have two main disadvantages that make difficult the synchronization
of multiple STOs with this kind of coupling: (i) the spin-wave coupling is a local coupling so that
the synchronization of the STO arrays can only occur through the synchronization of closely
neighbouring STOs which may lead to the unexpected formation of synchronized clusters within
a single oscillator network (ii) the emission of the spin-wave is non-isotropic so that two STOs

can synchronize only if they have an appropriate relative orientation.

The first observation of mutual synchronization with more than two oscillators have been
performed in four vortex based point contact STOs through exchange coupling by A. Ruotolo
et al. [73] at the CNRS/Thales lab. In such structure, they showed that the four small peaks

observed at low current merge into one at high current as seen in Fig. 8.2.
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FIGURE 8.2: (a) Schema of the experimental setup used to synchronize four point contact vortex
based STOs through exchange coupling. (b) Spectrum of the emitted signal depending on the applied
dc-current. (Extracted from [73])

8.1.2 Coupling via the dipolar interaction

The dipolar coupling is generally too weak compared to the spin-wave coupling to synchronize
uniformely magnetized STOs. However, Belanovsky et al. [195] demonstrated, in collaboration
with CNRS/Thales, through micromagnetic simulations that the situation can be completely
different in confined vortex based STOs. Indeed, the self-sustained regime of these STOs
presents large oscillation of the net in-plane magnetization. The rf-field emitted by the dynam-

ics of the vortex body can thus be large enough to synchronize closely neighbouring STOs.

Recently, we reported in collaboration with CEA-SPEC the mutual synchronization of a pair
of vortex-based STOs through dipolar coupling [72]. With two 200 nm diameter spin valve
nanopillars separated by 100 nm, we achieved mutual synchronization despite a significant
frequency mismatch between the STOs (see Fig. 8.3.a). Interestingly, we highlighted that the
coupling efficiency strongly depends on the magnetic configuration (core polarity and vortex

chirality) of the two STOs. In particular, we demonstrated that the locking bandwidth is
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three time larger for anti-parallel core configuration compared to parallel core configuration as
shown in Fig. 8.3.b-c. However we couldn’t observe an increase of the power or a decrease of

the linewidth in the synchronized state.
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FIGURE 8.3: (a) Schema of the experimental setup used to synchronize a pair of vortex based STOs
through dipolar coupling. (b)(c) Power spectrum maps versus perpendicular field measured for oppo-
site (b) and parallel (c) polarities. (Extracted from [72])

Furthermore, this coupling mechanism is once more limited by the attenuation of the emitted
rf-field. F. A. Araujo et. al. [196], also in collaboration with our group, recently showed
through micromagnetic simulations that a pair of vortex based STOs could not synchronize for
larger interdot distance than 600 nm in the optimal magnetic configuration. In our study, we

choose to focus on the electrical coupling case that do not have such limitations.

8.2 Electrical synchronization of two vortex based STOs:

Theoretical study

8.2.1 For two identical oscillators

For two mutually synchronized STOs, the phase dynamics of each STO can be well described
through the analytical model developed in Chap. 4 for a STO locked with a reference rf-current
source but here we don’t have a master reference and a slave STO. The two synchronized STOs
mutually influence their phase dynamics. The effective phase dynamics of a vortex based STO
can then be expressed as [194]:

dd;
7 +w; = —\/14+V2F.cos(P; — @; — Ui+ Up,) (8.1)

with ®; the phase of one oscillator, w; its frequency, v; its nonlinear normalized parameter,

_ Ly V A%‘L+A%L

Foiy = TSGRy the amplitude of the total locking force (Slonczewski and Field-like)

that inversely depends on the oscillator normalized power py,; and on the emitted current of
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the second oscillator I, ;. The intrinsic phase shift ¥.; = arctanv — arctan (%) quantifies
the dephasing between the locking rf-current and the output oscillations of resistance. The
parameter WA, represents the delay of the coupling signal. For electrically coupled STOs, it
corresponds to the delay introduced by the electrical circuit and it can be tuned with a tunable
delay line [85]. For dipolarly or spin-wave coupled STOs, WA, is constant and defined by the

spatial distance between oscillators [59, 72].

Here we consider in our analytical development the case of two “almost identical” oscillators
that differ only in frequency. A more general approach has been developed by A. Slavin et al.
[194]. In the case of two “almost identical” oscillators, the synchronized state can be described
by the phase sum ® = ®; + ®, and the phase difference ¥ = ®; — ®,:

% = —2w + 2V 1 + V2F,sin (U, — U,) cos (V)

v

(8.2)
7 = —Aw —2V1+1v2F, cos (Va, — ¥,)sin (V)

with Aw = w; — wy the detuning frequency, w = (w; + wy)/2 the average frequency.

8.2.1.1 Locking bandwidth

The dynamics of the phase difference U is slow compared to the phase sum so that we focus
on this term to establish the equilibrium conditions of the synchronized state. Then we obtain
the bandwidth of synchronization [45]:

Apana = 2F V1 +v2cos (Ua, — U,) (8.3)

From Eq. 8.3, we see that the locking bandwidth oscillates w-periodically as a function of
the electrical delay Wa,. For a nonlinear oscillator (large ) without a ST locking phase shift
(i.e, Uy; = 0), as for uniformed STOs, the locking bandwidth is thus expected to be zero
for zero electrical delay (Ua, — ¥, = ¥, = arctanv). We conclude here that controlling the
intrinsic phase shift W, ; and the nonlinear behavior v of a STO are crucial issues for mutual

synchronization.

8.2.1.2 Locking frequency in the synchronized state

Within the locked state, the two STOs oscillate at the same frequency w,. Nevertheless this

frequency is not necessarily the average frequency w:

ws =W — /A2 — Aw?tan (Ua, — U,) (8.4)
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The frequency of the synchronized state is constrained between the eigenfrequencies of the two
STOs and depends on the conditions of synchronization through the tan (Va, — ¥.) term. By

tuning the delay, we can thus modify the frequency of the synchronized state.

8.2.1.3 Output emitted power in the synchronized state

Similarly to the previous section, we can obtain the total output power of the synchronized
STOs [45] which depends on the intrinsic phase difference Wy:

2
[ 2pcos(¥y) ? B o (Vo) 1/ Aw \?
Ptot — <T> = 4]?0 COS 7 = 4p0 1 5 Aband (85)

When the oscillators are phase locked with a constant phase shift Uy, the amplitude of the

synchronized signal is twice the amplitude of a single STO so that the power can be enhanced
up to 4pg in the synchronized state. It can be noticed that these best conditions, i.e. 4pg, are
expected at zero dephazing. For non-synchronized STOs at a same frequency, the total signal

will be average to 2py.

For electrically synchronized STOs, the situation can be a little more complicated depending
on the experimental setup. The detected power depends on the electrical length between the
STOs, as we will see later on, and on the total impedance of the circuit. Thus, for parallel
or serial connections, B. Georges et al. [51] demonstrated (without taking into account the

dephasing between each oscillator) that the total outpower of N synchronized STOs should be:

7 N2 Zsem'es =Zy+NR
Pseries,parallel = D) 0 (AROSC>213cWith " (86)
series,parallel Zpar‘allel = NZO + R

with R the oscillator resistance, Z, the load resistance, AR,,. the amplitude of the magnetore-
sistance oscillations, and N the number of synchronized oscillators. In our system, the load
impedance is fixed to 50€2. Nevertheless, for on chip applications, the impedance could be opti-
mized depending on the type of connections in the synchronized arrays. For parallel and serial
connections, it should respectively be fixed so that R = 10ZyN or Z; = 10RN. For hybrid
systems, i.e for the case of N groups of M STOs connected in parallel, the expected emitted
power i8S Phybria = %(ARGSC)W 2 if the optimal load is fixed so that NR = M Z,. Such
synchronization of arrays could strongly enhance the emitted power of STOs.
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8.2.1.4 Limiting conditions for mutual synchronization

Since the first works of J. Grollier et al. [83], a lot of theoretical studies [66, 85, 93, 190-192] on
the electrical synchronization of STOs have been published but no experimental observation
have been reported until now. This absence of experimental realization is most probably due
to too small emitted power of a STO to control a second one under thermal fluctuations.
Another reason is the frequency dispersion of the STOs due to the lithography process. For a
network of STOs directly connected in parallel or in series (i.e. negligible electrical delay), the
electrical coupling K should thus overcome a critical value K. in order to observe the mutual

synchronization of N-oscillators [197]:

K = Fe\/ 1+ 1/2 COS (\Ife)llhﬁN_gTos > Kc = Q(Awdisp + AwLw) (87)

with inf nv_s70s the rf-current emitted by the N-oscillators, Awry the linewidth of a single
STO and Awyg;sp the range of the STOs frequency distribution.

Hence we emphasize that this condition to get mutual synchronization requires STOs with a
narrow linewidth, a large output power together with an efficient injection locking process on
to an external rf current and a global low frequency scattering. These drastic requirements
motivated our choice to work with the vortex based STOs developped in AIST that show

excellent figures as far as rf characteristics are concerned.

For the 300 nm diameter double vortex STOs (“sample B” in Appendix A), the coupling
constant K is of a few MHz (for an output power of a few hundreds nano-watts and relatively
small nonlinear parameter v between 3-8) and the linewidth of a single STO is generally below
1 MHz for an oscillating frequency around 300 MHz. Thus these samples have the required

features to achieve mutual synchronization.

8.2.2 Linewidth reduction in the synchronized state

In the presence of thermal fluctuations, the phase sum ® and difference ¥ are defined by the

following system of equations:

91 2T F P, sin (Va, — B.) cos (V) + (1) + (1)

v

(8.8)
W — —Aw —2v1+ 12F, cos (Ua, — U.)sin (U) + & (t) — &(t)

with & (t) and &(t) the white noise sources in each oscillator. In the hypothesis of “almost
identical” oscillators (same linewidth), the two white noise sources are uncorrelated but have
a similar diffusion constant Dy: <51\§2> = 2D320120(t — ).
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In the best locking conditions for which the locking bandwidth is the largest, i.e ¥a, — ¥, =
nm [], there is no retroaction process on the dynamics of the phase sum ®. Thus the diffusion
of the phase sum is much larger than the diffusion of the phase difference (Dg = 202 >> Dy).
We can then deduce the diffusion constants of the phase of each synchronized STO (given that
P = (O + ¥)/2 and &y = (P — ¥)/2). We obtain D,; ~ D,» ~ Dg/2 = 02, i.e. half the
diffusion constants of the non-interacting oscillators (D; = Dy = 202). For these conditions,
the phase noise of each synchronized oscillator is reduced by a factor 2. Out of the best
locking conditions, the decrease will be lowered as demonstrated by [81]. This approach can be
generalized in the case of N oscillators where a decrease of linewidth by a factor N is expected

at the best.

8.3 Electrical synchronization of two vortex based STOs:

Experimental demonstration

8.3.1 Experimental setup

For these measurements, we electrically connect in parallel two double vortex based STOs (see
Fig. 8.4). Each STO is independently supplied by a dc current source, allowing them to enter
in a regime of sustained oscillations through the action of spin torque. In practical, the rf
ports of the two bias tees are electrically connected through rf cables and a tunable delay line.
Electrical mutual synchronization can thus be achieved through the electrical signals generated
by each STO. Finally, we insert a power splitter (PS) in the circuit in order to record the

output rf signal originating from the two STOs using a spectrum analyzer.

o0
Tunable U oo

delay line v, r-O O

T
j STO 2
IDC,I IDC,2
L

FIGURE 8.4: Schema of the electrical circuit for the mutual synchronization of two oscillators inde-

pendently alimented by two currents and connected through the rf-port of two bias tee with a tunable

delay line W . The detected signal is measured by a spectrum analyzer, connected to the delay with
a -6 dBm power splitter (PS)

STO 1

e
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One should notice that this setup is appropriate to study the locking conditions depending on
the delay length. However the determination of the total power is not an easy task. Indeed
the total emitted power is not directly detected close to the terminals of both oscillators but
it depends on the location of the power splitter that is connected to the spectrum analyzer. A
direct consequence is that the dephazing parameter between the emitted signals by each STO
is not necessarily W, at the detection point so that Eq. 8.5 is not directly valid in this case.
A careful choice of the detection point, or a power renormalization, is thus necessary to get

access to the dephazing parameter W, and to the real output power.

8.3.2 Pre-characterization of the non-interacting STOs

The double vortex based STOs used here are the “samples B” (see Appendix A). We know
precisely from Chap. 3 what are the vortex configurations and the spin torque components
(the ones associated to the vortex-like spin polarization), that results in a sustained dynamical
state at room temperature showing a strongly coherent (few hundreds kHz) and powerful (few
hundreds nW) emitted radio frequency (rf) signal. Moreover, we have seen in Chap. 4 that
these STOs synchronize with an alternative rf-current through the Slonczewski and Field-like
torques originating from the SAF polarizing layer. Thus we have all the conditions needed for

mutual synchronization.

In this work, we study 300nm diameter STOs with R = 32(). We choose experimental con-
ditions (field and angle) so that the two STOs possess similar properties as shown in Fig.
8.5. In most of our measurements, the de-current is fixed for the STO 1 (Ipc; = +10.6 mA)
and is swept for the STO 2 (Ipc; varies from +10.5 to +11.8 mA). In these conditions, their
properties differ by less than 15%, ie, linewidth (STO 1 ~ 1.15 MHz, STO 2 ~ 1-1.25 MHz in
Fig. 8.5.b), power (STO 1 ~ 0.44 uW, STO 2 ~ 0.35-0.52 puW in Fig. 8.5.c) and nonlinear
parameter v (STO 1 ~ 3.4, STO 2 ~ 3-4.8 in Fig. 8.5.d). For these conditions, the two STOs
are “almost identical” oscillators that only differ in frequency. This is particularly the case
when the two STOs have the same frequency for Ipc; = 4+10.6 mA and Ipc; = +11.2 mA.

Thus we can compare our experiments of mutual synchronization with our theoretical model.

8.3.3 Evolution of the locking bandwidth with the electrical delay length

The purpose here is to study the evolution of the locking conditions when the delay time
WA, varies with the a tunable delay line. For some particular delays, we report a maximum
bandwidth of 2 MHz as shown in Fig. 8.6.(3) while for some others, we note the complete
absence of synchronization as shown in Fig. 8.6.(1). For the best synchronization bandwidth,

the power spectral density (PSD) is strongly enhanced in the synchronized state which indicates
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FIGURE 8.5: Frequency (a), linewidth (b), power (¢) and nonlinear parameter v (d) for each non
interacting oscillator (STO 1 and STO 2) depending on the dc-current applied in their respective
current source

that the two STOs oscillates in phase (see Fig. 8.6.(3)). On the contrary, the PSD stays
constant when the frequencies of the two STOs cross without leading to a synchronized state(see
Fig. 8.6.(1)). These features are coherent with our theoretical expectations (see Eq. 8.3) as

we also report a 7 periodic dependency of the synchronization bandwidth with the delay.

The use of the delay line provides the ability to determine the optimal delay for synchronizing
a large number of STOs in parallel or in series. Experimentally, this optimal delay can be
determined by pointing in Fig. 8.6 at which values of delay are located the maxima (resp.
minima) of the locking bandwidth. We find that the minima and the maxima of the locking
bandwidth are respectively obtained for delay constants Wa, around 27 /5[r| and 97/10[x]. It
means that non-zero locking bandwidth Awp,,g can be obtained (see Eq. 8.3) for zero delay,
i.e Wa,=0. These observations are in agreement with the prediction that can be done through

the determination of the intrinsic phase shift ¥,.

As developed previously, the intrinsic phase shift of vortex based STO has the specificity,
compared to other STOs [45], to be the sum of two terms W, = arctan (v) +arctan (Apr,/Agy).
It is thus sensitive not only to the nonlinear oscillator behavior but also to the ratio of the two ST
locking forces. The nonlinear dimensionless parameters v have been determined experimentally
in the previous section giving arctan (v) ~ 27/5. Moreover, we have, as previously discussed,
a large App/Agp ratio leading to arctan (AFL/ASL) ~ 7/2[r]. Thus the locking maxima are
expected for Ua, = U, ~ 97/10[7] in excellent agreement with our experimental values (see
Fig. 8.6). This robust observation permits us to consider the synchronization of multiple vortex
based STOs without the necessity to add a large length of rf cables between each oscillator and

so to avoid detrimental constraints for real applications.
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FIGURE 8.6: Evolution of the locking bandwidth of the two mutually synchronized oscillators (STO

1 with I4.o = +10.6mA and STO 2 with I, 1 swept) depending on the delay constant (associated

to the length of the delay line) (a) Map of the locking characteristics for different bandwidth of

synchronization at different delays: minimum locking (1) for Yo, = 1.47 (b) intermediate (2) for
Uar = 1.67 (¢) maximum (3) for Ua, = 1.97 (d)

8.3.4 Characteristics of the synchronized state
8.3.4.1 Bandwidth of synchronization

Experimentally, we report a maximum bandwidth of synchronization of 2 MHz, i.e. 1% of the
synchronized frequency. This value is indeed small compared to the frequency of the STO. This
is simply due to the fact that the electrical coupling strength, related to the output power of
the STO, is small. Here, we demonstrate that the experimental bandwidth of synchronization
fits with our theoretical expectations. As mentioned earlier, we suppose that the two STOs
are almost identical. In this case, we can estimate the rf-current emitted by one STO that will
drive the second oscillator:
Listo  / Pmt/Rsro

Jrpsro =~ =0 (8.9)

with P;,; the emitted power and Rgro the resistance of one STO. In our experimental setup,
the presence of a power divider used to detect the emitted power on a spectrum analyzer results
in a decrease by 6 dBm of the effective locking signal that is applied on each oscillator. The
impedance mismatch between the circuit resistance (50§2) and the oscillator resistance (322)

is also contributing to the decrease of the effective locking rf current. We note this effective
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locking current I ferr = (1 — Rye)lp/2 with R,. = (50 — 32)/(50 4 32). The locking range is

then expressed by the following expression:

]rf A%L + A%L

Awg = 8.10
B 2GRp0 ( )
with the normalized power p, = ﬁp i';t(@:“ngf;o)z [48]. For the presented measurements,

(Iyr,s70 = 0.5 mA, v =34—3.7, po = 0.21, ARpmr = 14Q, R =150 nm and /4. = +11 mA),
App and Agy from Chap. 7, and Hp.,, = 70 kA/m. Injecting these parameters, we deduce
Aws = 1.6 — 2.1 MHz, a value being in excellent agreement with our experimental observations
(2 MHz).

Different solutions can be considered to enhance the locking range. Enhancing the output power
of STNOs can be an option. Thus, we could use FeB based STOs that present larger TMR
ratio than permalloy based STOs. Furthermore, a careful choice of the oscillator nonlinear

behavior is also an option to increase the locking range.

8.3.5 Effect of the STO nonlinear behavior on the synchronization bandwidth

By changing the functioning point of the STO 2 from Ip¢ sro2 = +10.6 to +11 mA, we change
its nonlinear dimensionless parameter v from to 3.4 to 4. The frequency of STO 1 crosses that
of STO 2 for larger currents (aroung +11.5 mA) where the corresponding nonlinear parameter
v is also increased up to 4. In these new locking conditions, we note that the maximal locking
range is increased by 40%, up to 3 MHz, compared to the previous results (as shown in Fig.
8.7). These observations validate the influence of the nonlinear behavior of two STOs on the
locking process. Larger v could be obtained at lower currents but we were not able to observe
synchronization as we couldn’t find a frequency crossing point where both oscillators were in a

self-sustained state.

8.3.5.1 Frequency evolution in the synchronized regime

Our experimental approach allows us to describe the dynamical properties of each oscillator
when they are interacting or when they are independent. This provides a unique opportunity
to properly characterize the rf properties in the synchronized state. The way to proceed is to
compare the measured signal on the spectrum analyzer in two series of measurements. The
first ones have been recorded when the two STOs are self-oscillating due to spin transfer torque
(the two dc sources supplying the STOs are switched ON, see Fig. 8.4). For that, we keep
constant the dc current applied on STO 2 and vary the one applied on STO 1. Thus we can
obtain the rf properties of the two interacting STNOs within the synchronized regime (red dots
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FiGure 8.7: Maximal locking bandwidth of the two mutually synchronized STOs for two different
Ipc, either (a) Ige2 = +10.6 mA or (b) Ipc2 = +11 mA (with Ipc,1 swept). The two current values
are respectively associated with two different nonlinear parameters v (3.4 and 4) for the STO 1.

in region 2 in Fig. 8.8) as well as outside it (green and brown dots in region 3 in Fig. 8.8).
For the second series of measurements, presented in Sec. 8.3.2, we record independently the
rf signal from each STO while the other one is not supplied in dc current. For STO 1 alone
(Ipc in ON, Ipeo is OFF), the data are shown in light brown open dots in Fig. 8.8 and for
STO 2 alone (Ipcs in ON, Ipc; is OFF) in light green open circles. Note that for all these
measurements, the delay time is kept fixed to WA, = 1.97 which corresponds to a maxima of

the locking range (see Fig. 8.6).
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FIGURE 8.8: Evolution of the frequency of the interacting STOs as a function of Ipc,;, while Ipc 2

is fixed to + 10.6 mA. Bottom: Corresponding spectra for Ipci1= +10.8 mA (1), +11.25 mA (2),

+11.8 mA (3) (Non-interacting oscillator properties when one is switched off are in green and brown
softened curves)
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In these best locking conditions, we have (W, + W,.) ~ 0[] so that, as expected from Eq. 8.4,
the locked frequency is close to the average frequency of the non-interacting STOs as shown
in Fig. 8.8. To verify this behavior, we change the delay and note that the frequency of the
synchronized state becomes different from the average frequency. At zero frequency detuning,
the synchronized frequency is larger for Wa, = 1.67 rad than for Wa, = 1.257 rad as predicted
from Eq. 8.4.
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FIGURE 8.9: Synchronization frequencies depending on the dc-current injected in the oscillator 1
(Ipc,2 is fixed to + 10.6 mA) for two delay legnths U, = 1.67 rad (a) and ¥a, = 1.257 rad (b)

Furthermore, one should notice that for the optimal delay, i.e Ao, = 1.97 rad, we report an
increase of both the output emitted power and the spectral coherence in the synchronized state
as seen in region (3) in Fig. 8.8. To precise our analysis, we will perform a quantitative analysis

of these two key parameters in the all bandwidth of synchronization.

8.3.5.2 OQOutput emitted power

In the best locking conditions (WA, = 1.97 rad), we note that the power evolves like a bell-
shape curve with a maximum of power near the center of the synchronization bandwidth and
minima at the edges as seen in Fig. 8.10. Furthermore, we notice that the two non-synchronized
“almost identical” oscillators have similar powers (psro1 ~ psroz2) so that we can assimilate
them to their average value py. Then we conclude that the experimental maximum power
nearly reaches 4py and that the minima are close to 2py. This strong power enhancement in
the synchronized state at zero frequency detuning is a key parameter in order to face with
the low emitted power of STOs. The fact that the maximum power is not exactly 4py can be
associated with the not fully identical properties of the two non-synchronized STOs, or with
the fact that the delay length is not zero.
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8.3.5.3 Spectral coherence

In parallel to this increase of power we report a quantitative enhancement of the spectral
coherence in the synchronized state as represented in Fig. 8.11. At the center of the locking,
the linewidth is reduced down to 550 kHz, i.e by a factor two compared with the non-interacting
states. Such a reduction confirms that the phase noise in the synchronized state is driven by
the dynamics of the phase sum ® as developed in Sec. 8.2.2. At the left edge of the locking
range, we observe a large linewidth which can be associated with phase slips and frequency

pulling, i.e STO 1 try to adapts its frequency to get synchronized (see Fig. 8.9),.
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FIGURE 8.11: Power dependency with the dc-current injected in the oscillator STO 1 (I 2 is fixed
to + 10.6 mA for STO 2, Ua, = 1.97 rad) (Oscillator properties when one is switched off are in green
and brown softened curves)

8.3.5.4 Amplitude and phase noise

As we have seen previously, both phase and amplitude dynamics have to be taken into account
to analyze the spectral coherence of a STO in the autonomous regime [46, 48, 54] due to the
nonlinear behavior of STOs. Such an issue is not necessary to understand the general features
of two mutually synchronized STOs. However we demonstrate here that we should study in

more detail the amplitude dynamics of two synchronized STOs. Indeed, in our experiments
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we always observe an increase of amplitude noise simultaneously to the decrease of phase noise
as seen in Fig. 8.12. For the case of two phase locked STOs, the amplitude noise remains
lower than the phase noise but in large arrays of phase locked oscillators, the situation could
eventually be reversed. Moreover, one should notice that the amplitude noise is more enhanced
(by 10 dBm) than the phase noise is decreased (by 3 dBm). We cannot understand this behavior
at this stage with our analytical model but it may be possible in the theoretical framework
of Aronson et al. [198] that describes more in details the synchronization of weakly nonlinear

oscillators.
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FIGURE 8.12: Phase and amplitude noises in the synchronized state (Ig.,1=+11mA, I 2=+10.6mA),
and for the non-interacting STNOs in similar conditions

8.4 Electrical synchronization of two vortex based STOs in series

In this section, we connect two STOs, of 300 nm diameter, directly in series with one single
current source as represented in Fig. 8.13. By a proper choice of the field conditions, we can

observe electrical mutual synchronization.

For Ipc between 9 and 9.8 mA, the two STOs are not synchronized. The STO with the highest
frequency adapts its frequency to the second one so that we see the presence of frequency pulling.
Then, the two oscillators synchronize for Ipe between +9.8 and +11 mA, and desynchronize for
higher current values. The frequency of the synchronized state is always close to the frequency
of one of the two STOs. This behavior is related to the fact that we don’t have two “almost

identical” STOs in this experiment [194].

In this experiment, the bandwidth of synchronization reaches about 8 MHz. These results
validate our previous study as we succeed to synchronize two STOs without any electrical

delay between them. The synchronization bandwidth is here about four time larger than in
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our previous study. This indicates that the synchronization bandwidth is close to be optimized
at zero delay. We have here all the key elements to succeed the electrical synchronization of

STO arrays in a near future.
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FIcurRE 8.13: (Left) Electrical circuit for the synchronization of two nano-oscillators connected in

series with a single dc-current source. The two oscillators are connected by a gold wire bonding and

the length of cable between the two oscillators is of a few mm. (Right) Power spectral density of the

two nano-oscillators depending on the applied de-current at Hperp= 200 kA/m. (The sample diameter
is 300 nm).

In this chapter, we demonstrated for the first time electrical mutual phase-locking of two
STOs. We showed that the power and the spectral coherence in the synchronized state are
strongly improved (up to 1.6 uWW and 550 kHz) and in coherence with the properties of the non-
interacting oscillators. The observed spectral coherence and emitted power in the synchronized
state confirmed that the power and the spectral coherence of N-synchronized oscillators should
respectively be enhanced by a factor N? and N [45, 81]. The locking bandwidth is tuned
from zero to a few MHz with an electrical delay line. Similar results has been obtained by
sweeping I4. and thus by changing the nonlinear behavior of the different oscillators. We thus
highlighted that we can change the electrical coupling between two STOs by acting either on
their intrinsic properties or on the electrical coupling vector. Last but not least, we obtained the
maximum locking range at zero delay which makes possible the perspective of easily electrically

synchronizing STO-arrays.
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Within the last two decades, the commercialization of GMR reads head has represented the
first large scale industrial implementation of spintronic based technologies. Recently, a new
step have been reached with the development of a new generation of magnetic memories,
called Magnetic Random Access Memories (MRAM), and which are already commercialized
by major electronic companies. MRAMs take advantage of magnetoresistive effects and of
the more recently discovered spin-transfer effects. More generally, spin transfer torque has
revealed the potential of spintronics devices for a new generation of electronic component
showing multiple functionalities, notably in the field of radio-frequency applications [93, 129].
Since their discovery in 2003, large expectations have risen around a new type of nano-scale
oscillator called spin-torque oscillator (STO). Indeed, the spin transfer effect in a magnetic
nanostructure offers the possibility to nonlinearly convert a dc current into a rf voltage, or
a rf current in a dc voltage. Through intensive research studies, it has been shown that
STOs could be considered in various classical integrated telecommunications devices such as rf-
sources, rf detectors, self-homodyne detectors or for non-conventional applications such as bio-
inspired or spin-logic devices. In this perspective, understanding and controlling the nonlinear
magnetization dynamics and its effects on the microwave properties of an STO is a crucial
issue. Another key issue concerns the interaction of a STO with its environment, especially
with an oscillating external signal (rf field or rf-current sources, or a second STO in the case

of mutual synchronization).

The main purpose of my thesis was to identify the mechanisms that control the properties of
a spin-torque oscillator. I focused my work on vortex based STOs, given their high spectral
coherence [119], and demonstrated that the magnetization dynamics of this type of STO can be
governed by an external reference signal or through collective mode dynamics. We performed
experimental studies, supported by analytical developments, to analyze the role of the dipolar
coupling and of the spin-transfer torque in the autonomous and non-autonomous regimes of
an STO, and we presented and discussed different perspectives for the development of STOs

based spintronic devices.

Several key results can be highlighted from this thesis. We measured an STO with a large output
signal (0.8 uW) and high spectral coherence (100 kHz at zero field and room temperature) in
a hybrid magnetic tunnel junction with two coupled vortices. We demonstrated by frequential
and time domain analysis that the coupled mode dynamics strongly differs with the magnetic
configuration of the two vortices (chiralities and polarities) [114, 181]. In particular, the vortex
core configuration was shown to influence not only the oscillator frequency but also the output
emitted signal and the mode spectral coherence. In a dedicated chapter, we highlighted that
mode coupling can also induced energy transfer between coupled modes which lead to drastic

modifications in the STO dynamics and potentially to chaotic behaviors. These results highlight
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that the excitation of collective modes allows the harnessing the rf-properties of a single and

isolated oscillator.

Another approach to improve the performance of an STO is to lock its dynamics with an
external signal [45, 53-56, 58, 139]. In our work, we showed that the high spectral coherence
of a double vortex based STO permits the “perfect” phase-locking of a STO with an external
rf-current [88]. To go beyond this analysis, we noticed that a 1 Hz minimum linewidth could
be associated with the absence of phase slips, i.e desynchronization events, in the locked state.

In this phase locked state, we reported a record phase noise of -90 dBc/Hz at 1 kHz offset.

We demonstrated that two spin-transfer torques can drive the locking process of a vortex
based STO with an rf-current: the in-plane Slonczewski and Field-like torques. This gives
the possibility to control with precision the oscillator locking process. In our double vortex
based STO, we could even obtain a regime of multi-mode synchronization, i.e a simultaneous
synchronization of the two coupled modes. More generally, the different spin-transfer torques,
with the development of spin-orbitronics, which may allow locking of an STO, opens multiple
possibilities to tune the STO rf-features. Such a degree of control, unexpected for a nano-scale

oscillator, is particularly promising for the development of STO based nanodevices.

In the second part of my thesis, we presented a series of three different studies on how we can
control the properties of a vortex based STO with the ST locking torques. These studies give
key indications on the dynamics of an STO and show the potential of STOs for the development

of nanoscale rf-sources, rf-detectors or bio-inspired devices.

First, we studied the implementation of a spin-torque oscillator in an on-chip phase locked
loop. We presented preliminary results in which the STO phase noise is reduced by more than
30 dBc/Hz close to the frequency carrier. If the spectral coherence of a STO is expected to
remain lower than the classically used VCO, their radiation hard properties are anticipated to

make them excellent candidates as local oscillators for space telecommunications.

Then, we studied the resonant excitation of a vortex based STO with an rf-current in the
sub-critical regime. This source of excitation induces a reversible change of the magnetic con-
figuration, from vortex to uniform magnetization, at the resonant conditions. The associate
reversible change of resistance R leads to a voltage response scalable with the TMR ratio.
Record features, compared to classical Schottky diode, are reported with only 15% TMR junc-
tion [94, 199]. In the strong coupling regime of two magnetic vortices, we showed the possibility
of exciting high frequency modes, associated with the core-core interaction, of a few GHz which

is expected to enhance the frequency range of vortex based STO.

Finally, we experimentally demonstrated the mutual electrical synchronization of two vortex

based STOs connected in parallel or in series. This is one of my most important results,
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that had been predicted a decade ago [83] but never observed experimentally. It represents
a breakthrough for both the improvement of STO properties and the development of STO
bio-inspired devices. In the synchronized state, we showed a strong improvement of both the
spectral coherence and the output power (500 kHz and 1.6 uWW compared to 1 MHz and 0.4
uW in the non-interacting state). With an electrical delay line, we studied the impact of the
phase shift between the two STOs on the synchronized regime and demonstrated that the
best conditions for synchronization, i.e a minimum linewidth and a maximum power, can be
obtained for zero delay. We demonstrated that this feature is related to the existence of a large
Field-like torque in our junction. Thus we highlighted that the synchronized state is controlled
by the amplitude and the symmetry of the locking torques. These promising results open the

way for the synchronization of STO arrays at zero field and without electrical delays.

Beyond the improvement of the rf-features of STOs, the mutual synchronization of STOs is
expected to be intriguing for spintronic associative memories [186]. For supervised associative
memories, we can externally control the dynamics of STO based networks through the electrical
coupling constant of each STO which can be achieved either with a tunable electrical delay
or the ST locking torques. For non-supervised associative memories, a promising approach
would be to introduce spintronic memristors between the STO based neurons. The memristor
resistance state will drive the electrical coupling between the interconnected STO neurons.
The learning rule of the memristor will be driven by the rectified voltage, i.e the spin-diode
response, of the synchronized STOs. Finally, many other approaches could be considered given

the tunable nature of the electrical coupling.

We demonstrated in this thesis that the physics of spin-transfer torques can still reveal promis-
ing perspectives for controlling the rf-properties of STOs. Fundamental issues still remain to
be tackled in order to understand the underlying physics, such as the origins of the Field-like
torque and of mode coupling. An alternative approach to spin-transfer torques is to develop
STO driven by spin-orbit torques generated by pure spin-currents as seen in recent studies
[200, 201]. Spin Hall or Rashba spin-orbit torques multiply the means to control STOs and
offer new possibilities to synchronize STO networks [52]. Another promising approach to con-
trol the dynamics of STOs is the optical spin-transfer torque controlled by circularly polarized
laser pulses [202, 203]. These two last approaches are particularly suitable to integrate STOs
in magnonic devices for the development of spin-logic circuits in which the STOs will play the

role of a spin-wave source [204].

I focused my work on vortex based STOs as they present higher thermal stabilities than other
types of STOs (but also lower frequencies other STOs, far from the expected THz STOs based
on antiferromagnets [76]). In recent years, it has been shown that new magnetic solitons like

skyrmions [38, 205] could be stabilized with the DMI interaction in perpendicularly magnetized
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multilayers. Sampaio et al. [206] demonstrated that these skyrmions are extremely small and
easily movable [206]. They are also difficult to annihilate due to their topologically protected
structure. Thus we can wonder if a topologically protected skyrmion could be easily manipu-

lated and weakly sensitive to thermal fluctuations as expected for the potential skyrmion based
STOs [207].

Ten years after their first study [32], spin-torque oscillators have not yet revealed all their
potential. Promising applications have been targeted, in order to realize a spin logic circuit,
bio-inspired spintronic devices and more classical rf-applications. Although there have been
many promising results showing the feasibility and advantages associated with potential spin-
torque oscillator applications, much remains to be done in order to understand aspects of the

rich physics inherent in nanoscale and highly nonlinear systems.
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Studied samples

In this thesis, we study the dynamics of vortex based spin-transfer nano-oscillators confined in
nanodots. We mainly focus our research on double vortex based STOs but also demonstrate
in some sections that our results can be extended to the single vortex case. All these different
generations of samples have been grown by sputter deposition and patterned in the group of
S. Yuasa in AIST (Tsukuba, Japan). These different types of junctions have been developed
to optimize the rf-properties of the vortex based STOs.

A.1 Double vortex based STOs: Samples A-C

A.1.1 Hybrid magnetic tunnel junctions

An hybrid magnetic tunnel junction consists of a double vortex spin-valve on top of a magnetic
tunnel junction with a synthetic antiferromagnet (SAF), i.e, // SAF / MgO (1.075 nm) / NiFe
(X1 nm) / Cu (9.5 nm) / NiFe (X2 nm) with (X1,X2)=[(20,8) or (6,20)]. Each NiFe layers
contain a magnetic vortex as the ground state. The dipolar coupling between the two vortices
implies that the two gyrotropic modes associated to each vortex hybridize. Each of these two
coupled modes being predominantly associated to one of the vortices, the one that will be
effectively excited by spin torque depends on the sign of injected current and on the relative

configuration of the system (as presented in Chap. 2).

The GMR ratio of the Cu based spin-valve is only about 2% and the Cu thickness is chosen
so that the two vortex layers are only weakly coupled through dipolar interaction. The TMR
ratio of the crystalline MgO is about 70%. The pinned SAF structure is made up of a PtMn
(15 nm) / CoFe (2.5 nm) / Ru (0.85 nm) / CoFeB (3 nm) structure with a high coercive field

159



Appendix A. Studied samples 160

and a weak dipolar stray field. The PtMn antiferromagnetic layer imposes the magnetization
of the CoFe layer to be parallel to its magnetization. The CoFeB layer is antiferromagnetically
coupled with the CoFe layer by a RKKY coupling through the Ru layer.

Due to the large TMR ratio compared to the GMR ratio, we detect the output power associated
with the dynamics of the NiFe vortex layer close to the MgO barrier. In our study, we study
two kinds of samples that differ only by the position of the thick and thin vortex layers. The
layer close to the MgO barrier is either the thin (6 nm) or the thick (20 nm) one. Thus for
each vortex system we have a direct and deep insight into the dynamics of either the thin or
the thick vortex layer. The generation of sample for which the thick vortex layer is close to the
MgO barrier is called “Sample A”, and the one for which the thin vortex layer is close to the
MgO barrier is called “Sample B” (see Fig. A.1).

N

Sample A Sample B

FIGURE A.1: Double vortex based hybrid magnetic tunnel junction: SAF / MgO (1.075 nm) / NiFe
(X1 nm) / Cu (9.5 nm) / NiFe (X2 nm) with (X1,X2)=[Sample A (20,8) or Sample B (6,20)]

One should notice that the total dot thickness is much larger than standard MTJ. Thus, the
etching process during the nanofabrication results in a conic shape pillar. Given that the
etching has a 45° angle, a “Sample A” with a nominal 300 nm radius results in a 290 nm radius

for the top thin NiFe layer and 340 nm radius for the bottom thick layer as shown in Fig. A.2.
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FIGURE A.2: (a) Schematic of an hybrid magnetic tunnel junction: a Cu based spin-valve system

with the two vortex Py layer (8 nm at the top, 20 nm at the bottom) above a 1 nm MgO barrier and

a CoFeB based synthetic antiferromagnet. (b) Image of a dot taken by electron beam microscopy.

The dot radius was expected to be 300 nm. The three different measurements for the dot diameter
indicate its conic shape.

A.1.2 Simple magnetic tunnel junctions: Sample C

In this thesis, we also study the dynamics of strongly coupled vortices. In this case, the stack
is more simple. The system consists of a simple magnetic tunnel junction with one vortex in
each ferromagnetic layer, i.e a NiFe (7 nm) / MgO (0.85 nm) / NiFe (11 nm) multilayer stack.
The two vortices are strongly coupled due to the thin MgO spacer.

Sample C

FIGURE A.3: Sample C: Double vortex based magnetic tunnel junction NiFe (7 nm) / MgO (0.85
nm) / NiFe (11 nm)

This system is expected to have a perfectly circular symmety. Thus for a circular motion,
as for a gyrotropic motion, we do not expect to detect any emitted signal through the TMR
effect. However, N. Locatelli et al. [43] experimentally observed coupled mode dynamics with
transport measurements in similar spin-valves. This probably relies to the presence of edge
defects. In our study, we will focus our works on high frequency modes associated with the

regime of strong coupling. This generation of sample is called “Sample C” in the manuscript.
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A.2 Single vortex based STOs: Sample D

In the spin-diode chapter (see Chap. 7), we study single vortex based STOs. This system
consists of a magnetic tunnel junction with a synthetic antiferromagnet as a bottom polarizer
and a vortex in the top free layer (see Fig. A.4). The TMR ratio of this sample generation,
8.5 %, is much lower than the other generations of sample due to the absence of the CoFe and
CoFeB buffers that help the MgO crystallization and thus enhance the TMR ratio. Our study
confirms that the locked regime is driven, both in single and double vortex systems, by the

spin-transfer torques associated with the SAF (see Sec. 4.2.1.2 in Chap. 4).

Sample D

FIGURE A.4: Sample D: Single vortex based STO with a 5 nm permalloy free layer above a MgO
barrier and a synthetic antiferromagnet polarizer

A.3 Experimental setup

The sample is placed on a gold plated holder that is connected to the ground of the circuit (see
Fig. A.5.c). We use a wire bonding machine to connect with gold wires one sample electrode
to a 50 €2 electrical line and the other to the holder. The holder is then put in a cavity located
in an electromagnet and connected to the electrical circuit with a SMA cable as shown in Fig.
A.5. b. In our electrical circuit, we use a bias tee that permits to decouple the rf and the
dc signals (see Fig. A.5. a). The dc port is linked to a dc source that supplies the STO.
In parallel, a nanovoltmeter detects the voltage at the STO terminals. A resistance bridge is
placed between the STO and the dc source to protect the STO from high voltage fluctuations.

The rf-port of the bias tee is either connected to a spectrum analyzer or to an oscilloscope. To
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study the non-autonomous regime, we add a power splitter after the rf port. This permits to
keep the detection scheme and to supply the STO with an rf current emitted by a rf source or
a second STO.

a) Electrical circuit b) Electromagnet c) Sample holder
Spectrum

analyzer/Oscilloscope

]

nununununununuﬁunv [

) rf-source
(or 204 STQ)

FIGURE A.5: (a) Electrical setup: the rf-source is a Agilent E8257D, the dc-source a Keythley 6221 and

the nanovolmeter is a Keythley 2182. The spectrum analyzer is a Agilent E4446A and the oscilloscope

is also a Agilent. The resistance bridge used to protect the STO consists of two resistances R1 and

R2 respectively equal to 1 and 100 Q. (b) Electromagnet, supplied by two Keypco sources, in which

we put the sample holder (¢) Sample holder: one STO terminal is connected to a 50 2 electrical line
and the other one to the gold holder
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Appendix B: Locking ratio in the

self-resonant state

In Chap. 5, we have seen in a double vortex based STO that an excited mode could synchronize
with an rf-current source through the fundamental resonance of a damped mode. This is a
general behavior that offers multiple possibilities to synchronize an STO as we will see now.
Here we consider a sample A (see Appendix A) with 400 nm diameter for which the frequency

ratio between the two coupled modes is not an integer.

In Fig. B.1, we plot the locking ratio Q@ = Fy/fs, of STOs as a function of the frequency
of the rf-source. The locked states of an oscillator are associated to plateau and generally to
fractional winding numbers. Here, we focus our study for locking ratios between 2 and 3. For
our vortex STO, we observe the expected locking ranges associated with the second (2 = 2)
and the third () harmonics but also for an extra range of locking. Surprisingly, it is difficult
to determine in this locking state if the associated locking ratio has a rational value or not. We
measure a locking ratio around 2.55 and its closest fraction is 51/20. This give one more clue
that we may face with chaotic synchronization that often present irrational winding number
[81, 178]. Furthermore, we also want to point out that by controlling the frequency ratio of the
two modes (with the de-current, the field or by designing the aspect ratio of the two layers) we
obtain efficient and tunable fractional locking that cannot be obtain with classical nonlinear
behavior [53, 88].
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FIGURE B.1: Locking ratio of depending on the rf-current source frequency (We focus our study for
F, between [2fo : 3fo]. The experimental conditions are : Hperp, = 320kA/m, I = —30mA, and the
dot diameter is of 800 nm.)



Appendix C

Appendix C: Principle of the phase
locked loop

A phase locked loop contains a controllable oscillator, a error detector block that generates a
signal proportional to the phase difference between the oscillator signal and the reference signal,
a low pass filter that determines the loop dynamics and eliminates high frequency spurious and
a feedback path (see Fig. C.1). In this annexe, we present the function of these different

elements.

Error block

= 0sC \ vCO > Vour

Reference oscillator Filter Oscillator

=N

Frequency divider

Ficure C.1: Schema of a phase locked loop. The PLL consists in a error detector block, a frequency
divider, a filter, a slave oscillator and a reference oscillator.

C.1 Error detector block

A frequency mixer represent the most simple error detector block that can be used in PLL.
For a reference signal at f, and an oscillator at f frequency, it generates two responses signals:
one low frequency signal at (f — fy) and one high frequency signal at (f + fo). Higher order
spurs are also generated in nonlinear system. The low pass filter, discussed later on, eliminates

the spurious peaks and generates a feedback signal proportional to the low frequency signal.
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When the PLL is locked in frequency, the modulation amplitude of the low frequency signal
is expressed as Af_r (t) = ArAy, /2cos(Py — @) and is proportional to the phase difference
between the oscillator and the reference signals. Thus the oscillator dynamics can be controlled

through the amplitude of the feedback voltage.

Other simple error detectors like XOR phase detectors can be used. However in commercial
devices, the error detector generally combines more complex structures with a frequency phase
detector and a charge pump. A frequency phase detector has two particularities: (i) it can
lock when the reference and the input signals have different frequencies (ii) it gives a voltage
response proportional to a 180° phase difference and not only to a 90° phase difference as simple
phase detectors. Frequency phase detectors use flip-flop that consists in a circuit made of logic
NAND and NOR gates and which has two stables states that are controlled by the two inputs
of the circuit. A widely used frequency phase detector consists of JK flip-flop. As represented
in Fig. C.2, this type of phase detector is edge-triggered.

b) Phase detector waveforms

Ref

Osc | : ! | —— e Kowe F—
Out

Osc I Iosc JKout —
Out| a) JK flip-flop

c) Charge pump output
J

pump

/ '“\/“’ Iy 2
FIGurE C.2: (a) Schema of a JK flip-flop (b) Phase detector wave form for positive and negative
phase difference between the oscillator and the reference (¢) Charge pump output

The characteristic equation of the JK flip-flop is JKoutneat = Lrefd Kout + Loscd K. Thus the
output signal of the flip-flop is not the same for positive or negative phase difference. It must

be noted that frequency phase detector can be limited by the toggling frequency of the flip-flop.

Frequency phase detectors are often used with charge pump to deliver not a pulsed but con-
tinuous voltage response proportional to the phase shift. This type of electrical device used

capacitors to store entrance energy and deliver softened voltages. This permits to avoid the
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use of dead-band or the presence of small pulses even when the phase are locked. However the
charge pump frequency is generally low. Thus a charge pump can drastically reduce the PLL

bandwidth down to w, the charge pump frequency.

C.2 Loop filter

The function of the loop filter is to eliminate the high frequency signal, i.e the spurious peaks,
and to control the bandwidth of the loop. The cut-off frequency determines the speed of change
in voltage. High-frequency cut-off filters enable faster changes but can let unwanted frequencies

pass. Similarly the loop gain determines the sensitivity of the loop to the phase difference.

Vin
_| A f;-

c — frequency
= >

R ] \

-20log(f)
VOut
C —— !

Cut-off frequency f. = Py

FIGURE C.3: Main characteristics of a first order RC filter

However the stability of the phase locked loop is also governed by the gain and the cut-off
frequency of the loop filter (see for example first order filter in Fig. C.3). For too large gain
and cut-off frequencies, resonance effects associated to the high frequency peaks can appear
and destabilize the PLL. A careful design of the loop is thus necessary to face all these different

issues.

C.3 Frequency divider with a “divide-by-n” binary counter

In rf-applications such as a frequency generator at a multiple of the reference frequency, it
is necessary to add a frequency divider in the feedback path. The oscillator signal is then
compared to a reference signal generated by a much more stable low frequency oscillator like
quartz. A half-frequency divider can be obtained with D flip-flop, i.e a pair of cross coupled
NOR gates (see Fig. C.4). The Q bar output is connected to the D-input and the data to the
CLK input. If both input are low or high, the output is low. If one of them is high, it is high.

Large division ratio are obtained with cascades of D flip-flops.
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Résumé en francais

Mes travaux de these concernent I'un des développements prometteurs de I’électronique de spin
a travers I’étude de nano-oscillateurs a transfert de spin (STO). Ces nano-oscillateurs prennent
appui sur deux mécanismes de base régissant le transport de spin: la magnéto-résistance géante
et le transfert de spin. En 1988, A. Fert[2] et P. Grunberg [3] démontrerent que la résistance aux
bornes d’une vanne de spin, i.e un empilement de couches minces ferromagnétiques séparées
par une couche non-magnétique, varie fortement selon l’orientation des couches minces. En
1996, J. Slonczewski [9] prédit qu’il est possible d’agir sur 'aimantation d’une nano-couche
ferromagnétique en la faisant traverser par un courant polarisé en spin. Dans un dispositif
de type vanne de spin, les electrons d’un courant traversant cet empilement se polarise selon
la direction d’aimantation de la premiere couche, fixe et dite polarisatrice, puis traverse la
couche mince non-magnétique, en conservant sa direction de spin, exercant ensuite un torque
sur I'aimantation de la seconde couche magnétique. En 1998, Tsoi et al.[120] introduisit les
bases du concept de nano-oscillateurs a transfert de spin en montrant dans une vanne de spin
que le courant pouvait entrainer ’aimantation dans un régime de précessions auto-entretenues.
Un nano-oscillateur a transfert de spin convertit ainsi un courant continu en oscillations de
résistance et de tension par l'effet de magnétorésistance de la vanne de spin. La fréquence
des oscillations est alors déterminée par le mode magnétique excité dans le systeme et peut
aller de 100 MHz a 70 GHz selon le type d’oscillateurs[30]. Dans la derniere décennie, de
nombreuses études ont mis en évidence les atouts de ces nano-oscillateurs pour le développement
d’une nouvelle génération de dispositifs radio-fréquences, allant d’applications classiques de

type détecteurs/émetteurs a des dispositifs bio-inspirés de type mémoires associatives|[114].

Au début de ma these la puissance (de 'ordre du nW) et la cohérence spectrale (largeurs de raie
supérieures au MHz) de ces oscillateurs restaient trop faibles pour les applications envisagées.

L’objectif principal de ma these fut d’identifier, de comprendre les mécanismes régissant la
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FiGure D.1: Schéma de principe de l'oscillateur a transfert de spin : lorsqu’un courant traverse

un empilement composé de deux couches ferromagnétiques séparées par une couche non-magnétique,

le phénomene de transfert de spin induit une précession de l'aimantation. La variation relative des

aimantations de chacune des couches magnétiques entraine alors une oscillation de résistance par le

phénomene de magnétorésistance géante, et a fortiori une oscillation de la tension aux bornes du
dispositif.

dynamique d’aimantation d’un oscillateur a transfert de spin, et de proposer différentes pistes
pour controler et améliorer leurs propriétés radiofréquences. Mes travaux de these se sont en
particulier focalisés sur le cas d’oscillateurs a base de vortex magnétiques et ont été effectués sur
des échantillons réalisés dans le groupe de S. Yuasa a partir de jonctions tunnel magnétiques,
i.e une vanne de spin avec une couche non-magnétique isolante, afin d’augmenter la puissance
émise par les oscillateurs. Au cours de ma these, je me suis intéressé aux différents regimes
d’excitationd’'un STNO en commencant par 1”étude de la dynamique d’aimantation de modes
couplés dans le cas d’un seul STNO dans le régime auto-oscillant. J’ai par la suite cherché a
mettre en évidence différentes approches permettant de controler les propriétés d'un oscillateur
avec un signal extérieur de référence (excitation résonante, paramétrique ou synchronisation
unidirectionnelle). Suite a cette étude, j’ai développé une approche novatrice pour améliorer
la cohérence spectrale et la puissance des STNOs en réussissant a synchroniser mutuellement
deux oscillateurs en utilisant les courants rf émis par chacun d’entre eux comme vecteur de

couplage.

D.1 Etude des modes couplés dans des spin-valves hybrides a deux

vortex magnétiques

Les nanopiliers étudiés comportent une vanne de spin avec un vortex dans chacune des deux
couches magnétiques. L’électrode magnétique inférieure est commune avec une jonction tun-
nel magnétique permettant de détecter la dynamique d’aimantation du vortex de la couche
commune (couplé dipolairement avec le vortex de la couche supérieure) et d’émettre de forte
puissance (qui est proportionnelle au carré de la TMR). On détecte ainsi dans la dynamique

du vortex de la couche inférieure deux modes couplés (voir Fig. D.2), respectivement excité et
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amorti par transfert de spin (ST) selon le signe du courant. Le mode excité par ST correspond
a celui dont la fréquence est proche du mode gyrotropique du vortex présent dans la couche

excité par ST.
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Ficure D.2: (a) (b) Dépendance de la fréquence du mode “excité” basse fréquence et du mode
“dampé” haute fréquence avec le champ magnétique appliqué pour les configurations AP (a) et P
(b) pour un courant I;. = —16 mA. Inset: Spectres fréquentiels du signal émis & H.,y = 0 kA/m
pour les configurations AP (a) et P (b)/(c) Schéma des dispositifs étudiés Selon les configurations
relatives des deux vortex (chiralités des corps de vortex et polarités des coeurs de vortex opposées
ou paralleles), différents modes couplés peuvent étre excités. On observe expérimentalement que les
propriétés hyperfréquences des modes excités pour des chiralités paralleles et des polarités paralleles
(Pc) ou antiparalleles (APc) sont tres différentes (voir Fig. D.3.a-b). Dans notre étude (pour Iz, > 0),
le mode excité (dampé) par ST est proche en fréquence du mode gyrotropique de la couche fine

(épaisse).
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F1GURE D.3: Evolution de la fréquence (a) et de la puissance émise (b) en fonction du courant continu
appliqué pour les configurations Pc (points bleus) et APc (points rouges). Les mesures sont effectuées
sans champ appliqué et a température ambiante.

Sur la Fig. D.3, on peut noter que la puissance détectée est plus élevée et la fréquence est plus

faible dans la configuration APc sur toute la gamme de courant mesurée. Ces observations
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expérimentales, confirmées par des simulations micro-magnétiques faites en collaboration avec
F. Abreu Araujo a Louvain-la-Neuve, ont pu étre expliqué par un modele analytique que nous
avons développé. En introduisant, un terme de couplage dipolaire dans 1’équation de Thiele
décrivant la dynamique de chacune des couches nous avons pu prédire les fréquences des modes
observées (voir Fig. D.4) ainsi que la délocalisation des différents modes couplés dans chacune
des couches. En configuration APc, le ratio est beaucoup plus faible qu’en configuration Pc.
En effet, le sens de giration d’un vortex magnétique est usuellement défini par sa polarité[118].
Dans le cas de polarités APc, le vortex de la couche épaisse suit la dynamique de celui de la
couche fine et a donc un sens de giration opposé a son sens naturel. La frustration dans un
tel systeme explique que le mode excité par ST soit davantage délocalisé en configuration Pc

qu’en configuration APc.
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FIGURE D.4: (a) Simulations micro-magnétiques des rayons d’oscillations dans les deux couches vortex

pour les configurations Pc et APc. (b) Dépendance de la fréquence des modes couplés excités selon

I'intensité p du couplage dipolaire pour les deux configurations Pc et APc. (c) Evolution du rapport

des rayons d’oscillations dans les deux couches pour les deux configurations. (Les points rouge et bleu

ainsi que la ligne noire correspondent au cas expérimental). Les trois figures correspondent au cas
d’un courant Iz, = 16 mA sans champ appliqué.

En parallele de cette étude sur I'effet de la polarité des coeurs sur les propriétés intrinseques
des modes couplés (fréquence et puissance), nous avons observé que la cohérence spectrale du
mode excité était beaucoup plus élevée en configuration APc. Par des mesures combinées dans
le domaine temporel et en fréquence, nous avons pu démontrer une forte réduction des non
linéarités du systeme dans la configuration APc. Cette réduction des non-linéarités, et donc du
couplage phase/amplitude, est liée au courant de seuil plus faible dans cette configuration (15.8
mA en Pc contre 13 mA en APc). La répulsion des coeurs en configuration APc aide a démarrer

des auto-oscillations ce qui explique que I'amortissement effectif du STO soit plus élevé dans
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cette configuration pour un méme courant appliqué[45]. Cette stabilisation plus rapide de la
dynamique de l'oscillateur explique la plus faible non-linéarité[45] en configuration APc et donc
les plus faibles largeurs de raies [9] observées en polarités antiparalleles. Dans cette premiere
étude, nous avons ainsi pu mettre en évidence la possibilité de modifier drastiquement les
caractéristiques radiofréquences d'un STO avec deux vortex couplés en jouant sur le couplage
magnétique entre les deux vortex. Le couplage de mode est ainsi aujourd’hui considéré comme

une approche originale pour améliorer les propriétés radiofréquences d’un oscillateur a transfert
de spin[181].

D.2 Synchronisation d’un oscillateur avec une source

radiofréquence de référence

Différentes stratégies sont envisagées dans la perspective d’augmenter la cohérence spectrale
d’un STO comme la synchronisation de réseaux de STO[60, 82] ou I"auto-synchronisation[158].
Dans cette optique, la capacité des STO a se synchroniser avec des sources extérieures oscillantes
(courant ou champ) sur de larges gammes de fréquences avec une cohérence spectrale maximale
est un objectif primordial[52, 53, 58, 66]. Dans cette seconde étude, nous reportons tout d’abord
la possibilité de synchroniser le systeme précédent avec un courant rf dont la fréquence est
proche d’'un multiple (qfy) de la fréquence de l'oscillateur ou d’une fraction (fy/q avec ¢ un
entier) de celle-ci comme on peut le voir sur la Fig. D.5. Cette seconde observation permet
d’envisager d’utiliser un STO non plus seulement comme un diviseur de fréquence comme

¢’était le cas jusqu’a présent mais aussi comme un multiplicateur de fréquence.
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FI1GURE D.5: Schéma électrique du banc de mesure : le STO est alimenté par une source de courant
continu I4., auto-oscille & une fréquence fy, et peut se synchroniser par une source de courant ra-
diofréquence Irf a une fréquence Fs. Les signaux rf et dc sont séparés par un bias tee, et le signal
rf-détecté a ’aide d’un analyseur de spectre connecté au dispositif électrique par un diviseur de puis-
sance. (2) Fréquence du STO en fonction de la fréquence Fs de la source externe autour de fo/2 (a),
fo (b) et 2fy (c). Signal dans I’état auto-oscillant (d) et dans I’état synchronisé pour Fs = 2fy (e)
(conditions expérimentales : I,y = 2 mA, I;. = 11 mA, et aucun champ magnétique n’est appliqué)
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L’état synchronisé que nous mesurons présente par ailleurs une largeur de raie d’l Hz (voir
Fig. D.5.e), similaire a celle de la source, et bien en dessous des quelques kHz observés dans
toutes les études précédentes. Par des mesures temporelles, nous avons pu mettre en évidence
que cet état de pure synchronisation correspond a un bruit de phase plat autour de la porteuse
(cf Fig. D.6.a-c, courbes violette, rouge et bleu foncé). Cette situation est drastiquement
différente du régime auto-oscillant ot le bruit de phase évolue en 1/f? autour de la porteuse
(cf Fig. D.6.a~c, courbes noires). Pour de faibles amplitudes de courant rf, nous observons une
situation intermédiaire ol le bruit de phase est réduit mais ot une dépendance en 1/f? persiste

autour de la porteuse (cf Fig. D.6.a-c, courbes rose, orange et bleu clair).
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FIGURE D.6: Bruit de phase du STO synchronisé pour différentes amplitudes de courant rf pp = I,y /Iy,

pour une fréquence de synchronisation F égale & fo/2 (a), fo (b) et 2fp (¢). (d-f) Déviation de la phase

dans I'état synchronisé pour les différentes courbes de bruit de phase. (conditions expérimentales : I,
= 11 mA et aucun champ magnétique n’est appliqué)

Ces trois situations (dépendance en 1/f2, bruit de phase plat et situation intermédiaire) peu-
vent étre respectivement corrélées a une diffusion de la phase au cours du temps effet, a une
absence de diffusion et a une situation intermédiaire ol la phase du STO suit parfaitement
celle de la source rf excepté a des évenements quasi-ponctuelles appelées glissement de phase
(voir Fig. D.6.d-f). En effet, les fluctuations thermiques peuvent générer des éveénements de
désynchronisation /resynchronisation, appelés glissements de phase, lors desquels le STO perd
ou gagne une fraction de période par rapport a celle de l'oscillateur. Cette fraction de période
est déterminée par la fréquence du signal de référence et par le nombre de positions stables
pour une période d’oscillations. Dans le cas d'un STO a base de vortex, 'efficacité du processus
de synchronisation est telle qu’il est possible de ne pas observer de glissement de phase dans

I’état synchronisé pour des temps de mesures de 'ordre de la minute.

Pour mieux comprendre la synchronisation de ce type d’oscillateurs, nous avons développé un
modele analytique qui nous a permis d’identifier les deux couples de transfert de spin impliqués
dans le mécanisme de synchronisation : un couple planaire de Slonczewski (Agyz,//) et un couple

planaire de Field-like (Apy //) associé au SAF de la jonction tunnel magnétique (MTJ). Ces
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deux couples permettent de synchroniser sans effet de seuil un STO a base de vortex avec un
courant rf mais l'un agit sur le cocur de vortex et l'autre sur le corps du vortex. De plus, ils
possedent des symétries différentes et sont en quadrature de phase. Le déphasage entre les
oscillations du courant rf injecté et celles de du STO dépendra donc, comme nous le verrons
par la suite, fortement des efficacités respectives des couples mis en jeu. Expérimentalement,
nous avons étudié I’évolution du bruit de phase dans I’état synchronisé selon I'amplitude de la
force de synchronisation pour évaluer la contribution de chacun des couples (voir Fig. D.7).
Nous avons ainsi pu mettre en évidence I'importance du couple de Field-like dans le processus
de synchronisation. En effet, le ratio des deux torques (Apr ///Asr,/)) est égal a (2REp/b).
Dans nos expériences, les rayons R des nanopiliers sont au minimum de 100 nm, le rayon d’un
ceeur de vortex b de 'ordre de 10 nm et Uefficacité du Field-like ry, est mesurée a 0.4 (voir Fig.
D.7), comme dans de précédentes études sur des MTJ, ce qui implique un ratio Az ;//Asz, )/

supérieur a 10.
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FIGURE D.7: Bruit de phase expérimentale pour Fs = fy pour u = 0 (points noirs), u = 0.08 (points
oranges), 1 = 0.2 (points rouges) sans champ appliqué et pour I5. = +11 mA. Bruit de phase modelisé
analytiquement pourpy, = 0 (lignes orange et rouge atténuées) et {ry, = 0.4 (lignes orange et rouge).

Contrairement aux STOs a aimantation uniforme, le processus de synchronisation de ces STO
a base de vortex est dirigé par un couple de transfert de spin de type Field-like[88]. L’efficacité
importante de ce couple dans les jonctions tunnels magnétiques utilisées explique la facilité a

synchroniser et a stabiliser la dynamique des STOs étudiés avec un courant rf.
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D.3 Potentielle application : Renversement réversible de
I’aimantation d’un STO pour la détection de signaux

radiofréquences

Avant de nous intéresser a la synchronisation mutuelle d’oscillateurs, nous avons cherché a
prendre avantage de la forte efficacité du couple de Field-like dans ces STOs a base de vortex
pour développer un nouveau dispositif de détection radiofréquence basé sur un renversement

réversible de aimantation d’un STO.
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FicUure D.8: Principe de effet spin-diode. Dans les conditions résonantes d’excitation, le produit
du courant rf injecté dans le STO et des oscillations de magnétorésistance menent a une tension en
moyenne non-nulle aux bornes du STO.

Au début de cette these, les STOs étaient déja présentés comme de potentiels candidats au
remplacement des diodes Schottky utilisées pour la détection radiofréquence. L’excitation d’un
STO dans un régime non-entretenu avec un courant rf permet d’observer un effet de rectification
de tension lorsque la fréquence du courant rf est proche de la fréquence propre de 'oscillateur.
Cet effet appelé < spin-diode >, en référence aux diodes Schottky, consiste au fait que le produit
des oscillations du courant rf et de la résistance du STO (liées aux oscillations d’aimantation
par leffet de magnéto-résistance) peut générer une tension continu[90]. Le niveau de tension
détecté dépend ainsi de 'amplitude du courant rf et des oscillations d’aimantation ainsi que
de l'effet de magnétorésistance. En 2013, Miwa et al. [91] démontrerent que leffet de spin-
diode dans un STO a aimantation perpendiculaire peut étre plus efficace que celui d’une diode
Schottky. Dans notre étude, nous avons tout d’abord reproduit ’expérience de Miwa (voir Fig.
D.9) dans le cas d'un STO a base de vortex et j’ai développé un modele analytique qui montre

que le processus d’excitation dépend la encore de l'efficacité du couple de Field-like.
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FIGURE D.9: (a) Tension mesurée en fonction de la fréquence de la source radiofréquence pour I,y

= 04 mA, I;. = 0 mA et Hyerp = 160 kA/m (en rouge le signal analytique attendue pour gy =

0.4) (b) Simulations micro-magnétiques du régime transitoire d’excitation pour fsource = 100 MHz (c)
Modélisation analytique du rayon d’excitation dans les conditions expérimentales.

Cependant pour de fortes amplitudes d’excitation, le signal rectificatif disparait en 1’absence
de courant continu comme nous pouvons le noter sur la Fig. D.10.a. A l'inverse, lorsqu’on
augmente le courant continu on observe l'apparition d’une forte tension de rectification (voir
inset de la Fig. D.10.a). Par des simulations micromagnétiques, il a été mis en évidence
que pour de fortes excitation rf le coeur de vortex est expulsé du dot de maniere réversible
autour de la fréquence propre du STO. La couche libre du STO passe alors d'une aimantation
vortex oscillante a un état magnétique statique proche d’une aimantation planaire uniforme.
Ce renversement magnétique est associé a un changement de résistance qui peut étre détecté en
appliquant un courant continu. Le signal détecté est alors proportionnel non plus au courant
radiofréquence mais au courant dc appliqué. Ce schéma de détection permet ainsi d’accroitre
considérablement le signal rectificatif, au déla de I’état de I'art des diode Schottky et de 'effet
classique de type spin-diode dans les STOs.
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FIGURE D.10: (a) Tension mesurée en fonction de la fréquence de la source radiofréquence pour I,y

= 1.6 mA, Ij. = 0 mA et Hperp = 160 kA/m (Inset montre la réponse en tension pour Iy, = 5 mA)

(b) Simulations micro-magnétiques du régime transitoire d’excitation pour fsource = 100 MHz (c)
Modélisation analytique du rayon d’excitation dans les conditions expérimentales.
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D.4 Synchronisation mutuelle de STOs par couplage électrique a

partir de leurs courants émis

Un enjeu crucial pour les nano-oscillateurs a transfert de spin est de passer de la synchroni-
sation d’'un STO et avec un signal extérieur a la synchronisation mutuelle d’oscillateurs. La
synchronisation mutuelle d’oscillateurs est un phénomene observé et conceptualisé par Huy-
gens au XVIleme siecle dans le cas de deux pendules synchronisés par leur support et qu’on
retrouve largement dans la nature, de la synchronisation de métronomes a celle des neurones du
cerveau[81]. La synchronisation mutuelle de STOs permet d’observer des phénomenes collectifs
et non-linéaires non-observés a ’échelle nanométrique mais aussi, comme nous le recherchions,

d’augmenter la puissance et la cohérence spectrale du signal émis[45].
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FIGURE D.11: (a) Schéma du circuit électrique pour la synchronisation mutuelle de deux oscillateurs
alimentés indépendamment par deux sources de courants continues et connectés par les ports rf de
deux bias tee avec une ligne a retard modifiable W .. Le signal détecté est mesuré sur un analyseur
de spectre connecté au circuit par un diviseur de puissance (PS) (b) Evolution de la fréquence des
STOs en interaction en fonction du courant Ipc 2, le courant Ipc,; du STO 1 est fixé 4 10.6 mA. En
dessous : Spectres mesurés pour Ipco = 10.8 mA (1), Ipce = 11.25 mA (2), Ipce = 11.8 mA (3).
(Les propriétés des STOs oscillant indépendamment sont obtenues en éteignant une des deux sources
de courants et représentées par les lignes rouge et verte atténuées)

Dans cette these, nous avons tout d’abord réussi a réduire la largeur de raie d'un STO a
deux vortex en controlant le couplage entre les deux cocurs de vortex. Les puissances et les
cohérences spectrales élevées de ces STOs et 'efficacité de leur synchronisation avec un courant
rf ont permis de réussir a synchroniser deux STOs connectés en paralleles tel qu’il fut prédit
par J. Grollier et al.[83] en 2006. Les deux STOs sont alimentés indépendamment par deux
sources de courant continu, et connectés électriquement par les ports radio-fréquences de deux
bias tee. Ainsi le signal émis par chaque STO est injecté dans le second ce qui permet de
les synchroniser mutuellement. Nous avons aussi ajouté une ligne a retard entre les deux

oscillateurs pour controler le déphasage du signal injecté dans chaque STO. En optimisant nos
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conditions expérimentales (champ magnétique, courant appliqué, ligne a retard), nous avons
ainsi pu synchroniser deux STOs sur une gamme de fréquence d’environ 2 MHz comme nous

pouvons le voir sur la Fig. D.11.b.
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FIGURE D.12: Evolution de la puissance (a) et de la cohérence spectrale (b) en fonction du courant
Ipc,1 injecté dans le STO 1 (Ipc 2 est fixé & +10.6 mA)

Avec le montage que nous utilisons, nous pouvons comparer quantitativement le signal synchro-
nisé et les signaux non-synchronisés en allumant alternativement les deux sources de courant
dc pour obtenir le signal synchronisé ou seulement une des deux pour obtenir le signal non-
synchronisé d'un seul des STOs. Dans le cas présent, on peut noter que la fréquence du signal
synchronisé est proche de la fréquence moyenne des deux STOs. De plus, on peut noter que
la puissance émise et la cohérence spectrale semble fortement améliorer. En effet, on peut
voir sur la figure D.12 que la puissance a une forme parabolique inversé dans la gamme de
synchronisation avec un maximum proche de 4 fois la puissance d’un seul STO. De plus, la
largeur de raie du signal synchronisé est deux fois plus faible que celle d'un seul STO (voir Fig.
D.12.b). Ces drastiques améliorations de la cohérence spectrale et de la puissance correspon-
dent quantitativement aux attentes des modeles théoriques développés par A. Slavin[45] et A.
Pikovsky|[81].

En modifiant la longueur électrique entre les deux STOs a 'aide de la ligne a retard nous avons
pu aussi mettre en évidence I'influence du déphasage entre les deux STOs sur I’état synchronisé.
Comme nous le montrons sur la Fig. D.13.a, la largeur de la gamme de synchronisation évolue
de fagon m-périodique avec la longueur électrique (exprimée en période d’oscillations). De cette
évolution m-périodique on peut en déduire qu’il est possible de synchroniser deux oscillateurs
directement connecté en parallele ou en série (U, = 0). De plus, on peut noter que la fréquence

de synchronisation dépend du déphasage, elle peut étre soit égale, soit supérieure ou inférieure
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FIGURE D.13: (a) Evolution de la gamme de synchronisation des deux STOs synchronisés en fonction

de la longueur électrique entre les deux STOs (exprimées en radians, et associée a la ligne a retard). (b)

Puissance spectrale émise par les deux STOs en fonction du courant appliqué pour quatre longueurs

électrique : gammes de synchronisation minimale ¥a, = 1.47(2), intermédiaires Ua, = 1.257 (1) et
Uar = 1.67 (3), et maximales ¥a, = 1.97 (3).

a la fréquence moyenne des deux STOs comme on peut sur la Fig. D.13.b. Le déphasage
entre deux oscillateurs représente ainsi une approche originale pour modifier la synchronisation
entre ces oscillateurs. Ces résultats pourraient étre mis a profit pour développer des réseaux
d’oscillateurs spintroniques bio-inspirés de type mémoires associatives[191]. Cette these, qui
s’inscrit dans 'objectif d’améliorer les performances rf des nano-oscillateurs a transfert de spin,
a permis de dégager différentes approches pour controler la dynamique de ces oscillateurs, allant
de la dynamique de modes couplés dans un seul oscillateur isolé a la synchronisation mutuelle

d’oscillateurs par couplage électrique.
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Résumé : La découverte de la
magnétorésistance géante en 1988  est

considérée comme la date de naissance d’un
nouveau et dynamique champ de recherché
appelé ’électronique de spin. La riche physique
associée au transport de spin devrait
révolutionner le futur de la nanoélectronique.
Dans ce cadre les nano-oscillateurs a transfert
de spin (STOs) se sont positionnés comme des
candidats sérieux pour le développement d’une
nouvelle génération de dispositifs rf basés sur
I’¢lectronique de spin.

Au début de ma thése, I'important bruit de
phase des STOs restait une contrainte majeure
limitant les perspectives technologiques a ce

type d’oscillateurs.

Dans cette thése nous avons cherché a controler
la dynamique des STOs et a réduire leur bruit
phase en développant différentes stratégies : (i)
I’optimisation des propriétés des matériaux
magnétiques utilisés (ii) 1’excitation de modes
couplés dans des systémes hybridés (iii) la
stabilisation de la dynamique de la phase d’un
STO avec un signal extérieur de référence (iv)
de différents

améliorer la cohérence

la synchronisation mutuelle
oscillateurs  pour
spectrale et la puissance des STOs. Nous
focalisons en particulier sur le cas de STO a
base de vortex magnétique qui présentent
intrinséquement des cohérences spectrales plus

¢élevées que celles d’autres types d’oscillateurs.

Title : Vortex magnétiques couplés dans des oscillateurs a transfert de spin: De 1’excitation

résonante a la synchronisation mutuelle

Keywords : magnetic vortex, mode coupling, spintronic, spin-transfert, resonant and parametric
excitation, radiofrequency oscillator and detector, phase noise, mutual synchronization.

Abstract The
magnetoresistance in 1988 is considered as the

discovery of the giant

birth date of a new and dynamic research field
called spintronics. The rich physics associated
with spin transport has created a breakthrough
In the
magnetism roadmap, spin-torque oscillators

for the future of nano-electronics.

(STOs) are candidates for future generation of
spintronic based rf-devices.

At the beginning of this thesis, one major issue
of spin-torque oscillators remained their poor
spectral coherence.

To overcome this issue, we have investigated
different approaches: (i) the development of
magnetic materials with a low damping and
(i) the study of
dynamics in hybridized
magnetic systems (iii) the stabilization of the

large spin-polarization,

collective mode
STO dynamics with a reference external signal
(iv) the synchronization of multiple STOs to
their
coherence. We focus our work on vortex based

enhance both power and spectral

STOs which present higher spectral coherences
than other kinds of STOs.
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