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“It is a mysterious beast, and yet its practical effect prevails over the whole of
science”

-The story of spin, Shinichiro Tomonaga.
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ABSTRACT

Nanoscale magnetic tunnel junctions (MTJ) are promising candidates for nonvolatile memories,
radiofrequency and unconventional computing applications. Transfer of spin angular momentum,
from an injected spin polarized current, can drive three types of responses in these MTJs: (i)
resonance via an rf current, (ii) auto-oscillations via a dc current, and (iii) switching between two
states via dc current.

In this thesis, we investigate the first response scheme for rf signal detection for low power wireless
sensor nodes as well as the third response scheme for random number generation. Both studies
make use of the same MTJ that are characterized by a strong interfacial perpendicular magnetic
anisotropy (iPMA) of the free layer and the pinned layer. Such perpendicular MTJ (pMTJ) are
currently seen by industrial partners as the most promising MTJ configuration for magnetic
memory applications, because they can be made very small (down to 20nm diameter). Of interest
for our studies here is that their internal fields are easily tunable through the variation of the device
shape, because the ratio of the anisotropy energy due to IPMA and the demagnetization energy
depends sensitively on the magnetic layer thickness and diameter. For the devices used here, the
free layer thickness was varied from t=1.4nm to 1.8nm. The first part of the thesis is a detailed
analysis of the rf signal detection, to optimize the output DC voltage signal, as a function of
magnetic layer thickness, diameter, as well as a function of the applied magnetic field orientation,
and the absence or presence of dc currents (passive vs. active active). It is found that, first, the
passive rf detection signal of these pMTJs increases the more the iPMA compensates the
demagnetizing energy. This can be achieved through a reduction of the device diameter, which
additionally enhances the STT efficiency and reduces the effect from a serial resistance that will
be present for MTJs co-integrated with CMQOS. Secondly, in the active detection it is found that
the detection frequency band can be tuned over several GHz through a dc current. This tuning is
attributed to Joule heating and opens strategies for wide band frequency detection. The second part
of the thesis demonstrates that a spin polarized DC current can bring these pMTJs into a
superparamagnetic state at zero external magnetic field. Such bitstreams will be of interest for
random number generation schemes. Zero field operation will be facilitating the co-integration of
these pMTJs with CMOS. The two parts of the thesis are accompanied by a thorough study of the
static magneto-resistance loops as a function of applied field angle, DC current and temperature
as well as by the modeling of the results based on LLG.

Keywords : Perpendicular magnetic tunnel junctions, Spin torque nanodiodes,
Superparamagnetism, Magnetization dynamics, TRNG.
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General Introduction

Less than 2 centuries ago, statements such as wireless communication at the speed of light would
have made some great science fiction. Yet here we are, almost all equipped with telephones,
computers, and exchanging messages all over the globe. Largely, thanks to the continuous
advancements in solid state physics, and electrodynamics.

Moreover, the large accessibility to wireless communication systems, inspired the elaboration of
more sophisticated data modulation techniques to avoid interference and to overcome the noise
[1]. In addition to a marvelous enhancement of the data rates, that went from 64 kilobytes per
second (kbps) in 2000 using the 2G technology, to 1 Gbps in 2020 using the 5G technology [2].

Furthermore, a major advantage of wireless communication systems is their on-board batteries.
They allow them to be mobile, and importantly to be implemented in isolated areas far from stable
power sources, such as forests, oceans, and outer space. These remote wireless systems are called
the wireless sensor networks (WSN), and they are important for a wide range of applications in
medicine, security and science [3]. Made of wirelessly coupled sensors and actuators, they can
effectively detect a default in their surroundings and autonomously fix it or report on it. However,
their autonomy is limited by the capacity of their batteries. Especially when wireless sensor
networks (WSN) are in isolated areas battery replacement becomes a difficult task. Thus, one of
the main targets in optimizing these networks is to reduce their energy consumption in order to
boost the battery autonomy. The latter can be done in many different ways, either through the
software by developing faster algorithms [4], or through the hardware by implementing energy
efficient components [5]. In this work the focus is on the latter type of solutions. Especially, the
components used in communication, because the transmission and the reception of information
makes for ~ 84 % of the energy consumption in WSN while the processing and the sensing
combined consume only ~ 16 % of the total energy [6]. Moreover, since the transmission of
information is intermittent and short in time, a large portion of the energy consumed in the
communication modules is due to the reception path. For, along with the energy lost in the
demodulation process, the continuous listening of the receiver ,also called idle mode, wastes
energy in-between communication sessions.

To overcome this issue one of the efficient solutions, is to implement in the wireless sensor
network a wake-up receiver, with the mission to switch off the reception path when the system is
not communicating and to switch it on only when required [7]. This will be the more efficient, if
the wake-up receiver is made of passive components, and can listen continuously for the wake-up
signal without any energy consumption. Therefore, a good wake-up receiver should be passive,
and simultaneously sensitive to incident rf signals with ultra-low power, in order to optimize the
energy used in the transmission path as well.



This work is a contribution to the quest for a passive and highly sensitive microwave diode that
can fulfill the role of an ultra-low power wake-up receiver. It focuses specifically on spintronic
devices called: the spin-torque nano-diodes. They convert microwave voltages to dc voltages using
the spin transfer torque and the tunneling magnetoresistance effects.

They are expected to be a good candidate for ultra-low power applications such as wake-up
receivers. Their sensitivity to low microwave power was demonstrated to be higher than that of
typical Schottky diodes [8]. Moreover, they are CMOS compatible, frequency selective, and they
operate at microwave frequencies that go from hundreds of MHz to tens of GHz.

In the endeavor to explore and further optimize the spin-torque nano-diodes, in this work the focus
is on the spin-torque nano-diodes based on perpendicular magnetic tunnel junctions (pMTJs). The
advantage of pMTJs for this task is their strong perpendicular magnetic anisotropy. It allows the
optimization of the internal properties of the spin-torque nano-diode via the thickness and the
device diameter, which can be as small as 20 nm.

The pMT]Js studied in this work were developed within the European Horizon project GREAT that
took place between 2016 to 2019. Its main goal was to develop a single stack allowing to perform
memory, analog logic and rf functions on the same wafer. The GREAT project approach was to
focus on a standard perpendicular magnetic tunnel junction structure, optimized for the memory
function, and then tune their internal properties to achieve the performances needed for rf and
sensor applications.

To study the spin-torque nano-diodes based pMTJs here, first a thorough static characterization is
conducted to understand the internal magnetic states of the ferromagnetic layers, followed by a
microwave based characterization to test the diode effect and to understand the magnetization
dynamics.

Furthermore, another phenomenon that was discovered during the characterization of the devices
is reported in the last chapter. It consists of the first demonstration of perpendicular
superparamagnetic tunnel junctions, tunable by current, and fully operating at zero external bias
magnetic field. They are of interest for unconventional computing, and applications relying on
truly random number generators [9].



The manuscript is organized as follows :

Chapter 1 provides a short introduction to the fundamental phenomena involved in this work and
reviews the advancement made on spin-torque nano-diodes. It starts by presenting the main
spintronic concepts such as the spin polarization, the tunneling magnetoresistance, the spin transfer
torque and the magnetization dynamics. Next, it introduces the spin torque diode effect and
reviews their state of art.

Chapter 2 presents the composition of the pMTJs stack used in the study, and follows with a
presentation of all the different experimental techniques used throughout this work. The
presentation of the experimental techniques follows the order of the chapters. It start by presenting
the setups used for the static characterization, followed by those for rf measurements and finally
the time dependent analysis setup.

Chapter 3 focuses on the theoretical concepts and presents the derivations of different equations
and formalisms used throughout this work to explain the experimental results. It starts by treating
the static equilibrium of the magnetization through the total magnetic energy density. This is
followed by the derivation of an analytic formula for the rf-to-dc conversion voltage for the pMTJs
where the polarizing layer is oriented out-of-plane, via the linearization of the LLG equation. This
derivation is then extended to include the effects of an additional dc current (for active detection)
and the coupling to another magnetic layer. In the last part of chapter 3, a presentation of the
analytic derivations of the Neel-Brown was included to account for the superparamagnetic state.

Chapter 4 is dedicated to the static characterization of the magnetic tunnel junctions with strong
perpendicular magnetic anisotropy. This characterization includes the size dependence, as well as
the consequences of introducing a dc current into the junctions. For this, the equilibrium states of
the magnetizations of both the free and the polarizing layers are studied as a function of the layer
diameter and thickness, external magnetic field, temperature and Joule heating, spin transfer torque
and VCMA.

Chapter 5 is dedicated to the characterization of the passive rf-to-dc conversion. The
magnetization dynamics of both the free and polarizing layers are explored electrically through
magneto-resistance measurements without any additional dc current (for passive detection). The
experimental characterization includes all free layer thicknesses (1.4 nm, 1.6 nm, and 1.8nm) under
in-plane and out-of-plane magnetic field biases, in addition to the different MTJ nominal diameters
(20 nm, 40 nm, 80nm, 100nm, and 150 nm).

Chapter 6 dedicated to the characterization of the active microwave signal detection. The aim of
the chapter is to explore how the dc current affects the performance of the pMTJ-based spin-torque
nano-diodes. They are characterized in the presence of a dc current for all the thicknesses and
diameters that were discussed in Chapter V. Moreover, it contains a characterization of the FMR
modes of the free and the polarizing layers and their current dependence through the Joule heating
and the STT.



Chapter 7 is dedicated to the characterization perpendicular superparamagnetic tunnel junctions
operating at zero field. The investigations are carried out by first analyzing the static
magnetoresistance measurements of the different free layer thicknesses and diameters to
understand their effect on the signal. Thereafter, the analysis is extended to characterize the
stochastic variations of the resistance in real-time and their voltage dependence.

Summary and perspectives summarizes the theoretical and experimental results that were
obtained in this work, and gives an outlook on the next steps and perspectives.






Background and State of the Art

1.1 Introduction to Spintronics

Spintronics is a branch of physics and technology concerned with both the charge and the spin of
electrons. Like the revolution in semiconductors, it developed due to the great advancements in
thin film deposition techniques and the unraveling of the physical phenomena occurring at the
interfaces of multilayered thin films. However, unlike the conventional electronics where the
electron charges are the major actor to manipulate the current flow, for spintronics it is the electron
spin.

Ever since the discovery of the giant magnetoresistance (GMR) effect, by A. Fert and P. Griinberg
[10], [11] [12], spintronics as a field took-off with a fast speed. The GMR effect demonstrated
that the resistivity of two magnetic layers, separated by a thin non-magnetic layer, depends
strongly on the orientation of their respective magnetizations. This, along with the nano-size of
GMR devices, had, and still has a strong impact on the data storage industry. When used as read
heads for hard disc drives (HDD), the GMR devices allow the development of HDD with much
smaller memory cells. Hence, it permits the fabrication of memories with much higher densities,
to meet the ever growing needs for higher storage capacity.

The following development of the tunneling magnetoresistance (TMR) at room temperature, by J.
S. Moodera et al. [13], enlarged the latter fields of applications. It offered much higher changes in
resistance by inserting an insulator as the non-magnetic spacer layer separating the two magnetic
layers. The devices bear the name magnetic tunnel junctions (MTJ). In addition to their better
sensitivity as memory read heads (or magnetic field sensors), MTJs were established as memory
cells themselves in the form of non-volatile magnetic random access memories (MRAM). They
are foreseen as potential candidates for future memory architectures, and may succeed the
currently used semiconductor memories (SRAM, DRAM, flash...etc.) [14].

Moreover, the prediction of the spin transfer torque (STT) by Slonczewski and Berger [15], [16],
added more functionality and advantages to the MRAM devices. It permitted the manipulation of
the magnetic states of the MTJ layers directly by an electric current, which increased the writing
and the reading speed of MRAMSs, and reduced their overall energy consumption [17].

Another major consequence of the discovery of the spin transfer torque is its ability to excite steady
state oscillations of the magnetization whose frequency can be tuned by the electrical current [18]—
[21]. Through the tunneling magnetoresistance, these oscillations are converted into electrical
signals with frequencies in the microwave range, thus, paving the way for MTJs to be used as low
power nano-oscillators.



In this manuscript, the magnetic tunnel junctions (MTJ) and the spin transfer torque (STT) effect
are the basic concepts to describe the spin torque diode effect. They are introduced in the following
sections within a general formalism. For the readers seeking more depth on the subjects they are
referred to references such as [17], [22]-[24].

1.1.1 Ferromagnetism in 3d transition metals

Magnetic materials are the backbone of spintronics, especially ferromagnetic materials because
they have, intrinsically, a strong spontaneous magnetization. The origin of the spontaneous
magnetizations for isolated atoms can be portrayed in the classical magnetostatic formalism [25].
For instance, as in a single loop solenoid, an electron orbiting the atomic nucleus will naturally
have an orbital momentum that generates a magnetic moment, see Figure 1.1.1.

Figure 1.1.1 : Hllustration of an electron orbiting the nucleus. Adapted from [26].

The obtained magnetic moments can be expressed by the following relation [25]:

e e

ji=— (1.1.1)
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where fi is the magnetic moment, e is the electron charge (absolute value), m, the electron mass,

and L the angular momentum. Moreover, picturing the electrons classically as a uniformly charged
point particle that rotates around its own center of mass, it will generate an additional magnetic
moment called the spin angular momentum. It is described by a similar relation as the orbital
magnetic moment. However, this classical description is not quite complete, because at the atomic
level, the quantum mechanics is supreme. The angular momentum is quantized by the Planck
constant, and interestingly the spin magnetic moment is twice larger than expected from Eq. 1.1.1.
The quantum mechanics, and especially the Stern-Gerlach experiment [27], demonstrated that the
spin of the electron is an intrinsic property just like the charge and the mass. The corrected formula
of the magnetic moment is expressed by :

fi=—-gugs (1.1.2)



where g is the Landé factor (equal to 2 for spin, and 1 for orbit), ug = fn—h the Bohr magneton, h

the reduced Planck constant, and s” the angular momentum ( for the electrons spin : + 1/2). Hence
the quantum mechanical nature of the electrons make the total magnetic moment to be dominated
by the spin. Moreover, since the electrons have a mass that is thousand times smaller than the
nucleus, they are the dominant source of the magnetic moment of the atom (see Eq. 1.1.2).

For the isolated atoms with more than one electron, the filling of the atomic orbitals is governed
by Hund’s rules [25] that favor a constructive addition of the magnetic moments. The Hund’s rules
stem from the combination of the Pauli exclusion principle and the Coulomb law. The former
forces the electrons with the same spin to stay apart, and the latter promotes the same behavior due
to their charge similarity. A direct consequence of Hund’s rules is that all the atoms with partially
filled orbitals have a non-negligible total magnetic moment, which is the case for a majority of
atoms. However, this is the case only for isolated atoms, or rare earth metals [25]. Once the atoms
form a solid state body, the angular moments are usually quenched because the electrons become
delocalized and form bands. At room temperature, only Fe, Ni, and Co have a spontaneous
magnetization. Their specificity lies in their electronic band structure. In these metals, the electrons
occupying the highest energy level (Fermi level : Er) have an asymmetry in the densities of states
(DOS) of spin-up (+1/2) and spin-down (-1/2) electrons, see Figure 1.1.2, namely the electrons
from the 3d orbitals, due to their strong exchange coupling (spin interaction), hence the
nomenclature 3d transition metals[17], [22], [24]. For the 4s orbital electrons their spin-up and
down densities are uniformly distributed and hence do not contribute to the net magnetic moment.

AE

Density of states

Figure 1.1.2 : Illustration of the band structure of 3d transition metals. Adopted from [17].



The disparity in spin orientations in the 3d transition metal is the reason behind there spontaneous
magnetization. The magnetization here refers to the density of magnetic moments in a volume.

Moreover, since the electrons at the fermi level are directly involved in the electrical conductivity,
these metals can act as a spin filter (polarized). The conduction in these metals is carried out by
the delocalized 4s electrons. When the 4s electrons pass through the metal, they are scattered by
the 3d localized electrons having the same energy and spin orientation. The difference of the
density of state at the Fermi level implies a different scattering probability depending on the spin
orientation.

The spin polarization (P) can be evaluated through the formula :
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(1.1.3)
where N is the density of states of spin-up electrons and N* is the density of states of spin-down
electrons.

The next section deals with the consequences of this spin polarization.

1.1.2 Tunneling magnetoresistance

The magnetic tunnel junctions (MTJ) are nowadays one of the most known spintronic devices.
They are made of two ferromagnetic layers separated by a thin insulating layer. The electronic
transport between the two magnetic layers occurs through the quantum tunneling effect [28], where
the electrons have a non-negligible probability of tunneling through an energy barrier. The
solutions from the Schrddinger equation show that the transmission probability of the electrons
through an energy barrier decays exponentially with the barrier thickness (d) : T « e™*4, with k
the decay rate. Furthermore, in MTJ-like junctions, the tunneling current is proportional to the
number of the free electrons at the Fermi level in the emitting layer, and the number of the vacant
states at the Fermi level in the receiving layer. It is called the Fermi golden rule (see Eq. 1.1.4).
The net tunneling current under an applied bias voltage is approximately [17] :

I « [Dy(E)fi(E)]- T(E) - [D,(E — eV)(1 — fo(E))] (1.1.4)

where D; (E) f;(E) is the number of electrons and D (E) the density of states, f(E) the Fermi-Dirac
distribution, and i refers to the first or second magnetic layer. Eq. 1.1.4 implies as well that the
conductance G is proportional to the product of the densities of states (D; and D,).

For magnetic materials, where up and down electrons have different densities, the tunneling occurs
through two separate channels. One channel for the electrons of majority spins and the other
channel for those of minority spins. This model is often referred to as Mott model [29], [30], see

Figure 1.1.3 for an illustration (Nl.j = Dij (E)fi(E)).
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E _
N7 E::Nll \ N, F N, Ny! p N \ _____ Ny PN:i
EF\ / '/ eV S __\.JF.F"'CV EF\ / ’ eV _'_\“_J Er+eV
il . gl ;
Q Qy & A y
Ne—1 > N Ne—~—> Ne—1
FM, SL FM, FM, SL FM,

Il T

e e

Rp RAP

Figure 1.1.3 : (a) The illustration of the tunneling between two magnetic layers with similar band
structures (parallel). (b) The same as (a) but with an asymmetrical band structures (anti-parallel).
Adapted from [31].

Moreover, the electrons tunneling within the two channels experience different resistivities
depending on whether the magnetization of the two magnetic layers have the same orientation or
not. For instance, in the case where they are parallel, the conductance from Eq. 1.1.4 predicts
higher conductivity, while for the case where they are anti-parallel the conductivity is lower, see
Figure 1.1.3(a)-(b). This can be summarized by the following expressions:

G, « D{D} + DiD; (1.1.5)

Gap « D{D3 + DiD] (1.1.6)
where G, and G,, are the conductances for the parallel and anti-parallel configurations

respectively, and D/ is the density of state of majority spins (T up) and minority spins ({ down).
The change in the resistance between parallel and anti-parallel can be estimated by the tunneling
magnetoresistance ratio defined as :

TMR = Gy — Gap (1.1.7)

Gap

The first experimental observation of the tunneling magnetoresistance was reported in 1972 by
Julliére [32]. It was observed in an MTJ made of Fe/GeO/Co and at a temperature of 4.2 K. The
TMR ratio was about 14%. However, the development in thin film deposition techniques within
the following decades allowed for major enhancements of the TMR. It was found in 1995 by J.
Moodera et al. [13], that using Al2O3 as an insulating barrier the TMR vyields a ratio of 20-70%, at
room temperature.
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Using the two channel model in Eq. 1.1.6-7, Julliére was able to explain the TMR with a good
accuracy by defining the spin polarization as :

D] — b}

= 1.1.8
D! + D} (1.1.8)

i
which gives a TMR that depends on the spin polarization of the two magnetic layers, expressed as
[32]:

2P, P
TMR = —~2

=— 1.1.9
1_P1P2 ( )

However, despite the early success of Julliére’s model it failed to predict the experimental
observations of the TMR dependence on the characteristics of the insulating barrier [33]. This is
due to the omission of the effect of the electron band structure on the tunneling process. The first
correction to the model was done by Slonczewski, where through a more rigorous calculation of
the TMR he demonstrated analytically that the tunneling depends on the wave vectors, i.e. the
velocity of the electrons [34], which indicates that the electrons from the 4s or 3d orbitals have
different probabilities of tunneling. The corrected polarization formula is expressed as [17]:

_ (KZ - kF,TkF,l)

P =
0 (KZ + kF,TkF,l)

(1.1.10)

where Py is Julliére polarization in Eq. 1.18, k the decay rate, and kr 1, the wave vectors at Fermi
level of the spin majority and minority. Therefore if the electrons with majority spins are traveling
faster (o< dE /dk) the spin polarization can be enhanced.

A major breakthrough in the TMR improvement, was first provided from first principle
calculations [33], [35], [36]. Butler, Mathon, et al. [35], [36], demonstrated that for an MTJ made
of Fe (001) electrodes and a crystalline MgO barrier the TMR can reach 1600%. The major TMR
enhancement comes from the coherent tunneling process occurring in these junctions. The matched
crystallography of the electrodes and the barrier, preserves the symmetry of the electron orbitals
and leads to a strong spin filtering, see Figure 1.1.4(a)-(b) for an illustration. In Fe (001) and all
3d transition metals, the tunneling electrons are from three Bloch states [17]: A, (hybridized s-p-d
states), A, (d states), and Ag (p-d states), and only the spin majority electrons are in the A, states.
As illustrated in Figure 1.1.4(b), the calculation predicts that the A; electrons have by large the
highest tunneling probability and thus the overall spin polarization is almost 1. This process is
called the spin filtering. It was demonstrated experimentally and the TMR ratio at room
temperature was pushed to values as high as 604 % [33], [37].

11
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Figure 1.1.4 : (a) The illustration of the conservation of the orbital symmetry in Fe|[MgO|Fe
junctions. (b) The density of states as a function of the number of atomic layers in Fe|MgO|Fe.
Adapted from [33].

Similar barriers such as SrTiOz show a large TMR, however, so far the MgO as a barrier gives the
highest TMR in magnetic tunnel junctions.

The TMR, in general, as an effect shows how the electrical transport can be altered by the magnetic
state of a host material, but what about the reciprocal effect? Can the magnetic state be modified
by the incoming electrons ?

The answer to these question is the focus of the next section.

1.1.3 Spin transfer torque

In the last two sections, it was shown that if a flow of free electrons (current) passes through a
ferromagnetic layer, they become spin polarized. When they penetrate the ferromagnetic layer they
start precessing around the local magnetization of the layer. Dephasing of the electron spin
precession after a certain distance from the interface leads to a loss of the transverse angular
momentum. This transverse moment, via the exchange interaction, is transferred to the local
magnetization. As a consequence this angular momentum transfer applies torque on the local
magnetization, referred to as the spin transfer torque (STT). For incident non-polarized electrons,
no net torque is accumulated and in average it does not have an effect on the magnetization.
However, if the incident electrons are polarized the spin transfer torque incites the magnetization
to align itself with the incident electrons’ angular momentum. For a magnetic tunnel junction, the
incident electrons are first polarized by a ferromagnetic polarizing layer, then tunnel coherently
through the MgO barrier and reach the interface of the second ferromagnetic layer strongly
polarized along the magnetization of the first ferromagnetic layer. Therefore, if the second
ferromagnetic layer is not collinear with the first ferromagnetic layer, the spin transfer torque tends
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to align it with the incident electrons polarization axis, see Figure 1.1.5 for an illustration[16], [22],
[23].

~l

F1 (pinned) NM F2 (free)

Figure 1.1.5 : lllustration of the spin transfer torque effect in magnetic tunnel junctions. Adapted

from [17]. M, and M, are the pinned and free layer magnetizations respectively, and i the
electrons magnetic moment, and 7" the STT.

The spin transfer torque (STT) was first predicted in 1996 independently by Slonczewski and
Berger [15], [16]. Slonczewski predicted that it can be used to either switch the local magnetization
of a layer or to induce steady state oscillations. The spin transfer torque was observed
experimentally first in 1998 by Tsoi et al. [19], and first experiments demonstrating the switching
of the magnetization were provided by J. Sun [38] in 1999.

The STT is generally made of two components, longitudinal and transverse. The longitudinal
torque is for most MTJs the dominant one and depending on its sign it can compensate the
magnetization damping. Therefore, it is called the damping-like torque. On the other hand, the
transverse STT component acts more like an external bias magnetic field and is therefore called
the field-like torque [39]. It usually can be neglected since its maximum value reported is at most
~30% of the damping-like torque. The spin transfer torques acting on the normalized
magnetization 11, are expressed by the following expressions [17], [22]:

T=7,+7T, =Yq (i, x (M x M) +y b; (i, x ;) (1.1.11)

where 7 is the damping-like term and z, is the field-like term and a; and b; are respectively the
corresponding STT prefactors that are proportional to the incident spin polarized current (see
section 1.1.5), y is the gyromagnetic factor.

The effects of the spin transfer torque on the magnetization dynamics will be discussed in section
3.2 of chapter 3, and experimentally throughout the chapters 4 to 7.
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They will be analyzed for the switching of the magnetization and the excitation of steady state
oscillations due to a spin polarized dc current as well as for forced resonance excitations due to a
spin polarized rf current.

1.1.4 Perpendicular magnetic anisotropy (PMA)

Besides the concepts relating to the spin polarized transport, it will be important to understand the
magnetization state of a ferromagnetic layer. This is determined by the total energy, which has
several contributions as discussed below. One important contribution to the total energy is the
crystalline anisotropy energy that can act in thin films such as to align the magnetization
perpendicular to the film plane. It arises from the spin-orbit interaction in the crystal [25]. More
generally the magnetic anisotropy depends on the ferromagnetic material shape [40],
crystallography [25], and/or interface [41], [42] which altogether contribute to determine the
equilibrium direction of the magnetization. For the magnetic materials and alloys used for
spintronic applications, such as memories, the anisotropy is usually selected to be uniaxial and to
favor only two states along the same axis. The energy density such a uniaxial anisotropy is given
by [43] :

E, = K, sin%(0) (1.1.12)

Where K, is the magnetic anisotropy energy constant, and the 6 the angle of the magnetization
direction with the easy axis. Notice the energy has only two minima when 6 is 0 or 7.

In thin magnetic films, when the anisotropy energy is lowest for an out-of-plane orientation of the
magnetization one speaks about the perpendicular magnetic anisotropy (PMA). The latter proved
to be enormously useful for the endeavor to fabricate magnetic tunnel junctions in the sub 20 nm
scale. Not only it allows a higher memory density, but it also lowers the switching current
compared to in-plane magnetized MTJs and thus lowers the overall energy consumption.

The perpendicular magnetic anisotropy (PMA) can have both bulk and surface origin, and in both
cases it counteracts the shape anisotropy arising from the magnetic self-demagnetizing energy. For
the bulk case, the PMA is called magnetocrystalline anisotropy and it originates from the spin-
orbit interaction in the crystal [44]-[46]. It was found to be strongly present in ferromagnetic and
heavy metal alloys such as Fe (or Co) and Pt (or Pd), which are ordered in the crystallographic
phases L1o and L1 [14], [47], [48], where L1 refers to a face centered tetragonal crystal structure
with Fe (or Co) and Pt (or Pd) stacks alternating along the plane [001]. L1: is a rhombohedral
crystal structure with alternating planes stacked along the plane [111] [47].

Although the perpendicular magnetocrystalline anisotropy is strong in the mentioned alloys, its
biggest flaw is it dependence on the volume of the magnetic layer. Hence for thin films it is weak
and cannot be counted on to reach the sub-20 nm MTJs. Luckily, as the thin films get thinner there
are interface phenomena that take the lead and subsequently generate a perpendicular anisotropy
that becomes stronger as the thickness decreases.
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It is referred to as the interfacial perpendicular anisotropy (iPMA) [41], [42]. It is strongly present
at the interfaces of ferromagnet/ heavy-metals [49], [50], and the ferromagnet/oxides [41], [51],
such as Co/Pt or Co/AlOx, or Co/MgO.

The interfacial anisotropy was first described by Néel in 1954 [52]. Using a pair interaction model
he predicted that the broken symmetry at the interface of a magnetic layer creates a magnetic
anisotropy distinct from the one in the bulk. Moreover, Néel’s prediction was further confirmed
using more thorough calculations, such as band structure models, by Gay et al. [53], and Bruno
[54], [55]. It was found that at the interface of 3d transition metals, the broken symmetry disrupts
the degeneracy (equality) of the 3d electronic states. It creates a split in the energy band, where the
out-of-plane orbitals such as d,: , d,, , and d,, have lower energies compared to the in-plane

orbitals : d,, and d,2_,2, see Figure 1.1.6 for an illustration [56]. When a heavy metal (Pt, Pd) is

deposited on a thin layer of 3d transition metals (Fe, Co, Ni) the hybridization of the 3d orbitals of
the latter with the 5d orbitals of the heavy metal leads to the strong interfacial perpendicular
anisotropy [50].

Energy Co interface
(low symetry)

Figure 1.1.6 : lllustration of the band splitting at the interface of a 3d transition metal such as Fe,
Co, or Ni. Adapted from [56].
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Figure 1.1.7 : The spin-orbit coupling effect at the interface of an Fe layer with an oxide. The
middle column correspond to a hybridized state, while the left and right columns correspond to an
out-of-plane and in-plane orientations respectively. Adapted from [57].

A further interesting origin of the interfacial perpendicular anisotropy (iPMA) is the interface of a
ferromagnet with an oxide such as MgO. The great interest of this phenomenon is that it permits
to combine the spin filtering discussed above with a strong perpendicular anisotropy, thus yielding
strongly scalable magnetic tunnel junctions that have high spin polarization [14].

The physical origin of the interfacial magnetic anisotropy at the ferromagnet/oxide interface was
investigated using first-principle calculations and it was attributed to the hybridization of the 3d
out-of-plane orbitals of the ferromagnet and the 2p orbitals of the oxide’s oxygen atoms [57], [58].
The summary of the calculations made by Yang et al. in [57] are shown in Figure 1.1.7, where it
can be seen that near the Fermi level only the energy states from the hybridization of the 3d out-
of-plane orbitals and the 2p, of the oxygen are present.

1.1.5 Magnetization dynamics

The underlying equation of motion for the magnetization is the Landau-Lifshitz-Gilbert (LLG)
equation [15], [59], [60], see Eq. 1.1.13. It consists, generally, of conservative and dissipative
terms. The conservative one involves the free energy of the magnetic layer through the effective
magnetic field Ffeff, where it sums the contributions of the different free energy terms. The
conservative term simply states that a non-collinearity between the magnetization and the effective
field yields a torque that pushes the magnetization to precess around the effective field infinitely
long, see Figure 1.1.8(a).
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The intrinsic dissipative term accounts for the magnetization relaxation towards its energy
minimum. It is defined as a friction “torque”, in analogy to and by mathematical definition of that
of a friction force, see Figure 1.1.8(b). Additional torques due to other phenomena, such as the
spin transfer torque, are then added to the equation, see Figure 1.1.8(c).
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Figure 1.1.8 : (a) The magnetization dynamics for the conservative precession. (b) The
magnetization dynamics for the dissipative precession. (¢) The magnetization dynamics excited by
the spin transfer torque. Adapted from [61].

The LLG equation, including the spin transfer torque, is expressed as follows :
om om

- = —y (M X Heps) + (m X E>+ya”ﬁix(ﬁixﬁ)+yalﬁi x 7 (1.1.13)

where 71 is the normalized magnetization of the free layer Mﬂ M;s is the saturation magnetization
N
y the gyromagnetic ratio, ﬁeff is the effective field around which the magnetization precesses, a

is the Gilbert damping constant, p is the normalized magnetization of the polarizer Mi, a, = ajJ
N

and a, = fay are respectively the STT damping-like and field-like torque prefactors.

The damping-like prefactor is defined by @j = S

—2e poM;stry,
the electric charge, n the spin polarization efficiency, and J (4/m?) the current density.

, with 7 the reduced Planck constant, e

The effective field contains several contributions ﬁeff = ﬁueff + ﬁbias + ﬁint, including the
effective anisotropy field ﬁue fr (the difference between the perpendicular anisotropy field Hyand
the self-demagnetization field Ha, Hyors = Hy, — Hy), Hpias from an external magnetic biasing

field, and an interaction field ﬁint due to the interaction between layers, that can be due to
exchange interaction or dipolar interaction. The different terms of the energy density and the
effective field, as well as the spin transfer torque effect on the magnetization dynamics will be
discussed in details in chapter 3.
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1.2 State of the art of the spin-torque nano-diodes

The magnetization oscillations introduced in the previous sub-section is converted through the
tunneling magnetoresistance into electrical voltage signals, and thus can be used for nano-
electronic applications. Depending on the spin transfer torque excitation, the induced
magnetization dynamics can lead to either a dc or an rf signal, or both simultaneously. If the STT
excitations are driven by a dc current, above a certain threshold the magnetization is driven into
auto-oscillations, where the oscillation frequency can be tuned via the dc current amplitude. For
this operational mode, the magnetic tunnel junctions are referred to as spin-torque nano-oscillators
(STNO). They have been extensively studied in the previous years-for potential applications in
low power telecommunications and for neuromorphic computing. A review can be found in
references [21], [62].

A second operational mode is the rf signal rectification, where an rf current excites resonantly the
magnetization oscillations leading through the tunneling magnetoresistance to an oscillating
resistance. When the rf current frequency is close to the intrinsic resonance frequency of the
magnetic layer, the combination of the oscillating resistance and current leads to a dc output
voltage. This rectification phenomenon is called the spin-torque nano-diode effect, and it is the
subject of this thesis. A detailed discussion on the rectification voltage will be presented in Chapter
3.

1.2.1 Resonant uniform MTJ-based spin-toque nano-diodes

The spin-torque nano-diodes based on magnetic tunnel junctions, have been attracting attention
recently because of their nanoscale size, GHz operation, and high sensitivity to low radio-
frequency power [63]-[67]. The effect was first reported by Tulapurkar et al. [68] in 2005. They
used an in-plane magnetized tunnel junction where the magnetization of the free and polarizing
layer are uniformly magnetized and oriented in-plane, see Figure 1.2.1. The sensitivity of their
diodes in the passive case, where only an rf current is applied, was approximately 50 mV/mW.

Although, the first experimental sensitivities of the spin-torque nano-diodes were relatively weak,
the theoretical studies were predicting high sensitivities. For instance, the analysis of Wang et al.
[69] predicted sensitivities of ~ 10* mV/mW by tuning the internal magnetic parameters of the
free layer, thus opening the door for improvement based on the internal magnetic parameters, the
magnetic configuration, and the non-linear magnetization dynamics. The implementation of the
interfacial perpendicular magnetic anisotropy (iPMA) in uniformly magnetized magnetic tunnel
junctions was of great advantage for the spin torque diodes since it allows easier tuning of the
magnetization orientation. Zhu et al. [70] combining the iPMA and the voltage controlled magnetic
anisotropy (VCMA) demonstrated a good enhancement of the spin-torque nano-diode outputs, see
Figure 1.2.2(a).
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Moreover, using the iPMA to counteract the in-plane demagnetizing field, and the dc current to
reduce the damping, Miwa et al [71] achieved a sensitivity of 12 x 103> mV/mW, see Figure
1.2.2(b). Recently, using the injection locking the sensitivity in uniform MTJs reached 20 x 103
mV/mW, as demonstrated by Sharma et al. [72].
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Figure 1.2.1 : The first experimental demonstration of the spin-torque nano-diode effect using in-
plane magnetized tunnel junctions. Adapted from [68].
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Figure 1.2.2 : (a) Illlustration of the enhancement of the spin torque nano-diode output signal by
combining the spin transfer torque, iPMA, and the voltage controlled anisotropy, adapted from
[70]. (b) The enhancement of the sensitivity by spin polarized dc currents, adapted from [71].

1.2.2 Non-resonant uniform MTJ-based spin-toque nano-diodes

Another interesting improvement of the spin-torque nano-diodes output efficiency was the
prediction of the non-resonant regime by Prokopenko et al [73], and it’s experimental
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demonstration by Fang et al. [63]. It arises from the out-of-plane precession (OOP) of the
magnetization and was found to be related to the second order magnetic anisotropy. The specificity
of this magnetization dynamic regime is its broadband passive operation, unlike the resonant
oscillations that are frequency selective. Therefore it is of interest for energy harvesting. The
disadvantage of this method is that it requires an rf current power threshold to function, and can
cover only a low frequency band (> 3 GHz), see Figure 1.2.3(a)-(b).

(a) (b)

Ik (2)

Figure 1.2.3 : (a) lllustration of the broadband magnetization dynamics the OOP, the out-of-
plane field can be replaced by the iPMA. (b) The output voltages of a spin torque diode in the
OOP broadband regime (Blue) and the IP resonant regime (Red). Adapted from [73].

1.2.3 Vortex MTJ-based spin-toque nano-diodes

In addition to the previous spin torque nano-diodes, alternative enhancements were obtained by
exploiting other magnetic configurations, such as the vortex state. In the vortex state of the
magnetization, the rf current can drive the vortex core resonantly leading to a spin diode effect in
the output. Moreover, adding a dc current simultaneously with the rf current, can lead to the
expulsion of the vortex core, yielding a high dc voltage change in the output [74], see Figure 1.2.4.
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Figure 1.2.4 : lllustration of the operation of vortex spin torque nano-diodes. Adapted from [74].

The sensitivities obtained through the vortex expulsion reached 80 x 102 mV/mW as
demonstrated by Tsunegi et al. [75]. However, despite the ultra-high sensitivity of the vortex based
spin torque diodes they operate only in the MHz range and still require an external magnetic field,
and a dc current to expulse, unlike the uniform MTJs that were demonstrated to operate in the
absence of an external magnetic field.

A detailed review of the recent developments of the spin-torque nano-diodes can be found in the
references by Finocchio et al. [8], and by Zvezdin et al. [76]. The latter provides a summary table
that traces quasi-all the enhancements of the sensitivities of the spin torque diodes.

The work carried out during my PhD is a contribution to the continuous endeavor to improve the
spin torque nano-diodes focusing on quasi-uniformly magnetized MTJs with strong iPMA. Unlike
the previously reported results, here the polarizing layer is oriented also out-of-plane. These MTJs
are referred to as perpendicular magnetic tunnel junctions (pMTJs) and have the advantage of
being manufacturable to sub-20 nm diameters, and their magnetic state can easily be tuned trough
their free layer thickness. The demonstration of radiofrequency functionalities in these devices
makes them multifunctional devices that can operate as memory, sensor, and radiofrequency
components. This has been the objective of the Horizon2020 project GREAT, within which the
pPMTJ devices presented here have been realized. Through this project, we had access to devices
of different free layer thicknesses and diameters. The thicknesses were chosen such that the free
layer can be oriented either in-plane or out-of-plane. These different pMTJs have been investigated
for their spin-torque nano-diode effect in the passive and active regimes, as well as under in-plane
and out-of-plane magnetic bias fields. The results are presented respectively in chapters 5 and 6.
Before discussing these results, | will provide a detailed discussion on the experimental techniques,
the theoretical equations for the expected dc output voltage signal as well as the static hysteresis
loops.
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Experimental techniques

This chapter introduces the perpendicular magnetic tunnel junctions (pMTJs) and the different
experimental techniques used in the upcoming chapters of the manuscript. It starts by presenting
the magnetic stack of the pMTJs, followed by the experimental techniques used for the
characterization of the static magnetic state and the transport properties (chapter 4), and of the
characterization of the dynamic properties (chapter 5-7). The techniques on the magnetization
dynamics have been developed prior to this work, details can be found in references [61], [77].

2.1 A brief introduction to the pMTJs under investigation

The pMTJs studied in this work were developed within the European Horizon project GREAT that
took place between 2016 to 2019. Its main goal was to develop a single stack allowing to perform
memory, analog logic and RF functions on the same wafer. This work concentrates on the RF
properties of these devices and especially on the functionality of RF signal detection.

The GREAT project approach was to focus on a standard perpendicular magnetic tunnel junction
structure, optimized for the memory function, and then tune their internal properties to achieve the
performances needed for RF and sensor applications.

Different strategies are employed for these developments such as changing the effective anisotropy
through thickness and diameter variations (RF functionality), or by adding magnets whose field
reorients the storage layer magnetization (sensor function). For all functionalities, the targeted spin
polarized transport properties were:

- Arresistance area product (RA) ranging between 5 and 10Qum?2, which represents a good
compromise between the reading path preferring a higher resistance and the performance
output in sensing and oscillator applications preferring a lower resistance.

- A tunnel magnetoresistance (TMR) ratio of 100% to maximize the readout signal for the
memory and RF functions and the sensitivity of the sensor function.

A second goal was to demonstrate spintronics-CMOS co-integration of the different functionalities
with dedicated electrical circuits. Therefore, the devices investigated here have been fabricated on
CMOS base wafers whose metallization layer was TaN, onto which the pMTJ stack has been
deposited. Tower Jazz provided the CMOS/TaN base wafers, Singulus deposited the magnetic
stacks and Spintec carried out the nanofabrication.

23



2.1.1 pMTJ magnetic stack

The pMT]J stack is a bottom pinned perpendicular magnetized MTJ as illustrated in Figure 2.1.1(a)
with the following composition (thickness in nm)[78], [79]:

bottom electrode/ [Co (0.5) / Pt (0.2)]s/ Ru (0.8) / [Co (0.6) / Pt (0.2)]3/ Ta (0.2) / Co (0.9) / W
(0.25) / FeCoB (1) / NIGONOI8) / FeCoB (trL) /W (0:3) / FeCoB (0.5) / MgO (0.75)/ top electrode.

The thicknesses of the different layers within the stack are the results of a continuing optimization
process of the perpendicular magnetic tunnel junctions carried out at Spintec and at Singulus. The
exact stack composition may vary, depending on the deposition tool and materials available. More
information on the optimization of pMTJ stacks can be found in [17], [46], [56], [79]-[81].

The major building blocks of the pMTJ stack are successively: the composite free layer marked in
green, the tunneling barrier marked in pink, the composite polarizing layer marked in yellow, and
the synthetic antiferromagnet (SAF) multilayers marked in cyan.

Free layer (FL): The composite free layer is made of two thin FeCoB layers that are
ferromagnetically coupled through a thin Tungsten (W) layer. This composite layer is sandwiched
between two thin MgO layers to induce the interfacial perpendicular anisotropy (iPMA) [17]. The
purpose of the thin W layer is to pump the diffusing Boron atoms, to avoid them entering the MgO
layers, which would degrade the iPMA and the TMR. Since only the thickness of the bottom
FeCoB layer was varied (the one closer the polarizing layer), we refer to it as “free layer (FL)”.
The corresponding thicknesses investigated here are : tr. = 1.8 nm, 1.6 nm and 1.4 nm which is
much thicker than the topmost FeCoB layer which is nominally 0.5 nm. This free layer thickness
(tr) influences strongly the competition between the total perpendicular magnetic anisotropy
energy (which is the iPMA divided by the thickness) and the demagnetizing energy. For thin films
the iPMA dominates and for thick films the demagnetization energy dominates. The thicknesses
chosen here are such that they lead to a reorientation of the magnetization direction from out-of-
plane (tr. = 1.4 nm) to in-plane (tr. = 1.8 nm).

Polarizing layer (PL): The polarizing layer is a composite layer of Co/W/CoFeB. Its
magnetization is expected to be oriented out-of-plane due the iPMA at the FeCoB/MgO interface,
as well as the ferromagnetic coupling to the out-of-plane orientated synthetic antiferromagnet
(SAF) [80]. The role of the W layer is dual. On the one hand it serves as a Boron pump, but it also
ensures the amorphous growth of the FeCoB, needed for a textured growth of the MgO.

Synthetic antiferromagnet multilayers (SAF): The SAF is made of two sets of perpendicularly
magnetized [Co/Pt], multilayers separated by a thin Ru layer. They are called the bottom SAF
layer and top SAF layer and denoted here by B-SAF and T-SAF respectively. The out-of-plane
orientation of the overall magnetization in the [Co/Pt]» multilayers is caused by the strong iPMA
at the Co/Pt interfaces [17]. In addition, the Co layers within the [Co/Pt]» multilayer are coupled
ferromagnetically through the indirect exchange coupling. When the thin Ru layer is introduced,
it induces an antiferromagnet coupling between the two multilayers. The SAF is used to stiffen the
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polarizing layer by coupling ferromagnetically to it. It also compensates the stray fields at the
position of the free layer arising from the polarizing layer.

It should be mentioned that the pMTJ stacks have been developed by Singulus, who introduced a
Ta (0.2) layer between the last Pt layer of the T-SAF layer and the bottom Co layer of the polarizer.
This increases the total thickness of the spacer separating the two Co layers and in consequence it
weakens the ferromagnetic coupling between them.

Bottom electrode: The stack was deposited by Singulus on CMOS/TaN base wafers realized by
Tower Jazz. The choice of TaN for the last metallization layer is a compromise of having a layer
of reduced roughness needed for not degrading the MTJ properties and the materials available at
Tower Jazz. The TaN is etched to form the bottom electrode of the pMTJs. Since Ta has a high
resistivity compared to Cu, this adds a non-negligible serial resistance to the pMTJ resistance and
will have an effect for the diameter dependent properties as will be discussed for the TMR in
chapter 4 and the detection signal in chapter 5.

Top electrode The pMT]J stack is covered by a Ru (8nm) capping layer on top of which a thick
Ta (150 nm) layer is deposited that serves as a hard mask within the nanofabrication process used
at Spintec. Furthermore the Ru layer serves as an etch stop layer and protects generally the MTJs
against oxidation.

2.1.2 Nanofabrication of the pMTJ nanopillars

After the deposition of the pMTJ materials on top of the CMOS/TaN basewafer, they were
nanofabricated at Spintec into circular nanopillars using e-beam lithography, followed by Ar+ ion
etching. The nominal diameters of the nanopillars are Dy = 20, 40, 80, 100 and 150 nm. Here
nominal refers to the diameter defined by e-beam lithography. However, SEM imaging shows that
the true diameters are approximately 30 nm larger. Hence the real diameter used in the estimation
of the static and dynamic properties is Dr=Dn+30nm. For convenience though, we refer to the
devices with their nominal diameter.

The pMTJ wafers are diced into 5x6 mm? chips, where each chip contains 168 devices, as shown
in Figure 2.1.1(b), with different columns for different device diameters. Each chip contains as
well two pseudo-devices in the top right fabricated without the pMTJ. These are electrically open
and short circuits used for the deembedding of the devices (see section 2.4.1).
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Figure 2.1.1: (a) The stack of the perpendicular magnetic tunnel junctions used in this study, with
the thicknesses in nm in parenthesis. (b) The final chip matrix after the nanofabrication and the
wafer dicing. Each chip contains 168 nanopillars with the corresponding diameter mentioned in
the bottom of the columns.

2.2 Characterization of the continuous films

Besides the transport properties of the pMTJs concerning the TMR and RA, Singulus did not
provide much information on the magnetic properties. Therefore we measured the magnetization
hysteresis loops of the continuous films for t=1.4 nm and 1.6 nm. For this a vibrating sample
magnetometer (VSM) was used to measure the magnetic moment as a function of an external
magnetic field, as well as a function to the field angle to identify the easy and hard axes of the
magnetization of the SAF and free layer.

The VSM setup used in this work is from MicroSense® with a sensitivity of 107 emu and a
magnetic field range up to 1.6 Tesla. The measurements are conducted at room temperature. The
VSM setup is illustrated in Figure 2.2.1 with the sample sitting in the gap of an electromagnet. The
operating principle is the following, the sample holder is vibrated vertically inside the magnet at a
constant frequency. The vibrations of the magnetized sample will then, through the Faraday
induction law, induce an electric field in a nearby pick-up coil. The resulting voltage is
proportional to the magnetic moment of the sample, see [82] for more details.
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Figure 2.2.1: Schematics of the vibrating sample magnetometer [83].

2.3 Static magneto-transport measurements

The nanofabricated MTJ devices in form of circular nanopillars are characterized for their static
and dynamic properties using magneto-transport measurements.

For the static magneto-resistance loops an automated MR tester as well as a physical property
measurements system (PPMS) were used. The former provides a statistics of the resistances of the
P and AP state, the TMR and coercive fields on wafer level, while the latter is used to study the
magnetic and transport properties of single devices as a function temperature, current and magnetic
field.

As a result, these measurements allow one to verify the easy axis of the different layers after
nanofabrication, and provide the electric properties of these pMTJs such as : the TMR, the STT,
the VCMA, and the effect of Joule heating.

2.3.1 Automated MR tester for wafer level characterization

The automated MR tester is used to map electrically the resistance, TMR and coercive fields of all
devices on a wafer. It provides the statistics of the device performance, and allows one to give a
feedback on the nanofabrication process, for instance if the etching led to shunt resistances or
shorts. The automatic MR tester operates by applying a weak dc current (~10 pA), through a GS
probe (250 um pitch), in each device individually by moving the wafer underneath the probes. It
then measures the device voltage to determine its resistance. These resistance measurements are
conducted at room temperature and in the presence of a variable magnetic field of up to 200 mT.
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The magnetic field is generated by an electromagnet. From the hysteresis loops the coercive fields
and TMRs are extracted by a MATLAB program. An example of the TMR mapping using the
automated MR tester is shown in Figure 2.3.1 for a wafer of pMTJs with a free layer thickness of
1.4nm.
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Figure 2.3.1 : Mapping of the TMR values of a pMTJ wafer with a free layer thickness of 1.4
nm. The bias magnetic field is oriented out-of-plane.

2.3.2 Physical property measurement system (PPMS)

The physical property measurement system is one of the key tools for the characterization of
spintronic devices. It measures the magneto-resistance to extract different magnetic and transport
properties as a function of current, temperature, external magnetic fields, and orientation of the
external magnetic field. The temperature can be reduced down to 5 K, and the magnetic field
magnitude can go up to 10 Tesla. In this work the PPMS is extensively used in chapter 4 to study
the TMR and magnetic properties as a function of temperature and current (or voltage). An
illustration of the setup is shown in Figure 2.3.2. The PPMS measurements are similar to those of
the automated MR tester, in the sense that it injects a dc current into the device and measures its
voltage to extract the resistance. For the PPMS, the sample is first wire-bonded to the sample
holder and then inserted into the thermally insulated chamber of the PPMS. This operation requires
careful attention to avoid static current discharges that break the MTJ junction and that occurs
frequently.

Inside the PPMS chamber the device is situated in the gap of an electromagnet, and the field angle
with respect to the sample is varied by rotating the sample holder using a stepper motor.
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Figure 2.3.2 : Illustration of the physical property measurement system (PPMS) [84].

2.4 Experimental setups for the dynamic characterization in frequency
domain

The characterization of the magnetization dynamics makes use of magneto-transport
measurements to characterize the small and large angle excitations when driven by a spin polarized
rf or dc current. The results are then analyzed for the potential of these pMTJs for rf applications.
In the following we describe the experimental techniques used for studying the rf signal detection
and the rf signal generation. These experiments need to consider several aspects such as :

- Impedance mismatch since the MTJ resistance is much larger than 50 Ohm.

- The MTJ nanopillar sandwiched between a top and bottom electrode layout can be modeled
by an RLC equivalent circuit.

- The frequency dependent response of the measurement setup (attenuation, resonances..etc)

These aspects are important because as the frequency of the input/output signals increase toward
the radiofrequency range, many parts of the setup can resonate and sometimes at frequencies close
to those expected from an MTJ. Therefore, one has to separate the setup responses from those of
the MTJs along with a cautious choice of the rf components with low noise figures and rf resilience.

In addition, the power of the excitation signal for the spin-torque nano-diode studies can as well
alter the results either through the impedance mismatch between the rf sources and the loads or-
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through Joule heating. A thorough review on transmission line theory and how parasitic lumped
elements can affect the rf measurements can be found in reference [85].

2.4.1 Deembedding

To characterize and cancel the effects of the parasitic lumped elements on the measurements,
deembedding the pMTJs is an important step before the characterization of the magnetization
dynamics.

The aim of the deembedding is to measure the real rf power injected (or generated) in the pMTJs.
Because of their high resistance that lies between 500Q2 to 3kQ, depending on the diameter, they
are impedance mismatched with respect to the 50Q setup-components (signal generators, spectrum
analyzer etc). Consequently, the rf signals injected into (or generated by) the pMTJs are partially
reflected. In addition, following the nanofabrication, the pMTJs are surrounded by a polymer
dielectric called Accuflow. It seperates the top and bottom electrodes and can potentially create
parasitic capacitances. An illustration of the device in an open circuit, with the potential parasitic
lumped elements is shown in Figure 2.4.1.

Top Electrode —“—.MM—

Bottom
Electrode
Accuflowy
(150 nm)
Si02 (1um)

Figure 2.4.1 : lllustration of the device in an open circuit, in the absence of the pMT]J stack.

The deembedding in general works by measuring via a network analyzer the reflection parameters
(called S-parameters) of the devices with and without the pMTJ stack and then subtract one from
the other to get the pure response from the pMTJ. The subtraction is usually done by converting
the S-parameters to transmission parameters and through matrix multiplications remove the
parasitic responses and keep only the pMTJ response.

Moreover, the deembedding measurements can be used to determine an electrical equivalent
circuit of the parasitic lumped elements by fitting the S-parameters. It is used to locate the source
of these lumped elements in the device and predict how to rectify them.

In this work, the S-parameters were measured by a vectorial network analyzer (VNA) with a
frequency range between 10 MHz and 40 GHz.
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The extracted S-parameters of the pMTJs and the open circuits (see Figure 2.1.1(b) for their
location) are then processed using the software Advanced Design System (ADS) to extract the
pure response of the pMTJs and analyze the real power injected in the devices. The deembedding
in Figure 2.4.2 shows an example of a device with a nominal diameter of 40 nm and how the
experimental results can be altered by the device surroundings. It shows, through the S-parameters
that the device in reality reflects the injected power more than what is observed in the experiments
prior to the deembedding.

The deembedding results of all pMTJs diameters are used in chapter 5 to determine the maximum
voltage of the spin-torque nano-diodes that depends on the real rf power seen by the device and
that differs from the power given by the rf signal source.
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Figure 2.4.2 : The deembedding of a device with a nominal diameter of 40 nm. Here DUT refers
to device under test (the isolated pMTJ) and original device refers to the compact pMTJ device
with the parasitic lumped elements.

Following the results obtained from the deembedding an equivalent circuit of the pMTJ devices
was developed by fitting the S-parameters, as depicted in Figure 2.4.3(a). The model contains a
relatively high parallel capacitance of the order of 170 pF. Although this might very well be due
to the incompleteness of the proposed model, it might as well be due to the Accuflow dielectric
or/and the air gap between the contact electrodes. To have a clearer idea of the potential origin of
this parasitic capacitances, the electric field in the devices in an open circuit phase was simulated
using ADS (finite element method), as depicted in Figure 2.4.3(b), where it shows that the electric
field is concentrated in the vertical space between the two electrodes. Therefore, it suggests that
the dominant parasitic responses arises potentially from the Accuflow and its contact with the two
electrodes. However, as mentioned earlier an improvement of the model might be required to get
the full picture of the parasitic elements in the device. In the remaining parts of the manuscript,
however, the parasitic elements were removed directly through the deembedding without
investigating their nature and origin.
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Figure 2.4.3 : (a) The equivalent circuit of the pMTJs. It was obtained by fitting the s-parameters.
(b) The electric field from the simulation of the pMTJs device in the absence of the pMTJ stack
using the ADS finite element simulator.

2.4.2 Spin torque FMR setup

The experimental setup to measure the spin torque nano-diode effect is called here spin-torque
FMR (or ST-FMR). It is a more general name of the setup because it can be used to study the
physics of the magnetic layers through the FMR line-shape and line-width, as well as it can be
used to investigate the sensitivity of the pMTJs for diode applications. Its operational principle is
to inject an rf current to the magnetic device in order to excite via STT, spin orbit torque or other
effects (such as Oersted field) the magnetization dynamics. The precession of the magnetization is
excited resonantly by the rf current and converted electrically, through the TMR effect, to an
oscillating resistance.

The mixture of the rf current and the resulting oscillating resistance yield a voltage in the output
with a maximum when the frequency of the rf current matches that of the FMR of the magnetic
device. To scan the complete FMR response of the magnetic device there are generally two
approaches: one through sweeping the magnetic field, and the other through sweeping the
frequency of the rf signal. The first approach consists of fixing the rf signal frequency and varying
the magnetic field, and then plot the measured voltage as a function of the external magnetic field.
The advantage of this method is the reduction of the rf noise by operating at constant rf signal
frequency, however its downside is its low speed and relatively large field steps (for this specific
setup). For the second approach the procedure is reversed, the magnetic field magnitude is fixed
and the rf signal frequency is swept from hundreds of MHz to tens of GHz, and afterwards the
measured voltages are plotted as a function of the rf signal frequency. This method is much faster
than the first one, although the varying rf signal leads to a frequency dependent background signal
of potentially increases overall noise level. The two methods give generally similar voltages, and
they are used both in this work.
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The schematics of the setup used in this thesis is shown in Figure 2.4.4. It consists of a
radiofrequency generator with a 50 Q impedance, that feeds the rf current to the magnetic tunnel
junction (MTJ). The produced output voltage is measured by a Keithley 2400 source meter
mounted in parallel to the MTJ. To separate between the injected rf current and the produced dc
current, a bias-Tee is inserted at the input of MTJ. The rf current is fed from the capacitive gate
of the bias Tee and the dc current is collected by its inductive gate. The setup is also equipped with
a tunable in-plane magnetic field that is generated using an electromagnet. It is tunable between -
150 mT and 150 mT with field steps of 1mT. For the measurement conducted under an out-of-
plane magnetic field they were realized using a permanent magnet producing fields at the device
of 100-300 mT depending on the distance.

In the setup in Figure 2.4.4, the source meter is used for two purposes. It is used to measure the
output voltage in the passive detection where no dc current is injected. In the case of active
detection it also simultaneously injects a dc current (rf + dc).

It is noted that for these ST-FMR experiments, no lock-in amplification was used, unlike other
reports in the literature on spin torque FMR [8], [76]. This choice is due to the application oriented
approach of this work. The aim is to have a characterization with results as close as possible to
that of an implemented diode.

rfinput | | dc output
—| e
o !
Bias-T i
oHy
Source-meter ——
v Free layer | |Gl
Signal Pol. layer
generator

Figure 2.4.4 : Schematics of the spin torque FMR experimental setup

2.4.3 Spin torque rf generation setup

Another important setup for the electrical characterization of the magnetization dynamics is the
thermal FMR, called here Spin torque rf generation setup. The thermal FMR complements the
spin-torque nano-diode characterization.
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It helps to understand the dynamic response of the MTJ layers prior to the injection of the rf
current, and importantly in this work, it helped to quantify the Joule heating effect on the
magnetization.

It works generally by injecting a weak dc current into the MTJ to read electrically, through the
frequency response, the magnetization dynamics induced by thermal fluctuations. It is also used
to characterize the auto-oscillation response of the MTJ by increasing the current above a critical
threshold value to reach the auto-oscillation regime.

The experimental setup : The experimental setup of the thermal FMR, for an in-plane magnetic
bias field, is shown Figure 2.4.5. It consists of a current source (Keithley 2400) that generates the
input dc current, which is injected into the MTJ nanopillar through the inductive port of the bias-
Tee. The generated rf signal passes through the capacitive port of the bias-tee. Next, the generated
rf signal is amplified using a low noise amplifier. The gain of amplifier used here was 43 dB. After
amplification the signal is filtered from low frequency parasitic signals (radio/tv etc) by a high
pass filter with a 1 GHz cutoff frequency. The amplified and filtered signal is subsequently fed to
a power splitter that divides it into two parts. One part is measured on a spectrum analyzer for the
frequency domain analysis, and the other part on a single shot oscilloscope for the time domain
analysis. For the spectrum analyzer the resolution band width (RBW) was set to 1 MHz, and the
frequency range was 1 GHz to 10 GHz. The FMR linewidths of the pMTJs are usually in the range
of hundreds of MHz, therefore the choice of the RBW value here guaranties both the detection of
neighboring FMR peaks and a faster measurement (small RBW implies slower sweeping time).
For the oscilloscope, the aim is to acquire long time traces to have more accuracy on the signal
noise, hence here the sampling rate was selected to be 50 Giga-samples/second, and the bandwidth
was set to 16 GHz.

Keithley 50Q Spectrum Analyzer
2401 Z =
HPF ; =} T
"""" ] 1GHz b - A
ias-T, : ( _) Clear I
' i " l || Microwave
% L p = Splitter
% (D20218) I
g [ 3B (\
Coil = & & & Gyt
Kepco 50Q oscilloscope

Power supply

Figure 2.4.5 : The experimental setup of the thermal FMR measurements
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Furthermore, an important point is the current sign convention at the sample level to interpret
correctly the measurements. For all measurements we used special rf probes of the type GS
(ground-signal) of 225um pitch. The GS probes were placed on the contact pads such that the
ground connector of the rf probe contacted the pad of the bottom device of the device, and the
signal connector of the rf probe contacted the top electrode pad. Since the bottom electrode is in
contact with the polarizing layer (PL) and the top electrode is in contact with the free layer (FL),
the following sign convention applies: for positive current the electrons pass first by the polarizing
layer and then to the free layer, and can excite the latter. Table 2.4.1 gives a summary of the current
sign convention and shows which layer is excited for the case of the free layer and the polarizing
layer being magnetized out-of-plane.

I (A)>0 I (A)<0

Direct Reflected Direct Reflected

electrons electrons electrons electrons
Parallel ~ [1Free layer | Stabilized Destabilized
S Destabilized | Stabilized
ayer
Antiparallel [1Free layer | Destabilized Stabilized
S Stabilized | Destabilized
ayer
Table 2.4.1 : The current sign convention used in this work, highlighting the STT action on the

different layers

Signal analysis and extraction : With the experimental measurements acquired, the next step is
to revert, through a software, the modifications added to the signal amplitude by the setup, i.e.
amplification or attenuation. The goal is to extract the real signal amplitude coming from the MTJ.
The method adapted here to the correct the signal follows these steps :

- Baseline correction : The first step is to correct the rf setup noise (baseline) that occurs
when sweeping the frequency. It is accomplished by initially measuring the amplified
based line of the setup in a condition where the MTJ is not active (zero current and field),
and then correct it. The correction starts by normalizing the baseline signal acquired in volt
(Bl,) by the RBW through the following formula :

(Bly)*

RBW

and then correct the signal for the added gain from the setup, through the following formula

Blnorm(Vz/HZ) =

(2.4.1)

_gaingp

2
Bleor (V"/ 1) = Bluorm * 107 10 (2.4.2)

- Spectrum correction: The second step in the signal correction is the normalization of the
measured MTJ signal by the RBW and the gains, similar to eq. 2.4.1 and 2.4.2.
Finally, to obtain the power spectral density (PSD) of the device, the corrected baseline-
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Bl.,, is subtracted from the corrected PSD signal PSD.,,: PSD,.q = PSD.or — Blcor-

- Fitting the data: Finally, to extract the center frequency, power and the linewidth of the

measured peaks, the signals are fitted using a Lorentzian of the form :

Lorentz = Yo +c (2.4.3)

(x—x)?+w

With linewidth equal to 2v/w, x. the center frequency, and the power obtained via
numerical integration of Eq. 2.4.3.

The whole correction procedure is automated using a python (or matlab) program.

Furthermore, the time domain measurements, using the oscilloscope were used to extract real
amplitude and phase of the auto-oscillation signal and the corresponding noise spectra, see [31].
However, in this manuscript these studies are not presented.

2.5 Real-time measurements of the stochastic switching of the magnetization

Besides the rf studies in the frequency domain, discussed in Chapter 5 and 6, in Chapter 7 the
studies are focused on the random switching of the magnetization, when the pMTJ is in a
superparamagnetic state. The experimental characterization aims at acquiring longue real-time
traces of the random switching of the magnetization to allow for more accurate statistical analysis.
The times traces are measured for different voltages in order to understand how the STT affects
the probability of switching of the magnetization.

The experimental setup used here to probe the magnetoresistance variations of the pMTJs in real
time is illustrated in Figure 2.5.1. It consists of a Stanford lock-in amplifier (Vapp ) in series with
an ohmique resistance with a value R, = 850 Q, and an oscilloscope in parallel to the MTJ device.
The value of R, was chosen as the geometrical mean of the parallel and the antiparallel resistances
(\/m) to maximize the voltage difference between the two. It was obtained by first expressing

the difference in voltage around R, in the two cases given by :

A L Ro )y, (2.5.1)
W7 \R,+Ry Rap+Ry) P .

Thereafter the derivative of V,;¢, with respect to the resistance R, is calculated and set to zero,
dVairr/dRy = 0, to extract the maximum resistance. The maximum resistance obtained is

exactly the geometrical mean given by : Ry, = \/RpRgp.

The output voltage of the MTJ is measured using a Tektronix MSO46 oscilloscope that has an
input impedance of 1 MQ and a bandwidth of 10 GHz. The time constant of the setup is estimated
to be tz. = 100 ns. It arises from the parasitic capacitances of the different components of the
setup, including the MTJ stack. To minimize the time constant, in this work, short rf cables were
used (~ 1 meter), and no filters or other additional rf components were used.
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Moreover, to avoid voltage reading errors caused by the time constant, the oscilloscope time-step
was selected to be 16 ns/pts to ensure that it is at least five times smaller than the time constant of
the setup. In addition, for each voltage point, the magnetoresistance was recorded for at least 1000
seconds, equivalent to 10 million transitions, to have more accurate statistics.

Ry
Oscilloscope
A — T _i
Vapp I Zos
-

Figure 2.5.1 : The experimental setup used in real-time measurements of the magnetoresistance
variation with current (voltage).

Data processing: Once the experimental data have been acquired, the next step is to process and
plot the data. The size of the registered data from these measurements is around 4 Th, with 15 Gb
in each file separately. The first step in the analysis, after getting a computer with more than 32
Gb RAM, is to plot the data, as in Figure 2.5.2(a), and then numerically extract the dwell times of
the AP and P states (74, and 7). The latter represent the time that the magnetization takes before
switching to another state. It is extracted numerically by fixing a threshold resistance around 70%
of the R4, and monitoring when the resistance goes below or above this threshold. After the
extraction of the dwell times their cumulative distribution functions (CDF) are plotted and fitted
by the following exponential distribution :

CDF(t) = 1 — e %p/ant (2.5.2)

with 4, /4p = 1/7p ap, S€€ Figure 2.5.2(b). The fitting allows the extraction of the value of 7,
and ,, and to plot the probability of stabilizing the AP state defined as :

<Tgp>
<Tagp>— <Tp>

Pap = (2.5.3)
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Figure 2.5.2 : (a) An example of a time trace of the stochastic switching of the MTJs. The dwell
times are highlighted in black. (b) The plot of the CDF of the dwell times obtained numerically by
counting the switching (in blue) and its exponential fit (in red).

Conclusion

In conclusion, the pMTJs studied here are bottom pinned MTJs with a resistance-area (RA) product
of ~ 10 Q. um? and a TMR of ~100 %.

The different experimental techniques used for the static and the dynamic measurements of the
pMTJs are : the VSM for the continuous films, the automatic MR tester and PPMS for the static
MR characterization of the nanopillars, the deembedding and the ST-FMR for the characterization
of the rf-to-dc conversion, the generation setup for characterization of the thermal FMR power
spectral densities, and finally the real-time experiments to register the voltage time-traces for the
superparamagnetic state.

The results obtained using these experimental setups will be presented in chapter 4 for the static
measurements, chapter 5 and 6 for the dynamic measurements, and chapter 7 for the real-time
measurements.

Before proceeding to these results, in the next chapter all the theoretical concepts and equations
used throughout this work will be presented.
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Theoretical analysis of the static and dynamic responses of the
pPMTJ

This chapter is dedicated to the derivation of formulas and equations needed to understand the
physics and/or used to fit the experimental data of this thesis (chapter 4 to chapter 7). The pMTJs
under investigation are modelled using a macrospin approach, for three different operating
regimes:

e Static: The static equilibrium position is derived as a function of the bias applied magnetic
field. It provides the reorientation of the magnetization as a function of the field magnitude
and direction. By fitting the hysteresis loops it gives a good estimation of the interfacial
perpendicular magnetic anisotropy. Furthermore, the obtained static equilibrium positions
are the starting point for evaluating the FMR resonance excitations.

e Dynamic: The underlying dynamics of the spin-torque nano-diode effect is the
ferromagnetic resonance, and hence its derivation and analysis will be needed to investigate
the produced dc voltage signal. For this, the dynamic susceptibility expressions will be
derived for excitation via spin transfer torque provided by an rf current. The analysis is
extended to include the FMR response of the polarizing layer, by including its exchange
coupling to the synthetic antiferromagnet.

e Stochastic: The stochastic switching of the magnetization, discussed in chapter 7, is
generally described by the Neel-Brown model. Here, its derivation from the Fokker-Planck
equation is presented followed by an adaptation for the field-free switching demonstrated
in this work. The developed model is used in chapter 7 to fit the experimental data and
provides explanations for the results and how to improve them.

3.1 Static equilibrium of the Free (or Polarizing) layer

3.1.1 Total energy density and effective field

In a uniformly magnetized ferromagnetic layer, with a uniaxial anisotropy, the static equilibrium
state of the magnetization is determined by minimizing the total energy density expressed by :

Et == Eu + Ed + Eint + Ebias (3.1.1)

with E, the uniaxial magnetic anisotropy energy density, E,.,, the demagnetizing self-energy
density, E;,; the energy density due to interaction between layers (dipolar or exchange) and E} ;s
the energy density from an external magnetic bias field.
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In most situations, we use spherical coordinates, for which the magnetization can be expressed as

B sin(@) * cos(¢)
Mgy, =AZ;L = | sin(@) = sin () |, with M, the saturation magnetization and 6 and ¢ the
° cos(0)

azimuthal and zenith angles of the free layer magnetization, see Figure 3.1.1.

Figure 3.1.1: Illustration of the spherical coordinates of the free layer magnetization (in blue)

The corresponding expressions of the energy densities in spherical coordinates in Sl units, are
listed below:

1. Considering only interface perpendicular magnetic anisotropy (iPMA), as is the case for
the pMTJs, the energy density is given by :

K; S K;
E, =~ « (1= (Mg, 7)2) =~ * (1 = (cos(6))?) (3.1.2)
with K; the energy constant of the interfacial perpendicular magnetic anisotropy in J/m2and 7 =

0
(0) the unit vector of the anisotropy direction. For t it is the thickness of the magnetic layer.
1

2. The self-demagnetizing energy density is defined as:
Ho

Ed == ?MSZ(TTI)FLIV TTL)FL) (313)
N 0 0
withN = 0 N, 0 |the demagnetizing tensor.
0 O N,
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In general, the computation of the demagnetizing tensor is the most cumbersome, but for simple
geometries (cylinders, cubes, thin films, disks etc.) it can be computed using the formulas of
Rhodes and Rowlands [86], [87]. For infinitely thin films we have N, = N,,, = 0 and N, = 1,
while for finite sized circular elements one has N, < 1and N, = N,, = (1-N,)/2.

3. The ferromagnetic layers inside a magnetic stack can interact via dipolar or exchange interaction
(exchange coupling to an antiferromagnetic layer or interlayer exchange coupling, as it occurs in
(Co/Pt), multilayers or Co/Ru/Co trilayers). The corresponding energy density, for instance for the
free layer due to dipolar stray fields arising from other layers, is expressed as [24], [40], [88]:

Eine = Edipolar = _UOMs(mFL-ﬁdipolar) (3.1.4)

In general the dipolar interaction field ﬁdipolar can be calculated in different ways. As will be
shown in chapter 4, for the description of the free layer, such a dipolar stray field will arise from
an unsaturated SAF. Considering the SAF to be fixed and oriented out-of-plane, i.e. its orientation
does not change with an external applied bias field H,;,s, the corresponding dipolar field is
constant and adds to the external bias field. Its value is estimated from the offset of the out-of-
plane hysteresis loops (see section 4.2 of chapter 4 for details).

Hyip = (0,0, Hyip) (3.1.5)
For the exchange interaction energy between the magnetic layers is expressed by [89], [90]:

Eex = _]Tmlmz (316)

where m, and m, the magnetizations of the coupled layer, and J, = ir’;’[‘yt is the interlayer
0Ms

exchange coupling energy density.
Since the interaction fields relevant for this thesis have only an out of plane component, they are
refered to as Hy,,; = (0,0, Hipr,)

4. The last term to consider for the total magnetic energy density due to an external bias magnetic
field is:

Epias = _HOMS(TTi- ﬁbias) (3.1.7)

sin(6y) * cos(¢y)
where the bias field can be applied at any direction Hyiqs = ||Hpias|| | 5in(85) * sin (@) |- In
cos(6y)
the experiments discussed in this work, the bias field is applied either in the film plane along the
X axis (6, = %,q)b = 0) which is referred to as H; or out of plane (8, = 0, ¢, = 0) which is

referredtoas H, .
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With this the total magnetic energy density E: of Eq. 3.1.1 takes the following form in spherical
coordinates (for cylindrical layer):

K; M?
E.(6,9) = t_L = [Nxcos(@)? + Nysin(p)?] —
FL
K; M¢
t_l + H02 > [Nycos(p)? + Nysin(@)® = Ny || * cos(6)?
FL

— HoM;[Hy * sin(6) * cos(@) — (Hy + Hine,) * cos(6)]

For a cylindrical layer where N,, = N,,, Eq. 3.1.8 is simplified to the form :

K; poM?
E.(0,9) = i + > > * Hyeff * cos(8)?

— HoM,[H) * sin(8) * cos(@) — (Hy + Hiney) * cos(0)]

woM
[N, + Ny — ==

2(Ki/trL)

HoMs

where H,.rr = H, — Hy the effective magnetic anisotropy field, with H,, =
M » (N, — N, — N,).

,and H; =

To analyze how the different terms of the total energy density affect the magnetization dynamics
it is convenient derive from it the effective magnetic field ﬁeff, and analyze the torque that it
exerts on the magnetization. The effective magnetic field is defined by the negative gradient of the
total energy density with respect to the magnetization and is correspondingly the vector summation
of different fields:

- 1 0E:(6,9p) - N
——————=— = Hyess + Hiney + H, + H, (3.1.10)

of T M, om

The torque exerted by the effective magnetic field will drive the magnetization to precess around
it, and the magnetization dynamics in this case can be expressed via the torque equation given by:

om L
E: -y (m X Heff) (3.1.11)

with y the gyromagnetic factor in % (~28). This expression defines the pressesion without any
losses, while it is well known from experiments that the magnetization displays a damped

precession towards Fieff. The full torque equation which is the Landau-Lifshitz-Gilbert equation

(LLG) has therefore additional terms that were already presented in chapter 1 in the section 1.1.5.
However, the analysis of the magnetization dynamics, in the first place, requires the knowledge of
the equilibrium position of the magnetization. The method used in this thesis to determine the latter
is presented in the following subsection.
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3.1.2 Equilibrium position of the magnetization as a function of the bias field

To determine the magnetization equilibrium position, the initial step is to minimize the total energy
density of Eq. 3.1.9. This is done by determining the critical points (6,, ¢,) for which the first

derivatives of the energy density Et(p 6,9) = Z—Z ' Etg(8,0) = % with respect to (6, @) are

equal to zero [91]. Once the critical points are obtained, they are tested for their stability by
computing the determinant Det of the second derivatives matrix (Hessian matrix). If the
determinant of the Hessian matrix (see Eq. 3.1.12) at (6,, ¢, ) is positive then the total energy has
a local minimum or maximum at that critical point, otherwise if the determinant is negative then
this corresponds to a saddle point there[91].

Det(Hessian) = E;,(0,9) * E; ,,(6,9) = E¢ ,4(6,9) * E¢,(6,9) (3.1.13)
where E.,, = 0%E./067, Et )y = 0%E,/0¢? and E¢ o = 0%E,/000¢ are the second order
partial derivatives.

To determine whether the solution is a minimum, the second derivatives of the total energy density
E; 4, and Etw at the critical points need to be positive. When they are negative, the critical point

corresponds to a maximum.

The partial derivatives of the total magnetic energy density in Eq. 3.1.9, for both spherical angles
are the following :

- First order partial derivatives :

Et(p(ex ®) = oM x Hy * sin(0) * sin(p) =0 — ¢, ={0;m} (3.1.14)

E;g(0,9) = WoMs * [ Hyess * cos(0) * sin(0) - Hy * cos(8) * cos(¢)
+(H, + Hipey) *sin(8)] =0 (3.1.15)

- Second order partial derivatives :

Et(p(p(é?, ®) = poM; * Hy * sin(0) * cos(¢) (3.1.16)

Etpo(6,9) = WoMs * [ Hyepy * cos(20) + Hy * sin(0) * cos(@)
+ (H, + H;ye) * cos (6)] (3.1.17)
Ete(p(e, @) = PoMs * Hy * sin(0) * cos(¢) (3.1.18)

Unlike Eq. 3.1.13, the solution of Eq. 3.1.12 is not straightforward when both in-plane fields H,
and (H, + H;,.) are present. To solve it for this general case, all the trigonometric functions in Eq.
3.1.15 are transformed to cos () to have a single variable X = cos (6).
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The transformation allows Eq. 3.1.15 to be rewritten as :

Ete(e, ) = Hyerr * X %41 — X? — Hyxcos(e) * X+ (Hpigsy + Hiner) V1 —X2=0(3.1.19)

Then, Eq. 3.1.19 is transformed algebraically to remove the square root terms, yielding the
following 4™ order polynomial :

X+ x X34+, %X+ *xX+¢y=0 (3.1.20)
— (Hi+Haip) _ () <Hll"‘COS (‘P))Z _ _ _ (¢ 2
where ¢c; = 2 * Hurs Cy = (2) + Huor, 1,¢, = —c3,¢9 = (2) .

This 4" order polynomial of Eq. 3.1.19 is solved analytically using the Ferrari method [92], which
consists of a variable transformation of the sort Y =X —%3. After some tedious algebraic

developments, the solutions to Eq. 3.1.15 are obtained by the four roots of the polynomial in Eq.
3.1.20 and are noted here by :

0o = {cos™1(X,),cos " (X,),cosT1(X,), cos 1(X3)} (3.1.21)
The full formulas of the roots X ; , 5 are given in Annex A.

The critical angles obtained in Eq. 3.1.21, are finally inserted into the second derivatives in Eq.
3.1.16 and Eq. 3.1.17 to determine the minimum equilibrium angle. The latter represents the static
orientation of the magnetization.

The method developed here allows to obtain the magnetization equilibrium position in the presence
of magnetic fields with two field components H, and H, .

3.2 Magnetization dynamics under a subcritical spin polarized dc current

To understand the action of the spin transfer torque in pMTJs, in this section we first analyze the
magnetization response to a spin polarized dc current to determine an expression of the threshold
or critical current, where the static equilibrium position becomes unstable.

The starting point is the Landau-Lifshitz-Gilbert (LLG) equation[59], [60] including both spin
torque terms, see Chapter 1(section 1.1.5) :

_ = —]/(T'Tl) X ﬁeff)'i‘a (TTI’ X —)—ya||m><(m><ﬁ)+yalm X ﬁ (321)
In order to determine the threshold current of instability, the LLG equation will be linearized.
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In the case of the pMTJs, with a perpendicular polarizer the polarization vector is p = (0,0,1) and
a perpendicular free layer, and considering of a slight non-collinearity between the two, the cross
products in Eq. 3.2.1 give :

a . a .
—(Hl — Hueff)my + Hbiasymz + ;mymz - ;mzmy —aqmm, +a;m,
. a . a .
my | =y —Hjm; + (HJ- - Hueff)mx + ;mzmx - ;mxmz —qmy,m; — a;my (3.2.2)

a . a .
—Hyjmy + Hymy, + 2 mytiv, — —my i, — a;(1 —m2)

withm = ‘Z—T, and Hpiqs,, is the bias field along the y axis. Here the interaction field H;,;, was
included in the out-of-plane bias field H, .

For small perturbations the magnetization in the out-of-plane direction is stable (or metastable)
and can be approximated to m, = +1 (P, AP) [93]-[95]. Including this in Eq. 3.2.2 allows the
projection of the magnetization dynamics to the x-y plane given by :

—_a . _
—(H, — Hyepf)my +a,m, ¥ Sy F aymy t Hyjgs,

m
(mx) Yl @ _ (3.2.3)
g FH) + (Hy — Hyepp)m, —a;my + T Fam,

The separation of variables, by replacing m, and i, in the right side of Eq. 3.2.3, gives the
following non-homogenous set of ordinary differential equations :

Form, = +1, Eq. 3.2.3 becomes :

(et) =7 Grrs) + (1) (324)

With the matrix,

i = <[—a" —a(Hy = Hyepr — )] [~Hi+ Hyeps + ay + aq] ) (3.2.5)
[HL — Huepr — ar —aqy]  [~ay—a(HL = Hyeps — ay)]
and h, = —aHHbiasy + Hbiasy, and h, = —HHbl.asy — aHbiasy.

The second term in Eq. 3.2.4 is related to the stationary solution (when Eq. 3.2.4 = 0) and can be
written in the form :

(Z") =N (mx‘”) (3.2.6)

y my0+



With this definition Eq. 3.2.4 can be homogenized by a variable change such as defining a vector
U= m, + m,,, hence the magnetization dynamics around the equilibrium in Eq. 32 is expressed

by
Uss _ = Ux+>
<Uy+> N (Uy+ (3.2.7)

The analytic solution to the equation Eq. 3.2.7 is straightforward (using Laplace transform or

variable separation), and it requires the diagonalization of the matrix N [96]. Once the latter is
done, the eigenvalues obtained are the following :

14 .
/11’2 = m * (A+ + lB+) (328)

where Ay = [—a" - a(HJ_ — Hyefr — aJ_)], and B, = [—HJ_ + Hueff + a, + aa"].

In addition, their corresponding eigenvectors are W; , = (1, %i). The general solution of Eq. 3.2.4
is thus,

Ux+ _ 1 Aqxt 1 Ayt
(Uy+) =k, (1) eMt 4 o (_) etz (3.2.9)
where k; a k, are constants that depend on the initial conditions.

The complex numbers in the eigenvectors imply that the solution in Eq. 3.2.9 is a set of oscillating
functions (sine and cosine), also called spirals. The stability of the solution depends on the real
part of the eigenvalues Re(/lljz) = A,. If A, is negative the initial state m, = +1 is stable and
the perturbed magnetization will spiral back to its equilibrium position (damped oscillations).

However, if A, is positive the solution diverges due to the increase of the amplitude with time,
and thus the magnetization initial state becomes unstable.

Hence, the magnetization stability condition can be written as follows :
Re(/ll_z) = —q)— a(Hl - Hueff - al) <0 (3210)

Due to the STT this stability condition will change with the current density J since a;~J. This is
illustrated in Figure 3.2.1, where the phase portrait is plotted for strong negative current in (a),
zero current in (b), and strong positive current in (c).

47



J]<<0 T7=0 J]>>0

(a) Phase Portrait ‘ 1b) Phase Portrait (c) e e :hase Portrait

y

Y
my
°
°
S

= . 4 [ > = 4
-1.00 L +—= - ! -1.00 e > o -1.00 . 2
-1.0 -0.5 0.0 05 10 -1.0 -0.5 0.0 05 10 -1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 100
mx mx

Figure 3.2.1 : (a) the phase portrait of Eq. 3.2.4 for a strong negative current (the value was chosen
arbitrarily). (b) the same as (a) but for zero current. (c) the phase portrait of Eq. 3.2.4 for a strong
positive current (the value was chosen arbitrarily).

Comparing the zero current phase portrait with the high negative current, shows that the negative
current increases the magnetization relaxation rate, while for the high positive current the
magnetization equilibrium becomes unstable above a certain threshold current density and the
solution diverges.

To extract the critical current density /., (Jc,., ,,) at which the magnetization becomes unstable, a;
in Eq. 3.2.10 is replaced by its formula and Eq. 3.2.10 is solved for the current density, which gives

Ze .qustFL 1

Jepoap = _7* 1 *a*(HJ._Hueff)*(l_—aﬁ) (3.2.11)
2e .qustFL 1

Jeapop = T - *a ok (HJ_ + Hueff) * (1+—aﬁ) (3.2.12)

Above these critical currents, the critical points of the magnetization is becomes unstable.

Finally, in addition to the definition of the critical currents, it is important to compute the
magnetization relaxation time, following a perturbation. For the spin-torque nano-diodes, this
relaxation time is where the transient and the stationary solutions mix and no net dc voltage is
produced. For the pMTJs the magnetization relaxation time is given by :

1 1+ a?
- Re(ll‘z) B y[a” + (Z(HJ_ - Hueff - al)]

(3.2.13)

Tr

In the passive case (aq; = a, = 0), and for typical MTJ parameters, such as « = 0.01, y =
28 GHz/T [17], and for (H,.rf — H,) =~ 40 mT from the magnetoresistance fitting in chapter 4,

the relaxation time is 7,, = 90 ns (Ti ~11 MHz).
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3.3 The free layer magnetization dynamics excited by a spin polarized rf
current

The goal of this section, is to have at hand the theoretical expressions of the precession amplitude
of the ferromagnetic resonance (FMR) of the free layer oscillations in the pMTJ, when excited by
an rf spin polarized current. This amplitude will depend on the device shape via the
demagnetization factors, the interfacial perpendicular magnetic anisotropy (iPMA), and the spin
transfer torque prefactor. Together, with the TMR, they are the most important terms in the
derivation of the dc voltage produced by the spin-torque nano-diodes as will be described in the
section 3.5.

The theoretical treatment is based on the macrospin model, and uses the linearization approach to
obtain an expression of the precession amplitude of the resonance excitations. This approach is
justified, since the amplitudes of the resonance excitations remain small. This would be different
for large angle steady state auto-oscillations excited under spin polarized dc currents.

The free layer magnetization dynamics, in the presence of an rf excitation current, is described by
Eg. 3.2.1, i.e. the Landau-Lifshitz-Gilbert equation [59], [60] including the Slonczewski spin
torque terms for an rf current [15].

Different to the previous section, here for convenience the solutions of the linearized LLG equation
are derived in the local coordinate system using spherical coordinates [97]. The magnetization
dynamics is considered as a small perturbation around the equilibrium, and defined as :

M = i, + o (3.3.1)

Mg 0
where m, = Mi( 0 ) is the magnetization vector at equilibrium, and am = Mi dmy | is the
s 0 $ (Sm(p
dynamic magnetization. See Figure 3.3.1 below for the angles 8 and ¢.

Figure 3.3.1 : Illustration of the local spherical coordinates
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As a consequence, the analysis of the perturbed magnetization can be done by projecting the
linearized LLG equation into the local plane my —m,, .

The rf excitation is given by the current density J (%) = Jo * et with % its frequency and J,

it’s amplitude. It determines the excitation ‘field’ through the STT terms defined as :
STT = J, * [am x (M x p) + @ pm X p] (3.3.2)

After carrying out all the cross products in the linearized LLG and the Taylor expansion of the
effective field, Eq. 3.3.2 takes the following form :

i(gme_F(i Sm _ggm >
(6m9) _ | Mssin(6) M sin(g)z ¢ y ¢ 4 it 5 STT (Pe) (33.3)
5m(p (+E99 s n a P ) + Eg(p s p -
M, s % s M, sin(6) Mo

The second derivatives of the energy density in Eq. 3.3.3 are those provided in Eq. 3.1.11-15, and
for the excitations arising from the spin transfer torque terms, the cross product gives the excitation

= . 1 B
matrix STT = Jo * a * (—ﬁ 1
their small values, i.e. terms ~ (§my * §m,,) and a® are set to zero.

). In Eqg. 3.3.3 all the second order terms were neglected due to

To solve Eqg. 3.3.3, based on the steady state solutions of forced damped systems, a good solution

guess (Ansatz) is :

6m9) i(wt) (Ag)
<5m(p Ay

where % is the frequency of the injected current, ¢ the phase difference between the oscillations

of the magnetization and those of the current. For Ag and A,, they are the solution amplitudes of

the 8 and ¢ components respectively. Inserting Eqg. 3.3.4 into Eqg. 3.3.3, and carrying out the
algebra development, gives :

GZ) =7+ [STT « (55,)] (3.3.5)

where y is the susceptibility tensor corresponding to the variation of the magnetization with the
forcing ‘field’ from the spin transfer torque.

50



It is given by :

(ia) Egy ) (ia) 4 Eye )
-1 Yy  M;sin(6) )/'a M; sin(0)2

B iw E iw E
detR (— a+ 99) (— + —ng )
Y M Y  Mssin(0)

(3.3.6)

The multiplication of the matrices ¥ and STT, gives:

L (E ) (L)

= detﬁk (%_a_l_]i;e) (iw Egy > )(_1/3 f) (3.3.7)

7 * M, sin(6)

|

=l
*
t
H
H

with detR the determinant of the matrix 7~ that can be written as % = (A(w) — iS(w)) =

(0§ -w?)

(w? —w2)2+(wAa)0)2

Ze', where A(w) = is an antisymmetric Lorentzian, and S(w) =

wAwy

3 is a symmetric Lorentzian. =2 is the ferromagnetic resonance frequency of the
(0% —w?2)" +(wAwy)? 2m

Egg.Eq,(p—Ezg(p

2
oscillating magnetization, defined as (%) = —MZsin(a)2 and 2 is the corresponding full-
. . . . . Aﬂ _a E(p(p
width-half-maximum (linewidth), defined as walabvs (Egg + Sin(9)2).

Replacing Eqg. 3.3.7 into Eq. 3.3.5 the final solution yields for the amplitude of oscillations :
(%) =Jowa=y? = A = i5(@) « W = () (338)

where W is a 2*2 matrix with the following components :

7= (s wi) 339)
* W= (5 m) + B (ot mgs) = Wale®
¢ Wi = = (Gt iitm) B (V) = Wale
o W, = (%’.a+%) —ﬁ(%’+%) = |W,q|et21.
o Wa= (L) 5 (L a+ ) = wyyleien
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For a fixed out-of-plane polarizer, and a circular nanopillar as for the pMTJs studied here, the
solution projected onto the 6 axis is equivalent to the magnetization dynamics measured
electrically through the TMR (which is the projection onto the z-axis). Therefore, to analyze the
experimental results, in the studies conducted in this work only the projection onto the 8-axis is
considered.

The equation Eq. 3.3.8 then takes the following form :
Ag=Joxaxy*x (A(a)) —iS(w)) * Wip *pg = Jox @ xy%*Ze' x |Wyyle¥1n  (3.3.10)

Developing Eq. 3.3.10 gives the following equation for the magnetization dynamics :
Smg = Ag * el (@) (3.3.11)

Inserting Eq. 3.3.10 to determine the amplitude A leads to the following expression

w ,
Ag = Jo* Axy* x el® (3.3.12)

(wi — wz)z + (wAwg)?

and,

wAw )
¢ =0+ ¢, =atan (w—z)z) + atan< ) (3.3.13)
0

yH(T)B

The equations Eq. 3.3.12 and Eqg. 3.3.13, unfold most of the interesting features of the
magnetization dynamics forced by an rf current.

For instance, at resonance, when the frequency of the frequency of the injected rf current is
approaching the ferromagnetic resonance frequency of the magnetization (w = w,), the amplitude
in Eq. 3.3.11 becomes :

~ 14
8mg,] = Jox @+ (1) (33.14)
0

where the phase is ¢|,~q, = [0 or ], considering § « 1 (i.e. neglecting the field-like torque
contribution to the excitation for the pMTJs), and using the rule : atan(1/x) = -atan(x) + /2.

Thus, based on Eq. 3.3.14, the amplitude of the free layer magnetization oscillation is determined
by the current density amplitude (J,), the damping-like and field-like spin transfer torque (STT)
prefactors respectively @ and £, and the inverse of the linewidth Aw,. These factors are crucial for
the optimization of the amplitude of the resonance excitation.

For a zero bias magnetic field, and zero interaction field H;,;, , wy = w and Awy = a(H,, — Hy) ,
so that Eq. 3.3.14 yields :
I 1

a 3.3.14
ﬂ*rZ*a*a(Hu—Hd) ( )

|5m90| =
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With I, the amplitude of the injected rf current, r = gthe radius of the free layer, H,, the uniaxial

magnetic anisotropy, and H, the demagnetizing field. Hence, to drive the free layer magnetization
to oscillate at high amplitudes, at constant current amplitude I,, the following criterions must be
met :

e High spin polarization @ «<n - 1.

e Low magnetic damping a — 0.

e Compensation of the demagnetizing field by the magnetic anisotropy : (H,, — H;) — O.
e small free layer radiuses (diameter) » — 0 for high current densities

The first two criteria are dependent on the magnetic materials and their experimental
characterization requires changing the free layer materials. Unfortunately, changing the material
is out of the scope of this work. However, for a given optimized pMTJ stack, the last two criteria
can be characterized by changing the free layer thickness and diameter, and will be explored
experimentally in this work.

In the next section, a similar analysis will be carried out to derive the magnetization dynamics of
the polarizing layer excited by an rf current.

3.4 The polarizing layer magnetization dynamics excited by a polarized rf
current

The polarizing layer differs from the free layer by its coupling to the synthetic anti-ferromagnet.
Therefore its magnetization dynamics under a spin polarized rf current might differ from the free
layer’s one.

To account for the SAF coupling effect on the polarizing layer, the macrospin model developed in
the previous section is extended to treat two coupled monodomain layers. This is done by analyzing
the dynamics of two coupled LLG equations. Here, the polarizing layer and the top SAF layer are
considered to have one pseudo-magnetization that arises from the whole composite polarizing
layer. The system considered is illustrated in Figure 3.4.1, where PL is the composite polarizing
layer and B-SAF is the bottom SAF layer.

The dynamics of the two coupled magnetizations 7, and 1, is given by the following coupled
equations :

aml — o d — — aml — — - g %1

5. - Y (ml X (Heffl + Jr mz)) t+a|m; X ¢ ) VA X (my Xp)+ya, m X p34.2)
amz [a— g — — amz — — ~ g n
= (mz X(Heff2+]rm1))+a m, XW —yaqymy X (m, Xp)+ya, my, X p(3.4.3)
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Here, p is the magnetization of the layer that will polarize the electrons traveling to the free layer
in Figure 3.4.1.

y
PL X‘/I—>
B-SAF 1

Figure 3.4.1: lllustration of the composite polarizing layer coupled to the magnetization of the
bottom layer of SAF through a thin Ru layer.

To solve the system of equations Eq. 3.4.2-3.4.3, the two equations are linearized, and the
magnetizations are assumed quasi-stable along the z-axis (~ + 1). Thus, for small perturbations,
the dynamics of the magnetizations can be probed through the oscillations along the x and y axis.
For convenience the system is expressed in Cartesian coordinates. Starting first by solving the
system in the absence of current, it gives :

ml ml

yx = _(Hl - Hueffl)mly —Jr (mly + mZy) - a Ty (3.4.4)
Thl ml

yy = (HJ. - Hueffl)mlx —Jr (M + myy) +a yx (3.5.5)
mz mz

yx = _(HJ_ - Hueffz)mZy —Jr (mly + mZy) +ta Ty (3.4.6)
@ — Ty

- (HJ_ - Hueffz)mZx _]r (mlx + mZx) —a (3-4‘-7)

14 14

where H | is the out-of-plane magnetic bias field. In the following, the composite polarizing layer
and the bottom SAF layer are assumed to have approximately the same Hy,¢ .

Including the forcing rf current density, the steady state solution of the system is given by :
m =4 el@) (3.4.8)

where 4 (A1x, A1y, Azx, Azy) is the oscillation amplitude, % the frequency of the forcing current,
and ¢ the phase of the oscillating solution.
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Inserting Eq. 3.4.8, into 3.4.4 to 3.4.7 and including the spin transfer torque terms from Eq. 3.4.2-
3.4.3, one obtains the following solution after variable separation:

Ae® =yajox' Np., (3.4.9)

where y' is the susceptibility corresponding to the response of the coupled magnetizations to the
spin-transfer torque excitations. Its components are the following :

X =
~ lw ~
- (aH +dJoP,, + 7) —A —aJ, —J,
~ ~ lw

2 - (aH +dJoP, + 7) J, —aj,

~ lw —~

~aJ, Jr (ot = op, =) A
—, —a, a (- ajop,, —=

where H = (H, — Hyerf) + Jr, and P, are the out-of-plane components of the spin current

polarization: free layer for m,, and m, for m,. For N Dx—y itis given by :

1 - 0 0 Pix
_ ﬁ 1 0 0 P1y
=1%o o 1 —5]los (3.4.11)

0 0 B 1/ \Pay

=

To focus on the response from the composite polarizing layer, the general solution is projected
onto 71, and analyzed for the STT excitations from the free layer. For pMTJs, the field-like torque
is expected to be weak (see the experimental results in chapter 5), therefore it is neglected in the
further calculations. The final solution of the polarizing layer magnetization dynamics, excited by
a quasi in-plane free layer (P,, = 0), i.e. tp, = 1.8 nm and tg, = 1.6 nm, is the following :

(D—¢&)x (DZ — &2 +;‘/)—22Aw2>

A= a* Jo*xy*w* * gl (3.4.12)

2
(D + &)2(D — §)? + 4Aw? %DZ
with,

w*(D-§)

= atan| ——————=
¢ do (0f o2
2 \y2 y?

(3.4.13)
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2 2
where D = % — ;‘:—2 is the ferromagnetic resonance term in the absence of the interlayer exchange

coupling, with % = y(Hl — Hueff) the ferromagnetic resonance frequency of the oscillating
polarizing layer and Aw = Za(Hl - Hueff) its linewidth. In 3.4.12 and 3.4.13 £ is the coupling
term given by & = 2/, (Hy — Hyefy).

From Eq. 3.4.12, it can be noticed that the coupled system can oscillate at two different resonance
frequencies. One resonance at w_ = /w3 — y2¢, and another resonance with higher frequency at
Wy = \/W To analyze the sign of the amplitude at those frequencies, Eq. 3.4.12 can be
evaluated near the resonance where : Dlinilf(Dz —&2)=0. The latter gives the following

approximation :

(D -9)

e (3.4.14)

Aj = ax* Joxy*w*

Interestingly, due to the last factor in Eq. 3.3.14 (D — &), it can be seen that the amplitude changes
its sign when the excitation frequency becomes larger than % . Therefore, the peaks exhibited at

the two renonaces have different signs, and thus the two make an asymmetric resonance response.
The derived formula, is in agreement with the analysis in ref [89].

With the derivation of the magnetization dynamics excited by a spin polarized rf current, for both
the free and the polarizing layers, the final step is to derive the dc voltage of the spin torque nano-
diodes in correspondence to the experimental measurements.

3.5 The output voltage of the spin-torque nano-diodes
3.5.1 The passive detection voltage

The rf-to-dc voltage conversion across an MTJ, where only an rf current is injected is given by :
Viee(@) = (V(2)) = (Re(I) * Re(R)) = (I, cos(wt) * Re(R(wt + ¢))) (3.5.1)

where I, is the rf current amplitude, w the rf current frequency, and R(wt + ¢) is the oscillating
magnetoresistance. Considering the oscillation of the free layer, the latter is given by the
Slonczewski TMR conductance formula, defined by [34]:

(R, + Ry N (R;* — Rz}

d P Me (0t +¢).8)  (3.5.2)

Rwt+ ) 1= Glwt+ ¢) = > 5

where R, and R, are the parallel and anti-parallel resistances of the MTJ respectively, and 6 the

angle difference between the free and polarizing layers (considered here to be fixed and aligned
along the z-direction).
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For the pMTJs, where the polarizing layer magnetization is oriented out-of-plane, and where only
the magnetization motion along z is detected electrically, the resistance from Eq. 3.5.1 becomes
since 6m, = dmy :

(1+ TMR) 1

1 + 0.5TMR TMR
L+ 5T 7mg * Sme

R(wt + ¢) = R, (3.5.3)

with R, the parallel resistance, TMR = R‘”}’?—_R”, and dmg (wt + ¢) from Eq. 3.3.11-12. Expanding

p

Eq. 3.5.3 in Taylor series, and replacing the TMR by the Julliere formula TMR =

2n?
1 - 7?2

[32], with
n the ratio of the spin polarization, the algebra yields :

7,]2

+ TZ?F) + R, *n?(1 +n)% * Re[6mg (wt + ¢p)]  (3.5.4)

Re(R(wt + ¢)) = Ry, * <1

The parameter n was introduced here to simplify the formula in Eq. 3.5.4 by replacing the TMR
factor. However it should be noted that it represents the spin polarization only when the TMR
corresponds to the intrinsic one called TMR, later on in the further analysis in chapters 4 and 5.
There, we will see that the TMR obtained from experiments is affected by a serial resistance.

In Eq. 3.5.4 the first term of the resistance is independent of the magnetization dynamics and is
due to the static magnetoresistance change. The second term in Eq. 3.5.4 shows clearly that the
oscillations of the magnetoresistance are proportional to those of the magnetization. Replacing
dmy (wt + ¢) by its real value and inserting the resistance (Eg. 3.5.4) into the voltage equation
(Eq. 3.5.1) gives:

V(t) = Viec + Vrf(t) (3.5.5)

With Eq.3.3.11 for 6my, the frequency dependent rectification voltage signal is given by the time
average

a
Veee(w) =< Rp*lg*n2(1+n)2*nr2*)’* -
\/(wg — 0?2)" + (wAw,)?

* cos(wt) * cos(wt + ¢p) > (3.5.6)

w

And the time dependent contribution is given by :

2
7
Vep(t) = I xRy * <1 + TM) * cos(wt) (3.5.7)
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The time average of the voltage in Eq. 3.5.5, is given by 3.5.6, since the average of 3.5.7 is zero:
the following dc voltage :

y*w

Viee =<V (t) > = Py, * *+n*(1+1n)? « * cos(¢p) (3.5.8)

T * 12
(@ —?)" + (@hwp)?

where P.; = Ry, * 12 is the electric power in the parallel resistance state. The power injected in
the MTJ (P,.;) depends on the resistance relative to the orientation of the free layer magnetization

R
(RO):Prfo :R_Z Prf-

At the resonance frequency, and in the absence of bias fields, the voltage in Eq. 3.5.8 reaches its
maximum, and takes the following form (see Eq.3.3.14):

a 1
*
mxr? a(H, —Hy)

|4 :&* *1n%(1+n)?=* (3.5.9)
reCmax RO rf I

The different factors in Eq. 3.5.9, give a good lead on the optimization of the maximum dc voltage
produced by the spin torque nano-diodes. To maximize the output dc voltages, without changing
the magnetic material, the MTJ should have :

e Smaller diameters to increase the STT amplitude

e Compensation between H,, and H, through the device shape

e Good impedance matching to insure that the maxiumum power is transmitted to the device,
to excite the dynamics and produce the MR signal.

These different criteria, and their consequences will be explored experimentally in chapter 5.

A numerical evaluation of the rectification voltage from Eq. 3.5.8 is plotted in Figure 3.5.1, for the
three free layer thicknesses 1.4 nm, 1.6 nm, and 1.8 nm, and for a diameter of 100 nm. The
parameter values are shown in the legend of Figure 3.5.1. They were adapted from the fitting done
in chapter 4.

The simulations show that for an injected power of 0.1 mW the output voltage is in the range of
~100 mV. Moreover, it shows that the output signal increases as the thickness of the free layer
drops from 1.8 nm to 1.6 nm, or when the thickness increases from 1.4 nm to 1.6 nm. The latter is
a consequence of the inverse dependence of the magnetization oscillations amplitude on the
difference between the demagnetizing field and the magnetic anisotropy field (Eqg. 3.5.9). As the
free layer thickness decreases, the magnetic anisotropy field increases (see Eq. 3.1.2), and thereby
it pulls the free layer magnetization out-of-plane against the in-plane demagnetizing field. A more
detailed discussion will be presented in chapter 5.
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Figure 3.5.1 : Simulation of the dc rectification voltage in the output of a spin torque nano-diode,
using Eq. 3.5.8, for the free layer thicknesses of 1.4 nm, 1.6 nm, and 1.8 nm respectively, and a
nominal diameter of 100 nm. The parameter values are : P, = 0.1 mW, R, = 850 2, TMR =
100%, n =0.17, a=0.01, Mg =1e6A/m, K,=8.4e—4]/m? I =28GHz/T, and
WoHine, = 42mT, d = 4mT/A.

To complete the formalism developed here, the sensitivity of spin torque nano-diode must be
defined. In this work, it is considered at resonance as :

_ Ve Ry @

= = 3.5.10
dP.y Ry “Ter? ( )

*n2(1+1n)%+

6 —————————————
a(Hu - Hd)

For the parameters in Figure 3.5.1, and for a free layer thickness of 1.6 nm and a nominal diameter
of 100 nm, the sensitivity is expected to be e = 2200 mV /mW.

3.5.2 Active detection voltage (subcritical current)

For the active damped precessions of the magnetization, where an additional dc current is injected
in the magnetic layer the same approach discussed in section 3.5.1 applies. The obtained formula
of the magnetization dynamics is the following:

Smy = Ag * el (@t+d) (3.5.11)

where the susceptibility components are modified to include the action of the STT on the damping.
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Correspondingly, this leads to a modification of the precession amplitude. For the case of a bias
magnetic field along the z direction (or zero bias field),

Iy w

Ag =—=* axy=* (3.5.12)
r 5 , 2
(0 —w?)" + (a)(ya”d Aa)o))
and,
w(ya”dc - A(t)o)> ( w )
= atan + atan| ——— 3.5.13
¢ ( wE — w? yH,(T)B ( )

While the resonance frequency w3 ~w? is little affected by the dc current, one can see from Eq
3.5.12 that the dc current density reduce the intrinsic damping of the magnetization and in
consequence lead to higher oscillation amplitudes for one current sign, but smaller amplitudes for
the other sign.

For instance, at resonance, where the magnetization amplitude is at its maximum, Eq. 3.5.12 takes
the following form :

|6mg, | = o g —FY (3.5.14)
ot mr? yay,, — Awg

Eq. 3.5.14, clearly highlights the additional enhancement of the resonance amplitude induced by

the dc current. The corresponding maximum voltage produced by the spin torque nano-diode is

given by :

14
*
m*xr? yay, — Awg

R
L o 7’2(1 + 1’])2 * (3515)

<V>max=R
0

Although Eqg. 3.5.15 predicts that injecting more current, with the right sign, increases the output
voltage amplitude, it must be reminded that the formula holds only for small currents. For, as the
spin transfer torque magnitude approaches the total compensation of the damping, the
magnetization dynamic becomes unstable.

Above the critical dc current, the magnetization might bifurcate into self-sustained oscillations,
and the diode becomes inherently an auto-oscillator. In this regime, the spin torque nano-diode can
synchronize with the rf current source, leading to a drastic decrease of its own phase noise (
injection locking) [98]. This strong reduction of phase noise, translates to less energy dissipation,
and thus smaller linewidth and higher power of the auto-oscillator (diode) frequency spectrum
[99]. For the spin torque nano-diodes this was observed experimentally in [100]-[102]. An
explanation of this phenomena in MTJs is provided in Annex C. Here we do not consider this case.
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3.6 Field-Free voltage controlled superparamagnetism in pMTJs

This section bears no direct link to the spin-torque nano-diode effect. It deals with the
superparamagnetic behavior of the magnetization and it is related to chapter 7. It presents the
derivation of the Neel-Brown model used to fit and explain the experimental measurements in
chapter 7.

The first theoretical treatments of monodomain superparamagnetic particles was done by L. Neel
in [103], where he proposed an Arrhenius law of the dwell-times at zero external bias field defined
as:

T = 1yeksT (3.6.1)

where t is the mean dwell-time, 7, the attempt time, K the magnetic anisotropy energy constant
(J/m3), V the particle volume (m?), ks the Boltzmann constant and T the temperature (K).

The Neel model was extended by W. F. Brown, where he thoroughly derived it from first principles
using the LLG equation [104]. The Brown model consists of adding to the LLG equation a random
fluctuating field ﬁ(t), making it stochastic (Langevin) and afterwards solving it for the mean
dwell-times. The random field is supposed to be stationary and its correlation time between two
events is much smaller than the time required for a noticeable change in the magnetization. Those
conditions are expressed by the time average and time correlation of the thermal fluctuating field

R(t) given by :

h(t) = 0. (3.6.2)
s——=——_- 2D
h,(Oh (t") = y_Z 8;0(t—t') (3.6.3)
where 1(¢) is the time average of the random magnetic field, §;; Kronecker delta with i and j the
cartesian coordinates (x,y,z), and D = “LK"‘;T is the diffusion coefficient.

The LLG equation with the random magnetic field, in the absence of the spin transfer torque, takes
the following form :

—>

am om

For convenience, in this section the LLG equation in Eq. 3.6.5 is rewritten in the Landau-Lifshitz
form (by cross multiplying with 71 and using the triple vector product formula) :

om _ ! *x(aE+ﬁ) +h'm X _’x(aE+ﬁ) (3.6.5)
ac = I\ " \om L™ om 0

yaz ,and h’ = ag'. For low damping a2 < 1, g’ =y and k' = ya.

1+

where g’ =

61



To evaluate statistically the stochastic LLG equation in Eq. 3.6.5, Brown transformed it into the
Fokker-Planck equation [105] and solved it for the probability distribution of the fluctuations of
the magnetization. He used two methods to do so, with the first one consisting of an expansion of
integral equations, in long and tedious calculations using the Wang-Ulenbeck approach described
in [106]. However, his second method allows to avoid the long calculations by using the Brownian
motion theory used by Einstein in [107], and it is the one considered here.

The approach consists of using the continuity equation of the probability distribution defined as :

ow

—=-V Tor (3.6.6)

where W is the probability distribution, and fpr the probability distribution current. The latter has
two contributions, one from the drift transport and the other from the diffusion:

> om ow
]pr =W0__D =

6.7
t om (3.6.7)

Inserting Eq. 3.6.7 into Eq. 3.6.6, and replacing % by the LLG equation, the development yields
the following Fokker-Planck equation :
aW—DAW+ _’(aEan>+ g <W6E> (3.6.8)
at Y™ \om ~ om) " om "\ om s

where AW is the Laplacian of the probability distribution.

To obtain the stationary solutions (1—'1/ = 0) of Eqg. 3.6.8, the equation is treated in spherical
coordinates of the magnetization. For a uniaxial anisotropy, Eq. 3.6.8 is dependent only on the
polar angle 6, and it takes the form :

V.Jo,, =0 (3.6.9)

which means that the probability distribution current ]gpr is constant. The expression of the polar
term ]gpr is given by :

ya 0E

_ ow
Jo,, = Dsin(6) [ﬁ + D 29 W] = constant = D * ], (3.6.10)

where D * ], is just a constant and ], is a normalization of jgpr. Notice, the terms inside the

bracket can be written as : e #F aa—e (W(8,¢t) ePE), with g = R%T Integrating over the polar angle
6 and solving for the probability distribution W gives :
BE
W = Jpy * e“”EJ ~0) 6 (3.6.11)

Knowing the probability distribution in Eq. 3.6.11, the next step in determining the mean dwell-
times is to use Kramer’s transition state theory [108].
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The theory assumes a fluctuating population of particles in an energy well that escapes at a certain
rate [109]. The escape rate represents the inverse of the dwell-time and the latter is given by:

= 3.6.12
]pT ( )

T

with N, = foem W sin(6) d6 is the number of particles in the well, and 8,,, the angle corresponding
to the maximum of the well. Inserting Eq. 3.6.11 in Eq. 3.6.12 yields :

0 oBE(0")

sin(6')

Om
7= f e PE® sin(0) f de’'do (3.6.13)
0 0

For high energy barriers (> 5 K3T), the particles are concentrated near the local minimum of the
energy. Thus the integrals in Eq. 3.6.13 can be approximated using the Laplace method (2" order
Taylor expansion of the energy E (6)), and using sin(68") ~ 6'. The final result, after carrying out
the algebra, gives an Arrhenius Law with the following form :

1 . N

BE"(0) /BIE"(6m)| *sin(fy)
1 . N

PE"(m)  \/BIE" ()] * sin(6,,)

where AE = E(6,,) — E(0|m) is the energy barrier in the absence of an external magnetic field
and STT, and t,, the Néel attempt time.

7(0) = 1, * ( > * exp(BAE) (3.6.14)

T(m) =1, * ( > * exp(BAE) (3.6.15)

Including in the energy expression AE a magnetic bias field H with a direction collinear to the
magnetization 71 its development in Eq. 3.6.14, and Eq. 3.6.15, gives :

H 2
T, = Tg * €xp <ﬁ * AE * (1 + —) ) (3.6.16)
L Hu
where + refers to the escape from the minimum at O (parallel) or « (antiparallel) respectively, t,
is the attempt time corresponding to the Néel attempt time multiplied by the factor in Eq. 3.6.16 ,
and H,, refers to the magnetic field of the uniaxial magnetic anisotropy.

The spin transfer torque effect can also be included using the same approach as for the bias field
in the Neel-Brown model. This was first done by Zhang in [110], and generalized by Tanigushi et
al. in [111]. The corresponding mean-dwell times were found to be [112]:

b 2
N OPUEZ ST

= AE <1+
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where V,,,,, is the applied voltage, V, the critical switching voltage (analogous to the critical current
derived in Eq. 3.2.1 in section 3.2), A and B are the linear and quadratic terms of the field-like

torque respectively, and g = Vo}ju:*tel Tanigushi et al. in [111] reported that the power coefficient
B

b is dependent on the magnitude of the applied voltage. For bias voltages smaller than the critical
switching voltage V, the coefficient is predicted to be b ~ 1, while for higher voltages b can be
quadratic or a fractional number. Moreover, it is also reported that for in-plane magnetic tunnel
junctions b = 1 and for pMTJs b = 2 [14]. In this work, it is considered to be equal to 1, because
the logarithmic plot of the average dwell times from the experimental results in chapter 7 have a
quasi-linear dependence on voltage.

Conclusion

To conclude, in this chapter all the theoretical models that will be used in the upcoming chapters
have been derived using a macrospin approach.

For the static state of the magnetization of the different pMTJ layers, an analytic approach was
proposed to determine the FL static equilibrium in the presence of both in-plane and out-of-plane
fields simultaneously. These results, where then exploited to derive a model for the spin torque
diode effect by linearizing the LLG equation. An approximate formula for the magnetization
dynamics was established for the free and the polarizing layers under rf current excitation and with
and without interaction to the SAF (either dipolar coupling for the FL or interlayer exchange
coupling for the PL). In addition, a formula for the voltage produced by the spin-torque nano-
diodes was derived for the pMTJs for both passive and active detection.

Finally, to account for the stochastic switching of the superparamagnetic state explored in chapter
7, the derivation of the Neel-Brown model was presented where first only the tuning by a magnetic
field was treated, and then the spin transfer toque effect was added.

In the next chapter, the different formulas developed in these sections will be used to fit the
different experimental data obtained in this work, and to provide predictions for further
improvements.
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Static characterization of the magnetic properties of the pMTJs

The pMTJs have a complex magnetic structure, with the SAF, the polarizing layer and the free
layer that can change their relative orientations under applied magnetic bias fields, temperature, or
electric current. For the dynamic experiments it is important to know, prior to the excitation, what
is the initial magnetic state and orientation of the magnetizations of the different layers. For
instance, in the spin-torque nano-diode measurements, the excited magnetic layer exhibits small
angle oscillations around the magnetization equilibrium. Furthermore, knowing the equilibrium
state of the polarizing layer is also important, because it helps to know the spin polarization
direction which can have a direct influence on the output voltages of the spin-torque nano-diode.

Therefore, due to their importance, this chapter is dedicated to the characterization of the
equilibrium states of the different magnetic layers of the pMTJs. The magnetic equilibrium states,
first, are determined for the continuous pMT]J films for different free layer thicknesses. The total
magnetic moments are measured for in-plane and out-of-plane magnetic fields, which allows to
identify their easy and hard axis. Secondly, following the nanofabrication of the pMTJ nanopillars,
the magnetic equilibrium states are characterized through their magnetoresistance using the PPMS
measurements. The pMTJs are first measured in weak dc currents, at room temperature, to probe
the effects of the magnetic field orientation and magnitude. Subsequently, for the same
measurements, the temperature is varied between 20 K and 300 K, to explore its effect on the
equilibrium states and the TMR through the hysteresis loop measruements. Finally, the input dc
current value is increased (for negative and positive signs), to investigate its action on the magnetic
equilibrium states. The analysis includes the effect of the spin transfer torque, the Joule heating,
and the voltage controlled magnetic anisotropy.

4.1 Static characterizations of the continuous films and TMR statistical
analysis

4.1.1 Continuous film characterizations

Before discussing the magneto-resistance loops of the nanopillar devices, here the magnetization
loops of the unpatterned magnetic stacks are presented to determine the orientation of the
magnetization of the free and polarizing layers. This is done by measuring their magnetic
moments, using a vibrating sample magnetometer (VSM). The dependence of the (normalized)
magnetic moments as a function of an out-of-plane magnetic field is shown in Figure 4.1.1(a) for
films with free layer thicknesses of tr. = 1.4 nm (red curve) and tr. = 1.6 nm (black curve).

66



(a) ()5

=y
o
1
’

—

—a—t;=1.6 nm
0.2+ —s—t =1.4nm

0.1 r
0.0

=0.1 4

Nomalized moment
o
o
=l
[
» G
‘1
i
e
-
Nomalized moment

[

o
(4]
1
—

e

l -0.24
S|

1.0 poter T T -0.3 T T T T

-400 -200 0 200 400 -30 -20 -10 0 10 20 30

Field(mT) Field(mT)

Figure 4.1.1: Vibrating sample magnetometer measurements of the continuous pMTJ films for two
free layer thicknesses tr. = 1.4 nm (in red) and tr = 1.6 nm (in black). (a) The VSM measurements
under an out-of-plane magnetic field varied between -400 mT and 400 mT. (b) A zoom of (a)
around zero field. B-SAF is the bottom SAF layer, FL the free layer, and PL the composite
polarizing layer including the top SAF layer (see section 2.1.1 of chapter 2).

For the free layer thickness trL = 1.4 nm two hysteretic regions are observed, one around zero
magnetic field, with a smaller change in magnetic moment, and another at higher magnetic
(positive and negative) fields, with a bigger change in magnetic moment. The hysteresis observed
around zero field is attributed to the free layer reversal, because of the softness of the free layer
compared to other layers in the stack. For the hysteresis observed in higher out-of-plane magnetic
fields, they are attributed to the switching of the polarizing layer and the bottom SAF layer (B-
SAF). When decreasing the magnetic field from high positive values to high negative ones, the
corresponding switching of the different magnetic layers (FL, PL, B-SAF) is sketched in Figure
4.1.1(a) by the colored arrows.

The sharp switching of the hysteresis around zero and higher magnetic fields, indicates that the
magnetizations of the free, polarizing, and SAF layers all have an out-of-plane easy axes, and thus
all their magnetizations are oriented perpendicular to the film plane.

For the free layer thickness tr. = 1.6 nm, this is different for the reversal around zero field. A closer
look to the plot in Figure 4.1.1(a) shows that the reversal is more gradual, with an S-shaped reversal
which is the signature that the field direction is a hard axis. This is better seen in the zoom shown
in Figure 4.1.1(b). Here, the change in the easy axis orientation when the free layer thickness
increased to tr. = 1.6 nm is caused by the reduction of the volume averaged interfacial
perpendicular anisotropy (iPMA) inversely dependent on the thickness. This behavior is confirmed
for the nanopillar devices measured by electrical transport measurements using the physical
property measurement system (PPMS).

4.1.2 Statistical analysis on wafer level of the tunneling magnetoresistance
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After nanofabrication, the tunneling magnetoresistance (TMR) is measured on wafer level of all
the fabricated devices using an automated MR tester whose field range is limited to 150 mT. Since
the yield on wafer level is not 100%, the TMR measurements help to localize the operating
magnetic tunnel junctions in the diced wafer, and thus the ones to be investigated. In addition, such
statistical analysis of the MR loops on wafer level provide a feedback for the nanofabrication and
magnetic stack optimization. The TMR measurements were carried out under a variable out-of-
plane bias magnetic field. From the TMR loops, the parallel (R,,) and antiparallel (R,,,) resistances
are extracted where the TMR is defined by :

Ry, — R
TMR =—2_—F (4.1.1)
Rp
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Figure 4.1.2 : (a) A typical magnetoresistance loop of a device with free layer thickness of 1.4 nm
and a nominal diameter of 100 nm, plotted as a function of the out-of-plane field. (b) The TMR of
all the devices on a wafer with a free layer thickness of 1.4 nm as function of the square of the -

diameters (area). (c) & (d) are the same as (b) for the larger free layer thicknesses 1.6 and 1.8 nm
respectively.
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In Figure 4.1.2(a) an example of the measured magnetoresistance close to zero field is shown for
a device with a free layer thickness of 1.4 nm and a nominal diameter of D, =100 nm. As expected
from the VSM measurements for a device with such a free layer thickness, the magnetization of
the free layer is orientated out-of-plane and exhibits a hysteretic behavior typical for an easy axis
loop. Nonetheless, the hysteresis loop is not centered around zero field, this issue will be discussed
in more detail in the next section.

The statistics of the extracted TMR values, as a function of the squared nominal diameters (area),
are plotted in Figure 4.1.2(b), 2(c), and 2(d) for the three free layer thicknesses 1.4, 1.6 and 1.8 nm
respectively. Surprisingly, the maximum TMR of the clusters decreases as the MTJ device area
becomes larger. This is observed for all three free layer thicknesses and is not expected from the
TMR formula in Eq. 4.1.1.

The reason behind this unexpected behavior is that these pMTJs were deposited on a thick
tantalum-nitride TaN bottom electrode (25 nm) that has a relatively high resistance, and which is
the same for all diameters (see section 2.1 of chapter 2). This means that the TaN is not part of the
MTJ nanopillar and therefore adds a constant serial resistance Rs independent of the nanopillar
diameter leading to a modified expression for the measured TMR :

R,, — R

TMR =—2___P (4.1.2)
R, + Ry

Eq. 4.1.2 can be rewritten such that the intrinsic TMRo in the absence of a serial resistance TMR, =

R“’;—_R” is rescaled by a diameter dependent factor which reduces the TMR when the diameter
14

increases. In Eq. 4.1.3 p,, is the resistivity of the parallel resistance

Rypy—R, 1 1 TMR,
TMR = * = TMR, * = (4.1.3)
A L 148 4B T
R, R, Pp * e, 4
with R, = p,, * D:LEE) Fitting Eq. 4.1.3 shows that the serial resistance is around R = 180 Q (see
L

Annex B for the derivations).

The corrections reveal that the pMTJs have an intrinsic TMR ~ 124%, and a resistance-area
product RA ~ 6 Q.um?. The plots of TMR corrected for the serial resistance are shown Figure
4.1.3(b).

To summarize, the more the pMTJ diameter is reduced, the more the measured TMR approaches
the intrinsic TMR. This serial resistance will have an important consequence for the passive
detection signal, discussed in chapter 5.
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Figure 4.1.3 : (a) Fitting of the TMR distribution as a function of the junctions squared diameter
and for a free layer thickness of 1.4 nm. (b) The TMR distribution after correction for the serial
resistance from the bottom electrode TaN.

4.2 The pMTJs magnetoresistance at room temperature and low current

This section presents the TMR loops for the different free layer thicknesses, under different field
orientations, at room temperature and in low current obtained via PPMS measurements. Fitting
these MR loops based on the energy density given by Eqg.3.1.9 in section 3.1 of chapter 3, we can
extract useful parameters of the pMTJ stacks such as the value of iPMA energy constant Ki. The
measurements conducted at room temperature are summarized in the following table (Table
4.2-1):

Free layer thicknesses ~ Nominal diameter Out-of-plane field H,  In-plane field H
1.4 nm, 1.6 nm, 1.8 nm 100 nm [— 300 mT, +600 mT] + 600 mT
Table 4.2-2 : summary of the static measurements at room temperature

The asymmetry in sweeping the out-of-plane magnetic field H, is done to avoid the switching of
the bottom SAF layer.

4.2.1 The magnetoresistance at room temperature and low current for tr. = 1.4 nm

The free layer reversal with a thickness of 1.4 nm is the first to be treated here, because it can be
compared to the VSM magnetization loops of the continuous film shown in Figure 4.1.1(a). It is
easier to interpret for the magnetization orientations and its coercive fields offer a good way to
track the static equilibrium and how they are affected by external factors, such as temperature and
spin transfer torque, as will be considered in later sections (i.e. 4.3 and 4.4).
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For the other free layer thicknesses they are treated in the next subsection 4.2.2. The results from
both subsections and the explanations provided will be modeled in 4.2.3 and 4.2. 4.

The magneto-resistance measurements from a free layer with a thickness of 1.4 nm under out- and
in-plane magnetic fields are shown in Figure 4.2.1(a) and Figure 4.2.1(b) respectively. The out-of-
plane magnetic field measurement in Figure 4.2.1(a) is in agreement with the continuous film
measurements, it shows two hysteresis loops corresponding to the switching of the FL and PL
layers. Starting from a strong positive magnetic field uyH, =600 mT, where all the magnetizations
are oriented in the same direction and then decreasing the field, leads to a first switching around
150 mT. The latter is attributed to the PL and T-SAF switching to be anti-parallel to the B-SAF,
due to the exchange interaction. If the field is decreased further towards negative values, a second
switching occurs near zero field that is attributed to the free layer switching. Further decreasing
the field in the negative direction should lead to the switching of the B-SAF layer, however it is
invisible in the magnetoresistance measurement. In addition, the field sweeping in the negative
direction is stopped at — 300 mT to avoid this switching, and to preserve the B-SAF fixed in one
direction. These interpretations are illustrated by the colored arrows in Figure 4.2.1(a).

(a) (b) 1000

—4—t =14nm
y —a—t =1.4nm

1500

FLl l

% PL l l A\ ] S_ 900 - 7/ l \
e 1 il 7y ] /l\l_/]\
- Wy
S P S 800 — : : :
-300-200-100 0 100 200 300 400 500 600 -600 -400 -200 0 200 400 600
u H (mT) HoH, (MT)

Figure 4.2.1 : (a) Magnetoresistance of pMTJ devices of tz;, = 1.4nm and D,, = 100nm measured
for an out-of-plane field (H,). (b) The same as (a) for in-plane field H,. The colored arrows
indicate the orientations of the different magnetic layers and the black arrows shows the field
sweeping direction. B-SAF is the bottom SAF layer, FL the free layer, and PL the composite
polarizing layer including the top SAF layer (see section 2.1.1 of chapter 2).

If the magnetic field was swept from negative values to positive values, the same explanations for
the switching holds. However, for the PL magnetoresistance there is a difference between the two
field sweepings. For the positive to negative sweeping, the magnetoresistance seems to have only
two states, while in the negative to positive sweeping the PL gradually rotates away from the
perpendicular orientation before it switches. The latter is the normal response of SAFs, where the
two layers rotate away from their equilibrium direction prior to the switching. For the former
behavior where the PL. magnetoresistance is constant, it might be due to the dipolar field coupling
of the layers oriented all in the same direction at high positive field.
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The dipolar field favors the parallel alignment and helps the bias field, while the dipolar field in
the antiparallel state supports the reversal to the antiferromagnetic state.

A further observation of Figure 4.2.1(a) is that the hysteresis loop of the free layer is not centered
around zero field. Its center is shifted to the positive fields by H, ~ 40 mT, due to the not-fully
compensated SAF stray field. The positive sign of the stray field indicates that it is coming from
the top layer of the SAF.

For the in-plane magnetic field measurements, in Figure 4.2.1(b), the changes in the
magnetoresistance values are generally small, which indicates that the angle between the FL and
PL layer magnetization is weakly affected by the in-plane field. Since both layers have an in-plane
hard axis, this can be explained by the gradual rotation from out- to in-plane of both magnetizations
at similar rates, and thereby keeping the angle between them quasi-constant. However, for higher
in-plane magnetic fields above ~ 200 mT, the magnetoresistance starts to increase slightly with the
field, has a maximum around 350mT and then starts to decrease. The increase in resistance is
attributed to the free layer getting closer to in-plane saturation, where the field of the maximum
resistance can be taken roughly as the in-plane saturation field. The following decrease in
resistance is then attributed solely to the rotation of the PL magnetization. More analysis on this
interpretation will be presented in the fitting subsections.

4.2.2 The magnetoresistance at room temperature and low current for tr. = 1.6 nm and trL
=1.8nm

The magnetoresistance loops, for the two free layer thicknesses 1.6 nm, and 1.8 nm, are compared
to t=1.4nm in Figure 4.2.2(a)-(b) for devices with a nominal diameter of D,, = 100 nm, and under
an out-of-plane (H_ ) and in-plane (H;) magnetic fields respectively.

The out-of-plane magnetoresistance loops in Figure 4.2.2(a), show that the increase in the free
layer thickness changes the square hysteresis loop observed for trr = 1.4 nm to an s-shape,
indicating that the out-of-plane orientation is a hard axis, where the saturation field increases with
increasing thickness. The TMR at zero field is not at 50% because of the stray field from SAF, it
reorients the magnetization slightly out-of-plane towards the parallel state.

For the in-plane magnetoresistance loops, in Figure 4.2.2(b), increasing the free layer thickness
changes the shapes of the MR loops. For tr. = 1.6 nm, since the free layer is softer, its reorientation
to the in-plane field directions occurs at much smaller field compared to tr. = 1.4 nm (for 1.4nm
this is 350mT while for 1.6nm this is <100mT). For higher fields, the free layer is expected to be
in-plane and the reduction in resistance is attributed to the rotation of the polarizing layer towards
the in-plane direction.

For pMTJs with a free layer thickness of tr. = 1.8 nm, it is expected to have an in-plane easy axis,
as shown in the out-of-plane measurements, and therefore the in-plane field measurement reveals
only the rotation of the polarizing layer leading to a continuous decrease of the resistance starting
at zero field.
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These different interpretations of the equilibrium orientations of the free and polarizing layers are
discussed more in the next subsections where the magnetoresistance loops are fitted to extract the
iPMA value.
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Figure 4.2.2: (a) Magnetoresistance loops of pMTJ devices of tz;, = 1.6 nm (in red) and tg;, =
1.8 nmm (in green), with D,, = 100 nm measured for out-of-plane field (H,). (b) The same as (a)
for in-plane fields H,. Please note that the resistance scales in (a) and (b )are different

4.2.3 Fitting of the magnetoresistance loops for out-of-plane magnetic fields

Using the total energy density given in section 1.1 of chapter 1, here the magnetoresistance loops
are fitted to extract the interfacial perpendicular magnetic anisotropy (iPMA). The approach
consists of using the saturation magnetization Ms from published experimental works on similar
magnetic tunnel junctions [113], and fitting the magnetoresistance loop to determine the value of
the iPMA energy constant. The fitting focuses first on the FL with tz; = 1.4 nm, due to its square
hysteresis loop, and afterwards the fitted parameters are tested on the other FL thicknesses to check
their validity.

The magnetoresistance loop of the FL obtained through the minimization of its total magnetic
energy is shown in Figure 4.2.3(a) in red. The simulation in Figure 4.2.3(a) corresponds to a device
with a free layer thickness of 1.4 nm and a nominal diameter of 100 nm. For the simulations the
real values of the diameters were used (D = D, + 30 nm), it will be the case for all the coming
simulations. The coefficient of the interfacial perpendicular magnetic anisotropy K; was extracted
by fitting the experimental measurements obtained from a device with the same thickness and

diameter. The volume average anisotropy constant is found to be approximately K,, = ﬁ =
FL\1-
600 k J/m3, which is in agreement with published iPMA values, i.e. [114]-[116].
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The corresponding value of K; = 8 * 10™* J/m2 of the iPMA obtained from the fitting of tr. = 1.4
nm is used to simulate the magneto-resistance loops for the other two free layer thicknesses (1.6
nm, 1.8 nm). In Figure 4.2.3(b) the simulations (in purple) are compared to the experimental results
(red and green respectively). The value of Ms used is Mg = 10° A/m .
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Figure 4.2.3 : (a) Fitting of the out-of-plane magnetoresistance loops of device with free layer
thickness of tz; = 1.4 nm and a nominal diameter of D,, = 100 nm. (b) Using the Ki from fits in (a)
to simulate the magneto-resistance loops of tz;=1.6 and 1.8 nm using M, = 10 A/m, K; =
8.4e —4]/m?, and pgH;,. = 42mT for the out-of plane stray field coming from the
uncompensated SAF.

The comparison in Figure 4.2.3(b), between the experimental results and the simulations, shows
that the derived model describes well the magnetoresistance loops. It also confirms the
interpretation provided earlier on the FL equilibrium orientation, such that the free layer
magnetization is oriented out-of-plane for t;; = 1.4 nm, intermediate for t;; = 1.6 nm, and in-
plane for tz; = 1.8 nm while the PL was considered to be fixed and out-of-plane.

The free layer orientation is determined by H,.rr = H, — H, (see Eq. 3.1.9 in section 3.1 of
chapter 3), when it is positive then the free layer is oriented out-of-plane and when it is negative
the free layer is oriented in-plane. It is dependent on the free layer thickness and diameter through
Hu and Hq. For the magnetic anisotropy Hy, it is inversely dependent on the thickness (Ky = Ki/trL),
therefore increasing the free layer thickness reduces Hy (see Eq. 3.1.9). For the demagnetizing field
Ha, as was discussed in section 3.1 of chapter 3, it is dependent on both the free layer thickness
and diameter through the demagnetizing factors (Nx, Ny, Nz). It is proportional to the difference of
N; and 2Ny (see Eq. 3.1.9). The dependence of the demagnetizing field factors is shown in Figure
4.2.4(a)-(b) as a function of the FL diameter and for different FL thicknesses.

The demagnetizing factors in Figure 4.2.4 are dominated by N; and they change very little with
the thickness but noticeably with the diameter.
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Figure 4.2.4 : (a) The demagnetizing factor N plotted as a function of the FL diameter and for the
different thicknesses. It was calculated using the method discussed in section 3.1 of chapter. (b)
The same as (a) but for the Nx and Ny demagnetizing factors.
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Figure 4.2.5 : (a) Comparison of the simulated FL magnetoresistance loops for three free layer
thicknesses (1.4, 1.6, and 1.8 nm) with constant demagnetizing factors in red and by correcting for
the demagnetizing factors in black. (b) Simulations of the magnetoresistance of a FL with a
thickness of 1.4 nm and nominal diameters varying from D, = 150 nm to D, = 40 nm.

The sensitivity of the free layer magnetization orientation to slight changes in its thickness is
investigated in Figure 4.2.5(a).

For the red plots the demagnetizing factors were kept constant as the free layer thickness changes,
and in the black plots the correct demagnetizing factors are used. The plots confirm that the effect
of the demagnetizing field is negligible when the free layer thickness changes from 1.4 nm to 1.8
nm.
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Hence, the thickness dependence of the perpendicular anisotropy is the dominant effect behind the
reorientation of the free layer magnetization observed in Figure 4.2.5(a).

However, unlike the free layer thickness variations, changing the nanopillar diameter changes
noticeably the demagnetizing field and affects the magnetization equilibrium. The effect of the
MTJ diameter is simulated in Figure 4.2.4(b) for a FL thickness of 1.4 nm. It can be seen that the
coercive field increases noticeably as the nominal diameter decreases from 150 nm to 40nm.

It should be reminded here, that the simulations were conducted using the real diameters (D ~ Dn
+ 30 nm).

4.2.4 Fitting of the magnetoresistance loops for in-plane fields

Next the same fitting procedure is used to analyze the magnetoresistance loops under in-plane
magnetic field, shown Figure 4.2.2(b). Under an in-plane magnetic field, if the polarizing layer is
fixed out-of-plane, with a free layer of thickness 1.8 nm (in-plane), the model predicts a constant
magnetoresistance. However, the experimental measurements Figure 4.2.3(b) show a
magnetoresistance that continuously decreases. This decrease results from the polarizing layer that
is gradually rotating towards the in-plane magnetic field direction.

To include the reorientation of the polarizing layer magnetization in the fitting, its equilibrium is
also calculated with the same approach described in section 2.1 of chapter 2. The difference to the
FL parameters is that it experiences a much stronger constant out-of-plane field, coming from the
interlayer exchange coupling to the SAF and a weaker anisotropy. The parameters used in the
simulations are summarized in table Tableau 4.2.1 :

Layer = Ms(A/m) g, (KImd)= K; (tl-ét(zfrr:l)) HoHine (MT) N; Nx = Ny
FL
FL 600 42 mT 0.955835 0.022082
10°
PL 10° 400 450 mT 0.953882 0.023059

Tableau 4.2.1 : The value of the parameters used in the fitting of the magnetoresistance loops.

The parameters (iPMA and H;,.;) of the polarizing layer are obtained by fitting the in-plane
magnetoresistance measurements, starting with the free layer thickness tz; = 1.8 nm for which
the FL magnetization is directed in-plane. The latter guarantees that the variations of the
magnetoresistance are due solely to the reorientation of the magnetization of the polarizing layer.

The results of the simulations of different free layer thicknesses, under an in-plane field are plotted
in Figure 4.2.6(a) and the fit parameters are given in Tableau 4.2.1. They show an overall
agreement with the magnetoresistance loops in Figure 4.2.2(b). It can be seen that for the free layer
of thickness 1.4 nm, under in-plane magnetic fields lower than 50 mT, the magnetoresistance is
quasi-constant as in the measurements in Figure 4.2.1.(b). Similarly, for higher magnetic fields, it
starts to increase towards a maximum before it decreases.
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The behavior of the FL for this thickness is due to the simultaneous rotation of both the FL and
the PL magnetizations towards the in-plane field direction. In particular the field range of quasi-
constant resistance is caused by the fact that both layers rotate at the same rate as is illustrated in
Figure 4.2.6(b) where the equilibrium angles of both magnetizations, under in-plane field, are
plotted.

Moreover, the simulations in Figure 4.2.6(a), show that increasing the FL thickness reduces the
field range of the quasi-constant resistance, which means that the FL saturates in-plane at smaller
and smaller fields. This explains the magnetoresistance behavior for the FL thicknesses of 1.6 nm
and 1.8 nm.
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Figure 4.2.6 : (a) Simulations of the magnetoresistance for pMTJs with 100 nm of diameter and
for different free layer thicknesses. (b) Comparison of the polar equilibrium angles of the free (in
black) and polarizing (in red) layers. For the parameters used here see Tableau 4.2.1.

To conclude, the measured magnetoresistance loops of the different free layer thicknesses, and for
two field orientations, were studied using an analytic approach based on the macrospin model. The
simulations confirm the orientations of both the free and the polarizing layer magnetizations. The
extracted parameters will be used for the magnetization dynamics analysis in chapter 5.

In the next sections, the discussion will be expanded to include the temperature dependence of the
magnetization, which will be later on compared to the dependence on an injected dc current to
distinguish between effects coming from Joule heating and the spin transfer torque.

4.3 Temperature dependence of the pMTJ magnetoresistance

The study of the temperature dependence of the magnetoresistance for perpendicular magnetic
tunnel junctions is an essential step to understand how their internal magnetic parameters are
affected by heat. Especially, at room temperature heating in pMTJs can be induced by dc currents
or by rf power through Joule heating.
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For this purpose, the magnetoresistances corresponding to the three free layer thicknesses were
measured as a function of temperature, under both out-of-plane and in-plane magnetic fields.

The discussion starts with the temperature dependence of the free layer magnetization for the
thickness of 1.4 nm, under out-of-plane field. Afterwards, the conclusions will be generalized to
the other thicknesses 1.6 nm and 1.8 nm. The choice of the free layer of thickness 1.4 nm is because
the temperature effect is mostly on the interfacial perpendicular anisotropy (iPMA) and the
saturation magnetization. Thus, a magnetic layer with an out-of-plane easy axis, such as ty;, =
1.4 nm allows the detection of these changes in the iPMA through the coercive field.

4.3.1 Temperature dependence of the magnetoresistance under out-of-plane field

The results for a device with a nominal diameter of 100 nm are shown in Figure 4.3.1(a). As the
temperature decreases from 300 K to 200 K, the coercive field in Figure 4.3.1(a) increases
indicating that the iPMA is increasing as the temperature decreases. The coercive field was taken
as difference between the positive and negative reversal fields of the magnetoresistance loops (as
|(Hp-ap - Hapr-p))).

Interestingly, the perpendicular magnetic stray field emanating from the not-fully compensated
SAF (at the origin of the FL loops shifts) is also changing with temperature between 40 and 50
mT, with an average value of ~ 42 mT. The parabolic shape could probably be due to the
simultaneous variations in the overall parameters of the magnetic layers in the stack, such as the
Ms, iPMA, and the exchange coupling.

The temperature dependence of the coercive field arises from the temperature dependence of the
anisotropy. In general, the temperature dependence of the uniaxial anisotropy is given by the
Callen-Callen law [117]:

¢
MS—(T)> (4.3.1)

Ku(T) = Kuo( -
s0

where K,, is the uniaxial anisotropy coefficient at zero temperature, M, the saturation
magnetization at zero temperature, and My(T) the temperature dependent saturation
magnetization.
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Figure 4.3.1 : (a) Magnetoresistance loops of a pMTJ device with free layer thickness of 1.4 nm
and a nominal diameter of 100 nm, as a function of the out-of-plane magnetic field and for
temperatures ranging between 200 K and 300 K. The plots are offset vertically for a better
illustration. (b) The extracted perpendicular stray field Hin. from the not-fully compensated
synthetic anti-ferromagnet as function of the temperature. It was extracted from the loops in (a) by
evaluating the field shift of the loops center from zero.

The power coefficient ¢ is usually between 2 and 3 [113]. The temperature dependent saturation
magnetization it is given by the Bloch law [45]:

M,(T) = My [ 1 - (—) (4.3.2)

where T, is the Curie temperature of the magnetic layer (taken as 1200 K [113]), and T the
temperature of the sample.

Including the temperature dependencies of Eg. 4.3.1 and Eq. 4.3.2 in the energy minimization
procedure from section 3.2 of chapter 3, and using a power coefficient ¢ = 2.5, yields a good
correlation to the experimental measurements of the coercive field Hc as shown in Figure 4.3.2(a),
where the experimental and the simulation results are plotted together. However, below 100 K the
coercive field from the experiment is somewhat larger than the simulations.

The temperature dependence of the interfacial perpendicular magnetic anisotropy Ki,
corresponding to the simulated coercive fields, is plotted in Figure 4.3.2(b).
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Figure 4.3.2 : (a) coercive field Hc extracted from the experimental results in Figure 4.3.1(a) in
black, and the coercive field obtained by macrospin simulations in red. (b) the simulation of the

temperature dependence

of the interfacial perpendicular magnetic anisotropy using Eq. 4.3.1.

The experimental temperature dependence of the switching fields is summarized in Figure 4.3.3(a),
and also in Figure 4.3.3(b) that shows the 3D contour plots of the magnetoresistances as a function
of temperature and the out-of-plane magnetic field, called the switching diagram. They show that
the switching fields are symmetric with the temperature. The latter will serve as a reference for
comparison when the STT effects are discussed later on in section 4.4. To note, in Figure 4.3.3(a)-
(b) the hysteresis loops were corrected for the shift caused by the SAF stray field (H,¢ ).
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Figure 4.3.3 : (a) The positive (transition from AP to P) and negative (transition from P to AP)
switching fields of the FL are plotted as a function of the temperature and out-of-plane field, where
the loop shift was subtracted. (b) The switching diagram representing the 3D contour plot of the
magnetoresistance as a function of temperature and the out-of-plane magnetic field.
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4.3.2 Temperature dependence of the TMR

The temperature has also a strong effect on the tunneling magnetoresistance (TMR) of the
junctions. This phenomenon has been thoroughly studied in the past [118]-[120]. However, its
characterization remains an important step, because the TMR is necessary to probe the magnetic
state electrically and the amplitude of the measured dynamic signals scales with the TMR.

The temperature dependence of the resistances (Rp and Rsp) and the TMR are shown in Figure
4.3.4 (a)-(b). The TMR decreases from 170% at 20 K to 100% at 300 K, which is mainly due to a
strong variation of the resistance in the AP state, while the P state resistance does not change.

To understand this phenomenon, many models have been proposed in the past, in which some have
good agreement with experiments. In general, the dependence of the tunneling conductance
(resistance) on temperature can be classified into two groups : one for spin-independent tunneling,
and another for spin-dependent tunneling.

(a) 2400 (b) 180
160 —a— Experiment
2000 4 | —— Simulation
- g 140
S 16004 !
x —=—R_ (T =
p £ 120-
——R,(T)
—— Fittin
1200 - 9
100
800 T T T T T T T T T T T 80 T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T(K)

Figure 4.3.4 : (a) the temperature dependence of the parallel and anti-parallel resistance
respectively in black and red, along with the fitting from the analytical model in purple. The fitting
parameters are : Q = 0.07, E,, =121 meV, S = 3/2, £ = 0.3, and E. = 0.14 meV. (b) The
temperature dependence of the measured TMR in black and the fitted TMR from (a) in purple.

For the spin-independent tunneling, the temperature dependence is caused by the thermal smearing
of the Fermi level. It excites electrons to energy states above the Fermi level (called hot electrons),
which can then tunnel through a lower energy barrier, and thus the conductance increases, see
Figure 3 in [121]. The increase in the tunneling conductance due to thermal smearing is expressed
by the following conductance formula, first derived in [122] :

CcT

G(T) = Go* e

(4.3.3)
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with € = 1.387 * 107* = d/\/a, where d is the barrier thickness in (A) and ¢ the barrier height

in (eV). The barrier height of MgO is ¢ ~ 3.5 eV [118]. Hence, for pMTJs with an MgO thickness
-1
of 1 nm the formula predicts a smearing effect on resistance around (?) ~ 1.75%. Thus, the

0

smearing effect in the pMTJ is very weak, however, it will be included in the overall fitting.

The weakness of the thermal smearing indicates that the TMR decrease with temperature is
dominated by the spin dependent tunneling. Two models have been proposed for this, with the first
one linked to the spin polarization [120], while the second one linked to magnon generation [119].
For the model based on the spin polarization, it considers the spin polarization to be proportional
to the saturation magnetization (exchange field), and hence it could be approximated by the Bloch
law in Eqg. 4.3.2. However, the model does not predict the weak and strong temperature
dependencies of the parallel and anti-parallel resistances respectively. Contrary to the magnon
generation model proposed by Zhang et al. in [119] that predicts the difference in the temperature
dependencies of Rp and Rap. For low voltages, their formalism is simplified and the temperature
dependence of the resistance is expressed by the formulas given in [118]:

-1

R,(T) = R,(0) * [1 O xEx % « kgT * In (kg—CT)] (4.3.4)
Rap(T) = Rep (0) * [1 40 % kT % In (IE—CT)]_l (4.3.5)

with Q standing for the efficiency of the magnon generation, S the spin parameter, E,,(meV) =

3:"% , With T, the Curie temperature, E;(meV) is the magnons generation cut-off, and ¢ =

% the ratio of the density of states. The model predicts that the antiparallel resistance changes
p 'Fap

are more important than the parallel resistance changes, because of their inverse dependence on ¢
that is less than one.

The combination of the magnon generation model with the weak smearing effect gives a good
fitting of the experimental temperature dependence of the TMR as seen in Figure 4.3.4(a). The
values of the parameters in Egs. 4.3.4 and 4.3.5 are included in the legend of Figure 4.3.4(a). These
results, will allow the TMR temperature dependence to be included in the analytical modeling of
the pMTJs.

4.3.3 Temperature dependence of the magnetoresistance under in-plane field

In the following the acquired understanding of the magnetization temperature dependence in an
out-of-plane magnetic field, for tz; = 1.4 nm, is generalized to the in-plane magnetic field
measurements.

In Figure 4.3.5(a) are plotted the measurements of the magnetoresistance in an in-plane magnetic
field, and for temperatures increasing from 200 K to 300 K.
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Figure 4.3.5 : (a) Measurements of the magnetoresistances of a device with t;, = 1.4 nm and
D,, = 100 nm, as a function of an in-plane magnetic field and temperature. (b) Simulation of the
magnetoresistance of a device with the same dimensions as in (a) as a function of an in-plane
magnetic field and temperature. The plots are offset vertically for a better illustration.

As the temperature increases the central region, with quasi-constant resistance, reduces in size.
This is a direct consequence of the reduction of the iPMA by the increasing temperature. It reduces
the iPMA of the free and the polarizing layers simultaneously, and leads them to rotate more easily
towards the in-plane magnetic field. This is qualitatively confirmed by the simulations in Figure
4.3.5(b). Here, the simulations were done using the same macrospin model used above in section
4.2 to describe the magnetoresistance under an out-of-plane magnetic field, and with the same
parameters values.

4.3.4 Temperature dependence of the magnetoresistance for tr. = 1.6 nm and tr. = 1.8 nm

For the other two thicknesses of the free layer, tr-.=1.6 nm and 1.8 nm, the same conclusions of the
temperature dependence as for 1.4 nm can be drawn. Figure 4.3.6(a) and (b) show the
measurements of the magnetoresistances, for the free layer thicknesses 1.6 nm and 1.8 nm for out-
of-plane magnetic fields. For tr.=1.6nm, as the temperature decreases from 300 K to 200 K, the
IPMA increases until it becomes stronger than the demagnetizing field, so that the free layer
reorients towards the out-of-plane direction which becomes the easy axis. This occurs around T =
260 K, where the loop shape changes to a square hysteresis loop. For tr. = 1.8nm, the loops remain
S-shaped, indicating that in this temperature range the increase in anisotropy is not enough to
reorient the free layer magnetization.

83



(a) 1600 (b) 1200
t, =16nm t, =1.8nm
M 1000 \

800—\
T=280K
o G 800-
~ 0 =
o T=260K| g
W T=240K 600 -
-800 4
T=220K
400
T=200K
-1600 1 T T T T T T
100 50 0 50 100 -100 -50 0 50 100
MH, (mT) HH, (mT)

Figure 4.3.6 : (a) Measurements of the magnetoresistance of a device with tz; = 1.6 nmand D,, =
100 nm, under an out-of-plane field and for different temperatures. The plots are offset vertically
for a better illustration. (b) The same as in (a) for a device with tz; = 1.8 nm.

To conclude, the overall analysis done so far permitted the determination of the initial conditions
of the magnetizations of the free and polarizing layers. The static behavior of the free layer
magnetization is well understood in the framework of the macrospin model.

In spintronics the applications requires an external bias current (voltage) to control the
magnetization state. This essential parameter will be the subject of the next section.

4.4 Current dependence of the perpendicular magnetic tunnel junctions

The application of an external bias current (voltage) to a magnetic tunnel junction unfolds a
number of diverse and interesting phenomena. It can modify the magnetization state through the
self-heating (Joule heating), or through the transfer of spin angular momentum. In addition to these
two effects that act through the injected current, there are other effects that act through the electric
field (voltage) known as “voltage controlled magnetic anisotropy” (VCMA). The distinction
between these effects is not straightforward.

To distinguish the different effects, we first analysis here the magnetic hysteresis loops. In chapter
6 the analysis will be supported by ferromagnetic resonance experiments.
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4.4.1 Current dependence of the reversal of the free layer tr. = 1.4 nm

The discussion starts with the current dependence for the free layer with a thickness of 1.4 nm
under out-of-plane field and the conclusions can be used to explain the dependencies for the other
thicknesses.

The magnetoresistance hysteresis loops for the free layer reversal for positive and negative currents
are shown in Figure 4.4.1(a) and Figure 4.4.1(b) respectively. Here the measurement temperature
was set to 200 K so that it can be compared with the pure temperature (T) dependence presented
in the previous section. In addition, for convenience, the measurements are carried out upon
applying a DC current instead of voltage.

For small bias currents below |I| = 0.3 mA, the hysteresis loops in Figure 4.4.1(a)-(b) show a
similar dependence. But for higher current values, clearly, the coercive field reduces much more
for the case of the negative currents. The coercive field is defined as |(Hp-ap - Hap-p)| Where Hp_ap
(Hap-p) is the reversal field for transition from P to AP (AP to P). The variation of the coercive
field with the current is summarized in Figure 4.4.2(a), where an asymmetry in current sign is
evident. For a current of the magnitude |I| = 0.5 mA, there is a difference of 45 mT in the coercive
field between the two current signs.
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Figure 4.4.1 : (a) The magnetoresistance loops as a function of the out-of-plane magnetic field for
different positive bias currents (mA). (b) the same as (a) for negative bias current (mA).

To visualize better, the asymmetry in the coercive field with current sign, Figure 4.4.2(b) displays
the 3D contour plot of the magnetoresistance as a function of the current and the out-of-plane field.
The green area corresponds to the bi-stable region of the hysteresis loop, with the switching fields
Hp-ap and Hap-p at its boundaries. The switching fields are asymmetrical with the current sign. The
negative current reduces the negative switching field more than the positive current.
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The positive current does the inverse, it reduces the positive switching field more. In general, these
are expected consequences of the spin transfer torque switching [17], and will be discussed next.

It is reminded, that negative current means that the electrons are flowing from the free layer to the
polarizing layer and positive current means that the electrons are flowing from the polarizing to
the free layer. The STT therefore is expected to destabilize the anti-parallel state for positive
current and to destabilize the parallel state for negative current .

However, the asymmetry does not exclude the presence of other current (or voltage) induced
phenomena such as the VCMA and the Joule heating.

To sort out their different contributions to the magnetization switching, they will be addressed
separately to predict their effects. Starting with the STT, then the Joule heating, and finally the
VCMA.
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Figure 4.4.2 : (a) The coercive field as a function of the bias current, it is extracted from the
measurements shown in Figure 4.4.1. (b) The magnetization switching diagram by plotting the 3D
contour of the magnetoresistance loops as a function of current and out-of-plane magnetic field.
The switching fields are defined as the boundaries of the green area. Here the stray field coming
from the synthetic antiferromagnet was subtracted to center the plots around zero.

4.4.1.1 The characterization of the spin transfer torque

The STT effect on the switching fields can be studied using the linearized LLG equation formalism
established in section 3.2 of chapter 3. There it was deduced that the critical currents for the P and
AP states have the following expressions :

2e poMstpy 1
— - % *

]CP—>AP - ) T a * (HJ_ - Hueff) * (1——a,8) (4.4.1)
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2e Mt 1
=__*ﬂo SFL*a*(HJ_+Hu

Jeap-p 7 ” efr) * a+ap) (4.4.2)

It is reminded here that « is the damping constant, beta the field-like torque coefficient, n the spin
polarization, and H, the out-of-plane field which can include the exchange H;,;,. The critical
currents from Eq. 4.4.1 and Eq. 4.4.2, as a function of the out-of-plane field H,, are plotted in
Figure 4.4.3(a). For this calculation, the coefficient a8 << 1 was neglected, and the parameter
values are given in the legend of Figure 4.4.3. In Figure 4.4.3(a), the coercive field at zero current
is indicated by dashed lines, it permits the construction of a Current-Field switching diagram. The
latter is plotted in Figure 4.4.3(b) and it shows that the STT acts on the switching fields (the edges
of the hysteresis loop) in an asymmetric manner. In positive current it reduces the positive
switching field while keeping the negative one constant, and vice versa in negative current.
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Figure 4.4.3 : (a) Critical currents plotted as a function of the out-of-plane field H,, where /., .
is plotted inred and J.,, . plotted in black. The parameters used to plot them are the same from

the macrospin model see Tableau 4.2.1, for tp;, = 1.4 nm, with an approximate value of q; = % *

w ~ R, 4 2L The value of a; is consistent with the values used to fit similar experimental

results in ref [95]. (b) Schematics of the switching diagram based on Figure 4.4.3(a).

Thus, experimentally, the asymmetric behavior of the switching fields with the current sign can be
well explained through the STT effect, contrary to the temperature effect via Joule heating shown
in Figure 4.3.3(a) that is expected to be fully symmetric with the current sign. Therefore to quantify
the effect of the STT, focusing on the current variation of one of the two switching fields is enough,
i.e. the AP-to-P. The approach used here is the following :

- First, the switching fields corresponding to the reversal AP-to-P are extracted from the
measurements for all the current values and signs.

- Next, the switching fields in negative currents are subtracted from those in positive
currents.
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This procedure should cancel out the symmetric response due to the Joule heating and leave the
contribution from the STT. The result is depicted in Figure 4.4.4(a) where the difference between
the switching fields (AH4p p) is plotted as a function of the current amplitude. Considering this
difference AH,p_p to be produced only by the STT, the STT effect and the Joule heating can be
disentangled and discussed separately. The corrected switching field plots are shown in Figure
4.4.4(b), where the contribution due to STT is in red and due to Joule heating in black. Focusing
on the negative current sign and comparing the two phenomena, it can be concluded that the STT

effect on the coercive field is the most significant. However, the Joule heating has a noticeable
action on the coercive field as well.
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Figure 4.4.4 : (a) The difference between the AP-to-P switching fields in positive and negative
current as a function of the current amplitude. (b) The corrected switching fields for the STT

without Joule heating (in red), and the corrected coercive fields for Joule heating without STT (in
black).

4.4.1.2 The characterization of the Joule heating

The analysis in the previous section on the STT contribution to the magnetoresistance switching,
revealed that Joule heating can contribute to the reduction of the switching field as a function of

current leading to a symmetric change of the switching field. The aim of this section is to quantify
the Joule heating in the pMTJs by the current.

The heat generated by the dc current, will have a direct consequence on the interfacial
perpendicular anisotropy (iPMA), and the saturation magnetization (M) as both are temeperature
dependent as discussed in section 4.3 (Eq. 4.3.1, 4.3.2). Based on these equations we will quantify
the expected changes in the magnetic parameters induced by the dc current.

For this we use the approach presented in [113], where the Joule heating in the free layer is
modeled for current pulses of duration tp.
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Using the first law of thermodynamics [123] the model explores the heat transfer by conduction in
one dimension, and the thermal resistance approach [124]. The latter yields an ordinary differential
equation of the temperature changes:

dT
CE =R,I>+ Q(T —T,) (4.4.3)
where C is the specific heat of the MTJ, Q is the heat transfer coefficient and T the free layer

temperature under current I. The first term on the right-hand-side of Eq. 4.4.3 is the electric power
in W, with R,, the parallel resistance and I the injected DC current. The second term stands for the

heat transfer with T, the temperature at zero current.

Eq. 4.4.3 has a solution of the type :

T =Ty+R,1%%Qx(1— e"(@/O%) (4.4.4)

where t,, is the length of the current pulse. The model predicts that the Joule heating can be much
reduced using short current pulses. However, for continuous current (dc) such as the ones used
here t,, » +oo, the Joule heating is at its maximum. Eq. 4.4.4 for dc currents takes the following
simple form with a quadratic dependence on the injected current:

AT = {I? (4.4.5)
where AT =T — T, is the temperature increase due to the current,and { = Q = R,,.

The next step is to include this current dependent temperature in Eq. 4.3.1 and in Eq. 4.3.2 which
take the form :

£
M (T, + AT
K, (Ty + AT) = Ky <M> (4.4.6)
MSO
3
To + AT\Z
M,(T, + AT) = My | 1 — ( - ) (4.4.7)
c

To extract the proportionality factor ¢ in Eq. 4.4.6, the following approach is used :

- First, the corrected switching field poAH,,_,, for the STT in Figure 4.4.4(b) is plotted as a
function of Joule heating AT by replacing AT with the expression in Eq. 4.4.5 for the
current.

- Subsequently, the corrected coercive field from the current measurement is plotted against
the coercive field from the temperature measurements.

- Finally, the coefficient ¢, is varied until the two match approximately.
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The fitting is shown in Figure 4.4.5. It gives { = 150 K/mA? for apMTJ with free layer thickness
of 1.4 nm and a diameter of 100 nm. The obtained ¢ value is relatively close to the one obtained
in [113] ({ ~ 200 K/mA?). This rough approximation implies that the injection of a dc current
with magnitude | = 0.4 mA increases the temperature of the free layer by AT = 24 K.

From this rough analysis, a good understanding of the magnetoresistances at different currents
values can be established. The analysis shows that the STT effect is the dominant one but that the
Joule heating has an important effect on the iPMA and the Ms. For the magnetization dynamics
this means that in the sub-critical regions, where the dc current is smaller than the critical current,
the dc current can still have an effect on the FMR frequency that can be varied by Ms and Ki due
to Joule heating.

For the other free layer thicknesses 1.6 nm and 1.8 nm, the Joule heating effect is expected to be
roughly similar, although the STT excitation might be different due to their relative reorientations.
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Figure 4.4.5 : (a) The fitting of the switching field AP-P from the temperature measurement by
those from the current measurements using Eq. 4.4.5. The measurements are from a pMTJ device
with tg;, = 1.4 nm, a nominal diameter of D,, = 100 nm and R,, = 850 (2.

4.4.1.3 The voltage controlled magnetic anisotropy (VCMA)

Besides the STT and Joule heating, the changes of the switching field with current might also arise
from a VCMA. In the following, we briefly demonstrate that this effect can be neglected for the
pMTJs studied here.

The voltage controlled magnetic anisotropy is an interface effect. First principle calculations
[125]-[127], show that it arises from the accumulation of spin polarized charges at the interface
between a ferromagnetic layer and an insulator.
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It is also called the spin dependent screening effect [128]. The accumulation of the spin polarized
charges at the interface of the ferromagnetic layer creates a surface magnetization, and changes
the spin-orbit coupling via a change in the occupation of the atomic orbitals. Therefore, since the
interfacial perpendicular anisotropy (iPMA) is dependent on the spin-orbit coupling it is
accordingly changed when a voltage is applied.

Experimentally, the dependence of the iPMA on the voltage was found to be linear [129]. For one
sign of the voltage the IPMA increases linearly and for the other sign it decreases. As a
consequence, for the VCMA, it is expected that the coercive field changes linearly with the voltage,
and its boundaries (switching fields) change symmetrically.

The VCMA is generally represented by the following phenomenological model[129]:

k_KO_§. % (4.4.8)
trr trL trr  tox

where K;(0) is the iPMA energy constant at zero voltage, tg;, the free layer thickness, & (fJ/\V.m)
the VCMA efficiency coefficient, ,, the bias voltage, and t,, the thickness of the oxide layer
(MgO).

For MgO-based MTJs, the VCMA efficiency coefficient & is usually between 30 fJ/VV.m and 60
fJ/V.m [129]. However, for the pMTJs investigated here, the FL is surrounded by two MgO
barriers, with similar thicknesses, that can compensate their relative effects through the inverse
charge accumulation at their interfaces, thereby reducing the overall VCMA of the MTJ.

To evaluate the VCMA using Eq. 4.4.8, an upper estimation of the coefficient & = 30 fJ/V.m is
used, along with a voltage corresponding to the highest experimental current values of |0.5|mA.
For the remaining parameters they are extracted from the macrospin model used before and their
values are the following :

Vy = Rgp * (0.5+1073) = 0.8V,

tox = 1 nm,

Ki(0)
trL (1.4- nm)

= 600 kj/m3.

The calculations yield for the second term in Eq. 4.4.8, a value of tk—" = ti * :—” = 17 kJ/m3, it
FL FL ox

represents only = 2.8 % of the zero voltage perpendicular magnetic anisotropy coefficient.
However, it can have a drastic consequences on the magnetization state. This is illustrated by the
macrospin calculations shown in Figure 4.4.6(a) for a dc current |I| = 0.5 mA. The coercive field
at zero current is reduced to almost zero for negative current sign (red plot), and almost doubled
for the positive current sign (green plot). Nevertheless, the results from the simulations in Figure
44.6(a) do not reproduce the experimental results shown in Figure 4.4.6(b).
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In the experimental results, the coercive field at zero current is two times higher than the coercive
field at 0.5 mA positive current, and 6 times larger than the one at 0.5 mA negative current. It
indicates that the value used for the VCMA efficiency was exaggerated for this pMTJ stack, and
that the VCMA effect is generally weak in these MTJ devices.

Further arguments supporting a weak VCMA contribution in the pMTJs will follow later-on using
the ferromagnetic resonance analysis.
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Figure 4.4.6 : (a) Macrospin simulations of the VCMA effect, based on the minimization of the
total magnetic energy, and for a dc current |l = 0.5 mA. (b) Experimental measurements of the
magnetoresistance hysteresis loops for low dc current (10 pA, black line) and |I| = 0.5 mA (red
and green line).

4.4.1.4 The TMR bias voltage dependence

The injection of a large current density, as shown in the previous section, can cause the
magnetization to switch and thereby provides a means to manipulate the magnetic state
electrically.

The dc current or dc voltage however also affects the tunneling magnetoresistance (TMR). An
example is shown in Figure 4.5.3(a), for a device with a free layer thickness of 1.4 nm and a
diameter of 100 nm, the TMR loses 50% of its initial value by increasing the current magnitude to
0.5 mA.

Interestingly, the bias dependence of the TMR is independent of the current sign, and similar to
the TMR temperature dependence : the changes in the TMR are mostly mediated by the anti-
parallel state, see Figure 4.4.7(b).
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Figure 4.4.7 : (a) TMR dependence on the bias voltage, extracted from the current measurements
shown in Figure 4.4.3, for a pMTJ device with a free layer thickness of 1.4 nm and a diameter of
100 nm. (b) Magnetoresistance hysteresis loops for a dc current of magnitude 0.01 mA (in black)
and dc current of magnitude of 0.5 mA (in red).

The TMR dependence on the bias current (voltage), was first discovered by [13] and [130]. It is
usually attributed to the spin flip (magnon generation) caused by the hot electrons (electrons with
energy higher than the Fermi level) at the interface of the free layer. It can be explained by the
model presented earlier for the temperature dependence of the TMR [119]. For low voltages, it is
approximated by :

25 kT
Rp(V, T)ly—0 = Ry(V, 0) * [1 FQeE s ks s zn( ;C )] (4.4.9)

2S5 1 kgT
Rap(V, T)lymrg = Rap(V, 0) * [1 +Qr gl o zn( ;C )] (4.4.10)

where V is the bias voltage, Q standing for the efficiency of the magnon generation, S the spin

parameter, E,,(meV) = :iTC with T, the Curie temperature, E.(meV’) the magnon generation

cut-off, and § = % the ratio of the density of states.
Pp+Pap

Although, the model provides an explanation for the TMR voltage dependence, Eq. 4.4.9 and Eg.

4.4.10 are limited to very low voltage measurements. Moreover, for the fitting, it requires

knowledge of the TMR voltage dependence at very low temperature. The latter is unfortunately

missing in this work.
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4.5 Current dependence of the reversal of the polarizing layer

The aim of this discussion is to complement the previous analysis by including the current
dependence of the reversal of the polarizing layer (PL). This step is as important as the analysis of
the free layer (FL), because for the passive spin diode effect, in chapter 5, both the FL and the PL
dynamics are detected. More importantly, in the active spin diode measurements, in chapter 6, the
PL response is higher than that of the FL.

The PL reversal is investigated here, under an out-of-plane field, and for all the different FL
thicknesses. Although, it must be noted that in these measurements the PL reversal is at high out-
of-plane fields where the FL should be saturated out-of-plane. Hence, even if the FL orientation at
zero field is different for each thickness, in the PL reversal it should be approximately out-of-plane
for all the thickness.

4.5.1 Current dependence of the polarizing layer for tr. = 1.4 nm

For a pMTJ with a free layer thickness of 1.4 nm, the PL reversal for different current signs is
shown in Figure 4.5.1(a). Similarly to the FL reversal in Figure 4.4.1(a), here the
magnetoresistance loops show a noticeable asymmetry with the current sign, which indicates the
action of the STT. The magnetoresistance shape in negative current, shows a distortion in the spin-
flop region that is not present in the positive current measurements. Similar distortions are usually
an indicator of the self-sustained oscillations of the magnetization. In this case, it is likely to be
the PL that auto-oscillates, because with the negative current the electrons flow from the FL to the
PL.

Focusing on one of the switching fields (AP-to-P), as in the previous approach, and plotting it as
a function of currents, illustrates well the asymmetry with the current sign, see Figure 4.5.1(b).

To disentangle the STT and the Joule heating in the PL hysteresis, as in the case of the FL, the
switching fields from the positive currents are subtracted from those in the negative current. The
result is plotted in Figure 4.5.2(a) as a function of the current amplitude. The corrected switching
fields from the STT alone, and those from the Joule heating alone are also plotted in Figure
4.5.2(b). The results show that, for a FL thickness of 1.4 nm, the PL reversal is dominated by the
STT effect, with an important presence of the Joule heating.

Using the model developed above in Eq. 4.4.5. to convert the current measurements into the Joule
heating equivalent and fitting the temperature measurements, gives a { = 300 K/mAZ?. The fitting
shows that the Joule heating present in the PL is about two times higher than that induced in the
FL, which might be due to the difference in their effective volumes. The fitting is depicted in
Figure 4.5.3.
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Figure 4.5.1 : (a) The experimental magnetoresistance loops of the PL as a function of the out-of-
plane field at T = 200 K and for different dc currents. (b) The AP-to-P switching field from the PL
hysteresis loop, plotted as a function of the dc current.
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Figure 4.5.2: (a) The difference between the AP-to-P switching fields of the PL in positive and
negative current as a function of the current amplitude. (b) The corrected PL switching fields for
the STT without Joule heating (in red), and the corrected coercive fields for Joule heating without
STT (in black).

Selecting the other switching field P-to-AP for the whole analysis done previously should be
generally similar, however the measurements from the PL reversal show a totally different
response. The switching field P-to-AP for the PL as a function of the current is almost constant
and independent of the current sign or amplitude, see Figure 4.5.4(a). Although it exhibits a drastic
jump at current amplitude |0.4| mA for both signs, which is mostly a heat induced behavior.
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The latter jump is also present in the real temperature measurements, which indicates that its source
might be the anisotropy, see Figure 4.5.4(b). However, what is happening exactly is not
straightforward due to the complicated structure of the PL layer and its coupling to the SAF. For
the jump, it might be a sharp reorientation, or a domain switching, and in both cases it might be
related only to this specific device. As for the constant behavior of P-to-AP with the current, it is
present in the other thicknesses, and its main source is also not yet fully determined.
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Figure 4.5.3: (a) The fitting of the FL coercive field from the temperature measurements by those

from the current measurements using Eq. 4.4.5. The measurements are from a device with tz;, =
1.4 nm and a diameter of D = 100 nm.
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Figure 4.5.4: (a) The P-to-AP switching field from the PL hysteresis loop, plotted as a function of
the dc current. (b) the P-to-AP switching field from the PL hysteresis loop plotted as a function of
the temperature for input current of 10 uA.
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4.5.2 Current dependence of the polarizing layer for tr. = 1.6 nm and tr. = 1.8 nm

The goal of this subsection is to explore the dependence of the PL reversal on the FL thickness.
The latter changes the equilibrium orientation of the FL and as a consequence the electrons flowing
from the FL to the PL can stabilize different orientations depending on the FL thickness. It is
reminded here that the characterization of the PL are done at high out-of-plane magnetic fields
where the FL is saturated out-of-plane.

For this analysis the same approach as in section 4.5.1 is used to quantify the STT effect. It starts
by extracting the AP-to-P switching fields and then plotting them for all the current signs and
amplitudes. The results from a pMTJ with a FL thickness of 1.6 nm are sketched in Figure 4.5.5(a),
and those from one with a FL thickness of 1.8 nm are sketched in Figure 4.5.5(b). For both devices,
the nominal diameters are 100 nm, and the measurements are done at a temperature 200 K to have
the same measurement conditions as before in section 4.5.1.
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Figure 4.5.5 : The AP-to-P switching field from the PL hysteresis loop, plotted as a function of the
dc current, for a FL thickness of (a) 1.6 nm and (b) 1.8 nm.

Starting with the measurements in Figure 4.5.5(a), for tz;,= 1.6 nm, they show that the AP-to-P
does have an asymmetry with the dc current sign, however it is weaker compared to tz;= 1.4 nm.
In addition, for tz;= 1.6 nm, the AP-to-P changes more with the positive current, while for tg; =
1.4 nm (in Figure 4.5.1(b)) it changes more with the negative current. Considering the current
convention, the latter might mean that for 1.4 nm, the PL switching is mediated directly by the
electrons flowing from the FL to the PL, while for 1.6 nm the PL switching is mediated via the
reflected electrons (see Table 2.4.1 for the current convention).
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For the pMTJ with a FL thickness of 1.8 nm, in Figure 4.5.5(b), the PL switching field AP-to-P is
quasi-symmetric with current sign. Comparing the results for all FL thicknesses, see Fig. 4.5.6, it
can be concluded that for the PL, the AP-to-P current sign asymmetry decreases with the increase
in the FL thickness. This is illustrated in Figure 4.5.6 where the AP-to-P difference with current
sign is plotted for all the FL thicknesses. If the asymmetry is considered as the main STT
contribution, and the symmetry to be due to Joule heating, the measurements give the impression
that for the PL reversal, the STT efficiency drops for higher FL thicknesses, while the PL Joule
heating increases with them. Although it must be reminded that the interpretation considered here
for the STT switching is based on a fixed out-of-plane orientation of the free layer for all
thicknesses. Therefore, for a high out-of-plane magnetic field, if the FL is not saturated out-of-
plane then the formulas derived for the PL switching currents, as in section 4.4.1.1, do not
necessarily hold anymore.
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Figure 4.5.6: The asymmetry between the AP-to-P switching fields of the PL as a function of the
current amplitude for all the FL thicknesses.

4.6 The current dependence of the magnetoresistance under an in-plane
magnetic field.

In section 4.2.1, it was shown that a device with a free layer thickness of 1.4 nm, has an out-of-
plane easy axis. Moreover, under an in-plane magnetic field, the magnetizations of the free and
polarizing layers exhibit both an in-plane rotation towards the magnetic field direction. Although
for relatively weak in-plane fields the reorientation occurs at the same rate, which results in a
quasi-constant magnetoresistance with the in-plane field. In this section, the aim is to investigate
the current dependence of the magnetoresistance measured under an in-plane magnetic field.
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The results, from a pMTJ with a FL thickness of 1.4 nm, and a nominal diameter of 100 nm are
depicted in Figure 4.6.1(a) and Figure 4.6.1(b) for positive and negative currents respectively.
Interestingly, around zero magnetic field and for negative dc currents a pronounced increase in the
resistance with the current is observed. The increase is maximum at zero field and decreases with
increasing in-plane magnetic field. The latter phenomenon is absent for positive current. This
suggests that the spin transfer torque effect is contributing to this peak. It is also consistent with
the current sign of the STT (negative current destabilizing the free layer through back reflected
electrons). This peculiar behavior can also be observed for the other free layer thicknesses and will
be analyzed in detail in chapter 7.
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Figure 4.6.1 : (a) The magnetoresistance as a function of an in-plane magnetic field and positive
dc current, for a device with a free layer thickness of 1.4 nm and a diameter of 100 nm. (b) the
same as (a) for negative dc currents.

Conclusion

To conclude, in this chapter the equilibrium magnetic states of both the free and the polarizing
layers were characterized using the VSM for the continuous films and using the PPMS for
nanopillar devices. The three free layer thicknesses (tz;, =1.4 nm, 1.6 nm and 1.8 nm) were
characterized under out-of-plane and in-plane magnetic fields, and for variable temperatures and
dc currents. The measurements combined with a macrospin analysis (from chapter 3) helped to
identify the equilibrium orientation of the free layer magnetization, to extract the iPMA energy
constant and in addition to distinguish between the different phenomena involved when a dc
current is injected into the device.

It was found that for tz; = 1.4 nm the free layer magnetization is orientated out-of-plane, while
for t;; = 1.6 nm and tz;, = 1.8 nm it is orientated in zero field at an intermediate angle and in-
plane respectively. Moreover it was found that under dc current the dominant effect is the spin
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transfer torque, followed by the Joule heating by ¢ ~ 150 K/mA?, and probably a weak voltage
controlled anisotropy (VCMA).

The polarizing layer was demonstrated to be out-of-plane at equilibrium and reorients by an in-
plane field. The characterization of the polarizing layer reversal revealed that its AP-to-P reversal
is dependent on the free layer thickness, while its P-to-AP is almost independent of temperature
and current amplitude and sign. The quantification of the Joule heating gives an approximate value
of { = 300 K/mA?Z.

The understanding of the static behavior of the pMTJs layers will be the background on which the
coming chapters are build. In the next chapter, it will be used to investigate the magnetization
dynamics under an oscillating electric current, for the passive spin-torque nano-diode effect.
Subsequently, it will be used for the investigations of the magnetization dynamics under both dc
and oscillating current (active detection), and finally for the stochastic behavior of the
magnetization reversal.
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Passive radiofrequency detection in pMTJs

In this chapter the pMTJs are explored for the passive spin-torque nano-diode effect, where passive
refers to zero dc current. The objective was to define the experimental conditions that lead to the
largest output signal for the passive rf-to-dc conversion. The experiments were carried out under
in-plane and out-of-plane fields for all the three free layer thicknesses (1.4 nm, 1.6 nm, and 1.8
nm) and for all nominal diameters (20 nm, 40 nm, 80 nm, 100 nm, 150 nm).

The characterization of the rf-to-dc conversion shows dc output voltages in the mV range, with a
signal-to-noise ratio (SNR) of 26-39 dB for an input rf power of —25 dBm. Moreover, the
sensitivity of the devices to the input rf power was found to be € ~ 300 mV/mW. The output
voltages exhibit a noticeable dependence on the pMTJ size : they increase by a factor of ~ 6 when
the nominal diameter is reduced from 150 nm to 20 nm. The latter improvement can be doubled
when the FL thickness changes from 1.8 nm to 1.6 nm. This size-dependent enhancement is
attributed to different effects: (i) the magnitude of the spin transfer torque that depends inversely
on the area of the FL, (ii) the effective anisotropy H,.rr = H, — H, that depends via the
anisotropy on the FL thickness and via the demagnetization field on the diameter (see Figure 4.2.4
and Figure 4.2.5 in section 4.2 of chapter 4), and (iii) the TMR that for these specific devices
depends on the diameter. A similar diameter dependence was also observed for the rf-to-dc
conversion within the polarizer. The obtained results indicate that the thickness and diameter of
the FL are important parameters for the optimization of the spintronic based rf detectors.

Following the rf-to-dc characterizations, the pMTJ devices were tested for rf demodulation using
the On-Off-Shift-Keying (OOK) technique. Incoming modulated square signals with frequencies
up to 50 kHz were demodulated successfully by the pMTJs.

Finally, in the last section of this chapter a discussion of the asymmetry in the signal shape under
an out-of-plane field is included. It is suggested to be due to the exchange coupling between the
PL and the SAF.

5.1 Characterization of the passive spin-torque nano-diode effect under an in-
plane magnetic field

In this section, the pMTJs with the three free layer thicknesses (1.4 nm, 1.6 nm, and 1.8 nm) are
characterized for the spin-torque nano-diode effect under an in-plane magnetic bias field.
Moreover, for each FL thickness, the spin-torque nano-diode effect is characterized for a different
range of diameters. The results are then analyzed and fitted by the model developed in section 3.3
of chapter 3.
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5.1.1 The output signal shape and the identification of the ferromagnetic resonance modes

To start the characterization, we first present results for three perpendicular magnetic tunnel
junctions (pMTJ) with the same nominal diameter (Dn = 80 nm), and different free layer
thicknesses (1.4 nm, 1.6 nm, 1.8 nm). The pMTJs were exposed to an rf current with a power of -
5 dBm and a frequency that was swept from 0.5 GHz to 15 GHz at a given constant in-plane
magnetic field. Then the frequency sweeps were repeated for different fields that were varied from
0 mT to 100 mT. The goal of this initial characterization was to understand how the spin-torque
nano-diode signal evolves as the free layer thickness (i.e. the free layer orientation) changes. The
measured output voltages are plotted in Figure 5.1.1(a)-(c).

For the free layer with a thickness of 1.4 nm, the output dc voltage in Figure 5.1.1(a) looks
independent of the rf current frequency as well as the in-plane magnetic field. The measurements
suggest that the resonance of the magnetization is not detectable electrically. This is mostly caused
by the quasi-collinearity of the free and polarizing layer magnetizations for this thickness, under
in-plane field. In chapter 4 section 4.2, it was shown that under an in-plane magnetic field below
50 mT, the Fl and PI are quasi-collinear, i.e. their respective angle changes very little in this field
range. Thus, under an in-plane field, the magnetoresistance changes are weak for a free layer with
a thickness of 1.4nm.

For the remaining free layer thicknesses, 1.6 nm, and 1.8 nm, their output voltages in Figure
5.1.1(b)-(c) exhibit resonance responses as a function of the rf current frequency. However,
interestingly, at a constant in-plane magnetic field, there are two resonance frequencies, regardless
of the free layer thickness. The two resonance frequencies are lying within two distinct frequency
ranges, one at lower frequencies 1-5 GHz and the other one at higher frequencies 8-12 GHz. In
addition, the dc voltages produced by those two resonances are of opposite signs. The two
resonance frequency branches are plotted in Figure 5.1.1(d) as a function of the in-plane magnetic
field, and for both free layer thicknesses.

Figure 5.1.1(d) shows that as the free layer thickness changes, the lower resonance frequencies
vary noticeably, while the higher resonance frequencies are almost the same for both thicknesses.
The latter is a strong hint on the origin of the two resonances. Considering the polarizing layer
magnetization dynamics to be the origin of the higher resonance frequencies could explain the
results because its excitation frequencies will be independent of the free layer thickness.

In addition, the corresponding dc voltage is negative (opposite to the first resonance mode),
because it is excited by the back reflected electrons while the free layer is excited by the electrons
polarized by it, and vice versa, the two magnetic layers are always excited by currents of opposite
signs.

Therefore, the higher resonance frequency branch is attributed to the oscillations of the polarizing
layer, while the lower resonance frequency is attributed to the oscillations of the free layer.
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Figure 5.1.1: (a) Experimental results of the dc rectification voltage of a magnetic tunnel junction
with a nominal diameter of 80 nm and a free layer thickness of 1.4 nm, upon sweeping the
frequency of the rf current injected in the pMTJ at constant in-plane magnetic field Hy. The
corresponding rf power is -5 dBm. (b) and (c) are the same as (a) but for free layers thicknesses
1.6 nm and 1.8 nm respectively. (d) The resonance frequencies extracted from (b) and (c) vs. the
in-plane magnetic field Hy.

The higher resonance frequency of the polarizing layer, as compared to the one from the free layer,
is attributed to its coupling to the synthetic antiferromagnetic (SAF) that is considered here to be
fixed. Therefore, the Pl experiences a constant out-of-plane interaction field Hin. that will be
stronger than the out-of-plane field that the free layer experiences due to the dipolar field from the
non-compensated SAF. To argue more on these assumptions, in Figure 5.1.2(a)-(b), the resonance
frequencies of the magnetizations of the free and polarizing layers are estimated using the
macrospin model developed in section 3.3 of chapter 3.
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The resonance frequencies from the model have the dependence:

Y

" 2mesin (8) \/ (Hymyo) * (Huerr 2mZy — 1) + Hymyo + (Hine ) Mz) (511

fo

where 6; is the equilibrium angle of the FL or PL obtained by Eq. 3.1.18 in chapter 3. m,, and
m,, represent the static equilibrium position of the magnetization at a given field value, they are
obtained from the energy minimization of Eq. 3.1.18 in section 3.1 of chapter 3. The field Hy,,;,
in Eqg. 5.1.1 is considered constant and to be due to the stray field from the SAF in the case of the
free layer and the exchange coupling of the PL to the SAF in the case of the polarizing layer.

The parameters used in the evaluation of Eq. 5.1.1 are summarized in the following table
(Tableau 5.1.1):

Layer Ms (A/m) Ky (kJ/im®) toHintL N, Nx = Ny
(mT)
FL ~10° 1.4nm 42 0.949537 0.025232
son. (247
tp,(nm)
PL ~10° XX XX 0.953882 0.023059

Tableau 5.1.1 : The value of the parameters used in the fitting of the FMR frequencies in Figure
5.1.2 of the FL and PL. The average M;s values for FL and the PL are 1.14 = 106(A/m) and 1.12 *
10°(A/m) respectively. Since they are relatively similar, in the calculations both were
approximated by 106 (A/m).

The parameter values for the FL are those extracted from the fitting of the magnetoresistance loops
in section 4.2.3 in chapter 4, while for the polarizing layer they were obtained from the fitting to
the experimental data in Figure 5.1.2(b). Figure 5.1.2(a) shows the results for the low frequency
resonance (free layer), and Figure 5.1.2(b) for the high frequency resonance (polarizing layer).

For the low frequency resonances, attributed to the dynamics of the free layer magnetization, the
simulations reproduce the measured results with a good approximation. In particular, the
simulations predict the observed shift of the resonance to lower frequencies when the free layer
thickness changes from 1.8 nm to 1.6 nm. Thus, the simulations confirm that the low frequency
resonances are those of the free layer magnetization.
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Figure 5.1.2 : (a) Comparison between simulations and the experimentally extracted frequencies
vs. applied in-plane field for the ferromagnetic resonance modes of free layers with the same
nominal diameter D, = 80 nm. The simulations are plotted as continuous lines, while the line-
point plots are the experimental results. (b) The same as (a) but for the polarizing layer. Here the
anisotropy and the out-of-plane field were varied to fit the experiment.

For the polarizing layer mode however, the fitting in Figure 5.1.2(b) requires different parameters
than those obtained in chapter 4 for the free layer. For this, the perpendicular interaction field Hint.
and the anisotropy energy constant Ky= Ki/tpi were varied. However, the fitting using the model
was not as satisfactory as for the FL. For instance, using the PL parameters from section 4.2.3 in
chapter 4, resulted in an FMR mode with a similar evolution (slope) vs. the in-plane field, but its
frequency is by ~ 5.25 GHz lower than the measured frequency. The result is plotted in Figure
5.1.2(b) (black line, after shifting it up by 5.25 GHz). In order to obtain frequencies close to the
experimental ones, the anisotropy constant K,, = K;/tp; and the perpendicular interaction field
Hint. were varied using different set of values. The results are plotted in Figure 5.1.2(b). However
as can be seen the increase of frequency with field is much weaker for the simulated results. It is
difficult to fit both the anisotropy constant and the out-of-plane coupling field to reproduce the
experiments. For instance, a low anisotropy constant requires a high out-of-plane field to have the
correct frequency (Figure 5.1.2(b) in red), and a high anisotropy constant requires a small out-of-
plane field (Figure 5.1.2(b) in cyan). Moreover, the first case (in red) gives FMR modes with slopes
that are a little bit higher than those in the second case (in cyan). But the values of the Hint. are
much larger than what one would expect from the exchange coupling of the PL to the SAF.

These different fittings of the PL FMR suggest that the perpendicular anisotropy is weak
(compared to the FL) and the perpendicular interaction field is very strong. This may mean that
the assumption of a rigid SAF layer and only the polarizing layer being excited is not correct. The
results could then be more consistent for an excitation where the PL and the T-SAF make one
composite layer that is strongly exchange coupled to the B-SAF.
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Furthermore, other effects, that were neglected here, might play a role, such as the dipolar coupling
between the FL and the PL, that in addition can change with the in-plane field, due to the rotation
of the magnetization. This will require a more detailed numerical modelling.

With the origins of the resonance modes identified, the next step is to characterize the amplitude
of the dc voltages produced.

For a free layer with a thickness of 1.8 nm and a nominal diameter of 80 nm, at zero external bias
field (uoHy; = 0 mT), and for an rf current with a power of -5 dBm, the maximum dc voltage
amplitude is V., = 3 mV, see Figure 5.1.1(c). It is 2 mV smaller than the maximum dc voltage
produced in a free layer with a thickness of 1.6 nm, under the same conditions, V,,,, = 5 mV. The
origins of this enhancement will be explored in the next section.

5.1.2 The maximum output voltage vs. size of the free layer

To start the analysis of the rf-to-dc output voltage amplitude and its dependencies, the approach
used in this work consists of fitting the output voltages using the magnetization dynamics
equations derived in section 3.3 of chapter 3, and with this to investigate the size dependence of
the maximum voltages. The derived voltage formula depends on the rf power, the STT amplitude,
and the internal and external fields.

In section 3.3 of chapter 3 the expression corresponding to the rf-to-dc conversion was given by :

V _Rp a 21 2
< >—R—0* rf*m*n( /N

Yy *w

* cos(¢) (5.1.2)

(wg - a)z)z + (wAwg)?

with ¢ = atan (2220) + atan (;—2—), Aw, the linewidth given by Awo =y

w§ ~w? Hymyo*p

(Hyepr(2m3y — 1) + 2Hymyo + (H,)my), the resonance frequency w, given by the expression
in Eq. 5.1.1, the TMR factor n? = ZII;ISR, and R, the magnetoresistance relative to the orientation

of the free layer magnetization compared to the polarizing layer.

To fit the experimental measurements using Eq. 5.1.2, the parameters are separated into fixed and
tunable ones. For the parameters obtained from the static characterization in chapter 4 they are
considered fixed values, such as : Ms, Hyesr, ¥ and n (TMR), while the tunable ones are the fit
parameters: the spin transfer torque (STT) coefficients @ and £, and the damping constant a. The
STT field-like torque coefficient £ is neglected, because it favors an antisymmetric Lorentzian,
while the measurements show clearly that the FL gives a symmetric Lorentzian.

For the remaining fitting parameters, we started the fitting using a value of a = 0.01 for the
magnetization damping. This value a rough approximation that is generally accepted in macrospin
simulations [131]. In particular for an FeCoB free layer, similar to the one studied here, with
thicknesses of 1-2 nm, the average magnetization damping constant is @« ~ 0.01 [132].
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In addition, in the model developed in section 3.3 of chapter 3, the resonance linewidth was
considered to depend only on the magnetization damping and the internal fields. However, the
ferromagnetic resonance linewidth can be broadened by magnon scattering, and in the case of
polycrystals, by the random internal fields of its constituent grains [133]-[137]. It is called the
inhomogeneous broadening of the ferromagnetic resonance (FMR). To correct for this
phenomenon the magnetization resonance linewidth is written as follows :

Aw, = Aw, + YAH; (61)

where Aw, is the total FMR linewidth, and y the gyromagnetic ratio, and AH; the inhomogeneous
broadening of the FMR.

For the spin transfer torque coefficient @, it is generally challenging to measure [138], [139],
therefore to fit the results it is first approximated from its formula in Eq. 1.1.13 in section 1.1.5 of
chapter 1 to get a starting value and then it is tuned for the fitting.

2.0
t.,=1.8nm; D_= 150 nm
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Figure 5.1.3 : Fitting of an experimentally measured FMR response of a free layer magnetization
with a thickness of 1.8 nm and a nominal diameter of 150 nm. The fitting was done using Eq. 5.1.2
with the same parameters as in Figure 5.1.2, except for the damping, the FMR inhomogeneous
broadening, and the spin transfer torque. These values are given in the text.

For a device with a free layer of thickness 1.8 nm and a nominal diameter of 150 nm, under the
same condition as in Figure 5.1.1(a), the fitting using Eq. 5.1.2 is shown in Figure 5.1.3. The fitting
parameters used in the simulation for the damping, the inhomogeneous broadening, and the spin
transfer torque coefficient are respectively : @ = 0.015, AH; = 8 mT, @ ~ 18 10~2 T/A. For the
fitting of the inhomogeneous broadening AH;, here the value of the damping a was fixed, and AH;
was varied until the fitting of the FMR linewidth matched. This approach was used because varying
« in the fitting process led to large values that are inconsistent with the literature [132].
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Although, the magnetization damping and the FMR inhomogeneous broadening values are in
accordance with literature [140], the value of the spin transfer torque coefficient is relatively small
compared to the values used in literature. Therefore, those three parameter values are not
considered as real values, but more as phenomenological ones to reproduce the experimental
results, from this magnetic stack specifically. The parameters extracted here will be added to those
in Tableau 5.1.1 and they will be used in the next simulations of the maximum voltage.

With the simulation parameters tuned, next the experimental results of the different free layer
sizes are explored.

For a free layer with a thickness of 1.8 nm, and various pMTJ diameters, the measured output dc
voltage is shown in Figure 5.1.4(a). Here, the input rf current has a power of P, = -5 dBm, and
the resonance frequencies were extracted from in-plane magnetic field measurements similar to
those in Figure 5.1.1(c).

Interestingly, in Figure 5.1.4(a), the maximum amplitude of the output dc voltage (V,,,4,) increases
as the pMTJ diameter decreases. For instance, for a pMTJ with a nominal diameter D, = 150 nm,
the maximum output voltage is Vimax=1.3 mV, and for a nominal diameter Dn = 20 nm it iS Vimax =
7.3 mV. Thus the output dc voltage is enhanced by a factor of 5.6. Moreover, for all pMTJ
diameters in Figure 5.1.4(a), the maximum voltage amplitude decays as the FMR frequency
increases.

The latter effect is predictable by the voltage formula in Eg. 5.1.2 and is related to the magnetic
susceptibility (see Eqg. 3.3.11). To have higher resonance frequencies requires higher in-plane
magnetic fields (see Eq . 5.1.1). As a consequence, for a free layer with a magnetization aligned
in-plane, the higher the in-plane magnetic field, the larger the linewidth of the FMR resonance

(Awg %H"). Thus, the amplitude of the dc voltage, inversely dependent on the linewidth at
resonance, will drop with the FMR frequency as shown in the measurement in Figure 5.1.4(a).

At a fixed FMR frequency, the enhancement of the maximum dc voltage V4, as the pMTJ
diameter scales down, is observed for all FMR frequencies. Therefore, to understand the origin of
this phenomenon, the FMR frequency can be fixed for the analysis, and thereafter the conclusions
can be generalized to all FMR frequencies.

For the upcoming analysis, the chosen FMR frequency, for all free layer sizes, is f, =2 GHz. This
frequency was selected to be close to the frequencies of the Industrial-Scientific-Medical (ISM)
band, which permits to investigate simultaneously the potential of the spin-torque nano-diodes for
applications in such a band.
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Figure 5.1.4 : (a) Maximum rectification voltage Vmax for passive detection as a function of the rf
excitation frequency f, measured at a source power of P, = -5 dBm and at zero dc bias current
for five devices with different nominal diameters (20, 40, 80, 100 and 150nm) and a FL thickness
of tr. = 1.8nm. (b) Maximum voltage Vmax for passive detection at f = 2 GHz as a function of the
nominal diameter Dy for two different FL thicknesses tr.= 1.6 nm and 1.8 nm.

The measurements for f, = 2 GHz, are shown in Figure 5.1.4(b). They contain the maximum
voltages from all available nominal pMTJ diameters, and the two free layer thicknesses of 1.6 nm
and 1.8 nm. The enhancement of the dc maximum voltage with the reduction of the pMTJ diameter
is present also in the free layer with a thickness of 1.6 nm, albeit with a generally higher dc voltage
compared to the free layer with a thickness of 1.8 nm. Thus, the maximum of the output dc voltage,
enhanced by reducing the pMTJ diameter, is further enhanced by reducing in addition the free
layer thickness. These results provide important routes for the optimization of the spin-torque
nano-diodes. Albeit, to be useful and for their generality, they have to be understood thoroughly
first.

The approach used in this work starts first by investigating the diameter dependence, and then the
thickness dependence.

For this we evaluate Eq. 5.1.2 at the resonance frequency w = w, for which Vmax will be
proportional to the inverse of the linewidth Aw,.

Inserting the expression into 5.1.2 we get for Vmax :

Vmax ~

1

R
% Py(1=T2) (1 + )2 +

E3
0 r TMR mxr? a((Hg — Hy) * 2mZ, — 1) + 2Hymyo + (Hine)Myo)

om,
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In Eq. 5.1.3, it can be seen that the maximum voltage depends inversely on the square of the
diameter through the current density. From the susceptibility ( through ém,) it can be seen that at
constant external field H,, the maximum enhancement of Vmax is achieved when Hy = Hqg. In
particular the diameter affects the demagnetizing field H; as was presented in Figure 4.2.4(b) and
Figure 4.2.5 in chapter 4. At smaller diameters H,; decreases, thus reducing |H, — H4| and
therefore leading to an increase of Vmax. Furthermore, through the susceptibility, Vmax depends on
the interaction field H;,¢, (from the SAF in case of the FL excitations) and the bias field H;. Vmax
can thus be further enhanced if both field components H, and H;,,, are small or zero. Small
H;,,., means that the SAF stray field needs to be reduced. Finally, for the pMT]J stack studied here,
the full TMR is partially masked by a serial resistance from the TaN bottom electrode, see section
4.2 of chapter 4. As a result, the measured effective TMR increases as the pMTJ diameter

decreases. Since the output voltage depends also on the TMR through the TMR factor n? = %,

the latter can also affect the maximum voltage when reducing the pMTJ diameter. Last, but not
least, Vmax also depends on the rf power P and the spin torque amplitude a.

A variation of the diameter affects almost all of the terms contributing to Vmax. In order to estimate
the relative contributions of the different terms to Vmax in Eqg. 5.1.3, in Figure 5.1.5 they were
plotted separately, where in each plot one of the contributions was kept size independent. The
values of the parameters used are the same as those used to fit the data in Figure 5.1.1 and Figure
5.1.3.

First, when keeping the TMR and the injected rf power size-independent, the diameter dependence
of the magnetization oscillation amplitude (last factor in Eq. 5.1.3) leads to an enhancement of the
maximum dc voltage Vmax by a factor of ~7 when the diameter of the pMT]J is reduced from 150
nm to 40 nm (black line in Figure 5.1.5). It is reminded here that the calculations were done using
the real diameters (D ~ Dn + 30).

In addition, when including the diameter dependence of the effective TMR through n? = ZIIT”SR

in Eq. 5.1.3, the total enhancement factor is ~ 10 (see Figure 5.1.5, blue line). Thus, smaller pMTJ
diameters are necessary to compensate for the TMR reduction due to the presence of the serial
resistance. The latter, is better illustrated by the spin polarization ratio in Eg. 5.1.3 :
(M(147)?| pn=40nm

(7’1_(1+7’I))2| Dn=150nm L ) .
diameter decreases are due to both, the magnetization dynamics and the effective TMR

enhancement.

= 1.5. Therefore, the enhancement observed in the dc output signal as the

However, the diameter dependence of the resistance will also determine the actual rf power that is
transmitted to the MTJ device, due to impedance mismatch. Notably, the increase of the resistance
from 550 Q to 2140 Q, when reducing the nominal diameter from 150 nm to 40 nm increases the
rf reflections (see Tableau 5.1.2 below ). The rf power transmitted to the device P, can be
estimated from the reflection coefficient I' with P, = P.; * (1 — I'?), where T is obtained from
deembedding measurements (see section 2. 4. 1 in chapter 2), using a vector network analyzer.
When the reflection coefficients are taken into account in Eq. 5.1.3, the total enhancement due to
the diameter reduction drops from ~ 30 to ~ 15 (see Figure 5.1.5, green line).
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Figure 5.1.5 : The calculated rectification voltage Vmax Vvs. the pMTJ diameter obtained using Eq.
5.1.3for P,y = —5dBm. The contribution due to only the variation of the internal magnetic fields,
is shown by the black curve and is denoted by §m, calculated from Eq. 3.3.10 in chapter 3. This
contribution is due to the magnetic susceptibility and the STT excitation strength, and it scales the
precession amplitude. The blue curve considers in addition the diameter dependence of the TMR
due to the serial resistance, while the green curve takes in addition the impedance mismatch into
account via the measured reflection coefficients I'. TMR is the measured resistance changes with
the serial resistance from the bottom electrode.

Do () | Ra@ | |22 | 1-19)
150 |550 |07 0.51
100 |870 |08 0.36
80 |1180 |084  |029
40 |2140 |09 0.19

Tableau 5.1.2 : Measured values of the zero-field resistance Ro, reflection coefficient I", and
portion of P injected in the devices for the different nominal diameters D,

The predicted diameter dependence (in Fig. 5.1.5) is in good agreement with the experimental
results and shows that the output voltage Vmax can be optimized by reducing the device diameter.
The predicted enhancement is attributed to a combination of : the STT excitation strength (via the
current density), the precession amplitude via the susceptibility upon reducing |H,, — H,4|, and the
serial resistance affecting the TMR.

In addition to the signal enhancement related to the reduction of the device diameter, the observed
increase in signal when changing the thickness from tz, = 1.8 nm to tz;, = 1.6 nm is also
consistent with the theoretically calculated enhancement by a factor of ~1.8 (at f = 2 GHz, and Dn
=150 nm).
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For a similar rf power and nominal diameter D, the resistance is the same for both thicknesses
(see section 4. 2 of chapter 4), hence the voltage enhancement is mostly caused by the
magnetization dynamics. A reduced FL thickness will increase the perpendicular anisotropy (o<
1/tg,) and thus reduce the magnitude of the effective anisotropy |Hy.rr| = |H, — Hg| in Eq.
5.1.3. In consequence, it increases the precession amplitude and through this the maximum output
voltage. Here a 10% change due to the increase of the spin transfer torque amplitude « 1/t is
neglected.

Thus, in particular, for the MTJ configuration with iPMA, tuning the effective anisotropy Hy.ss
towards zero minimizes the FMR peak linewidth, and thus increases the magnetization oscillation
amplitude. The reduction due to the impedance mismatch could be avoided when using an
impedance matching network.

Finally, although, the analytic model developed here describes well the experimental results, it
must be reminded that it does not take into account the thermal fluctuations (noise). Moreover, in
the experiment, the thermal noise measured is not from the free layer solely. It is the total noise
from all the constituents of the experimental setup, including the pMTJ. As a consequence, it buries
a part of the output dc voltage, and therefore it reduces the sensitivity of the spin-torque nano-
diode to rf currents with low powers. In the next section, this issue is addressed by characterizing
the signal to noise ratio of the experimental results, for all the MTJ diameters and for te. = 1.4 nm.

5.1.3 The characterization of the signal to noise ratio and the sensitivity

The signal-to-noise ratio SNRy for the voltage is here defined as the signal amplitude Vmax divided
by the rms noise background. The corresponding single-to-noise-ratio for the power in dB is given
by SNRgs = 20log(SNRv). Figure 5.1.6(a) shows the output voltage Vmax (solid dots) and the
corresponding rms noise levels (open dots), for all pMTJ diameters, and as a function of the input
rf current power (Pr ) with a frequency of 2 GHz. The measurements are from a free layer with a
thickness of tr. = 1.8 nm. In Figure 5.1.6(a), when Py increases from —25 dBm to -5 dBm, the
signal amplitude increases linearly by a factor of 100, from 10 pV to 1 mV, for devices with
nominal diameters Dy = 150 nm, and from 100 pV to 10 mV for devices with nominal diameters
Dn = 40 nm. Moreover, for devices with nominal diameters D, = 80, 100 and 150 nm, the noise
level is of the order of 1 pV and is almost independent of rf current power Py (only a slight increase
is observed for Py >—10 dBm). It is reminded here that the real diameters are around 30 nm larger
than the nominal ones.

The devices with nominal diameters Dn = 40 and 20 nm show higher rms noise levels up to 10 pV
for rf current power Py = -5 dBm. A possible origin of the increase in the noise level at low MT]J
diameters is a current-induced heating due to their higher electrical resistances. With this the
minimum signal-to-noise-ratio at Pis = —25 dBm is SNRy = 22 (SNR¢e = 26 dB) for D, = 150 nm
and SNRyv = 90 (SNRgg =39 dB) for Dy = 20 nm. These values are above the recommended
minimum SNRv level of ~18 (SNRgs = 25 dB) for wireless networks [141]. However, they do not
take into account the impedance mismatch that leads to a reduced power at the device level.
Including the correction of the impedance mismatch to determine the actual power seen by the
pPMTJ device, the SNR is much higher. An example is shown in Figure 5.1.6(a) for a pMTJ device
with a nominal diameter D, = 40 nm, where for the corrected rf current power Py = -25 dBm, the

113



increases to SNRv > 1030 (SNRgs > 60 dB), while for a corrected power of P = -40 dBm the
SNRv > 11 (SNRgg > 20 dB).
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Figure 5.1.6 : (a) The power dependence of the maximum voltage (closed dots) and the rms noise
(open dots) of the devices shown in Figure 5.1.4(a) at f = 2 GHz. Full dots are with respect to the
rf source power. An example is shown for D, = 40nm for the rf power seen by the device when
correction due to impedance mismatch is taken into account (in blue, half-filled, inversed
triangles). The correction results in a shift of the curve to lower power, which is largest for the
smallest diameters. The dashed line is used to separate visually the signal data from the noise data.
The color code correspond to the FL nominal diameters shown in Figure 5.1.4(a). (b) The
sensitivity € as a function of the nominal diameter Dy. Here the rf power has been corrected for the
impedance mismatch for all diameters.

For the sensitivity to the rf power ¢, it is defined as the slope of the maximum dc voltage V. Vs.
P.to, Where P, is the corrected power due to impedance mismatch. As can be seen from Figure
5.1.6(b) (for tr.=1.8nm), the sensitivity increases from 7 mV/mW for a device with a nominal
diameter Dy = 150 nm, to 300 mV/mW for D, = 40 nm. These results indicate that the rf-to-dc
property of the pMTJs can be optimized by adjusting the free layer thickness and diameter.

Comparing the results obtained here with the passive spin torque diode outputs from literature
shows that the sensitivities are similar if the pMTJs impedance mismatch is corrected. The
comparison is sketched in Figure 5.1.7, for a pMTJ with a FL thickness of 1.8 nm and a nominal
diameter of 20 nm (in pink). The sensitivity as defined above, is the slope of the voltage vs. rf
power, and is illustrated in Figure 5.1.7 by the dashed line. It can be seen that the results from
literature follow approximately this slope. However, the results from literature correspond to lower
rf powers, which might be due to the lock-in amplifier in the setup. It should be noted that these
literature results are from MTJs that use an in-plane polarizing layer, while the measurements from
this work are from MTJs with an out-of-plane polarizing layer.
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Figure 5.1.7 : Vmax under in-plane field of a pMTJ with a FL thickness of 1.8 nm and a nominal
diameter of 20 nm (pink Rhombus) compared to reported results from passive spin torque nano-
diode experiments (colored circles with numbers). The reported results 1-5 are respectively from
references [63], [71], [100], [101], [142].

Motivated by these results, in the next section the pMTJ devices will be tested for wireless
communication applications. Specifically, the demodulation of the type On-Off-Keying (OOK)
[143].

5.1.4 Demonstration of On-Off-keying (OOK) demodulation in pMTJs

Demonstration of OOK modulation

In the previous section, it was shown that the rf-to-dc conversion is at the same time a band pass
frequency filter that responds only to specific frequencies. Therefore, it can be used to demodulate
information if “1” is coded in the resonance frequency and “0” by an off-resonance frequency.

The basic concept of the modulation/demodulation consists of mixing an input data signal that has
a low frequency, with a signal that has much higher frequency called the carrier for efficient
transmission (e.g smaller antennas) [144]. The latter, can be made more efficient by encoding the
data in the frequency (FSK) or the phase (PSK) of the carrier, leading to a better immunity to noise
[143].
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For a pMTJ with a nominal diameter of 40 nm, and a free layer thickness of 1.8 nm, the
demodulated signal is shown in Figure 5.1.9(a)-(c) for different square signal (data) frequencies :
10 kHz, 50 kHz and 100 kHz respectively. The free layer resonance frequency was tuned to 2.4
GHz using an in-plane magnetic field of magnitude 20 mT. The original square signal used for
OOK modulation is plotted in red in Figure 5.1.9, it has an amplitude of 400 mV.

However, for an initial demonstration, here the pMTJs were tested for amplitude modulation of
the sort OOK. An illustration of the OOK signal fed to the pMTJs is shown in Figure 5.1.8. The rf
frequency was fixed at 2.4 GHz and its power to -5 dBm. For the square modulation signal, its
frequency is changed, in order to probe the limits at which the data frequency becomes too fast for
the pMTJs to demodulate correctly.
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Figure 5.1.8 : An example of the OOK signal used in the demonstration. Its square signal frequency
is set here to 100 Hz for illustration purposes.

For an OOK input (square signal) with a modulation frequency of 1 kHz, the demodulated signal
at the output of the pMTJ is shown in Figure 5.1.9(a). The output square signal reproduces well
the original data in terms of frequency and phase. However, for the amplitude the demodulation

efficiency is low 27 ~ 0.5 %, and it has a noticeable background noise, which is a general

data

feature of amplitude modulation [144].
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Figure 5.1.9 : OOK demodulation using a pMTJ with a nominal diameter of 40 nm and a free layer
with a thickness of 1.8 nm. The carrier frequency of the input OOK signal is 2.4 GHz and its
envelope square signal has a frequency of (a) 10 kHz, (b) 50 kHz and (c) 100 kHz.

Moreover, as the modulation frequency of the OOK signal increases, the demodulated signal starts
to be distorted strongly until it almost disappears for a frequency of 100 kHz, see Figure 5.1.9(b)-
(c). The latter is not expected to be from the FL dynamics. It is attributed to the instruments of the
setup. This is because for the pMTJs to be unable to demodulate the OOK, the modulation
frequency must be in the range of the relaxation of the free layer magnetization. In this case, only
the transient response of the forced free layer is present, not the steady state response required for
the demodulation. Since, for these pMTJs, the relaxation rate of the free layer magnetization is
estimated to be around 11 MHz (see section 3.2 of chapter 3), the output signal distortion is
unlikely to be due to magnetization dynamics.

To investigate this assumption, the input signal was measured alone without the presence of the
magnetic tunnel junction, for different OOK modulation frequencies. The results are shown in
Figure 5.1.10 (a)-(b).
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The measurements validate the assumption that the distortions in the signal are already present in
the input OOK signal. Thus, even with distorted OOK inputs the spin-torque nano-diode was
demodulating properly.
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Figure 5.1.10 : (a) OOK square signal with a modulation frequency of 10 kHz. (b) the same as
(@) but for 100 kHz

Unfortunately, this instrument-related issue prevents further experimental analysis of the
demodulation properties of the pMTJs at higher modulation frequencies. This needs to be
addressed in future experiments, in addition to the demonstration of FSK frequency demodulation
instead of the amplitude to increase the signal to noise ratio.

Enhancing the SNR via filtering

In order to enhance the sensitivity to low input power, and the signal to noise ratio, one can use
specific types of filters, either analog or digital. The latter can be more energy-efficient than lock-
in-amplifiers to enhance the sensitivity, and much smaller in size compatible for integration with
CMOS circuits. One specific type of digital filtering proposed here is based on the use of the
correlation of the demodulated signal with the expected input, also called matched filters [145]. It
permits to maximize the signal to noise ratio of the signal. The schematics of the process is
illustrated in Figure 5.1.11, adapted from [145].

To implement the matched filters the most energy efficient solution is to use analog filters [146].
Although, for physical demonstration, this can be done efficiently by using a second order digital
filter such as Finite-impulse-response (FIR) filter [145].
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Figure 5.1.11 : Schematics to illustrate how to maximize the signal to noise ratio using matched
filters and digitalization. Adapted from [145].
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Figure 5.1.12 : (a) Experimental data for an OOK demodulated signal from a pMTJ with a nominal
diameter of 40 nm, and a free layer thickness of 1.8 nm. (b) The output of a digitally implemented
matched filter. (c) digitized version of (b) by setting a threshold of ~1.1 mV for “1” and ~0.6 mV
for “-1”.

Here, for a first demonstration of the feasibility of using a matched filter, it was implemented
digitally, using a python software, and subsequently the maximized signal was sampled for a data
stream of “1”” and “-1” using a threshold detector, see Figure 5.1.12. This is called decision CKT.
The next step would be to implement such a filtering technique in a Field-programmable-gate-
array (FPGA) to test the sensitivity of the spin-torque nano-diodes and explore how much the
sensitivity can be enhanced using this technique.

So far all experiments presented above on the rf-to-dc conversion, were done under the in-plane
magnetic bias fields. In the next section, the analysis will be extended to the characterizations
using an out-of-plane magnetic field.
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5.2 The spin-torgque nano-diode effect under an out-of-plane magnetic field

For the perpendicular magnetic tunnel junctions (pMTJ), the characterization of the magnetization
dynamics using an out-of-plane magnetic bias field is of great interest. For instance, once the rf-
to-dc optimization is done under an external bias field, it is easy to generate this field locally in
the pMTJ by adjusting the synthetic antiferromagnet thicknesses. This is more challenging to do
for an in-plane magnetic bias field. However, understanding the measurements under an out-of-
plane magnetic field are more complicated than those under in-plane magnetic field. This is
because, under strong out-of-plane magnetic fields, both the FL and PL are orientated out-of-plane
and therefore careful analysis must be conducted to distinguish between their FMR modes. Higher
out-of-plane magnetic fields lead to an opening angle between the bottom SAF layer and the top
SAF and polarizing layers, also called the spin flop effect [147]. The latter is present in the
magnetoresistance measurements of all the FL thicknesses under an out-of-plane magnetic field,
see Figure 5.2.1 (replotted from section 4.2 in chapter 4).

The measurements in Figure 5.2.1 were carried out using a PPMS setup that does not support high
frequency measurements. To measure the rf detection we used a permanent magnet. Although, it
limits the full range of characterization, it will allow a first understanding of the dynamics of the
magnetic layers. The value of the magnetic field generated by the permanent magnet during the
characterization is around 220 mT.
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Figure 5.2.1 : The magnetoresistance as a function of an out-of-plane magnetic field, for pMTJs
with nominal diameters of 100 nm, and free layer thicknesses of 1.4 nm (in green), 1.6 nm (in red),
and 1.8 nm (in black). The measurements were done under a weak dc current magnitude l¢c = 10
HA.
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The spin-torque nano-diode effect of the pMTJs, under an out-of-plane magnetic field and an rf
current of a power of -10 dBm, is shown in Figure 5.2.2(a)-(c). The measurements were done on
pMTJs with nominal diameters of 80 nm and for all free layer thicknesses : 1.8 nm, 1.6 nm, and
1.4 nm.

The output voltage as a function of the rf frequency (Figure 5.2.2), has a characteristic asymmetry
in the corresponding resonance peak for all free layer thicknesses. Moreover, there are secondary
resonance peaks, with lower amplitude, that are close to the main resonance peak, in the high
frequency side.

In addition, the peak-to-peak maximum voltage obtained under an out-of-plane field (~ 4.5mV at
-10 dBm) is in general higher than the ones reported under an in-plane magnetic bias fields (~1.5
at -10 dBm). The maximum voltage shows as well a trend to increase as the free layer thickness
decreases. However, as will be discussed in the next section, the changes are mostly due to the
reorientation of the free layer magnetization towards an out-of-plane easy axis. Thus, leading the
free layer magnetization to be fixed and the polarizing layer magnetization to be the one that
oscillates. Indeed, for an out-of-plane magnetic field larger than 200 mT the free layer with a
thickness of 1.4 nm is saturated out-of-plane (see Figure 5.2.1), and is unlikely to give large angle
oscillations that are higher than the in-plane magnetic field case.

Moreover, the maximum output voltage exhibits a diameter dependence similar to that discussed
in the previous section, see Figure 5.2.3. For an rf power of -10 dBm and a frequency of 2.4 GHz,
Vimax(Dn=40 nm)
Vimax(Dn=150 nm)
the in-plane field case : the STT excitation strength, the competition of the PMA with the
demagnetizing field that determines the susceptibility, the bottom layer serial resistance, and
additionally for the polarizing layer the indirect exchange coupling to the SAF that is modeled as

an interaction field Hint..

the enhancement is ~ 3. The latter is attributed to the origins discussed before in

Adding the best results obtained under the out-of-plane magnetic field to the comparison in Figure
5.1.7 under in-plane field, shows a promising enhancement of the Vmax in out-of-plane fields as
compared to in-plane fields. This is shown in Fig. 5.2.4 where the pMTJ’s impedance mismatch is
corrected. The results from the out-of-plane field, highlighted in red in Figure 5.2.4, belongs to a
device with a FL thickness of 1.4 nm, and a nominal diameter of 40 nm. It is reminded here that
the different points in the comparison were selected for their sensitivity, however, they can have
different frequencies and bias field orientations.

We now come back to the output signal shape and its asymmetry observed for all FL thicknesses
for the rf-to-dc conversion under an out-of-plane field. It is noted that a similar asymmetry can
also be observed for the detection under in-plane field as shown in Figure 5.1.1(c) for the resonance
peak that are attributed to the PL.

A thorough analysis of the signal shape will require numerical simulations that includes all
magnetic layers and their possible interactions (via dipolar and/or interlayer exchange coupling).
In the following a simplified analysis is attempted by focusing on the magnetization dynamics of
the polarizing layer that is coupled to the SAF.
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Figure 5.2.2 : The output voltage of the pMTJ as a function of the frequency of the injected rf
current. The rf current has a power of -10 dBm. The pMTJs have a nominal diameter of 80 nm,
and their thicknesses are : (a) 1.8 nm (black), (b) 1.6 nm (red), and (c) 1.4 nm (green). The applied
out-of-plane magnetic field is around 220 mT.
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Figure 5.2.3 : The maximum output voltage Vmax for pMTJs of a free layer thickness of 1.4 nm
and different nominal diameters (as indicated in the legend). The injected rf current has a frequency
of 2.4 GHz.
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Figure 5.2.4: Vmax of pMTJs compared to previous results for passive detection presented in Figure
5.1.7. The results under an out-of-plane magnetic field, illustrated by red points are from a pMTJ
with a FL thickness of 1.4 nm and a nominal diameter of 40 nm. The comparison focuses on the
best output signals (of pMTJs and literature results) and therefore the points are for different
operating fields and frequencies.
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5.2.1 On the antisymmetric shape of the ferromagnetic resonance under an out-of-plane
magnetic field

In general, the asymmetry in the signal shape of a uniformly magnetized spin-torque nano-diode
is attributed to the field-like torque [138], [139], or the non-collinearity of the bias field and the
magnetization, or the VCMA [70], [100]. However, the field-like torque effect is unlikely to be
the origin of the asymmetry here, because in the in-plane field measurements only the PL FMR s
asymmetric. In addition, numerical simulations given in reference [95] demonstrate that for pMTJs
the field-like torque effect on the free layer magnetization switching is negligible, unlike its effect
in in-plane magnetic tunnel junctions reported in references [138] [139].

As for the VCMA effect, it was demonstrated from the PPMS measurements in section 4.4.1.3
from chapter 4, that it is weak in the pMTJs under investigation. In addition, since the free layer’s
interface perpendicular magnetic anisotropy is almost compensated by the demagnetizing field,
the VCMA effect should be more recognizable in its magnetization resonance than the one of the
polarizing layer. In Figure 5.1.1(c), the free layer ferromagnetic resonance response shows a
symmetric Lorentzian shape, which suggests a weak VCMA effect for the FL.

The above cited possible mechanisms on the origin of the signal asymmetry stem from considering
a magnetic layer with a uniform magnetization, and that is not coupled to other magnetic layers.
However, when considering the polarizing layer it is coupled via exchange interaction to the
synthetic antiferromagnet (SAF). Furthermore, the PL will also experience dipolar interaction to
the SAF and/or the FL. While quite generally it is known that the ferromagnetic resonance
frequency is affected through coupling of different layers, an asymmetry in the resonance peak
was reported in [89] for a coupled system of oscillating magnetic layers. For the SAF structures in
general this is the case when the exchange coupling is not large enough for the optical and acoustic
modes to be separated in a wide range of frequencies (the two modes are phase shifted by ).

Therefore, this maybe an origin for the asymmetry in the polarizing layer resonance. For instance,
the PL FMR peak might be initially asymmetric due its coupling to the SAF, but its asymmetry is
subject to changes due to other phenomena such as the field-like torque, the non-collinearity with
the field, dipolar coupling, and the VCMA.

To investigate the SAF coupling effect on the PL detection signal shape, the macrospin model
from section 3.3 of chapter 3 was extended to include the exchange coupling to the SAF (section
3.4). To simplify the calculations only the interlayer exchange coupling was considered as a
coupling mechanism.

Earlier on, for the FMR frequency fitting (section 5.1), the model considered only one magnetic
layer and the SAF effect was approximated by a fixed out-of-plane magnetic field. By including
the exchange coupling between the PL and SAF to the model, the investigations of the FMR shape
will be more accurate because the SAF oscillations are considered as well at least in first
approximation. The layers considered in the calculations are illustrated in Figure 5.2.5.
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Figure 5.2.5: lllustration of the composite polarizing layer coupled to the magnetization of the
bottom layer of SAF through a thin Ru layer.

For such a system of coupled layers, the magnetizations dynamics are given by two coupled LLG
equations. The analytical solutions of this system, for damped oscillations are provided along with
their derivations in section 3.4 of chapter 3. The solutions predict for the PL resonances an
antisymmetric shape with the following frequencies, corresponding to the first (w_) and second
(w,) peaks respectively :

w_ = /a)g —y2& (5.2.1)
wy = /w(z, + y2¢ (5.2.2)

with the exchange coupling term & = 2J,.(H, — Hyf), With J,. the exchange energy coefficient.
It must be noted here that the main difference between this model and the previous one used in
section 5.1 is that only one of the two frequencies was considered as the PL FMR. It is reminded
here that w, is the FMR frequency in the absence of the interlayer coupling, ie Eq. 5.1.1.

The analysis of the solutions around w,, in section 3.4 of chapter 3, predicts that the FMR signal
changes its sign as the rf excitation frequency changes from w_ to w,. Thus, the two peaks make
an asymmetric resonance response. The derived formulas are in good agreement with the analysis
in ref. [89].

Combining these solutions with the spin-torque nano-diode voltage in Eq. 5.1.2, the predicted
polarizing layer response is shown in Figure 5.2.6. Here, the out-of-plane magnetic bias field was
tuned to have the resonance frequencies similar to those observed experimentally in Figure 5.2.2.
It has a value of 400 mT almost twice of the field value used in the experiment. For the exchange
coefficient J. = 1073 J/m?, it’s value was selected to be similar to the value used in other
references to fit experimental measurements, such as [90], [148]. The values of the remaining
parameters are in the figure caption of Figure 5.2.6.
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Figure 5.2.6 : The simulated output voltage of the polarizing layer vs. the frequency of the injected
rf current. Here, the thickness of the polarizing layer is 1.8 nm and its nominal diameter is 80 nm.
The power of the rf current is -10 dBm, the spin torque coefficientis @ ~ 1.8 T /A, and the out-of-
plane magnetic field bias is uygH;, = 400 mT.

The amplitude and the resonance frequencies are in agreement with the experimental results shown
in Figure 5.2.2. Therefore, these results suggest that the asymmetry in the output signal of the spin-
torque nano-diode, maybe caused by the coupling of the polarizing layer to the SAF. Moreover, it
highlights the importance of considering the coupling between the magnetic layers as a cause of
the asymmetry in the resonance, among other possible reasons mentioned earlier.

However, the model derived here provides only a rough approximation of the magnetization
dynamics under relatively small out-of-plane bias fields. A thorough analysis of the coupling
between the magnetic layers requires numerical simulations, where the thicknesses and internal
parameters of the two coupled layers are different. For instance, at higher out-of-plane magnetic
fields when the synthetic antiferromagnet starts to rotate towards the bias field (spin flop), the
opening angle between the polarizing layer and the free layer becomes larger. Thus, it can lead to
higher output signals or different signal shapes that are not predicted by the model here.

Finally, an interesting feature of the signal shape in Figure 5.2.2 is the broadness after the second
resonance maximum accompanied with small second order resonance peaks. The latter broadened
signal shape, is similar to the signal shapes reported in ref [149]. It was attributed to the fusion of
two magnons (spin flip). However, it is worth noting that using the model in section 3.4 of chapter
3, when the interlayer exchange coupling is reduced by 100 times, the ferromagnetic resonance
has a similar broadened signal shape with secondary peaks, see Figure 5.2.7. The latter though is
still preliminary and requires further investigations, both in simulations and experiments.
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Figure 5.2.7 : Simulations of the polarizing layer output voltage vs. the rf signal frequency. The
values of the parameters used for the simulations are the same as in Figure 5.2.6 except for the
interlayer exchange coupling that is 100 times smaller.

Conclusion

In this chapter, the investigations were entirely focused on the passive rf-to-dc conversion using
pMTJs. The experimental characterizations covered all free layer thicknesses (1.4 nm, 1.6 nm, and
1.8nm) under in-plane and out-of-plane magnetic field biases, in addition to the different device
diameters (nominal 20 nm, 40 nm, 80nm, 100nm, and 150 nm). The results from both the free
layer, and the polarizing layer were explained using the analytic model developed in chapter 3.

It was found experimentally, that reducing the diameter of the pMTJs enhances the maximum
output voltage. For the in-plane bias field, the enhancement ratio is around 7 when reducing the
nominal diameter from 150 nm to 20 nm. The origin of this enhancement was attributed to the
combination of the higher current density, the compensation of the magnetic anisotropy by the
demagnetizing field, and for the pMTJ devices studied here, to the presence of an ohmic serial
resistance. This interpretation is well confirmed by modeling the voltage of the spin-torque nano-
diode. In addition, it was found that by reducing the free layer thickness, the signal is further
enhanced, by almost twice its value. This is attributed to the compensation of the interface
perpendicular magnetic anisotropy field by the demagnetizing field.

Motivated by the results on the rectification signals, the pMTJs were tested for their demodulation
capabilities using OOK modulation showing good preliminary results. Further improvement of the
signal to noise ratio was proposed and simulated for the demodulation using a matched filter.
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For the out-of-plane magnetic field measurements, excitations of the PL was detected. It shows a
diameter dependence similar to the one observed for the in-plane field measurements. It is found
that the out-of-plane field in general leads to higher rf-to-dc voltages compared to the in-plane
field.

In the next chapter, the spin-torque nano-diode effect will be further explored by adding a dc
current (active). The latter is expected to enhance the spin-torque nano-diode maximum voltage
through the additional spin transfer torque (STT).
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Active radiofrequency detection in pMTJs

As discussed in section 3.2 of chapter 3, the injection of a spin polarized dc current in a
ferromagnetic layer affects the magnetization dynamics. Depending on the dc current sign, it can
counteract or enhance the damping of the magnetization precession. For a magnetic layer, excited
by a weak spin polarized rf current into FMR, this means that the dc current can increase or
decrease its linewidth. Therefore, adding a spin polarized dc current, which compensates for the
damping, will reduce the linewidth of this ferromagnetic resonance response. As a consequence,
since the amplitude of oscillations, and with it the rf-to-dc conversion, depends inversely on the
linewidth, the output voltage will be enhanced when adding a dc current. This is called here the
active rf-to-dc conversion.

Such an enhancement of the rf-to-dc conversion signal amplitude, using a dc current, was
demonstrated first in the paper on spin-torque nano-diodes in ref. [68]. Afterwards, it was used by
S. Miwa et al. in ref. [71] to achieve high sensitivities surpassing those of semiconductor diodes
at room temperature. Ever since its demonstration, the active rf-to-dc conversion is a well-
established procedure to improve the spin-torque nano-diodes sensitivities for the uniform and
non-uniform MTJs such as vortex based devices (see section 1.2 of chapter 1).

For sufficiently strong spin polarized dc currents, the magnetization becomes unstable and either
switches between a parallel and antiparallel state or it can setup large angle steady state oscillations
of the magnetization. An interesting feature of these self-sustained large angle oscillations is the
ability to change the oscillations frequency by varying the dc current amplitude [62]. In this self-
sustained oscillation state, the response of the MTJ dynamics to an additional external rf signal is
different than in the passive and subcritical regime. Namely, the rf signal can injection lock the
self-sustained oscillations and force the magnetization to oscillate at a given frequency, within a
relatively large frequency range (locking range). It locks its phase leading to a drastic decrease of
the oscillation phase noise. This strong reduction of the phase noise translates to smaller linewidth
and higher output power at the oscillation frequency [99]. For the generation of rf signals using
MTJs, injection locking is an active area in the quest for the reduction of their phase noise, see
[150]-[154]. As for the spin-torque nano-diodes, which are the focus of this work, the injection
locking was demonstrated to increase strongly their sensitivity to low power rf currents, see [100]-
[102].

However, the signal enhancement using the active detection comes at the cost of more energy
consumption, and needs to be evaluated for a given target application.

The active rf signal detection using pMTJs will be analyzed in this chapter. The investigation
includes the different free layer thicknesses (1.8, 1.6, and 1.4 nm) and nominal diameters (40, 80,
100, and 150 nm), as well as studies for in-plane H, and out-of-plane H, magnetic fields. For each
FL thickness, first the magnetization dynamics is characterized for the dc current alone to
understand its effect on the FMR frequency, and afterwards the rf current is added to investigate
the spin-torque nano-diode effect.
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6.1 The active detection under an in-plane magnetic field for tr. = 1.8 nm

Following the structure of the passive detection chapter (chapter 5), here the investigations start
for in-plane magnetic fields, and then proceed to out-of-plane fields. Furthermore, for each field
orientation, the results from the FL thickness 1.8 nm are presented first, followed by those from
1.6 nm and 1.4 nm successively.

6.1.1 Spectral analysis of thermal FMR modes under dc current for tr. = 1.8 nm

The aim of this subsection is to study experimentally the effect of the dc current on the
magnetization dynamics of the pMTJ magnetic layers, in the absence of the rf current. This is
important to understand the active rf-to-dc conversion, and to disentangle between the rf and dc
current contributions to the output signal of the active spin-torque nano-diodes.

To investigate the dc current effect on the FMR frequency, as well as on its linewidth and power,
the technique used here is based on the thermal FMR experiments described in section 2.4.3 of
chapter 2. It consists of probing the magnetization dynamics through its resistive response (the
TMR effect), by injecting a dc current in the pMTJ and measuring the resulting rf voltage signal
using a spectrum analyzer.

The measurements of the FMR current dependence

In Figure 6.1.1, the power spectral densities are shown for a device with a free layer thickness of
1.8 nm and nominal diameter of 80 nm, and under an in-plane magnetic field bias p,H, = 80 mT.
In Figure 6.1.1(a)-(b) and Figure 6.1.1(c)-(d) the dc currents have the same magnitudes but
opposite signs. In addition, in Figure 6.1.1(a) and Figure 6.1.1(c), as in Figure 6.1.1(b) and Figure
6.1.1(d), the dc currents have the same sign but their magnitudes are different.

The power spectral densities in Figure 6.1.1(a)-(d), in general, show two FMR modes, one at lower
frequency and the other at higher frequency. In chapter 5 on the passive detection a similar result
has been obtained, where the low frequency mode is attributed to the excitation of the free layer
and the high frequency mode to the excitation of the PL. This identification is supported here by
the current dependence of the oscillation power.

For instance, in Figure 6.1.1(a)-(b) and Figure 6.1.1(c)-(d), where the dc current has the same
magnitude but the opposite sign, the two modes react differently to the current. Under a positive
current, where the electrons flow from the polarizing layer to the free layer, the low frequency
mode exhibits higher oscillation power compared to the mode at higher frequency. In addition, its
oscillation power is further increased as the positive current amplitude increases, see Figure
6.1.1(b) and Figure 6.1.1(d). The opposite effect is noted for the negative current sign, where the
electrons flow from the free layer to the polarizing layer.
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In negative dc currents, the higher frequency mode builds up a higher oscillation power, which
increases as the current magnitude increases. Furthermore, in Figure 6.1.1(a)-(d), for higher dc
current magnitudes, the noise level increases noticeably regardless of the current sign. This can be
a manifestation of the Joule heating.

The power spectral density for the all the measured currents is depicted in Figure 6.1.2 as a contour
plot of the power as a function of the frequency and dc currents, also called spectrogram. The latter
permits to have a global view on the FMR response to the dc current sign and magnitude.
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Figure 6.1.1: The power spectral densities of a pMTJ with a free layer thickness of 1.8 nm, a
nominal diameter of 80 nm, under an in-plane magnetic bias field of magnitude py,H, = 80 mT
and for different current values and signs : (a) I =-0.3 mA, (b) 1 =0.3 mA, (c) I =-0.7 mA, (d) |
=0.7mA
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Figure 6.1.2: Contour plot of the power spectral density as a function the frequency and the input
dc current. The figure is a summary for all PSDs taken at different currents, and otherwise under
the same measurement conditions as in Figure 6.1.1.

Interestingly, in Figure 6.1.2, the frequencies of the two FMR modes are both shifted by several
GHz by the dc current, however, in an opposite manner. The polarizing layer mode frequency is
reduced upon increasing the dc current (red shift), while the free layer mode frequency is increased
(blue shift). Moreover, all FMR frequency shifts occur regardless of the dc current sign. This
independence of the frequency shifts on the current sign in Figure 6.1.2, and the noise in Figure
6.1.1 suggests strongly that this phenomenon is caused by Joule heating. The effect of a voltage
controlled magnetic anisotropy (VCMA) or the spin transfer torque (damping-like) would both
lead to an antisymmetric dependance on the current. For symmetric MTJs the field-like torque
term of the STT could have a quadratic dependence on current [155], it is generally weaker than
the damping-like torque and therefore unlikely to be the cause behind these relatively large
frequency shifts.

It is noted that for MTJs with a perpendicular polarizer and an in-plane FL layer one can expect
STT excitations that are symmetric with current sign as discussed in [97], however the asymmetry
with the current sign of the observed peak power in Figure 6.1.2 suggests that this is not the case
here. This might be due to the applied in-plane field leading to a more collinear configuration, and
therefore the in-plane component of the PL can act as predicted from the current sign convention
in Tableau 2.4.1 in section 2.4 of chapter 2.

These explanations are backed by the static characterizations of the switching diagrams done in
section 4.4 of chapter 4. There it was found that the VCMA is weak for the pMTJs studied here,
and that Joule heating in the FL is roughly ~24 K for I = 0.4 mA. Joule heating will reduce the
saturation magnetization and the interface perpendicular anisotropy and thus affect the resonance
frequency. To test this assumption, the resonance frequencies from the free and the polarizing
layers were calculated using the macrospin model developed in the section 3.3 of chapter 3.
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Theoretical analysis of the measured FMR current dependence

To analyze, first, the general effect of heating on the FMR frequency of a magnetic layer (FL or
PL), in Figure 6.1.3(a) the calculated FMR frequency is plotted for a constant in-plane field value,
upon varying the out-of-plane field H, for different values of the iPMA expressed as a ratio of the
anisotropy field H,, to the demagnetization field Hq. For the polarizing layer, the out-of-plane field
H, represents the coupling to the SAF, while for the free layer it represents the dipolar field from
the non-compensated SAF. The variation of the iPMA field H,, represents the effect of heating.
The calculations in Figure 6.1.3(a), predict that for a weak H |, decreasing the iPMA leads to an
increase in the FMR frequency (situation of the FL), while for a strong H,, the reduction in the
iIPMA decreases the FMR frequency (situation of the PL). These tendencies are comparable to the
FMR frequency behavior with the current amplitude in Figure 6.1.2. Especially the FL layer
experiences a weaker dipolar coupling field H, from the SAF (420 mT), as compared to the PL
whose exchange coupling field is expected to be larger. Therefore assuming that the FMR
frequency shifts in Figure 6.1.2 are caused by Joule heating explains the respective frequency shifts
for the FL and PL modes with the dc current.
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Figure 6.1.3: (a) Evaluation of the dependence of the FMR frequency on the value of iPMA field
plotted as a function of the perpendicular interaction field H ;. The demagnetization field was taken
as H; = 857.8 mT corresponding to a pMTJ device of 80nm nominal diameter and 1.4nm
thickness. (b) Simulations of the effect of Joule heating on the ferromagnetic resonance
frequencies of the free and the polarizing layer. The current induced heating is defined as AT =
150(K /mA?) = I2(mA) for the FL, and AT = 300(K/mA?) = I?(mA) for the PL.

To substantiate further this analysis, using the fitted parameters from the section 4.4.1 in chapter
4, the Joule heating was included in the FMR frequency calculations through the respective
temperature dependence of the anisotropy (Callen-Callen law) and of the saturation magnetization
(Bloch law). The results are shown in Figure 6.1.3(b).
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They agree qualitatively with the experimental results in Figure 6.1.2, especially for the frequency
shifts with the dc current. The parameters used in the calculations are those from Table 4.2.4.1 in
chapter 4.

Although the analysis done above hints to a noticeable presence of Joule heating and to its
responsibility of the FMR frequency shifts, the spin transfer torque effect is still present. As
mentioned above, it is observed in the non-symmetric behavior of the power spectral density (PSD)
with the current sign in Figure 6.1.2, the power of the FL mode is more intense in positive currents,
and the power of the PL mode is more intense in negative currents.

Analysis of the measured FMR frequencies and linewidths

The action of the spin transfer torque is also measurable through the FMR linewidth. As predicted
in Eqg. 3.5.14 from chapter 3, the STT enhances the linewidth for one current sign and reduces it
for the other. The linewidth and the power extracted from the experimental results in Figure 6.1.2,
are depicted in Figure 6.1.4. Figure 6.1.4(a) represents the FMR mode of the free layer
magnetization, its linewidth appears to be reduced in both current signs, but with much stronger
reduction in positive currents. The latter can be explained by the action of the spin transfer torque,
where in positive current, the electrons flow from the polarizing layer to the free layer and reduce
via STT the linewidth, whereas in the other current sign, the back reflected electrons, from the
polarizing layer, reduce the free layer FMR linewidth as well, although the effect is smaller. These
results, suggest that the spin-torque nano-diode output voltage, from the free layer FMR, should
be enhanced in the positive current, and also slightly enhanced in the negative current.

For the polarizing layer FMR mode, shown in Figure 6.1.4(b), its linewidth versus the dc current
exhibit a linear behavior, and it agrees with the theoretical prediction in Eq. 3.5.14 from chapter 3.
Here, the linewidth decreases in the negative current, where the electrons come from the free layer,
and increases in positive current sign. Moreover, its linewidth does not seem to be fully-
compensated, and therefore no clear signs of a transition to autonomous oscillations of the
magnetization were observed. The magnetization of the polarizing layer seems to be in the stable
damped precession regime for the different current ranges used here, higher currents were avoided
for avoiding barrier breakdown.

The overall analysis done in this subsection allows to conclude that the dc current magnitude,
likely because of the Joule heating, will shift the FMR frequency of the FL up and that of the PL
down. In addition, the experimental evaluations of the linewidth dependence on the dc current,
suggests that the output voltage of the active spin-torque nano-diodes will be enhanced by the
negative current amplitude for the PL mode and by positive current for the FL mode.

These statements will be tested in the next subsection on the spin-torque nano-diode experiments
fOI' tFL = 18 nm.
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Figure 6.1.4 : The frequency f, linewidth Af, and power P of the thermal FMR modes of Figure
6.1.2 as a function of the input dc current. (a) The FMR mode of the free layer magnetization. (b)
the FMR mode of the polarizing layer magnetization.

6.1.2 Active spin-torque nano-diode experiments for tr. = 1.8 nm

Active detection signal of the FL and PL modes

To explore the operation of the active spin-torque nano-diodes, the same experimental setup from
section 2.4.2 in chapter 2 is used, however, with an additional dc current that is injected to the
pMTJ simultaneously with the rf current.

The results of the active rf-to-dc conversion, for a device with a free layer of thickness 1.8 nm and
a nominal diameter of 80 nm, are shown in Figure 6.1.5(b)-(c). The injected dc current has a
magnitude of |0.4| mA and the rf current has a power of -10 dBm. The measurements were done
under an in-plane magnetic bias field of 50 mT.

In Figure 6.1.5(a), the measurements are done without dc currents so that it can serve as a reference
to compare with the active measurements. The first remark when comparing the passive rf-to-to-
dc conversion in Figure 6.1.5(a) and the active rf-to-dc conversion in Figure 6.1.5(b)-(c) is that the
signal noise is relatively high in the active measurements. The latter is partly attributed to the
current source used here (Keithley 4200), that unfortunately produces relatively high electric noise
with the dc current.

For the low frequency resonance mode arising from the free layer, it appears noisy in Figure
6.1.5(b)-(c). Its independence on the current sign might be caused by the magnetic noise induced
by the Joule heating in the free layer. Especially for the free layer thicknesses characterized here
(1.8 nm) the perpendicular anisotropy almost compensates the demagnetizing fields.
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Therefore the FL is highly sensitive to thermal fluctuations, which can be amplified by the presence
of dc current through Joule heating. A good indication of the latter can be observed in the
magnetoresistance curves for different current values shown in Figure 6.1.5(d). For in-plane bias
fields close to zero, the magnetoresistance shows an unexpected behavior with the dc current. As
will be shown in chapter 7, these unexpected deviations are due to a superparamagnetic state (high
magnetic noise).

For the higher frequency resonance mode, arising from the polarizing layer, the dc current
magnitude and sign are clearly affecting the amplitude and the linewidth of the resonance response.
For a negative current of magnitude -0.4 mA, where the electrons flow from the free to the
polarizing layer, the signal is enhanced by a factor of ~ 1.7 compared to the passive case. Moreover,
its linewidth is reduced by a value of ~200 MHz as compared to the passive case. For the positive
current sign, Figure 6.1.5(c) the polarizing layer mode is strongly reduced and hardly to be
observed due to the increased noise.
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Figure 6.1.5 : Active rectification experiments showing the dc output voltage as a function of
frequency for an rf current of power of -10 dBm, an in-plane magnetic field of magnitude 50 mT
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and for (a) zero- dc current, (b) dc current of -0.4 mA and (c) dc current of +0.4mA. (d) The
magnetoresistance as function of the in-plane magnetic field for the different dc currents 0.05 mA,
0.4 mA and -0.4 mA. The dashed box encloses the region where the resistance presents the
distortions.

The overall active detection results from the polarizing layer mode are well understood in the light
of the results presented for the thermal FMR modes in the previous subsection. Here, the spin
transfer torque compensates the damping of the magnetization for the negative current sign,
leading to smaller linewidth and thus higher output maximum voltages. For the opposite current
sign, the spin transfer torque reinforces the magnetization damping, which leads to an increase in
the linewidth as observed in Figure 6.1.4(b), and therefore reduces the maximum amplitude.

For the FL layer mode, the measurements do not allow for a concrete conclusion on its behavior.
Further investigations are required.

Active detection signal of the PL mode vs. diameter

Focusing on the polarizing layer mode for negative current, the general characteristics of the active
detection in Figure 6.1.5(a)-(b), were found also for all other nominal diameters : 40 nm, 80 nm,
100 nm, and 150 nm. The evolution of the maximum dc voltages obtained for devices of the
different nominal diameters are shown in Figure 6.1.6 as a function of the dc current. Here, the rf
current has a power of -5 dBm and the in-plane magnetic field has a magnitude of 80 mT. The rf
power and the field magnitude were chosen such that they led to a good SNR for all nominal
diameters.
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Figure 6.1.6 : (a) The maximum voltage Vmax as a function of the input dc current for an rf current
with a power of -5 dBm. (b) The frequency at which the largest maximum voltage is observed as
a function of the input dc current.

As expected, in Figure 6.1.6(a), the maximum detection voltage, for all nominal diameters,
increases with the magnitude of the negative dc current. In addition, the dependence of the
maximum voltage with diameter is the same as the one found for the passive detection in section
5.1.2 of chapter 5: Vmax increases upon decreasing the diameter.

Moreover, the frequencies at which the maximum voltages occur, are monotonically shifted by the
input dc current, see Figure 6.1.6 (b). The frequency red shifts in Figure 6.1.6 are consistent with
the results from the thermal FMR modes in the previous subsection, where they were attributed to
the Joule heating. In addition, the slope of the frequency shifts in Figure 6.1.6, increases as the
nominal diameter decreases, which is explained by both the higher current densities at smaller
diameters, and the larger Joule heating due to the their higher resistances.

To conclude, it is demonstrated that the Joule heating via a DC current can be used to tune the
detection frequency. In the next section these results will be extended to include the other free
layer thicknesses (1.6 nm and 14 nm).

6.2 The active detection with an in-plane field for tr. = 1.6 nm and tr. = 1.4 nm

Active detection for tr = 1.6nm

Starting with the thermal FMR analysis, Figure 6.2.1(a) depicts the spectrogram of a device with
a free layer thickness of 1.6 nm and a nominal diameter of 100 nm, and under an in-plane bias
field of magnitude pyHj; = 80 mT.
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Figure 6.2.1 : (a) The contour plot of the power spectral density as a function the frequency and
the input dc current for a device with a free layer thickness of 1.6 nm and a diameter of 100 nm,
under an in-plane magnetic field bias of magnitude 80 mT. (b) The maximum rectification voltage
from the PL mode plotted as a function of the input dc current, for a device with a FL thickness of
1.6 nm and a nominal diameter of 100 nm, and for an rf power of -5 dBm and in-plane field of 40
mT.

The spectrogram shows two FMR modes with an overall characteristics that is similar to the one
from a device with a free layer thickness of 1.8 nm (Figure 6.1.2). In both cases the polarizing
layer mode frequency decreases with current, while the free layer mode frequency increases. In
addition, the spin transfer torque in negative current enhances the power of the PL mode, while in
the positive current it enhances the power of the FL mode. Therefore, the active rf-to-dc conversion
for a FL thickness 1.6 nm is similar to that from 1.8 nm, and bears similar explanations, i.e. Joule
heating is responsible for the frequency shifts, and the STT for the higher maximum rectification
voltages. This is illustrated in the dependence of the maximum voltage corresponding to the PL
layer mode plotted in Figure 6.2.1(b) as a function of the dc current, under an in-plane field of 40
mT and an rf power of -10 dBm. The weak enhancements observed in the positive current might
be due to the Joule heating reducing Hy .

Active detection for trL = 1.4nm

For a device with a free layer of thickness of 1.4 nm, under an in-plane magnetic field, the FL
FMR mode behaves differently with the current as compared to the FL modes from the other
thicknesses, see Figure 6.2.2. For tr. = 1.4 nm, both the FL and the PL FMR frequencies decrease
with current amplitude, independently of their sign. In addition, the FL FMR mode in Figure 6.2.2
is strongly excited by negative currents, which is opposite to the observations from the other FL
thicknesses, see Figure 6.2.1(a). This is caused by the difference on how the STT acts on FL
magnetization. For tr.=1.4nm the easy axis is oriented out-of-plane and quasi-co-linear with the
PL. In addition due to the stray field from the uncompensated SAF, the FL. magnetization is forced
to be parallel to the PL. For such a configuration the positive current stabilizes the parallel state,
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while for the negative current it destabilizes it through the back reflected electrons, see Table 2.4.1
in section 2.4.3 of chapter 2. Therefore, the FL excitations for tr.=1.4 nm should occur in negative
current as observed experimentally in Figure 6.2.2.

The decrease of the frequency for the FL mode with the dc current amplitude, instead of an increase
is attributed to its out-of-plane easy axis. This assumption is tested in Figure 6.2.3 using the same
Joule heating model exploited in Figure 6.1.3(b), and the same parameters were only the FL
thickness was varied (1.35 nm, 1.4 nm, and 1.45 nm). The model predicts that, for a layer with an
out-of-plane easy axis, the dc current through the Joule heating keeps on reducing the FL FMR
frequency until the easy axis switches in-plane. Then, the FMR frequency starts to increase with
the current, similar to the observations from the other FL thicknesses 1.6 nm, and 1.8 nm.
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Figure 6.2.2 : The contour plot vs. current and frequency of a device with a free layer thickness of
1.4 nm and a nominal diameter of 100 nm, an under an in-plane magnetic field of magnitude 80
mT.
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Figure 6.2.3 : Simulations of the effect of Joule heating on the ferromagnetic resonance frequencies
vs. current for the free layer with thicknesses varying from 1.35 nm to 1.4 nm, i.e. for an out-of-
plane easy axis. The effect of Joule heating is introduced as a temperature increase defined as
AT = 150(K/mA?) = I2(mA) as is derived in section 4.4 in chapter 4.

To further investigate the behavior of the FMR modes corresponding to the FL thickness 1.4 nm,
the spectrogram of a similar device (here D, = 80 nm) is depicted in Figure 6.2.4(a) for a constant
dc current | = -0.58 mA, but for varying in-plane fields. The spectrogram helps to distinguish
clearly the FL mode (low frequency) from that of the PL mode (high frequency).
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Figure 6.2.4 : FMR experiments for a pMTJ of a free layer thickness of 1.4 nm and a nominal
diameter of 80 nm. (a) Contour plot of the power spectral density as a function the frequency and
the in-plane field for an input dc current | = -0.58 mA. (b) Logarithmic plot of the power spectral
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density under an in-plane magnetic field bias of magnitude pyH, = 80 mT and for different dc
currents as indicated on the figure.

Despite the broadness of the FL mode, it produces FMR peaks with much stronger powers as
compared to the PL mode. This is depicted in the logarithmic PSD plots in Figure 6.2.4(b) for
poH, = 80 mT where the peaks at low frequency (~2.5 GHz) are much higher than those at high
frequency (~ 9 GHz). The high power of the FL layer mode suggests that it may be undergoing a
large angle steady state oscillation. Its power of oscillation is 10 times higher than that observed
in the other thicknesses under similar conditions (see Figure 6.1.5).

The active rf-to-dc conversion corresponding to the FL thickness of 1.4 nm, yields peaks that are
similar to the those in Figure 6.2.4(b). This is illustrated in Figure 6.2.5(b) for the detection
measurements of the same device evaluated in Figure 6.2.4. It was measured under an rf current
with a power of —10 dBm, a dc current of -0.45 mA, and an in-plane field puyH, = 88 mT.
Interestingly, unlike what was observed in the other FL thicknesses 1.6 nm and 1.8 nm where the
FL layer rf-to-dc conversion voltage was weak ~ 0.3 mV, here in Figure 6.2.5(b) it has a maximum
voltage ~ 4 mV. This is 10 times higher. The dependence of Vmax from the FL mode on the dc
current is plotted in Figure 6.2.5(b) for an in-plane field of 60 mT and an rf power of -10 dBm.

As for the PL layer mode that was dominant for the other thicknesses, for tr.=1.4 nm, it produces
the same maximum voltages ~ 1 mV but it is surpassed by the FL performance.
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Figure 6.2.5: Experiments of the active rf-to-dc conversion for a pMTJ device with a FL thickness
of 1.4 nm and a nominal diameter of 80 nm. (a) the detection voltage for a dc current | = - 0.45
mA as a function of the input rf signal frequency and with a power of -10 dBm. (b) The maximum
rectification voltage from the mode in Figure 6.2.5(a) plotted as a function of the input dc current,
for a device with a FL thickness of 1.4 nm and a nominal diameter of 80 nm, and for an rf power
of -5 dBm and in-plane field of 60 mT.
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6.3 Potential application of the wide range frequency tunability in the active
detection

As presented above, the active detection under in-plane field for the pMTJs allows one to control
via the dc current the detection frequency. It also allows for the increase of the detection signal as
compared to the passive detection, but this increase will not be the same for all frequencies, since
the enhancement scales with the dc current amplitude. The frequency tuning allows for interesting
wireless applications. For instance, the frequency shift allows for the correction of frequency
mismatches between an incoming and expected signal, for frequency hopping, as well as the ability
to serve as a frequency multiplexer. The purpose of a frequency multiplexer is to allow only one
frequency channel to be demodulated at a time. Using pMTJs, this channel can be selected by the
dc current. A demonstration of such a multiplexer is shown in Figure 6.3.1, for a device with a free
layer of a thickness of 1.8 nm and nominal diameter of 40 nm, and under an in-plane magnetic
field bias poH, =80 mT.

This is a first demonstration of its feasibility, but further detailed analysis of the spin-torque nano-
diode multiplexer will be required to evaluate the linewidth and the rf current power dependencies
for such an application. Moreover, the speed of the frequency tuning with current is an open
question. If the speed is large enough it can as well be of interest for radar detection applications.
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Figure 6.3.1 : Frequency multiplexer based on the active pMTJ spin-torque-nanodiode. (a)
experimental results and (b) illustration of the multiplexer.

This concludes the discussion on the active detection under an in-plane magnetic bias field. In the
next section the active detection will be considered for out-of-plane magnetic fields.
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6.4 The active detection under an out-of-plane field for tr. = 1.4 nm

For the characterization of the active rf signal detection under an out-of-plane magnetic field, in
this work, a permanent magnet is used. Otherwise, the experimental setups are similar to those
used in the previous sections. It is reminded as well that throughout this work (passive and active)
the measurements under out-of-plane field were done for the antiparallel state of the FL and PL.
For the parallel state no detection signals were observed in the out-of-plane field measurements.

Reflecting on the passive rf-to-dc conversion measurements under an out-of-plane field presented
in section 5.2 of chapter 5, there was only one dominant FMR peak with an asymmetric shape. It
was attributed to the polarizing layer, since at high out-of-plane fields, the FL is saturated out-of-
plane, while the PL is tilted due to the SAF spin flop. Therefore the PL layer is softer and easier
to excite than the FL that is stiffened by the field. Although, the possibility of the FMR mode to
be from the FL or a coupling between the FL and PL is not yet completely ruled out.

In the following it will be shown that the active detection under out-of-plane fields supports the
interpretation of the excitation of the PL.

Considering the FMR mode to be from the PL, it is more convenient to read the polarizing layer
mode in a configuration where the free layer magnetization is fixed under out-of-plane field. This
will render the evaluations of the results easier. Therefore, in this section the focus is on devices
with free layer thicknesses of 1.4 nm, where the free layer magnetization is orientated out-of-plane.
For the free layer thicknesses, 1.8 nm and 1.6 nm, they have a hard axis along the out-of-plane
magnetic field direction, and their saturation requires fields larger than those available using a
permanent magnet.

To start the characterization, first, the device is characterized in the presence of only the dc current,
through the thermal FMR, to understand its effects on the polarizing layer magnetization
dynamics. Thereafter, the experiments on the spin-torque nano-diode effect will be presented.

6.4.1 Spectral characterization of the pMTJ modes under dc current for tr = 1.4 nm

The spectrogram from the thermal FMR measurements of a device with a free layer thickness of
1.4 nm and a nominal diameter of 100 nm is shown in Figure 6.4.1. The applied out-of-plane
magnetic field has a magnitude of approximately p,H, = 230 mT.
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Figure 6.4.1 : The spectrogram of the power spectral density as a function of the frequency and
the dc current, for a device with a free layer thickness of 1.4 nm and a nominal diameter of 100
nm, under an out-of-plane magnetic field bias of magnitude 230 mT. The magnetoresistance of the
device as a function of the dc current is plotted on top of the PSDF plot (white lines, right scale)
for comparison.

The spectrogram in Figure 6.4.1 contains as well the plot of the magnetoresistance as a function
of the dc current (white line). The magnetoresistance shows a decrease with the current magnitude
as expected from section 4.4.1.4 in chapter 4.

From the spectrogram in Figure 6.4.1, only one FMR mode is observed that is strongly excited for
negative current sign. Its frequency decreases with the dc current magnitude.

It is reminded here that the negative current correspond to the electrons flowing from the FL to
the PL, and therefore the excitations, in Figure 6.4.1, are more likely to be from the PL.

The excited modes in Figure 6.4.1 are visible starting from a relatively weak dc current of -0.3mA.
This is similar to that observed for the in-plane field measurements (see Figure 6.2.2). For the in-
plane field measurements, it was independent of the current sign and the frequency shift was
attributed to Joule heating. However, for the out-of-plane field measurements the observation of
an excitation mode as well as the frequency shift is strongly dependent on the current sign.

This is illustrated in Figure 6.4.2(a), where the mode frequency from a similar device is plotted as
a function of the dc current. It can already be noticed that, despite the decrease of the mode
frequency for both current signs, the slope is different. The latter is better depicted in Figure
6.4.2(b), where the excitation frequencies for both current signs are plotted against each other. It
is clearly seen that the mode frequency is more sensitive to the negative current, than it is to the
positive one. Fitting linearly the slope of the frequency vs. current in Figure 6.4.2(b) gives for the
negative current a shift of df/dI ~ — 1.6 GHz/mA, and for the positive current a shift of
df /dl ~ — 0.6 GHz/mA (see Figure 6.4.2(b) in green).
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Moreover, the plots of the mode linewidth and power vs. current, in Figure 6.4.2(c)-(d), show that
the magnetization dynamics is different for the two current signs. In negative current, the linewidth
keeps on deceasing with current until it saturates around | ~ -0.3 mA at a level of 50 MHz. This is
a good indication that the oscillating magnetization is undergoing a transition to large angle auto-
oscillations. It means that the spin transfer torque in the negative current was increasingly
compensating for the damping until it reached the critical current, and the magnetization bifurcates
from a stable spiral oscillation to a limit cycle. This conclusion is consistent with the measurements
at positive current, where as expected the linewidth keeps on increasing with the current.

The observations from the linewidth are further supported by the plot of the power vs. current in
Figure 6.4.2(d). In negative current, and especially below -0.3 mA, the oscillation power grows
with the current at a rate of dP/dlI ~3.5 nW/mA, while for positive current, although it is
growing, the growth rate it much smaller dP/dI ~0.6 nW/mA. These observations are illustrated
in Figure 6.4.3 by the PSD spectra vs. frequency for different dc currents of similar magnitudes
and different signs .

It should be noted here that the auto-oscillations of the PL and the absence of this regime for the
FL oscillation might be related to the PL being coupled to the SAF. Similar oscillations have been
observed for a pMTJ configuration where both the FL and the PL are coupled to a perpendicular
biasing layer. In this case the FL was reported to have large angle auto-oscillation [156].
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Figure 6.4.2: (a) The FMR frequency vs. current, extracted from a device with a FL thickness of
1.6 nm and a nominal diameter of 100 nm, and under an out-of-plane magnetic field of magnitude
230 mT. (b) The same as (a) but plotting the frequency for both current signs together as a function
of the absolute value of the current. (c) The linewidths corresponding to results in (a) and d) the
integrated peak power corresponding to results in (a).
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Figure 6.4.3 : Power spectral density in a logarithmic scale of the excitations for a pMTJ with a
free layer thickness of 1.4 nm and a nominal diameter of 100 nm, under an out-of-plane magnetic
field uoH, = 230 mT and different dc currents as indicated on the figure.

For the frequency shift in Figure 6.4.2(a), and its current sign dependence, it can be understood
from the nonlinearity of the magnetization dynamics described by the LLG equation. A. Slavin
and V. Tiberkevich [157]-[159] (see Annex C) mapped the LLG equation to a complex variable
equation to describe the steady state oscillations of the magnetization. In their model the non-lienar
frequency shifts of the steady state oscillation are approximated by :

N
fo=fot5-P (6.4.1)

where f; is the linear (FMR) frequency, similar to the one in Eqg. 5.1.1 in chapter 5 and N is the
non-linear frequency shift coefficient while P is the oscillation power.

Combining Eqg. 6.4.1, with the model on Joule heating developed in section 4.4 in chapter 4, the
frequency shift by a dc current can be expressed as (using the chain rule) :
dfy _dfe dT N dP
dl — dT dl  2mdl
with T = T, + &I? (see section 4.4 of chapter 4). Eq. 6.4.2, predicts that the frequency shift by
current has two additive components, the first term corresponding to the Joule heating, and the
second one corresponding to the non-linearity of the magnetization dynamics. For the positive
current sign, where the oscillation amplitude is weak P — 0, the frequency in Eq. 6.4.1 is simply
given by the FMR f,, and its shifting is related to the Joule heating expressed by the first term in
Eq. 6.4.2. The latter implies that the difference between the slope df /dI corresponding the positive
and that corresponding to negative currents should give the STT-induced nonlinearity of the

(6.4.2)
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frequency expressed in the second term of Eq. 6.4.2. This was done using the fits in Figure 6.4.2(b),
and it yields :

d N dP
fsrr _ N dP 1.006 GHZ /mA (6.4.3)

dl 2r dl

Finally another feature of the PL STT excitation is discussed. It is observed in Fig. 6.4.2.d, where
it can be seen that for negative dc currents above -0.6 mA, the oscillation power decreases strongly
which is accompanied by an increase in the linewidth. This change is attributed to the approach to
the critical current that switches the FL.

This switching is observed for another device (nominal diameter of 80nm) in the
magnetoresistance vs. current shown in Figure 6.4.4 for a dc current of magnitude / = -0.8 mA.
Here the FL switches from the antiparallel to the parallel state. This free layer switching is
explained via STT from the back-reflected electrons. The PSD spectrogram corresponding to this
device is shown together with the MR in Figure 6.4.4, and its frequency, power, and linewidth in
Figure 6.4.5.

2
W PsD((nV)IHz
- ((nV)/Hz)
- 1000
800.0
1600
a 600.0
X
400.0
1200 200.0
0.000
800
0.9 -0.8 0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
| (mA)

Figure 6.4.4 : The spectrogram of the PSD as a function of the frequency and the dc current, for a
device with a free layer thickness of 1.4 nm and a nominal diameter of 80 nm, under an out-of-
plane magnetic bias field of magnitude 230 mT. The spectrogram contains as well the
magnetoresistance of the device as a function of the dc current (white line).
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Figure 6.4.5 : The frequency f, linewidth Af, and power P of the PL excitation shown in Figure
6.4.4, as a function of the input dc current.

The overall spectral measurements under an out-of-plane magnetic field done in this section
suggest that the active spin-torque-nanodiode effect will be produced by the PL layer. In addition,
its maximum voltage amplitude should be enhanced by negative dc currents, until it reaches a
maximum at the “linewidth saturation” region above which it is expected to drop due to the FL
switching.

6.4.2 The active detection under dc current and out-of-plane magnetic field

The measurements of the active spin torque diode effect are shown in Figure 6.4.6(a)-(b). They
are from the same device plotted in Figure 6.4.5, with a FL thickness of 1.4 nm and a nominal
diameter of 80 nm. The exciting rf current has a power of -12 dBm, and the out-of-plane magnetic
field has a magnitude of ~ 230 mT.

As expected from the spectral measurements in Figure 6.4.5, as the negative current magnitude
approaches -0.4 mA, the rf-to-dc conversion maximum voltage increases noticeably. It reaches a
maximum of around V;,,,,, = 3 mV. The input current -0.4 mA corresponds to the region for which
the linewidth is smallest in Figure 6.4.5. For larger current amplitudes the maximum voltage
decreases, however, at a slower rate as compared to the subcritical currents. This is also illustrated
in Figure 6.4.6(b) in the spectrogram of the spin-torque nano-diode voltage as a function of the dc
current and the FMR frequency. The results are in good agreement with the conclusions presented
from the spectral mode measurements.
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Another interesting remark from Figure 6.4.6(a) is that the signal shape changes from being
asymmetric Lorentzian at zero current to a symmetric Lorentzian as the negative current magnitude
increases. This is due to the increase in the STT damping-like torque with the increasing negative
the current, which favors the symmetric Lorentzian shape of the signal (see Eq. 3.5.9 in section
3.5.1 of chapter 3).

a b
(a)s Fe—T-00 mA (b) & =
e—1=-04 mA 1 I :
la—1=-0.65mA 74 = V (mV)
0 i 1
6 } : 3.0
=g s
— N 7 ]
s B I — 42
£ IO TSl -0.60
= = 4 —— | 0.0
= 5 = : : 0.60
g 12
3 : : 18
1 1 2.4
24 | | -3.0
124 —
| |
T T T 1 T T \I \I T T T
2 3 4 5 i} 07 €06 05 04 -03 -02 -01 00

Figure 6.4.6 : The active spin-torque nano-diode measurements of the device in Figure 6.4.5. (a)
The rectification voltage as a function of the input rf current frequency and the input dc current.
The plots are offset to visualize the signal shapes. (b) The contour plot of the output voltage in (a)
as a function of the frequency and the current.

A more detailed analysis of the autonomous oscillation region is still required to better understand
the excitation and distinguish between a rectification of the steady state excitation and the
possibility of injection locking via the rf signal. Such injection locking is expected to further
enhance the maximum voltage [102].

Conclusion

In this chapter, the active spin-torque nano-diode effect was characterized and analyzed for in-
plane and out-of-plane magnetic bias fields. It was found that the polarizing layer mode is the main
contributor to the active detection. Its maximum amplitude was found to be relatively enhanced
by the negative current in both in-plane and out-of-plane field orientations.

For the in-plane magnetic field measurements, the FL and PL FMR modes were found to be shifted
by the dc current, independent of the current sign. This was attributed to the Joule heating in the
devices, which reduces the PMA and Ms and therefore affects the frequency. In addition, the FL
with a thickness of 1.4 nm, was found to be driven by the negative dc current, and the in-plane
field into steady state auto-oscillations.
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For the out-of-plane magnetic field, only one FMR mode was detected, and it was attributed to the
PL oscillations. For dc currents above -0.3 mA, it undergoes a large angle steady state auto-
oscillation, corresponding to the maximum enhancement of the active spin-torque nano-diode
voltage signal by the dc current. The frequency shift with the dc current in the out-of-plane field
measurements was found to be dominated by the STT in the negative current, while in the positive
current only the Joule heating is acting.

Further simulation and experiments are still required to investigate the rectification of injection
locked signals and its consequences on the active spin-torque nano-diode performance.

The active detection completes the characterization of the pMTJ-based spin-torque nano-diodes.
The key points for the characterization were the maximum output dc signal, and the signal shapes.
For the operation frequency, it is tunable through the field and was demonstrated here to be tunable
via the dc current.

The measurements under the different conditions of currents and magnetic fields, and for the
different FL thicknesses and pMTJ diameters suggest that the best detection signal corresponds to
the PL mode from the pMTJs with nominal diameter of 40 nm, a FL thickness of 1.4 nm, in an
antiparallel state, and under an out-of-plane field.

It produces the highest output dc voltages in the passive detection, and in the active detection its
output is further improved by the negative current and reaches a maximum when it is driven into
steady state oscillations. In addition to its higher dc outputs, its dependence on the out-of-plane
field is easier to tune and can be implemented in real devices through the tuning of the SAF stray
fields. Moreover, its asymmetric signal shape in the passive detection gives it an additional
advantage for wireless applications such as FSK demodulation where it can double the output
signal. Furthermore, its signal shape was demonstrated to be tunable by negative current and can
be changed from being antisymmetric in the passive case to being symmetric in the active one.

These different advantages makes it the optimal case for a wake-up receiver based on a pMTJ
when compared to other measured devices. Although, it has a disadvantage of working in the
antiparallel state where the resistance is at its highest value leading to strong impedance
mismatches. This can be overcome by implementing an impedance matching network.

For the FL mode based-detection, in general, it holds over this optimal mode the advantage of
being explainable via the derived formulas and its behavior is predictable with good certainty.
For the PL mode, however, the understanding of its dynamics it not yet fully completed and still
requires additional measurements and simulations to conclude on.
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Field-free perpendicular superparamagnetic tunnel junctions fully
operated by dc current

So far in this manuscript, the main focus was the investigation of the magnetization dynamics in
the presence of an rf current excitation and its use as a pMTJ-based spin-torque nano-diode. For
this purpose pMTJs with different thicknesses and diameters were characterized statically in
chapter 4 to determine the equilibrium states of the magnetization and to evaluate the dc current
effects on the magnetization, such as the STT, the Joule heating, and the VCMA. Subsequently, in
chapter 5 and chapter 6, the spin-torque nano-diode effect was studied for passive and active
detection respectively. The results obtained demonstrated that the pMTJs, in addition to their
memory and sensor functionalities, can function as rf detectors and generators.

In this chapter, it will be demonstrated that in addition to all these functionalities observed in one
single pMT]J, it also can operate as a current controlled random number generator, and more
interestingly at zero bias field. The phenomenon behind this additional function is the super-
paramagnetism.

The field-free superparamagnetism in the pMTJs studied in this work was first observed during
the static characterization in chapter 4. In Figure 4.6.1 in section 4.6 of chapter 4, it was shown
that the in-plane magnetoresistance under dc current exhibits an unusual behavior near zero
magnetic field. For a device with a FL thickness of 1.4 nm, in the same section, a strong resistance
peak centered at zero field becomes visible above a certain current value, and the peak amplitude
increases with current. This magnetoresistance distortion near zero field was observed for all free
layer thicknesses : 1.4 nm, 1.6 nm, and 1.8 nm. But they were more pronounced for 1.4 nm.

In this chapter, using real-time measurements, it will be demonstrated that the origin of these
resistance distortions is a random telegraph noise corresponding to the magnetization being in a
superparamagnetic state [112], [160]. To the best of our knowledge, the results are the first
demonstration of superparamagnetic pMTJs operating at zero bias field, and fully controlled by a
dc current. The latter is of interest for non-conventional computing [9], [161]-[163] and artificial
intelligence [164]. The main advantages of these superparamagnetic tunnel junctions, for these
applications, lie in their nano-size, low energy consumption, and current-control of their switching
probability. The additional advantage for the pMTJs studied here, is that they do not require any
external magnetic field to function. Thus, they further reduce the energy consumption by saving
the energy needed to generate the external magnetic field bias.

In the following sections, the investigations are carried out by first discussing the static
magnetoresistance loops of the different free layer thicknesses and diameters, to provide a general
view on the observed features. Thereafter, the time domain measurements will be presented to
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characterize the stochastic switching of the resistance in time. Finally, the experimental results will
be discussed within the Neel-Brown model introduced in section 3.6 of chapter 3.

7.1 The magnetoresistance distortions under dc current and in-plane magnetic
field

The magnetoresistance loops of the perpendicular magnetic tunnel junctions have been discussed
in detail in section 4.2 of chapter 4 for low dc current values. They were presented for all the free
layer thicknesses (1.4 nm, 1.6 nm, and 1.8 nm) and for all available nominal diameters (40 nm, 80
nm, 100 nm, and 150 nm). Examples for in-plane fields were shown in Figure 4.2.2(b) of chapter
4, for a pMTJ with a nominal diameter of 100 nm and FL thicknesses of 1.6 nm and 1.8 nm (see
Figure 4.2.1 for 1.4 nm). When repeating these in-plane field magnetoresistance measurements
with dc currents of larger and larger amplitude, strong magnetoresistance distortions start to appear
around zero field. These distortions are shown in more detail in Figure 7.1.1(b)-(d) for the three
free layer thicknesses : 1.4 nm, 1.6 nm, and 1.8 nm respectively for devices with a nominal
diameter of 100 nm. Depending on the FL thickness, the distortion manifests itself differently in
the hysteresis loop. In addition, the measurements were conducted for both current signs (positive
and negative), at the same current amplitude. It be can be seen in Figure 7.1.1(b)-(d) that the
distortion is observed only for one current sign.

In pMTJs with a free layer thickness of 1.4 nm, Figure 7.1.1(b), the positive current sign seems to
have negligible effect on the magnetoresistance when compared to the low current measurements
in Figure 7.1.1(a). However, for the negative current sign, a prominent peak is observed in the
magnetoresistance plot, with a maximum at zero field, and a resistance change of AR,,,,, = 150
Q (54% TMR). Moreover, the magnetoresistance drops rapidly with the in-plane field until it
reaches the parallel resistance state for field magnitudes larger than 50 mT. For the other free layer
thicknesses (1.6 nm and 1.8 nm), in Figure 7.1.1(c)-(d), similar current sign dependencies are
observed, but the magnetoresistance modifications have a different shape and are much smaller in
magnitude about AR, = 20 Q. For a free layer thickness of 1.6 nm, the distortions occur for
lower current values as compared to the other free layer thicknesses. Its distortion appears for
negative dc currents of magnitude |0.3] mA, while for the other thicknesses it requires negative
currents of magnitudes |0.7| mA. The latter is attributed to the high sensitivity to the thermal
fluctuations for pMTJs of a free layer thickness of 1.6 nm. For these devices the iPMA cancels the
demagnetization energy so that the effective magnetic anisotropy field goes to zero |[Hy - Ha | = 0.
In consequence, the system is more sensitive to fluctuations.

Since the magnetoresistance modifications are largest for the devices with a free layer thickness
of 1.4 nm, in the coming sections they will be the focus of the analysis. The obtained conclusions
can be generalized to the free layer thicknesses of 1.6 nm and 1.8 nm.
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Figure 7.1.1 : Magnetoresistance measurements of a pMTJ with a nominal diameter of 100 nm,
and under an in-plane magnetic bias field. (a) The magnetoresistances for all the three free layer
thicknesses (1.4nm, 1.6 nm, and 1.8 nm), under weak dc current (10 pA). (b) The
magnetoresistances of a device of a free layer thickness of 1.4 nm under dc current of magnitude
|0.7] mA, where the positive current is in red and the negative current is in black. (c) The same as
in (b) but for a free layer thickness of 1.6 nm and a dc current amplitude of |0.3| mA. (d) The same
as (b), but for a free layer thickness of 1.8 nm.

7.1.1 Current dependence of the magnetoresistance peak for tr = 1.4 nm

Figure 7.1.2 shows the evolution of the magnetoresistance resistance peak for increasing dc current
amplitude. It is seen that the maximum of the magnetoresistance peak at zero field increases with
current amplitude. For the case in Figure 7.1.2 this increase is 175 Q when the negative current
amplitude increases from |0.5| mA to |0.7| mA.

Possible explanations for this magnetoresistance peak can be advanced, as already mentioned in
previous chapters: Joule heating, the STT effect or a VCMA. In section 4.4.1.3 of chapter 4 and
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section 6.1 of chapter 6, the VCMA was proved to be weak for the pMTJs used here, using different
methods. The asymmetry in current sign therefore points to the spin transfer torque (STT), since
Joule heating would occur for both current signs (but it cannot be excluded that joule heating
contributes to the effect by reducing Ms and Ku). As a first test, it was checked whether the increase
in magnetoresistance is related to the excitation of steady state oscillations and the signal output
was measured with a spectrum analyzer. However no excitation peaks could be detected, which
leads to the conclusion that other effects must be at the origin.

As a reminder from the previous chapters, it must be noted that at zero external magnetic field the
magnetization of the free layer with a thickness of 1.4 nm is oriented out-of-plane, parallel to that
of the polarizing layer magnetization.
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Figure 7.1.2 : The PPMS magnetoresistance as a function of the in-plane bias magnetic field for
different negative current magnitudes, from a device with a nominal diameter of 100 nm and a free
layer with a thickness of 1.4 nm.

Since the negative current refers to the flow of electrons from the free layer to the polarizing layer,
the free layer magnetization state can be de-stabilized by the STT via the back-reflected electrons
whose spin polarization is opposite to the FL magnetization (see Tableau 2.4.1 of section 2.4 of
chapter 2 for the current convention). Since STT steady state excitations are excluded (see above),
then the magnetoresistance distortions must be attributed to another effect that is enhanced or
induced by the STT. Before discussing this in detail (section 7.2), we present the temperature and
diameter dependence of the magnetoresistance distortions.
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7.1.2 Temperature dependence of the magnetoresistance peak for tr = 1.4 nm

To further analyze the magnetoresistance peaks, besides the current dependence, we measured also
their temperature dependence to see whether the peak at zero field is affected. The corresponding
results are shown in Figure 7.1.3. As can be seen, for the same negative dc current of magnitude
|0.7] mA, the magnetoresistance peak at zero field is absent at a temperature of 200 K, while it is
clearly visible at 300K. Actually, for lower temperatures, a higher current amplitude is required to
induce the magnetoresistance peak at the same total AR change (~120 Q). This is because upon
cooling down, the interfacial perpendicular anisotropy (iPMA) becomes stronger making the
magnetization more stable, and thus larger current amplitudes are needed to destabilize the
magnetization. This was discussed in section 4.3 of chapter 4.

The ensemble of these observations, along with the current sign dependence, are reliable hints for
the fact that the observed phenomenon is induced by the spin transfer torque, and that it might be
enhanced by Joule heating (via Ms and Hy).
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Figure 7.1.3 : The same as in Figure 7.1.2 but with a constant dc current magnitude of -0.7 mA
and for two different temperatures 300 K and 200 K (black and red).

7.1.3 Diameter dependence of the magnetoresistance peak for tr. = 1.4 nm

The magnetoresistance peak around zero field was observed for pMTJ devices of different nominal
diameters (150 nm, 100 nm, 80 nm, and 40 nm). Figure 7.1.4(a)-(b) summarizes the maximum
resistance changes (AR,,4) VS. the nominal diameter, where for each diameter the corresponding
dc currents are different (see Figure 7.1.4(b)). It can be seen from Figure 7.1.4(a) that generally
AR, 4, INnCreases whenever the diameter decreases.
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These diameter-resistance dependencies are all familiar from the previous chapters, where it was
demonstrated that they are due to the combination of : the STT strength, the reduction of the

effective magnetic anisotropy H,.rr = (H, — Hg), and the presence of a serial resistance in the
pMT]J stack.

(a) 400

ﬂ e ~a—D =150 nm
P L D =100 nm
ARpgr) 1 D =80 nm
300 1 -‘ e 'i —a—D =40 nm
* L]
—~— — n [ ]
g S . [
£ 2004 o 05 i b
4 < \ i b
; i
100 - 1 |_
| | -
= &
0 — 71 T T " T ‘' T " T ‘" T T T T 0.0 T + T #
0 20 40 60 80 100 120 140 160 1.2 -0.9 -0.6 -0.3 0.0
D (nm) | (mA)

Figure 7.1.4 : Zero field poH; = 0 mT measurements summarizing (a) the maximum resistance

change ARmax as a function of the MTJ nominal diameter; (b) the normalized magnetoresistance

changes as a function of the input dc current for all nominal diameters : 150 nm, 100 nm, 80 nm,
and 40 nm (black, red, green, blue respectively).

In Figure 4.2.4(b) of chapter 4, it was already shown that for a device with a FL thickness of 1.4
nm reducing the diameter increases the effective anisotropy leading to a more stable magnetic
state. Therefore, as such, it is expected that for lower diameters more current is required to switch
the magnetization, and hence AR, IS expected to be lower through the TMR-voltage dependence
(see Figure 4.4.1.4 in chapter 4). However, this is clearly not the dominant effect in Figure 7.1.4(b),
since an opposite behavior is observed. The absence of an increase of the critical current due to
the effective anisotropy can be explained by being counteracted by the higher STT amplitude

occurring at smaller diameters. For instance, from Eq. 3.2.11 in section 3.2 of chapter 3, the critical
current was demonstrated to be :

ICpﬁAp(A) & d * ueff (711)

with D is the pMTJ diameter, and @ the STT amplitude.

The opposite diameter dependencies of H,.r¢ and STT, suggest that their overall contribution to
AR, In Figure 7.1.4(a) is weakened. The last expected contributor to the diameter-resistance
changes AR, (D) in Figure 7.1.4(a) is the serial resistance from the TaN bottom electrode. The
latter masks a portion of the TMR and its effect decreases as the resistance of the pMTJ increases

with at diameters reduction. The latter was discussed in section 4.1.2 of chapter 4, where the
resistance change affected by the serial resistance is expressed by :
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1

Rs *E*Dz
Pp *tr, 4

AR « (Rgy — Ry) *

(7.1.2)
1+

with p,, is the resistivity of the parallel resistance.

7.1.4 Diameter dependence of the critical current for trL = 1.4 nm

Apart from the larger ARmax for smaller diameters, the measurements show as well that smaller
diameters require lower dc currents to drive the magnetoresistance peak. This is illustrated in
Figure 7.1.4(b), where the normalized magnetoresistance changes are plotted as a function of the
dc current, and at zero bias magnetic field. For instance, to drive the resistance peak for a pMTJ
with a nominal diameter of 150 nm a minimum dc current of magnitude |0.9] mA is required, while
for a pMTJ with a nominal diameter of 40 nm only a dc current of magnitude |0.2] mA is needed.
This is attributed, for reasons discussed next, to the higher current densities at smaller diameters,
and thus higher spin transfer torque.

In the previous subsection 7.1.3, it was mentioned that the effective magnetic anisotropy Hy.ss
increases at lower diameters D, and that the critical current is proportional to both H,. ¢ and D?
(see Eq. 7.1.1). Therefore, since the critical current in Figure 7.1.4(b) is decreasing upon
decreasing the diameter, this indicates that the increase of the strength of the STT ~D? dominates
the increase due to the diameter dependence of Hy.f.

To verify this assumption, in Figure 7.1.5 the resistance changes are plotted as a function of the
current density for all the diameters (i.e. Eq. 7.1.1 divided by% * D?). This allows one to normalize

to the same STT, leaving behind the possible dependence on H,. ;. Interestingly, the diameter
dependence observed in Figure 7.1.4(b) reverses completely in Figure 7.1.5 for the current
densities. In the latter, it is the larger diameters that require less current densities. Hence, this
confirms the prediction in Figure 4.2.5 in chapter 4 that smaller diameters increase H,,. ¢, and thus
higher current densities are required to switch the magnetization.

The overall observations suggest strongly that the critical current dependence on diameter is
dominated by the STT strength, although the effect of the effective anisotropy is present and
measurable.

Finally, it should be noted that for all diameters, upon increasing the dc current the Joule heating
is reducing the effective anisotropy and the TMR as well. The latter can be noted, since upon
increasing the current density, the magnetoresistance reduction reaches its maximum and then
reduces again. The reduction is attributed to the TMR-voltage dependence discussed in section
4.4.1.4 of chapter 4.
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Figure 7.1.5 : The normalized magnetoresistance changes from Figure 7.1.4(b) plotted at zero field
as a function of the input dc current density J (A/m?) for all the measured nominal diameters : 150
nm, 100 nm, 80 nm, and 40 nm (black, red, green, blue respectively).

Before investigating the physical mechanisms behind these magnetoresistance peaks, in the next
section the discussion will be extended to include the out-of-plane field characterizations. These
measurements will help to link more accurately the magnetoresistance distortions to the parallel
and anti-parallel states through the analysis of the hysteresis loops.

7.2 Characterization of the magnetoresistance distortions under a dc current
and an out-of-plane magnetic field bias

The magnetoresistance measurements as a function of the out-of-plane field are shown in Figure
7.2.1, for a device with a FL thickness of 1.4 nm and a nominal diameter of 100 nm. For negative
dc currents below |0.5] mA, the hysteresis loops follow the behavior discussed in section 4.2 of
chapter 4, where the combined effect of the STT and the Joule heating reduce the coercive field of
the magnetization for currents of negative sign. Consequently, the stability of the magnetization is
reduced, and at small or zero coercive field, thermal fluctuations can switch the magnetization
randomly between the two states (parallel and antiparallel). This correspond to a
superparamagnetic state.

The macrospin assumption used so far explains well the behavior of the hysteresis loops in the
negative current in Figure 7.2.1. However, once the coercive field is reduced to zero, which occurs
for current values larger than [0.5] mA in Figure 7.2.1, it does not explain the observed results.
Besides the reduction of the coercive fields, it can be seen in Figure 7.2.1, that for current values
larger than |0.5] mA further modifications of the magnetoresistance loop manifest themselves. In
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particular three distinct resistance levels appear, with the first one at high negative fields
corresponding to the antiparallel state, the second one at high positive field corresponding to the
parallel state, and the third level around zero field with an intermediate resistance. This third state
occurs in the region were the resistance distortions were observed Figure 7.1.1 under the in-plane
magnetic field.
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| T=300 K —1=001 mA

I=-0.2mA

1800 1=-0.4 mA
] I=-0.6 mA

1600 — = 0.7 mA

00 50 0 50 100
pH (mT)

Figure 7.2.1 : The magnetoresistance of a pMTJ with a FL layer thickness of 1.4 nm and a nominal
diameter of 100 nm, plotted as a function of an out-of-plane magnetic field, and for different dc
currents.

The presence of this intermediate resistance state suggests that the FL magnetization, for negative
currents higher than |0.5] mA, is not switching uniformly as predicted by the macrospin model but
more likely through the nucleation of a reversed magnetic domain. Once nucleated, it propagates
with increasing current amplitude until it has completely reversed the anti-parallel state. The
switching through the nucleation and the propagation of magnetic domain is illustrated in Figure
7.2.2.

Figure 7.2.2 : The process of the magnetization switching through the nucleation and the
propagation of a magnetic domain wall, as a function of the dc current; with I. the critical
switching current.

Such a process was predicted in the literature [165] using Mumax3 micromagnetic simulations to
occur whenever the pMTJ diameter is larger than 20 nm.
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Therefore, it is plausible to have such a domain nucleation process in the pMTJs used in this work
whose real diameters are D = Dy + 30 = 70 nm, 110 nm, 130 nm, and 180 nm.

7.2.1 The temperature dependence of the magnetoresistance loop under an out-of-plane
field

To further investigate the intermediate magnetization state observed in Figure 7.2.1, it was
characterized at different temperatures to see how it is affected. The magnetoresistance
measurements are shown in Figure 7.2.3 for the same device measured in Figure 7.2.1, and for a
dc current of -0.6 mA. The measurements show that the magnetoresistance loops respond to the
temperature in a similar manner as it response to the current.
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Figure 7.2.3 : The magnetoresistance of a pMTJ with a FL layer thickness of 1.4 nm and a nominal
diameter of 100 nm, plotted as a function of an out-of-plane magnetic field at I =-0.6 mA, and for
different temperatures. The measurements were done using the PPMS.

For instance, at higher temperatures (325 K) the intermediate state becomes more stable and higher
fields are required to switch to the other states (AP / P), while at a lower temperatures (250 K) it
disappears and only a square hysteresis loop remains without intermediate resistance level. The
latter is similar to the response to the current in the sense that adding or subtracting 0.1 mA from
| = -0.6 mA leads to the increase of the stability of the intermediate state or its disappearance
respectively.
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For the temperature measurements, and assuming the presence of the nucleated domain, this
behavior can be explained by the increase of the perpendicular magnetic anisotropy at lower
temperatures leading to smaller domain wall widths and finally resulting in a single domain [25].

These measurements and their similarity with the current dependence, suggest that the domain is
nucleated and propagated through the combination of both the STT and the Joule heating.

7.2.2 The current dependence of the magnetoresistance distortions

The assumed magnetic domain nucleation can explain the increase of the intermediate resistance
levels towards the antiparallel resistance with the current amplitude, see Figure 7.2.1 for | = -0.6
mA and | = -0.7 mA. To investigate this point in this subsection the magnetoresistance was
characterized as a function of the current for a device with a nominal diameter of 150 nm at zero
field and the obtained results are plotted against the antiparallel resistance for comparison, see
Figure 7.2.4 black and red plots respectively.
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Figure 7.2.4 : The magnetoresistance of a device with a nominal diameter of 150 nm plotted as a
function of the dc current (a) for the parallel state at zero external magnetic field bias (black line)
and (b) for the anti-parallel state at u,H, = —100 mT (red line), enough to saturate the free layer
magnetization.

Figure 7.2.4 shows that at zero field and at a current value of -0.9 mA the intermediate resistance
appears and its value grows with the current until -1.2 mA where it reaches a maximum resistance
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that is below the antiparallel resistance. The latter might be the case because a domain wall is
present in the junction for these currents. Furthermore, as the current increases, the intermediate
resistance keeps on evolving until it reaches at -1.4 mA the antiparallel resistance value, which can
correspond to the propagation of the nucleated domain wall.

Hence, these different observations from the magnetoresistance measurements conducted in the
out-of-plane field suggest that the STT and the Joule heating nucleate a reversed domain in the FL.
Moreover, it demonstrates that near zero field the device is in an intermediate resistance state
different from the antiparallel or the parallel states. The negative current at zero field switches the
magnetization from the parallel to this intermediate state. As will be discussed in the next section
this switching is superparamagnetic.

It should be noted here that these measurements correspond to devices with nominal diameters of
100 nm and 150 nm, and these conclusions apply mostly to them. For the smaller diameters similar
measurements are still required to generalize on them (this was challenging to do with the PPMS).

In the following the intermediate state of the magnetoresistance will be referred to as R',p
(effective anti-parallel state).

7.3 Real-time characterization of the magnetoresistance distortions in the
absence of an external magnetic field

The static measurements presented so far gave a good hint that in near zero field the FL is
undergoing an unexpected behavior. At the beginning of the advanced analysis, this behavior was
first characterized using a spectrum analyzer to see if it is related to magnetization oscillations.
The results from a device with a FL thickness of 1.4 nm and a nominal diameter of 80 nm are
plotted in Figure 7.3.1(a)-(b).

In Figure 7.3.1(a) no resonance or excitation peaks were observed, instead the power spectral
density starts with a high power at low frequencies, and decreases monotonically and rapidly at
higher frequencies, by f = 2 GHz it is already negligible. This inverse dependence of the power
spectral density on the frequency is usually a strong hint of random noise, which can be gaussian
or non-gaussian such as the random telegraph noise, all of them have a dependence o f~% [166].

The power spectral densities (PSD) from all measured currents are presented in the contour plot in
Figure 7.3.1(b). For negative currents higher than |0.4| mA, where the resistance distortions
appears, the PSD increases with the current amplitude at low frequencies and drops rapidly at
higher frequencies similar to the one discussed in Fig. 7.3.1 for — 0.5 mA.
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Figure 7.3.1: (a) The power spectral density of a pMTJ device with a free layer thickness of 1.4
nm and a nominal diameter of 80 nm, at zero bias field, and for a dc current of magnitude 1 =-0.5
mA. (b) The contour plot of the power spectral density at zero field. It is plotted as a function the
frequency and different negative dc currents.

The frequency measurement in this section indicate that a random noise is involved in the
magnetoresistance distortions. To investigate this suggestion, in the following the
magnetoresistance will be analyzed in real-time using an oscilloscope and the setup from section
2.5 of chapter 2.

7.3.1 Time traces of the magnetoresistance at zero field

For the real-time characterizations of the magnetoresistance, a pMTJ with a free layer thickness of
1.4 nm and a nominal diameter of 150 nm was selected. This choice stems from the time constant
analysis, where it was found that at zero magnetic bias field, and with the present setup, only
devices with this diameter show stochastic switching on time scales slow enough to be measured.
The magnetoresistances of the smaller diameters were found to change much faster than the time
constant of the setup (~100 ns) and thus they require a more sophisticated setup with higher
frequency bandwidth.

Moreover, in the real time analysis for convenience the measurements are conducted as a function
of voltage instead of current.

Typical results of the real-time measurements of the magnetoresistance are shown in Figure 7.3.2
for an applied voltage of -0.575 V. As can be seen, the resistance switches stochastically between
two well defined resistance levels : the parallel state R,, and the intermediate state R'4p. This type
of stochastic fluctuations between two levels are well known for a wide range of physical
phenomena [166], it is called random telegraph noise [167]. For the pMTJs this large random
telegraph noise in the resistance is a confirmation of the existence of a superparamagnetic state.
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Another confirmation of the superparamagnetic state in these pMTJ comes from the voltage
dependence of the random telegraph noise via the STT effect. This is explored next.

Resistance ()

0 0.2 0.4 0.6 0.8 1

Time (ms)

Figure 7.3.2 : Real-time measurements of the magnetoresistance under dc voltage of magnitude
|0.575] V, and in zero external magnetic field. Here the maximum resistance is referred to as R;p
corresponding the intermediate resistance level.

7.3.2 Voltage dependence of the stochastic magnetization fluctuations at zero field

In this subsection, the results of Figure 7.3.2 were extended to different applied dc voltages to
analyze their effect on the measured time traces. Typical time traces are shown in Figure 7.3.3(a)-
(c). It can be seen that the time that the magnetization spends in one state before it randomly
switches is strongly dependent on the applied voltage. This waiting time is called the dwell-time.
For instance, at lower voltages such as V,,, = —0.572 V (Figure 7.3.3(a)) the magnetization
spends on average more time in the low resistance state (parallel) than in the high (i.e. intermediate)
resistance state, while for higher voltages such as V,,,,, = —0.577 V (Figure 7.3.3(c)) the inverse
is observed. In between these two voltages, such as depicted in Figure 7.3.3(b), the magnetization
in average spends equal times in the two resistance states, while switching randomly. This is
confirmed through the corresponding histogram of Figure 7.3.3b, shown in Figure 7.3.3(d).

In this histogram the high resistance state (R',,,) appears to be broader than the low resistance state
(Rp). This is possibly due to the intermediate magnetoresistance state being created by the
nucleation and propagation of a domain wall, as discussed in section 7.2. The propagation of the

domain can add additional fluctuations that would not be present in the Ry state and the uniform
switching.
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In the next subsection, the time traces from all the measured voltages will characterized through
their dwell-times using the method described in section 2.5 of chapter 2.

(a) Vapp = —0.572V
620 .

(b) o0 Vapp = —0.575 Vv

600

H80 +

-

-

Resistance(())

Resistance(Q)) |,

= ===

500 : !
0 0.2 0.4 0.6 0.8 I 0 0.2 04 0.6 0.8 1
Time(ms) Time(ms)
(©) 620 Vapp = —0.577V (d) ; Histogram
9 : ; (F
600 . fr
) '.
41 N
__ 50 S 2 :
=] AL 1y )
TD’ ER 2" weh ‘ “
2 560 b iy I 2 1 1
g W i = bl :
2 Al {18 I 1 o Iy
EREINEIR B f O !
8 gl it '
' \
520 l 101 !
'
l .
500 : W i .
0 0.2 0.4 0.6 0.8 1 50 520 H0 fi60 s G0 620
Time(ms)

Resistance({2)

Figure 7.3.3 : Time-domain measurements of the magneto-resistance in zero applied field for the
same device as in Figure 7.3.2 and for an applied voltage of (a) V,,,, =-0.572 V, (b) V,,,,, = -0.575
V and (c) Vapp =-0.57 V. (d) The histogram of the magnetoresistance plot in (b).
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7.3.3 Experimental analysis of the dwell times as a function of the dc voltage

The presence of a well-defined two level magnetic state in Figure 7.3.3(d) allows the analysis of
the time traces by the transition state theory (TST) [108], also called Kramer’s theory. For this the
dwell times were extracted from the time traces using a matlab code, see Figure 2.5.2 of chapter
2.

The voltage dependence of the magnetization dwell-time is depicted in Figure 7.3.4(a). The plot
is equivalent to the probability of the magnetization being in the high resistance state, and is
defined as :

<Tgp >
<Tgp>+< 1, >

P(AP) = (7.3.1)
where < 7’4, > is the average dwell-time of the intermediate state, < 7, > the average dwell-

time of the low (parallel) resistance state, and P(AP") is the probability of the magnetization to be
in the intermediate state.

The probability as a function of the applied voltage in Figure 7.3.4(a) has a form of a logistic
regression function, where the voltage clearly tunes the probability of the effective anti-parallel
state (high resistance state R ’ap) between 0 and 1 within a small voltage range of AV ~ 20 mV.
This is a well known response of superparamagnetic tunnel junctions when controlled by a dc
voltage [112], [168], [169]. It is as well its main advantage for applications such as neuromorphic
computing [164].
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Figure 7.3.4: (a) The probability P of the effective anti-parallel state R, as a function of the
applied voltage. It was extracted from the experimental results using Eq. 7.3.1. (b) The logarithmic
plot of the average dwell-times as a function of the applied voltage, with the parallel state in blue
and the effective antiparallel state in red.
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The logarithmic plot of the dwell-times is depicted in Figure 7.3.4(b), where for both
magnetoresistance states, it shows a quasi-linear dependence. The latter hints at an exponential
dependence of the dwell-times with the voltage, also called the Arrhenius law, which is expected
for the superparamagnetic tunnel junction operated via a dc voltage [112]. Interestingly, even
though the switching here occurs between the parallel state and an intermediate one it follows the
reported predictions from a macrospin model where the magnetization switches between the
parallel and the antiparallel states (see section 3.6 of chapter 3).

In addition, in Figure 7.3.4(b) the minimum average dwell-time of the magnetization switching is
< Tgy >~ 107 s, given by the crossing point between the two dwell times plots < 7, > and <

T4p, >. It appears to be around 10 times faster than the ones reported for perpendicular magnetic
tunnel junctions in [168], [169]. On the other hand, it is relatively slow compared to recent reports
on in-plane magnetized tunnel junctions, where the average time of the magnetization switching
was reported to be in the sub-nanosecond range [170], [171].

However, so far in-plane superparamagnetic tunnel junctions (i-SMTJ) were operated only under
an external magnetic field. Therefore, the pMTJs hold over the i-SMTJs the advantage of zero
field operation. However, for the results reported here the power consumption is relatively high (~
0.6 V), with the majority of it needed just to drive the system into superparamagnetic state.

The different results from this section confirm that the random switching of the magnetoresistance
corresponds to a superparamagnetic state. It gathers many properties of superparamagnetism in the
MTJs such as: large resistance changes, random telegraph noise, and the dependence on the voltage
amplitude and sign via the STT.

In the next sections using the Néel-Brown model discussed in section 3.6 of chapter 3, the focus
will be on the exploration of the origin of this effect, why it occurs at zero external magnetic field,
and how it can be further improved to have faster switching and lower energy consumption.

7.4 Theoretical analysis of the mean dwell-times of the perpendicular
superparamagnetic tunnel junctions

To theoretical analysis of the mean dwell times in this section are carried out using the Néel-Brown
model developed for a coherent macrospin switching. This is because, despite the difference in the
magnetization switching mechanism here, the Arrhenius law of the mean dwell-times predicted by
the macrospin model was observed here as well as a function of the magnetic field, the temperature,
and the voltage. Moreover, studies on superparamagnetism using spin-polarized scanning
tunneling microscopy (SP-STM) and Monte-Carlo simulations in [172] reported that the
nucleation switching only adds an extra energy offset to the total magnetic energy barrier, and
makes the attempt time dependent on the diameter of the magnetic layer. Thus, even for the
nucleation switching the Arrhenius law from the Néel-Brown model [112] can be roughly used to
approximate the magnetization switching, with the awareness that the fitted parameters do not
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reflect the real macrospin ones, because they contain the modifications added by the nucleation
process.

In general, the Néel-Brown model presented in Eq. 3.6.16 of chapter 3 predicts that if the
ferromagnetic layer is in a superparamagnetic state (low energy barrier), it should operate in the
absence of the external magnetic bias field and dc voltage (current). Their presence will only tune
the magnetization dwell-times to favor one of the metastable states. Therefore, field-free operation
IS not expected to be a challenging task.

However, the difficulty lies in fabricating magnetic tunnel junctions that meet the theoretical
requirements. There exist often non-intended stray fields arising from the different layers in the
stack and resulting in some magnetic coupling between the layers. The most dominant one is the
stray field from the non-compensated synthetic antiferromagnet (SAF). These extra magnetic
fields affect the symmetry of the energy wells and thus require external magnetic bias fields to
compensate for them. The latter is illustrated in Figure 7.4.1, where Figure 7.4.1(a) corresponds to
a zero applied field symmetric energy well where the probability of the magnetization to be
switched by the thermal fluctuations is equal for the two states parallel/ anti-parallel. The addition
of the extra field from the stack stabilizes one of the two metastable states and therefore weakens
the random switching of the magnetization, see Figure 7.4.1(b).

Figure 7.4.1 : (a) Hllustration of the superparamagnetism in a symmetric energy well were the
random switching is equiprobable between the two metastable states. (b) The illustration of the
effect of the non-compensated stray field from the SAF denoted here H, and corresponding for the
PMTJs to Hp; ) -

The solutions to solve this problem are usually bias-field based, where the extra magnetic fields
are compensated by (i) an external one which increases drastically the power consumption, or (ii)
through nanofabrication of permanent magnets which is challenging to do. However, the Néel-
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Brown model in Eq. 3.6.16 of chapter 3 has a voltage dependent term as well, and therefore it can
act to balance the asymmetry in the energy well created by the extra magnetic fields. For instance,
if the SAF stray field stabilizes the parallel state, the voltage (current) through the spin transfer
torque can be tuned to favor the anti-parallel state and therefore for certain voltage values balance
the asymmetry in the energy well.

While the spin transfer torque does not change the energy landscape, it acts by pumping energy
into the system until it reaches an effective energy level at which the superparamagnetic state is
restored. An illustration of this is shown in Figure 7.4.2.

Interestingly, the balance of an asymmetrical energy well by voltage leads to an effective energy
barrier (AE) that is smaller than the initial intrinsic energy barrier (AE). Therefore, it can increase
the tuning rate of the superparamagnetic tunnel junction.

The use of the voltage to effectively balance the asymmetry of the energy well has a crucial
condition, however. It requires that the voltage needed to drive the system into
superparamagnetism is smaller than the barrier-breakdown voltage of the MTJ. The latter is
usually around Vz = 1V [14], [17]. This condition, most likely is what made it harder for this
STT-based solution to work, because the critical switching voltages in the absence of an external
magnetic field were higher than the barrier-breakdown voltage (V). Therefore, the reduction of
the critical switching voltage is the main key to using this solution. In the latter lies the advantage
of the perpendicular magnetic tunnel junctions (pMTJ). They have generally smaller critical
switching voltages when compared to in-plane MTJs[14].

Figure 7.4.2 : lllustration of the effect of the spin transfer torque on the metastable state and how
it can balance the asymmetry in the energy well caused by the SAF stray field H;,,; , = H,.
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Moreover, it is easier to further reduce the critical switching voltage of the pMTJs via the thickness
of the free layer. The critical switching voltage for the pMTJs is given by (see section 2.2 of chapter
2 for the derivation and the full expression) :

V. xax(H,—Hy;) (7.4.1)

where « is the damping constant, H,, the perpendicular anisotropy field (e 1/tz;), and H is the
demagnetizing field. Hence, V, of the pMTJs is easily tunable through their geometry. Therefore,
they are most likely to operate in the absence of an external field if the energy barrier is small
enough and the non-compensated stray field of the SAF is not too strong.

Consequently, it is expected from the pMTJ devices studied in this work that they can fully operate
in the absence of an external magnetic field because their SAF stray field is intermediate (~ 40
mT). Their effective energy barrier will be extracted in the following sub-section using the Néel-
Brown model.

7.4.1 Fitting of the dwell times from the field-free SMTJs using the Néel-Brown Model

In the absence of an external magnetic field, the Néel-Brown model is simplified and takes the
following form :

v,
T, =T *exp <ﬁ * AE (1 + %)) (7.4.2.a)
c
v,
Tap = To * €XP <ﬁ x AE * (1 — f")) (7.4.2.b)
c

Therefore using Eq. 7.4.2 the fitting of the dwell time and the extraction of the parameters is
straightforward. However, for the pMTJ devices studied here, the situation is different. The
superparamagnetism certainly happens in the absence of any external magnetic field, but the non-
compensated stray field from the synthetic antiferromagnet (SAF) is present and it is acting out-
of-plane along the axis of the magnetization. Thus, adding the field to Eq. 7.4.2 is more appropriate
for the fitting of the experimental results obtained in this work. Including the SAF field the
equation takes the form :

% Hine: \
T, =To xexp| f = AE * (1 + app) (1 + mtl) (7.4.3.a)
Vc Hueff
V. Hiner \
Tap = To *exp| f * AE = (1 - ‘”’”) <1 — ‘”“) (7.4.3.Db)
Vc Hueff
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The fitting including the SAF- stray field H;,;, is a bit more complicated due to the quadratic
dependence on the field in Eq. 7.4.3. Therefore, since here only the voltage is changed, the Néel-
Brown model is further simplified to take a simpler form, similar to the one in Eq. 7.4.2. The
simplification starts, first, by assuming that the system has been balanced by the voltage V, so that
it has an equiprobable random switching. This balance voltage V,, corresponds to the point where
the dwell-times in Eq. 7.4.3 are equal (7, = 74y), and it takes the following form :

(1 + %) (14 h)? = (1 - %) (1 — h)? (7.4.4)

. Hip . . . .
with h = - ; H;,., the stray field from the SAF, it can as well be any magnetic field along the

ue

axis of the magnetization, and H,.rr is the effective anisotropy field defined in the previous
chapters.

Next, Eq. 7.4.4 is solved for V,,, which gives :

2h
V=V, * (— = hz) (7.4.5)

The importance of Eq. 7.4.5 is that it provides an analytical formula for the STT balance voltage
required to induce superparamagnetism. Experimentally it is equivalent to the voltage at the
crossing point of the two dwell-times in Figure 7.3.4(b).

Inserting the formula of /, back to the Néel-Brown Eq. 7.4.2, gives an expression for the effective
energy barrier AE created by the STT:

(1 — h?)?
1+ h?

For applied voltages higher or smaller than V,, they can be expressed in Eq. 7.4.6 as V. = V,p,,, —

V,, with V. the additional voltage needed to be higher or smaller than V. Developing the algebra
yields the following simplified model :

AE = AE « (7.4.6)

- Vo — Vi

Tp = T * €xp (ﬁ * AE * (1 _C;ZPTVOO>) (7.4.7)
- Ve — Vi

Tap = To * €XP (ﬁ * AE * (1 —LO>) (7.4.7.b)
Ve —=Vo

The simplification here consists in the derivation of an expression for the compensation voltage
V,, and the effective energy barrier AE that are independent of the energy minimum P or AP’.
Therefore, it allows flexibility in fitting using Eq. 7.4.6 as a function of the applied voltage.

The fitting of the experimental results from Figure 7.3.4(b) is depicted in Figure 7.4.3. It is in good
agreement with the measurements, although, the linear fitting in Figure 7.4.3 seems to break down
if the applied voltages are far from the balance voltage V. In these voltage regions, the logarithmic
plot of the mean dwell-time is distorted, but it is not expected to be due to an intrinsic effect.
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It is mostly the time constant of the setup in these regions RC~ 100 ns.
The extracted parameters and their values are the following :

- From the experiment : V, =-0.575 mV, poH;n:1, = 40 mT.
- From the fitting : AE = 15 KgT, AE = 16 KgT, and poHyerr = 27 mT.

The attempt time was taken as t, = 1 ns, this value is generally accepted in literature for the attempt
time [112]. Although it should be noted that it was reported theoretically to be variable with the
internal parameters, see ref. [173].
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Figure 7.4.3: The fitting of the logarithmic plot of the mean dwell-times from Figure 7.3.4(b).

The STT balancing voltage V, is relatively high, and therefore to be more adequate for low energy
applications it should be reduced. From its analytical formula in Eq. 7.4.4, it is clear that it can be
reduced through two procedures, the first one by further reducing the critical switching voltage,
and the other one by reducing the stray field from the SAF. Both cases are possible for pMTJs by
varying the free layer thickness, and by tuning the SAF multilayers, respectively. The other
important condition for low power applications is the speed to reach nanosecond dwell-times. As
discussed above, the results reported here are relatively slow compared to the actual state-of-the-
art especially compared to in-plane MTJs [170], [171]. However, the analysis of the simplified
model in Eq. 7.4.5 allows the prediction of how the pMTJs can be further improved to reach much
smaller mean dwell-times. The key to increase their speed, interestingly, lies in the tuning of the
SAF stray field and not as expected in canceling it. This is illustrated in Figure 7.4.4, where the
effective energy barrier (normalized by the real one) is plotted as a function of the SAF stray field
(normalized by the effective anisotropy field Hueff). It can be noted that the effective energy barrier
can be minimized by tuning the SAF stray field. Moreover, it can be done without the need to
change the intrinsic parameters of the real energy barrier AE or the magnetic anisotropy field
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Hyrr. The only requirement is to tune the SAF stray field to be equal to the magnetic anisotropy
field Hueff .

HintJ_ - Hueff (7-4‘-8)

Nevertheless, if the SAF stray field is fixed, the magnetic anisotropy field can as well be tuned to
meet the requirement in Eq. 7.4.8 through the FL thickness and the diameter.

It should be noted that the model developed here is derived from the Fokker-Planck equation (see
chapter 3, section 3.6) by assuming a large energy barrier (AE > 5 KgT). Therefore it fails in
describing intermediate and small energy barriers. For those cases, the Langer method is more
suitable [173]-[175].
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Figure 7.4.4 : The ratio of the effective to the real energy barrier as a function of the ratio of the
SAF stray field to the effective anisotropy field.

It must be reminded that the extracted parameters here are phenomenological ones, they don’t
necessarily reflect the actual device parameters because they might contain offsets caused by the
nucleation and propagation switching.
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Conclusion

In this chapter, the observed magnetoresistance distortions in the absence of an external magnetic
field were demonstrated to be a result of the emergence of a superparamagnetic state. Real-time
measurements showed that when the magnetoresistance has distortions near zero field, the
magnetization is switching randomly between two discrete states. The latter is of interest for
applications for it represents the first demonstration of a perpendicular superparamagnetic tunnel
junction that operates fully in the absence of a magnetic field.

Furthermore, the magnetization random switching was found to be only 53% of the full TMR at
zero voltage. This is attributed to the presence of a magnetic domain that might be nucleated by
Joule heating and spin transfer torque. The random switching then occurs between the P state and
the domain state.

The mean dwell-times were found to follow an Arrhenius law, and have similar behavior to the
one from superparamagnetic tunnel junctions with a full switching of TMR. Accordingly, they
were analyzed using the Néel-Brown model to extract the effective parameters of the measured
device. Moreover, developing the Néel-Brown model allowed to predict further enhancements of
the device performance to obtain faster switching and lower energy consumption. It was predicted
that the switching will be fastest if the SAF stray field is equal to the magnetic effective anisotropy
field Huyetr.

The next step will be to further characterize the stochastic properties of the pMTJs devices in zero
and non-zero fields, and to verify the predictions of this chapter to improve their switching speed
and energy consumption.
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Summary and perspectives

8.1 General conclusion

This thesis focuses on perpendicular magnetic tunnel junctions (pMTJ) whose magnetic layers are
characterized by a perpendicular magnetic anisotropy. This allows the tuning of the free layer
magnetization orientation via its thickness and the device diameter, which can be as small as 20
nm. Two distinct functionalities were investigated : (i) the conversion of an rf current to a dc
voltage and (ii) the stochastic switching when driven into a superparamagnetic state. The objective
was to define the experimental conditions that lead to the largest output voltages for the rf-to-dc
conversion, and a field-free stochastic switching for the superparamagnetic state. The experiments
were carried out under in-plane and out-of-plane fields, and with rf and dc currents, for three free
layer thicknesses (1.4 nm, 1.6 nm, and 1.8 nm) and for 5 nominal diameters (20 nm, 40 nm, 80
nm, 100 nm, and 150 nm).

The pMTJs studied here are standard bottom pinned MTJs with a resistance-area (RA) product of
~ 10 Q. um? and a TMR of ~100 %. Their stack composition was presented in chapter 2 with a
description of its different major blocks, such as : FL, PL, T-SAF, B-SAF, and top and bottom
electrodes.

To characterize the pMTJs, different experimental setups were used for the static and the dynamic
measurements: the VSM for the continuous films, the automatic tester and PPMS for the static MR
of the nanopillars, the deembedding and the ST-FMR for the rf-to-dc conversion, the generation
setup for the FMR spectral densities, and the time resolved experiments for the superparamagnetic
state. All these setups were presented in chapter 2.

In chapter 3, preparing for the analysis of the experimental results, all required theoretical
formalisms and equations were derived using an analytic macrospin model. The first task was to
determine the free layer equilibrium state under an out-of-plane stray field from the SAF and an
external in-plane field. For this, via the total energy minimization, an exact analytic formula was
derived to account for both fields simultaneously. The next task was to derive an analytic formula
for the rf-to-dc voltage for the pMTJ where the PL is oriented out-of-plane. This was done in
chapter 3 through the linearization of the LLG equation. The derivations were extended to include
the effects of an additional dc current (for active detection) and the coupling to another magnetic
layer. In the last part of chapter 3, a presentation of the analytic derivations of the Neel-Brown was
included to account for the superparamagnetic state.

The analysis of the experimental results started with chapter 4. In this chapter the focus was to
determine the equilibrium magnetic states of both the free and the polarizing layers. For this, the
three free layer thicknesses (tz;, =1.4 nm, 1.6 nm and 1.8 nm) were characterized under out-of-
plane and in-plane magnetic fields, and for variable temperatures and dc currents. The
measurements combined with the theoretical formalisms from chapter 3 helped to identify the
equilibrium orientation of the free layer magnetization.
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It was found that for tz; = 1.4 nm the free layer magnetization is orientated out-of-plane, while
for ty;;, = 1.6 nm and tz;, = 1.8 nm it is orientated in zero field at an intermediate angle and in-
plane respectively. Moreover it was found that under dc current the dominant effect is the spin
transfer torque, followed by the Joule heating by { ~ 150 K/mA?, and probably a weak voltage
controlled anisotropy (VCMA).

The polarizing layer was demonstrated to be out-of-plane at equilibrium and reorients by an in-
plane field. The characterization of the polarizing layer reversal revealed that its AP-to-P reversal
is dependent on the free layer thickness, while its P-to-AP is almost independent of temperature
and current amplitude and sign. The quantification of the Joule heating gives an approximate value
of { ~ 300 K/mAZ?.

The understanding of the static behavior of the pMTJs layers will be the background on which the
coming chapters are build. In the next chapter, it will be used to investigate the magnetization
dynamics under an oscillating electric current, for the passive spin-torque nano-diode effect.
Subsequently, it will be used for the investigations of the magnetization dynamics under both dc
and oscillating current (active detection), and finally for the stochastic behavior of the
magnetization reversal.

In chapter 5, the investigations were entirely focused on the passive rf-to-dc conversion of the
pMTJs. The experimental characterizations covered all the free layer thicknesses (1.4 nm, 1.6 nm,
and 1.8nm) under in-plane and out-of-plane magnetic bias fields, in addition to the different
nominal diameters (20 nm, 40 nm, 80nm, 100nm, and 150 nm). The results from both the free
layer, and the polarizing layer were explained using the analytic model developed in chapter 3.

It was found experimentally, that reducing the diameter of the pMTJs enhances the maximum
output voltage. For the in-plane bias field, the enhancement ratio is around 7 when reducing the
nominal diameter from 150 nm to 20 nm. The origin of this enhancement was attributed to the
combination of the higher current density, the compensation of the magnetic anisotropy by the
demagnetizing field, and for the pMTJ devices studied here, to the presence of an ohmic serial
resistance. This interpretation is well confirmed by modeling the voltage of the spin-torque nano-
diode. In addition, it was found that by reducing the free layer thickness, the signal is further
enhanced, by almost twice its value. This is attributed to the compensation of the interface
perpendicular magnetic anisotropy field by the demagnetizing field.

Motivated by the results on the rectification signals, the pMTJs were tested for their demodulation
capabilities using OOK modulation showing good preliminary results. Further improvement of the
signal to noise ratio was proposed and simulated for the demodulation using a matched filter.

For the out-of-plane magnetic field measurements, excitations of the PL was detected. It shows a
diameter dependence similar to the one observed for the in-plane field measurements. It is found
that the out-of-plane field in general leads to higher rf-to-dc voltages compared to the in-plane
field.

The investigations conducted in the passive rf-to-dc conversion were extended in chapter 6 to
include the active rf-to-dc conversion. It was found that the polarizing layer FMR mode is the main
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contributor to the active detection. In addition, the maximum output voltage was found to be
relatively enhanced by the negative current in the in-plane and the out-of-plane bias fields.

Moreover, for the in-plane magnetic field measurements, the FL and PL FMR modes were found
to be shifted by the dc current, independent of the current sign. This was attributed to the Joule
heating in the devices that strongly affects Ms and the iPMA. The effect due to Joule heating was
evaluated using the derived macrospin model. In addition, the FL with a thickness of 1.4 nm was
found to be driven by the negative dc current into steady state auto-oscillations.

For the out-of-plane magnetic field measurements, only one FMR mode was detected, and it was
attributed to the PL oscillations. For dc currents above -0.3 mA, it undergoes a large angle steady
state auto-oscillations, corresponding to the maximum enhancement of the active rf-to-dc
conversion by the dc current. The frequency shift with the dc current in the out-of-plane field
measurements was found to be dominated by the STT in the negative current, while in the positive
current only the Joule heating is acting.

The active detection completed the characterization of the pMTJ-based spin-torque nano-diodes
that were carried throughout this thesis. The key points for the characterization were the maximum
output dc signal, and the signal shapes. For the operation frequency, it is tunable through the field
and was demonstrated here to be tunable via the dc current.

The measurements under the different conditions of currents and magnetic fields, and for the
different FL thicknesses and pMTJ diameters suggest that the best detection signal corresponds to
the PL mode from the pMTJs with nominal diameter of 40 nm, a FL thickness of 1.4 nm, in an
antiparallel state, and under an out-of-plane field.

It produces the highest output dc voltages in the passive detection, and in the active detection. Its
output is further improved by applying a negative dc current, reaching a maximum when it is
driven into steady state oscillations. In addition to its higher dc output voltage, its dependence on
the out-of-plane field is easier to tune and implement through the SAF multilayers than the in-
plane field. Moreover, its asymmetric signal shape in the passive detection gives it an additional
advantage for wireless applications such as FSK demodulation where it can double the output
signal. Furthermore, its signal shape was demonstrated to be tunable by negative current and can
be changed from being antisymmetric in the passive case to being symmetric in the active one.

These different advantages makes it the optimal case for a wake-up receiver based on pMTJs when
compared to other measured devices. Although, it has a disadvantage of being working in the
antiparallel state where the resistance is at its highest value leading to strong impedance mismatch.

For the FL mode based-detection, in general, it holds over this optimal mode the advantage of
being explainable via the derived formulas and its behavior is predictable with good certainty. For
the PL mode, however, the understanding of its dynamics it not yet fully completed and still
requires additional measurements and simulations to conclude on.

Following the active rf-to-dc characterization, the discussions were oriented in chapter 7 towards
an STT induced superparamagnetic state. The aim of the studies in chapter 7 was to understand
some magnetoresistance distortions that were observed under a dc current and in the absence of an
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external magnetic field. The real-time measurements showed that at these distortions near zero
field, the magnetization is switching randomly between two discrete states.

Furthermore, the random magnetization switching was found to be only 53% of full TMR. It was
attributed to the presence of a magnetic domain that might be nucleated by the Joule heating and
the spin transfer torque.

The mean dwell-times were found to follow an Arrhenius law, and have a similar behavior to the
one from the superparamagnetic tunnel junctions that switch in full-TMR. Accordingly, they were
analyzed using the Néel-Brown model to extract the effective parameters of the measured device.
The average dwell-time was found to be ~ 1075 s , and the voltage required to induce the stochastic
switching at zero field is Vo~ 0.6 V. The presence of the superparamagnetic state was argued to
be due to the STT balancing effectively the asymmetry in the energy barrier caused by the SAF
stray field.

These results on the stochastic switching are the first demonstration of a field-free current
controlled stochastic perpendicular magnetic tunnel junction.

8.2 Perspectives
Further possible studies to be realized on these pMTJs for the detection and the superparamagnetic
state can be divided into short and long term goals respectively. The short term part concerns the
studies to be done on these specific devices and focuses on additional experimental schemes. The
long term part, on the other hand, concerns the modification of the pMTJ stack and the possible
enhancements that can results from it.

e Shortterm :

For the passive detection, what remains to be studied in more detail is the polarizing layer FMR
mode. Its physics is not yet fully understood and therefore a thorough numerical simulation
study is needed to investigate its nature and how it is affected by its coupling to the SAF. In
addition, for the measurements under the out-of-plane field, they were done here using a
permanent magnet, but a new setup with an electromagnet was developed after this work, and
therefore it will be of interest to characterize fully the field dependence of the PL mode.

For the passive detection and considering the application as a wake-up receiver, implementing
an impedance matching network would further enhance the sensitivity to low rf powers.
Moreover, implementing the proposed matched filter will maximize the signal to noise ratio
and therefore it will improve the reading of the output. An additional interesting experiment
that was not possible during this work, and that should be done, is to test the FSK demodulation
in particular for devices with an asymmetric peak.

For the active detection characterizing the injection locking at f and 2f is an important step to
further enhance the signal and reduce strongly its linewidth. As for the applicative part of the
active detection, in addition to the injection locking, the current-swept frequency range and the
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linewidth of the current peaks remain still to be determined, as well as the highest speed at
which the frequency can be tuned via the dc current.

For the field-free superparamagnetic tunnel junctions, one of the main step to be done is the
reduction of the RC of the setup so that the stochastic response of the devices with smaller
diameters can be measured at zero bias fields. In addition, the analysis presented in this work
suggested that a domain wall is involved in the switching and therefore some micromagnetic
simulations are needed to understand the underlying process. As for the reduction of the dwell
times and the power consumption at zero field they will require long term goals.

e Longterm:

For the detection, in general, for both passive and active detection, developing a stack with
lower damping, smaller H, ¢, and higher TMR will lead to more optimized signals. Moreover
when co-integrating the devices with CMOS, in order to be less bothered by the serial
resistance from the bottom electrode, the devices should have the smallest diameters possible.
This will give them high resistances and thus help them to overcome the signal degradation
caused by the serial resistance. However, the impedance matching circuit needs to cope for the
increased resistance.

Furthermore, to better understand the PL layer mode varying the SAF multilayers and the Ru
thickness will help to acquire deeper understanding of the undergoing magnetization dynamics.

For the field-free superparamagnetic tunnel junctions, it was predicted that a faster stochastic
switching is achieved when the effective magnetic anisotropy H,,. ¢ is equal to the stray field
from the SAF. The latter can be tested by either tuning the SAF stray field through variation
of its layer thicknesses, or by tuning the iPMA via the FL thickness. It was also predicted that
lower energy consumption can be achieved if the critical switching current was minimized,
which can be done by minimizing H,. s through the FL thickness.

An additional part of the perspectives is the development of demonstrators for the applications of
the pMTJ-based detection and the field-free superparamagnetic tunnel junctions. For the detection
the goal is to build a wake-up receiver using these devices. This will be addressed within an
upcoming European based collaborative project (Swan-on-chip, coordinated by INL) and the
results presented here will provide the basis and guidelines to achieve this goal. As for the field-
free superparamagnetic pMTJs the goal is to couple several of them in order to demonstrate their
capabilities to solve problems using unconventional computing methods. The work on this is
continued by another PhD student at Spintec, and a first demonstration of coupling of 2 devices
was already achieved !

184



185



Annexes

A. Exact analytic solution to determine the critical points for the total
energy density

The goal of this annex is to present the exact solution for the derivation of the energy minima for
the total energy density when simultaneously an out-of-plane field and an in-plane magnetic field
are taken into account. In chapter 3, section 3.1, the problem was transformed to a polynomial of
4™ order, with the critical points corresponding to it roots.

The solution from section 3.1 of chapter 3 is the following :

9(1,2,3,4) = aCOS(X(1,2,3,4)) (A.1)

where,

X231 = Y1234 —5 (Depressed quartic),
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B. TMR effective diameter dependence due to a serial resistance

Looking at the TMR statistics shown in section 4.2 of chapter 4, it can be seen that a linear fit of
the TMR is a good approximation to its dependence on the squared diameter. Thus, it can be
simplified by using a Taylor expansion, where the second order terms are neglected;

R, T
TMR =~ TMRy(1 — * —x D2 (B.1)

As a consequence, using Eq. B.1, a linear fit of the TMR distributions (average) allows the
extraction of the intrinsic TMR of the devices, as well the approximate value of the serial
resistance. The extracted parameters are presented below in Eg. B.2, with R, ~the measured

resistance of the parallel state, and the intrinsic tunneling magnetoresistance TMR, =~ 124 %.

( TMRy(%) = 124 )
R, T R,
—«D2=-"2=18xD2 (Il
pp*tFL*4* "SR, * Dy (1) (B.2)

R, =R,+R;=R,(1+18xD2) (III)

Finally, by merging the equation Eq. B.2(II) and Eq. B.2(111) one obtains a formula for the serial
resistance as function of the MTJ nominal diameter and the measured parallel resistance. It takes
the following form :

R, = Rom (B.3)
* 1+ 0.05%* D2

An important point here is that Eq. B.3 represents the part of the real serial resistance seen through
the measured parallel resistance (R, ). It represents the real value of the serial resistance only
when the diameter is large (Dlim Rs = Ry, ). Therefore the best approximation of the serial

resistance is obtained by the MTJs with the largest diameters, for this case D,, = 150 nm. The
calculations, using Eq. B.3, give a serial resistance of the value R, =~ 180 Q.
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C. Self-sustained oscillations of the magnetization under ac current forcing

Once the free layer magnetization is in the self-sustained precession regime, the magnetic tunnel
junction is called a spin torque nano-oscillator (STNO)[62]. The injected dc current multiplied by
the oscillating magnetization, via the TMR generates microwave voltages. Moreover, the
frequency of the generated microwave voltage is tunable via the input dc current [21]. These
properties and the nano-sizes of the STNO made them of interest for microwave applications. They
were the focus of numerous studies in the past decades, where, they were demonstrated for a wide
range of applications such as : microwave modulation (amplitude, frequency, and phase)[176]-
[179], ultrafast spectral analysis [156], [180], and neuromorphic computing [181].

Therefore, in the stable precession regime the formalism developed in chapters 3 does not hold
anymore. Here, the spin-torque nano-diode is replaced by an autonomous oscillator that would
interact differently with the forcing rf current. The phenomenon that governs this type of
interaction between the autonomous oscillators is called synchronization [98]. It forces the
oscillators to oscillate at the same frequency, within a relatively large frequency range (locking
range), and it locks their phases leading to a drastic decrease of their phase noise. This strong
reduction of the oscillator phase noise, translates to less energy dissipation, and thus smaller
linewidth and higher power of the oscillator frequency spectrum [99]. For the STNOs, the
synchronization is still an active area in the quest for the reduction of their relatively strong phase
noise, see [150]-[154]. In addition, for spin-torque nano-diodes measurements, the
synchronization was found to increase strongly their sensitivity to low rf current powers, see
[100]-[102].

Understanding the mechanism by which the magnetization synchronizes to the forcing rf current,
requires solving the LLG equation. Nevertheless, this task is complicated to do analytically, due
to the strong nonlinearity of the LLG equation. Moreover, the complex trajectory of the
magnetization undergoing a stable limit cycle, rendering the approximation methods such as the
perturbation and the linearization difficult to apply. However, Slavin and Tiberkevich (ST) in
[157]-[159] found a good approximation to the magnetization dynamics by transforming the LLG
equation into a generalized equation of autonomous oscillators. Their approach consists of
transforming the magnetization components (mx, my, mz), into complex ones (c, c¢*) through
canonical transformations. It is inspired by the spin waves formalism [182], and specifically the
Holstein-Primakoff transformation [183]. The details of the derivation of the Slavin-Tiberkevich
equation from the LLG equation are presented in detail in [184], [185].

Here, the model is introduced briefly to highlight its simplification of the problem. But, for readers
interested in a more detailed analysis of the subject, they are referred to more adequate references
such as [157], [184], [185].
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The major transformations to get to the complex variable “c” are summarized in the following
table :

Holstein-Primakoff Bogoliubov [186] Normalization
[183]

my +imy

v2(1+m;) b =ua+va c=pBb

a= iy b =va+ua
J2(1+m,)
Table C.1: The group of transformations used to transform the magnetization components (mx,

my, M) to the complex variable "c".[184]

The Bogoliubov transformation and its normalization, serve to make the magnetization trajectory
circular. The final equation takes the following form :

dc

dt+iw(|c|2)c+l"+(|c|2)c— I_(lc]®)c=0 (C.1)

where ¢ = \/pel @@t ) with p = |c|? the power of the magnetization oscillations, and ¢ =
arg(c) their phase. I'; (|c|?) and T_(|c|?) stand for the Gilbert damping and the Slonszewski spin
transfer torque terms respectively. Separating the real and the imaginary parts of the equation
yields a separate equations for the power and the phase, given by [157]:

dp

i =2[l, (@) —T_(P)lp (C.2)
d¢ _
- w(p) (€.3)

For small oscillation power p, the different terms in Eq. C.1 and Eq. C.3 can be expanded to the
following form :

w(p) = wy + Np (C.4)
IL(p) = I;(1+Qp) (C.5)
I_(p) = glgc(1—p) (C.6)

where w, the ferromagnetic resonance frequency, N = dwd—;p) the nonlinearity coefficient (see

[157]), T; o« a, Q phenomenological parameter, and o o« d.

Interestingly, Eq. C.4, shows that the magnetization oscillation frequency is tunable by the
oscillations amplitude p. Moreover, the solutions of Eq. C.2 for small amplitude perturbation &p
reflects the stability of the magnetization precessions. It is expressed by :
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p = po(1+ 6peTrt) (C.7)

where the perturbed magnetization relaxes back to its previous stable precessions power (p,) with

a relaxation time ¢, = ri For a weak rf current force f,e~‘®¢t, the equations in Eq. C.2-C.3 take
p

the following form [157], [184]:

dp

=7 T 20 (@) = T-(P)]p = 2fey/p cos(wet + ¢ —e) (C.8)
%+a)(p) = —isin(a}et+¢>—t/)e) (c.9)

Jp

The solutions of Eq.C.8-C.9, when the frequency difference between the source and the STNO is
relatively small, are approximately :

1)
¢ = arcsin (Z) + cst (C.10)
p=po+ NS (c.11)

where § = w, — w, is the detuning frequency, with w, the frequency of the STNO and w, the
Nfe
TpPoy/Po’

frequency of the forcing rf current. 4 =
the STNO is locked.

represents the locking range, where the phase of

The synchronization mechanism occurring here can be described, simply, by inserting Eq. C.11 in
the frequency equation Eg. C.4, giving :

w, = wz+ NS (c.12)

with w, the STNO frequency at a constant dc current. Here, the detuning creates a feedback loop
on the frequency by reducing or increasing it until it becomes equal to the rf current frequency.
In addition, at the same frequency the STNO phase in Eq. C.10 becomes approximately constant
(locked), and thereby its noise is strongly reduced.
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