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Vortex Nano-Oscillators Based on Magnetic Tunnel Junctions for Neuromorphic

Applications

by João Miguel SOARES DA SILVA

Until recently, spintronic research relied solely on external magnetic fields to manip-

ulate the spin of the electron. However, electrical currents were also recently shown to

be able to tune the magnetic behavior of nanoscale magnetic tunnel junctions (MTJs). In

collaboration with the Iberian Institute of Nanotechnology (INL) in Braga, in this work

we studied MTJs with strongly pinned magnetic vortices in the free layer.

In this thesis, at INL, MTJs based on micro and nanopillars with an insulating MgO

layer were fabricated with different properties, in particular, both MTJs with NiFe and

CoFeSiB layers were fabricated and will be compared. We shall then study how these

devices change when different magnetic fields, voltages and temperatures are applied.

We have verified that the system can jump into different values while in its vortex

state, when a high enough voltage is applied. Besides that, we were also able to obtain an

emergence of hysteretic behavior at low temperatures. Such behavior can have potential

applications in neuromorphic computation, including reservoir computing.
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Nano-Osciladores com Vórtices Baseados em Junções Magnéticas de Efeito Túnel Para

Aplicações Neuromórficas

por João Miguel SOARES DA SILVA

Até recentemente, pesquisa em eletrónica de spin dependia apenas de campos magnéticos

externos para manipular o spin do eletrão. No entanto, correntes elétricas também mos-

traram recentemente ser capazes de ajustar o comportamento magnético de junções de

efeito túnel (MTJs) em nanoescala. Em colaboração com o Instituto Ibérico de Nanotecno-

logia (INL) em Braga, neste trabalho estudamos MTJs com vórtices magnéticos fortemente

presos na camada livre.

Nesta tese, no INL, MTJs baseados em micro e nanopilares com uma camada isoladora

de MgO foram fabricados com diferentes propriedades, em particular, foram fabricados

MTJs com camadas de NiFe e CoFeSiB, que serão comparadas. Estudaremos então como

esses dispositivos mudam quando diferentes campos magnéticos, tensões e temperaturas

são aplicadas.

Verificamos que o sistema pode saltar para diferentes valores enquanto em seu estado

de vórtice, quando uma tensão suficientemente alta é aplicada. Para além disso, também

conseguimos obter um surgimento de comportamento histerético para baixas tempera-

turas. Tal comportamento pode ter potenciais aplicações em computação neuromórfica,

incluindo computação de reservatório.
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Chapter 1

Introduction

We shall begin this first chapter with an overview of magnetism, spintronics and the effect

of tunnel magnetoresistance (TMR) that can be seen in magnetic tunnel junctions (MTJs).

Finally, we will present the motivation for this work and discuss how this thesis is orga-

nized.

1.1 Basic Concepts in Magnetism

Since the discovery of magnetism, in the ancient period, the interest in the subject has

grown. As we gained knowledge of how the mechanism works, we were able to manipu-

late it and create several applications in very different fields, such as electronics, medicine,

and so on. Magnetism has had a vast journey, from the discovery of magnetite, the devel-

opment of the compass, revolutions in the field by Maxwell, Faraday and more, and even

its presence in the military during both world wars, magnetism has seen many uses and

applications.

Thanks to the development of quantum mechanics, statistical physics and the study of

nanotechnologies, a new era of magnetism has begun: the era of spintronics [1]. Physicists

Fert and Grünberg are two big names associated with this new era we find ourselves in.

However, before diving into this subject, we should review some basic concepts used in

magnetism.

Magnetic materials can be classified in different ways, according to the behaviour of

their magnetic moments and how they respond to an external magnetic field [2]. In a

magnetic material, we may observe (figure 1.1):

1
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• diamagnetism - effect that makes magnetic moment align in opposition to the exter-

nal magnetic field, returning to a null net magnetic moment as soon as the magnetic

field is removed;

• paramagnetism - similar to diamagnetism; however, magnetic moments are aligned

with the external magnetic field (not opposing it);

• ferromagnetism - alignment of all magnetic moments of the atoms in the same direc-

tion, following a hysteresis loop, such that a net magnetization remains even after

the magnetic field is removed;

• antiferromagnetism - magnetic moments are arranged in an antiparallel configura-

tion such that the magnetic moments cancel out;

• ferrimagnetism - Arrangement of magnetic moments in an antiparallel configura-

tion such that the magnetic moments do not completely cancel out (since different

ions have a different magnitude in their magnetic moments) and a net magnetiza-

tion remains.

FIGURE 1.1: Magnetic dipoles and their behavior when a magnetic field is applied (cred-
its: [3] U. Jeong, et al., 2007).

In figure 1.2, we can see the behaviour for a ferromagnetic material, showing the hys-

teresis loop mentioned above. However, we should note that this only happens along the

”easy axis” (the direction in which the magnetic dipoles tend to align). This is because,

since the dipoles are stable in that direction, it’s difficult to change their orientation, and

they will only flip when a certain magnetic field Hc is applied. If the field is applied in a

90◦ angle, in what is called the ”hard axis”, the magnetization gradually changes until it

reaches the saturation magnetization Ms.
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FIGURE 1.2: Magnetization for the easy axis (in red) and the hard axis (in black) as a
function of the applied magnetic field (credits: [4] Daniel Kirk, et al., 2009).

1.2 Spintronics Overview

Spintronics [1] refers to a new way of constructing and thinking about magnetic devices.

While conventional electronics ignores the spin of the electron, spin electronics makes use

of this property in order to create new materials and devices.

In order to dive deep in the field of spintronics, the first step is to talk about magne-

toresistance. This effect refers to the ability of some materials to change their electrical

resistance when subjected to an external magnetic field. In the simplest case, in giant

magnetoresistance (GMR), the principle is born from the fact that, when an electron is

travelling through a magnetized lattice, it experiences a lower resistance if the orientation

of the magnetization matches that of the electron’s spin.

With this is mind, we can create a device that changes its resistance depending on the

applied external magnetic field. For instance, let’s consider the simple case of a spin valve

[5, 6]. This device starts with an antiferromagnetic (AFM) layer, followed by a ferromag-

netic (FM) one. This FM layer is considered to be fixed because, due to the interaction

(exchange bias) with the AFM material, it needs a large external magnetic field to change

its magnetization. Above this layer, a non-magnetic metal is deposited (called a ”spacer”)
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and then another FM layer above that (this one considered to be ”free”, since we can easily

change its magnetization).

Therefore, when applying a magnetic field, only the free layer will change its magneti-

zation (unless a high enough field is applied to change the fixed layer), which changes the

resistance of the device. This can be explained with the help of figure 1.3, where we think

about current as traveling through two independent channels, one of them with spin-up

electrons and the other with spin-down. Since the resistance of each electron depends on

its spin and the magnetization of the environment, if both FM layers are magnetized in

the same orientation (parallel configuration), the total resistance will be lower than in the

situation where the layers have different orientation (antiparallel configuration). In fact,

the bigger the angle of the magnetization between the two layers, the higher the resistance

will be.

FIGURE 1.3: Schematic figure of GMR in a spin valve with 2 ferromagnetic layers (source:
[7] Sarah M Thompson, 2008). On the left we see the parallel configuration, with lower
resistance, while on the right we see the antiparallel configuration, with higher resistance.

One of the ways we can obtain a value for the magnetoresistance is by:

MR =
Rmax − Rmin

Rmin
(%). (1.1)

1.3 Tunnel Magnetoresistance

When we talk about magnetic tunnel junctions (MTJs), the physics changes [8, 9]. Instead

of a metal being used as a spacer, an insulator with a thickness of 1 nm or less is used.

Although not conductive, this layer is thin enough to allow electrons to pass by quantum

tunneling. This being the case, it means the electrical terminals must be in different FM
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layers to force tunneling to happen. It also implies that any defect in the spacer layer is

dangerous, since it might favor electrons to take a particular path through that region.

The physics behind tunnel magnetoresistance (TMR) can be explained by using den-

sity of states (DoS), as we see in figure 1.4, but the basic operating principle is the same

as spin valves and we can still use equation 1.1 to obtain the TMR of the device. The con-

ductance G = 1/R can be expressed as a function of the angle θ between the spin and the

lattice’s magnetization [10] according to:

G(θ) =
1
2
(GP + GAP) +

1
2
(GP − GAP) · cos θ, (1.2)

where GP is the conductance in the parallel configuration (highest value) and GAP the

conductance in the anti-parallel configuration (lowest value).

FIGURE 1.4: Schematic showing the electron tunneling in a magnetic tunnel junction,
with two ferromagnetic layers and an insulating barrier in its (a) parallel and (b) antipar-
allel orientations. It’s also shown the corresponding spin-resolved density of the d states
in the ferromagnets, with dashed lines representing the spin-conserved tunneling (cred-

its: [11] Igor Žutić, et al., 2004).

1.4 Julliere’s Model

The explanation of the physics that reigns over TMR was first attempted by Julliere [12].

In it, he made two assumptions. The first assumption is that the electrons travel without

spin flip, which means that we consider a separation of the majority and minority spin

between two channels [13, 14]. The second assumption says that the current of a certain
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spin is proportional to the product of the effective DoS durring tunneling. We can derive

that [13, 15, 16]:

IP = I↑ + I↓ ∝ N↑
1 N↑

2 + N↓
1 N↓

2 , (1.3)

IAP = I↑ + I↓ ∝ N↑
1 N↓

2 + N↓
1 N↑

2 , (1.4)

where IP (IAP) is the current in the parallel (antiparallel) configuration, Ni (with i = 1, 2)

refers to the density of states (DoS) at the Fermi level for the first (i = 1) and second (i = 2)

ferromagnetic layer and for the the majority-spin (N↑
i ) and minority-spin (N↓

i ) electrons.

With the help of experimental data from Tedrow et al., in the 1970s [16], who used su-

perconducting layers as detectors to measure spin polarization tunneling (SPT), Julliere’s

model also says that the spin polarization of each ferromagnetic layer Pi is given by:

Pi =
N↑

i − N↓
i

N↑
i + N↓

i

, (1.5)

Taking the preceding equations 1.3-1.5 into consideration, we arrive to the final equa-

tion for the TMR of a device, given by:

TMR =
2P1P2

1 − P1P2
. (1.6)

1.5 Motivation

In this thesis, we will explore the topic of spintronics and how new applications can be

derived from spin dependent transport. Specifically, we want to study how granularity-

induced vortices can influence the spintronic devices and make new properties emerge.

Until recently, research in spintronics primarily depended on external magnetic fields

to manipulate the spin of the electrons. However, electrical currents were also recently

shown to be able to tailor the magnetic behavior of nanoscale magnetic tunnel junctions

[17]. Novel applications, including chip-to-chip wireless communication or neuromor-

phic electronics become possible as a result.

In a collaboration with the Iberian Institute of Nanotechnology (INL) in Braga, in this

dissertation we aim to develop and study magnetic tunnel junctions with novel magnetic

textures. In particular, by controlling the granularity of the devices we aim to obtain

strongly pinned magnetic vortices in the free layer and verify if such behavior can have
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potential applications in neuromorphic computation [18]. Likewise, we intend to analyse

different types of compositions to find out if new properties emerge from it.

1.6 Organization of This Thesis

After this brief introduction of spintronics, as well as the motivation for this thesis, in

chapter 2, we shall present a description of how these magnetic tunnel junctions work

in more detail, elaborating in more concrete topics that are going to help us with this

particular work. For instance, we shall examine how the atomic structure of the insulating

layer influences its properties, how temperature and voltage change the MTJ’s behaviour,

as well as the effect that vortices have on it.

Chapter 3 includes the experimental techniques used in this work. This refers to some ba-

sic notes on the fabrication method of the MTJs, used at INL, and an elaborated descrip-

tion of the characterization techniques that we are going to use to analyse the samples

and determine its properties.

In chapters 4 and 5 we’ll analyse the data obtained from the measurements described in

chapter 3. We shall make a description of how the properties of our MTJ’s changed with

the applied magnetic field, voltage bias and temperature.

Finally, in chapter 6 we present a summary of the most important results and finish with

this thesis conclusion, including some future work that can still be done in this area.





Chapter 2

Physics Behind MTJs and

Nano-Oscillators

2.1 Difference between amorphous and crystalline barriers

Bloch’s theorem says that the eigenstates ψ of an electron in a periodic potential are given

by a plane wave multiplied by the Bloch function uk(r) with the same period as the lattice

[2], which means they have the form:

ψk(r) = uk(r) exp(ik · r). (2.1)

The tunneling probability of an electron depends on the rate of decay of its wave

function in the barrier of the MTJ, which depends on the symmetry of the atomic orbitals.

In an amorphous material, the structure of the insulating barrier lacks crystallographic

symmetry and the tunneling probability is independent of the Bloch state symmetry of the

electron [8]; therefore, all undergo the same decay rate. In figure 2.1(a), this is shown with

the tunneling through an amorphous Al − O barrier. We refer to this effect as incoherent

tunneling.

In crystalline barriers, we have coherent tunneling with symmetry dependent decay,

as we see represented in figure 2.1(b). With this method, we’re able to obtain the highest

TMR values. Nagamine et al. [20] obtained TMR values above 50% from MTJs with a

crystalline MgO barrier and a RA product below 1Ωµm2.

9
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FIGURE 2.1: Schematics of electron tunnelling through (a) an amorphous Al − O barrier
and (b) a crystalline MgO(001) barrier (credits: [19] S. Yuasa and D. D. Djayaprawira,

2007).

2.2 Temperature and Bias Voltage Dependence of the TMR

2.2.1 Bias Voltage Dependence

Studying how the tunnel magnetoresistance changes with the applied voltage is one of

the factors we will want to examine. Analysing this dependence (figure 2.2), we see a

symmetrical behaviour around V = 0, with TMR(0) = TMRmax and where the TMR

value decreases with the increase of the applied voltage.

A good analysis of this dependence is crucial for many applications, for it gives us the

knowledge of how much voltage the device can take, how its behaviour changes and how

stable it is. One of the main points we normally look at is the voltage V1/2 for which the

resulting TMR is half of the one where no bias is applied, i.e. the voltage that satisfies:

TMR(V1/2) =
TMR(0)

2
. (2.2)

A physical explanation for this effect is not yet clear; however, some studies have

already been performed to try to correlate this phenomenon with magnon excitations or

changes of the electronic band structure of the FM electrodes [8, 22, 23].

2.2.2 Temperature Dependence

We will also study how our system changes with different temperatures and for that we

must realize that the magnitude of the TMR is temperature dependent, decreasing as

temperature increases. There are many possible explanations for this behaviour [9]. It can
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FIGURE 2.2: The first demonstration of the TMR effect in a Fe/Ge/Co junction, measured
at 4.2 K, where ∆G is the difference between the two conductance values corresponding
to P and AP configurations of the two FM electrodes (credits: [21] Tsymbal, et al., 2003).

be related to thermally excited magnons (high temperature electrons lose their excessive

energy by the release of magnons which do not preserve electron spin, decreasing polar-

ization), magnetic impurities, defects, temperature variation of electronic structure, and

so on. Quantitatively [24], we have that the polarization P is related to the temperature T

by:

P ∝
(

1 − αT3/2
)

, (2.3)

where α is a material-dependent constant.

FIGURE 2.3: The resistance of the parallel (RP) and anti-parallel (RAP) configura-
tions (on the left) and the TMR (on the right) as a function of temperature for a

CoFeB/AlOx/CoFeB-based MTJ (credits: [25] H. X. Wei, et al., 2007).
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Figure 2.3 shows the TMR behaviour for an MTJ with an AlOx barrier and we can see

that the total TMR decrease results mainly from the decrease of RAP, while the RP value

does not decrease as much.

2.3 Vortices

The free layer starts with several magnetic domains, pointing in different directions. Ap-

plying a magnetic field, we first have the growth of domain walls and then rotation of the

magnetic dipoles. The way we made them, the magnetic domains (the dipoles) directions

are organized in a vortex with a center we will call the ”vortex core”. To be able to create

these vortices, some conditions must be met, primarily, the L/R ratio must be carefully

chosen [26], where R is the radius of the FM layer and L is its thickness.

FIGURE 2.4: Normalized magnetization measurement of a magnetic vortex, with a
schematic of the vortex behaviour (credits: [27] K. Y. Guslienko, et al., 2001).

We can see that this changes the magnetization of the layer, since a core in the center

will lead to null magnetization, but moving it to the side makes it so that a certain orien-

tation wins over the other. When a magnetic field passes through the layer, we can think

of it as the core moving around, as we see represented in figure 2.4.
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These devices make use of these magnetization dynamics to form RF electrical signals.

By controlling the current, we are able to control many parts of this system, e.g. the

stochatic transition between the so called G-state and C-state [28, 29], but while in the

vortex state, much more noise can be expected [30], since the core might get pinned in the

defects present in the free layer. However, in this thesis, we won’t explore radio frequency

nor any of these dynamics, but understanding how we can manipulate the system with

current is still useful.

In figure 2.5, we can see a summary of these behaviours of the vortex state, thanks to

some measurements and simulations done at INL.

FIGURE 2.5: Expected behaviour of the samples, as measured at INL. In the left, we have
(a) the behaviour of the resistance and frequency with the applied field, where we con-
sider each interval between jumps (the width of each colored strip) as 2∆H. In the right,
we see (b) the black and white color plot of the grains (as simulated by micromagnetic

simulations), with the red dot being the position of the vortex core.

When it comes to analysing these vortices in a quantitative manner, T. Y. Chen, et

al. [31], in 2012, developed a way by calculating the energy of the pinning site, which,

assuming a parabolic potential W(r) = 1
2 kur2, is given by:

Epin =
1
2

kur2(∆H), (2.4)

where 2∆H is the interval between two consecutive jumps (as seen in figure 2.5), r(H) =

χ0RH/(Msξ) is the distance between the core and the disk center, H is the applied mag-

netic field, ku = M2
s ξ2Lπ/χ0 is the unpinned stiffness, Ms is the saturation magnetization,

ξ = 2/3 is a model-dependent constant, χ0 = R/10L is the vortex susceptibility, R is the

radius of the disk and L is its thickness. Therefore, a given MTJ can be characterized by

its Epin values. For an easier calculation, we can directly use:

Epin =
π

20
R3 · ∆H2. (2.5)
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2.4 Spin Transfer Torque and Nano-Oscillators

Let’s consider a magnetic tunnel junction with a current travelling from the fixed layer

to the free layer. When an electron travels through a magnetized lattice, it will tend to

align with it and, by the conservation of angular momentum, the lattice’s magnetization

must slightly shift. This won’t have much effect on the fixed layer; however, in the free

layer, as electrons travel by, the exerted torque will make the layer inevitably align with

the electrons arriving from the fixed layer, resulting in a parallel configuration.

If the current is going in the opposite direction, those opposing the magnetization of

the fixed layer will travel back (due to the low density of states for that spin in the fixed

layer), rotation the free layer to an anti-parallel configuration. Therefore, the direction of

the current can be used to change the magnetization of the free layer, as seen in figure

2.6(a).

FIGURE 2.6: Schematics of (a) spin-torque effect in a trilayer; (b) magnetization dynamics
on nanodevices; (c) torques on the local magnetization, under current infection (credits:

[32] N. Locatelli, et al., 2014).

In the case of vortices, a device with non-uniform magnetization, this effect will cause

a steady precession in the free layer, resulting in variations of the MTJ’s resistance (figure

2.6(b)).
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2.5 Neuromorphic spintronics

Spintronic devices are being studied for many interesting applications, one of them be-

ing neuromorphic computing. Taking inspiration from the structure of the brain, we can

mimic it with MTJ nano-oscillators (making use of their similar stochastic behaviour) to

help in many AI algorithms. For instance, Danijela Marković, et al. [18] give the example

of using spintronic nano-oscillators to recognize spoken words, where we give the corre-

sponding RF wave as the input, and the output is a linear combination of the voltages Vi

emitted by the nano-oscillator with weights Wi at different time steps; however, with a

lot of noise when we talk about reservoir computing (non-linear type, capable of storing

information).

This is possible since we can use this devices to perform analog multiplication, a key

operation in convolutional neural networks [33]. This is shown by the Leaky Integrate

and Fire (LIF) equation:

C
dV
dt

= −V
R
+ ∑

j
wj Ij, (2.6)

which is used to model neuron behaviour through neuron spikes, where C is the capaci-

tance of the neuron, V the voltage in the membrane, R the resistance of the neuron, w the

synaptic weight and I the input current. This behaviour can be copied by magnetic nano

oscillator devices, that follow the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation

(figure 2.6):

dM
dt

= −γµ0(M×He f f ) +
α

Ms
(M× dM

dt
)− 1

qNs Ms
(M× (M× Is))−

β

qNs
(M× Is), (2.7)

where M is the magnetization, He f f is the effective field, Is is the applied spin current,

γ is the electron gyromagnetic ratio, α is the Gilbert damping constant, β is the field-like

torque factor, µ0 the permeability of free space, Ms is the saturation magnetization, q is

the electron charge and Ns is the number of spins, given by Ns = 2MsΩ
γh̄ , where Ω is the

volume of the nanomagnet and h̄ is the reduced Planck’s constant.

Vortex-based spin torque nano-oscillators have inherent stochasticity and can work as

binary non-volatile artifcial synapses [34] and neurons, enabling artificial neural networks

(ANN) containing these MTJs to learn.
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They can have applications (i) in pattern recognition, (ii) in radar applications where

we use spin-based nanodevices as neuron (RF source) and synapse (RF detector), or (iii)

in medicine, such as in RF mammography by using nanosynapses, based on MTJs, that

directly process the RF signals. Our MTJs will work as the stochastic sigmoid function,

to chose if the neuron will fire, when we send input spikes through them to perform a

weighted summation.



Chapter 3

Experimental Techniques

In this chapter, we shall go over the methodology used. We’re going to examine how

the magnetic tunnel junctions were fabricated at INL, analyse the system we’re using to

characterize the junctions at IFIMUP and explain how that setup is going to give us the

information we need about the device in question.

3.1 Fabrication of the MTJs

This work is based on circular micro and nanopillars with several layers, separated in the

middle by an insulating crystalline MgO layer. These nanopillars were fabricated at INL

[8, 9] and whose main points we are going to detail.

3.1.1 Sputtering

We begin with a sputtering deposition of the MTJ stack with very carefully measured

layers of different materials. The sputtering technique (figure 3.1) is a top-down method

of physical vapor deposition, where a direct current (DC), in the case of metals or semi-

conductors, or radio-frequency (RF), in the case of insulators and ferromagnetic metals,

potential difference is applied in a given region, causing a bulk material to be hit with

charged ions, breaking appart and being sent to a wafer. The choice of materials we de-

cide to use can vary. For instance, in order to accomplish one of the goals of this thesis,

we’re going to study and compare NiFe and CoFeSiB.

17
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FIGURE 3.1: Schematic of the sputtering principle, where we’re using an argon inert
gas to create a plasma to hit and break appart the target. These particles will then be

deposited in the substrate. The power source can apply a DC or an RF signal.

3.1.2 Lithography

After the deposition, we then use lithography, a method that refers to the use of UV light

to create micro and nanoscale patterns who are then washed away. With this technique,

we’re able to create many diverse types of nanometric structures, including MTJs and

much more.

The process starts with the coating of the wafer with photoresist, a polymer that can

change its properties when exposed to light. After this, a mask with the desired pattern is

placed on top and UV light is used so that only parts of the photoresist change its chemical

properties. To create the pillars, however, we use more careful lithography techniques,

such as e-beam lithography (for nanopillars) or direct writing (for micropillars).

With this, the wafer can go through a development process, where only the parts of

the resist who were exposed to the radiation will be washed away in the process. An

etching process, such as ion milling, is then used to remove the parts we do not want in

the substract, leaving only the samples and connections we desire to study, and finally,

the remaining photoresist can be stripped away. A visual aid of this process can be seen

in figure 3.2.

3.1.3 Ion Milling

For the etching process, ion milling was used. This is a physical dry etching process

where, just like in the sputtering technique, a beam of ions is accelerated into a sample,
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FIGURE 3.2: A scheme of the nanolithography process. Here we see (i) the sample after
the sputtering deposition and (ii) with a layer of photoresist, which is then (iii) placed
with a mask on top and illuminated with an UV source. The (iv) exposed photoresist is
then washed away, which allows (v) the now exposed parts of the deposited material to

be removed and then (vi) the remaining photoresist to do the same.

removing atoms from its surface. But unlike sputtering, our goal is just to remove ma-

terial and not doing deposition; however, some of the removed material might still get

redeposited.

This can be a big problem for the pillars, since it causes the MTJ to have a bigger area

on its bottom part, leading to undesirable electric and magnetic properties. To solve this,

ion milling can also be performed rotating at a sharp angle, for instance, of 170◦ (where 0◦

corresponds to the wafer pointing up), so that the removed material can simply fall due

to gravity.

3.1.4 Remaining Fabrication Steps

After depositing the MTJ stack through sputtering, doing the lithography process and

etching with ion milling, several other combinations of lithographies and etchings are

performed so that all the electrical contacts are established. Subsequently, we have an

alumina deposition followed by its planarization, where ion milling technique is once

again used at an angle for us to achieve a smoother surface.

Finally, after finishing the clean room fabrication, the tunnel junctions go through an

annealing procedure to crystallize the various layers and establish an easy axis.
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3.2 Characterization of the MTJs

In this section, we’ll see the equipment and methods we have available. Starting with our

experimental setup (figure 3.3), we’re using two Helmholtz coils to generate the magnetic

field, which is controled by a signal generator and a power supply [35]. Its actual value

is also confirmed by a gaussmeter. To measure the effects on the sample, two probes

are connected to its pads. With the help of a sourcemeter, we can then create a current

(potential difference) and measure the resulting voltage drop (current).

To control this system, we used labview to connect to our gaussmeter, source meter

and signal generator, allowing us to manage the applied values in an easy to manage

interface.

FIGURE 3.3: (a) Schematic of the setup, showing the (i) signal generator and power sup-
ply, (ii) source meter (with a device that lets us create a short circuit if needed) and the

(iii) sample and coils. (b) Photo of the same setup.

3.2.1 Magnetoresistance

To measure the magnetoresistance, the labview program allows us to choose the values

of Hmax, ∆H, I and Vcompliance. This makes it so that the system varies its applied field

from −Hmax to Hmax and back in steps of ∆H, applying a current I through the probes

and measuring the corresponding voltage drop, never letting the voltage go higher than

Vcompliance (so that the sample doesn’t suffer dielectric breakdown).

If we choose so, the software also allows to define an interval [H1, H2] where the step

changes to ∆H2 for higher resolution.
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3.2.2 Voltage Dependence

In the labview program we can also measure the value of TMR for different voltages and

to trace I − V curves. For this, we must input the values of H, Vmax, ∆V and Icompliance.

With these values defined, the software makes our instruments vary the voltage be-

tween −Vmax and Vmax in steps of ∆V, and applies it across the probes, measuring the

corresponding current in the process, never letting the current go higher than Icompliance

(so that the sample doesn’t suffer dielectric breakdown). This measurement is made both

for an applied external magnetic field of H and −H.

More specifically, the labview starts by applying 0V and a field of H, measuring the

current, then changing it to −H and measuring the current again for that case. After this,

the voltage goes to V = ∆V, the same steps are performed, and then again for V = −∆V.

This process continues for V = 2 · ∆V, V = −2 · ∆V, and so on until V = Vmax and

V = −Vmax.

We perform this measurement in this order so that we’re increasing and recording the

voltage and current slowly around 0, in order to avoid ruining the sample on the first step

(for instance, if Vmax was too high).

With this measurement done, we get two I − V curves (for +H and −H) and we may

then calculate a TMR(V) curve for each one of this fields by:

TMR =
Rmax − Rmin

Rmin
(%) =

1/I(Hp)− 1/I(H)

1/I(H)
(%), (3.1)

in relation to a parallel state given by a field Hp.

3.2.3 Time Oscillations

To explore stochastic behaviour refering to the I − V measurements, we start by choosing

values V, H, Icompliance and N. During this measurement, the voltage V is held constant

and we just change periodically between +H and −H, a number of N times, recording

the current on each iteration. Once again, we make sure to never let the current go higher

than Icompliance.

We would normally expect that, for each pair V and H, if the same measurement is

being done, the resulting graph would be a consistent value. However, if a stochastic

behaviour exists, we may see more stable lines, showing the current oscillating with each

iteration.
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3.2.4 Resistance Density Plot

For this measurement, the software asks for the values of Vmax, ∆V, Hmax, ∆H and Icompliance,

working in a similar way to the voltage dependence measurement, explained in section

3.2.2.

Starting at the field −Hmax, we change the voltage (as indicated in section 3.2.2) to

obtain an I − V curve for that one specific applied magnetic field. We then increase the

value of the field by ∆H and repeat the measurement. We continue this until we reach

Hmax. We record all of these values in a matrix M, where each point corresponds to the

current for a given field and voltage.

To analyse a field sweep, we can chose to repeat the measurement, this time, going

from +Hmax to −Hmax.

Since we have the values of V and I for each point, we use Ohm’s law to calculate

the resistance. Finally, we calculate a new matrix M̃, where each point M̃ij corresponds

to how much the point Mij differs from its neighbours. Therefore, we get a density plot,

showing how much the resistance changes from one point to another.

3.2.5 Temperature Dependence

The cryogenics system is composed mainly of a cryostat, a rotary pump, a diffuser pump

and a compressor. The cryostat is a device that allows us to achieve temperatures below

123K by using certain liquids or gases which will be treated by the compressor. For these

cold temperatures to be obtained, pumps are needed to create vacuum, which is important

for there not to be heat conduction or convection during the process inside the cryostat,

which is protected by two reflective lids, where the outter one is necessary to help protect

the environment from the exterior radiation.

To initiallize it, we start by closing the two cryostat lids. After making sure that the

secondary valve (and any path to any other cryostat) is closed, we can open the path from

the rotary pump and turn on the compressor, with some water running to cool it down.

After ∼ 10 min, we can close that path and open that of the diffuser pump.

With the system ready, we just need to insert the parameters in the computer. In this

case, we will measure magnetoresistance curves, in a similar way to what was explained

in section 3.2.1. However, this time we’ll examine these parameters for several tempera-

tures, in a range of 25K to 300K.



Chapter 4

Stochastic Behaviour of NiFe MTJ

with Vortices

This first study was performed in a micropillar of radius R = 2.75 µm with the compo-

sition: 5 Ta / 50 CuN / 5 Ta / 50 CuN / 5 Ta / 5 Ru / 6 IrMn / 2 CoFe30 / 0.7 Ru / 2.6

CoFe40B20 / MgO 8x193 3kW 600sccm [700 Ohm µm2] / 2.0 CoFe40B20 / 0.21 Ta / 20-42

NiFe wedge (1x pass 14mm/s 190% 700W) / 5 Cu / 10 Ta / 7 Ru (where each number

represents the layer’s thickness in nanometers).

In the transfer curve present in figure 4.1 we see that the magnetic tunnel junction is

giving the expected behaviour discussed previously, changing its magnetization and re-

sistance with the change of the applied magnetic field, saturating at high enough values of

H. With the help of equation 3.1, we may obtain the TMR value for each point, obtaining

a maximum magnitude of approximately 45%.

Examining the transfer curve more carefully, we may notice several resistance jumps

in the region of low magnetic fields. The reason behind this is that, at low H fields, the

sample is in the vortex state. Large fields saturate the free layer, but reducing the field,

it allows renucleation of the vortex [34]; therefore, at low fields we observe a linear be-

haviour (as discussed in section 2) with clear jumps in the resistance, which correspond

to the vortex traveling through the layer and jumping between different potential minimi

created by the grains as the magnetic field moves the vortex core across the pillar.

Having confirmed these properties, our job starts with analysing the tunnel magne-

toresistance (TMR) values for different applied magnetic fields H and voltages V. We

examine the I − V curves (current as function of voltage) for several applied in-plane

23



24
VORTEX NANO-OSCILLATORS BASED ON MAGNETIC TUNNEL JUNCTIONS FOR

NEUROMORPHIC APPLICATIONS

FIGURE 4.1: Transfer curve for the NiFe sample, with some of the points we will analyse
highlighted in green.

magnetic fields, as we see in figure 4.2, and calculate the TMR(V) curves (figures 4.3 and

4.4) using equation 3.1.

FIGURE 4.2: I − V curves for several applied magnetic fields.

The I − V curves shown in figure 4.2 have an almost linear behaviour; however, we

see that, for low magnetic fields and large applied voltages, the current starts to oscillate.

The same oscillating effect can be seen better in the TMR(V) curves. In figure 4.3 we see

the behaviour for negative fields. Since −70 Oe corresponds to the minimum resistance

and we are using it as a reference, the curve for that value of H is a steady line at 0 (figure

4.3(a)). At +70 Oe, as we see in figure 4.4(a), the curve shows a larger TMR when no

voltage is applied and decreasing with increasing voltage. For smaller magnetic field
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FIGURE 4.3: TMR(V) curves for several applied negative magnetic fields.

FIGURE 4.4: TMR(V) curves for several applied positive magnetic fields.

magnitudes, in both figures, jumps start to be noticeable in the region of high voltage,

which seems to show several ”metastable states” that the current may have.

Physically, this means that by applying a small in-plane field and a given voltage, the

vortex center will travel through the potential minimi in the free layer and, if the voltage

is high enough, it seems that the vortex core is able to jump stochastically into different

minimi, originating different values for the resistance; however, a clear physical reason

for why this happens is still not clear.

In order to confirm and better study this phenomenon, for different fields, we fixed a

voltage and measured the current across a given time frame ∆t. We can see the results in

figures 4.5 (H > 0) and 4.6 (H < 0) and we can notice that, for small field values and large

voltages, the current value seems to jump into distinct values. This is not seen in samples

with no vortices, as we can see by image 4.7, where we conducted the same experiment

in a non-vortex-based magnetic tunnel junction and obtain that the current distribution is

uniform.
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FIGURE 4.5: Current in the vortex-based MTJs at constant V and H > 0, where we see
clear oscillations at low fields and high voltages (I0 is an abstract value).

FIGURE 4.6: Current in the vortex-based MTJs at constant V and H < 0, where we see
clear oscillations at low fields and high voltages (I0 is an abstract value).

FIGURE 4.7: Current in an MTJ with no vortices at constant V and H > 0 (I0 is an abstract
value). Their behaviour for H < 0 is equivalent.



4. STOCHASTIC BEHAVIOUR OF NiFe MTJ WITH VORTICES 27

Lastly, we sweeped the magnetic field (in steps of ∆H = 2.3 Oe) and the voltage (in

steps of ∆V = 0.02 V) in order to make a density plot, as we see in figure 4.8, which

shows the change in resistance from on point to another. Once again, we see the biggest

variation in the vortex state, with jumps in the resistance that are clearly noticeable, and

also a dependence in the applied voltage, with more jumps in higher voltages. Besides

that, we also see clearly defined resistance changes when the MTJ starts to leave the vortex

state and starts to saturate.

FIGURE 4.8: Variation in resistance dR as a function of the voltage V and the in-plane
magnetic field H.

To analyse if there is a dependence in the field sweep direction (from +H to −H or

from −H to +H), we recreate the previous density plot from −9 to +9 Oe, in steps of

0.5 Oe (we need this resolution to see the jumps). We start by going from −9 to +9Oe

(exploring the entire voltage range for each H value until ±1V, in steps of 0.02 V); then,

we do the same thing from +9 to −9 Oe. The result can be seen in figure 4.9.

Observing the two plots, even though they have some differences, we are not able

to conclude that there is any significant disparity on which direction we chose to vary

the value of the in-plane magnetic field. Again, the largest resistance variation happens

around H = 0 for high values of |V|. When it comes to the voltage bias dependence,

even though we can still notice some higher dR on the high positive side, for this sam-

ple, it seems to have a much more symmetrical behaviour, where the biggest variation

does happen at high |V|, but the difference between +V and −V is not as large as in the

previous density plot (figure 4.8).
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FIGURE 4.9: Variation in resistance dR, in a NiFe sample, as a function of the voltage V
and the in-plane magnetic field H, where the left one represents going from −H to +H

and the right one from +H to −H.
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Magnetoresistance Study of CoFeSiB

MTJ with Vortices

This analysis was performed in a nanopillar of radius R = 150 nm with the composition: 5

Ta / 50 CuN / 5 Ta / 50 CuN / 5 Ta / 5 Ru / 6 IrMn / 2 CoFe30 / 0.825 Ru / 2.6 CoFe40B20

/ MgO [8 Ohm µm2] / 2.0 CoFe40B20 / 0.21 Ta / 6-13 CoFeSiB wedge (1x pass 20mm/s

200%) / 10 Ta / 7 Ru (where each number represents the layer’s thickness in nanometers).

We’re now studying a much thinner CoFeSiB sample. This one shows less hysteresis

and, by being smaller, a fewer amount of jumps. So, we aim to be able to detect and study

them more easily with the same resolution.

FIGURE 5.1: Transfer curve for the CoFeSiB sample.

29
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Starting once again with the transfer curve, we obtain figure 5.1 and we can see that the

jumps are clearly noticeable and that the vortex state persists across the entire magnetic

field range we’re applying, never saturating, and reaching a TMR magnitude of 14%.

After obtaining the transfer curve, the first thing we decided to do was to study the

sample’s behaviour with changing voltage, just like we did with the NiFe sample. Since

this sample stays in the vortex state even for large fields, we can also use them in order

to determine the MTJ’s vortex properties. However, this smaller wedge doesn’t stand the

high voltage values we applied previously, so we’ll limit the bias to only 0.24V, resulting

in a linear I − V relation, for any applied field. Combining our results into density plots

showing the change in resistance, we obtain figure 5.2, where, once again, steps of ∆H =

0.5 Oe and ∆V = 0.02 V were used.

FIGURE 5.2: Variation in resistance dR, in a CoFeSiB sample, as a function of the voltage
V and the in-plane magnetic field H, where the left one represents going from −H to +H

and the right one from +H to −H.

First of all, by looking at the two plots, there doesn’t seem to be a difference between

the MR(H) sweeping directions. However, when it comes to its voltage bias dependence,

we see that, once again, it has a clear effect on the vortex core jumps. The highest jumps

seem concentrated around V = 0 and increasing the voltage leads them to be smaller. We

can also notice that a variation in the applied bias causes the jumps to slightly shift their

location. This can be seen better in figure 5.3(a), where we notice that positive voltages

cause the jumps to happen sooner (needing a lower magnetic field) and negative voltages

cause them to happen later (needing a higher magnetic field) in what seems like a linear

variation.

Having then obtained clearly defined jumps for this sample, our last task involved
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FIGURE 5.3: (a) Magnetoresistance curves for 3 voltage bias and (b) I − V curves for 3
applied magnetic fields for the CoFeSiB sample.

studying how they change with temperature. With the help of a cryostat capable of reach-

ing 25K, as detailed in section 3.2.5, we obtained the transfer curves for several tempera-

tures, as depicted in figure 5.4.

At 300K (room temperature), figure 5.4 shows a transfer curve very similar to that

of figure 5.1 and, at lower temperatures, we can see a slight increase of the TMR value,

as the literature says it tends to happen. Regarding the jumps, the graphs show that, as

temperature lowers, these become sharper and some hysteresis starts to appear, as we see

more clearly from figure 5.5, which shows the derivative of the transfer curves.

FIGURE 5.4: Transfer curves for a sample with CoFeSiB wedge at different temperatures,
where the blue curve represents going from −H to +H and the orange curve from +H

to −H.

For the 5 main jumps that we are able to see in the transfer curve, as figure 5.6(a)

indicates, we see in figure 5.6(b) that hysteresis becomes more prominent as temperature

decreases (specially with jump number 4). We believe this is due to the fact that, during a

jump at room temperature, the vortex core has thermally assisted switching between the
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FIGURE 5.5: The derivative of the TMR with the field, in which we see the positions of
the sharp jumps for the transfer curves for a sample with CoFeSiB wedge at different
temperatures, where the blue curve represents going from −H to +H and the orange

curve from +H to −H.

two minimi, fluctuating between them, resulting in a resistance which is a time averaged

value of this switching, causing a smooth transition between the two resistance values,

as seen in figure 5.7, where we start with the system only spending 29% of the time in

the highest resistance (figure 5.7(a)) and then it increases to 49% (figure 5.7(b)) and 78%

(figure 5.7(c)). At lower temperatures, however, this switching effect is not present.

On the other hand, we also notice that the position of the jumps is kept stable as we

change temperature. This can be seen in figure 5.6(e), where it’s represented the mean

field of each jump, but also in figures 5.6(c) and 5.6(d), which show the start and end

points of the jumps, respectively. However, these two values vary very slightly, leading

to figure 5.6(f), which shows a general decrease of the range of each jump as temperature

lowers, except when hysteresis starts to take over (as we see in jump number 4), increasing

the jump range. This emerges from the lack of thermal energy, causing the jumps to

happen later and, in the case of jump number 4, hysteresis to appear.

In figure 5.6(g), it is represented the ∆H interval between each jump. According to

equation 2.5, which says that Epin ∝ ∆H2, the energy of the pinning sites would then be

proportional to the square of the values present in figure 5.6(g). They would have the

values around 1.47 eV (for interval 1 − 2), 0.80 eV (for interval 2 − 3), 0.57 eV (for interval

3 − 4) and 1.81 eV (for interval 4 − 5). Through the figure, we notice that the energy of

the pinning sites maintains a steady value across temperature. This is not the expected

behaviour, as we would expect that lower temperatures would lead to an increase in the

depinning energy, needing an higher field to move the vortex core [36, 37].
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FIGURE 5.6: For the 5 jumps in the (a) transfer curve, it is shown the (b) variation of the
field Hc, the (c) starting, (d) final and (e) mean field of each jump, the (f) ∆H duration
of each jump, the (g) ∆H interval between jumps (h) resistance drop ∆R of each jump

divided by the maximum resistance.
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FIGURE 5.7: Resistance jump on a sample with CoFeSiB wedge, with the corresponding
oscilloscope resistance variation measurement at the (a) lowest, (b) middle and (c) highest

points of the jump.

Finally, in figure 5.6(h) we represent the change in resistance of each jump divided by

its maximum resistance at each temperature T, which we already saw it tends to increase

with temperature (figure 5.4). The result is independent of T, what can lead to the conclu-

sion that any change in ∆R that may be seen in the jumps is only consequence of the total

change in resistance.
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Conclusions

In the MTJs that we studied, we were able to see stochastic current behaviour at low

fields, when the system is in its vortex state. This behaviour corresponds to the vortex

core stochastically switching between pinning sites, resulting in different resistance val-

ues; however, this behaviour is only observed if high voltages are applied. On thinner

samples, where jumps are more defined, voltage bias was also observed to be able to lag

or aid the position of said jumps.

Due to this stochastic behaviour at low magnetic fields due to granularity induced

vortices, we may conclude that we can use this micromagnetic structures for neuromor-

phic applications. These stochastic bits may be useful for random number generators, for

combinatorial optimization, probabilistic inference or random walks, making them useful

for artificial neural networks.

Finally, a temperature dependence was studied, where we saw that lower tempera-

tures cause the appearance of hysteresis and sharper jumps due to the lack of thermally

assisted switching between pinning sites. However, we were not able to observe a change

in the pinning energy as a function of temperature.

In future works, these dependences can be studied and better understood, such as the

voltage bias dependence that was observed, for which a reason for its behaviour is still

not clear. Besides that, a better analysis of how temperature affects these devices can and

should be performed, namely studying I − V curves at low temperatures or even con-

necting the oscilloscope to the cryostat to see how the sample’s behaviour during a jump

changes in cryogenic conditions. Both these experiments could give useful information

to get a better grasp of the inner workings of magnetic tunnel junctions, which could be

fruitful in future applications.
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