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multicamadas ferromagnéticas, anisotropia magnética, ressonância 

ferromagnética, NdCo5, transição de reorientação de spin, FeCoB, junção de 

túnel magnética perpendicular, anisotropia de cone fácil, irradiação iónica  

resumo Este trabalho baseou-se na modificação da anisotropia magnética de 
multicamadas ferromagnéticas, tendo em vista a obtenção do estado de cone-
fácil. Dois sistemas foram investigados: bicamadas de NdCo5/Fe e 
multicamadas contendo interfaces de FeCoB/MgO, abrangendo camadas 
magnéticas livres e junções de túnel magnéticas (MTJ) completas. Os efeitos 
do acoplamento magnético entre camadas, da espessura das camadas, das 
interfaces e dos espaçadores, assim como o impacto da irradiação iónica na 
anisotropia magnética das multicamadas foram investigadas maioritariamente 
por ressonância ferromagnética (FMR). Essa investigação foi complementada 
com difração de raios-X, magnetometria de amostra vibrante e medições 
planares da corrente de túnel. Modelos numéricos baseados na aproximação de 
macrospin foram desenvolvidos tendo por base o formalismo de Smit-Beljers e 
a equação de Landau-Lifshtiz-Gilbert linearizada. Esses modelos foram usados 
para simular dependências angulares de campos de ressonância e larguras de 
linha, assim como curvas de absorção de micro-ondas. 
 
A bicamada de NdCo5/Fe foi preparada por deposição por laser pulsado e a 
influência da transição de reorientação de spin (SRT) do NdCo5 nas 
propriedades magnéticas da bicamada foram investigadas. As temperaturas da 
SRT da bicamada foram determinadas em 255 K e 350 K, e a energia do 

acoplamento na interface foi estimada em 1.4 mJ · m−2. Em consequência do 
acoplamento, a precessão dos momentos magnéticos do Fe ocorre no campo 
de troca efetivo originado na camada de NdCo5. Consequentemente, ocorre 
uma transferência parcial da anisotropia magnética do NdCo5 para o Fe. Essa 
transferência foi explorada para seguir a SRT do NdCo5 de forma indireta, 
através da variação com a temperatura do sinal de FMR do Fe. 
 
Camadas ferromagnéticas livres de MgO/FeCoB(tFCB)/Ta e junções de túnel 
magnéticas perpendiculares (pMTJ) contendo uma camada livre idêntica, foram 
preparados por sputtering com recurso a magnetrão. As medições da 
magnetoresistência de túnel (TMR) e de FMR revelaram uma evolução gradual 
da camada livre desde um comportamento de filme contínuo, para as maiores 
espessuras, até ao de um conjunto de grãos fracamente acoplados para 
tFCB <1.3 nm. Uma correlação foi estabelecida entre o acoplamento grão-grão, o 
alargamento heterogéneo da largura de linha da FMR e a constante de 
anisotropia magnética de segunda ordem, K2, cuja presença é necessária para 
o surgimento do estado de cone-fácil. 



 A natureza micromagnética de K2 foi experimentalmente demonstrada, com a 
magnitude de K2 dependendo de um equilíbrio entre as flutuações da constante 

efetiva de primeira ordem da anisotropia magnética perpendicular (PMA), δK1eff, 
e o acoplamento grão-grão. 
 
Camadas livres com dupla camada de MgO, MgO/FeCoB/MgO, com e sem um 
espaçador ultrafino (0.2 nm) de Ta ou W inserido no FeCoB, foram igualmente 
preparadas. Os espaçadores levaram a um aumento de ambos K1eff e K2, o que 
se traduziu num estado de cone fácil que pôde ser mantido em espessuras de 
FeCoB maiores. O aumento de K1eff com a diminuição da temperatura e o 
correspondente aumento quadrático de |K2|, permitiram induzir estados de 
cone-fácil numa larga gama de temperaturas. Para além do alargamento das 
condições experimentais para a indução do estado de cone fácil nas camadas 
de MgO/FeCoB/MgO, um estado de cone-fácil com um ângulo de abertura 
praticamente independente da temperatura foi demonstrado para a camada livre 
de MgO/FeCoB(1.6 nm)/Ta. Uma explicação fenomenológica para o cone-fácil 
termicamente estável foi proposta, baseada em valores da magnetização de 
saturação e da temperatura de Curie maiores junto às interfaces de MgO/FeCoB 
do que na região dos espaçadores metálicos. 
 
As camadas de MgO/FeCoB/MgO, com e sem espaçadores de W e Ta, foram 
posteriormente irradiadas com várias fluências de iões de Ar+, com energia 
cinética de 400 keV. Um decréscimo da PMA com a fluência foi atribuído à 
mistura de elementos na interface de FeCoB/MgO. Essa modulação da PMA 
levou à indução de reorientações da direção da magnetização. Para o caso da 
camada com tFCB=2.6 nm e com um espaçador de W, o estado de cone-fácil 
pôde ser induzido. O ângulo de cone fácil variou em função da fluência utilizada. 
 
Por fim, foi investigada a extensão dos efeitos que uma irradiação com Ar+ a 
400 keV provocaria numa junção de túnel magnética. Foi encontrada uma 
correlação entre as alterações na anisotropia magnética, nas energias de 
acoplamento inter-camadas, no damping e na TMR, em função da fluência 
iónica, que permitiu distinguir dois regimes: o regime de baixa fluência, 

Φ <  1014 cm−2, para o qual os parâmetros necessários a uma MTJ funcional 

foram preservados; e o regime de fluências elevadas, Φ > 1014 cm−2, para o 
qual ocorreu uma forte modulação da anisotropia, provocada por um forte 
decréscimo de MS atribuído à mistura da camada de FeCoB/Ta. Essa 
modulação foi acompanhada de uma perda dos acoplamentos magnéticos e da 
TMR, que tornariam a MTJ inoperacional. 
 
Resumidamente, foram encontradas evidências da origem micromagnética da 
anisotropia de cone fácil em multicamadas contendo a interface de FeCoB/MgO. 
A gama de condições experimentais para a obtenão do estado de cone fácil 
(espessura da camada de FeCoB e temperatura) foram alargadas para 
camadas de MgO/FeCoB/MgO contendo espaçadores metálicos. A irradiação 
iónica foi demonstrada como uma ferramenta útil para a indução da anisotropia 
de cone fácil. As tendências de evolução da anisotropia magnética em função 
da irradiação, bem como a janela de fluências onde a modulação da anisotropia 
ocorre sem perda total da TMR ou da configuração magnética da MTJ, foram 
determinadas. 

   



  

  

keywords ferromagnetic multilayers, magnetic anisotropy, ferromagnetic resonance, 

NdCo5, spin-reorientation transition, FeCoB, perpendicular magnetic tunnel 
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This work focuses on the modification of magnetic anisotropy of ferromagnetic 
multilayers towards the goal of obtaining the easy-cone magnetic state. Two 
types of magnetic multilayer systems are explored: NdCo5/Fe bilayer and 
magnetic tunnel junctions (MTJ) in half-stack (FeCoB free layer grown on MgO) 
and full-stack configuration. The effects of interlayer coupling, layer thickness, 
interfaces, spacers as well as the impact of ion irradiation on the magnetic 
anisotropy of the multilayers were investigated primarily by ferromagnetic 
resonance (FMR) and complemented by X-ray diffraction, vibrating sample 
magnetometry and current-in-plane tunneling measurements. Macrospin models 
were developed on the basis of the Smit-Beljers formalism and of the linearized 
Landau-Lifshitz-Gilbert equation to simulate angular dependences of resonance 
field and linewidth as well as microwave absorption curves. 
  
The NdCo5/Fe bilayer was prepared by pulsed laser deposition and the influence 
of the spin reorientation transition (SRT) of NdCo5 on the bilayer’s magnetic 
properties was investigated. The SRT temperatures of the bilayer were 

determined as 255 K and 350 K and an interfacial coupling energy of 1.4 mJ · m−2 
was estimated. Due to the coupling, the precession of magnetic moments of the 
Fe layer occurs in the effective exchange field stemming from the NdCo5. As a 
result of the interlayer coupling, there is a transfer of magnetic anisotropy from 
NdCo5 to the Fe, which allowed the SRT of NdCo5 to be seen indirectly, by 
tracking the temperature variation of the Fe FMR field. 
 
MgO/FeCoB(tFCB)/Ta free-layer stacks and perpendicular magnetic tunnel 
junction (pMTJ) pillars having identical free layers were prepared by magnetron 
sputtering. Tunnel magnetoresistance (TMR) measurements and FMR revealed 
a gradual evolution of the free-layer behavior from that of a continuous film at 
large tFCB towards that of an ensemble of weakly coupled grains for tFCB <1.3 nm. 
A correlation was found between the intergrain coupling, the inhomogeneous 
broadening of the FMR line and the second-order magnetic anisotropy constant, 
K2, required for the onset of the easy-cone state. The micromagnetic nature of 

K2 was experimentally demonstrated. Its magnitude depends on the balance 
between the fluctuations of the effective first-order perpendicular magnetic 
anisotropy (PMA) term, δK1eff, and the intergrain exchange. 



 Double-MgO free layers, MgO/FeCoB/MgO, with and without a 0.2-nm-thick Ta 

or W spacer inserted in FeCoB, were also prepared. The spacers enhanced both 

K1eff and K2, allowing the easy cone to be kept in thicker FeCoB layers. The 

increase of K1eff and the corresponding quadratic scaling of |K2| with decreasing 

temperature allowed inducing easy-cone states in a wide range of temperatures. 

Alongside the improved conditions for setting an easy cone in the 

MgO/FeCoB/MgO free layers, an easy-cone configuration with an almost 

temperature-independent opening angle was demonstrated for a 

MgO/FeCoB(1.6 nm)/Ta free layer. A phenomenological explanation for the 

thermally stable cone was proposed, entailing distinct local values of saturation 

magnetization and Curie temperature, which are higher near the MgO/FeCoB 

interface and lower near the metal spacer (or the capping) layer region. 

The MgO/FeCoB/MgO free layers, with and without the W or Ta spacer, were 

afterwards irradiated with 400 keV Ar+ ions at various fluences. A decrease of 

the PMA with the fluence was ascribed to modifications of the FeCoB/MgO 

interfaces, likely via ion-induced element intermixing. The modulation of the PMA 

lead to spin reorientations of the magnetization ground state. For a tFCB = 2.6 nm 

with a W spacer, the easy-cone anisotropy was induced, with different cone 

angles as a function of the irradiation fluence. 

Finally, the full extent of effects caused by the 400 keV Ar+ ion irradiation of a 

complete MTJ stack was investigated. A correlation between the fluence-

dependent changes in magnetic anisotropy, coupling energies, damping and 

TMR was found, which allowed to distinguish between two irradiation regimes:  

a low-fluence regime, Φ < 1014 cm−2, where the parameters required for having 

a functioning MTJ were preserved; and a high-fluence regime, Φ > 1014 cm−2, 

where there was a strong modulation of anisotropy, caused by a strong decrease 

in MS, attributed to a high degree of intermixing at the FeCoB/Ta interface, 

accompanied, however, by a loss of coupling and of TMR, that rendered the MTJ 

inoperative. 

In brief, evidences were found for the micromagnetic origin of the easy cone 

anisotropy in the multilayers containing the FeCoB/MgO interface. The range of 

experimental conditions for setting the easy cone, namely FeCoB layer thickness 

and temperature, was widened for the double-MgO free layers having metallic 

spacers. Ion irradiation was demonstrated as a useful tool for inducing the easy 

cone anisotropy. The trends of the magnetic anisotropy evolution resulting from 

the irradiation, as well as the ion-fluence window of operation where such 

modulation of magnetic anisotropy can occur, while not losing the TMR or the 

magnetic configuration of the MTJ, were indicated. 

 

  



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Ver as coisas até ao fundo… 

E se as coisas não tiverem fundo? 

Ah, que bela a superfície! 

Talvez a superfície seja a essência 

E o mais que a superfície seja o mais que tudo 

E o mais que tudo não é nada. 

Ó face do mundo, só tu, de todas as faces, 

És a própria alma que refletes”  

    Álvaro de Campos 
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1. Preface 

Magnetic anisotropy plays a decisive role in the properties of ferromagnetic materials for a 

variety of applications. The ability of devising magnetic structures with the desired magnetic 

anisotropy, by control of its strength and/or direction, is of relevance for spintronics, a rapidly 

evolving field based on the exploitation of the electron’s spin degree of freedom together 

with its charge. 

The magnetic properties are strongly dependent on the structure, starting from the 

intrinsic coupling of the magnetic moments to the crystal lattice (via spin-orbit coupling), to 

the emergence of effective magnetic anisotropies caused by competing short-range 

(exchange) and long-range (magnetostatic) interactions between portions of the material 

possessing different local magnetization. The spatial inhomogeneities of magnetization can 

arise from the microstructure or from structural defects. Magnetic multilayers are an 

extraordinary playground to manipulate magnetism, as the crystal symmetry can be broken 

along the deposition direction, at surfaces and interfaces, while the lateral microstructure 

may be engineered by promoting distinct layer growth modes or by controlling the density 

of defects arising during strain relaxation. Furthermore, different layers may be made to 

interact with one another to set a desired magnetic configuration, for instance by coupling 

ferromagnets and antiferromagnets at interfaces (exchange bias) or ferromagnets across 

non-magnetic layers (interlayer exchange coupling). 

The described interactions are found in the magnetic tunnel junction (MTJ), the 

multilayer system of choice for spintronic memory, sensor, oscillator and logic devices. In 

its most basic form, the MTJ consists of two ferromagnets separated by an oxide barrier. 

When a bias is applied across the junction, electrons tunnel through the barrier from one 

ferromagnet to the other. The electrical resistance of the junction is dependent on the 

relative orientation of the magnetization in the two ferromagnets, i.e. the magnetic state is 

transduced to an electrical resistance. The charge - spin connection is deepened by the 

spin-transfer torque (STT) effect, whereby a spin polarized current is used to set the desired 

magnetic state of the MTJ. 

 Part of the current research and development of spintronics is concerned in 

achieving faster, non-stochastic and lower-energy switching between the MTJ magnetic 

states. That is where a magnetic easy-cone state, in which the magnetization is neither in 

the film plane nor perpendicular to it, but tilted at an intermediate angle, could be useful. 

The advantages introduced by the easy cone but especially the challenges that accompany 

its implementation in MTJ for real-world applications constitutes the core motivation of the 

present work. 

 

The text is structured as follows: Chapter 2 introduces basic concepts of magnetism, 

from the origin of a magnetic moment in an isolated atom, to the appearance of a volume 

magnetization in a ferromagnet (Section 2.1). Different contributions to the magnetic energy 

density of ferromagnets are subsequently defined (2.2), emphasizing the 

magnetocrystalline anisotropy, which comprises physical mechanisms common to the 

systems under study: rare-earth/transition-metal alloys (2.3) and transition-metal/oxide 

interfaces (2.4). Those systems possess second-order anisotropy, of distinct physical origin, 

that allows them to exhibit easy-cone magnetic anisotropy under specific circumstances. 

The interactions between layers in multilayered stacks are briefly presented (2.5), followed 
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by the description of the tunnel magnetoresistance (2.6) effect. The local minima of the 

magnetic energy density entailing those different contributions determine the equilibrium 

orientation of the effective magnetic field inside the material, which impacts the 

magnetostatics of the multilayer systems and defines the axis of magnetization precession. 

Those dynamics of the magnetization, modeled by the Landau-Lifshitz-Gilbert (LLG) 

equation of motion (2.7), are at the foundation of the ferromagnetic resonance (FMR), the 

main experimental technique used in this thesis (Chapter 3), and are explored for achieving 

switching of the magnetization direction or for sustaining magnetization oscillations in 

modern spintronic devices (Chapter 4). Current developments of spintronic memories and 

the succeeding improvements and challenges, from field writing to STT writing, from in-

plane MTJs to perpendicular MTJs, as well as strategies to improve thermal stability and 

writing efficiency are presented in Chapter 4. Ion irradiation introduces new possibilities 

concerning the manipulation of magnetic anisotropy in magnetic structures, as pointed out 

in Chapter 5. The motivation for the investigation is reiterated in Chapter 6. Chapters 7 to 

11 include the experimental results and intermediate conclusions on: the transfer of spin 

reorientation in a NdCo5/Fe bilayer; the emergence of the easy-cone anisotropy in 

MgO/FeCoB/Ta granular free layers; the stabilization of the easy cone in MgO/FeCoB/MgO 

layers; the use of Ar+ irradiation to induce the easy cone; and the impacts of ion irradiation 

on complete MTJ stacks. The general conclusion of this research is given in Chapter 12.  

The work has resulted from collaborations between the Physics Department of the 

University of Aveiro, Portugal; the Leibniz Institute for Solid State and Materials Research, 

IFW, Dresden, Germany; the SPINTEC and Crocus Technology from Grenoble, France; 

and the Instituto de Plasmas e Fusão Nuclear of Instituto Superior Técnico, Lisbon, 

Portugal. 

 

Throughout the thesis, unless otherwise stated, the international system of units (SI) 

is favored instead of the centimeter-gram-second (CGS), a system still widely used in 

magnetism. In the text below, the units of the fields used in the thesis are presented as well 

as their conversion to CGS, included in parenthesis. However, it is worth mentioning that 

those conversions, which revolve around powers of 10 and factors of 4π, came as a result 

of the different values for the vacuum magnetic permeability: μ0 = 1 in CGS and 

μ0 =  4π × 10−7 J ∙ A−2 ∙ m−1 in SI. Such conversions are no longer exact ever since the 

2018 revision of the SI1, as μ0 is no longer a fixed constant but a measurable one2. 

In SI, the magnitude of the magnetic field strength 𝐇 has units of A ∙ m−1 (Oersted 

in CGS, 1 Oe = (103 4π⁄ ) A ∙ m−1), the magnetization 𝐌 has units of A ∙ m−1 (emu ∙ cm−3 in 

CGS, 1 emu ∙ cm−3 = 103 A ∙ m−1), and the 𝐁 field has units of Tesla, T, (Gauss, G, in CGS, 

10 G = 10−3 T). The fields relate to each other according to 𝐁 = μ0(𝐇 + 𝐌) in SI and 

according to 𝐁 = 𝐇 + 4π𝐌 in CGS. The energy density, U, has units of J ∙ m−3 (erg ∙ cm−3 in 

CGS, 1 erg ∙ cm−3 = 10−1 J ∙ m−3). 
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2. Introduction 

2.1. Magnetic moment, magnetization and magnetic ordering 

In classical electromagnetism, the magnetic moment, 𝛍, is defined as d𝛍 = Id𝐒, where I is 

a current flowing through a circuit enclosing an oriented area of elements d𝐒. The moving 

electric charges possess an angular momentum 𝐋 which is related to 𝛍 by 𝛍 = −γ𝐋, where 

γ is the gyromagnetic ratio. When a magnetic field 𝐁 is present, it interacts with 𝛍 with an 

energy E = −𝛍 ∙ 𝐁, which is minimized for the parallel orientation of 𝐁 and 𝛍. Whenever 𝐁 

and 𝛍 are not parallel, a torque 𝛕 = 𝛍 × 𝐁 arises. As 𝛕 =
d𝐋

dt
, 𝛍 will acquire a precessional 

motion around 𝐁 described by the equation 

 

 
d𝛍

dt
= −γ𝛍 × 𝐁. (2.1) 

 

As it will be seen in Section 2.7, an identical equation of motion is used to describe the 

undamped precession of an ensemble of magnetic moments in a ferromagnet. 

At the atomic level, in the Rutherford model, an electron of mass me and charge −e 

travelling at a speed v along a circular path of radius r around the nucleus creates a current 

I = −ev 2𝜋𝑟⁄  and possesses angular and magnetic momenta, respectively, 𝐋 = me𝐯 × 𝐫 

and μ = eL 2𝑚𝑒⁄ . Such classic formulation is, however, unrealistic, as the centripetally 

accelerated electron would continuously radiate energy and approach the nucleus, 

precluding the stability of matter. That inconsistency was resolved in the atomic model of 

Bohr, through the quantization of the total angular momentum, L2 = ℓ(ℓ + 1)ℏ2 and of its 

component Lz = mℓℏ, with ℓ and mℓ being the azimuthal and magnetic quantum numbers 

and ℏ the reduced Planck constant. The semi-classical approach of Bohr, long surpassed 

by the probability wave function concept introduced by modern quantum mechanics, is still 

suitable to the description of one-electron systems, as well as for describing the magnetic 

moment of an electron, commonly known as Bohr magneton, as μB = eℏ 2me⁄ . Besides the 

orbital angular momentum, the electron possesses an intrinsic angular momentum, the spin, 

a purely quantum-mechanical effect without classical counterpart, with a corresponding 

magnetic moment of magnitude μB. 

In a nutshell, the total magnetic moment of an isolated atom is the result of two 

contributions: the orbital, L, and the spin, S, momentum, which, via the spin-orbit coupling 

compose the total angular momentum J, to which one adds the changes in the orbital 

momentum induced by a magnetic field. The latter effect is called a diamagnetic contribution 

which is a consequence of Lenz’s law and a property of all matter. Compared to the 

electrons, the nuclear moments contribute very little to the total moment of the atom 

(10−3 μB) and are therefore, for the most part, neglected. 

 In solids, additional interactions must be considered, namely inter-atomic and 

itinerant exchange-coupling as well as crystal-field effects. Those interactions ultimately 

impact the way the orbitals are filled by the electrons, and therefore the values of L and S. 

For instance, for 3d transition metals (TM), the crystal-field energy is stronger than the spin-

orbit coupling, and it competes with the electron-electron Coulomb repulsion. Because of 
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the additional strong crystal-field interaction, Hund’s third rule does not apply anymore, and 

the filling of the orbitals is performed so that L is minimized. This effect is known as the 

quenching of the orbital momentum and it results in a magnetic moment of the TM that is 

mostly originated by the spin. 4f Rare-Earth (RE) elements, on the other hand, have their 

4f shell less extended away from the nucleus and shielded by the outer 5s and 5p shells, 

so that the crystal field effect is effectively screened. Indeed, RE behave as single ions with 

little interaction to their surroundings. Furthermore, the spin-orbit coupling in RE is stronger 

than in TM, which results in a strong magnetocrystalline anisotropy. RETM alloys combine 

anisotropy features of the RE with the magnetic ordering of the TM, as will be shown in 

more detail in Chapter 2.3. 

 

 When studying the magnetic properties of a material, one is generally concerned 

with the magnetization 𝐌, which is the sum of all moments enclosed in the material volume, 

 

 𝐌 =
1

V
∑𝛍, (2.2) 

 

and how 𝐌 changes when an external magnetic field 𝐇 is applied. Such a response of the 

materials to the application of 𝐇 is described by the magnetic susceptibility χ = ∂𝐌/ ∂𝐇 and 

gives rise to different kinds of magnetic ordering such as diamagnetism, paramagnetism 

and ferromagnetism, among others. 

As previously stated, diamagnetism is a fundamental property of all matter, and it 

generally reveals itself when other types of magnetism are not present. It is found in 

substances composed of atoms without a net magnetic moment, due to the complete filling 

of the orbitals. Diamagnets exhibit 𝐌 opposed to 𝐇 and thus have negative magnetic 

susceptibility, χ < 0. 

In paramagnets, atoms or ions with unpaired electrons or incomplete orbitals 

possess a magnetic moment and χ > 0, meaning they can be magnetized in the direction 

of 𝐇. However, as the interaction that tends to align the moments is much smaller than the 

thermal energy, the moments are constantly changing direction. Without the effect of 𝐇, 

there is a random distribution of those directions, and the net value of 𝐌 is zero. In the 

presence of the external field, there is a partial alignment of the moments. If the energy of 

interaction of the moments is much smaller than the thermal energy, μB ≪ kBT, with kB the 

Boltzmann constant and T the absolute temperature, M is directly proportional to B and 

inversely proportional to T according to M ∝ B kBT⁄ . From the previous relation it follows 

that the susceptibility of paramagnets is inversely proportional to temperature, χ = C 𝑇⁄ , 

known as the Curie law, with C being the Curie constant. 

Unlike paramagnets, ferromagnetic materials have a non-zero magnetization even 

in the absence of an external field (spontaneous magnetization). That is made possible by 

a strong exchange interaction, of electrostatic nature, between magnetic moments that 

remain aligned. The exchange interaction is represented by the Ising Hamiltonian 

 

 Ĥ = −∑Jij𝐒i ∙ 𝐒j

i,j

, (2.3) 
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where Jij is the coupling constant between the neighboring spins 𝐒𝐢 and 𝐒𝐣, which are 

quantized (i.e., either spin “up”, ↑, or spin “down”, ↓). If Jij > 0, the energy is minimized for 

parallel 𝐒𝐢 and 𝐒𝐣. When all the magnetic moments inside the material are aligned in the 

same direction, the saturation magnetization, MS, is reached. On the contrary, if Jij < 0, the 

antiparallel orientation of 𝐒𝐢 and 𝐒𝐣 is energetically preferred, which is observed in the 

antiferromagnetic materials, whose net magnetization is zero, albeit possessing a 

spontaneous magnetic order. 

The notion of exchange interaction can be grasped intuitively by accounting for the 

combined effects of the Pauli exclusion principle and of the Coulomb repulsion: if two 

electrons have antiparallel spins, they can occupy the same atomic or molecular orbital. 

There is therefore a higher spatial superposition of charge which increases the electrostatic 

repulsion. Therefore, in some situations, it is energetically favorable for those electrons to 

have parallel spins, which inevitably forces them to occupy different orbitals, in order to 

decrease the electron-electron repulsion. In other words, the Coulomb interaction favors 

parallel spin alignments but competes against an increase in one-electron energy. This is 

true to all types of exchange: the intra-atomic exchange between electrons in one atom, the 

interatomic exchange between localized spins on different atoms and the itinerant exchange 

in transition metals, which combines both intra- and inter-atomic features3. 

In describing a large ensemble of magnetic moments, it is rather complex to solve 

the Schrödinger equation for the Hamiltonian of equation (2.3). A simplification entails 

shutting down the individual interactions between moments, incorporating them instead in 

an effective molecular field that acts upon all the moments (Weiss model of 

ferromagnetism). The molecular field is proportional to the magnetization Bm = λM, with 

λ >  0 being the molecular field coefficient4. Due to the strong Coulomb energy involved in 

the exchange interaction, the envisaged molecular field would be extremely high in 

ferromagnets (of the order of 103 T). The model is nevertheless useful for introducing 

important concepts of the ferromagnetic order such as the Curie temperature, TC, the 

temperature above which the ferromagnetic ordering is lost and the material undergoes a 

change into a paramagnetic phase. The magnetic susceptibility is only defined for T > TC 

and is inversely proportional to the difference between the material temperature and TC. 

This is known as the Curie-Weiss law: χ ∝ (T − TC)
−1. The magnetization M is the order 

parameter of ferromagnetism, and the temperature dependence of χ and M near TC are 

described by critical exponents, γ, β and δ as: 

 

 

χ ∝ (T − TC)−γ for T > TC, 

M ∝ (TC − T)β for T < TC, 

M ∝ H1/δ for T = TC. 

(2.4) 

 

For the mean-field theory of Landau (conceptually identical to Weiss theory), γ = 1, β = 1/2 

and δ = 3. However, in real systems, different critical exponents are found. Besides, the 

behavior of M near TC is largely determined by long-range thermodynamic fluctuations, and 

those cannot account for the whole M(T) dependence. As an example of that, figure 1 (a) 

shows an M(T) curve (Ref. 4) where, close to the transition, M follows (TC − T)β, but at lower 

temperatures it follows a 1 − aT3/2 dependence. The low-temperature M is described by the 
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Bloch T3/2 law, that accounts for the thermally excited magnons, which produce a decrease 

in the value of M. Knowledge of M(T) dependence is particularly important when analyzing 

the temperature dependence of magnetocrystalline anisotropy constants, K, as those follow 

a power law of the magnetization (Callen-Callen power law5): 

 

 K(T)

K(T = 0)
∝ (

M(T)

M(T = 0)
)

l(l+1)
2

, (2.5) 

 

with l reflecting the crystalline symmetry. 

 

 

Figure 1 Temperature dependences of: (a) the magnetization in a ferromagnet, following the Bloch T3 2⁄  law at low 

temperatures and (T − TC)
β near the ferromagnet-paramagnet transition (example from reference 4); (b) the magnetic 

susceptibility, representing the Curie-Weiss law χ ∝ (T − Θ)−1 for the cases of paramagnets (Θ = 0), ferromagnets (Θ > 0) 
and antiferromagnets (Θ < 0). 

 

Table I contains typical values of MS and TC for the three transition metals that exhibit 

ferromagnetism in bulk form at room temperature: iron (Fe), cobalt (Co) and nickel (Ni); as 

well as for one alloy of interest for this thesis, NdCo5. The magnetism of the TM elements 

is termed itinerant because most of the magnetic moment is carried by delocalized electrons 

which are shared by the atoms in the solid, that being the reason why their magnetic 

moments are non-integer values of μB (e.g. 2.2μB per Fe atom). Due to the exchange 

interaction between electrons, the density of states of the delocalized levels in the band 

structure of those solids is different for ↑ (majority) and ↓ (minority) spins, i.e. there is a spin 

polarization of the delocalized electrons. In the case of bcc Fe, hybridization between 4s 

and 3d orbitals produces bands with localized (Δ2 and Δ5) and delocalized (Δ1) 

characteristics. The shift of those energy bands, relative to the Fermi level, introduced by 

the exchange interaction, favors one of the spin configurations. Alloys of rare earths and 

transition metals, on the other hand, combine itinerant and localized magnetism as will be 

discussed in Section 2.3. Other notable elements are gadolinium (Gd) with a TC just below 

room temperature, platinum (Pt), which misses the Stoner criterium6 to be considered a 

ferromagnet, but is easily spin-polarized when put in contact with a ferromagnet, and 
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ruthenium (Ru), which has recently been shown to be ferromagnetic at room temperature 

when grown in a metastable tetragonal phase and strained by a molybdenum seed layer7. 

 

Table I. Magnetization saturation and Curie temperature values for transition metals (bcc Fe, hcp Co and fcc Ni), from Ref.4, 

and for a rare-earth/transition-metal alloy (NdCo5). 

Elements/Alloys 𝐌𝐒 (𝐤𝐀 ∙ 𝐦−𝟏) 𝐓𝐂 (𝐊) 

bcc Fe 1719 1044 

hcp Co 1401 1360 

fcc Ni 485 627 

NdCo5 1023 (Ref. 8) 925 (Ref. 8) 

 

In antiferromagnets, the exchange-interaction energy is minimized when the nearest 

moments have equal magnitude and are antiparallel (Jij < 0 in equation 2.3). As such, it is 

possible to divide the spin lattice into two interpenetrated lattices, one “spin-up” lattice, M↑ 

and one “spin-down” lattice M↓ yielding M = M↑ + M↓ = 0. Like in ferromagnetism, a Weiss 

mean field approach can be applied to antiferromagnetism, although the definition of the 

mean field is less clear. One possible simplification consists in considering that each lattice 

is under the effect of a molecular field proportional to the magnetization of the other lattice, 

i.e., B↑↓ = −|λ|M↓↑, with λ < 0. The model then arrives to the order parameter for 

antiferromagnetism: the Néel temperature, TN, above which the antiferromagnetic order is 

lost. The susceptibility above TN follows a Curie-Weiss law: χ ∝ (T + TN)−1. As a summary 

of the referred types of magnetic order, the Curie-Weiss dependence can be written as χ ∝

(T − Θ)−1 with Θ being the Weiss temperature. As figure 1 (b) illustrates, Θ = 0 for 

paramagnets, Θ > 0 for ferromagnets (Θ =  TC) and Θ < 0 for antiferromagnets (Θ = −TN). 

There are different types of antiferromagnetic order, depending on the arrangement 

of the spin lattices, which also depend on the crystal structure. In thin films, depending on 

the growth direction, it is possible to terminate the surface of an antiferromagnet in one of 

the lattices, i.e., with the uncompensated spins at the surface all pointing in one direction. 

If a ferromagnet is then grown atop such surface, its magnetization will be coupled to the 

uncompensated moments, and a unidirectional anisotropy will be set in the ferromagnet, an 

effect known as exchange bias (Section 2.5.1), which is commonly used in magnetic tunnel 

junctions to pin the magnetization of the ferromagnet in a desired direction. 
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2.2. Magnetic energy in magnetic multilayers 

The models developed in this thesis (magnetization curves, FMR modes and absorption 

spectra) were all based on the macrospin approximation. In it, the magnetization 𝐌 is 

supposed to be homogeneous in all the layer volume and described as a vector of 

magnitude MS and direction set by polar (θM) and azimuthal (ϕM) angles in a spherical 

coordinate system. The magnetic energy landscape U(θM, ϕM) is then defined by the 

different interactions experienced by 𝐌. Each of those interactions contributes with an 

energy term to U and is briefly described in this section. 

For the sake of completeness, as well as for introducing important concepts, namely 

exchange stiffness, some of the energy terms are also written on a continuum 

(micromagnetic) level, in which the magnetization is no longer considered to be 

homogeneous, having, instead, a spatial dependence, 𝐌(𝐫). 

 

2.2.1. Exchange interaction 

The exchange energy was presented in equation 2.3 in the form of the Ising Hamiltonian, 

in which the exchange constant Jij couples the neighboring spins 𝐒𝐢 and 𝐒𝐣, which are 

quantized (i.e., either spin “up”, ↑, or spin “down”, ↓). The same expression can be used for 

localized moments which are not quantized, i.e., may have any orientation, in which case 

the Hamiltonian is known as Heisenberg Hamiltonian. In the macrospin approximation, Uex 

is a constant that rigidly couples all the local moments ferromagnetically in order to originate 

the macrospin. For that reason, the exchange interaction of a solid ferromagnetic body 

(which is not the case of exchange interaction in multilayers) does not need to enter the 

energy expressions in a macrospin approximation, as it does not impact the equilibrium 

orientation of 𝐌, determined via minimization of U. 

On the continuum level, the exchange is written as 

 

 Uex = ∫Aex 𝛁𝐦(𝐫)2dV, (2.6) 

 

where the gradient of the unitary vector of the magnetization (𝐦 = 𝐌/MS), integrated over 

the whole magnetic volume, 𝛁𝐦(𝐫)2dV, reflects the energy cost of deviations from the 

ferromagnetic coupling between neighboring moments. The energy cost is quantified by the 

exchange stiffness, Aex, which is related to the interatomic exchange-coupling constant Jij 

and type of crystal lattice. For instance, for bulk bcc iron, with lattice parameter a = 2.87 Å 

and Jij = 2.83 × 10−21J, Aex = 2JijS
2/a ≈ 20 pJ/m, with 𝑆2 = 𝑺𝒊 ∙ 𝑺𝒋 = 1.9 

As it will be shown in the description of the two-magnon scattering, Aex enters the 

dispersion relation of spin waves and determines the magnitude of their wave vector 𝐤. It is 

also an important concept in the width of domain walls, where 𝛁𝐦(𝐫)2 is non-zero. Although 

usually regarded as a constant, Aex is an anisotropic quantity, and a full description requires 

substituting it for the corresponding tensorial quantity. 
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2.2.2. Zeeman interaction 

When the magnetization 𝐌 is acted upon by an external magnetic field 𝐁, it experiences a 

torque that tries to align 𝐌 to the direction of 𝐁. This is the Zeeman interaction and is 

described by the energy U = −𝐌 ∙ 𝐁, if 𝐁 is spatially homogeneous, or 

 

 Uz = −∫𝐌(𝐫) ∙ 𝐁(𝐫)dV (2.7) 

 

otherwise. 

 

2.2.3. Magnetostatic interaction (shape anisotropy) 

In vacuum, there is no magnetization, and 𝐁 = μ0𝐇. In a magnet, one must account for the 

contribution from the magnetization, 𝐁 = μ0(𝐇 + 𝐌). Whenever 𝐌 stops at the edges of a 

sample, the magnetic field diverges, ∇ ∙ 𝐇 = −∇ ∙ 𝐌. The material thus produces an 

additional field outside its volume, due to having a magnetization, with which 𝐌 interacts. 

This magnetostatic self-interaction produces the energy term 

 

 Ums = −
1

2
μ0𝐌 ∙ 𝐇𝐝 = −

1

2
μ0𝐌 ∙ (N𝐌) (2.8) 

 

where 𝐇𝐝 = −N𝐌 is the demagnetizing field, with N being the demagnetizing tensor 

(Tr(N) = 1 in SI and Tr(N) = 4π in CGS). This formulation of N is strictly valid for ellipsoids, 

having axes of arbitrary lengths. The shape of uniformly magnetized materials is then 

approximated to that of an ellipsoid in order to apply equation (2.8). For trivial shapes, the 

magnetostatic interaction is easy to calculate. For example, for a sphere, the diagonal 

elements of N are all the same: Nxx = Nyy = Nzz = 1/3. For a thin film with infinite lateral 

dimensions (when the thickness is much smaller than the macroscopic size of the sample, 

t ≪ L), Nxx = Nyy ≈ 0 and Nzz ≈ 1, with z being the normal to the film surface. In other 

words, in a homogeneously magnetized thin film, Ums is minimized when 𝐌 points along 

the longer dimension of the material (in-plane for an extended film). As it will be discussed, 

a novel strategy to achieve perpendicularly magnetized magnetic tunnel junctions involves 

growing nanopillars with high aspect ratio10,11, where the thickness of the pillar is higher 

than its diameter and 𝐌 points along the pillar axis as a consequence. 

Being a long-range effect, dipolar interactions add complexity to the micromagnetic 

analysis, as the spatial dependence of the demagnetizing field, 𝐇𝐝(𝐫), must be known: 

 

 Ums = −
1

2
μ0 ∫𝐌(𝐫) ∙ 𝐇𝐝(𝐫) dV (2.9) 

 

Due to the field divergence at the edges it is sometimes useful to introduce the notion 

of a “magnetic charge” density, in analogy to electrostatics. This charge is then responsible 
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for the divergence of 𝐇 at the edges, i.e. ρM = −𝛁 ∙ 𝐌, and the magnetostatic energy term 

can be written as  

 

 Ums =
μ0

4π
∫

ρM(𝐫)ρM(𝐫′)

|𝐫 − 𝐫′|
dV′. (2.10) 

 

The form of Ums of equation (2.10) is sometimes used for the micromagnetic description of 

the magnetostatic interactions, but the concept of magnetic charges is also useful for 

understanding the dipolar interlayer coupling - the Néel “orange-peel” (Section 2.5.3) - found 

in magnetic multilayers with correlated interfacial roughness. 

Homogeneously magnetized bodies will have “magnetic charges” at the surfaces, 

and a correspondingly high density of demagnetizing field lines outside their volume, 

producing a strong self-interaction. To minimize the magnetostatic energy, ferromagnets 

divide into magnetic domains separated by domain walls. With the increasing number of 

domains, there is a decrease in Hd, resulting in a decrease in Ums. As in a domain wall the 

neighboring moments are not collinear, there is an increase in the exchange energy, which 

reflects the energy cost of creating the domain. The type (Néel or Bloch – see figure 2) and 

the width of the domain wall, δw, will further depend on additional anisotropy terms, namely 

magnetocrystalline anisotropy. For a Bloch wall, δw = π√Aex K⁄ , i.e. the exchange 

interaction tends to produce a large domain wall, with incremental misalignments of the 

moments, while magnetocrystalline energy, described by energy K, will favor thin walls, to 

decrease the projection of the rotating moments onto hard magnetization directions. 

 

 

Figure 2. Schemes of (a) a Néel wall and (b) a Bloch wall. 
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2.2.4. Magnetocrystalline anisotropy 

Spin-orbit coupling is a quantum relativistic effect which can be understood, in a simplistic 

manner, as a dipolar interaction between the spin of an electron and the magnetic field 

created by its orbital motion. For hydrogen-like orbitals, the spin-orbit coupling energy, λso, 

is 

 

 λso =
me

2
Z4 (

μ0e
2c

4πℏ
)

4

c2
1

n3ℓ (ℓ +
1
2
) (ℓ + 1)

, (2.11) 

 

where me is the electron mass, Z is the atomic number and c the speed of light in vacuum. 3 

As equation (2.11) shows, λso increases for heavier elements (λso ∝ Z4) and for increased 

electron charge density close to the nucleus. As it will be discussed in Section 2.3, the 

distinct spin-orbit coupling energies found for 3d transition metals (λso ≈ 0.05 eV) and for 4f 

rare earths (λso ≈ 0.2 eV), partly explain the different magnitudes of their respective 

magnetocrystalline anisotropy energy (≈ 0.05 MJ/m3 for bcc iron and ≈ 10 MJ/m3 for 

neodymium)3. 

Through the spin-orbit coupling, the spin is intrinsically coupled to the angular 

momentum of the hybridized orbitals that make up the atomic bonds of a crystal lattice. 

Consequently, there is a predisposition of the magnetic moments to align with a preferential 

crystallographic direction, and this property is known as magnetocrystalline anisotropy 

(MCA). Despite its quantum-mechanical origin, the phenomenological description of the 

functional form of the MCA is relatively straightforward, as its symmetry reflects the 

symmetry of the crystal, and its magnitude can be parameterized in terms of anisotropy 

parameters (constants), Ki. For instance, the MCA of a cubic crystal can be written as a 

series expansion of the direction cosines of the normalized magnetization relative to the 

crystallographic axes, αi, up to second order as 

 

 U = K1(α1
2α2

2 + α2
2α3

2 + α3
2α1

2) + K2
(c)(α1

2α2
2α3

2) (2.12) 

 

where K1 and K2
(c)

 are, respectively, the first- and second-order cubic anisotropy constants. 

In this case, if K1 > 0, the easy axis of magnetization lies in the [001] direction, while if 

K1 <  0 the easy direction is instead the cube diagonal [111]. 3 

Another type of MCA usually found in the volume of materials, as well as certain interfaces, 

is the uniaxial anisotropy, which can be defined in first order as 

 

 U = −K1(�̂� ∙ �̂�)2 = −K1 sin2 ϕM. (2.13) 

 

Here, K1 is the uniaxial anisotropy constant, �̂� is the magnetization unit vector, �̂� the unit 

vector along the symmetry axis and ϕM the angle between �̂� and �̂�. In this definition, 

K1 >  0 results in an easy axis of magnetization along �̂� (easy-axis anisotropy) while in the 
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case of K1 < 0, �̂� becomes the hard axis and the magnetization lies in the plane 

perpendicular to �̂� (easy-plane anisotropy). 

Figure 3 depicts the energy surfaces of the different magnetization ground states: 

easy axis (a), easy plane (b), easy cone (c), 4-fold along [100] direction (d) and 4-fold along 

[111] direction (e). 

 

 

Figure 3. Energy surfaces of different magnetization ground states: easy axis (a), easy plane (b), easy cone (c), 4-fold along 
[100] direction (d) and 4-fold along [111] direction (e) – Adapted from 3. 

 

In many instances, the second-order uniaxial anisotropy cannot be neglected, and equation 

(2.13) is rewritten as 

 U = −K1(�̂� ∙ �̂�)2 − K2(�̂� ∙ �̂�)4 = −K1 sin2 ϕM −K2 sin4 ϕM. (2.14) 

 

In the case of the second-order expansion, an additional ground state of the magnetization 

may be reached (see Figure 4), where it describes an easy cone, tilted away from the 

symmetry axis by 

 

 θ =  arcsin(√
−K1

2K2
), (2.15) 

 

whenever K1 > 0, K2 < 0, and K2 < −K1/2.  
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Figure 4. K2 vs K1 diagram of the magnetic ground states found in a system with uniaxial anisotropy up to second order 
(equation 2.14) for K2 < 0. From left to right: easy-plane; easy-cone; easy-axis anisotropy. 

 

The tilt in the magnetization direction that is introduced by the easy-cone ground 

state is expected to improve the switching characteristics of spintronic devices, as will be 

pointed out in greater detail in Section 4.2.4. However, it is rather challenging to set the 

easy cone in physical systems for practical applications, for the most part due to the small 

magnitude of |K2|. Two different physical systems were studied in this thesis for the setting 

of the easy cone: the NdCo5 hard-magnet alloy, where the easy cone is attained within a 

certain temperature range, resulting from the different temperature dependences of K1 and 

K2; and the MgO/FeCoB interface, characterized by its interfacial perpendicular magnetic 

anisotropy (PMA), and where a second-order anisotropy may originate from spatial 

fluctuations of an effective PMA field. The next couple of sections describes aspects of the 

magnetic anisotropy of such systems: the competing contributions to the magnetocrystalline 

anisotropy found in rare earth transition metal alloys (RETM), and in NdCo5 in particular 

(Section 2.3.1) and the origin of the PMA at the MgO/FeCoB interface (Section 2.4.). 
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2.3. Rare earth transition metal alloys 

Rare-earth ions form a great variety of alloys with metals with ordered magnetic structures12. 

In particular, intermetallic alloys of rare earths (RE) with transition metals (TM) combine the 

strong magnetocrystalline anisotropy of the RE with the high MS and TC of the TM, thus 

achieving high energy productsa, which are sought after for permanent magnet 

applications13. Additionally, due to the competing contributions of the RE and of the TM 

sublattices to the MCA, spin reorientation transitions (SRT), in which the ground state of the 

magnetization depends on the temperature, are usually found in RETM alloys. Before 

describing those competing contributions, it is helpful to start with a brief explanation of the 

difference in the MCA of 4f RE and 3d TM, which boils down to a difference in the relative 

weight of the crystal-field versus the spin-orbit interactions, acting on the electrons in the 

valence orbitals. 

In the RE, the 4f electrons are mostly 

screened from crystal-field effects by the outer 

shells, and therefore the orbital momentum is 

not quenched. Additionally, the spin-orbit 

interaction is very strong, as expected from high 

Z, n and ℓ numbers (see equation 2.11). Those 

features allow treating the MCA of RE using the 

single-ion model, in which the charge 

distribution of a 4f shell is effectively a 

quadrupole and the anisotropy energy arises 

from the electrostatic interaction of the shell 

with the crystal field, which can be 

approximated by a point-charge model. The 

shape of the orbital, dictated by the filling of the 

4f shell in the trivalent ions that compose the 

RE solids, determines the orientation of the magnetic easy axis. As an example, Sm3+ has 

a 4f5 configuration, with S=5/2, L=5 and J=5/2 and a prolate shell, producing an easy-plane 

anisotropy, while Nd3+ has a 4f3 configuration, with S=3/2, L=6 and J=9/2 and an oblate 

shell, producing easy-axis anisotropy (figure 5). Without going into the details, the 

development of the single-ion model reaches the anisotropy constant 

K1 =  −  3Q2A2
0(2VRE)

−1, where VRE is the crystal volume per RE atom, Q2 is the quadrupole 

moment (first non-vanishing anisotropic term describing the charge distribution) and A2
0  is 

the crystal field parameter.3 

In transition metals, L is largely quenched due to the dominant crystal-field effect, 

while the spin-orbit coupling is treated as a small perturbation. The MCA appears in TM due 

to crystal-field splitting of the otherwise energetically equivalent |xy⟩ and |x2 + y2⟩ orbitals. 

The anisotropy constant in this case is K1 = (√A2 − 4λso
2 − A) (VTM)−1, with VTM the crystal 

volume per TM and 2A the crystal-field splitting3. It is thus evident that the small λso of 3d 

TM produces a small K1. The situation is more complex for 4d and 5d metals, because the 

 
aThe maximum energy product, (BH)max, is the figure of merit of a permanent magnet, and it increases with increasing 

saturation magnetization and coercive field189. 

Figure 5. Single-ion anisotropy model of a trivalent Nd 
ion. The magnetic moment is coupled to the oblate 4𝑓 
shell which orients relative to the uniaxial crystal field 
(represented by blue negative charges) in order to 
minimize the crystal-field energy. Orientation (a) 
constitutes the easy axis of magnetization while (b) is a 
hard-axis configuration. 
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spin-orbit coupling energy increases and can no longer be regarded as a small perturbation. 

The higher λso of those materials is exploited for obtaining high MCA alloys, such as L10 

ordered FePd, FePt and PtCo alloys as well as Pt/Co multilayers, where Co creates the 

spin polarization in the high spin-orbit Pt to create perpendicular magnetic anisotropy. 3 

In alloys of RE with non-magnetic materials, the ordering of the moments occurs at 

low temperatures, through indirect exchange interaction between the 4f orbitals (4f-4f). That 

interaction, mediated by the conduction electrons12, is quite weak and results in the reduced 

TC found in those alloys. In the TM-rich RETM alloys, on the other hand, the TM ions form 

their own magnetic sublattice by exchange interaction between 3d orbitals (3d-3d). The RE-

TM interaction, i.e. 3d-4f, is usually antiferromagnetic and stronger than the 4f-4f interaction. 

The three exchange interactions can then be ordered by their decreasing strength as 

3d- 3d ≫ 3d-4f ≫ 4f-4f (see e.g. figure 6 (b)). In these conditions, the single-ion 

approximation, where one considers the 4f shells to not interact with one another (i.e. 

4f −  4f ≈ 0), is appropriate. The Hamiltonian for the 4f shells is then reduced to that of a 

single 4f shell, and the RE-TM interaction is included in the Hamiltonian as an exchange 

field, produced by the sub-lattice of 3d shells, in addition to the spin-orbit, crystal-field and 

eventual Zeeman interactions. The practical effect of the RE-TM interaction is a 

renormalization (reduction) of Tc of the TM14. 

The practical impact of the described interactions is that the magnetic moments in 

the two sublattices may be oriented parallel, antiparallel or in different configurations12. 

Furthermore, as both sublattices exhibit different temperature dependences of the MCA, 

spin-reorientation transitions (SRT) may arise15. The case of the SRT found in NdCo5 is 

described next. 

 

2.3.1. Neodymium-cobalt alloy 𝐍𝐝𝐂𝐨𝟓 

Neodymium is a rare earth element with atomic number Z=60 and electronic configuration 

[Xe] 4f4 6s2, presenting a compact hexagonal crystal structure16. Cobalt is a transition metal 

with Z=27 and electronic configuration [Ar] 3d7 4s2 which orders ferromagnetically below 

TC=1394 K. 

The neodymium-cobalt alloy crystallizes in a hexagonal CaCu5 structure, with 

a =  5.020 Å and c = 3.977 Å, belonging to the P6/mmm (D6h) spatial group, as 

schematized in figure 6. This is a hard magnet with a TC = 925 K (Ref. 8). 
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Figure 6. Scheme of (a) the hexagonal CaCu5 crystal structure of NdCo5, adapted from17, and (b) top view of the same crystal 
structure with depiction of the different electronic interactions: 3d-3d ≫  3d-4f ≫ 4f-4f. 

 

The NdCo5 (and other RECo5) exhibits spin reorientation transitions, where the 

magnetization ground state changes direction gradually, from the hexagonal c-axis to the 

basal plane, going through an intermediated easy-cone regime, as the temperature is 

decreased. Those three regimes are separated by two transition temperatures, TSRT1 and 

TSRT2. The SRT is a consequence of the competing contributions of the magnetic sublattices 

of Nd and Co: the Nd sublattice favors a basal plane anisotropy at low temperature, while 

the uniaxial anisotropy of Co dominates at high temperatures15. 

 

 

Figure 7. (a) Saturation magnetization for a NdCo5 single crystal – reproduced from 8; and (b) first- and second-order 
magnetocrystalline anisotropy constants for a NdCo5 thin film, with −2 < K1/K2 < 0 marking the easy-cone regime in the 
TSRT1 < T < TSRT2 temperature range – reproduced from18. 

 

The NdCo5 SRT has been studied in oriented powders by Bartholin et al. in 1966, 

with transition temperatures  TSRT1 = 230 K and TSRT2 = 280 K, but also in single crystals by 

Tatsumoto et al. (TSRT1 = 250 K and TSRT2 = 282 K). Later, in 1974, Frederick et al.8 

reported TSRT1 = 230 K and TSRT2 = 277 K also for single crystals, grown by Bridgman 

method. In that work, the saturation magnetization and the anisotropy constants were 

measured down to 4.2 K. MS followed the T3 2⁄  Bloch law (Figure 7 (a)), and the temperature 
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dependence of K1 and K2 was well described by the Callen-Callen theory with l = 9. 

Furthermore, a K4 ≈ 1 kJ/m3 six-fold anisotropy of the basal plane of NdCo5 was measured 

at 4.2 K, with the a-axis being energetically favored instead of the b-axis. In the work of 

Klein et al. from 197513 the temperature evolution of the anisotropy constants were 

determined for various RECo5. For NdCo5, the transition temperatures were TSRT1 = 263 K, 

following the change in signal of the sum of the anisotropy constants K1 + 2K2 and 

TSRT2 =  281 K, when K1 changed signal. That work also concluded on the critical role of the 

RE in defining the temperature dependences of the anisotropy constants of the RECo5. 

More recently, M. Seifert et al. investigated the SRT of NdCo5 grown epitaxially by 

pulsed laser deposition on two distinct substrates: MgO(110) with a Cr buffer, where 

NdCo5 is textured with the c-axis oriented in the film plane15, and Al2O3(0001), with a Ru 

buffer, in which the basal plane is in the film plane and the c-axis is oriented out of plane19. 

The investigation of this material in the form of epitaxial thin films was motivated by the fact 

that the crystalline structure and the phases of NdCo are sensitive to the growth conditions, 

and because they present unique magnetic properties, with TSRT different from the values 

obtained in single crystals. Besides, the study of the influence of structural properties on the 

magnetocrystalline anisotropy is facilitated in thin films, where uniaxial strains are easy to 

apply15. 

In the NdCo5 films with the in-plane c-axis15, the magnetization is directed along the 

a-axis for T < 255 K (TSRT1), and along the c-axis for T > 310 K (TSRT2), with the intermediate 

easy-cone regime between those temperatures, as seen in figure 8 and in the temperature 

dependence of K1 and K2 of figure 7 (b). The thin film shape anisotropy limits the 

orientations of the magnetization and thus, the easy-plane containing the basal a-direction 

is reduced to an easy-axis along a, and the easy-cone is reduced to a biaxial anisotropy. 

The difference in the transition temperatures in comparison to those found in the single 

crystals was attributed to the strain of the film and to the presence of an additional phase, 

Nd2Co7
15. For the case of the film grown on Al2O3, with c-axis oriented out of plane, the SRT 

was qualitatively observed, but the transition temperatures could not be determined due to 

the influence of the shape anisotropy19. 

 

 

Figure 8. Schematization of the spin reorientation transition found in a NdCo5 thin film with c-axis contained in the film plane. 
The temperature increases from left to right. Red arrows represent the easy directions of magnetization: easy a-axis 
(T <  TSRT1); easy cone reduced to biaxial anisotropy (TSRT1 < T < TSRT2); and easy c-axis (T > TSRT2). 
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In another study18, the domain structure of NdCo5 thin films was imaged by Scanning 

Electron Microscopy with Polarization Analysis (SEMPA). Those measurements 

corroborated the transition temperatures determined by global magnetization 

measurements. At the temperatures corresponding to the uniaxial anisotropies (T < TSRT1 

and T > TSRT2), magnetic domains align preferentially along the corresponding easy axis. 

Between those temperatures, where the easy-cone anisotropy is found, a 4-domain state 

is observed, which coalesces to a two-domain state upon crossing one of the two transition 

temperatures. 

The SRT is also accompanied by changes in the physical dimensions of the NdCo5 

structure. Pourarian et al.20 measured, for single crystals, positive values of 

magnetostriction (elongation of the c-axis), during the easy-cone regime, associated with 

the decrease of both anisotropy constants. Furthermore, the linear thermal expansion along 

the c-axis is discontinuous for TSRT1 and TSRT2. At those transition temperatures, the specific 

heat presents also a discontinuity. Nikitin et al.21 measured a giant rotational magnetocaloric 

effect in NdCo5 single crystals (∆T = 1.1 K at 290 K and ∆T = −1.1 K at 275 K for 1.3 T fields). 

The SRT close to room temperature could make this material interesting for magnetic 

refrigeration applications. 

 As a final note, the performance of hard magnets as permanent magnet products 

can be further enhanced through magnetic coupling to a soft-magnet phase, such as Fe. 

Those hard/soft composite materials, sometimes referred to as exchange-spring magnets, 

combine a strong coercive field of the hard phase with a strong MS of the soft phase to 

achieve even higher energy products than those obtainable in the hard phase alone. 

Moreover, only a small percentage of hard phase is required to retain the high coercivity, 

which is desirable for keeping the dependence on expensive rare-earth elements to a 

minimum22. The exchange-spring designation comes from the peculiar behavior of the 

magnetization in the soft phase when an external field is applied: below a critical thickness 

of the soft layer, the field inversion of the magnetization direction results in a simultaneous 

and irreversible inversion of the magnetization in the two phases (i.e. the coupling is rigid). 

Above the critical thickness, upon the field reversal, the magnetic moments in the soft layer 

located further away from the interface rotate in the direction of the external field, while 

those closer to the interface remain parallel to the ones of the hard phase. As a result, a 

spiral structure, similar to a Bloch wall, appears along the film thickness. The initial rotation 

of moments happens above a nucleation field, HN, and is reversible up to the coercive field, 

HC, where the irreversible rotation of the magnetization in both phases occurs. The 

exchange-spring behavior was observed for example in epitaxial SmCo5/Fe(tFe)/SmCo5, for 

tFe > 6 nm23. Part of this thesis was dedicated to one such composite, the NdCo5/Fe bilayer, 

where the SRT of NdCo5 can be transferred to an Fe layer by the direct exchange-coupling 

at the interface (Chapter 7). 
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2.4. Perpendicular magnetic anisotropy 

Sometimes it is desirable to design magnetic thin films with a magnetization ground state 

perpendicular to the surface plane. For a magnetic thin film to attain such perpendicular 

magnetization based on MCA, the crystallographic direction containing the magnetic easy 

axis must be directed in the film-growth direction, and the magnitude of the anisotropy needs 

to be large enough to overcome the demagnetizing field. Several alloys have been shown 

to attain perpendicular magnetic anisotropy (PMA) of MCA nature as is the case of RETM, 

such as NdCo5, TbFeCo and GdFeCo24,25, and tetragonal L10-ordered (Co, Fe)-Pt alloys26. 

At the same time, a PMA may also arise at interfaces, as originally proposed by L. Néel27 

and confirmed by several experimental and first-principle28,29 investigations. Numerous 

magnetic systems have been shown to possess interfacial PMA, namely multilayered 

structures comprised of Fe or Co films covered with several magnetic or non-magnetic 

metals such as Pt, Pd, Ag, Au, Ir, Ru or Ni26,30–36. 

The effective perpendicular magnetic anisotropy of a thin magnetic film can be 

modelled as 

 

 K1eff =
ks

t
−

μ0

2
MS

2 + KV, (2.16) 

 

with ks being the interfacial PMA (in mJ/m2), t the film thickness, −
μ0

2
MS

2 the demagnetizing 

energy and KV the bulk contributions to the anisotropy (e.g. magnetocrystalline or 

magnetoelastic). For a relaxed soft magnet, KV ≈ 0, and the sign of K1eff will depend on the 

film thickness, being determined by the competing effects of the magnetostatic self-

interaction and the surface anisotropy. 

Both magnetocrystalline and interfacial PMA result in a magnetization that is 

perpendicular to the surface of the magnetic layers. However, their different physical origins 

translate into distinct challenges in what regards their integration in perpendicular magnetic 

tunnel junction (pMTJ) devices (see Chapter 4). The current standard in pMTJ is the 

interfacial PMA found at Co/Pt and MgO/FeCoB interfaces, which is the focus of this section. 

 

2.4.1. Interfacial PMA at transition metal/oxide interfaces 

The large PMA in magnetic/non-magnetic TM such as (Fe, Co)/Pd(111), (Fe, Co)/Pt (111) 

and Co/Au (e.g. ks = 1.2 mJ ∙ m−2 for Co/Pd (Ref.34)) is related to the increase in orbital 

momentum of Fe or Co due to strong hybridization of their 3d orbitals with the 5d of the 

other TM28. A comparably strong PMA (of the order of 1 or 2 mJ ∙ m−2 (Ref. 28)) is also a 

general phenomenon at interfaces between magnetic TM and oxygen-terminated oxides 

such as Fe(Co)/MOx interfaces (M=Mg, Ta, Al, Ru), despite the weaker spin-orbit interaction 

of the involved materials28,34. In the case of Fe/MgO interface, the PMA is believed to arise 

from the strong hybridization of Fe and O orbitals28,29. More specifically, calculations for a 

pure Fe/MgO interface show how spin-orbit interaction hybridizes majority (spin-up, 3dz
2 

with Δ1 symmetry) and minority (spin-down, 3dxz and 3dyz with ∆5 symmetry) Bloch states 

with the oxygen’s 2pz as shown in figure 9. There, one can also see that the hybridized 
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bands are lower in energy when the magnetization is perpendicular to the interface. The 

hybridization leads to a charge transfer from the three orbitals with out-of-plane 

characteristics (3dz
2, 3dxz and 3dyz) to the oxygens 2pz, leaving the remaining orbitals with 

in-plane characteristics (3dxy and 3dx
2
-y

2) excessively negatively charged. This charge 

decompensation results in an out-of-plane orbital momentum which creates the PMA.37 

 

 

Figure 9. First-principles calculations from 28, showing the effects of spin-orbit coupling on energy levels (at Γ-H line in the 
Brillouin zone) for d-orbitals of Fe and p-orbitals of O at a Fe/MgO interface. For each orbital, a column shows the band levels 
for out-of-plane (⊥) and in-plane (∥) orientations of magnetization, as well as band levels for the case where no spin-orbit 
interaction is included (middle). The scheme at the right shows the supercell used in the calculations, highlighting the orbital 
hybridization dz2 − pz. Image reproduced from 37. 

 

  As it will be seen, the same Bloch states with Δ symmetry (Γ − H line in the central 

part of the Brillouin zone) that are involved in the appearance of interfacial PMA in Fe/MgO, 

are involved in the symmetry-based spin filtering taking place during the electron tunneling 

across MgO-based magnetic tunnel junctions (MTJ). For that reason, there is a correlation 

between the PMA and the tunnel magnetoresistance (TMR), with an optimal interface 

contributing to high values of both quantities. Indeed, given the underlying mechanism at 

the origin of PMA, it is understandable that it is rather sensitive to interface oxidation 

conditions37 and that it can be modulated by local electric fields caused by strain38–40 or 

applied voltage41–45 as well as to the physical modification of the interface either occurring 

during the deposition and annealing stages46 or afterwards by ion irradiation47,48. 

  On the experimental side, a lot of effort has been focused on designing multilayers 

with a strong PMA that endures the temperatures found in standard complementary metal-

oxide-semiconductor (CMOS) processes. Serving as a milestone to the material design, 

first-principles investigations suggest a 3 mJ ∙ m−2 is attainable for two ideal and relaxed 

MgO/Fe/MgO interfaces. This value is decreased by over- or under-oxidation of the 



 

21 
 

interfaces, roughness and formation of interfacial alloys 49, as well as by the substitution of 

Fe by Co 28. 

The multilayer stacks containing the FeCoB/MgO interface intended for application 

as pMTJ are usually deposited via DC and RF magnetron sputtering. The as-deposited 

FeCoB layer is intentionally amorphous, thanks to the inclusion of B in the alloy. Afterwards, 

a post-deposition annealing is performed to crystalize FeCo on a grain-to-grain level with 

MgO50. A minimum in lattice mismatch of about 4% is found when a FeCo body-centred-

cubic (bcc) phase is formed with the orientation relationship of 

MgO〈001〉[110]||FeCo〈001〉[100], i.e. with a 45° rotation relative to the in-plane [001] 

direction of MgO51. As depicted in figure 9, the Fe atom equilibrium position rests directly 

on top of the O of the MgO barrier32. During the annealing, boron out-diffuses from the 

FeCoB layer into the grain boundaries, interfaces and into the MgO layer (at high annealing 

temperatures). To keep B away from the interface, and thus preserve the PMA, metallic 

layers acting as B-getters are grown adjacent to the ferromagnetic layer31,50. One of such 

metals is tantalum in a Ta/CoFeB/MgO/CoFeB/Ta arrangement. Besides acting as a boron 

capturer, in full pMTJ stacks, the nanocrystallized Ta layer allows the structural transition 

between the Pt/Co layers (fcc structure) and the bcc FeCoB34. However, the PMA found in 

the Ta/CoFeB/MgO system rapidly decreases with the increase in annealing temperature: 

At temperatures above 300ºC, common in standard CMOS processes, Ta diffuses into the 

FeCoB/MgO interface, hindering the Fe-O orbital hybridization, degrading both the PMA 

and the TMR 31,35,36,50,52. 

Some alternatives for optimizing the PMA rely on N-doping of Ta53 and on 

substituting it by Hf, Mo or W. The latter alternatives have out-performed Ta, attaining higher 

PMA and thermal stability during annealing36,54. The tendency of Ta to diffuse towards the 

FeCo/MgO interface has been attributed to the low enthalpy of oxide formation, with 

tantalum oxide being thermodynamically more stable than the oxides of Hf, Mo and W as 

well as more stable than MgO itself (-2046 kJ/mol for TaOx against -602 kJ/mol for MgO)36. 

A straightforward strategy to nearly double the PMA combines two FeCoB/MgO 

interfaces in a MgO/FeCoB/MgO stack (known as “double-MgO”)31,55. This strategy allows 

also to increase the effective volume of the magnetic layer while keeping the perpendicular 

magnetization. The lack of metal capping in the double-MgO free layer involves, however, 

the insertion of a thin metal spacer (e.g. Ta 56–63, W 31,61,62,64–66, Mo 62,67) inside FeCoB to 

achieve the B-gettering effect. 

It is by now evident that the microstructure of the FeCoB layer and of FeCo/MgO 

interface is impacted by the choice of metallic capping or spacer. Such a microstructure 

results in spatial fluctuations of the effective PMA (equation 2.16) which are believed to be 

at the origin of a second-order anisotropy contribution. 
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2.4.2. Second-order anisotropy contribution to the PMA 

Several experiments on multilayers containing the FeCoB/MgO interface have shown the 

necessity to include a phenomenological second-order PMA, K2 < 0, to explain the 

data33,45,46,48,68–71. That means those multilayers may also exhibit easy-cone anisotropy, 

provided the FeCoB thickness is properly adjusted to be close to the reorientation from out-

of-plane to in-plane anisotropy. It is near that reorientation that K1eff and K2 have 

comparable magnitudes and satisfy the easy-cone ground-state requirements (see 

equation 2.15). Besides changes in thickness, the balance between the surface and 

demagnetizing anisotropy that make up K1eff is temperature dependent and can be explored 

to induce the easy-cone anisotropy. Other materials having interfacial PMA, such as Co 

films grown on Pt(111) and Pd(111) substrates72 and Co/Pt multilayers73,74, have exhibited 

such easy-cone anisotropy as well. 

An analytical model by Dieny and Vedyayev30 showed how a second-order 

anisotropy could arise from periodic spatial fluctuations of the magnitude of the first-order 

term. In it, the fluctuations were modelled as thickness fluctuations amounting to one atomic 

monolayer, in a periodic array of 𝓂 × 𝓃 square mesas. In that case, the anisotropy term 

representing a canted state is obtained and described by  

 

 |K45°
mesas| =

(Δks)
2(ℒ + 𝒶)

π5Aex
∑ sin2

(
π𝓂𝒶
ℒ + 𝒶

) sin2 (
π𝓃𝒶
ℒ + 𝒶

)

𝓂2𝓃2√𝓂2 + 𝓃2
ctgh (

2π√𝓂2 + 𝓃2t

ℒ + 𝒶
)

∞

m,n=0
m+n>0

, (2.17) 

 

where Δks is the fluctuation of the perpendicular anisotropy (step function with values −Δks 

and +Δks), ℒ the distance between edges of neighbouring mesas, 𝒶 the lateral size of each 

mesa and t the film thickness. There are three interesting features of such an anisotropy 

term:  

i) Expression 2.17 is valid if ℒ,𝒶 ≪ 2π√Aext Δks⁄ , meaning that the period of the 

fluctuations must be smaller than the characteristic domain wall width of the 

material; 

ii)  The second-order term scales with the square of the fluctuation, 

K45°
mesas ∝  (Δks)

2; 

iii) K45°
mesas is a non-monotonic function of the film coverage by the mesas 

(𝒶2 (𝒶 + ℒ)2⁄ ). For the trivial cases of no coverage and of complete coverage, the 

integrity of the ferromagnetic film is assured, and so K45°
mesas = 0. The maximum of 

K45°
mesas is reached at a partial coverage, determined by the material parameters. In 

the case of granular films this feature can also be understood in terms of the 

intergrain exchange coupling: the second-order anisotropy vanishes when the 

grains are uncoupled (analogous to no coverage) and when the intergrain exchange 

is very strong (analogous to complete coverage); 

Recently, Mohammadi et al.71 showed how a micromagnetic model, without a built-

in second-order anisotropy term (i.e. K2
micro = 0) but with periodic fluctuations of the other 

magnetic parameters, produced results that could only be described by a macrospin model 
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entailing a K2
macro term. The emergence of this apparent second-order term is in line with 

the analytical model by Dieny and Vedyayev. An interesting result, as pointed out in Ref.71, 

is that, depending on the period and on the type of distribution of the fluctuations, 

magnetostatic and magnetodynamic techniques may experience a different K2. 

Another explanation of the origin of K2 in multilayers with interfacial PMA was 

proposed by J. Sun75. Instead of fluctuations of magnetic parameters along the interface 

plane, as considered by the model of Dieny and Vedyayev, it focuses on an intrinsic gradient 

along the film growth direction: there is a strong PMA concentrated at the interface, 

efficiently acting only on the very first atomic layers of the magnetic film and, simultaneously, 

a weakening of the exchange between the MgO/FM interface and the rest of the film. Such 

a fluctuation of magnetic parameters, akin to an ‘exchange-spring’-like effect, can also 

originate a negative K2. 

As a final note, it is important to mention that the models of a micromagnetic origin 

of K2, presented in this chapter, do not preclude the possibility of an intrinsic interfacial K2. 

Indeed, inversion asymmetry (responsible for the Dzyaloshinskii-Moriya interaction, DMI) 

has been recently proposed as an origin of an intrinsic K2 in heterostructures of ferromagnet 

and heavy-metal (e.g. Pt/Co/Pd)76. However, it is currently not clear if the DMI, which is also 

present in trilayers composed of insulator, ferromagnet and heavy metals, including 

MgO/FeCoB/Ta77, is connected to an intrinsic K2. 
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2.5. Interlayer coupling phenomena 

A variety of interlayer coupling phenomena can be found in magnetic tunnel junctions (MTJ), 

either by design, to program the desired direction of the magnetization, or by default, due 

to the proximity of magnetized volumes. In its most typical form, an MTJ is composed of two 

conductive ferromagnetic (FM) layers separated by a thin insulating nonmagnetic oxide 

layer. One of the FM layers, known as the free layer (FL), can be used for instance to store 

information, by manipulating its magnetization direction. The other layer, reference layer 

(RL), has its magnetization fixed, providing a reference frame to the FL. The RL is often 

coupled to a synthetic antiferromagnet (SAF) composed of FM layers separated by Ru 

whose thickness is chosen so that the opposing FM layers couple in an antiparallel 

arrangement, through a RKKY-like (Ruderman-Kittel-Kasuya-Yosida) oscillatory coupling78. 

One of the layers of the SAF, the pinned layer (PL) has its magnetization pinned through 

the exchange-bias effect to an under-layer of an antiferromagnet. This procedure reduces 

the magnetostatic interaction between RL and FL. Figure 10 depicts the typical stack 

structure of in-plane and out-of-plane magnetized MTJs as well as the different interlayer 

interactions. 

 

 

Figure 10. Interlayer coupling phenomena typically found in (a) in-plane and (b) out-of-plane magnetized MTJs. FL, RL and 
PL stand for free, reference and pinned layer, respectively, and SAF is the synthetic antiferromagnet obtained by coupling RL 
and PL antiferromagnetically. 
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2.5.1. Exchange bias 

A unidirectional magnetic anisotropy, along a direction �̂�, having an energy contribution of 

the form 

 

 UEB = −KEB(�̂� ∙ �̂�), (2.18) 

 

is found when a ferromagnetic layer is put into contact with an antiferromagnet. Systems 

having such a type of anisotropy exhibit a displaced (biased) hysteresis loop (M vs H – see 

figure 11). The displacement amounts to 

 

 HEB =
KEB

Ms
=

JEB

tFMMFM
, (2.19) 

 

with HEB being the exchange-bias field and JEB the interfacial unidirectional energy density 

(mJ ∙ m−2), resulting from the exchange coupling between the moments of the ferromagnet 

and the uncompensated moments at the antiferromagnet surface (see figure 11 (a)). 

 

 

Figure 11. (a) Coupling of magnetic moments across a perfect interface between a ferromagnet (FM) and an antiferromagnet 
(AFM), resulting in a unidirectional anisotropy in the FM layer and (b) shift of the hysteresis loop by HEB as a consequence of 
the exchange-bias effect. 

 
Since the ferromagnet is ordered below TC, which is higher than the antiferromagnet 

TN, the exchange-bias orientation can be set in FM/AFM bilayers by applying a magnetic 

field at a temperature TC>T>TN. Doing so, the FM moments will align in the field direction 

(the �̂� in equation 2.18), while the AFM layer is in its paramagnetic state. By subsequently 

cooling down below TN, the antiferromagnetic order will be set, and the moments located at 

the interface will align with those of the ferromagnet. Afterwards, and as long the TN is not 

exceeded, the spin lattice of the antiferromagnet will remain frozen, experiencing little 

torque by external fields, due to its zero net-magnetization (i.e. low susceptibility – see e.g. 

figure 1(b)). Hence, HEB will keep acting on the ferromagnet, pinning the direction of its 

magnetization. 
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Typical antiferromagnets used for exchange bias in devices are Mn-based metallic 

alloys, (e.g. IrMn, FeMn, PtMn and RhMn). For example, in IrMn, TN ranges from 600 K to 

750 K with the Mn concentration increasing from 10at% to 30at% (Ref. 79). 

In the simplistic view, given in figure 11 (a), of fully uncompensated spins at the 

interface, JEB would be related to the exchange-coupling energy by 

JEB =  (2Jex a2⁄ )𝐬𝐅𝐌 ∙  𝐬𝐀𝐅𝐌, with a being the cubic lattice parameter, and would take values 

of the order of 10 mJ ∙ m−2, far greater than those typically found in real systems (e.g. 

~0.4 mJ ∙ m−2 in Fe/IrMn, Ref. 79). In real interfaces, JEB is decreased due to interfacial 

contamination and interface roughness, with the atomic steps effectively reducing the 

number of uncompensated spins. 

It is worth mentioning that the alloys typically used as AFM in MTJs, for taking 

advantage of the exchange-bias effect, possess strong MCA which contributes to the 

stabilization of the exchange-bias direction. Furthermore, in magnetic multilayers, the AFM 

films are typically grown by sputtering and are for that reason polycrystalline, with the grains 

nearly or completely uncoupled from each other. The grains therefore behave 

independently from each other and their size is usually small enough to provide a blocking 

temperature, TB, below the Néel temperature. To program the direction of exchange bias in 

such AFM polycrystalline films it is therefore enough to reach a temperature TB < TN.80 
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2.5.2. Interlayer exchange coupling 

Two ferromagnetic layers separated by a nonmagnetic metal spacer become magnetically 

coupled if the spacer is sufficiently thin (below few nm). The energy describing that 

interaction is  

 

 UIEC = −JIEC(𝐦𝐢 ∙ 𝐦𝐣) (2.20) 

 

with UIEC and JIEC being the interlayer exchange coupling (IEC) energy and the 

corresponding coupling constant, in units of mJ ∙ m−2, and (𝐦𝐢 ∙ 𝐦𝐣) the cosine of the angle 

between the magnetizations of the opposing ferromagnetic layers, i and j. The most 

interesting feature of the IEC is the damped oscillatory behavior of JIEC, whose value varies 

between positive (ferromagnetic-like coupling between 𝐦𝐢 and 𝐦𝐣) and negative 

(antiferromagnetic-like coupling) signs, depending (mostly81) on the spacer thickness, as 

depicted in figure 12. The phenomenon is interpreted as a nanoscale manifestation of the 

atomic-scale RKKY (Rudermann-Kittel-Kasuya-Yoshida) mechanism3,82, as found for 

instance in the indirect exchange coupling between localized 4f electrons mediated by 

conduction electrons in RETM alloys. One of the descriptions of IEC entails the quantum 

interference of spins which are confined in a potential well (spacer layer) and interact 

constructively and destructively after reflection on the potential well walls (the ferromagnetic 

layers)81. 

The above described IEC is the main ingredient of the synthetic antiferromagnet 

(SAF) of MTJs. In it, the antiferromagnetic-like coupling (JIEC < 0) is ensured by using a 0.4 

nm- or a 0.8 nm-thin Ru spacer, corresponding, respectively, to the first or second 

antiferromagnetic peak of the oscillation82. In MTJs with perpendicularly magnetized RL, the 

SAF usually includes two Co/Pt or Co/Pd PMA multilayer systems separated by the Ru 

spacer83. 

 

 

Figure 12. Damped oscillation of the interlayer exchange coupling energy, between two ferromagnets separated by a non-
magnetic metal spacer, as a function of spacer thickness. JIEC is used to couple the FM across the spacer in an antiparallel 
configuration (synthetic antiferromagnet). 
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2.5.3. Magnetostatic coupling 

In laterally patterned MTJ stacks, the demagnetizing fields created by each of the layers 

(the stray field), may interact with the magnetization of the other layers. This effect is 

particularly problematic for the switching of the magnetization of the free layer (FL), because 

the stray field created by the reference layer offsets the FL hysteresis loop, as depicted in 

figure 13 (a). This issue is one of the reasons for including a SAF in an MTJ. In the SAF, 

the antiferromagnetic-like coupling between the RL and PL has a nearly zero net-magnetic 

moment (compensation) and constitutes a flux closure structure, with the stray field 

concentrated in the SAF layers (and reinforcing the AFM coupling between them). 

Furthermore, the exchange-bias field is enlarged due to the compensation of the SAF’s 

magnetic moment (see denominator of equation 2.19). 

 

 

Figure 13. Magnetostatic coupling between RL and FL in a laterally patterned MTJ for (a) an uncompensated MTJ, producing 
a large offset of FL’s reversal loop; and for (b) a compensated MTJ with a SAF structure, with little offset of the FL’s reversal 
loop and with improved exchange-bias effect (larger HEB). 

 
Correlated roughness of the interfaces in an MTJ may create another type of 

magnetostatic coupling between layers, known as Néel’s “orange-peel” coupling, whose 

energy contributions can be described in the same functional form as equation 2.20. 

For in-plane magnetized layers, the orange-peel coupling is ferromagnetic-like, as 

depicted in figure 14 (a), where the stray field between the peaks of a rough ferromagnet 

layer constitutes a field, Néel field, HN, acting on the peaks of the opposing layer. This can 

be understood as accumulation of magnetic charges, responsible for the divergence of 𝐇 

at the boundaries where 𝐌 goes to zero (as discussed in section 2.2.3). Assuming a 

correlated sinusoidal roughness, the Néel field originated in a FL of thickness tFL decays 

exponentially with the MgO tunnel barrier thickness, tMgO, as 
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 HN =
π2

√2
(

h2

λrtFL
)MS exp(−

2π√2tMgO

λr
) (2.21) 

 

with h and λr being the amplitude and wavelength of the roughness profile84. 

When the magnetization is out-of-plane, the Néel orange peel may favor either a 

ferromagnetic- or an antiferromagnetic-like coupling85. For small PMA, the moments remain 

parallel to the applied field direction. The resulting charge density is greater at the surface, 

in the peaks and valleys (see fig 14 (b)). The corresponding magnetostatic energy is 

minimized when the charges at the opposing interfaces have opposite sign, which occurs 

for the parallel alignment of the magnetizations, i.e. a ferromagnetic-like coupling is favored. 

For the case of large interfacial PMA (fig 14 (c)), the moments point towards the normal to 

the interface and thus the surface charges are evenly distributed and do not contribute to 

the coupling. However, volume charges appear denser inside the films, at the peaks and 

valleys, as those regions have a diverging magnetization. Hence, charges with opposite 

sign appear across the barrier only if the magnetizations are antiparallel (to change the sign 

of the divergence), favoring the antiferromagnetic-like coupling85. In other words, the Néel 

coupling is anisotropic86 and the corresponding energy is best described as 

 

 UN = −JN
⊥(𝐦𝐢

⊥ ∙ 𝐦𝐣
⊥) − JN

∥ (𝐦𝐢
∥ ∙ 𝐦𝐣

∥) (2.22) 

 

with |JN
⊥| and |JN

∥ | having the same order of magnitude but opposing signs, JN
⊥ < 0, and 

JN
∥ >  0, and 𝐦𝐢,𝐣

⊥(∥)
 representing the out-of-plane and in-plane components of the 

magnetization direction in layers i and j. 

 

 

Figure 14. Néel “orange-peel” magnetostatic coupling between ferromagnetic layers (blue) separated by an oxide layer (grey), 
having correlated roughness profiles for films with (a) in-plane magnetization and (b) weak perpendicular magnetization, 
resulting in a ferromagnetic-like coupling; and (c) strong perpendicular magnetic anisotropy, yielding an antiferromagnetic-like 
coupling. Arrows represent magnetic moments and “+” and “–” signs represent the magnetic charges (divergence of 𝐇). 
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2.6. Tunnel magnetoresistance 

Thanks to the magnetic anisotropy of the free- and reference-layer, the relative orientation 

of the magnetization in the layers can be made unambiguously parallel (P) or antiparallel 

(AP) to each other, thus providing two stable magnetic states. A magnetic field can be 

applied to switch between AP and P configurations. To each state corresponds a distinct 

electrical resistance, because of the tunnel magnetoresistance (TMR) effect, which can be 

understood as follows: the spin state of the electrons is conserved during the tunnelling 

across the oxide layer. At the P configuration, the energy bands for majority and minority 

spins in both FM layers are well matched (figure 15), and so the majority spins on one of 

the layers find plenty empty states in the second layer, providing thus an efficient tunnelling 

and low resistance, RP. In the AP state, on the other hand, the exchange splitting of the 

bands is not identical in the opposing FM layers. The majority spins on one layer can only 

fill the empty minority states on the other, resulting in a high resistance, RAP. The magnitude 

of the effect is described by the TMR ratio, defined as  
 

 TMR =
RAP − RP

RP
. (2.23) 

 

The TMR may also be expressed in terms of the spin polarization of the FM electrodes, P1,2, 

according to Jullière’s pioneering work on TMR87, as TMR = 2P1P2 (1 − P1P2⁄ ). This simple 

model, however, does not consider the band structure effects in the electrodes and in the 

barrier, relevant for crystalline junctions (see below). 

 

 

Figure 15. Schematics of the electronic band matching during itinerant (3d) electron tunneling across an oxide for (a) parallel 

𝐦𝐅𝐋 and 𝐦𝐑𝐋, resulting in a low resistance state, RP, and (b) antiparallel 𝐦𝐅𝐋 and 𝐦𝐑𝐋 yielding high resistance state, RAP. EF 

is the Fermi level, D(E) the density of states and eV results from the voltage applied across the junction. 

 

The first extensively used oxide was amorphous Al2O3, which was later replaced by 

crystalline MgO. Already in 2004, Yuasa et al.88 had obtained TMR ratios as high as 200% 

at 300 K in FeCo/MgO/FeCo junctions. More recently, in 2008, a record TMR ratio of 604% 

at 300 K was reported in a Ta/Co20Fe60B20/MgO/Co20Fe60B20/Ta stack89. The increased 
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TMR ratio obtained using a crystalline barrier is explained by an additional spin filtering 

based on the symmetry of the Bloch waves describing the electrons. Those waves 

propagate evanescently through the oxide, each symmetry experiencing a different decay 

rate. In the P state, one particular symmetry, Δ1, has the lowest decay rate (figure 16). This 

symmetry is only found for the majority spins, thus providing them with a low resistance 

channel. At the AP state the tunneling occurs mostly through interfacial resonance states, 

and the conductivity is much smaller. As a result, the TMR is very strong. In fact, theoretical 

studies predict that, under certain conditions, a TMR  ratio as high as 1000% could be 

achieved in Fe/MgO(100)/Fe junctions90. 

 

 

Figure 16. Scheme of the tunnelling through (a) an amorphous AlOx barrier (no symmetry filtering) and (b) a crystalline MgO 

(symmetry filtering) - adapted from Ref. 49. (c) Calculation of the Bloch wave amplitude across an epitaxial Fe/MgO/Fe MTJ: 

Δ1 waves experience the lowest decay. Adapted from Ref. 91. 

 

2.7. Magnetization dynamics: microwave absorption 

2.7.1. Landau-Lifshitz versus Landau-Lifshitz-Gilbert equation of motion  

As mentioned in Section 2.1, the angular and magnetic moments are intrinsically connected 

via the gyromagnetic ratio γ. That connection was first demonstrated by the Einstein-de 

Haas experiments, where an iron cylinder suspended by a wire would rotate about its axis 

whenever its magnetization was reversed. The consequence of the 𝐌 = γ𝐋 equivalence is 

that an 𝐌 that is not colinear with 𝐁, will undergo a steady precession around 𝐁, because 

the temporal variation, d𝐌/dt, is perpendicular to both 𝐌 and 𝐁. In real systems the 

precession is damped: after 𝐌 is excited out of its equilibrium orientation it will eventually 

realign with 𝐁 (to minimize the Zeeman energy), when the difference in energy between 𝐌’s 

excited state and U = −MB is dissipated. 

Inside magnetically ordered substances, 𝐌 interacts with a total effective magnetic 

field 𝐁𝐞𝐟𝐟 = μ0𝐇𝐞𝐟𝐟, which encompasses all magnetic interactions (see Sections 2.2. and 

2.5) and is defined as the functional derivative of the total magnetic energy density, Utot: 

 

 μ0𝐇𝐞𝐟𝐟 = −𝛁𝐌Utot (2.24) 
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The direction of 𝐇𝐞𝐟𝐟 sets the instantaneous axis of magnetization precession, i.e. the 

equilibrium orientation of the magnetization. The dynamic processes of 𝐦 = 𝐌/MS around 

𝐇𝐞𝐟𝐟 are then described by classical equations of motion, such as the one proposed by 

Landau and Lifshitz (LL), which, in modern terms, takes the form: 

 

 
d𝐦

dt
= −μ0|γ|𝐦 × 𝐇𝐞𝐟𝐟 − αμ0|γ|(𝐦 × 𝐦 × 𝐇𝐞𝐟𝐟). (2.25) 

 

Another commonly used form is the Landau-Lifshitz-Gilbert (LLG) equation: 

 

 
d𝐦

dt
= −μ0|γ|𝐦 × 𝐇𝐞𝐟𝐟 − α(𝐦 ×

d𝐦

dt
). (2.26) 

 

In both equations, the first term is conservative as it describes an undamped 

counterclockwise precession of 𝐦 around 𝐇𝐞𝐟𝐟 (see figure 17). Unlike the first term, the 

second terms in both equations are phenomenological additions that describe the relaxation 

of the precession, parameterized by the dimensionless damping term, α. The LLG 

formulation treats the damping as a viscous term which is mathematically less convenient 

given d𝐦 dt⁄  appears on both sides of the equation. It can be reformulated to the 

mathematically more convenient form of the LL equation, resulting in: 

 

 
d𝐦

dt
= −

μ0|γ|

1 + α2
𝐦 × 𝐇𝐞𝐟𝐟 −

αμ0|γ|

1 + α2
(𝐦 × 𝐦 × 𝐇𝐞𝐟𝐟). (2.27) 

 

The transformation reveals the physical difference between the LL and LLG formulations: 

LLG predicts a physically meaningful result (d𝐦 dt⁄ → 0) in the limit of infinite damping, α →

∞, unlike LL which predicts d𝐦 dt⁄ → ∞. Nevertheless, the LL and LLG formulations are 

equivalent for α ≪ 1, which is the case for nearly all materials. 

 

Figure 17. (a) Damped counterclockwise precession of 𝐦 around the effective field direction. Blue and green arrows represent 
the vector products contained in the conservative field-torque (−𝐦 × 𝐇𝐞𝐟𝐟), and damping torque (−𝐦 × �̇�). (b) Coordinate 
system adopted for the linearization of the LLG equation. The film plane is contained in the xOz plane; the microwave’s 
magnetic field oscillates in the z-axis; the equilibrium orientation of 𝐦 is defined in xyz frame by polar and azimuthal angles, 

θM and ϕM. During precession, the magnetization �̃� deviates from its equilibrium position by the δθ̃ and δϕ̃ angles. 
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2.7.2. Spin-transfer torque 

Electrical currents may also excite magnetization dynamics via the spin-transfer torque 

(STT) effect, providing an additional contribution to the equation of motion of 𝐦. The effect, 

predicted in 1996 by Slonczewski92 and by Berger93, consists in passing a spin-polarized 

current through a ferromagnetic layer whose 𝐦 is non-collinear with the electrons’ spin (see 

figure 18). In that case, the spin rotates so as to align with 𝐦, i.e., there is a torque applied 

by the magnetization to the spins. Conservation of angular momentum dictates that the 

magnetization also experiences a torque in the opposite direction. The interaction between 

the spins and 𝐦 occurs through the strong exchange between the conduction electrons (4s) 

and those localized (3d) responsible for the local magnetization. For that reason, the 

characteristic length of a spin-polarized current passing through a ferromagnet is small 

(exponentially decaying with distance82), and the STT is essentially an interfacial effect. 

In an MTJ, STT can be used to manipulate the magnetic configuration (either AP or 

P), as long as 𝐦𝐑𝐋 and 𝐦𝐅𝐋 are initially non-collinear. The electrons passing through the 

thick RL will become spin-polarized along 𝐦𝐑𝐋. That polarization is maintained during 

tunneling across the oxide barrier (ballistic transport82). In the FL, 𝐦𝐅𝐋 will experience a 

torque (the Slonczewski torque): 

 

 (
d𝐦𝐅𝐋

dt
)
ST

= γAJ(𝐦𝐅𝐋 × (𝐦𝐅𝐋 × 𝐦𝐑𝐋)), (2.28) 

 

with  

 

 AJ =
ℏP

2eμ0MFLtFL
J. (2.29) 

 

The torque in equation 2.28 lies in the plane defined by 𝐦𝐑𝐋 and 𝐦𝐅𝐋 (see figure 18 (a)), 

either in the same or in the opposite direction to the damping torque (see figure 17 (a)), 

depending on the sign of the injected current density, J. The torque is further proportional to 

the current spin polarization, P, and inversely proportional to the free-layer thickness, tFL. 

Given a sufficiently small tFL (of the order of the characteristic length of spin-polarized 

transport) and a sufficiently high J, the Slonczewski torque will excite a motion of 𝐦𝐅𝐋, either 

from one equilibrium state to another (switching) or to an excited state (sustained 

precession)68. 

In the sketch of figure 18, electrons propagating from the RL to the FL (figure 18 (a)) 

will align 𝐦𝐅𝐋 parallel to 𝐦𝐑𝐋. Inverting the current sign (figure 18 (b)), the electrons will 

propagate in the opposite direction, from the FL to the RL. In that case, electrons with spin 

antiparallel to 𝐦𝐅𝐋, and thus to 𝐦𝐑𝐋, will be backscattered at the interface between the 

barrier and the RL and impinge back on 𝐦𝐅𝐋, contributing with a torque that favors the 

antiparallel alignment of 𝐦𝐅𝐋 and 𝐦𝐑𝐋. The STT thus changes sign as a function of the 

current direction and can favor either P or AP configurations.82 
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Figure 18. Illustration of the spin-transfer torque effect in an MTJ: (a) electron current flows from reference-layer to free-layer 

to write the P state; (b) current flows from free layer to reference layer, with backscattered spins exerting the torque in the 

free-layer for the writing of the AP state. 

 

 The “damping-like” torque (equation 2.29) is accompanied by another STT 

contribution: the “field-like” torque, which is directed perpendicularly to the plane defined by 

𝐦𝐑𝐋 and 𝐦𝐅𝐋: 

 

 (
d𝐦𝐅𝐋

dt
)
OOP

= γBJ(𝐦𝐅𝐋 × 𝐦𝐑𝐋). (2.30) 

 

This “field-like” torque may be neglected in metallic spin valves82 but in MTJs it can amount 

to values similar to the “damping-like” torque and should therefore be considered in 

calculations. The voltage dependence of the “field-like” torque, enclosed in BJ, is still a 

matter of debate94. 

As it will be discussed in Section 4.2.1, switching between the two memory states 

of an MTJ can be achieved using a current, eliminating the need of a magnetic field. That 

is the basis of the STT Magnetic Random-Access Memory (STT-MRAM)95. The 

magnetization dynamics excited by STT may also be translated into electrical signals by the 

TMR effect to create spin-torque microwave oscillators and detectors, spin-wave emitters, 

among other spintronic devices96,97. 
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2.7.3. Linearization of the LLG equation 

The LLG equation can be linearized for small amplitudes of the magnetization precession. 

Such small-angle dynamics are found, for instance, in ferromagnetic resonance (FMR) 

experiments, where the oscillating magnetic field of the microwave radiation, defined as 

𝐡𝐦𝐰 =  hmweiω0t�̂�𝐳 in the referential of figure 17, excites the precession. The resonance 

occurs when the frequency of magnetization precession, ω, matches the frequency of the 

microwave radiation ω0, or vice-versa. 

It is convenient to write the LLG equation in a spherical coordinate system such as the one 

depicted in Figure 17 (b). There, the orientation of the magnetization unit vector (or 

equivalently, the direction of 𝐇𝐞𝐟𝐟) and of the external magnetic field 𝐇 are defined by their 

respective polar, θ, and azimuthal, ϕ, angles as 

 

 𝐦 = cosϕM sin θM �̂�𝐱 + sinϕM sin θM�̂�𝐲 + cosθM �̂�𝐳, (2.31) 

 

and 

 

 𝐇 = H(cosϕH sin θH �̂�𝐱 + sinϕH sin θH�̂�𝐲 + cos θH �̂�𝐳). (2.32) 

 

Since magnetic fields directed along 𝐦 cannot exert a torque (according to the LLG 

equation), the radial component of 𝐦 is constant. It is thus convenient to set a cartesian 

system with z’ axis directed along 𝐦, in which the precession follows a trajectory in the 

plane defined by the spherical unitary vectors, �̂�𝛉 and �̂�𝛟. The dynamical (out of equilibrium) 

magnetization �̃�(t) is then written as 

 

 �̃�(t) = 𝐦 + 𝛅𝐦 = m(1�̂�𝛒 + sin (δθM(t))�̂�𝛉 + sinθM sin (δϕM(t))�̂�𝛟) (2.33) 

 

where δθM(t) = δθMeiωt and δϕM(t) = δϕMeiωt are the angles of �̃�, relative to the 

equilibrium position 𝐦, which oscillate at a frequency ω. The direction of �̃� at all times in 

the original frame of reference is then θM(t)  = θM + δθM(t) and ϕM(t)  = ϕM + δϕM(t). The 

time derivative of �̃�(t) yields the left side of the LLG equation: 

 

 
∂

∂t
�̃�(t) = m(0�̂�𝛒 + iωδθM(t)�̂�𝛉 + (iω)sin θMδϕM(t)�̂�𝛟), (2.34) 

 

where the simplification sin β ≈ β, valid for small amplitudes of precession, was used. 

Substituting equation (2.34) in equation (2.27), the LLG equation is written in matrix form 

as: 
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 iω [
δθM(t)
δϕM(t)

] =
μ0|γ|

1 + α2 [

α 1

−
1

sinθM

α

sinθM

] [
Hθ

Hϕ
], (2.35) 

 

where Hθ and Hϕ are the polar and azimuthal components of the effective magnetic field of 

equation 2.24 defined in the same cartesian system as �̃� as: 

 

 

𝐇𝛉 = −
1

μ0MS

∂U

∂θM
�̂�𝛉; 

𝐇𝛟 = −
1

μ0MS
(

1

sin θM
)

∂U

∂ϕM
�̂�𝛟. 

(2.36) 

 

At equilibrium, δθM = δϕM = 0, and the condition for equilibrium, 
∂U

∂θM
=

∂U

∂ϕM
= 0, dictates 

that Hθ = Hϕ = 0. It is only when there are deviations from equilibrium (δθM, δϕM > 0) that 

the fields of equation 2.36 become non-zero and exert a torque on �̃�. For small-angle 

deviations, it is adequate to expand ∂U/ ∂θM and ∂U/ ∂ϕM in series up to the linear terms: 

 

 

∂U

∂θM
≈

∂2U

∂θM
2 δθM +

∂2U

∂θM ∂ϕM
δϕM; 

∂U

∂ϕM
≈

∂2U

∂ϕM ∂θM
δθM +

∂2U

∂ϕM
2 δϕM. 

(2.37) 

 

Substituting equation (2.37) in equation (2.36) and combining it with (2.35), a linear system 

of equations is reached (linearized LLG), which can be solved for the angles of the 

precession, δθM and δϕM. 

As it will be reiterated in the next chapter, a cavity-based ferromagnetic resonance 

(FMR) experiment consists in measuring the changes in the quality factor, Q, of a resonant 

cavity. Those changes occur when, by sweeping the external magnetic field, the microwave 

power starts being absorbed by the magnetic material placed inside the cavity. The 

absorption occurs when the frequency of precession matches the (fixed) frequency of the 

supplied microwaves (𝐡𝐦𝐰), i.e. when 𝐡𝐦𝐰 forces a precession of 𝐌 = MS𝐦, with amplitude 

𝛅𝐦. It is therefore easy to understand that the changes in Q are proportional to the imaginary 

part of the (frequency and field dependent) dynamic magnetic susceptibility 

 

 χ̃(ω,H) =
MS

hmw

(𝛅𝐦 ∙ 𝐡𝐦𝐰). (2.38) 

 

It can be shown that, for the specific case of a ferromagnetic thin film in the xOz plane (as 

in figure 17 (b)), magnetized along x, with (θM, ϕM) = (θH, ϕH) = (90°, 0°), the dynamic 

magnetization has x and z-components 

 

 [
m̃x

m̃z
] = [

χ̃xx χ̃xz

χ̃zx χ̃zz
] [

0
hmw

]. (2.39) 
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By rewriting the LLG equation (2.35) into the form of equation (2.39), one arrives at the 

expressions for the real and imaginary parts of χ̃zz(ω,H): 

 

 

Re(χ̃zz) =
ωM(ωH + ωeff)(ωres

2 − ω)

(ωres
2 − ω2)2 + α2ω2(2ωH + ωeff)

2
; 

Im(χ̃zz) =
αωωM(ω2 + (ωH + ωeff)

2)

(ωres
2 − ω2)2 + α2ω2(2ωH + ωeff)

2
; 

(2.40) 

 

where the frequencies are defined as 

 

 

ωH = γμ0H; 

ωM = γμ0MS; 

ωeff = −γμ0HK1eff; 

ωres
2 = ωH(ωeff + ωH); 

(2.41) 

 

with 𝐇𝐊𝟏𝐞𝐟𝐟 = (
2K1

μ0MS
− MS) �̂�𝐲 being the effective PMA field describing the competition 

between interfacial PMA and shape anisotropy. 

The imaginary part of the dynamic susceptibility represents the component of 𝐦𝐙 

that is asynchronous to 𝐡, i.e. it represents the transfer of microwave power from the 

microwaves to the magnetization precession. As seen in equation (2.40) and in the plot of 

Figure 19 (a), Im(χzz) has a Lorentzian shape with a peak of absorption occurring at the 

resonance frequency ω = ωres and amplitude proportional to α−1, (≈
1

α

ωM

ωres
). It is at that 

frequency that 𝐦𝐙 and 𝐡 become out of phase by 90º, resulting in the maximum power 

absorption. In cavity-based FMR, the resonance condition occurs for BRES = μ0HRES, that is 

reached through sweeping the field at a fixed microwave frequency. On the other hand, 

Re(χzz) has an antisymmetric Lorentzian shape, and it describes the microwave dispersion, 

which relates the in-phase components of mZ and h. 
 

 

Figure 19. (a) Real (dispersion) and imaginary (absorption) components of the dynamic microwave susceptibility calculated 
analytically (red and blue lines) and numerically (white and black squares). (b) Fit of the numerically calculated absorption 
(top panel) and absorption derivative (bottom panel) curves with Lorentz lineshape. Inset in (a) shows the effect of the Zeeman 
interaction, μ0𝐌 ∙ 𝐡, on the dispersion curve when 𝐁 becomes small. The parameters used in the calculations were  α = 0.01, 
μ0HK1eff = −1 T, MS = 1300 kA ∙ m−1 and f = 9.8 GHz. 
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The analytical treatment of the linearized LLG equation for the determination of χ̃ is 

quite cumbersome for generalized cases, i.e. other than that of a film magnetized along a 

specific in-plane direction, as presented above. It is particularly impractical for supporting 

the angular-dependent experiments that are carried out in cavity-based FMR. For that 

reason, for the purposes of the present work, the numerical approach was preferred. The 

algorithm for those calculations is now summarized: 

 1 – The system is modelled in a macrospin approximation, by writing a magnetic 

energy density expression U that encompasses all relevant magnetic interactions amidst 

those discussed in sections 2.2 and 2.5; 

 2 – For each orientation of the external magnetic field, |𝐇𝐞𝐱𝐭| is swept from high to 

low values mimicking the field saturation ensured in an experiment. At the high |𝐇𝐞𝐱𝐭|, U has 

a global minimum defined by the dominant Zeeman interaction, and 𝐌 is parallel to 𝐇𝐞𝐱𝐭. 

With the decreasing field, the relative weight of the other interactions increases, and the 

corresponding local minima of energy are searched for iteratively, in the vicinity of the 

magnetization equilibrium orientation (θM, ϕM) of the preceding iteration; 

3 – The polar and azimuthal components of the effective field are calculated using 

equation (2.36), linearized around (θM, ϕM), by the expansion in (2.37), as discussed; 

4 – The matrix form of the LLG is solved for (δθM, δϕM). Those are used to calculate 

the amplitude of the precession, δm; 

5 – Finally, χ̃ is calculated by solving equation (2.38). 

 

Figure 19 compares the numerical calculation to the analytical one using equation 

(2.40), indicating a complete agreement in the absorption profile. The disparity found for the 

dispersion is explained by the Zeeman interaction 𝐌 ∙  𝐡, that becomes relevant when the 

static field approaches zero (see inset of figure 19). 

The method is used to simulate FMR spectra, as shown in the example of Figure 19 (b). 

The field derivative of the absorption curve may also be calculated, to emulate the detection 

using field modulation and a lock-in (see Section 3.1). In the simulation and in some 

experiments, the relevant quantities describing the resonance – the integral of the 

absorption curve, I, the resonance field, BRES, and the peak-to-peak linewidth, ∆BPP – are 

extracted from fitting a Lorentzian function to the spectra, such as 

 

 fL(B) = IL (
2

π√3
) (

1

∆BPP
)(1 +

4

3
(
B − BRES

∆BPP
)
2

)

−1

, (2.42) 

 

and its field derivative, 

 

 
dfL(B)

dB
= −IL (

16

π3√3
)(

B − BRES

∆BPP
3 )(1 +

4

3
(
B − BRES

∆BPP
)
2

)

−2

, (2.43) 

 

or a Gaussian profile 

 

 fG(B) = IG√
2

π

1

∆BPP
exp(−2(

B − BRES

∆BPP
)
2

) , (2.44) 
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and the corresponding derivative, 

 

 
dfG(B)

dB
= −IG√

32

π

1

∆BPP
2 (

B − BRES

∆BPP
) exp(−2(

B − BRES

∆BPP
)
2

). (2.45) 

 

The peak-to-peak linewidth relates to the full-width at half maximum (FWHM) as 

 

 √3∆BPP = FWHM, (2.46) 

 

for a Lorentzian and 

 

 √2 ln 2∆BPP = FWHM, (2.47) 

 

for a Gaussian.98 

Under given circumstances, the acquired spectra may encompass a mixing between 

dispersion and absorption and become asymmetric. In those cases, it is useful to define a 

lineshape that is a linear combination of symmetric and antisymmetric Lorentzian profiles: 

 

 fAL(B) =
A

(B − BRES)
2 + ∆B2 (sinψ∆B2 + cosψ∆B(B − BRES)), (2.48) 

 

with A ∝ I of equation (2.42) and ψ being the phase angle between 𝐡 and 𝛅𝐦, determining 

the degree of mixing between the symmetric and the antisymmetric Lorentzian shape.99 

 

2.7.4. Smit-Beljers formalism of FMR 

A formalism directly relating the resonance frequency with the magnetic energy density was 

developed by J. Smit and H.G. Beljers100. It concerns merely the resonance frequency, and 

for that reason only the undamped precession term (field torque) must be accounted for. 

For this purpose, it is reasonable to make α = 0, as the role of the damping in ω is 

vanishingly small for α ≪ 1 (Ref.101). The effect of the microwave field, hmw, is also 

neglected. This leads to the rewriting of the linearized equation of motion (equation 2.35) 

as: 

 

 

[
 
 
 
 

∂2U

∂θM
2

∂2U

∂θM ∂ϕM
− iω

MsinθM

γ

∂2U

∂ϕM ∂θM
+ iω

MsinθM

γ

∂2U

∂ϕM
2 ]

 
 
 
 

[
δθM

δϕM
] = 0. (2.49) 

 

The equality in 2.49 is satisfied when the matrix determinant is equal to zero, which is true 
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for 

 

 ω =
γ

MsinθM

√(
∂2U

∂θM
2

∂2U

∂ϕM
2 − (

∂2U

∂θM ∂ϕM
)

2

). (2.50) 

 

For highly symmetric problems, 
∂2U

∂θM ∂ϕM
= 0 and equation 2.49 can be further 

simplified to the Kittel formula 

 

 ω = μ0γ√HθHϕ. (2.51) 

 

The Smit-Beljers formalism may be easily adapted to coupled multilayer systems. For 

example, for a bilayer, the equations of magnetization dynamics are expressed in matrix 

form as: 

 

 

 

[
 
 
 
 

Uθ1θ1
 Uθ1ϕ1

+ iz1 Uθ1θ2
Uθ1ϕ2

Uϕ1θ1
− iz1 Uϕ1ϕ1

Uϕ1θ2
Uϕ1ϕ2

Uθ2θ1
Uθ2ϕ1

Uθ2θ2
Uθ2ϕ2

+ iz2

Uϕ2θ1
Uϕ2ϕ1

Uϕ2θ2
− iz2 Uϕ2ϕ2 ]

 
 
 
 

[

δθ1

δϕ1

δθ2

δϕ2

] = 0 (2.52) 

 

with 

 

 

zi = ωtiMSi
sinθi γi⁄ , 

Uθiϕj
=

∂2U

∂θi ∂ϕj
, 

(2.53) 

 

where ω is the precession frequency, ti the thickness of layer i, γi is the gyromagnetic ratio 

calculated for each layer, and Uθiϕj
 calculated for the equilibrium values of θi and ϕj 

102–104. 
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2.7.5. Models of microwave absorption 

The use of the Smit-Beljers formalism and the calculation of dynamic susceptibility are now 

exemplified for the case of the trilayer system found in typical MTJs composed of free layer, 

FL, reference layer, RL, and pinned layer, PL, as depicted in Figure 20 (b). The areal energy 

density is defined in the coordinate system of Figure 17 (b) as: 

 

 

U = tFL (−𝐌𝐅𝐋 ∙ 𝐁 −
1

2
MFLBK1eff

FL (�̂�𝐅𝐋 ∙ �̂�)2)

+ tRL (−𝐌𝐑𝐋 ∙ 𝐁 −
1

2
MRLBK1eff

RL (�̂�𝐑𝐋 ∙ �̂�)2)

+ tPL (−𝐌𝐏𝐋 ∙ 𝐁 +
1

2
μ0MPL

2 (�̂�𝐏𝐋 ∙ �̂�)2)

− JEB(�̂�𝐏𝐋 ∙ �̂�) − JIEC(�̂�𝐑𝐋 ∙ �̂�𝐏𝐋) −  JNéel(�̂�𝐅𝐋 ∙ �̂�𝐑𝐋) 

(2.54) 

 

where tFL, tRL and tPL are the thicknesses of the respective layers. The FL and RL are in 

contact with MgO, thus exhibiting an interfacial PMA contribution, which is accounted for in 

the respective effective PMA field, BK1eff = (2ks1 tMS)⁄ − μ0MS. For the PL, only the shape 

anisotropy term is considered. The FL is coupled to the RL through a weak ferromagnetic-

like Néel orange-peel coupling, JNéel > 0. The RL is antiferromagnetically coupled to the PL 

through the Ru spacer, JIEC < 0, and the RL is pinned by an antiferromagnet through 

exchange-bias effect, JEB > 0. Other sources of anisotropy such as magnetocrystalline 

anisotropy are not included in the example. The parameters used for the simulation are 

summarized in Table II. 

 

Table II. Parameters used for the simulation of ferromagnetic resonance spectra of an MTJ. 

 

 

 

Figure 20 (a) shows the simulation results for the case of an external field applied 

along the exchange-bias direction (along the x axis) from 0.8 T down to 0 T. The first panel 

contains the magnetostatic curve, obtained from the projection of 𝐌𝐢 = MSi
𝐦𝐢 onto 𝐁. Two 

configurations are found at the plateaus of the M(B) curve: the saturation of all layers along 

B at high fields (“1”), and the antiparallel state of the MTJ (“2”). Configuration “2” is obtained 

after MRL rotates to its most stable orientation, i.e. antiparallel to MPL, in order to minimize 

the IEC energy. 

The magnitude of |JIEC| further determines how configuration “2” is reached. In the 

example, decreasing the field starting from configuration “1”, the rotation of MRL starts at 

B < μ0HIEC =
2JIEC

tRLMRL
≈ 0.5 T, the point at which minimization of IEC energy, rather than 

minimization of the Zeeman energy, brings about a greater reduction in U. As JIEC > JEB, it 

f0 9.37 GHz  BK1eff
RL  −1.60 T 

MFL 1209 kA ∙ m−1  JNéel 10−4 mJ ∙ m−2 

MRL 1250 kA ∙ m−1  JIEC −0.80 mJ ∙ m−2 

MPL 1232 kA ∙ m−1  JEB 0.45 mJ ∙ m−2 

BK1eff
FL  −1.07 T  αi 0.02 
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is energetically more favourable for MPL to be “dragged” along (in the opposite direction) by 

the rotating MRL. Figure 20 (c) shows how MPL rotates in the sample plane out of the x-axis 

by up to 45º (at a field of 0.25 T) before rotating back to its original position. 

The FMR modes (second panel of Figure 20 (a)) are obtained from solving a matrix 

like the one of equation 2.52, only in this case it is a 6x6 matrix, as there are three layers 

each with two precession angles (δθM, δϕM). The FL, under the effect of a vanishingly small 

Néel coupling, presents the f(B) dependence typical of the Kittel equation (2.51). In contrast, 

the dynamical responses of MRL and MPL are strongly coupled by the IEC, to the extent that 

it is only meaningful to speak about the dynamics of the whole synthetic antiferromagnet, 

SAF, system. The FMR response of the SAF (and of any coupled layers) is described by 

two normal modes: the acoustic mode, AM, of the lower-frequency and in-phase precession 

of the magnetic moments in each layer; and the optical-mode, OM, of the higher-frequency 

and out-of-phase precession. The experimental frequency f0, included in the figure as a 

dashed line, crosses the SAF-AM four times and the FL mode once, at specific field values 

– the resonance fields, BRES. The field derivate of Im(χ̃), included in the third panel of Figure 

20 (a), constitutes a simulated FMR spectrum, with the absorption lines centred in the same 

 BRES values determined through the SB formalism. 

 

 

Figure 20. (a) Simulation of magnetostatic curve (top panel), ferromagnetic resonance modes (middle panel) and first 

derivative of the microwave absorption curve (bottom panel) for an MTJ with parameters of Table II. The MTJ multilayer stack 

is depicted in (b) with the external field 𝐁 applied in plane along the exchange-bias direction (ϕB = 0°, in the coordinate system 

of figure 17 (b)). (c) In-plane rotation (θM) of the magnetization in the RL and PL with decreasing field. 
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Figure 21 (a) shows a simulated out-of-plane angular dependence of the FMR 

spectra for the modelled MTJ, while Figure 21 (b) shows the corresponding BRES(ϕB) and 

∆BPP(ϕB) for the FL absorption line, taken from the SB formalism and from the calculation 

of χ̃. The maximum of BRES occurs when the external field is applied perpendicularly to the 

sample surface, ϕB = 90°. That direction corresponds to a hard direction of the 

magnetization (for an in-plane magnetized film). Conversely, the minimum in BRES occurs 

for ϕB = 0°. The linewidth ∆BPP in the example is of intrinsic nature and defined by the 

Gilbert damping α = 0.02. It takes minima for both in-plane, ∆B∥ (ϕB = 0°), and out-of-plane, 

∆B⊥ (ϕB = 90°), directions and maxima at the inflection points of BRES(ϕB). The shape of 

the linewidth angular dependence, ∆BPP(ϕB), in this case, is caused by the “field-dragging” 

effect105, in which the direction of the effective field, ϕM, lags behind the direction of the 

applied field, ϕB. The models describing that and other contributions to the FMR linewidth 

are presented in the next section. 

 

 

Figure 21. Simulated out-of-plane angular dependences of (a) ferromagnetic resonance spectra of the MTJ of figure 20, with 

parameters of Table II; and (b) resonance field and (c) peak-to-peak linewidth of the FMR line corresponding to the magnetic 

free-layer. Blue dots are simulation results from the linearized LLG and red lines are fits to those results using the Smit-Beljers 

formalism. 
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2.7.6. Models of lineshape broadening 

The energy that excites the magnetization precession (absorbed e.g. from microwave 

radiation, spin polarized currents, laser pulses, etc.) is ultimately transferred to phonons 

(lattice vibrations). The uniform precession (the FMR mode with wave vector k = 0) may 

lose energy to the lattice directly, via spin-orbit coupling or conduction electrons, or indirectly 

via the excitation of spin-waves (modes with k ≠ 0) which then transfer the energy to the 

lattice106, as depicted in Figure 22. The absorption linewidth, in the frequency domain, is 

inversely proportional to the relaxation time of the precession. In real samples, the linewidth 

of the FMR absorption encloses not only information on the intrinsic mechanisms governing 

the relaxation of the magnetization precession but also on the extrinsic contributions 

resulting from inhomogeneities and defects107. This section describes the mathematical 

models that are commonly employed to retrieve information of magnetization dynamics and 

magnetic inhomogeneities from angular-dependent FMR spectra. 

 

 

Figure 22. Non-exhaustive depiction of the energy pathways starting from the excitation of the uniform precession of the 

magnetization to the excitation of phonons. 

 

i) Intrinsic broadening 

By solving the linearized LLG equation without neglecting α101 the SB formalism (equation 

2.50) is corrected by a √1 + α2 factor: 

 

 ω = √1 + α2
γ

MsinθM

√(
∂2U

∂θM
2

∂2U

∂ϕM
2 − (

∂2U

∂θM ∂ϕM
)

2

), (2.55) 
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which includes a negligible contribution to the resonance field if α ≪ 1, as discussed. The 

periodic solutions of ω in this case include a frequency linewidth term, ∆ω, expressed as 

 

 ∆ω =
γα

M
(
∂2U

∂θ2
+

1

sin2 θM

∂2U

∂ϕ2), (2.56) 

 

which may be converted to a field-swept frequency108 using: 

 

 
∆B

∆ω
=

∂B

∂ω
|
BRES

. (2.57) 

 

Combining 2.56, 2.57 and 2.36, the peak-to-peak linewidth due to intrinsic damping is 

 

 ∆BPP
α =

1

√3 
γ (

∂Bres

∂ω
)α(Bθ + Bϕ). (2.58) 

 

Equation 2.58 can then be computed numerically, by calculating ∂ω/ ∂B from the ω(B) 

dependence around BRES (i.e. at ω = ω0), resulting in an angular dependence of the 

linewidth as the one presented in Figure 21 (b). The magnetic dragging effect, whereby the 

linewidth (i.e. the apparent damping) is enhanced when 𝐌 lags behind the external field, is 

enclosed in equation 2.58. Whenever 𝐁 is applied along the magnetization easy axis (or 

perpendicular to it), the dragging effect vanishes, and a linear relation between ∆BPP and ω 

is obtained: 

 

 ∆BPP(ω) = ∆B0 +
2

√3 

α

γ
ω, (2.59) 

 

where ∆B0 is introduced to account for frequency-independent inhomogeneous broadening 

contributions. Expression 2.59 is frequently fitted to the experimental data of frequency-

swept FMR (using e.g. a coplanar waveguide and a vector network analyzer), to extract α 

from the ∆Bpp(ω) slope and ∆B0 from the y-intercept. Indeed, the interpretation of the 

linewidth based solely on the intrinsic damping will invariably result in an overestimate of 

α109, as the FMR linewidth reflects also the effects of the sample inhomogeneities, spanning 

a wide range of characteristic length scales110. Those inhomogeneities entail fluctuations in 

magnitude and orientation of the effective magnetic field and may result from a wide variety 

of microstructural origins such as thickness fluctuations (roughness), presence of 

magnetically dead spots, magnetostriction coupled to non-uniform stresses, 

magnetocrystalline anisotropy in polycrystalline samples, among others109. In angular-

dependent FMR, it is thus required to incorporate the effect of the inhomogeneous 

broadening in the models of ∆BPP(ϕB). 
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ii) Inhomogeneous broadening (local resonance) 

When the inhomogeneities are much stronger than exchange or dipolar interactions, 

neighboring regions of the film with fluctuating 𝐁𝐞𝐟𝐟 are essentially decoupled from each 

other. In that limit, the inhomogeneous broadening is described by the Local Resonance 

Model (LRM)110, in which the magnetic inhomogeneities, such as fluctuations in magnitude 

(δBKi), and direction (δϕB) of the effective magnetic anisotropy fields, occur in portions of 

the film which are weakly coupled, each possessing slightly different resonant fields which 

overlap to produce the broader FMR line of the whole layer. Due to the spread in resonance 

fields, the contribution to the total linewidth can be described as a first-order Taylor 

expansion of the inhomogeneity as 

  

 ∆BPP
inhomo =

1

√3
(|

∂Bres

∂BKi
| δBKi + |

∂Bres

∂ϕB
| δϕB). (2.60) 

 

In this work, the derivatives in 2.60 were approximated numerically as, for example 

 

 |
∂Bres

∂ϕB
| = |

BRES (ϕB −
1
2

δϕB) − BRES (ϕB +
1
2

δϕB)

δϕB
|. (2.61) 

 

Doing so, the functional forms of the linewidth angular dependence could be obtained, as 

exemplified in figure 23. Unlike the intrinsic damping, the inhomogeneous contributions 

have minima at intermediate angles and are, for that reason, easily distinguished from the 

intrinsic contributions (see figure 21 (b)). 

 

 

Figure 23. Models of inhomogeneous broadening caused by spatial fluctuations of magnitude (top panel) and direction (bottom 
panel) of the effective magnetic anisotropy BK1eff. Parameters as in Table II. 



 

47 
 

iii) Inhomogeneous broadening (two-magnon scattering) 

When the exchange and/or dipolar interactions are strong, they couple the local resonances 

into a nearly uniform precession, and the resulting linewidth cannot be described anymore 

by a spread in resonance conditions caused by the inhomogeneities. Instead, the spatial 

gradients of magnetization arising from the coupled inhomogeneities act in the same way 

as conventional defects (e.g. voids, dislocations), in the way that they provide the required 

momentum, through dephasing of the precession, for the excitation of those spin waves 

(k>0) which are degenerate with the uniform precession (k=0), to occur. That transfer of 

energy to spin-waves (SW), known as the two-magnon scattering (TMS), is only possible 

when the projection of the net magnetization onto the sample plane exceeds that onto the 

perpendicular orientation, i.e. when −45° < ϕM < 45°. This characteristic cut-off leads to 

the case of ∆B∥ > ∆B⊥, which is expected whenever the TMS contribution is not obscured 

by the one from the LRM. 

To calculate the TMS broadening, the approach of Ref.111 was followed, starting 

from the dispersion relation of an in-plane exchange-dominated spin wave 112 in the FL of 

the MTJ as: 

 

 

ωk
2(ψk, k) = ω0

2

−
1

2
γ2μ0MSkt(Bθ(cos(2ϕM) + sin2 ϕM sin2 ψk)

− Bϕ sin2 ψk) + γ2Dk2(Bθ + Bϕ), 

(2.62) 

 

where k is the SW propagation vector, ψk is the in-plane angle of SW propagation and 

D =  2Aex MS⁄  is the exchange stiffness with Aex being the exchange constant. For a FeCoB 

film, an Aex = 20 pJ ∙ m−1, as obtained for a Ta/CoFeB/MgO in Ref. 113, was included in the 

simulations. Afterwards, the broadening was calculated in the zero-damping and small-

defect limits109 as 

 

 ∆BPP
TMS ≈

1

√3
(
∂Bres

∂ω
) 〈δωloc

′ (r)2〉∫
ξ2

(1 + (kξ)2)
3
2

 δ(ωk − ω0)dk. (2.63) 

 

In the integral, ξ2(1 + (kξ)2)−3 2⁄  is a correlation function between k and the characteristic 

length of the defect, ξ, and δ(ωk − ω0)dk is the density of states (DOS) available for the 

excitation of SW degenerate with the k=0 mode (i.e. those with ℏωk = ℏω0) calculated for 

each ψk. An example of the wave dispersion of spin waves and respective DOS is shown 

in Figure 24 (a, b), illustrating the TMS cut-off at ϕM = 45° (corresponding to ϕB ≈  80° in 

the example). The scattering amplitude 〈δωloc
′ (r)2〉 is characteristic of the type of 

inhomogeneity. For a spatial variation of the effective PMA, ∆K1eff, the energy density varies 

as ∆U = −K1eff(r⃗) (My MS)⁄ 2
 (Ref.111), and from Ref. 109 one gets 
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〈δωloc
′ (r)2〉 =

γ4

4ω0
2 (Bθ

2 cos2 2ϕM + Bϕ
2 sin4 ϕM

− 2BθBϕ cos(2ϕM) sin2 ϕM) (
2∆K1eff

μ0MS
2 )

2

. 

(2.64) 

 

Substituting 2.64 in 2.63, the contribution of the TMS to the line broadening is calculated. 

The bottom panel of Figure 24 (b) shows the result of such calculation, assuming 

fluctuations of magnitude 𝛿𝐾1𝑒𝑓𝑓 = 6.5 𝑘𝐽 ∙ 𝑚−3 and a period of 15 nm. 

 

 

Figure 24. (a) Calculation of the magnon dispersion for 90 in-plane directions, i.e. 0° < ψK < 90° in 1° steps, for the case of 

an in-plane applied magnetic field (ϕB = 0°) – see inset. Red horizontal line is the frequency of the uniform precession mode. 

(b) Angular dependences of the density of states of excited spin waves (top panel) and the resulting two-magnon scattering 

contribution to the linewidth (bottom panel). Parameters as in Table II. 

 

To conclude, experimental angular dependences of the linewidth can be fitted by combining 

the inhomogeneous contributions of the LRM (equation 2.60) and of the TM models 

(equation 2.63) with the intrinsic broadening (equation 2.58) and thus extract information on 

the damping parameter α and on the parameters of magnetic inhomogeneity. As an 

alternative to the described process, if one is exclusively concerned in extracting α, one can 

omit the TMS model and fit the angular dependence of the linewidth for those ϕB for which 

the DOS of the degenerate SW is zero, i.e. for ϕM > 45°. 
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3. Experimental techniques 

3.1. Ferromagnetic resonance 

Ferromagnetic resonance (FMR) is a well-suited technique for assessing the magnetic 

properties that relate to the small-angle dynamics of the magnetization. Material parameters 

can be obtained from the quantities that describe the microwave absorption lineshape, 

particularly from the resonance field, BRES, and from the peak-to-peak linewidth, ∆BPP. For 

instance, from appropriate fits to the angular dependence of BRES (through linearized LLG 

or Smit-Beljers formalism – Sections 2.7.3 and 2.7.4), the gyromagnetic ratio and the 

anisotropy constants that enter the description of the magnetic energy of the system under 

study (and that define the effective field direction about which the magnetization precession 

occurs) can be extracted. From the angular dependence of ∆BPP, the damping parameter, 

α, can be determined, alongside the parameters of magnetic inhomogeneities that allow (to 

some degree) to infer about structural properties of the materials (Section 2.7.6). Coupling 

constants can also be determined, provided the acoustic and optical modes of the 

magnetically coupled multilayers are experimentally accessible. 

The way of coupling the oscillating magnetic field to the material’s magnetic 

moments, to excite the precession, defines the type of FMR technique. This Section is 

concerned with the cavity-based FMR, which was used throughout the research works. The 

FMR results were obtained in the Physics Department of the University of Aveiro, Portugal, 

using a commercial electron paramagnetic resonance (EPR) spectrometer, Bruker EleXsys 

E-500. The microwave frequency was kept constant while an external magnetic field, 

created by the poles of an electromagnet, was swept. A block diagram of the spectrometer 

is found in figure 25. 

Both microwave source and detector are contained in the microwave bridge. A Gunn 

diode was used as a source whose oscillations lie in the X-band of microwave frequencies 

(about 10 GHz)98. The frequency of the microwave is stabilized by an auxiliary voltage-

controlled oscillator (VCO). After the source, an attenuator is used for the precise control of 

the microwave intensity114. 

The circulator then sends the radiation from the source to the cavity and ensures the 

reflected microwave signal goes to the detector and not back to the source. The detector is 

a Schottky barrier diode that translates the microwave power into electrical current. It was 

operated at 200 mA to ensure a linear current-voltage characteristic. Such a condition is 

ensured via the microwave reference arm that provides the bias microwave power to the 

detector. The phase controller ensures the constructive interference between the 

microwaves in the reference arm and the microwaves reflected from the cavity. 
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Figure 25. Block diagram of the EPR spectrometer used in the FMR measurements. 

 

The resonant cavity is a metallic box whose dimensions correspond to an integer of 

half-wavelengths of the microwaves. That is the condition for the formation of a stationary 

mode inside the cavity. Each type of cavity can contain different modes, or in other words 

different configurations of the stationary electromagnetic wave. In this work, a cylindrical 

TE011 and a rectangular TE102 cavities were used, where TE stands for transverse electric. 

The TE modes have no longitudinal component of the electric field, i.e. Ez = 0. A scheme 

of the TE102 mode is found in figure 26. In resonance conditions, the maxima of magnetic 

and electric field are in spatial quadrature in such a way that the Pointing vector 

𝐏 =  1 2⁄ ∙  𝐄 × 𝐇 is zero, meaning there is no flux of energy, but only its storage and 

dissipation. The sample to be studied is inserted in a point in the cavity where the amplitude 

of 𝐇 is maximal, and 𝐄 is zero. If the electric field in the sample surroundings is not zero, 

some non-resonant absorption will occur which degrades the quality factor Q of the cavity, 

leading to a loss of sensitivity. The resonant cavity is an analogue of an RLC resonant circuit 

for the microwaves, characterized by a capacitance and an inductance (which determine 

the resonant frequency) and by a resistance which models the Joule dissipation in the 

metallic walls. The contact between the waveguide and the cavity occurs via an iris hole, 

whose size is controlled mechanically via the iris screw. Controlling the position of the gold-

plated screw, the amount of reflection and transmission is controlled, to obtain an 

impedance matching. 
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Figure 26. Schematization of the TE102 mode in a rectangular cavity, with an opening for sample insertion and one for 
impedance matching with waveguide (iris and iris screw). Dashed and full lines indicate the distribution of the magnetic and 
electric field lines, respectively. Adapted from Ref.98. 

 

At the resonant frequency, a maximum in the power from the source is transferred 

to the cavity. When that occurs, the coupling between the waveguide and the cavity is said 

to be critical. The quality factor of the empty cavity, Qu, reflects the quantity of energy that 

can be stored, relative to the dissipated one as Joule heating during a period of field 

oscillation 

 

 Qu =
2π ∗ Estored

Edissipated
. (3.1) 

 

From (3.1.) it follows that the Qu decreases with an increase in the dissipated energy. In 

addition, one must consider the losses of energy through the iris, as well as dielectric losses. 

One origin of the dielectric losses is, for example, the presence of water inside the cavity. 

The total quality factor of the cavity QT is then a result of the sum of Qu with Qε for dielectric 

losses and Qr for the coupling losses: 

 

 
1

QT
=

1

Qu
+

1

Qε
+

1

Qr
. (3.2) 

 

Experimentally, the quality factor of the cavity may be estimated by the ratio between the 

frequency of the resonance peak and the width at half maximum, Q = (ωres/∆ωres). 

The electromagnet poles create a uniform magnetic DC field in the cavity region. 

Helmholtz coils incorporated in the cavity walls create a modulation magnetic field varied at 

100 kHz. This modulation permits the use of a narrow-band amplifier and a Lock-in detector, 

which enhances the signal-to-noise ratio by orders of magnitude. An additional advantage 

of the field modulation is that the recorded signal is not the microwave absorption, Im(χ(B)), 

but rather its first derivative in regard to the magnetic field, permitting a higher resolution, 

as small slope variations of the absorption signal are easier to detect. 

The spectrometer may be operated in two distinct modes: in one of them, the 

resonance produces a shift in frequency (dispersion mode) while in the other the change of 
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quality factor is measured (absorption mode). In the latter, used in this work, a sample is 

placed inside the cavity whose resonance frequency is tuned to the frequency of the 

microwave source and whose impedance is matched to that of the waveguide. In those 

conditions there is no reflection of microwaves from the cavity to the detector. However, 

when the resonance criteria of the material are met, it absorbs microwaves, the equivalent 

resistance of the cavity increases, and the critical coupling is lost. Hence, the microwaves 

are reflected back to the microwave bridge, were they are detected to form a spectrum. In 

other words, a FMR spectrum is the change in magnetic susceptibility of the sample to the 

microwave magnetic field, χ′′. The change in quality factor is proportional to the 

susceptibility, 

 

 ΔQ = Im(χ)ηQu
2  (3.3) 

 

where η is the filling factor, which measures the fraction of microwave energy that interacts 

with the sample. The sensitivity of the spectrometer is defined by the product between η 

and the quality factor. That means that the size and shape of the sample are important for 

obtaining good spectra, if the samples are lossy: increasing the sample size, a higher filling 

factor is attained but, in simultaneous, Q is reduced due to the increase in losses. The 

sensitivity is thus a compromise between those factors.  
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3.2. Current-in-plane tunnelling  

The resistance of the MgO barrier and the tunnel magnetoresistance (TMR) of a magnetic 

tunnel junction can be rapidly characterized on a thin-film level using the 4-point probe 

current-in-plane tunneling (CIPT) technique. Besides allowing a rapid quality control during 

magnetic random-access memory (MRAM) fabrication82, the CIPT technique provides a 

versatile alternative to current-perpendicular-to-plane measurements of the TMR, which 

demand lithography steps for the lateral patterning of the MTJ. 

The technique consists in establishing electrical contact with the surface of a blanket 

film using a microfabricated probe, in a typical 4-point probe configuration (Figure 27 (a)), 

with the electrical current driven through the outer electrodes and the voltage measured 

across the inner electrodes with an electrometer. The electrode spacing in CIPT is, 

however, orders of magnitude smaller than conventional 4-point probe, each probe head 

having a set of electrodes spaced apart from each other at well-defined distances (5 to 

30 μm) as shown in the scanning electron microscope image of Figure 27 (b). A 7-nm top 

conductive layer of Ru is usually included in the MTJ stack for the CIPT measurements. 

This material is chosen due its mechanical hardness, serving to protect the surface from 

mechanical defects, like scratches, and to avoid penetration of the contacts into the sample. 

The low and high resistance values (Rlow and Rhigh), corresponding to parallel and 

antiparallel alignment of the magnetization in the FL and RL, are measured for each probe 

spacing and then fitted with the CIPT mathematical model developed by D.C. Worledge and 

P.L. Trouilloud115, whose simplified version is reproduced here. The current-in-plane 

magnetoresistance, MRcip, is determined as 

 

 MRcip = 100
Rhigh − Rlow

Rlow
, (3.4) 

 

while RA (resistance-area product), Rtop (sheet resistance of the FL) and Rbot (sheet 

resistance of RL) are parameters extracted from the fit of R(x) with equation 3.5 below. 

Varying the probe spacing x, different depths of the multilayer stack are probed by the 

electric current, as depicted in the toy model of Figure 27 (a, c). In this simplified model, the 

contacts have a length L and a width W. The blanket wafer is modelled as four resistors, 

two of which along the top (xRtop L⁄ ) and bottom (xRbot L⁄ ) ferromagnetic electrodes and 

two along the depth of the tunnel barrier (2RA xL⁄ ). It is immediate to see that if the contacts 

are placed too close together (small x), the tunnel barrier resistance becomes too large and 

all the current flows through the top layer (MRcip is therefore 0 – see (i) in Figure 27 (c)). 

For the opposite case of large x, the tunnel barrier resistance becomes very small ((iii) in 

Figure 27 (c)), and the measured sheet resistance is the parallel of Rtop and Rbot. At an 

intermediate x, some current flows through the barrier, and the resistance is modelled as 

 

 R(x) =
x

L

(RtopRbot)

Rtop + Rbot
(1 + 4

Rtop

Rbot

1

4 + x2 λ2⁄
), (3.5) 
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with λ = √
RA

Rtop+Rbot
 , and a sizeable MR is measured ((ii) in Figure 27 (c)). 

 

 

Figure 27. (a) Toy model of the 4-point probe for the current-in-plane tunneling measurement of the TMR. Blue layers are 

ferromagnets (free layer and reference layer) and grey represents the MgO barrier; (b) SEM image of four electrodes in one 

probe head by CAPRES A/S – Image from Ref.116; (c) Sketch of the dependence of magnetoresistance on the electrode 

spacing x. Description of the three regions (i, ii and iii) is given in the text. 

 

The CIPT measurements presented in this thesis were conducted at CROCUS 

Technology, Grenoble, by J. Mondaud on a micro 4-point prober by CAPRES A/S116. The 

TMR was determined following a protocol like the one described (using the exact solution 

instead of the toy model - see Ref.115). Resistance loops as a function of field, R(H), were 

also obtained, but for fixed spacing of the probes. For that reason, R(H) loops that will bne 

presented reflect the magnetic configuration of the stack but do not reflect the magnitude of 

the TMR. 
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4. Developments of spintronics: an overview 

4.1. The need for non-volatile random-access memory 

The market demand for on-chip memories has been increasing with - but also relative to - 

the increasing number of transistors82. The increase is partly explained by an ever-

increasing demand for data storage, which is anticipated to be sustained by the advent of 

machine learning and the Internet of Things117,118. On top of that, there are increasing gaps 

in performance (speed, density and cost – see figure 28), presented by the three 

established memory technologies: the volatile static and dynamic random-access 

memories, SRAM and DRAM, which are, respectively, the cache and main memory of 

computers, and the non-volatile flash memory that makes up the solid-state drives (SSD) 

that are taking the place of the hard-disk drives (HDD) for the long term data storage. 

SRAM provides high read and write speed and requires little power, but is costly 

and impractical for large memory storage, as each bit is composed of many (usually 6) 

transistors. DRAM reaches high memory density thanks to its simpler design: the bit is 

stored in one capacitor, accessed through one transistor. However, it is slower than SRAM 

and it requires a refresh circuit to periodically restore the bit (the capacitor charge). Both 

SRAM and DRAM are volatile, essentially support unlimited write cycles, and operate 

typically in the 1-50 ns range. Flash memory stores each bit as a charge in a floating-gate 

transistor. It is non-volatile and highly dense but substantially slower (100 to 300 μs), and it 

offers a limited number of write cycles (105).119 

Producing a “universal” non-volatile memory, NVM, that combines the best attributes 

of SRAM (speed), DRAM (density) and Flash (non-volatility) is therefore appealing, so as 

to fill the performance gaps or even replace current technologies and thus reach normally-

off/instant-on computing. The integration of such a universal NVM would avoid the need for 

data transfer between the multiple classes of memories, thereby reducing power 

consumption, improving reliability and operating speed, while simultaneously reducing the 

overall fabrication cost119. 

 

 

Figure 28. Hierarchy of the current computer memory technologies. The speed increases and the density decreases from the 
bottom to the top. Speed gaps exist btween SRAM and DRAM and between the latter and SSD. Those are potential markets 
for embedded and standalone magnetic random access memory.  
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One of the most promising emerging NVM technology is the magnetic random-

access memory (MRAM), whose basic unit is a magnetic tunnel junction (MTJ), as the one 

introduced in section 2.5. The written state is read using a selection transistor that supplies 

a bias voltage (smaller than 0.2 V) to the MTJ to read its resistance, which is dependent on 

the magnetic configuration (either parallel, P, or antiparallel, AP) via the tunnel 

magnetoresistance (TMR) effect (Section 2.6). There are different methods of writing in 

MRAM, one of the most promising being via spin-transfer-torque effect (STT - Section 

2.7.2). The current STT-MRAM technology is compatible with complementary metal-oxide-

semiconductor (CMOS) fabrication, possesses fast operation (1 to 30 ns), large endurance 

(>1015 cycles), high retention time (10 years), as well as hardness against ionizing radiation, 

making it suitable also for application in extreme environments (e.g. space, nuclear 

reactors). Semiconductor industries (e.g. Intel120, Samsung121–123, Everspin124, 

GlobalFoundries125, TSMC126) have been developing STT-MRAM as replacement of 

embedded Flash and SRAM127. Replacement of DRAM by STT-MRAM is still facing 

challenges regarding the density, due to difficulties in etching at small pitches (sub-20 nm) 

while keeping a small device-to-device variability, due to the many defects affecting MgO 

barrier and thus the TMR.127 
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4.2. Magnetic random-access memory 

4.2.1. Writing: field vs spin-transfer torque 

As mentioned, each memory cell in MRAM is an MTJ, consisting basically of two 

ferromagnetic layers, one working as a reference (Reference Layer, RL) and the other as 

the storage layer (Free Layer, FL), separated by a thin MgO tunnel barrier. The orientation 

of the magnetization on the FL can be made parallel or antiparallel to that of the RL, yielding 

different resistance states via the tunnel magnetoresistance (TMR) effect. The types of 

MRAM can be categorized by the different methods of writing the data, i.e. of manipulating 

the FL’s magnetization direction, as well as by the direction of the magnetization ground 

state of the FL, as schematized in Figure 29 (a – c). 

 

 

Figure 29. (a-c) Concepts of magnetic random-access memory cells, composed of an MTJ and a transistor. (a) Field writing 
by passing a current through word and bit lines; (b-c) STT writing with a current going through an in-plane magnetized (b) or 
out-of-plane magnetized (c) junction; (d) Dependence of the writing current on the junction size for field writing (green) and 
STT writing (black dots) - data reproduced from Ref.128. 

 

In first generation MRAMs, the change in orientation of 𝐦𝐅𝐋 was carried out by a 

magnetic field generated by the electrical current passing through two metallic lines (word 

and bit lines) arranged orthogonally (Stoner-Wohlfarth and Toggle MRAM – Figure 29 (a)). 

The scalability of these first generation MRAMs is however limited: as the size of each 

memory element decreases, the field required to switch between states greatly increases, 

demanding higher electrical currents and thus higher power consumption (Figure 29 (d)). 

When the cell size is decreased below 100 nm, the current passing through the word and 

bit lines approaches the electromigration threshold (e.g. 100 MA/cm2) constituting a 
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bottleneck to further miniaturization82. Another disadvantage of the field-writing technology 

is the “half-selection” of bits: an element located either beneath the active word- or bit-line 

has a non-zero probability of being wrongly switched49. 

The limitations typical of field-writing were overcome by using instead a spin-

polarized current to switch the magnetization ground state, taking advantage of the STT 

effect (section 2.7.2). In STT-writing, the field-creating lines are not required, resulting in a 

simplified and compact design (figure 29 (b, c)). As the current transverses the desired cell, 

bit selectivity is not problematic. Furthermore, the STT writing current scales down with the 

junction size (diameter of circular pillars)96 as can be seen in Figure 29 (d). 

A substantial part of the research and development of STT-MRAM is focused on 

reducing the electrical current and the time required for switching, as well as on narrowing 

the voltage distributions for reading (centered at ≈ 0.15 V) and writing (centered at ≈ 0.5 V). 

The goal is to simultaneously increase the overall operation speed while further reducing 

the energy consumption and protecting the MgO barrier against dielectric breakdown 

(≈  1.25 V).82 Other strategies for writing are being actively employed/researched127, such 

as the thermal-assisted writing (TA-STT-MRAM), the voltage control of magnetic anisotropy 

(VCMA), as well as three-terminal memory concepts such as race-track memories, based 

on domain-wall or skyrmion propagation, or memories based on spin-orbit-torque effect 

(SOT-MRAM129,130), where the voltage is applied laterally to a heavy-metal layer (e.g. Pt, Ta 

or W) rather than to the MTJ stack. In the latter, a spin current, perpendicular to the electrical 

current, originated by spin-Hall effect, goes across the MTJ and applies the torque for the 

switching131. 

 

4.2.2. In-plane vs perpendicular MTJ 

The key parameters for MRAM technology are the resistance-area product (RA), 

determined by the tunnel barrier; the tunneling magnetoresistance ratio (TMR); the thermal 

stability of the stored state; and the switching current that is necessary for the recording. 

Simultaneous achievement of high thermal stability and low switching current density at 

small technology nodes is one of the key challenges for STT-MRAM development. 

The thermal stability gauges the memory retention capability, i.e. the resilience of the 

recorded magnetic state against the thermal fluctuations. Those fluctuations may switch the 

magnetization of the FL and corrupt the recorded data. The characteristic switching time τ 

for the energy barrier to be overcome due to thermal energy kBT is described by an 

Arrhenius law: 

 

 τ = τ0 exp (
∆E

kBT
), (4.1) 

 

where τ0 is an attempt time (typically 1 ns) and ∆E is the energy barrier separating the two 

stable states (P and AP). The probability of a switching event to occur in the standby mode 

of an N-bit memory after a time t is the failure rate 
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 F(t) = 1 − exp (−N
τ

τ0
exp (−

∆E

kBT
)). (4.2) 

 

The thermal stability factor ∆ is then defined as 

 

 ∆=
∆E

kBT
. (4.3) 

 

For the integration of STT-MRAM into the CMOS processes, the MTJ must sustain 

the typical temperatures of BEOL processes (Back-End-Of-Line - 400ºC) as well as solder 

reflow during IC encapsulation (260 ºC), retaining a sufficiently high ∆ afterwards that 

ensures at least 10 years of memory retention at the highest desired operating temperature 

(e.g. 70 ºC for commercial and 150 ºC for automotive applications). For example, for a 10 

year data retention of a 1 Gb STT-MRAM operating at 80 ºC, ∆≥ 86 (Ref.132). It is also worth 

mentioning that ∆ is decreased during read operations (due to a non-zero STT effect). ∆ is 

also negatively impacted by stray fields (see Section 2.5.) acting on the FL, as they lower 

the energy barrier.82 

Improvement of ∆ entails the control of magnetic anisotropy, as it is the magnetic 

energy density that defines the energy barrier that is relevant for the retention of the 

memory. For that reason, ∆ of in-plane magnetized MTJs (iMTJs) differs from ∆ of 

perpendicularly magnetized ones (pMTJs). In iMTJs, the magnetization ground state is 

defined by the elliptical prism shape of the cell (see figure 29 (b)), with the magnetization 

easy axis lying along the long axis while the hard axis points towards the short axis. In this 

case, the energy barrier is defined by the difference in the demagnetizing tensor coefficients 

for those two orientations (Nx and Ny) as: 

 

 ∆E =
1

2
μ0(Ny − Nx)MS

2V, (4.4) 

 

with V being the volume of the cell. Expanding Nx and Ny leads to an approximate ∆ of 

 

 ∆≈
1

2
μ0

(AR − 1)MS
2tFL

2 w

kBT
, (4.5) 

 

with tFL being the thickness of the cell, w its width (short-axis length) and AR the aspect 

ratio between long axis and short axis of the cell. For smaller technological nodes, decrease 

in w must be compensated by an increase in AR to satisfy the ∆ requirements. However, 

increase in AR is limited because, eventually, it becomes energetically favorable for the cell 

to hold a domain wall, and the switching is no longer coherent. These considerations limit 

the miniaturization of iMTJs to about 60 nm × 150 nm, for a ∆= 70 (Ref.82). 

Another issue of iMTJs is the required STT-current for writing. As the torque points 

out of the plane of the cell, the magnetization must precess out of plane during a switching 
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event, which in turn increases significantly the contribution of the demagnetizing energy, 

μ0MS/2, which leads to an increase in the critical current density for switching: 

 

 Jc0 =
1

η
(
2αe

ℏ
)μ0MSt (HK +

1

2
MS), (4.6) 

 

where η is the STT-efficiency, α the magnetization damping and HK the in-plane uniaxial 

anisotropy, usually much smaller than the demagnetizing energy term. The expression is 

valid in a macrospin approximation, at 0 K, and assuming a collinear geometry of the 

magnetization in the plane of the layers95. Equations 4.4 and 4.6 thus demonstrate that 

iMTJs possess distinct energy barriers for storing and writing: the barrier for STT switching 

is mainly related to the demagnetizing energy, whereas the barrier for thermal stability is 

determined by the in-plane shape anisotropy. The first barrier is much larger than the 

second one, which means that in-plane-magnetized configuration is not efficient in terms of 

the compromise between thermal stability and writability.82 

Making the ground state of the magnetization perpendicular to the layers (pMTJ – 

see figure 29 (c)), the demagnetizing factor contribution to Jc0 is effectively reduced by the 

perpendicular anisotropy contribution, leading to lower switching currents. The pMTJs also 

allow increasing device density as the bits can be made circular49, which facilitates 

manufacturability at smaller technology nodes. The pillars can also be kept closer together, 

as the dipole interactions between neighboring cells are reduced in comparison to iMTJs. 

For pMTJs, the same energy barrier applies to storing and writing. That means that 

the classical dilemma of memories, between retention and writability, is observed also in 

pMTJs, as revealed by the direct proportionality between Ic0 and ∆: 

 

 Ic0 =
4e

ℏ
α

kBT

 η
∆. (4.7) 

 

Due to that proportionality, Ic0 increases at lower temperatures due to increase in ∆, 

highlight the importance of having a sufficiently small Ic0 to start with (low-damping 

materials) and motivating material engineering to keep a small variation of ∆ with T (i.e. 

Keff(T)).62 It is usually useful to define, for pMTJs, the switching efficiency ∆/Ic0, where the 

thermal stability factor is 

 

 ∆=
K1effV

kBT
, (4.8) 

 

with K1eff = K⊥ −
1

4
μ0(3NZ − 1)MS

2 being the effective anisotropy field for a circular cell, 

resulting from the competing PMA, K⊥, and demagnetizing energies. V is either the volume 

of nucleation, if the device diameter, 𝒟, is larger than a critical nucleation diameter, 𝒟n, 

related to the domain wall width, δw, or the volume of the nanopillar if 𝒟 < 𝒟n (figure 30 

(a)). Although ∆ decreases with decreasing 𝒟, Ic0 decreases at a faster rate, and thus the 

STT-switching efficiency increases with the reduction of 𝒟 (figure 30 (b)).133 
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Figure 30. Dependence of (a) thermal stability factor and (b) switching efficiency on the diameter of the MTJ pillar. Blue region 
(𝒟 < 𝒟n) represents those junction diameters for which the volume in equation 4.8 is the volume of the MTJ pillar. Results 
reproduced from Ref.133 for the case of a MgO/FeCoB/Ta/FeCoB/MgO free layer. 

 

The different origins of the PMA were already discussed in Section 2.4. In short, a 

volume PMA of magnetocrystalline nature can be found in several alloys of RETM, such as 

NdCo5, TbFeCo and GdFeCo24,25, as well as in tetragonal L10-ordered (Co, Fe)-Pt alloys26. 

While those alloys can be used to reach high ∆, they also exhibit prohibitively high 𝛼, 

compromising the writability (see equation 4.7). Behind the strong volume PMA and strong 

magnetization damping is the strong spin-orbit coupling found in those alloys. For the same 

reasons, Pt/Co multilayers are also generally not suitable as FL. As an alternative, 

CoFeB/MgO interfaces combine a relatively strong PMA with a low damping and are already 

an integral part of MTJ design. As pointed originally by Ikeda et al.26, low Ic0, high TMR, and 

sufficiently high ∆, required for high performance STT-MRAM, can be simultaneously 

accomplished with the CoFeB/MgO system.  The interfacial PMA has indeed become the 

standard of STT-MRAM, with the main disadvantage of it being the fact that the 

perpendicular ground-state is only possible for very thin CoFeB layer (usually below 1.5 

nm), and so the FL thickness cannot be easily adjusted to compensate the decrease in 

volume when decreasing the pillar diameter at the smaller nodes. 
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4.2.3. Double-MgO magnetic free layer 

To increase the free-layer thickness at a given device diameter 

and thus improve the data retention, while keeping a strong 

PMA, two FeCoB/MgO interfaces may be used (double-MgO, 

see Figure 31) instead of a single interface (single-MgO)37. 

Besides improving the data retention, the double-MgO storage 

layer also exhibits a reduced Gilbert damping, α, as compared 

to thinner ones sandwiched between a single MgO barrier and a 

heavy-metal layer such as Ta or W. In the latter structures, a 

damping enhancement is often observed resulting from the spin-

pumping effect. The suppression of spin pumping in the double-

MgO free layers can result in a more than twofold decrease of 

the damping (and therefore of the critical current for switching, 

Ic0) accompanied by an almost doubling of PMA (and 

consequently, of the thermal stability factor). The result is an 

overall improved switching efficiency, ∆/Ic0, which further 

increases as the pMTJ dimensions are reduced132,133. 

  For the absorption of boron out of the FeCoB layers upon the post-deposition 

annealing step (required to recrystallize the MgO barrier and the FeCoB electrodes), a thin 

metal spacer (Ta43,56,58–64,133–135, W31,61,62,64–66,136,137, Mo62,67, Ru137, FeNiSiB138, 

Mg(sacrificial)/Ta63) is usually introduced in the middle of the FeCoB storage layer. 

  Besides serving as an improved free layer (FL) by itself, the double-MgO 

arrangement is a building block for the implementation of the dual-reference MTJ (DMTJ), 

shown in figure 31, where two reference layers (RL) are used in a RL/MgO/FL/MgO/RL 

arrangement (essentially two MTJs connected in series). These DMTJs show a larger 

output voltage due to a slower decay of the TMR with increasing bias voltage139–141 as well 

as a reduced current for STT-switching, resulting from the extra RL providing additional 

STT. Additionally, the stray field from the two reference layers acting on the FL is nearly 

canceled out due to the antiparallel alignment of their magnetizations82. 

  Regarding applications, the double-MgO free layer architecture has been employed 

in chains of interconnected MTJs acting as non-volatile programmable resistors for use as 

synaptic weights in neural networks142 as well as remnant spin injectors onto GaAs-based 

light emitting diodes143. It is also worth mentioning the potential role of the double-MgO 

architecture in keeping the structural integrity of the patterned structures by preventing lift-

off of the layers: acting as a mechanical buffer, MgO should accommodate the compressive 

strain from the top electrodes, avoiding strong magnetostrictive effects on the FeCoB layer, 

as suggested by recent atomistic simulations144. 

  

Figure 31. Stack design of a dual 
MTJ, comprising a double-MgO 
free-layer (FL) and two reference 
layers (RL). 
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4.2.4. Easy-cone magnetic state 

One issue inherent to pMTJ stacks with colinear 𝐦𝐅𝐋 and 𝐦𝐑𝐋, such as the one of figure 

31, is the stochasticity of the STT switching. A misalignment between 𝐦𝐅𝐋 and 𝐦𝐑𝐋 is 

required for a transfer of angular momentum by a spin-polarized current to occur (section 

2.7.2). Such a misalignment is introduced by thermal fluctuations, but those cause a broad 

distribution of the switching times due to their random nature. As shown by analytical145, 

macrospin146, and experimental time-resolved147 studies, setting the free layer in a magnetic 

easy-cone state, with the cone angle providing an intrinsic misalignment, would greatly 

improve the switching characteristics of the pMTJ. 

 As pointed out in section 2.2., the easy cone is described by including a second-

order term, K2, in the PMA energy density of a thin film, in addition to the effective first-order 

term, K1eff, i.e., UPMA = –  K1eff cos2 θ –K2 cos4 θ, with θ being the angle between the 

magnetization and the normal to the film plane. An easy-cone equilibrium state emerges 

when K1eff > 0, K2 < 0 and K1eff + 2K2 < 0. Beside certain alloys (e.g., NdCo5 (Ref.148) and 

Mn2RhSn (Ref.10)), multilayers containing the FeCoB/MgO interface can also exhibit easy-

cone anisotropy, when the FeCoB thickness is properly adjusted to be close to the 

reorientation from out-of-plane to in-plane anisotropy. Several experiments on multilayers 

containing the FeCoB/MgO interface have shown the presence of the second-order 

PMA33,45,46,48,68–71, which is believed to arise from spatial fluctuations of magnetic 

parameters such as the K1eff.
30,75 

In Ref.146, the authors showed that measured and simulated V-H stability phase 

diagrams of pMTJs in a non-collinear geometry (i.e. 𝐇 applied out of the pMTJ axis) were 

only correlated to each other when accounting for the presence of a K2 < 0. Such a 

correlation was observed even when the K1eff + 2K2 < 0 condition for the onset of an easy 

cone was not met. A comprehensive analysis of the role of K2 on relevant pMTJ parameters 

was also carried in that study. Their main simulation results, on the impact of |K2| on ∆ and 

on the writing voltage, Vsw, are now briefly described. 

With increasing |K2|, the switching voltage decreases, and its distribution becomes 

narrower due to a reduced stochasticity of the STT (Figure 32 (a)). When the easy-cone 

configuration is present, the cone angle provides the initial misalignment required to initiate 

STT. Even if the easy cone is not present, a sizeable |K2| flattens the energy potential 

minimum around the perpendicular orientation, meaning that weaker thermal fluctuations 

produce a larger angle of misalignment to incubate the STT, thus contributing to reducing 

the switching time. Figure 32 (b) shows how VSW becomes independent of temperature for 

the easy-cone regime, due to the presence of an intrinsic tilt. 

There is, however, an undesirable effect of increasing |K2| which is the reduction of 

the energy barrier146,149 and thus of ∆ (Figure 32 (c)). In this case, the energy barrier is no 

longer determined by EB = K1effV but by: 

 

 
EB

V
= {

K1eff
2

4|K2|
,                  K1eff + 2K2 < 0

K1eff + |K2|,        K1eff + 2K2 > 0

. (4.9) 
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Still, as the energy consumption of the memory, EWR, is reduced at a faster rate (due to 

lower current and shorter pulse time required for switching), the ratio EB/EWR increases with 

|K2|, especially for the short pulse durations (bottom panel of Figure 32 (c)). 

 

 

Figure 32. Simulations from Ref. 146: (a) reduction of the central value and dispersion of switching voltages with increasing 

|K2|; (b) switching voltage versus |K2| for 300 K and 30 K; (c) Decrease in ∆ (left axis) and in writing energy, Ewr, (right axis), 

with increasing |K2| (top panel) and improved EB/Ewr with |K2| for different writing pulses (bottom panel), for T = 300 K. 

 

The easy-cone anisotropy can thus be useful for STT-MRAM, providing a faster, 

non-stochastic, and lower-energy switching, as long as ∆ can be kept sufficiently large for 

the desired operation. Other spintronic applications may benefit from K2 as well, as is the 

case of magnetic sensors145,150 and spin-torque oscillators (STO)151. In fact, simulations 

show that the presence of K2 allows high-frequency zero-bias field out-of-plane precession 

in STOs94. Although the amplitude (i.e. power output) of such a precession is lower than 

that of the non-zero-bias field in-plane precession94, it is expected that K2 improves the 

stochastic phase synchronization of STO arrays152. That synchronization allows improving 

the spectral purity and the power required for practical applications of STOs. 
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5. Tailoring magnetism by ion irradiation 

The interest in the mechanisms by which particles are slowed down when traversing matter 

started around 1900, when Marie Curie studied energetic particles, emitted from radioactive 

sources, passing through thin metal foils. The ensuing experiments of particles passing 

through metals eventually contributed to the development of Bohr’s model of the atom. 

Developments of quantum theory and of nuclear physics spurred the continued research 

on the physics of particle irradiation of materials up to nowadays. Other uses of particle 

irradiation, including ion implantation for the modification of material’s properties and 

material processing and analysis using ion beams, became ubiquitous in modern 

technologies153. Indeed, ion etching and ion implantation constitute key processing steps of 

silicon-integrated circuit technology154. 

The magnetic properties may also be tailored through ion irradiation, namely via the 

structural modifications that result from the collisions of the incident ions with the atoms of 

the target material. As pointed out in a 2004 review155, early interest on irradiation of 

magnetic structures started around 1990. It is reasonable to expect that ion irradiation of 

magnetic multilayers becomes even more relevant in the near future, considering that it is 

a well-established technology that allows for lateral patterning and for interfacial intermixing. 

Most phenomena of spintronics rely on interfacial effects that may be modified by ion 

irradiation. Those include, for example, the exchange bias, the interfacial perpendicular 

magnetic anisotropy (PMA), the spin-transfer torque (STT), and the Dzyaloshinskii-Moriya 

interaction (DMI), among others. 

This chapter comprises a brief introduction to the basic concepts of ion irradiation 

(section 5.1), followed by a review of the literature on ion-irradiation of magnetic materials 

(section 5.2). 

 

5.1. Basic concepts of ion irradiation 

When an ion penetrates a solid, its effective charge is changed and becomes a function of 

the target depth. That happens due to screened Coulomb interactions between the incident 

ion and the atoms and electrons of the target. The rate at which the incident particle loses 

energy due to those interactions is known as the stopping power, dE/dx, having units of 

eV/nm. When the incident particle loses all its energy, it becomes implanted at a depth, Rpr, 

also known as the projected range, that is determined by the rate of energy loss as 

 

 Rpr = ∫
1

dE dx⁄
dE

0

E0

, (5.1) 

 

where E0 is the initial energy of the incident particle. As ion implantation is a stochastic 

process, characterized by an incident particle’s momentum that changes at each 

interaction, there will be a distribution of ion ranges, both along the longitudinal and 

transversal directions, known as straggling, ∆Rpr.
154 

 The collisions an incident particle undertakes when traversing a material can be 

divided into nuclear and electronic collisions, whether the ion collides with the nucleus or 
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with electrons, respectively. The total stopping power is then the sum of the respective 

nuclear and electronic contributions: 

 

 
dE

dx
=

dE

dx
|
n

+
dE

dx
|
e
. (5.2) 

 

Figure 33 shows the nuclear and electronic stopping powers and the projected 

range, as a function of the ion’s initial energy, for an amorphous Fe target irradiated with 

He+, Ar+ or Ga+ ions. The calculations were performed using the TRIM (Transport of Ions in 

Matter) package included in the SRIM (Stopping and Range of Ions in Matter) software156. 

This software uses a Monte Carlo algorithm and performs a quantum mechanical treatment 

of ion-atom collisions that entails the effective charge of the ion travelling through 

amorphous targets. 

 

 

Figure 33. Stopping power (top panel) and projected range (bottom panel), as a function of the energy of the incident ions, for 
an amorphous Fe irradiated with He+ (squares), Ar+ (circles) or Ga+ (triangles). Nuclear stopping powers (open symbols) peak 
at lower energies than electronic stopping powers (filled symbols). The vertical blue line indicates the 400 keV energy that 
was selected for the Ar+ irradiation of MTJ structures (see Chapters 10 and 11). 
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In the figure, it can be seen that the nuclear collisions dominate at the lower energy range 

(below a few hundred keV), or, conversely, at smaller ion velocities, while electronic 

collisions are dominant at much higher energies (above 1 MeV). Electronic collisions are 

inelastic, involving small energy losses per collision and a negligible deflection of the ion’s 

path, not contributing to a displacement of the atoms in the target. Differently, the ion-

nucleus interactions can be regarded as elastic collisions between the ion of mass M0 and 

energy E0 and the atom of mass M1. They involve large discrete energy losses and 

significant angular deflection of the ion’s trajectory. After the nuclear collision, the target 

atom gains an energy T1 given by 

 

 T1 = E0

4M0M1

(M0 + M1)
2
cos2 θ, (5.3) 

 

where θ is the angle of the trajectory of the atom relative to the trajectory of the incident 

ion. 154 The maximum energy transfer takes place when the collision occurs head-on 

(i.e. θ = 0°) and when the mass of the ion equals that of the atom, M0 = M1. For a large 

mass mismatch, only a fraction of the energy is transferred to the atom. If the transmitted 

energy is superior to the energy displacement threshold, Ed, the atom is displaced from its 

lattice site. If this primary knock-on ion (pka) receives enough energy it can then displace 

other atoms and originate cascades of elastic collisions surrounding the ion track. In the 

case of multilayered systems under ion irradiation, intermixing of elements across interfaces 

can take place due to the primary collision (recoil mixing). However, the intermixing 

efficiency due to primary recoils is low, considering that the head-on collisions required to 

displace the atom across the interface are quite rare. Intermixing induced by the cascade, 

on the other hand, is much more efficient: the atoms within the cascade become mobile and 

undergo rearrangement during a period of time, resulting in intermixed regions forming near 

the interface. Due to the stochastic nature of the low-energy secondary displacement 

events, the initial momentum of the incident ion is lost and the overall movement  of the 

atoms in a cascade becomes isotropic. With the increasing ion fluence, the locally 

intermixed regions overlap to create continuous intermixed layers. In addition, chemical 

driving forces also play an important role in ion mixing. The miscibility between the elements 

determines if the mixing is thermodynamically favorable or not, leading to enhance 

intermixing or even to demixing. For those reasons, the temperature during or after 

irradiation can impact the degree of interfacial intermixing.154 

 

For the studies on the impact of ion irradiation on magnetic properties of free layers 

and of magnetic tunnel junctions (chapters 10 and 11), different fluences of 400 keV Ar+ 

ions were set. As figure 33 shows, at 400 keV the Ar+ ions promote both elastic and inelastic 

collisions in amorphous Fe, while simultaneously ensuring a projected range of a few 

hundred nanometers. Figure 34 shows that the selected irradiation conditions ensure a 

ballistic interfacial intermixing in a typical multilayered structure of an MTJ, 

Ru/Ta/FeCoB/MgO/FeCoB. 
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Figure 34. TRIM simulation of interfacial mixing (irradiation with 60000 ions). Each point indicates the final position of the 
incident Ar+ ions (red) and of the recoiled target atoms: Ru (green), Ta (orange), Fe (white) and Mg (blue). The mixing of 
colors across the vertical white lines represents the element intermixing. Cascade intermixing creates intermixed layers across 
several nanometers along the interface planes. 

 

While lower energies would increase the intermixing efficiency, (e.g. 100 keV in 

figure 33), a greater number of Ar+ would be implanted within the multilayer stack, as the 

range distribution of figure 35 shows. At 400 keV the peak of Ar+ implantation is located well 

inside the Si substrate. As an example, for a fluence of 1014 Ar+ ∙ cm−2, the volume 

concentration of Ar+ inside the multilayer stack is smaller than 6 × 1017 Ar+ ∙ cm−3, i.e. 5 

orders of magnitude smaller than the atomic density of the elements comprising the layers. 

 

 

Figure 35. Simulated concentration profile of Ar+ ions, normalized by the ion fluence, [Ar+]/Φ, as a function of depth in the 
free-layer (FL) stack deposited on Si substrate for different ion energies: 100 keV (black squares); 200 keV (red dots); 300 keV 
(green up triangles) and 400 keV (blue down triangles). Solid lines are guides-to-the-eye of the ion range distribution. The 
vertical line indicates the depth corresponding to the substrate surface. The concentration of implanted Ar+ at each depth can 
be obtained by multiplying the respective y-axis value by the ion fluence Φ.  
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5.2. Control of magnetism by ion irradiation: a brief review 

One benefit of MRAM compared to technologies that rely on electric charge for information 

storage (e.g. DRAM) is its superior radiation hardness, namely to gamma rays and charged 

particles in the MeV range. That hardness makes MRAM a promising candidate for 

applications in extreme environments157. Nevertheless, MTJs are not tolerant to all sorts of 

radiation158–160: indeed, ion-irradiation-induced modifications of MTJs have been observed, 

extending from soft errors (undesired but recoverable magnetization switching, provoked 

by localized heating)160 to permanent changes in magnetic and electric properties produced 

by structural modifications. 

 The degree of such modifications is governed by the spatial profile of the total 

energy deposited in the materials, which is dependent on the ion mass and charge state, 

kinetic energy, fluence, target temperature, as well as on the properties of the irradiated 

magnetic materials. A multitude of ion sources (predominantly He+, Ga+ and Ar+, but also 

Kr+, Ne+ and Cr+), with energies ranging from hundreds of eV to hundreds of MeV, fluences 

Φ between 1011 cm−2 and 1017 cm−2, and diverse irradiation approaches (either uniform, 

through masks or with focused beams) have been used to purposefully modify properties 

of magnetic multilayers including MTJs. 

Some relevant results on the control of magnetism by ion irradiation include the 

enhancement of chemical order of intermetallic alloys such as FePt and FePd and 

corresponding enhancement of PMA161,162; the reorientation of the magnetization direction, 

from out-of-plane to in-plane and also to oblique orientations in Pt/Co multilayers 163–166 and 

MgO/FeCoB/MgO free layers48 due to a decrease of PMA following the interface 

intermixing; the control of magnitude and direction of the exchange-bias field in 

ferromagnet/antiferromagnet interfaces167–171; changes of Néel coupling via ion-beam 

smoothing of interfaces168,172; and the reduction of the annealing temperature required for 

crystallizing CoFeB in MgO-based MTJs47. Other effects of ion irradiation of magnetic 

multilayers comprise the decrease in critical current density for SOT-switching in 

Pt/Co/Ta173 and the tuning of the types of domain walls 174 and the velocity of domain wall 

propagation175. Those effects arise mostly from the ion-irradiation-induced intermixing of 

interfaces that display magnetic phenomena such as PMA and the Dzyaloshinskii-Moriya 

interaction (DMI). Ion irradiation further enables lateral patterning176, which has been 

proposed for the definition of magnetoresistive field sensors177; exploited for creating 

skyrmions178,179 and for producing magnonic crystals for manipulation of spin wave 

propagation180–182. Highly charged ions, e.g. Xe44+, have also been employed for producing 

tunnel barriers with selectable RA products183,184. The interest in ion irradiation for 

modulating magnetic properties is also manifested by the recent creation of the spin-off 

company Spin-ION Technologies185, which specializes in the development of compact He+ 

irradiation facilities for irradiating magnetic films. 

Ion irradiation has, however, a known detrimental effect on the tunnel magnetoresistance 

(TMR), that has been reported for AlOx-based158,170,186 and MgO-based159,187 MTJs. Those 

are usually attributed to the creation of defects within the oxide barrier and, for that reason, 

a drop of the breakdown voltage of the oxide is also expected to occur. While this 

detrimental effect may be reduced by annealing169, it will naturally impose an upper limit on 

the ion fluence that can be used to manipulate magnetic anisotropy while simultaneously 

keeping a functioning MTJ.
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6. Formulation of the thesis: motivation and goals 

The main ideas laid out in the introductory chapters are the premises behind the formulation 

of this thesis. In summary, there is a need for non-volatile memories in microelectronics, 

with STT-MRAM constituting one of the most promising technologies to fulfill that need 

(Section 4). The setting of an easy-cone anisotropy in the free layer of a magnetic tunnel 

junction is expected to improve the STT-switching characteristics. Those improvements 

include a reduction of the writing voltage and voltage distribution, allowing for a faster 

switching and a decreased energy consumption. The advantages are attained due to the 

intrinsic tilt, provided by the easy cone, that allows STT-switching to initiate instantly, i.e. 

without having to wait for thermal fluctuations to provide the initial misalignment. Other 

spintronic applications beyond memories are also expected to benefit from the easy-cone 

anisotropy. Such an easy-cone ground state arises in systems with a sizeable second-order 

contribution, K2, relative to the effective first-order uniaxial magnetic anisotropy, K1eff, 

whenever K1eff > 0, K2 < 0 and K1eff + 2K2 < 0. Those conditions are fulfilled within a 

certain temperature range in rare-earth/transition-metal alloys such as NdCo5, via the well-

known spin reorientation transitions (Section 2.3.). Integration of that alloy in an MTJ is 

hampered by its high damping and by the incapacity of growing NdCo5 directly on top of 

MgO (a buffer layer is required). As an alternative, the NdCo5’s spin reorientation transition 

could be transferred onto a magnetically soft layer, via direct exchange coupling at the 

interface, and thus program the desired magnetic anisotropy in that layer. That was the 

motivation for the investigation of NdCo5/Fe bilayers of Chapter 7. 

 A more straightforward approach to attain the easy-cone anisotropy is via the control 

of the FeCoB layer thickness in multilayers containing the FeCoB/MgO interface. Those 

interfaces possess a strong perpendicular magnetic anisotropy of interfacial origin (Section 

2.4) and are the current standard of perpendicular MTJs (Chapter 4). The K2 < 0 found in 

that system is typically ascribed to spatial fluctuations of K1eff, according to analytical and 

numerical calculations. In Chapter 8, experimental evidences of that micromagnetic origin 

of K2 in MgO/FeCoB(tFCB)/Ta stacks were looked for. That was done by taking advantage 

of the well-known tendency of Ta to diffuse through grain boundaries: by varying tFCB, both 

the magnitude of the fluctuating K1eff and the exchange coupling between FeCo grains, 

expected to impact the magnitude of K2, could be modulated. 

There are foreseeable fabrication challenges for attaining the easy cone in a 

reproducible manner. Due to the small value of K2, compared to K1eff, the condition for the 

easy-cone onset, K1eff + 2K2 < 0, is only fulfilled for a K1eff close to zero. A precise control 

of the FeCoB thickness is thus required to reach a nearly perfect counterbalance between 

PMA and shape anisotropy. The thermal stability, ∆, required for memory applications, is 

also impacted by the small K1eff in addition to a detrimental effect of increasing |K2|, which 

further lowers the energy barrier for the memory retention. Those implications are likely to 

limit the applicability of the easy cone, with its improved switching speed, to memory niche 

applications where thermal stability is not a concern, e.g., memories for cryogenic operation 

or persistent memories (i.e., where the bit is written often and stored for short periods of 

time). Nevertheless, there are strategies to improve thermal stability such as doubling the 

number of FeCoB/MgO interfaces in double-MgO free layer architectures (Section 4.2.3). 

In Chapter 9 the roles of layer thickness, temperature and choice of metallic spacer (Ta or 
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W) on the magnetic anisotropy of MgO / FeCoB / MgO free layers were explored, with the 

goal of widening the range of conditions for which the easy cone could be obtained. 

In spite of the improved conditions for the easy-cone onset, it would be 

advantageous to have a simple and reproducible process to alter the direction of the easy 

axis of magnetization after the stack is prepared. Knowing ion irradiation is a promising tool 

for the tailoring of magnetism (Chapter 5), motivated the use of Ar+ irradiation to induce the 

easy cone anisotropy in double-MgO free layers having an initial perpendicular easy axis 

(Chapter 10). 

Finally, in order to set an irradiation technology of MTJ, one needs to understand 

the full extent of effects produced by such irradiation on the interface-controlled parameters 

of a complete MTJ stack (tunnel magnetoresistance, exchange bias and interlayer 

exchange coupling). To do so, and to determine the ion fluence window of operation for 

modulating the magnetic anisotropy while keeping the required parameters for a functioning 

junction, a complete MTJ was irradiated with Ar+ (Chapter 11). 
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7. Coupled hard/soft magnetic layers: Transfer of spin-

reorientation-transition in a NdCo5/Fe bilayer 

The results of this chapter are published in J. Phys. D. Appl. Phys. 49, 315002 (2016) 

(Ref. 148). 

 

7.1. Introduction 

The “exchange-spring” magnets, which are composites of hard and soft exchange-coupled 

magnetic phases, are mainly researched for permanent magnet applications188 due to their 

enhanced energy densities: they combine the strong anisotropy and coercivity of the hard 

phase with the high MS of the soft phase22,189–191. Rare-earth / cobalt (RE-Co) alloys (Section 

2.3) possess large magnetocrystalline anisotropies, high Curie temperatures12, and a 

decent saturation magnetization, making them suitable for the hard magnetic phase. 

Additionally, in some RE-Co alloys like NdCo5 the individual contributions of the cobalt and 

RE sublattices to the magnetocrystalline anisotropy lead to spin reorientation transitions 

(SRT). At low temperatures the basal plane anisotropy of the RE sublattice dominates, while 

at higher temperatures the uniaxial anisotropy of the Co sublattice becomes stronger. As a 

result, there is a rotation of the easy direction of magnetization from the basal plane (easy-

plane anisotropy, below the first transition temperature TSRT1) to the hexagonal c-axis (easy 

axis, above TSRT2). The change consists in a second-order transition as it occurs gradually, 

via the opening of a magnetic easy-cone8,15,18,19,192. Beside in NdCo5 single crystals and 

oriented powders8, the SRT was observed in epitaxial thin films, both by global 

magnetization techniques15 and by domain imaging18. The reported SRT temperatures for 

NdCo5 films deposited on MgO (110) substrate, with the c-axis oriented in the sample plane, 

are TSRT1= 255 K and TSRT2= 310 K (Refs.15,18). A sketch of the temperature-dependent easy 

direction of magnetization and the alignment of the crystal structure with respect to the MgO 

substrate in such NdCo5 films is shown in figure 36. 

The NdCo5 alloy is an appealing subject of research, namely for magnetic 

refrigeration, for exhibiting a giant rotating magnetocaloric effect near room temperature21. 

Nonetheless, the addition of a soft magnetic layer, such as Fe, magnetically coupled to 

NdCo5, may broaden the range of possibilities for new magnetic devices. Through coupling 

the magnetic moments of Fe to those of NdCo5, the anisotropic behaviour of the latter is 

expected to be transferred to the former, allowing a control of the anisotropy direction in the 

Fe layer. Here, the magnetic properties of an interfacial exchange-coupled NdCo5/Fe 

bilayer are studied by means of vibrating sample magnetometry and ferromagnetic 

resonance. Issues concerning the applicability of NdCo5’s easy-cone in spintronic devices 

based on crystalline Fe/MgO/Fe MTJs are pointed out at the end of the chapter. 

 

https://iopscience.iop.org/article/10.1088/0022-3727/49/31/315002
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Figure 36. (a) Sketch of the texture relation between NdCo5 and MgO (110) substrate. (b) Coordinate system, relative to the 
crystallographic directions of the substrate, used for a physical model of the magnetization. (c) Magnetization easy direction 
as a function of temperature in textured NdCo5 thin films. 

 

7.2. Experimental details 

A NdCo5 (37 nm) / Fe (22 nm) bilayer was deposited by ultra-high-vacuum pulsed laser 

deposition on a Cr-buffered cubic MgO (110) substrate using a KrF excimer laser (Lambda 

Physik LPx305, λ = 248 nm and energy density of 2-3 J ∙ cm−2). The 12-nm-thick buffer was 

deposited at 400ºC with a laser pulse repetition rate of 9 Hz. The NdCo5 and Fe were 

deposited at 500ºC with a repetition rate of 5 Hz. An additional cover layer of Cr (9 nm) was 

used to prevent sample oxidation (180ºC and 9 Hz repetition rate). The total and individual 

layer thicknesses of the sample were determined via energy dispersive x-ray spectroscopy 

(EDS) in a Philips XL 20 scanning electron microscope by measuring the x-ray intensities 

of the contributing elements in comparison with those of elemental standards at various 

electron beam acceleration voltages191. The structural properties of the sample were 

assessed by X-ray diffraction (XRD) in Bragg-Brentano geometry using a Philips X’Pert PW 

3040 diffractometer with a Co cathode. Magnetic properties were measured with a Quantum 
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Design physical properties measurement system (PPMS) with vibrating sample 

magnetometer (VSM) option in fields up to 9 T and in a temperature range from 100 K to 

350 K. The measurements were performed in two perpendicular in-plane directions: along 

the MgO [0 0 1] and MgO [-1 1 0] substrate edges. Those correspond to the directions of 

the crystallographic c-axis and a-axis, respectively, of the epitaxially growing bilayer (see 

figure 36 (a)). The sample preparation, structural characterization and magnetostatic 

measurements were performed by the group of Doctor Volker Neu, in the Institute for 

Metallic Materials, IFW, Dresden, Germany. 

The FMR measurements were done in the Physics Department of the University of 

Aveiro, Portugal, using a Bruker EleXsys E-500 spectrometer. A cylindrical TE011 and a 

rectangular TE102 resonant cavity were used. The first derivative of the absorption signal 

with respect to the magnetic field was recorded. The amplitude and frequency of the 

magnetic modulation field were 1 mT and 100 kHz, respectively, and the microwave 

frequency was in the X-band (f0 ≈ 9.4 GHz). A computer-controlled goniometer allowed 

angle-dependent measurements, and a nitrogen-flux cryostat was used to vary the 

temperature from 150 K to 400 K. 

 

7.3. Results and discussion 

7.3.1. Crystal structure 

X-ray diffraction (XRD) measurements on the bilayer (Figure 37) show an intense diffraction 

peak for the (110) oriented MgO substrate at 2θ = 74.2º. The epitaxial growth of the Cr 

buffer results in the Cr (211) reflection at 2θ = 98.4º. The peaks at 23.8º, 48.6º, 76.0º and 

110.4º are identified as NdCo5 (l 0 l ̅0) diffraction maxima, indicating that a hexagonal Nd-

Co phase has been formed with the crystalline c-axis parallel to the film plane. The Fe layer 

is identified through its (211) reflection at 2θ = 99.9º neighbouring the Cr (211) peak. It thus 

grows in the same orientation on the isostructural NdCo5 as it is known from fully epitaxial 

SmCo5/Fe/SmCo5 trilayers191. Summarizing, the NdCo5/Fe bilayer possesses the epitaxial 

relation Fe (211)[011̅] ∥ NdCo5 (101̅0)[0001] ∥ Cr (211)[011̅] ∥ MgO (110)[001], with an in-

plane texture quality of NdCo5 comparable to the single NdCo5 films deposited under the 

same experimental conditions15,18. 

It is important to note, however, that NdCo5 films with stoichiometric 1:5 composition 

(17 at% Nd) are in fact composed of Nd-poor Nd1–yCo5+2y and Nd2Co7 phases15. Likewise, 

Rutherford backscattering (RBS) and transmission electron microscopy (TEM) investigation 

in SmCo5/Fe/SmCo5 trilayers revealed a diffusion of Co into the Fe layer with an estimated 

interdiffusion zone of up to 10 nm. These effects may influence the SRT temperatures15 and 

contribute to broader FMR signals. 
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Figure 37. XRD scan of NdCo5/Fe bilayer (17 at% Nd) grown on Cr-buffered MgO (110) substrate. The vertical lines 

correspond to the expected peak positions of bulk NdCo5 (l 0 –l 0), Cr (2 1 1) and Fe (2 1 1) and signify an out-of-plane b-

lattice expansion of at most 0.2% in the epitaxial NdCo5 film. 

 

7.3.2. Formulation and validation of a macrospin model 

A physical model describing the magnetic behaviour of the bilayer was developed in a 

macrospin approximation to simulate temperature and angular dependent magnetostatic 

curves and FMR fields, as well as to estimate the interlayer coupling strength. To make 

such an evaluation, one starts with the description of the system’s magnetic free energy per 

unit area, 

 

 E = t1E1 + t2E2 − 𝐽�̂�1 ∙ �̂�2. (7.1) 

 

where the indices 1 and 2 denote the NdCo5 and Fe layers of thickness t1 and t2, 

respectively. E1 is the NdCo5 layer’s free energy, comprising the Zeeman energy EZ, the 

shape anisotropy for a thin film, EMS, and the uniaxial magnetocrystalline anisotropy (MCA), 

characterized by the constants K1 and K2. E2 is the free energy of the Fe layer, composed 

only by EZ and EMS, i.e. it is assumed that Fe is a completely soft layer without MCA. The 

last term in equation (7.1) is the interlayer coupling energy, with �̂�i the magnetization unit 

vectors, and 𝐽 the interlayer coupling strength (𝐽 > 0 for ferromagnetic coupling)102–104. This 

constitutes a simpler approach for the Fe layer than that taken by Pechan et al.193 for 

SmCo/Fe bilayers. They included the cubic magnetocrystalline anisotropy of Fe, assuming 

the above-mentioned epitaxial relation to hold for their system. On the other hand, it is 

intended to model the FMR of the complete system, hence in the present approach the 

energy term of the NdCo5 layer is included in the above equation. 

In the coordinate system of figure 36 (b), 𝐌𝐢 and 𝐁 directions are defined by polar 

(θM, θB) and azimuthal (ϕM, ϕB) angles, and equation (7.1) can be explicitly written as: 
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E = t1 [−MS1B (sin θM1 sin θB cos(ϕM1 − ϕB) + cos θM1 cos θB)

+
1

2
μ0MS1

2 sin2 θM1 sin2 ϕM1 + K1 sin2 θM1 + K2 sin4 θM1 ]

+ t2 [−MS2B (sin θM2 sin θB cos(ϕM2 − ϕB) + cos θM2 cosθB)

+
1

2
μ0MS2

2 sin2 θM2 sin2 ϕM2]

− 𝐽(sinθM1 sinθM2 cos(ϕM1 − ϕM2) + cos θM1 cos θM2), 

(7.2) 

 

where MS1 (MS2) is the saturation magnetization of NdCo5 (Fe). Due to the epitaxial (101̅0) 

growth, the basal plane stays perpendicular to the film plane with the a-axis lying parallel to 

the film surface. Hence, the basal plane anisotropy of NdCo5 (K4 term with six-fold 

symmetry), which results in a favoured a-axis relative to b-axis at low temperatures19, is 

only relevant when the external magnetic field is rotated out of the sample plane, where it 

works alongside the film shape anisotropy to modulate the free energy profile. For 𝐁 ∥ a or 

𝐁 ∥ c (in the sample plane) and for the studied temperatures (≥ 100 K) the K4 term can be 

neglected. 

For the numerical evaluation of equation (7.2), the following values of the magnetic 

parameters were used: MS1 of the single-crystalline NdCo5 (Figure 7(a) – Ref. 8); MCA 

constants K1 and K2 of NdCo5 thin films (Figure 7(b) – Ref. 18); and MS2 of pure bcc Fe 

(Ref.194). 

The model was first validated by comparison with the NdCo5 single layer’s 

magnetization curves from Ref.15 by setting t2 = 0 and 𝐽 = 0 in equation (7.2). The macrospin 

approach is found to be well suited to describe the SRT, which is reasonable given that in 

such order-order transitions the magnetic moments collectively rotate relative to a given 

axis, and not relative to each other14. However, the model fails to explain the coercivity in 

easy-axis magnetization curves, predicting coercive fields one order of magnitude higher 

than in experiment. This is a typical behaviour of a continuous film (with size larger than the 

single domain particle size), in which the magnetization reversal occurs through the 

nucleation and expansion of domains. Indeed, in the single NdCo5 films the coercivity 

mechanism below and above the SRT has been identified as the depinning of 180° domain 

walls15. Given this limitation, the model was only compared to the reversible (non-hysteretic) 

parts of magnetization curves measured along the hard axis of magnetization, assuming 

that the exchange energy stored in the domain walls is much lower than the respective 

magnetostatic and magnetocrystalline contributions and therefore can be neglected. 

 

7.3.3. Magnetization curves 

Selected magnetization curves of the bilayer are shown in figure 38. The good texture 

quality of the NdCo5 allows a precise investigation of the magnetic anisotropy along the a- 

and c-axis and a clear depiction of the SRT: at 350 K (figure 38 (a)) the c-axis is the 

magnetic easy axis, with a nearly rectangular hysteresis loop, as opposed to the a-axis 

which shows almost no hysteresis. With the temperature lowering to 290 K (figure 38 (b)), 
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hysteresis appears both along the a- and c-axis. In comparison with figure 38 (a), in figure 

38 (b) the remnant magnetization Mrem decreases for 𝐇 ∥ c and increases for 𝐇 ∥ a, 

meaning that the magnetization easy direction rotates away from the c- to the a-axis. This 

is an evidence of an easy-cone regime, reduced to a biaxial anisotropy in the sample plane 

by the film shape anisotropy, as previously seen for single NdCo5 layers15,18. The 

pronounced bending of the hysteresis loops in that regime is due to the coherent rotation of 

the magnetic moments away from the cone surface to the direction of the applied field. 

Below 200 K (figures 38 (c)-(d)) the easy-direction rotation is complete, the a-axis being the 

easy axis of magnetization (easy basal plane reduced to easy axis15,19). 

The influence of the Fe layer manifests itself by the rounding of the hysteresis loop 

vertices in the easy-axis configurations, both along the c-axis at 350 K and along the a-axis 

at 100 K, as well as by a reduced coercivity (≅ 47 mT at 200 K – figure 38 (c)) as compared 

to that of a single NdCo5 film (≅ 138 mT at 200 K in Ref.15). Such effects can be explained 

if the Fe layer is magnetically coupled to NdCo5 by a coupling field, Hex, either smaller or 

larger than the coercive field. For 200 K apparently Hc < Hex , and the system behaves 

rigidly coupled with one simultaneous reversal event for both layers. This type of coupling 

is, however, not an intrinsic property of the bilayer, but depends also on the extrinsic 

coercivity. Consequently, at 350 K and 100 K, with Hc > Hex, a typical exchange spring 

hysteresis occurs, where the soft Fe layer’s moments rotate reversibly towards the field 

direction above the so-called nucleation field (100 mT at 100 K), before both layers switch 

irreversibly at the switching field (160 mT at 100 K). 

The projection of the magnetization onto the measurement direction (along which 𝐇 

is applied) depends on the cone’s opening angle relative to the c-axis, θSRT, accordingly to 

the trigonometrical expression θSRT(T) = arccos(Mrem(T) MS(T)⁄ ).15 Thus, the temperature 

dependence of Mrem (figure 39), measured after magnetization saturation along each of the 

reference crystallographic axis, can be used to estimate the SRT temperatures. With 

increasing temperature, the remanence value for the a-axis slightly decreases, resembling 

the temperature dependence of the saturation magnetization. As the easy axis leaves the 

a-axis (closing of the magnetic cone onto the c-axis for T > TSRT1), the a-axis remanence 

value experiences a steep decrease, while the c-axis value increases due to the increase 

of the magnetization projection onto that axis. Around 290 K, the projection on the c-axis is 

roughly equal to that on the a-axis, meaning that θSRT ≅ 45º. At 350 K the a-axis Mrem is 

close to zero indicating the entrance in the easy-c-axis regime. Based on these results, SRT 

temperatures are estimated as TSRT1 ≅ 255 K and TSRT2 ≅ 350 K. While TSRT1 agrees with 

previous determinations for single NdCo5 films15,18, TSRT2 is higher than the formerly 

obtained value (TSRT2≅ 310 K in Refs.15,18). The reason behind this discrepancy is not 

identified so far, since various factors may influence the transition temperatures, such as 

stoichiometry variations, diffusion of Co into the Fe layer and growth-induced mechanical 

strain. Regardless of the responsible mechanism, this demonstrates that it is possible to 

tune the SRT temperatures of NdCo5 thin films, which may be exploited for adjusting their 

magnetic properties to a desired end (e.g., magnetic refrigeration). 
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Figure 38. Hysteresis measurements along the c-axis (blue solid line) and a-axis (red dashed line) at different temperatures.  

 

 

Figure 39. Remanence values taken from hysteresis loops at different temperatures. 
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The S-shape of the hard-axis curves in figure 38 evidences an induced anisotropy 

in the Fe layer, of the order of tens of mT, resulting from the coupling to the NdCo5. With 

increasing H, there is an initial easy rotation of the magnetic moments in the Fe layer which 

becomes magnetically saturated, followed by a less easy rotation in the highly anisotropic 

NdCo5 layer. The proposed model can be fitted to these experimental hard-axis curves 

since it correctly describes reversible magnetization processes. In figure 40 one of such fits 

is shown, with the fitting parameter 𝐽 = 1.4 mJ · m−2. Note that this is merely a rough 

estimate, since it presupposes that all anisotropy in the Fe layer is induced by the coupling, 

and also because the uncertainties of ti, MSi
, K1, and K2 are not considered. The purpose 

of the estimate is to evaluate the expected magnetization dynamics of this hard / soft system 

and achieve a better understanding of the FMR spectra. For the estimated coupling 

strength, the effective coupling field in each layer (Hex
i = 𝐽 tiMi⁄ ) at 350 K is μ0Hex

1  ≅ 48 mT 

and μ0Hex
2  ≅ 34 mT, both being lower than the coercive field (μ0Hc = 56 mT at 350 K), as 

discussed above. Given that the layers are quite thick, the coupling at the interface results 

in low effective coupling fields, whose impact on the magnetization dynamics is discussed 

below. 

 

 

 

Figure 40. Model fitted to normalized magnetization curve for 𝐇 ∥ a at 350 K. Fixed parameters: t1 = 37 nm, t2 = 22 nm, 
MS1 =  804 kA ∙ m−1 (Ref. 8), MS2 = 1881  kA ∙ m−1 (Ref. 194), K1 = 0.78 MJ ∙ m−3, K2 = 0.46 MJ ∙ m−3 (Ref. 18). The interlayer 
coupling strength was the fitted parameter: J = 1.4 mJ ∙ m−2. The inset shows the entire field range for magnetization saturation. 
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7.3.4. Ferromagnetic resonance 

FMR modes were simulated for uncoupled and coupled layers (figure 41) using the Smit-

Beljers formalism adapted to a bilayer (equation 2.52 of section 2.7.4). In the case of strong 

coupling, the acoustic mode (lower-frequency and in-phase precession) gives the 

information about the averaged magnetic parameters of the bilayer, while the optical mode 

(higher-frequency and out-of-phase precession) allows one to estimate the interlayer 

coupling strength. In the studied case, however, the layers are quite thick, which results in 

weak effective coupling fields in both layers, and the resonance response in each layer is 

not strongly modified by the existing coupling: the two modes calculated for layers coupled 

by the earlier estimated 𝐽 = 1.4 mJ ∙ m−2 remain similar to those of uncoupled layers (see 

figure 41). 

In the weak coupling framework, it is possible to identify the FMR signals in the 

sample as those originating mainly from the individual responses of the Fe and NdCo5 

layers. In NdCo5, the high internal anisotropy dominates over Hex, so that the high-

frequency FMR peak resembles that of a single NdCo5 layer. Hence, the OM is mainly a 

response from the NdCo5 layer, with a weak admixture of a non-resonant response of the 

Fe layer. Moreover, in most cases the precession frequency is much higher than the working 

frequency of the spectrometer, i.e., the FMR signal is unobservable. At the same time, the 

Fe layer is magnetically soft, its FMR frequency is much lower and therefore detectable in 

the X-band. The Fe moment’s precession in the effective exchange field stemming from the 

dynamically rigid NdCo5 layer gives rise to a partial transfer of magnetic anisotropy from the 

latter, similarly to the exchange bias effect. As seen in figure 41, with the FMR spectrometer 

working in the X-band, the effects of the anisotropy transferred from the NdCo5 to the Fe 

layer are measurable, allowing the SRT in NdCo5 to be followed by tracking the Fe FMR 

peak field variation with temperature. 

 

 

Figure 41. Simulated FMR modes (precession frequency vs. magnetic field) for NdCo5/Fe system. Solid lines: uncoupled 
layers; dashed lines: layers magnetically coupled by 1.4 mJ ∙ m−2; horizontal dashed line: experimentally available microwave 
frequency. Fixed parameters as in figure 40. 



 

82 
 

To prove that the SRT of NdCo5 can be tracked by following the temperature 

variation of the Fe’s FMR signal position, one must first understand the temperature 

dependence of the FMR signal of a single NdCo5 film. Hence, adapting the model to a single 

NdCo5 layer, the expected temperature dependence of the resonance field, Bres, was 

simulated (figure 42 (b)). The peak field variation is dependent on the applied field direction: 

as the temperature rises, Bres increases for 𝐁 ∥ a and decreases for 𝐁 ∥ c. When 𝐁 is applied 

perpendicularly to the sample surface, the frequency vs. field dependence (f(B)) of the FMR 

mode crosses the experimental frequency (set at 9.37 GHz) several times, resulting in the 

splitting of the green solid line in figure 42 (a) into two branches. The higher field resonance 

shows the same tendency as seen for 𝐁 ∥ a but at higher field values, while the lower field 

resonance decreases with increasing temperature, as happens for 𝐁 ∥ c. 

The described Bres(T) behaviour for different field orientations is ultimately 

determined by the temperature dependence of the MCA constants which in turn govern the 

SRT itself, i.e., there is a correlation between Bres(T) and the SRT. Previous FMR results 

on a 60 nm thick NdCo5 textured film (sample as in Ref.15) shown in figure 42 (c)-(d) 

(adapted from Ref.195), corroborate the simulations: with increasing temperature, the signal 

shifts to higher (lower) fields for 𝐁 ∥ a (𝐁 ∥ c). The simulated temperature dependence of the 

lower resonance peak Bres when 𝐁 is out of the sample plane during the easy-cone regime, 

as seen in figure 42 (b), was also experimentally observed in Ref.195. 

Both simulation and experiment display that the NdCo5 signal is in most cases out 

of the spectrometer field range (upper limit of 1.4 T), being only accessible in the easy-cone 

regime (TSRT1 < T < TSRT2). This can be understood as a decrease of the effective 

anisotropy field due to a partial compensation of the two anisotropy terms (K1 and K2), 

resulting in a lower precession frequency, thus allowing the detection of the NdCo5 signal. 

The broad linewidth of the signal is explained by the fact that for each temperature and 

orientation of magnetic field there are two close resonance conditions (see figure 42 (a)), 

i.e., two overlapping signals for each FMR mode. Small temperature fluctuations during the 

spectra acquisition also increase the linewidth, since the strong temperature dependence 

of K1(T), K2(T) results in a strong variation of Bres(T). Other factors such as small 

deviations from an ideal texture and presence of phases with different stoichiometry also 

contribute to the broadening of the signal. 
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Figure 42. (a) FMR modes of a single NdCo5 film simulated at selected temperatures for 𝐇 ∥ c (top panel), 𝐇 ∥ a (middle panel) 
and 𝐇 out of plane (bottom panel). Vertical and horizontal lines represent the available magnetic field limit (1.4 T) and the 
experimental frequency (9.37 GHz), respectively. (b) Simulated resonance field temperature dependence for a single NdCo5 
film with magnetic field applied along a-axis (open red squares), c-axis (blue circles) and perpendicular to the sample plane 
(green solid line) at f = 9.37 GHz. The horizontal solid line is the spectrometer field limit of 1.4 T. The vertical dashed lines 
indicate the formerly obtained SRT temperatures as in Ref.15. (c, d) Experimental spectra (f = 9.37 GHz) for a 60 nm NdCo5 
textured film, adapted from Ref.195. The NdCo5 FMR signal position varies differently with temperature, depending on the 
applied field direction, as indicated by the dashed red line. 

 

The FMR results for the NdCo5/Fe bilayer are shown in figures 43 and 44. All FMR 

spectra show a paramagnetic signal centred at 340 mT, also observed in samples with 
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single NdCo5 layers (figure 42 (c, d)), which stems from paramagnetic impurities in the MgO 

substrate. 

Relatively to the sample, the external magnetic field was initially rotated within the 

(1̅21̅0) plane (ϕB fixed at 90º, see figure 36 (b)) at various temperatures (figure 43). At 

350 K (figure 43 (a)) the spectral line corresponding to the magnetic moment precession in 

the Fe layer is visible. As the field rotates from an initial in-plane direction along the NdCo5 

c-axis (θB= 0°) towards the film normal (θB= 90°) the resonance field shifts to higher values. 

Thus, one observes a uniaxial out-of-plane anisotropy with the film normal being the hard 

axis as a result of the thin-film shape anisotropy. With the temperature lowering to 310 K 

(figure 43 (b)), there is a noticeable increase of the spectral linewidth as well as a peak 

shape distortion which is due to an overlap of the Fe signal with the NdCo5 signal (or, 

equivalently, an overlap of the AM with the OM). At this temperature the anisotropy retains 

a uniaxial symmetry. The decrease of the temperature to 300 K (figure 43 (c)) is 

accompanied by a rapid shift of the NdCo5 resonance field towards higher values, which 

reflects the strong K1, K2 dependence on the temperature, as discussed above. At 270 K 

(figure 43 (d)), the NdCo5 signal approaches the experimental limit of the applied field, and 

simultaneously the magnetic symmetry is altered, no longer being uniaxial. The observed 

change in symmetry is explained as follows: as the temperature is reduced towards TSRT1 

the easy direction of magnetization in the NdCo5 layer approaches the a-axis. The c-axis, 

on the other hand, becomes an increasingly hard axis, and so the resonance field for 𝐁 ∥ c 

(0º) rises. This means that, besides the thin-film shape anisotropy, another anisotropy term, 

of magnetocrystalline nature, appears as the magnetization easy-axis rotates during the 

SRT. Thus, the result shown in figure 43 comprises a direct observation of the NdCo5 SRT 

easy-cone regime through the FMR optical mode. 
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Figure 43. Angular dependence of FMR spectra with magnetic field applied in the (1̅ 2 1̅ 0) plane (θB = 90°) at the selected 

temperatures of: (a) 350 K; (b) 310 K; (c) 300 K and (d) 270 K. The crystallographic orientations refer to those of the MgO 

substrate (see figure 36 (a)). Angular steps of 10º were used. The dashed line is a guide to the eyes indicating the NdCo5 

FMR signal position.  
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The experimentally determined Fe FMR peak field variation with temperature is shown 

in figure 44 (a, b). The large linewidth is likely due to a vertical inhomogeneity of the Fe 

layer, possibly caused by the mentioned interdiffusion of Co. It is worth noting that the line 

is asymmetric (with ratio of the amplitude of the right peak to that of the left peak of the 

derivative FMR signal being smaller than unity), which may be caused by dispersive effects. 

A qualitative analysis is enough to settle that the Fe FMR peak field variation with 

temperature is dependent on the applied field direction. With increasing temperature, the 

FMR signal undergoes a shift to higher fields for 𝐇 ∥ a (figure 44 (a)), while for 𝐇 ∥ c (figure 

44 (b)) the peak goes to lower field values. This temperature dependence has the same 

trend as the one that was measured in Ref.195, and simulated (figure 42 (b)) for a single 

NdCo5 layer. The described Fe peak position shift with temperature also qualitatively agrees 

with the simulation result presented in figure 44 (c), showing how the progression of the 

NdCo5 anisotropy throughout the SRT is expected to be transferred to the Fe layer. The 

experimental SRT temperature range is also in agreement with the one determined by VSM 

(figure 39). With the above statements, one can conclude that this is an indirect observation 

of the SRT in NdCo5 through the Fe FMR signal, as a result of the interaction between the 

layers. 
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Figure 44. Temperature dependence of the Fe FMR signal with 𝐇 ∥ a (a) and 𝐇 ∥ c (b). (c) Simulation of the Fe signal peak 
position temperature dependence in a NdCo5 (37 nm) / Fe (22 nm) bilayer, coupled by J = 1.4 mJ ∙ m−2, for 𝐇 ∥ a (red squares 
with dashed line) and for 𝐇 ∥ c (blue dots). The vertical lines indicate the literature SRT temperatures for a NdCo5 single layer. 
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7.4. Conclusions 

A NdCo5 (37 nm) / Fe (22 nm) bilayer was prepared and the influence of the spin 

reorientation transition in NdCo5 on the bilayer’s magnetic properties was investigated by 

means of VSM and FMR. The magnetostatic curves revealed a non-rigid magnetic coupling 

between the layers and allowed the determination of the SRT temperatures as TSRT1= 255 K 

and TSRT2= 350 K. Using a macrospin model, the interfacial coupling energy density was 

estimated as J = 1.4 mJ · m−2. Given the thickness of the layers, the coupling can be 

regarded as weak from the viewpoint of the magnetization dynamics, and so the observed 

FMR modes result mainly from individual responses of the magnetization in each of the 

layers. In the hard NdCo5 layer, the effective coupling field is negligible as compared to the 

high internal anisotropy field. Contrary to this, the Fe moment precession takes place in the 

effective exchange field stemming from dynamically rigid NdCo5, which results in a partial 

transfer of magnetic anisotropy from the latter. Thus, the interlayer coupling allows a control 

of the anisotropy direction in Fe. Furthermore, the SRT in NdCo5 was explored by tracking 

the Fe FMR peak field variation with temperature. 

 

As pointed out in section 4.2.4, NdCo5, alongside other RETM alloys, could be used 

for sustaining a volume perpendicular magnetic anisotropy, provided the c-axis is grown out 

of plane. If one could easily implement the RETM in an MTJ, then, the thermal stability factor 

could be improved by simply increasing the volume of the layer. Not only that, but, in the 

case of NdCo5, the SRT could be engineered to sustain a magnetic easy-cone, with a 

simultaneous high ∆, at the operating temperature of the MTJ. The results demonstrate the 

possibility of tuning the transition temperatures: the TSRT2 of a NdCo5 single film was 

increased up to 350 K in the NdCo5/Fe bilayer. 

  

However, for creating functional pMTJs, the use of NdCo5 as a free layer faces 

obstacles, such as: 

• Requiring the development of a buffer layer and deposition conditions for the 

growth of NdCo5 with the c-axis oriented perpendicularly to the film plane; 

• Strong spin-orbit coupling, translating into a high magnetization damping; 

• Dependence on Neodymium, deemed a critical raw material by the European 

Union196 alongside other rare-earth elements. 

 

Additionally, the Fe/MgO interface should be maintained as it is the standard for 

achieving a high TMR. Then, any envisioned use of NdCo5 to improve pMTJ characteristics, 

by taking advantage of its easy cone, would invariably involve using it in a composite layer, 

for instance, MgO/Fe/NdCo5. That, however, brings about other challenges such as: 

• Possible structural incompatibility, as Fe grows in the (211) plane atop NdCo5, 

while it grows in the (001) plane atop MgO (required for strong PMA, TMR and 

STT efficiency); 

• High deposition temperature of NdCo5 (e.g. 500ºC in this work), which promotes 

detrimental interdiffusion within the magnetic multilayer stack; 

• Diffusion of Co, from NdCo5 to Fe, which would degrade the Fe/MgO interface; 
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• Increase in the writing current: to tilt the moments in the MgO/Fe interface, using 

the coupling at the Fe/NdCo5 interface, the Fe layer would need to be thin (as, 

according to the estimates, the interfacial exchange coupling in Fe/NdCo5 is 

rather weak). The energy barrier for STT-switching would thus increase with the 

anisotropy induced in the Fe layer. Moreover, the effective damping of Fe would 

increase, as the damping increases for thinner layers and from the contact with 

adjacent metallic layers. 

 

For those reasons, the more straightforward approach, which is to use the easy-cone 

anisotropy arising from the K2 < 0 that appears in FeCoB/MgO interfaces, was explored. 

That is the topic of the next chapters. 
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8. Easy-cone anisotropy in inhomogeneous free-layers 

for magnetic tunnel junctions: micromagnetic origin of 

second-order anisotropy 

The main results of this chapter are published in Phys. Rev. B 96, 014412 (2017), (Ref. 46). 

8.1. Introduction 

As pointed out in Section 4.2.4, an important issue in conventional STT-MRAM relying on 

fully perpendicular magnetic tunnel junctions is the stochasticity of the spin-transfer torque 

(STT) switching: a misalignment between the magnetization of the free layer and the 

magnetization of the reference layer is required to trigger the switching induced by STT. In 

pMTJ devices, the finite thermal stability of the free layer ends up providing that initial 

misalignment. However, thermal fluctuations, being random by nature, broaden the 

distribution of switching times which is detrimental for the device performance and reliability. 

Micromagnetic distortions of the free layer at the pillar edges can also provide the required 

non-collinearity, but those are technologically challenging to control, since the pillar edges 

contain significant structural and magnetic defects introduced by the nanofabrication 

process. It is therefore desirable to have a well-controlled source of misalignment inside the 

free layer itself. 

The magnetic easy cone would be a solution to the described problem: the initial 

misalignment would be set by the cone angle, while the plane of the precession orbit during 

the STT switching would be always perpendicular to the polarizer, thus representing a very 

efficient configuration for the absorption of the STT energy. Such easy cone anisotropy is 

observed for instance in NdCo5 (Chapter 7). Phenomenologically, the magnetic easy-cone 

state implies the presence of a higher-order anisotropy term with a negative constant 

(Section 2.4.2). Thus, in  a macrospin approximation and without field (as the writing is 

carried by spin polarized current) the magnetic free energy of a thin film ferromagnet has 

the form E = –  K1eff sin
2 ϕM –K2 sin4 ϕM, ϕM being the angle between the magnetization 

and the plane of the layers (see e.g. Figure 17 (b)). The easy cone anisotropy arises when 

K1eff > 0, K2 < 0 and −K2/K1eff > 0.5. The cone angle ϕC is then given by 

sin2 ϕC =  –  K1eff/(2K2). An analytical study151 and macrospin simulations146 have shown a 

noticeable improvement in the switching characteristics of the free layer in the easy-cone 

state, especially in terms of reduction of the stochasticity of the reversal. One should notice 

that the second-order anisotropy allows for that improvement also in the perpendicularly 

magnetized state197, i.e. even if the conditions for the easy-cone state are not realized. 

Moreover, the second-order anisotropy is useful not only for STT-MRAM but also for spin-

torque oscillators (STO)145. Recently, a second-order magnetic anisotropy with negative 

constant has been observed in FeCoB/MgO systems33,68,70. The easy-cone magnetic state 

has also been found at room temperature in Ta/FeCoB/MgO films34,69 with FeCoB thickness 

close to the anisotropy reorientation transition between in-plane and out-of-plane. 

It was proposed that a possible origin of the second order anisotropy in FeCoB/MgO 

lies in spatial inhomogeneity of the first order anisotropy30. However, various magnetic 

parameters (anisotropy, exchange, and/or magnetic moment) can influence the second-

order anisotropy constant and their relative importance has only recently started to be 

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.96.014412
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clarified (see e.g. this chapter and Ref.71). In FeCoB/MgO systems, local reduction of the 

interfacial anisotropy may naturally appear at the grain boundaries due to local segregation 

during the crystallization process of all the chemical elements thermodynamically insoluble 

in the crystalline FeCo host. This is true not only for FeCo but also for the MgO crystallization 

process that can alter the electrical properties of the tunneling barrier as well. Also, 

enhanced diffusion of atoms from the neighboring nonmagnetic metallic layers, such as Ta 

or other capping materials may preferentially occur along the grain boundaries during the 

annealing process. That will affect both the magnetic anisotropy and strength of 

intergranular coupling. The exchange stiffness at grain boundaries will be reduced as 

compared to the intra-grain exchange. Even an ideally clean FeCo/MgO interface exhibits 

a periodic array of dislocations for the release of the elastic stress accumulated due to the 

misfit between the FeCo and MgO lattices198. Regardless of the source of spatial 

fluctuations of interfacial anisotropy, the same phenomenological model can be used to 

investigate the macroscopic magnetic properties of the free layer. This model consists in 

describing the system as an ensemble of exchange-coupled grains having different effective 

perpendicular anisotropy fields. 

Here, the magnetic properties of FeCoB free layer grown atop MgO and coated by 

Ta, as is commonly used in pMTJ stacks, are investigated by magnetoresistance and FMR 

experiments. It was found that the storage layer is magnetically inhomogeneous and 

exhibits a granular behavior for thicknesses below 1.3 nm. The thickness-dependent 

evolution of the resonance and of the magnetoresistance properties of, respectively, full-

sheet MgO/FeCoB/Ta films and pMTJ pillars having identical MgO/FeCoB/Ta free-layer, 

were explained based on the granular model mentioned above. It is shown how the second-

order anisotropy term, K2, in the FeCoB layer, is correlated to the structural parameters 

characterizing the inhomogeneity of the layer. 

 

8.2. Experimental details 

Full pMTJ composed of Ta(1)/Pt(5)/[Co(0.5)/Pt(0.25)]6/Co(0.5)/Ru(0.9)/[Co(0.5)/Pt(0.25)]3/ 

Co(0.5)/Ta(0.3)/FeCoB(1.2)/MgO/FeCoB(tFCB)/Ta(1)/Pt(2)/Ru(2) - see Figure 45 (a)) - and 

half pMTJ of composition Ta(3)/FeCoB(0.4)/MgO/FeCoB(tFCB)/Ta(1)/Pt(3), allowing to 

investigate the properties of the free layer alone, were deposited by magnetron sputtering. 

The numbers in parentheses are nominal thicknesses of the deposited material in 

nanometers and FeCoB layers are composed of Fe72Co8B20 alloy. The free-layer thickness, 

tFCB, was varied between 1.0 and 1.8 nm. No assumptions about the magnetic dead layer 

thickness and its variation with the total film thickness are made. The tunneling barrier was 

formed by natural oxidation, i.e. exposing the deposited magnesium layer to an oxygen 

atmosphere. For the samples used in this study, the magnesium was deposited with a 

thickness of 1.3 nm. The multilayers were annealed at 300oC. The full pMTJ stacks were 

then patterned in the form of pMTJ pillars of various diameters ranging between 150 nm 

and 30 nm. Other details can be found in Ref.199. Tunnel magnetoresistance (TMR) 

measurements at room temperature were afterwards performed using an automated wafer 

prober. In addition, magnetoresistance curves of individual pMTJ pillars were measured 

using a PPMS (physical property measurement system, Quantum Design) at temperatures 

from 4 K to 400 K and with the magnetic field applied perpendicular to the sample plane. 
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Finally, X-band FMR spectrometry was performed at various temperatures to study 

magnetic properties of the free-layer films. A macrospin model was used to fit the angular 

dependence of the FMR fields in order to extract effective perpendicular magnetic 

anisotropy fields (Smit-Beljers formalism – Section 2.7.4). 

The deposition of the stacks and the lateral patterning of the pillars, as well as 

measurements of TMR, were performed at SPINTEC, Grenoble, France. In addition, a 

transmission electron microscope (TEM) image complemented with electron energy loss 

spectroscopy (EELS) for the mapping of Ta was obtained by Doctor Johannes Biskupek 

and Doctor Yuliang Li, members of Doctor Ute Kaiser’s group, at the Electron Microscopy 

Group of Materials Science from Ulm University, Germany. The FMR study was conducted 

at the Physics Department of the University of Aveiro, Portugal. 

 

8.3. Results and discussion 

8.3.1. Magnetoresistive properties 

Figure 45 (b) shows the measured TMR values of 825 pMTJ pillars having different free 

layer thicknesses between 1.0 and 1.8 nm. The nanofabrication process results in electrical 

shunts across the MgO barrier reducing the measured TMR magnitude in some of the 

patterned devices. As a consequence, for a given free-layer thickness, one can observe a 

distribution of device-to-device TMR values within the range (0, TMRMAX), where TMRMAX 

would ideally correspond to the case of an undamaged pillar. Indeed, TMRMAX will be limited 

by the effective spin polarization in the pMTJ system. Due to the large number of measured 

pMTJ elements, an envelope of the TMR distribution can be easily drawn, representing the 

highest observed TMR at each FeCoB thickness. By following this high-TMR edge as a 

function of the free-layer thickness, one can observe two regions separated by a 

characteristic thickness tFCB ~1.3 nm. Below that thickness, the TMRMAX value decreases 

with the decreasing free-layer thickness, while above it the TMR amplitude remains 

constant. This dependence can be attributed to the thickness dependence of the effective 

spin polarization of the whole pMTJ system at room temperature. Considering that the 

tunneling barrier and the polarizer layer underneath are not affected by the free-layer 

thickness, which is a reasonable assumption for bottom pinned pMTJ structures, the 

variation of the effective spin polarization in the pMTJ system can be entirely ascribed to 

the magnetic and structural properties of the free layer. 
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Figure 45. (a) Scheme of the pMTJ pillar stack; (b) Room temperature TMR as a function of the free layer thickness. 
Measurements were performed on 825 patterned devices for which the nominal thickness of MgO was 1.3 nm. 

 

Several pMTJ devices with different free-layer thicknesses and almost identical 

nominal thickness of MgO were chosen for a temperature-dependent study. Figure 46 

shows magnetoresistance (MR) loops at 300 K and 90 K for three samples with thicknesses 

of 1.03 nm, 1.19 nm and 1.47 nm, respectively. A clear influence of the free-layer thickness 

on the evolution of the shape of these MR loops with temperature is observed. For the pMTJ 

having the thickest free layer (1.47 nm – Figure 46 (c)), the loops are square shaped at all 

temperatures indicating that the whole free layer switches in one step. In contrast, for the 

pMTJs with thinner free layers, a different behavior is observed involving successive jumps 

at low temperatures. This reveals a granular nature of the thin free layers. This granularity 

can be associated with a tendency towards island growth during the deposition of the 

FeCoB layer on MgO and/or to a strongly reduced exchange stiffness across the grain 

boundaries due to local segregation of non-magnetic elements at those boundaries, as 

previously mentioned. Due to the granular structure, the thermal stability of the free layer is 

strongly reduced. If the thin film were continuous, a higher effective anisotropy would be 

expected since K1eff = ks1/tFCB – (1 2⁄ )μ0MS
2 resulting in a higher thermal stability factor ∆. 

However, if the free layer breaks into an ensemble of weakly exchange-coupled grains, the 

effective nucleation volume entering the thermal stability factor is even smaller than for a 

continuous film. In the studied films, a clear signature of granularity of the free layer appears 

below a nominal thickness of 1.3 nm, which is observed through the multistep behavior of 

the hysteresis loops. 
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Figure 46. Out-of-plane magnetoresistance loops measured on pMTJ pillars with a nominal diameter of 80 nm and three 
different free-layer thicknesses: (a) 1.03 nm; (b) 1.19 nm; (c) 1.47 nm. The selected devices were cut out from the wafer, wire 
bonded to the measurement chip and placed into the PPMS chamber. 

 

Figure 47 shows the temperature dependence of the TMR and resistance in the 

parallel state (RP) for the same devices. The temperature dependence of RP is weak (2.5% 

over the 200 K range) and has the same slope for all three devices. This leads to the 

conclusion that the tunneling barrier is not much affected by the granularity of the free layer. 

It also supports the interpretation of the experiments shown in Figure 46, i.e. only the free-

layer properties change with the free-layer thickness. The weak negative temperature 

coefficient (approximately −1.2 × 10−4 K−1) indicates no pinholes in the barrier200 and can 

be ascribed to the thermal smearing of the tunneling electron Fermi Dirac energy profile201. 

At the same time, the TMR amplitude of the pillar with tFCB = 1.03 nm does not reach the 

same magnitude as that of the pMTJs with the thicker free layer even at low temperatures, 

indicating that the effective polarization is still much lower for the thinner free layer. This 

effect can be attributed to residual thermal fluctuations, but mainly to the fact that only a 

part of the FeCoB/MgO interface is covered by the ferromagnetic material with a strong spin 

polarization (FM grains). The weakly magnetic material accumulated at the grain 

boundaries works as a parallel pathway for tunneling electrons. As that material has a lower 

spin polarization than the magnetic material in the inner part of the grains, it yields a reduced 

TMR amplitude. The temperature dependences of TMR in these devices are quite linear in 

the 90 K to 300 K temperature range. Their extrapolation to the “zero TMR” temperature 

indicates the temperature at which the spin polarization vanishes due to excessive thermal 
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fluctuations in the free layer. As expected, it occurs at lower temperatures for thinner free 

layers.  

 

 

Figure 47. (a) Temperature dependences of the resistance of pMTJ pillars with various free-layer thicknesses in the parallel 
state, RP. As the absolute RP value is fluctuating from device to device due to deviations of the actual device diameter from 
its nominal value, what is plotted is the resistance of the device normalized to the mean value of all the RP points measured 
for a given device. (b) TMR for the selected devices. 

 

8.3.2. Ferromagnetic resonance on full-sheet free layer 

Ferromagnetic resonance (FMR) was employed to further understand the phenomenon of 

granularization of the free layer. A MgO/FeCoB/Ta film comprising a FeCoB wedge was cut 

into small pieces, small enough so that the thickness gradient could be considered as 

negligible (± 0.18 Å) in each of them. Field swept FMR spectra were measured as a function 

of the magnetic field angle (ϕB) counted from the sample surface (ϕB = 0° for an in-plane 

applied field and ϕB = 90° for a field applied perpendicular to the layers). The linewidth (∆B) 

and resonance field value (BRES) of the FMR lines were extracted. A macrospin model was 

fitted to BRES(ϕB) in order to extract the effective magnetic anisotropy fields of the films. It 

comprised the methods described in Section 2.7.4., starting from the description of the 

magnetic energy density as: 

 

 
U

MS
 = -B(cos(ϕM - ϕB)) - 

1

2
BK1effsin2ϕB - 

1

4
BK2sin4ϕB, (8.1) 

 

where the first term is the Zeeman energy and BK1eff = 2K1eff/MS and BK2 = 4K2/MS are the 

effective first- and second-order perpendicular magnetic anisotropy fields, respectively. 

Figure 48 shows angular dependences of the FMR spectra acquired for three 

different thicknesses of the FeCoB layer. Those thicknesses demonstrate the three 

obtainable magnetization regimes: easy plane, easy cone and perpendicular easy-axis. It 

can be shown that a 4-fold symmetric cubic magnetocrystalline anisotropy (MCA) acting 

simultaneously with the PMA (of 2-fold symmetry) could describe the angular dependence 

of BRES at the easy-cone state (Figures 48 (b) and 49), in the same way as the BK2 field of 
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equation 8.1. In the case of bcc Fe grown atop MgO, the <100> and <010> in-plane easy 

directions of bcc Fe are of no concern as they are averaged out (due to the polycrystalline 

growth), but the out-of-plane <001> texture is preserved. Nevertheless, and as pointed out 

in Ref.33, both the magnitude and sign of such cubic MCA that would be required to explain 

the FMR data are not consistent with the material parameters of bcc Fe. For that reason, 

one can safely discard the role of cubic MCA and attribute the magnetic easy cone to the 

presence of the second-order PMA term, K2. 

 The angular dependence of the spectra linewidth seen in Figure 48 reveals the 

dominant role of inhomogeneous broadening in the local resonance regime (see Section 

2.7.5.). The ensuing broad distribution of resonance conditions is easily identified by the 

resulting distortions of the lineshape. Those distortions become increasingly evident with 

the decreasing FeCoB layer thickness. 

 

 

Figure 48. Angular dependent FMR spectra highlighting the three obtainable anisotropy regimes with the decreasing FeCoB 
thickness: easy plane (a), easy cone (b) and perpendicular easy-axis (c). The angular step is of 10º, with ϕB = 0° and 
ϕB =  90° corresponding, respectively, to in-plane and out-of-plane applied magnetic field. 

 

With increasing FeCoB film thickness, the amplitude of the BRES(ϕB) variation 

decreases, as expected due to the increasing role of the demagnetizing energy 

counterbalancing the perpendicular anisotropy from the MgO/FeCoB interface. The film 

thickness range used in Fig. 49 covers the whole transition of the magnetic anisotropy from 

perpendicular easy-axis to easy plane. Near the anisotropy reorientation transition, the 

second-order anisotropy term is recognized directly from the BRES(ϕB) dependences, with 

minimum in resonance field occurring at intermediate ϕB angles (as seen also in Figure 48 

(b)). In previous works33,68,70, such a higher-order contribution, K2, was observed in full-

sheet MgO/FeCoB/Ta films, as well as in patterned pMTJ pillars. The K2 constant has a 

negative sign, while the first term, K1eff, is positive, resulting in the formation of an easy-
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cone magnetic ground state whenever the corresponding effective fields satisfy the 

BK1eff > 0, BK2 < 0, and |BK2| > BK1eff conditions, as already discussed. 

 

 

Figure 49. Room-temperature angular dependences of the FMR resonance field extracted from the measured spectra. The 
free layer thickness is shown atop each dependence. 

 

Even for a very thin film (tFCB = 0.94 nm – Figure 50), the FMR angular variation at 

T = 300 K clearly reveals a quite large effective perpendicular anisotropy field BK1eff ~ 0.3 T. 

This means that despite the fact that the free layer is formed of weakly coupled grains and 

is thermally unstable (which is suggested by Figure 46 (a)), the ferromagnetic grains 

themselves still preserve a strong perpendicular anisotropy. Due to that strong anisotropy, 

the resonance field shifts to higher values for an in-plane applied field, in such a way that 

the FMR mode, f(B), intersects the experimental frequency twice, resulting in the two 

resonances observed around ϕB = 0° (see Figure 50 (b)). For the same reason, when the 

field is applied at or near the out-of-plane direction, the resonance condition (at the used 

experimental frequency) is only satisfied at the negative field values, as seen in the 

experiment of Figure 50 (a) and as expected from the macrospin simulation of Figure 50  (c). 
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Figure 50. (a) FMR spectra collected as a function of the out-of-plane angle between the external magnetic field and film 
surface. The angular step is 10°. The dashed red line is a guide for the eye showing an approximate angular variation of the 
FMR field. (b) Detail of the two resonances observed around ϕB = 0° orientation, from -10º to 10º in a 1º angular step. Those 
two resonances result from the two intersections between the FMR mode and the experimental frequency, as expected from 
the simulation in (c). 

 

The effective fields corresponding to the first and second-order anisotropy 

constants, BK1eff and BK2, extracted from fits to the results of Figure 49, are reported in 

Figure 51 (a). One can observe quite different thickness behavior for BK1eff and BK2. As 

FeCoB thickness is reduced, BK1eff increases almost linearly (actually, it increases as 1/tFCB, 

but due to the narrow thickness range, it looks like linear versus tFCB), then starts deviating 

from this trend below tFCB = 1.3 nm. At lower thickness, BK1eff levels off and then starts 

decreasing again. In this range of thicknesses, the tendency towards islands formation can 

lead to an effective thickness of the grains larger than the nominal thickness by conservation 

of the amount of deposited material. In addition, due to the weak intergrain coupling already 

discussed for these thin free layers, the role of thermal fluctuations at room temperature 

may be enhanced compared to thicker free layers, yielding also a lower effective anisotropy 

for a given nominal thickness. In particular, for the films with tFCB < 1 nm the decrease in 

BK1eff can be readily ascribed to thermal fluctuations inside each grain – a 

superparamagnetic regime of FMR is observed202. The significant increase in the linewidth 

observed for tFCB < 1.3 nm (Figure 51 (b)) further supports the idea of a granular-type 

behavior of the thin free layers. The grain volume distribution and the associated grain-to-

grain distribution of effective perpendicular anisotropy fields are expected to be broader 
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than for continuous films with the same nominal thickness. Weak intergrain exchange also 

causes each grain to resonate independently of each other; dynamic dipole-dipole coupling 

can be non-negligible in this case further increasing the FMR line broadening. 

At the same time, BK2 amplitude decreases in absolute value with decreasing film 

thickness. Its magnitude cannot be estimated below tFCB = 1.3 nm because it becomes too 

small compared to BK1eff and because of the strong broadening of the FMR signal at these 

very small thicknesses. It is assumed therefore that BK2 ≈ 0 for tFCB < 1.3 nm. 

 

 

Figure 51. (a) Thickness dependence of the effective first- and second-order anisotropy fields, BK1eff, BK2, extracted from the 
angular dependences of FMR resonance field (example shown in Figure 49); (b) FMR linewidth (FWHM) versus free layer 
thickness for an in-plane applied magnetic field. A significant increase is observed below 1.3 nm. 

 

A TEM image of the stack, alongside the EELS mapping of Ta (O2,3 edge), presented 

in Figure 52, reveals the diffusion of Ta across all the FeCoB/Ta/Pt system located above 

the MgO/FeCoB interface (blue horizontal line in the figure). Furthermore, the distribution 

of Ta is heterogeneous and seemingly periodical, with Ta-rich regions intercalated with Ta-

poor regions. The latter likely constitute the FeCo columnar grains, which corroborates the 

granular character of the FeCoB free layer expected from the magnetoresistance and FMR 

results. 
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Figure 52. TEM image (left) and corresponding Ta mapping (O2,3 edge) by EELS (right) of a MgO/FeCoB(1.4 nm)/Ta extended 

film. The horizontal blue line indicates the FeCoB/MgO interface and the orange blocks the Ta-poor regions (FeCo grains). 

The bottom Ta, grown atop SiO2 likely diffuses through the thin (magnetically dead) FeCoB into the MgO, explaining the white 

spots registered below the blue line, and contributing to the low crystalline quality of MgO tunnel barrier (likely further degraded 

by ion milling during sample preparation). The image was obtained by Doctor Johannes Biskupek, Doctor Yuliang Li and 

Doctor Ute Kaiser, at the Electron Microscopy Group of Materials Science from Ulm University. 

 

Referring to the micromagnetic nature of the second-order anisotropy term (spatial 

fluctuations of the uniaxial anisotropy), its thickness dependence can be explained as 

follows. Dieny and Vedyayev30, and recently J. Sun75 have shown that two exchange 

coupled magnetic systems having different uniaxial anisotropies can exhibit a higher-order 

anisotropy term, K2, with a negative sign. Similarly, the magnetic storage layer can be 

approximated by an ensemble of macrospins (individual grains) having grain-to-grain 

distribution of the K1eff parameter. The grains are coupled by intergrain exchange, whose 

strength depends on the nominal film thickness. The first extreme case corresponds to the 

situation of zero intergrain coupling. In that case, the FMR technique will see only the first-

order anisotropy and inhomogeneous FMR line broadening. The second limiting case 

corresponds to a strongly coupled ensemble of grains. Correspondingly, the FMR will excite 

only a uniform precession mode in an effective field which corresponds to an average of the 

anisotropy fields over the whole ensemble of grains. In that case, all the spins would behave 

as a single macrospin, and the exchange energy, as in the case of a traditional ferromagnet, 

will not appear in the effective field functional defining the resonance frequency. In between 

those two regimes lies the region of interest, where the intergrain coupling influences the 

grain dynamics, thus yielding higher-order precession modes. The relative weight of the 

intergrain exchange energy in the total magnetic free energy of the system actually 

determines the magnitude of this second-order anisotropy contribution. 

Varying the nominal film thickness allows tuning the intergrain coupling strength in 

the samples. The increase of the nominal FeCoB thickness reduces the amplitude of δK1eff, 

the spatial fluctuations of K1eff. At the same time, it strongly increases the intergrain coupling 

strength. The imbalance between those two opposing effects actually yields a negative 

increase of K2 with increasing FeCoB thickness. A levelling off and even a decrease of K2 
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is expected at even larger thicknesses, but that is outside the thickness range considered 

for magnetic memory applications. 

The temperature dependences of the extracted effective anisotropy fields for several 

free-layer thicknesses are shown in Figure 53 (a). K1eff increases at low temperature as 

expected in the case of a pure single-ion magnetocrystalline anisotropy, whose temperature 

dependence, according to the Callen and Callen theory5, can be described as a power law 

of the saturation magnetization, MS(T). Because FMR experiments give the effective 

anisotropy fields rather than the anisotropy constants, it is hard to separate the temperature 

dependence of the surface anisotropy ks1(T) contribution from the magnetostatic part, 

μ0MS
2(T), without additional magnetostatic measurements. Nevertheless, the increase of MS 

with decreasing T is confirmed by many experiments performed on nanometer-thick FeCo 

films (see, for example, Refs.203,204). Assuming the same behavior in the studied samples, 

one can conclude that ks1 also increases with decreasing T according to a power law, 

ks1 ~ MS
n(T), with n ≥  2. Therefore, the experimentally observed increase of K2 is in line 

with the Dieny-Vedyayev model30 predicting an increase of K2 with increasing amplitude of 

spatial fluctuations δK1eff. The K1eff increase not only raises the K2 amplitude, but also 

contributes to the FMR broadening (Figure 53 (b)) observed at low temperatures. This is 

again an expected behavior associated with the micromagnetic origin of the higher-order 

anisotropy term: K2 and FMR linewidth are expected to vary similarly as a function of the 

spatial fluctuations of K1eff. 

 

 

Figure 53. (a) Temperature dependence of the effective fields, BK1eff and BK2 for samples with different free-layer thickness. 
(b) FMR linewidth (FWHM) versus temperature measured with the in-plane magnetic field. 
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8.4. Conclusions 

The thickness dependence of the TMR and of the resonance properties of the free layer 

revealed the gradual evolution of the free-layer behavior from that of a continuous film at 

large FeCoB thicknesses towards that of an ensemble of weakly coupled grains for FeCoB 

layers thinner than 1.3 nm. 

The resistance in the parallel state (RP) of the magnetic layers having a granular 

structure exhibited a similar temperature dependence and value as compared to those 

forming a continuous film. The MgO below the free layer is therefore not affected by the 

granularity of the free layer. The observed degradation of the TMR in thinner films is 

explained instead by the thermal fluctuations in the grains and by the incomplete coverage 

of the FeCoB/MgO interface due to accumulation of non-magnetic species at the grain 

boundaries, particularly Ta.  Owing to that reduced coverage by materials with a high spin 

polarization (the inner part of the FeCo grains), the tunneling probability of minority electrons 

increases. The less spin-polarized tunneling current then results in a reduced TMR. 

The partial coverage also yields a locally reduced interfacial PMA that is 

accompanied by a reduced intergrain exchange. Increasing the nominal thickness of such 

a granular FeCoB film then produces two effects: an increase of the intergrain exchange 

and a decrease in magnitude of the spatial fluctuations of K1eff. Both effects result in a 

gradual decrease of the inhomogeneous broadening of the FMR line. Because the 

intergrain coupling field increases faster with tFCB than δK1eff decreases (i.e. 1/tFCB 

dependence), the K2 constant increases in negative values. The micromagnetic nature of 

this second-order contribution makes the K2 parameter dependent on the balance between 

δK1eff and the intergrain exchange in accordance with the Dieny-Vedyayev model30. 

 In summary, a correlation was found between the degree of the film granularity 

(characterized by the intergrain coupling), the inhomogeneous broadening of the FMR line 

(the main mechanism defining ∆B) and the second-order magnetic anisotropy constant, 

required for the onset of the magnetic easy-cone state. 

 

 Besides allowing to settle the micromagnetic origin of the second-order anisotropy 

term, the results revealed a quite peculiar feature: the temperature stabilization of the easy-

cone state. That feature is revealed when replotting the BK1eff(T) and BK2(T) of figure 53 

(a) in the form of the BK2 vs BK1eff diagram of Figure 54 (a), to map the different 

magnetization ground states found in MgO/FeCoB/Ta free layers. There it can be seen that, 

with the decreasing temperature, |BK2| grows quadratically with BK1eff. For a FeCoB layer 

nearing the onset of the easy-cone state around room temperature, as in the case for 

tFCB =1.63 nm, the decrease in temperature brings about a faster growth of |BK2| than of 

BK1eff. That in turn ensures that the −BK2 > BK1eff condition for the magnetization to stay 

within the easy-cone regime is verified for a wide range of temperatures. Moreover, the 

angle of the easy cone can itself become stabilized as shown in Figure 54 (b) for the same 

FeCoB thickness. Independent measurements, using two different cryostats, revealed the 

stable easy-cone angle between 75 K and 250 K. 
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Figure 54. (a) BK2 vs BK1eff diagram mapping the different magnetization ground states (from left to right: easy plane; easy 
cone; easy axis) found for MgO / FeCoB / Ta, with varying thickness, increasing from right to left along the lines corresponding 
to each temperature. The temperature decreases from the top to the bottom. Each symbol type corresponds to a thickness 
(indicated below the 120 K line). A dashed pink arrow emphasizes the evolution of the anisotropy fields of a 1.63 nm-thick 
FeCoB layer, staying within the easy cone regime with the decreasing temperature. The corresponding temperature 
dependence of the easy-cone angle is shown in (b). Blue open squares and pink spheres represent independent 
measurements using different cryostats to cover the 75 K to 400 K temperature range. 

 

The physical mechanism at the origin of the easy-cone stabilization as well as its 

implication for cryogenic applications are the subjects of Chapter 9. There, it will be shown 

that the same physical mechanism applies to double-MgO magnetic free-layers, i.e. 

MgO/FeCoB/MgO, which can exhibit the magnetic easy-cone anisotropy along with the 

advantages of having two FeCoB/MgO interfaces that were pointed out in section 4.2.3. 
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9. Stabilization of the easy-cone magnetic state in 

single- and double-MgO free-layers 

The results of this chapter are published in Phys. Rev. B 100, 184405 (2019), (Ref.205). 

9.1. Introduction 

For the development of spin transfer torque (STT) switching capabilities, it is important not 

only to eliminate the stochasticity of the incubation of STT but also to improve the STT 

switching efficiency, defined as Δ/Ic0, where Δ = KeffV/kBT is the thermal stability factor and 

Ic0 ∝ αΔ is the critical current for switching, for pulse duration of the order of 10 ns (Section 

4.2.)37. Here, Keff is the effective perpendicular magnetic anisotropy (PMA), kB the 

Boltzmann constant, T the absolute temperature, α the Gilbert damping parameter, and V 

the nucleation volume of magnetization reversal. To increase the free-layer thickness while 

keeping a strong PMA, two FeCoB / MgO interfaces may be used (“double-MgO”) instead 

of a single interface37. Additionally, the double-MgO magnetic free layer exhibits a reduced 

α as compared to thinner free layers sandwiched between an MgO barrier and a metal 

capping layer, via the suppression of the spin-pumping effect. The lack of metal capping in 

the double-MgO free layer involves, however, the insertion of a thin metal spacer (e.g. Ta56–

63, W31,61,62,64–66, Mo62,67) inside FeCoB to achieve the B-gettering effect, usually performed 

by the capping, that is required to coherently crystallize the MgO barrier and the FeCoB 

electrode. 

The general outcome of selecting the double-MgO over the single-MgO architecture 

is a twofold decrease of α accompanied by an almost doubling of PMA, resulting in an 

overall enhanced switching efficiency132,133. Yet, the stochasticity of the STT nucleation 

poses an issue, as a misalignment between the fixed- and free-layer magnetizations is 

necessary for a transfer of angular momentum by the spin-polarized current to occur. Such 

a misalignment is introduced by thermal fluctuations, but these broaden the distribution of 

switching times due to their random nature. As shown by analytical145,149 and macrospin146 

studies, as well as by incubation-delay measurements147, setting the free layer in a magnetic 

easy-cone state, with the cone angle providing the initial misalignment, can further improve 

the switching characteristics of pMTJs. Some spintronic applications could thus benefit from 

the combined advantages of the double-MgO architecture with those of the easy-cone 

anisotropy. 

From the magnetic energy density of equation 8.1, the conditions of the onset of the 

easy cone state are, as discussed, BK1eff > 0, BK2 < 0, and |BK2| > BK1eff. As |BK2| is usually 

much smaller than BK1eff, the onset of the easy cone occurs only when the PMA is nearly 

balanced out by the shape anisotropy, i.e. near BK1eff ≈ 0. Thus, the applicability of the 

easy-cone anisotropy in memory elements (e.g., STT magnetic random-access memory) is 

limited, as a sizeable anisotropy is required to achieve enough thermal stability of the 

recorded state. Still, memory niche applications where thermal stability is not a concern, 

e.g., memories for cryogenic operation or persistent memories (i.e., where the bit is written 

often and stored for short periods of time) may benefit from the improved switching speed 

brought about by the easy cone. Besides, there are other spintronic applications where a 

low anisotropy is not problematic but even desirable, as is the case of spin-torque oscillators 

(STO) for highly sensitive RF detectors206. Furthermore, the presence of second-order 

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.100.184405
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anisotropy allows for high-frequency zero-bias field precession in STO94, improved 

stochastic phase synchronization of STO arrays152, and broadband microwave detection 

with potential application in energy harvesting207. Another practical concern of the BK1eff ≈  0 

requirement for the onset of the easy cone is that there is a narrow range of layer 

thicknesses where the easy cone is attainable70. It would be advantageous to widen the 

range of thicknesses and temperatures for the onset of the easy cone via the control of 

deposition parameters. Here, the mechanisms by which the metallic spacers widen the 

thickness and temperature range for getting the magnetic easy-cone in double-MgO free 

layers are investigated. 

 

9.2. Experimental details 

Free layers composed of Ta(3) / Ru(2) / W(3) / Ta(1) / FeCoB(0.3) / MgO(1.3) / 

FeCoB(1.4) / X(0.2) / FeCoB(t) / MgO(1.1) / W(2) / Pt(3), where X stands for a Ta or W 

spacer and FeCoB is the Fe72Co8B20 alloy, were deposited by magnetron sputtering on a 

thermally oxidized Si wafer and annealed at 300ºC for 2 min. The numbers in parentheses 

are nominal thicknesses of the layers in nanometers. The total thickness of the FeCoB free 

layer tFCB = (1.4 + t) nm was varied by growing the topmost FeCoB layer in a wedge 

(0.4 nm < t < 1.6 nm). Double-MgO free layers with equal thickness but without spacer were 

also prepared. The bottom FeCoB(0.3) layer is magnetically dead. It is introduced to ensure 

that the structure of the studied MTJ is comparable to that of a complete MTJ stack but it 

does not contribute to the measured magnetic signal. 

Samples with an area of 1  1 mm2 were cut from the wafer ensuring a negligible 

thickness gradient. Other details regarding sample preparation can be found in Ref.199. 

The magnetic anisotropy fields were extracted in the same way as in Chapter 8 and 

Gilbert damping parameter α of the free layers was estimated applying the models of FMR 

linewidth introduced in section 2.7.5. The angle- and temperature-dependent ferromagnetic 

resonance (FMR) results were obtained at a microwave frequency of 9.37 GHz using a 

commercial EPR spectrometer. 

 

9.3. Results and discussion 

Varying the nominal thickness of the free layer between 1.8 and 3 nm along the wafer 

diameter made it possible to observe the complete reorientation of the magnetization 

direction from the perpendicular easy axis to the easy plane, passing through the 

intermediate easy cone. Selected angular dependences of the resonance field, BRES(ϕB), 

highlighting those three regimes in a MgO / FeCoB / W / FeCoB / MgO free layer, are shown 

in Figure 55 (a). The Smit-Beljers formalism100 was used to extract effective first- and 

second-order anisotropy fields from a fit to the experimental BRES(ϕB) dependence, starting 

from the description of the magnetic energy density of the system presented in equation 8.1. 
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Figure 55. Out-of-plane angular dependence of (a) resonance field and (b) peak-to-peak linewidth for 

MgO/FeCoB/W/FeCoB/MgO free layers with different total FeCoB layer thicknesses: 2.5 nm (green diamonds), 2.8 nm (cyan 

circles) and 3.0 nm (blue triangles). Red lines are fits to the data using the Smit-Beljers formalism in (a) and combination of 

intrinsic damping with local-resonance model and two-magnon scattering in (b). Insets: (a) coordinate system used to define 

ϕB and ϕM; (b) example of FMR spectra (first derivative of the absorption curve) and definition of resonance field and peak-

to-peak linewidth. 

 

Figure 55 (b) shows the angular dependence of the peak-to-peak linewidth, 

∆BPP(ϕB), which unveils the inhomogeneous linewidth broadening caused by fluctuations 

of BK1eff. The presence of both weak and strong coupling between those magnetic 

inhomogeneities is recognized by the local maxima of ∆BPP for the external field applied out 

of plane (ΔB⊥) and in plane (ΔB∥), respectively. The broadening is thus originated by a 

spread in the resonance fields between weakly coupled portions of the film (local 

resonance) and by dephasing of the FMR uniform precession mode in the strongly coupled 

portions of the film leading to excitation of spin waves (two-magnon scattering, TMS). The 

TMS is readily identified by the condition ΔB∥ > ΔB⊥, as the TMS is operative in the ϕM < 45° 

range.110 

The thickness dependence of the extracted BK1eff is shown in figure 56 in the 

linearized form: 

 

 BK1efftFCB = 
2ks1

MS
 −  μ0MStFCB. (9.1) 

 

For the free layers without spacer, the slope of the linear trend changes at 

tFCB = 2.6 nm (solid and dotted black lines in figure 56). Such a deviation is likely caused by 

an incomplete crystallization of FeCo for films thicker than 2.6 nm, due to the lack of a 

B - getter. As a result, a part of the film remains amorphous and contributes to a lowering 

of MS. In contrast, for tFCB < 2.6 nm the linear regression yields MS=1551 kA ⋅ m-1 and 

ks1=2.48 mJ ∙m-2, reflecting the complete crystallization of the FeCo layer. 
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Figure 56. Thickness dependence of the effective first-order anisotropy field in the linearized form in units of mT ⋅ nm of 

equation 9.1 for: a free layer without spacer (black squares); with a Ta spacer (red circles) and with a W spacer (blue triangles). 

Solid lines are linear fits to the data, and dashed lines are guides to the eye. 

 

A deviation from the linear trend is also observed for the case of the free layer with 

a Ta spacer, with BK1eff leveling off below tFCB = 2.4 nm (dashed red line in figure 56). The 

weakened BK1eff is likely caused by a preferential diffusion of Ta to the top FeCoB / MgO 

interface through the grain boundaries of the thinner FeCoB layer deposited atop Ta 

(t < 1 nm), as often seen for thin FeCoB films46,58,208. Such a degradation of BK1eff is not 

observed when using a W spacer instead. Moreover, the free layer with a W spacer exhibits 

an improved BK1eff and corresponding increase in the crossover thickness (i.e. tFCB yielding 

BK1eff ≈ 0) than the free layer with Ta. Being less prone to diffusion than Ta, W has been 

explored as an alternative B getter that offers a higher thermal stability31,209, which is in 

agreement with the presented observations. 

Similar values for the saturation magnetization and PMA were found for the free 

layers containing Ta and W spacers, viz., MS ≈ 1170 kA ⋅ m-1 and ks1 ≈ 2.3 mJ ⋅ m−2, in 

agreement with the literature58,64. A reduced MS in magnetic free layers with metal 

insertions, compared to free layers without the insertions, is quite expected58,62 and explains 

the observed increase in magnitude of BK1eff. Hence, by inserting a metallic spacer within 

the FeCoB layer, a perpendicular magnetization (BK1eff > 0) is obtained at thicker free layers 

than in layers without spacer. Consequently, the onset of the easy-cone state (around 

BK1eff ≈ 0) is obtained in thicker layers with a spacer (≈ 2.8 nm) than in those without 

spacer (≈ 2.1 nm). 

Negative values of BK2 were extracted for all thicknesses and layer architectures as 

shown in figure 57. The approximate thicknesses for which the easy cone was obtained 

(highlighted in figure 57) were: tFCB ≈ 2.15 nm for the free layer without spacer and 

2.65 nm < tFCB < 2.80 nm for the free layers with spacers. The range of thicknesses for the 

onset of the easy cone is notoriously widened when spacers are used. Interestingly, the 
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FeCoB thicknesses, tFCB, for which the easy cone is reached, correspond to a nearly 

symmetrical free layer with ttop ≈ tbottom = 1.4 nm. 

 

 

Figure 57. Thickness dependence of the second-order anisotropy field for: a free layer without spacer (black squares); with a 

Ta spacer (red circles) and with a W spacer (blue triangles). Dashed lines are guides to the eye, and highlighted regions 

indicate approximate FeCoB thicknesses where the easy-cone anisotropy is observed in a double-MgO free layer without 

spacer (around 2.15 nm) and for the free layers with metal spacer (around 2.7 nm). 

 

Considering the out-of-plane (100) texture of the FeCoB layer, no term of 

magnetocrystalline anisotropy is able to explain the observed angular dependence of Bres, 

as previously discussed in chapter 8. Instead, the onset of negative BK2 may arise from 

spatial fluctuations of magnetic parameters, namely of BK1eff (i.e. δBK1eff), whose impact on 

the angular dependence of the linewidth (figure 55 (b)) has been discussed. Such a 

micromagnetic origin of BK2 has been reported in analytical30 and micromagnetic71 studies. 

In the previous chapter (Ref.46), experimental evidence for the same origin of BK2 in a 

granular MgO / FeCoB / Ta free layer was provided and attributed the increase of |BK2| with 

increasing FeCoB thickness was attributed to the interplay between an increasing intergrain 

coupling and a decreasing δBK1eff. 

In the case of the double-MgO free layers of this study, the same modulation of the 

intergrain coupling and of δBK1eff with tFCB likely occurs in the top FeCoB layer, the thickness 

of which is varied. Yet, other mechanisms at the origin of BK2 may also be present such as 

the one proposed by J. Sun75 comprising a strong interface-concentrated PMA in 

conjunction with a weakening of the exchange stiffness across the layer thickness. Indeed, 

a weakening of the exchange stiffness has been reported for MgO / FeCoB / MgO free 

layers with Ta and W spacers, in correlation with a drop of MS (Ref.64). 

Figure 58 summarizes the findings regarding the thickness dependence of the first- 

and second-order anisotropy fields in the form of a magnetic phase diagram. There, the 
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narrow region corresponding to the easy-cone state is highlighted. At the onset of the easy 

cone (at BK1eff ≈ 0), the free layer with a W spacer exhibits a stronger |BK2| compared to 

the case of the Ta spacer. Consequently, the use of W instead of Ta effectively widens the 

range of thicknesses for which the easy cone is attained and allows to keep the easy cone 

up to slightly larger values of BK1eff. 

For the thicknesses of interest for the easy-cone regime an α ≈ 0.009, α ≈ 0.008 

and α ≈ 0.007 were determined for the cases of the W, Ta and no spacer, respectively. 

The stronger damping and the sustained increase of BK1eff with decreasing tFCB (figure 56) 

indicate a better alloying of W with FeCoB than of its Ta counterpart, the diffusion of which 

onto the FeCoB / MgO interface ends up degrading the PMA. The improved alloying of W 

with FeCoB results in an enhancement of BK1eff which correlates with a localized decrease 

of MS and an expected lower exchange stiffness64. The distinct effect of W on the structural 

properties of the free layer in contrast to its Ta counterpart then explains the improvement 

in |BK2|: a smaller degree of W diffusion and consequent accumulation in the middle of the 

FeCoB layer expectedly promote both a stronger lateral coupling between the grains and a 

lower exchange stiffness across the thickness of the FeCoB layer, both effects potentially 

leading to an increase of |BK2|. 

 

 

Figure 58. Diagram mapping the magnetization ground state as a function of BK2, BK1eff and tFCB for: free layer without spacer 

(squares); with a Ta spacer (circles), and with a W spacer (triangles). The thickness decreases from left to right according to 

the color bar coding. Schematics at the bottom represent, from left to right: easy plane; easy cone (highlighted region); and 

perpendicular easy axis. 

 

The temperature dependence of the effective anisotropy fields is shown in 

figure 59 (a) for layers with selected thicknesses that, at room temperature, exhibited a 

magnetic ground state near the crossover from easy plane to easy cone, viz., 2.80 nm for 

the free layers with a Ta or W spacer and 2.15 nm for a free layer without spacer. 
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Both BK1eff and |BK2| increase with decreasing temperature. As it was the case in 

Ref.46 for a MgO / FeCoB / Ta free layer, the temperature dependence of these quantities 

supports the micromagnetic origin of the second-order anisotropy. In the temperature 

dependences of the anisotropy fields, contrary to the thickness dependences, the role of 

δBK1eff on |BK2| can be more clearly separated from that of the intergrain coupling, 

considering that the grain features remain unaltered and the coupling is expected to vary 

little with temperature. As BK1eff and MS increase upon cooling, so does the interfacial PMA, 

ks1, according to the definition of the effective field, and as expected from the 

ks1 ∝  (M(T)/MS)
γ power law dependence with γ > 2  (Ref.62). The magnitude of the spatial 

fluctuations, δBK1eff, follows the increase in BK1eff and leads to the scaling of |BK2| with 

(δBK1eff)
2 and, therefore, with (BK1eff)

2, as the quadratic fits of figure 59 (a) show. This 

scaling of |BK2| with the square of the inhomogeneity agrees with the analytical model 

developed by Dieny and Vedyayev30, as pointed out in section 2.4.2. Likewise, the 

temperature-dependent FMR linewidth for the in-plane applied magnetic field, ΔB∥, 

(figure 59 (b)), follows the same scaling with (BK1eff)
2, and therefore with (𝛿BK1eff)

2 as 

expected from the two-magnon scattering contribution109 (e.g. equations 2.63 and 2.64 in 

section 2.7.6). 

 

 

Figure 59. (a) Diagram mapping the magnetization ground state as a function of BK2, BK1eff and temperature, and 

(b) temperature dependence of the in-plane peak-to-peak linewidth (ΔB∥, ϕB = 0°) for: free layer without spacer and 

tFCB = 2.15 nm (black squares); with a Ta spacer and tFCB = 2.80 nm (red circles); and with a W spacer and tFCB = 2.80 nm 

(blue up triangles). In (a) the temperature decreases from left to right in 50 K steps starting from 120 K, following the color-

bar code. Solid lines in (a) and (b) are 2nd-order polynomial fits to the data highlighting the quadratic dependence of BK2 and 

of ΔB∥ on BK1eff, respectively. 

 

As |BK2| grows quadratically with BK1eff, an appropriate choice of the FeCoB 

thickness allows sustaining an easy-cone state at low temperatures and, consequently, at 

increased BK1eff. Figure 60 (a) shows the temperature dependence of the calculated easy-

cone angle for the double-MgO free layers shown in figure 59 (a). While the transition from 

easy plane to easy axis upon cooling occurs rapidly in the free layer without spacer, the 

addition of a metallic spacer slows down the variation rate of ϕC, allowing the easy cone to 

be kept below room temperature down to at least 120 K. 
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Figure 60. (a) Easy-cone angle as a function of temperature for double-MgO free layers: without spacer and tFCB = 2.15 nm 

(black squares); with a Ta spacer and tFCB = 2.80 nm (red circles); with a W spacer and tFCB = 2.80 nm (blue triangles); 

(b) Sketch of local M(T) dependences: spacer region with locally reduced MS and TC due to alloying of FeCoB with the spacer 

and FeCoB/MgO interface region with stronger MS and TC; 

 

The impact of the metallic spacer on the improved thickness and temperature range 

of the easy-cone state can be explained by a phenomenological model entailing a localized 

reduction of MS and TC in the middle of the FeCoB layer, resulting from the diffusion and / or 

alloying with FeCoB (see sketch of figure 60 (b)). Due to the decreased MS, BK1eff and δBK1eff 

are increased (see equation (9.1)) leading to the improved |BK2| and the corresponding 

widening of the thickness range for obtaining the easy-cone anisotropy shown in figure 58. 

Additionally, as depicted in figure 60 (b), a localized decrease in TC,  brought about 

by the metallic insertions, translates into a faster increase of MS upon cooling, the effect of 

which on BK1eff is balanced by the increase of ks1 near the MgO / FeCoB interfaces, where 

MS and TC remain higher. While the rate of increase of ks1 upon cooling is about the same 

in all stacks, the averaged drop of MS and TC over the layer thickness is more prominent in 

the free layers containing a spacer than in the case of MgO / FeCoB / MgO. This leads to a 

compensational effect on the temperature dependence of BK1eff, characterized by a slowing 

down of the rate of increase in BK1eff upon cooling. As |BK2| scales with (BK1eff)
2, the 

|BK2|/BK1eff ratio scales with BK1eff, meaning that a stabilized BK1eff(T) results in a stable 

ϕC(T). Indeed, an easy-cone anisotropy below 400 K with a stabilized easy-cone angle in 

the 77 K to 200 K temperature range was demonstrated in figure 54 (b), at the end of the 

previous chapter, for a MgO / FeCoB (1.6 nm) / Ta free layer. Comparing to the double-

MgO layers of figure 60 (a), the stabilization of BK1eff upon cooling in a MgO / FeCoB / Ta 

free layer is easier to accomplish, due to the diminished role of ks1 (there is only one 

MgO / FeCoB interface) and enhanced role of the drop of the MS and TC near the 

FeCoB / Ta interface. 

The described mechanism can thus be explored to reach a stable easy-cone state 

via choice of thickness and composition of the spacer (or capping) layer. The stable 

magnetic easy cone may benefit low-power spin-logic applications and bias-field-free spin-

torque oscillators (STO) 94,145, whose precession frequency and output power depend on 

the BK2 / BK1eff ratio210.  
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9.4. Conclusions 

The thickness and temperature dependences of the effective first- and second-order 

anisotropy fields, BK1eff and BK2, of MgO/FeCoB/MgO free layers, with and without a 0.2-

nm-thick Ta or W spacer inserted in FeCoB, were traced using ferromagnetic resonance 

(FMR). Doing so, the role of the spacers in widening the range of thicknesses and 

temperatures for which the easy-cone anisotropy is attained was demonstrated. 

The insertion of the Ta and W spacers has brought about an enhancement of BK1eff 

and |BK2|, allowing the easy cone to be kept in thicker FeCoB layers. Unlike in the case of 

the Ta spacer, alloying of W with FeCoB and ensuing absence of diffusion towards the 

MgO/FeCoB interfaces allowed achieving an improved magnitude and sustained increase 

of BK1eff with decreasing FeCoB thickness. Additionally, the insertion of the W spacer leads 

to an improvement of BK2 and to an increased thickness range of the existence of the easy 

cone in comparison to the Ta counterpart, albeit increasing the Gilbert damping parameter 

α by about 10%. 

The temperature-dependent FMR revealed a quadratic dependence of the in-plane 

linewidth, ΔB∥, on the fluctuations of the effective first-order anisotropy field, δBK1eff, in 

accordance with the two-magnon scattering theory211. A similar dependence has been 

found for the second-order anisotropy field, BK2, according to the analytical prediction by 

Dieny and Vedyayev30. An evidence is thus provided, additional to that existing in the 

literature30,46,71, of the micromagnetic origin of the negative BK2 that is required for the onset 

of the easy cone. 

The increase of BK1eff with decreasing temperature and the corresponding quadratic 

scaling of |BK2| with BK1eff allows inducing easy-cone states in a wide range of temperatures 

in the double-MgO free layers with metallic spacers. Particularly interesting is the prospect 

of a thermal stabilization of the easy-cone angle, which was demonstrated for the case of a 

MgO/FeCoB (1.6 nm)/Ta free layer. A phenomenological explanation for such a thermally 

stable cone is proposed, comprising the stabilization of BK1eff(T) due to the competing 

effects of the FeCoB/MgO interface, sustaining high MS, TC and ks1 values, and of the 

interior (upper) FeCoB region, where alloying with the metal spacer (capping) locally 

reduces MS and TC. A control of the temperature dependence of BK1eff via engineering of 

the spacer layer may thus be pursued for obtaining a magnetic easy cone with opening 

angle almost independent on temperature in the double-MgO free layers, with a potential 

application in low-temperature spintronic devices. 

 

Although the range of experimental conditions for obtaining easy-cone anisotropy 

are widened by the insertion of metallic spacers within the double-MgO free layers, the 

thickness window for the presence of that anisotropy state is still quite narrow (smaller than 

2 Å - see for example figure 57). For practical applications, the reproducibility of an easy-

cone ground state in the free layer of a pMTJ is thus expected to be challenging. Hence, it 

could be advantageous to settle a post-deposition process capable of controllably altering 

the direction of the easy magnetization axis. As the examples given in chapter 5 have 

demonstrated, ion irradiation is a promising tool for the control of magnetism in magnetic 

multilayers. In that regard, the impact of ion irradiation on double-MgO free layers was 

studied. The results of that experiment are the subject of the next chapter. 
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10. Ion irradiation-induced easy-cone anisotropy in 

double-MgO free layers 

The main results of this chapter are published in Appl. Phys. Lett. 112, 202403 (2018). 

 

10.1. Introduction 

Reproducibly controlling the easy-cone anisotropy in FeCoB/MgO systems may be 

technologically challenging, as this state is only found within a narrow range of layer 

thicknesses. It would thus be desirable to find a post-deposition process for reorienting the 

magnetization direction via the control of the interfacial PMA. In that regard, high-energy 

particle irradiation appears as a simple and reproducible tool to physically modify the 

interfaces and thus control interfacial magnetic phenomena. A review of the work published 

in this field until 2004 is given in Ref. 155. Light ion (He+) irradiation has been used to reduce 

the PMA in Pt/Co multilayers by promoting local intermixing at the interfaces176 and thus to 

manipulate the magnetization direction of such systems, from out-of-plane to in-plane and 

also to oblique orientations163. Heavier ions such as Ar+ were used to modify the properties 

of Pt/Co films as well212. More recently, He+ irradiation was used to manipulate the direction 

of the exchange-bias field in MTJ stacks169, to reduce the annealing temperature for 

crystallizing CoFeB in MgO-based MTJs47, and to control the domain wall velocity175. Here, 

the possibility of inducing an easy-cone anisotropy in the technologically relevant 

MgO/FeCoB/MgO free layers, with and without inclusion of Ta or W spacers, by 400 keV 

Ar+ irradiation, was explored. 

 

10.2. Experimental details 

The same free layers characterized in the previous chapter were used for the irradiation 

study. To reiterate, these free layers are composed of Ta(3) / Ru(2) / W(3) / Ta(1) / 

FeCoB(0.3) / MgO(1.3) / FeCoB(1.4) / X(0.2) / FeCoB(t) / MgO(1.1) / W(2) / Pt(3), where X 

stands for a Ta or W spacer, and FeCoB is a Fe72Co8B20 alloy. The deposition was carried 

by magnetron sputtering onto a thermally oxidized 4-inch Si wafer and annealed at 300ºC 

for 2 min. The numbers in parentheses are nominal thicknesses in nanometers. The total 

thickness of the FeCoB free layer (tFCB = 1.4 + t nm) was varied by growing the topmost 

FeCoB layer as a wedge (0.4 < t < 1.6 nm). Free layers with equal thickness but without 

spacer were also prepared. 

Samples with an area of 4  4 mm2 (a larger area than the 1 mm2 used in the 

previous study) were cut from the wafer. Still, the sample area ensures a negligible 

(± 0.18 Å) nominal thickness gradient. Two thicknesses of the FeCoB layer were selected 

for two irradiation runs: tFCB = 3.0 nm and tFCB = 2.6 nm. The irradiation with 400 keV Ar+ 

ions was performed at five different fluences, Φ, ranging from 1012 cm-2 to 1016 cm-2. The 

irradiation of the stacks was carried at the Instituto de Plasmas e Fusão Nuclear of Instituto 

Superior Técnico, Lisbon, by Dr. Eduardo Alves. The irradiation conditions were chosen 

based on simulation results obtained from the TRIM (Transport of Ions in Matter) package 

included in the SRIM (Stopping and Range of Ions in Matter) software156. This software uses 

https://aip.scitation.org/doi/10.1063/1.5026854
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a Monte Carlo algorithm and performs a quantum mechanical treatment of ion-atom 

collisions that entails the effective charge of the ion travelling through amorphous targets. 

Complex irradiated targets such as multilayer stacks can be set up. The relevant 

parameters for the simulations are the elements on each layer, the thickness of the layer, 

the density, ρ, and the threshold displacement energy, Ed. That is the kinetic energy an 

atom in the solid needs to acquire to be permanently displaced from its lattice site into a 

defect position. The parameters used in the simulations are summarized in Table III. 

 

Table III. Parameters of the multilayer stack used in the TRIM simulations. 

Layer Thickness (Å) Ed (eV) Density (g/cm
3
) 

Pt 30 80 (Ref. 213) 20.87 

W 20 41 (Ref. 214) 19.25 

MgO 12 55 (Ref. 47) 3.58 

FeCoB 12 / 16 22 (Ref. 47) 7.88 

Ta/W 2 33 (Ref. 47) / 41 (Ref. 214) 16.69 / 19.25 

FeCoB 14 22 (Ref. 47) 7.88 

MgO 13 55 (Ref. 47) 3.58 

FeCoB 3 22 (Ref. 47) 7.88 

Ta 10 33 (Ref. 47) 16.69 

W 30 41 (Ref. 214) 19.25 

Ru 20 60 (Ref. 215) 12.45 

Ta 30 90 (Ref. 215) 16.69 

SiO2 14 15 / 28 (Ref. 156) 2.20 

Si 525000 15 (Ref. 156) 5.01 

 

In the simulations the multilayer stack is assumed to be at 0 K, which means there is no 

thermal diffusion of atoms or the self-annealing typical of metals153. Also, there is no build-

up of damage, meaning that each ion sees a pristine target. This leads to an 

underestimation of the produced damage. Moreover, the crystalline structure is not 

considered in the simulations. Nevertheless, the assumptions are not expected to 

significantly impact the (qualitative) goal of the simulations which was to guarantee that the 

Ar+ ions are implanted inside the Si substrate (see e.g. figure 35 of chapter 5), whereas 

elastic and inelastic interactions occur within the multilayers, with expected intermixing of 

elements across the interfaces (see figure 61). 

 The changes in the element concentration profiles, in units of percentage per fluence 

(%Φ-1), were also calculated, assuming a regime of linear mixing. In that regime, the 

probability of the same atom to be recoiled twice is negligible. Within that assumption, the 

change in concentration of the elements of the stack after the irradiation is simply the 

difference between the number of atoms recoiled into vacancies (r) and the created 

vacancies (v). After irradiation with a fluence Φ, the percentual composition variation, in a 

given layer of atomic density ρ, is calculated as: 
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 Concentration changes = 100 Φ
(r − v)

ρ
 . (10.1) 

 

The expected composition variations are shown in Figure 61, with positive (negative) values 

representing the accumulation (depletion) of elements relative to the pristine sample. 

According to the simulations, intermixing of elements is expected to be more pronounced 

at the interfaces, with concentration changes of the order of a few per cent at the 

FeCoB/MgO interfaces expected for a 1014 cm−2 fluence. 

 

 

Figure 61. Simulation of the relative changes in concentration for MgO, FeCo, W and B after irradiation with Ar+ along the 
depth of the magnetic free-layer (5 nm down to 13 nm). Positive (negative) values represent the accumulation (depletion) of 
elements relative to the pristine sample. The accumulation of W in the top MgO layer originates from the W layer deposited 
atop MgO (see Table III) which is omitted in the figure. 
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As previously, the magnetic properties of the free layers were investigated using 

angle-dependent ferromagnetic resonance (FMR) measurements performed at room 

temperature at a microwave frequency of 9.37 GHz in an EPR spectrometer. To account 

for small variability of magnetic properties of the free layers cut from the same wafer, the 

FMR spectra were acquired for all samples before and after irradiation. From the out-of-

plane angular dependence of the resonance field, BRES (see, e.g., figure 63), the first- and 

second-order effective anisotropy fields, BK1eff and BK2, were estimated, starting from the 

description of the magnetic free-energy density as in equation 8.1. 

 

10.3. Results 

The 3.0-nm-thick FeCoB layers originally exhibited an easy-plane anisotropy, while the 2.6-

nm-thick layers with a Ta or W spacer were initially in the easy-axis regime, with the 

magnetization oriented along the film normal. Table IV summarizes the mean values and 

standard deviations of the anisotropy fields extracted before irradiation, BK1,2
0 , for the 

different spacer and film thickness configurations. After irradiation, the anisotropy fields, 

BKi
F , were extracted for each ion fluence, and the variations of BKi were calculated as 

∆BKi =  BKi
F − BKi

0 , i = 1,2 (figure 62). 

After irradiation, the FMR line shifted toward higher (lower) fields for out-of-plane 

(in-plane) applied magnetic field. Interestingly, as the line shifted, additional weaker 

resonances became evident (not shown). Up to this moment, a physical understanding of 

those additional lines was not developed and so the following analysis is limited to the main 

FMR line (i.e. the line evident both before and after irradiation). 

 

Table IV: Mean first- and second-order anisotropy fields extracted before irradiation. 

Free layer 𝐁𝐊𝟏𝐞𝐟𝐟
𝟎  (mT) 𝐁𝐊𝟐

𝟎  (mT) 

MgO/ FeCoB(3.0)/ MgO – 409.8 ± 4.6 – 27.9 ± 1.6 

MgO / FeCoB(1.4) / W(0.2) / FeCoB(1.6) / MgO – 40.2 ± 3.6 – 68.9 ± 0.4 

MgO / FeCoB(1.4) / Ta(0.2) / FeCoB(1.6) / MgO – 86.5 ± 5.8 – 49.2 ± 0.3 

MgO / FeCoB(1.4) / W(0.2) / FeCoB(1.2) / MgO 93.9 ± 12.5 – 42.4 ± 1.6 

MgO / FeCoB(1.4) / Ta(0.2) / FeCoB(1.2) / MgO 83.8 ± 4.0 – 40.2 ± 0.4 
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Figure 62. Absolute variation of the first- and second-order anisotropy fields (ΔBKi = BKi
F − BKi

0 ) versus ion fluence for (a) 3.0-
nm-thick and (b) 2.6-nm-thick FeCoB films with a W spacer (triangles), Ta spacer (dots) or no spacer (squares). Table IV 

provides the reference values before irradiation, BKi
0 , for each of the layers. 

 

The top panels of figures 62 (a) and (b) show the nearly linear decrease of BK1eff 

with the logarithm of the ion fluence for tFCB = 3.0 nm and tFCB = 2.6 nm, respectively. While 

a fluence of 1012 cm-2 produces almost no change in anisotropy for the 3.0-nm-thick sample, 

at 1015 cm-2 the BK1eff value decreases significantly in the free layers with the W spacer, no-

spacer and Ta spacer by about – 70 mT, – 110 mT and – 220 mT, respectively. In the 

2.6 nm-thick free layer, a decrease of BK1eff also occurs (the 1012 cm-2 point is treated as 

an outlier, and the value for 1015 cm-2 and the W spacer may be explained by an increased 

inhomogeneity of the initial sample inherent to these thinner layers). Both irradiation runs 

showed a higher decrease in BK1eff when the Ta spacer was used instead of the W one. 

A slight decrease of |BK2| with the ion fluence increasing up to 1014 cm-2 was also observed 

(bottom panels of figures 62 (a, b)). At 1016 cm-2 the FMR line disappeared in all cases, 

probably due to a strong sample intermixing inducing a ferromagnetic-paramagnetic 

transition. Both the nearly unchanged BK1eff for Φ = 1012 cm−2 and the lack of FMR at 

Φ =  1016 cm−2 are consistent with the order of magnitude found in the TRIM simulations 

for the maximum profile concentration changes (around 7  10−14 %Φ−1 – see Figure 61). 

Looking at the definition of BK1eff (see e.g. equation 9.1), its decrease can be 

explained either by an increase of MS or by a decrease of ks1. Reports on Co thin films 
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(0.5 nm) have shown MS to decrease upon a 1016 cm-2 He+ irradiation at 30 keV (Ref. 163). 

In Ref. 111, the authors reported an unchanged MS of Co/Pd/Co/Ni multilayers irradiated with 

up to 1015 He+/cm2 at 20 keV. Assuming MS does not increase with the ion irradiation in the 

present case, which is reasonable when accounting for the loss of the magnetic ordering 

observed for Φ = 1016 cm−2, the reduction of BK1eff may be ascribed to a drop of ks1. Like 

in Ref.163, this is consistent with an elemental mixing at the FeCo/MgO interface, that 

modifies interfacial Fe(Co)-O electronic hybridization at the origin of the PMA, thus resulting 

in a reduction of ks1. Furthermore, heavier ions, such as Ar+, are more efficient in ballistic- 

and defect-enhanced diffusion intermixing at the interfaces than He+, due to a higher energy 

deposition in elastic collisions. Indeed, for equal energies, lower fluences of Ar+ than of He+ 

have been shown to reduce the coercivity by the same amount212. Irradiation-induced 

migration of B, W or Ta to the FeCoB/MgO interface or alloying of these elements with Fe 

may also lead to a local decrease of ks1, as well as to a reduction of MS.  

Several investigations163,176,212 reported similar irradiation-induced modulations of 

BK1eff in Co/Pt multilayers with interfacial PMA, attributing their origin to interfacial mixing. 

Here it was shown that the PMA in the MgO/FeCoB/MgO system decreases with increasing 

Ar+ ion fluence. The anisotropy modulation resulted in a reorientation of the magnetization 

direction: while the 3.0-nm-thick free layers were driven deeper into the easy-plane regime, 

spin reorientations were effectively induced in the free layers with tFCB = 2.6 nm, as 

highlighted in figure 63. The free layer with a W spacer initially exhibited a uniaxial 

perpendicular magnetic anisotropy. After Ar+ irradiation with 1013 cm-2 and 1014 cm-2, the 

magnetization was driven into the easy-cone state with the cone angle increasing to 30º 

and 45º, respectively. In the free layer with a Ta spacer, the stronger decrease of BK1eff lead 

to a complete reorientation of the magnetization from easy axis (before irradiation) to easy 

cone at 1013 cm-2 and then to easy plane at 1014 cm-2. 

 

 

Figure 63. Out-of-plane angular dependences of the resonance field, for tFCB = 2.6 nm with a (a) W or (b) Ta spacer for different 

ion fluences: 0 cm-2 (squares), 1013 cm-2 (dots) and 1014 cm -2 (triangles). The solid lines are fits to the data. 

 

The effect of the irradiation on the peak-to-peak linewidth, ∆BPP, was also assessed 

for those free layers whose magnetization direction was reoriented (figures 64 (a, b)). The 

∆BPP(ϕM) dependence was modeled using two contributions to the linewidth: the intrinsic 
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one, proportional to the Gilbert damping, α, and the inhomogeneous one caused by 

fluctuations of the anisotropy fields, δBKi. Fluctuations of the anisotropy direction, δϕB, were 

found to be negligible. Following the method of Ref. 216, ∆BPP is written as a first-order Taylor 

series expansion of ∆BPP
Ki  and ∆BPP

α  versus the broadening contributions, δBKi and 

∆ω =  αγ(∂2U/ ∂θM
2 ), as: 

 

 ∆BPP =
1

√3
(δBKi |

∂BRES

∂BKi
| + αγ

∂2U

∂ϕM
2 |

∂BRES

∂ω
|), (10.2) 

 

where γ and ω are the gyromagnetic ratio and the magnetization precession frequency, 

respectively.  

The linewidth in the 4x4 mm2 samples used for this study were found to be 

dominated by the inhomogeneous broadening caused by spatial fluctuations of BK1eff, in the 

local resonance regime (see section 2.7.6): the lines are broader for ϕB = 90° than for 

ϕB =  0°, and at an intermediate angle the inhomogeneous contribution is cancelled out 

(i.e. the BRES(ϕ) dependencies calculated for a fluctuating BK1eff coincide in one angular 

point, where ∂BRES/ ∂BK1eff =  0), resulting in narrower lines. The intrinsic broadening, on 

the other hand, has a different angular dependence, with equal minima found at ϕB = 0° 

and ϕB = 90° and can therefore be distinguished from the inhomogeneous one during the 

fitting. From the fittings of figures 64 (a, b), the estimation of α shown in figure 64 (c) was 

made. 

Compared to the values extracted before irradiation (colored bands in figure 64 (c)), 

α appears to have decreased for the free layers irradiated with fluences of 1013 cm-2 and 

1014 cm-2. These α values, ranging from approximately 0.008 to 0.004, are quite reasonable 

considering the thickness of the FeCoB films in the double-MgO structures. Similar values 

were obtained in Refs.217,218 for Ta/CoFeB/MgO structures with similar thicknesses of the 

CoFeB layer. 
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Figure 64. (a-b) Out-of-plane angular dependences of the peak-to-peak linewidth, for tFCB = 2.6 nm with a (a) W or (b) Ta 
spacer for different irradiation fluences: 0 cm-2 (squares), 1013 cm-2 (dots) and 1014 cm-2 (triangles). The solid lines are fits to 
the data. (c) Gilbert damping parameter extracted before (colored horizontal bands) and after (solid symbols and lines) 
irradiation. 

 

Summarizing, it was demonstrated that Ar+ irradiation can induce an easy-cone 

state in MgO/FeCoB/MgO free layers with metallic spacers, without increasing the Gilbert 

damping, which is a prerequisite to keep a low STT-switching current. In principle, a fine 

tune of the irradiation conditions such as ion mass, energy and fluence may enable a more 

refined control of the easy-cone angle with a minimal decrease of the PMA. 
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10.4. Conclusions 

MgO/FeCoB(tFCB)/MgO free layers, with and without a 0.2-nm-thick W or Ta spacer, and 

tFCB = 3.0 nm or tFCB = 2.6 nm, were irradiated with 400 keV Ar+ ions at fluences ranging 

from 1012 cm-2 to 1016 cm-2. The effective first-order PMA field, BK1eff, decreased linearly 

with the logarithm of the fluence, from 1012 cm-2 to 1015 cm-2. This decrease in BK1eff is likely 

a consequence of ion-induced intermixing at the FeCoB/MgO interface. 

It was shown that the decrease in PMA caused by the ion irradiation induces spin 

reorientations in these free layers. While the 3.0-nm-layer remains in its original easy-plane 

regime, an easy-cone anisotropy was effectively produced, with different cone angles, in 

the thinner layer (2.6 nm) with a W spacer, and a complete spin reorientation from easy axis 

to easy cone and then to easy plane was obtained in the free layer with a Ta spacer. 

Importantly, the irradiation, at fluences for which these transitions occur, did not increase 

the Gilbert damping parameter, which is vital, from an application viewpoint, to keep a low 

current density for STT-switching. Nevertheless, the development of an irradiation 

technology of magnetic tunnel junctions (MTJ) will require a full understanding of the extent 

of the sample damage caused by the irradiation, especially its influence on the tunnel 

magnetoresistance of a complete MTJ stack. 
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11. Modification of interface-controlled parameters of 

magnetic tunnel junctions by ion irradiation 
 

11.1. Introduction 

As pointed out in chapter 5, ion irradiation negatively impacts the tunnel magnetoresistance 

(TMR)170,186,187, an effect usually attributed to the creation of defects within the oxide barrier. 

That detrimental effect will expectably impose an upper limit on the ion fluence that can be 

used to manipulate magnetic anisotropy of the magnetic layers in an MTJ (for instance, to 

induce the easy-cone anisotropy in the magnetic free layer – chapter 10). Hence, in this 

chapter, the extent of effects produced by 400 keV Ar+ irradiation on the interface-controlled 

parameters of a complete MTJ stack is explored and the ion fluence window of operation 

for modulating the magnetic anisotropy while keeping the required parameters for a 

functioning junction is determined. 

 

11.2. Experimental details 

MTJ multilayer stacks were prepared by dc magnetron sputtering on 8-inch thermally 

oxidized Si wafers. The structure of the stacks is Si / SiO2 / Ta(3) / CuN(30) / Ta(5) / Ru(2) 

/ IrMn(12) / PL(2) / Ru(0.8) / RL(2.3)/ MgO(1.5) / FL(tFL) / Ta(5) / Ru(7), where PL, RL and 

FL are, respectively, the pinned, reference and free layer, made of FeCo(B) alloys, and 

numbers in parenthesis are nominal thicknesses given in nanometers. The wafer was 

annealed at 310 ºC with a 1 T applied field to set the exchange-bias direction. A total of four 

wafers were prepared with nominal thickness of the FL, tFL, of 2.0 nm, 1.8 nm, 1.7 nm and 

1.6 nm. Figure 65 (a) depicts the magnetic part of the multilayer stack. 

The multilayers were subsequently irradiated with 400 keV Ar+ ions at fluences () 

ranging from 1012 cm−2 to 5×1015 cm−2. As in the previous chapter, according to ballistic 

simulations using the TRIM package (Transport and Range of Ions in Matter) of the SRIM 

software156, the kinetic energy and ion mass combination guarantee that Ar+ ions are 

implanted deep inside the Si substrate while inelastic and elastic energy-transfer processes 

occur within the multilayer stack. The expected elemental intermixing at the interfaces is 

plotted in figure 65 (b). Changes in composition of a few percent are expected for an ion 

fluence of 1014 cm−2. 
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Figure 65. (a) Magnetic tunnel junction stack composed of free layer, FL, reference layer, RL, and pinned layer, PL; (b) TRIM-
simulated changes to the elemental concentration (in units of percentage per ion fluence – see equation 10.1) along the depth 
of the multilayer stack presented in (a). 

 

The extraction of magnetic parameters starts from the description of the magnetic 

energy density, E, in mJ ∙ m−2 of the multilayer in a macrospin approximation as  

 

 

E = tFL (−𝐌𝐅𝐋 ∙ 𝐁 −
1

2
MFLBK1eff

FL (�̂�𝐅𝐋 ∙ �̂�)2)

+ tRL (−𝐌𝐑𝐋 ∙ 𝐁 −
1

2
MRLBK1eff

RL (�̂�𝐑𝐋 ∙ �̂�)2)

+ tPL (−𝐌𝐏𝐋 ∙ 𝐁 +
1

2
μ0MPL

2 (�̂�𝐏𝐋 ∙ �̂�)2)

− JEB(�̂�𝐏𝐋 ∙ �̂�) − JIEC(�̂�𝐑𝐋 ∙ �̂�𝐏𝐋) − JNéel(�̂�𝐅𝐋 ∙ �̂�𝐑𝐋). 

(11.1) 

 

The system described by equation 11.1 is the same as the example given in Section 2.7.5. 

(equation 2.54). 𝐁 is the external magnetic field, and �̂�𝐅𝐋, �̂�𝐑𝐋 and �̂�𝐏𝐋 are, respectively, 

the unit vectors of the magnetization in the FL, RL and PL, of thicknesses tFL, tRL and tPL, 

and with corresponding magnetization saturation values MFL, MRL and MPL. Figure 65 (a) 

depicts the multilayer stack and the established coordinate system. Both FL and RL 

possess an effective first-order anisotropy field, BK1eff = (
2ks1

tM
− μ0M), encompassing the 

competition between the interfacial perpendicular magnetic anisotropy (ks1/t), originated at 

the FeCoB/MgO interfaces, and a thin-film shape anisotropy (μ0MS
2). The PL is exchange-

biased to the antiferromagnetic IrMn (JEB > 0) and coupled antiferromagnetically via a 

RKKY-like interlayer exchange coupling (IEC) across the Ru spacer to the RL (JIEC < 0), 

constituting a typical synthetic antiferromagnet (SAF) structure. Finally, the Néel “orange-

peel” magnetostatic interaction may couple the RL and the FL across the MgO, whenever 

there is a correlated roughness between the opposing FeCoB/MgO interfaces (JNéel > 0). 

The basics of interlayer coupling phenomena were discussed in section 2.5. 



 

127 
 

X-band (9.87 GHz) angle-dependent ferromagnetic resonance (FMR) and vibrating 

sample magnetometer (VSM) measurements were carried out before and after irradiation 

to measure changes on BK1eff
FL , and to estimate changes on JEB, JIEC and JNéel with increasing 

ion fluence. As JNéel ≈ 0, the energy of the FL, EFL, can be decoupled from that of the SAF 

and rewritten as: 

 

 EFL = tFLMFL (−Bcos(ϕB − ϕM) −
1

2
BK1eff

FL sin2 ϕM). (11.2) 

 

The calculated angular dependence of the resonance field (starting from equation (11.2) 

and applying the Smit-Beljers formalism – see e.g. Ref.100) was then fitted to experimental 

results to extract BK1eff
FL . 

The TMR was measured via current-in-plane tunneling (CIPT) technique, with a 

micro 4-point prober by CAPRES A/S, following the protocol of Ref. 115, described in section 

3.2. Additionally, resistance loops as a function of field, R(H), were obtained, but for fixed 

spacing of the probes. For that reason, the presented R(H) loops (e.g. figure 69 (a)) reflect 

the magnetic configuration of the stack but do not reflect the magnitude of the TMR 

(e.g. figure 69 (b)). The CIPT technique was chosen for its flexibility, as it allowed for the 

determination of TMR without the need to perform lateral patterning of MTJ pillars. Yet, in 

order to apply this technique, a metallic pathway between the prober and the magnetic free 

layer of the MTJ has to be ensured. Therefore, a double-MgO free layer as the one studied 

in chapters 9 and 10 was not adequate for this study, and the single-MgO free layer, 

composed of MgO/FeCoB/Ta (similar to the one studied in chapter 8) was used instead. 

This distinction in the multilayer stack design has important consequences for the effect of 

irradiation on the magnetic properties, that will be discussed. 

The wafers and the results of CIPT and VSM techniques were provided by CROCUS 

Technology, Grenoble, and stem from the work of Dr. Andrey Timopheev, Julien Mondaud, 

Dr. Jeffrey Childress and Dr. Léa Cuchet. The irradiation of the stacks, as well as preliminary 

X-ray reflectivity (XRR) measurements, were carried at the Instituto de Plasmas e Fusão 

Nuclear of Instituto Superior Técnico, Lisbon, by Dr. Eduardo Alves and Dr. Sérgio 

Magalhães. 

  



 

128 
 

11.3. Results and discussion 
 

11.3.1. Stack properties before irradiation 

Magnetostatic curves were acquired for the case of an in-plane applied external field, 𝐇. 

For positive (negative) values of the field, 𝐇 is directed antiparallel (parallel) to the 

exchange-bias field (i.e. ϕH = 180° for H > 0 in the coordinate system of figure 65 (a)). The 

total magnetic moment was divided by the sample area to obtain areal magnetization (M×t) 

versus field curves. Figure 66 (a) shows one of such curves corresponding to a pristine MTJ 

with tFL = 2.0 nm. Apart from the magnitude of MFL, the curves for the different tFL are 

virtually identical and are therefore omitted. Four plateaus are identified, corresponding to 

different magnetic configurations, that are also depicted in the picture. Decreasing the field, 

those configurations are: (1) saturation of the magnetization of the three layers along the 

field direction; (2) parallel configuration of the MTJ, obtained after the switching of MPL 

below 0.5 T, to minimize both EB and IEC interactions; (3) antiparallel configuration of the 

MTJ, following the switching of MFL; and (4) saturation in the direction opposite to (1). The 

mean values of each plateau (respectively Mt1, Mt2 and Mt3) were used in order to estimate 

the areal magnetization of each layer, by solving the following system of equations: 

 

 (
1 1 1
1 1 −1

−1 1 −1
)(

MFLtFL

MRLtRL

MPLtPL

) = (
Mt1
Mt2
Mt3

). (11.3) 

 

The solutions to equation 11.3 are shown in figure 66 (b), as a function of the free-layer 

thickness. As expected, MRLtRL and MPLtPL show no dependence on tFL. Assuming the 

nominal values of tRL and tPL, i.e. considering there is no magnetic dead layer in RL and 

PL, the magnetization saturation values are estimated to be 1250 kA/m and 1232 kA/m, 

respectively. Also as expected, MFLtFL evolves linearly with tFL. As the stack measured in 

VSM was cut from a wafer, the sample area could not be determined with a sufficient 

accuracy to precisely determine the magnetic dead layer thickness of the FL (i.e. tFL yielding 

𝑀 × 𝑡 = 0 in figure 66 (b)). Indeed, assuming a (modest) uncertainty of 10% in the sample 

area, the magnetic dead layer thus calculated would fall within a broad interval: 0.4 <

tdead < 1.4 nm. Presuming a tdead = 0.6 nm, which is a typical value found in literature for 

the MgO/FeCoB/Ta free layer 34, a MFL = 1209 kA/m is estimated. 
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Figure 66. (a) Magnetostatic curve of an MTJ with tFL = 2 nm, for a magnetic field applied in plane, opposite to the exchange-
bias field (ϕH = 180°). Blue squares are experimental results and the red line is a fit to the experiment following equation 11.1. 
Numbers in parenthesis identify the different magnetization configurations in the MTJ, also depicted in the figure. 
(b) Dependence of the areal magnetization of the free layer, FL, reference layer, RL, and pinned layer, PL, on the thickness 
of the free layer, tFL. Horizontal lines indicate the mean values of MRLtRL and MPLtPL, while the black line is a fit to the 
MFLtFL(tFL) dependence (black squares). 

 

The interlayer exchange and the exchange-bias coupling constants, JIEC and JEB, were also 

estimated. The interlayer-exchange coupling field, HIEC is the field required to achieve 

saturation at negative values. In other words, it is the field required to break the IEC when 

going from configuration (3) to configuration (4) in figure 66 (a). JIEC is then related to HIEC 

according to: 

 

 JIEC = HIEC

MRLtRLMPLtPL

MRLtRL + MPLtPL
. (11.4) 

 

Conversely, to achieve saturation at positive values of H, MPL must rotate to an unfavorable 

direction, parallel to MRL and antiparallel to the exchange-bias field, in order to go from 

configuration (2) to configuration (1) in figure 66 (a). As a result, both the IEC and the 

exchange-bias coupling must be overcome by the Zeeman interaction, which happens at 

the field  

 

 Hcoupling = HEB + |HIEC|. (11.5) 

 

HEB is then determined from 11.5 and used to calculate JEB as 

 

 JEB =
1

2
HEBMPLtPL. (11.6) 

 

As expected, no significant dependence of JEB and JIEC on the free-layer thickness was 

found. The mean values of the coupling constants for the four wafers were 

JEB =  0.459 mJ/m2 and JIEC = −0.797 mJ/m2. The value of JIEC is in accordance with that 
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expected for the second peak of the oscillatory JIEC(tRu) found for a 0.8 nm-thick 

Ru  spacer 219. 

A simulated M(H) curve, resulting from the minimization of energy of equation 11.1, was 

fitted to the experiment (figure 66 (a)). The model, based on macrospin approximation, 

cannot fully account for the hysteresis loop separating the configurations (1) and (2) in figure 

66 (a). The hysteresis is likely a result of a different effective JEB value depending on whether 

H is decreased or increased after depinning of magnetic domains. The varying JEB could 

then be explained by a non-entirely pinned domain structure at the IrMn/PL system. Then, 

if the rotation of MPL is accompanied by expansion/contraction of domains, it will not be 

successfully reproduced by a macrospin model. Furthermore, small in-plane magnetic 

anisotropies, likely present in the RL and PL, will influence the shape of the loop and were 

not accounted for in the model. Aside from that shortcoming, the parameters of the fit, which 

are the areal magnetization and the EB and IEC constants, agree with those obtained 

directly from the experimental curve, attesting the general adequacy of the model to 

describe the MTJ system. 

For a field applied in the plane of an in-plane magnetized MTJ, the anisotropy parameters 

of equation 11.1, specifically BK1eff
FL , BK1eff

RL  and 
1

2
μ0MPL

2 , contribute only to an offset of the 

energy landscape, and therefore do not influence the shape of the magnetostatic curves, 

on which the presented estimation of M, JEB and JIEC relies on. 

The magnetic characterization of the pristine MTJs is completed by discussing the 

FMR results. Figure 67 (a) contains the out-of-plane angular dependences of the FL’s 

resonance field and the corresponding fits to the data. The FL is in-plane magnetized for all 

tFL, as seen from the symmetry of the angular dependence, with minimum of BRES at 

ϕB =  0° and maximum at ϕB = 90°. The in-plane magnetization reflects the leading role of 

the shape anisotropy, which results in a BK1eff
FL < 0, ranging from −0.42 T for tFL = 1.6 nm 

to −1.07 T for tFL = 2.0 nm (Figure 67 (b)). Introducing a second-order anisotropy field, BK2, 

did not significantly improve the quality of the fits of BRES(ϕB). As it will be shown below, the 

angular dependences of the linewidth, ∆BPP(ϕB), reveal the intrinsic damping as the 

dominant contribution to the line broadening. On the contrary, the inhomogeneous 

contributions are rather small and mostly due to two-magnon scattering (i.e. strongly 

coupled inhomogeneities). Those evidences point to the continuity of the FL film in the MTJ, 

in contrast with the granular films studied in the previous chapters. As discussed in section 

2.4.2, the second-order anisotropy vanishes when the grains are either uncoupled 

(analogous to no coverage) or when the intergrain-exchange is very strong (analogous to 

complete coverage). The data thus suggests BK2 to be much smaller than the (quite large) 

BK1eff
FL . For that reason, for the extraction of BK1eff

FL , it was considered that BK2 ≈ 0. 
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Figure 67. (a) Angular dependence of the resonance field for tFL = 2.0 nm (blue squares), tFL = 1.8 nm (green hexagons), 
tFL = 1.7 nm (red triangles), and tFL = 1.6 nm (black dots). Red lines are fits to the data using the Smit-Beljers approach. (b) 
FL thickness dependence of the first-order effective anisotropy field, BK1eff, extracted from the fits. 

 

Additional resonances were observed by FMR, as shown in the top panel of figure 68 (a), 

for a 𝐁 parallel to the exchange-bias direction (ϕB = 0°). The additional FMR line is 

overlapped with that of the FL for tFL = 2.0 nm, but becomes resolved for the MTJs with a 

thinner FL. The position of the unveiled line (approximately 75 mT) is independent of tFL. 

By solving the linearized LLG equation for this system (see section 2.7.5. for details), FMR 

spectra were simulated (bottom panels of figure 68 (a)). The parameters used in the 

simulations are included in the figure caption. A qualitative comparison between experiment 

and simulation allows the additional FMR line to be identified as stemming from the acoustic 

mode of the SAF layer, which is labeled as SAF-AM1. Indeed, for the set experimental 

conditions, the simulation indicated that the acoustic mode of the SAF crosses the fixed 

microwave frequency 4 times, resulting in 4 absorptions, labeled SAF-AM1 through SAF-

AM4. Experimentally, for ϕB = 0° it was possible to detect SAF-AM1 and SAF-AM2 but not 

SAF-AM3 and SAF-AM4. Those undetected modes have a lower intensity than SAF-AM1 

and occur within the field range where the direction of MRL (and, through effect of the IEC, 

MPL) rotates (see M(H) in figure 66 (a) for H < 0). Hence, SAF-AM3 and SAF-AM4 occur 

for a non-saturated magnetic state, which could contribute to an inhomogeneous 

broadening of the absorption curves and explaining its non-detection. The simulated 

intensity of the SAF modes for ϕB = 180° (bottom panel of figure 68 (b)) is nearly half of 

that obtained for ϕB = 0°. Furthermore, in this geometry, SAF-AM modes occur in the non-

saturated FMR regime (see M(H) in figure 66 (a) for H > 0). The combination of those 

reasons might explain why SAF-AM modes are not detected at all for ϕB = 180° (top panel 

of figure 68 (b)). 
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Figure 68. Experimental (top panels) and simulated (bottom panels) FMR lines for (a) 𝐁 parallel to exchange-bias direction, 
ϕB = 0°, and (b) 𝐁 antiparallel to exchange-bias direction, ϕB = 180°, of MTJs with different free-layer thicknesses, tFL. The 

intensity of the lines decreases for the decreasing tFL. The parameters of the simulation were: BK1eff
FL  of figure 67 (b), a BK1eff

RL =-

1.6 T (extrapolation of BK1eff
FL  for a tRL = 2.3 nm), MPL = 1232 kA/m, JEB = 0.459 mJ/m2, JIEC =  − 0.797 mJ/m2, αFL = 0.02, 

αRL = 0.04, αPL = 0.04, g = 2.11 and f = 9.87 GHz. 

 

The R(H) loops obtained by CIPT technique are shown in figure 69 (a). The parallel 

(antiparallel) state with a low (high) resistance is observed at the positive (negative) values 

of H. RP and RAP of figure 69 (a) thus correspond, respectively, to the magnetic 

configurations (2) and (3) of figure 66 (a). The center of the R(H) loop is offset by 

approximately −0.02 mT, indicating a JNéel < 2 × 10−4 mJ/m2. The TMR increases from 

127% for tFL = 1.6 nm to 193% for tFL = 2.0 nm (figure 69 (b)), following the decrease of RP 

shown in figure 69 (a). Those tendencies are correlated with a decrease in RA product, 

which suggests that the crystalline quality of the MgO barrier improves with increasing tFL. 

Ta diffusion is known to hinder the coherent crystallization of FeCo/MgO, required for 

symmetry spin-filtering effect. One may thus expect that the thicker the FL, the lower the 

concentration of the Ta diffused to the vicinity of the FeCo/MgO interface, yielding the 

observed improvement of TMR. For the same reason, one can expect also a slight 
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improvement in MS near the MgO interface since Ta gets farther from it with increased 

thickness of the free layer. 

 

 

Figure 69. (a) R(H) loops for different thicknesses of the free layer and (b) TMR and RA as a function of the free layer thickness. 

The R(H) loops in (a) and the TMR in (b) were obtained following different protocols of the CIPT technique – see section 11.1. 

 

11.3.2. Stack properties after irradiation 

The irradiation of the MTJ with tFL = 2.0 nm produced a small decrease in the total 

magnetization of the stack and of the coupling fields up to a fluence of 3 × 1013 cm−2, as 

seen in the VSM results of figure 70 (a). In contrast, the irradiation with Φ > 1014 cm−2 

resulted in a significant change in the shape of the magnetization curve, characterized by a 

decrease in the total MS accompanied by a decrease of both coupling fields down to 

HIEC ≈  0.1 T and HEB ≈ 0.05 T. Ultimately, for a Φ = 1015 cm−2, a single switching event 

for the whole MTJ is observed at H ≈ 0. The decrease in the coupling energies with 

increasing irradiation fluence is presented in figure 70 (b) and (c). 
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Figure 70. (a) Magnetostatic curve of Ar+ irradiated MTJs with a tFL = 2 nm. Solid lines are fits to the data. (b, c) Dependence 
of the coupling energies, JEB and |JIEC|, on the ion irradiation fluence. 

 

With increasing irradiation fluence, the resonance field of the FL’s FMR spectra was 

found to increase (decrease) for an in-plane (out-of-plane) applied magnetic field (see figure 

71). In the figure, for each Φ, the field axis was normalized by the resonance field of the FL 

in the corresponding pristine sample, B0
non−irrad. That was done in order to account for the 

(small) variability of anisotropy between different pieces of the wafer. The described 

progression of the FL’s peak position is consistent with a decrease in the magnitude of 

BK1eff
FL . That is to say that the anisotropy keeping the magnetization in plane is reduced by 

the increasing fluence. Indeed, as figure 72 (a) shows, the anisotropy field after irradiation, 

relative to the anisotropy of the pristine sample, BK1eff
Φ /BK1eff

0 , follows an exponential decay 

(please note the logarithmic scale of the x-axis). The characteristic fluence of the decay is 

of about 1014 cm−2 for the MTJ with tFL = 2.0 nm, and it decreases for the thinner layers. In 

other words, the irradiation-induced modulation of the magnetic anisotropy is more 

pronounced for the thinner layers. The characteristic Φ is also evident in the spectra of 

figure 71: the shift in resonance field becomes more pronounced and the amplitude of the 

FMR line gets much smaller above 1014 cm−2. 
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Figure 71. FMR spectra of irradiated MTJ with a tFL = 2.0 nm for (a) 𝐁 in plane and antiparallel to exchange-bias direction, 

(b) 𝐁 perpendicular to the layers, and (c) 𝐁 in plane and parallel to the exchange-bias direction. The ion fluence increases 
from the bottom to the top and is indicated atop each spectrum. The field axis has been normalized by the resonance field of 

the FL in the pristine MTJs, B0
non−irrad. 

 

It is interesting to note that the evolution of the anisotropy with increasing fluence 

for a FL composed of MgO/FeCoB/Ta, as studied in this chapter, occurs with an opposite 

trend to that observed for a double-MgO free-layer, MgO/FeCoB/MgO, as seen in the 

previous chapter. The difference is explained by the distinct surroundings of the FeCoB 

layers. In the double-MgO layer, ion-induced intermixing of the FeCoB/MgO interface 

produces a more rapid decrease of ks1 than of MS, resulting in a BK1eff
FL  evolving into the 

negative values. Consequently, in double-MgO free layers, with the increasing ion fluence, 

it is possible to reorient the magnetization from easy-axis to easy-cone and then to easy 

plane. In contrast, in a Ta-capped free layer, the ion irradiation promotes a stronger 

decrease of MS due to intermixing at the top FL/Ta interface than of ks1 at the MgO/FeCoB 

and, thus, BK1eff
FL  evolves in the direction of positive values, as schematized in figure 72 (b). 
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Figure 72. (a) Relative change in magnitude of the FL’s effective first-order anisotropy field, BK1eff
Φ , as a function of the ion 

irradiation fluence, for tFL = 2.0 nm (blue squares), tFL = 1.8 nm (green hexagons), tFL = 1.7 nm (red triangles) and 

tFL =  1.6 nm (black circles). The reference mean values of BK1eff
0 , for the pristine MTJs, are indicated in figure 67. (b) Sketch 

of the evolution of BK1eff
Φ  with increase in ion fluence for the case of a Ta-capped FL (red arrow) and for a double-MgO FL 

(blue arrow). 

 

By extrapolating the trend observed for the anisotropy of the Ta-capped free layer, 

the easy-cone anisotropy is expected to be reached by irradiating an initially in-plane 

magnetized film (see figure 72 (b)). Yet, in the MgO/FeCoB/Ta multilayers studied in this 

chapter, the easy cone was not attained (at room temperature) with the increasing ion 

fluence. There are at least two reasons for that: Firstly, BK2 is smaller in these Ta-capped 

films, in comparison with the double-MgO free layers of Chapter 10 and the Ta-capped free-

layer of Chapters 8 and 9. As pointed out, the different magnitude of BK2 results from the 

different degrees of film granularity. Starting with a smaller |BK2| restricts the range of BK1eff 

values for which the easy cone can be obtained, as depicted in the sketch of figure 72 (b). 

Secondly, in Ta-capped films, the physical mechanism behind the modulation of anisotropy 

is also at the basis of the loss of ferromagnetic order: MS is decreased following the 

intermixing of the FL/Ta interface. Nonetheless, the temperature can be explored to reach 

the easy cone, taking advantage of the fact that, upon cooling, BK1eff is expected to increase 

into the positive range and |BK2| to scale with (BK1eff)
2, as concluded in chapter 9 (see e.g. 

figure 59 (a)). Thus, starting with the multilayer irradiated with 1015 cm−2, which exhibits a 

BK1eff ≈ 0 (see figure 72 (a)), i.e. near the crossover from in-plane to easy-axis anisotropy, 

and decreasing the temperature to 150 K, the easy cone could be reached, as presented in 

figure 73. Of potential interest for future developments of the ion irradiation-induced easy-

cone anisotropy in single-MgO free layers, is the exploration of different elements to be 

used as capping. For instance, replacing the capping of Ta by W, one can expect a smaller 

decrease of MS upon ion irradiation, due to a smaller degree of intermixing of FL/W than of 

FL/Ta interface. Those differences may be explained by a different miscibility of W and of 

Ta in FeCo (see, e.g. Ref.31) and were highlighted in Chapter 10. There, for the double-

MgO free layers having those elements as spacers, the same ion fluence produced a 

change in the easy-cone angle in the FL with a W spacer while in the FL with a Ta spacer 

it lead to a complete reorientation of the magnetization direction, from easy axis to easy 

cone and then to easy plane. 
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Figure 73. Contour plot of the angular dependent FMR results obtained at 150 K for a MTJ with a MgO / FeCoB (2 nm) / Ta 
free-layer irradiated with 𝛷 =  1015 𝑐𝑚−2. The color scale represents the peak amplitude of the FMR spectra, in arbitrary units, 
with peak maxima at orange and minima at black. The red dashed line marks the approximate resonance field of the FL, while 
the white dashed line indicates the peak position of the ferromagnetically coupled reference layer and pinned layer (RL+PL) 
due to irradiation induced intermixing of the synthetic antiferromagnet structure (see discussion in the text and figures below). 

 

The effects of the ion irradiation on the layers composing the SAF were also 

evaluated in a qualitative manner. In figure 71 (c) it can be seen that, below 1014 cm−2, the 

SAF-AM1 mode shifts to lower field values with increasing fluence. That shift is attributed 

to the initially small decrease in JEB (see figure 70 (c)) as the simulation of figure 74 

demonstrates. 

 

 

Figure 74. Simulated FMR absorption curves at ϕB = 0° for a JEB decreasing with the ion fluence as in figure 70 (c). Below 

Φ = 1014 cm−2, the SAF-AM1 mode shifts to lower field values with increasing Φ, as seen also in the experiment (figure 71 (c)). 

All other simulation parameters, apart from BK1eff
FL  and JEB, were kept constant. 
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For fluences higher than 1014 cm−2, JEB and JIEC get vanishingly small, and 

consequently the magnetic configuration typical of a SAF is no longer maintained: the PL 

becomes decoupled from the IrMn antiferromagnet, and the antiferromagnetic-like IEC 

between RL and PL is lost. In fact, above 2 × 1014 cm−2 it is reasonable to presume that the 

RL and PL become ferromagnetically coupled and behave as a single, thicker ferromagnetic 

layer. The loss of the exchange bias and a ferromagnetic coupling between RL and PL is 

supported by the emergence of only one additional FMR line in figure 71 (a, c). 

The angular dependences of the resonance field presented in figure 75 summarize 

the referred events that take place with increasing fluence. In the low-fluence range, as at 

Φ = 1013 cm−2 (figure 75 (a)), the anisotropy field of the FL is nearly the same as the one 

in the pristine MTJ, and a resonance identified as SAF-AM1 is observed for ϕB < 90°. In 

the high-fluence range, namely at Φ = 5 × 1014 cm−2 (figure 75 (b)), the BK1eff
FL  drops below 

50% of the corresponding value for the pristine sample. Also, an additional resonance 

becomes apparent, having a BK1eff < 0 that is stronger in magnitude than the BK1eff
FL  of the 

pristine FL, as indicated by a resonance field that surpasses the experimental field range 

around ϕB = 90°. The high effective magnetic moment associated with that strong 

anisotropy is likely a result of the ferromagnetic coupling between the PL and the RL. That 

coupling occurs due to the ion-induced intermixing of the PL/Ru/RL interfaces, which 

reduces the effective thickness of the Ru spacer. However, it is not clear whether the 

effective tRu decreases towards a value where JIEC becomes positive or if the intermixing 

occurs to an extent where direct interfacial exchange coupling between RL and PL is 

promoted. After irradiation with Φ = 1015 cm−2 (figure 75 (c)), the FL is practically 

magnetically isotropic, with the resonance occurring at the field value corresponding to 

g =  2, which is indicative of the onset of a ferromagnetic-paramagnetic transition in that 

layer. Ultimately, at 5 × 1015 cm−2 (figure 75 (d)), the FL absorption is no longer observed 

and BK1eff of the FM-coupled RL and PL decreases. 

The results also show, in a qualitative manner, that, apart from the coupling 

energies, the magnetic properties of the SAF are more robust to the irradiation than those 

of the FL: the decrease in FMR line intensity and in BK1eff happens at higher fluences for 

the layers composing the SAF than for the FL. Considering the high energy of the incident 

ions and the small spatial separation between FL and SAF (they are separated only by a 

1.5 nm MgO barrier), the energy density deposited in the SAF is practically identical to that 

deposited in the FL. The different extent of irradiation-produced effects in the two layers is 

thus rather explained by their distinct layer surroundings: the (thinner) FL is in contact with 

a thick Ta capping layer, while the (thicker) SAF is enclosed between the MgO barrier and 

the IrMn layer, only interrupted by a thin Ru spacer. A lower average threshold displacement 

energy of Ta than of Ru (Ref.215) may favor a higher degree of intermixing of FL/Ta than of 

PL/Ru/RL interfaces. Furthermore, in the SAF, two opposite and somewhat compensatory 

effects may take place during irradiation that slow down the decrease in BK1eff: ks1 is 

expected to be reduced due to intermixing of RL/MgO interface while MS should decrease 

slightly due to the intermixing of PL/Ru/RL and IrMn/PL interfaces. The higher effective 

thickness of the RL+PL system also contributes to the preservation of the FMR peak 

intensity up to higher fluences (see figure 75 (d)). The intermixing of the layers upon ion 

irradiation is corroborated by preliminary XRR results (not shown). 
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Figure 75. Angular dependences of the resonance fields measured for MTJs irradiated with: (a) Φ = 1013 cm−2; 

(b) Φ =  5 × 1014 cm−2; (c) Φ = 1015 cm−2; and (d) Φ = 5 × 1015 cm−2. The color code represents the amplitude of the positive 
peak of the FMR intensity, dχ′′/dB, in arbitrary units. Dotted lines indicate the evolution of BRES(ϕB) for the cases of the FL 
(red), SAF-AM1 (pink) and RL+PL (white). 

 

The characteristic fluence of 1014 cm−2, seen in the VSM and FMR results, is 

reflected also in the electric properties of the irradiated MTJs. Below 1014 cm−2, the TMR 

drops following the decrease in the resistance of the antiparallel state, RAP (figure 76 (a)), 

down to a value of 74% at  = 3 × 1013 cm−2. The intermixing at MgO/FeCoB interfaces 

cannot explain that initial loss of TMR, since the resistance of the parallel state, RP, and 

BK1eff
FL  (figure 76 (a)) remain practically unchanged up to  = 3 × 1013 cm−2. The likely 

mechanism is instead the creation of defects within the MgO barrier, acting as spin-

independent tunneling channels shunting the spin-dependent one. Above  = 1014 cm−2, 

the magnetization of the RL is no longer pinned due to the loss of the magnetic coupling, 

resulting in an undefined antiparallel state, as seen by the emergence of two loops in the 

R(H) curve. Additionally, RP is significantly decreased, suggesting the degradation of the 
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MgO barrier and MgO/FeCoB interfaces. At 1015 cm−2, the R(H) dependence becomes flat 

and the TMR goes to zero (figure 76 (b)). 

 

 

Figure 76. (a) Resistance versus field loops for an MTJ stack before irradiation (black) and after irradiation with 
Φ =  5 × 1012 cm−2 (red), Φ = 3 × 1013 cm−2 (blue), and Φ = 2 × 1014 cm−2 (green). (b) Dependence of the TMR on the 
irradiation fluence. The solid black line indicates the TMR of the pristine MTJ stack, at a value of 193%. 

 

At last, the impact of the irradiation on the magnetization dynamics was analyzed by 

fitting the angular dependence of the FMR linewidth, (∆BPP(ϕB) - see figure 77), with a 

model comprising the intrinsic broadening and the inhomogeneous broadening caused by 

fluctuating anisotropy and two-magnon scattering (see section 2.7.6. for details on the 

method). For the cases of pristine MTJ and low-fluence irradiation (figure 77 (a, b)) the 

model adequately describes the experimental results, confirming the intrinsic damping as 

the dominant contribution to the line broadening. For fluences higher than 1014 cm−2, the 

shape of the ∆BPP(ϕB) evidences the increase in inhomogeneous broadening, as one would 

expect for a significantly damaged magnetic layer. Furthermore, the model no longer 

produces a satisfactory fit to the data, reason why the damping parameters are not extracted 

for fluences above 1014 cm−2. The inadequacy of the model may be linked to an increase 

in JNéel, with the coupling between FL and RL leading to a distorted angular dependence of 

the linewidth in a way that is not predicted by the model. 

Interestingly, different damping constants are found whether the projection of the 

field on the MTJ plane is parallel (ϕB = 0°) or antiparallel (ϕB = 180°) to the exchange-bias 

direction. In other words, there is a linewidth asymmetry about ϕB = 90°. The fit to ∆BPP(ϕB) 

thus yields two different damping values: α for ϕB > 90° and α′ for ϕB < 90°, with α′ > α. 

The linewidth asymmetry is quantified through the ratio ∆BPP(ϕB = 0°)/∆BPP(ϕB = 180°) 

and plotted against the ion fluence in figure 78 (a). The asymmetry exists already in the 

non-irradiated stack (figure 77 (a)) and then increases with the fluence, peaking at 

1013 cm−2 (figure 77 (b)), before disappearing above 1014 cm−2. Figure 78 (b) shows the 
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changes in the damping constants, relative to the value obtained for each sample before 

irradiation, i.e. α(Φ) − α(0). No clear dependence of α on the irradiation fluence is found. 

On the other hand, the change in α′ peaks at ΦB = 1013, in a clear correlation with the 

linewidth asymmetry. The results thus suggest that the damping is not significantly impacted 

by the irradiation at low fluences (ΦB < 1014 cm−2). 

  

 

 

Figure 77. Angular dependences of the FL’s peak-to-peak linewidth for (a) pristine MTJ stack and for stacks irradiated with 
(b) Φ = 1013 cm−2 and (c) Φ = 3 × 1014 cm−2. Black squares are experimental results and the red solid lines are fits to the 

data using a model that encompasses the intrinsic broadening (blue dotted line), spatial fluctuations of BK1eff
FL  (green dotted 

line) and two-magnon scattering (pink dotted line) contributions. In (a) and (b), a higher damping constant is found for 
ϕB <  90° (α′) than for ϕB > 90° (α). 
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Figure 78. (a) Angular asymmetry of the linewidth, defined as the ratio between ∆Bpp(ϕB = 0°) and ∆Bpp(ϕB = 180°), versus 

the irradiation fluence. The horizontal dashed black line indicates the asymmetry for the pristine sample. The dashed red 
curve is a guide-to-the-eye of the asymmetry evolution with the fluence. (b) Changes in the magnetic damping, relative to the 
pristine sample, defined as α(Φ) − α(0), for the damping obtained for ϕB < 90°, (α′ - red triangles), and for the damping 

obtained for ϕB > 90°, (α - blue dots). 

 

Concerning the origin of the linewidth asymmetry, a dynamical broadening effect 

caused by a Néel coupling between the FL and the RL can be safely ruled out, considering 

the VSM and CIPT results reveal no shift of the FL’s hysteresis loop, i.e. the value of JNéel 

does not change for the low fluences (see e.g. figure 76 (a)). Notably, the higher damping, 

α′, is measured for the case of ϕB = 0°, which corresponds to the antiparallel state of the 

MTJ, whose resistance decreases with increasing fluence (see figure 76 (a)). Furthermore, 

for fluences above 1013 cm−2, the linewidth asymmetry, that is correlated with α′, starts to 

decrease until it completely disappears around 1014 cm−2. That decrease can be explained 

by the loss of the AP state of the MTJ, at the magnetic fields where the resonance occurs, 

due to the decreased JIEC and JEB. This apparent correlation between linewidth asymmetry, 

magnetic configuration of the MTJ, and resistance, suggests that a spin-pumping 

phenomenon is at play, contributing to the value of α′. In that case, α′ = α + αSP, yielding a 

spin-pumping contribution of αSP =  0.009, for the MTJ irradiated with 1013 cm−2. That would 

correspond to a spin mixing conductance, G↑↓ =  
4πtFLMFL

μBg
αSP ≈  1015 cm−2, whose order of 

magnitude is typical of metallic interfaces220 and thus unreasonably high for the case of an 

MgO barrier, which is expected to partially suppress spin pumping221. The origin of the 

linewidth asymmetry and its evolution with fluence are therefore not yet understood and will 

required further investigation. 
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11.4. Conclusions 

Combining FMR, VSM and CIPT techniques, the effects of 400 keV Ar+ ion irradiation on 

the magnetic and electric properties of MTJ stacks were comprehensively tracked. A 

correlation was found between the fluence-dependent changes in magnetic anisotropy, 

coupling energies, TMR and damping, which allowed to distinguish between two irradiation 

regimes. 

In the low-fluence regime, Φ < 1014 cm−2, there is a weak modulation of the free-

layer anisotropy, due to a decrease in MS, and there is a continuous decrease of the TMR 

down to about 70% at Φ = 3 × 1013 cm−2. The drop in TMR is due to a decrease in RAP, 

likely caused by the creation of defects inside the MgO barrier, which act as spin-

independent tunneling channels in parallel with the spin-dependent one. The interlayer 

exchange coupling and the exchange bias decrease slightly, but the SAF magnetic structure 

is preserved. No significant changes in the magnetization damping are observed. 

In the high-fluence regime, Φ > 1014 cm−2, the modulation of the free-layer 

anisotropy is strong. It is caused by a strong decrease in MS, likely due to a high degree of 

elemental intermixing at the FL/Ta interface. Ultimately, irradiation at fluences around 

Φ =  1015 cm−2 renders the FL paramagnetic. The intermixing of the PL/Ru/RL and of the 

IrMn/PL interfaces results in a loss of JEB and of JIEC. As a consequence, the magnetization 

of the RL is no longer pinned and the antiparallel state of the MTJ cannot be maintained. 

The TMR vanishes due to strongly damaged MgO barrier and MgO/FeCoB interfaces. 

The results show, through the various parameters relevant to MTJ applications, that 

there is a window of operation in what concerns the use of ion irradiation for the tailoring of 

magnetic anisotropy. For the kinetic energy and ion mass used in this study and for the 

typical thicknesses found in MTJ stacks, that fluence is of the order of 1014 cm−2. Below 

that fluence, small changes in anisotropy can be induced, at the cost of negatively impacting 

other interface-controlled parameters of the MTJ, namely TMR, but still keeping a functional 

MTJ. On the contrary, above that fluence the MTJ is rendered inoperative. 

It was further demonstrated that the layers surrounding the magnetic free layer play 

a decisive role in determining the trend of the ion irradiation-induced magnetic anisotropy 

modulation. If FeCoB layer is sandwiched between two MgO layers (double-MgO), 

intermixing of the interfaces promotes a decrease in interfacial PMA (Ref.48 and Chapter 

10) that leads to reorientation of magnetization in the direction from perpendicular easy-axis 

to easy cone and then to easy plane with the increasing ion fluence. On the contrary, if the 

FeCoB is capped by a metal such as Ta, intermixing of FeCoB/Ta interface reduces the 

effective magnetic thickness, i.e. it decreases MS, and can potentially promote a 

reorientation from easy-plane to easy-cone or even easy-axis. However, there seems to be 

a fine balance between decreasing MS by a sizeable amount to induce those reorientations 

but not so much as to lose ferromagnetic order. The use of alternative capping materials, 

such as W, which are less prone to diffuse through FeCo, is suggested for future research 

regarding anisotropy modulation via ion irradiation. 
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12. Summary and future prospects 
This work explored various approaches for the programming of the magnetic anisotropy in 

ferromagnetic multilayers of potential interest to spintronic applications, namely NdCo5/Fe 

bilayers and magnetic tunnel junctions (MTJ) in half-stack (FeCoB free layer grown on MgO) 

and full-stack configuration. The effects of interlayer magnetic coupling, ferromagnetic layer 

thickness, types of interfaces and spacer layers, and of ion irradiation on the magnetic 

anisotropy of the multilayers were investigated primarily by ferromagnetic resonance (FMR), 

performed at the Physics Department of the University of Aveiro. The experiments were 

supported by macrospin models, developed on the basis of the Smit-Beljers formalism and 

of the linearized Landau-Lifshitz-Gilbert equation. The models were used to simulate the 

angular dependences of resonance fields and linewidth as well as the microwave absorption 

curves typical of FMR experiments. The analysis of the structural, magnetic, and electric 

properties of the multilayers was complemented with X-ray diffraction, vibrating sample 

magnetometry and current-in-plane tunneling techniques. The deposition of the stacks, the 

complementary measurements, and the ion irradiation were performed in the context of 

collaborations involving the IFW, Dresden; the Spintec laboratory and CROCUS 

Technology, Grenoble; and the IPFN, Lisbon. 

The modification of magnetic anisotropy was guided towards the goal of obtaining 

the easy cone anisotropy, defined by a magnetization that is tilted away from the 

perpendicular to the layers and that is expected to improve the spin-transfer torque (STT) 

switching characteristics (faster and lower energy writing) of the perpendicular MTJs meant 

for application in magnetic random-access memories. The easy cone anisotropy requires 

the contribution of a second-order term, K2, in addition to the first-order term, K1, of the 

perpendicular magnetic anisotropy (PMA), that satisfies the conditions K2 <  0, K1 > 0, and 

K1 + 2K2 < 0. Two physical systems were used for setting the easy cone: the NdCo5 alloy, 

which exhibits spin reorientation transitions (SRT) whereby, with decreasing temperature, 

the magnetization rotates from an easy axis to an easy cone; and the FeCo/MgO interface, 

characterized by an interfacial PMA and a K2 < 0. 

 

A direct coupling at the NdCo5/Fe interface was used to transfer the temperature-

controllable magnetic anisotropy of NdCo5 to the Fe layer. While in the hard NdCo5 layer 

the effective coupling field is negligible compared to the high internal anisotropy field, in the 

soft Fe layer the magnetic moment precession takes place in the effective exchange field 

stemming from the NdCo5. This interlayer coupling allowed the SRT of NdCo5 to be seen 

indirectly, by tracking the temperature variation of the Fe FMR field. Technological 

disadvantages of including NdCo5 in MTJs were pointed out, such as incompatibilities of 

crystalline structure, and the strong spin-orbit coupling. Those issues motivated instead the 

setting of an easy cone in FeCoB, the standard material of the free layer of MTJs. 

MgO/FeCoB(tFCB)/Ta free-layer stacks and pMTJ pillars having identical free layers 

were then investigated. The dependence of the tunnel magnetoresistance (TMR) and of the 

resonance properties on the free layer thickness, tFCB, revealed the gradual evolution of the 

free-layer behavior from that of a continuous film at large tFCB towards that of an ensemble 

of weakly coupled grains for tFCB < 1.3 nm. A correlation was found between the intergrain 

coupling, the inhomogeneous broadening of the FMR line and the K2 < 0, required for the 

onset of the easy-cone state. The micromagnetic nature of K2 was experimentally 
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demonstrated: K2 depends on the balance between the fluctuations of the effective first-

order term, δK1eff, and the intergrain exchange, in accordance with the Dieny-Vedyayev 

model30. Increasing tFCB leads to an increase of the intergrain exchange and to a decrease 

in magnitude of δK1eff that ultimately results in a negative K2 constant whose absolute value 

increases in the negative range. 

As K2 is significantly smaller than K1eff, the condition for the easy cone onset is only 

fulfilled for a K1eff ≈ 0. That condition is attained when there is a nearly perfect 

counterbalance between the interfacial PMA and the shape anisotropy, which occurs in a 

narrow range of free layer thicknesses. Furthermore, the small K1eff translates to a small 

thermal stability, ∆, undesirable for memory applications. MgO/FeCoB/MgO free layers, with 

and without a 0.2-nm-thick Ta or W spacer inserted in FeCoB, were then prepared in order 

to improve K1eff, by making use of the two interfaces. The insertion of the spacers enhanced 

both K1eff and K2, allowing the easy cone to be kept in thicker FeCoB layers, than in the 

case where no spacer was used. The W spacer outperformed its Ta counterpart in this 

enhancement, albeit increasing the magnetization damping. Additional evidence of the 

micromagnetic origin of K2 was found: the temperature-dependent FMR revealed a 

quadratic dependence of the in-plane linewidth on δK1eff, in accordance with the two-

magnon scattering theory211. A similar dependence was found for K2, in accordance to the 

model of Dieny and Vedyayev30. Alongside the improved conditions for setting an easy cone 

in the MgO/FeCoB/MgO free layers, an easy-cone configuration with an almost 

temperature-independent opening angle was demonstrated for a MgO/FeCoB(1.6 nm)/Ta 

free layer. A phenomenological explanation for the thermally stable cone was proposed 

based on a temperature-stable K1eff. That stabilization is promoted by distinct local values 

of saturation magnetization and Curie temperature, which are higher near the MgO/FeCoB 

interface and lower near the metal spacer (or the capping) layer region. 

The MgO/FeCoB/MgO free layers, with and without the spacers, were then 

irradiated with 400 keV Ar+ ions at various fluences. The PMA was found to decrease with 

the fluence, which was ascribed to modifications of the FeCoB/MgO interfaces, likely via 

ion-induced element intermixing. As a result of the irradiation, the easy-cone anisotropy was 

induced, with different cone angles obtained as a function of the irradiation fluence, starting 

from a pristine sample having a perpendicular easy-axis anisotropy. By doing so, the 

potential of ion irradiation as a process capable of inducing the easy-cone anisotropy was 

demonstrated. Such a post-deposition correction of magnetic anisotropy is desirable 

considering that the thickness window for the emergence of the easy-cone anisotropy is 

quite narrow, even for the double-MgO free layers having metallic spacers. 

Afterwards, the full extent of effects caused by 400 keV Ar+ ion irradiation of a 

complete MTJ stack was explored. The structure of the MTJ stack was: 

IrMn/PL/Ru/RL/MgO/FL/Ta/Ru, with PL, RL and FL, respectively, pinned, reference, and 

free layer. A correlation between the fluence-dependent changes in magnetic anisotropy, 

coupling energies, damping and TMR was found, which allowed to distinguish between two 

irradiation regimes: in a low fluence regime, Φ < 1014 cm−2, the parameters required for 

having a functioning MTJ were preserved. The anisotropy of the FL was weakly modulated, 

following a small decrease in MS; the TMR decreased continuously; and the interlayer 

exchange coupling (IEC) and the exchange bias (EB) decreased slightly. In the high fluence 

regime, Φ > 1014 cm−2, the MTJ was rendered inoperative: the modulation of the free-layer 
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anisotropy was strong, caused by a strong decrease in MS ascribed to a high degree of 

intermixing at the FL/Ta interface; the EB and IEC were also lost, likely due to intermixing 

of the PL/Ru/RL and of the IrMn/PL interfaces; and the TMR vanished. 

It was further demonstrated that the layers surrounding the FL play a decisive role 

in determining the trend of the irradiation-induced magnetic anisotropy modulation. While in 

double-MgO free-layers the interface intermixing promotes a decrease in PMA and leads to 

reorientation of magnetization from perpendicular easy-axis to easy cone, in FLs where 

FeCoB is capped with a metal such as Ta, intermixing reduces MS, which can potentially 

promote the opposite reorientation: from easy-plane to easy-cone. However, the balance 

between sufficiently decreasing MS in order to induce the reorientations but not so much as 

to lose ferromagnetic order is critical. In that regard, different material solutions, such as 

replacing Ta by W should be considered in future irradiation studies. 

In summary, experimental evidence was found for the micromagnetic origin of the 

easy cone anisotropy in the multilayers containing the FeCoB/MgO interface. The K2 

required for the emergence of the easy cone stems from fluctuations of magnetic anisotropy 

in granular structures. Its magnitude is maximized for the case of moderate exchange 

between the grains, and it decreases afterwards as the film becomes continuous. The range 

of experimental conditions for setting the easy cone, namely thickness of the FeCoB layer 

and temperature, was widened for the case of double-MgO free layers having metallic 

spacers. Additionally, ion irradiation was used to modulate the PMA or MS and thus induce 

the easy-cone anisotropy. 

 

The easy cone originated from anisotropy fluctuations faces some challenges 

regarding its applicability in devices. For instance, as pointed out by us in Ref.46, the 

moderate intergrain exchange that maximizes K2 is expected to degrade the switching 

characteristics of the free layer due to the dissipation of STT energy to the excitation of 

exchange modes (out-of-phase mutual precession between grains). That will likely limit the 

improvements on critical current for switching, Ic0, that are achievable via the easy cone. At 

the same time, a sizeable K2 is desirable, in order to maintain the easy cone at higher K1eff 

and consequently at higher values of the thermal stability, ∆. Thus, for the purpose of 

improving the STT-switching efficiency, ∆/Ic0, the value of K2 must be optimized, as its 

maximum may not necessarily yield the best solution. That limitation would not be present 

for an easy cone of magnetocrystalline origin, but the current materials that exhibit the easy 

cone, such as NdCo5, possess also a prohibitively high damping and incompatibility with 

the MgO barrier. In this regard, the search for new materials having a second-order 

anisotropy in bulk form and compatibility with MTJs should be pursued. 

The low thermal stability ∆ that invariably accompanies the easy-cone anisotropy 

obtainable in the FeCoB/MgO free layers will expectably limit its applicability in high-density 

memory solutions. Instead, the improved switching characteristics of the easy cone may be 

useful for memories operating in cryogenic environments, where ∆ requirements are less 

stringent. The magnetization misalignment between RL and FL, introduced by the easy 

cone, becomes more relevant at low temperatures, where the reduced thermal fluctuations 

would otherwise result in long incubation times for the STT-switching. Importantly, it is 

possible to design the free-layer stack so as to stabilize the easy cone state at low 

temperatures, as was demonstrated in this work. Other prospective applications for the easy 

cone include persistent memories, in which the bits are frequently refreshed, and STT-
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oscillators, where the easy cone allows for high-frequency zero-bias field magnetization 

precession94. Indeed, one could, in principle, conceive a layer possessing easy-cone 

anisotropy that would not store information but rather provide rf-assisted writing to a free 

layer. Such a solution could reduce the writing current while keeping a strong ∆ of a 

perpendicularly magnetized free layer. 

Finally, ion irradiation was demonstrated as a useful tool for inducing the easy cone 

anisotropy. The results here presented have indicated the general trends of the magnetic 

anisotropy evolution following Ar+ ion irradiation and have set the window of operation where 

such modulation of magnetic anisotropy can occur, while not damaging the remaining 

parameters (TMR, EB and IEC) to the point of compromising the functionality of the MTJ. 

Still, the use of post-irradiation annealing for a potential recovery of the damaged 

parameters should be addressed in future research. 
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