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ABSTRACT. Understanding of underlying physics related to the Perpendicular 
Magnetic Anisotropy (PMA) in magnetic heterostructures represents a major issue 
for its exploit in random-access memory (MRAM) devices. Using ab-initio analysis, 
we reveal some basic aspects related to the anatomy of PMA and its variation with 
electric field in various X/Fe/MgO(001) multilayer configurations (X=Cr, Au, V, Ag, 
Pt, Pd,…) compatible with standard experimental architectures of magnetic tunnel 
junction devices. Our study quantifies and underlines the significant role of the 
Rashba interfacial field on PMA. We explain and correlate the sign, the magnitude, 
and the electric field dependence of the PMA, the Rashba coefficient αR and the 
Dzyaloshinskii–Moriya (DMI) asymmetric exchange interaction parameter. Moreover, 
when varying the Fe thickness in X/Fe/MgO(001) systems, we observe oscillations of 
PMA with the number of Fe monolayers, explained within the framework of quantum 
wells of the Δ1 Bloch symmetry electrons in Fe. Further atomistic micromagnetic 
simulations including different Fe layer thicknesses and the corresponding PMA 
predict macroscopic magnetization characteristics in realistic experimental 
systems. 

Keywords: perpendicular magnetic anisotropy, electric field control of PMA, 
magnetic tunnel junctions, magnetic multilayer heterostructures, atomistic magnetic 
simulations. 

 
 
 
INTRODUCTION  

 
Perpendicular Magnetic Anisotropy (PMA) in ultrathin magnetic films 

represents one of the most challenging topics for data storage applications, related 
to both high thermal stability and low switching currents in spin-transfer-torque 
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magnetic random-access memories (MRAM). A deep understanding of fundamental 
underlying physics related to the PMA anatomy in magnetic multilayer structures 
represents a major issue for further exploit in MRAM devices [1]. The control of the 
interfacial magnetic anisotropy by external electric fields leads to a novel strategy 
for the control of the magnetization in spintronic devices with enhanced energetic 
efficiency [2]. Within this paradigm, energy consumption of few fJ/bit [3,4] and sub-
nanosecond switching times can be achieved [5]. Despite obvious recent advances, 
the control of ultra-thin ferromagnetic layers magnetism by external electric field 
remains a complex topic with complex mechanisms simultaneously involved. It is 
commonly accepted that the PMA in ultrathin magnetic heterostructures has 
interfacial origin: proximity effects at the interfaces with non-magnetic materials 
with enhanced spin-orbit coupling (e.g. Pt, Au…) and intrinsic electric field and specific 
hybridization at interfaces with oxides (e.g. MgO). Within this last framework, an 
external electric field would trigger a modulation of the magnetic anisotropy via the 
following competing effects: (i) E-field induced surface charge doping (change of 
orbitals occupancy [6,7]); (ii) E-field influence on the interfacial dipole field that 
exists at the ferromagnetic/insulator interface even in the absence of an external 
magnetic field. The anisotropy energy is not located at the interface but extends 
towards the bulk like an attenuated wave [8]; (iii) the E-field effect on the interfacial 
Rashba spin-orbit coupling that affects the magnetic anisotropy energy via a 
Dzyaloshinskii-Moriya mechanism [9]; (iv) E-field induced ion migration [10]. Within 
this still open fundamental topic one can argue that the electric field control of the 
anisotropy is driven by collective mechanisms and that a better understanding of 
the underlying physics could lead to an enhancement of potential capabilities for 
energetically efficient magnetization manipulation in spintronic devices. 

In this study we involve ab-initio analysis and atomistic magnetic calculations 
to unveil some basic aspects related to the anatomy of PMA and its variation with 
electric field in X/Fe/MgO(001) multilayer configurations (X=Cr, Au, V, Pd, Pt, Ag…) 
compatible with standard experimental architectures of magnetic tunnel junction 
devices. Moreover, our study quantifies and underlines the significant role of the 
Rashba interfacial field on PMA, explaining and correlating the sign, the magnitude, 
and the E-field dependence of the PMA, the Rashba coefficient αR and the 
Dzyaloshinskii–Moriya (DMI) asymmetric exchange interaction parameter. In 
X/Fe/MgO(001) systems with a variable Fe thickness we illustrate oscillations of 
PMA with the number of the Fe monolayers related to quantum well effects. Based 
on electronic structure characteristics extracted from the ab-initio calculations, we 
performed atomistic micromagnetic simulations to predict macroscopic magnetization 
characteristics corresponding to nanostructures with different Fe thicknesses and 
related PMA amplitudes. 
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THEORETICAL DETAILS 
 
 The theoretical study of the PMA and its field control has been performed 
using the ab-initio Full Potential Linear Augmented Plane Wave FP-LAPW code 
Wien2k [11]. In our calculations we involved a super-cell model thoroughly chosen 
to describe the X/Fe/MgO(001) multilayer configuration.  
 
 

Magnetic anisotropy calculations in Wien2k 
 
The magnetic anisotropy energy (MAE) has been calculated within a fully 

relativistic spin orbit scheme using total energy and force theorem approaches [12], 
both providing similar results. Within the total energy approach, the MAE is 
calculated as the difference between the total energy E[uvw] deduced from spin 
orbit calculation with the magnetization along the [uvw] crystallographic direction 
and the total energy corresponding to the magnetization along the easy axis: 𝑀𝐴𝐸 = 𝐸ሾ𝑢𝑣𝑤ሿ − 𝐸[𝑒𝑎𝑠𝑦 𝑎𝑥𝑖𝑠] 

The force theorem approach is a perturbative formalism in which the MAE 
between two different magnetization directions 𝑚ሬሬ⃗ ଵ and  𝑚ሬሬ⃗ ଶ is given by: 

𝑀𝐴𝐸 = 𝜀ଵሺ𝑚ሬሬ⃗ ଵ,𝑘ሻ
, −𝜀ଵሺ𝑚ሬሬ⃗ ଶ, 𝑘ሻ

,  

where the superscript 1 denotes the band energies calculated using the fully 
relativistic charge/spin density of magnetization 𝑚ሬሬ⃗ ଵ. 
 
 

Spin-orbit coupling in Wien2k 
 
The quantum mechanics description of electrons, consistent with the 

theory of special relativity is provided by the Dirac equation: 𝐻Ψ = 𝜀Ψ, where 𝐻 
is the Dirac Hamiltonian:  𝐻 = 𝑐�⃗� ∙ �⃗� + 𝛽𝑚𝑐ଶ + 𝑉. 𝛼 = ൬ 0 𝜎𝜎 0 ൰, 𝛽 = ቀ1 00 −1ቁ and 𝜎  are the Pauli matrices: with: 𝜎௫ = ቀ0 11 0ቁ ,𝜎௬ = ቀ0 −𝑖𝑖 0 ቁ , 𝜎௭ = ቀ1 00 −1ቁ. HD and the wave function are 
4-dimensional objects. Within the non-relativistic limit of the Dirac equation the 
electrons are moving with velocities much smaller than the speed of light. Some 
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relativistic effects can be neglected, and they can be described by the Pauli 
equation which considers the interaction of the particle spin with an external 
electromagnetic field. The corresponding Pauli Hamiltonian can be written as: 𝐻 = − ℏ2𝑚 ∇ଶ + 𝑉 + 𝜇�⃗� ∙ 𝐵ሬ⃗  + 𝜉൫�⃗� ∙ 𝑙൯ 

The first term is the kinetic term in the Schrödinger equation, the second 
term is an electrostatic effective potential, the third term is a Stoner term 
describing the Zeeman interaction of the spin with an external effective magnetic 
field and the fourth term the spin-orbit coupling term. �⃗� is the Pauli matrices vector �⃗� = ൫𝜎௫ ,𝜎௬ ,𝜎௭ ൯ and 𝜉 is the constant of the spin-orbit interaction. The matrix of 
the Pauli Hamiltonian is 2x2 in the spin space. Due to the Pauli spin operators the 
wave function is a 2-component vector (spinor), each component Ψଵ(ଶ) being 

associated to a spin orientation 1=up, 2=down): 𝐻 ൬ΨଵΨଶ൰ = 𝜀 ൬ΨଵΨଶ൰. 

The effective potential is a sum of an external potential, an electrostatic 
Hartree term and an exchange-correlation potential: 𝑉 = 𝑉௫௧ + 𝑉ு + 𝑉௫. The 
effective magnetic field is composed by an external field and an exchange correlation 
field: 𝐵 = 𝐵௫௧ + 𝐵௫. Both exchange correlation potential Vxc and magnetic 
field Bxc are defined within the Density functional Theory (DFT) in either Local 
Density Approximation (LDA) or Generalized Gradient Approximation (GGA).  

 
 
Exchange and correlation 
 
From the DFT LDA exchange-correlation energy defined as an integral of 

the exchange-correlation energy 𝜖௫ per particle of a homogeneous electron gas of 
electronic charge density n(r) and spin density 𝑚ሬሬ⃗ (𝒓):  𝐸௫(𝑛,𝑚ሬሬ⃗ ) = 𝑛𝜖௫(𝑛,𝑚ሬሬ⃗ )𝑑𝑟ଷ one can calculate Vxc and Bxc as functional 
derivatives: 𝑉௫ = డாೣ(,ሬሬሬ⃗ )డ  and 𝐵ሬ⃗ ௫ = డாೣ(,ሬሬሬ⃗ )డሬሬሬ⃗ . Within the LDA approach we get: 𝑉௫ = 𝜖௫(𝑛,𝑚ሬሬ⃗ ) + 𝑛 డఢೣ(,ሬሬሬ⃗ )డ  and 𝐵ሬ⃗ ௫ = 𝑛 డఢೣ(,ሬሬሬ⃗ )డሬሬሬ⃗ 𝑚ෝ   with 𝐵ሬ⃗ ௫ parallel with 𝑚ෝ . 
 
 

Relativistic effects in Wien2k 
 
In Wien2k the relativistic effects are included inside of the muffin-tin 

atomic spheres where the potential has a spherical symmetry leading to relativistic 
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equations in a spherical atomic geometry. Therefore, different types of electrons 
are differently treated, as follows: 

(i) The core electrons within the atomic sphere region are “fully” relativistic, 
the core states are fully occupied and obey the spin-compensated Dirac equation 
in a spherical potential that include the SOC.  ቈ− ℏ2𝑚 ∇ଶ + 𝑉 + 𝜇�⃗� ∙ 𝐵ሬ⃗  − 𝑝ସ8𝑚ଷ𝑐ଶ − ℏଶ4𝑚ଶ𝑐ଶ 𝑑𝑉𝑑𝑟 𝜕𝜕𝑟+ 12𝑚ଶ𝑐ଶ 1𝑟 𝑑𝑉𝑑𝑟 ൫𝑙 ∙ 𝑠൯Φ = 𝜀Φ 

First and second term give non-relativistic Schrödinger equation. The third 
term is a Stoner or Zeeman correction describing the interaction with an external 
magnetic field. Fourth and fifth terms are mass and Darwin relativistic correction, 
respectively. The last term corresponds to the spin-orbit coupling (SOC). For spin-
polarized potential, spin up and spin down are calculated separately, the density is 
averaged according to the occupation number. The SOC mixes up and down states, 𝑗 = 𝑙 + 𝑠 is a good quantum number.  

(ii) The valence electrons inside the atomic muffin-tin spheres are treated 
with scalar-relativistic approximation. All relativistic effects are included except the 
SOC that can be further included in «second variation». 

(iii) The valence electrons belonging to the interstitial region are treated as 
non-relativistic. 

 
 
Computational issues 
 
Having in view the extreme sensitivity of the magnetic anisotropy energy 

to the k-space meshing, first, the convergence of the total energy with respect to 
the total number of k-points has been thoroughly performed. Within the total energy 
approach, using spin-orbit calculation, the perpendicular magnetic anisotropy (PMA) 
has been calculated as the total energy difference between the configurations 
where the magnetization was set along perpendicular to the film’s plane and in-plane 
directions. The perturbative formalism of the force theorem approach provides the 
MAE from the band energies calculated using the fully relativistic charge and spin 
density of magnetizations corresponding to two distinct directions. Within these 
formalisms, the electric field (E-field) has been applied using a zig-zag additional 
potential in the Hamiltonian, as implemented by Stahn et al [13]. Therefore, for 
different values of electric field, the MAE can be calculated to provide theoretical 
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insight on its electric field dependence. Quantitatively, the response of the PMA 
with respect to applied external electric field has been further described in terms 
of the β coefficient, defined as the slope of the variation of the surface perpendicular 
anisotropy Ks with the electric field E, felt by the ferromagnetic ultrathin film. 

 
 
Calculation of the Rashba parameter aR  from Wien2k band structure 
 
The spin-orbit term of the non-relativistic Dirac (Pauli) Hamiltonian: 

 𝐻ௌை = ℏ(ଶబ)మ ∇ሬሬ⃗ 𝑉 ∙ (�⃗� × �⃗�) can be simplified for 2 dimensional electronic systems 
with the confinement direction (e.g. Oz in a Cartesian system) perpendicular to the 
propagation direction (within the xOy plane) leading to the Rashba Hamiltonian: 𝐻ோ = 𝛼ோ�⃗�(𝑘ሬ⃗ × 𝑒௭) where 𝛼ோ = ℏమ(ଶబ)మ డడ௭  is the Rashba constant which is a measure 
of the spin-orbit interaction and 𝑒௭ the unit vector of the Oz (electron confinement) 
direction. From its definition, one can see that 𝛼ோ is proportional with the electric field 𝐸 = −డడ௭  aligned along the Oz direction. We will see later that in a multilayer stack, at 
the interface between two different materials, such kind of electric fields naturally exist 
and lead to Rashba spin-orbit interaction effects. The SO-coupling is exacerbated at the 
metal surfaces: the breaking of the translational symmetry in surface is equivalent to a 
potential gradient felt by the electron. In the case when a metal-insulator (or metal 
semiconductor) interface is created in a multilayer heterostructure, a depletion zone 
appears with a corresponding significant interfacial electric field. By diagonalizing the 
Rashba Hamiltonian, the eigenvalues will be:  𝐸±(𝑘ூூ) = ℏଶ𝑘ூூଶ2𝑚 ± 𝛼ோ|𝑘ூூ| 
representing parabolic bands with an offset of the parabola minimum in positive 
(or negative) k values (Rashba splitting). The minimum of the parabola can be found 

as డாడ = 0 ⇒ 𝑘 = బఈೃℏమ  so that 𝐸୫୧୬ = 𝐸 = ℏమబమଶబ  that leads to 𝐸 = బఈೃଶ . From 
this equation wee see that 𝛼ோ can be calculated when knowing the values of E and 
k corresponding to the minimum of the parabolic dispersion band: 𝛼ோ = ଶாబబ  . As we 
will see in the section related to results, we have used this equation to extract the 
Rashba parameter from the Rashba offset of the parabolic bands calculated for 
different supercell models describing our magnetic multilayer heterostructures. 
Experimentally, the spin-orbit constant 𝛼ோ  can be extracted from ARPES (Angular 
Resolved Photoemission) [14,15]. 
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Atomistic calculations 
 
 The results issued from the ab-initio calculations, e.g., atom projected 
magnetic moments, PMA, DMI, have been used as input parameters for atomistic 
calculations performed within the framework of the atomistic code VAMPIRE [16]. 
The main input files for running the atomistic code contain information about materials 
and properties that enter in the sample composition: sandwiches of magnetic or 
nonmagnetic materials, alloys, etc. and system configurations: dimensions, simulation 
described in detail with all the necessary parameters (atomic positions with the 
exchange matrix components and type of exchange (isotropic, vectorial, tensorial). 
Within the atomistic magnetic calculation approach implemented in VAMPIRE the 
atoms have been considered as individual interacting entities with a given magnetic 
moment. Similarly to the macroscopic LLG approach, the spin dynamics is obtained 
by integrating the Landau–Lifshitz-Gilbert (LLG) equation applied at the atomistic 
level for the atomic spins. Here, the atomistic LLG equation: 𝜕𝑺ሬሬ⃗ 𝜕𝑡 = − 𝛾(1 + 𝜆ଶ) ൣ𝑺ሬሬ⃗  × 𝐻ሬሬ⃗  + 𝜆𝑺ሬሬ⃗  × (𝑺ሬሬ⃗  × 𝐻ሬሬ⃗  )൧ 
describes the interaction of an atomic spin moment 𝑺ሬሬ⃗  with an effective magnetic 
field 𝐻ሬሬ⃗   of each spin i derived from the complete spin Hamiltonian ℋ including 
all the interaction and anisotropy terms describing the modeled system (e.g., 
exchange, anisotropy, Zeeman interaction with external applied fields): ℋ = ℋ௫ + ℋ + ℋ;  𝐻ሬሬ⃗  = − ଵఓೄ డℋడ𝑺ሬሬ⃗  
where 𝜇ௌ is the local spin moment, 𝛾 is the absolute value of the gyromagnetic 
ratio, 𝜆 the microscopic Gilbert damping parameter. The effect of the temperature 
has been included using the Langevin dynamics [17] assuming that the thermal 
fluctuations on each atomic site can be represented by a Gaussian white noise term Γ(𝑡) whose width is proportional with the temperature value. The corresponding 

thermal field will be:  𝐻௧ = Γ(𝑡)ටଶఒಳ்ఊఓೄ∆் , where 𝑘 is the Boltzmann constant and 

T is the temperature of the system. To determine the time dynamics of systems of 
spins, the stochastic LLG equation is solved numerically (integrated) within the 
Heun predictor corrector scheme.  
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In this paper, the simulations have been performed for cylindrical Au/Fe/MgO 
multilayer nanostructures with a diameter of 15 nm (the integration range of the 
LLG equations). Periodic boundary conditions (PBC) have been included to calculate 
magnetic properties of macroscopically large magnetic heterostructure systems. As 
input for the VAMPIRE code, we have used thickness dependent PMA and atom 
resolved magnetic moments extracted from Wien2k ab-initio calculations performed 
on super-cell models describing the realistic Au/Fe/MgO(001) systems with variable 
Fe thicknesses. 

 
 
 

RESULTS AND DISCUSSION 
 
 

Ab-initio calculations 
 
 A typical supercell model used in our ab-initio calculations is depicted in  
fig. 1. As we mentioned, in the calculation the electric field can be introduced via a 
zig-zag potential term in the Hamiltonian. Following the zig-zag potential E-field 
implementation within the Wien2k code by Stahn et al [13], the supercell contains 
the multilayer sequence in half of its volume, the other half being a vacuum region. 
Therefore, a constant E-field equal to −ΔV/Δz will be localized at the Fe/MgO 
interface, the amplitude and sign of the electric field being driven by the V ramp 
amplitude and the choice of an ascending or descending V ramp in that region.  
The k-space mesh used in our calculation was 25×25×1, which resulted from a 
preliminary study of the total energy convergence with respect to the total number 
of k-points in the Brillouin zone. Having in view the sensitivity of the MAE to energy 
development parameters in Wien2k, especially when including relativistic local 
orbitals (LAPW+l0), we set Emax=100, meaning that all scalar relativistic eigenstates 
are included when the spin-orbit-coupling is switched on. The size of the basis set 
used in the expansion of the wave function was RKmax=7, where R is the smallest 
atomic muffin-tin sphere radius, RMT, times the largest K-vector, Kmax.  
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Fig. 1. (a) Supercell model used to describe the X/Fe/MgO(001) system; here the 
thickness of Fe is 5 monolayers (ML). Zig-zag potential leading to a constant  𝐸ሬ⃗ = −∇𝑉 = −ௗௗ௭ 𝑒௭ in the half of the supercell where the X/MgO interface is placed. 
The sign of the applied electric field is determined by the sign of the chosen ramp slope; 
(b) Potential energy corresponding to the ramp potential and self-consistently 
calculated Coulomb potential on each atom in the supercell. 
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Having in view the complexity of the problem, the computational tasks 
have been performed within a k-point parallelization scheme using a 48-CPU 
workstation. From the ab-initio calculations, for various X/Fe/MgO configurations, 
we obtained the following main results, synthetized in table 1: 

 
Table 1. Calculated magnetic anisotropy energy (MAE) for various multilayer 
heterostructure systems in which the ultrathin Fe is sandwiched between X and MgO 
with X = V, Au, Pd, Ag, MgO, Pt. The number represents the # of monolayers. The slope 
of the MCA variation with applied electric field is β. We also indicate the lattice 
parameters used in the ab-initio calculations. 

 
 

(i) The calculated systems mostly present perpendicular magnetic 
anisotropy, i.e., the most stable configuration corresponds to the magnetization 
being aligned along the z-direction. However, for some systems: Cr3/Fe5/MgO(001), 
Pt3(001)/Fe5/MgO, Pt3(111)/Co5/MgO, the ground state corresponds to a 
configuration in which the magnetization lies in-plane. 

(ii) The perpendicular anisotropy can be significantly enhanced if one 
monolayer of Pt is inserted at the top interface, between Fe and MgO. Moreover, 
the adjunction of the top Pt layer changes the response of the PMA with respect to 
an external applied electric field. 

(iii) The electric field response of the PMA is specific for each system. One 
can tailor the amplitude and the sign of the variation by changing the chemical 
nature of the bottom interface X/Fe (fig. 2).  
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The opposite sign variation of the PMA with the E-field can be explained by 
considering the Rashba field at the bottom X/Fe interface whose sign depends on 
the relative work-functions of Fe and X metals (see fig. 3), as theoretically predicted 
by Barnes et al [9]. The effect of an external electric field on the intrinsic fields  
E1 = ET (E2= EB) at the top (bottom) interfaces is illustrated in fig. 4, the analysis being 
performed for Au/Fe/MgO system. 

 

Fig. 2. Magnetic anisotropy energy dependence on electric field (E-field) for  
(a) V3/Fe5/MgO  and (b) Au3/Fe5/MgO systems. Open circles in (a) correspond to 
Force theorem, black squares to total energy MAE calculations. The sign of the 
variation slope is different, indicating the significant role of the bottom X/Fe interface 
(X=V, Au) on the PMA and its field variation. 

 

 
Fig. 3. Potential profiles, Rashba fields BR related to the intrinsic electric fields at the 
top (1)=Fe/MgO and the bottom (2)=X/MgO interfaces in (a) V3/Fe5/MgO  and  
(b) Au3/Fe5/MgO systems. In (a), Eext< 0 decreases E1 (so BR1)  => BR

net (and α) 
increases. In (b) Eext<0 decreases E1 (so BR1)  => BR

net (and α) decreases. 
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Fig. 4. Valence charge density plots for the Au3/Fe5/MgO stack: (a) complete stack,  

(b) zoom at the top Fe/MgO and (c) bottom Au/MgO interfaces illustrating the effect  
of an external electric field on the interface intrinsic fields E1 (top) and E2 (bottom). 

 

As expected, we clearly illustrate that the external electric field only 
influences the top interface, being completely screened at the metallic bottom 
Au/Fe interface (no field effect observed, fig. 4(c)). The variation of the electric field 
E1 at the top interface Fe/MgO when an external field is applied can be directly 
correlated to the charge and magnetic moment variation for the interface Fe(/MgO) 
atom, issued from the ab-initio calculation and illustrated in fig. 5. We see from the 
analysis depicted in fig. 5 that a positive external electric field increases the charge 
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on the interface Fe atom (the depletion decreases) and this corresponds to a decrease 
of the Fe magnetic moment, as expected for its “roughly” 3d6 configuration. From 
the Rashba splitting of the band structure corresponding to opposite orientations 
of the magnetization with respect to the crystallographic axes (directions with 
k⊥M)  we calculated the Rashba parameter 𝛼ோ (see fig. 6): 𝛼ோ = ଶாబబ  where E0 
corresponds to the minimum of the parabolic dispersion and k0 the corresponding 
wave vector where E(k) has a local minimum. 
 

 
Fig. 5. Charge variation within the muffin-tin sphere of the interface Fe(/MgO) atom  

(top panel) and corresponding magnetic moment with respect to the external  
applied electric field (Volt/Angstrom units). 
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In this way, we demonstrate that opposite sign Rashba parameters can be 
obtained in V/Fe/MgO and Au/Fe/MgO systems, corresponding to opposite Rashba 
offset in k of the surface Fe parabolic bands in the X/Fe/MgO stack, where X=V and 
Au (fig. 6). While the top interface Fe/MgO is identical in the two configurations, it is 
obvious that the opposite offset sign is related to the bottom interface, demonstrating 
the major influence of the Rashba fields at both top and bottom interfaces on the 
PMA and the net 𝛼ோ. 

 
Fig. 6. Parabolic band dispersion of surface bands of Fe in X/Fe5ML/MgO system, 
where X=V (a) and X=Au (b). The bands corresponding to the magnetization M 
parallel to (100) and (-100) are oppositely shifted in k due to the net Rashba field 
whose sign is determined by both bottom X/Fe and top Fe/MgO interfaces (see 

explanation related to fig. 3). 𝐸୫୧୬ = 𝐸 = ℏమబమଶబ . 

 

This illustrates that the bottom interface Rashba magnetic field BR2 has a 
long-range influence and, by its sign and amplitude, can modulate the net Rashba 
field in the stack (see fig. 3). 

(iv) Within the framework of a still under debate issue in the literature, in 
which the asymmetric exchange Dzyaloshinskii-Moriya interaction can be triggered 
by a Rashba mechanism [18], we calculated the DMI constant from the Rashba 
splitting and the Rashba constant 𝛼ோ: 𝐷𝑀𝐼 = 2𝑘ோ𝐴, where A is the Fe exchange 
stiffness (21 pJ/m [19]), 𝑘ோ[Å-1] = 0.2619 ∗ 𝛼ோൣ𝑒𝑉Å൧ 𝑚, me is the effective mass 
of the electrons in Fe, estimated to be equal to 0.57 from the fit of the parabolic bands 
illustrated in fig. 6(b) - corresponding to Au/Fe/MgO system. Using this algorithm, we 
calculated, explained and correlated the sign, the magnitude and the electric field 
dependence of the PMA, the Rashba coefficient αR and the Dzyaloshinskii–Moriya 
(DMI) asymmetric exchange interaction parameter in different X/Fe/MgO(001) 
systems (see example in fig. 7 for Au/Fe/MgO system). It is important to mention 
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that the sign of the DMI, correlated to the sign of the Rashba parameter, has a 
significant importance in magnetic heterostructures: It determines the topological 
charge of chiral structures (domain walls and skyrmions) and the direction of their 
velocity when manipulated by spin transfer torques related to spin currents in 
emerging generation of race-track memories [20, 21]. Therefore, a major issue of 
our calculations is related to the prediction of an original strategy for the DMI sign, 
amplitude, and E-field control via the interface engineering in experimental magnetic 
multilayered stacks.  

 

 
Fig. 7. Typical curves of electric field dependence of PMA, 𝛼ோ  and  

DMI in the Au/Fe(5ML)/MgO system. 
 
 
(v) When varying the Fe thickness in X/Fe/MgO(001) systems, with X=V, Cr, 

Au, we observe clear oscillations of PMA with the number of the Fe monolayers (fig. 8). 
We explained these oscillations within the framework of quantum wells of 

the Δ1 Bloch symmetry Fe electrons, as we previously demonstrated in spin 
dependent transport experiments in Fe/Cr/Fe/MgO single crystal MTJs [22], where 
similar quantum well effects and oscillation period of the tunnel conductance has 
been observed. The predicted PMA oscillations with the ferromagnetic layer 
thickness represent a major issue for understanding the PMA and the DMI in 
realistic experimental system with sizable roughness and thickness fluctuations, 
even at an atomic level. In a first step, in this work, we performed atomistic 
micromagnetic calculations of magnetic properties (hysteresis curves) of 
Au/Fe(t)/MgO nanostructures with a variable thickness t = 3, 4, 5 ML both at 0 K 
and room temperature. 
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Fig. 8. Magnetic anisotropy energy for X/Fe/MgO(001) slabs where X=Cr(001), Au(001), 

V(001), extracted from ab-initio calculations. Positive (negative) MAE correspond to 
perpendicular (in-plane) magnetization (PMA) configurations. 

 
 
Atomistic simulations for Au/Fe/MgO system modelled as flat terraces 

 

 In order to extend the theoretical analysis of the Au/Fe/MgO system to 
larger dimensions, we chose to simulate a layered structure in the atomistic 
framework. Following this approach, we can represent with high fidelity the case of 
MBE terraces and, in addition, we can benefit from the time and resources 
efficiency that this numerical tool provides us with.  
 Three samples were modelled as flat slabs of constant thickness, with 
periodic boundary conditions – Table 2. The hysteresis loops have been simulated 
with a field applied along the Oz direction. By doing so, we avoid the well-known 
computational expenses of working with a tremendously large number of dipole 
field cubic macrocells, but we can still use the smallest macrocell size for a high 
precision dipole field calculation. The input parameters such as the layer resolved 
magnetic moments per atom and anisotropy constants were obtained from the first 
principles method. A convergence study at T = 0 K was performed in order to 
establish the suitable simulation parameters of the hysteresis loops, in agreement 
with the Stoner-Wohlfarth model.  
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 For T=0 K, without considering the dipole field, all of the samples display 
rectangular hysteresis loops with coercivities in perfect agreement with the Stoner 
Wohlfarth model, as represented in Table 2. If we add the dipole field to our model, 
only the 4ML and 5ML samples preserve their coercivity, as the 3ML sample 
magnetization becomes tilted in-plane. It can be observed that the coercive field 
varies with the thickness in a similar fashion as the anisotropy energy. Also, it is 
worth mentioning that the rectangular shape of the hysteresis loops is the evidence 
of a perpendicular magnetization orientation. This is a numerical confirmation that 
can be verified experimentally in a range of ultra-low temperatures, where the 
effect of thermal fluctuations is diminished. 
 

Table 2. Coercive field values determined analytically and  
from atomistic simulations at 0 K for the investigated samples. 

Sample name/  
no. atomic layers Thickness (nm) Hc Stoner-Wohlfarth 

(T=0K) limit (T) 
Hc atomistic with dipole 

field (T=0 K) (T) 
3ML / 3 atomic 
layers 0.429 0.99 In-plane oriented 

4ML/ 4 atomic layers 0.572 3.88 1.76 
5ML/ 5 atomic layers 0.715 1.95 0.10 

 

 
 
 When thermal fluctuations are added to the system, the dipolar and the 
thermal field compete with the anisotropy and in some situations, they will tilt the 
magnetization orientation from an out-of-plane to an in-plane configuration. Such 
a case is depicted in fig. 9, where hysteresis loops simulated at room temperature 
for different sample thicknesses are shown. At T = 300 K one can observe that the 
perpendicular magnetic anisotropy is strongly dependent on the thickness. For 3ML 
and 5ML it can be observed that the magnetization adopts an in-plane orientation, 
while for the 4ML thickness it is oriented perpendicular to the film plane. The effect 
of the thermal fluctuations can be observed in the coercivity.  
 The addition of the dipole field leads to lower coercive field values compared 
to the ones predicted by the Stoner-Wohlfarth model. Also, the thermal fluctuations 
have been observed to contribute to this effect. We mention that the magnetic 
behavior illustrated in fig. 9 follows the variation of the PMA with the thickness 
issued from the ab-initio calculations (see fig. 8) where a local maximum in PMA 
was found for 4ML of Fe.  
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Fig. 9. Hysteresis loops at T=300 K obtained from atomistic simulations:  

(a) 3ML; (b) 4ML; (c) 5ML.  
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 The results of our atomistic magnetic simulation indicate that to design 
experimental devices based on the Au/Fe/MgO system suitable for room temperature 
applications related to PMA one must optimize the deposition process to obtain a 
ferromagnetic thickness around 4ML (0.572 nm). A further coming study will consider 
the effect of thickness fluctuation to approach the realistic situation of experimental 
samples. 
 
 
CONCLUSIONS 

 
Using ab-initio calculations we have investigated some major mechanisms 

related to the perpendicular magnetic anisotropy and its variation with external 
magnetic fields. Our calculation addresses multilayer stacks with ultrathin ferromagnetic 
layers sandwiched between a bottom non-magnetic metal and a top MgO insulator, 
as commonly found in magnetic tunnel junction architectures. We point out the 
major contribution of the Rashba mechanism, related to interfacial intrinsic electric 
fields, on both PMA and DMI and underline the possibility to tailor these properties 
via some interfacial engineering. In this way one can tune the magnitude and the 
voltage response of the PMA and the sign and the magnitude of the DMI, major 
requests in storage and synaptic devices based on magnetic chiral structures 
(domain walls and skyrmions). Oscillations of the PMA with the thickness of the 
ferromagnetic materials have been also predicted and correlated to quantum well 
effects already observed by our team in spin polarized transport in Cr/Fe/MgO/Fe 
magnetic tunnel junctions. Finally, using atomistic magnetic simulations we have 
calculated macroscopic magnetic properties in Au/Fe/MgO nanostructures as a first 
step towards the understanding of magnetic characteristics of realistic experimental 
system with sizable roughness and thickness fluctuations, even at atomic level. 
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