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1 Abstract 

The aim of the following project was to investigate novel methods of creating magnetic 

random access memories (MRAM) in the context of low operating currents and power 

saving measures. In particular, the implementation of the Spin Transfer Torque (STT) in 

such devices has been studied with special attention to its interplay with Voltage-Controlled 

Magnetic Anisotropy (VCMA) technique. The process of reviewing the recent literature has 

been complemented by numerical calculations carried on using the MuMax3 software [1], 

which allows to perform micromagnetic simulations by solving the Landau-–Lifshitz–

Gilbert–Slonczewski equations. 
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2 Introduction 

2.1 Motivation and state of the art 

The massive utilization of mobile computing devices and the ever-increasing dependence 

of our society on information have required substantial investments in fast and efficient 

storage solutions. Other than speed and power consumption, a limited size has also been a 

requirement for modern memory technology. Incredible improvements have been achieved 

in Hard Disk Drives, with capacities and read/write rates that have seen exponential 

growth.  

However, in the area of dynamic Random Access Memory (DRAM), few challenges are still 

present when it comes to scalability and power efficiency. Due to its semiconductor nature, 

problems arise when devices reach certain areas. Mainly, scaled down dimensions lead to 

inevitable leakage of the electrons charge, which is the principal property used by such 

technology. It is then clear that this is a significant cause of high power consumption. 

The necessity to overcome this limitation has been the main drive for the development of 

Magnetic RAM. This new technology is based on spintronic devices, which exploit the 

characteristic spin of electrons in order to store information. A surge in MRAM interest was 

registered after the discovery of giant magnetoresistance (GMR) ( [2] [3]) and later of 

tunnelling magnetoresistance (TMR). In fact, these phenomena allow for stronger and 

cleaner signals, resulting in an easier detection of bits. Magnetic tunnel junctions, thanks to 

the TMR, have emerged as the prominent design in magnetoresistive RAM. The switching of 

the magnetization, which defines the different states (bits), was at first achieved through a 

magnetic field-assisted mechanism. However, this technique suffers from scalability issues. 

In particular, since the switching field is inversely proportional to the area of the device, 

dense storage solutions would require very strong fields, thus large currents and high 

power consumption. 

Novel switching methods have then been developed to avoid this limitation. One of the most 

promising is the Spin Transfer Torque (STT [4]) RAM. In this case, a spin polarised current 

is used to directly switch the magnetization of the magnetic layer that stores the 

information. Despite the necessity of improvements regarding efficiency, many publications 

have shown how these types of devices can achieve much lower writing currents compared 

to classical field-driven techniques ( [5] [6]). In addition, they do not suffer so heavily from 

scalability problems. 

As previously stated, STT-RAM has not yet reached sufficient maturity to be introduced in 

mass-produced devices. The critical current, required for the switching, is still too high for 
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real-world applications. The various improvements that could be implemented are going to 

be discussed later and are closely related to the current’s tuneable parameters. 

Unfortunately, power inefficiency is not the only issue regarding the STT method. In fact, 

reliability errors can arise from thermal-induced switching of the magnetization resulting 

in erroneous bits. 

A variety of emerging storage solutions have been proposed to either improve or substitute 

STT devices. One example is the Spin Hall Effect based memory (also known as Giant Spin 

Hall effect), in which spin orbit coupling is used to produce a pure spin current. The main 

benefits are lower power consumption, faster switching and isolated read and write path. 

This technique will not however be discussed in more detail in this report. Another example 

is the Magneto-electric (ME) effect memory, in which a voltage bias is applied to a ME 

material and the resulting controllable magnetic field is used to switch the magnetization of 

a magnetic film. In addition, quite radically different approaches have been proposed for 

MRAM applications. In particular, skyrmion race tracks and domain wall memories have 

emerged as viable options. They are in principle very similar since they both involve a strip 

(nanowire or track) that contains the information in the form of skyrmions or domain walls. 

The main advantage of these new designs is the possibility of achieving high storage density. 

Regarding notable improvements upon the STT-RAM designs, it is important to cite the 

stacking of exchange couple magnets. This procedure consists in using multiple layers 

instead of a single one with a large anisotropy. This leads to a lower amount of charge 

needed for the switching since the resulting anisotropy is the difference of all the others. 

Unfortunately, its implementation in MRAM is hindered by fabrication limitations. On top 

of that, magnetic layers with perpendicular magnetic anisotropy (PMA) are been researched 

thoroughly for their good scalability prospects. In fact, the absence of a demagnetization 

field in the out-of-plane direction that opposes the switching does mean a significant 

decrease in critical current. Moreover, perpendicular MJT have shown higher TMR ratios. 

However, one of the most promising approaches is the so-called Voltage-Controlled 

Magnetic Anisotropy (VCMA) assisted MRAM, which will be the main focus of this work. It 

has been shown [7] that an electric field (hence a voltage) applied to a PMA magnet can 

indeed vary its surface anisotropy. This reduction of the anisotropy field does mean that the 

total energy barrier for the switching is lowered and thus lower current (and power) is 

needed to operate the device. The interesting applications of this method include a variety 

of techniques such as electric field-assisted thermal switching (however non-deterministic) 

or the combination of VCMA and STT. This idea exploits the lower energy barrier of VCMA 

with the deterministic write process (due to the polarity of the current) of STT.  
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The aim of this project will then be using a micromagnetic simulation software, MuMax3, to 

investigate some of these novel approaches to magnetoresistive RAM in the context of their 

applications in low-power devices. In particular, the VCMA-STT MRAM will be the final goal 

of the computational efforts. 

2.2 Theoretical introduction 

Multilayers and magnetoresistance 

The first step into dealing with MRAM devices is to introduce the concept of multilayer 

stacks of magnetic and non-magnetic materials and the importance of magneto resistance 

for the reading process. 

 

Figure 1: Basic structure of a spin-valve. 

A basic magnetic bit can be achieved by storing the information into the magnetization of 

the top (free) layer of a trilayer (Figure 1), with the 0 and 1 associated with its direction in 

respect with the easy axis. This axis can be either in-plane or out-of-plane depending on the 

characteristic of the material. However, as briefly explained above, the perpendicular case 

does offer a more appealing energy configuration. The intermediate layer, or spacer layer, 

consists of a thin isolating film sandwiched between the free layer and a pinned layer. The 

magnetization of the latter is meant to remain constant under the read/write operations. 

This particular configuration is the basis of a spin-valve or more appropriately magnetic 

tunnel junction (MJT). Such design does involve the giant magnetoresistance effect, which 

states that the resistance of a similar stack depends strongly on the relative magnetization 

orientation of the free and pinned layer. This phenomenon is accentuated when the spacer 

is an insulator, and it is referred to as Tunnel Magnetoresistance (TMR), compared to non-

magnetic metallic spacers. A simple picture is given in Figure 2, where the different 

scattering of electrons is displayed for the parallel and antiparallel configurations. 
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Figure 2: Basic explanation of Giant Magnetoresistance. The difference in the scattering process of 
spin-polarized electrons is shown for both P and AP configurations. Figure from [8]. 

The essential function of the TMR in MRAM is the fact that it provides a simple way of 

discerning the two different states corresponding to the information bit. A large difference 

in resistance (measured by the TMR ratio) is essential for the performance and reliability of 

the memory. A typical MgO barrier has shown 1000% ratios at low temperatures. A critical 

component of the successful behaviour of the spin-valve as MRAM is the constant 

orientation of the pinned layer. Usually, this is accomplished by utilising an additional thick 

layer below it and by antiferromagnetically coupling them.  

In regard to the switching process, the classical approach is to use a magnetic field 

originated from a wire carrying current. A simplistic view is to consider the effective field 

resulting from the competition of the one created by the Biot-Savart law in the wire and the 

anisotropy field. When the former overcomes the latter, then the magnetization will be 

aligned with it. As briefly discussed in the introduction, scalability issues arise from the 

inverse dependence on area of the critical field. 

Spin-transfer torque techniques have emerged as a viable option for the writing operation, 

as they allow further scalability and lower power consumption compared to the field-

assisted switching. 

An additional aspect that needs to be considered when designing a MRAM spin-valve is the 

thermal stability Δ of the device. This property will assure that the information is stored for 

a reasonable amount of time, where the typical stability time is defined as 𝜏 = 𝜏0𝑒
Δ, with 

(𝜏0 ∼ 0.1 − 1 𝑛𝑠). 

Δ = 𝐸𝑏/𝑘𝐵𝑇 

Where 𝐸𝑏 is the anisotropy energy, thus the barrier for the switching. For 𝜏 = 10 years of 

stability, Δ has to be larger than 60. Since it originates from the anisotropy of the system, it 

imposes certain requirements on the geometry of the whole device. In particular, for a 

perpendicular MJT [8]: 

Δ = (𝐾𝑢
𝑏𝑢𝑙𝑘𝑡 − 2𝜋𝑀𝑠2𝑡)

𝜋𝐴𝑅𝜔2

4𝑘𝐵𝑇
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Where 𝑡 is the thickness, 𝐾𝑢
𝑏𝑢𝑙𝑘 is the anisotropy energy density, 𝑀𝑠2 is the second order 

saturation magnetization, AR is the length to width ratio and 𝜔 is the width. Moreover, the 

probability of data retention is strictly related to Δ. 

STT  

STT-MRAM is based on the physical phenomenon of spin transfer torque. In simple terms, 

it means that the spins of a ferromagnet and the spins of a charge current do influence each 

other by exerting a torque. In practice, a ferromagnetic layer can be used to polarize a 

current and on the other hand, a spin-polarized current can rotate the magnetization of 

magnetic layer. 

This property can be applied in a straight-forward manner to the multilayer stacks of 

MRAM. In fact, the polarization of the current is achieved by an additional ferromagnetic 

layer with a constant magnetization. Then, the actual writing is carried on by the resulting 

spin-polarized current. Its direction will determine the torque vector, hence whether it will 

switch from parallel to antiparallel (P to AP) or the other way around, thus allowing for an 

easy method of controlling the bit. 

Before going into details about the application of STT in storage devices, a theoretical model 

will be presented in order to understand the quantum mechanics behind this process. Ralph 

and Stiles [9] do provide a simple toy model that helps us explain the basics of this 

phenomenon. First of all, a single-electron wave function is considered propagating in the 𝑥 

direction and with a spin in the  𝑥 − �̂� plane. This wave will then encounter a magnetic 

moment (along �̂� ) and it will be either reflected or transmitted. 

𝜓𝑖𝑛 =
𝑒𝑖𝑘𝑥

√Ω
(cos(𝜃/2) | ↑ ⟩ + sin (𝜃/2)| ↓ ⟩) 

𝜓𝑡𝑟𝑎𝑛𝑠 =
𝑒𝑖𝑘𝑥

√Ω
(t↑cos(𝜃/2) | ↑ ⟩ + 𝑡↓sin (𝜃/2)| ↓ ⟩) 

𝜓𝑟𝑒𝑓𝑙 =
𝑒𝑖𝑘𝑥

√Ω
(𝑟↑ cos(𝜃/2) | ↑ ⟩ + 𝑟↓sin (𝜃/2)| ↓ ⟩) 

From these, the three components of the spin current density 𝑄 =
ℏ2

2𝑚
𝐼𝑚(𝜓∗𝜎⨂∇ψ) (𝜎 

refers to the Pauli matrices), 𝑄𝑖𝑛,𝑄𝑡𝑟𝑎𝑛𝑠 and 𝑄𝑟𝑒𝑓𝑙  are calculated. The consequent torque, on 

an area 𝐴, will then be: 

𝑁𝑠𝑡 = �̂� 𝑥 ⋅ (𝑄𝑖𝑛 + 𝑄𝑟𝑒𝑓𝑙 − 𝑄𝑡𝑟𝑎𝑛𝑠) = 

=
𝐴ℏ2𝑘

Ω2𝑚
sin(𝜃) [1 − 𝑅𝑒(𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗)] 𝑥 −

𝐴ℏ2𝑘

Ω2𝑚
sin(𝜃) 𝐼𝑚(𝑡↑𝑡↓

∗ + 𝑟↑𝑟↓
∗) �̂� (1) 

The main takeaways are that the spin torque would be zero when 𝑡↑ = 𝑡↓ and 𝑟↑ = 𝑟↓, or if 

the magnetic layer did not provide any spin filtering, or in the case of collinear spin and 
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magnetization. The other important conclusion is that the total torque is perpendicular to 

the direction of the magnetization. This aspect is essential in the STT-MRAM prospect. 

Another result which is necessary to cite is the theoretical investigation on spin-current 

interaction by Sun [5]. By including a spin-transfer term into the Landau-Lifshitz-Gilbert 

equation, an analytical expression for the critical switching-current density has been 

obtained: 

𝐽𝑐 =
1

𝜂
(
2𝑒

ℏ
)

𝛼

|𝑐𝑜𝑠𝜙|
(𝑡 𝐻𝑘 𝑀𝑠) (1 +

2𝜋𝑀𝑠

𝐻𝑘
+

𝐻

𝐻𝑘
) (2) 

Where 𝜂 is the spin-polarization factor, 𝛼 is the Gilbert damping constant, 𝜙 is the angle of 

spins in respect to the �̂� axis (easy axis), 𝑡 is the thickness of the magnetic layer, 𝐻𝑘 is the 

anisotropy field, 𝑀𝑠 the saturation magnetization and 𝐻 the applied field. The term 

2𝜋𝑀𝑠/𝐻𝑘  refers to the easy-plane anisotropy and it represents the demagnetizing field. 

The great importance of equation (2) lies in the fact that it gives the parameters which can 

be optimized for lower currents, hence lower power consumption. Firstly, 𝜂 is directly 

dependent on the efficiency of the polarization process, hence on the property of the 

polarization layer. On the other hand, 𝛼 is an intrinsic characteristic of the free layer. For 

example, CoFeB has a lower damping compared to FePt. Thickness also plays a role in the 

power efficiency of the device. However, its tuning is not trivial since it is deeply related to 

the anisotropy of the magnetic layer. 

The magnetic anisotropy deserves a particular mention since it is the critical step that leads 

to VCMA. In general, the most effective way of exploiting its effects on the critical current is 

to use PMA layers. As mentioned before, the energy barrier for the switching differs when 

considering in-plane and out-of-plane anisotropies. In fact, no out-of-plane demagnetizing 

field is present, thus the second term in equation (2) is cancelled, leading to a much lower 

current density, especially for magnets with large 𝑀𝑠 values (CoFeB). 

The expression for the critical current also gives a hint on how the VCMA methods might 

help reducing the overall power consumption of the device. By reducing the anisotropy 

constant using an electric field, the energy landscape is affected and the switching energy 

barrier is significantly lowered. Thus, the required spin current is also greatly diminished. 

One additional note on the critical current relates to the thermal stability requirements. As 

mentioned before, this restriction acts on the anisotropy of the system, hence on the 

necessary current density for the switch (A area): 

𝐽𝑐 ≥
1

𝜂
(
2𝑒

ℏ𝐴
)

𝛼

|𝑐𝑜𝑠𝜙|
Δ 
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Figure 3: On the left side, computational results by Sun [5] are presented. The switching is shown 
both as components of M and its 3D representation for different values of the damping 𝛼. On the right, 
the effect of the damping and the STT on the magnetization is shown in a schematic matter. Figure 
from [9]. 

In the figure above, a visual representation of STT and the damping factor is presented 

alongside a computational result (from [5]) of a STT-driven switching of the magnetization 

of a magnetic layer. It is clear how the damping factor does influence the overall speed of 

the process. A similar approach will be taken in the simulations. The plotting of the z-

component of the magnetization against time will reveal the effectiveness of the switching 

mechanism. 

VCMA 

As mentioned in the introduction, Voltage-Controlled Magnetic Anisotropy is a promising 

way of achieving lower power consumption in magnetic-RAM. By applying a voltage across 

the multilayer stack, the anisotropy is reduced and the energy barrier of the switching 

process. The effect of the electric field in a PMA magnet can be simply described as: 

𝑘𝑢⊥
𝑒𝑓𝑓

= 𝑘𝑢⊥
0 − 𝜂𝐸 (3) 

Where 𝜂 signifies the efficiency of the process. A schematic view of the device and the 

lowering of the barrier is shown in Figure 4. 

However, for a deeper understanding of the physics behind this phenomenon, the work by 

Barnes et al. [10] considers the competition between the Rashba coupling and the 

Dzyaloshinskii-Moriya mechanism. This would then lead to large anisotropies in PMA. 
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Figure 4: Left: Schematic configuration of VCMA-MRAM and the energy barrier between the parallel 

(P) and parallel (AP) states for various applied voltages 𝑉𝑏 [11]. Right: Temporal evolution of the 
voltage and spin current in a possible implementation of a VCMA-STT MRAM device [12]. 

An interesting aspect of VCMA is its interplay with other different methods of switching such 

as thermal or STT assisted switching. The former is not relevant for electronic applications 

due to its stochastic behaviour. On the other hand, spin-polarized currents can be utilized 

in conjunction with the electric field to achieve more power-efficient devices. In fact, the 

effect of the electric voltage in perpendicular-MJTs is to rotate the magnetization to an in-

plane configuration for which the energy landscape is given by the in-plane 

demagnetization. Once the system has reached this point, an STT-driven switching can take 

place, requiring a much lower current compared to the switch of a perpendicular 

magnetization. A possible implementation of this concept is illustrated in Figure 4. In this 

case, two pulses of electric field are used to ease the magnetization respectively in and out 

of the plane. The short STT pulse also reflects the significant power savings of this method. 

On top of the lower energy barrier, thus lower current density, the current is passed through 

the device for a much shorter time. 

A large inspiration for this work has been a publication by Munira et al. [13]. Using a 

computational approach, they showed different combinations of STT and VCMA with the 

prospect of power savings.  

The VCMA effect was achieved by manipulating the uniaxial anisotropy in a similar fashion 

to equation (3) and making it time dependent. In the following table some of their results 

are shown. Mechanisms A and B refer to pure VCMA switching and a combination of VCMA-

STT (similar to Figure 4) respectively. 𝛽 is the efficiency of VCMA, while 𝑡𝑉𝐶𝑀𝐴 is the 

duration of the electric field pulse.  

The significant improvement of VCMA is clearly visible in the energy column. Both VCMA-

only and VCMA-STT switching require a much lower energy to be supplied to the system, 

hence a lower power consumption, ideal for efficient devices. 
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Figure 5: Computational results by Munira et al. [13] for STT and VCMA switching in a multilayer 
magnetic stack. 

3 Simulation methods 

3.1 MuMax3  

In order to properly simulate the physical behaviour of magnetoresistive devices the 

MuMax3 [1] micromagnetic simulation program was chosen. Due to its GPU-accelerated 

design it allows high performance calculations, while maintaining low memory 

requirements. In particular it is written in CUDA which translates in additional benefits in 

speed when running on nVIDIA GPUs. A configuration file serves as the only necessary user 

input and it provides the tools to set the properties of the system such as geometry, intrinsic 

constants, initial state and perturbations. 

Many different geometries can be implemented in MuMax3, however for MRAM devices, 

only cylindrical 3D stacks have been used. The overall simulation box is determined by 

setting the number of cells placed in a grid and the proper dimensions of those cells. To each 

container will then be assigned an index which refers to one of 256 possible material 

regions. Every region can have a different set of material properties such as initial 

magnetization, saturation magnetization, exchange constant or anisotropy constants. 

Additional perturbations (external magnetic fields or electric currents) can also be assigned 

in a per-region basis. A complete list of the parameters used in the simulations will be given 

and discussed below. 

Regarding the time evolution of the system, it is resolved using a differential equation 

known as the Landau-Lifshitz-Gilbert-Slonczewski equation. This describes the time 

evolution of the reduced magnetization (unit length) expressing it as a torque. 

𝜕�⃗⃗� 

𝜕𝑡
= 𝜏 = 𝜏 𝐿𝐿 + 𝜏 𝑍𝐿 + 𝜏 𝑆𝐿 (4) 
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Where the three terms correspond to respectively the Landau-Lifshitz torque, the Zhang-Li 

and Slonczewski spin transfer torques. Of which the first is explicitly expressed as: 

𝜏 𝐿𝐿 = 𝛾𝐿𝐿

1

1 + 𝛼2
(�⃗⃗� × �⃗� 𝑒𝑓𝑓 + 𝛼 (�⃗⃗� × (�⃗⃗� × �⃗� 𝑒𝑓𝑓)))  

𝛼 represents the Gilbert damping, 𝛾𝐿𝐿 is the gyromagnetic ratio and �⃗� 𝑒𝑓𝑓 is the effective field 

containing the following contributions: 

• Eventual externally applied field 

• Magnetostatic field �⃗� 𝑑𝑒𝑚𝑎𝑔 𝑖 = �̂�𝑖𝑗 ∗ �⃗⃗� 𝑗, where �̂� is the magnetization kernel and  

�⃗⃗� = 𝑀𝑠𝑎𝑡�⃗⃗� , 𝑀𝑠𝑎𝑡 is the saturation magnetization 

• Heisenberg exchange field �⃗� 𝑒𝑥𝑐ℎ = 2
𝐴𝑒𝑥

𝑀𝑠𝑎𝑡
Δ�⃗⃗� , calculated over 6 neighbours (𝐴𝑒𝑥 is the 

exchange constant 

• Dzyaloshinskii-Moriya exchange field �⃗� 𝑑𝑚 

• Magneto-crystalline anisotropy field (only uniaxial in this case), determined by the 

anisotropy constants 𝐾𝑢1 and 𝐾𝑢2,  �⃗� 𝑎𝑛𝑖𝑠 =
2𝐾𝑢1

𝐵𝑠𝑎𝑡
(�⃗� ⋅ �⃗⃗� )�⃗� +

4𝐾𝑢2

𝐵𝑠𝑎𝑡
(�⃗� ⋅ �⃗⃗� )3 �⃗�   

• Thermal field �⃗� 𝑡ℎ𝑒𝑟𝑚 which takes into account stochastic fluctuations and is dependent 

on the cells volume and the time step used in the resolution of the differential equation 

The other significant term in Equation (4) is the Slonczewski Spin-transfer torque: 

𝜏 𝑆𝐿 = 𝛽
𝜖 − 𝛼𝜖′

1 + 𝛼2 (�⃗⃗� × (�⃗⃗� 𝑃 × �⃗⃗� )) − 𝛽
𝜖′ − 𝛼𝜖

1 + 𝛼2
�⃗⃗� × �⃗⃗� 𝑃  

With 𝛽 =
𝑗𝑧ℏ

𝑀𝑠𝑎𝑡𝑒𝑑
 and 𝜖 =

𝑃(𝑟 ,𝑡)Λ2

(Λ2+1)+(Λ2−1)(�⃗⃗⃗� ⋅�⃗⃗⃗� 𝑃)
. In particular, 𝑗𝑧 is the current density, 𝑑 is the 

free layer thickness, �⃗⃗� 𝑃 is the magnetization of the pinned layer, 𝑃 the spin polarization and 

Λ and 𝜖′ are the Slonczewski parameters. The latter however was not utilized in this work. 

The simulated system was then constructed in the following way. The stack is formed by 3D 

cylindrical layers of 60 𝑛𝑚 in diameter. The magnetic ones are assumed to be CoFeB, while 

the spacer is chosen to be MgO. The choice is based on the good performance of this MRAM 

configuration in many theoretical and experimental publications ( [13], [14]). Various 

thicknesses have been tested and they will be specified in the results section. The necessary 

MuMax3 parameters are set accordingly: 

 

Free Layer Spacer Layer Pinned Layer 

𝑀𝑠𝑎𝑡 = 1.1 ∗ 106 A/m Λ = 1 𝑀𝑠𝑎𝑡 = 1.1 ∗ 106 A/m 

𝐴𝑒𝑥 = 1.13 ∗ 10−12 𝐽/𝑚 𝜖′ = 0 𝐴𝑒𝑥 = 1.13 ∗ 10−12 𝐽/𝑚 

𝛼 = 0.01 𝑃 = 0.569 𝛼 = 0.01 

 

The direction of the uniaxial anisotropy corresponds to the z-axis in order to investigate 

PMA magnets. The value of 𝐾𝑢2 is always set to zero, while 𝐾𝑢1 is modified depending on 
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the VCMA requirements. This highlights a limitation in the program, since the only allowed 

perturbations are magnetic fields and electrical currents, no option for electric field nor 

voltage is present in the current version of MuMax3. Thus, the VCMA effect is achieved by 

manually reducing the value of 𝐾𝑢1.  

Another challenge is the impossibility to create a permanent ferromagnet, since it is only 

present an initial magnetization parameter. One possible workaround, used in these 

simulations, was to use another thick magnetic layer (of CoFeB, thus with the same basic 

parameters) and manually creating antiferromagnetic coupling between it and the pinned 

layer. As previously mentioned, this method is justified by the actual experimental 

techniques adopted to create the fixed magnetization layer. 

Regarding the temperature, hence the influence of the thermal field, it is set to be 300 𝐾, to 

properly simulate room-temperature behaviour. No specific tweaks have been made to the 

resolution algorithms and the utilized time-steps. The proper Runge-Kutta method is 

chosen automatically by the program, either RK45 or RK12, and the steps are determined 

adaptively by keeping the error per step close to a preset value.  

The last remark is about the setting of the mesh size. The number of cells is chosen to be as 

close as a power of 2 (as advised in the documentation) and the cell-size is kept of the 1 𝑛𝑚 

order.   

4 Results 

4.1 Simple 2D STT switching 

The first step in approaching this computational problem is utilizing the simplest possible 

system. In this case a grid of 32 × 32 × 1 is chosen, where only the free layer is simulated. 

Using this configuration, the aim is to get acquainted with the software and its functions, 

especially the implementation of STT switching. The device is then a magnetic layer with 

cylindrical shape, with 45 𝑛𝑚 in diameter and 1 𝑛𝑚 in thickness. The initial magnetization 

is set to be perpendicular to the magnetic film, while the uniaxial anisotropy is also fixed to 

the z-axis in order to have PMA. The value for the anisotropy constant used here is 𝐾𝑢1 =

1 × 105 𝐽/𝑚3. The fixed layer magnetization also needs to be set also along the z-axis, in the 

positive direction, even though it is not actually simulated. As specified before, the 

temperature is chosen to be 300 𝐾. All the other constants are specified in the table present 

in the simulation methods section. 

When it comes to the current, different values have been tested in order to investigate the 

switching dependence on it, mainly in terms of speed. In particular, four current densities 
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have been used: 𝐽1 = −1 × 1011𝐴/𝑚2, 𝐽2 = −2 × 1011𝐴/𝑚2, 𝐽3 = −5 × 1011𝐴/𝑚2 and 𝐽4 =

−1 × 1010𝐴/𝑚2. 𝐽4 is particularly relevant because it represents a current density below 

the critical one, since it does not manage to fully switch the magnetization. However, it is 

found to be much higher than the value that can be extracted from a different version of 

Equation (2): 

𝐽𝑐 =
4𝑞𝛼Δ

𝐴ℏ𝑃
𝑇 =  −8.4 × 106

𝐴

𝑚2
(5) 

Where Δ is the thermal stability coefficient, which is equal to 60. This discrepancy is 

attributed to the extreme simplification of this model. In the figures below, the different 

results are shown for this particular configuration.  

The switching of the magnetization is illustrated in Figure 6 in terms of the three 

components of the reduced magnetization. The system started from 𝑚𝑧 = 1 and the 

switching took approximately 1.5 𝑛𝑠 to occur. It is interesting to note that the z-component 

decrease is complemented by a rise in both 𝑚𝑥 and 𝑚𝑦. 

 

 

 

 

 

 

On the other hand, in Figure 7 is present the proper comparison between the different 

values of current densities. As expected, the speed of the switching process does increase 

with the value of the current. This is obviously due to the higher torque that is provided to 

the system. As noted above, 𝐽4 = −5 × 1010 𝐴/𝑚2 is not able to fully switch the 

magnetization. The saturation value of 𝑚𝑧 fluctuates around ∼ −0.6.  

In conclusion, this implementation of the STT is qualitatively useful, however it does not 

provide realistic results. The main disadvantage is that only the free layer is properly 

simulated, leaving out many possible complications due to interactions with the other 

layers.  

Figure 6: Preliminary results of STT for the simple configuration shown on the right. The switch in 
the z-component is achieved by using a current density of J=-1×10^11 A/m^2. 
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Figure 7: Comparison between different values of current densities. The speed of the switching 
mechanism does increase with the current magnitude. In particular, 𝐽4 is not large enough to fully 
switch the magnetization. 

4.2 3D magnetic field-assisted switching 

The successive step towards full VCMA-STT MRAM is to create and test a realistic 3D 

structure with all the proper layers. The testing will be carried on by using the more 

common magnetic field-assisted switching. Despite its power inefficiency, it is a fast and 

reliable method to achieve the switching. 

Then, the simulated device will be a cylindrical stack of magnetic layers plus the spacer 

layer. In particular, in addition to the free (FL), spacer and pinned layers another pinning 

magnetic layer will be used. This is due to the necessity of fixing the magnetization of the 

pinned one via antiferromagnetic coupling. The coupling is obtained easily in MuMax3 by 

scaling the exchange interaction between the pinned layer (PL) and the pinning one (hard 

layer HL).  However, a deeper understanding can be found in looking into the RKKY 

interactions that result into the AF coupling. 

In fact, this coupling can be expressed in the following way [15]: 

𝐽 = 𝐴/𝐶2 sin (2𝜋𝑡/Λ + Φ) 

𝐶 = 1 + (𝑘𝐹𝑡)/(𝑘𝐹
↓𝐷) 

Where 𝐴 is a constant, 𝑡 and 𝐷 are respectively the thickness of the free and spacer layer, 𝑘𝐹 

is the imaginary part of the Fermi Surface wave vector of the insulator, 𝑘𝐹
↓  is the wave vector 

of the spin-down electrons of the ferromagnetic layer. Λ is equal to 𝜋/𝑘𝐹
↓  and 𝜙 is a generic 

phase. Good experimental agreement is achieved with Λ = 0.85 𝑛𝑚, 𝜙 = 0.6𝜋 and \𝑘𝐹 =

5 𝑛𝑚−1. A visual representation of this coupling and its dependence on both the free and 

spacer layers thicknesses is given in Figure 8. 

The final system is then a cylindrical stack with a diameter of 45 𝑛𝑚. The free and spacer 

layers are 1 𝑛𝑚 thick, while the pinned and pinning layers are 2 𝑛𝑚 thick. The anisotropy 

of the FL is set to 𝐾𝑢1 = 1 × 106 𝐽/𝑚3 while the two other underlying layers have 𝐾𝑢2 =
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1.56 × 106 𝐽/𝑚3 due to their thicker nature. Again, the direction of this uniaxial anisotropy 

is set to be in the positive z-direction for the FL and PL and opposite for the HL. The reduced 

initial magnetization of both the FL and PL is set to 1, while the HL is set to −1. The 

perturbative magnetic field is then applied on the whole device in the negative z-direction. 

A schematic view of the configuration is given in Figure 9. 

In principle, in a realistic STT device an additional ferromagnetic layer should be present 

between the spacer and the pinned layer. Its function is to properly polarize the current 

applied to the system. However, this is not necessary in MuMax3 because the spin-

polarization is simply set by the value of the parameter 𝑃 (= 0.569 in this case). 

 

Figure 8: Theoretical exploration of the exchange coupling in a MJT with varying free layer and spacer 
thickness. 

Different values of the magnetic field have been used to test the device geometric structure 

and ability to successfully write a bit in the magnetization of the free layer. As expected, the 

speed of the switching does depend onto the magnitude of the field in a similar manner to 

the current-dependency in the previous section. This is due to an increased torque 𝜏 𝐿𝐿. In 

Figure 9 specifically, the z-component of the free layer magnetization is plotted alongside 

the z-component of the magnetization of the PL and HL layers. This serves to verify the 

correct AF coupling between the two, while observing the switching mechanism. 
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In a similar manner to the current-driving switching, 4 different fields have been used. The 

last value, 𝐵4, is used to show an insufficient magnitude for the switching of the free layer. 

The results are shown in Figure 10. 

It is important to once again remark that this writing mechanism is highly inefficient and 

the only purpose of these set of simulation is the validation of the correct geometric setup. 

On top of that, the AF coupling, achieved rescaling the exchange coupling, is verified. 

 

Figure 10: Switching mechanism for a set of different magnetic fields. The speed of the switching does 
depend on the magnitude of the field. 𝐵4 is not large enough to enable the flip of the magnetization. 

4.3 3D STT switching 

The natural step after the geometry validation is to implement STT switching on the same 

device. This will then serve as a baseline to compare it against VCMA. An interesting 

comparison will also be drawn with the STT switching in the 2D model. The dependence of 

Figure 9: On the right, device configuration for validation of the geometric structure. On the left, 
switching mechanism for a field 𝐵 = −1 𝑇. Along the magnetization of the free layer, the z-
component of the magnetization of the PL and HL layers is present in order to assure the correct AF 
coupling. 
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the switching on the damping and polarization will also be briefly tested, in order to 

partially validate Equation 2. 

The structure used in this section is unvaried from the previous section and it is shown 

schematically in Figure 9. The current density vector is then passed along the vertical 

section of the device, in the negative direction. One important remark is that the 

experimental value of 𝑃 = 0.569 is only associated to the free layer. This is due to the fact 

that the polarization layer is usually placed between the pinned layer and the spacer, thus 

the spin-polarized electrons are only generated after they passed the PL and HL layers. This 

design avoids any spin-transfer torque on these two layers, maintaining their constant 

magnetization. 

In Figure 11 are displayed both the time behaviour of the FL magnetization components and 

a brief comparison between the 2D and 3D structure with the same current and 𝐾𝑢1 =

1 × 106 𝐽/𝑚3. Regarding the switching mechanism, it resembles the one achieved in the first 

set of simulations, with a similar behaviour of the three 𝑚 components. Compared to the 

simpler model, the switch occurs much slower and much later. This phenomenon is well in 

agreement with a more complex model in which the additional layers and their interactions 

with the FL do hinder the process. Thus, despite the same current density and perpendicular 

uniaxial anisotropy, the writing process is realistically slower. 

Moreover, in a similar manner to the 2D case, different magnitudes of current have been 

tested. The aim is to test the magnetic behaviour of the free layer and get an estimate of the 

critical STT current. From what is shown in Figure 12, the switching does depend on the 

current in an equivalent way it was found in the previous STT section and for the other 

perturbation 𝐵𝑒𝑥𝑡. The reduced spin-torque results in a less steep incline and an overall 

slower writing of the bit, hence showing the necessity of choosing either good performance 

or low power consumption. The 𝐽1 = −1 × 1011𝐴/𝑚2 is not able to switch to invert the 

magnetization of the FL. The possibility of a really slow response is not excluded, however 

it would require very long simulation times, hence it was not tested extensively. Specifically, 

after 30 𝑠, no inversion of the magnetization is registered. Consequently, the critical current 

for this configuration is estimated to be 

Figure 11: STT switching mechanism in the 3D multilayer stack (left). Comparison between the 
simple model with only the FL and the full device (right).  
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between 1 and 2 × 1011𝐴/𝑚2. The only meaningful comparison is the presented in Figure 

11 and discussed above. The results shown in the previous 2D section only considered an 

uniaxial anisotropy constant of 𝐾𝑢1 = 1 × 105 𝐽/𝑚3. 

 

Figure 12: Switching mechanism for different values of the current density J_c. The critical current is 
somewhere between 1 and 2×10^11 A/m^2. 

The last set of results for the simple STT switching includes a brief validation of the impact 

of both the polarization factor 𝑃 and the Gilbert damping onto the critical current, in 

particular referring to equation (2). The baseline for both tests is the switching event shown 

in Figure 11, characterized by a spin-current of 𝐽 = −3 × 1011 𝐴/𝑚2, 𝑃 = 0.569 and 𝛼 =

0.01. Realistic values of 𝛼 = 0.05 and 𝑃 = 0.72 have been chosen for their presence in the 

literature [13]. The results are illustrated in Figure 13. In each case, the behaviour is aligned 

with what is to be expected from equation (2). 𝛼, being directly proportional to the current, 

hinders the switching, while 𝑃 (or 𝜂 in the equation) is inversely proportional and lowers 

the requirement for the current.  

In general, the behaviour of the STT device is as expected from a qualitative point of view. 

However, the value of the predicted critical current (Equation (5)) is a few orders of 

magnitude lower than the one obtained in these simulations. 

 

Figure 13: Critical current dependence on the Gilbert damping factor 𝛼 on the left and on the 
polarization factor 𝑃 on the right. Both images show a good accordance with the predictions of 
equation (2). 
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4.4 VCMA verification 

Before entering the proper STT-VCMA mechanism, the actual VCMA effect has to be tested 

without the intervention of any spin-polarized current. First, the move from out-of-plane to 

in-plane magnetization, resulting from the reduced anisotropy, will be evaluated. Then a 

bias magnetic field will be applied along the 𝑧-axis in order to provide the correct direction 

for the switching. The general structure of the device has remained unchanged from Figure 

9 while 𝐵𝑏𝑖𝑎𝑠 takes the place of the 𝐵𝑒𝑥𝑡. As mentioned in the introduction, there is currently 

no way of applying a proper voltage (or an electric field) in the simulation box. Hence, one 

can obviate this problem by manually decreasing the value of 𝐾𝑢1 of the free layer which 

will result in a lower energy barrier for the switching. Unfortunately, this method does not 

suggest a clear quantitative experimental implementation, but it just serves as 

demonstration of the efficacy of the VCMA technique. Moreover, in the following 

implementation the reduction of 𝐾𝑢1 is approximated by a step function, which might not 

be a perfectly reasonable representation of the real voltage. The nanosecond-timescale will 

require extremely precise power delivery to experimentally achieve such shape. 

 

Four different values of the reduced anisotropy have been tested. 𝐾𝑢1 is reduced after 

0.2 𝑛𝑠, which is the typical time for the system to thermalize. The results are shown in left 

plot of Figure 14. As expected, when the magnetic anisotropy energy barrier is lowered the 

magnetization does spontaneously rotate to a in plane configuration, without any additional 

external perturbation. It is noted that an anisotropy threshold is present for the 

magnetization to rotate. Moreover, the reduction has to be significant so that it ensures good 

performance. This is evident when comparing 𝐾𝑢1
1  and 𝐾𝑢1

2  to 𝐾𝑢1
3  and 𝐾𝑢1

4 . Once again, a 

balance between speed and power consumption must be found. This tuning will depend on 

the experimental implementation and efficiency of the applied voltage. 

Figure 14: (left) The z-component of the free layer magnetization for different values of uniaxial PMA. 
𝐾𝑢1

3  and 𝐾𝑢1
4  are not able to move it into an in-plane configuration, or at least not in a useful timescale. 

(right) Switching mechanism with the help of a bias magnetic field. 
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Next, the complete switching can be achieved by using a bias magnetic field along the 

negative z-direction. This will tip the magnetization in the correct direction and it will allow 

for a deterministic writing process when the electric field is switched off. The time delay for 

the VCMA to take effect is kept to 0.1 𝑛𝑠. On the other hand, the total time in which the 

voltage is applied is equal to 𝑡𝑇𝑂𝑇 = 2.7 𝑛𝑠. This time corresponds to the time necessary for 

the magnetization to reach the in-plane configuration. The magnetic field-perturbation is 

switched on right after the removal of the electric potential. Considering the results 

obtained when investigating the anisotropy reduction, a Δ𝐾𝑢1 = −0.7 × 106 𝐽/𝑚3 is chosen. 

This difference is quite unrealistic and would require a lot of power. However, for the 

purpose of this work it is sufficient in the sense that it provides the VCMA macroscopic effect 

of tilting the magnetization into its in-plane position. On top of that, it succeeds in that in a 

computationally fast time, allowing for much shorter simulations.  

Comparing the results with the previous section, much smaller, up to 3 orders of magnitude, 

magnetic fields are needed to achieve the switching. Obviously, this well agrees with the 

concept of lowering the energy barrier. 

4.5 VCMA-assisted switching 

The concluding set of simulations consists in combining the knowledge acquired in the 

previous sections for STT and VCMA in order to achieve the lowest power consumption. As 

briefly mentioned above, this will only be a proof of concept since the current limitations of 

the MuMax3 program do not allow to simulate a proper electric voltage. The main drawback 

is that there is no direct way of estimating the power draw of the VCMA.  

Before discussing the results, one last remark must be noted and that is the fact that the STT 

and VCMA cannot really be considered separately. Despite its use in the literature [13] and 

its usefulness thanks to its simple implementation, this method is not the most realistic 

approach and investigation of a potential real-world application. In fact, the application of 

an electric field (and the VCMA effect itself) involves the movement of charge within the 

device, hence a current. The two mechanism are though tightly bound together on top of 

competing in the same process of the switching. From another prospective, it is still worth 

it to investigate this spintronic device implementation to deepen the understanding of all 

the different components and to weigh the individual benefits of the different techniques. 
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Figure 15: STT-assisted VCMA switching for different current densities. The spin current is turned 
ON when the voltage is removed. On the right, schematic view of the device 

The simulated system is then similar to the previous one, but newly illustrated in Figure 15, 

however the bias magnetic field used in the previous section is substituted by a spin-

polarized current in the z-axis. The function of this perturbation is again to tilt the 

magnetization in the right direction, assuring the completion of the writing mechanism. The 

anisotropy reduction is kept unvaried at Δ𝐾𝑢1 = −0.7 × 106 𝐽/𝑚3, for the same time-saving 

and pragmatic reasons as before. The first delay and the total duration of the VCMA are 

slightly changed to 𝑡𝑑𝑒𝑙𝑎𝑦 = 0.2 𝑛𝑠 and 𝑡𝑇𝑂𝑇 = 3.2 𝑛𝑠. The latter is still sufficient for the z-

component of the magnetization to vanish. Three different spin-polarized current densities 

are switched on right after the voltage and they are able to fully switch the magnetization 

(Figure 15). The magnitude is already much lower than the ones found for the simple 

STT_MRAM device, up to 10 times. However, this already large improvement is not the only 

advantage of using this hybrid configuration. 

In this next set of simulations, it is in fact shown an useful characteristic of this switching 

method. By only applying a short pulse of current through the device, the magnetization is 

tilted enough so that it can rotate itself to the other orientation, without any additional help 

from an external perturbation. 
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Figure 16: Switching process for short pulses of current through the device. As it is visible, a Δ𝑡 of 
1.5 𝑛𝑠 is not enough to provide the sufficient tilt for the full inversion of the free layer.  

As shown in Figure 16, two different situations have been simulated. In both cases, after the 

VCMA has taken place (with identical 𝑡𝑑𝑒𝑙𝑎𝑦 and 𝑡𝑇𝑂𝑇 to the previous part), the STT current 

𝐽 = −5 × 1010 𝐴/𝑚2 is switched on and kept flowing for a short time Δ𝑡. If the bias given by 

the spin-torque is large enough to overcome thermal fluctuations and the demagnetization 

fields, then the magnetization will be forced by the uniaxial anisotropy to fall into the energy 

minimum, which is the inverted position. From the figure, it is clear that a time-window of 

1.5 𝑛𝑠 is not sufficient to complete the writing of the bit. In general, by reducing the duration 

of the current pulse, massive power savings can be obtained on top of the already significant 

reduction in the critical current density values. 

The concluding chapter of this investigation regards the possibility of applying an opposite 

voltage after the removal of the spin-current. The inversion of the electrodes would increase 

both the value of 𝐾𝑢1 and consequently the speed at which the magnetization rotates from 

in-plane to the AP configuration.  

The chosen Δ𝐾𝑢1 = 0.7 × 106 𝐽/𝑚3 is exactly the negative correspondent of the value used 

in the previous sections and in the first manipulation of the anisotropy in the current 

simulation. All the other parameters are kept unchanged from before. In particular the 

current density 𝐽 = −5 × 1010 𝐴/𝑚2 and the pulse duration Δ𝑡 = 2 𝑛𝑠 have not been 

modified from the case shown in Figure 16. The behaviour of the anisotropy constant and 
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the current density is schematically illustrated in Figure 17 alongside the comparison with 

the single application of VCMA (previous section). 

The results shown in Figure 17 are puzzling. The increase of anisotropy should favour the 

AP state. This configuration represents, in fact, a local minimum of the energy (Figure 4) 

and should be reached if the magnetization is correctly tipped toward the negative z-axis.  

Even though the system does indeed end up in the aforementioned state, the switching 

process is slower than the previous configuration and does not agree with the expectations. 

Further simulations or experiments could reveal a finer interplay between the duration of 

the STT pulse and the Δ𝐾𝑢1 of the second voltage application. In addition, a more careful 

investigation of the power required should disambiguate if this second negative electric 

field is necessary. Since the writing mechanism is functioning in a deterministic way with 

just a short current pulse, as seen in Figure 16, the usefulness and power efficiency of this 

additional VCMA are at question. 

Despite this incompleteness, the combination of VCMA and STT has been shown to be a 

promising way of implementing magnetic multilayers as MRAM devices in a power efficient 

manner. . In addition to this strain can also be applied in magnets that could be utilized to 

tune the barrier height using flexible systems.  [16] 

Figure 17:On the bottom, schematic representation of the time evolution of the magnetic uniaxial 
anisotropy and the current density. On the top, the comparison between the single application of 
VCMA and the double, before and after the current pulse. 
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5 Conclusions 

In conclusion, theoretical and computational knowledge of spin-transfer torque techniques 

applied on magnetoresistive storage devices has been achieved in this project. Especially, in 

the context of achieving lower power consumption, the voltage-controlled magnetic 

anisotropy have been investigated here. Due to the nature of this set of simulations, only 

qualitative considerations could be made at this stage. However, these concepts open up 

many experimental explorations. The tuning and hybrid design of the devices could be 

tested with real voltages and impedance allowing a proper characterization of the energy 

efficiency of the write/read process. 
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