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ABSTRACT

Magnetization Dynamics in Two Novel Current-Driven Spintronic

Memory Cell Structures

Martin Velazquez-Rizo

In this work, two new spintronic memory cell structures are proposed. The

first cell uses the diffusion of polarized spins into ferromagnets with perpendicular

anisotropy to tilt their magnetization followed by their dipolar coupling to a fixed

magnet (Bhowmik et al., 2014). The possibility of setting the magnetization to both

stable magnetization states in a controlled manner using a similar concept remains

unknown, but the proposed structure poses to be a solution to this difficulty. The

second cell proposed takes advantage of the multiple stable magnetic states that

exist in ferromagnets with configurational anisotropy and also uses spin torques to

manipulate its magnetization. It utilizes a square-shaped ferromagnet whose stable

magnetization has preferred directions along the diagonals of the square, giving four

stable magnetic states allowing to use the structure as a multi-bit memory cell. Both

devices use spin currents generated in heavy metals by the Spin Hall effect present in

these materials. Among the advantages of the structures proposed are their inherent

non-volatility and the fact that there is no need for applying external magnetic fields

during their operation, which drastically improves the energy efficiency of the devices.

Computational simulations using the Object Oriented Micromagnetic Framework

(OOMMF) software package were performed to study the dynamics of the magneti-

zation process in both structures and predict their behavior. Besides, we fabricated

a 4-terminal memory cell with configurational anisotropy similar to the device pro-

posed, and found four stable resistive states on the structure, proving the feasibility

of this technology for implementation of high-density, non-volatile memory cells.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Background: the end of a revolution

The world has been through an unstoppable technological revolution in the last years,

mainly promoted by the improvement in the speed, efficiency, and compactness of

the data processing and information storage devices. This revolution seems to keep

a growing trend, which has been predicted accurately so far by Moores law.

In 1965, Gordon Moore predicted that the number of transistors and other elec-

tronic components per chip would be doubling every year [1]. Later, he revised this

estimation in a more realistic scenario and changed the doubling time from one to

two years [2].

Smartphones, laptops, tablets, smart TVs, and many other electronic gadgets and

appliances have become an integral part of our lives. However, there is a long his-

tory of technological developments made to get from the first silicon-based electronic

devices to the popular electronic gadgets used today [3].

Keeping pace with Moore’s law has not been an easy task for the chip industry

and has faced several challenges. One of the most significant roadblocks that came

to light in the early 2000s was the issue of power density and heat dissipation. With

the aggressive shrinking of the Complementary Metal Oxide Semiconductor (CMOS)

transistors below the 90 nm technology node, the subthreshold leakage energy started

to increase and effectively stopped the scaling of the supply voltage. The net effect



12

was an unexpected increase in power density of chips. At this point, a novel approach,

parallel computing, came to rescue by dividing the task between multiple “cores” with

reduced speed and higher energy efficiency. In essence, careful software engineering

managed to address the problems originated from hardware partially. But if we keep

making the chips slower, there is a well-defined minimum energy point where the

dynamic and leakage energy balance each other, after which slowing down the core

will not help us in reducing the total energy anymore

In addition to the issue of power density, some problems were not even glimpsed

at the beginning of this technological revolution and have started to raise concerns

after the recent technological developments. One fundamental problem that transistor

shrinking-trend eventually will face is dealing with transistors whose size is reaching

the atomic scale. In this case, quantum mechanics laws will govern the behavior of

electrons, and the operation of transistors would become unreliable.

Due to the problems mentioned above, the chip industry believes that Moore’s law

is close to its inevitable death unless some new technologies can overcome the limi-

tations imposed by the dominant CMOS technology. Therefore, an extensive search

has commenced to find alternative devices that complement and eventually substitute

CMOS transistors from electronic circuits and bring about a new era of micro/nano-

electronics with significant improvements in performance and power consumption.

While a complete substitution of CMOS transistors in electronic circuits seems to

be a goal for the long term (if it ever happens), for the short and medium terms, hybrid

circuits are appealing options. Utilizing the best of two worlds, the reliability and

maturity of CMOS technology together with superior energy efficiency or speed (or

both) of post-CMOS devices, hybrid circuits can make this revolutionary transition

seamless and smooth.
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1.1.2 Current memory technologies and their successors

While microprocessors are devoted to performing fast digital operations, all the data

they process should be stored in memory devices. At present, there are three major

types of technologies in the market to satisfy the memory capacity demanded by

the enormous amount of data that microprocessors can compute: the Static Random

Access Memory (SRAM), the Dynamic Random Access Memory (DRAM), and Flash

Memories [4].

The SRAM is the fastest of the three memory types mentioned above. Operates

in the GHz range, with low power consumption (100 fJ per switch) and can be in-

corporated directly on the logic chip. However, it is a volatile memory, which means

that once the power supply is removed from the memory, it loses all the information

that has stored. Another problem that this type of technology faces is its very low

integration density: each memory cell occupies a relatively large area, increasing the

cost per bit.

The DRAM is not as fast as SRAM (at least one order of magnitude slower),

but still faster than the Flash memory. It has a higher integration density compared

with SRAM, but it is not compatible with CMOS fabrication process and needs to be

refreshed from time to time, which means a periodic energy loss. In addition, DRAM

is also volatile and its energy per operation can be one order of magnitude larger than

that of the SRAM.

Finally, the Flash memory is around 2 to 3 orders of magnitude slower than the

DRAM, but it has the higher integration density compared with the SRAM and

DRAM and the advantage that it is a non-volatile memory, so it retains its contents

in the absence of power supply. On the other hand, its energy per operation is around

three orders of magnitude bigger than the required to operate a DRAM, and it has a

limited endurance.

Therefore, with the current technologies, one should choose the memory type
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based on their application. Ideally, if there is a memory technology that allows

fast read/write operations, has low energy consumption (both static and dynamic),

enables high integration density and is non-volatile, it can potentially replace the

current technology for implementation of all types of memories.

A lot of work has been done to find an ideal substitute for the current memory de-

vices. Some of the proposed devices use magnetism, such as the Magnetic Quantum

Cellular Automata (MQCA) and the Reconfigurable Array of Magnetic Automata

(RAMA) (nanomagnetic logic), and others use spin, for instance, the Magnetic Ran-

dom Access Memory (MRAM), the Spin Transfer Torque Random Access Memory

(STT-RAM), and Transpinor memories [5].

The devices mentioned above exhibit one or several advantages compared with

CMOS-based memories: low power consumption, high-endurance, compatibility and

easy integration with CMOS fabrication process, radiation-resistance, etc.; but one

particular advantage is shared among all the devices, which is non-volatility.

As mentioned before, with the high-density of transistors found in Very Large

Scale Integration (VLSI) circuits, leakage power has become one of the most impor-

tant problems in integrated circuits, especially since the size of transistors has reached

tens of nanometers. Several techniques have been developed at circuit level to over-

come this type of power consumption [6], particularly in SRAMs, which are always

on to retain the information stored, and here is where magnetic memories show a

great advantage: non-volatility. So, even if they are physically (not only electrically)

disconnected from a power source, the information they store will be retained.

However, one of the main disadvantages of magnetic memories has been the phys-

ical implementation of the write/read functions. Since a high-density integration

is demanded to close the gap between the performance of magnetic memories and

CMOS-based memories, a precise control of tiny magnets is required. In early years

(1970), the only option was applying local magnetic fields with a coil to small mag-
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netic domains [7]. Therefore, there was a limitation in size given by the non-localized

actuation of the magnetic field created by the coil. Also, the energy consumed to

generate the electric current necessary to create a sufficiently strong field to move

a magnetic domain was much larger than the operational energy requirement of a

SRAM. So, the only advantage of those memories was the non-volatility.

By the end of the 1980s, the discovery of the Giant Magnetoresistance (GMR)

[8] promised to enhance the performance of Hard Disks Drives (HDDs) and MRAMs.

With this phenomenon, several new devices were proposed [9, 10], with the advantage

that they did not need a magnetic field to read information from the memory cells,

while it was still necessary for the writing operation.

Along the years, technology improved enough to minimize the size of the coil in

charge of writing the information in magnetic domains, and with the exploit of GMR,

the read operation complemented the full operation of commercial HDDs. However,

this standard became outdated, and again, a discovery put the spotlight in another

mechanism to control magnetic domains.

The Spin Transfer Torque (STT) phenomenon was theoretically predicted in 1996

[11]. It describes the transmission of angular momentum from a spin-polarized current

(i.e., an electrical current whose electrons’ spins have a preferred alignment direction)

to a ferromagnetic layer. This interaction can cause a precession or a switching in

the magnetization of the ferromagnet.

The use of STT can enhance the control of magnetic layers. On the other hand,

STT alone does not solve the dilemma of controlling magnetic films entirely, because

it still needs a key element: the spin-polarized current. This type of current is com-

plicated to handle given that the spin-polarization is not a conserved quantity. For

instance, there is always a probability that the spin of a given electron flips after some

time, decreasing the spin-accumulation along the path of the spin-polarized current.

Generating spin-polarized current can be done pragmatically in two ways. The
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first one is by using the spin filtering [12], which is the polarization of a current using

the spin-dependent tunneling transmission. This mechanism works as follows: a non-

polarized electrical current passes through a Magnetic Tunnel Junction (MTJ), which

is a junction of three layers: a ferromagnet, an insulator, and another ferromagnet.

If both magnetic layers are magnetized in the same direction, the spin of most of the

electrons that go through the MTJ will be aligned with the magnetic moment of the

ferromagnets (Figure 1.1).

Figure 1.1: Spin filtering process using an MTJ. The ferromagnetic layers are pre-
sented in blue with their magnetization vector M. Electrons are presented in yellow
with their respective spin S.

Of course, because there is a charge current with spin polarization going through

the MTJ, the STT might be significant in the ferromagnetic layers. However, if the

ferromagnet is hard enough, or if the current passing through it is not excessively

large, the magnetization of the layers will remain the same.
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The other way of producing a spin-polarized current is by Spin Hall Effect (SHE).

This effect provides a pure-spin current when a charge current is going through a heavy

metal1, such as tantalum, platinum, tungsten, etc. When electrons move inside the

heavy metal, due to strong Spin-Orbit Coupling (SOC), there is a spin-dependent

scattering of electrons inside the metal, which will bring a non-uniform distribution

of spins in the cross-section of the conductor. However, the electron distribution is

still uniform, so, there is no electrical potential established between any points in the

cross-section area of the metal (Figure 1.2).

Figure 1.2: Spin Hall effect in a tantalum bar. As the electrons go through the metal
bar, they split according to their spin, giving a total spin density in the top and
bottom faces of the bar. The charge current density in the cross-section of the bar is
still uniform [13].

The advantage of having a pure spin accumulation at the face of the bar is that

the spins can diffuse if the metal were in contact with another material, even non-

conductive materials such as semiconductors [14].

The STT produced by SHE can be so strong that can take magnets with crystalline

anisotropy out of equilibrium to its hard-axis position, as shown by the experiments

in [13]. Therefore, it represents a promising tool to manipulate magnets without

using a magnetic field and without the need of complex structures, such as MTJs to

produce the spin-polarized currents.

1This effect is also present in other materials, such as topological insulators.



18

1.2 Objectives

The first objective of this work is to investigate the feasibility of two new magnetic

devices designed to operate as memory cells, through computational simulations of

their magnetization dynamics. Understanding the magnetic dynamics of the devices

is necessary to analyze, under different setup conditions, the behavior of ferromagnets

found by other works, and observe under which circumstances the expected behavior

of the memory cells is still obtained.

Another objective is to fabricate and characterize one of the two proposed devices.

The fabrication and characterization of this memory cell is based on the simulation

results obtained, taking into consideration the fabrication process limitations.

1.3 Outline of the Thesis

This work is organized as follows: in chapter two the two proposed memory cell struc-

tures are described, along with relevant theoretical and experimental background. In

chapter three the computational simulations performed to study the magnetic behav-

ior of both devices are presented. Chapter four is dedicated to our experimental work

and results of the memory cell fabrication and characterization. Finally, chapter five

includes the conclusions, final comments and the outlook for the future work.
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Chapter 2

Memory Cell Devices

The scientific background presented in Chapter 1 shows the need for new devices

and technologies that are more efficient than current technologies, in terms of power

consumption, speed and integration density, to solve the prominent problems that

the chip industry is facing today.

In this chapter we present two memory cell structures. Both devices are controlled

by spintronic effects such as the STT of spin currents generated by SHE. Optimized

geometric design combined with intrinsic properties of ferromagnetic structures can

result in reliable, fast and energy efficient non-volatile memory cells.

Because the magnetic study of the memory cells proposed will be done through

the analysis of their magnetization dynamics, we begin this chapter with a summary

of the theoretical background necessary to understand the dynamic behavior of mag-

netic materials, as well as a deeper look into the SHE. After that, the memory cells

structures and their operation principles are described.

While the actual implementation of the proposed devices has a long and arduous

experimental road ahead, the analysis of the magnetic interactions and structural

properties presented in this and the next chapter are the first steps toward their

fabrication.
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2.1 Theoretical Background

2.1.1 Magnetization dynamics

Ferromagnetic materials can be described by their magnetization state, i.e., by the

spatial distribution of the local magnetic moments present in the material. At each

point inside the ferromagnetic material, the magnetization has a value equal to the

saturation magnetization Ms, which is intrinsic to the material. The macroscopic

behavior of the ferromagnet is a consequence of the interaction between the local

magnetization vectors of the material.

These local magnetization vectors interact with each other and with any external

magnetic stimulus. Their magnitude cannot change because is fixed to the value of

Ms, but they can change their orientation in a 3D space, essentially by rotations.

The interaction between the magnetic moments of a ferromagnet is not a simple

phenomenon. The torques that are in charge of rotating the magnetic moments inside

the ferromagnet follow a particular phenomenological equation, the so-called Landau-

Lifshitz-Gilbert (LLG) equation:

∂ ~M

∂t
= −γG ~M × ~Heff +

α

Ms

~M × ∂ ~M

∂t
(2.1)

where ~M is the local magnetization vector at each point inside the ferromagnet;

γG is the Gilbert gyromagnetic ratio; ~Heff is the combination of any external mag-

netic field, the demagnetizing field, and other fields (if there is any anisotropy in the

material, it will be included here, etc.); α = ηγGMs is the Gilbert damping (η is a

damping parameter). ~M and ~Heff are in general functions of the time and the spatial

coordinates in 3D.

In equation 2.1, the first term is called the precession torque, because it causes

the magnetization vector to precess around the effective field, and the second term is

the damping torque, which dissipates energy from the precession of the magnetization
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vector and makes it decay into an energy minimum. Figure 2.1 shows a graphical

description of the precession and damping torques [15].

Figure 2.1: Precession and damping torques in relation with the magnetization vector
and effective field. On green is shown the precession torque and in blue the damping
torque [15].

Most of the times, equation 2.1 becomes a complex equation, and its solution

cannot be found analytically. Therefore, a numerical method is necessary to determine

the dynamic behavior of ~M .

2.1.2 A note on spin Hall effect

The SHE describes the current-induced spin accumulation in the boundaries of certain

materials. Heavy metals, such as tantalum, platinum, tungsten, have a strong spin-

orbit coupling. The spin-orbit interaction creates asymmetry in the scattering of the

conduction electrons and qualitatively relates charge current with the generation of

transverse pure-spin currents [16]. Those spin currents generate a spin accumulation

at the boundaries of the material that carries the charge current and can diffuse into a

magnetic material, manipulating its magnetization by transferring torque, as is shown

in Figure 1.2.
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One parameter that quantifies the efficiency of generating spin accumulation

through charge currents is the spin Hall angle [18], defined as

θSH = JS/Je (2.2)

where Je is the charge current density, and ~JS/(2π) is the spin current density arising

from the SHE. Among the metals with the highest values of spin Hall angle is the

tantalum with a value of θSH between -0.14 to -0.12, tungsten, with a value close to

0.14 [17] and platinum with a θSH around 0.07 [18]. The difference in the sign of these

values only indicates that the polarization of the spin would be in opposite directions.

Although tantalum and tungsten have the highest values of the θSH , they only take

such values in their β-phase, which is a high-resistive crystalline form of these metals

present only under certain specific conditions. Given the high electrical resistivity

of these materials, their use in the manipulation of magnetic structures would be

complicated because it would need the implementation of a high-voltage source to

generate enough charge current (and hence a decent spin accumulation).

It should be noted that the accumulation of electrons with their spins polarized

(aligned in a particular direction) in one boundary face is complemented by the accu-

mulation of electrons with an antiparallel polarization in the opposite boundary face.

Also, the polarization of the spins will be parallel to the boundary surface and or-

thogonal to the charge current direction. The final direction of polarization depends

on the sign of the θSH .

2.2 Dipolar Coupling Memory Cell

In [13] the manipulation of the magnetization of CoFeB magnets (with uniaxial mag-

netic anisotropy) using the STT produced by a spin current has been investigated.

Because of the anisotropy of the CoFeB magnets, their only stable magnetization
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states were orthogonal to the tantalum surface.

Assume that a CoFeB magnet (soft magnet) is placed over a tantalum line. When a

charge current passes through the tantalum line, a spin-polarized current will interact

with this soft magnet, bringing its magnetization to a “hard” direction, parallel to

the tantalum surface. Once the charge current stops, its magnetization would have an

equal probability of going “up” or “down”, because the system would be symmetric.

However, if there is also a magnet that is not affected by the spin torques generated

by the charge current and keeps its magnetization at any time (hard magnet), it is

more probable that the soft magnet reaches a magnetization state antiparallel to the

magnetization direction of the hard magnet to keep the system in the lowest energy

configuration.

Figure 2.2: Dynamics of the magnetization of CoFeB nanodots with perpendicular
anisotropy under the influence of a spin current generated in tantalum. Note that a
“hard” input magnet keeps its magnetization despite the influence of the spin current
[13].

The antiparallel magnetization states taken by the magnets are a consequence of

the dipolar coupling interaction between them [19]. This long-range (up to hundreds
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of nanometers range) interaction depends on several parameters, such as the distance

between the magnets and the size of each of them, and would force the magnets to take

complementary magnetization states. For instance, in the Figure 2.2, if we only have

three small (soft) magnets (without the big hard magnet) with their magnetization

as shown in the figure, after removing the charge current, the final magnetic state

of the chain should be (↑↓↑) or (↓↑↓) (if the distance between the magnets is in the

dipolar coupling range) so they keep the lowest energy configuration. Both possible

states have an equal probability.

Therefore, if we want to select one or other magnetization state in the soft magnets

chain, we should break its symmetry. One way to do it is to place an “input” (hard)

magnet that will act as a symmetry breaking element and will dictate the final state

of the rest of the magnets in the chain. So, if the magnetization of the input magnet

in Figure 2.2 is up or down, the magnetization the rest of the chain would be (↓↑↓)

or (↑↓↑), respectively.

However, we can select only one final output if we use this symmetry breaking

mechanism because we cannot control the magnetization direction of the input ferro-

magnet. If we want to choose either output in a controlled manner, we must find a

way to flip the magnetization of the input magnet to both stable magnetic states or

find another device structure that allows this control.

2.2.1 Writing magnetic information using dipolar coupling

Figure 2.3 represents the mechanism proposed to “write” a desired magnetic state

into a central magnet. The working principle of this structure is as follows: a central

magnet is located above a vertical heavy metal line. Between this central magnet

and two input magnets, two chains of magnets are placed. One of the chains has one

more magnet than the other. In this implementation, the chain on the left has three

and the chain on the right has two magnets.
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Figure 2.3: Magnetization flipping mechanism using dipolar coupling interaction.
The magnets are shown in red, and the heavy metal in blue. The magnetization M
is represented in a vectorial form using its arrow symbol. a) Two input magnets set
to a given magnetization direction, in this case pointing out of the page; the current
sources are disconnected from the heavy metal lines. b) The current sources are
connected to the metal lines, the spin torques takes the magnetization of the small
magnets to an unstable position, in this case, parallel to the plane of the page. c)
Current sources I1 and I2 are disconnected at the same time, the magnetization of the
central magnet is dictated by the magnetization of the magnet Input 1, transmitted
by its corresponding magnets chain; I3 still connected. d) I3 is also disconnected, the
final magnetic states of the magnets chain corresponding to Input 2 are unknown and
do not play any role in the magnetization writing process of the central magnet until
the next writing cycle.

If we pass a current through the three lines shown in Figure 2.3, all the magnets

will have a magnetization parallel to the plane. Then, as shown in Figure 2.3-c), if we

disconnect the current sources I1 and I2 at the same time, the magnetization of the

central magnet will be influenced by the magnet Input 1 and its respective magnets

chain, giving a final magnetic state out of the page. If the current source I3 had

been disconnected instead of I1, the final magnetization of the small magnet would
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be in the opposite direction. Finally, after the three current sources are disconnected,

the magnetic states of the magnets chain corresponding to the unused input magnet

are not of interest for the purpose of the information writing process, until the next

writing process cycle.

It should be noted that the information written in the central magnet is in the

form of the magnetization direction. In this case, the central magnet will work as

the storage unit of binary information, physically an “up” or “down” magnetization,

or digitally a “0” or “1”, i.e., it can only store one bit of information. However, the

information writing process in the cell depends on the order that the current sources

are connected or disconnected, or, in a dynamic way, by the duration and overlapping

of the current pulses that go through each line. These are important considerations

for implementation of logic and memory with these devices.

2.2.2 Reading the information in the dipolar coupling

structure

So far we have discussed the information writing mechanism in the dipolar coupling

memory cells. Once the information is stored in the magnetic layer, it is also necessary

to retrieve it. Obviously, we would prefer a “non-destructive read”, meaning that we

do not want the stored information to be lost after every reading operation.

As has been said, information is stored in the form of a magnetization direction.

An efficient way to find the value of the out-of-plane magnetization is to use a Hall

bar. The anomalous Hall effect is the current charge-separation due to magnetic

interactions in ferromagnetic materials [20]. This charge separation produces a voltage

(Hall voltage) perpendicular to the current direction, which can be directly measured

using a bar placed orthogonal to the main conductive line. If the ferromagnet is

located above the conducting line, the value of the Hall voltage measured will be

directly proportional to the out-of-plane magnetization of the ferromagnet (Figure
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2.4).

Figure 2.4: Structure to measure the out-of-plane magnetization using a Hall bar. The
ferromagnet (shown in red color) in the center of the metal cross with an out-of-plane
magnetization M generates a Hall voltage VH as shown in the diagram.

2.2.3 Dipolar coupling memory cell structure

In this section we investigate the structure shown in Figure 2.5 and its capability for

writing the desired magnetization direction on the magnet located in the central line

and also reading the stored information afterwards.

For the magnetic nanodots, a bilayer structure of Co20Fe60B20 (1nm)/MgO (1

nm)/Ta (20 nm) (from bottom to top) is proposed. This magnetic structure brings a

high perpendicular anisotropy, mainly due to the interfacial anisotropy. Experimental

reports state that CoFeB layers beyond 2 nm thick will have an in-plane anisotropy

[21], so, the deposition of a CoFeB layer with a thickness below this value is also
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crucial. The top tantalum layer only works as a capping layer. The shape of the

nanodots should be circular because simulations of the magnetization relaxation of

square-shaped nanodots exhibit that multi-domains can co-exist inside them (more

about this in Chapter 3).

For the conductive lines, which are in charge of generating the spin current, a 5 nm

thick tantalum is proposed. The tantalum line should be in the β crystalline phase.

While it is reported that obtaining this phase in a sputtered tantalum layer should

be independent of its thickness [22], a smaller thickness will bring benefit regarding

energy consumption, given that the spin current obtained by SHE depends on the

current density, not on the total current going through the conduction line. Thus, a

thin conduction line should decrease the current consumed by the device and conserve

the energy.

The two input magnets, which should have the same magnetization direction, can

be magnetized beforehand by applying a magnetic field in a perpendicular direction

to the layers. The Hall bar can read a Hall voltage even if the ferromagnet is not

aligned with its center [13]. Consequently, we can place the magnets chains (and the

central magnet) at certain distance from the Hall bar while both parts of the device

accomplish their purpose of write and read information, respectively.

We have not mention anything related with the size scale of the device. Exper-

imental reports [13] related to this kind of structures use magnetic nanodots with

a diameter of 200 nm. In the Hall bar, the magnetization of nanodots of this size

can be detected with a decent uniformity even if they are placed at 500 nm from

the edge of the bar, but it should be noted that the Hall voltage generated decreases

as the distance from the Hall bar increases. The major constriction that previous

experiments show is related to the distance between magnets. This distance does not

go beyond 30 nm.

Therefore, the distance that indicates the minimum feature size in the device will
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be the minimum distance between magnets. A real implementation of the device using

this 30 nm separation length would complicate the fabrication process to the point

of making it unpractical. This obstacle is the motivation behind the investigation of

the maximum separation between the magnets that can establish dipolar coupling,

and based on that distance, verify the feasibility of the device fabrication. Through

computational simulations, described in Chapter 3, it is found that 100 nm is a safe

length where magnets still experience dipolar coupling. Based on this minimum gap

size, all other dimensions of the proposed structure are derived.

Figure 2.5: Structure of the memory cell proposed, working by dipolar coupling of
magnetic nanodots. a) Side view of the structure, showing how the current sources
that control the dynamics of the magnets should be connected, as well as the scheme
diagram to measure the Hall voltage using a 4-probe method (measuring the current
and the Hall voltage). The red pillars represent the input magnets. b) Top view of
the device. It shows the scale of the layout for the structure proposed, as well as the
pads necessary to test the structure. c) A cross-sectional view of the magnet structure
(shown in red). The bottom tantalum layer (5 nm thick) is part of the conductive
lines, shown in blue in the diagrams.
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2.3 Configurational Anisotropy Memory Cell

In general, the anisotropy energy in magnets has different origins: it could be gen-

erated by the crystalline structure of the magnet, or by its interface with another

material, etc. But, these anisotropy energies are related to the material properties

themselves, and the shape or geometry of the magnets has no influence on them.

According to the theory developed in [23], as the size of ferromagnets decreases,

there is a critical size-length where its magnetization should be uniform. However, this

affirmation does not hold for non-ellipsoidal shape ferromagnets [24], and the non-

uniformity (or configuration) of the magnetization pattern inside the ferromagnet,

generates another type of anisotropy, the so-called configurational anisotropy.

As is noted in [25], the nature of configurational anisotropy is not precisely associ-

ated with the shape of ferromagnets, but rather with its symmetry. A square-shaped

nanopillar, for instance, can have its four preferred magnetization directions, obtained

by its configurational anisotropy, parallel to its sides, or along its diagonal lines, de-

pending on the height of the ferromagnet (Figure 2.6).

If we can manipulate the square-shaped ferromagnet and put it into each one of

its stable magnetization states in a controlled manner, we can store two bits of infor-

mation on it. The main challenge here is finding a reliable method for manipulating

the magnetization states and essentially writing the two bit data to the magnet. Sim-

ilar to the previous device proposed, spin currents generated by SHE can solve this

problem in a neat way.
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Figure 2.6: Stable magnetization states of a square-shaped ferromagnet, depending
on its height. a) A low-height magnet will have its two easy-axes along the diagonals.
b) As the height of the magnet increases, the easy-axes will shift from the diagonals
to be parallel to the square sides [25].

2.3.1 Writing bits to a ferromagnet with configurational

anisotropy

In the memory cell proposed in Section 2.2, the directions of the currents that go

through the heavy metal lines are not mentioned, because for both polarities the

spins accumulated at the interface have a polarization parallel to the interface, and in

both cases set the magnetization of the ferromagnet, initially pointing out-of-plane,

to an in-plane direction.

We can take advantage of the opposite polarity of the spins that are generated by

SHE in a heavy metal. It is worthwhile noting that by reversing the direction of the

current flow, the polarity of spins will also be reversed.

To better illustrate this concept let us analyze another example. Assume that

there is a square-shaped ferromagnet with a configurational anisotropy such that the

easy-axes of the magnetization are along its diagonals, and that it is placed over

a cross made of tantalum, just like the structure in Figure 2.7. As electrons move
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through the tantalum layer, spin-polarized electrons will accumulate on its top and

bottom faces. The direction of polarization of these electrons will be in the +y

direction if the current goes from contact 1 to contact 2 (i.e., electrons moving from

contact 2 to contact 1). The spin Hall angle in Ta is negative. If it was positive,

the polarization direction would be antiparallel to the one described here. Therefore,

the torque exerted on the ferromagnet will put its magnetization pointing in the

+y direction. Similarly, if the current goes from contact 2 to contact 1, the final

magnetization of the ferromagnet will be pointing in the -y direction.

Figure 2.7: Top view of the proposed structure, which can set the magnetization
state in a ferromagnet with configurational anisotropy, using spin currents generated
by SHE in Ta. The blue lines represent the tantalum layer. If the current goes
from contact 1 to contact 2, the final magnetization of the ferromagnet will be on
the +y direction; if it goes in opposite direction, its magnetization will be on the -y
direction. If the current goes from contact 3 to contact 4, the final magnetization
of the ferromagnet will be on the +x direction; if it goes in opposite direction, its
magnetization will be on the -x direction.
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2.3.2 Reading the information from a ferromagnet with

configurational anisotropy

In general, configurational anisotropy can have easy-axes in the 3-D space. We can

efficiently use Hall bars to read the value of the magnetization when it is out of the

plane. However, if the magnetization is on the plane, a Hall bar cannot be used for

measurement of the magnetization direction.

Several techniques can be used to measure the in-plane magnetization. In [26]

and [27], the difference in electrical resistivity in a ferromagnet due to the angle

variation between the current applied and the direction of the in-plane magnetization

(Anisotropic Magnetoresistance (AMR)) was used to characterize the magnetization

direction of the ferromagnetic structures. However, there is a duplicity problem in

using AMR measurements to characterize in-plane magnetization directions. The

AMR is given by the following equation [26]:

ρ(θ) = ρ⊥ + (ρ‖ − ρ⊥)cos2(θ) (2.3)

where θ is the angle between the current and the in-plane magnetization direction, ρ is

the resistivity of the ferromagnet, and ρ⊥ and ρ‖ are the resistivity of the ferromagnet

while the current and the magnetization are perpendicular and parallel, respectively.

Since the dependence on cos(θ) is squared, the AMR measured, for instance, if the

angle between the current and the in-plane magnetization is 0◦ or 180◦, will be the

same. This means that if the stable magnetization states of a ferromagnet are on the

same axis but in the opposite direction, both of them will generate the same AMR

value. In a square-shaped ferromagnet, only two values of AMR will be measured for

the four stable magnetization states [26], effectively “wasting” one bit of information.

Similarly, if there is a three easy-axes structure, only three AMR values would be

obtained for all the six stable magnetization states [27].
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Other methods to detect the magnetization direction of a ferromagnet may include

magneto-optical measurements, to measure, for instance, the longitudinal Kerr effect

[28]. Nevertheless, this type of measurements turns out to be impractical if the

purpose of the device is to work as a portable memory cell.

Another alternative to detect in-plane magnetization direction is the usage of an

MTJ structure, where the bottom free magnetic layer is the ferromagnet with con-

figurational anisotropy, and the top magnet is a hard magnet with its magnetization

fixed at a certain angle from the bottom magnet. The electrical resistance across the

MTJ would be given by [27]:

R(θ) = RAV −
1

2
∆Rcos(θ) (2.4)

where θ is the angle between the magnetization direction of both magnetic layers,

R is the resistance across the MTJ, RAV = 1
2
(RAP + RP ), ∆R = RAP − RP , and

RAP and RP are the resistances of the MTJ when the magnetization of its layers are

antiparallel and parallel, respectively.

Another advantage of using an MTJ structure to read the magnetization direction

in the ferromagnet is that the heavy metal line placed under the ferromagnet, in a

structure like Figure 2.7, can take the role of the bottom electrode for the MTJ,

simplifying the overall structure fabrication.

One structure proposed to work as a memory cell is shown in Figure 2.8. Just like

in the first device proposed, a 5 nm thick tantalum cross is used to generate the spin

accumulation at the interface with a ferromagnet sitting just above the metal. Exper-

imental reports have used permalloy (Ni81Fe19) square-shaped magnets and studied

their configurational anisotropy, generally showing good results. The dimensions of

the magnets are relatively small, with side lengths of the squares between 150-600

nm [24, 26, 29, 30].

Since we wanted to fabricate the structure described in Figure 2.8 using our current
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photolithography and nanofabrication processes at KAUST core labs, the minimum

reliable feature size is around 1 µm. For this reason, we performed special computa-

tional simulations to study the anisotropy in larger structures (see Chapter 3). Based

on the results of these simulations, a side length of 1.3 µm can be chosen for the

square magnet, with a thickness of 1 nm. On the top of this layer a 1 nm thick Al2O3

layer will be deposited, which works as the tunnel barrier in the MTJ as well as a

capping layer for the rest of the square-shaped magnet that is not in contact with the

top magnet.

Finally, an ellipsoidal-shaped magnet of permalloy (1 nm thick) capped with gold

(50 nm thick) should be deposited on the top of the square magnet to complete the

MTJ structure. Because this is an ellipsoidal-shaped magnet, its magnetization direc-

tion will be along its semi-major axis. This top ellipsoidal-shaped magnet should have

its major axis tilted 20◦ from the diagonal line of the square. This is to assure that

the four stable magnetic states of the magnet can be detected independently. Tech-

nically, any angle θ such that 0◦<θ<45◦ should allow us to detect the four magnetic

directions of the magnet. However, since this angle decides the difference between the

measured Tunnel Magnetoresistance (TMR) value of different states, a value close to

half of 45◦ which guarantees optimal results would be preferred.

There are two important notes regarding the permalloy material and the MTJ

TMR. The first one is that although permalloy has a cubic crystalline magnetic

anisotropy, when it is deposited in amorphous form this anisotropy is negligible, so

the main source of anisotropy would be the configurational anisotropy due to the ge-

ometry of the magnet. It is important to make sure that the permalloy layers are not

crystallized. For instance, the structures should not be annealed after the permalloy

deposition [31]. The second note is that under optimized conditions, the expected

TMR of a permalloy/ Al2O3/permalloy MTJ, where the layers are as-deposited, would

be close to 12% [32]. In the proposed structure a smaller TMR is expected unless we
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do an arduous optimization of the fabrication process.

On the other hand, as we will be elaborate in Chapter 4, there are other methods

for detection of the magnetization direction of the permalloy square. Introducing

structures that are asymmetric may allow us to detect the change in the AMR of the

permalloy, simplifying the structure described above.

Figure 2.8: Top view of the structure proposed 2-bit memory cell structure, based
on the configurational anisotropy of a square-shaped ferromagnet. The spin currents
generated in the Ta cross will manipulate the magnetization direction in the square-
shaped magnet. On the top of this magnet, an oxide and another magnetic layer
are deposited to form an MTJ structure. The TMR of the MTJ structure will serve
to detect the magnetization direction of the square-shaped magnet. Note that the
semi-major axis of the ellipsoidal-shaped magnet is tilted 20◦ from the diagonal of
the square-shaped magnet to produce optimal TMR values.



37

Chapter 3

Computational Simulation of the Memory Cells

We have explained the working principles of both memory devices proposed in chapter

2, as well as the limitations imposed by the fabrication process for each device. In

the memory cell with dipolar coupling, the ferromagnetic structures should be close

enough to ensure that they will be effectively coupled, so the final state of the output

magnet is not random. Besides, it is also necessary to investigate the best geometry

suitable for the ferromagnetic structures in the device. Given that this device will be

fabricated with Electron Beam Lithography (EBL), an appropriate distance between

the ferromagnets should be around 100 nm, considering the minimum feature size of

the EBL process available in our lab and the fact that in addition to the magnets,

the metal lines beneath them need to be fabricated as well.

As for the memory cell with configurational anisotropy, the limitations are related

to the size of the ferromagnetic structures necessary to fabricate the device using

a photolithography process. While square-shaped structures with lateral sizes of

hundreds of nanometers present configurational anisotropy, the size of the structures

fabricated should be around one order of magnitude larger because of the fabrication

limitations of our current photolithography process, which can reach minimum feature

sizes close to 1 µm. This change in the size of the structures can trigger a different

magnetic behavior than the observed in the mentioned smaller structures.

Investigating the magnetic behavior of the devices only by experiments would be

a semi-blind investment of time and resources. On the other hand, computational

simulations provide an excellent approximation of the actual magnetization dynam-
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ics of the ferromagnetic structures. Therefore, using simulations as a guide for the

experimental development of the devices would be the best approach.

For both memory cells, we used the Object Oriented Micromagnetic Framework

(OOMMF) software [33] to analyze and predict the magnetic dynamics of the ferro-

magnets under the conditions required by each structure. Micromagnetic simulations

with OOMMF perform time integration of the LLG equation [34], as described at

the beginning of Chapter 2. Thus, it can describe the magnetization dynamics of a

region defined by a spatial mesh. Each element of the mesh plays the role of a magnet

with a given magnetic moment and through the interaction with the rest of the mesh

elements and properties of the system, its temporal behavior evolves.

In this work all the simulations performed were done using the OOMMFs 3-D

solver extension, using a spatial mesh element of size 1 nm x 1 nm x 1 nm and an

adaptive temporal step size.

3.1 Simulation of Dipolar Coupling Between Magnets with

Perpendicular Anisotropy

The purpose of this simulation is to study the dipolar coupling between ferromagnets

with different sizes and geometries. The material proposed for the fabrication of this

magnets is Co20Fe60B20 (1 nm)/MgO (1 nm). The MgO layer generates the high

perpendicular anisotropy in the CoFeB because of the interfacial anisotropy existent

between these two materials. The magnetic properties of the CoFeB are: uniaxial

anisotropy K1 = 1.3x106 J/m3 [35], uniform exchange interaction Aex = 2x10−11

J/m [36], saturation magnetization MS = 6.63x105 A/m [37], and a Gilbert damping

constant of α = 0.02 [38].

The first stage in this simulation process was to find the most appropriate shape

of the magnets. The reasonable options were square- and circular-shaped nanodots.

The first simulations performed analyzed the behavior of two squares with 200 nm
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side length and a thickness of 1 nm, with an initial magnetization pointing in an in-

plane direction (Figure 3.1). During the simulation, no external fields or perturbations

were applied, and the magnets just relaxed into their stable magnetization state

by themselves. We performed different simulations of the dynamics of the system,

covering a lapse of time of 200 ns and varying the distance between the squares in

the range 50-150 nm.

The results obtained show that these shapes do not hold a single magnetic domain.

A multi-domain magnetization was created inside the structure, and while they may

have a complementary net magnetization, the use of this type of geometry for the

ferromagnets is not efficient given that the Hall voltage measured in the device would

be small compared to the voltage produced by single-domain ferromagnets.

The next simulations performed investigated the magnetic behavior of circle-

shaped (200 nm diameter) magnets with a separation in the range of 50-150 nm

(Figure 3.2).

The circle-shaped structures exhibit a single-domain final magnetization state.

The largest separation distance where they show to be effectively dipolar coupled

was 120 nm. The separation distance was varied in steps of 10 nm and multiple

simulations were performed for each value. Because of the effective dipolar coupling,

circle-shaped magnets are preferred over the square-shaped ones for the memory cell

proposed.

Besides, based on the simulations results, a distance of 100 nm seems to be the

best option for the separation between the magnets. A 100 nm separation is in the safe

zone for observing the dipolar coupling effect, while its fabrication is not excessively

challenging with current technologies.
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Figure 3.1: Dynamic interaction between two square-shaped 200 nm side length
CoFeB magnets with perpendicular anisotropy (separated 100 nm). a) The initial
magnetization of the magnets points to the right. b) The final magnetization state of
the magnets after a simulation time of 200 ns shows the creation of multiple magnetic
domains inside the structures.
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Figure 3.2: Dynamic interaction between two circular CoFeB magnets with 200 nm
diameter and perpendicular anisotropy (separated 100 nm). a) The initial magneti-
zation of the magnets points to the right. b) The final magnetization state of the
magnets after a simulation time of 200 ns shows the creation of single magnetic do-
mains inside the structures.

3.2 Simulation of the Magnetization Dynamics in a Square-

Shaped Magnet

The point of the simulation of the square-shaped magnet was to investigate the size

limitations to obtain a configurational anisotropy. The magnet in the proposed device

is made of amorphous permalloy and it does not present any crystalline anisotropy.
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The exchange constant, saturation magnetization and Gilbert damping constant of

the permalloy are Aex = 1.3x10−11 J/m, MS = 8.60x105 A/m and α = 0.008, respec-

tively [39].

The methodology to study the configurational anisotropy in the permalloy magnet

was to set its initial magnetization pointing in a direction parallel to one of its sides.

We should remember that according to [25], the expected easy-axes of the magnet

should be on the diagonals of the square if the height of the magnet is small compared

to its lateral size. Therefore, for a thickness of 1 nm, it is expected to find the easy-

axes on the diagonals of the square.

If the magnetization of the structure is parallel to one of its sides, then it is in an

unstable position and will change until it finds its stable state parallel to one of the

two diagonals.

Figure 3.3: Dynamic simulation of a square-shaped permalloy magnet with a side
length of 2 µm and thickness of 1 nm. Left: the initial magnetization state of the
magnet is pointing to the right. Right: after a simulation time of 5 ns, the magneti-
zation reaches an equilibrium position. Note that during the simulation the magnet
is not under any external influence.

The first simulation performed was a square-shaped magnet with a 2 µm side

length, which should have its easy axes along its diagonals. However, as it can be



43

observed in Figure 3.3, the simulation of this system did not show the expected change

in the magnetization because it conserves its initial direction.

Given the symmetry of the magnetization state and considering that it is along

the hard-axis, the magnet is most likely in a non-stable equilibrium state. It must

be noted that the computational simulation ignores the impact of noise: the small,

mostly random fluctuations that exist in any physical system which can easily break

their symmetry if they are in a non-stable equilibrium state. The final configuration

illustrated in Figure 3.3 shows the non-stable equilibrium configuration of the mag-

netization. In the actual physical situation, the noise would force the system to get

out of this non-stable equilibrium and settle at a stable one.

In our case, the challenge is how to generate a random signal that forces our

system out of the non-stable position without interfering with its main dynamics.

A solution to this problem is to introduce a random sinusoidal magnetic field, with

a small amplitude and a high frequency. The time scale of the dynamics in the

magnet should be below the frequency of the noise so the system can perceive it as a

random signal. In this case, the magnetic dynamics are expected to be slower than a

few nanoseconds [13], and a 5 GHz frequency, which was the frequency we selected,

should be high enough to represent the noise field in the magnetic system.

In general, the amplitude of the noise varies and is mainly related to the conditions

where the magnet will be immersed. In this case, because the magnet is at the very

least exposed to the earths magnetic field, which is of the order of tens of µT, the

signal amplitude selected was 0.1 mT. Figure 3.4 presents the result after 5 ns of

simulation of the dynamics of the square magnet under the noise-like magnetic field.

Finally, more simulations of squares with a side length up to 2 µm were done,

with similar noise-like field and under different initial magnetization conditions. The

results showed that the magnetization of all the squares relaxes to one of the stable

diagonal configurations. The dynamic settling time of the systems never went beyond
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a simulation time of 3 ns.

Figure 3.4: Final magnetic state of a square-shaped permalloy magnet with a side
length of 2 µm and thickness of 1 nm under a noise-like magnetic field applied (0.1
mT). The initial magnetization of the magnet was pointing right. The final state
shown is obtained after 5 ns of simulation.
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Chapter 4

Fabrication and Characterization of a Memory Cell Based on

a Structure with Configurational Anisotropy

After the theoretical background presented in chapter 2, and the simulations results

obtained in chapter 3, the next step is to proceed with the fabrication of the memory

cells proposed. While both devices have shown to be feasible, the memory cell with

configurational anisotropy can be fabricated using a photolithography process.

The photolithography process has several advantages compared with the EBL

process: it is faster, cheaper, less sensitive to errors and we can fabricate hundreds

of devices at the same time during the same process. For these reasons, we choose to

fabricate the configurational anisotropy memory over the dipolar coupling memory.

One of the main challenges in the configurational anisotropy memory is to extract

the information stored in the magnetic structure. As has been mentioned, measuring

a Hall voltage is not useful since the magnetization expected is in-plane, and the

implementation of an MTJ would complicate the fabrication process to the point of

making it twice as hard as the process of the structure without the MTJ structure.

On the other hand, this was the first experimental implementation of the structure

proposed, and even if we had measured only two resistive states of the device, it

would have implied progress in the fabrication process. We suspected, however, that

asymmetries inherent (or added on purpose) to the fabrication process would allow us

to detect the four expected resistive states of the device. That is because if we measure

the resistance of the whole structure heavy metal/permalloy, the contribution of the

magnetic film may vary depending on its placement over the metal line.
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Indeed, even after an inaccurate fabrication process, the structure that we achieve

to fabricate presented four resistive states. All the details and results of the electrical

characterization of such device are presented in the rest of this chapter.

4.1 Fabrication of the Memory Cell

To fabricate the memory cell we cleaned for 15 seconds the thermally oxidized Si/SiO2

(300) (thickness in nm) substrate in Ar plasma at a base pressure of 5x10−3 and under

an RF bias power of 200 W. Then, we proceed with the deposition of the stack Pt (25

nm)/Ni81Fe19 (8 nm)/Pt (3 nm) using a Singulus ROTARIS PVD cluster tool under

a base pressure below 2x10−8 mbar. The final stack obtained is shown in Figure 4.1.

Figure 4.1: Stack obtained after the deposition of Pt/Ni81Fe19/Pt.

After the deposition of the initial stack, we deposited a layer of photoresist AZ5214

(1.6 µm) on the surface of the wafer, and after a photolithography process we obtained

the structure of a photoresist cross. The width of the cross lines was 4.2 µm. Then, an

Ion Beam Etching (IBE) was done to etch down the area not covered by photoresist

until the SiO2 was reached. Finally, the rest of the photoresist was removed from the

wafer (Figure 4.2). The final structure obtained in this step was a cross of the whole

stack shown in 4.1.
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Figure 4.2: Top view (top images) and cross sectional view (bottom images) of the
process to obtain a cross structure of Pt/Ni81Fe19/Pt. a) The stack Pt/Ni81Fe19/Pt
was covered with photoresist. b) A cross was pattern on the photoresist. c) An ion
beam etching process was done to remove the stack Pt/Ni81Fe19/Pt from the area not
covered with photoresist. d) The rest of the photoresist was removed.

Once we had the cross structure of the whole initial stack, it was necessary to

pattern the square-shaped permalloy structure in the center of the cross. Similarly

to the previous step, a photoresist square (AZ5214, with a thickness of 1.6 µm) with

a side length of 2 µm and tilted 45◦ regarding the cross lines was patterned in the

center of the cross. We did another IBE process to etch down the area not covered

by photoresist until the bottom Pt layer of the initial stack was reached. Afterward,

all the photoresist was removed. The process and structure obtained are shown in

the Figure 4.3.
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Figure 4.3: Top view (top images) and cross-sectional view (bottom images) of the
process to obtain a Ni81Fe19/Pt square-shaped structure in the center of a Pt cross. a)
The cross of Pt/Ni81Fe19/Pt was covered with photoresist. b) A square was patterned
on the photoresist. c) An ion beam etching process was done to remove the stack
Ni81Fe19/Pt from the area not covered with photoresist. d) The rest of the photoresist
was removed.

Finally, electrical contacts were fabricated on each arm of the cross. This was

done by depositing photoresist AZ3027 (2 µm) on the whole structure and removing

it from the place where we wanted to place the contacts. After this, Ti (10 nm)/Au

(100 nm) layers were deposited. Using a lift-off process we removed the photoresist

(and the material on top of it), leaving only the structure of the contacts. The final

device is shown in Figure 4.4. We should mention that the deposition of all the

layers in this fabrication process was optimized to have a uniformity within 5% their

nominal value on an 8-inch wafer.
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Figure 4.4: Top view (top images) and cross-sectional view (bottom images) of the
process used to deposit electrical contacts on the memory device. a) The memory
structure was covered with photoresist. b) The photoresist was removed from the
place where the electrical contacts should be. c) A layer of Ti (10 nm thick) and
another of Au (100 nm thick) were deposited over all the structure. d) After the
lift-off process, the photoresist and the material on top of it was removed.

4.2 Characterization of the Memory Cell

In the previous section was described the fabrication process of the memory cell struc-

ture displayed in Figure 4.4. After the fabrication process, the first characterization

done to the structure was using a Scanning Electron Microscope (SEM) to obtain a

clear image of the structure. Given the size of the magnetic structure (2 µm side

length) was not possible to obtain a sharp image of the structure with an optical

microscope. Besides, SEM images also bring information about the morphology of

the multiple layers of the device.

Figure 4.5 shows the result of this characterization. There are two main differences

regarding the structure fabricated and the structure that was desired to fabricate. The

first one is that the square structure should be tilted 45◦ regarding the Pt cross lines.

In the SEM images is appreciated that the square has its sides parallel to the cross

lines. The second one is that the structure proposed should be completely solid, but
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the SEM image shows the existence of a hole in the middle of the structure.

Figure 4.5: SEM images of the 4-terminal memory cell fabricated. Left: SEM image
showing the electrical contacts, the Pt cross and the square-shaped structure. This
image was taken with the sample tilted 20◦ regarding the electron beam. Right: a
closer look into the central square-shaped structure of the device.

The fact that the structure is not tilted prevented us from making it work as has

been proposed, or at least that was the initial thought. Nevertheless, we performed

an electrical characterization of the structure. This characterization was performed

as follows: let us assume that we labeled the electrical contacts as in Figure 4.6. A

“writing” current of 20 mA pass from pad A to pad B for 100 ms. After that, the

electrical resistance between the pads A-B was measured using an electrical current

of 100 µA. Then, another write current was passed between the same contacts, but

this time its direction was from pad B to pad A, and the electrical resistance was

measured again. The process was repeated, but using writing currents between the

pads C-D (also with both polarities). The electrical resistance after the write currents

pass was measured the same way and between the same pads (A-B) during all the

characterization.
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Figure 4.6: Schematic showing the pads labeled for the electrical characterization.
The write currents pass between pads A-B and C-D with both polarities.

The results of the electrical characterization are shown in Figure 4.7 and they

show four stable resistive states measured, with a remarked difference between some

of them.

Figure 4.7: Results of the electrical characterization of the memory cell device. Four
resistive states in the line A-B were found after the write currents went through the
device in the directions displayed.
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Although we did not expect to find any results that allow us to differentiate the

magnetization state of the magnetic film, we found four states, just as was expected

with the original structure. In principle, if we do the writing process as we did, the

magnetization state of the structure should be set parallel to the sides of the square.

Then, it should relax into one of its stable states, in the direction of one of the

closest diagonals. Based on the equation that describes the AMR, the magnetization

state along all the diagonals should result in the same value of resistance, maybe

with a small variation due to the asymmetric placement of the magnetic structure.

If we look deeper into the results of the electrical characterization, we can observe

that there is a remarked difference in the electrical resistances measured after writing

the magnetization parallel to the line A-B and the ones measured after writing the

magnetization perpendicular to the line A-B. On the other hand, the resistances

measured after setting the magnetization in antiparallel directions have only a small

difference.

The correlation between the resistive states measured motivate us to find a justi-

fication for such results. The most rational statement that can be done is that after

the magnetization is set by applying the write currents, it does not relax to be parallel

the diagonals of the square. If this is true, then it is logical to find a remarked differ-

ence between the magnetic states parallel to the line A-B than the magnetic states

perpendicular to it, and small variations between antiparallel states may be justified

by the asymmetric placement of the magnet. However, the initial simulations of the

square-shaped structures show that it is not possible that the magnetization state

remains stable if it is parallel to the side of the square.

But, the structure fabricated had a difference with the structures simulated in

Chapter 3: it has a hole in the center. Simulations of structures with a hole in

the center were done, conserving the dimensions found by the SEM images of the

fabricated structures. It should be noted that even with the described hole, the
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structure remains symmetric. In the simulation, the initial magnetization state of the

structure was set to be parallel to one side of the square structure. As we mentioned, a

noise-field is necessary to take the magnetization out of non-stable equilibrium states

in square-shaped structures, so this time a noise field 100 times bigger than the used

in the solid square-shaped structures was used (10 mT instead of 0.1 mT, in each

direction) to be sure that this state is noise-resistant. The results of the simulation

showed that the magnetization state of the structure remains parallel to the side after

5 ns of simulation, as can be seen in Figure 4.8.

Figure 4.8: Simulation of the square-shaped magnet with a hole in its center. Left:
The initial magnetization of the whole structure was pointing to the right. Right: the
final magnetization of the structure, after 5 ns of simulation. A noise field (sinusoidal
field with a frequency of 25 GHz) with an intensity of 10 mT along each direction
was applied during the simulation.
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Chapter 5

Conclusions, General Comments and Future work

5.1 Conclusions and General Comments

The simulation of the magnetic dynamics of the devices proposed, and the results

obtained from our first fabrication of the device with configurational anisotropy give

encouraging forecasts for the actual implementation of the devices. Although there

is a tough way ahead to achieve an optimized and reliable recipe for manufacturing

processes and the features of the memory cells, the work presented here serves as a

proof of concept and shows the feasibility of these devices for alternative memory and

even digital logic implementation.

Regarding the memory cells operation, we should remark that the method for

controlling them is different with current paradigms. In the case of the dipolar cou-

pling memory cell, long and short current pulses write the information while current

directions control the configurational anisotropy cell. Therefore, the control logic for

such memory cells should manage the pulse duration or directions, instead of con-

trolling the voltage or current steps as is necessary for the SRAM and DRAM. This

characteristic of the control logic necessary to implement the memory cells proposed

complicates its integration into prevailing circuits architecture. While the memory

cells proposed in this work offer many advantages, mainly non-volatility and energy

efficiency, their integration into a full operational memory cells array can be com-

plicated, given that multiple of these cells need to be controlled at the same time.

And, at least in the medium-term, CMOS transistors will inevitably accompany such
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integration.

In this work we have shown that the operation speed of the proposed memory

cells can compete with current CMOS memory cells. The simulations performed

found that the dynamics of the memory with configurational anisotropy is faster

(around 3 ns) than in the dipolar coupling memory cell (between 30-40 ns). This sets

the minimum time required for the operation of the devices, meaning that they may

be able to operate at frequencies close to the GHz range.

In the designs of the memory cells we proposed β-Ta as a good candidate to

generate spin currents efficiently, but it should be noticed that it is a highly resistive

metal whose resistivity can reach up to 200 µΩcm. Assuming that we use a Ta

conduction line of 10 µm length, 1 µm width and 5 nm thick for the configurational

anisotropy memory cell, the electrical resistance of this line may be as high as 4 kΩ.

So, if the current density is 107 A/cm2, the voltage applied should be 2 V, which is

a high voltage to be implemented in circuits of any portable device, where operation

voltages are even smaller than 1 V. This drawback diminishes the Ta attribute of

having a high spin hall angle. On the other hand, platinum is a good candidate for

the fabrication of the mentioned memory cell, as it allows using voltages lower than

1 volt to generate a sufficiently strong spin current, facilitating its implementation in

current electronic circuits.

Regarding the simulations of the ferromagnet with configurational anisotropy, the

stable magnetization states found were along the diagonals of the square-shaped struc-

ture. However, as is appreciable in the results of the simulation, this magnetization is

not completely uniform, although there is a remarkable tendency in the magnets to be

mostly aligned in the direction of one of the diagonals. But this result demonstrates

the concept of configurational anisotropy: the non-uniformity in the magnetization is

what generates the anisotropy in the magnet. A challenge that this device presents is

its use of an MTJ to detect the magnetization direction. As was proposed in Chapter



56

2, the use of permalloy magnets would result in a TMR close to 12%. However, using

another type of materials would raise the value of the TMR measured. A structure

candidate for this purpose would be to use a CoFeB/MgO/CoFeB MTJ. The mag-

netization anisotropy in the CoFeB can be manipulated by its thickness [21], but

because it has bulk and interfacial anisotropies, its use in the proposed structure

should be preceded by a study between the configurational anisotropy raised by the

square-shaped magnets and its competition with the bulk and interfacial anisotropies.

On the other hand, our approach to deal with the AMR multiplicity problem

described in chapter 2 turns out to be more efficient than trying to implement the

use of an MTJ. Using the asymmetries of the structure heavy metal/ferromagnet, we

created a 4-terminal memory cell, instead of the 5-terminal device proposed with the

MTJ structure. The advantage of the reduction in the number of terminals impacts

the complexity of the logic control necessary to handle the device.

An unexpected result that should be mentioned is that although the structures

fabricated faced two main issues (wrong tilting angle and a hole in the center of

the structure) in contrast with what was designed in Chapters 2 and 3, each issue

suppresses the effects of the other one. In addition, after more simulations were done

on the structure with the hole in the center, we observed that it is still exhibiting stable

magnetization states parallel to its diagonals. One interesting observation is that the

device fabricated has the potential to be an 8-state, 3-bit memory cell, and while we

have to perform more experiments and analysis involving the magnetic properties of

the structure, the results obtained so far motivate us to follow this investigation line.

Finally, one of the most exciting features shared by both of the proposed devices

is that they do not need an external magnetic field for operation, neither to read

nor to write information on them. Even though we showed that the configurational

anisotropy memory requires a noise-like field to reach its stable equilibrium magne-

tization state, such fields are inherent to any real world situation. Therefore, we can
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claim that the magnetic manipulation of the memory devices is entirely done by sim-

ple electrical currents/voltage, combined with smart configuration of the geometric

and magnetic properties of ferromagnetic structures.

5.2 Future Work

Following the proposition of the memory cell devices, the study of their magnetic be-

havior and the first effort for fabrication of the memory with configurational anisotropy,

the next steps would be the optimization of the fabrication processes of the memory

cells with configurational anisotropy and also an effort for fabrication of memory cells

with dipolar coupling. In the memory cell with dipolar coupling, the manufacturing

process and operation present a bigger challenge than in the cell with configura-

tional anisotropy. EBL should be optimized for accurate spacing and conservation

of shapes, and after the optimization of the fabrication process, we must design a

dedicated control unit.

The cell with configurational anisotropy introduces a different challenge: the fabri-

cation process should be optimized so we can fabricate the original structure proposed,

while at the same time further analysis and characterization can be done to take ad-

vantage of the observations made on the defective structure presented in Chapter

4. Because this structure can be fabricated relatively easily using our current pho-

tolithography process, we can also explore the consequences of the asymmetries in

the placement of the ferromagnet on the heavy metal cross and fabricate devices with

a parametric deviation to understand the overall impact of this asymmetry in the

resistance measurements of the device.

A long-term goal would be to expand the storage capacity of the memory cells.

In the memory cell with dipolar coupling, adding extra magnets in the central line

where the storage magnet is placed may increase the storage capacity. Independent

magnet chains can control these magnets, and the reading process in the Hall bar will
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be influenced by the magnetic states of all the magnets in the central line, as long as

they are not far from the bar.

In the case of the memory cell with configurational anisotropy, the storage capacity

of the structure would increase if more symmetry axes are added to the structure. For

instance, if this structure has six stable magnetization states [27], it may work as a

1.5 bits memory cell. We can also explore the possibilities uncovered by the discovery

of the additional stable states in structures with defects and try to implement an

efficient writing process for all the allowed states of the structure. This effort may

eventually lead to ultra-dense, energy efficient and low-cost memory arrays.
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APPENDICES

A Code to simulate the interaction of square-shaped

magnets in a linear array in OOMMF

Below is the code necessary to simulate the interaction of square-shaped magnets

placed in a linear array, i.e., they are placed side by side in line, at a given separation

distance. This code should be used in OOMMF 3-D solver in a text file with the

ending *.mif. Among the parameters that can be modified are the cell size, the

material properties, the presence of a sinusoidal external magnetic field of amplitude

and frequency variable, as well as the initial magnetization state of the magnets. The

code is commented for an easier understanding.

###Code to simulate the interaction of magnets in a linear array.

###If a particular part of the code is not desired, it may be

###commented by adding a # at the beginning of the line

#Set the value of the vacuum permeability and the number pi.

set pi [expr {4*atan(1.0)}]

set mu0 [expr {4*$pi*1e-7}]

RandomSeed 1

#Define the cell size in nm

Parameter cellsize 1
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#Define the thickness of the magnets, in nm

Parameter thickness 1

#Define the side length of the squares, in nm

Parameter square_size 200

#Define the square spacing, in nm

Parameter square_spacing 100

#Define the number of squares in the line

Parameter square_xcount 2

#amp defines the amplitude of the sinusoidal field (mT) and freq the

frequency (GHz)

Parameter amp 0.1

Parameter freq 5

# Convert field amplitude from mT to A/m

set amp [expr {$amp*0.001/$mu0}]

# Convert freq from GHz to natural frequency in rad/sec

set freq [expr {$freq*1e9*2*$pi}]

#Convert parameter dimensions from nm to m

set cellsize [expr {$cellsize*1e-9}]

set thickness [expr {$thickness*1e-9}]

set square_size [expr {$square_size*1e-9}]

set square_spacing [expr {$square_spacing*1e-9}]

#Set the dimensions of the simulation box

set xrange [expr

{($square_xcount-1)*$square_spacing+$square_xcount*$square_size}]

set yrange $square_size

set zrange $thickness

#Define the region where the squares will be
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proc SquareRegion {x y z} {

global square_size square_spacing

set rx [expr {fmod($x,$square_spacing+$square_size)}]

if {$rx>$square_size} {

return 0;

}

if {$x<$square_size+$square_spacing} {

return 1;

}

return 2;

}

#Define the initial magnetization of the squares

proc Maginit { x y z } {

set mz 0.0

set mx 1.0

set my 0.0

set square_size 200E-9

set square_spacing 100E-9

if {$x<$square_size+$square_spacing} {

return [list $mx $my $mz]

}

return [list $mx $my $mz]

}

# Call the function that defines the squares, expressed above

Specify Oxs_ScriptAtlas:atlas [subst {
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xrange {0 $xrange}

yrange {0 $yrange}

zrange {0 $zrange}

regions { up side }

script SquareRegion

script_args rawpt

}]

#Defines the mesh elements size

Specify Oxs_RectangularMesh:mesh [subst {

cellsize {2$cellsize $cellsize $cellsize}

atlas :atlas

}]

#Define the Uniaxial anisotropy value as well as the easy axis

#the value of K1 is given in J/m^3

Specify Oxs_UniaxialAnisotropy {

K1 { Oxs_AtlasScalarField {

atlas :atlas

default_value 0

values {

up 1.3e6

side 1.3e6

}

}}

axis { Oxs_AtlasVectorField {

atlas :atlas

default_value {0 0 1}

values {
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up {0 0 1}

side {0 0 1}

}

}}

}

#Specify that the demagnetization effect should be included in the

simulation

Specify Oxs_Demag {}

#Defines the Sinusoidal magnetic field, with the same along the three

directions

proc SineField { total_time } {

global amp freq

set Hx [expr {$amp*sin($freq*$total_time)}]

set dHx [expr {$amp*$freq*cos($freq*$total_time)}]

return [list $Hx $Hx $Hx $dHx $dHx $dHx]

}

Specify Oxs_ScriptUZeeman {

script_args total_time

script SineField

}

proc SineField { total_time } {

global amp freq

set Hx [expr {$amp*sin($freq*$total_time)}]

set dHx [expr {$amp*$freq*cos($freq*$total_time)}]

return [list $Hx 0 0 $dHx 0 0]

}
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#Defines the exchange constant (J/m)

Specify Oxs_UniformExchange {

A 2e-11

}

#Defines that the simulation should be a temporal simulation

#alpha is the Gilbert damping constant

Specify Oxs_RungeKuttaEvolve:evolve {

alpha 0.02

}

#Defines the characteristics of the temporal evolution

#Ms defines is the saturation magnetization of the material (A/m)

Specify Oxs_TimeDriver [subst {

basename square

evolver :evolve

comment {run for 5 ns total, with a stage event triggered every 1 ns

inside the first 5 ns, and then every 0.5 ns for the next 20 ns.}

comment {stopping_time {{1e-9 5} {0.5e-9 40} :expand:}}

stopping_time 1e-9

stage_count 150

mesh :mesh

Ms { Oxs_AtlasScalarField {

atlas :atlas

default_value 0.0

values {

up 663e3

side 663e3

}
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}}

m0 { Oxs_ScriptVectorField {

atlas :atlas

script Maginit

script_args rawpt

norm 1.0

}}

}]



70

B Code to simulate the interaction of circular-shaped

magnets in a rectangular array in OOMMF

###Code to simulate the interaction of circular-shaped magnets in

###in a rectangular array.

###This code should be used in OOMMF 3-D solver in a text

###file with the ending *.mif

#Set the value of the vacuum permeability and the number pi.

set pi [expr {4*atan(1.0)}]

set mu0 [expr {4*$pi*1e-7}]

RandomSeed 1

#Define the cell size in nm

Parameter cellsize 1

#Define the thickness of the magnets, in nm

Parameter thickness 1

#Define the diameter of the disks, in nm

Parameter disk_diameter 200

#Define the spacing of the disks, in nm

Parameter disk_spacing 100

#Define the number of disks in the x direction

Parameter disk_xcount 2

#Define the number of disks in the y direction

Parameter disk_ycount 1
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#Convert parameter dimensions from nm to m

set cellsize [expr {$cellsize*1e-9}]

set thickness [expr {$thickness*1e-9}]

set disk_diameter [expr {$disk_diameter*1e-9}]

set disk_spacing [expr {$disk_spacing*1e-9}]

#Define the range of the simulation box

set xrange [expr

{($disk_xcount-1)*$disk_spacing+$disk_xcount*$disk_diameter}]

set yrange [expr

{($disk_ycount-1)*$disk_spacing+$disk_ycount*$disk_diameter}]

set zrange $thickness

#Process to define the region where the magnets will be

proc DiskRegion {x y z} {

global disk_diameter disk_spacing

set rx [expr {abs(fmod($x,$disk_spacing+$disk_diameter) -

$disk_diameter/2.)}]

set ry [expr {abs(fmod($y,$disk_spacing+$disk_diameter) -

$disk_diameter/2.)}]

if {$rx*$rx+$ry*$ry>$disk_diameter*$disk_diameter/4.} {

return 0;

}

set xindex [expr {int(floor($x/$disk_spacing))}]

set yindex [expr {int(floor($y/$disk_spacing))}]

return [expr {1+($xindex+$yindex)%2}]

}
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#Define the initial magnetization of the disks

proc Maginit { x y z } {

set mz 0.0

set mx 1.0

set my 0.0

return [list $mx $my $mz]

}

Specify Oxs_ScriptAtlas:atlas [subst {

xrange {0 $xrange}

yrange {0 $yrange}

zrange {0 $zrange}

regions { Adisks Bdisks }

script DiskRegion

script_args rawpt

}]

#Define the rectangular mesh

Specify Oxs_RectangularMesh:mesh [subst {

cellsize {$cellsize $cellsize $cellsize}

atlas :atlas

}]

#Define the Uniaxial anisotropy value as well as the easy axis

#the value of K1 is given in J/m^3 Specify Oxs_UniaxialAnisotropy {

K1 { Oxs_AtlasScalarField {

atlas :atlas

default_value 0

values {



73

Adisks 1.3e6

Bdisks 1.3e6

}

}}

axis { Oxs_AtlasVectorField {

atlas :atlas

default_value {0 0 1}

values {

Adisks {0 0 1}

Bdisks {0 0 1}

}

}}

}

#Defines the exchange constant (J/m)

Specify Oxs_UniformExchange {

A 2e-11

}

#Specify that the demagnetization effect should be included in the

simulation

Specify Oxs_Demag {}

#Defines that the simulation should be a temporal simulation

#alpha is the Gilbert damping constant

Specify Oxs_RungeKuttaEvolve:evolve {

alpha 0.02

}
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#Defines the characteristics of the temporal evolution simulation

#Ms defines is the saturation magnetization of the material (A/m)

Specify Oxs_TimeDriver [subst {

basename square

evolver :evolve

comment {run for 5 ns total, with a stage event triggered every 1 ns

inside the first 5 ns, and then every 0.5 ns for the next 20 ns.}

comment {stopping_time {{1e-9 5} {0.5e-9 40} :expand:}}

stopping_time 1e-9

stage_count 60

mesh :mesh

Ms { Oxs_AtlasScalarField {

atlas :atlas

default_value 0.0

values {

Adisks 663e3

Bdisks 663e3

}

}}

m0 { Oxs_ScriptVectorField {

atlas :atlas

script Maginit

script_args rawpt

norm 1.0

}}

}]
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