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Nanomagnetic materials and devices remain at the center of data storage
technologies ranging from modern magnetic hard drives to future spintronic devices, such
as magnetoresistive or racetrack memory technologies. Because of the continuously
increasing demand for more storage density and performance the focus has shifted from
magnetic field based applications to spin current based applications. Spintronic devices take
advantage of interactions between magnetic materials and electric currents. Spin transfer

torque magnetic random access memory devices utilizing perpendicular magnetic tunnel
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junctions currently are the most promising candidates for future memory applications. This
dissertation present a theoretical and numerical study of challenges faced when considering
interactions between electrical spin polarized currents and magnetic tunnel junctions for
spintronics device applications. It starts with a short introduction to micromagnetics and a
description of main magnetic interactions. It then focuses on the study of properties of
perpendicular magnetic tunnel junctions, such as size dependence, thermal stability, critical
switching current density, and device efficiency. The following chapters are dedicated to
optimal designs of magnetic tunnel junctions, including a study of composite free-layers,
surface defects and roughness effects, granularity, and parameters distributions. The study
of switching probability or write error rates under non-zero temperatures is also presented.
The work also includes a study of antiferromagnetically coupled composite spin-transfer
torque nano oscillators. All these chapters contain numerical results and simulations
performed by using the FastMag finite element micromagnetic simulation software,
developed at UCSD. Some general ideas and details on the computational methods are
provided with the intention of assisting in understanding of engineering and analytical

aspects of the spintronic devices based on magnetic tunnel junctions.
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Introduction



Chapter 1

Introduction

Technologies based on magnetic materials have a prominent role in our daily life.
With the increased use of computers and other electronic devices, demand for information
storage using magnetic hard drives is increasing. With the increasing demand for storage
capacity driven by the modern data consumption habits, such as high-definition video and
extensive use of social networks, new technologies are constantly challenging the market
and offering better performances.

Spintronic devices exploiting the spin of the electron are envisioned to revolutionize
the electronics industry. The significance of this new generation device is faster memory
and lower power consumption at a low electron density. The late 20th century was
considered an era of microelectronics. However, the growth of microelectronics is at a
major threat to Moore’s law, and spintronics may be a solution. Most electronic devices
employ circuits that express data as binary digits, or bits (1 and 0) represented by the

existence or absence of electric charge. Unlike microelectronics, spintronics exploits spin



up and spin down of the electron to carry information between devices. The discovery of
Giant Magnetoresistance (GMR) by Nobel Prize winners A. Fert and P. Griinberg led to the
birth of the field of spintronics. This triggered an extensive research effort on spin transport
in nanoscale MTJs and other interesting phenomena were realized.

Perpendicular magnetic anisotropy (PMA) materials have unique advantages when
used in magnetic tunnel junctions (MTJ), which are the most critical part of spin-torque
transfer random access memory devices (STT-RAMSs) that are being researched intensively
as a future non-volatile memory technology. They have high magnetoresistance which
improves their sensitivity. The STT-RAM has several advantages over competing
technologies, including a low power consumption, non-volatility, ultra-fast read and write
speed and high endurance. In personal computers, it can replace SRAM for high-speed
applications, Flash for non-volatility, and PSRAM and DRAM for high-speed program
execution.

This dissertation presents research of the spintronic nanodevices based on
perpendicular MTJ. This work also covers the main micromagnetic modeling aspects of the
magnetization behavior of the spintronic devices under the effect of applied current or
external magnetic field. Simulation is an essential tool for research and development
especially when it comes to exploring the possibilities offered by spintronic technologies.
The interactions between electrical currents and the magnetization is handled by the
micromagentic simulatoe FastMag, which was developed at UCSD. By taking advantage of
high-performance Graphics Processing Units (GPUs) and latest algorithms, the FastMag
micromagnetic solver can compute the dynamics of magnetization within nanoscale to

microscale magnetic materials and devices efficiently. It is a flexible software that offers a



wide range of possibilities, from simulating current interactions to complex write head
modeling, and allows for time-domain simulations as well as other algorithms used to
compute energy barriers or thermal stability. Through different devices and designs,
advantages, and drawbacks of some of the previously mentioned technologies are evaluated
and studied.

This dissertation has two main parts. Part | (chapter 1 and 2) introduces the general
concepts of micromagnetism for the spintronic nanodevices that are used for micromagnetic
numerical simulations in Part I1I. Part | (chapter 3) introduces the concept of magnetic
memory, describes the current magnetoresistive memory technology, and focuses on the
basic principles of operation and the nature of the phenomena of magnetoresistance changes
(GMR and TMR). Furthermore, the basic architecture of the magnetoresistance memory
cells is presented, and the major problems are identified. Chapter 3 also provides an
overview of known types of p-MTJ-based magnetic nano-oscillators and their operation
characteristics.

Part 11 (chapter 4,5,6 and 7) is devoted to micromagnetic modeling and analysis of
spintronic devices.

Chapter 4 introduces the typical design and the main characteristic of the
perpendicular magnetic tunnel junction. Thermal stability, current induced magnetization
switching, magnetization dynamics and the device efficiency are studied.

Chapter 5 studies the perpendicular magnetic tunnel junction with composite free
layer. Thermal stability, current induced magnetization switching, magnetization dynamics
and the device efficiency are studied as a function of the material composition and the

geometrical sizes of the composite sublayers.



Chapter 6 discusses effects of the edge and surface roughness in the perpendicular
magnetic tunnel junction. It also discusses effects of granularity of the free layer of the
magnetic tunnel junction as well as presents the device’s operation and current-induced
switching at zero and room temperatures.

Chapter 7 studies a spin transfer nano-oscillator based on antiferromagnetically
exchange coupled composite free layer. The operational modes and characteristics at high
and low frequencies are discussed. The chapter also provides the discussion about
comparisons of the different types of known nano-oscillators and their operation at zero and
room temperatures.

Finally, Chapter 8 contains concluding remarks and an outlook for future research.



Chapter 2

Basic concepts of micromagnetism

Several methods and approaches are used to describe and predict the behavior of a
magnetic system. The processing capability of modern computers is rapidly increasing and
brings a surge of interest in the field of computer-based simulations. Micromagnetics is a
discipline of physics that studies and predicts the interaction between magnetic particles at
the micrometer scale. William F. Brown developed a continuum theory of ferromagnetism,
a fundamental theory of micromagnetics that found its applications in engineering and
physics. His mathematical equations were used to predict equilibrium magnetization
configurations based on a set of continuous material parameters [1]. An important
differential equation, referred to as Landau-Lifshitz-Gilbert (LLG) equation, describes the
precessional motion of the magnetization vector in magnetic systems [2] by considering the
energies related to different interactions. Additional terms in the LLG equation may include
exchange or interfacial interaction, and interaction with spin currents [3]. This chapter

discusses and provides analytical expressions for main micromagnetic interactions.



2.1 Micromagnetic model representation

We use an FEM based micromagnetic approach. For any finite element

micromagnetic model, it is important, first, to generate a model to be studied. The size of

the models is typically varying from a few nanometers to a hundred of microns. Proper
meshing scheme are important to improve the accuracy of the results. Figure 2.1 shows
different examples of structures discretized into a mesh of tetrahedrons and connections
between its nodes. The connections between the nodes provide the essential information
about interaction proximity for simulation components calculations, such as Laplace and

gradient matrices.

40 nm

Figure 2.1: Micromagnetic model representation with tetrahedral discretization for different
geometry types. (a) standalone thin cylinder. (b) set of the thin interacting cylinders. (c) granular
media representation.

Each color encodes a different material present in the considered model. From the
micromagnetic point of view each node of the tetrahedron is considered as a separate
effective magnetic moment, which interacts with other moments. The mesh element edge
length should be small enough to resolve the physical length scales. The total number of the

nodes in a numerical model is often limited by the computer memory and computational



capabilities. As an example, micromagnetic models of magnetic write heads or granular
recording media can have millions of nodes and it requires high-performance simulation

techniques and computational resources.

2.2 Landau-Lifshitz-Gilbert equation

The Landau-Lifshitz-Gilbert (LLG) differential equation is a fundamental equation
that describes the magnetization dynamics and interactions in magnetic systems. The LLG
equation can be written in the following implicit form [2,4]:

The Landau-Lifshitz-Gilbert (LLG) differential equation is a fundamental equation
that describes the magnetization dynamics and interactions in magnetic systems. The LLG
equation could be represented as in [2,4]:

dMm o dMm
—=—yMxH _ +—Mx—— 2.1
dt 7/ X eff M X dt ( )

S

where M is the magnetization vector, M_ is saturation magnetization, H,; is the effective
magnetic field, and « is damping constant. The parameter y represents a gyromagnetic
ratio and could be expressed as a ratio of the electron magnetic moment x and its angular

momentum L :

gle

y=£= 9l 2.2)
L 2m,

where g is the g-factor for free electrons, e and m, are the electron charge and mass,

respectively.

The LLG equation is a non-linear differential equation and the effective field H

depends on the state of the magnetization. The Equation 2.1 is in implicit form and



inconvenient to use, because it has the time derivative of the magnetization dd—l\t/l on both

sides. To solve (2.1) numerically with a simple time solver the explicit form of the equation

(2.1) could be derived from its implicit form (2.1) as:

d—Mz— MxH +- % Mx —yMxH, +ide—M , (2.3)
dt M M dt

S S

Using the identity M xM de_l\t/l = —dd—M and since %—I\t/l and M are perpendicular to each

other the equation (2.3) could be written as:

dM y ya
B MxH . . — MxMxH... . 2.4
dt 1+a? 1+ a? eft 24)

The equation (2.4) represents the explicit form of the LLG equation. Here, M is
normalized by M.

(a} Hej" (b) He_z?'

J g MxMxH

M

L

Figure 2.2: Illustration of the magnetization precession. Magnetization precession for (a) without
damping, (b) with damping.

The right-hand side of the equation (2.4) consists of two terms. The first term has M xH,,

and describes the precession of magnetic moment M about the vector of effective magnetic



field H,, as shown on the Figure 2.2 (a). The second term has MxM xH,, and represents

the damping in the system. The damping process leads the magnetization M to align with

the effective magnetic field H,, and at the same time the magnetization magnitude M

should remain constant (Fig. 2.2 (b)).

2.3 Landau-Lifshitz-Gilbert-Slonczewski equation

The interactions in the magnetic system that are considered as a part of the effective

field H,, vary depending on the considered model. For example, the LLG equation (2.4)

could be used to describe the switching in magnetic random-access memory (MRAM) by
magnetic field. To describe a current induced switching in spin transfer torque (STT)
MRAM the LLG equation (2.1) must be updated with an additional spin transfer torque
term T as follows [5]:

dm dm
M MxH, +aMx T T, 25
dt 7/ eff dt ( )

Equation (2.5) gives a general form of Landau-Lifshitz-Gilbert-Slonczewski

(LLGS) equation. The Slonczewski’s spin transfer torque term is defined as [6]:
T=a(j)|\/|xM><p+b(j)M><p. (2.6)

Here, p is normalized magnetization vector of the polarizing (fixed) layer for which the
magnetization is considered constant, a(j) and b(j) are the spin-current-depending

functions for in-plane and perpendicular spin transfer torque.
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Figure 2.3: Illustration of the Landau-Lifshitz-Gilbert-Slonczewski equation.

The LLGS equation and its application for the study of different spintronic devices

are considered in Chapters 4, 5, 6, 7.

2.4 Main interactions in micromagnetics

2.4.1 Effective magnetic field

This section describes the fundamental interactions that are usually considered in
micromagnetics. There is a number of interactions that can be included in the
micromagnetic model. Most of them are often have negligible contribution and should be

considered if needed to save the computational resources. The effective magnetic field H.,

in the LLG equation (2.1) represents the sum of the fields originating from different

interactions. In general, H,, can be expressed in terms of the functional derivative of the

potential magnetic energy density E , with respect to the magnetization M [7]:

dE
_ 9= 2.7

The effective magnetic field contains the following contributions:

11



+H

H¢=H,.+H,  +H s THe +Ho, (2.8)

Zee anis

Here, H,, is the external magnetic or Zeeman field, H,, is the magnetostatic field,

Zee S

S
anis

H. .. and is the magnetocrystalline bulk anisotropy field, H: . surface anisotropy field,

anis

H, and H,, is the bulk and interlayer exchange magnetic field, respectively. Next

sections briefly explain each field in (2.8) resulting from the different interactions. It is
convenient to do it by using equation (2.7) and sum all the fields up to get the total effective

field H,, as it shown in equation (2.8).

2.4.2 Zeeman interaction

The Zeeman interaction is the interaction between an external applied magnetic

field H,,_ and the magnetization of the system M. The Zeeman field is the magnetic field

Zee

H,. that is applied externally on a sample. The potential energy of the magnetic system

under the presence of an external applied field H,_ could be written as:

Zee

av . (2.9)

Zee

E=—[M-H
\%

It should be noted that when M and H,_ have the same direction the potential

Zee

energy E is minimized, i.e. the magnetic moments are aligned with the direction of the

external magnetic field. The external magnetic field H,_ value is typically known in

Zee

advance and directly added into the total effective field H , as in equation (2.8).
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2.4.3 Magnetostatic interaction

Let us start by considering a system of several magnetic moments. We can consider
that each of the magnetic moments produces its own magnetic field. That means that
magnetic moments are interacting with each other via dipolar magnetic fields, which are
also referred to as magnetostatic or demagnetization magnetic fields. The magnetic field
produced by a dipole is calculated based on either a pair of charges or a loop with a current
as shown in Figure 2.4. The two models for a dipole (current loop and magnetic poles), give

the same result for the magnetic field far from the source.

(b)

Figure 2.4: Magnetic field calculation approximations. (a) Magnetic moment representation with
two opposing charges separated by a finite distance. The arrows represent the direction of the
magnetic field, (b) The magnetic field of a current loop.

For a current loop representation the magnetic field is calculated based on vector
potential as shown in [8]. The magnetic field generated by a small magnetic dipole could be

represented as [8]:

o ()= T8 .

13



where M is the magnetic moment of the dipole and r is a vector which represents the
distance between the source and the observation point. The magnetostatic energy of the
whole system could be represented as:

1

E_ = J.M-H dv | (2.11)
\%

ms _E dip
And for the system of N magnetic moments the magnetostatic energy could be rewritten
as:

1 N N
Ems = __szmMm ’ Hn,demag|m : (212)

2 m=0 n=0
n=0

The magnetostatic interaction is very important in understanding the static and
dynamic nature of magnetization behavior. Consider a uniform array of magnetic
nanoislands, as illustrated in Figure 2.5. Assume that each nanoisland could be considered
as a separate magnetic dipole moment at sub-exchange length dimensions. The effect of
exchange interaction detailed in section 2.4.5 results in neighboring magnetic nanoislands
tending to stay parallel to each other. The magnetostatic energy in this case is minimized
when neighbor nanoislands have opposite moment directions because such a configuration

maximizes the magnetic flux closure.

-—— -~ -

Figure 2.5: Illustration of the dipolar coupling between magnetic nanoislands.
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Figure 2.6 shows the examples of the effect of the magnetostatic interaction that
occurs in various samples. One of the examples of magnetostatic interactions is prevention
of the existence of the magnetic charges in multidomain magnetic structure (Figure 2.6 (a)).
Figure 2.6 (b) shows that due to strong external magnetic field the magnetization
orientation of the magnetic bar aligns with the direction of the external magnetic field.
Another example is the minimal energy state that resulted in magnetization points along the

long axis of the continuous magnetic nanowire, as shown in Figure 2.6 (c).

(a) (B) +++++++ (c)
-
l X I "‘ H,, E—)
—)

Figure 2.6: Examples of the effects of the magnetostatic interaction: (a) The illustration of a
magnet with four magnetic closure domains. The charges of the spins within the multidomain
structure are compensated because of dominant demagnetization field in the structure. (b) The
magnetization orientation of the single domain magnetic bar due to the strong external field. The
magnetic charges are concentrated at on both edges of the magnetic bar. (c) Effect of shape
anisotropy in continuous magnetic nanowire.

From the computational point of view, calculating the demagnetization magnetic
field sometimes could be very costly. This is because for a system of interacting magnetic
moments, the complexity of computation scales quadratically with the number of the
magnetic moments in the system. As a result, it can significantly slow down simulation
time, especially in the case of large magnetic systems. One of the possible ways to get
around this problem is to consider uniform magnetization within a volume. The magnetic
charges that appear at the surfaces of the volume generate the demagnetization field. To

simplify the calculation of the demagnetization field it is common to use the
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demagnetization factor. The demagnetization factor depends on the geometrical sizes and
shape of the considered magnetic volume. The matrix that describes the demagnetization
factors called the demagnetization tensor. The demagnetization magnetic field could be

represented in terms of demagnetization tensor as [9]:

Nxx ny Nxz
Hdemag = Nyx Nyy Nyz M ) (213)
N, N, N

where the elements N . of the matrix are the demagnetization factors. The diagonal

elements of the matrix (2.13) are positive, and its trace is equal 1. In the magnetic structures

that have single or several planes of symmetry it can be found that N =0. For

mn,m2n
example, in case of the magnetic sphere any axis that goes through the center of the sphere
is the axis of its symmetry and the only non-zero elements of the matrix (2.13) will be the
diagonal elements. The demagnetization tensor of the sphere could be represented as

N, +N,, +N, =1/3. This means that within the magnetic sphere there is no preferred

direction of the magnetization M, i.e. the direction of the demagnetization magnetic field

H will be always opposite to the direction of the magnetization M. For the

demag
perpendicularly magnetized in z -direction infinite (in xy-plane) magnetic thin film the
demagnetization factor would be N, =1. In this case the demagnetization field will try to
push the magnetization in xy -plane. However, if the same thin film is magnetized in x or
y -direction the demagnetization field does not exist. The magnetization vector M will stay

in the plane of the magnetic thin film. Using equation (2.11) the magnetostatic energy per

unit volume of a perpendicularly magnetized thin film could be written as:
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E,.=27MZ2. (2.14)
Another example of the most common shape in magnetic memory technology is a
cylinder. For a magnetic circular cylinder the demagnetization factors are represented as

[10]:

NZ:%(L+R—\/L2+R2),

N, +N,+N, =1 (2.15)
N, =N, :%(1— NZ):i(\/LZ +R*-R).

where L and R are the thickness and the radius of the circular cylinder as it shown in

Figure 2.7.

R B
..:_.____.——l—__
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1.:,& l-""
= —=— N,
E R —a— NN
(%] o =
& 064
s i
= z |
2 0.4 y |
% /_."' | Dermagnatization factor
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3 0.2 i
|
0.0 —t
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Asped ration of the circular cylinder (RSL)

Figure 2.7: Demagnetization factor as a function of aspect ratio for right circular cylinder for the
averaged magnetic field along the cylinder axis.

Figure 2.6 shows the behavior of the demagnetization factors as a function of aspect

ratio for right circular cylinders, based on Equations (2.15). We assume that the magnetic
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field is averaged along the cylinder axis. magnetic field. The point where

N, +N, +N, =1/3 is close to the radius such that 2R = L. For very skinny cylinders with
R « L, the longitudinal demagnetization factor is N, — 0 while the transverse factors are
N, =N, —>1/2. At the other limit, for a very flat cylinder, R> L, we have N, —1 and
N,=N, — 0. The flat cylinder has no demagnetization effect within the xy-plane. The

greatest demagnetization effects will always take place through the shortest dimension of
the object [10]. The demagnetization effects play an important role in micromagnetic
modeling and simulations of the magnetic system.

Sometimes the demagnetization factors can not accurately represent the dipolar field
in the simulation due to non-uniform magnetization profile in the system. In micromagnetic
simulations, the position of all nodes is known in advance so the demagnetization tensor

should be computed for each node using (2.10) as it shown in [11]:

3r2 -1 3r_.r 3r_.r

1 mn, X mn,x"mn,y mn,X mn,z
mn 4 mn Y mn X 3 mn Y 1 3rmn ,y mn,z 1 (2'16)
”” ” 3r r 3r: -1
mn z mn X mn,z' 'mn,y mn,z

where m,n are the couple of corresponding nodes and r,, is the distance between the

nodes. The corresponding demagnetization field could be represented as [11]:
N
Hdemag,m :ZDmnMn' (217)
The general formulas to compute the demagnetizing factors are given in [10]. This
will be useful for chapter 3, where the demagnetization factors of the cylindrical

perpendicular magnetic tunnel junction will be discussed in detail.
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2.4.4 Magnetocrystalline anisotropy

The magnetic anisotropy characterizes the ferromagnetic material and describes the
fact that the properties of the magnetic material are unequal in different directions.

In general, the magnetic anisotropy could have several possible sources: the
properties related to the lattice structure of the magnetic material (magnetocrystalline
anisotropy), the properties of the interface between two magnetic films (interface
anisotropy), and the shape of the magnetic sample (shape anisotropy). The interface
anisotropy is important for description of structures with perpendicular magnetization. The

shape anisotropy is defined by the energy of demagnetization.

Bulk anisotropy

The magnetocrystalline anisotropy can have the form of a uniaxial or a cubic
anisotropy. The uniaxial anisotropy is characterized by an existence of a single easy axis
corresponding to two antiparallel preferential directions of the magnetization orientation in
magnetic material. This property is used for data storage, where the detection of these states
can correspond to reading a 1 or a 0, the elementary components of binary data [11]. The

potential energy for a uniaxial anisotropy is represented as [7,11]:

E,.. = KVsin®(8)+ K,V sin*(9), (2.18)

anis

where K, and K, are the first and the second order anisotropy coefficients in CGS units of

erg/cm®, V is the volume of magnetic moment and @ is the angle between the easy axis
and the magnetic moment. The energy is minimized when 6=0,7, i.e. when the

magnetization is oriented along the easy axis. The general expressions for the uniaxial
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anisotropy energy over a volume and the correspondent magnetic anisotropy field could be

written as in [11] using (2.7) and (2.18):

E,. =j(|<1(1—(|v| K)')+ K, (1-(M .k)z)zjdv,
V2K 4K (2.19)
Haps = 2 (MK )k T2 (1= (M)} (M-k k.

anis

S S

Here, k is the uniform anisotropy axis vector and M is the magnetic moment. In various

cases the second order anisotropy term K, is set to 0 which simplifies the expressions for

magnetic anisotropy (2.19).
In the case of cubic anisotropy the equation for the anisotropy energy could be

written as [7,11]:

Eoie = K (MM + MM+ MIMZ )+ K MMM,

2.20
Mn ZM'kc,n' ( )

where k_., n=123 are the three different anisotropy easy axes associated with

c,n?
crystallographic directions and K,, K, are the anisotropy constants in CGS units. The

correspondent magnetic anisotropy field for cubic anisotropy could be expressed using (2.7)

and (2.20):

2K,M, (M7 + M3 )+ 2K MMM

:_Mi 2KM, (M?+M2)+2K,M?M,M? |, (2.21)

2K,M, (M7 + M7 )+ 2K,M MM,

H

anis

Surface anisotropy

The surface or interface anisotropy energy density and the corresponding surface

anisotropy field in general form can be represented as:
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Esy =K (M-k*) ds
S
(2.22)
HZnis = ZKS (M 'ks)ks
t™

S

where K, (erg/cmz) is the anisotropy energy density per unit surface area and t is the

thickness of the magnetic layer.
When considering the micromagnetic finite element analysis the anisotropy field at
one node does depend on magnetization states of the other nodes which is different for the

exchange or magnetostatic interactions.

2.4.5 Exchange interaction

Bulk exchange interaction

In magnetic materials the magnetic moments of the neighboring spins are arranged
themselves into certain order due to the exchange interaction. The Pauli’s exclusion
principle is a quantum mechanical principle that states that two or more identical electrons
cannot occupy the same quantum state. The exchange energy for two spins S, and S, could
be written as:

E, =-J,5,S,. (2.23)

ex ex

where J,, is an exchange constant. The sign of J_ is important since it defines the type of

the exchange.
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Ferromagnetic J, >0

(a)

Antiferromagnetic /. <0

(b)

Ferrimagnetic J,. <0

TsTalals

Figure 2.8: Illustration of the magnetic moments orientation: (a) ferromagnetic material, (b)
antiferromagnetic material, (c) ferrimagnetic material.

(c)

When J,, >0 the material is considered ferromagnetic which has the minimum
energy E, when the neighboring magnetic moments are aligned in the same direction.
When J, <0 the material is ferrimagnetic. The orientation of the neighboring magnetic
moments of the ferrimagnetic material have antiparallel orientation but the magnetic
moments do not cancel each other. For antiferromagnetic materials J, <0 and the

neighboring magnetic moments are antiparallel and cancel each other.

The equation (2.22) describes the exchange interaction between two spins.
Micromagnetic models does not allow you to simulate the atoms because they typically
integrate the continuous energies over the shape discretized with finite elements. The
continuous representation of the exchange interaction is derived from Heisenberg

Hamiltonian and could be written as [12]:

E, = [A(YM) dv, (2.24)
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where A is the exchange energy density in erg/cm that depends on J_, .

The bulk exchange field could be written using (2.7) and (2.23) [7]:

H =§A—Av2|v| | (2.25)

ex
S

It should be mentioned that the micromagnetic modeling of the exchange interaction in the
ferrimagnetic materials as in equation (2.24) is complicated. This is because the

micromagnetic simulator does not simulate the interaction between the atoms.

Interface exchange interaction

Interface exchange interaction occurs when two magnetic materials are coupled via
a thin (t zl.Onm) interlayer layer. This exchange interaction are called Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction [13]. The magnitude of the interface exchange
interactions and their signs can be changed by tunning the material and thickness of the
interlayer [14-16]. This gives the ability to obtain both ferromagnetic and antiferromagnetic

coupling configurations. The general expression for the potential energy of RKKY

interaction can be written as:

Erxxy :__[Jch'Mzds ' (2.26)
s

where J. is the interface exchange energy density in erg/cm? (CGS units), M, and M,

are the normalized magnetization vectors for both sides of the interface. The micromagnetic
implementation of the interface exchange coupling requires specific methods. The material
at the interface that separates the magnetic materials is non-magnetic, and in micromagnetic

simulations does not need to be discretized. The modeling of the interlayer exchange
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coupling is done through the mirroring scheme of the surfaces on the interfaces of the
magnetic materials. The coupled surfaces on the interfaces have the same discretization so
that nodes on one surface can find their neighbor on the opposite surface. The

corresponding interface exchange field exerted by the magnetic moment M, on its

neighbor interface magnetic moment M, and vice versa, can be represented using (2.7) and

(2.26) as:

J
Hiex,l= < 21

Mt

(2.27)

H .= Je
iex,2 1

MSZtZ

where t, and t, are the corresponding effective thicknesses at the nodes representing M,
and M,. The effective thickness can be found as a ratio between the effective volume and

the effective surface. The effective volume is defined as one fourth of the sum of the
volumes of all tetrahedrons containing it. Similarly, the effective surface is defined as one

third of the sum of all surface triangles containing it.

2.4.6 Spin-transfer torque and interaction with spin currents

The ability of an unpolarized current of electrons to become spin polarized when
passing through a ferromagnet implies that angular momentum can be transferred between
the incident electrons and the ferromagnetic lattice. As it mentioned in [17] this means that
the lattice must be capable of absorbing the angular momentum from the itinerant electrons.

This effect is known as the spin transfer torque (STT) effect and was originated by [18,19].

24



The STT effect offers the usage of currents to locally manipulate magnetization states of

magnets.

(a)
Electron flow
NM NM NM @
Reference Insulat Polarized
Unpolarized i nsulator*  Free outcoming
incoming ayer layer electrons
electrons
(b)
Free i
(C) Reference | < lator lier Unpolarized
layer incoming

electrons

Figure 2.9: Illustration of spin-transfer torque. (a) Spin valve representation: ferromagnetic/non-
magnetic metal/ferromagnetic junction connected to nonmagnetic leads. (b) Magnetic tunnel
junction with positive currents. The first ferromagnetic layer crossed by the incoming electrons is
the reference layer and acts as a polarizer. After tunneling, the electrons realign their magnetic
moment along the magnetization of the free layer, which results in applying a spin-transfer
torque (STT), (c) when the current is reversed, the spin-transfer torque acting on the free layer is
due to electrons reflected from the reference layer.

Figure 2.9 represents the NM/FM1/NM/FM2/NM junction through which the
electric current is passing. Both ferromagnets FM1 and FM2 are considered soft magnetic
materials and have uniform magnetization with the vertical easy axis established by the
shape anisotropy. The first magnetic layer FM1 is thick and serves as a polarizer for the

current. FM1 is thick enough and its magnetic moment is large enough to be noticeably
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affected by the transfer of angular momentum from the itinerant electrons. The second layer
FM2 has a lower magnetic moment, which can be affected by STT. The STT effect can be
used for a current-induced magnetization switching of FM2. An alternative application of
STT is to drive FM2 into steady precession, which is achieved when the rate of angular
momentum pumped into the magnet equals the rate of angular momentum dissipation due
to damping. Also, it is possible to have a simultaneous precession of both FM1 and FM2
when they are thin [18,20]. A one-dimensional model originally employed to demonstrate
guantum mechanically the transfer of angular momentum between a ferromagnet and

itinerant spins is presented in [18,19,21].

2.5 Nudged elastic band method

Magnetization switching and dynamics are one of the most studied topics in
micromagnetics due to the importance in controlling of the device behavior. Several
methods have been developed and implemented to predict the critical magnetization
properties, including minimum energy paths between two energy states or the calculation of
thermal stability factor for the magnetic tunnel junctions [22-24]. The nudged elastic band
(NEB) is a method for finding saddle points and minimum energy paths between two
equilibrium states. The method is based on defining several intermediate states, referred to
as images, along the reaction path and minimizing the energy along the path determined by
these images [25-27]. The energy barrier is directly related to the thermal stability factor

since it corresponds to the energy that must be overcome for thermal switching.
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The stability (life) time for at a given temperature is related to the energy barrier
via:

AE

=7, (2.28)
where 7, is the inverse of the attempt frequency, AE is the energy barrier, k; is the
Boltzmann constant and T is the temperature. The typical energy barrier aimed in magnetic

recording or memories is about 80k,T . In the NEB method, each image represents certain
magnetization state M. The initial images are guessed either analytically, e.g., assuming

uniform rotation, or by LLG simulations of a switching path. The path finding procedure is

by an energy gradient descent scheme as [11]:

dM.

dg

tn= Mn+l_Mn—l ) ’
||Mn+l_Mn—l||

=-[VE, -(VE, -t)t, ],
(2.29)

where VE, is the gradient of energy for image n associated with magnetization state M,
& is an integration parameter and t_ is the unit tangent vector to the energy path.

Figure 2.10 shows an example of the minimal energy path for perpendicular
magnetic tunnel junction (p-MTJ). The initial energy path shows the uniform switching of

the magnetization.
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—a— Uniform switching, O NEB iterations
—e— DW switching, 200 NEB iterations
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Figure 2.10: Minimal energy path of a single magnetic layer with diameter D =40nm and
thickness t=1.2nm, M_ =1200emu/cm®, K, =9.06 Merg/cm® , A, =10"° erglcm, o =0.008.

The initial energy path is a uniform switching and the minimal energy path found using NEB
method is a domain wall.
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The insets of Figure 2.10 show the images of the magnetic configurations along the
switching trajectory. After 200 NEB iterations, the minimum energy path was found. The
energy barrier is almost twice as smaller than the uniform magnetization switching. In this

case, the domain wall (DW) switching is more energy-efficient than uniform switching.

2.6 Thermal effects and the stochastic LLG equation

In real-world the magnetic devices typically operate at a room or specific chip

temperature. The thermal excitation introduces a certain amount of disorder in the lattice of
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magnetic structure. It means that the simulations of the magnetic devices must consider the
thermal effects to be able to accurately evaluate the performance and reliability of the

devices.

T>T,

‘H‘ﬂﬂﬂ {bf f ﬂﬂf
ittt oY
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Figure 2.11: Illustration of the behavior of the magnetic moments above and under the Curie
temperature: (a) below the Curie temperature the magnetic moments align parallel to each other in
ferromagnet in the absence of an external magnetic field, (b) above the Curie temperature the
magnetic moments are randomly oriented in a paramagnet unless (c) a magnetic field is applied.

When an external field is applied to a magnetic system, the magnetic moments tend

to align with its direction to minimize their energy. The thermal excitation induces a

distribution of the magnetic moments around this energy minimum and that distribution

increases with the temperature. When the magnetic disorder is high, the moments are

oriented in random directions to some degree and compensating each other, reducing the

total macroscopic moment. The temperature at which certain materials lose their magnetic

propertiesn due to this disorder is referred to as Curie temperature, T.. For T <T. we can
write:

M~(T-T.), (2.30)

where M is the spontaneous magnetization, T is the temperature and £ is the parameter

that depends on the type of the material. The magnetic susceptibility » of a material is a

29



measure of how much a material become magnetized per an applied magnetic field H and
it is defined as:
M= yH. (2.31)

The magnetic susceptibility for T < T, is described by the Curie-Weiss law as:

x= , (2.32)

where C is the Curie constant. The Curie temperature imposes some restriction on the
material that can be used for data storage purposes. The considered materials must have a
reasonably high Curie temperature to prevent their demagnetization and be stable at a room
thermally at a room temperature.

The LLG equation (2.1) is fully deterministic, i.e., the magnetization dynamics
calculated by it only depends on the magnetic fields described in previous sections 2.1 and
2.2 of this chapter. The LLG equation (2.1) describes the behavior of the system without

any temperature, i.e., for T = 0K. For many devices this kind of modeling is not satisfying

since some processes related to the magnetization dynamics strongly depend on the
temperature, such as the magnetization reversal in magnetic random-access memories. To
accurately represent the influence of the temperature it is necessary to adapt (2.1) and add

the stochastic thermal field H The purpose of H,,.. is to account for stochastic

thermal *
(thermal) excitations. In micromagnetic modeling, the thermal field typically is represented
in the form of a Gaussian noise that has a random value at each mesh node. The amplitude
of the thermal noise must be adapted to the time-step used by the solver and is calculated
using the fluctuation-dissipation theorem [28]. The thermal field at each node can be

expressed as [11,29]:
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chermal = zakBTZ r ’ (233)
yM, (1+a® )Vt

where T is the random Gaussian noise vector, « is the damping constant, k; is the
Boltzmann constant and T is the temperature, y is the gyromagnetic ratio, M, is the

saturation magnetization, V is the effective volume of the node and dt is a time step.

where T is the random Gaussian noise vector, « is the damping constant, kg is the
Boltzmann constant and T is the temperature, » is the gyromagnetic ratio, M is the

saturation magnetization, V is the effective volume of the node, and dt is the time step.

The LLG equation (2.4) is then updated with an additional thermal field as H

thermal

as:The LLG equation (2.4) could be rewritten with an additional thermal field as H,,,., as:

thermal

dM /4 ya
E = _1+O(2 M ><(Heff + chermal )_WM xM X(Heff + chermal ) ' (234)

Equation (2.31) can be used to simulate the behavior of systems at temperatures
significantly lower than the Curie temperature. Closer to the Curie temperature, the
reduction of the total spontaneous magnetization becomes significant, and the model is not
able to accurately take this effect into account because we assume that the magnitudes of all
magnetic moments are constant. The Landau-Lifshitz-Bloch (LLB) equation can be used

instead of the LLG equation [30].
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Chapter 3

Spin-transfer torque driven devices

Spin-transfer torque (STT) driven devices that use the spin of the electron are
considered a promising candidate to revolutionize the electronics industry [31-33]. The
main advantage and key significance of the spintronics devices is fast memory and a low
power consumption at low electron density. The end of the last century was considered as
an era of microelectronics. The rapid growth of microelectronics became a major threat to
Moore’s law making the spintronics devices as a possible solution. Most electronic devices
have employed circuits that express data represented by the existence or absence of electric
charge. Unlike microelectronics, spintronics exploits spin up and spin down of the electron
to carry information. In 2007 A. Fert and P. Griinberg received Nobel Prize in Physics for
discovery of the Giant Magnetoresistance (GMR) effect which led to the development of
the spintronics devices [34,35]. Nowadays, the most promising spintronic devices are based
on magnetic tunnel junction based on effect of tunnel magnetoresistance (TMR). This

chapter discusses the magnetic memory and spintronic devices that utilize STT.
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3.1 Magnetic memory

The first idea of magnetic memory was proposed in the 1950. Magnetic core
memory was widely used for almost 20 years until the advent of the semiconductor
memory. One of the first magnetic core memory was using small ferrimagnetic rings
connected with wires for the information reading and writing (Figure 3.1 (a)).
Ferrimagnetic rings were magnetized either clockwise or anti-clockwise regarding the axis
of rotation going through them. The magnetic core can take two magnetization states
associated with 0 or 1. The magnetic material for a magnetic core memory is highly
magnetized and has low coercivity so that less energy is required to change the
magnetization direction. This type of memory was one of the first non-volatile methods for

information storage. In 1969, a magnetic bubble-memory was proposed by A. Bobeck [36].

Figure 3.1: lllustration of the first magnetic memory: (a) magnetic core memory represented by an
array of 4x4 toroids with X, Y as the drive lines, S is the sense and Z is the inhibit, (b) magnetic
bubble-memory.

Magnetic bubble memory is a non-volatile type of memory that uses a thin film of
the magnetic material to hold small magnetized areas (Figure 3.1. (b)), known as magnetic

memory-bubbles, and it stores one bit of data per each area. The bubbles formed by a
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generator were pushed through the film by an external applied magnetic field and detected
by a magnetic sensor [37]. However, the introduction of dramatically faster metal-oxide—
semiconductor memory chips made the magnetic bubble memories non-compatitive.
Nowadays, magnetic memory technology is represented by magnetoresistive
random access memory (MRAM), spin transfer torque MRAM (STT-MRAM), and spin-

orbit torque MRAM (SOT-MRAM).

3.2 Spintronic devices

Currently, most of the existing spintronic devices [38] are based on metallic systems
called magnetic tunnel junctions (MTJs) and single electron transistor [39]. The working
principle of a spintronic device follows the following steps: information is stored into spins-
up or spins-down, spin information is carried by mobile electrons along a path or wire and,
finally, the information is read at a final point. Figure 3.2 shows the basic representation of

a spintronic device.

Anti-parallel state Parallel state
High resistance Low resistance
State h‘1” State h‘o”
~ —_—
Free layer
 — (FL) —

e R
—) Reference layer ——)

(RL)

Figure 3.2: Schematic illustration of a magnetic pillar in a high resistance anti-parallel state and
low resistance parallel state.
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The basic element of a spintronic device is a sandwich of two magnetic layers
separated by a non-magnetic conducting spacer layer or a thin insulating layer. While the
magnetization of the reference layer (RL) is mostly fixed, the magnetization direction of the
free layer (FL) can be switched between the two states parallel and anti-parallel to the fixed
magnetization  direction. Anti-parallel and parallel states possess different
magnetoresistances which are mapped to 0 and 1 as shown in Figure 3.2. The most basic
method of creating a spin-polarized current is to transport current through a ferromagnetic
material and to transmit the electron spin carrying the information to the receiver point.
Spin current is therefore an important tool to detect spin in spintronic devices. The
development of spintronics devices can be divided in three main parts: the fabrication of
nanoscale nanostructures and research of magnetic materials, the research of spin injection,
spin transport and detection and, finally, the demonstration of spintronic devices including

GMR, tunnel magnetoresistance (TMR) in magnetic tunnel junctions (MTJs).

3.3 Magnetoresistance phenomenon

The two most important magnetoresistance phenomena are the giant magnetic

resistance (GMR) and the tunnel magnetoresistance (TMR) effects.

3.3.1 Giant magnetoresistance

In late 1980s M. Baibich and G. Binasch independently observed GMR effect in
Fe/Cr superlattices [35,40]. GMR is a quantum mechanical effect detected in a pillar

consisting of two ferromagnetic layers separated by a non-magnetic conducting spacer
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layer. The low or high resistance state of the pillar depends on the layer’s magnetization

direction relative to each other.

(@) Parallel state (b) Anti-parallel state

e = = e =

Figure 3.3: Illustration of giant magnetoresistance effect in its simplest interpretation.

GMR effect can be quantified with the following ratio [41]:

GMR = Rap —Ro _Paw P _ Op 1, (3.1)

Re Pp O pp

where R,, and R, are the resistances, p,, and p, are the resistivities, o, and o,, are

the conductivities for the parallel (low resistance) and anti-parallel (high resistance) states.

Equation 3.1 shows that GMR >1 if p,, > p,. An alternative equation for GMR <1 can be

written as:

GMR = Rae —Rp _Pw"Pr __%w (3.2)

R Pap Op

To explain the effect of the GMR the model of two independent channels of

conductivity for electrons with “spin-up” and “spin-down” orientations [42] was developed.
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The total current is the sum of the current carriers with “spin-up” and the current carriers
with “spin-down”. If both currents are flowing through the ferromagnetic layer with a fixed
direction of magnetization (“up” or “down”), the resistance of the first and second groups
of electrons differs. The GMR can be explained in terms of the unequal scattering of the
two groups of electrons with different spin orientations with respect to the magnetization
direction of the ferromagnetic layer (Figure 3.3). If the magnetization directions of the
ferromagnetic layers are parallel to each other the “spin-down” electrons can propagate
through the structure nearly unscaterred (Figure 3.3 (a)). This results in high electron
conductivity and hence a low resistance. In contrast, in the anti-parallel state both “spin-up”
and “spin-down” electrons undergo collisions in ferromagnetic layers, leading to a high
resistance [43] (Figure 3.3 (b)). The GMR technology was adopted for hard disk drive read
heads and stimulated the new phase of research in magnetic memories, such as GMR-based

magnetic random-access memory [44].

3.3.2 Tunnel magnetoresistance

The phenomena of the tunnel magnetoresistance (TMR) was discovered in
Fe/Ge/Co junction in 1975 [45]. TMR can be detected in a pillar consisting of two
ferromagnetic layers separated by a thin insulating layer, i.e. magnetic tunnel junction
(MTJ). Similarly, to the GMR effect, the resistance of the magnetic pillar depends on the
magnetization direction layers with respect to each other. To quantify the TMR effect the
following ratio can be used [46]:

R.» — Ry

TMR =—£2 3.3
> (33)
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Here, R,, and R, are resistances in the high resistance state and the low resistance state,

respectively. In [45] the TMR effect was explained in terms of the polarization of the
ferromagnetic electrodes and the spin polarization P calculated from the spin dependent

density of states D at the Fermi energy:

— DT(EF)_D¢(EF)
“D,(E) D, () oD

The spin-up electrons have spin orientation parallel to the external magnetic field, whereas
the spin-down electrons have anti-parallel alignment with the external field. The relative
resistance change can be written as:

2RF,

TMR = .
1-PP,

(3.5)

The simplest interpretation of the TMR effect can be done as shown in Figure 3.4.
The spin-up or spin-down electrons can tunnel from one ferromagnetic layer to another
ferromagnetic layer through a non-conductive thin insulating layer if there are available free
states with the same spin orientation. In case of the parallel state, the majority spin-up
electrons and minority spin-down electrons can easily tunnel to the second ferromagnetic
layer and fill majority “up” and minority “down” states, respectively. This results in the
large conductance and corresponds to the low resistive state as show on Figure 3.4 (a). In
case of the anti-parallel state (Figure 3.4 (b)), the majority spin-down electrons and
minority spin spin-up electrons from first ferromagnetic layer fill the minority “down” and
majority “up” states in the second ferromagnetic layer, respectively. This results in the low

conductance and corresponds to the high resistive state.
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Figure 3.4: Illlustration of tunnel magnetoresistance effect. (a) Parallel low resistance state, (b)
Anti-parallel high resistance state.

Even though the TMR effect was demonstrated earlier than GMR effect, its usage in
memory technology was not possible because of initially low TMR ratio. The development
of the structures with Al2O3 tunnel barriers led to the development of TMR-based magnetic
memory [47,48]. The next breakthrough in the development of magnetic memory was the
discovery of a giant TMR in an epitaxially grown MTJ with MgO barrier. In 2001 a giant
TMR in an MTJ with MgO barrier was independently predicted by [49,50]. The first
experimental observation of TMR in Fe/MgO/FeCo single-crystal epitaxial junctions was
made by [51]. In 2004 [52] and [53] demonstrated TMR in single-crystal Fe/MgO/Fe MTJs
up to 220% and 180% at room temperature, respectively. In 2006 the giant TMR effects

were observed junctions of Ta/CozoFesoB20/MgO/CozoFesoB2o/Ta by [54].

3.3.3 Magnetic nanopillar switching

In conventional field-driven MRAM the free layer magnetization switching is done
by applying an external magnetic field (Figure 3.5 (a)). The writing process is carried out

by the current flowing through the wires and generating the magnetic fields around the
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wires. Switching of the nanopillar only occurs when the magnetic fields from both currents
are present at the magnetic nanopillar. This protects the magnetic cells disposed along one
of the wires from spontaneous switching. Because the current required for generating the
magnetic field for the switching increases when the wire cross-section decreases, it leads to
the problem of scaling of the MRAM cells. Therefore, field-driven MRAM cells exhibit a

scalability limit of about 90 nm [55].

(a) Magnetic field (b)

~ current ﬂ

current ﬁ

| Bit line

Magnetic pillar

| 4

Figure 3.5: Schematic illustration of magnetic pillar switching: (a) field-driven MRAM switching,
(b) STT-MRAM switching.

In conventional spin-transfer torque MRAM (STT-MRAM) switching between the
two states occurs due to the spin transfer torque produced by the spin-polarized current
flowing through the pillar (Figure 3.5 (b)). In contrast to field-induced MRAM the STT-
MRAM does not require an external magnetic field for the switching. The theoretical
prediction of the spin transfer torque effect was made independently by Slonczewski [18]
and Berger [19] as discussed in Chapter 2. When electrons pass through the thick fixed
magnetic layer, the spins of the electrons become aligned with the magnetization of this
layer. When these spin-polarized electrons enter the free layer, their spin orientations get

aligned with the magnetization of the free layer within a transition layer. Because of the
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spin orientation change in the free layer the spins exert torque on the magnetization of the
free layer. The magnetization of the free layer can switch if the torque is large enough to
overcome the magnetic damping. For relatively smaller torques the magnetization vector of
the free layer can precess around the vector of the effective magnetic field. The variation of
the current polarity can lead to switching of the magnetization of the free layer from the
anti-parallel to the parallel state and back with respect to the reference layer. In contrast to
field-induced MRAM the scalability is not a major issue for the STT-MRAM cell because

the reduction of the size of the cell leads to a decrease of the critical switching current [55].

3.4 Magnetic tunnel junction

Most of the existing spintronic devices are based on metallic systems such as
magnetic tunnel junctions (MTJs). A magnetic tunnel junction (MTJ) can be considered as
a spintronic device since it is composed of two ferromagnetic materials, such as Ni, Co or
Fe, separated by an ultrathin layer of insulator with a thickness of the order of nanometres.

The schematic of a magnetic tunnel junction (MTJ) is given in Figure 3.6.

Free layer (FL)
insulator N insulator

Reference layer (RL

Substrate

Figure 3.6: Schematic representation of magnetic tunnel junction (MTJ).
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The MTJ stores the binary memory values as the magnetization direction of the free
layer. The magnetization of the reference layer mostly is fixed. The MTJ is a TMR-based
spintronic device, i.e., its electric resistance is larger when the magnetizations of the two
ferromagnetic layers are antiparallel (state “0”) and lower when the two magnetizations are
parallel (state “1”). An important factor in MTJ’s TMR 1is the interaction between the
electron spin and angular momentum know as spin orbit coupling. An example of spin orbit
coupling is splitting of hydrogen spectrum. The spin orbit coupling deforms the electron
shell as the direction of the magnetization rotates. This deformation also changes the
amount of scattering undergone by the conduction electrons when traversing the lattice.
There is the minimal resistance if the magnetizations are in parallel orientation, and it is
maximal with opposite orientations. Therefore, this junction can be switched between two

states of electrical resistance.

3.4.1 In-plane and perpendicular magnetic anisotropy

The primary mechanism of STT switching can be illustrated with the typical one
transistor one MTJ STT-MRAM cell shown in Figure 3.7 (a), where the write operation is
performed by changing the polarity of charge current passing through the MTJ selected by
bit and word line. The writing current can be spin polarized by the reference layer, transfer
its spin angular momentum to free layer magnetic moment, and eventually reorient it by
induced torque. Depending on the orientation of the layer magnetizations the magnetic
pillars can be divided into two categories (Figure 3.7 (b)): “perpendicular” with out-of-
plane magnetization direction and “in-plane” with magnetization lying in the plane of the

magnetic layer.
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Figure 3.7: MTJ with in-plane and perpendicular anisotropy. (&) One transistor one magnetic
tunnel junction (MTJ) cell using mechanism of spin transfer switching, where the MT]J is selected
by word line and transistor operated by bit line. (b) Comparison between in-plane and
perpendicular anisotropy based MTJ nano-pillar.

Compared with the in-plane magnetic anisotropy based MTJ, whose energy barrier
originates from an asymmetric ellipse shape, perpendicular magnetic anisotropy (PMA)
based MTJ depends on the interfacial atom arrangement (Figure 3.7 (b)). The switching
current density of MTJ with PMA is lower. PMA based MTJ is envisioned as a promising
candidate to realize high-density memories. Additionally, the write and read speed of PMA
based MTJ should be minimized to further enable the replacement of static random access
memory (SRAM) and embedded dynamic RAM (eDRAM) [56]. It is worth noting that the
switching speed is determined by the amplitude of writing current rather than the
orientation of the magnetization, because the switching mode transits from being
precessional to thermal fluctuation assisted by STT along with extended pulse duration,

further indicating the importance to pursue lower switching current density.
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Figure 3.8: (a) All-perpendicular and (b) in-plane MTJ MRAM element consisting of: bottom
electrode, seed layer, antiferromagnetic layers, reference layer, tunnel barrier, free layer, capping
layer and top electrode.

3.4.2 Thermal stability of in-plane and perpendicular MTJs

Thermal stability is one of the key parameters when designing STT-based devices
such as MRAM. The thermal stability factor is defined as the ratio of the thermal stability
barrier to the operating temperature [57]:

B
KeT '

A= (3.6)

where E, is the energy barrier between parallel and antiparallel magnetization alignments,
kg is the Boltzmann constant and T is the temperature. The energy barrier E, is defined as

[57]:

E, =—s k" (3.7)

where M, is the saturation magnetization, H, is the anisotropy field and V is the volume

of the free layer. The thermal stability factor for out-of-plane or perpendicular MTJ MRAM

(p-MTJ) (Figure 3.8 (a)) is given by the interface-induced perpendicular anisotropy field

H % [58,59]:
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H, =H —4zM,, (3.8)

and the correspondent thermal stability factor for p-MTJ MRAM could be written as:

M, (H —4zM, )V
2k, T

ooP
A =

, (3.9)

For the case of in-plane MTJ MRAM (Figure 3.8 (b)) the thermal stability factor is
determined by the shape anisotropy field H, =H,"” and can be represented as

[58,59]:

AIP — MSHkIPV i
2k, T

(3.10)

To change the thermal stability factor, it is sufficient to change the geometrical sizes
of the free layer or modify its material parameters. For example, to increase the thermal
stability we can increase the thickness of the free layer and/or the aspect ratio between
principal axes defining the elliptical cross-section. The general analytical expression
provided in this section will be working well for a single free layer with uniform or domain
wall switching. However sometimes it is hard to predict the non-uniform or bubble-like
magnetization switching energy path that typically takes place for the MTJ MRAM > 120
nm [60]. As shown in section 2.5, NEB method can be an efficient method to compute

energy barriers for p-MTJ. Micromagnetic modeling and analysis of NEB for p-MT]J

MRAM will be discussed in detail in the next chapters of this work.
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3.4.3 Critical switching current and efficiency

The critical switching current |, is the current that is needed for switching of the

free layer from one of its equilibrium states to the other equilibrium state. Another
important parameter is the critical switching current density J., = l.,/A, where A is the
cross-section area of the free layer. The spin-polarized current is only a fraction of the total
charge current flowing through the device. Therefore, high current densities from 107 - 108
A/cm? are typically required to switch the magnetization direction of the free layer. The

reduction of the critical switching current density for magnetization switching is one of the
most important challenge for the STT-MRAM devices development. Achieving low
switching current densities is not only important to decrease power consumption, but also to
ensure device durability, and to maximize efficiency and density. The analytical expression
for the critical writing current of the free layer in an in-plane MRAM MTJ memory element

in the macrospin approximationat T =0K is [59]:

P 2ce

|CO:WMSV(H;P+2EMS), (3.11)

where H,” is the in-plane magnetocrystalline anisotropy field, 7# is the reduced Planck

constant, e is the fundamental charge, « is the damping constant, V is the volume of the

free layer, p is current polarization, M, is the saturation magnetization, 77(:9) is the

angular dependence of the STT efficiency. From equation 3.11 can see that reducing « and
P

increasing the 77(«9) p product results in reduced 1, , suggesting that materials engineering

will play a major role in making STT MRAM a viable storage solution at high bit densities.

From equation 3.7 write E, = M_H,"V /2, which, for thermal stability requirements has to
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satisfy the condition E, >60k,T . The shape anisotropy field 2zM,, be partially balanced
by an out-of-plane anisotropy contribution H%%. For p-MTJ MRAM the critical current

can be written as [59]:
OOoP
|§;’P=ﬂMSV[H;P+2nMS—Hk j (3.12)
hn(6)p 2

The equation 3.12 shows that for p-MTJ MRAM the critical switching current

T =0K can be reduced. The closer 2zM_—H2% /2 the lower 1357 It has been shown in

[61] that switching efficiency is better for perpendicular spin-valves. Indeed, when
HP% >4zM_ and H,” =0 the magnetization goes out-of-plane. In this case the critical

switching current can be written directly proportional to energy barrier:

= E, . (3.13)

where E, =MV (HX® —47M,)/2=MVH;" /2. Figure 3.9 shows the current-induced

switching for a p-MTJ stack with diameter 20 nm with uniform rotation.
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Figure 3.9: lllustration of p-MTJ MRAM switching by uniform rotation.

47



The equations 3.13 for the critical switching current of MTJs is proportional to the
thermal stability factor and works well in macrospin approximation for T =0K . However,
the equations 3.13 might not work for the case of the non-uniform magnetization dynamic

during current induced switching.
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Figure 3.10: Numerical calculation of the critical switching current density for MTJ for infinite
current pulse: (a) for the case of coherent magnetization switching and diameter 10 nm the critical
switching current density could be easily interpolated (b) for the case of non-uniform magnetization
switching and diameter 120 nm the infinite pulse interpolation method does not predict the reliable
critical current density.

In order to calculate numerically the critical switching current density, the infinite
pulse model is used [46]. Figure 3.10 shows the dependence of the switching current
density as a function of the reverse switching time for p-MTJ with diameter 10 nm and 120
nm. For a small sizes, i.e., ~ 10 nm the magnetization switching is uniform, and the
switching current density dependence is linear for the long enough switching pulses.
However, for the larger sizes of p-MTJ (~ 120 nm) the switching current density has non-
linear dependence for a long pulse (low current values) which leads to unreliable
calculation of the critical switching current density due to non-uniform behavior. To
overcome such a problem several approaches were developed including the eigen value
solver or write error rate (WER) simulations (Figure 3.11). The write process in an STT-

RAM bit is inherently stochastic due to thermal fluctuations, which give rise to a

48



distribution of the magnetization of the free layer both before and during switching. As a
result, the time taken by the bit to switch has a wide distribution. Therefore, there is a non-
zero probability that when a finite duration write pulse is turned off the bit is not written
and a so-called write error takes place [62]. The probability that a write error takes place for
a given applied current pulse of a given length is called the write error rate (WER). For
correct operation of the STT-MRAM array, the WER needs to be less than 10 if there is
an error correction circuit (ECC) in the chip. If there is no ECC the WER needs to be less
than 10™ [62] . As a result, accurate modeling of the low probability tail of the WER is
critical. As shown in section 2.5, NEB can be an efficient method to compute energy
barriers from which the thermal stability can be assessed. However, it is not enough to have
the full picture. Indeed, the behavior of a device under the influence of a thermal fields
depends not only on the shape of the energy landscape in the magnetic configuration space,
but also on the type of reversal process involved. An example is shown in Figure 3.11.

We now consider the relationship between critical current densities, switching rates,
switching probability, and temperature to better understand the path to low power
consumption, high operating speeds, and reduced bit-error rates. Analytical models and

experiments show that the average rate of switching z,, in perpendicular magnetic

anisotropy nanopillars under spin-polarized currents under spin-polarized currents for short
times [63,64]:

Toe =A(1 = 1), (3.14)
where 1 is the current and A is a coefficient. For long timescales, from first principles and

Fokker-Planck calculations, the switching rate for thermally-assisted reversal under the

influence of spin transfer torque is given by [63,64]:
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Even if smaller switching times can be afforded for a given application, the
switching current distributions due to MTJ nonuniformity and thermal fluctuations may
impose a still high current requirement for reliable operation. Models for the probability of

switching P in the short time scale regime give [17,63,64]:

E, rf(, |
P zexpl:—4kB—TeXp{2—Td {1 _ICO ]:|:|, (316)
T I | E,
P :l—eXpI:_anp{—[l—E}kB—T}:l, (3.17)

where 7 is the current pulse duration, 7, = (aka)fl. Equations 3.16 and 3.17 illustrate the

and for long time scale:

tradeoff between the switching probability, switching time, and write-current magnitude.
The illustration of the switching probability for p-MTJ stack is shown on Figure 3.11. For
10x10 p-MTJ-stack the WER was calculated at T =300K for different current pulse width.
For longer pulses, the critical switching current density is smaller compared to the short
pulses. This is because for very short current pulses much higher current density required to
switch the device. For longer pulses the switching current density decreases and the WER

curve is steeper compared to short current pulses.
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Figure 3.11: Illustration on write error rate (WER) simulations at T =300K for 10x10 array of p-
MTJ’s free layers for different pulse width and micromagnetic simulator software.

Another important parameter for the MTJ scaling is the device efficiency or figure
of merit (FOM). FOM is useful for device characterization and its scalability and operation.
The device efficiency could be defined as the ration between the energy barrier to the
critical current density:

FOM =2 (3.18)

Co

The detail study of the FOM in p-MTJ is provided in Chapter 4.

3.5 Spintronic devices based on MTJs

As we have already mentioned spin-transfer torque can be used to flip the active
elements in magnetic random-access memory. Most of the spintronic devices (STT-MRAM
or SOT-MRAM) utilize MTJs. Spin-transfer torque magnetic random-access memory
(STT-MRAM) is a non-volatile type of memory with near-zero leakage power

consumption, which is a major advantage over charge-based memories such as SRAM and
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DRAM. STT-RAM also has advantages of lower power consumption and better scalability
than MRAM using magnetic fields to flip the active elements. Spin-transfer torque
technology has the potential to make possible MRAM devices combining low current
requirements and reduced cost. However, the switching current may be too high for most
commercial applications, and the reduction of this current density alone is a subject of
active academic research. Recently, spin orbit torque magnetic random-access memory
(SOT-MRAM) was proposed. Unlike the STT-MRAM, SOT-MRAM offers unique system-
level value thanks to its unique combination of high working speed and endurance. Also,
SOT-MRAM switching does not need to rely on thermal activation to initiate the switching,
which makes reliable sub-ns switching with no delays. As a result, SOT-MRAM may be
used as DRAM-like working memory or SRAM-like cache memory, which was impossible

with STT-MRAM.

3.5.1 Spin-transfer torque MRAM

Spin-transfer magnetic random-access memory (STT-MRAM) is a non-volatile
memory technology to replace the embedded flash at advanced technology nodes [65,66].
STT-MRAMSs appear to be one of the most versatile and promising for a large range of
applications, thanks to its combined set of performance. Figure 3.12 (a) shows the typical
configuration of the STT-MRAM cell.

STT-MRAM is based on MTJs nanostructure composed of ferromagnetic layers
separated by tunnel barrier. STT-MRAM is based on the manipulation of the spin of

electrons with a polarizing current to establish the desired magnetic state of the free layer to
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write the bits in the memory array. Electrical resistance depends on the magnetization
orientations. In standard STT-MRAM the writing of the data is performed by passing a

current through the MTJ and the written value depending on the direction of the current.

(a) (b)

read and write

th read path
pa
/ %
| |
— =
STT

Figure 3.12: Magnetic tunnel junction-based spintronic devices. (a) STT-MRAM, (b) SOT-
MRAM.

Non-volatility, zero standby leakage, high endurance, compatibility with fabrication
process, scalability and high integration density of STT-MRAM created the path toward a

universal memory.

3.5.2 Spin-orbit torque MRAM

Although the performance of STT-MRAM is much better than standard non-volatile
technologies like flash, it suffers from limitations for high-speed applications. A new
MRAM technology based on Spin-Orbit Torque (SOT) was recently discovered and it may
offer better performance in terms of speed and endurance, at the expense of a slightly
degraded density [67]. Figure 3.12 (b) shows the schematic representation of the SOT
MRAM. SOT is based on spin-transfer effects, but unlike STT-MRAM there is no need for

a magnetic layer to spin-polarize the electrical current. The source of spins is simply the
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lattice of a SOT layer material via spin-orbit interaction. The SOT uses the same core MTJ
as the existing STT and can thus be implemented in the same manufacturing environment
as STT. SOT-MRAM does not require passing of a high current through the MTJ during the
write operation. Writing is done by a lateral current flowing through an adjacent “SOT”
metal line. Two physical phenomena are understood to be at the origin of the spin-orbit
torques (SOT) (Figure 3.13): A bulk component, the Spin Hall Effect [68,69], and an
interfacial component, commonly known as the Rashba Effect [70,71]. The Spin Hall effect
induces a spin current transverse to the charge current flowing in the SOT layer, leading to
a spin accumulation at the SOT interfaces, which then diffuses into magnetic materials. The
Rashba effect originates from the uncompensated electric field at the interface, resulting in
an effective magnetic field directly acting on the nearby magnetization. Both effects lead to
magnetic torques, that can control the magnetization direction of an adjacent magnetic

“storage” layer, to write a binary “0” or “1”” in the MRAM cell.
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Figure 3.13: lllustration of spin-orbit torque.
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3.6 Spin-transfer torque magnetic oscillators

Creating broadly tunable microwave and terahertz sources is an ongoing quest for
numerous applications, such as high-resolution imaging, nuclear fusion plasma diagnosis,
skin cancer screening, large-scale integrated circuit testing, wireless communication among
others. STT can be used to achieve steady-state magnetization precession in nanoscale
devices having MTJ-based geometry. Devices operating in such a steady-state regime are
referred to as spin-torque oscillators (STO). STOs offer a number of attractive properties,
including high-quality high-frequency microwave generation with broad frequency
tunability [72-76], and they can be used for neuromorphic computing and GHz
communications [77-79]. STOs can be also be used for microwave-assisted magnetic
recording (MAMR) to assist the switching of high anisotropy bits [80]. Because the
precession angle and amplitude of oscillations can be electrically detected by the GMR or
TMR effects (sections 3.3.1 and 3.3.2), STOs can also be used in the response regime as
sensor [72]. STOs tailored to operate in steady-state regime are of technological interest
because the precessional frequency is in the GHz range and it can be easily tuned by current
and field biases. The devices can operate over a wide range of temperatures and small
nanoscale dimensions. It should be mentioned that several STOs can be coupled to each
other by spin waves [81,82], or coupled to external electric current or microwave signals
[72,83,84] to achieve diverse dynamical responses.

This section discusses several STO’s types, including conventional STO with an

applied field, and easy-axis STO, and antiferromagnetically exchange coupled STO.
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3.6.1 Operation principle and device configuration

A simple STO uses a magnetic bilayer consisting of a free magnetic layer and a
fixed magnetic layer that are separated by a thin non-magnetic spacer (Figure 3.14). The
spin torque causes the magnetization vector of the free layer to precess by compensating the
natural magnetic damping. The precession can be in a quasi-uniform mode [74], a spin-
wave mode [83], or a magnetic-vortex mode [81]. The resulting microwave signal is
detected as oscillations of the resistance across the bilayer, which result either from giant
magnetoresistance (GMR) in the case of a metallic spacer, or from tunnelling
magnetoresistance (TMR) in the case of an insulator spacer.

Damping

Happ

Fixed layer

Figure 3.14: Geometry of a spin-torque oscillator consisting of a “fixed” magnetic layer, a
nonmagnetic spacer and a “free” magnetic layer. The free layer magnetization, M (red arrow),
precesses around the direction of an applied magnetic field (H,,, ) when natural magnetic damping

(blue arrow) is compensated by the spin torque (yellow arrow) applied by a spin-polarized current
flowing from the fixed layer.

Over the last ten years, numerous theoretical and experimental studies of STOs have
been done. To date, several STO configurations have been explored, which can be
classified by the type of spacer layer (showed in Figure 3.14), the patterning geometry, and
the equilibrium magnetic configurations [85,86]. Two patterning geometries are used, one

is to make “nanopillar” devices in which the free layer or both the free and the fixed layers

are patterned to a desired cross section (Figure 3.15 (a)). The other geometry is to make
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electric “point-contact” to an extended multilayer film (see Figure 3.15 (b)), referred as a

nano-contact.

Geometry Equilibrium state of magnetization
(a) Nanopillar ) In-plane (e) In plane-perpendicular
contact
insulator [_fe€romagnet |insulator
spacer
ferromagnet
contact

(d) All-perpendicular  (f) Perpendicular polarizer
(b) Nanocontact

contact
insulator \ /" insulator
ferromagnet
spacer
ferromagnet

contact

Figure 3.15: Different configurations of the spin-transfer oscillator based on geometry type and
equilibrium magnetization state.

Another classification is based on the magnetization configuration. One example is
an in-plane configuration, in which the magnetization orientations of the free and fixed
layer are designed to have an in-plane configuration (see Figure 3.15 (c)) [87,88]. To
produce a microwave signal this structure generally requires a large static magnetic field
applied a few degrees away from the magnetically easy axis of the free layer. The second
type is to make a “fully perpendicular” device in which both the free layer and polarizer are
perpendicular to the sample plane as shown in Figure 3.15 (d). The relative magnetic
configuration in this structure is similar to that of the in-plane one, thus also requiring an
external bias to produce microwave signal. The third type is to combine the in-plane and

out-of-plane magnetic configuration to build an in-plane-perpendicular device as shown in
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Figure 3.15 (e). This latter solution is very promising being an efficient configuration to
excite large angular free layer precession leading to a large output power, even in the
absence of a bias magnetic field. Based on the above configurations, hybrid devices can
also be designed, for example, Figure 3.15 (f) presents a structure that utilizes a

perpendicular polarizer and a planar free layer combined with a read-out layer.

3.6.2 STOs with perpendicular polarizer

Conventional spin-transfer oscillator

The conventional STO is an MTJ-based memory device showed in Figure 3.14. This
type of STO typically operates with an applied external magnetic field and current. The
operation of STO under an applied current and external applied magnetic field can greatly
vary depending on the current and field bias intensity and direction, size of the device,
system geometry, configuration, materials choices, and ambient temperature. The geometry
and material parameters determine the magnetic anisotropy direction and energy density of
the STO. Those parameters also define the STT efficiency and its angular dependence as

discussed in section 4.1.1.
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Figure 3.16: Micromagnetic simulations of perpendicular spin-torque oscillator subjected to
applied current and external magnetic field: (a) magnetization components (b) precession frequency
and angle. The applied magnetic field H,,, =0.5T and diameter D =40nm.

An illustration of STO operation is represented in Figure 3.16. We consider a
simplified all-perpendicular STO stack consisting of a free layer and fixed perpendicular
polarizer, subject to a current and a perpendicular to structure applied magnetic field
(Figure 3.14). The reference layer acts as a spin filter that drives the free layer into a steady-
state precession [73,76,89-93]. Additional layers are also introduced for fabrication and
measurement, and to optimize material properties. Steady-state precession of the described
STO is illustrated in Figure 3.16 (a). The precession frequency and corresponding angle are
represented in Figure 3.16 (b). Analytically the spin-transfer torque on the free layer may be

expressed as [17]:

1hrld A
Torr :Uﬂ(e)t—EEMXMXZ, (71)
FL
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where J is electric current density, t., is the thickness of free layer, o ==+1 defines the

A

magnetization orientation of the polarizing layer along 2 and 7(6) is the angular
dependence represented in section 4.1.1 [5]. The damping torque due to an applied external

magnetic field can be written as [17]:

(04
ra:—liazMXMXHapp. (7.2)

The steady-state precession of the free layer can be expected and magnetostatic
effects are small compared to the influence of the external field (Figure 3.15 (a)). The
steady-state precession is absent for specific combinations of device-dependent parameters
and applied field magnitudes [17]. In Ref. [17] Figure 12.8 shows the curves indicating
combinations of current and field amplitude and direction resulting in steady-state

precession of a simplified all-perpendicular spin valve.

Easy-plane and easy-axis spin-torque oscillators

One of the qualities of STOs is that they are tunable over a wide frequency range by
varying the applied DC current or magnetic field. However, STOs with a large microwave
emission power and a narrow linewidth are of the most challenging issues to move the
STOs to the practical applications. The output power is typically too weak for any practical
applications. In order to improve the output power, several methods have been proposed,
for example, using synchronization through the phase-locking mode of an array of STOs
[72] or using MgO-based MTJs to replace the spin valves [94], which increase the output
power to several pW level because of an increased magnetoresistance signal. However,

most practical applications require these devices to operate in either zero or weak applied
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magnetic fields. For that, one particularly promising STO device was proposed the uses a
spin-torque nanopillar consisting of an out-of-plane (OP) magnetized spin polarizer and an
in-plane (IP) magnetized free layer [88,95]. Another type of STOs uses CoFeB-MgO based
MTJ that consists of an OP free layer and an IP spin polarizer, which shows large-power
microwave oscillations in the absence of any external magnetic fields [96,97]. In these two
types of STO geometries, the spin-polarizing layer is perpendicular to the free layer a large
spin-torque can be initially generated, which results in a lower threshold current to drive the

OP precession and a larger amplitude of the microwave signals.

(a) Easy-plane STO (b) Easy-axis STO
|I e
—— m Happ
‘ RC t RCt |
Yy
X
Jstr Jstr

Figure 3.17: (a) easy-plane STO and (b) easy-axis STO.
Figure 3.17 presents two types of oscillators: easy-plane STO and easy-axis STO.
The easy-plane STO can operate without an applied magnetic field. Figure 3.18 (a) shows

the simulated oscillation frequency of free layer as a function of the applied current. When
the current density increases from 0.0 uA/nmz to 0.04 uA/nm2 , the frequency varies from
0GHz to 8GHz. We find that the frequency behavior strongly depends on the variation of
the z-component of the averaged magnetization (Figure 3.18 (b)), showing that the

frequency is related to the effective demagnetization field of the free layer [98]
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f :(y/27r)47zMs(mz). Since the maximum demagnetizing field occurs when the
magnetization of the free layer is driven fully perpendicular, the maximum precession
frequency would be f_, =2yM,. Simulations shown in Figure 3.18 (b) indicate that a flat
plate at frequency of 8GHz is observed. We infer that this comes from the competition

between the demagnetization field which prefers the in-plane magnetization and spin-
transfer torque prefers +z magnetization direction at negative current. Figure 3.18 (c) shows
the time-dependence of magnetization components of free layer. The precession angle free

layer of the easy-plane STO is large for low currents and tends to decrease with increase of

the perpendicular current.
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Figure 3.18: Micromagnetic simulations of easy-plane STO: (a) precession frequency (b)
precession angle (c) m, and M, components for J :0.01uA/nm2 . The thickness of free layer is

t, =0.8nm. For all simulations M, =1350emu/cm®, K, =1.11Merg/cm®, «=0.008,
A, =10"erg/cm* and diameter D = 40nm.

In order to compare the easy-plane STO with the easy-axis STO,

Figure 3.17 (b) represents an easy-axis STO with applied external magnetic field H_ .

When the current density increases from 0 to 0.1 uA/an, the precessional frequency
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of the free layer is non-linearly increasing up to saturation frequency f =10GHz. The

corresponding z-component (Figure 3.19 (b)) is decreasing because of the increase of

the current making it to switch in the z-direction.
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Figure 3.19: Micromagnetic simulations of easy-axis STO: (a) precession frequency (b) precession
angle (c) m, and m, components for J :0.0ZuA/an. The thickness of free layer is

t, =3.0nm. For all simulations M, =1350emu/cm®, K, =1.11Merg/cm®, « =0.008,
A, =10"°erg/cm? and diameter D =40nm. The applied magnetic field was Hpp =0.5T.

We, then, compare the room temperature operation of the STOs including an easy-

plane STO and an easy-axis STO with an applied field. The easy-axis STO with an applied

field is chosen for comparison as it was the original idea for an STO and it was shown in

multiple works [85,87,99,100]. Figures 3.20 (a) and (b) compare the frequency spectrum of

the easy-plane STO and easy-axis STO with an applied field, respectively. The structure

parameters of the STOs are chosen such that they operate at the same frequency at zero-

temperature. We find that the linewidth of the easy-axis STO with an applied field is

narrower compared to the easy-plane STO. We attribute the reduced linewidth in the latter
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case to the fact that the precessional frequency is largely given by the applied field that is

temperature and thermal noise independent. On the other hand, for the easy-plane single-FL

STO, the precessional frequency is determined by the anisotropy and exchange interactions.

These interactions are affected by the thermal noise because they are related to the

instantaneous magnetization states, which are a part of the stochastic magnetization

dynamics. We note that the operational linewidth can be reduced by synchronizing multiple

STOs or synchronizing the STOs to an AC current or external field [101-103].
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3.6.3 STO based on antiferromagnets

J=001pA/nm* and H,_, =04T. For all cases

An absence of compact and reliable generators and receivers of coherent signals in

the frequency range 0.1 — 10 THz has been identified as a fundamental physical and
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technological problem. The existing approaches to THz-frequency generation, including
superconductor Josephson junctions [104] or free electron lasers require complex setups. It
has been demonstrated that ferromagnetic (FM) layered structures driven by a spin-transfer
torque (STT) which compensates magnetic damping, can be used as spin-torque oscillator
in the frequency range of 1-30 GHz [83]. In order to increase the generation frequency it
was proposed to use antiferromagnets (AFM) rather than FM films as active layers of
spintronic auto-oscillators [105]. Unfortunately, the traditional method of the STT-induced
damping compensation in FM does not work for AFM. To compensate damping in a FM,
the DC spin current must be polarized parallel to the direction of the static equilibrium
magnetization. However, since AFMs have two magnetic sublattices with opposite
magnetizations, the STT decreasing the damping in one of the sublattices increases it in the
other sublattice, thus resulting in a zero net effect. Fortunately, the presence in an AFM of
two magnetic sublattices coupled by a strong exchange interaction qualitatively changes the
magnetization dynamics of AFM. In particular, it has been shown, that, in contrast with a
FM, STT acting on an AFM can lead to a dynamic instability in the magnetic sublattice
orientation which results in the rotation of the magnetizations of the AFM sublattices in the
plane perpendicular to the direction of polarization of the applied spin current. This
mechanism has been already used to experimentally switch the orientation of magnetic
sublattices in AFM materials. However, the STT-induced rotation of the magnetic
sublattices in an AFM has not been recognized so far as a possible mechanism of
realization of THz-frequency AFM oscillators, since in a magnetically compensated AFM
the steady rotation of sublattices does not create any AC spin-current. In this work [90] it

was demonstrated theoretically that a simple structure consisting of a metallic Pt layer with
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a strong spin-orbit interaction and a layer of a bi-axial antiferromagnetic (AFM) dielectric
as shown in Figure 3.21. The THz-range frequency as a function of applied current density
is shown on Figure 3.21.
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Figure 3.21: Schematic view of the THz-frequency oscillator based on a Pt/AFM bilayer. The
AFM hard axis lies in the bilayer plane perpendicular to the direction of the DC STT current. Solid
dark brown arrows show canted magnetizations under the action of the spin-current. The spin-
transfer torque (STT)-induced non-uniform in time rotation of the canted AFM sublattices creates
in the Pt layer an AC spin-pumping signal at THz frequencies. This geometry was initially

proposed and discussed in [106].

Despite recent success in demonstrating STO functionality in devices of various
geometries and configurations further research is necessary before STOs can enter a
broader class of applications. For example, the output power and frequency should be
significantly enhanced, the linewidths narrowed, and materials selection and fabrication
process optimized. These challenges in part require systems and materials solutions, many

of these challenges have recently been addressed [72,81,82]. The output power can be
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enhanced by synchronizing multiple STO. The precessional frequencies can be enhanced by
increasing the applied fields and currents during operation. Additional magnetic layers may
be incorporated which exert local effective fields to avoid having the external applied
fields. Materials and configuration considerations can help reduce distributions and
linewidths. Narrow linewidths can improve STO synchronization properties and increase
output power. Chapter 7 of this work presents a field-free spin-transfer oscillator based on
composite antiferromagnets and combines the benefits of the STOs described in this

chapter.
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Part 11

Micromagnetic modeling
and analysis
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Chapter 4

Micromagnetic modeling of perpendicular
magnetic tunnel junction

There is considerable interest in perpendicular magnetic anisotropy (PMA)
magnetic tunnel junctions (p-MTJ) for spin torque transfer random access memory (STT-
RAM) for improved thermal stability and lower critical currents. Perpendicular magnetic
anisotropy (PMA) materials have unique advantages when used in magnetic tunnel
junctions, which are the most critical part of spin-torque transfer RAMs (STT-RAMs) that
are being researched intensively as future non-volatile memory technology. In
perpendicular magnetic anisotropy films, the demagnetizing field is in the same direction as
that of the applied biasing field. Hence the perpendicular materials are thermally stable as
the device size shrinks. The finite element linear basis representation from chapter 2 is used
to model spin transfer torques in magnetic tunnel junction. In-plane and out-of-plane spin
transfer torques are discussed in the context of all-metallic spin-valves and magnetic tunnel

junctions with the current-perpendicular-to-plane geometry. The chapter also discusses the
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micromagnetic study of the thermal stability and magnetization switching by spin polarized

current in perpendicular magnetic tunnel junctions (p-MTJs).

4.1 Micromagnetic modeling of spin-transfer torque

4.1.1 All-metallic spin-valve

The spin transfer torque (STT) on either magnetic layer of a FM/NM/FM multilayer

stack with current flowing perpendicular to the plane, can be expressed as:

hd,. . .
Torrs ZU(Q)ML&E ;‘ m, Xxm, xXm_. (4.1)

Here, m, and m_ are the unit magnetization vectors of the two ferromagnetic layers in the
stack, 7 is the reduced Planck constant, y is a gyromagnetic ratio, M, is the saturation

magnetization, e is an electron charge, ot is an effective depth and assuming that spin

transfer is a purely an interface effect st -0 and J, is the electric current density

(positive when the electrons flow from layer + to layer -).

FM2
FM1

Figure 4.1: Finite element model representation of a spin valve. (a) a nanopillar composed of two
ferromagnetic layers separated by a nonmagnetic spacer layer (spacer not shown) (b) a pairwise
correspondence between the nodes and a conducting channel of variable resistivity used for
modeling magnetoresistance to account for current redistribution for each pair of corresponding
nodes.
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The angular dependence of the STT efficiency can be written as:

Q Q
) = + + , 4.2
1(9) A+Bcosd A-Bcosd 4-2)

where Q,, Q_, A and B are device-dependent constant [5] and cos@=rn, -m_.

Figure 4.1 shows a finite element representation of the cylindrical spin valve
composed of two ferromagnetic layers separated by a nonmagnetic normal spacer layer
(spacer layer not shown). Figure 4.1 shows the mesh that defines the discretized model in
more detail. A tetrahedral discretization scheme is chosen that yields identical triangulation
of the two NM/FM interfaces. The identical triangulation implies a pairwise
correspondence between mesh nodes on opposite sides of the spacer layer. The spin torque
acting on the magnetic moment in the vicinity of node can be represented in the finite
element representation as [17]:

ﬁ
e

Tistr = §i77(9ij )ﬁ

s,ii

m; xm; xm, (4.3

N | Sk

where m, and M are unit magnetization vectors of node i and j, respectively. Node j is

i
directly opposite of node i across the spacer layer, cos@=rn, -m, t; is the effective depth

associated with node i and depends on the local mesh dimensions and ¢, is an indicator

function which equals unity if node i belongs to a NM/FM interface, and is zero otherwise.

The total electric current 1., flowing through the spin-valve is typically externally

total

controlled, the current density J; can be approximated as J; /'S, where S is the

= Itotal
cross-sectional area of the spin valve. However, this approximation is not valid for the case
of domain wall or non-uniform magnetization states in one or both magnetic layers. In this

case the current should be redistributed and consider the effect of GMR mentioned in the
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previous chapter 3 of this work. In micromagnetics GMR effect can be modeled by

assigning to each interfacial node pair i, j a correspond conductivity channel with the
resistance p; =1+ f, (1-c0s6;)/2, where 1, =(Re —R,)/R, is the GMR ratio
discussed in section 3.2.1. The current density for each channel J; =V/p; , where V is the

voltage difference between NM/FM interfaces. The current for each channel could be

written as I, =G,V , G; =S, /p; where G; is the conductance and S; is the cross-area of

the correspondent channel. Using the law of the charge conservation the voltage through the

spin-valve could be written as V =1, /G, where G = Zl/ oy =ZGU represents the total
i.J i

conductivity of the array of the parallel channels through the space layer (Figure 4.1).

Sometimes if the total voltage V,,, across the device is known the voltage drop at each

otal
resistor could be found, and the current density at interfacial node i could be represented as

J; =1;/S; . Using the equation (4.3) we can write the Landau-Lifshitz-Gilbert (LLG)

equation with STT term associated with the influence of spin polarized currents and

magnetic fields:

2 A

%=—yrﬁi xH, o + a4, % d;‘i +gin(9ij)mgfm, xiyxm,,  (44)
or it could be rewritten as
drh, . T
d_tl =—ym, ><(HI o T Hi,STT)+a|mi X L, (4.5)
where the STT field can be represented as:
H; sir =—gin((9ij)MLtg%mi xm;, (4.6)
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is a field-like expression for the STT term, which could be added to the total effective field

H, .« - Equation (4.4) can be written in an explicit form:

dti —1+7/a-2 [rﬁi X(Hi,eff +H orr )+aimi X, X(Hi,eff +Hi o )] (4.7)

it has been shown that the H, .+ in the second term on the right-hand side of the equation

4.7 does not noticeable affect the magnetization dynamics in spin-valve structures.

4.1.2 Magnetic tunnel junction

In the case of micromagnetic modeling of spin transfer torques in MTJs the so-
called out-of-plane torque contribution in addition to the in-plane torque contribution [17] is

considered. The out-of-plane torque is given by:

TopsTT + =,B77(9)—7 = m, xm_, (4.8)
where all the symbols have the same meaning as in equation (4.1) and £ is the magnitude

of the out-of-plane torque t..or, With respect to the in-plane torque contribution in

equation 4.1. The LLG equation for MTJ could be rewritten as:

dri, . . drh, y hdy o
—L=—ym. xH . +am x—+cn(6. ) —L——=——Lrh xmh. xm.
dt 7/ i ieff i dt g|'7( “)Msiti 2 e i i j
. ' (4.9
V4 iji o o
+ fPecnl6; ) ————m xm ..
IBg|77( u)M t2 e i j

The explicit form of the equation (4.9) can be written as:

drh, y

dt 1+a?

[mi ><(Hi,eff +H,; o )+aimi xm, ><(Hi,eff +Horp )] (4.10)

where the equations for the corresponding fields can be written as:
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Hisr =Hipsrr +Hiopsrr
1 hJ A
H. =—cn(6 —h, xm_, 411
i,IPSTT §|77( )l\/l T 2 e j (4.11)
1 h;
H. =—Bcn(6.)——="Lr .
i,OPSTT ﬂgun( ”)M 26 j

Here, H, osrr and H; o, are accounting in-plane and out-of-plane torques, respectively.

4.2 Perpendicular magnetic tunnel junction

Magnetic random-access memory (MRAM) devices are envisioned as a major
candidate for future memory technologies [66,107,108]. Recent MRAM prototypes use
perpendicular magnetic tunnel junctions (p-MTJ) as a storage element. Several
experimental [57,109,110] and computer modeling [62,111] studies of p-MTJ devices have
been presented. The main advantages of p-MTJ compared to in-plane MTJ are higher
thermal stability and critical switching current reduction for p-MTJ. Theoretical works
characterizing the thermal stability and switching currents of p-MTJ devices often follow
from macrospin based models, which turn out to be invalid when non-uniform
magnetization dynamics occurs. A direct relation between the thermal stability and
switching current is often assumed while such relation is not, in fact, present when non-
uniform magnetization dynamics occurs. Therefore, extracting thermal barrier from current
measurements typically results in values that do not correspond to the real thermal stability
for the device. Even for small p-MTJs, the scaling of the thermal stability and switching
currents with respect to the device size can be non-trivial and does not follow typically

presented simplified models. Thermal stability factor discussed in section 3.3.2 of this work
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is related to the minimal energy path (MEP) and generally can be via uniform rotation or
domain wall while switching by spin-polarized current is related to the magnetostatic field
distribution in the device and is related more to local effects during switching, especially

for large devices.

(a) Top Electrode (b)
-
FL _._ tFL Top Electrode
tspacer spacer - __
RL It FL i
tsar { SAF ' tspacer —‘: spacer _ i
! <:| J AF RL ' It
tsar2 { SAF, l
ttom Electr
T
ttom Electro D
R
D

Figure 4.2: Perpendicular magnetic tunnel junction (p-MTJ) stack: (a) full stack, (b) simplified
model with standalone free layer.

We consider a four-layer stack of cylindrical cross-section of diameter D
(Figure 4.2). The stack includes a free layer (FL), reference layer (RL), and two synthetic

anti-ferromagnet layers (SAF1 and SAF2). FL has a thickness of t. , saturation
magnetization M., , perpendicular uniaxial surface anisotropy at the bottom surface with
density K., and no bulk anisotropy. RL has t, =t. , M, =M, and surface anisotropy
energy K, =K, onits top surface. SAF1 has thickness tg,., and SAF2 has a thickness
o\, Saturation magnetization M g =M, and volumetric uniaxial anisotropy
Kisarr =Kysaro - SAFL and SAF2 are exchange coupled with negative surface exchange
energy density J,-. RL is strongly ferromagnetically coupled to SAF1. RL and FL are

separated with a spacer layer of thickness t SAF1 and SAF2 are intended for

spacer *
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compensating the magnetostatics effects of RL and their thickness in all results is chosen
such that the magnetostatic field generated by the RL, SAF1, and SAF2 averaged in the
volume of FL is zero. For comparison and for highlighting the influence of the full stack,
we also show and discuss results for a simplified model of a standalone FL (Figure 4.2 (b)),
i.e. assuming a fixed RL and excluding its magnetostatic effects [112]. As we show next,
the current-induced switching process is significantly affected by the magnetostatic field
due to the presence of the stack. For the full 4-layer stack we define the antiparallel to
parallel (AP-P) and parallel to antiparallel (P-AP) magnetization states of the FL with
respect to the RL magnetization direction.

The simulations are accomplished using a finite element based micromagnetic
simulator FastMag [113], which allows computing the magnetization dynamics by solving
the Landau-Lifshitz-Gilbert equation and separately the energy barrier by using the Nudged
Elastic Band method (NEB method) [114] discussed in section 2.5 of this work, which finds

a set of the magnetization states (images) associate with energies along MEP.

4.2.1 Minimal energy path and thermal stability

One of the key parameters characterizing p-MTJ devices is the normalized energy

barrier A=E/k;T , where E is the energy barrier between the up and down or down and
up states, kg is Boltzmann’s constant, and T is the temperature, assumed to be T =300K ,
i.e. the room temperature. Another key parameter is the critical current density J., required

for the FL switching. Finally, an important parameter characterizing the efficiency of an
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MTJ operation is the figure of merit FOM =A/l.,, where I, is the critical switching
current related to J,, via I, = J.,7D*/4.

Figure 4.3 shows the results for the three parameters, A, J.,, and FOM as a
function of the D and FL thickness t., . We identify three regimes: small, intermediate,
and large D. For small D, roughly D <20nm, A increases with D and decreases with
t-, . The value of J., decreases with both D and t. . The corresponding FOM is nearly

flat independent of D, as predicted by macrospin based models.

180 34
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-, 140 Jies
< 120 Jr.
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—#—=I =1.0nm (b)
Lo=t2nm

()

"Jsmall|  intermediate large

o

T T T T
0 10 20 30 40 50 60 70 80 90 100110120130
p-MTJ's diameter (D), nm

Figure 4.3: (a) Thermal stability factor A, (b) Switching current density J,, (c) FOM vs. D for

different  t,, for M, =M =1200emu/cm®, M gy =M s, = 340emu/cm®
K, =1.088erg/cm?, Kosars = Kusarn =1.24Merg/cm® A, =10"° ergicm,
J,e =-0.1242erg/cm’? , @ =0.008, tg,., =3nm, t,,. =1nm.
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The behavior can be explained by considering that the MEP and switching for smaller

D are both obtained by uniform magnetization rotation, so that both A and I, scale as
K. D?, where K, is the effective anisotropy given by:

Ke  7MZ(GN, —47)

K. =
e te Ar

(4.12)

and N, is the demagnetization factor depending on D [10] described in section 2.4.3. We

observed that the range of such macrospin-like behavior is extended to larger D for thicker
FL. We attribute this to a greater demagnetization field associated with a greater DW width,
hence delaying the initiation of non-uniform magnetization modes. We also observe no
substantial difference in single FL versus compensated 4-layer stack models in this regime.
From Figure 4.3 (c), this is the most efficient regime for p-MTJ device operation, so it is
advantageous to engineer the free layer to delay the onset of non-uniform modes which
reduce the efficiency of the device.

For intermediate D around (20nm< D <80nm), Figure 4.3 shows that J.,
presents a slower decrease with increasing D, while 1., increases with D. A shows non-

trivial behavior, where thinner FLs show a decreased dependence on D, whereas thicker
FLs (1.3 nm) have a maximal A inthe D dependence followed by the A reduction to zero
eventually, at which point the switching current also goes to zero. An interesting
observation is that FOM can show a maximum at some optimal D = D,, which occurs at

D ~30nm for the middle FL thickness (1.2 nm). Such maximum occurs at greater D for

thicker FLs. We attribute this maximum to different behaviors for current-induced

switching versus MEP. Both switching and MEP transition from a uniform rotation to DW
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motion around the same D, i.e. D =40nm, as shown in Figures 4.4 and 4.6 (a). However,

MEP presents a more uniform magnetization than the switching path, and the DW for the
MEP is wider. This is because switching is due to the spin transfer torque (STT) [18,19];
STT can be included as an additional effective field (or torque) component, which reduces
the domain wall width. The more uniform MEP utilizes more volume for A, thus leading to
a greater FOM . However, for large enough D, MEP is fully dominated by the DW and the

behavior changes to that of the large range discussed later.

£, kT

2 4 6 8 10 12 14 16 18 20
Image #

Figure 4.4: MEP and associated images vs. the image # for t;, =1.2nm and D =10 nm, 40 nm,
and 120nm. == Standalone FL, D=10nm, =@ Standalone FL, D =40nm =i~

Standalone FL with D =120 nm. **# Stack, D=10nm, -<3-- Stack, D=40nm, "
Stack, D =120 nm. The structure properties are as in Figure 4.3.
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To explain the transition out of the single domain regime, consider first the case of a

standalone FL. We can give an approximation:

2
Ky = Ke _ 27M? + —3”'%5 e (4.13)

FL

obtained by the first-order Taylor expansion of the demagnetization factor N, for small
t, /D. For thicker FL, the factor K_/t, —27zMZ, which is the infinite film effective
anisotropy energy density, is smaller and can even be negative. The third term 3zM 2., /D
contributes to K , but it becomes smaller with an increase of D. This leads to a slower or

no increase of A with D and decrease of J.,. We find that MEP is by DW for the

standalone FL for any D in this regime. This behavior differs from what is suggested by

[108], where for greater D a bubble-like MEP is hypothesized.

4.2.2 Current-induced magnetization switching and efficiency

The switching is a more complicated process. The initial switching dynamics in the
form of precession starts in the center, in contrast to the MEP, which starts at the edge of

the device.
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Figure 4.5: Magnetostatic field profile in p-MTJ free layer. (a) Total magnetostatic field profile

in FL and (b) Stray field in FL from the rest of the stack (excluding FL) for t; =1.2 nm and
D =120 nm.

The reason for that becomes clear considering the demagnetization field in the free
layer shown in Figure 4.5 (a). The field is stronger in the middle, which makes the initial
dynamics to become easier. The way it leads to switching is different depending on the size.
For not too large sizes (the approximate range of 20nm < D <60 nm), the initial dynamics
propagates to the edge, nucleating a DW. The DW propagates, leading to switching. For
greater diameters (D > 60 nm), the precession in the middle can continue for an extended
period of time until the edges switch, followed by non-uniform dynamics of more than one
DW (see Figure 4.6 (a)). Such a process appears as bubble-like switching [109,111]. We
emphasize that such bubble-like behavior is obtained even for a standalone FL and is not

necessarily caused by the stack. Finally, in the intermediate regime, we observe no
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substantial difference for single FL versus compensated 4-layer stack behavior, just up to

8% for A and 10% for J, in Figure 4.3.

In the large diameter regime, we find there is a substantial effect of the full stack on

A, MEP, J_,, and switching behavior. Even though the stack is compensated, there is still
a noticeable difference of A and J_, for the AP-P and P-AP transitions. This is unlike for
the smaller D, where the compensation results in the same A and J_, as for standalone

FLs. These differences are due to the non-uniform and non-symmetric MEP and switching
path caused by the magnetostatic fields from the stack (see Figure 4.5 (b)).

When comparing the minimal energy path MEP in Figure 4.4 for the standalone FL
vs. the full stack, we find that the stack creates a non-symmetric path and even the
maximum energies differ. The saddle point, which is the state of the largest energy, is
shifted towards one of the ends, so that it corresponds to a curved DW. This can be
explained by the fact that the magnetostatic field from the SAF1,2 and RL is non-uniform.
Together with the demagnetization field of the FL (see Figure 4.5 (), it leads to a different
magnetostatic field distribution in the FL for AP-P and P-AP cases, so that it re-arranges the

MEP resulting in the differences in A demonstrated in Figure 4.4.
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Figure 4.6: Current-induced switching of p-MTJ. (a) Snapshots of the z-component of the
normalized magnetization m, for D=40nm and 120nm for t, =1.2nm; (b) average

normalized magnetizationm, vs. time for D=120nm and t, =1.2nm. An applied current
density was J =1.35MA/cm® and Jg,_p ~0.23MA/cm?, Jog o = 0.31MA/cm? .

Similarly, the switching behavior (shown in Figure 4.6) also significantly differs for

the AP-P and P-AP cases for larger diameters (D >80nm). For the P-AP, the switching

behavior is similar to that obtained for the standalone FL, i.e. dynamics starts from the

middle, a bubble is formed that persists in the middle for a period of time, the bubble leads
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to nucleation at the edge, which propagates via a DW, resulting a switching. On the other
hand, for the AP-P case, switching starts from the edges, forming an “inverse bubble”. The
inverse bubble persists for a period of time until switching is accomplished. The resulting
switching time tends to be longer than that for the P-AP case and the switching current
(Figure 4.6 (b)) is higher. This behavior, again, is explained by the non-uniform
magnetostatic field distributions due to the combination of the demagnetization field in the
FL and the field from the RL and SAF1,2. The field from the stack is stronger positively
closer to the edge and weaker negatively in the middle (Figure 4.5 (b)). For the P-AP case it
enhances the FL demagnetization field in the middle supporting the bubble switching. For
the AP-P case it locally enhances the FL demagnetization field at the edge and suppresses it

in the middle, thus leading to the inverse bubble behavior.

The corresponding FOM decreases for all thicknesses at the rate of % [66,108].

To explain this behavior, let us consider a standalone FL. Both MEP and switching are by

DW. The value of energy barrier A could be represented as:

o HaD(Ky A
KgT

, (4.14)

with exchange constant A, , which is obtained as the DW energy as the DW passes through
the diameter [46,66,115]. J., is related to the current required for the DW nucleation and it

is approximately the same as the current required for switching a small FL, i.e.

_AaeK 4t

= 4.15
o= (#.15)

where 7 is the spin transfer torque efficiency, « is the damping constant, % is reduced

Plank constant, and e is the electron charge. For the stack, FOM has a similar behavior
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because A and J., have the same trends of increase and decrease for the P-AP and AP-P
cases. We stress the fact that for larger D there is no direct relation between J., or 1., and

A.

In summary, we found that there may be significant differences in the energy path
and switching behaviors depending on geometrical and stack parameters. Perpendicular
magnetic tunnel junction (p-MTJ) comprising a four-layer stack of free layer, reference
layer and synthetic antiferromagnets is discussed. It is demonstrated that the minimal
energy path (MEP) — related to the thermal stability of the system — does not necessarily
follow the same trajectory as the current-induced switching. The MEP can be by uniform
rotation (UR) or by domain wall (DW), whereas the current-induced switching can be by
UR, DW, or by bubble formation depending on geometrical and stack parameters. The
bubble formation is further affected by the direction of switching, i.e. parallel to antiparallel
(P-AP) versus AP-P switching. It is shown that the existence of different regimes where the
energy barrier (EB) and the figure of merit, defined as a ratio between the energy barrier
and switching current, show characteristic dependencies and even optimum points
depending on the device diameter and the stack parameters. The presented results may
explain recent experiments. For smaller D, both the MEP and switching are by uniform
rotation. For larger D, the MEP is by DW, whereas switching can be by DW or by a
bubble formation, which agrees with recent theoretical works [115,116]. The bubble can be
formed in a standalone FL and in the 4-layer stack. For the P-AP case the bubble is formed
similarly to the standalone case, starting from the middle. On the other hand, for the AP-P
case, an inverse bubble is formed, starting from the edge. Depending on the geometry and

material parameters A can increase with D, be constant, or decrease. Contrary to general
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theoretical models [46,115] and in agreement with recent experimental works
[111,116,117], the FOM can have a peak in its diameter dependence, which is attributed to
the difference in the DW diameter for the MEP and switching path. For greater diameters,

the FOM scales as 1/D.
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Chapter 5

Perpendicular magnetic tunnel junction
with composite free layer

Spin transfer torque (STT) MRAM devices utilizing perpendicular magnetic tunnel
junctions (p-MTJs) are the most promising candidates [79,118]. An important goal in
designing p-MTJ devices are reducing the switching current while maintaining a required
thermal stability. Unfortunately, there are limitation on the ability to achieve this goal.
Increasing the lateral device size leads to a decrease of the figure of merit (FOM), viz. the
ratio between the energy barrier and switching current [46,108]. Increasing the thickness
when using surface anisotropy [60] leads to limitations in terms of thermal stability.
Increasing the thickness when possibly using bulk anisotropy would not help with
increasing FOM. It was shown earlier that using an exchange-coupled-composite free layer
(ECC FL) for perpendicular magnetic tunnel junction can improve the operation as
predicted by a two-spin model [119]. In [119] was mention that relatively insensitive to the

damping parameter of the magnetic hard layer in the ECC structure. However, neither the
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operation of ECC FLs for more realistic cases of non-uniform switching nor their energy
barriers have been investigated.

This chapter presents a micromagnetic study of ECC FL for perpendicular magnetic
tunnel junction (p-MTJs). The study includes the switching current, energy barrier, and
efficiency, viz. the ratio between the energy barrier and switching current, as functions of
the structure size and exchange energy density. This chapter also shows that using ECC FL
can lead to significant improvement of the switching properties, particularly in the regime

in which the magnetization dynamics is spatially non-uniform.

5.1 Operation of the exchange-coupled-composite free
layer (ECC FL)

We consider a circularly cylindrical stack of diameter D as shown on the

Figure 5.1. The stack includes an ECC FL with two ferromagnetic layers FL, ., and FL

soft
as well as a reference layer exchange coupled to the synthetic antiferromagnetic layers.

FL,.c has a thickness t; -, saturation magnetization M., ~ and perpendicular

volumetric uniaxial anisotropy K FL., has a thickness t.

. =t
UFLparg Lot Flnarg !

Me, =Mgq,,, and volumetric uniaxial anisotropy energy density K, _ . We note that

the volumetric anisotropy can be also considered as an equivalent representation of the

surface anisotropy. FL, ., and FL_, are ferromagnetically exchange coupled with surface

soft

exchange energy density J., .
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Figure 5.1: p-MTJ stack, including ECC free layer and SAF reference layers.

We define x =K, / K, @s the ratio between the volumetric uniaxial anisotropy

energy densities of the ECC FL sublayers. The RL and SAF are compensated in that the
magnetostatic field generate by them and averages the free layers is zero. For the current
induced switching simulations we assume the spin transfer torque (STT) via Slonczewski’s

models [120,121] at the bottom surface of FL_, with the current density J_. The presented

simulations are accomplished using a finite-element-based micromagnetic simulator
FastMag [113]. FastMag allows computing the magnetization dynamics by solving the
Landau-Lifshitz—Gilbert equation. It also allows computing the energy barrier by using the
nudged-elastic-band (NEB) method [114], which finds a set of magnetization states

(images) associated with energies along the minimal energy path (MEP).
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5.2 Characterization of p-MTJ with ECC FL

The key parameters considered are the normalized energy barrier A=E, /k,T,
where E, is the energy barrier between the up and down or down and up states as
determined by the NEB method, k; is Boltzmann’s constant, and temperature T =300K as
well as the critical switching current density J_, and figure of merit (FOM) or efficiency:

4E,

FOM = ——"—.
7D,

(5.1)

We considered devices of two diameters: D =40nm representing a case a domain-
wall switching and MEP and D =10nm representing a case of mostly uniform switching
and MEP. The thickness of the layers for the D =10nm case is chosen larger to maintains a
sufficiently high thermal stability. For different values of x we adjusted K, such that
A =85 in the limit of sufficiently large J,,. We chose this approach (of adjusting K, )
to make the comparison of J , and FOM clear. Keeping the same value of K,  leads to
lower values of J_,, but the behavior of all the parameters with respect to J,, is the same.

Figure 5.2 shows A, J,, and FOM as a function of J, for different « for
D =40nm in Figure 5.2 (a-c) and D =10nm in Figure 5.2 (d-f). From Figures 5.2 (a) and
(d), A increases with J_ until J, reaches a certain saturation level at which A is
maximal. From Figure 5.2 (b) and (e), J_, is non monotonous with J_, but rather has an
optimal value at which it is minimal. The reduction of J, is greater for greater x and it

can be reduced more than twice as compared to the single FL case.

90



D =40 nm
o r———(@

m .'::o°°......
f?o-.o pr— 1 — 1 .()

ul” 604 - = k=15
< 50 poeek=20

00 05 1.0 15 2.0
3 40
. (b (e

C\IE !.¢

S 2. 30-
< %_"W \
E L

3

* »
" 1]
14 ‘.. 20+ -

10 - Q oo:-.....

0 05 1.0 15 20 150 1 2 3 4

o

J°:%

FOM, kgT/pA
o N -!L g
.T
[§)]
=y
f
N
)

. 10 4

L~
L] 1 L] L] 0 L] L] T L]
0.0 0510 15 20 o 1 2 3 4
Jox, €rg/CY Jo,, erglem?

Figure 5.2: Thermal stability, critical switching current density and efficiency of p-MTJ with ECC
free layer. (a) Thermal stability A, (b) critical current density J,, (c) FOM vs. J, for

D=40nmt, =t, =12nm, t, . =03nm. (d) A, () J,, () FOMvs. J,  for

ex

D=10nm, t,_ =ty =40nm, t . =03nm.Inallcases My =My = 960emu/cm?,
A, =10"° erglcm , o =0.008, Ky, =Ky =6.11Merg/cm’ for k=10,
Ky, =7.33Merg/cm® and K, =488Merg/cm’ for k=15, K, _=8.14Merg/cm® and
Ky =4.07Merg/cm’® for x=20.

The corresponding FOM in Figure 5.2 (c) and (f) has a peak with respect to J_ with

the maximal improvement of FOM of over 1.6 times. The mechanism leading to these

improvements is that switching of FL_, assists in switching of FL, . It is important that

the FL,, is nextto RL, as it is easier to start switching it first. The switching of FL,_, is
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then induced. For too small J,,, the exchange strength is not sufficient to switch FL,,, . For

ex !

too large J_, , the hard layer prevents switching of the soft layer. For the optimal J_ , the

ex ! ex !

exchange strength both allows easier switching of FL_. by STT and allow the following

soft
switching of FL,_, by exchange coupling. The saturation J, for A and the optimal J,,
for J., and FOM are significantly higher for the case of D =10nm. This is explained by

the greater layer thickness, i.e. the effect of the surface exchange coupling needs to

propagate through the larger thickness of the layers to lead to switching of the entire layers.

5.2.1. Thermal stability

The behavior of A in Figure5.2 (a) and (d) is explained in more detail in
Figure 5.3, which shows MEP between the up and down states of the ECC FL for selected

x and J,. For D=40nm in Figure 5.3 (a) and (b), the MEP is by domain wall reversal.

This is similar to the behavior shown in Figure 5.2 of [60] and this is because this D is

greater than the domain wall length, which approximately is 8nm. The MEP has a local
minimum for weakly coupled FL, ., and FL., (Figure 5.4 (a)). This is because for the

weak exchange coupling, the two layers are reversed nearly separately. For stronger
exchange coupling (Figure 5.4 (b)) the local minimum disappears, the barrier increases
because the reversal occurs for both layers together, with a small offset. In the limit of an
infinitely large exchange coupling the barrier can be understood as the one due to a single

layer with an intrinsic anisotropy energy density given by [122] and could be written as:
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t t
KuECCFL = (ﬂ] KuFLsc,ﬂ + [Mj KUFLhard ! (5.2)

tECCFL tECCFL

where the total thickness of the stack is:

tecer :tFLSOﬁ +tFLha,d . (5.3)

For D=10nm in Figure 5.3 (c) and (d), the MEP is by uniform rotation because

this D is smaller than the domain wall length, which is similar to Figure 4.4 of [60]. These

cases exhibit a behavior similar to that of Figure (a) and (b).
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Figure 5.3: Minimal energy path, i.e. energy vs. image #. (a) and (b) are for t; =t =1.2nm

Fliara
and D=40nm with the following curve parameters: ==== J_=20erg/cm’,6 & e
J, =0.25erg/cm? , and ® ® J  =0.05erg/cm’. (c) and (d) are for t, =t =4.0nm and
D=10nm with the following curve parameters: === J_=3.0erg/cm’, @ a=

J, =15erg/cm?,and ® ® J_=1.0erg/cm?.
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5.2.2. Current-induced switching properties

The behavior of J_, in Figures 5.2 (b) and (e) is further explained in Figure 5.4,
which shows the STT induced magnetization switching dynamics (for m,) for the FL_,
and FL,,, for differentJ,,. For D =40nmin Figure 5.4 (a), we find that for small J_,
FL, switches but cannot lead to switching of the FL,,, because of the weak coupling.

For intermediate J,,, FL., initiates switching and that induces switching of FL, . The

ex !

switching of FL, is easier than FL,, and hence J_ is smaller. At the same time the
exchange coupling is strong enough to also switch FL. . Once m, of FL, ., changes
polarity (t ~20ns), the anisotropy field assists in driving it towards m, — —1. In this final
stage of reversal, the FL,_, magnetization switching precedes that of FL_, .

For large J,, both FL,, and FL., switch together with almost identical

ex !
switching trajectories. We also find that the lateral components of the normalized

magnetization m, of FL, and FL_, are in phase, with the amplitude of oscillations

greater in FL,, indicating that this is FL., that induces motion and switching of FL,_,

soft 7 soft

via the exchange field. The switching process is by domain wall, which leads to the

oscillatory behavior of m,. For D=10nmin (b), the dynamics of FL., and FL,,, is
similar to the case of D =40nm, but the switching in both layers is mostly by uniform

rotation, which is indicated by the absence of oscillations in the m, time dependence.
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Figure 5.4: Current-induced magnetization switching of p-MTJ with ECC free layer. (a) Average
normalized magnetization component m, vs. time for FL., and FL_, for different J,, with

k=20 for D=40nm and J =85MA/cm® in (a) and D=10nm in (b) with
J. =30MA/cm?*

5.3 Advantages of using of p-MTJ with ECC free layer

In this chapter we described the micromagnetic study of the thermal stability and
switching properties of p-MTJ with an ECC free layer. The motivation of using the ECC
media is similar to the case of magnetic recording media [120,121,123] i.e. the soft layer
component would assist in reducing the switching current, while the thermal barrier is
maintained at a prescribed value. However, there are also differences. In the recording
media case, the thickness of the layers is typically above the domain wall length, so that
additional barrier cannot be gained by increasing the thickness further while the switching
field is reduced due to the soft layer [120,121,123]. In the MRAM case, the energy barrier

would increase by increasing the hard layer thickness if bulk anisotropy materials are used.
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However, this possible increase would not increase FOM. Adding a soft layer, on the other
hand, can increase FOM while a sufficient energy barrier is insured by the hard layer
parameters.

The thermal stability factor and critical switching current density dependent on
exchange coupling strength and effective anisotropy ratio between the sublayers. Energy

barrier increases with J,, for smaller exchange coupling and saturates for greater values
of J,,. The critical switching current has a minimum at an optimal value of J,. The

corresponding FOM has a peak with a significant FOM improvement as compared to a

single free layer.
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Chapter 6

Perpendicular magnetic tunnel junction
with defects and properties distributions

As it was mentioned in previous chapter of this work spin transfer torque (STT)
MRAM devices utilizing perpendicular magnetic tunnel junctions (p-MTJs) are the most
promising candidates for the future memory application. An important goal in designing p-
MTJ devices are reducing the switching current while maintaining a required thermal
stability. However, typically in experiment the free layer (FL) of p-MTJ have the edge and
surface roughness. It is important to predict the behavior of the p-MTJ stack in the presence
of surface roughness.

This chapter presents a micromagnetic study for p-MTJ’s FL with edge and surface
defects. The study includes the switching current, energy barrier, and efficiency as
functions of the edge and surface roughness amplitude. We also provide a detailed study of
minimal energy path and current induced magnetization switching as a function of the

various surface and edge roughness size. We show that the presence of edge/surface defects
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can lead to worthening of the switching properties, particularly in the regime in which the
magnetization dynamics is spatially non-uniform. We also discuss the granularity and

parameters distributions in p-MTJ stack and its operation at zero and room temperatures.

6.1 p-MTJ with edge roughness

We consider a circularly cylindrical stack of diameter D as shown on the
Figure 6.1 (a). The stack includes a standalone FL with reference layer exchange coupled to

a synthetic antiferromagnetic layer. FL has a thickness t., , saturation magnetization M,
and perpendicular volumetric uniaxial anisotropy K, . The reference layer RL and

synthetic antiferromagnetic layers SAF are compensated in that the magnetostatic field
generate by them and averages the free layers is zero. We define o as the mean value of FL
edge roughness amplitude as shown on Figure 6.1 (b). The illustration of the edge
roughness amplitude is shown on Figure 6.1 (c). We consider the maximum edge roughness
value up to 6 nm. For the current induced switching simulations, we assume the spin
transfer torque (STT) via Slonczewski’s models at the bottom surface of FL with the

current |.. The presented simulations are accomplished using a finite-element-based

micromagnetic simulator FastMag. FastMag allows computing the magnetization dynamics
by solving the Landau-Lifshitz—Gilbert equation. It also allows computing the energy
barrier by using the nudged-elastic-band (NEB) method, which finds a set of magnetization
states (images) associated with energies along the minimal energy path (MEP). For the
critical switching current definition, the eigen value solver was used. The eigen value solver

allows a very accurate calculation of the critical switching current compared to the common
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approaches based on infinite pulse.

(

a)
g =1.2 nm{
y RL+SAFﬁ
X
-
(c) |H

o=00mMm o=1.0nm o =2.0nm o=3.0nm

Figure 6.1: p-MT]J stack: (a) including free layer FL and SAF reference layers. (b) FL with edge

roughness (c) random edge roughness representation of p-MTJ FL for different roughness radius
O .

The key parameters considered are the normalized energy barrier A=E, /k,T,
where E, is the energy barrier between the up and down or down and up states as
determined by the NEB method, k; is Boltzmann’s constant, and temperature T =300K
and FOM =E, /1, . Figure 6.2 (a) shows the minimal energy for the FL of p-MTJ for the

case without edge roughness. For the case of edge roughness, the MEP was not
significantly affected Figure 6.2 (b).

Initial state Final state :

0200000
0930060

Figure 6.2: Snapshots of m, magnetization component of the minimal energy path for p-MTJ
stack: (a) without edge roughness, (b) with edge roughness of 2 nm.
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Figure 6.4 (a) shows that the thermal stability factor is not changing for the case of

edge roughness with small amplitude, i.e. o <2.0nm. This could be explained by the fact

that the amplitude of the roughness in practice is relatively small to affect the MEP.

However, when o >2.0nm (Figure 6.4 (a)) the thermal stability factor decreases due to

decrease of effective anisotropy of the FL that is affected by the edge roughness.

Figure 6.3 (a) and (b) shows the current-induced magnetization switching of the p-
MTJ with edge roughness. The presence of the edge roughness changes the magnetization
behavior of FL during the switching. Figure 6.3 (a) demonstrates the start of the switching
from the center of FL, whereas Figure 6.3 (b) the current-induced switching starts from the
edge of FL. This could be explained that the switching current is associated with local
effect in FL and the switching starts where the magnetostatic field is the highest. The edge
roughness creates the higher magnetostatic field at the edges of FL compared to the center
of FL. The switching current increases with increase of the edge roughness amplitude due
to the possibility of the “pinning” of the domain wall in the FL by the edge roughness

(Figure 6.4 (b)).

g XoD L\ “
900009

Figure 6.3: Snapshots of m, magnetization component of the current-induced switching of p-MTJ

stack: (a) without edge roughness, (b) with edge roughness of 2 nm. The applied current
I, =2.0pA.

100



<ﬂ. ‘ ¥ i
- 32

3 | 3 ¥ !

28 T T T T T

< 4_0 1 2 3 4 5 6
= C
F 37

X

= 27

©)

LL 1 T T T T T

0o 1 2 3 4 5 6
roughness radius (o), nm

Figure 6.4: (a) A, (b) I, (c) FOM vs. edge roughness radius o for My, :1200emu/cm3,
- =1.088erg/cm?, A, =10"erg/cm, o =0.008, t,,. =1nm.

Figure 6.4 (¢) shows the FOM as a function of edge roughness amplitude

o <2.0nm. The efficiency (FOM) of p-MTJ decreases when the roughness amplitude
increases. and (b) shows the current-induced magnetization switching of the p-MTJ with

edge roughness.

6.2 p-MTJ with surface roughness

Figure 6.5: Micromagnetic representation of p-MTJ FL layer with surface roughness: (a) random

surface roughness with 0.05 nm amplitude, (b) random surface roughness with 0.15 nm amplitude.
FL with edge roughness (c) random surface roughness with 0.25 nm amplitude.
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Figure 6.5 shows the representation of the surface roughness for p-MTJ’s FL. For
micromagnetic modeling of the surface roughness the thickness of FL was considered
constant. Figure 6.6 shows the behavior of the thermal stability, average magnetostatic
field, critical switching current and efficiency as a function of surface roughness. The
surface roughness increases the stability of FL due to decrease of the demagnetization field
(Figure 6.6 (b)). With stability increasing the critical switching current is also increases and

the overall efficiency of the device decreases.
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6.3 Granular free layer in p-MTJ

Figure 6.7 shows the granular representation of the FL of p-MTJ. The grain
representation is based on Voronoi tessellation method [124] that allows relatively well
modeling of the actual magnetic granular media. Each color in Figure 6.7 represents

different properties of each grain. In this section we show the behavior of the granular FL
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as a function of intergranular exchange coupling energy density J, for with/without
material parameters distribution. We define o, as anisotropy field distribution in %
between the grains from the given mean value H, . We studied the thermal stability and
critical switching current for both o, =0 and o,, =#0. We also show the behavior of the

granular FL under zero and room temperatures.

Granular FL representation

Figure 6.7: Illustration of granular FL of p-MTJ. Different grain color associated with different
H, in each grain within the granular FL.

6.3.1 Granular free layer at zero temperature

< 4 —8—H, =4kDe
30 Hy = 6 kDe
20 ] —h— H,=8kDe

O-%—r—T——T—T T T T T T
00 05 10 15 20 25 30 35 40 45
2z
J_,. ergicm

Figure 6.8: Thermal stability factor as a function of the exchange coupling constant J_ between
the grains for different H, of granular FL of p-MTJ.

Figure 6.8 shows the thermal stability factor of FL as a function on

intergranular exchange coupling J,, . The thermal stability factor A has non-linear
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dependence vs. J,, for different uniaxial anisotropy field H,. The thermal stability
factor A increases for higher H,. For small exchange coupling, i.e.
0.1<J, <1.0erg/cm®, A increases up to some saturation value associated with
maximum value and for J, >1.0erg/cm® A is independent on J_. For
0.1<J,, <1.0erg/cm?® the grains in FL are weakly coupled and the overall thermal
stability factor exhibits an average for all the grains and depends on H, of a single
grain. For relatively high J, >1.0erg/cm?® the grains in FL are well coupled, and FL

exhibits the continuous solid FL behavior.

N w

m-H, = 4 kOe
H, = 6 kOe
209 =

A-H,=8k0e|  -0T=0K

T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22

Jop, €rglcm?

Figure 6.9: Critical switching current density at T=0K vs. J, for different H, values and
without distribution in the grains o}, =0% . All the grains within FL have the same value of H, .
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Figure 6.9 shows the critical switching current at T =0K of granular FL as a
function on intergranular exchange coupling J, . The critical switching current is higher

when the grains are weakly coupled because the switching happens grain by grain as shown
on Figure 6.10 (a). For a strong exchange coupling the switching of granular FL happens

via domain wall (Figure 6.10 (b)) and results in lower switching current density.

(a) Grain by grain switching (b) Domain wall switching

Weak coupling Strong coupling
between the grains between the grains

Figure 6.10: Current induced switching of the granular FL: (a) non-uniform separate grain
switching for J_, = 0.4erg/cm?, (b) Domain wall switching for J,, =1.0erg/cm? .

6.3.2 Granular free layer at room temperature

The write process in an STT-RAM bit is inherently stochastic due to thermal
fluctuations, which give rise to a distribution of the magnetization of the free layer both
before and during switching. As a result, the time taken by the bit to switch has a wide

distribution. In real life the devices are operating at a room temperature T =300K and it is

necessary to predict the switching behavior of granular FL of p-MTJ under the effect of
thermal fluctuations. Write error rates (WER) method is briefly discussed in section 3.3.3
and that correspond to the applied current failing to correctly switch the magnetization in
the free layer. As shown in section 2.5, NEB can be an efficient method to compute energy

barriers from which this thermal stability can be assessed. However, it is not enough to
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have the full picture. Indeed, the behavior of a device under the influence of a thermal fields
depends not only on the shape of the energy landscape in the magnetic configuration space,
but also on the type of reversal process involved. Figure 6.11 shows WER behavior for

granular p-MTJ’s FL as a function of intergranular exchange coupling energy density J.,

for the same material parameters of the grains.

14
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Figure 6.11: Write error rate vs J, for granular FL of p-MTJat T =300K . The switching current
pulse width was P, =8ns.

Granular free layer at room temperature and material properties
distribution.

We have already discussed the behavior of the granular FL without any material
properties distribution at T =300K. It is important to mention that the magnetic granular
FL might consist of different grains with different material parameters, such as: magnetic
anisotropy, damping constant, exchange coupling, saturation magnetization, etc. The grains
could have different physical sizes which might affect the efficiency of the device during
switching process. Here, we consider the FL with nearly same grain’s size (Figure 6.7) with

distribution of the anisotropy field H, between the grains in FL. Figure 6.12 shows the
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example of distribution of H, vs distribution coefficient o, given in %. Figure 6.13
shows WER at T =300K for granular FL for different o, and two different mean values
of H,. We consider exchange coupling energy density J., =0.6erg/cm® between the
grains. Figure 6.13 (a) shows WER for H, =40000e and different o, . The critical
switching current density is increases since with increase of o, and WER curves moves to
the right side. This is because for higher o, there are grains with very high and very low
H, which makes the switching not efficient compared to the case when the grains have the
same properties. For H, =60000e (Figure 6.13 (b)) the WER is not affected by the

distribution of H, and the critical switching current density stays the same.
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Figure 6.12: Illustration of anisotropy field H, distribution in granular FL with distribution
constant o, .
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Figure 6.13: WER at T =300K for granular FL of p-MTJ with anisotropy field distribution in the
FL’s grains. The switching current pulse width was P,, =8ns.

In this chapter we considered the p-MTJ’s FL with edge and surface roughness. In
general, the presence of physical roughness in FL might lead to the worthening of the p-
MTJ device performance. The edge roughness slightly affected the performance of the FL
and the efficiency of the device dropped by ~3% compared to FL without any edge
roughness. For the FL with surface roughness the thermal stability factor A increased by 3
% due to average demagnetization field drop which led to increase of the critical switching

current 1, by 6 % and the FL overall efficiency decreased by ~ 4% depending on the

surface roughness amplitude. We also considered the effect of granularity in FL of p-MTJ
with and without anisotropy field distribution in the grains for both zero and room

temperatures. For granular FL the intergranular exchange coupling energy density J., plays

an important role. For low 0.1<J,, <1.0erg/cm? the minimal anergy path and current-
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induced switching behavior depends on the properties of each separate grain in FL. For

stronger J,, >1.0erg/cm? the device behaves similar to continuous FL that discussed in

previous chapters.
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Chapter 7

Magnetic spin-torque oscillator

This chapter discusses antiferromagnetically exchange coupled composite
(soft/hard) spin torque oscillator (AF-ECC STO). For the AF-ECC STO we demonstrate its
operation via an analytical model and micromagnetic analysis. The operation mechanism is
based on the exchange field due to the antiferromagnetic coupling between soft and hard
sub-layers of the free layer as well as on the easy-plane anisotropy of the soft sub-layer.
AF-ECC STO can generate large amplitude magnetization oscillations, which can be tuned
over a broad frequency range with precessions mostly generated by the soft layer. We also
demonstrate that AF-ECC STO offers a flexibility in current control of the oscillation

frequency and magnetization angle for realistic material parameters.

7.1 Antiferromagnetically exchange coupled composite
STO

Conventional STOs based on a ferromagnetic free layer have several limitations

(section 3.6), such as their highest frequency, which is limited by the saturation

110



magnetization and anisotropy energy density, as well as the general need to have an applied
field for a steady precession or to maintain stability and modulate the oscillation frequency
range. There are modified STO configurations that can result in increased precession
frequency. In particular, recent reports include theoretical studies based on macrospin
models that show that STOs based on an antiferromagnetic free layer (FL) can operate at up
to THz frequencies [73,77-79,89-92]. Similar ideas can be extended to using synthetic
antiferromagnetic (AF) FLs [73,89-91] and discussed in section 3.6 of this work. Reported
work [92] using a macrospin approximation showed that synthetic AF free layer can result
in high-frequency oscillations due to strong AF exchange. However, such STO
configurations have limitations, including a need for an impractically strong AF coupling,
lack of a generated microwave field, small precession angle, and narrow frequency/current

range of operation.
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Figure 7.1: AF ECC STO structure.

The AF-ECC STO is shown in Figure 7.1. The FL of the AF-ECC STO is composed

of a soft sub-layer (SL) and a hard sub-layer (HL) that are AF coupled through their
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surfaces with the surface exchange energy density J,, . The SL and HL, respectively, have a

thickness of t; and t,, saturation magnetization M, and M., , perpendicular uniaxial

S

anisotropy energy density K, and K, damping constants o, and ¢,, and exchange

uh?
constants A and A . In addition to the FL with SL and HL, the stack includes a polarizing
layer (PL) having t, , M, , and K, as well as an AF-coupled read layer (RL)
consisting of two sublayers, RL1 and RL , having t., =t. , and K, = K, ,, which are AF

coupled with J_., . The magnetic layers are separated by spacer layers.

The motivation for the AF-ECC structure is to allow for a tunable precession
operation at high frequencies and realistic values of the material and structural parameters,

including J,,. The operation of the AF-ECC STO is based on the interplay between the
effective anisotropy and AF exchange interactions. K, is chosen high to maintain a
perpendicular effective anisotropy in HL needed for driving SL. On the other hand, K, is

chosen low such that the FL effectively has an easy-plane anisotropy, which allows driving
its large-amplitude precession via the AF exchange. The PL has a perpendicular anisotropy
that is greater than that of the HL to keep it mostly fixed. The magnetostatic fields from the
polarizing layer are not compensated, i.e., there is no an AF coupled sublayer to cancel the
magnetostatic field from the polarizing layer as often is done for MTJs used in MRAM
[62,66,125]. The reason for using a single PL is that the effect of the magnetostatic field
from PL has an insignificant effect on the STO precession and so there is no need in adding
an extra layer. The PL has a perpendicular anisotropy that is greater than that of the HL.

The role of the RL is to generate an electric signal by means of tunnel magnetoresistance
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(TMR). The RL is magnetized in-plane (in the x-direction) and the TMR s related to the x-

direction of the magnetization in the SL. The values of J_, and J_. are chosen based on

experimental results of using Ru and Ir as AF coupling interlayer material [14,126-128].

7.2 Theoretical model of AF-ECC STO

To explain the operation of AF-ECC STO, we first consider a two-spin model,
assuming spatially uniform magnetization states in the soft and hard layers, which are
expected to be valid for smaller STOs. We, then, show results of micromagnetic
simulations of structures of larger sizes with possibly non-uniform dynamics.

In the two-spin approximation, the dynamics can be described by the Landau-
Lifshits-Gilbert (LLG) [18,19] equation for the two magnetization states

dm
d—tf:—y(mnggﬁ +am.xm.xHI"), (7.3)
Here, y is the gyromagnetic ratio, m, is the normalized magnetization, and H;“ is the

effective field, including the spin-transfer torque (STT), exchange field, and effective

anisotropy fields:

HY' :ﬂ5m§Xp+d§JeXS§ m,+H.".m,2. (7.4)

The subscript & is for HL (£ =h) or SL (£ =) and the subscript ¢ is for the other
layer, i.e., for £ =h the value of ¢ =s and vice versa. The STT component (the first term
in the equation 7.4 is present only for HL, i.e., S, =0. For the STT term in HL, p is the

magnetization of the polarizing layer, which is assumed to be perpendicular, i.e., p=2.

STT parameter determining the effective STT field strength is defined as:

113



Jnh
B, = nhe

—_ e 7.5
2eM, .0, (75)

where J is the electric current density, » is the spin transfer torque efficiency, # is
reduced Planck’s constant, e is the electron charge, and o, is the HL thickness. The

effective anisotropy field could be represented as:

Hlif,fg =H, . _”Msz,g (3412 —1) (7.6)

and is the given in terms of the intrinsic anisotropy field which could be written as:

2Ky

Hie =37

(7.7)
5.6

In Eq. 7.6 the demagnetization factor N, is represented in [10] and in chapter 2 of
this work; for the material parameters chosen, H{', <0 and H;", >0. The magnetostatic

interactions between the layers have only small quantitative effects.

The LLG equation 7.4 describes the initial dynamics and the steady state precession.

The steady state precession can also be characterized by considering the azimuthal (¢)and
elevation (&) components of the torques. The dominant torques can be explicitly given:

J Heff

TS = —ﬁsin(@h +0,); Tpg =—=sin(26;),
S,
ex ‘]EX 1 1 ex. an an
T =Wsm(¢§ ~¢.)sin0. —aT X T7 =—aTf, (7.8)
S,

Tyt = f,sing,.

where 6, and 6, are the elevation angles of the magnetization in HL and SL, and the

azimuthal relative angle ¢ between the magnetizations in HL and SL. The angles 6., 6, ,

and ¢ are constant as a function of time during the precession. The rest of the torques can
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be neglected assuming small « . The elevation angles &, and &, have an important role in

determining the torques and in determining the magnetization magnitude of the precession

in SL and HL. The relative azimuthal angle ¢ has an important role in determining the
elevation torque T, and in the non-uniform magnetization behavior in larger structures, as

shown in the micromagnetic analysis.

The angles 6., 6,, and ¢ can be found as solutions of the following system of

equations:

ex an stt
Ton +Tgn + Ty =0,

T +Ta =0, (7.9)
e Yo+ 1) 7T + Ty
sin 6, sing,

where the two equations in the first row represent balancing the elevation torques needed
for a sustained precessional orbit and the last equation represents the fact that the

precessional frequency f in HL and SL is the same.

7.3 Study of the AF-ECC STO operation

In this section, we study the operation of the AF-ECC STO assuming the simplified
model, which includes the SL and HL of the FL (as in the inset of Figure 7.2). The study
incudes the zero- and room temperature operation. We also show that the operation of the
full stack of Figure 7.1 is not altered significantly by the presence of the rest of the stack

layers.
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7.3.1 Operation at zero temperature

Figure 7.3 shows m, in the HL and SL for three values of J_ as a function of J.

The two values are chosen based on experimental results of using Ru and Ir as AF coupling

interlayer material [14,126-128]. From Figure 7.3 (a), for a given J_, f increases with J

ex?

and reaches the maximal value f_, when 6, and 6, approach . From the analysis of

Equations 7.8 and 7.9, f_, can be approximated by:

2J
frm =—7| —2—+H' 7.10
max 7{dSMS’S K,SJ ( )

when assuming that the maximal frequency is obtained for 6, =6, =z . From here, the

eff

maximal frequency depends on both H,'. and J,, and it can reach values of several

ex !

hundreds of GHz for large J, and H,‘fs. From Figure 7.3 (b), for smaller J_, the

x 1
magnetization of SL has a much greater in-plane component, i.e., it generates a much
stronger external magnetic field than that of the HL. With an increase of J, m, of the SL
changes its sign from being opposite to the HL direction to the same direction and with a
further increase of J, the magnetization of SL approaches the perpendicular direction

together with that of HL. For greater J_, the magnetization of both the HL and SL are

mostly in plane for small J and both approach the perpendicular direction for larger J.
From Figure 7.2 (c), the angle ¢ increases with J and decreases with J,, .
To understand the behavior in Figure 7.2 and demonstrate the role of different

magnetic interactions, Figure 7.3 shows the azimuthal and elevation torques for the case of

Jo =—0.4erg/cm?. As explained in the model of Eqgs. 7.8 and 7.9, the elevation torques
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should balance to zero to maintain a steady-state precession.

100
1(a) —— J.,=-025 erg/cm®
80 + |——J.,= 0.4 erg/cm?
E 60 1 [—— J.,= 0.8 erg/cm?
(O] ]
wr 404
20
— T T T T T
0.4 0.5 08 0.7
M, Jor= -0.25 erglem?
= = My, Jo= -0.25 ergicm?
My, o= 0.4 ergicm?
N = = m, Jo=-0.4 erg/om?
E My, Jg= -0 8 erg/cm?
F - - Mg Jo=-0.8 erg/em?
T T ." T
. . 0.4 0.5 0.6 0.7
(c) D
02dty /)=
. 1 m J
- waeerf |~ cpacer | Vex
© ) tH 1 vl 2
et L [ J,= -0.25 erg/cm
= 014 ﬁ —— J.,= -0 4 erg/icm?
s | J.,= 0.8 erg/cm?
0.0 T T 1

— .
00 01 02 03 04 05 06 07
J, uAInm?

Figure 7.2: Inset shows the AF-ECC STO structure. The results obtained via the 2-spin model are
shown for (a) f, (b) m,, and (c) ¢ as functions of J for different exchange coupling J,, for

D=20nm, t =t =0.8nm, t,. =03nm, M, =1350emu/cm’, M, =470emu/cm’,
K, =4Merg/cm?, K, =1.11Merg/cm® , &, =z, =0.008.

From Figure 7.3 (a), the elevation torques in the HL are dominated by the exchange
and STT components, which are of an opposite sign maintaining the torque balance. The
anisotropy elevation torque component in the HL is relatively insignificant. For the SL
(Figure 7.3 (c)), the elevation torques are dominated by the exchange and effective
anisotropy components, which are again of an opposite sign maintaining the balance. The

exchange elevation torques in the SL and HL have an opposite sign, which explains the
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same sign of m, in the HL and SL as shown in Figure 7.2 (a). The azimuthal torques

(Figures 7.3 (b) and 7.3 (d)) are dominated by exchange and anisotropy components,
whereas the STT component is subdominant. The reason for the weak STT contribution is
related to the fact that the main role of STT is to overcome the system damping given by
a, which is small. The azimuthal anisotropy and exchange torques in the HL
(Figure 7.3 (b)) have an opposite sign with the exchange torque dominating. In the SL
(Figure 7.3 (d)), the azimuthal exchange and anisotropy torques are of the same sign and
thus they are added to results in the total azimuthal torque. In the steady state, the total
azimuthal scaled torques in the HL and SL are the same and they match the precessional

frequency in Figure 7.2 (a), in agreement with the two-spin model of Egs. 7.8 and 7.9.
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Figure 7.3: (a) and (c) elevation torques in HL and SL; (b) and (d) azimuth torques in HL and SL.
The torques are given for J,, =-0.4erg/cm?in the units of GHz, i.e., they are obtained by
multiplying the actual torques by y .

118



We also studied the effect of different ¢, and ¢, and found that an increase of ¢,
and ¢, leads to an increase of the required J . The major increase of the required J is due
to «a, e.g., to maintain the same f with a double value of «,, J needs to be almost
doubled. On the other hand, an increase in «, has an insignificant effect on the required J .
This behavior is because T, needs to increase to compensate an increase in T,;' due to an
increased ¢, which, in turn, leads to an increase in T, and T, required for the elevation

torque compensation, and hence an increase of J. Noting that, typically, soft materials

have lower damping constants this behavior constitutes an added benefit [119].

We next show results of micromagnetic simulations obtained using the finite

element based micromagnetic simulator FastMag [113].
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Figure 7.4: Magnetization orientation vs J,, for HL and SL for the AF-ECC STO structure.

Figure 7.4 shows the micromagnetic simulations for the orientation of the

magnetization for HL and SL of the AF-ECC STO as a function of J, at J =0. The
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increase of the exchange interaction constant J,, leads to in-plane orientation of both

HL and SL.

We considered STOs of different sizes and found that the behavior of smaller

STOs (D <10nm) is nearly identical to the two-spin model in Figures 7.3 and 7.4,

whereas for larger sizes the behavior has more complicated features resulting from

magnetization non-uniformities. Figure 7.5 shows micromagnetic results for the same
parameters as in Figure 7.2 for D=20nm and 40nm with J,, =-0.4erg/cm* and

Figure 7.6 shows the magnetization states corresponding to different responses in

Figure 7.5.
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Figure 7.5: Micromagnetic results for (a) the average scaled torque T;;”a' /sin 6., which
approximates the precessional frequency f , (b) averages m, in HL and SL, and (c) averaged ¢ as
a function of J for J, =-0.4erg/cm? for two values of D =20nm and 40nm. The rest of the
parameters are as in Figure 7.2 and A = A, =1perg/cm. The bars represent the value spread for a
given J.
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For smaller J the behaviors of all parameters in Figure 7.6 are close to those
for the two-spin model in Figure 7.3 and the precession of the AF-ECC STO is nearly
uniform (Figure 7.6 (a)). For greater J the behavior deviates. For the smaller size of
D =20nm, with an increase of J, the precession becomes more non-uniform (Figure
7.6 (b)). At a certain J (J =0.15pA/nm?), the magnetization of the SL goes into a

vortex state (Figure 7.6 (c)), the magnetization of the HL is mostly out of plane, and

the precession stops. This behavior can be explained by the azimuthal angle ¢ in
Figure 7.5(c) (and Figure 7.2(c)), i.e., for greater J, ¢ increases and it leads to an
increased exchange torques that, in turn, leads to the magnetization twisting resulting
in the vortex state. For the greater size, D =40nm, and greater J, the precession
becomes more non-uniform. The parameters in Figure 7.6 have deviations in certain
ranges and for larger J (for J =0.09uA/nm?) the precession becomes highly non-

uniform and sporadic.

J=0.025 yAlnm? J=0.057 JAIhm?>  J=025 4A/Inm? 1

Figure 7.6: Snapshots of m, of SL for J,, =-0.4erg/cm® for D =20nm and 40nm for different
J . The rest of the parameters are as in Figures 7.3 and 7.6.

As shown in Figure 7.6 (e and f), the magnetization precessional states change in
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certain patterns with features of precessing domain walls and vorticies. Figures 7.6 and 7.7
are shown for J, =-0.4erg/cm®, which is a practical value for Ru [126]. For a
greater J,, =—0.8erg/cm?, which can be achieved with, e.g., Ir [127], the behavior is

qualitatively similar but the range of J with uniform precession is broader and the

precessional frequency is greater.
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Figure 7.7: Time dependence of the normalized magnetization components m, and m, vs. J in
SL and HL for J_ =-0.4erg/cm® for D =20nm and 40nm . For (a) and (d) J =0.025pA /nm? ,
for (b) and (e) J =0.057pA/nm? , and for (c), (f) J =0.25pA/nm? .
Figure 7.7 shows the averaged m, and m, in the SL and HL for D =20nm and
40nm for different values of J. At the smallest shown J (Figures 7.6 (a) and (d)), the

behavior of m, and m, for D=20nm and 40nm is nearly the same: the precession is

uniform with mostly in-plane precession in the SL and smaller amplitude precession in the

HL, which corresponds to mostly uniform profiles in Figures 7.6 (a) and (d). At a greater J
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and D=20nm, the SL still has a uniform precession with a higher frequency
(Figure 7.7 (b)), whereas for D =40nm the precession becomes partially non-uniform with
a lower frequency (Figure 7.7 (e)). At the highest J, for D=20nm the SL does not

precess (Figure 7.7 (c)), which corresponds to the vortex state as shown in Figure 7.6 (c).

At the same highest J, for D=40nm the HL has a highly non-uniform precession

(Figure 7.7 (f)), which corresponds to the spatial magnetization profile of Figure 7.6 (f).

7.3.2 Operation at room temperature

Characterizing thermal noise is important for understanding the operation of STOs
finite temperatures. Here, we show results of the micromagnetic analysis of the AF-ECC

STO at room temperature T =300K . The micromagnetic simulation were performed with

the FastMag simulator that included stochastic effects [29,129].
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Figure 7.8: Magnetization component m, vs time at room temperature for different J and J,, .

Figure 7.8 shows the magnetization dynamics in the FL for different J and J,,

The time dependence shows precession as at zero temperature but the precessional

123



amplitude and frequency have some random variations. Figure 7.9 shows the Fourier
spectrum corresponding to the time dynamics results in Figure 7.9. The spectrum has a
maximum at the frequency corresponding to the zero-temperature frequency. The linewidth
depends on the particular choice of the structure parameters. Generally, we find that higher

J and J_, which correspond to higher precessional frequencies lead to a narrower

linewidth. This behavior is important as one of the important benefits of the AF-ECC STO
is its high-frequency operation.
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Figure 7.9: Fourier spectrum of m, for the operation at room temperature for different J and

J,, forthe AF-ECC STO.

We then compare the room temperature operation of the AF-ECC STO with the
operation of other STO types, including an easy-plane single-FL STO, which is chosen as it
can operate without an applied field [88], and an easy-axis STO with an applied field,
which is chosen as it was the original concept for an STO [85,87,99,100]. Both STOs

chosen for comparison operate only at lower frequency ranges that those typical of the AF-

124



ECC STO and, therefore, the comparisons are done at the lower frequency range.
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Figure 7.10: Fourier spectrum of m, for the operation at room temperature of an AF-ECC STO
with J_ =-0.4erg/cm® and J =0.04pA/nm” compared to (a) easy-plane single-FL STO
with  the  following  parameters:  thickness t=0.8nm, M, =1350emu/cm?®
K, =1.11Merg/cm®, J =0.04puA/nm*, & =0.008; (b) easy-axis STO with an applied field
with  the following  parameters: t=3.0nm, M, =1350emu/cm®, «=0.008,
J =0.01pA/nm* and H,,, =0.4T . Forall cases D =40nm.

Figures 7.10 (a) and (b) compare the frequency spectrum of AF-ECC STO with
those of the easy-plane single-FL STO and easy-axis STO with an applied field,
respectively. The structure parameters of the STOs are chosen such that they operate at the
same frequency at zero-temperature. We find that the linewidth of the easy-plane single-FL
STO is about the same as that of the AF-ECC STO (Figure 7.10(a)). On the other hand, the
linewidth of the easy-axis STO with an applied field is narrower (Figure 7.10 (b)). We
attribute the reduced linewidth in the latter case to the fact that the precessional frequency is
largely given by the applied field that is temperature and thermal noise independent. On the
other hand, for the AF-ECC STO and easy-plane single-FL STO, the precessional

frequency is determined by the anisotropy and exchange interactions. These interactions are
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affected by the thermal noise because they are related to the instantaneous magnetization
states, which are a part of the stochastic magnetization dynamics. We note that the
linewidth can be reduced by synchronizing multiple STOs or synchronizing the STOs to an
AC current or external field [101-103]. In summary, this chapter discussed an AF-ECC
STO, which has its FL composed of AF coupled SL and HL. The easy-plane anisotropy of
the SL allows the operation at realistic AF coupling strengths producing large precession
angles, which is important for generating a large signal.

We developed an analytical model based on a two-spin approximation and further
used micromagnetics to study size effects. The precessional frequency can be tuned in a
broad frequency range. The operation of the STO can be understood from an interplay
between the exchange and anisotropy interactions. The magnetizations in the SL and HL
have an azimuthal angular shift, which plays an important role in setting the precessional
angle and frequency. The micromagnetic study shows that for smaller currents the
operation is close to that predicted by the two-spin model, whereas for greater currents the
precessional motion becomes non-uniform.

We investigated the operation of the AF-ECC STO at zero-temperature as well as at
room temperature, which includes stochastic thermal noise effects. The linewidth of the
Fourier spectrum of the magnetization is higher for greater current densities and AF
exchange energy densities, which correspond to higher operational frequencies. The
linewidth of the AF-ECC STO is greater than that of an easy-axis STO with an applied field
and similar to an easy-plane single-FL STO. AF-ECC STO can be used to generate tunable
high-frequency electric signals or to generate an oscillating magnetic field for applications

such as microwave assisted magnetic recording. In the latter case, there is no need in the RL
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layers. A microwave field can be generated because the precession magnetization

magnitude in the SL can be greater than that in the HL.
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Chapter 8

Conclusions

In conclusion, this dissertation explored different areas related to spin-currents-
powered perpendicular magnetic tunnel junction (p-MTJ) based devices such as
magnetoresistive random access memory (MRAM) and spin-torque oscillators (STOs). For
the p-MTJ-based memory devices we were mainly looking at ways to tune their behavior
under an applied current and ways to improve their thermal stability, current-induced
switching and efficiency properties. Our findings on p-MTJ’s memory application will help
to approach the key requirements of the p-MTJ’s free layer, such as high thermal stability
and low damping. This will potentially make STT-MRAM an alternative, high-density,
high-speed, non-volatile random-access memory to conventional MRAM.

This work also includes a separate study of antiferromagnetically exchange coupled
composite (soft/hard) spin torque oscillator (AF-ECC STO) which combines the properties
of previously developed and known types of STOs. For the AF-ECC STO we demonstrated

its operation via an analytical model and micromagnetic analysis. The operation mechanism
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is based on the exchange field due to the antiferromagnetic coupling between soft and hard
sub-layers of the free layer as well as on the easy-plane anisotropy of the soft sub-layer.
AF-ECC STO can generate large amplitude magnetization oscillations, which can be tuned
over a broad frequency range with precessions mostly generated by the soft layer. We also
demonstrated that AF-ECC STO offers a flexibility in current control of the oscillation
frequency and magnetization angle for realistic material parameters. Our findings on AF-

ECC STO can be used in microwave assisted magnetic recording (MAMR) technology.
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