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In this work, we investigate the prospects for spin-transfer-torque ran-

dom access memory (STTRAM) as the new generation low-power high-density

non-volatile memory. Possible means to lower the switching current and in-

crease the packing density of STTRAM are proposed. In an STTRAM cell, the

logical value of the memory bit is stored as orientation of magnetic moment

in its ferromagnetic �free� layer. The bit typically consists of two thin �lm

ferromagnets (FM) separated by an insulating tunnel barrier as in a magnetic

tunnel junction (MTJ) structure. One of the two FM layers has �xed magne-

tization direction, while the other layer is free to be switched. We �rst study

STT-assisted switching in spin valve structures with in-plane, perpendicular,

and canted magnetizations in free and (or) reference layers using point con-

tact measurements to explore the use of non-collinear magnetizations in free

and �xed FM to reduce both switching current and time. Next, we consider
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the possibility of storing two memory bits within a single MTJ with a cross-

shaped free layer that could still be addressed by one selection transistor. We

provide a detailed discussion of the switching dynamics and associated regions

of reliable switching currents, in addition to illustrating the e�ects of varying

device geometry on the latter. Moving on from the standard MTJ structure,

we then consider the possible use of topological insulators, as opposed to the

�xed FM, as the spin-polarizer layer. It has been established that spin and

momentum are locked helically in the surface states of a three-dimensional

topological insulator (TI). Suggestions of possible use of the TI spin-polarized

surface states in spintronic devices to induce reversal of a magnet have been

made using theoretical and experimental studies. Here, we simulate mag-

netization reversal of a metallic nanomagnet by an underlying TI. The TI,

thanks to the spin-momentum helical locking of the surface states, causes a

spin-polarized current injection to the FM above it. We study the e�ciency

of the spin injection as a function of varying transparency of the TI-FM inter-

face. The transport in the TI and the FM is assumed to be di�usive at room

temperature for the assumed resistance values. Finally, we take into account

random thermal �uctuations leading to write error rate (WER) in STTRAM

write operation and use Fokker-Planck method and stochastic Landau-Lifshitz-

Gilbert-Slonczewski equation to model WER in STTRAM. We conclude with

possible future research directions.
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Chapter 1

Introduction

�Spintronics,� the commonly used name for spin-transport-electronics,

employs electron spin in solid state devices and has been an area of great

fundamental and practical interest, owing to exciting physics and the promise

of applications in technology. Each electron carries a unit of charge (-e) as

well as a unit of spin angular momentum h̄
2
, or equivalently, a �xed magnetic

moment. The spin angular momentum can only have two values along any

direction, ± h̄
2
, and is normally labeled as �up� or �down� spin. In normal

metals, e.g. Cu, electrons of both the spins are randomly oriented and the

density of states of the two spins are the same at the Fermi level. In certain

metals such as Fe, Co or Ni, and many other alloys of these, due to huge

internal exchange interactions, the atomic magnetic moments align parallel to

each other. The densities of states for up and down spin electrons at the Fermi

level are di�erent and the two spin bands are shifted in energy. Fe, Co or Ni are

so-called ferromagnetic metals. Many properties in these materials, e.g. the

electrical conductivity, are thus spin-dependent as a result of the spin-splitting

in the energy bands.

Ferromagnetism in Fe, Co, Ni and their alloys has been known for a
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long time. The recognition that the interaction of the electron spin angular

momentum with the solid can be manipulated for device applications, just

as well as that of its charge, only came recently. The discovery of the gi-

ant magnetoresistance by Albert Fert and Peter Grünberg [6, 7] (2007 Nobel

prize) marks an important milestone in the �eld of spintronics and soon led

to several practical applications in magnetic data storage and read heads.

With advancements in nanoscale fabrication techniques the discovery of the

tunnel magnetoresistance (TMR) in a magnetic tunnel junction (MTJ) fol-

lowed [8�12] and found widespread applications in magnetic random access

memory (MRAM). Magnetization in the patterned ferromagnetic thin �lms in

an MTJ traditionally has been controlled using magnetic �elds. This disser-

tation is, however, focused on using a spin-polarized current in magnetization

switching for potential applications in random access memories.

1.1 The memory hierarchy

There are di�erent levels of memory in a computer depending on the

proximity to the central processing unit (CPU). For example, CPU registers

store the data most frequently used by the CPU. The CPU registers can be

accessed very quickly (access time ∼ns). The cache memories, which also o�er

fast access, are in the next level. Next, the main memory has larger size,

but typically would take longer to communicate with the CPU. The largest

information storage happens in a solid state drive (SSD) or in a hard disk drive

(HDD). The SSD (�ash memory) o�ers faster access than the HDD. Access

2
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time to HDDs are very large (∼ms). The division of memory usage according

to information storage density and speed of access from the CPU is referred

to as the �memory hierarchy� in computer architecture (shown schematically

in Figure 1.1).

Accordingly, di�erent memory technologies are used in di�erent levels

of the memory hierarchy depending on their access speeds and bit packing den-

sities. For example, the most commonly used memory technology for the cache

memory is static random access memory (SRAM), which is faster than the dy-

namic random access memory (DRAM) used in the main memory. However,

an SRAM cell occupies too large an area (∼100F2, where F is the minimum

3



feature size of the technology node). DRAM, on the other hand, occupies

smaller area per cell (∼6F2) and also o�ers fast access (access time ∼10-100

ns). With semiconductor technology approaching the so-called �end of the

road-map� it is getting harder to scale the commonly used semiconductor de-

vice based memories to smaller technology nodes. For example, increasing

leakage current of the SRAM cell has become a concern. For the DRAM

technology, as the cell is typically realized using a transistor and a capacitor,

realizing a certain capacitance in a certain maximum allowed footprint has

become challenging. It has been predicted that DRAM will be di�cult to be

scaled further than the 20 nm node [13,14].

Moreover, the traditionally used magnetic-�eld-assisted random access

memory (MRAM) is not scalable to smaller bits. In the traditional MRAM, a

smaller bit would require a larger magnetic �eld for information to be recorded

in it, in turn requiring a larger write current [15]. This would increase the

power consumption by a large extent. Moreover, the commercially available

MRAM is slower than SRAM and less dense than DRAM [16].

In this scenario, the memory industry, therefore, is looking for alter-

natives, and preferably one that can be used in all the levels of the memory

hierarchy. With the theoretical predictions [17,18] and experimental observa-

tion [19] of the so-called spin-transfer-torque (STT), it was readily recognized

that using a spin-polarized current (SPC) to do the write operation instead of

a magnetic �eld in a magnetic bit would greatly enhance the scalability of non-

volatile information storage. The counterpart of MRAM, in which the write

4



mechanism would be STT, is referred to as the spin-transfer-torque random

access memory (STTRAM).

1.2 STTRAM as the potential universal memory

In addition to the scalability, the access speed of STTRAM is expected

to be really high (access time ∼2-30 ns [13]), as has been demonstrated already.

Moreover, STTRAM promises a cell size of 6F2 or, possibly even smaller than

that [15]. With only few additional masks, STTRAM fabrication is compat-

ible with CMOS fabrication steps [20]. Hence, the widespread hope is that

STTRAM might be a candidate for the so-called �universal memory,� becom-

ing a potential replacement for memories in more than one of the levels in the

memory hierarchy, if not all of them [21].

A comparison of STTRAM with other emerging and existing mem-

ory technologies such as SRAM, DRAM, NAND and NOR �ash, phase change

memory (PCM), magnetoelectric RAM (MeRAM) and ferroelectric RAM (FeRAM)

can be found in work by Yoda et al. [16] and has been shown schematically in

Figure 1.2, following previous work [1].

In a single STTRAM cell, a bit of information is stored as the mag-

netization direction of a patterned nanoscale thin �lm ferromagnet (FM). In-

formation stored as the magnetization direction lends an inherent non-volatile

nature to this memory technology. Although information is stored as the

magnetization direction of a single FM known as the �free� FM, both read and

write mechanisms require a FM-nonmagnet-FM trilayer stack (schematically

5
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Figure 1.2: Comparison of STTRAM with other existing and emerging mem-
ory technologies, created following Ref. [1].

shown in Figure 1.3). The other FM in the trilayer stack is known as the

��xed� or the �reference� layer. The nonmagnetic layer is generally a tunnel

barrier, thus allowing reading of the bit using the TMR. The trilayer stack is

then called a magnetic tunnel junction (MTJ). Also, in an STTRAM cell, the

MTJ is accessed through a selection transistor.

There are two types of STTRAM bits currently being considered ac-

cording to the orientation of the free layer with respect to the plane of the

thin �lm. If the easy axis is in the plane of the thin �lm, the bit is referred

to as an `in-plane' bit. For an in-plane bit, the easy axis is engineered using

6



Bit Line 

Source line 

Word line 

free layer 

Tunnel barrier 

fixed layer  

(polarizer) 

Figure 1.3: STTRAM cell with 1 MTJ and 1 selection transistor.

shape anisotropy of the magnet, so the free layer magnet is often a thin �lm

ellipse. This way, the easy axis is along the longer of the two axes, i.e., the

major axis of the ellipse. The other type of MTJ is where the easy axis of

the free layer magnet is perpendicular to the plane of the thin �lm. The easy

axis can be in a perpendicular direction owing to the so-called perpendicular

magnetic anisotropy (PMA) of the magnetic material. As will be discussed in

the subsequent sections in more detail, perpendicular STTRAM bits possess
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inherently better performance compared to the in-plane bits owing to the dif-

ferent energy landscape. A comparative study using simulations can be found

in a previous study [22]. The international technology roadmap for semicon-

ductors (ITRS) predicts use of perpendicular materials for STTRAM from

the year 2017 and onwards [23]. In this chapter, �rst the write mechanism of

STTRAM memory bit, which is the phenomenon of STT, will be described

along with the read mechanism of tunnel magnetoresistance (TMR). Then,

we brie�y discuss the recent experimental demonstrations of STTRAM. The

challenges for STTRAM to become a main stream memory technology will be

discussed along with some of the solutions currently being considered.

1.3 Basic principles of STTRAM operation

1.3.1 Write mechanism: Spin-transfer-torque

Fixed FM Free FM 

Nonmagnetic 

 spacer 

STT 

Figure 1.4: STT in a FM-nonmagnet-FM trilayer stack
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When a SPC traverses a ferromagnet (FM), the transverse component

of the spin angular momentum of the SPC is absorbed by the FM. STT arises

because of rapid dephasing, usually within a few atoms from the non-magnetic

layer into the FM, if the incident spin is not aligned with the magnetization

direction of the FM. As a result, the FM experiences a torque, which is known

as the spin-transfer-torque (STT). When the STT is large enough to overcome

the damping inherent in the FM, the STT might lead to magnetization reversal

of the FM [17, 18, 24]. The SPC is usually generated using spin-�ltering by

another ferromagnet, the ��xed� FM in the MTJ stack (shown schematically

in Figure 1.4).

1.3.2 Read mechanism: Tunnel magnetoresistance

Apart from the all electrical write mechanism, STTRAM takes advan-

tage of the MTJ stack for an electrical read out of the information written in

the free FM. The read-out is usually done by measuring the resistance of the

stack. The percentage change in resistance when the magnetizations in the

free and the �xed FM are parallel (P) or antiparallel (AP) to each other is

referred to as magnetoresistance (MR) ratio (≡ (RAP − RP)/RP). With the

non-magnetic spacer (NM) between the two FM electrodes of the MTJ being

a thin dielectric tunnel barrier, the magnetoresistance arises because of spin-

dependent tunneling between the electrodes. The TMR e�ect was predicted

�rst by Julliere [10] and experimentally observed independently by Moodera

et al. [9] and Miyazaki et al. [12]. In a ferromagnet, the density of states of
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the two spin bands (up and down) are separated in energy. As a result, one

of the two spins can travel across the FM-NM-FM stack, only if the two FM

electrodes are parallely magnetized. On the other hand, if the the two FM

electrode magnetizations are antiparallel, neither of the two spins can make to

the other electrode from the NM. The simplest interpreation of phenomenon

of MR has been shown schematically in Figure 1.5. An MR ratio of more

than 100% has been predicted theoretically [25] and also has been experimen-

tally demonstrated [11] for single crystal Fe/MgO/Fe MTJs. The TMR of the

MTJ stack decides the read margin as well as the read speed of the STTRAM

bit [20].

NM FM FM 

Parallel Antiparallel 

FM FM NM 

EF 
EF EF 

N(E) N(E) 

Figure 1.5: Magnetoresistance (MR) in a FM-NM-FM stack.
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1.3.3 Current driven switching modes

Depending on the length of the write pulse there can be three distinct

modes of STTRAM switching [26]:

1.3.3.1 Thermal regime

If the current amplitude is small compared to the critical switching

current Ic0 and a long pulse is being used, the switching happens mainly by

thermal activation over the energy barrier. This regime is referred to as the

thermal regime. In the thermal regime, the initial (prior to the application

of the write pulse) probability distribution of the free layer magnetization is

irrelevant, whereas the temperature, and hence thermal �uctuations during

the reversal is important [26].

1.3.3.2 Precessional regime

In the precessional regime, the pulse length is short and the pulse am-

plitude is several times higher than Ic0. In the precessional regime, the thermal

�uctuation during the reversal does not a�ect the switching distribution, only

the initial thermal distribution of the magnetization is important [26].

1.3.3.3 Dynamic regime

The dynamic regime is the region in the pulse length-pulse amplitude

plane where neither of the above two cases are true and both initial thermal

distribution and the thermal �uctuations during the reversal might play im-
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portant role. The dynamic regime is important from practical point of view

since STTRAM is most likely to be operated in this regime for applications of

interest.

The stochastic nature of the switching will be discussed in more detail

in Chapter 5.

1.4 Recent progress in STTRAM

Considerable amount of e�ort has been put in the last decade to im-

prove the performance of STTRAM and meet the speci�cations in the ITRS.

A comparison of performance achieved by di�erent groups can be found in

the review by Yoda et al. [16]. Historically, the in-plane magnetized MTJs

matured technologically before the perpendicular MTJs. However the critical

switching current was as high as hundreds of micro-amperes, thereby ending

up requiring a very large selection transistor and reducing the packing den-

sity. A major advancement was made by Toshiba in proposing perpendicular

bits [27]. Even before the demonstration of STT switching in perpendicularly

magnetized MTJ by Toshiba [27], it was being noted by other groups that using

PMA, instead of shape anisotropy and in-plane magnetization in the free layer

might o�er better switching current for the same anisotropy �eld and studies

on spin-valves were carried out [28]. However, a spin-valve(with a metal as

the non-magnetic spacer instead of a dielectric tunnel barrier) su�ers from a

small magnetoresistance ratio(∼1%), which is small compared to the require-

ment of electrical read out. An e�cient read-out needs TMR ∼150% [16, 23].
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In [27], a bu�er layer of CoFeB was used to lessen mismatch between the MgO

tunnel barrier and the perpendicularly magnetized TbCoFe, though a TMR

ratio of only 15% was seen. Further improvements in the perpendicular MTJ

technology followed and led to a demonstration of as high as 200% TMR [29].

The other concerns towards making commercially viable STTRAM is

the write speed and the write energy, though both are related to the write

current. Writing by 1 ns long current pulse and write energy as small as 0.05

pJ/bit has been demonstrated by Toshiba [30]. Though perpendicular bits

are considered to be the solution for the problem of high switching current,

problems with materials with PMA include [31]:

• Crystal match with the MgO tunnel barrier for high spin injection e�-

ciency and high TMR.

• The material has to have low enough damping constant(<0.01).

Apart from high TMR, small write current, write energy and write

time, a su�ciently high endurance of the cell has to be ensured. Endurance

of the bit refers to the maximum number of write cycles a cell can withstand

before su�ering from a damage [31].

1.5 Current challenges for STTRAM

Inspite of having a potential for scalability to smaller technology nodes

unlike its magnetic-�eld-assisted counterpart, STTRAM faces a number of se-

rious challenges before it can be made commercially viable, as will be discussed
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in more detail in the following paragraphs. The main obstacle is due to the high

write energy, stemming from the high write current density required for reli-

able switching of the bit [1,13]. Switching energy from recent demonstrations

are high, ∼100 fJ (Ref. [1] and references therein). The high switching energy

compared to the switching energy of a CMOS transistor switch might prohibit

the use of STTRAM in application that require frequent read and write oper-

ations [1]. The switching current density (Jc0) is the minimum charge current

density needed to be injected to the nanomagnet to overcome the damping

in the system. A model to calculate Jc0 was proposed by J. Sun [32]. The

model assumed a monodomain magnetic body subject to a magnetization dy-

namics given by Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation which

is driven out of equilibrium by a spin-polarized current injected perpendicular

to its plane. Using this model, switching current for monodomain in-plane

magnetized body can be written as [22,32]:

Jc0 =
1

η

2eα

h̄
Mst(2πMs +HK) (1.1)

where, η is spin-transfer e�ciency, α is the damping factor,Ms is the saturation

magnetization characteristic of the material, HK is the anisotropy �eld, t is

the thickness of the free layer. The energy barrier to be crossed while being

thermally switched, and hence the thermal stability factor (∆) of the bit is

e�ectively decided by the anisotropy �eld HK. Hence, Eq. (1.1) essentially

dictates the Jc0-∆ trade-o� [22]. A ∆ of ∼60 is required for ∼10 years of data
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retention. The trade-o� between switching current and thermal stability of a

bit is discussed in more detail while motivating Chapter 2.

In case of perpendicularly magnetized bit, due to absence of the 2πMs

term in Eq. (1.1), Jc0 is expected to be smaller for same HK and hence, same

thermal stability [22,28]. Work described in Chapter 2 is motivated by this.

Another problem introduced by the high values of Jc0 is the large area

of the selection transistors which will be required to drive the high current,

which in turn limits the maximum packing density achievable [1]. A possible

route to larger packing density can be the ability to address two bits stored in

a single nanomagnet, which is still addressed by a single selection transistor. A

multi-level cell might enable scaling down below the 6F2 cell area [20]. Work

described in Chapter 3 is motivated by search for a possible route towards

multi-bit STTRAM.

STTRAM is expected to possess in�nite endurance thanks to the fact

that there is no inherent wear-out mechanism involved with �ipping the mag-

netization back and forth using STT. In contrast, competing emerging mem-

ory technologies such as the phase-change memory (PCM) and the resistive

random access memory (RRAM) su�er from wear-out as the writing involves

physical displacement of the atoms [13]. However, wear-out in an STTRAM

does take place due to large write current crossing the tunnel barrier and di-

electric break down of the tunnel barrier after a certain number of operations

is a concern. A possible solution that has been proposed is to use a di�erent

device geometry than the two terminal MTJ structure where the read and
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write paths are the same. In the so-called spin Hall geometry, a heavy metal

such as Ta or Pt is used to inject spin to the free FM for the write opera-

tion [33,34]. In the spin Hall geometry the read and write paths are separate,

thereby saving the tunnel barrier in the MTJ read path from wear-out due

to large write current being sent through it. However, the three terminal ge-

ometry might require larger area per cell compared to the two terminal MTJ.

Also, a material with a high spin Hall angle is needed as the spin polarizer, so

that the write current density is small enough for practical applications. With

discovery of topological insulators (TI) with spin-momentum locked surface

states [35], a TI has become a promising candidate for the spin Hall mate-

rial. SPC injection to a FM using a TI has been reported experimentally [36]

and low-temperature magnetization switching has also been demonstrated [37].

Work described in Chapter 4 is motivated by e�ciency of STT switching of a

metallic nanomagnet(as opposed to an insulating one) by SPC injection by an

underlying TI.

The write time for an STTRAM bit for a given write pulse amplitude

is a stochastic quantity. Alternatively, the probability that a bit is written,

i.e., the magnetization of the free layer �ips when a write pulse is applied for

a given duration can, in general, be less than 1. The fact that the switching

time is a random quantity, requires the circuit designers to have a write pulse

much longer than the average write time to ensure a certain safety margin.

The probability that a bit will not be written after a write pulse is applied is

referred to as the write error rate (WER). The WER should be below 10−9 if
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there is an error correction code (ECC) and below 10−18 in absence of any ECC,

for correct operation as a working memory [31]. The necessity to understand

the reasons behind write error and improve WER motivates Chapter 5.

1.6 Overview of this dissertation

The goal of this dissertation is to investigate possible ways of decreasing

the switching current and increasing the packing density in STTRAM memory

[2�5].

• Chapter 2 focuses on use of perpendicular and canted magnetic anisotropies

for e�cient STT switching in spin-valve structures [2].

• Chapter 3 focuses on micromagnetic simulations of STT switching of a

ferromagnetic cross [3]. We investigate possibility of using a ferromag-

netic cross for a multi-bit STTRAM.

• Chapter 4 describes modeling study of a STTRAM bit using a TI as the

spin polarizer layer in a spin Hall geometry [4].

• Chapter 5 brie�y describes the e�ects of including thermal �uctuations

into STTRAM modeling. We describe our ongoing work on thermal

�uctuation induced error in STTRAM write operation using Fokker-

Planck calculations and micromagnetic simulations including random

thermal magnetic �eld.
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• I will summarize and conclude this dissertation in Chapter 6 with a

discussion on possible future research directions.
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Chapter 2

Perpendicular and canted magnetic anisotropy

for STTRAM

In this chapter we try to exploit magneto-crystalline anisotropy for

e�cient STT switching using spin-valve experiments. The results have been

published in Ref. [2].1

2.1 Motivation

In a spin valve, anisotropy axes of the two ferromagnetic layers can be

in the plane of the sample, perpendicular to the plane or making an angle to

either. Materials with perpendicular magnetic anisotropy (PMA) are being

considered widely because of a promise of larger retention owing to higher

coercive �eld and lower switching current due to lower damping constants [28].

Reduction in switching current with PMA materials have been reported [38�

1The results in this chapter has been published in Ref. [2] (Journal of Applied Physics,
vol. 111, no. 7, p. 07C913, 2012). The paper is titled �Spin-transfer-torque switching in
spin valve structures with perpendicular, canted, and in-plane magnetic anisotropies" by U.
Roy, H. Seinige, F. Ferdousi, J. Mantey, M. Tsoi, and S. K. Banerjee. The contributions for
this paper is as follows. The spin valve samples were prepared by U. Roy and F. Ferdousi
using sputtering and e-beam evaporation processes optimized by F. Ferdousi. Point contact
measurements were carried out by H. Seinige under the supervision of M. Tsoi. J. Mantey
helped to set-up experiments. H. Seinige and U. Roy prepared the manuscript. All authors
reviewed and commented on the manuscript.
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40]. As brie�y discussed in Chapter 1, the trade-o� between thermal stability

factor ∆(= Eb/kBT ) (where Eb is the energy barrier between the minima of

the energy landscape, kB is Boltzmann's constant and T is temperature) and

the zero-temperature critical switching current density Jc0 is inherently better

in case of magnets with PMA, compared to a magnet with easy axis in the

plane of the thin �lm of the magnet due to shape anisotropy. The critical

switching current for an in-plane bit is given by Eq. 2.1:

Jc0 =
1

η

2eα

h̄
Mst(2πMs +HK) (2.1)

whereas, for bits with PMA, the equivalent equation for Jc0 is:

Jc0 =
1

η

2eα

h̄
Mst(HK) (2.2)

As also brie�y discussed in Chapter 1, the absence of the term 2πMs gives rise

to the fact that for the same HK, Jc0 for a PMA bit will be smaller than an

in-plane bit. The thermal stability factor of the bit, ∆ is given by:

∆ =
Eb

kBT
=
KeffV

kBT
=
µ0HKMsV

2kBT
(2.3)

In Eq. 2.3, Eb is the energy barrier the bit has to cross while switching between

the minima of its energy landscape. Eb, and hence∆ is decided by the e�ective
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anisotropy energy per unit volume Keff . The e�ective anisotropy �eld HK is

related to Keff by HK = 2Keff/µ0Ms. µ0 is the permeability of vacuum and

Ms is the saturation magnetization of the FM per unit volume.

Due to this better thermal stability versus switching current trade-o�,

PMA bits are preferred over in-plane for the scaled down technology nodes

for STTRAM. However, if both the free layer and �xed layer magnetizations

are perfectly perpendicular to the plane of the thin �lm, STT will be zero as

the STT vector goes as m⃗ × (m⃗ × m⃗p), where m⃗ is the unit vector along the

free layer magnetization and m⃗p is the unit vector along the �xed layer mag-

netization direction. Hence, the STT becomes zero if m⃗p and m⃗ are perfectly

collinear. The STT induced switching gets started when m⃗p and m⃗ become

slightly non-collinear due to either thermal �uctuations or spatially varying

spin-texture within the free layer. However, relying on thermal �uctuation

to cause non-collinear magnetizations in the �xed and free layer might cause

widely stochastic nature and large range of the switching delay [32,41]. To cir-

cumvent this problem, designing non-collinear easy axes of the free and �xed

layer has been proposed [41]. Precessional switching for non-collinear magne-

tization in free and reference layers leading to reduction in switching current

density and time has been studied using simulations [42].

In this work, we study STT-assisted switching in spin valve structures

with in-plane, PMA, and canted magnetizations in free and (or) reference

layers using point contact measurements to investigate the use of non-collinear

magnetizations in reducing switching current and time.
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2.2 Fabrication and characterization of in-plane, canted,

and PMA spin valves

2.2.1 Spin valve fabrication

To fabricate the spin valve samples, p-Si (100) wafers were piranha

cleaned and wet-oxidized to grow about 400 nm thick layer of silicon dioxide. A

seed layer consisting of TaN 50/Ta 6/Pd 25 (thicknesses in nm) was deposited

on oxidized Si wafer to grow a subsequent [111] oriented stack. TaN/Ta was

deposited using DC magnetron sputtering. A 25 nm thick Pd seed layer on

TaN/Ta was deposited using electron-beam evaporation at a base pressure

of 5e-6 Torr. For the PMA and canted spin valves, Co/Pt and(or) Co/Ni

multilayer, also deposited using electron-beam evaporation were used as the

free and reference layers. For the in-plane sample, Co was used for the both

layers. The detailed sample compositions starting after the seed layers were

as follows: Co 5/Cu 4/Co 2/Cap (thicknesses in nm) for sample I; Co 0.7/Pt

1.6/[Co 0.7/Pt 1.7]3/Co 0.7/Ni 0.7/Co 0.4/Cu 4/Co 0.4/Ni 0.6/Co 0.2/Pt

0.6/Cap for sample II; [Co 0.4/Pt 1.2]4/Co 0.2/Ni 0.4/Co 0.2/Cu 4/Co 0.2/Ni

0.4/Co 0.2/Pt 0.6/Cap for sample III. For the canted samples the amount of

magnetization's tilt from the normal to the sample plane was quanti�ed using

two vibrating sample magnetometry (VSM) measurements with magnetic �eld

in the plane of the sample and perpendicular to the sample plane following

previous report [43]. The amount of canting of the reference layers were found

to be about 45 ◦ for sample II and about 12 ◦ for sample III. Sample preparation

(for samples II and III) and characterization was done in collaboration with
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Fahmida Ferdousi and have been discussed in more detail elsewhere [44].

2.2.2 Characterization by point-contact measurements
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Figure 2.1: (a) is a typical magnetoresistance plot of sample II with a magnetic
�eld applied perpendicular to the sample plane and a dc bias current of -1.3
mA. (b-d) are STT slope from point contact measurements for sample I-III
respectively, with open symbols for up-sweep and closed symbols for down-
sweep. This �gure has been reproduced from Ref. [2] with permissions.

Point-contact technique [19, 45, 46] was used to perform experimental

studies of STT in the spin valve samples. Point-contact measurements were

performed by Heidi Seinige in UT-Physics and was supervised by Prof. Maxim

Tsoi. Point contacts to all three samples were created between electrochem-

ically sharpened Cu tips and sample �lms using a standard mechanical sys-
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tem [19, 45]. At room temperature magnetoresistances of such point contacts

are measured while applying di�erent values of dc bias current to the contact.

A typical magnetoresistance curve is shown in Figure 2.1a) for sample II and

magnetic �eld applied perpendicular to the sample plane. At large negative

(positive) values of magnetic �eld, magnetizations of the free and reference

layers are parallel, so the resistance is low. When the �eld is swept to a small

positive (negative) value, the free layer switches �rst so the resistance rises

when the layer magnetizations become antiparallel. Further increase of the

magnetic �eld results in a resistance decrease when the reference layer also

switches and the magnetizations become parallel again. In the following we

refer to the measurements of magnetoresistance in magnetic �eld sweeping up

(from negative to positive) and down (from positive to negative) as up-sweep

and down-sweep, respectively. For PMA and canted samples, the magnetic

�eld was applied in perpendicular direction to the sample plane whereas for

the in-plane spin valve the applied magnetic �eld was in the plane of the sam-

ple. The magnetic �eld at which the free layer switches its orientation was

observed to vary with the applied dc bias current. We tentatively attribute

these variations to the e�ect of STT and use them to evaluate the e�ciency

of STT in our experiments.

Figures 2.1(b)-2.1(d) show the free layer switching-�eld variations with

the dc bias current in samples I-III, respectively, for both the up-sweep (open

symbols) and downsweeps (solid symbols). The least-squares linear �ts to the

data are also shown and their slopes were used to compare the e�ciencies of
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Table 2.1: Slope of STT for samples I-III.

Sample Up-sweep Down-sweep Contact Estimated Estimated current
slope (T/A) slope (T/A) resistance (Ω) contact density

size (nm) for I=1mA (A/m2)
Sample I -0.281 -0.441 11.8 15.2 1.3× 1012

Sample II 13.7 -10.9 15.1 13.2 1.8× 1012

Sample III 1.82 -6.75 12.0 15.0 1.4× 1012

the STT in di�erent samples. In sample III we observed little, if any, e�ect

of the positive bias on the switching �eld, so only negative currents were used

to evaluate the e�ciency of the STT (see the linear �ts in Figure 2.1(d)).

Table 2.1 summarizes these observations. The current was found to be most

e�cient in a�ecting the switching-�eld in sample II with a 45 ◦ tilt. In contrast,

the in-plane sample showed a very weak dependence of the switching-�eld on

current. The signs of the STT slopes are related to the presence of di�erent

canted phases in the respective spin con�gurations, as was also seen in some

other reports [28].

2.3 Conclusions

We have performed a comparative study of STT-switching in samples

with in-plane, canted, and perpendicular magnetic anisotropies. STT was seen

to be more e�cient in perpendicular/canted samples, both from micromag-

netic simulations (discussed in Ref. [44, 46]) and point contact experiments,

compared to an in-plane spin valve. In the samples with out-of-the-plane

anisotropy, point contact measurements showed larger e�ect of STT in the
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sample with 45 ◦ tilt compared to the sample with 12 ◦ tilt. The in-plane ge-

ometry showed less e�ciency of STT to switch magnetization in both micro-

magnetic simulations and experiments. The experimental observations agree

qualitatively with the micromagnetic simulations, though exact quantitative

comparison of the two could not be carried out. The reason is, a dc bias current

and an external magnetic �eld were used for the point contact measurements

whereas the simulations were carried out for a pulsed current. Also, the mag-

netization volume probed in point contact experiments can be in�uenced by

magnetic con�gurations and dynamics of neighboring domains. The latter

would call for simulations in much larger volumes compared to the dimensions

of spin valves simulated in the present work.
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Chapter 3

Spin-transfer-torque switching of a

ferromagnetic cross towards multi-bit STTRAM

We propose a multi-bit STTRAM using micromagnetic simulations of a

ferromagnetic cross. The results in this chapter has been published in Ref. [3].1

3.1 Motivation

Currently, the switching current densities (106-107 A/cm2) required to

switch the bit using the STT e�ect is high. In the most widely used scheme

an STTRAM cell comprises of a MTJ connected to an access transistor (1T-

1MTJ). The access transistor has to be wide enough to support the write

current of the MTJ. Currently, the switching current densities being very high,

the area of the selection transistor becomes really large and might be as high

as 50F2 [47]. Thus the area of the transistor becomes the bottleneck for the

1The results have been published in the Journal of Applied Physics (vol. 113, no. 22,
pp. 223904, 2013). The paper is titled �Micromagnetic study of spin-transfer-torque switch-
ing of a ferromagnetic cross towards multi-state spin-transfer-torque based random access
memory" by U. Roy, T. Pramanik, M. Tsoi, L. F. Register, and S. K. Banerjee. The con-
tributions for this paper is as follows. U. Roy and T. Pramanik ran the micromagnetic
simulations. U. Roy developed basic code for a single simulation. T. Pramanik batch pro-
cessed the simulations for wide range of device dimensions and current density. U. Roy
wrote the manuscript. M. Tsoi, L. F. Register and S. K. Banerjee supervised the work and
reviewed and commented on the manuscript.
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Figure 3.1: Cross-shaped MTJ stack

area per bit and in turn, the packing density of the technology [1]. To improve

the packing density, for example, alternative access schemes other than the

1T-1MTJ scheme have been considered [47]. Another route towards improving

packing density could be the use of a multi-bit cell. Multi-bit STTRAM device

has been previously proposed using multiple MTJs connected in series [48]

or two di�erent domains in the free layer switching at two di�erent current

densities [49]. In this chapter, we explore the possibility of storing two memory

bits within a single MTJ with a cross-shaped free layer that could still be

addressed by one selection transistor. The studied STTRAM structure is

similar to device proposed in a recent patent [50]. However, in this work we

provide a detailed discussion of the switching dynamics and associated regions

of reliable switching currents. We also study the e�ects of varying device
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geometry on the regions of reliable switching current. A schematic picture of

the imagined cross-shaped MTJ stack has been shown in Figure 3.1.

With two long branches in the free layer of the considered MTJ struc-

tures, there are an associated four valleys in the energy landscape. The angular

positions of the free layer magnetization in these stable positions with respect

to the �xed layer are designed so that the resistance of the MTJ has distinct

values when the free layer magnetization resides in each of these valleys. Using

micromagnetic simulations, we show switching between energy valleys using

spin polarized current. We engineer the energy barrier between valleys by

controlling the dimension of the branches.

First, we simulate the equilibrium magnetizations of the cross-shaped

free layer. The dimensions of the cross are adjusted such that energy barrier

between any two energy minima is at least ∼60 kBT (kB is Boltzmann's con-

stant and T is absolute temperature). Then switching scheme between the

four energy minima of the cross shaped free layer has been proposed by using

varying amplitude of current pulse applied to the free layer.

3.2 Results

3.2.1 Equilibrium magnetizations of the cross

Equilibrium spin texture of the cross has been shown in Figure 3.2. As

can be seen in Figure 3.2, there are four equilibrium magnetizations, equiv-

alently, two easy axes, owing to the 4 elongated arms. The energy barrier

between any two minima would be the same for a symmetric cross. Here,
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however, we have considered the cross to be asymmetric. That is, the short

arms are each 40 nm long along the longer axis and 20 nm long along the

shorter axis. The long arms are each 60 nm longer along the long axis and 20

nm long along the shorter axis. The thickness in the out-of-the-plane direction

is 2 nm. The magnetization is saturated along a direction making a very small

angle with the branches applying a large enough magnetic �eld, and then al-

lowed to relax back to zero magnetic �eld. The magnetization relaxes to the

spin-textures shown in Figure 3.2.(a)-(d). As the magnetization relaxes to

the con�gurations in Figure 3.2.(a)-(d) with no external magnetic �eld, these

correspond to the minima of the energy landscape. Here we simulate only the

free layer thereby ignoring any dipolar �eld from the �xed FM. This can be

achieved in a real MTJ device using a synthetic antiferromagnet as the �xed

layer [51].

The assumed material parameters are saturation magnetization Ms =

1400 × 103 A/m and uniform exchange constant A = 30 × 10−12 J/m. These

material parameters are typical for cobalt [52]. We neglect any crystalline

anisotropy so as to be able to engineer the easy axes of the free magnet using

shape anisotropy only. The shape anisotropy of the branches and hence the

barrier height between the minima are e�ectively controlled by the aspect

ratio (AR) of the branches for a given volume. The shape anisotropy of a FM

depends on its demagnetization tensor. The demagnetization tensor can be

determined for an ellipsoid of a given AR from Osborn's work [53]. This does

not hold true for any geometry other than an ellipsoid.
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Figure 3.2: Equilibrium magnetizations; (a) �State 1�; (b) �State 2�; (c) �State
3�; (d) �State 4�; l1/w is referred to as AR of short arm, l2/w is referred
to as AR of long arm. This �gure has been reproduced from Ref. [3] with
permissions.
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3.2.2 Magnetization dynamics under STT

The resistance of the MTJ stack is a function of the cosine of the

angle between the free layer and �xed layer magnetizations. So we propose

to pin the �xed layer magnetization at around 22.5◦ with respect to the short

branch. This serves to provide four di�erent cosine values of the equilibrium

magnetization directions of the central part of the cross with respect to the

�xed layer magnetization direction and, hence, four di�erent resistance values.

Non-collinear magnetizations in free and �xed layers of a MTJ or spin-valve

have been previously used [42,54,55].

Micromagnetic simulator OOMMF [56] is used to simulate magnetiza-

tion dynamics of the free layer as a spin-polarized current pulse is applied to

it. The Landau-Lifshitz-Gilbert equation is solved with an STT term added,

as has been implemented in OOMMF:

dm⃗

dt
= −|γ|m⃗×H⃗eff+α(m⃗× dm⃗

dt
)+ |γ|βϵ(m⃗×m⃗p×m⃗)−|γ|βϵ′(m⃗×m⃗p) (3.1)

where,

γ = gyromagnetic ratio

α= damping constant

m⃗ = reduced magnetization

H⃗eff = spatially varying e�ective magnetic �eld

β = | h̄
µ0e

| J
tMs

t = free layer thickness

Ms = saturation magnetization
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J = charge current density

m⃗p = (unit) polarization direction of the spin-polarized current

ϵ = PΛ2

(Λ2+1)+(Λ2−1)(m⃗.m⃗p)

P = spin polarization

ϵ' = secondary STT term (�eld-like-torque)

In Eq. (3.1), ϵ gives the dependence of the spin-polarization on the

time-varying free layer magnetization direction m⃗. We assume Λ to be equal

to 1, following previous studies [42] for simplicity. We assume P to be 0.4. We

set ϵ' to 0.06, considering �eld-like-torque to be 30% of the STT term in Eq.

(3.1) [42]. α is assumed to be 0.01. m⃗p is taken to be {0.92, 0.382, 0}. This

represents the fact that the �xed layer FM is assumed to be pinned making

22.5◦ angle with the short branch, with its magnetization vector lying in the

x-y plane. We assume the �xed layer magnetization is pinned by coupling

to an adjacent anti-ferromagnetic layer although the STT acts both on the

free layer and the �xed layer. We imagine that the whole MTJ stack has

a cross-shaped area and the shape and lateral size of the pinned (reference)

layer is the same as the shape and size of the free layer. We assume uniform

spin-polarized current is being injected into the free FM over its entire area.

However, with the assumption that the only information from the �xed layer

to the free layer is via the spin-polarized charge injected into the latter, the

exact shape and size of the �xed layer are not important for our conclusions,

as long as it encompasses the entire area of the free layer and the �xed layer
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magnetization is pinned at a certain angle with respect to the cross.

The magnetization dynamics of the cross is simulated for a negative

polarity pulse of amplitude varying from 1 × 107A/cm2 to 5 × 108 A/cm2 in

steps of 5×106 A/cm2 to investigate the e�ect of STT on the magnetization of

the ferromagnetic cross. Cell size for micromagnetic simulation is taken to be 1

nm in both directions in plane of the cross, while in out-of-the-plane direction

the cell height is equal to the thickness of the FM �lm, i.e., 2 nm. A smaller

cell size in x-y plane does not make any observable di�erence in the dynamics.

E�ect of thermal �uctuations has been neglected for simplicity. For all of

the dynamic simulations in presence of an injected spin-polarized current, the

initial spin distribution is the steady state magnetization of �State 1� described

in the previous section. For a current pulse, the minimum current value at

which switching occurs depends on the pulse-width used. The pulse-width has

to be larger than the duration of the pre-switching oscillations. By de�nition,

critical switching current density for STT switching is the current density

for which small-amplitude oscillations start to grow with time [32]. The 0

crossing time (ts) for the x-component of spatially averaged magnetization

(< mx >) for di�erent amplitudes of the negative going current pulse could

be �t by [22,32,57]:

1/ts ∝ (J − Jc0) (3.2)

The curve is extrapolated to �nd out critical switching current Jc0, below

which the precession induced by STT is damped by the system. Here, after

starting from �State 1", as the system energy increases with time for a J>Jc0,
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the system may settle down to either �State 2� or �State 3� after crossing the

energy barrier between the stable states.

3.2.2.1 �State 1� to �State 2� switching

For a low range of current, the system crosses the energy barrier to

switch only the short branch and the long branch does not switch. This be-

haviour is because of the smaller e�ective shape anisotropy �eld for the short

branch, and asymmetry of the spin polarization direction (m⃗p) of the injected

current between the branches. If J is greater than Jc0 (and not too large as is

discussed later) switching from �State 1� to �State 2� (1→2 switching) takes

place. Therefore, henceforth we will refer to Jc0 as J1→2. If the current pulse

remains on after 1→2 switching takes place, the system attains a steady state

magnetization distribution even in the presence of the current (after 6 ns in

Figure 3.3-(a)). This result corresponds to the scenario of Eq. (3.1) with dm⃗
dt

set to 0. When the current is turned o�, the magnetization is damped to the

closest equilibrium magnetization con�guration. As shown in Figure 3.3, the

system is damped to �State 2� after the current pulse is switched o� at around

10 ns.

3.2.2.2 �State 1� to �State 3� switching

If the current density value is even higher, the long branch also switches

and the system settles to �State 3�, until the maximum current used in the

present work (5 × 108 A/cm2). This process happens through a systematic
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Figure 3.3: (a) 1 → 2 switching with J = 5 × 107A/cm2 (b) Pre-switching
oscillations with di�erent J values; inset: linear �t of 0 crossing time for di�er-
ent values of short branch AR (l1/w) and long branch AR (l2/w). l1, l2 and w
are de�ned in Figure 3.2. This �gure has been reproduced from Ref. [3] with
permissions.
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sequential switching of the short branch �rst and then the long branch. A

typical switching from �State 1� to �State 3�(1→3 switching) is shown in Fig-

ure 3.4 for J = 3.8× 108A/cm2. Henceforth we refer to the minimum current

density for reliable 1→3 switching as J1→3.

3.2.2.3 �State 1� to �State 4� switching

�State 4� (Figure 3.2-(d)) cannot be reached by the same polarity of

current pulse as could be used to switch to �State 2� and �State 3� from �State

1�. A negative polarity of pulse on �State 1� always tries to switch both the

branches and J1→3 > J1→2. However, using 2 di�erent pulses of opposite

polarities consecutively, �State 4� can be reached from �State 1� (Figure 3.5).

Figure 3.6 summarizes simulation results of switching for di�erent de-

signs of cross. All the designs have a central square region of 20 nm by 20

nm, with varying lengths of the short and long arms. What we refer to as

a �grey� region in which switching is almost random function of the current

density is not shown, or rather is shown as breaks in switching current densi-

ties, for clarity. These results demonstrate that J1→3 becomes smaller with a

smaller AR of long branch for a given width, as can again be understood in

terms of the e�ective shape anisotropy �eld of the long branch. Figure 3.6 also

provides some insight into design of STT-devices with a biaxial energy land-

scape (including but perhaps not limited to the cross-shaped free layer devices

under consideration here). For a given length of the short arm, if the long

arm is made closer in length to the short arm, although J1→3 becomes smaller,
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Figure 3.4: 1 → 3 switching with J = 3.8 × 108A/cm2. This �gure has been
reproduced from Ref. [3] with permissions.
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Figure 3.6: Switching regions to �State 2� and �State 3� starting from �State
1� with increasing amplitude of current pulse in steps of J = 5 × 106 A/cm2

for di�erent designs of cross. This �gure has been reproduced from Ref. [3]
with permissions.

monotonic switching regime to �State 2� is observed in an increasingly narrow

window, and e�ectively can be considered to be a part of the grey region for

symmetric structure for equal short and long arms. Simulation for di�erent

designs of cross and for di�erent values of pulse amplitude was performed by

Tanmoy Pramanik by batch processing of input codes developed by me.

3.2.3 Thermal stability

As has been discussed in Chapters 1 and 2, thermal stability of a

STTRAM bit is an important consideration. The thermal stability require-
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ment often sets a trade-o� between maximum storage density achievable and

the requirement for data retention, where the latter requires an energy barrier

of about 60kBT (kB is Boltzmann's constant and T is absolute temperature)

for 10 year retention [22]. In general, a magnet might not switch under ther-

mal �uctuation as a mono-domain. That is, spins might not be parallel to

each other while switching. In that case, there will be another contribution

to the energy barrier, the exchange energy [58]. The total barrier will depend

on the path the system takes in the phase-space while thermally switching.

To estimate the thermal stability of the bit, we follow a method similar to

that reported for stability calculations for an elliptic magnet [58]. Starting

from �State 1�, a large magnetic �eld (500 mT) is applied along the y axis

to saturate the magnetization along the hard axis of the short branch. The

di�erence of the demagnetization energy in these two states is estimated to be

the energy barrier due to shape anisotropy for the system to go from �State

1� to �State 2� for in-plane rotation under thermal �uctuation. That is, we

ignore the contribution due to exchange energy while switching. For the cross

with a 20 nm by 20 nm center, and branches with ARs of 2 and 3, this en-

ergy is approximately equal to 62.7kBT at T=300 K. As the short branch has

a smaller energy barrier, this energy barrier limits the bit's stability against

in-plane rotation of magnetization under thermal activation. We have not dis-

cussed simulation results on smaller cross sizes than this (i.e. smaller center

sizes while keeping the aspect ratios the same) as these are not expected to be

thermally stable according to the 60kBT energy barrier benchmark.
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3.3 Packing density considerations

The maximum current density simulated for the STT-induced magne-

tization switching of the ferromagnetic cross is 5×108 A/cm2, which translates

to a current range of ∼20 mA for the switching from �State 1� to �State 3�.

This is however very large compared to the target write current values for

STTRAM in the future technology nodes [23]. Better understanding of the

magnetization dynamics and reason behind the chaotic magnetization dynam-

ics observed for a certain range of the applied current might require analysis

of the spin-wave modes excited by STT [59]. Wiser engineering of the shape

might lead to lesser chaotic nature of the dynamics, hopefully leading to a

smaller grey region. As commented before, the high write current predicted

arises due to:

1. The inherent worse trade-o� between thermal stability and write cur-

rent density for in-plane bits, as also described in detail in Chapter 2.

The multi-bit scheme proposed here is inherently dependent on shape

anisotropy and hence needs in-plane magnets. Thus the proposed scheme

su�ers from the worse-trade o� between thermal stability and write cur-

rent density compared to perpendicular materials. Thus even the critical

switching current density to �State 2� (∼107 A/cm2) is also very high

compared to expectations in the international technology roadmap for

semiconductors [23].

2. Secondly, the �grey� region between regions of reliable switching to �State
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2� and �State 3� pushes the reliable switching regime to �State 3� to high

current densities. This e�ect might get worse once the e�ect of thermal

�uctuations is taken into account. E�ects of including thermal e�ects will

be discussed for an uniaxial energy landscape in more detail in Chapter

5. Presumably, thermal e�ects, as will be important in any �real� system,

will have two fold e�ects on the switching of the cross considered here.

Firstly the grey region might become wider than has been predicted in

Figure 3.6. Secondly, thermal �uctuations give rise to wide range of

switching time even for a bit with uniaxial energy landscape, thereby

requiring the current density to be applied for reliable write operation

to be higher than the average current density of switching.

In the light of the considerations listed above, the proposed multi-bit scheme

might not lead to a considerable improvement in packing density, if at all. How-

ever, the study here shows the possibility of using shape of cross to engineer a

biaxial energy landscape and multi-bit storage for non-volatile memories.

3.4 Conclusion

We have studied STT switching of a ferromagnet with an energy land-

scape that is e�ectively biaxial, in contrast with conventional MTJs with ellip-

tic cross-section where the shape de�nes an e�ective uniaxial energy landscape.

Here by the combined e�ect of the spin polarization direction and the ARs of

the arms of the cross we demonstrated that by introducing asymmetry, mono-

tonic regions of switching with increasing spin-polarized current density can
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be achieved. The results potentially could be used towards storing more than

one memory bit in a single MTJ-like structure for improved storage density.
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Chapter 4

Spin-transfer-torque switching of a metallic

nanomagnet due to an underlying topological

insulator

An alternative being considered for the two-terminal MTJs is the spin

Hall geometry, where the read and write current of the bit would �ow through

di�erent paths. The three terminal geometry would save the thin tunnel barrier

in the MTJ from the damage due to high write current �owing through it

during write operations and the MTJ stack can only be used for the read-

out [13]. In this chapter we consider a topological insulator as the polarizer in

a spin Hall device.1

1The results have been published in the Journal of Applied Physics (vol. 117, no. 16,
pp. 163906, 2015). The paper is titled �Magnetization switching of a metallic nanomagnet
via current-induced surface spin-polarization of an underlying topological insulator" by U.
Roy, R. Dey, T. Pramanik, B. Ghosh, L. F. Register, and S. K. Banerjee. The contribution
for this paper is as follows. U. Roy developed the necessary equations and implemented the
numerical solution for the transport model and magnetization dynamics with helps from R.
Dey and T. Pramanik. U. Roy wrote the manuscript. L. F. Register provided important
suggestions and insights into the transport model. All authors reviewed and commented on
the manuscript.

45



4.1 Motivation

Topological insulators (TIs) having Dirac-cone-like band structures pos-

sess spin-momentum helically-locked surface states [35], i.e., spin and wave-

vector, k′ are locked. With the discovery of TIs, it has been recognized mag-

netization switching using the surface states of a TI can be a promising route

towards lower current and lower power non-volatile memory [36,37,60,61]. A

charge current supported by the TI surface states gives rise to spin accumula-

tion at the TI surface in proportion to the TI surface current density because

of the spin-momentum helical locking [36,61].

Theoretical studies [62,63] of TI-ferromagnet (FM) bilayer systems con-

sidered the FM experiencing a torque due to exchange coupling between the

the FM moment and TI surface moment in presence of a charge current on the

TI layer. In an earlier work, magnetization switching of a magnet using a TI

was calculated using a non-equilibrium Green's function approach for trans-

port in the TI [61]. These theoretical treatments are particularly appropriate

for insulating ferromagnets such as EuS [64], GdN [65] and Yttrium iron gar-

net (YIG) on the TI. However, of these, only YIG, has a Curie temperature

above room temperature, making it appropriate for broad device applications.

More technologically developed are the ferromagnetic metals as used

in conventional spin-transfer-torque memories. In addition, as in conventional

STTRAM, these materials allow for STT via injection of spin-polarized charge

carrier injection into the FM. However, in a recent experimental study of spin-

transfer ferromagnetic resonance in permalloy by spin injection from surface
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states of a Bi2Se3 TI, it was recognized that charge shunting will be important

[36]. Shunting of the current to the ferromagnetic metal reduces spin injection

e�ciency for a given total current. In addition, in theoretical modeling that

accompanied the latter experimental results, the charge current in the TI was

assumed to be constant with position along the TI-FM bilayer channel [36].

While appropriate for that experimental analysis, this approximation will not

hold when the length of the FM in the transport direction is short, as for the

nanomagnet dimensions relevant to STTRAM applications.

In this scenario, in this chapter we consider the applicability of FMs

to TI-based STTRAM. We consider a thermally-stable, conducting nanomag-

net subject to spin-polarized current injection (and extraction) from (to) the

surface states of a TI. We calculate parallel transport in the TI and the FM,

and focus on the e�ciency of switching as a function of transport between

the TI and the FM across the interface and within each layer. Although we

do not model it here, we are aware that a FM �lm on the TI surface can

a�ect the band structure of the surface Dirac electrons, opening a gap at the

Dirac point or shifting the Dirac point in momentum space [66]. However, the

basic conclusions of our analysis should hold to the extent that signi�cant spin-

momentum helicity is maintained within the energy range of interest about the

Fermi level. Transport in the TI, as well as in the FM, is treated as di�usive

(for reasons to be detailed momentarily) at room temperature on the scales

of interest, such that it can be captured by drift-di�usion (DD) simulation.

We take into account the contributions to the magnetization dynamics of the
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torque from transport of spin-polarized carriers between the TI and the FM,

as well as the torque from exchange coupling between the TI surface electrons

and the FM. We calculate switching time and write energy per write operation

as a function of the ease of transport across the TI-FM interface. Switching

energies and times can compare favorably to conventional spin-torque mem-

ory schemes for substantial interlayer conductivity. Nevertheless, we �nd that

shunting of current from the TI to metallic nanomagnet can substantially limit

e�ciency for high FM conductivity. Exacerbating the problem, spin-transfer-

torque from the TI e�ectively increases the TI resistivity. Thus, the e�ective

conductivity of the FM layer becomes a critical design consideration for TI-

based STTRAMs. The results have been published in Ref. [4].

4.2 Results

4.2.1 Transport model

In the energy range of interest, we model the energy dispersion in the

TI to be linear, with spin and momentum helically locked, and the energy

dispersion in FM to be parabolic for the up and down spin bands, which are

separated by an exchange splitting energy.

For transport in the TI in absence of any coupling between the TI and

the FM, the mean free path for momentum relaxation l0 for the assumed mo-

mentum relaxation rate and Fermi velocity (as speci�ed in Table 4.1) is ∼15

nm. However, following a previous study [67], we note that there will be an ad-

ditional contribution to the TI in-plane current due to out-of-plane tunneling
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of carriers between the TI and the spin up and spin down energy bands of the

FM that e�ectively reduces the conductivity in the TI. Essentially, the rate of

spin loss to the FM in units of the intrinsic spin angular momentum of elec-

trons h̄/2 must be matched by a comparable rate of electron momentum loss

for these helically-locked spin-momentum states of the TI. Therefore, when the

average spin-transfer length that a charge carrier travels in the TI to provide a

spin angular momentum of h̄/2 to the nanomagnet, ls,||, becomes comparable

to or smaller than l0, then the net mean free path, l−1 ≈ l−1
0 + l−1

s,||, and associ-

ated e�ective TI conductivity are reduced. Here, we have simulated only the

e�ective conductivity reduction that falls out naturally from the spin-weighted

interlayer electron transport, and not that due to the exchange interaction.

For the maximum interlayer coupling considered here, ls,|| is ∼1.4 nm,

l becomes ∼1.3 nm, and the TI resistance goes up over an order of magnitude.

Therefore, absent coupling between the TI an FM where l0 is about half the

channel length, the assumption of di�usive transport is reasonable for our

purposes if imperfect. As the interlayer coupling that we rely upon for STT

increases, the di�usive approximation becomes increasingly accurate. Within

the DD approximation, the net spin is then proportional to the current �ow

for these spin-helically locked states.

For transport in the metallic FM, with the characteristic time scale for

the local moments in the FM orientation (order of nanoseconds) being much

larger than the time scale involved in the dynamics of conduction electrons

(order of picoseconds), the transport in the TI-FM bilayer can be obtained for
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a given FM magnetization direction within a (quasi-) steady-state approxima-

tion [68]. Moreover, phase coherence between spin up and spin down states,

i.e., spin transverse to the FM magnetization direction, is absorbed by the

FM within atomic distances [69], which are small on the scale of interest here.

Accordingly, spin accumulation in the FM adiabatically follows the axis of FM

magnetization, which allows us to model in-plane spin transport in the FM in

terms of spin up and spin down channels.

We have assumed spatial homogeneity within the FM for each spin-

dependent quasi-chemical potential in the surface-normal (z) direction because

of the small layer thickness of the FM. Within the remaining nominal direc-

tion of transport (x), we explicitly consider transport for each (inter-coupled)

spin-degree of freedom within the FM within a DD approximation. For large

momentum relaxation lengths and associated large conductivities within the

FM, the quasi-chemical potential for each spin channel in the metal becomes

essentially constant (variation of a few meV at most) along the channel, mak-

ing the detailed transport model within the metal a moot issue. Only for

substantially reduced conductivities with correspondingly reduced momentum

relaxation lengths, for which a di�usive transport model is justi�ed, are sig-

ni�cant variations in the Fermi levels within the FM observed.

The rapid decay of coherence between spin up and spin down compo-

nents, also allows the use of a Golden Rule-like approach to transport across

the TI-FM interface following Ref. [67]�really across a short distance near the

interface�between the spin-momentum helical-locked surface states of the TI
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and the spin up and spin down states of the FM, with momentum (but not

spin) randomization between initial and �nal states.

Following Ref. [67], three coupled DD equations are solved, one in the

TI and two for the FM, subdivided by spin. Here, we have assumed homogene-

ity in the TI-FM bilayer system along the width (y direction) for simplicity, so

that we need not consider transport in that direction. Using the quasi-static

spin-dependent e�ective carrier densities in the FM, de�ned by nσ ≡ DOSσµσ

(σ =↑, ↓) and e�ective electron density in the TI, nTI ≡ DOSTIµTI, where DOS

indicate the density of states and the µ indicate the quasi-chemical potentials,

the drift-di�usion equations in terms of the particle currents take the form

(written in 3D for generality although only solved in 1D here),

jσ = −Dσ∇nσ (4.1)

in the FM, and,

jTI = −DTI∇nTI + jt (4.2)

in the TI. The Dσ and DTI are the spin-dependent di�usivities in the FM, and

the di�usivity in the TI, respectively. The jt in Eq. (4.2) is the additional term

due to out-of-plane tunneling of carriers between the FM and the TI previously

mentioned and discussed further below. The variations in the e�ective carrier

densities represent variations in the quasi-chemical potentials, due to actual

changes in carrier densities and/or �eld-induced drift. These e�ective carrier

densities also are subject to the steady-state current continuity equations [67]

Dσ∇2nσ − (
nσ

τσ
− nσ

τσ
)− iσ = 0 (4.3)
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for each spin channel in the FM, and,

−∇ · jTI + (i↑ + i↓) = 0 (4.4)

in the TI. In Eq. (4.3), the τσ are the spin-�ip times for the FM material, and

the overbars indicate the opposite spin channel. The iσ are spin-dependent

interlayer currents. They are calculated here, after Ref. [67], using Fermi's

Golden Rule,

iσ =
2π

h̄

∑
k
′,k,σ

| ⟨ψk′|H|ψk,σ⟩ |2

×(fF,k,σ − fT,k′)δ(ϵk,σ − ϵk′).

(4.5)

Here, h̄ is the reduced Planck's constant, k,k′=wave vectors in the FM and

in the TI, respectively, ψk,σ, ψk′ are the energy eigenfunctions corresponding

to energy eigenvalues ϵk,σ in the FM and ϵk′ in the TI, respectively. fF,k,σ

and fT,k′ are the occupation probabilities of the states labelled by k and σ in

the FM and k′ in the TI, respectively, according to the Fermi-Dirac distribu-

tion. H is the coupling Hamiltonian between the TI and the FM states. The

value of the coupling energy H used for the interlayer transport calculation

will depend on the materials and detailed nature and quality of the TI-FM in-

terface. Moreover, we established a mapping between the coupling energy and

the conductance across the interface between the TI surface charge layer and

the nanomagnet center, the latter being more intuitive for analysis of trans-

port.However, we note that, the out-of-the-plane current is not proportional

to the voltage drop across the interface, because of the shift in the Fermi circle

of the TI in presence of a TI surface current. So, in general, this mapping
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is only approximate. We do not try to justify a particular value of coupling

energy, or even the Golden Rule, per se; rather the coupling strength is simply

used to vary the interlayer conductance.

As mentioned earlier, there will be an additional component jt in the

in-plane TI current due to out-of-plane tunneling of carriers between the TI

and the FM, in addition to the drift and di�usion currents that are together

captured by spatial gradient in nTI and, hence, the quasi-chemical potential

µTI [67]. This additional contribution, consistent with Eq. (4.5) is [67],

jt =
2π

h̄

∑
k
′,k,σ

vk′| ⟨ψk′|H|ψk,σ⟩ |2

×(fF,k,σ − fT,k′)δ(ϵk,σ − ϵk′)

(4.6)

with only the x component surviving under the conditions assumed in this

work. Here, vk′(= ∂ϵk′/h̄∂k′) is the velocity in the TI state labelled by the

wave vector k′. (Because of spin-momentum helical locking, each carrier in-

jected into the TI with resulting in-plane velocity vk′ , will also carry a unit

of spin angular momentum oriented perpendicular to vk′ with a helicity as

shown in Figure 4.1(b), the associated STT can be calculated self-consistently,

as done in Section III.)

We limit the interlayer transport by matching the resistance between

the TI sheet charge layer and the center of the FM over a 1 nm distance along

the layers to the resistance within the TI sheet charge layer to go 1 nm, which

still allows for rapid shunting to the metal for high in-plane FM conductivities.

That is, we match the minimum interlayer resistivity (units of Ω-m2) divided

by a 1 nm length along the TI, to the self-consistently obtained e�ective TI
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Figure 4.1: (a) Schematic of the TI-FM bilayer, x is the transport, z is the
out-of-plane direction. (b) The �lled circle denotes the shifted Fermi circle in
presence of a current supported by the surface states. The arrows denote the
spin vectors of the surface states because of spin-momentum helical locking.
This �gure has been reproduced from Ref. [4] with permissions.

sheet resistivity (units of Ω) for this minimum interlayer resistivity times a

1 nm length along the TI, which is 25.5 µΩ-m (corresponding to a TI sheet

resistivity of 25.5 µΩ-m ÷ 1 nm = 25.5 kΩ, and an interlayer resistivity of 25.5

µΩ-m × 1 nm = 25.5 fΩ-m2). (The associated interlayer coupling potential is

∼0.1 eV.) We use this minimum interlayer resistivity (maximum interlayer con-

ductivity) as a reference for normalizing larger interlayer resistivities (smaller

interlayer conductivities).

Parameters assumed for the DD model of the TI-FM bilayer are shown

in Table 4.1, except as otherwise noted. The parameters assumed for the TI

are reasonably consistent with previous reports [35, 36] and the parameters

for the FM are representative of a generic ferromagnet. The patterned FM

is taken to be 30 nm along the nominal transport direction (x direction) as

already noted, 100 nm normal to the transport direction in the TI-FM plane
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(y), and 2 nm thick normal to the TI-FM plane (z), with the magnetic easy

axis along the FM's long axis. The axes conventions are shown in Figure 4.1.

In Figures 4.2 and 4.3, we present the results of the DD transport simulations

for a �xed FM magnetization direction.

As can be seen in Figures 4.2(a)-(c), increased coupling between the

TI and the FM states leads to larger shunting of the TI surface current by

the FM. The shunting is increased both due to the increased interlayer con-

ductance and the self-consistent reduction in TI intralayer conductance. The

inset of Figure 4.2(d) shows the linear increase in e�ective TI intralayer resis-

tivity as a function of the interlayer conductance. Note that this resistivity

quickly becomes dominated by the e�ects of the interlayer transport. Never-

theless, Figure 4.2(d) shows that, except to a small degree initially, the overall

resistance of the bilayer decreases due to shunting from the TI through the

metallic nanomagnet. Also, as predicted by analytical calculations [67], the

resistance of the bilayer is a parabolic function of the y component of the FM

magnetization. However, the relative variation is only approximately 4% of

the average.

In terms of the ability to torque the nanomagnet, a commonly used

metric is the �spin Hall angle" or �spin torque ratio", de�ned as [36],

θ|| = (
2e

h̄
)
σs,||
σTI

= (
2e

h̄
)
Js,||
JTI,3D

=
tTI

ls,||
. (4.7)

For convenience, we have explicitly included here the latter (far right-hand

side) representation in terms of the e�ective (or assumed) thickness of the
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TI charge layer, tTI, relative to the previously discussed average spin-transfer

distance within the TI, ls,||. σs,|| ≡ Js,||/E is the TI version of the spin Hall con-

ductivity, where Js,|| is the component of spin current density injected across

the interface into the nanomagnet, which is transverse to the FM magnetiza-

tion direction and E is the longitudinal electric �eld. σTI ≡ JTI,3D/E is the 3D

conductivity of the TI, where JTI,3D is the e�ective charge current density in

the TI per unit area, JTI,2D/tTI, where JTI,2D is current density per unit width.

e is the electronic charge, and h̄ is the reduced Planck's constant. To illustrate

σs,|| here, we consider the y-component of the spin current density injected

across the interface, Js,||, with the FM magnetized along the +x direction, and

an applied voltage of 0.2 V dropped (nonuniformly) along the bilayer. To allow

more ready comparison to prior experiments [36], we use the value of tTI that

was used in that work, 8 nm. Figure 4.3(a) shows variation of spin torque ratio

with varying normalized interlayer coupling obtained in terms of the nominal

TI conductivity as in Ref. [36]. Because the TI conductivity changes due to

interlayer current, in Figures 4.3(a) and 4.3(b), respectively, we have shown

the spin torque ratio as a function of interlayer coupling with respect to the TI

conductivity absent e�ects of STT for reference, and with respect to TI con-

ductivity reduced because of STT. In Figure 4.3(b), what is shown is the local

value obtained in the center of the nanomagnet, but the result varies very little

(<1%) with position. In contrast, Figure 4.3(a) shows the ratio of the average

value of Js,|| divided by the average value of the electric �eld, to the �xed TI

conductivity in the absence of the interlayer transport (nominal conductiv-
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ity), as calculated in Ref. [36]. For comparison, the reported experimentally

determined spin torque ratio from Ref. [36] with (not coincidentally) similar

parameters is in the range of 2 to 3.5 [36], which lies between the results of

Figures 4.3(a) and 4.3(b). The comparison is imperfect in either case. Regions

near the beginning and end of the FM dominate the torque for this nanoscale

system (to be elaborated on shortly), presumably unlike for the much larger

system considered in Ref. [36], and the current �ow is actually much less in

the TI layer within the center in the simulated system than would be expected

based on the nominal TI conductivity, as assumed in Ref. [36]. However, con-

sistent with Eq. (4.7) here, the experimental spin torque ratios reported in

Ref. [36] suggest that the spin-transfer length may have been signi�cantly less

than nominal mean free path in the TI and, thus, that STT may have been

the dominant e�ective source of scattering in the TI. Therefore, those reported

spin torque ratios are arguably conservative estimates, qualitatively consistent

with the di�erence between Figures 4.3(a) and 4.3(b).

From an application point of view, a perhaps more important �gure of

merit may be the spin injection e�ciency, the amount of spin angular momen-

tum provided in units of h̄/2 per electron injected into the bilayer system,

γs = (
2e

h̄
)
Is,||
Ibilayer

. (4.8)

Is,|| is the y-component of the total spin current injected across the entire

TI-FM interface area, with, for the results of Figure 4.3(c) below, the FM

magnetized in the +x direction. In the denominator of Eq. (4.8), Ibilayer is the
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total charge current drawn by the TI-FM bilayer. Speci�cally, Figure 4.3(c)

shows the spin injection e�ciency plotted as a function of normalized inter-

layer conductance for an applied voltage of 0.2 V. γs �rst increases rapidly

with the interlayer conductance. However, once shunting becomes signi�cant

the injection e�ciency tends toward saturation, if still at a value greater than

unity. Essentially, as alluded to above, as the shunting increases, one reaches

a pattern where injected electrons enter the FM at one end from the excess

of +x directed electrons, providing a -y directed spin in these spin helically

locked states, and is extracted at the other end into the dearth of -x directed

electrons, extracting a +y directed spin, which is equivalent to injecting an-

other -y directed spin. However, little if any spin injection occurs between the

ends because transport in the TI is otherwise avoided.

As previously noted, we consider sources of torque on the nanomagnet,

that due to the physically-injected spin current density across the interface that

we simply label �STT" consistent with the mechanism STT used in conven-

tional STT memory, and torque on the FM because of the exchange coupling

between the TI surface moment and the FM that we refer to as the ��eld-like

torque" (FLT). This latter component acts like an e�ective magnetic �eld act-

ing on the magnet. With the magnetization and the spin injection across the

interface in-plane initially, STT component produces an in-plane (∥) torque,

while the FLT produces a plane-normal (⊥) torque. However, with an out-of-

plane magnetization component, the torque direction becomes mixed. How-

ever, for charge current �ow in the x-direction, both remain nonzero as long as
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the magnetization orientation of the FM is not entirely along the y-direction.

The direction of the STT vector τ|| is given by m × (m × Îs) where, m is

the time-varying FM magnetization direction and Îs is the spin polarization

direction of the injected current across TI-FM interface. The direction of FLT

τ⊥ is given by ŷ ×m, where ŷ is the unit vector along y. Ultimately, both

terms vanish only when the magnetization is parallel to the TI surface spin

orientation, which is along the y-direction.

With both the charge current �ow in the TI and the magnetization

orientation of the FM in the +x-direction as for Figure 4.3(d), the magnitude

of STT per unit moment of the FM, τ||, is estimated as [36],

τ|| =
Is,||

MsVFM
. (4.9)

Here, Ms and VFM are the saturation magnetization per unit volume and the

volume of the FM, respectively. Is,|| is the magnitude of the y-component of

the total spin current injected across the interface into the nanomagnet. The

normalized magnitude of the FLT per unit moment, τ⊥, is estimated as,

τ⊥ =
HexsTI

µBM2D

. (4.10)

In Eq. (4.10), Hex is the e�ective exchange energy, µB is Bohr-magneton,

sTI = JTI,2D/ev is number of TI surface spins per unit area, v is the Fermi

velocity in the TI, andM2D is areal density of the FM moments. The quantity

Hex/M2D e�ectively determines the strength of exchange coupling between the

FM moment and the spins at the TI surface. We calculate M2D as MstFM/µB,
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where tFM is the thickness of the FM. Both Hex and the interlayer coupling

used in the Golden Rule calculation should be proportional to the extent of

wave function overlap across the interface. As an illustrative example, Hex is

taken to be the same as the (variable) coupling energy between the TI and the

FM used to calculate the interlayer transport. However, the STT contribution

is proportional to the square of the interlayer coupling, while the FLT varies

only linearly with this coupling. The maximum value of Hex (∼0.1 eV as for

the STT term) when coupled to the volume of a single surface ferromagnetic

moment, Ms/µB ≈ 8 Å3, produces a value of Hex/M2D of ∼0.4 eV-Å2, which

is conservative if still reasonably consistent with previously used theoretical

values [60, 70] in the range of 2-13 eV-Å2.

Figure 4.3(d) shows the magnitudes of the STT and FLT for an ap-

plied voltage of 0.2 V and the FM magnetized in +x-direction, as a function

of the normalized interlayer transparency. Experimental work suggests that

the torques may be comparable [36], but little should be read into the relative

strengths of these processes as simulated here given the above uncertainties.

However, while the STT term mirrors the quasi-saturation behavior of the spin

injection e�ciency as expected, after an initial rise, the FLT actually decreases

with increasing interlayer transparency. This di�erence lies in the linear de-

pendence of the FLT on the coupling energy, vs. the quadratic dependence of

STT on the coupling energy. As a result, the shunting of current out of the

TI with respect to increasing interlayer transparency increases faster than the

FLT for a given current within the TI. Also, as previously noted, we did not
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consider the FLT contributions to the TI conductivity. To do so presumably

would have further increased the shunting and further decreased both STT

and FLT somewhat.
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Figure 4.2: Transport in the bilayer for �xed FM magnetization along +x
and an applied voltage of 0.2 V for (a) small coupling (normalized interlayer
conductivity = 1/100), (b) moderate coupling (normalized interlayer conduc-
tivity = 1/9), and (c) Large coupling (normalized interlayer conductivity =
1). (d) Resistance of the bilayer vs. interlayer conductance. Inset in (d): TI
resistivity as a function of the normalized interlayer conductance. This �gure
has been reproduced from Ref. [4] with permissions.
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4.2.2 Self-consistent transport and magnetization dynamics calcu-

lation

A saturation magnetization per unit volume Ms of 1,100 kA/m and a

damping constant α of 0.01 are assumed to simulate the magnetization dynam-

ics of the FM. The STT vector is calculated from the component of the injected

(or extracted) spin current vector that is transverse to the FM magnetization

direction. We solve for the magnetization dynamics of the FM self-consistently

with the transport model, using the Landau-Lifshitz-Gilbert (LLG) equation

with the added STT and FLT terms:

dm

dt
= −γm× (Heff + τ⊥ŷ) + α(m× dm

dt
)

−γ(m× ((Is/MsVFM)×m)).

(4.11)

Here, m is the unit vector along the FM magnetization direction, γ is the

magnitude of the gyromagnetic ratio, Heff is the e�ective magnetic �eld due

to the shape anisotropy of the FM, which is added with the e�ective magnetic

�eld leading to the FLT, τ⊥ŷ. The negative sign in front of the STT term in

Eq. (4.11), (m× ((Is/MsVFM)×m) ≡ (Is − (Is ·m)m)/MsVFM), results from

the magnetic moment of the incoming electrons being in the opposite direction

to the electron spin angular momentum. [24] The total injected spin current

vector Is is obtained from,

Is =
2π

h̄

∑
k
′,k,σ

h̄

2
sk′| ⟨ψk′|H|ψk,σ⟩ |2

×(fF,k,σ − fT,k′)δ(ϵk,σ − ϵk′)

(4.12)

Here we have simply replaced the velocity vk′ in Eq. (4.6) with the spin

angular momentum (h̄/2)sk′ , where sk′ is the unit vector for the spin direction
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in the TI.

We model the FM as a macrospin, thereby neglecting spatially varying

spin-texture (micromagnetic e�ects) in the FM. Taking micromagnetic e�ects

into account could a�ect our quantitative results. However, for simplicity and

to focus on identifying trends and providing intuitive understanding, we em-

ploy the macrospin approximation. The FM has a thermal stability factor

of 66 kBT at room temperature (where kB is Boltzmann's constant and T is

absolute temperature), as estimated using demagnetization factors calculated

using the model proposed by Aharoni, [71] to ensure thermal stability at room

temperature as required for non-volatile memory applications. The results of

self-consistent calculation of the DD transport equations and magnetization

dynamics are shown in Figures 4.4(a) and 4.4(b) for two opposite polarities of

the applied voltage, where mx, my, mz are x, y and z components of the FM

magnetization. The switching time is de�ned here as the time taken for my to

cross zero from the time the write pulse is turned on. An initial magnetiza-

tion direction unit vector of [0.0141, -0.9999, 0] is assumed for magnetization

switching from -y to +y, and similarly an initial magnetization direction unit

vector of [0.0141, 0.9999, 0] is assumed for switching from +y to -y. For

magnetization strictly along the +y or -y directions, both STT and FLT are

zero as noted earlier; a small o�-axis component of magnetization is required

to initiate the switching process, as would normally be provided by thermal

�uctuation.

Write energy per write operation, as has been shown in Figures 4.4(c)
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Table 4.1: Parameters assumed for transport in the TI-FM bilayer
Parameter Value

2D resistivity of TI 2.19×103 Ω
Momentum relaxation time in the TI 3.89× 10−14 s
Fermi Level of the TI w.r.t Dirac point 0.4 eV

Fermi velocity of the TI 4× 105 m/s
Fermi level of the FM

w.r.t band minima of spin down band 2.5 eV
Exchange splitting of the

of FM between up and down spin bands 2.15 eV
Spin down to

spin up �ip time for the FM 1 ps
Minimum resistivity of the FM 8.9× 10−8 Ω-m

Conductivity polarization of the FM -0.45
Density of states polarization of the FM -0.45
E�ective mass of electron in the FM 0.8 × 9.1 × 10−31 kg

and 4.4(d), is calculated assuming the write pulse is long enough so that the

magnetization, for example for switching from -y to +y, settles above 0.9999.

For a given coupling strength between the TI and the FM, there is a minimum

value of the applied voltage along the TI-nanomagnet layer below which the

STT is unable to �ip the FM, as illustrated by the plot of inverse switching

time vs. voltage in the inset of Figure 4.4(c). For a given voltage across the

bilayer, there is a minimum critical value of the interlayer coupling below which

the STT is unable to �ip the FM, as illustrated by the plot of inverse switching

time with normalized interlayer coupling in the inset of Figure 4.4(d).

As previously discussed, the spin injection e�ciency tends to saturate

with increasing interlayer conductivity due to the shunting of current out of
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the TI layer through the metallic nanomagnet layer. If such shunting could be

avoided, injection e�ciency and device performance for strong interlayer con-

ductivity could be substantially improved, as has been illustrated in Figure

4.5 by decreasing the in-plane conductivity within the ferromagnet. Figures

4.5(a) and 4.5(b) show the bilayer resistance and spin injection e�ciency as

a function of interlayer conductance, respectively, for an applied voltage of

0.2 V, with the FM magnetized in the +x-direction, and FM conductivity re-

duced by a factor of 10,000 compared to that of iron that was used in Table

4.1. Figure 4.5(c) shows corresponding write energies and switching times.

The spin injection e�ciency, increases monotonically, instead of saturating.

The switching time values remain the same as the switching times for normal

FM conductivity, but the write energy per write operation decreases by ap-

proximately one order of magnitude compared to Figure 4.4(d). Essentially,

the same amount of torque is provided for a given voltage drop, even if the

voltage drop is distributed somewhat di�erently along the bilayer, but the cur-

rent shunting, which decreases the overall resistance and, thus, increases the

current and power consumption without providing any additional torque, is

avoided. Figure 4.5(d) shows write energy as a function of the FM sheet resis-

tivity, the FM resistivity divided by its thickness. The left most data point in

Figure 4.5(d) corresponds to the bulk resistivity of iron, 8.9 × 10−8 Ω-m. In

these simulations, substantial improvements are achieved only when the FM

sheet resistivity becomes comparable to the nominal resistivity of the TI sur-

face charge layer, and near saturation when the FM sheet resistivity reaches
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the self-consistently reduced conductivity of the TI charge layer. Thus, the

e�ective conductivity of the FM layer relative to that of the TI layer becomes

a critical design consideration for TI-based STTRAM.

Achieving sheet resistivities in the metal comparable to those of the TI

is a non-trivial issue, and one that we do not attempt to resolve. We, however,

do note that thin metallic layers are already limited by the interactions with

the surface when the layer thickness falls below the mean free path of the

electron in the metal. In this regard, our use of a bulk resistivity for iron

represents a pessimistic limit even for iron. Starting with high resistivity FM

materials would help, of course. In Ref. [36], the 3D conductivity for an 8

nm thick permalloy was measured to be about an order of magnitude less

than the that of the iron reference here, and to be a decreasing function of

thickness, so that it presumably would be less for the 2 nm thickness considered

here. These changes in FM resistivity would get us into the transition region in

Figure 4.5(d). Deliberately producing a rough surface or otherwise deliberately

reducing the thin �lm conductivity could further help. We also note that our

simulation tool, at least explicitly, does not take into account the e�ects of

interlayer transport on the FM conductivity. Much as for the TI layer in

the presence of the FM layer, the FM resistivity for very thin �lms may also

be substantially larger than in its absence. Use of an insulating thin �lm

FM such as YIG to eliminate shunting and relying on FLT might be ideal,

provided su�cient exchange coupling, and should be explored. However, YIG

is less technologically developed. A lower saturation magnetization could a�ect
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scalability, subject to thermal stability. Also, use of an insulating FM could

a�ect the read mechanism, not otherwise discussed here. These latter topics

are subjects for further exploration.

In the context of STTRAM scaling, the bilayer has a resistance of ∼522

Ω for normal FM resistivity and maximum interlayer coupling (Figure 4.2(d)),

so that an applied voltage of 0.2 V produces a current of ∼380 µA. For in-

creased FM resistivity due to interlayer transport with maximum interlayer

coupling, the bilayer has a resistance of ∼7.25 kΩ (Figure 4.5(a)). Therefore,

an applied voltage of 0.2 V corresponds to a current of 27.6 µA. Here, we

have calculated the write energy, which is e�ectively decided by the current

drawn by the bilayer. (Also, we believe, making the magnet partially perpen-

dicular, similar to [10], will lead to better write performance for the TI-based

devices as well). Therefore, comparing with the projections in the Interna-

tional Technology Roadmap for semiconductors, [23] the TI-FM STTRAM bit

could enable downscaling of the transistors and, thus, STTRAM memory if

the high-resistive FM limit can be approached directly or e�ectively.

4.3 Conclusion

We have considered a thermally-stable, conducting nanomagnet sub-

ject to spin-polarized current injection and exchange coupling from the spin-

helically locked surface states of a TI to evaluate possible non-volatile STTRAM

applications. We calculated switching time and energy consumed per write

operation using self-consistent transport, spin-torque, and magnetization dy-

67



namics calculations. The calculated switching energies and times compare

favorably to conventional spin-torque memory schemes for substantial inter-

layer conductivity. Nevertheless, we �nd that shunting of current from the TI

to metallic nanomagnet can substantially limit e�ciency. Exacerbating the

problem, spin-transfer-torque from the TI e�ectively increases the TI resistiv-

ity. We show that for optimum performance, the sheet resistivity of the FM

layer should be comparable to or larger than that of the TI surface layer. Thus,

the e�ective conductivity of the FM layer becomes a critical design consider-

ation for possible TI-based non-volatile STTRAMs. The bulk FM resistivity

values used in the high conductivity limits are certainly exaggerations for thin

�lms with carriers subject to surface scattering. However, to achieve e�ective

sheet conductivities in the FM as low as that of the TI will require creative

solutions if metallic FMs are to be used. Finally, we emphasize that our focus

has been on identifying essential device physics, trends, and design considera-

tions. For various reasons including the use of perhaps conservative interlayer

coupling and exchange energies, the quantitative results presented here, even

in the limit of high FM resistivity, should not be considered to represent the

limit of performance for TI/metallic FM based STTRAM.
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Figure 4.3: Variation in device metrics with varying interlayer coupling, with
the FM magnetized along the +x-direction and an applied voltage of 0.2 V. (a)
spin torque ratio (spin Hall angle) obtained with respect to nominal TI conduc-
tivity. (b) spin torque ratio with respect to TI conductivity self-consistently
decreased by the process of exerting STT. (c) Spin injection e�ciency, (d)
Spin-transfer-torque (STT) via injection across the interface, and �eld-like
torque (FLT) via exchange coupling between the spin-polarized electrons in
the TI and the nanomagnet. This �gure has been reproduced from Ref. [4]
with permissions.
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Figure 4.4: (a) Switching of the FM from +y to -y for an applied voltage of
-0.2 V, so that current is in -x-direction. (b) Switching of the FM from -y
to +y for an applied voltage of 0.2 V, so that current is in +x-direction. (c)
Switching time ts (de�ned in the text) and write energy per write operation vs.
applied voltage across the bilayer, for the normalized interlayer conductivity
of 1. The TI fails to switch the FM below a critical voltage as can be seen
from the plot of inverse of switching time with voltage in the inset of (c). (d)
Switching time ts (de�ned in the text) and write energy per write operation vs.
normalized interlayer conductivity, for an applied voltage of 0.2 V. Similarly,
the TI fails to switch the FM below a critical interlayer conductivity, as can
be seen from the plot of inverse of switching time with coupling in the inset
of (d). This �gure has been reproduced from Ref. [4] with permissions.
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Figure 4.5: a) bilayer resistance, b) Spin injection e�ciency and c) Switching
time and write energy per write operation for arti�cially increased FM in-plane
resistivity and varying interlayer coupling d) Write energy as a function of the
FM resistivity divided by the FM thickness. This �gure has been reproduced
from Ref. [4] with permissions.
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Chapter 5

Write error rate in STTRAM

The probability that a bit does not switch when a write current pulse

is applied is referred to as the write error rate (WER). For reliable operation

as a working memory the WER needs to be smaller than 10−9 in presence of

a error correction code (ECC) present in the chip or less than 10−18 if there

is no ECC [31]. The e�ect of thermal �uctuations in the STT induced rever-

sal is two fold. First, thermal e�ects give rise to a probability distribution

associated with the initial magnetization of the bit, i.e., the magnetization of

the free layer when the write pulse is applied. Secondly, thermal �uctuation

is equivalent to a random thermal magnetic �eld acting on the magnetization

during the reversal. As has been discussed in Chapter 1 the two e�ects have

di�erent relative importance depending on which regime the bit is being oper-

ated in, namely the precessional, the thermal or the dynamic regime [26]. As

a result of stochastic thermal e�ects, the switching of a bit is also a stochastic

phenomenon, as opposed to being deterministic.1

1Some of the results in this chapter has been presented in the 73rd Device Research
Conference, 2015, titled �Write error rate in spin-transfer-torque random access memory
including micromagnetic e�ects� by Urmimala Roy, David L. Kencke, Tanmoy Pramanik,
Leonard F. Register, Sanjay K. Banerjee. U. Roy ran the micromagnetic simulations with
helps from D. L. Kencke and T. Pramanik. L. F. Register and S. K. Banerjee supervised
the work. All authors reviewed and commented on the results.
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In Figure 5.1, write error has been shown using stochastic micromag-

netic simulation. When the pulse is turned of at 11 ns, the trials which have

not �nished switching, go back to their initial magnetization and cause write

error.
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Figure 5.1: Write error from micromagnetic simulations. 20 trials are shown,
each simulated with a random thermal seed for the random thermal magnetic
�eld. A current pulse is applied at 5 ns, starting from uniform magnetization
in +z at 0 ns. The current pulse is turned of at 11 ns, the trials which are
above mz=0 at the time the current pulse is turned o�, go back to the initial
magnetization of mz=1 and cause an error.
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5.1 Motivation

For a perpendicular bit, WER has been studied using Fokker-Planck

(FP) calculations [72] previously. WER has also been modeled using Landau-

Lifshitz-Gilbert (LLG) simulations for the magnetization dynamics including a

random thermal magnetic �eld and an STT term, for an in-plane bit with and

without perpendicular magnetic anisotropy (PMA) [73]. These studies made

the assumption that the free layer magnetization can be approximated as a

single spin (the macrospin approximation), thereby neglecting micromagnetic

e�ects. Spatially varying spin-texture, however, gives rise to several important

e�ects such as sub-volume excitations [74]. Higher order spin-wave modes

might be related to experimentally observed branching of the WER [75,76].

5.1.1 Challenges for WER simulation using micromagnetic e�ects

Suppose a probability p of some event has to be estimated using Monte-

Carlo simulation. A model of the system is then simulated n times and at

each trial it is recorded if the event occurs or not [77]. Here the system under

consideration is inherently stochastic due to the random thermal �uctuations

thereby requiring Monte-Carlo simulation. We simulate the STT switching of

a bit with a random train of thermal �eld, so each time a trial is simulated the

magnetization follows a di�erent trajectory, even for a same applied current

and hence, same STT.

In the simplest case the n trials are independent of each other and

�con�dence interval� and relative error of the simulated probability p̂ with
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respect to the target probability p are to be estimated. It can be shown that

the relative error (RE) will be given by: RE≈ z/(
√
n
√
p) if p << 1 [77] (z

will be 1.96 for a 95% con�dence interval). Hence, to ensure a small enough

relative error for a low probability event, a large sample size (a large value of

n) is required. For example, if a probability p=10−9 needs to be estimated

with a RE of < 10% a sample size greater than 3.84×1011 will be needed by

this approach [77]. For full micromagnetic simulations including a random

thermal �eld, this is a prohibitively large computational burden.

5.2 Results

5.2.1 Fokker-Planck calculation of WER within the macrospin ap-

proximation

Here, we �rst look at WER for a range of device dimensions within

the macrospin approximation. Fokker-Planck method for PMA bits has been

employed following a previous report [72]. We consider PMA devices with

circular cross-sections. The parameters considered are damping constant α of

0.01, PMA Ku = 8 × 105 J/m3, saturation magnetization Ms = 1100 × 103

A/m. Thickness of the free layer is kept constant at 1 nm while varying

the device diameter D. The spin polarization direction of the injected spin

current perpendicular to the plane of the free layer is assumed to be in z

(out-of-the-plane) direction with a spin polarization η of 0.4. The FP method

[72] uses the thermal stability factor ∆ as a parameter, also predicting little

dependence of the WER on ∆ if the physical time t is normalized by the
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parameter t0 = (1 + α2)/αγµ0HK(with dimension of time) where, anisotropy

�eld HK is given by the equation HK = 2Keff/µ0Ms and γ is the gyromagnetic

ratio. Keff is the e�ective PMA, Keff=Ku − 0.5× µ0M
2
s (Nzz −Nxx). Thermal

stability factor ∆ is given by ∆ = (V × Keff)/kBT . Here [Nxx Nyy Nzz]

are the demagnetization tensor calculated using a previous work [71]. Also,

the applied current I for the devices of varying diameter D is normalized by

Ic0=(4αe∆kBT )/ηh̄ (e=electronic charge, h̄=Planck's constant). In Figures

5.2 and 5.3 respectively we show non-switched fraction for D=40 nm and 80

nm with ∆ of 36.4 and 104.6 respectively as a function of the normalized time

t/t0 and the physical time t. Figure 5.2 con�rms previous prediction [72] of

little dependence of Pns on D (and hence on ∆), except for a small parallel

shift. Pns is calculated by the total probability that the bit has not crossed the

mz=0 point, starting from mz=1 (mz is the z component of the magnetization

normalized by Ms).

5.2.2 WER simulation including micromagnetic e�ects

5.2.2.1 Method

After looking at scaling of WER using FP calculations within the

macrospin approximation, we include micromagnetic e�ects in the WER cal-

culations. We use the micromagnetic simulator MUMAX3 [78] to simulate

non-switched fraction from 1000 simulated trials as a function of time. MU-

MAX3 is an open source micromagnetic simulation software which uses the

graphics processing unit (GPU) to do the computation. In addition to the de-
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Figure 5.2: WER from Fokker-Planck method, for diameter D=40 nm and
D=80 nm, for normalized current i = I/Ic0 of 2 and 6, as a function of
normalized time t/t0. This �gure has been reused from Ref. [5].

magnetizing, exchange and crystalline anisotropy �elds, MUMAX3 is used in

this chapter to include the random thermal �uctuation �eld [78]. The random

thermal �eld is given by [78,79]:

B⃗therm = η⃗(step)

√
2µ0αkBT

Bsatγδvδt
(5.1)

In Equation 5.1, η⃗ is a random vector with a normal probability distribution,

δv is the cell volume and δt is the time step. A �xed time step of 10−14 s is

used.
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Figure 5.3: WER from Fokker-Planck method, for diameter D=40 nm and
D=80 nm, for normalized current i = I/Ic0 of 2 and 6, as a function of
physical time. This �gure has been reused from Ref. [5].

5.2.2.2 Results

In Figures 5.4 and 5.5, we plot Pns, the number of trials out of the 1000

trials in which the magnetization has not crossed themz=0 point, as a function

of time t for devices of D=40 nm and D=80 nm respectively. Before the write

pulse is applied, the perpendicular bit is allowed to relax for 5 ns starting from

a spatially uniform magnetization (mz=1). After the relaxation the magneti-

zation of the free layer has a distribution due to random thermal �uctuation,

so as to ensure a physically meaningful initial condition when the write pulse

78



is applied. It has been veri�ed that having more trials in the simulations than

1000 does not alter the Pns vs. time t plot until Pns∼10−2. Little should be

read from the lower than Pns∼10−2 tail of the plots that su�ers from a lack of

statistics. Also, to show the impact of including micromagnetic e�ects, instead

of assuming the free layer as a macrospin, we plot corresponding predictions

of WER from FP calculations. As can be seen from Figures 5.4 and 5.5,

macrospin calculations over-estimate the WER, because with micromagnetic

e�ects turned on, it is now much easier for the STT switching to get started.

The spatially varying spin-texture now allows the STT to be non-zero some-

where in the free layer, which starts the STT induced magnetization dynamics.

In Figure 5.6, the non-switched fractions from micromagnetic stochastic LLG

for D=20 nm, 40 nm and 80 nm are shown as function of t/t0.

The cell size for all micromagnetic simulations are 2.5 nm × 2.5 nm. As

can be seen from Figure 5.2 and Figure 5.6, micromagnetic simulations predict

a di�erent scaling of WER as a function of normalized time t/t0 than Fokker-

Planck (macrospin) simulations. The arrows indicate increasing diameter of

the bits.

5.3 Conclusion

This chapter uses a sample size of 1000 for the WER simulations in-

cluding micromagnetic e�ects that might not be enough even for predicting a

Pns∼10−2. Simulation of the low probability tail (Pns∼10−6 or smaller) will

require a large e�ective sample size for Monte-Carlo type simulations. This
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Figure 5.4: WER from macrospin (Fokker-Planck) calculations compared with
micromagnetic calculations for D=40 nm. This �gure has been reused from
Ref. [5].

calculation will require further research, possibly using strategies used for rare

event simulation using Monte-Carlo methods.
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Chapter 6

Conclusion

6.1 Summary

In this dissertation, several routes towards lower write current and write

energy and increased packing density of STTRAM have been studied. In Chap-

ters 2, 3 and 4, we ignored the e�ects of thermal �uctuations and focused on

identifying basic device physics to look for methods to improve, i.e., decrease

e�ectively the zero temperature critical current density Jc0 for switching a

magnet of given thermal stability. In Chapter 5, we described modeling meth-

ods to predict probability of not switching when a current pulse is applied,

including thermal e�ects. Major contributions include:

• Chapter 2 describes fabrication and characterization by point-contact

experiments of unpatterned thin �lm spin valves with in-plane, perpen-

dicular and canted �xed and free layers [2]. Non-collinear magnetizations

in the free and �xed layers by having canted easy axis in either the free

or �xed layer might provide a route towards shorter switching time for a

given write current or smaller write current for a given switching time.

However, as a result of having a spin polarization direction of the injected

current di�erent than the easy axis of the free layer, this approach might
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lead to worse write error rate performance. This issue will require further

work to be investigated in detail.

• Chapter 3 deals with proposal of a multi-bit STTRAM cell to potentially

improve packing density in the most commonly used 1T-1MTJ STTRAM

cell [3]. As has been discussed in Section 3.3, the high current density

for reliable switching predicted from micromagnetic simulations of STT

switching of a ferromagnetic cross might lead to negligible improvement

in packing density compared to single bit schemes. A possible solution

might be using canted magnetization in the free layer and use of voltage

controlled magnetic anisotropy (VCMA) [1].

• The possibility of using a topological insulator as the polarizer layer for

a three-terminal STTRAM bit in a spin Hall geometry is considered in

Chapter 4. However, using a three-terminal geometry rather than a two-

terminal MTJ, although it has advantages as pointed out in Chapter 4,

might require a larger cell area to be realized [13]. We �nd that a signif-

icant improvement in write performance can be achieved in a TI based

STTRAM only if the free layer magnet e�ectively has comparable resis-

tivity (after converting to appropriate units, since the TI is e�ectively a

surface charge layer, whereas the magnet is a 3D conductor, even though

a thin �lm) as the TI. Identifying suitable material systems for this pur-

pose will require further investigation. As pointed out brie�y in Chapter

4, another possible route towards improving performance might be using
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partially perpendicular free layer, along the lines of previous works on

TI-based STTRAM [61]. Also, in Chapter 4, micromagnetic e�ects have

been ignored although there is non-uniform spin injection in the magnet.

• In Chapter 5, we model write error rate (WER) using Fokker-Planck cal-

culations within the macrospin approximation following previous works

[72]. We also simulate WER using micromagnetic simulations in order to

identify in�uence of micromagnetic e�ects on the WER. Ideally a WER

as low as 10−9 needs to be simulated or experimentally predicted so as

to ensure a current density larger than that required for a WER smaller

than that is applied. However, a major challenge to predict WER ∼10−9

with su�ciently large con�dence (small enough con�dence interval and

relative error) is the large number of samples required (number of trials

to be simulated), which often introduces a prohibitively heavy computa-

tional burden. For example, in Chapter 5 we use a sample size of 1000

which might not be large enough even for predicting WER∼10−2. Sim-

ulating a su�ciently small WER to predict the current density needed

and also, to identify the reasons behind the extremely slow switching

cases (thereby being a �bottleneck� for the write pulse duration) will

require further research. Also, being able to simulate the �rare� events

with su�ciently high con�dence will allow us to investigate the anoma-

lous behaviour of WER, namely branching of the WER graph in larger

detail.
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6.2 Future directions

In the light of discussion in the previous paragraphs, possible future

research directions can be listed:

• Multi-bit STTRAM using canted magnetization in the free layer can be

studied in order to reduce switching current from a perfectly in-plane

structure.

• The interlayer coupling energies for the TI-FM interlayer transport are

assumed to be constant and is assumed to be an adjustable parameter in

Chapter 4. A more realistic estimate will require experimental and(or)

theoretical (possibly using density functional theory) determination of

the interlayer coupling strength for material systems of interest.

• Identi�cation of a suitable TI-FM bilayer material system that will o�er

a su�ciently transparent interface for spin and charge injection from

the TI to the FM, while the FM remains weakly conducting to in-plane

transport in the plane of the FM will require extensive theoretical and

experimental investigation.

• In Chapter 4, micromagnetic e�ects have not been taken into account.

Micromagnetic e�ects might lead to interesting observations. Inclusion

of micromagnetic e�ects self-consistently with the transport model will

require further research.
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• Determination of the low probability tail (Pns∼10−6 or less) demands

a large e�ective sample size for Monte-Carlo type simulations, as has

been explained in Chapter 5. This will require further research, possibly

employing strategies used for rare event simulation using Monte-Carlo

techniques.
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