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Abstract

ABSTRACT

Computers and other types of systems require the permanent or semi-permanent
storage of large amounts of binary data and Memory is the portion of these

systems which do it and in large quantities.

The quest for a non-volatile memory technology that offers high storage density,
high read and writes speeds, and low power consumption has triggered intense

research into new materials, mechanisms and device architectures.

The successful memory technologies emerging from these efforts have been the

atomic switch, the resistive RAM and the magnetic tunnel junction.

Researchers in this domain report a substantial advance in an alternative
approach to non-volatile memory technology based on ferroelectric tunnel

junctions achieving very low write powers, in a highly reproducible manner.

Key words: Non-volatile memories, RAMs, Tunnel Junctions, spintronics,
Ferromagnetic, Ferroelectric, Insulator.
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Abstract

Les ordinateurs et d'autres types de systemes exigent le stockage permanent ou
semi-permanent des grandes quantités de données binaires et la Mémoire est la
partie de ces systéemes qui le fait et en grandes quantités.

La quéte pour une technologie de mémoires non-volatile qui offre une grande
densité de stockage, une grande vitesse de lecture et d’écriture, et une faible
consommation d’énergie a déclenché la recherche intense dans de nouveaux
matériaux, de nouveaux mécanismes et de nouvelles d’architectures de
dispositif.

Les technologies de mémoire réussies apparaissant de ces efforts ont été
I'échange atomique, la RAM résistive et la jonction tunnel magnétique.

Les chercheurs dans ce domaine rapportent qu‘une avance substantielle dans une
approche alternative a la technologie de mémoire non volatile basée sur des
jonctions tunnels ferroélectriques réalisant des cycles d’écriture avec une trés
faible consommation d’énergie et d’une fagon tres fiable et reproductible.

Mots Clés: Mémoires Non-volatiles, RAMs, Jonctions Tunnels, spintroniques,
Ferromagnétique, Ferroélectrique, Isolant.

Tunnel Junction Based Memories Page iii



‘ l Acknowledgments ‘ I

ACKNOWLEDGMENTS

Many people have provided me with assistance, galand support while

| was working on my thesis.

First, | am greatly indebted to Prof Mourad HADDAmBIr supervising this

thesis, for his support during the last four months

Thanks are also due to Dr. Weisheng ZHAO for acogptne to do my
internship at Fondamental Electronic Institute .(?.£ and the task of internship

advisor. The chance he gave me is greatly appeeCiat

| wish to express my gratitude to Professor Jac@leser KLEIN my
internship co-advisor. Jack’s caring and suppoutsnd my internship are truly
above and beyond the call of duty. He deserves rmioma the traditional

“thanks”.

| would like to thank my supervisor Professor MauidADDADI and my
internship advisors Dr. ZHAO and Professor KLEINr fgiving me the
opportunity to work on this topic and for giving rtiee freedom and resources

from which | greatly benefitted.

| also owe thanks to my best friend at IEF Dr. B§afCHABI, for my friend
Yue ZHANG for their support and encouragement dumy internship.

| wish to express my sincere gratitude to all myfessors at National
Polytechnic School (ENP) for their exceptional supp | owe special
acknowledgements to them for all | have learnedhduihese five years at ENP.

Tunnel Junction Based Memories Page iv



Acknowledgments ‘ I

Thanks to all jury members for their interest aadeful reading of my thesis.

Finally, I acknowledge the valuable role playedriy Director and all staffs
that support all time all students of ENP and allsswmo achieve our studies and
get our diploma as better as possible.

DEDICATION

| dedicate my thesis to my dear parents who alvesg®urage me to do
my best and support me either in difficult and basments, shared my
joys and my sorrows.

To my dear grandparents who always care and askra#.

To my dear sisters.

To all my family.

To all my friends and my colleagues.

Tunnel Junction Based Memories Pagev



Contents

CONTENTS

ABSTRACT
AKNOWLEDGMENTS
CONTENTS
ABBREVIATIONS

CHAPTER 1 : GENERAL INTRODUCTION
1. Introduction
2. Spintronic devices

References

CHAPTER 2 : MAGNETIC TUNNEL JUNCTIONS
1. Introduction
2. Fabrication of MTJs
3. TMR in MTJs
3.1. Theory of TMR
3.2. Characterization
4. Spin currentin MTJs
4.1. Spin transport
4.2. Spin polarization
5. MTJ writing methods
5.1. Field Induced Magnetic Switching (FIMS)
5.2. Thermally assisted Switching (TAS)
5.3. Spin-Transfer Torque (STT)
a) Critical Current ( I.4) calculation: Slonczewski model
b) STT-MTJ dynamic behaviour (I < I.y): Néel-Brown model
c) STT-MTJ dynamic behaviour (I < I.): Sun model
d) Heating and consequences in STT-MTJ
5.4. Spin-Transfer Torque-Thermally Assisted Switcing (STT-TAS)
a) Temperature evaluation model
b) STT dynamic switching model
c) Compact model simulation Hybrid MTJ/CMOS circuit
5.5. Domain wall writing
6. Comparison between the writing methods
References

CHAPTER 3 : APPLICATION OF MTJs MAGNETIC MEMORIES
1. Application of MTJs
2. Hybrid MTJ/CMOS logic design
2.1.Sensing circuit: sense amplifier
2.2.Switching circuits: Bi-directional current generator
References

CHAPTER 4 : FERROELECTRIC TUNNEL JUNCTIONS
1. Introduction
2. Ferroelectric tunnel junction
3. The spontaneous polarization and the GER effect iRTJs

Tunnel Junction Based Memories

vi
viii

01
01
02
05

07
07
09
10
11
12
13
13
14
14
14
15
17
18
19
20
21
22
23
24
25
26
29
30

34
34
35
35
38
43

44
44
45
45

Page vi



Contents

4. The ferroelectric thickness limit 49

5. The FTJ's stake switching 50
References 55
CONCLUSION 57
APPENDIXES

A. Introduction to magnetic materials 58

B. Multiferroic and magnetoelectric materials 60

C. Time-dependent dielectric breakdown (TDDB) of magnic tunnel 66
junction devices

D. Unit conversion for cgs and Sl units 69
E. Dimensions of units of magnetism 70
F. Physical constants 71
BIBLIOGRAPHY 72

Tunnel Junction Based Memories Page vii



ABBREVIATIONS




Abbreviations ‘ I

Abbreviations

A
A-FTJ: Asymmetric Ferroelectric Tunnel Junction.
C
CMOS: complementary metal-oxide-semiconductor.
CVD: Chemical Vapour Deposition.
D
DOS: Density of States.
DRAM: Dynamic Random Access Memory.
F
FeRAM: Ferroelectric Random Access Memory.
FIMS: Field Induced Magnetic Switching.
FSM: Finite State Machine.
FTB: Ferroelectric Tunnel Barriers.
FTJ: Ferroelectric Tunnel Junction.
G
GER: Giant Electroresistance.
GMR: Giant Magnetoresistance.
M

MBE: Molecular Beam Epitaxy.

MFTJ: Multi-ferroic Tunnel Junctions.
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MRAM: Magnetic Random Access Memory.

MTJ: Magnetic Tunnel Junction.

P
PDF: Probability Density Function.
R
RAM: Random Access Memory.
S
SET: Single Electron Tunnelling.
S-FTJ: Symmetric Ferroelectric Tunnel Junction.
SOC: Spin Orbit Coupling.
SQID: Superconducting Quantum Interference Device.
SRAM: Static Random Access Memory.
STT: Spin Transfer Torque.
T
TAS: Thermally Assisted Switching.
TER: Tunnel electroresistance.
TMR: Tunnel Magnetoresistance.
V

VSM: Vibrating-Sample Magnetometer.
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Chapter 1: General introduction

1. Introduction

“The advent of semiconductor technology has immhot# daily lives since the
1970s. Silicon CMOS (complementary metal-oxide-semiuctor) devices are
practically ubiquitous, and by the year 2000, tladug of the semiconductor
industry exceeded that of the automobile one. @nother hand, the magnetic
industry remains much smaller than the semiconduaidustry. Engineering
schools of universities rarely cover any coursehis discipline. Nonetheless, a
tiny magnetic recording device is in the hard didkevery computer. Like
CMOS devices, magnetic recording technology is dpacaled down more and

more.

A Magnetic Random Access Memory (MRAM) chip is buily integrating
magnetic tunnel junctions (MTJs) devices onto thieas CMOS circuits. The
research activity of MTJs in academia and indusbgth hard disk and
semiconductor, has been very active since it flgiwed signs of technology
implication in the mid of 1990s. That effort led ttoe mass production of the
MTJ recording head in hard disk in 2006. In the samar, the semiconductor
industry announced the first successful introducoban MTJ memory product.
The viability of MTJ technology is proven. It isgected that research activities
will develop further, which will increase coopemati between these two

research communities.” [1]

MTJ is a spintronic device and spintronic devicgpl@ting the spin of the
electron [2-11] are prepared to revolutionise tleeteonics industry. The motto
of MTJs is faster memory and lower power consunmpéiblow electron density.

“The late 20th century has been considered asaaafenicroelectronics.
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Chapter 1: General Introduction

However, the avalanche growth of microelectronsca major threat to Moore’s
law and spintronics may be a solution for it. Frdme first transistor to the
signally powerful microprocessor in our recent caieps, most electronic
devices have employed circuits that express dakbanasy digits, or bits (1 and
0) represented by the existence or absence of rielecharge. Unlike
microelectronics, spintronics exploits spin (spmfuand spin down)) of the

electron to carry information between devices.”]|[12

The discovery of Giant Magnetoresistance (GMR) byb& Prize winners
Albert Fert and Peter Grinberg had actually ledh@® birth of novel field
spintronics [13]. Currently, most of the existingirdronic devices [14] are
based on metallic systems such as the MTJs anté ftfegrtron transistors [15].
On the other hand, a wealth of intriguing spin mheana has been observed in
nanoscale materials [16]. This triggered an extensesearch effort on spin
transport in nanoscale MTJs and other interestimgnpmena were realised. One
of the most important phenomena is Tunnel Magnsistance (TMR) of the
MTJs. An MTJ is composed of two ferromagnetic carithg layers separated
by an ultra-thin insulating layer [17-22]. The TMiRs first demonstrated by M.
Julliere [23] Yakushiji et al. [24] experimentaliemonstrated the influence of
spin conduction on TMR. The enhancement and osoilaof TMR in

ferromagnetic multiple junctions have been predidig several authors [25-32].
2. Spintronic devices

The physical effects behind MTJs are describedSpiritronics”, which is a
discipline that exploits the spin property of etenots instead of positive and
negative charges as in conventional electronias Fggure 1 (a) The data is
therefore stored on the spin direction of electrfres “up” and “down”), see
Figure 1 (b). [33]
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SISISISTS

PPEP P 'f‘"
e Spin-up e Spin-down

Conventional
electronics: uses
electrical charge

Spintronics: uses spin of
electroncs in addition to electrical
charge

(a) (b)

Figure 1: Comparison between principles of electronics eépiritronics”.(a) Conventional
electronics uses only the electrical chargles:Spintronics” exploits also the spin property
of electrons. (After ref. [33])

“The working principle of a spintronic device folls the steps:
() Information is stored into spins as an orientafia up or down).
(i)  Spin information is carried by mobile electronsrgj@ path or wire.

(i)  The information is then read at a final point.

Figure 2 shows the schematic representation of a spintrdewce. The spin
orientation of conduction electrons will exist feeveral nanoseconds making

them useful in electronic circuit and chip design.

Figure 2: Schematic representation of spintronic devicetgAfef. [12])
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Chapter 1: General Introduction

The most basic method of creating a spin-polarizadent is to transport
current through a ferromagnetic material and togmait the electron spin
carrying the information to the receiver point. ifmurrent is therefore an
important tool to detect spin in spintronic devicélse important avenues for the
development of spintronics devices are:

(i)  Fabrication of nanoscale nanostructures includimyeh magnetic
materials, thin films, hybrid structures, and fuocal materials.

(i) Research on spin effect (spin injection, and spiendport and
detection).

(i) Demonstration of spintronic devices including giar@gnetoresistance
(GMR) and tunnel magnetoresistance (TMR) devicesmiagnetic
tunnel junctions (MTJs)

(iv) Study of Single Electron Tunnelling (SET) in MTJEL?]

“However, recent interest in the concept of fereolic tunnelling junctions
(FTJs) using ferroelectric tunnel barriers (FTBsyins to expand for reasons of

both scientific curiosity and prospects of pradtagaplications.” [34]

“FTJs have been extensively investigated from betkperimental and
theoretical aspects; this laid the basis for tlseaech on the multiferroic tunnel
junctions (MFTJs).” [35]

Actually, the purpose of my internship is to inwgate more about MFTJs,
modelling an MFTJ and a hybrid CMOS/MFTJ circuit@adence virtuoso.

In this thesis, we will first try to understand tipeneral functioning of spintronic
devices. After, we will learn more about MTJs, FTNH-TJs and why these
devices could bring major advantages standing @erthe most promising

storage technologies.
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Chapter 2: Magnetic Tunnel Junctions

1.Introduction

A magnetic tunnel junction (MTJ) can be consideasa spintronic device since
it is composed of two ferromagnetic materials, sashnickel, cobalt or iron,
separated by an ultrathin layer of insulator withhackness of the order of
nanometre 107°m). It exhibits two resistances, lowR() or high Rg,)
depending on the relative direction of ferromagmeignetizations, parallel (P)
or anti-parallel (AP), respectively. The insulatilayer is so thin that electrons
can tunnel through the barrier if a bias voltagepplied between the two metal
electrodes. The schematic of a magnetic tunnel tipmc(MTJ) stack is
illustrated inFigure 1. In MTJs the tunnelling current depends on thatnet
orientation of magnetizations of the two ferromagndéayers, which can be
changed by an applied magnetic field. This phenamers called tunnel

magnetoresistance (TMR).

An important factor in TMR is the interaction beewethe electron spin (S) and
angular momentum (L) that is, spin orbit coupli®C). The SOC deforms the
electron shell as the direction of the magnetirataiates.

This deformation also changes the amount of soagtemndergone by the
conduction electrons when traversing the latticheré will be minimum
resistance if the magnetizations are in paralle@ntation and it will be max
with opposite orientationg=(gure 2). Therefore, such kind of junction can be
easily switched between two states of electricgistance, one with low and one

with very high resistance.

Tunnel Junction Based Memories Page 7



Chapter 2: Magnetic Tunnel Junctions

A Schematic description of tunnelling magnetoresise effect in a magnetic

tunnel junction is shown iRigure 3 [1].

Figure 1: Magnetic tunnel junction stack. (After ref. [2])

Al O
JMg0

(a) (b)
Figure 2: (a) Low resistance MTJb) High resistance MTJ. (After ref. [3])

Tunpﬂ Tunnel
EM electrode I barrier  FM electrode 2 FM electrode 1 barrier  FM electrode 2

(a) (b)
Figure 3: Schematic description of tunnelling magnetoresistaeffect in a magnetic tunnel
junction. Spins in the two electrodes are alig@darallel.(b) Anti-parallel. (After ref. [4])

Tunnel Junction Based Memories Page 8




Chapter 2: Magnetic Tunnel Junctions

2.Fabrication of MTJs

“The fabrication of MTJs with high TMR ratios is umal in developing
spintronic devices. With the advance of nanoteamgl there are various
methods to deposit MTJs, such as molecular beataxgp{MBE), magnetron
sputtering, electron beam evaporation and chemigpbur deposition (CVD),
and so on. In detail, the MTJ’s main componentsfem®magnetic (FM) layers
and insulator layer. The FM layers can be fabritdby sputter deposition
(magnetron sputtering and ion beam deposition). fHeication issue is the
magnetic alignment and thickness (deposition rsltesild be in the Angstrom-

per-second range).

The best way of fabricating insulating layer idl sthder research. Some of the
proven materials arell,0; tunnel barriers made by depositing a metallic
aluminium layer in the range of 5-15 A thicknesa. dddition, ion beam
oxidation, glow discharge, plasma, atomic-oxygemosxire and ultraviolet-
stimulated oxygen exposure are also alternate vedysisulator deposition.
Since the first report on TMR by Julliere [5], mastydies have been performed
to explore this property, especially di,O;insulating layers. The necessity of
controlling the magnetic properties of the magnédigers introduces special

requirements on the deposition process.

The maintaining of inherent magnetic anisotropycriscial in the deposition
process. This can be set by applying magnetic fieldng deposition. The
thickness and uniformity of the material, the coatg, magnetorestriction, all

are important in controlling the magnetic anisoytgji]

There are some theoretical predictions statingMids with maximum TMR
ratios could be fabricated by the epitaxial growdh ferromagnetic-non
ferromagnetic-ferromagnetic nanoscale sandwichcttre, Fe/MgO/Fe and
Fe/MgO/FeCo [6, 7]. The high ratios resulted frdma effective coupling of the

Tunnel Junction Based Memories Page 9
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majority spin band of Fe/FeCo into MgO and MgO iRgFeCo. TMR ratios up
to 180% and 220% were achieved in these struc{8re%]. The literature also
says MTJs can be fabricated using half-metallicofeagnets [10] and can
generate 100% spin polarization at Fermi lev&l) (due to the energy gap for
one spin direction. The maximum spin polarizatign to 100% is highly
desirable in spintronic devices for the efficiepinsinjection from ferromagnetic
electrodes into the non-ferromagnetic spacer anth®development of current
induced magnetization switching in MTJs. Other MTWg&h half-metallic
ferromagnets which have shown higher TMR at roomperature are cobalt
based alloy thin films includin§o,Cr,_,Fe,Al, Co,MnSi or CoMnAl. In
addition toMg0O tunnel barrier, aluminium oxide also been useduasel
barrier with ferromagnetic electrodés,Cr,¢Fey,,Al andCo,MnSi. The
advantage of these alloys is the high Curie temiperaabove room temperature.
N. Tezuka et al have developed a MTJdak, FeAl, 5Si, selectrodes and 8 g0
barrier fabricated by MBE and observed that thewvice had a TMR ratio of
386% at approximately 300K and 832% at 9K [11].

3. TMR in MTJs

An MTJ is a vertical stack, composed of three layEigure 1): an oxide tunnel
barrier and two ferromagnetic materials (€g,Fe) based layers [2]. A
magnetoresistive effect named tunnel magnetoresstdTMR), leading to
different resistance values when the two ferromagmayers are in the same or
opposite magnetization directions, was predicteithéenstack by Julliere in 1975
[5] and observed by Moodera et al. [12] and Miyazald Tezuka [13] in 1995.
Therefore, an MTJ stack can be used as a non{eolatemory cell if the
magnetization is fixed in the pinned layer and banchanged in the storage
layer [2]. The MTJ resistance is lower in the pafalP) state where the free
layer magnetization is aligned in the same directaf the fixed layer
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magnetization than in the anti-parallel (AP) stattere the free layer
magnetization is aligned opposite to the fixed faymgnetization. Therefore,
the magnetization state of the MTJ is used to stata, bit “0” or bit “1,” which

is detected as different resistandg,)(or (R,,), respectively [14].

Conventional MTJs with amorphous aluminium oxidertl barrier 41,0,)
exhibit a TMR ratio up to 70% [15], which prevergfficient sensing by a
CMOS circuit [16]. With moderi g0 tunnel barriers, TMR ratios have been
observed recently up to 500% [17]. Such a TMR raiproves significantly the
sensing performances, leads to smaller CMOS cieruitto an enhancement of

the stability and accuracy of their outputs [2].
3.1. Theory of TMR

The TMR effect in MTJs can be derived using Juffiermodel [5, 18-20].

According to this model the magnetoresistance jgessed:

Reyp—R, 2% P?
TMR = —2—F = .
R, 1-P

(1

Where R, and R,, are the resistance in parallel and antiparallel matig
configuration, respectively arfdlis the spin polarization. The Differential TMR

can be re-written as:

(dl)1 (d1>1
dVap dv,
(dl)1

TMR =

(2)

According to Wiesendanger [21] the derivative oflancurve the differential

conductivity is expressed as:

l

2 %1 * e2
W- T *Itzl*Dl*EF*DZ*(EF-I_eV) (3)
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Where|t?| is the tunnel probabilityp, andD, are the density of states (DOS) of
the two electroded; is the Fermi energy, andis the bias voltage applied to

the electrode at low temperature.

Parameter | Description Default Value
e Elementary charge. 1.602*1071° C
h Reduced Planck constanh#2r 1.054*10~24
D, Density of state of the Electrode 1. J.s

D, Density of state of the Electrode 1.

Er The Fermi energy.

Variable Description Default Value
[2| The tunnel Probability.

%4 Bias voltage (applied voltage).

3.2. Characterization

It is well known that the TMR is highly sensitive the structural and chemical
nature of the material. The characterization temes such as electrical
conductivity, magnetoresistance and tunnelling ascopy can give detailed
information on MTJs properties. The knowledge omgnadic property of the
ferromagnetic electrodes is crucial in developmeht MTJ devices. The
superconducting quantum interference device (SQfD}he most sensitive
magnetic field equipment to measure the magnetopgaty. It has enough
sensitivity to measure the magnetic fields in naocale ferromagnets. The
magnetization of the material can also be measurgdvibrating-sample

magnetometer (VSM) technique. VSM is based on Egradaw which implies

that an electro-magnetic field will be generatedinoil when flux changes in
the coil. TMR also can be measured using the foabg method by sweeping
the magnetic field. Scanning tunnelling spectrogd@&r S)/scanning tunnelling
microscopy (STM) is another technique which canegiprecise TMR

measurements [1].
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4.Spin current in MTJs

In the view of rapid progress in the fabricationrn@noscale MTJs, spin is a
subject of great interest. Spin is a purely quantaethanical quantity which
provides an extra degree of freedom for the eladimanteract with a magnetic
field. In 1922, Stern and Gerlach demonstratedniost direct experimental
evidence of the existence and of the quantizedreatfithe electron spin. The
first experimental evidence of spin dependent tlimgewas reported by Jullerie
[5] in 1975. Later, Berger proposed the idea tipat olarized current act on

local magnetization of ferromagnets and leadsdatginagnetoresistance [22].

The important property of spin is its weak intel@ctwith the environment and
with other spins, resulting in a long coherenceetaxation time, which is a very
important parameter in the field of spin-transpaomtd quantum computing. For
the successful incorporation of spins into the ety existing electronics, one
has to resolve issues such as efficient spin iojecspin transport, control and

manipulation of spins and finally detection of spwlarized current [1].

Spintronics without magnetism is an attractive patyh for designing
semiconductor spintronic devices since spin orbipting (SOC) enables that
the spin is generated and manipulated merely bytredefield. By the
application of electric field, the electrons mowe the lattice generating a
magnetic field which acts up on the spin. The gpinit interaction on mobile
electrons was proved theoretically many decades ldgwever, the practical

harnessing of this concept is still at an earlgstd].
4.1. Spin transport

The influence of spin transfer in MTJs can be olesgiby measuring resistive
loops as a measure of external applied field ampliexp voltage. By sweeping
the magnetic and electrical field, one can obsshap drop in resistance which
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Is attributed to the switching from parallel to igmdrallel and vice versa. The
drop of resistance is associated with the TMR. @frtbe factors that affect drop
of resistance and TMR is DOS at the interface [2B-2

4.2. Spin polarization

In addition to the spin transport, spin injectiomdaspin polarization are also
important factors in governing TMR. The spin patation is a result of a subtle
cancellation between two spin channels and is lgredtuenced by the atomic,
electronic and magnetic structures of the systerhileMhe fundamentals of
electron tunnelling are well understood, the quatiie theoretical description
is lacking in real systems due to limitations ibriaation. Sophisticated and
stable nanofabrication method will solve the prablef interface in MTJs [1].
However, to build up on experimental findings sitalso essential to develop an
accurate model of the spin polarization and trartspiospin current through the
ferromagnetic/non-ferromagnetic interface and finahto vacuum which is
highly sensitive to the chemical and material detaf the device. In this
context, Density functional theories [28] of MTJs®m that can produce spin

polarization effects in the Fermi Enerds§ are important.
5.MTJ writing methods

The MTJ switching methods are one of the most ingmbrresearch fields
because they can influence directly the power, @l area performance of
hybrid MTJ/CMOS circuits [29].

Several MTJ writing (state switching) approachdastex
5.1. Field Induced Magnetic Switching (FIMS)

It has been the writing approach adopted in th&t fyienerations of MRAMS.
The FIMS method allows the switching of the MTXestay applying an exterior

magnetic field. It is the writing method of marketl RAMSs till now.
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As we can see irfrigure 4, we use two currentg, and [, which create a
permanent magnetic field to switch the spins oaton in the free layer of the
MTJ.

The anti-ferromagnetic layer 1 (AF1) with a highodking temperaturd’,,
(~300°) is added to prevent the commutation ofpineed layer.

The principal inconvenient of this method is thghhenergy consumption due to
the high switching currenig and/,,, (~20 mA) [30].

Figure 4: Structure of FIMS writing approach. (After ref |30
5.2. Thermally assisted Switching (TAS)

This approach represents the second generationasédb MTJ memories
(MRAMS).

We can see in thEigure 5, two currentd, andl,,. I;, (~100puA) is to heat the
MTJ andl,,, (~4 mA) is to switch the MTJ [31].
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Magnetic Fj

*

SAnti femolayer (iower Tog?

Anti femo layer (higher Ter)

Figure 5: Structure of TAS writing approach. (After ref. [31

Hence, the structure of the MTJ is slightly modtifie
An anti-ferromagnetic layer 2 (AF2) with a low bkiieg temperaturel,,
(~160°) is added top on the free lay€eiglure 6) [31].

When the current, passes through the MTJ, this last one gets hégtddule
effect. After few nanoseconds, the temperatures gel overpassédy, then the
switching occurs depending on the direction of thecurrent which generate a

low magnetic field [31].

This writing method (TAS) presents a lower switchitime and lower power
consumption than the FIMS method. Neverthelesstifggaand cooling
durations of the MTJ slow down the switching praged and the current
remains rather high (some mA) [31].
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Th2 Anti-Ferromagnetic layer 2
, : Free layer
Oxide barrier
P S— Pinned layer
Thl Anti-Ferromagnetic layer 1

Figure 6: MTJ-TAS, an AF layer is added.

5.3. Spin-Transfer Torque (STT)

The STT switching mechanism was predicted by Slewski [32] in 1996 and

subsequently observed by a number of research gi{8Gp34].

The static behaviour is defined by the magnetimawitching of the storage
layer when the current densitypecame higher than the critical current density
Jo [29]. The MTJ commutates from parallel to antiglel or vice versa
(Figure 12) according to its initial state and the directioh the writing

currentl,,,.

A
I [>le04 I

Figure 7: MTJ’s state changing according to STT switchingrapch. (After ref. [29])

In this method, we use then only one curréptto change the state of the MTJ
(Figure 8). Critical current density oB * 105 A/cm2 has been found [35],

leading to a writing current,, as small as 12QA in small size MTJs (e.g.

240*80 nm?). This last one can be generated bylM@EFETSs [29].

Tunnel Junction Based Memories Page 17



Chapter 2: Magnetic Tunnel Junctions

Anti ferra layer

Figure 8: Structure of STT writing approach.

The low current required to switch the MTJ stat¢his method makes STT the
most advantageous writing approach for MRAMs. Hosvevt still presents

some stability problems.

Above, | have spoken about the static behaviourMdils. However, the
dynamic behaviour of STT-MTJ is more complex, as sitching probability
interacts depends on the current pulse duratiorth&umore, this dependence
follows different laws as the switching currentager or higher than the critical

currentl,, [29].

Four computation steps allow modelling the mainaigit behaviours of STT-
MTJ:

a) Critical Current (I.9) calculation: Slonczewski model

As the dynamic behaviours of STT-MTJ are diffenénihe switching current is
higher or smaller than the critical curreft, the physical model foi,,

calculation is firstly introduced, shown in equatq4-6) [36].

2xe ax*ly*xMg*d H,
Jeo = A * g : *(Hext*Ham’*7) (4)
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g= [—4 +x (P72 4 p*1/2) & (3 +

cos4(9)>]_

Ieo =Jco* W * L (6)

(5)

Parameter | Description Default Value
e Elementary charge. 1.602*1071° C
h Reduced Planck constanh#2z 1.054*10~24
a Gilbert damping coefficient. J.s
o Permeability in free space. 0.01
M Saturation field in the storage layer. 1.257*107°
toHoxe The external magnetic induction. H/m
tioHani The in-plane uniaxial magnetic anisotropy fielddlngible -1034*103 A/m
compared tQu,H,. -1.9mT
toH, The out-plane magnetic anisotropy induced by the
demagnetization field. 13T
p The electron polarization.
0.52
Variable Description Default Value
d Barrier thickness. (2-3) nm
g The spin polarization efficiency in a spin valve.
w The width of the junction. 80 nm
L The length of the junction. 240
6 6 = 0, parallel and? = m, anti-parallel.

b) STT-MTJ dynamic behaviou(I < I.4): Néel-Brown model

When the current remains below its critical valte switching can still occur
due to thermal fluctuations. This erroneous coaditmay appear during read
pulses when the current is not far to the criticakrent. The switching
probability at any time during an under-criticalr@nt pulse can be calculated
with the ratio between the energy barrier and Heznhal fluctuation corrected

by the current compared to its critical value (129).

d _1
apr(t) - /‘L’1 (7)
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AE (1 I ) -
= £ 3 ES — —
T4 = Tg * €Xp kg * T Io (8)

_Ho* MgV xH,

AE > 9
Parameter | Description Default Value
kg Boltzman constant. 1.38*1073* J/IK
1/7, Attempt frequency. 1 GHz
poH, The coercive field. 0.1 mT
Variable Description Default Value
(2] The switching time.
% The volume of the free layer.
T The temperature. 300 K

Equation (9) defines the probability density fuanti(PDF) of an exponential
law, leading to a switching probability describgddajuation (10).

P-(t) =1 —exp(=t/7y) (10)
c) STT-MTJ dynamic behaviou(I > I.4): Sun model

“When the switching (writing) current is higher ththe critical one, the random
effect becomes less important and the current prdséd be narrower (11-12)
[37]. In this case the magnetization processes),théer a time delayp,
overcomes the hard axis and finally damps in thposppe magnetization
direction. If the write pulse width is larger thgg the switching always occurs.
On the contrary, if the pulse width is shorter thgn the switching does not
occur. We model this behaviour with a finite statachine (FSM) to return in
the previous state when the current pulse widdh@ter than the mean delay
(Figure 9).”[29]

1 I
= * *]n( )
axpoy *Mg I =1y 2% 0,

(11)

(%)
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o kg T (12)
° 0 JHe*moMs <V
Parameter | Description Default Value
UoY 221 kHz/(A/m)
Variable Description Default Value
Ty The delay time. 6, = 7.7°, for
09, The initial angle between the magnetization offtee layer | T= 300 K
and the hard axis.

N //\ N T_;?"

/ 11|{|1C.;1 — -

Figure 9: The insertion of intermediate states in the FiSitate Machine describing the MTJ

dynamic for over-critical current allows modellittge switching delay. (After ref. [29])
d) Heating and consequences in STT-MTJ

From equations (7-11), we can see that the dyndmeinaviours of STT-MTJ
depend highly on the thermal fluctuation and thegerature will assist the
switching of STT-MTJ [38]. This effect promises thiéimate scalability for the

MTJ technology. Furthermore, the temperature of -MTD could be improved
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simply by the current pulse; thereby the fourthcokdtion step takes into
account the dynamic behaviours of the heating tiegufrom the current (13-
14) [36].

Vury *J _ dT
2l (T —To) + Ten * P (13)
.o bvre (14)

th 252/l

The dynamic of temperature follows the equation) itring heating and (16)

during cooling.

V * [ —t
Trise=To+%*{1—exp(T—)} (15)

2% A/l th
—(t —to)
Teoor = To + (Trise — To) * exp (T) (16)
Parameter | Description Default Value
Ty The room temperature. 300 K
A The thermal conductivity. 1.5W/m.K
l The thickness of the MTJ. 10 nm
C, The average heat capacity per unit volume 3.47 * 10° J/m3.K
Variable Description Default Value
Vury The voltage across the MTJ.
] The current density.
to The duration of current pulse.
Trise The temperature of STT-MTJ after the current pulse.

The temperature of STT-MTJ after the cooling dorati

Tcool

5.4. Spin-Transfer Torque-Thermally Assisted Switching ETT-TAS)

This new switching method for MTJ nanopillars reganets the best compromise

between data reliability, density and power efficie [39].

In this method, we combine the two last methodsSTahd STT). As for TAS
and STT, we have to add an anti-ferromagnetic I&4ER) and only one current
Is required for the MTJ switching. This current tsethe tunnel junction and
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when its temperature reaches the blocking temperdyy (~160°) and the
current is higher than the critical currdgf(~ 450uA) [39], the MTJ switching
occurs. By this hybrid writing approach, we canséatat the same time a good
thermal stability and low energy consumption (lowritiwg current).
Furthermore, the switching time decreases (~ 6waXing the MTJ switching

faster.
a) Temperature evaluation model

The temperature evaluation of MTJ depends on tha fand duration of the
switching current according to equations 17 and408 41]. Equation 1 can be
simplified to equation 19 and 20 to describe repely the heating and cooling
operations driven by a current pulse. This modelna simulating the thermally

assisted mechanism of our STT-TAS approach [39].

VMT] * |
2 x A/thick_b

dT
= (T_TR)+Tth*E (17)

_ Gy xthick_s
tth = o A/thick b

(18)

Viry * 1 —Dhpeqt
Thear = T, 1- 19
heat = 'k ¥ 35 thick b " { exp( Ten )} (19)

_Dcool
Teoor = Tr + (Theat - TR) * exp Ton (20)
t

Parameter | Description Default Value
Tg The room temperature. 300 K

A The thermal conductivity of the thermal barrier.

l The thickness of the MTJ.

C, The average heat capacity per unit volume

Tin The characteristic heating/cooling time.
thick b The thickness of the thermal barrier.
thick_s The total thickness of the MTJ.

Variable Description Default Value

Tunnel Junction Based Memories Page 23



Chapter 2: Magnetic Tunnel Junctions

Vmrg The voltage across the MTJ.

Ji The current density.

Dyoat The heating current pulse duration.

Dcoot The cooling current pulse duration.

Tpise The temperature of STT-MTJ after the current pulse.
Teool The temperature of STT-MTJ after the cooling dorati

Figure 10 (a) represents an equivalent electrical circuit cquoesling to
Equation 1 and monitoring the temperature evalnabd MTJ. Adding a
multiplier (MO) and an adder (AO) allows us to otsethe temperature T
through the voltage nodg,,, (i.e. 1V = 1K). The values &, and(, are set

as constant to obtain,, calculated by Equation 18 [39].

(a) Tz (b) [ vdd
Vegl=1 Vegi=1
/ é ? —| MMND MN1 -
A, I\
V| T
Vzemp
Vg2=1 Vel=1
MN2 MIN3 I_
NV
| Gnd

Figure 10: Circuit implementation for modelling and simulatiga) Equivalent electrical RC

circuit of temperature evaluation mod@) MTJ switching circuit; eitherVy," or “V,," is

set to ‘1’ to generate the currdgy},;;.r,- RC, resistor/capacitor. (After ref. [39])
b) STT dynamic switching model

Equations 21 and 22 describe the STT dynamic simgchwve use them to
simulate the speed and power performances of hyifid/CMOS circuits [39].
Equation 22 expresses the initial anglg between the magnetization of the
storage layer (free layer) and its easy axis indugethermal fluctuations [42].

High temperature increaség and then reduces the STT switching duration

Dsyitcn- STT state reversal depends on switching currahted,,,;.., Which
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should be higher than the critical currehyy [39]. With highI,itcns Dswitcn

can be linearly reduced down [43].

D = leo | ( “ ) (21)
switch — * *n
a*yo* hoMs  Igyieen — Ico 20,
9 kg *T 22)
O —
Hani * ﬂOMs *V
Parameter | Description Default Value
a The Gilbert damping coefficient.
Yo The gyromagnetic constant. 1.38*1073% J/IK
kg Boltzman constant. 1 GHz
1/71, Attempt frequency. 0.1mT
HoM The saturation field in the storage layer.
Hypi The in-plane uniaxial magnetic anisotropy field.
Variable Description Default Value
Dgwitch The switching duration.
0, The initial angle between the magnetization offtee layer | 6, = 7.7°, for
and the hard axis. T=300 K

vV The volume of the storage layer.
T The temperature. 300 K

c) Compact model simulation Hybrid MTJ/CMOS circuit

“This compact model has been developed in Verilogahguage and
implemented on Cadence Virtuoso CAD platform [444. default parameters
correspond to a MTJ nanopillar BiFe(10)/IrMn(6)/@&1)/MgO(0.85)/CoFeB
(3)/PtMn(6) [39]. By using CMOS 65 nm design-kit,sanple hybrid circuit
(Figure 2 (b)) [45] has been successfully simulatétyUre 11), which validates

the functionalities and behaviours of this model.

The voltage pulsev,

Is activated at 40 ns and,;;., begins to heat the MTJ
from ambient temperature. As its temperature reacipetoT,, after ~ 11.22
ns, the model compares the,;:.» (~ 463 UuA) with the STT critical currei,

(~ 150 uA) and switches the state of MTJ from pal4P) to anti-parallel (AP)
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state in about 6 ns according to the STT dynamidehd\s V,," is deactivated,
MTJ begins to cool down to ambient temperature. $tade can be reversed
from AP to P by activating the control signal,,”, which generatesg,;;.n
(~=376 uA). The I, ;;cn, Values are asymmetric as a constant voltage supply
used in the simulation (e.g. 1V) and the resistariddTJ changes between two
states R, and R,,,) [39]. It is important to note that the voltagelgai width
should be longer thaby, .. +D.i:cn 10 €nsure the reliable switching operation

[46].” [39]

124 Vel —t— ' l ]
s ] | : 0,0V |(’}
> 1,0V ; |

1.2-4 V2 — ? ! :
$ 3 pov | ®)
= —— ' t 1.0V

7504 lswitch —L_1 1 : -’ |
- j ! L -375.6uA 2
= .7503 t 952.9uA I‘

_ sgpd Temperatures 5 ' .
= 4505 : f'; 292 |\4 3 EMI
> 3003 : 1 i :
. 1.2 state of MTJ; : : ‘
= - (¢
Er - Parallel E 7.2 ?ﬂ 5 Ant|-Paralel Paraliel aﬂd‘rli.1‘—‘15"&!!&!)11
-_:g-...:.-...;,.,-[,,rTT1,,,,,T..
0 ! 100 150 200 250
o e time (ns)

Figure 11: Transient simulation of compact modé&) and(b) Control signals activate the
circuit to generate bidirectional curren{s) MTJ is switched between the P and A®)
Temperature evaluatio(e) The state of MTJ. P, parallel; AP, anti-paral{i@fter ref. [39])

5.5. Domain wall writing

MTJ/CMOS hybrid circuits are a promising and re&t@aolution to eliminate
logic CMOS circuit's drawbacks, specially theirtgtaenergy consumption and

dissipation due to leakage current within them.
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However, other magnetic components and other msttwdealize tiny and low
power consumption logic circuits exist. One of ther®omain Wall.
In magnetism, a domain wall is a mobile interfaepasating two magnetic

domains Figure 12).

X
SN

M Taille de la paroi de domaine

Figure 13: Domain wall.

Unlike all the writing methods discussed beforethis approach (DomainWall)
the free layer does not switch but a set of laydrepposite magnetizations
moves when a low current (~ 508) is injected Figure 14 andFigure 15).

The high speed displacement (~ 100 m/s) of the dwralows a very small
MTJ switching time (~ 2 ns).

Figure 14: The walls of different magnetizations move socasdde a binary information.
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Tunnel
barrier

tt

§.

f—
Figure 15: The walls move to the right or to the left accagito the current direction.

The orientation of a moving layer can be modifiduew a current of ~ 250A

order crosses it. This orientation depends on itteetibn of the injected current.
The structure of the whole moving layers is manuwfiead in a way as they
utilize the minimum of surface possible to guararaehigh integration density.

It must also allow a correct wall trappirgqure 16 andFigure 17).

Pl = b == o - p—

b

ol

Figure 16: The vertical structure requires fewer surfaces.
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Figure 17: The serpentine structure traps either side oMmhé wall.

The domain Wall method presents several advanti@gesion-volatility, low

manufacturing cost, low dissipation and low powansumption.

Several researches are led since 2007 to develop this approach, notably
NanoTrans group of IEF (Institut d’Electronique Bamentale) which obtains

several patents for this technology.
6. Comparison between the writing methods

The following table summarizes the different wutimapproaches described

before:
MTJ Writing Area Read/Write | Threshold Required
method speed current power

FIMS Large High ~ 20mA Very High

TAS Average Average ~2mA High

STT Small Very high ~ 120uA Low
STT-TAS Small High ~ 450UA Average
Domain Wall Small Very high ~ 500uA Average
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Chapter 3: Application of MTJs In
Magnetic Memories

1. Application of MTJs

With wider knowledge on how to manipulate spins {#¢ can build more state
of the art spintronic devices with extraordinarpperties. Extended research
into application possibilities of any spintronicfegts is therefore crucial to

realise more advanced spintronic devices. TheseE@&®wmade huge impact on
computer technology by enabling higher storagenfdrmation in hard drives

and faster reading of data in random access mesn@ikMs).

The first successful application of MTJ was demi@tst in computer read head
technology withAl, 05 barrier and MgO barrier MTJ. The magnetic recaydin
density in hard disk drive increased (300-600 Gimti?) considerably in these
devices [2-5].

Magnetic random access memory (MRAM) is one of thest promising

memory technologies, which features non-volatiltygh reading speed, large
retention time up to 10 years and it allows alsaemtan thousand of billion
(101?) re-programming cycles [6]. Of course, MTJ is #dementary storage
device for MRAMSs; hence the performances of thesst lones depend
significantly on those of MTJs. The reading perfante of MRAM has been
significantly enhanced but its writing performanstdl dominates the power

consumption and the circuit surface [6].

It has been claimed that MRAM can exceed the spé&RAM (static RAM),
density of DRAM (Dynamic RAM) and non-volatility ofiash memory. In

addition, the nano-dimension device has low powansamption and less
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heating. MRAM is an upgrade version of SRAM and DRAvhere data is
stored using spin instead of electrical chargesovércomes one of the
disadvantages of the conventional RAM, the lossindbrmation by power
failure. Leading companies like IBM, Motorola, amtbneywell started the
MRAM research in 1995 and they were supported bytddnStates Defence
Advanced Research Projects Agency (DARPAgure 1 shows the images of
MRAM used by leading companies like Thoshiba, 1Bl &otorola.

V. Ferromagnetic

' 7 Electrodes

High resistance state

Tunnel barrier
(Insulator)

Low resistance state

Bit Lines

M-RAM

Figure 1: MRAM memory cells composed of a magnetic tunnekcjion (MTJ). States "0"

and "1" in the cells correspond to the parallel anti-parallel states. (After ref. [7])

2. Hybrid MTJ/CMOS logic design

2.1. Sensing circuit: sense amplifier

MTJ device presents the resistance property cobipatiith CMOS transistors,
which enables the sensing of the MTJ’s configuratrath CMOS amplifier
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circuits. Figure 2 represents the simplified sensing circuits for MRANS],

where there use an MTJ with midpoint value betwésm maximum and
minimum resistance as reference to compare the MiTthe array. This system
allows the MRAMs to be realized in high density amgh reading speed,;
however it is not suitable for logic applicationsgcause in most of logic
components as register or Flip-Flop, the memoopatells are distributed in the

whole chip, local sensing is then required for éhlmgjic components.

MTJOES MTJIESMTJ MT.Jn MTJREF

Figure 2: Schematic of Amplﬁcation circuits for MRAM.

SRAM based 5Transistors sense amplifier and a twgd-Momplementary
structure (sed-igure 3) [9] is used in our hybrid MTJ/CMOS logic design,
which works in low power, high speed and with lawface. The two MTJs are
configured in a complementary mode to present oge Ibit; if one MTJ has a

high resistance value whereas the other has adsistance value.
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Vdd_logic |
o
. {_
sﬂ;ﬂ‘"u oo om

I [SEN
MTJ1 MTJ

Figure 3: Schematlc of SRAM based Sense Amplifier.

The information bit is available as the differenct resistances and it is
transferred to two-MTJ complementary structure rythe sense phase, which
begins by briefly turning on the switch MN2 to ptathe amplifier in a

metastable state.

As MTJ1 with anti-parallel configuration and MTJGthvparallel configuration
present high resistance and low resistance resp8ct{Figure 4 (a)), the
currents passing through MPO-MP1, MN2 and MTJO-MTdhow the
relationship as shown in equations 1 and 2, théagel difference between

Q,,andQ,, is generated by the curregtpassing through MN2.

When “SEN” is changing from ‘1’ to ‘O’ and MN2 isutning off, I,will
disappear immediately, as a result,will then be increased antl will be
decreased at the same time, however the charge twb capacitances is still at
the last state, electrons frdfg, ;,4ic (1.2 V for STMicroelectronics Low power
90nm process) will be then charged infy, contrarily at the other side,

electrons inQ,,, will be discharged into Gndr{gure 4 (b)).

Finally, after the charging and discharging precdw/o transistors MPO and

MN1 are closedQ,, connects with Gnd via MNO ar@],, connects with
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Vaa 10gicVia MP1(Figure 4 (c). Therefore the output of the amplifier then

restores a digital leve),, andQ,, whose value depends on the bit stored in the
pair of MTJs.

11 = IO +12 (1)
14_ == IO +I3 (2)

Vdd_logic- Vdd_logic—— Vdd _logic-
| |
| L ,
1n| me }3( —*J!_\'IPII B e n.n=1||r)— —Jl!\_m . ,]\-.{Pl%
= o pak|

Q . a NP
] " | Y gue
om | oL J i ‘ s
i E | MNI!|_SE_\' '_‘[‘Lﬂo o el T =
_I__ _—l: I ’—‘ from1to0 | I
12 MTJI1 MT J(I
- i
(a) (b) (©)

Figure 4: Three states of SRAM based Sense Amplifier (SA). Balancing state and
Qm = Vaa 10gic/2 - (b) Metastable state is dischargirfg) Sensed stable state and shows logic

‘0’ value.

The transient simulation of an STT-TAS MTJ baseatingeg circuit is presented
in Figure 5. The two MTJs are in two opposite states; oneairalfel (red) and
the other in the anti-parallel (black) state. WRé&W = 1, the two outputs
Q.,(blue) andQ,, (green) are both equal to ~ 370mV; it's the inktattate.

WhenSEN = 0, the two outputs tend to 0 V and 1 V respectiasyexpected.

2.2 Switching circuits: Bi-directional current generator

No matter which writing approach, bi-directionalr@nt is required in hybrid
MTJ/CMOS logic designs to switch the spin directianthe storage layer of
MTJ device. SRAM based sense amplifier allows tha&ding circuit in low
power and low area, as a result the MTJ writinguitroccupies the main power
and surface of the whole hybrid MTJ/CMOS logic aitcespecially for TAS

and FIMS writing approaches which require a switghgurrent more than 1mA.
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Figure 5: Transient response of an STT-TAS MTJ based readingit.

4 NMOS transistor structure has been desigiegli(e 6) as the main circuit to
generate the current in dual direction, where tleee always two transistors

open and the others closed. In order to genergteeki current but consume

lowest area, Only NMOS transistors are used hecause PMOS transistors
present more and more resistive property than NM®3he CMOS process
technology shrinking; not lik&;, ;,4ic Used in the sense amplifiéf;,, is an
analog voltage source, which can be varied andviabta high voltage value
(e.g. 5 V). Gnda is also different from Gnd, whiededs larger metal surface to

pass through higher current.

Another part of the bi-directional current generasothe circuit identifying the
current direction in the above structure. MoredEarable” signal is absolutely
necessary to control the total power, sometime&™@ignal is integrated to
synchronize the input, “NOR” gates are then appliexie to bring these

functions with “Input”. Figure 7 shows a full writing schematic example for
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STT writing approach and those for other writingtinogls or applications are

slightly different.

—_

0 Vdda 1
—| MNS MNM3 If
1 0

—
— L
L|M}Iﬁ 1\1};4‘70
0l M

Gnd }

Figure 6: 4T Bi-directional writing structure (MTJ represedtby the two opposite arrows).

, ™\ 3@4 |
Input Dﬂ S Vdda

1

T

[Mhh S‘ __\jil;}

Gnda;

Figure 7: Full writing schematic for STT writing approach.

Two transient simulations where we modified eitfe&xding voltagé/, ; (applied

to MN4 and MNS) and, (applied to MN3 and MN6) or transistors dimensions
(W: width and L: length) are presentedrigure 8 andFigure 9. The value of

the current; at the output of each transistor is given by:

K w .
I; = Z*T Ve = Vp) with K and V; constants
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We can notice that we have to make a compromiskekh, if we prefer using
small transistors (simulation 1), the energy consiion (black and grey) must
be higher to reach the coercive (threshold) curfgmten) and temperature (red),
~ 150 pA and 423 K respectively. Then, the MTJ state dwasc (blue and
purple).

In the other hand, if we prefer using bigger tratwss (simulation 2), the energy
consumption to reach the critical current and tenamjoee will be lower but the

surface will be higher.
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> ‘
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Figure 8: Simulation 1V, =V, = 1.8V andW /L = 650 nm/65nm = 10,
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Figure 9: Simulation 2V,; = V,; = 1V andW /L = 5000 nm/65nm = 77.
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1. Introduction

It has been shown that it is possible to achiegé biff/on ratios, and very low
write powers using ferroelectric barriers in tunpelction instead of classical
oxide insulators used in precedent magnetic tunuettions (MTJs) [1].

Researchers also try to solve a long-standing cvetsy about the relative

importance of electron tunnelling and ionic effdotshese devices.

“The operation of the atomic switch relies on tleenfation of a conductive
filament in a metal-oxide insulator sandwiched kesw two metal electrodes or
contacts: this filament forms when a voltage isli@gpacross the electrodes and
gives rise to the ON state [2]. The resistive RAB la similar structure, with
oxygen-vacancy-assisted conduction being respan$ipolthe ON state [3, 4].”
[13]

The magnetic tunnel junction also has a similaucstire, with magnetic
electrodes. To switch between states of an MTJappy a magnetic field. At
the ON state, the magnetizations of the electradegarallel which leads to a
high tunnelling current through the device but &k tOFF state the
magnetizations of the electrodes are anti-paralfeth means in this case a low

tunnelling current [5, 6].

Using ferroelectric thin films (FTFs) as tunnel ans, ferroelectric tunnel
junctions (FTJs) with polarization switching shawportant electronic transport
properties, such as giant electroresistance [7gi@ht piezoresistance [9] and
non-destructive read out [10]. Many of them presatttactive prospects for
applications in the functional design of nanotramcsis, nonvolatile RAMSs,
nanodiodes and other nanoferroelectric device§. [11

Tunnel Junction Based Memories Page 44



Chapter 4: Ferroelectric Tunnel Junctions

2. Ferroelectric tunnel junctions (FTJ)

FTJ seen irFigure 1 consists of a thin layer (yellow) of ferroelectntaterial
sandwiched between two metal electrodes (blue aedng and the overall
potential barrier (solid black line iRigure 4) seen by the electrons that tunnel
through the ferroelectric layer is the sum of thseparate potentials [12, 13]:

» The potential barrier created by the ferroelecdtrsulator.

* The electronic potential of the two metal electsode

» The electrostatic potential introduced by applyamgexternal bias across

the device.

NM

FE 1)

Figure 1: Schematic of a ferroelectric tunnel junction (ETA¥ter ref. [14])

3. The spontaneous polarization and the GER effect iRTJs

Ferroelectrics have a spontaneous polarizakpmwhich is nonzero even in the
absence of applieelectric field (bias voltage). When a ferroelectitd a metal
make contact, the spontaneous polarization irféheelectric is influenced by
the screeningeffect due to electrons in the metal. Consequertkg, basic
characteristics of the device will change due t® Tlhomas—Fermi screening
length. Usually for most metals this screening terrgnges from 0.01 nm to 0.1
nm [15].

The reversal of the electric polarization in therdelectric produces a change in
the electrostatic potential profile across the fiomc This leads to the resistance

change which can reach a few orders of magnitudentetal electrodes with

Tunnel Junction Based Memories Page 45



Chapter 4: Ferroelectric Tunnel Junctions

significantly different screening lengths. This pbmenon is designated as the
giant electroresistancéGER) effect.

The change of the electrostatic potential prafile) induced by the reversal of
the electric polarizatioR in the ferroelectric is the physical mechanism \whg
responsible for the GER in FTJs. Indeed, if theoeectric film is sufficiently
thin but still maintains its ferroelectric propesi the surface charges in the
ferroelectric are not completely screened by thacamt metals and therefore

the depolarizing electric field in the ferroelectis not zero [16].

The electrostatic potential associated with thet&dfidepends on the direction of
the electric polarization. If an FTJ is made of ahetlectrodes which have
different screening lengths, this leads to the asgtry in the potential profile

for the opposite polarization directions. Hencee thotential seen by the
transport electrons changes with the polarizateversal [12]. This last one
leads to the GER effect: ratio of the two statesistance (or conductance)
expressed by the following equation:

GER = o1t _ Gon
Ron Goff

The polarizationP creates surface charge densities,, = = |P|, on the two
surfaces of the ferroelectric film. These polai@atcharges: o, are screened

by the screening charge per unit asea, which is induced in the two metal

electrodes, as is shown schematicallfigure 2.[12]

As mentioned before, the different electrodes inaagmmetric FTJ (A-FTJ)
break the inversion symmetry of the FTJ. Due te #8ymmetric structure, the

spontaneous polarization should be expressdtl awl P_ (Figure 3 (a) and

(b)). [11]
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M, FE M,
o(Z)
+0p
ol +0,
— S
——_ .
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|

Figure 2: Electrostatics of a M1-FE-M2 junction: charge disition. (After ref. [12])

Ed 00000000000000

L2
(a) P, state (b) P state
Figure 3: Schematic configuration of an A-FTJ; the arrows alenthe directions of the

spontaneous polarization P, depolarization fieldaBd built-in electric field Ebi@) P, state.

(b) P_ state (After ref. [11])

Without an applied electric field, the internal cttec field in the FTJ can be
derived via Maxwell's equations, and is only retate the depolarization field
E; (equation 1) [11]. The depolarizing electric filsdcaused by the polarization
charges on the surface of the ferroelectric tHm.fiThe depolarizing field and
the spontaneous polarization are oriented in oppadirection as shown in
Figure 3. [15]

For an A-FTJ, the built-in field,; (equation 2) due to difference between the
work function steps of the two ferroelectric—elede interfaces has to be
considered [17, 18-20]. Then, the total elect&dfiE (equation 3 and 4) in the
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ferroelectric thin film (FTF) of the A-FTJ is therms of the built-in electric field
E,; and depolarization field,;. [11]

1 % 1
Ej=——%|1- *P=——*(1-06)*P (1)
€p Ls1 _|_ls_2 h €p
€e1 €e2 €p
Fu= -0 2020
6p 1
E, = Epiy + Eq4 = _T_g_*(l_e)*P+ 3)
b
6p 1
E_=E)_ +E;_=———x(1-06)xP_ (4)
h &
Parameter | Description Default Value
& The dielectric constant of the background materiak0*e,
N Vacuum permittivity. 8.85*107"*F/m
h The Ferroelectric Thin Film (FTF) thickness. 2¥1077m
o1 The dielectric constant of the Electrode 1.
E0r The dielectric constant of the Electrode 2.
Iy The screening length in Electrode 1.
I, The screening length in Electrode 2.
P The spontaneous polarization.
Ap, The work function step for ferroelectric-electrotle
Ag, interface.
5@ The work function step for ferroelectric-electrozle
interface.
The difference between the work function steps.
Variable Description Default Value
E The total electric field in the FTF.
E,; The Depolarizing field.
E,; The Built-in field.

However and | have to note it, this total field eegsed by equations above and
given by Zheng,Y and co-workers [11] doesn't fitrfpetly with experimental
results. | have to remind you too that we are aerang ferroelectric thin film

barriers of some nanometres thickness (1-5 nm)ratids scale there are other
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physical phenomenon not considered yet. Then, wehliged to wait for new
publications about experimental results, expectier auly 2012, to have a
better comprehension and to be closer to the daww&ad electric field. This last
one will allow us to determine the coercive (thaddh voltage of ferroelectric
tunnel junctions and then the switching time (~200ns and may be lower, it
depends on the applied voltage) which is assumedkpend on the bias and

coercive voltage.

The FTJ model | am working on would be completedady only if we
accomplish the static and the dynamic switching ef®dbased on finding the
conductance equations, the coercive voltage and givtching time,

respectively.

4. The ferroelectric thickness limit

“The question of whether or not there is a ferroele minimum in lateral

dimensions and in thickness is a subject of ongdiagussion for more than

30 years. The pursuit for miniaturization in micaod nanotechnology is a
challenge that requires the knowledge and undeisignof how reduced

dimensions affect the physical properties of aipalgr material.”[21]

“Generally speaking, the most important and uselfidracteristic of an FTJ is
the orders of magnitude change in the tunnellingdootance displayed by it in
response to moderate changes in the polarizatitreitunnel barrier. Naturally,
the stability of ferroelectricity in the FTF is «ial to all these wonderful
possibilities. It is well known that ferroelecttigin an FTF can only be retained
above the critical thicknesa, [17, 22-24], below which the spontaneous
polarization disappears. Obviously, a large ciititackness necessarily puts
some rather stringent limitations on the practigadf many novel designs in the

nanoregime involving ferroelectric materials.
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A good understanding of the factors governing thigcal thickness might thus
help us to go a long way towards the full utilipatiof FTJs in nanodevices.
Early studies of the critical properties of FTFghwsymmetric electrodes gave
the impression that the critical thickness was \a fens of nanometres [24].
More recent experiments and theoretical calculatimawve found that the critical
thickness is much smaller. For example, Tyletllal [25] demonstrated the
presence of a stable polarization in a 4 nm e@tdXTF. Tenneet al[26] found
that the critical thickness of the strained FTRl®ut 1.6 nm. Fongt al [27]
observed ferroelectricity of an epitaxial FTF dotenl1.2 nm. First principles
calculations also predicted that the critical thieks of FTFs could be down to
just a few lattice parameters [28-31]. Using thertmlodynamic approach, Wang
and Woo [32] have derived explicit expressions tfug critical thickness of
FTFs.” [11]

5. The FTJ's state switching

In the absence of an applied electric field, threofdectric layer is not polarized
and there is a square potential energy barriereahtt ¢, (dashed black lines;

left panels ofigure 4) between the electrons in the two metal layers.

When a negative voltage is applied to the top ain({gigure 4 (a)) the
ferroelectric layer becomes polarized, with theapahktionP (green arrow, left
panel; dipoles represented by six short arrowst pginel) pointing towards the
top electrode and the average height of the patebé&rrier (solid black line)
decreases t¢p; (dotted black line), which increases the tunngllaurrent (red
arrow) to give the ON state. When a positive vatagyapplied igure 4 (b)),
the polarization of the ferroelectric layer is resex, the average height of the
potential barrier increases o, (dotted black line), and the tunnelling current

becomes smaller to give the OFF st&ieis the Fermi level of the top contact.

Tunnel Junction Based Memories Page 50



‘ Chapter 4: Ferroelectric Tunnel Junctions

The ratioR,s¢/R,, defines the efficiency of tunnelling electricalsistance
(TER) effect. [13]

a
W — Top electrode
— A

%/I

-\ Ferroelectric layer ﬁ ﬁ ﬁﬁ ﬁ ﬁ
‘ Bottom electrode J .

B A )
| e {}{}@@@@ T
= \ 4

Figure 4: The schematic of a ferroelectric tunnel juncti@il evhen an external voltage is
applied to the top contacg)(The ON state.l) The OFF state. (After ref. [13])

Inspired by the polar switch concept that was fnsiposed by Leo Esaki and
co-workers in 1971 [33], interest in ferroelectuanel junctions has grown over
the past decade. Room-temperature tunnelling elesiistance [34] was first
reported in 2003, and this phenomenon has substgbeen explored in more
detail using a variety of methods [12, 35-36], utthg combinations of various

scanning force microscopy techniques [37, 38].

The mechanism responsible for resistance switchinderroelectric tunnel
junctions is fundamentally different from that ob&sl in the various magnetic
approaches. In particular, it does not require mmyc transport: rather, the

electrical resistance of a ferroelectric tunnelcpion is determined by the
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quantum tunnelling of electrons through the thirrdelectric layer [13]. This
tunnelling rate depends on the height of the p@kmnergy barrier in the
device, which can be increased or decreased byafipdied electric field

(generated by the bias voltag€)gure 4).

The practical challenges associated with this aggroare related to scaling
(preserving and exploiting ferroelectricity in altihin films), controlling the
leakage currents, and distinguishing the ferroetedtinnel electroresistance
(tunnelling effects) from changes in the resistatangsed by other effects [13].
The France-UK-US collaboration — led by Vincent ¢arof the CNRS,
Thales and the Université Paris-Sud — started witbonductingNdGaO4
substrate, and then deposited a 30-nm-thick laydr manganite
Lay 7815 33Mn05 (LSMO), followed by a 2-nm-thick layer of the fealectric
material BaTiO;(BTO) and finally, Co/Au contacts Figure 5). LSMO is a
half-metallic ferromagnet that is widely used aseaomagnetic electrode in
spintronic devices (because it can achieve almb64l spin polarization of
electrons passing through it), but it is used iis thork because the ultrathin
BTO layer in the LSMO/BTO sandwich filling is fullstrained and has excellent

ferroelectric properties.

The electrical characteristics of the resulting mgnctell were investigated by
grounding the substrate and using the tip of am@tdorce microscope to bias
the top contact with positive and negative voltadgassitive voltages (~ 3 V)
oriented the polarization of the ferroelectric lag@wnwards (to the LSMO),
which placed the device in a high resistive st@lER) by increasing the height
of the tunnelling barrier Rigure 1 (b)). Negative voltages oriented the
polarization upwards, which lowered the tunnellimayrier Figure 1 (a)) and
put the device into a low resistive state (ON). Ta®R,¢¢/R,, had a value of

~100, which is remarkably high and corresponds togiant tunnel
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electroresistance effect of 10,000% at room tenmpera(300 K) [1]. The
memory can be read with a voltage as low as 100[@&8].

pum——

Co
BaTlO,

Lag ¢ ;57 3sMn0O;

Figure 5: Sketch of the devicega) Atomic force microscopy (AFM) image of four typlca
nanodevices defined using electron-beam lithograftt)ySchematic of one gold/cobalt/BTO/
LSMO nanodevice on a NGO substrate. (After ref) [1]

Garcia and co-workers argue that the temperatyrerdence of the measured
electroresistance shows that quantum tunnellingesponsible for the current
through the BTO layer. However, although they dieatemonstrate the
influence of the ferroelectric polarization on thearent, they cannot completely
exclude the possibility that electrochemical reatdiat the interfaces also have
a role. Ruling out these other effects will requsmmplementary structural data
together with further experiments to investigateatviis happening at the

interfaces. [13]

One of the major advances reported by Garcia andvarkers is the
demonstration of memory programming with shortii$pvoltage pulses, 3 V in
amplitude, and the high reproducibility of the d&sun a large number of
samples. The ferroelectric tunnel junctions shoevghtential for devices with a
low program energy per bit, with experimental valud# less than 10 fJ (10
femtojoule) per bit in 50 nm devices: this is léBan the typical values for
existing flash and phase-change RAM memories (whrehin the picojoule to

nanojoule range). [1, 13]
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Figure 6: (a) Resistance versus time of a typical device medsat®,.,; = 100 mV/ after
applying a 100 ms voltage pulse2.9 V (—3.4 V) to set the OFF (ON) statéh) I (V;eqq)
for the same device in the ON and OFF stdt®sSamell (V,...4)| in log scale (filled circles)
with additional I (V,..q4) collected in the ON and OFF states at 85 K (opecies). (d)
TER(V,eqq) calculated fron1 (V,...q). (After ref. [1])

These latest results represent a basic proof ofeminnot a fully optimized
memory cell, so a number of challenges remain, saghachieving greater
control over the barrier potential and making thdseices compatible with

siliconsubstrates.

However, it is also clear from this work that quanttunnelling in ferroelectric
materials at the nanoscale offers considerable escfgs innovation in

nanoelectronic devices.

The purpose of my internship is to find static aghamic models using
equations of the conductance, TER, coercive field switching time already
studied and done. Of course, | always focus andpasameters based on the

experimental results reported by Chanthbouala @1Bl
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Conclusion

Tunnel Junctions represent without any doubt theréuof memory industry.
Lot of work still remain necessary to develop mitrese technologies:
» First, by understanding better the different reactions er@chanisms in
these materials and at the nano-scale.
» Second by finding the best equations which consider nuetameters
and which are the most coherent with experimeeslits.
« Finally, by designing the best electrical models possiblzing the best
read/write method which deal the best with difféereampromises and

which are of course physically realizable.
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Appendix A
Introduction to magnetic materials

The origins of magnetism are electron spin anarbstal motion around the atom

nucleus.

We consider here the characteristics of magnetiemads when a magnetic field
passes through the material. The magnetic momawrtsamanged in different

configurations in different types of materials unde applied field.

The magnetic materials can be classified using goanameters. According to the
permeability, magnetic materials can be roughlggatized into three types. If the
permeability is slightly less than one (susceptibislightly less than zero), the
material is diamagnetic. If it is slightly greatdran one (susceptibility slightly
greater than zero), the material is paramagnetiat is much more than one
(susceptibility much greater than zero), the matas ferromagnetic. However,
there also exist some types of magnetic materads dre ferromagnetic or anti-
ferromagnetic. Figure A.1 shows the different kinds of magnetic materials

schematically.
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Figure A.1: Ordering of magnetic dipoles in different typeswdgnetic materials. (After ref. [1])
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Appendix B
Multiferroic and magnetoelectric materials

Glossary of terms

Ferroics:

» Ferroelectric materials possess a spontaneous polarizationstisédble and can he
switched hysteretically by an applied electric dielantiferroelectric material
possess ordered dipole moments that cancel eaen ottimpletely within eac
crystallographic unit cell.

» Ferromagnetic materials possess a spontaneous magnetizatiois gtable and ca|
be switched hysteretically by an applied magnedlcf antiferromagnetic materials
possess ordered magnetic moments that cancel ¢aehammpletely within eac
magnetic unit cell.

» Ferroelastic materials display a spontaneous deformation thatable and can he
switched hysteretically by an applied stress.

» Ferrotoroidic materials possess a stable and spontaneous caceEngter that i
taken to be the curl of a magnetization or poldiora By analogy with the abov
examples, it is anticipated that this order parametay be switchable. Ferrotoroid
materials have evaded unambiguous observation.

» Ferrimagnetic materials differ from antiferromagnets because thagnetic
moment cancellation is incomplete in such a waytiere is a net.

)

=)

=

— 2]
o @D

A ferroelectric crystal exhibits a stable and shalole electrical polarization that is

manifested in the form of cooperative atomic dispraents.

A ferromagnetic crystal exhibits a stable and dwatle magnetization that arises

through the quantum mechanical phenomenon of egehan

There are very few ‘multiferroic’ materials thatnesit both of these properties, but
the ‘magnetoelectric’ coupling of magnetic and #&leal properties is a more

general and widespread phenomenon [12].
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— Magnetically polarzable

= Fesromagnetic
Electricaly polarizable

== Forroelectric

o Multiferroic

% Magnetoelectic

Figure B.1: The relationship between multiferroic and magnletciec materials. Ferromagnets
(ferroelectrics) form a subset of magnetically ¢aieally) polarizable materials such as
paramagnets and antiferromagnets (paraelectricsaatiterroelectrics). The intersection (red
hatching) represents materials that are multiferrmMagnetoelectric coupling (blue hatching) is
an independent phenomenon that can, but need iset iarany of the materials that are both
magnetically and electrically polarizable. In preet it is likely to arise in all such materials,
either directly or via strain. (After ref. [12])

Since its discovery less than one century agoptienomenon of ferroelectricity
[1], like superconductivity, has been considered redation to the ancient
phenomenon of magnetism. Just as recent work lwagnsthat magnetic order can
create superconductivity [2], it has also been shtvat magnetic order can create
(weak) ferroelectricity [3] and vice versa [4,5]in§le-phase materials in which
ferromagnetism and ferroelectricity arise indepetigiealso exist, but are rare [6].
As this new century unfolds, the study of mater@dssessing coupled magnetic

and electrical order parameters has been revitalize

It was initially suggested that both magnetizatiand polarization could
independently encode information in a single meitidic bit. Four-state memory
has recently been demonstrated [9], but in practice likely that the two order
parameters are coupled [10], [11]. Coupling coudorinciple permit data to be

written electrically and read magnetically. Thisaidractive, given that it would
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exploit the best aspects of ferroelectric randoroess memory (FeRAM) and

magnetic data storage, while avoiding the probleassociated with reading

FeRAM and generating the large local magnetic $ieldeeded to write.

Unfortunately, significant materials developmentsl Wwe required to generate

magnetoelectric materials that could make a reatritution to the data storage

industry.
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Figure B.2: Time-reversal and spatial-inversion symmetry irrdies. (a) Ferromagnets: The

local magnetic moment m may be represented cldlgsimaa charge that dynamically traces an

orbit, as indicated by the arrowheads. A spatiakision produces no change, but time reversal

switches the orbit and thus ifin) Ferroelectrics: The local dipole moment p may d@esented

by a positive point charge that lies asymmetricalithin a crystallographic unit cell that has no

net charge. There is no net time dependence, lagiaknversion reverses |c) Multiferroics

that are both ferromagnetic and ferroelectric pgsseither symmetry. (After ref. [12])

“A four-resistance-state device has been obtaingih two states arising from a

spin filtering effect due to the ferromagnetic dwer of the barrier and two

resulting from the ferroelectric behavior of tfie, Bi)MnO3 ultrathin film. These

results show that the additional degree of freegwavided by the ferroelectric

polarization brings novel functionalities to sponics, either as an extra order
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parameter for multiple-state memory elements, oa &mndle for gate-controlled

magnetic memories” [13].

With their specificity to exhibit two coupled fercoorders, multiferroics are a rare
class of multifunctional materials. Within the angl definition, the class of
multiferroic materials only included compounds witho or more ferroic orders
but the current trend is to extend it to matenaith an antiferroic behavior [12],
see Figure B.3 Ferroelectric materials in which the spontaneolectecal
polarization can be switched by the applicationaaf electric field are already
largely used in the sensors industry or to desigmoélectric random access
memories (FeERAM) in which the information is stot®dthe remnant polarization
[14]. On the other hand, ferromagnetic materialspldying a spontaneous
magnetization that can be reversed by a magnelit, fnave been used for a long
time for data storage or magnetic field sensorgthEuanore, the research on
magnetic multilayers, gave birth twenty years agoat new electronics called
spintronics that takes advantage not only of thergs of the carriers but also of
their spins. The incorporation of multiferroic madds in the field of spintronics
should allow one to take advantage of both fundlities (for example,
ferromagnetism and ferroelectricity) independenthyt also to add new
functionalities due to the coupling between the wvders. This magnetoelectric
coupling between magnetism and ferroelectricitynspthe way to control of the

polarization by a magnetic field or that of the meatization by an electric field.

This coupling offers interesting perspectives fiwe tdesign of ferroelectric
memories with a non-destructive magnetic readingnagnetic random access
memories (MRAM) with an electrical writing proceeufMERAM) [15, 16]. This

should open the way to a better integration fos¢hememories thanks to the local
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nature of the writing process. Multiferroic matésiare scarce and almost all of

them are antiferromagnet or weak ferromagnets [17].

Bi,FeCrO, [ Lag,Bi,,MnO,

NiFe, O,
CoFe,0,

EuO
CoCr,0,

BaTiO,
PZT
PbTIO,

YMnO,

BiMnO.
: Th,Mn,O,
TbMnO,
BiFeO,
BiCrO, Cr,0,
NiO
LaMnQ, PbZrO,
LaFeQ,
SrTio,
MgO

TiO, Zno

Figure B.3: Classification of insulating oxides. The largestia represents all insulating oxides
among which one finds electrically polarizable miale (green ellipse) and magnetically
polarizable materials (orange ellipse). Within eadllpse, the circle represents materials with a
finite polarization (ferroelectrics) and/or a fitmagnetization (ferro- and ferrimagnets).
Depending on the definition, multiferroics corresgdo the intersection between the ellipses or
the circles. The small circle in the middle denatgstems exhibiting a magnetoelectric coupling.

(After ref. [13] and inspired from ref. [12]).
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Time-dependent dielectric breakdown (TDDB) of
magnetic tunnel junction devices

The dielectric breakdown characteristics of magnétinnel junctions are the
primary reliability concern. It has been found thae distribution of time
dependent dielectric breakdown (TDDBy;, as a function of stress voltage across
an MTJ, VMTJ, closely follows the Weibull distribom [1]:

F(x) =1~ exp (=(x/a)")
In this case, x is the time-to-breakdowyp, at a given stress voltage;is the
scaling factor betweety, and the stress voltadgr; and p is the activation
energy — both are extracted from the Weibull pléte operating life of a MTJ at a
givenVyr; can therefore be projected by constructing a seiéNeibull plots of
the TDDB of differentVyr; stress voltages, usually greater than the operatin

voltage. Thus, the tunnel barrier of the MTJ brediwn in a short time.

By measuring theg, of a large number of MTJs at a stress voltagg, one
obtains the cumulative distribution Btz,). FromF(tz,), one may construct one
line on the Weibull plog(tsp) = In (—In(1— F(tgp))). Repeating the same
measurement at a different stress voltage, oneceastruct another linézigure
C.1 (a) shows the Weibull plots gf(tgzp) of four stress voltages. The slope of the
g(tgp) data line of each stress voltage is roughly tmeesd-or each stress voltage
Vury, 63% of the devices break down at a time that eaoke intersects at
g(tgp) = 0. Knowing B, one can project the operating voltage of the MT&
breakdown probability of 0~12,
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Figure C.1: (a) Weibull plot of time-dependant dielectric breakao(DDB) of four different
stress voltagesg)p o is the time at which 63% of the MTJs break do{n). Time-to-failure vs.

Vur)- (After ref. [1])
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Unit conversion table for cgs and Sl units

Force, F 1 dyne (dyn) | 1075 newton (N)
Magnetic field strength, H 1 oersted (oe) 79.58 ampere/meter (A/m)
Magnetic induction, B 1 gauss (G) |107* tesla (T)

Electric field strength, E | 1 erg 1077 joule (J)
Magnetic flux density® | 1 maxwell 1078 weber (Wb)
Magnetization, M 1 emu/cm3 12.57*10~* Wb/m?2 (or A/m)
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Appendix E

Dimensions of units of magnetism

S| magnetic units are easily related to the cuynasitage and energy in MKS units,
since the Sl system was originally developed utiderassumption that magnetism
is originated from electric current. The dimensiaismagnetic units are shown
below; A = amperes, s = seconds, kg = kilogramsmardmeters.

(1) Newton (N) = kg.m/s?;

(2) Joule (J) = kg.m?3/s?;

(3) Magnetic field (H) = A/m;

(4) Henry (h) = kg.m?/s2.Az

(5) Tesla (T) = kg/s2.A;
(6) Weber (Wb) = kg.m?/s2.A.

Magnetism in cgs (centimeter, gram, second) usilgss transparent. The unit of
magnetic moment m is the emu. The density of thgrmatc moment MS is
emu/cm3. The magnetic induction is givenBy H + 4nM where the magnetic

field H is given in units of oersted (Oe) and Bjrigen in gauss (G).
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Appendix F

Physical constants

Symbol Value (unit)
ug (Bohr magneton) 9.27*1072%1 erg/Oe, 9.27t072% J/T
q (elementary charge) 1.602*1071° C
kg (Boltzman constant) 1.38*1073% J/IK
kgT/q (Thermal voltage at 300 K) | 0.0259 V
h (Planck constatnt) 6.626*107%% J.s
i (=h/2r, reduced Planck constant) | 1.054*1072* J.s
g, (permittivity in a vacuum) 8.86*1071* F/m
Uo (permeability in a vacuum) 1.257*107° H/m
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