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O QUE E SPINTRONICA?

e A spintronica € uma area dedicada ao estudo das

propriedades dos materiais derivadas do spin do ¢ % @ -- A N
eletron. Ao utilizar o spin do eletron como % Al ”
portador de Informagao Surgem mUItaS Spin-unpelarized current: Spin-polarized cl;lrrenl:

. . A . Electrons move with random spin Electrons move with same spin
possibilidades de aumentar a eficiencia e de orientation orientatior

Incrementar as funcionalidades dos dispositivos . .
Fonte - Insightsonindia.com

eletronicos convencionais.




BREVE HISTORIA DO SPIN

e 1925 - George Uhlenbeck e Samuel Goudsmit propoem o conceito de
spin do eléetron: um momento angular intrinseco, apoiados por Ehrenfest.

e 19305-1940s - Experimento de Stern-Gerlach confirma que o eletron
possul propriedades magneticas discretas e existencia do spin.

Spin-up
Silver atoms x atoms

Beam collimators

.

atoms

Fonte - Muller K., Spin Explained
in 5 Minutes

Shaped magnets create an
inhomogenous magnetic fied

Fonte - Informationphilosopher.com



BREVE HISTORIA DO SPIN

(ihy"d,-mc)y=0
e 1928 - Paul Dirac desenvolve sua equacao Fonte - Shutterstock

relativistica que preve a existéncia do spin %2.

e 1988 - Albert Fert e Peter Grunberg descobrem a
magnetorresistencia gigante (GMR). A resistéencia
eletrica muda drasticamente dependendo da
orientagcao do spin dos eletrons.

Fonte - The Independent




MOTIVACAO

e Limites da Eletronica Convencional

Alto consumo de energia e aguecimento por transporte de carga.

e Spin como Novo Canal de Informacao
Uso da orientacao do spin (T ou | ) para representar bits.

» Dispositivos Mais Eficientes
Menor dissipacao de calor, maior velocidade e memorias nao volatels.

 Novas Funcionalidades e Tecnologias Futuras
Sensores magneticos avancados, computacao quantica e inteligéncia artificial.




PRINCIPIOS FISICOS

e Momento angular do eletron

e Propriedade intrinseca e quantizada
e Momento magnetico associado N
\

SPIN UP SPIN DOWN

e Portador de informagao na spintronica

Fonte - Preparaenem.com




PRINCIPIOS FISICOS

Js - Corrente de SPIN

Jc - Corrente
convencional de carga

Fonte - Abraao Neto

A - Corrente nao polarizada J, = — 2V,
B - Corrente de carga polarizada em SPIN
C - Corrente pura de SPIN

Fonte - Abraao Neto




PRINCIPIOS FISICOS

Geragcao de uma corrente de spin a partir de uma corrente de carga.

e 'Current-induced spin orientation of electrons in
semiconductors” - Dyakonov e Perel

o Origem na interacao spin-oribita: separa 0s
eletrons do material de acordo com a sua
polarizacao de spin.

o Ocorre em materiais que possuem forte
iInteracao spin-orbita Fonte - if.ufrj.br




PRINCIPIOS FISICOS

_,*{t

Charge
current
1 T
Spin Hall Effect (SHE) Inverse Spin Hall Effect (ISHE)
Charge current Charge current
spin current spin current
4 h - p = . 2e = —
Js = 5 6su(d % Jc) Je = 0su(Js x 3)

Fonte - Abraao Neto




PRINCIPIOS FISICOS

e Precessao da magnetizacao em ferromagnetos
(FM) pode transferir um fluxo de spins para um
melo metal normal (MN) adjacente, sem a

aplicacao de um campo externo.

FM

0 1y Y

Fonte - Fundamentals of Magnonics (M. Rezende)

X
Fonte - researchgate.net




PRINCIPIOS FISICOS

EFEITO SEEBECK

e Em um material magnetico submetido
a uma diferenca de temperatura surge
uma corrente de spin, que pode ser

convertida em tensao eletr

efeito Hall de spin inverso (

cavia o
SHE).

Fonte - Observation of the spin Seebeck effect
(K. Uchida)




MATERIAIS RELEVANTES

O1 Ferromagneticos

02 Condutores "nao magneticos’

03 Materials semicondutores com spin

04 Isolantes magneticos e isolantes topologicos




MATERIAIS RELEVANTES

Ferromagneticos

Geram naturalmente uma polarizacao de spin

e Forte interacao de troca
e Fe (ferro), Co (cobalto), Ni (niquel)
e Ligas como CoFeB (muito usada em MRAM)

e Usos principails:
a. Eletrodos injetores de spin em dispositivos;
b. "Filtros” de spin.




MATERIAIS RELEVANTES

Condutores “"nao magneticos”
Transporte de corrente spin-polarizada com menor espalhamento

¥

Perda de informacao

 Diamagneticos e paramagneticos (interagcao de troca);
e Fraca interagcao spin-fonon;

e Alto grau de pureza e ordem da estrutura cristalina;

e Baixo acoplamento spin-orbita.




MATERIAIS RELEVANTES

Podem ser manipulados eletricamente e integrados a chips

¥

il A frol &tr d . . Sem a necessidade de um
e LOgicas spintronicas, controle eletrico de spin via campo externo

efeito Rashba;
e GaAs (Arseniato de Galio) - base para estudos de

transporte de spin;
e INSb (Antimoneto de Indio) - forte acoplamento spin-

orbita.

Caminho para ‘transistores de spin’




MATERIAIS RELEVANTES

Isolantes magneticos e isolantes topologicos

YIG (Yttrium Iron Garnet) e Bi>Ses (isolantes topologicos)

Granada de ferro itrio

YIG
e Ferrimagnetico
e |sotante eletrico, mas transmite excitagcoes de spin
(magnons)

Isolantes topologicos
e Conducao de spin com baixissima dissipagao
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Cabecas de leitura de HDs

Journal of Magnetism and Magnetic Materials

journal homepage: waww_elsevier com/Tocalejmmim
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Current Perspectives

CPP-CMR technology for magnetic read heads of future high-density

recording systems

Keiichi Nagasaka

Mhaggnetic Device L ¥, Fusjits L

ARTICLE INFO

Available online 20 June A08

CPP-LMIE
Magnetic read head
HILIY

L Introdoction

One of the present key-technolagies for keeping a high growth-
rate of magnetic recording density in hard disk drive [(HDD)

[ I AU [ TP "

L, T0-1, Monnosain- Wirkomepa, A, Kesepowa 2470097, Japan

ABSTRACT

Thiis pageer introdeces CPP-CME technobegy, ies Fealures, roules o outpul enhancemsent, probilems o be
stdver] el possibilities as 2 recordimg bead. For instance, wse of high spin-dependent bulk scatlering,
high resistivity, or all-metallic magnetic materials fon Tree amd relerence nagnetic layers were shvwn
a5 warys Lo imgeose The oulpul of CPP-CME. A current state of CPP-CME bead development was alse
menlimed in view poinis ol sensor downsizing, magnetic bead nose and high-densiny reconding
demuonsiration. CPP-CMR still has some points o be inyproved, howeser it is believed that the OPP-CME
will wcrwalize o next high-performance magnetic resd head in oo distant e,

= A8 Elsevier BV, All rights reserved.

thermal contact with the electrodes. Therefore, the CPP-GME head
is expected to replace the TMRE head and enables densities
exceeding 300 Ghitfin® [1-4].

In this paper, | take a general view of several methods for

bt e 00 CRADR 0 alen meded sasd e eoenec cbwba of
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Current Progress of Magnetoresistance Sensors

Songlin Yang and Jin Zhang *"
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Citationz Yang, 5. Zhang, | Current
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Abstract: Magnetoresistance (MR) is the variation of a material’s resistivity under the presence of ex-
ternal magnetic fields. Reading heads in hard disk drives (HDDs) are the most common applications
of MR sensors. Since the discovery of giant magnetoresistance (GMR) in the 1980s and the application
of GME reading heads in the 19905, the ME sensors lead to the rapid developments of the HDDs’
storage capacity. Nowadays, MR sensors are employved in magnetic storage, position sensing, current
sensing, non-destructive monitoring, and biomedical sensing systems. MR sensors are used to trans-
fer the variation of the target magnetic fields to other signals such as resistance change. This review
illustrates the progress of developing nanoconstructed MR materials fstructures. Meanwhile, it offers
an overview of current trends regarding the applications of MR sensors. In addition, the clmllungnﬁ
in designing /developing MR sensors with enhanced performance and cost-efficiency are discussed
ini this review.

Keywords: magnetoresistance (MR); graphene; magnetic nanoparticles; magnetic storage; position
sensing: current sensing: non-destructive monitoring: biomedical sensing; magnetoresistanoe (MR)
sensors; graphene nanocomposites

1. Introduction
Magnetoresistance is the variation of a material’s resistivity under the presence of

avbarnal marnatis falds In 18 crd alirin (AL o s Thoroeon i diccouarad o
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MRAM (Memdria Magnética de
Acesso Aleatorio)

Narional Scionce Review

11: nwad?r2, 2024
hibps:/doi. om0 023 nsn wadZrF
Advance access publication 25 Oclober 2023

Special Topic: Emerging Materials and Transistors for Integrated Circuits
Spin-based magnetic random-access memory for high-performance

computing

Kaiming Cai'-%*, Tianli Jin? and Wen Siang Lew®

Memory serves as a critical component
in boday s electronic systems for data stor-
ape and processing. In traditional com-
puter architectures, the logic and mem-
ory units are physically separated, due
to the performance gap in operational
speed and capacity among memories, re-
sulting in the fundamental limitation of
the von Meumann computers. Moreover,
with the evolution of CMOS technology
nodes, transistors become smaller and
smaller, to improve the operational speed,
area density and energy efficiency, while
supplying lower driver currents. How-
ever, the mainstream technologies, such
as embedded-Flash and SRAM, are facing
significant scaling and power consump-

racetrack MEAMs have been proposed
with prospects such as fast speed, non-
volatility, excellent endurance, good scal-
ability, and compatibility with CMOS
technology [1].  Following  conven-
tional computer architectures, MEAMs
could be the potential replacements of
the current memories in the memory
hierarchy, primarily due to their supe-
rior speed and density {as shown in
Fig. 1. Moreover, features such as non-
volatility, stochasticity, and oscillations
in MBAM, provide new feasibility for
novel computing to solve combinato-
rial optimization problems, which are
notoriously  difficult for comventional
computers. Differing from conventional

flash memories. The embedded MEAM
significantly minimived downtime and
accelerated computing speeds. More-
over, STT-MRAM offers inherently high
immunity to magnetic flux and radia-
tion, mitigating the need for radiation
shielding during spare exploration. More
recently, IBM demonstrated a modifed
ETT-MBAM with a double spin-torque
for 300 ps switching time, potentially for
last-level cache applications [7].

Advernatively, SOT-MFAM has drawn
more interest in MEAM  technology
development duee to the improved speed
and endurance than STT-MEAM. Ow-
ing to its sub-ns switching time and high
endurance (= 10" cycles) [8], it is, in
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Recent progress in spin-orbit torque
magnetic random-access memory

[®] check for updates

V. D. Nguyen -, 5. Rao, K. Wostyn & 5. Couet[-]

Spin-orbit torque magnetic random-access memory (SOT-MRAM) offers promise for fast operation
and high endurance but faces challenges such as low switching current, reliable field free switching,
and back-end of line manufacturing processes. We review recent advancements in perpendicular
SOT-MRAM devices, emphasizing on material developments to enhance charge-spin conversion
efficiency and large-scale device integration strategies. We also discuss the remaining challenges in
achieving a single device with low switching current, reliable field free switching to unlock the full

potential of SOT-MRAM technology.

The miniaturization predicted by Moore's law has driven the evolution
of electronic devices, leading to the explosive growth of our digital
society as today'. However, as we continue to advance high-performance
computing and energy efficiency, traditional charge-based memaory
technologies such as Static Random- Access Memory (SEAM) encounter
significant challenges, primarily stemming from leakage current and
limited density scaling, especially as the industry transition to the
nanosheet transistor era’.
Magnetic _random-access memory (MRAM

integration, high-performance memory dies can be envisioned for 3D
integration alongside accelerator processing units.

coming several critical hurdles such as:
= Integrating perpendicular magnetic anisotropy (PMA) systems is
imperative to unlock the scalability potential of SOT-MREAM, aligning

it with the evolution of advanced technological nodes.

However, realizing the full potential of SOT-MRAM requires over-

Implementing field-free switching mechanisms and achieving low

switchin

currents in PMA

syslems are also crilical

for practical
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Torque de transferéncia de spin
(STT) e torque orbita-spin (SOT)

Search

arl (w > cond-mat > arXiv:2104.11459 Help | Advanced Search

Condensed Matter > Mesoscale and Nanoscale Physics
[Submitted on 23 Apr 2021 (1), last revised & May 2021 (this version, v2Jj
Roadmap of spin-orbit torques

Qiming Shao, Peng Li, Lugiao Liu, Hyunsoo Yang, Shunsuke Fukami, Armin Razavi, Hao Wu, Kang L. Wang, Frank Freimuth, Yuriy
Mokrousov, Mark D. Stiles, Satoru Emori, Axel Hoffmann, Johan Akerman, Kaushik Roy, Jian-Ping Wang, See-Hun Yang, Kevin Garello, Wei
Zhang

Spin-orbit torque (SOT) is an emerging technology that enables the efficient manipulation of spintronic devices. The initial processes of interest in SOTs
involved electric fiekts, spin-orbit coupling, conduction electron spins and magnetization. More recently interest has grown 1o include a variety of other
processes that include phonons, magnons, or heat. Over the past decade, many materials have been explored to achieve a larger SOT efficiency. Recently,
holistic design to maximize the performance of SOT devices has extended material research from a nonmagnetic layer to a magnetic layer. The rapid
development of SOT has spurred a vanety of SOT-based applications. In this Roadmap paper, we first review the theones of SOTs by introducing the
various mechanisms thought to generate or control S0Ts, such as the spin Hall effect, the Rashba-Edelstein effect, the orbital Hall effect, thermal gradients,
magnons, and strain effects. Then, we discuss the materials that enable these effects, including metals, metallic alloys, topological insulators, two-
dimensional materials, and complex oxides. We also discuss the important roles in SOT devices of different types of magnetic layers. Afterward, we discuss
device applications utilizing SOTs. We discuss and compare three-terminal and two-terminal SOT-magnetoresistive random-access memories (MRAMs); we
mention various schemes to eliminate the need for an external field. We provide technological application considerations for SOT-MRAM and give
perspectives on SOT-based neuromorphic devices and circuits. In addition to SOT-MRAM, we present SOT-based spintronic terahertz generators, nano-
oscillators, and domain wall and skyrmion racetrack memories. This paper aims 1o achieve a comprehensive review of SOT theory, materials, and
applications, guiding future SOT development in both the academic and industrial sectors.

Comments:  an invited paper in the “Advances in Magnetics™ senies

Subjects.  Mesoscale and Nanoscale Physics (cond.mat.mes-hall), Appsed Physics (physics.app-ph)
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Spin-orbit torque switching of magnetic tunnel junctions
for memory applications

Viola Krizakova®", Manu Perumbunnil®, Sébastien Couet?, Pietro Gambardella'", and Kevin Garello®”
! Deparmment of Materials, ETH Zurich, 8093 Zurich, Switzerland
1 IMEC, Kapeldreef 75, B-300] Leuven, Belgium
*Univ, Grenoble Aipes, CEA, CNRS, Grenoble INF, SPINTEC, 38000 Grenoble, France

Abstract

Spin-orbit torques (SOT) provide a versatile tool to manipulate the magnetization of diverse classes of materials and devices
using electric currents, leading to novel spintronic memory and computing approaches. In parallel to spin transfer torques
(STT), which have emerged as a lcading non-volatile memory technology, SOT broaden the scope of current-induced
magnetic switching to applications that run close to the clock speed of the central processing unit and unconventional
computing architectures. In this paper, we review the fundamental characteristics of SOT and their use to switch magnetic
turnel junction (MTJ) devices, the elementary unit of the magnetoresistive random access memory (MRAM). In the first
part, we illustrate the physical mechanisms that drive the SOT and magnetization reversal in nanoscale structures. In the
second part, we focus on the SOT-MTJ cell. We discuss the anatomy of the MTT in terms of materials and stack
development, summarnize the figures of ment for SOT switching, review the field-free operation of perpendicularly
magnetized MTJs, and present options to combine SOT, STT and voltage-gate assisted switching. In the third part, we
consider SOT-MRAMSs in the perspective of circuit integration processes, introducing considerations on scaling and
performance, as well as macro-design architectures. We thus bridge the fundamental description of SOT-driven
magnetization dynamics with an application-oriented perspective, including device and system-level considerations, goals,
and challenges.

random access memory (MRAM), the base unit of which is
1. Introduction the MTJ [8.14-16]. The core of an MTJ is a pair of
ted by a thin insulating barrier. One of
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Racetrack memory

Magnetic Domain-Wall
Racetrack Memory

Stuart 5. P. Parkin,* Masamitsu Hayashi, Luc Thomas

Recemt developments in the controlled movement of domain walls in magnetic nanowires by
short pulses of spin-polarized cumrent give promise of a nonvolatile memory device with the
high performance and reliability of conventional solid-state memory but at the low cost of
conventional magnetic disk drive storage. The racetrack memory described in this review
cwmprises an amay of magnetic nanowires arranged horizontally or vertically on a silicon
chip. Individual spintromic reading and writing nanodevices are wsed to modify or read

a train of —10 o 100 domain walls, which store a series of data bits in each namowire.
This racetrack memory is an example of the move toward innately three-dimensional
microelectronic devices.

the raccirack ahiemate between head-o-head amd
tail-io-tadl configurations. The spacing betweon
consecutive DWs (that is, the bat beegih) is con-
trolled by pinning silcs fabricated along e aee-
track . There s sewveral means of creating such
[piming gites, for crample, by pafteming moiches
along the edpes of the racetrack or modubating
the racctrack's size or matesial propeics. Be-
wides defining the bit length, pinning sitcs also
give the DWs the atahility to resist coicmal -
turbations, such as thermal fuctstions oF sty
magnctic ficlds from nearby racctracks.

M i fundesmentally a shift register in which
thic data bits (the D) ane moved o amd o aloss
amy given raccirsck o imbormect with individial
roading and writing clenwents integrated with cach
raccirack (Fig. 1) The DWs in the magnete raos-
track can be nead with magnctic tumd junciion
magneonastive sensing devices (3) amangod so

ihat they are choss o or in con-

here ars two main means of sloring LI, —_— — tact with the raccirack. Witing
digital information for computing appli- g [¥W's can b carricd out with a
cations: solid-staie random sceesss mem- vaicty of schemes (), mohud-

orics (FAM:a) amd magnctic hand disk drives
(HDD=) Even though both clasacs of devices
ars cvolving at a wery rapid pace, the cost of
storing a single data bit in an HDD renmains
approximesicly 100 times chsaper than in a solid-
wtate FAM. Although the low oot of HDDs i
vory attractive, these deviecs are intrinsically
slow, with typical ssecss times of several milli-
soconds becawse of the lage mass of the -
tating disk. RAM, on the other hand can be very
fasi and highly rcliable, as in stafic RAM and
dynamic RAM technologics. The architcctune of [ /}d
compuling sysiems would be greatly simplified = ,;
if thore were a single memory storeps devics : i

mEs== ing wsing the scli-ficld of cur-

L
[

i Reading renis passod along neighboring
mctallic nanowines, wwing th
Apin-momanhan ransfar iongus
oot (4, ) dexivad fom curment
impectcd intn the macotrack fiom
Trinaic enoche il of wsng
tthez frimging: fickds Fom the con-
Viriting trolled motion of a maendic
i ; DW in a proximal manowins
T i Rl writing clement (1)
I |“‘ | Uniform magnctic fclds
O canmot be wsed o <hifl a serics
bk Ly of DWs along the raccirack:

Computacao Spintronica

Multifunctional Spin Logic Gates In Graphene Spin Circuits

Dmitrii Khokhriakow!, Shehrin Sayed22 Anamul Md. Hoque!, Bogdan Karpiak!, Bing Zhao!,
Supriyo Datta?, Saroj P. Dash™®

'Department of Microtechnology and Nanoscience, Chalmers University of Technology,
SE-41296, Goteborg, Sweden.

ZDepartment of Electrical Engineering and Computer Sciences, University of California-Berkeley,
Berkeley, CA 84720, USA.

*Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
*Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907, USA.
°Graphene Center, Chalmers University of Technology, SE-41296, Géteborg, Sweden.

Abstract

All-spin-based computing combining logic and nonvolatile magnetic memory is promising
for emerging information technologies. However, the realization of a universal spin logic
operation representing a reconfigurable building block with all-electrical spin current
communication has so far remained challenging. Here, we experimentally demonstrate a
reprogrammable all-electrical multifunctional spin logic gate in a nanoelectronic device
architecture utilizing graphene buses for spin communication and multiplexing and
nanomagnets for writing and reading information at room temperature. This gate realizes
a multistate majority spin logic operation (sMAJ), which is reconfigured to achieve XNOR,
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Evolution of quantum spin sensing:
From bench-scale ODMR to compact
integrations
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Long-range spin wave imaging with nitrogen
vacancy centers and time resolved
magneto-optical measurements
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Published Online: 19 Mareh 2025
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Analisando a variacao de resistencla em um semicondutor
(Mmulticamadas) com propriedade de Magnetorresistéencia Gigante, e
possivel detectar campos magneticos com uma precisao superior a
sensores de Efeito Hall

e Eficientes em temperatura ambiente
e Melhoria no desempenho dos cabecotes de leitura de discos
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o Detectores de corrente e s
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APLICACOES

Transistor de Spin e Informacao Magnetica

Outra aplicacao consiste na utilizacao de uma interface similar (camadas magneticas
entre naoc=-magneticas) para alternar a magnetizacao de uma de suas interfaces sob
corrente, oferecendo uma especie de transistor de baixo gasto energetico.

e Melhoria no desempenho dos cabecotes de leitura de discos rigidos
e Uso amplo na industria de armazenamento magnetico (Spin Transfer Torque-

MRAM ou STT-MRAM)

Vertical spin valve

Parallel (P) Anti-parallel (AP)

Ferromagnetic
Pinned Layer(PL) S "3

Non-magnetic

Spacer Layer
Ferromagnetic
Free Layer (FL)

b c




LIMITACOES

As principais limitacoes destes aparelhos envolvem as proporcoes de
suas dimensoes e perturbacoes no alinhamento de spin desejado ou
analisado

e Variagoes na barreira entre filmes pode causam erros no registro de
iInformacoes

e Escalas de fabricacao nanometricas encarecem seu custo

e Sujeito a flutuacoes termicas no equipamento

e Despolarizacao sob campo externo lwr>lco
Free layer (CoFeB) I

*Thermal stability A
«Current density Jc

Oxide barrier (MgO) *Barrier thickness Tox
*TMR ratio
Reference layer

(CoFeB/ Rul CoFeB)




PERSPECTIVAS FUTURAS

Explorando trés frentes emergentes com grande
potencial para aplicacoes futuras

Spintronica de Antiferromagneticos
Materiais Topologicos na Spintronica

Logica Spintronica (All-Spin Logic ASL)




PERSPECTIVAS FUTURAS

Spintronica de Antiferromagneticos: Visao Geral

Porque usar antiferromagneticos?
e Auséencia de campo externo = sem perturbacao magnetica
e Frequéncia de operacao ultra-rapida (THz)

e Nao volatilidade e estabilidade termica

Vantagens sobre ferromagneticos
e Imunidade a interferencia magnetica

e Alta densidade de integracao




PERSPECTIVAS FUTURAS

AFM Spintronics: Funcionamento

Como se manipula o estado AFM?
 Torque de spin para controle
o Corrente eletrica fica polarizada em spin
o Flui atraves de um material com forte acoplamento spin orbita

o Gera uma corrente de spin que exerce torque sobre a
magnetizacao




PERSPECTIVAS FUTURAS

AFM Spintronics: Funcionamento

Como se le o estado AFM?
 Magnetoresisténcia anisotrépica (AMR)

o Variacao da resistencia eletrica com a orientacao da corrente
em relacao a orientacao dos momentos magneticos
antiferromagneticos

e Efeito Hall Anomalo

o Efeito Hall que ocorre na auséncia de campos magneticos
externos




PERSPECTIVAS FUTURAS

AFM Spintronics: Funcionamento

Exemplos: CuUMnAs, MnAu — reversao de estados via corrente
eletrica

Aplicagoes: memorias magneticas ultrarrapidas, dispositivos
tolerantes a radiagcao




PERSPECTIVAS FUTURAS

Materiais Topologicos na Spintronica
O que sao?
Um material topologico € aquele cujas propriedades na superficie

sao diferentes das propriedades no seu interior, e essas diferencas
sao preservadas mesmo com deformagoes ou torcoes do material.

Por que sao uteis na spintronica?
e Geracao eficiente de corrente de spin
e Robustez contra imperfeicoes — transporte quase sem dissipacao

e Integracao com imas permite comutacao por torque de spin
topologico




PERSPECTIVAS FUTURAS

Tipos e Materiais Topologicos

Tipos relevantes
e |solantes Topologicos (Bi2Se3, Sb2Te3)
e Semimetais de Weyl (TaAs, NbAS)
e Magnéticos topologicos (MnBi2Te4)

Aplicagoes: Memorias, conversores spin-carga, dispositivos logicos
de baixa dissipacao




PERSPECTIVAS FUTURAS

Logica Spintronica (ASL): Conceito
O que e All-Spin Logic?
e Processamento puramente com corrente de spin

e Elimina a separacao entre logica e memoria

Bit representado pela magnetizacao 1 | de nanoimas

e Informacao propagada por corrente de spin — sem corrente de
carga




PERSPECTIVAS FUTURAS

Componentes e Funcionamento da ASL

Arquitetura basica:
Nanoima A = Canal de spin = Nanoima B
e |[njecao de spin — transporte — torque — comutacao

e Canais de trasnporte: Cu, grafeno, semicondutores

Logica nao volatil, baixo consumo, escalavel




PERSPECTIVAS FUTURAS

Componentes e Funcionamento da ASL

Contact

barrie
Spin coherent Isolation

channel/interconnect laver




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Caracteristica
Volatilidade

Consumo de
energia

Integracao
logica-memoria




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Desafios:
e EficieEncia na injecao de spin
e Perdas por relaxacao de spin
e Velocidade de comutacao

e Escala de fabricacao

e Tempo de comutagao comparavel ao CMOS




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Eficiencia na injecao de spin
Interface entre materiais = barreiras = reduzem eficiencia
e Desenvolvimento de novos materiais
e Interfaces mais limpas

e Tecnicas de engenharia em camadas atomicas




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Relaxacao de Spin
Tendencia de perder a polarizacao ao longo do tempo e da distancia
e Limita o alcance — restringe tamanho dos dispositivos
e Grafeno — baixo acoplamento spin orbita = reduz o efeito

e Limitacoes fabricacao e integragao




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Velocidade de Comutacao
Ainda precisa competir com os transistores tradicionais
Mesmo que prometa consumo menor de energia

Deve atingir tempo de resposta de nanossegundos ou menos




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Escala de Fabricacao

Demonstracao em laboratorio em escala hanometrica
Condicoes muito controladas, como baixas temperaturas
Larga escala precisa de:

e Reprodutibilidade

e Estabilidade termica

e Compatibilidade com processos industrials




PERSPECTIVAS FUTURAS

Comparativo e Desafios Atuais

Integracao com a tecnologia CMOS
Industria eletronica atual = baseada em CMOS
CMOS = Complementary Metal-Oxide-Semiconductor

Novas tecnologias necessitam ser compativel com esse ecossistema
para serem usadas em larga escala

e Avancoes em materiais e dispositivos

o Arquiteturas hibridas
o Logica tradicional e spintronica




CONCLUSAO

Em resumo, a Spintronica se expressa como uma das principais
aplicagcoes tecnologicas da teoria de Spin na atualidade e um
grande avanco na ciencia de materiais e dispositivos
eletronicos, trazendo aplicagoes diretas de propriedades
quanticas da materia para a tecnologia do dia a dia.
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