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Abstract

This tutorial article introduces the physics of spin transfer torques in magnetic devices. We provide an elementary discussion of
the mechanism of spin transfer torque, and review the theoretical and experimental progress in this field. Our intention is to be
accessible to beginning graduate students. This is the introductory paper for a cluster of “Current Perspectives™ articles on spin
transfer torques published in volume 320 of the Journal of Magnetism and Magnetic Materials. This article is meant to set the
stage for the others which follow it in this cluster; they focus in more depth on particularly interesting aspects of spin-torque
physics and highlight unanswered questions that might be productive topics for future research.
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Spin-Transfer Torque in Pictures

and Basic Terminology
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What Are Experimental Manifestations of STT?

Magnetization Switching: Magnetization Precession:
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junction nanopillar sample consisting of the layers 15 nm PtMn /
2.5 nm CorgFezp / 0.85 nm Ru / 3 nm CogoFez0B2o / 1.25 nm MgO
/2.5 nm CogpFeanBao, as the 2.5-nm CognFeapBap free layer is re-
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Fast Quantum Electrons Interact with Slow Classical

Magnetization Governed by LLG Equation
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Principal Applications of STT:

STT-MRAM and STT-Nano-oscillators

Non-volatile Memory: Microwave Nano-Oscillators:

Passing current is used
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Other Anticipated Technologies Based on STT

Detector (GMR, TMR) Binary memory Stochastic device Microwave oscillator
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Physical Explanation of the Origin of STT

Semiclassical: Fully Quantum:
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Undergrad Quantum-Mechanical Theory of STT:

One-Dimensional Toy Model #1
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Undergrad Quantum-Mechanical Theory of STT:

One-Dimensional Toy Model #2

Toy model #2

| E,_H-.:—:r:: [9 ;i}j Tx N EH-.:_.E 2;;, . [H IE‘;I Hw.
Dirans = ——= cos(8] | _— sin(#, |
LA N / Ja k +k' /
~ikz |k
- L sin(8/2) |1) .

Wrefl =
el T k+ ky

ki =kand k| = 2m(E - A)Y2/h < k
‘FE Nﬁ = Ax - | in + Qrefl — Qirans) = Ax - in
Q= %Im[uﬁ“n ® Vi) l 4}:} ? Rt~ Qernce) X Qua
1 2.
52 N, = ﬁ ‘;rr? sin(#)%
Qin = 2mQ) (ksin(@)x + k cos(0)z) ~ when summing or averaging over all
;2 contributions from around the
Qirans = 55 sin(@)k cos[(ky — k| )z]x Fermi surface, dephasing leads to
Q.ﬂl}_f—, Qr‘eﬂzol QTr‘ansz?d(.l;fo a 900d |
e RIS R T P approximation valid for typica
2m sin(6)k sin{(ky — ky )z]§ metallic interfaces), so that STT
32 ok 2 acting on the magnet per unit area
+—— |kcos*(0/2) — k| ( ' ) sin®(0/2) | z being equal to the full component
2mS} k+k of incident spin current that is
- b k)2 transverse to magnetization of a
Qresl = 5 ' ﬂk' (A _T_ T ) sin?(0/2)z. ferromagnet
el S JMMM 320, 1190 (2008)
STT via NEGF
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Nonequilibrium Density Matrix

for Steady-State Quantum Transport
LEquilibrium density matrix is universal (fixed by Boltzmann and Gibbs):
—BH X X
Peq = = = (A) = Tr [peq 4]

€

Tre—PH

QApplied to non-interacting fermions in equilibrium:

A . 1 A
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QEquilibrium-like density matrix for stead-state transport of interacting fermions:
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How to Remove Equilibrium Expectation

Values in Gauge Invariant Fashion

ODensity matrix often split into “equilibrium” + "nonequilibrium” contributions
for purely computational purposes:

+00 +0 . R A
p = —% / dE Imé’r(E)f(E—cVR)—J—% / dEG"(E) T (E—eVy)-GYE)[f(E —eVy) — f(E — eVR)]

L The proper gauge-invariant nonequilibrium density matrix is defined by:

-~

+00
prea = = = 4 - [ a8 [G(B)] 5

dFirst fwo terms below remove any equilibrium contribution to physical quantity
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Graduate Quantum-Mechanical Theory of STT using

Torque Operator and NEGF Formulas
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NEGF Formulas for STT in the Absence of

Spin Flips Using Interfacial Spin Current
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Experiments on STT in Spin Valves

nanopillar geometry Fert Lab
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Experiments on STT in

Magnetic Tunnel Junctions

ARTICLES pature,
physics

Time-resolved measurement of
spin-transfer-driven ferromagnetic resonance
and spin torgue in magnetic tunnel junctions
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New Frontier: Spin-Orbit Coupling-Driven STT

on Single Ferromagnetic Layer

LETTERS

PUBLISHED ONLINE: 10 JANUARY 2010 | DO 10.1038/NMAT2613

nature

materials

Current-driven spin torque induced by the Rashba
effect in a ferromagnetic metal layer

loan Mihai Miron'*, Gilles Gaudin?, Stéphane Auffret?, Bernard Rodmacg?, Alain Schuhl?,
Qtafania Dizzini3 lan Vacald and Diatra Ramhbardallald
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What is Spin-Orbit Coupling?
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Structural Inversion Asymmetry of
2DEGs in Semiconductor Heterostructures

PHYS824: Introduction to Nanophysics

- E_:{]
Inversion symmetry = no R-SO
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Vacuum vs. Crystalline SO Coupling Strength

ﬁDiraC — ﬁmoc2 +eV 4+ ca - (p — eA)

On the v¥ ¢? expansion of the Dirac equation with external potentials

W\odek Zawadzk|
if Physics, Polish Academy of Sciences, AL Lotatkow 3246, 02—-668 Warsaw, Poland

(Received 13 January 2005 accepted 8 April 2003)
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Rashba SO Splitting of
Energy Bands in 2DEGs
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Crash Course on 3D Topological Insulators
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(a)

E - Ep(eV)

Room-Temperature Topological Insulators
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Why is this interesting: Protection by
time-reversal invariance against
scattering of f non-magnetic impurities
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Detecting Interfacial SOC via

Tunneling Anisotropic Magnetoresistance

PRB 85, 054406 (2012)
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STT in Lateral TI/FM Heterostructures

Solving LLG equation with torque field
generated by the surface of 3D TI
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STT in Vertical TI/FM Heterostructures
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Applications: OSTT-MRAM and

STT-nanooscillators using TI Capped MTJs

MTJs for STT-MRAM applications e Topdotote |
Qcompromise between large current | Irhn AF
density (requiring low junction resistance greer [Looe— | anayser
to avoid damage) and readability (requiring = | w Cu Spacer @
large magnetoresistance) e S Freclayer | AU

Cu Spacer
Qoptimization of the spin polarization U . i T i
across the junction, stabilization of the - Felariier = Coi’Pt = - Polarizer
'fixed' layer magnetization, and = P S
minimization of stray fields often result in
complex stacking structures involving more < Botom slctrce
than 10 different layers.
F|TI Interface
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PRL 109, 166602 (2012)
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