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Watch Movies Throughout the Talk Carefully!
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Spin-Transfer Torque (STT):

Fundamentals and Applications
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STT-Driven Magnetization Dynamics from Time-

Dependent Quantum Transport + Atomistic Spin Dynamics
Electron-mediated STT Magnon-mediated STT
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Spin-Orbit Torque (SOT):

Fundamentals and Applications

Nat. Mater. 9, 230 (2010); Nature 476, 189 (2011) Nat. Nanotech. 14, 945 (2019)  Nano Lett. 19, 4400 (2019)
Science 336, 555 (2012) Sci. Adv. 5, eaaw8904 (2019)
Nat. Mater. 12, 240 (2013)
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This Talk in a Nutshell

Spectral functions and spin textures on
metallic surfaces imaged by spin-ARPES

TEN YEARS OF NATURE PHYSICS

Not trivial to realize

In 2009, two papers provided the first unambiguous examples of three-dimensional topological insulators — bulk
insulators boasting metallic surface states with massless Dirac electrons. These now form just one of many classes

of topological materials.

Joel E. Moore

n alternately compelling and
A frustrating fact about condensed-
matter physics is that it takes place
in actual materials. However beautiful a
theoretical concept may be in the abstract,
its ultimate appeal is limited until a
material is found to realize it. Of course,
condensed-matter physicists are not the
only ones who live under the tyranny of
the periodic table; nuclear physics and
its interactions with society might have
1 much different history, for example,
if either fewer or more isotopes could
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What is the electronic and spin
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interface and how they generate
nonequilibrium spin densities
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Crash Course on Spin-Orbit Coupling (SOC)
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Crash Course on Rashba SOC in Solids

Y
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Spin-Orbit-Proximitized Ferromagnet:

Co/Topological-Insulator-Bi,Se,
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Spin-Orbit-Proximitized Ferromagnet:

Co/Monolayer-Transition-Metal-Dichalcogenide
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Spectral Function and Spin Textures on

the TI Side of Co/TI Interface

Nano Lett. 17, 5626 (2017) PRB 82, 195417 (2010) P
Bi,Se, Lead Bi,Se, (6 QL) Co (3 ML) PRB 96, 235433 (2017)
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Spin-Transfer and Spin-Orbit Torques

from Nonequilibrium Green Functions (NEGF)

dFundamental quantities of NEGF formalism: Learn more about NEGF from:
density of available quantum states: how are those states occupied:
Gl (1) = —29(15 — ) {ero(t), b (1)) Go(t,t) = #éifaf(t')ém(t)) e o
Quantum Systems
HANEGFs for steady-state transport:
Gt t) — Gt —t) 15 G'(E) G<(t,t") — G<(t —t') 25 G<(F)
(a)
1 i 1 oo T - ’Hnlrr‘
:{)eq — Zf{En)|En><En| = _; /dE Im GT(E)-}C(E) .‘a'lleq — % /dE G<(E) ®) PRE

LNEGF-based expression for spin-transfer torque:
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HpeDFT = — o+ WVitartree(r) + Vxo(r) + Vext(r) —6 -Bxc = T = == {Cﬁ HucDFT} ‘
R R " 3 most general forque formula valid
TGD e Tr [(pneq — peq)TCD} < TGD f— ]d T SCD(I') b4 BXC{T) in the presence of SOC and other
spin-nonconserving processes
SCD(T) = Trspill [{ﬁneq - paeq)&]
arXiv:1801.05793 SYNOPSYS" | QuantumATK

PRMater. 3, 011401 (2019)
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EXAMPLE: First-Principles Quantum Transport

Theory of Conventional STT
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EXAMPLE: Current-Driven Nonequilibrium Spin

Textures around the Surface of Bi,Se;
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Computational Screening for Optimal

SOT in Co/TMD Heterostructures

Nano Lett. 16, 7514 (2018) Nano Lett. 18, 1311 (2018) ACS Appl. Mater. Interfaces 10, 2843 (2018)
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What Can Two-Dimensional (2D)

Magnetic Materials do for Spin’rronics?

Nat. Nanotech. 14, 408 (2019) Science 364, 973 (2019)_ |
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Nano Lett. 20, 2288 (2020)

SOT in bilayer-CrI;/monolayer-TaSe,

vdW Heterostructures

first monolayer of CrI;is

spin-orbit-proximitized by monolayer TaSe,
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SOT-Driven AFM-FM Nonequilibrium Phase

Transition in bilayer-CrIs;/monolayer-TaSe,

PRAppl. 10, 054038 (2018)
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Scattering-Induced, Purely Interfacial and Gate-

Tunable DL SOT in Doubly Proximitized Graphene

PRRes. 2, 043057 (2020)
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Resolving Key Unsettled Issue for SOT->Role of

Interfacial Mechanisms->with vdW Heterostructures

INTERFACE: Edelstein (or inverse
spin galvanic) effect for FL SOT
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USSR Academy of Sciences, Institute of Solid State %, Chernogolovl 32, USSR

INTERFACE: Spin-orbit filtering
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INTERFACE: Berry curvature
mechanism for DL SOT
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Resolving Trouble with Simplistic Hamiltonians and

Intuitive Picture of How Current Flows to Drive SOT

Nature 511 , 449 (2014) Table 1 | Comparison of room-temperature a5, and 8, for BizSes

with other materials

Parameter BisSey Pt p-Ta Cu(Bi) B-w
(this work) (ref. 4) (ref. 6) (ref. 23) (ref. 24)

0 20-35 0.08 0.15 0.24 0.3
o5, 1.1-20 34 08 — 1.8

6, isdimensionless and the units for os,; are 10%/2e Q™ m™",

_‘_ﬁ;' _."‘
M, %0
"Our findings have potential importance for technology,
i - Fah in that the spin torque ratio for Bi,Se; at room
- hew temperature is larger than that for any previously
measured spin current source material. However, as

i
:'l“"k.‘\ Ry noted above, for practical applications the specific layer
- . C;_;? structure of our devices (topological insulator/metallic
S (T

[-n By

-

magnet) does not make good use of this high infrinsic

, efficiency because most of the applied current is
£/ shunted through the metallic magnet and does not
&/ contribute to spin current generation within the

~

Qi

Nat. Nanotech. 14, 945 (2019) ¥/ topological insulator. Applications will probably require

&/  coupling topological insulators to insulating (or high-
</ resistivity) magnets so that the majority of the current

¥ U
H </ will flow in the topological insulator.”
8 X, ta"’l

o r P - Magnetization switching bsll’l "Physics comes in two parts: the precise mathematical
' : S/ formulation of the laws, and the conceptual
) ‘'
\(/;/I‘I‘h . UHr'gloiA(l)gur‘;eng '\5 / interpretation of the mathematics. However, if
- ensity ~3x A/cm S words of conceptual interpretation actually convey
> at T=300 K the wrong meaning of the mathematics, they must

/
v be replaced by more accurate words.” (W. J. Mullin)

-~
S

S
/,/ @

S
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Conclusions in Pictures

E-EL=005¢eV (d) E-E{=-035eV

high 1x10?!

|

low -1x10*

C’l‘g G 2o TE(;
Graphene
WS,

_X T Y —-02 01 0 01 02 02 01 0 01 02

E-EZ=005cV

—-02 01 0 01 02 02 01 0 01 02

EEl=0eV k) EEZ=005eV EEL=-035eV

SO-proximitized ferromagnet can be very far away from the original

02 01 0 01 02 02 01 0 01 02
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