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Interest in spin-orbit torques: in-plane-current magnetization switching
for MRAM technology

In-plane current magnetization switching experiments and
interpretations: SHE+STT vs. Spin-orbit torque

Theory of spin-orbit torque

Linear response: extrinsic and intrinsic mechanisms

Heuristic picture of Berry’s phase anti-damping SOT

Experimental technique, results and modeling
Spin-orbit-field FMR experiments
In-plane (field-like) and out-of-plane (anti-damping-like)

Comparison to theory predictions



Older architecture of field-driven-MRAM

“Bit” Lines

Everspin, etc.

“Word” Lines

~ 10 mA



Spin-Transfer-Torque MRAM

¢ excellent scaling

¢ lower power

® No crosstalk problem
e simpler fabrication

~ 30 YA ‘
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In-plane-current-switching MRAM

If switching can be done by an
in-plane current then a key
issue in STT-MRAM is resolved

probability
distributions

voltage breakdown
needed voltage of
for read MTJ

voltage



Experiments of in-plane current switching

Miron et al., Nature ‘11 /
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Linear response |. (condensed matter class)

Boltzmann theory: non-equilibrium distribution function and equilibrium states
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Linear response ll. (condensed matter class)

Perturbation theory: equilibrium distribution function and non-equilibrium states
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Intrinsic (Berry phase) spin-Hall effect from Bloch eq.
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Intrinsic (Berry phase) spin-orbit torque from Bloch eq.

Large exchange limit
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Intrinsic (Berry phase) spin-orbit torque from Bloch eq.

Large exchange limit

O Mxh? zero hifor M 1L E
dt 11



Intrinsic (Berry phase) spin-orbit torque from Bloch eq.
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Intrinsic (Berry phase) spin-orbit torque from Bloch eq.

O Rashba

[001]

[110]
<—— same as Rashba
[100]

'\ Deasselhaus
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Intrinsic (Berry phase) spin-orbit torque in GaMnAs

GaMnAs

Rashba

all E:hs ~[Ex3]xM

———

dt

EN[110]: h3~[Ex3]xM

EN[1-10]: hi~-[ExZ]|xM
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Intrinsic (Berry phase) spin-orbit torque in GaMnAs

GaMnAs

Rashba

Rashba: s, m ~ | Dresselhaus: s, p ~
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Competition between
these terms give rise to
higher harmonics

" Rashba

Deasselhaus

Hgaans = Hxr + Hstrain
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Road Map

3)

Experimental technique, results and modeling

» Spin-orbit-field FMR experiments

 In-plane (field-like) and out-of-plane (anti-damping-like)

« Comparison to theory predictions
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First works: current-induced SO effective fields

Effective spin-orbit (SO) field by dc current
GaMnAs: bulk broken symmetry, Chernyshov, Rokhinson, et al, Nature Phys., 5, 656 (2009)
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Other works and measurement techniques

Current-induced SO fields by ac current

+ 0.5%(, AR, + | AR sin2wt)

Magnetic dynamics (GHz frequency): SO field-FMR
GaMnAs: Fang et al., Nature Nanotech., 6, 413 (2011).

Quasi-static regime (kHz frequency)

AlOx/Co/Pt: Pi et al., APL 97 162507 (2010).
AlOx/Co/Pt: Garello et al., arXiv; 1301.3573.
MgO/CoFeB/Ta: Kim et al., Nature Mater. 12 240 (2013).
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Problems in metal multi-layers

In-plane current-induced magnetisation switching in multi-layers

Current

GaMnAs
v Bulk spin-orbit effect

<«— Oxide
<— Ultra-thin FM
<— Heavy metal (Pt, Ta)

current flows only in GaMnAs.

v Well-known GaAs band structures and calculations.
v" Allows for single thin fim geometry: no SHE-STT by design

The ideal material for understanding spin-orbit torques .



Electrical induced/detected FMR

Fang, et al., Nature Nanotech. (2011)
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Magnetic dynamics phenomenology

| andau-Lifshitz-Gilbert equation
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the V amplitudes contain SO information. .



Torque types and line-shapes
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The out-of-plane SO field

the out-of-plane field <—> the symmetric line-shape
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h, (uT)
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Effective Hamiltonian of GaMnAS

H=He,+Hyx +Hso r D

k-independent k2- depend;\ k-linear
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uo h, [uT]

wo h, [ uT]
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Comparison to Theory
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Comparison to Theory

Dash line: Calculations replacing Hy,, with a parabolic model, i.e. no (J.k)? term
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uo h, [uT]

wo h, [ uT]

Solid line: Calculations with Hy, (captures higher harmonics)
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Summary

—

e |na single-layer GaMnAs (bulk SO material), we predict
and detect large intrinsic anti-damping spin-orbit torque

« Both extrinsic field-like SOTs and anti-damping intrinsic
SOTs are of similar strength

« Because of common origin intrinsic anti-damping SOT
will be of comparable strength to SHE-STT in metal
multi-layer structures.

More details in: Kurebayashi, Sinova et al., arXiv:1306.1893
Fang et al., Nature Nanotech. (2011)
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Torque types and lineshapes

V. (uV)

m Exp. -

Tinplane (Or hz)
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Scattering-dependent 3

1




Vs, @nalysis for in-plane SO fields

Vaey = Gox 8in(26) x (h,sin(6)+h,cos(6))
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Materials with the opposite strain sign

j (10°A/ecm?)
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