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Danna Freedman and her staderts are working to
create new kinds of matenals that could one day
replace rare carth magnets, the strongest type of
magnet. They are working with non-tomc elements
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stronQer and moce 0 ernveonmentally fnondly




Emergent Collective DOF
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Collective and Quasiparticle

‘Equilibrium Ferromagnet
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Two-Channel Conduction
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CPP GMR

CPP = Current Perpendicular to Plane
GMR = Giant Magnetoresistance
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Spin transfer torques

Experiment: M. Tsoi et al., PRL 80, 4281 (1998); Nature 406, 46 (2000)
Theory: J.C. Slonczewski and Luc Berger
Shared 2013 APS Buckley Prize
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Spin-Orbit Torques
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Miron et al. Nature Mat. 9 (2010) Nature 476 (2011)
Liu et al. PRL 109 (2012) Science 336 (2012)



Quantized Hall Conductanqe in a Two-Dimensional Periodic Potential

D. J. Thouless, M. Kohmoto,'®*’ M. P, Nightingale, and M. den Nijs

Depaviment of Physics, Univevsity of Washington, Seattle, Washington 98195
(Received 30 April 1982)
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Berry
Curvature
u(r) = electron wave function Chern Index

(k,.k;) = two-dimensional momentum space



Anomalous Hall Effect

>
a) Intrinsic deflection
Interband coherence induced by an =
extemal electric field gves rise to a —————
velocity contribution perpendicular to
the field drection. These currents do
not sum to zero in ferromagnets.

—
d(r) cE /e Electrons have an anomalous velocity perpendicular to

a/‘:'+-EXb the electric field related to their Berry's phase curvature

dt hok \Ji Iy

The electron velocity is deflected in opposite directions by the opposite ‘
electric fields expenencad upon approaching and leaving an impurity.
The tme-integrated velocty deflection is the side jump.

c) Skew scattering

Asymmetric scattering due to
the effective spin-orbit coupling
of the electron or the mpurity.

Nagaosa et al., RMP (2004)




Spin-Orbit Torques
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Coupling to

Magnetic
Condensate

Miron et al. Nature Mat. 9 (2010) Nature 476 (2011)
Liu et al. PRL 109 (2012) Science 336 (2012)



Spin-Orbit Torques

. (A
(Tap) = E[S,qu]

(Tso) / A7 J (7)(3(7F)) x
0

Miron et al. Nature Mat. 9 (2010) Nature 476 (2011)
Liu et al. PRL 109 (2012) Science 336 (2012)



Bulk Transport Theory
Relaxation Time Approx

Quantum Driving Relaxation
Kinetic Equation Term Time
Approximation
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Response of Insulator
to static Electric Field
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Topological Insulators
A Model Spin-Orbit-Torque System




Massive Dirac Model for
Current-Induced Spin Density
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Electric Field Induced
Spin Densities

‘ s,/n~ (e E a)/(h/1) x (1/k-a) \

* Spin Hall

s,/n% (e Ea)/(E,) x (1/k-a) x (A/Er)



Spin-Orbit Torques in TI DMSs

Experiment:

A (s%,./S) # 106 eV

» A (s%;,/S)

Fan et al., Nature Mat. (2014)




Spin-Orbit Torques
in T Ferromagnets




Mn;Sn Spintronics

Cu (nhormal metal)
NiFe

: Surface spin
(spin detector) / accumulation: <ds>

’ r
v
Current: / v 2 ‘/'/
/" A,
& ——Mn,Sn single
(o crystal
/ ’
’
U4
K H

Nakatsuji et al. Nature (2015) and unpublished




Spin-Accumulation Depends on
Mn;Sn Spin-Configuration
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Nakatsuji et al. Nature (2015) and unpublished
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