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Our Theory Tools INSP/R
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Ferromagnetism and its core spin physics and electronics INSP/RE 2
cpnrERRSGRLRY S
Metallic & spin-split bands Gilant magnetoresistance
_ Anomalous Hall effect .
Iron lattice all 1881 Fert & Gr_unberg
Spin-transfer torque  Nobel Prize 2007
Slonczewski & Berger
Buckley Prize 2013
Electronically & magnetically active Transverse nondissipative topological Longitudinal largesignal commercial
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Ferromagnetism Metallic & spin-split bands Electronically & magnetically inert

Iron lattice Iron lattice in fluoride rutile Insulating & spin-degenerate bands
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Electronically & magnetically active
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Nobel lecture on the discovery of antiferromagnetism
_\. ) ®
nNne I nteresting but does not appear to have any pract
Néel come up with the defense against magnetic mines by demagnetizing
Aircraft carrier wrapped in 5 miles of deperming cable.
Why magnets that microscopically, precisely, and for free
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Spintronics without magnetization INSP/RE 2
Antiferromagnetism
CuMnAs MnAu
o4

2018 Long distance spin
transport
In insulating AFM

|+
spin-degenerate bands

2017 Topological
antiferromagnetic spintronics

? 2017 Optical manipulation of
0 2014 Prediction | AFMs viaNéel SOT
2015+ Observations 2016. AFM Dirac physics
= ﬁ M Néel spin-orbit torque fermions J 3 J

Antiferromagnetic spintronics
- - - -

Reviews: Nature Phys. Focus d8, Baltz et al. RMP d.38, Song et al. Nanotech. A8, Siddiqui et al. J. Appl. Phys. @0
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Spintronics INSP/RE
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Ferromagnetic

- spin order in direct-space
stray field capacity limit - net magnetization
- Spin order in recip.-space

GHz speed W

Jl

N\

y

Strong non-relativistic signals @

- Reading: Giant (tunneling) magnetoresistance
- Writing: Spin transfer torque

O\
ykx
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Antiferromagnetic

- Spin order In direct-space
- N0 net magnetization
- NO spin order In recip.-space

/ Ky \ n THz speed

\/ K, O Weak relativistic signals

The problem Antiferromagnetic spintronics
k / circumvents the problem

exploiting spin-orbit coupling

N no stray field capacity limit
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What Is the possible solution?

Antiferromagnetic

B —

2 S

- Spin order In direct-space
- N0 net magnetization
- N0 spin order In recip.-space

SR

4h
NI

K The problem /

8
| %

- spin order In direct-space
- N0 net magnetization
- spin order In recip.-space (fully compensated)

k The solution /
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T-symmetry breaking dwave spin polarization and anomalous Hall
effect in compensated collinear rutile magnet RuO

Science Advances 6 eae&80@020
| me | K a-H-Ie,rnandm)ngrth,$Incn/£z1 | S0
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DFT in metallic roomT RuO,; l .

JANiA

- Non-relativistic spinrsplitting on e\tscale
comparable to ferromagnets

Energy (eV)

ferromagnets experimentally confirmed

- Anomalous Hall effect comparable to 'f\ |
p -1 A'\ ;‘/A
o
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Anomalous Hall effect INS 3/“:{:
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jHall — h X E Odd in time axial vector (Onsager relations)

B || [01%01. /| [00101]
Hall vector h = (Uzy, Oxzy0 yx) ,,[]« |
£ [ oo rr;ﬂ i |
For M along high symmetry axis | e g
h is parallel toM T
h ~jpe X E I
2 05 Bf)m 0.5 1
‘ IrMns
jH Fe
og = RoH, + RsM | pg = RoH| + RsM | + par—nu
Hall, Phill. Mag (1881) pAF—H X hy Hua Chen et al., PRL (2014)

Nagaosa, JS, et al, RMP (2010) Nakatsuijiet al., Nature (2015)

Nayak et al., Sci. Adv. (2016)
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Genealogy of Hall effects INS qu =
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2013 Quantum anomalous Hall in
topological insulators

1988 Haldane: quantum Hall
effect without Landau levels

1879 Hall effect from field
1881 Hall effect from
magnetisation

SPINTRONICS RESEARCH

The lowest sub-bands v
with broken TRS Fermi level

Spontaneous Hall effect
In collinear antiferromagnetism?

2015 Anomalous Hall effect in
non collinear antiferromagnets

without magnetization
Nakatsuji, Nature (2015)

Felser and Parkin, Sci.Adv.(2016
2010 without dipolar-magnetic order

Machida, Nature (2010)

2002 Berry curvature- topological
properties of wave functions

Jungwith et al. PRL (2002), Nagaosa et al., PRL (2002)

1980 Quantum Hgll effect

1955+ Role of spirorbit coupled :
impurities f J\

1953/58+ Kohn-Luttinger -

1996 Topol ogi cal
without spin-orbit coupling

Microscopically: spin -polarisation and spin -orbit coupling
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Symmetry considerations of AHE In antiferromagnets INSP/RE ¢
Transposing translational + time Transposing inversion + time
L= M, — M,

1)

tTL=L PTL =L

t7 jHal = —JHau = jHau =0 no AHE PT ital = —IHau = jxa =0 no AHE
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Anomalous crystal Hall effect in Ru© INS qu

The Hall vector, not the magnetization, is the key

£ 150
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cfl:Q 10 Weak magnetisation Anomalous Hall vector
= 0.5 10? 1960s 2018
- 101 Topological Berry curvature
) : . : Relativistic DzyaloshinskKii RO1OY y eur
S 00 0 Microscopic mechanism o . + local magnetisation

- Morilya interaction ”»
= 1 densities
= -10
0 _0_5 } |-102 Magnitude ~ 0 . OGsper anit cell 330 S/cm
= 05 00 o5 @ 10° :
Wavenumber ky(27A) Science Advances 6 €aaz8809 _(20202
avenumber kx5 | me | Kk aHHernandamgwirth, sineva
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Experimental observation of anomalous crystal Hall effect in RuO2

o

L L
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[110] [001] nature electronics 7. 4862-496 (2022)
H ML Feng, Zhou, Smejkal, Wu, Zhu, Guo, Gonzalez

Hernandez, Wang, Yan, Qin, Zhang, Wu,

Chen, Jiang, Sinova, Jungwirth, Zhiqi Liu

Prof. Zhiqi Liu
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AHE In RuQ INSP/R
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PN

A AHE can be turned on/offby symmetry controlled by the |
reorientation of Neel vector u

~
N

ABerry®s phase structure is contr olgiad H the c¢cry

A Bandcrossings( | ar ge Ber r y ®sotgrdidensak A I'—DILEZ) ar e
they areimposed by the symmetryof alternating spirsplitting Alternating spinsplitting & zero magnetization

A Large AHE conductivities that requireno magnetization

A AHE can also becontrolled by the crystal symmetn? not only
the Neel vector

Energy

A AHE vector (current) direction is more complexhan in |
ferromagnets and depends on the magnetic crystal symmetr{¢®ac
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D-wave spin polarisation: giant magnetoresistance and spisplitter torque INSP/R

INTERDISCIPLINARY

© me j Rirk Hellenes,GonzalezHe

Glant magnetoresistance

Nonrelativistic electrical spin splitter
Spin-splitter torque

Unconventional transverse spin-current

/
1y
J is
— — I - SCR 34 deg >> 20 000 SHE materials
E ‘s‘ Experimental indications: RuO2/NiFe
~— S Bose, Ralph et al.arXiv: 2012.15651, Nat Elec (2022)
5 \ Bai et al. arXiv:2109.05933, PRL (2022)
J Karubeet al., arXiv2111.07487, PRL (2022)
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