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Anomalies  in spintronics

(2018-)

Altermagnetism and spin symmetries

(2021-)

Beyond altermagnets:

unconventional p-wave magnetism

(2023-)

Prediction LĠ et al., Science Adv. (2020) , arxiv:2019

Mazin, LĠ et al., PNAS 118 (2021) 

LĠ et al. Phys Rev X 12, 011028 (2022) é

LĠ, Sinova, Jungwirth, Phys. Rev. X (2022) Birk Hellenes, Jungwirth, Sinova & LĠ 

arXiv:2309.01607v2

Observation Feng*, LĠ* et al., Nature Electron. (2022)

Fedchenko, LĠ, Science Adv. (2024)

Krempasky*, LĠ* et al., Nature ( 2024)

Lee, LĠ et al. Phys. Rev. Lett. (2024)

Reimers, LĠ et  al., Nature Com (2024) é
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Birk Hellenes,Jungwirth,Sinova,ſmejkal
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To celebrate successes ¤
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Our Theory Tools

To star thinking To star computing To compute seriously

To think seriously To stay awake or drink your sorrows away ¤
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Ferromagnetism and its core spin physics and electronics
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Anomalous Hall effect

Spin-transfer torque

Transverse non-dissipative topological Longitudinal large-signal commercial

Giant magnetoresistance

Hall 1881
Fert & Grünberg

Nobel Prize 2007

Slonczewski & Berger

Buckley Prize 2013

Electronically & magnetically active

Iron lattice
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Metallic & spin-split bands
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EF

Insulating & spin-degenerate bands

Electronically & magnetically inert

Iron lattice in fluoride rutile

EF

Néel 1930ôs (Nobel Prize 1970)

Néel®s Anti-Ferromagnetism
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Electronically & magnetically active

Iron lattice

Metallic & spin-split bands
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P

PT transform: PT ℗(  , k) = (  , 
k) 

PT symmetry: PT ℗(  , k) = (  , k)

Ÿ ᷾(  , k) = (  , k)

KramerΩs Theorem мфолΩǎ

T

P parity/inversion

T time symmetry

PT
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Néel come up with the defense against magnetic mines by demagnetizing entire ship hulls during 2nd World War 

Why magnets that microscopically, precisely, and for free ñdemagnetizeò themselves cannot be useful? 

Nobel lecture on the discovery of antiferromagnetism

ñé interesting but does not appear to have any practical applicationséò

N̄Ąel®sparadox°
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EF

Metallic & spin-degenerate bands

CuMnAs, Mn2Au

Spintronics without magnetization
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Antiferromagnetism

Reviews: Nature Phys. Focus ô18, Baltz et al. RMP ô18, Song et al. Nanotech. ô18, Siddiqui et al. J. Appl. Phys. ó20

2014 Prediction 

2015+ Observations

Néel spin-orbit torque

2016 AFM Dirac 

fermions

2017 Topological 

antiferromagnetic spintronics

2018 Long distance spin 

transport

in insulating AFM

2017 Optical manipulation of 

AFMs via Néel SOT
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Ferromagnetic

- Reading: Giant (tunneling) magnetoresistance 

- Writing: Spin transfer torque

MRAM 

kx

ky

Antiferromagnetic

kx

ky

- spin order in direct-space

- no net magnetization

- no spin order in recip.-space

- spin order in direct-space

- net magnetization

- spin order in recip.-space

Spintronics

ṉStrong non-relativistic signals

ṍstray field capacity limit

ṍGHz speed

ṉno stray field capacity limit 

ṉTHz speed

ṍWeak relativistic signals

The problem Antiferromagnetic spintronics 

circumvents the problem 

exploiting spin-orbit coupling 
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~ƳŜƧƪŀƭ,  et al.
Naka et al. 
Ahnet al. 
Hayami et al. 
Yuan et al.
Samantaet al. 
Gonzalez, et al. 
Feng,  et al. 
Naka et al. 
Yuan et al. 
Hayami et al. 
Naka et al. 
Reichlovaet al. 
Shao et al. 
~ƳŜƧƪŀƭ, et al. 
Ma et al. 
Mazinet al. 
~ƳŜƧƪŀƭ, et al. 
Bose et al. 
Bai et al. 
Karubeet al. 
Betancourt et al.
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Implicit/explicit hints towards the solution

arXiv:1901.00445, Sci. Adv. 6, eaaz8809 (2020)
arXiv:1902.02506, Nat. Com. 10, 4305 (2019) 
arXiv:1902.04436, PRB 99, 184432 (2019)
arXiv:1908.08680, J. Phys.Soc. Jap. 88, 123702 (2019)
arXiv:1912.12689, PRB 102, 014422 (2020)
arXiv:2002.05393, JAP 127, 213904 (2020)
arXiv:2002.07073, PRL 126, 127701 (2021)
arXiv:2002.08712, Nat. Elec. in press
arXiv:2004.04578, PRB 102, 075112 (2020)
arXiv:2008.08532, PRM 5, 014409 (2021)
arXiv:2008.10815, PRB 102, 144441 (2020)
arXiv:2011.12459, PRB 103, 125114 (2021)
arXiv:2012.15651
arXiv:2103.09219, Nat. Com. 12, 7061 (2021)
arXiv:2103.12664, PRX 12, 011028 (2022)
arXiv:2104.00561, Nat. Com. 12, 2846 (2021)
arXiv:2105.06356, PNAS 118, e2108924118 (2021)
arXiv:2107.03321, Nat. Rev. Mater. 7, 482 (2022)
arXiv:2108.09150, Nat. Elec. 5, 263 (2022)
arXiv:2109.05933, PRL 128, 197202 (2022)
arXiv:2111.07487
arXiv:2112.06805
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What is the possible solution?

Antiferromagnetic

kx

ky

- spin order in direct-space

- no net magnetization

- no spin order in recip.-space

The problem

- spin order in direct-space

- no net magnetization

- spin order in recip.-space (fully compensated)

The solution

kx

ky
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DFT in metallic room-T RuO2:

- Non-relativistic spin-splitting on eV-scale 

comparable to ferromagnets

- Anomalous Hall effect comparable to 

ferromagnets experimentally confirmed 

d-wave

RuO2

T-symmetry breaking d-wave spin polarization and anomalous Hall 

effect in compensated collinear rutile magnet RuO2

ſmejkal,  GonzŞlez-Hernández,Jungwirth, Sinova
6,eaaz8809 (2020)
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Hua Chen et al., PRL (2014)

Nakatsujiet al., Nature (2015)

Nayak et al., Sci. Adv. (2016) 

IrMn3
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Anomalous Hall effect

Hall, Phill.Mag. (1881)

Nagaosa, JS, et al, RMP (2010)

For M along high symmetry axis 

h is parallel to M

Fe

Hall vector

Odd in time axial vector (Onsager relations)
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Genealogy of Hall effects

Spontaneous Hall effect 

in collinear antiferromagnetism?

1879 Hall effect from field

1881 Hall effect from 

magnetisation

2002 Berry curvature - topological 

properties of wave functions

1980 Quantum Hall effect

1996¯Topological° Hall effect 

without spin-orbit coupling

2015 Anomalous Hall effect in 

non collinear antiferromagnets

without magnetization

1988 Haldane: quantum Hall 

effect without Landau levels

2013 Quantum anomalous Hall in 

topological insulators 2010 without dipolar-magnetic order

Machida, Nature (2010)

Nakatsuji, Nature (2015)

Felser and Parkin, Sci.Adv.(2016)

1955+ Role of spin-orbit coupled 

impurities

1953/58+ Kohn-Luttinger

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

Microscopically: spin -polarisation and spin -orbit coupling
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Transposing translational + time Transposing inversion + time
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Symmetry considerations of AHE in antiferromagnets
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Crystal

symmetry 

breaking

Magnetisation

Weak magnetisation 

1960s

Anomalous Hall vector 

2018

Microscopic mechanism
Relativistic Dzyaloshinskii²

Moriya interaction

Topological Berry curvature 

+ local magnetisation 

densities

Magnitude ~0.05 ɛB per unit cell 330 S/cm

ſmejkal,  GonzŞlez-Hernández,Jungwirth, Sinova
6,eaaz8809 (2020)
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Anomalous crystal Hall effect in RuO2

The Hall vector, not the magnetization, is the key
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Experimental observation of anomalous crystal Hall effect in RuO2
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RuO2

R90o

EF

metallic

Alternating spin-splitting & zero magnetization
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AHE  in RuO2

Å AHE can be turned on/off by symmetry controlled by the 

reorientation of Neel vector

ÅBerry®s phase structure is controled by the crystal symmetry

Å Band crossings (large Berry®s phase AHE) are not accidental, 

they are imposed by the symmetry of alternating spin-splitting

Å Large AHE conductivities that require no magnetization

Å AHE can also be controlled by the crystal symmetry ²not only 

the Neel vector 

Å AHE vector (current) direction is more complex than in 

ferromagnets and depends on the magnetic crystal symmetry
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Strongly polarized current without SOC in a compensated collinear magnet
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Unconventional transverse spin-current
Spin-splitter torque

FM

AM

Giant magnetoresistance

AM 1

AM 2

NM 2
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D-wave spin polarisation: giant magnetoresistance and spin-splitter torque

Nonrelativistic electrical spin splitter

PHYSICAL REVIEW LETTERS  126, 127701 (2021)
González-Hernández,©mejkal,Výborný, Yahagi,Sinova,Jungwirth,¬eleznĘ

©mejkal, Birk Hellenes,González-Hernández, Sinova, and Jungwirth

PHYSICAL REVIEW X  12, 011028 (2022)

SCR 34 deg >> 20 000 SHE materials 

Experimental indications: RuO2/NiFe

Bose, Ralph et al. arXiv: 2012.15651, Nat Elec (2022)

Bai et al. arXiv:2109.05933, PRL (2022)

Karube et al., arXiv:2111.07487, PRL (2022)                            
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