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Electrical
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MACROSCOPIC STATES

via Magneto-transport measurements
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Antiferromagnet

‘Locally’ broken inversion symmetry

Inverse spin-galvanic effect

Inverse spin-galvanic effect

charge current
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Antiferromagnet

‘Locally’ broken inversion symmetry

y

x

z

A

B

j

“Global” charge current

J. Železný, et al., Phys. Rev. Lett. 113, 157201 (2014).

P. Wadley, et al., Science 351, 6273, 587 (2016).

→ Electrical excitation of ultrafast dynamics of Antiferromagents

Inverse spin-galvanic effect

Inverse spin-galvanic effect
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CuMnAs (and also  Mn2Au) 
(Locally broken inversion symmetry) 

Electrical Writing 
by Spin-Orbit Torque

Anisotropic 

Magnetoresistance

(biaxial system)

THEORY: J. Železný, et al., 
PRL 113, 157201 (2014)



XMLD-PEEM

PEEM – XMLD
(P. Wadley et al.)

EXPERIMENT: K. Olejnik, et al., Nat. Comm. 8, 15434 (2017)

Electrical DETECTION: Anisotropic Magnetoresistance (AMR)PEEM XMLD: X-ray Magnetic Linear Dichroism

Small 
multi-magnetic domain states 

→ Electrical pulse experiment in 

Biaxial CuMnAs

→ requires

large scale equipment

Synchrotron Light sources



→ Short electrical pulses

(down to P 250ps) 

(K. Olejnik, et al., Nat. Comm. 2017)

Biaxial Switching in CuMnAs

→ Polarized THz Laser Pulses

(P 1ps) 

(K. Olejnik, et al., Sci. Adv. 2018;4:eaar356)

Biaxial CuMnAs

Neuromorphic Computing

Synapses Neuronal Networks



→ Electrical pulses

(down to P 250ps) 

(K. Olejnik, et al., Sci. Adv. 2018;4:eaar3566)

IR

IR

Biaxial Switching in CuMnAs

→ Polarized THz Laser Pulses

(P 1ps) 
Biaxial CuMnAs
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Anomalous Hall effect (AHE) in non-collinear AFs
that crystallize in ferromagn. symmetry groups, able to develop 
a magnetic moment (Mn3Ir, Mn3Ge, Mn3Sn, …)

Chen et al., PRL 112, 017205 (2014)
Nakatsuji, et al., Nature 527, 212 (2015)
Nayak, et al., Sci. Adv. 2, e1501870 (2016)

…

Electrical detection (180 spin reversal)



Anomalous Hall effect (AHE)

AHE (odd under time reversal):

T →

Broken time reversal symmetry

P →

Broken space-inversion symmetry

reverses 
spins

interchanges 
sub-latticesCombined PT symmetry

PT symmetry of the CuMnAs crystal: 

PT →

linear response:

Space	inversion	flips	sign	of	both	electric	field	 and	current					:

E = ( + 𝞷j +…) j

(no	AHE)0

Electrical detection (180 spin reversal)



(second order response)E = ( + 𝞷j +…) j

Anomalous Hall effect (AHE) in non-collinear AFs
that crystallize in ferromagn. symmetry groups, able to develope
a magnetic moment (Mn3Ir, Mn3Ge, Mn3Sn, …)

Anisotropic Magnetoresistance

Chen et al., PRL 112, 017205 (2014)
Nakatsuji, et al., Nature 527, 212 (2015)
Nayak, et al., Sci. Adv. 2, e1501870 (2016)  

…

- allows detection of spin-reversal in AF with broken T symmetry

but requires that AF has also broken P symmetry:

Most of the antiferromagnetic point-groups with broken T symmetry have also broken P symmetry

H. Grimmer, Acta Crystallographica Section A 49, 763-771 (1993)(48 out of 59) 

Electrical detection of collinear states (180 spin reversal)



Anisotropic 

Magnetoresistance

2nd ORDER

Electrical

of 

COLLINEAR STATES

DETECTION

(ω)

> 0< 0

ΔRXY jx
2ω

Spin-Orbit torque ∼
∼ pS × mi

Electrical detection of collinear states (180 spin reversal)
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PEEM – XMLD
(P. Wadley et al.)
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Magnetic domain walls

10

Godhino, et al. Nat Comm. 9, 4686 (2018) 

broken T and P symmetries
and combined PT symmetry

Electrical detection of collinear states (180 spin reversal)



Focused laser-spot heating

temperature gradient

Gaussian full-width half-maximum resolution: 

 1-2 m 

ALTERNATIVE magneto-thermal DETECTION METHOD 

Generate locally temperature gradient and

measure globally electric response.



Near-Field (SNOM) Nanoscopy 

temperature gradient

Gaussian full-width half-maximum resolution: 

 10-20 nm 

ALTERNATIVE magneto-thermal DETECTION METHOD 

Generate locally temperature gradient and

measure globally electric response.



→ AF showing AHE, MOKE, …,

e.g., non-coll. Mn3Ge(Sn)

Anomalous Nernst effect

Ebar = -NANE T  M

⊥T

Ebar = -NANE T  p

ALTERNATIVE magneto-thermal DETECTION METHOD 

Generate locally temperature gradient and

measure globally electric response.



H. Reichlova, et al., 10, 5459 (2019) 

Thermal gradient detetction

Anomalous Nernst effect in  non-collinear Mn3Sn

Ebar ~ ZT  g

g1 g2
Anomalous Nernst effect



→ AF showing AHE, MOKE, …,

e.g., non-coll. Mn3Ge(Sn)

IPT

Anomalous Nernst effect

Ebar = -NANE T  p

⊥T

(thermoelectric equivalent to 

the anomalous Hall effect)

(thermoelectric equivalent to the AMR)

Anisotropic 

magneto-thermo power

ALTERNATIVE table-top DETECTION METHOD 

Generate locally temperature gradient and

measure globally electric response.

→ NO AHE, ... - AF’s, e.g., 

collinear CuMnAs



ANISOTROPIC MAGNETOTHERMAL POWER

:ANISOTROPIC MAGNETO SEEBECK Effect

Anisotropic:

Anisotropic-Magnetothermopower:

(response to the longitudinal temp. gradient)

“Planar Nernst” effect:

(response to the transverse temp. gradient)



PEEM XMLD

Effect of bar orientation  on magnetic domain structure

laser
VT

VT

Laser	spot position

CuMnAs layer with bi-axial magnetic anisotropy

T. Janda et al., Phys. Rev. Materials 4, 094413 (2020)



Effect of bar orientation  on magnetic domain structure

laser
VT

VT

Laser	spot position

CuMnAs layer with bi-axial magnetic anisotropy
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Anisotropic magneto-
thermo power

Current pulse affected domain structure

T. Janda et al., Phys. Rev. Materials 4, 094413 (2020)
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Current pulse affected domain structure



P. Wadley, et al., Nature Nano. (2018)

XMLD-PEEM

Anisotropic magneto-
thermo power

Current pulse affected domain structure



XMLD-PEEM Focused Laser-spot AMS

LARGE Amplitude CURRENT PULSES

Current pulse affected domain structure



Thermovoltage 
Magnitude

(a) (b) (c)

AFM Magnitude Sign

Fig 4
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AFM Magnitude Sign

Fig 4

PEEM XMLD

CuMnAs
(thin layer)

AF with uniaxial anisotropy: 180￮Néel magnetic DWs

AFM (~1nm res.) 
(2 μm wide stripe)

Near-field Nanoscopy:
AFM + thermal voltage

Thermovoltage 
Polarity

Longitudinal Anisotropic Magneto-Seebeck Effect

(~20 nV amplitude,  0.01 GW/m2 power density)

2	
μ
m

thin 20nm CuMnAs



AF with uniaxial anisotropy: 180￮Néel magnetic DWs

PEEM XMLD

CuMnAs

JQ

Hso
ST

180￮Néel DW

Longitudinal Anisotropic Magneto-Seebeck Effect

(a) (b) (c)

AFM Magnitude Sign

Fig 4



AF with uniaxial anisotropy: 180￮Néel magnetic DWs

PEEM XMLD

CuMnAs

Longitudinal Anisotropic Magneto-Seebeck Effect
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AFM Magnitude Sign

Fig 4



AF with uniaxial anisotropy: 180￮Néel magnetic DWs

(~50 nV amplitude,  0.01 GW/m2 power density)

JQ

500 nm

PEEM XMLD

CuMnAs

Longitudinal Anisotropic Magneto-Seebeck Effect
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AFM Magnitude Sign

Fig 4



AF with uniaxial anisotropy: 180￮Néel magnetic DWs

(~50 nV amplitude,  0.01 GW/m2 power density)

500 nm

JQ

-JQ

JQ

JQ ~3 x 1010 A/m2

PEEM XMLD

CuMnAs

(a) (b) (c)

AFM Magnitude Sign

Fig 4



AF with uniaxial anisotropy: 180￮Néel magnetic DWs

Anisotropic Magneto-Seebeck Effect

(~50 nV amplitude,  0.01 GW/m2 power density)

JQ

-JQ

JQ

JQ ~3 x 1010 A/m2

PEEM XMLD

CuMnAs

(a) (b) (c)

AFM Magnitude Sign

Fig 4



Summary

SPINTRONICS with ANTIFERROMAGNETS:

- Electrical detection and electrical manipulation of AF states

SCANNING MICROSCOPY for AF domains based on MAGNETOTHERMAL EFFECTS:

- Low resolution (wavelength restricted) “far-field” and high-resolution “near-field”

OBSERVATION  of:

- current induced domain switching 

(Correlation between pulse induced AF domain structure and device resistance)

- AF domain shattering and relaxation

- Current pulse induced DW motion of 180 deg DWs
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