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Antiferromagnet

‘Locally’ broken inversion symmetry

inverse spin-galvanic Effect
(Edelstein Effect)

p’ﬁ'»’,-’»‘,-}é., .

Inverse spin-galvanic effect asymmetry

CuMnAs

charge current

(intuitive picture for iISGE)



Antiferromagnet

‘Locally’ broken inversion symmetry

-> Electrical excitation of ultrafast dynamics of Antiferromagents

J. Zelezny, et al., Phys. Rev. Lett. 113, 157201 (2014).
P. Wadley, et al., Science 351, 6273, 587 (2016).

CuMnAs

“Global” charge current



ANTIFERROMAGNETS

Electrical Writing Anisotropic
by Spin-Orbit Torque Magnetoresistance
> = =
CuMnAs (and also Mn,Au) i @ —= ® —
(Locally broken inversion symmetry) < - B iy
> - -
CuMnAs D:>< o
- ¢ N Bl
@ . o O
= I
0 90 180 270 360

Y © | |
- P | (biaxial system) , :
“©- A\ '

Jor

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

0(deq)




Electrical BEEMONDR: Xxraydviagnetitabimear @i citrmem(AMR)

- Electrical pulse experiment in
Biaxial CuMnAs
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Biaxial Switching in CuMnAs

- Short electrical pulses NeuromorphicCdmfpuiiad THz Laser Pulses
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Biaxial Switching in CuMnAs

- Electrical pulses - Polarized THz Laser Pulses
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Collinear antiferromagnetic states
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Electrical detection (180° spin reversal)

Anomalous Hall effect (AHE) in non-collinear AFs

that crystallize in ferromagn. symmetry groups, able to develop

a magnetic moment (Mnslr, Mn;Ge, Mn,;Sn, ...) {M,|r=c/2}
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Electrical detection (180° spin reversal)

Anomalous Hall effect (AHE) linear response: E = (p ) |
AHE (odd under time reversal): E;, = p2%4(0) j;.

tJ

E = ~Tp%(0) j; = —p%*(=0) j,

CuMnAs

interchanges
TYub-lattices

Broken time reversal symmetry Broken space-inversion symmetry

PT symmetry of the CuMnAs crystal: p%dd — PTp;?jdd'

Spaceldnversion®lipsBignfothEelectricHieldEy; and&urrent! ;3 P%dd = =P Tp%dd

—> %Y =0 (noBHE)



Electrical detection of collinear states (180° spin reversal)

Anomalous Hall effect (AHE) in non-collinear AFs

that crystallize in ferromagn. symmetry groups, able to develope
a magnetic moment (Mnlr, Mn;Ge, Mn;Sn, ...)
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Anisotropic Magnetoresistance

E=( § )] (second order response)

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

but requires that AF has also broken P symmetry: E; = £258 j;ji.

Most of the antiferromagnetic point-groups with broken T symmetry have also broken P symmetry
(48 out of 59) H. Grimmer, Acta Crystallographica Section A 49, 763-771 (1993)
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Electrical detection of collinear states (180° spin reversal)

UniaxialCuMnAs

- k Magnetic domain walls
e L1 /ee

IR I
[T 1 775NV 1]

: _ e\ PEEM — XMLD
broken T and P symmetries 3 (P. Wadley et al.)

and combined PT symmetry
Godhino, et al. Nat Comm. 9, 4686 (2018)
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ALTERNATIVE magneto-thermal DETECTION METHOD

Generate locally temperature gradient and
measure globally electric response.

laser

Focused laser-spot heating

temperature gradient
Gaussian full-width half-maximum resolution:




ALTERNATIVE magneto-thermal DETECTION METHOD
Generate locally temperature gradient and
measure globally electric response.

AFM-Cantilever

Near-Field (SNOM) Nanoscopy

temperature gradient
Gaussian full-width half-maximum resolution:
~ 10-20 nm

laser

)
L



ALTERNATIVE magneto-thermal DETECTION METHOD
Generate locally temperature gradient and
measure globally electric response.

)

{M,|t=c/2}

AFM-Cantilever ¢
VY zM’ S
e

- AF showing AHE, MOKE, ...,
e.g., non-coll. Mn;Ge(Sn)

laser

TH Anomalous Nernst effect
Epar = -Nane VT x M

5



Thermal gradient detetction
Anomalous Nernst effect in non-collinear Mn;Sn
H. Reichlova, et al., 10, 5459 (2019)
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ALTERNATIVE table-top DETECTION METHOD
Generate locally temperature gradient and
measure globally electric response.

{M,|r=c/2}

AFM-Cantilever ¢

- AF showing AHE, MOKE, ...,
e.g., non-coll. Mn;Ge(Sn)

L_

- NO AHE, ... - AF’s, e.g.,
collinear CuMnAs

/ v, T /‘\
Anisotropic w Anomalous Nernst effect

magneto-thermo power Epar = -Nape VT X P
(thermoelectric equivalent to the AMR) (thermoelectric equivalent to
the anomalous Hall effect)

—




ANISOTROPIC MAGNETOTHERMAL POWER
ANISOTROPIC MAGNETO SEEBECK Effect
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Anisotropic-Magnetothermopower: E, = — (8, — S_cos2¢p) |VT|sin o

(response to the longitudinal temp. gradient)

“Planar Nernst” effect: EY = —§_sin 290‘ VT‘ COS VT
(response to the transverse temp. gradient)




CuMnAs layer with bi-axial magnetic anisotropy

Effect of bar orientation on magnetic domain structure
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T. Janda et al,, Phys. Rev. Materials 4, 094413 (2020)



CuMnAs layer with bi-axial magnetic anisotropy

Effect of bar orientation on magnetic domain structure
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Current pulse affected domain structure

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



Current pulse affected domain structure




Current pulse affected domain structure
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Current pulse affected domain structure

(a) Jp=8x10%0 A/m? (b) IGX\I/I E.BXT. GX\L

Anisotropic magneto-
thermo power
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P. Wadley, et al., Nature Nano. (2018)



Current pulse affected domain structure

LARGE Amplitude CURRENT PULSES
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AF with uniaxial anisotropy: 180° Néel magnetic DWs

PEEM XMLD

CuMnAs : f Tip position
(thin layer)
Near-field Nanoscopy: AFM (~1nm res.) Thermovoltage  Thermovoltage
Polarity

AFM + thermal voltage (2 pm wide stripe) Magnitude
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thin 20nm CuMnAs (~20 nV amplitude, 0.01 GW/m?2 power density)



AF with uniaxial anisotropy: 180° Neel magnetic DWs

PEEM XMLD Longitudinal Anisotropic Magneto-Seebeck Effect
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AF with uniaxial anisotropy: 180° Neel magnetic DWs
Longitudinal Anisotropic Magneto-Seebeck Effect
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AF with uniaxial anisotropy: 180° Neel magnetic DWs
PEEM XMLD o~ Longitudinal Anisotropic Magneto-Seebeck Effect
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(~50 nV amplitude, 0.01 GW/m?2 power density)



AF with uniaxial anisotropy: 180° Neel magnetic DWs
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(~50 nV amplitude, 0.01 GW/m2 power density)



AF with uniaxial anisotropy: 180° Neel magnetic DWs

PEEM XMLD Anisotropic Magneto-Seebeck Effect
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(~50 nV amplitude, 0.01 GW/m2 power density)



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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