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Insulating antiferromagnets
Ultrafast optical (THz) control of spins Long-distance magnon spin transport
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We will focus here on conducting antiferromagnets & spin-electronics

Review: Siddiqui et al., arXiv 20



Readout: cf. ferromagnetic spintronics

1988 Giant magnetoresistance readout: ~ 10%
1998 HDD read-head

1857 Anisotropic magnetoresistance: ~1%
1975 Magnetic stripe reader

1984 Magnetic tape read-head

1990 HDD read-head

Review: Chappert, Fert, Van Dau, Nature Mater. ‘07

1980‘s ~ 100 kb AMR-MRAM

. ) o, 1995 Tunneling magnetoresistance: ~ 100%
Review: Daughton, Thin Sol. Films "92

2006 ~ 10 Mb TMR-MRAM




Readout: antiferromagnetic spintronics

No realization of GMR/TMR
antiferromagnetic multilayers

CuMnAs

SRR a2 Az Az A A aliIAEAlAREER

' CuMnAs [100]

ztir?‘_‘ié‘*&’ié‘“‘?‘&"“’;?’;"‘tti!i59
" SERESC 3

3

OO O OO I3 4

substrate
GaP [110]

We will focus here on simple antiferromagnetic films

Review: TJ et al., Nature Nanotech. ‘16



CuMnAs

Readout: antiferromagnetic spintronics
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CuMnAs

AR/R (%)

Readout: antiferromagnetic spintronics

XMLD-PEEM

Wadley, TJ et al., Nature Nanotech. ‘18
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Optical/X-ray magnetic linear dichroism

Anisotropic magnetoresistance

Other antiferromagnets:

Theory IrMn, Mn,Au: Shick, T et al. PRB ’10

Exp. IrMn: Park, TJ et al. Nature Mater “11, Wang et al. Phys. Rev. Lett. '12

Exp. FeRh: Marti, TJ et al. Nature Mater. ‘14, Moriyama et al. Appl. Phys. Lett. ’15
Exp. MnTe: Kriegner, TJ et al. Nature Commun. '16

Reviews: Zelezny et al.; Nemec et al., Nature Phys. ‘18



CuMnAs Readout: antiferromagnetic spintronics
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Thermoelectric magneto-Seebeck effect
Optical/X-ray magnetic linear dichroism

Anisotropic magnetoresistance

Reviews: Zelezny et al.; Nemec et al., Nature Phys. ‘18



» tetra-CuMnAs

Theory: Smejkal, TJ et al., PRL ‘17

Kramers spin-degeneracy

Remark:
AFsin all 122 MPGs

Readout: antiferromagnetic spintronics
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Thermoelectric magneto-Seebeck effect

Optical/X-ray magnetic linear dichroism

Anisotropic magnetoresistance

FMs only in 31 MPGs (all break PT)

Review: Smejkal et al., Nature Phys. ‘18

Reviews: Zelezny et al.; Nemec et al., Nature Phys. ‘18



n tetra-CuMnAs Readout: antiferromagnetic spintronics

- L[| [100] —
[110] —
= -3\ &, Absorption <, Absorption
PT = cf. graphene 4 + , +
L & &
()
S -3.2
" hat
| R
X M R

Theory: Smejkal, TJ et al., PRL ‘17

Thermoelectric magneto-Seebeck effect
Optical/X-ray magnetic linear dichroism
ortho-CuMnAs:

- Dirac semimetal

- topological MIT/AMR

Anisotropic magnetoresistance

Review: Smejkal et al., Nature Phys. ‘18 Reviews: Zelezny et al.; Nemec et al., Nature Phys. ‘18



Readout: antiferromagnetic spintronics Broken T, PT, ...
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Chen, Niu, MacDonald, PRL 14
Kubler, Felser, EPL ‘14

Nakatsuji, Kiyohara, Higo, Nature “15
Nayak et al. Science Adv. ‘16

Higo et al. Nature Phot. ‘18
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Readout: antiferromagnetic spintronics
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Nakatsuji, Kiyohara, Higo, Nature '15

broken PT

....... ><;,§

\ (Weyl) non-collinear antiferromagnets

Thermoelectric anomalous Nernst effect

Optical/X-ray magnetic circular dichroism

Spontaneous Hall effect

Chen, Niu, MacDonald, PRL 14
Kubler, Felser, EPL ‘14

Nakatsuji, Kiyohara, Higo, Nature “15
Nayak et al. Science Adv. ‘16

Higo et al. Nature Phot. ‘18



RuO 2

Theory: Smejkal, TJ et al., arXiv,‘19, Science Adv. In press
Experiment: Feng, TJ et al., arXiv 20
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Readout: antiferromagnetic spintronics
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Spontaneous Hall effect



Writing: magneto-recording

cf. ferromagnetic hard-drive

Louis Néel 1970 Nobel Prize lecture:

“Antiferromagnets are interesting and useless”




Writing: cf. ferromagnetic spintronics

1998 Spin transfer torque writing
2016 ~ 1 Gb STT-MRAM

Reversible by
current-polarity

Review: Ralph and Stiles, IMMM ‘08



Writing: cf. ferromagnetic spintronics

2004 Spin Hall effect

- Relativistic spin-orbit coupling
- Inversion asymmetry
- Spin polarization flips for opposite currents

Review: Sinova, TJ etal., RMP ’15



Writing: cf. ferromagnetic spintronics

2004 Spin Hall effect
2011 Spin orbit torque
2016 Experimental chip (SPINTEC)

eMRAM

HDD, Flash-SSD

Reversible by
current-polarity

Review: Sinova, TJetal., RMP’15  Review: Manchon, TJ et al., RMP ‘19



Writing: antiferromagnetic spintronics

Zelezny, TJ et al., PRL 14

Wadley, TJ et al., Science 16

Bodnar, Tl et al., Nature Commun. ’18
Meinert et al. Phys. Rev. Appl. '18,
Zhou et al. Phys. Rev. Appl. '18

Antiferromagnetic spin-orbit torque

CuMnAs

cf. ferromagnetic spin-orbit torque

Again focus here on simple AF films

cf. Other works on multilayers:

- NM/(insulating)AF bilayers

Overview: Zink, Physics ‘19

Global inversion asymmetry Local inversion asymmetry
- FM/AF bilayers

Reviews: Manchon, TJ et al., RMP ’19; Zelezny et al., Nature Phys. ‘18 Fukami et al, Nature Mater. ‘16



Writing: antiferromagnetic spintronics

L)

Antiferromagnetic spin-orbit torque
Wadley, TJ et al., Nature Nanotech. ‘18

0 1,000 2,000 3,000 4,000 5,000

CuMnAs

Time (s)

Mn-edge XMLD-PEEM

Local inversion asymmetry

Reviews: Manchon, TJ et al., RMP ’19; Zelezny et al., Nature Phys. ‘18



5,000

0 . 1,000 . 2,000 . 3,000 . 4,000
Time (s)
008 F""" 0.3}
9 0.04 .,' i_‘o L
2 / o1}
X< 0.02 3 =
i O —tt
0.00! 9
i 2 4 6 0
HoH (T)

Spin-flop reorientation

Wang, TJ et al., PRB 20

Reviews: Manchon, TJ et al., RMP ’19; Zelezny et al., Nature Phys. ‘18

Antiferromagnetic spin-orbit torque
Wadley, TJ et al., Nature Nanotech. ‘18

CuMnAs

Local inversion asymmetry

Writing: antiferromagnetic spintronics
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Mn-edge XMLD-PEEM
- no Mn-edge XMCD
- no Cu-edge signal

From dc to THz
Electrical pulse length Tp

T T T T T T T

€= pj*t,
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Olejnik, TJ et al., Science Adv. ‘18



Normalized XMCD (%)

cf. Ferrimagnets: fs-optical switching by spin transfer between different sublattices

50

-50F

~100 485

o

Pump—probe delay (ps)

Review: Kimel & Li, Nature Rev. Mater. '19
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Reorientation-switching of antiferromagnets
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substrate
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Weaknesses inherited from the adapted ferromagnetic spintronics principles
- Low resistivity readout signals in simple magnetic films

- No extension of the current-induced spin-torque to ultra-fast optical switching



CuMnAs Reorientation vs. quench-switching of antiferromagnets

j=5%10°Acm? @ 7,~ ms — j=1x107Acm? @ T,~ ms — ys

S Reorienting Quenching into
larger domains nano-fragmented domains
IZ pnm

XMLD-PEEM

Kaspar, TJ et al., arXiv “19, Nature Electron. in press

Relaxed
towards large domains

NV-diamond

Wornle, TJ et al., arXiv ’19
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Janda, TJ et al., arXiv 20



MnA L .
Gulnas Quench-switching of antiferromagnets

Polarity/polarization independent switching controlled by pulse-amplitude
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Order and delay between pulses
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Development boards with antiferromagnetic devices

Hlustrative example:

Experimental lab set-up for Packed into development Sensors sending pulses to analog PCB

antiferromagnetic devices analog Printed Circuit Board with antiferromagnetic device
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Development boards with antiferromagnetic devices
Hlustrative example:

OGN0,

Figure 1

Analog output
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