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“Antiparallel arrangement of spins”

➢ Large majority of magnetic materials are antiferromagnets 
(metals/ insulators/ with multifunctionnal abilities…)

➢ Picosecond manipulation of the 
antiferromagnetic order

➢ THz magnetic response

Antiferromagnet

➢ No net magnetization / No magnetic stray field



Antiferromagnetic Spintronics - ISOE2019 Chauleau

“Antiparallel arrangement of spins”

➢ Large majority of magnetic materials are antiferromagnets 
(metals/ insulators/ with multifunctionnal abilities…)

➢ Picosecond manipulation of the 
antiferromagnetic order

➢ THz magnetic response

Antiferromagnet

Spintronics “Interplay between spincurrents and magnetic textures” 

➢ No net magnetization / No magnetic stray field

➢ Generation / Transport / Detection of spincurrents

➢ Manipulation of magnetic objects using spincurrents (spin transfer
torque, spin-orbit torques…) 

➢ Influence of magnetic textures upon electrical properties

*From Science 336, 198 (2012)

*

SPIN

Charge



Antiferromagnetic Spintronics - ISOE2019 Chauleau

“Antiparallel arrangement of spins”

➢ Large majority of magnetic materials are antiferromagnets 
(metals/ insulators/ with multifunctionnal abilities…)

➢ Picosecond manipulation of the 
antiferromagnetic order

➢ THz magnetic response

Antiferromagnet

Spintronics “Interplay between spincurrents and magnetic textures” 

➢ No net magnetization / No magnetic stray field

Antiferromagnetic Spintronics

➢ Generation / Transport / Detection of spincurrents

➢ Manipulation of magnetic objects using spincurrents (spin transfer
torque, spin-orbit torques…) 

➢ Influence of magnetic textures upon electrical properties

… Works with/for antiferromagnets !!  

*From Science 336, 198 (2012)
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Antiferromagnet

Spintronics

*From Science 336, 198 (2012)
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Outline : 

1. Generalities about Antiferromagnets
2. Antiferromagnetic dynamics & ultrafast THz capabilities
3. Spincurrents and  antiferromagnets

a) Transport
b) Manipulation

Antiferromagnetic Spintronics
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Generalities:

“Antiparallel arrangement of spins”

➢ Predicated by Louis Néel in 1948

Picture from www.nobelprize.org

Ann. Phys., 12, 137 (1948)

➢ Negative exchange integral (ℑ𝑖𝑗 < 0), 

spin antiparallel alignment is favored

𝓗𝑒𝑥 = −෍

𝑖,𝑗

ℑ𝑖𝑗𝑺𝑖 ∙ 𝑺𝑗M1

O2- O2-

M1M2

Superexchange: main mechanism in oxides

Anderson Physical Review 79 350 (1950)
Goodenough Physical Review 100 564 (1955)
Kanamori J. Phys. Chem. Solids 10 87 (1959)

➢ Antiferromagnets represent a large 
majority of magnetic materials
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Generalities:

“Antiparallel arrangement of spins” ➢ The various possibilities for spin arrangement of 3D 
antiferromagnetic textures:

From Tamura et al. J. Appl. Phys., 116, 053908 (2014)
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Generalities:

“Antiparallel arrangement of spins” ➢ The various possibilities for spin arrangement of 3D 
antiferromagnetic textures:

From Tamura et al. J. Appl. Phys., 116, 053908 (2014)

➢ For a G-type antiferromagnet (for ex. NiO)

www.hikari.uni-bonn.de/research/multiferroics/
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Generalities: Spin-flop (and Spin-flip) transitions

➢ Magnetic fields (    )  : conventional way to act on magnetic textures 

➢ Because of the absence of net magnetization, 𝑩 not “efficient” on 
AF textures
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spin-flop and spin-flip transitions
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spin-flop

spin-flip

𝐸𝑚𝑎𝑔 =
𝐽

2
𝑀2 cos 𝜃 + 𝜑 −𝑀𝐵 cos 𝜃 + cos𝜑 +

𝐾

2
sin2 𝜃 + sin2𝜑

➢ Magnetic energy: 𝐸𝑚𝑎𝑔

Exchange Zeeman Anisotropy

M2M1

θ ϕ

𝑩𝑺𝒑𝒊𝒏−𝑭𝒍𝒐𝒑 ≈ 𝑱 𝑲 𝑩𝑺𝒑𝒊𝒏−𝑭𝒍𝒊𝒑 =
𝑱 𝑴

𝟐
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Generalities: Spin-flop (and Spin-flip) transitions

➢ Magnetic fields (    )  : conventional way to act on magnetic textures 

➢ Because of the absence of net magnetization, 𝑩 not “efficient” on 
AF textures

𝑩

spin-flop and spin-flip transitions

𝑩

➢ Example: Cr2O3

Fiebig et al. J. Opt. Am. B 22 96 (2005) and Phys. Rev. B  54 12681 (1996)

B= 6.6T at 1.8K
(BSF≈ 5.8 T in Cr2O3)

Fiebig et al. Appl. Phys. Lett.  66 2906 (1995)

➢ Some other examples:

BSF in FeF2 ≈ 50 T 
BSF in MnF2 ≈ 9 T 

BSF in NiO ≈ 7.5 T 
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

Physical Review 82 565 (1951)

Physical Review 85 329 (1952)
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Antiferromagnetic dynamics
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➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2
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Antiferromagnetic dynamics and ultrafast THz capabilities  

➢ Pioneer work by Kittel and Keffer

Physical Review 82 565 (1951)

Physical Review 85 329 (1952)

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2

Reminder: magnetization (spin) dynamics & ferromagnetic resonance

𝑑𝒎

𝑑𝑡
= −𝜇0𝛾𝒎 ×𝑯𝑒𝑓𝑓 + 𝛼𝒎×

𝑑𝒎

𝑑𝑡

➢ Governed by the Landau-Lifshitz-Gilbert equation

precession damping

𝑯𝑒𝑓𝑓 : effective magnetic field / depends on the various magnetic energies 
(dipolar, anisotropy, exchange etc…)

𝛾 : gyromagnetic ratio (≈ 28 GHz/T for electron spin)

Heff ≈ Hdipolar ≈ MS ≈ 1 Tesla

Ferromagnetic
resonance typically in 

the GHz range
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

Physical Review 82 565 (1951)

Physical Review 85 329 (1952)

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2

Reminder: magnetization (spin) dynamics & ferromagnetic resonance

𝑑𝒎

𝑑𝑡
= −𝜇0𝛾𝒎 ×𝑯𝑒𝑓𝑓 + 𝛼𝒎×

𝑑𝒎

𝑑𝑡

➢ Governed by the Landau-Lifshitz-Gilbert equation

precession damping

𝑯𝑒𝑓𝑓 : effective magnetic field / depends on the various magnetic energies 
(dipolar, anisotropy, exchange etc…)

𝛾 : gyromagnetic ratio (≈ 28 GHz/T for electron spin)

Case of high k-vector spinwaves: 
Exchange field plays a role

higher frequencies can be observed
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

Physical Review 82 565 (1951)

Physical Review 85 329 (1952)

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2

Usually

𝑑𝒎1

𝑑𝑡
= −𝜇0𝛾𝒎1 × −𝐽𝒎2 +𝑯𝐴 −𝑯

𝑑𝒎2

𝑑𝑡
= −𝜇0𝛾𝒎2 × −𝐽𝒎1 +𝑯𝐴 +𝑯
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Applied magnetic field (H)

𝝎𝒓𝒆𝒔 = 𝝁𝟎𝜸 𝑯𝑨 𝑯𝑨 + 𝟐𝑯𝒆𝒙 ±𝑯

Antiferromagnetic resonance frequency:

𝝎𝒓𝒆𝒔 ≈ 𝝁𝟎𝜸 𝟐𝑯𝒆𝒙𝑯𝑨 ±𝑯𝑯𝒆𝒙 ≫ 𝑯𝑨

Antiferromagnetic resonance: two coupled equations

➢ High resonance frequencies at k=0: sub-THz and THz ranges 

➢ Hex from some tens to several hundreds of Tesla

➢ Not so easy to assess 
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

Physical Review 85 329 (1952)

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2
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Applied magnetic field (H) ➢ Pioneer experimental studies: 
(using some tricks to decrease the AF resonance into the GHz range)

Antiferromagnetic resonance frequency:

𝝎𝒓𝒆𝒔 ≈ 𝝁𝟎𝜸 𝟐𝑯𝒆𝒙𝑯𝑨 ±𝑯

Small Hex1/ Low TN antiferromagnet

Physical Review 104 623 (1956)

2/ Heating up to TN reducing HA

Physical Review 107 84 (1957)
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2
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Applied magnetic field (H)

Antiferromagnetic resonance frequency:

𝝎𝒓𝒆𝒔 ≈ 𝝁𝟎𝜸 𝟐𝑯𝒆𝒙𝑯𝑨 ±𝑯

➢ Pioneer experimental studies in sub-THz and THz ranges:

Physical Review 85 329 (1952)

Physical Review 114 709 (1959)

Physical Review 123 425 (1961)

Physical Review 129 1566 (1962)

fres= 260 GHz 

fres= 1.5 THz 

fres_NiO= 1.1 THz 

fres_MnO= 0.82 THz 
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Antiferromagnetic dynamics

➢ Pioneer work by Kittel and Keffer

➢ Idea: One sublattice precesses in the 
exchange field of the other

M2M1

Hex_2=-JM1

Hex_1=-JM2
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Applied magnetic field (H)

THz absorption spectrum of NiO (111) cristal

AILES beamline, Synchrotron SOLEIL

Antiferromagnetic resonance frequency:

𝝎𝒓𝒆𝒔 ≈ 𝝁𝟎𝜸 𝟐𝑯𝒆𝒙𝑯𝑨 ±𝑯

Physical Review 85 329 (1952)
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Antiferromagnetic dynamics

Low magnetic damping (α≈10-4)
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Antiferromagnetic dynamics

Low magnetic damping (α≈10-4)
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Antiferromagnetic dynamics and ultrafast THz capabilities  
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Antiferromagnetic dynamics

➢ Antiferromagnetic dynamics : in the THz range

➢ AF could play a role in future ultrafast devices

However:

➢ Their efficient actuation remains a challenge

Role of spincurrents?
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Spincurrents and Antiferromagnets  

SPIN

Charge

Spintronics: Interplay between spincurrents and magnetic textures

➢ 1/ Spin-polarized electrical currents (… in ferromagnetic metals)

Unbalanced spin density of 
state at the fermi energy
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Spincurrents and Antiferromagnets  

SPIN

Charge

Spintronics: Interplay between spincurrents and magnetic textures

➢ 2/ Pure spincurrents

Kajiwara et al. Nature  464 262 (2010)

Spin Hall effect

from Niimi et al. Rep. Prog. Phys. 78 124501 (2015)

Also at Rashba-splitted interfaces: Rashba-Edelstein effect
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Spincurrents and Antiferromagnets  

Spintronics: Interplay between spincurrents and magnetic textures
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Spincurrents and Antiferromagnets  

Spintronics: Interplay between spincurrents and magnetic textures

➢ The “origins” of spintronics: Giant Magneto-Resistance (GMR)
Baibich et al. Phys. Rev. Lett. 61 2472 (1988)

Binasch et al. Phys. Rev. B. 39 4828 (1989)

➢ Its reciprocal effect: Spin-Transfer Torque”s” (STT)

Ralph et al. J. Magn. Magn. Mater. 320, 1190 (2008) (review article)

Antiferromagnets have already been integrated in spintronics devices for decades only as … passive elements…

Image from https://doi.org/10.1073/pnas.1302494110

1997: 1st introduction of GMR in HDD
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Spincurrents and Antiferromagnets  

Antiferromagnets have already integrated in spintronics devices for decades only as … passive elements…

➢ Exchange coupling & exchange bias:

One motivation behind AF spintronics:
AF as active element in spintronic devices : use of their interesting properties 

From Noguès et al. JMMM 192 203 (1999)
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Spincurrents and Antiferromagnets : Transport

➢ AF as active element in spintronic devices :

➢ Large spin-valve like signal

➢ Antiferromagnetic tunneling anisotropic magnetoresistance (AFM-TAMR)

➢ First demonstrations with metallic AF. 
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Spincurrents and Antiferromagnets : Transport

Spin Hall effect

from Niimi et al. Rep. Prog. Phys. 78 124501 (2015)

➢ What about insulating AF oxides? :
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Spincurrents and Antiferromagnets : Transport

➢ What about insulating AF oxides? :
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Spincurrents and Antiferromagnets : Transport

➢ What about insulating AF oxides? :



Antiferromagnetic Spintronics - ISOE2019 Chauleau

Spincurrents and Antiferromagnets : Transport

➢ Increase of Gilbert damping 𝜇0∆𝐻 =
𝛼

𝛾
2𝜋𝑓

Additional channel to carry away angular momentum

➢ Spincurrent transported through NiO and 
is enhanced  in case of direct YIG/NiO 
proximity
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Spincurrents and Antiferromagnets : Transport

➢ Spin current transfer cannot be explained by the 
excitation of AF propagating spinwaves

Driven magnetization dynamics in the GHz: far below AF dynamics

2 2( )aH

1 1( )aH

Courtesy A. Slavin
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Spincurrents and Antiferromagnets : Transport

➢ Spin current transfer cannot be explained by the 
excitation of AF propagating spinwaves

Driven magnetization dynamics in the GHz: far below AF dynamics

➢ Ferromagnetic dynamics generates evanescent modes 
in the AF layer

Penetration depth:

2 5 nm =

1 23 nm =

Courtesy A. Slavin
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Spincurrents and Antiferromagnets : Transport

➢ Spin current transfer cannot be explained by the 
excitation of AF propagating spinwaves

Driven magnetization dynamics in the GHz: far below AF dynamics

➢ Ferromagnetic dynamics generates evanescent modes 
in the AF layer

2 5 nm =

1 23 nm =

Courtesy A. Slavin

➢ Linearly polarized evanescent modes
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Spincurrents and Antiferromagnets : Transport

➢ Ferromagnetic dynamics generates evanescent modes 
in the AF layer

➢ Spin current transfer cannot be explained by the 
excitation of AF propagating spinwaves

➢ Linearly polarized evanescent modes

Driven magnetization dynamics in the GHz: far below AF dynamics

➢ 2 modes have to be both excited in order to support the 
angular momentum transport
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➢ Spincurrent driven by spin Seebeck effect

➢ Unlike FMR spin pumping: 
DC spincurrent, no coherent resonance

➢ Broad spectrum distribution of non-
equilibrium thermal magnons

Spincurrents and Antiferromagnets : Transport
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Spincurrents and Antiferromagnets : Transport

➢ Unlike previous studies: long-distance 
spincurrent transport in AF (α-Fe2O3)

➢ Spincurrent in AF induced by 2 effects:
✓ spin-Seebeck effect
✓ spin accumulation at the Pt/AF interface
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Spincurrents and Antiferromagnets : Transport

Antiferromagnetic insulators Low dissipation spincurrent conductors
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Spincurrents and Antiferromagnets : AF manipulation 

What about manipulating AF distributions using spincurrents?
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Spincurrents and Antiferromagnets : AF manipulation 

➢ Spin-polarized current can efficiently manipulate the AF order

➢ Spin-torque (𝑻1(2)) on each individual sublattices

See also:
➢ Gomonay et al. Phys. Rev. B 85 134446 (2012)
➢ Cheng et al. Phys. Rev. Lett. 113, 057601 (2014)
➢ Cheng et al. Phys. Rev. B 113, 064423 (2015)

𝑑𝒎1

𝑑𝑡
= −𝜇0𝛾𝒎1 × −𝐽𝒎2 +𝑯𝐴 −𝑯 + 𝑻𝟏

𝑑𝒎2

𝑑𝑡
= −𝜇0𝛾𝒎2 × −𝐽𝒎1 +𝑯𝐴 +𝑯 + 𝑻𝟐

𝑻1(2) ∝ 𝒎1(2) × 𝒎1(2) × 𝒑with

𝒑

𝑱

B2

B1

B2
T2 T2

T1

Eq. to a staggered “field”, B1(2)
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Spincurrents and Antiferromagnets : AF manipulation 
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Spincurrents and Antiferromagnets : AF manipulation  

➢ First experimental demonstration in CuMnAs by Wadley at al. SCIENCE 351
587 (2016)

➢ Local Broken inversion symmetry: electrical current generates a non-
equilibrium spin-polarization with opposite polarities on sites A and B 
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Spincurrents and Antiferromagnets : AF manipulation  

➢ First experimental demonstration in CuMnAs by Wadley at al. SCIENCE 351
587 (2016)

➢ Local Broken inversion symmetry: electrical current generates a non-
equilibrium spin-polarization with opposite polarities on sites A and B 
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Spincurrents and Antiferromagnets : AF manipulation  

➢ XLMD-PEEM imaging: synchrotron-based technique sensitive to the Néel vector
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Spincurrents and Antiferromagnets : AF manipulation  

1
 µ

m
1.2 µm
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Spincurrents and Antiferromagnets : AF manipulation  

2 cells wire bonded

8 pin chip carrier: could contain 2 AFMEM counters
+

Transistors, USB comms, voltmeter, programming 

Feb, 2016

Science paper Packaged prototype Passive traffic flow monitoring

One AFM cell is an incremental counter

October, 2016
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Spincurrents and Antiferromagnets : AF “ultrafast” manipulation?

Sci. Adv. 2018;4: eaar3566 (2018)

➢ DC reading: no information about a possible ultra 
actual

➢ AF system responds similarly to “DC” and THz stimuli

j≈3x107 A/cm-2

j≈2.7x109 A/cm-2
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Spincurrents and Antiferromagnets : THz generation

See also:
➢ Khymyn et al. Scientific report (2016)

➢ Linear response of the AF eigenmodes as function of a DC 
spin-transfer torque

➢ At a threshold value, the STT compensate, leading to the 
onset of spontaneous oscillations: auto-oscillations
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Spincurrents and Antiferromagnets : THz generation

See also:
➢ Khymyn et al. Scientific report (2016)

➢ Linear response of the AF eigenmodes as function of a DC 
spin-transfer torque

➢ At a threshold value, the STT compensate, leading to the 
onset of spontaneous oscillations: auto-oscillations

Works for ferromagnets in 
the GHz range

Collet et al. Nat Comm. 7 10377 (2015)
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Spincurrents and Antiferromagnets : THz generation

See also:
➢ Khymyn et al. Scientific report (2016)

➢ Linear response of the AF eigenmodes as function of a DC 
spin-transfer torque

➢ At a threshold value, the STT compensate, leading to the 
onset of spontaneous oscillations: auto-oscillations

➢ Estimation of threshold current density for NiO/Pt 
systems: jc=2.9x108 A/cm-2

➢ Need to consider the “backflow”
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Antiferromagnetic spintronics: 

One of the main challenges:
✓ Antiferromagnetic domains in thin layer are small
✓ Difficulty to prepare monodomain states

Appel et al. Nano lett. (2019)

Example in Cr2O3 

imaged by NV magnetometry
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Antiferromagnetic spintronics: Conclusion

➢ Antiferromagnets :
✓ Large majority on the magnetic materials
✓ Robust against external magnetic perturbation

✓ THz intrinsic dynamics

➢ Magnonic spincurrents can be transported through AF insulating oxides

✓ Demonstrated for DC and GHz regimes

✓ On long distances for bulk AF crystals

➢ AF order can be manipulated using spincurrents

✓ Demonstrated in the peculiar case of CuMnAs
✓ Several interesting theoretical works
✓ Still experimentally challenging to study


