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Magnetism –
the strongest quantum mechanical phenomenon
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Antiferromagnets
(far less explored, 1000 times faster)
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L. Néel:
“Antiferromagnets –

interesting, but useless.”

• How to detect?
• How to control?
• How to control ultrafast?
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1

𝐌 = 𝐌𝟏 +𝐌𝟐 + 𝐌𝟑 + 𝐌𝟒

𝐋 = 𝐌𝟏 −𝐌𝟐 − 𝐌𝟑 + 𝐌𝟒

2𝑥𝑀𝑥 = 𝑀𝑥 , 2𝑥𝐿𝑥 = −𝐿𝑥
2𝑥𝑀𝑦 = −𝑀𝑦, 2𝑥𝐿𝑦 = 𝐿𝑦

𝐿𝑥 behaves as 𝑀𝑦

𝐿𝑦 behaves as 𝑀𝑥

𝑀𝑦 = −𝐷𝐿𝑥

𝑀𝑥 = 𝐷𝐿𝑦

𝑀𝑧 = 0

𝐷 shows the strength 
of the Dzyaloshinskii-Moriya

interaction!
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𝐋 = 𝐌𝟏 −𝐌𝟐 − 𝐌𝟑 + 𝐌𝟒

𝑀𝑦 = −𝐷𝐿𝑥

𝑀𝑥 = 𝐷𝐿𝑦

𝑀𝑧 = 0

Antiferromagnetic Hall effect in hematite a-Fe2O3

𝜎𝑥𝑧
(𝑎)

= 𝜒 𝐻 𝐻𝑦 + 𝜒 𝑀 𝑀𝑦 − 𝜒(𝐿)𝐿𝑥

x

z
𝐄 𝐉

𝐽𝑥 = 𝜎𝑥𝑧𝐸𝑧

𝐽𝑧 = 𝜎𝑧𝑧𝐸𝑧

𝜎𝑥𝑧 = −𝜎𝑧𝑥 = 𝜎𝑥𝑧
(𝑎)

Measured

𝝌(𝑳)𝑳𝒙

Expected

𝝌 𝑯 𝑯𝒚 + 𝝌 𝑴 𝑴𝒚

K. B. Vlasov et al., Sov. Phys. Solid State 22, 967 (1980).
K. B. Vlasov et al., Физика металлов и металловедение 42,513-517 (1976).



Hall vs Faraday effect
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The magneto-optical Faraday effect
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Faraday effect in antiferromagnetic Cr2O3
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1

𝐌 = 𝐌𝟏 +𝐌𝟐 + 𝐌𝟑 + 𝐌𝟒

𝐋 = 𝐌𝟏 −𝐌𝟐 + 𝐌𝟑 −𝐌𝟒

휀𝑥𝑦
𝑎
= 𝜒(𝐻)𝐻𝑧 + 𝜒𝑥𝑦𝑧𝑧

𝐿𝐸 𝐸𝑧𝐿𝑧

See also:
B B Krichevtsov et al, Spontaneous non-reciprocal reflection of light from antiferromagnetic Cr2O3, J. Phys.: Condens. Matter 5, 8233 (1993).
J. Wang, Ch. Binek, Dispersion of Electric-Field-Induced Faraday Effect in Magnetoelectric Cr2O3, Phys. Rev. Appl. 5, 031001 (2016).
The talk of T. Jungwirth

Measurements are done by N. Khokhlov (Radboud University)
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Magnetic field as a stimulus for spins in antiferromagnets

…

𝐌1 =
σ𝑖 𝑆2𝑖
𝑉

𝐌1 =
σ𝑖 𝑆2𝑖−1

𝑉

𝐦1 =
𝐌1

𝐌1
𝐦2 =

𝐌2

𝐌2

𝐥 =
𝐦𝟏 −𝐦𝟐

2
𝐦 =

𝐦𝟏 +𝐦𝟐

2

𝐦 = −
1

𝛾𝐻𝐸

𝜕𝐥

𝜕𝑡
× 𝐥Even if 𝐇 𝑡 =0, 

If 𝐇 𝑡 ≠ 𝟎, 
𝜕

𝜕𝑡

𝜕𝐥

𝜕𝑡
× 𝐥 = 𝛾

𝜕𝐻 𝑡

𝜕𝑡
+ 𝛾2𝐻𝐸[𝐦 × 𝐇(t)]

While spins in antiferromagnets are not sensitive            

to magnetic field 𝐇, they can be controlled by 
𝜕𝐇 𝑡

𝜕𝑡
.

Coherent spin oscillations in antiferromagnets induce m.
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A. K. Zvezdin, JETP 29, 553 (1979).
A. F. Andreev, V. I. Marchenko, Sov. Phys. Uspekhi 23 21 (1980).   
V.G. Baryakhtar, B. A. Ivanov, M. V. Chetkin, Sov. Phys. Usp. 28 563 (1985).

T. Satoh et al, Phys. Rev. Lett. 105, 077402 (2010).
T. Kampfrath et al, Nature Photonics  5, 31 (2011).

A. V. Kimel et at, Physics Reports 852, 1 (2020). 



See the talks of E. Rongione and J. Bakker
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Iron borate FeBO3

- antiferromagnets with weak ferromagnetism

L

M

quasi-
antiferromagnetic 
mode

quasi-
ferromagnetic 
mode

E. A. Mashkovich et al,
Phys. Rev. Lett. 123, 157202 (2019).



THz excitation of spin resonances in FeBO3

E. A. Mashkovich et al,
Phys. Rev. Lett. 123, 157202 (2019).



Double pulse excitation of FeBO3



Double pulse excitation of FeBO3

T. Blank et al 
https://arxiv.org/abs/2212.09532.

Full
signal

Dynamics after

the 1st pulse

only

Dynamics after

the 2nd pulse

only

Nonlinear
signal = - -



Nonlinear 2D THz spectroscopy of FeBO3

quasi-
antiferromagnetic 

mode

quasi-
ferromagnetic 

mode

ground
state

T. Blank et al, https://arxiv.org/abs/2212.09532.
T. Blank et al, PRL 131, 096701 (2023).

https://arxiv.org/abs/2212.09532


27

quasi-
antiferromagnetic 

mode

quasi-
ferromagnetic 

mode

ground
state

arXiv:2207.07103



THz antiferromagnetism
terra incognita of modern science
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Response of antiferromagnetic spins
in CoF2 to THz magnetic fields
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TN=39 K

L

L



Double-pulse THz excitation of CoF2
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E. Mashkovich et al Science 374 ,1608 (2021). 



Full
signal

Dynamics after

the 1st pulse

only

Dynamics after

the 2nd pulse

only

Nonlinear
signal = - -

𝛼𝑁𝐿 𝑡𝑝𝑢𝑚𝑝1−𝑝𝑟𝑜𝑏𝑒; 𝑡𝑝𝑢𝑚𝑝1−𝑝𝑢𝑚𝑝2 = α 𝑡𝑝𝑢𝑚𝑝1−𝑝𝑟𝑜𝑏𝑒; 𝑡𝑝𝑢𝑚𝑝1−𝑝𝑢𝑚𝑝2 − α1 𝑡𝑝𝑢𝑚𝑝1−𝑝𝑟𝑜𝑏𝑒 − α2 𝑡𝑝𝑢𝑚𝑝2−𝑝𝑟𝑜𝑏𝑒

E. Mashkovich et al Science 374 ,1608 (2021). 

2D THz spectroscopy of CoF2



Spin-lattice Fermi resonance in CoF2

32



Spin-lattice Fermi resonance in CoF2

T. Metzger et al, arXiv:2308.01052.



THz antiferromagnetism
terra incognita of modern science
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• Nonlinear spin dynamics
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Two-magnon excitation in antiferromagnet

Φ = Φ0 + 𝜒𝑖𝑗𝑘𝑙𝐸𝑖(𝜔1)𝐸𝑗
∗(𝜔2)𝐿𝑘(Ω; 𝐤)𝐿𝑙

∗ (Ω; 𝐤)

35

휀𝑖𝑗 =
𝜕2Φ

𝜕𝐸𝑖(𝜔)𝜕𝐸𝑗
∗(𝜔)

= 𝜒𝑖𝑗𝑘𝑙𝐿𝑘(Ω; 𝐤)𝐿𝑙
∗ (Ω; 𝐤)

Thermodynamic potential

Probe
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Use spin correlation function σ𝑖 𝐒 𝑟𝑖 𝐒(𝑟𝑖 + 𝛿) instead of 𝐋.
Ƹ휀~σ𝑖 𝐒 𝑟𝑖 𝐒(𝑟𝑖 + 𝛿)

σ𝑖 𝐒 𝑥𝑖 𝐒(𝑥𝑖 + 𝛿) ≠ σ𝑖 𝐒 𝑦𝑖 𝐒 𝑦𝑖 + 𝛿
휀𝑥𝑥 ≠ 휀𝑦𝑦

Two-magnon excitation in antiferromagnetic RbMnF3

F. Formisano et al, 
https://arxiv.org/abs/2303.06996.

L
E

𝜈 =
2𝑘𝑇𝑁
ℎ

Such fast oscillations of L
are impossible!

x

y



10 ps

T
im

e

THERMODYNAMIC

ANTIFERROMAGNETISM

ULTRAFAST

ANTIFERROMAGNETISM

• M≠0

• Non-linear spin dynamics

• New channels of spin-lattice

• interaction

• Superposition fails

• Macrospin approximation fails
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1 ns

100 ps

Conclusions and Outlook

ps?

THz?

no losses?
“0” “1”

Coherent

state

No change 

of entropy
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