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A. V. Kimel et al Nanoworld of terahertz magnetism opening new frontiers. Newton. 



Antiferromagnetic Terahertz Spin waves
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Antiferromagnetic Terahertz Spin waves

A. V. Kimel et al Newton (2026).
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Role of Lattice to Magnetic Interactions

Hmagnetic Interactions = Exchange Interactions + DM Interaction + Magnetic Anisotropy

𝐻𝑒𝑥𝑐ℎ𝑛𝑎𝑔𝑒 = −෍

𝑖≠𝑗

𝐽𝑖𝑗𝑆𝑖𝑆𝑗 𝐻𝐷𝑀 = −෍

𝑖≠𝑗

𝐷𝑖𝑗(𝑆𝑖𝑆𝑗)

𝐽𝑖𝑗→𝐽𝑖𝑗 +
𝜕𝐽𝑖𝑗

𝜕𝑄𝑖

𝐷𝑖𝑗→𝐷𝑖𝑗 +
𝜕𝐷𝑖𝑗

𝜕𝑄𝑖

r


𝐽𝑖𝑗 → 𝐽𝑖𝑗(r,)

AFM

FM

E. Granado et.al. Phys. Rev. B 60 11 879 (1999)



Δω𝑠𝑝 =
2

ωμ

δ2𝐽

δ𝑢2
< 𝑆𝑖 . 𝑆𝑗 >= λ𝑠𝑝 < 𝑆𝑖 . 𝑆𝑗 >

𝐾𝑒𝑓𝑓 = 𝐾𝑙𝑎𝑡𝑡𝑖𝑐𝑒 + 𝐾𝑠𝑝𝑖𝑛 −𝑝ℎ𝑜𝑛𝑜𝑛/𝑙𝑎𝑡𝑡𝑖𝑐𝑒 + 𝐾𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 −𝑝ℎ𝑜𝑛𝑜𝑛 + 𝐾𝑎𝑛ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐

Spin-phonon/lattice coupling

E. Granado et.al. Phys. Rev. B 60 11 879 (1999)

𝐾𝑙𝑎𝑡𝑡𝑖𝑐𝑒

Harmonic Oscillator

ω =
𝐾

𝑚

𝐾𝑙𝑎𝑡𝑡𝑖𝑐𝑒

𝐾𝑠𝑝𝑖𝑛−𝑝ℎ𝑜𝑛𝑜𝑛/𝑙𝑎𝑡𝑡𝑖𝑐𝑒

+

Coupled Oscillator 

ω =
𝐾𝑒𝑓𝑓

μ



Signatures of the Spin-phonon coupling

Phys. Rev. Lett. 130, 036801 (2023)



Signatures of the Spin-phonon coupling

Phys. Rev. B  80,214417 2009



Spin-Phonon coupling in CuO

X. K. CHEN et al Phys. Rev. B 52, 18  (1995)

Zone boundary modes are

appearing in a commensurate

magnetic state because of the

zone folding effect.

Ag Bg(1) Bg(2)

λ𝑠𝑝 = 50 cm-1

Spin-Phonon coupling

constant is estimated to be

40 cm-1.



Spin-induced polarization of 
CuO



Spin-Induced High Temperature Multiferroicity of CuO

Science 372, 496–500 (2021); Nat. Comm. 7 10295 (2015)

Collinear
AFM order

Spiral
AFM order



Spin-Induced Room Temperature Multiferroicity of CuO

X. Rocquefelte et al Nat. Comm. 4, 2511 (2013)

Change in Cu-O-Cu bonds along

(10-1) is responsible for

enhancing the transition

temperature (Jz=80 meV)

(10-1) 
1460

AFM 
Interaction

(101)
1070

FM 
Interaction



Spin induced Polarization of CuO

Phys. Rev. Lett. 108, 187205 (2012), Phys. Rev. Lett. 106, 026401 (2011)

What is the origin?
Needed for functional engineering

Theoretical prediction

Sj

~13× 10-5Å
Along b axis

δ

P

Si

DM interaction
Lattice displacement

Spin current
No lattice displacement

Which one

Experimentally 

not confirmed

How to detect?
XRD, EXAFS sensitivity ~ 10-3 Å

Require a new approach

How can the TC be tuned to room temperature?



How to identify the signature of atomic displacements?

RP Bell and D A Long Proc. R. Soc. A 203 364 (1950), BK De et. al. Phy. Rev. B 103, 054106 (2021), 

Phonon Renormalization

Δω = 𝐾𝑖𝑖𝛿𝑥𝑖𝑖 = 𝐾11𝛿𝑥11 +
𝐾22𝛿𝑥22+𝐾33𝛿𝑥33

𝑙′

𝑙 α𝑥𝑥
,

α𝑧𝑧
,

α𝑦𝑦
,

Polarizability is more highly sensitive 

to interatomic distances

1 a.u.=0.529 Angstrom

Raman polarizability

𝑅 =

𝑥𝑥 𝑥𝑦 𝑥𝑧

𝑦𝑥 𝑦𝑦 𝑦𝑧

𝑧𝑥 𝑧𝑦 𝑧𝑧

Where and How..?



Angle-resolved polarized Raman spectroscopy

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

Raman intensity I  (eiRTes)
2

𝐴1 =
𝑎 0 0
0 𝑎 0
0 0 𝑏

𝐵1 =
𝑐 0 0
0 −𝑐 0
0 0 0

𝐼𝐴1

 𝑎𝑐𝑜𝑠2+ 𝑏𝑠𝑖𝑛2 2 𝐼𝐵1


 𝑐𝑠𝑖𝑛2 2

𝑅 =

𝑥𝑥 𝑥𝑦 𝑥𝑧

𝑦𝑥 𝑦𝑦 𝑦𝑧

𝑧𝑥 𝑧𝑦 𝑧𝑧

Raman tensor for BaTiO3

𝑙′

𝑙

α𝑥𝑥
,

α𝑧𝑧
,

α𝑦𝑦
,



Polarized Raman spectroscopy of CuO

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

Experimental geometry

b

c

a

Ag

Bg(1)

b

c

a



Polarized Raman spectroscopy of CuO

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

𝐼Ag
ǁ ∝ 0.64𝑎 + 0.34𝑏 cos2𝜓 + 0.15𝑎 + 0.28𝑏 + 0.54𝑐 + 0.58𝑑 sin2𝜓 + 0.31 𝑏 − 𝑎 − 0.58𝑑 sin2𝜓

2

𝐼Bg
ǁ ∝ −0.93𝑒 cos2𝜓 + 0.41𝑒 + 0.79𝑓 sin2𝜓 + (−0.20𝑒 + 0.43𝑓)sin2𝜓

2

𝐼Ag
⊥ ∝ (0.31 𝑎 − 𝑏 + 0.58𝑑)cos2𝜓 +

0.49𝑎 + 0.05𝑏 − 0.54𝑐 − 0.58𝑑

2
sin2𝜓

2

𝐼Bg
⊥ ∝ 0.20𝑒 − 0.43𝑓 cos2𝜓 + (−0.67𝑒 − 0.39𝑓)sin2𝜓

2

Ag =
𝑎 0 𝑑
0 𝑏 0
𝑑 0 𝑐

Bg =

0 𝑒 0
𝑒 0 𝑓
0 𝑓 0

𝑙′

𝑙

α𝑥𝑥
,

α𝑧𝑧
,

α𝑦𝑦
,



Polarized Raman spectroscopy of CuO

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

Experimental geometry Modes Tensor elements mean square error

Ag a = -0.12 ± 0.02

b = 0.30 ± 0.04

c = -0.34 ± 0.01

d = 0.23 ± 0.02

Bg e = -0.23 ± 0.06

f = 0.77 ± 0.10



Determination of ferroelectric polarization direction

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

𝐼Ag
ǁ

∝ ൫

൯

0.64𝑎 + 0.34𝑏 cos2𝜓

+ 0.15𝑎 + 0.28𝑏 + 0.54𝑐 + 0.58𝑑 sin2𝜓

+ 0.31 𝑏 − 𝑎 − 0.58𝑑 sin2𝜓
2

𝐼Ag
⊥

∝ ቆ

ቇ

(0.31 𝑎 − 𝑏 + 0.58𝑑)cos2𝜓

+
0.49𝑎 + 0.05𝑏 − 0.54𝑐 − 0.58𝑑

2
sin2𝜓

2

Raman intensity

27% from b

3% from b

Ag =
𝑎 0 d
0 𝑏 0
d 0 𝑐

Raman tensor



Phonon renormalization and finding atomic displacement

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

δ= ℎ’ − ℎ = ∆𝑙 cos𝜃.∆𝑙 = 𝑙
∆⍵

3ϒ⍵
.
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Quantification of displacement 

using the mode Gruneisen

parameter



Phonon renormalization and finding atomic displacement

Binoy Krishna De et al. Phys.: Condens. Matter 33 (2021) 12LT01

From microscopic study 

(Raman) 
From a macroscopic study 

(Pyroelectric)



;

Tracking Atomic displacements



CrVO4

Spin-Orbital-Phonon Coupling



;

Magnetism in CrVO4

Neutron Scattering Evidence of
A-type AFM

A. P. Roy et al Phys. Rev. Lett. 132, 026701, (2024)



;

Magnons in CrVO4

A. P. Roy et al Phys. Rev. Lett. 132, 026701, (2024)



;

Magnetism in CrVO4

A. P. Roy et al Phys. Rev. Lett. 132, 026701, (2024)



;

Phonons and Electronic renormalization in CrVO4

A. P. Roy et al Phys. Rev. Lett. 132, 026701, (2024)



;

Phonon Selectivity of the Exchange Interactions in CrVO4

A. P. Roy et al Phys. Rev. Lett. 132, 026701, (2024)



;

Summary

Science Advances 4, 7 (2018) 

• Demonstrate the role of coupled interaction in deducing the physical 

properties of the material.

• We selectively deduce the directional contribution to the overall response 

through angle-resolved polarized Raman spectroscopy.

• Finally, the approach allows us to disentangle the Phonon specific 

contributions to magnetism which can help to understand the nonlinear 

phononic pathway for controlling the magnetism.

Optical 

Pump



Future Perspective with HFML-FELIX 

FELIX Pump 
Optical Probe

FELIX Pump Optical 
Imaging Probe

FELIX Pump 
Raman as 

probe
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