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Δ𝜔𝑍𝑒𝑒𝑚𝑎𝑛 = 𝟐𝝁𝒑𝒉𝐵

𝜇𝑝ℎ = 𝛾𝑳Phonon Magnetic moment

Gyromagnetic ratio 

Phonon Zeeman effect 

Material 𝜇𝑝ℎ (𝜇𝑁) Δ𝜔𝑍𝑒𝑒𝑚𝑎𝑛 
at 100 T

Δ𝜔𝑍𝑒𝑒𝑚𝑎𝑛 
at 1000 T

CsH 1.12 0.06 cm-1 0.6 cm-1

BaHfO3 0.12 0.006 cm-1 0.06 cm-1

KTaO3 0.12 0.006 cm-1 0.06 cm-1

KNbO3 0.18 0.009 cm-1 0.09 cm-1

SrTiO3 0.18 0.009 cm-1 0.09 cm-1

𝛾𝑖 =
𝑒𝑍𝑖

2𝑀𝑖

Magnetic response: classical picture 
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𝑳 = 𝑸 × 𝜕𝑡𝑸Angular Momentum 

𝜇𝑝ℎ ≈ 𝜇𝑁 ≈ 5 X 10−4𝜇𝐵
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Possible mechanisms for phonon magnetic moment 
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Phonon magnetic moment from orbital lattice coupling
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𝜓1 = |𝑚𝑗 = +𝑚1⟩ ෪𝜓1 = |𝑚𝑗 = −𝑚1⟩

𝜓2 = |𝑚𝑗 = +𝑚2⟩ ෪𝜓2 = |𝑚𝑗 = −𝑚2⟩

TR partners

1. Magnetic ion with two Kramers pair states
2. Chiral phonon coupling to excitation between Kramers pairs

Phonon magnetic moment from orbital lattice coupling
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𝐻𝑒𝑙−𝑝ℎ = 𝑢𝑥 + 𝑖𝑢𝑦 |𝜓1⟩⟨𝜓2| + 𝑢𝑥 − 𝑖𝑢𝑦 |෪𝜓1⟩⟨ ෪𝜓2| + ℎ. 𝑐
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𝐵 = 0

Phonon magnetic moment from orbital lattice coupling
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Δ1
Δ2

Δ1 = Δ2
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𝜓1 = |𝑚𝑗 = +𝑚1⟩ ෪𝜓1 = |𝑚𝑗 = −𝑚1⟩

𝜓2 = |𝑚𝑗 = +𝑚2⟩
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TR partners

1. Magnetic ion with two Kramers pair states

2. Chiral phonon coupling to excitation between Kramers pairs

𝐵 ≠ 0

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. 

A. Fiete Phys. Rev. B 110, 094401 (2024)

Phonon magnetic moment from orbital lattice coupling
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Δ1
Δ2

Δ1 ≠ Δ2

𝐻𝑒𝑙−𝑝ℎ = 𝑢𝑥 + 𝑖𝑢𝑦 |𝜓1⟩⟨𝜓2| + 𝑢𝑥 − 𝑖𝑢𝑦 |෪𝜓1⟩⟨ ෪𝜓2| + ℎ. 𝑐



𝐵 = 0 𝐵 ≠ 0

Splitting of chiral phonons
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Degenerate 
chiral phononDegenerate 

orbital transition

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete Phys. Rev. B 110, 094401 (2024)



𝜓1 = |𝑚𝑗 = +𝑚1⟩ ෪𝜓1 = |𝑚𝑗 = −𝑚1⟩

𝜓2 = |𝑚𝑗 = +𝑚2⟩ ෪𝜓2 = |𝑚𝑗 = −𝑚2⟩

TR partners

Δ1 Δ2
෠𝑂𝑎 = 𝑔𝑎|𝜓1⟩⟨𝜓2| − 𝑔𝑎

∗ |𝜓෩1⟩⟨𝜓෩2|+ h.c

෠𝑂𝑏 = 𝑔𝑏|𝜓1⟩⟨𝜓2| − 𝑔𝑏
∗|𝜓෩1⟩⟨𝜓෩2|+ h.c

Electron-phonon interaction

Phonon magnetic moment from orbital lattice coupling

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)
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Non-interacting case Corrections

Phonon Green’s function

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)



Π𝑎𝑏 ∝
𝑓1𝑔𝑎𝑔𝑏

∗

𝜔 − Δ1
−

𝑓1𝑔𝑎
∗ 𝑔𝑏

𝜔 + Δ1

+
𝑓෩1𝑔𝑎

∗ 𝑔𝑏

𝜔 − Δ2
−

𝑓෩1𝑔𝑎𝑔𝑏
∗
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1. 𝑔𝑎𝑔𝑏
∗ = 𝑖𝑔2

          

Phonon Green’s function

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)

2.  𝑓1 ≠ 𝑓෩1 or Δ1 ≠ Δ2

Splitting occurs if

Responsible for 
splitting of phonon 

modes



1. 𝑔𝑎𝑔𝑏
∗ = 𝑖𝑔2

          

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)

2.  𝑓1 ≠ 𝑓෩1 or Δ1 ≠ Δ2

Splitting occurs if

Δ1 = Δ − 𝛾𝐵,
Δ2 = Δ + 𝛾𝐵

𝑓1 − 𝑓෩1 = 𝜒𝐵

Broken TRS

Phonon energies and eigenmodes

Det(𝐷−1(𝜔))=0

New phonon 
modes Chiral



1. 𝑔𝑎𝑔𝑏
∗ = 𝑖𝑔2

          

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)

2.  𝑓1 ≠ 𝑓෩1 or Δ1 ≠ Δ2

Splitting occurs if

Δ1 = Δ − 𝛾𝐵,
Δ2 = Δ + 𝛾𝐵

𝑓1 − 𝑓෩1 = 𝜒𝐵

Broken TRS

Factors for chiral phonon splitting

Δ1 Δ2

1. Energy scales: 𝚫 and 𝝎𝟎

2. Electronic ‘g’ factor
3. Temperature
4. Electron -phonon coupling



𝑢𝛼

Modified crystal electric field due to phonon

𝜓𝑖 𝑟𝛼𝑟𝛽 𝜓𝑗

M

𝑉𝑀 𝑢𝛼 = [𝛼1𝑥𝑦 + 𝛼2𝑦𝑧 + 𝛼3𝑥𝑧 + 𝛼4 𝑥2 − 𝑦2 + 𝛼5 3𝑧2 − 𝑥2 − 𝑦2 ]𝑢𝛼

|𝜓1⟩ |𝜓෩1⟩ 

|𝜓2⟩ |𝜓෩2⟩ 
𝜓𝑖 = |𝐽𝑖 , 𝑚𝑗

𝑖⟩ ቊ
𝑚𝑙

𝑚𝑠

Orbital
Spin

e-ph coupling strength using point charge model

෠𝑂𝑎 = 𝑔𝑎|𝜓1⟩⟨𝜓2| − 𝑔𝑎
∗ |𝜓෩1⟩⟨𝜓෩2|

෠𝑂𝑏 = 𝑔𝑏|𝜓1⟩⟨𝜓2| − 𝑔𝑏
∗ |𝜓෩1⟩⟨𝜓෩2|

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete Phys. Rev. B 110, 094401 (2024)



Model applied to Rare earth trihalide CeCl3

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete Phys. Rev. B 110, 094401 (2024)



Ce3+: 4𝑓1

1. Strong SOC, 𝜆 ≈ 80 𝑚𝑒𝑉
2. Weak Crystal-electric fields (CEF)

Crystal structure Electronic states 

Properties of rare-earth paramagnet CeCl3

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete Phys. Rev. B 110, 094401 (2024)



Perturbation to crystal electric field around 
Ce3+ ion

𝐸1𝑔 (23 𝑚𝑒𝑉)

14 𝑚𝑒𝑉

Orbital lattice coupling in CeCl3

S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete

Phys. Rev. B 110, 094401 (2024)

S. Chaudhary*, C.P. Romao*, D. Juraschek, arXiv:2504.19121 (2025)



𝐸2𝑔
2  (21.5 𝑚𝑒𝑉)𝐸2𝑔

1  (12 𝑚𝑒𝑉)

𝐸2𝑔
1 𝑎 ± 𝑖 𝐸2𝑔

1 (𝑏) 𝐸2𝑔
2 𝑎 ± 𝑖 𝐸2𝑔

2 (𝑏)

14 𝑚𝑒𝑉

6 𝑚𝑒𝑉 6 𝑚𝑒𝑉

	� 	(23	� � � )

� � ±�	� ( � )

�

� ± /

� ± / −�

−� ± /

−� ± /

Perturbation to CEFs around Ce3+ from phonons in CeCl3



Phonon 𝝁𝒑𝒉 (𝝁𝑩) 10 K 𝝁𝒑𝒉(𝝁𝑩) 20 K

𝐸1𝑔 (22meV) 2 1

𝐸2𝑔
1 (12 meV) 0.5 0.3

𝐸2𝑔
2  (21.5 meV) 0.2 0.1

Zeeman splitting and Phonon Magnetic moment  in CeCl3

T= 2 K
T= 10 K
T= 20 K
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Model applied to a d orbital magnet



1. Strong SOC
2. Weak CEF effects

f - electrons
1. Weak SOC
2. Very strong. CEF effects (~1eV)

d - electrons

Kramers-doublet ground state
Kramers-doublet excited state

𝑓1

2F [14]

Free-ion SOC

[8]

[6]

J=5/2

CEF

~100 𝑚𝑒𝑉
2D [10]

[6]

[4]

𝑡2𝑔

𝑒𝑔

1 𝑒𝑉

CEFFree-ion

J=1/2

J=3/2

SOC

𝑑1

~10 𝑚𝑒𝑉

Electronic excitations on magnetic ions
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Crystal Structure
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SOC +Trigonal distortion
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Nature Communications 12.1 (2021): 3936.

Rhombohedral setting

CoTiO3 physical and electronic properties
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26 meV

33 meV

Nature Communications 12.1 (2021): 3936.

Δ = 23 𝑚𝑒𝑉

Phys. Rev. B 102, 134404 (2020)

CoTiO3  Eg phonon modes
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Phonon 𝝁𝒑𝒉 (𝝁𝑩) 50 K 𝝁𝒑𝒉(𝝁𝑩) 100 K

𝐸𝑔
1 (22meV) 0.2 0.1

𝐸𝑔
2 (21.5 meV) 0.12 0.6

• No saturation in the given B field limit

• T trend similar to magnetic 
susceptibility

CoTiO3  Eg modes phonon magnetic moment



D. Lujan*, J. Choe*, S. Chaudhary*, G. Fiete, R. He, & Xiaoqin Li et al., Spin-Orbit Exciton-Induced Phonon 

Chirality in a  Quantum Magnet PNAS, 121(11), e2304360121 (2024)

Xiaoqin (Elaine) Li
  UT Austin

Results from helicity-resolved magneto-Raman

David Lujan
UT Austin



Zeeman splitting of  𝐸𝑔
1 phonon

❖ Phonon magnetic moment  𝝁𝒑𝒉 ≈ 𝝁𝑩

❖ First such example in a ‘d’ orbital quantum magnet

36

Chiral phonons with giant magnetic moment in CoTiO3

𝜇
𝑝

ℎ
(𝜇

𝐵
)

D. Lujan*, J. Choe*, S. Chaudhary*, G. Fiete, R. He, & Xiaoqin Li et al., PNAS, 121(11), e2304360121 (2024)

Phonon magnetic moment



Other possibilities: Magnetic order induced phonon chirality 

FM order in Co3Sn2S2 Chiral phonon splitting below Tc

Che, Mengqian, et al. Phys. Rev, Lett. 134, 196906 (2025)



Other possibilities: Magnetic order induced phonon chirality 
Wu, Fangliang, et al. Phys. Rev. Lett. 134, 236701 (2025)



Chiral phonon splitting without magnetization?

Magnetization

Magnetization

Δ
𝜔

𝑝
ℎ

CeCl3, CoTiO3, Co3Sn2S2 , FZMO

TRS breaking 
without  magnetic 
dipoles  

?   
Magnetic Multipoles



Magnetization

Magnetization

Δ
𝜔

𝑝
ℎ

CeCl3, CoTiO3, Co3Sn2S2 , FZMO

TRS breaking 
without  magnetic 
dipoles

?

Arun Paramekanti

 (Univ. Of Toronto)

R. Sutcliffe, K. Hart, S. Chaudhary, and A. 
Paramekanti, Pseudo-chiral phonon splitting from 
octupolar magnetic order, arxiv: 2506.18978 (2025)

Chiral phonon splitting without magnetization?

Ruairidh. Sutcliffe

Kathleen Hart



Octupolar Order

𝜓𝑔,↑ =
1

2
(|2⟩ + | − 2⟩)

𝜓𝑔,↓ = 0

𝜓𝑒𝑥,0 =
1

2
(|2⟩ − | − 2⟩)

𝜓𝑒𝑥,± = ±1

𝜏 = (𝜏𝑥, 𝜏𝑦 , 𝜏𝑧)

𝜏𝑥 ∝ (𝐽𝑥
2 − 𝐽𝑦

2)

𝜏𝑧 ∝ 3𝐽𝑧
2 − 𝐽 𝐽 + 1

𝜏𝑦 ∝ 𝐽𝑥𝐽𝑦𝐽𝑧

Double perovskite

5𝑑2  Os6+

Ba2MOsO6, M= Ca, Mg

Voleti, et.al. npj Quantum materials, 8(1), 42 (2023).

𝜏𝑦 ∝ 𝐽𝑥𝐽𝑦𝐽𝑧 𝒯- odd

Multipolar ordering in 5d2 osmate double perovskites

Pourovoskii, Phys. Rev. Lett. 127, 237201 (2021)

Pseudospin 1/2



𝜏 = (𝜏𝑥, 𝜏𝑦 , 𝜏𝑧) 𝜏𝑥 ∝ (𝐽𝑥
2 − 𝐽𝑦

2) 𝜏𝑧 ∝ 3𝐽𝑧
2 − 𝐽 𝐽 + 1

𝜏𝑦 ∝ 𝐽𝑥𝐽𝑦𝐽𝑧

Multipolar ordering in 5d2 osmate double perovskites

𝒯- odd

Ground state represented by a 
pseudo-spin

Arun Paramekanti (U Toronto)

NN in {𝑋𝑌, 𝑌𝑍, 𝑍𝑋} planes

Pourovoskii, Phys. Rev. Lett. 127, 237201 (2021) Hart et.al. PRL 134, 246701 (2025)



Spin-phonon coupling in double perovskites

𝑄𝑧 = 3𝑧2 − 𝑟2

𝑄𝑥 =  𝑥2 − 𝑦2

𝐸𝑔 Phonons

𝐻𝑠𝑝−𝑝ℎ = 𝑔(𝑄𝑥𝜏𝑥 + 𝑄𝑧𝜏𝑦)

𝜏𝑥 ∝ (𝐽𝑥
2 − 𝐽𝑦

2)

𝜏𝑧 ∝ 3𝐽𝑧
2 − 𝐽 𝐽 + 1

𝜏𝑦 ∝ 𝐽𝑥𝐽𝑦𝐽𝑧

𝒯- odd octupolar 

𝒯- even quadrupolar 

Pseudo-spin Spin-phonon coupling

Voleti, et.al. npj Quantum materials, 8(1), 42 (2023).

Next: Integrate out spins and get 
effective phonon action.



Effective phonon action

Ground state calculated 
using Monte Carlo

Holstein-Primakoff
Spin-phonon  interaction in Holstein-
Primakoff boson basis

R. Sutcliffe, Kathleen Hart, S. Chaudhary, and Arun Paramekanti, arxiv: 2506.18978 (2025)

Corrections to Phonon Green’s function

Ruairidh. Sutcliffe

Kathleen Hart

(U. Toronto)

Arun Paramekanti

 (Univ. Of Toronto)



Chiral phonons

Phonon spectra 
Phonon spectral function 

R. Sutcliffe, Kathleen Hart, S. Chaudhary, and Arun 
Paramekanti, arxiv: 2506.18978 (2025)

Chiral phonon splitting

1 𝑒𝑖
2𝜋
3

𝑒𝑖
4𝜋
3

1 𝑒𝑖
4𝜋
3

𝑒𝑖
2𝜋
3



Chiral phonon splitting without spin d.o.f?

Magnetization

Δ
𝜔

𝑝
ℎ

CeCl3, CoTiO3, Co3Sn2S2 , FZMO

TRS breaking from 
Ferro-octupolar 

order

TRS breaking 
without spin  

degrees of 
freedom

?

Che, et al. PRL 134, 196906 (2025)
SC, DJ, .., Phys. Rev. B 110, 094401 (2024)

Sutcliffe, Hart, SC, AP, 
arxiv 2506.18978

Chen, Zhang, Su, Cao, Xiao, and Lin, 
Phys. Rev. B 111, 035126 (2025)



Chiral phonon splitting and Hall conductivity

Chen, Zhang, Su, Cao, Xiao, and Lin, 
PRB 111, 035126 (2025)

𝐴𝑗 : EM fields
𝑎𝑗 : Pseudo gauge fields

Chern-Simons action for pseudogauge fields

Corrections to phonon Lagrangian:

Hall viscosity

Chiral-phonon splitting

Hu, et.al. PRL 127, 125901 (2021)



Phonon magnetic moment and Hall conductivity

Chen, Zhang, Su, Cao, Xiao, and Lin, 
Phys. Rev. B 111, 035126 (2025)



Gapped Dirac system and phonon Hall viscosity

𝜎𝑥𝑦 𝜔 → 0 =
𝑒2

2ℎ
sign(m)

Are there any systems where m and phonon frequency 
are comparable? Also, mention typical interLL 
splitting!!

𝜎𝑥𝑦 𝜔 ≠ 0 =
𝑒2

2ℎ
sign(m)Π𝑥𝑦 𝜔 𝐻𝑒𝑙 = 𝑣𝑘 ⋅ 𝜎 + 𝑚𝜎𝑧

𝜎μ 𝜎𝜈

Π𝜇𝜈 ≡

Chaudhary and Oka, in preparation Hu, et.al. PRL 127, 125901 (2021)



Gapped Dirac system and phonon Hall viscosity

𝜎𝑥𝑦 𝜔 ≠ 0 =
𝑒2

2ℎ
sign(m)Π𝑥𝑦 𝜔

𝐾 𝐾′

𝑚1 = 𝑚𝐴𝐵 − 𝑚𝐻 𝑚2 = 𝑚𝐴𝐵 + 𝑚𝐻



Chiral phonon splitting from local Berry curvature

𝐾 𝐾′

𝑚1 = 𝑚𝐴𝐵 − 𝑚𝐻 𝑚2 = 𝑚𝐴𝐵 + 𝑚𝐻

Chaudhary and Oka, in preparation



Dynamics from Chern-Simons like cross-correlations 

𝐻𝑒𝑙 = 𝑣𝑘 ⋅ 𝛾 + 𝑚𝐴𝐵𝛾3 + 𝑚𝐻𝛾3𝛾5

𝑆𝐶𝑆 𝒂𝜈 , 𝑨 ∝ 𝜎𝑥𝑦
Valley

∫ 𝑑3𝑥𝜖𝑖𝑗𝑘𝑎𝑖
𝜈𝜕𝑗𝐴𝑘

𝑆𝐶𝑆 𝒂𝜈 ∝ 𝜎𝑥𝑦∫ 𝑑3𝑥𝜖𝑖𝑗𝑘𝑎𝑖
𝜈𝜕𝑗𝑎𝑘

𝜈

Vaezi, et.al. PRB 88, 125406 (2013)
Chaudhary and Oka, in preparation

𝐻𝑒𝑙−𝑝ℎ = 𝑣(𝑘 − 𝑎𝛾5 − 𝐴) ⋅ 𝛾 + 𝑚𝐴𝐵𝛾3 + 𝑚𝐻𝛾3𝛾5

Su, Balatsky, Lin, et.al.  PRL 134, 026304 (2025)



Valley Chern number mediates coupling with light

Related to geometric 
Born effective charge

Chaudhary and Oka, in preparation

𝐸𝑝𝑒𝑎𝑘

= 1 𝑀𝑉/𝑐𝑚



Summary

❖ Giant magnetic moment from orbit-lattice coupling

❖ Chiral phonon splitting from magnetic-octupolar order

❖ Raman based possible probe for elusive order

❖ Local Berry curvature signatures in phonon spectra
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