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Chiral phonons carry angular momentum
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Chiral phonons from Broken inversion

Valley chiral phonons in a hexagonal lattice
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Zone-centered Chiral phonons require TRS breaking

*» TRS breaking lifts degeneracy
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Chiral phonons as mediators between light and magnetism

Phonon Barnett Effect
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Giant effective magnetic fields from chiral phonons
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Magnetic response of phonons
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Material

Magnetic response: classical picture
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Observed Magnetic moment

Rare-Earth Paramagnet CeCl, Pb,.Sn.Te Dirac SM CdjAs,
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Possible mechanisms for phonon magnhetic moment

Electronic Contribution
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Graphene Electronic Band Adiabatic
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Phonon magnetic moment from orbital lattice coupling

Degenerate Degenerate
orbital transition chiral phonon
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Phonon magnetic moment from orbital lattice coupling
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1. Magnetic ion with two Kramers pair states
2. Chiral phonon coupling to excitation between Kramers pairs

Hel—ph = (ux + iuy)ll/h)(llizl + (ux — luy)lﬁ)(@l + h.c

1Y) = |mj = +my)

Y1) = |m; = +my)

>
=

———————— -

3

I
|
3

¢———————— -

P. Thalmeier and P. Fulde, Zeitschrift fur Physik B Condensed Matter 26, 323 (1977)
S. Chaudhary, D. Juraschek, M. Rodriguez-Vega, & G. A. Fiete, Phys. Rev. B 110, 094401 (2024)

12




Phonon magnetic moment from orbital lattice coupling

Hybrid states
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Phonon magnetic moment from orbital lattice coupling

O 1. Magnetic ion with two Kramers pair states
i 2. Chiral phonon coupling to excitation between Kramers pairs
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Splitting of chiral phonons
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Phonon magnetic moment from orbital lattice coupling

Electron-phonon interaction
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Phonon Green’s function

Non-interacting case Corrections
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Phonon Green’s function
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Phonon energies and eigenmodes

Splitting occurs if Det(D~!(w))=0
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Factors for chiral phonon splitting

Splitting occurs if
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e-ph coupling strength using point charge model
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Model applied to Rare earth trihalide CeCl,

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



Properties of rare-earth paramagnet CeCl,

Ce3t:4f1

1. Strong SOC, A = 80 melV/
2. Weak Crystal-electric fields (CEF)
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Orbital lattice coupling in CeCl,

Ei4 (23 meV)

Perturbation to crystal electric field around
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Perturbation to CEFs around Ce3* from phonons in CeCl,

0,230 )
1g( ) £ Oiy()

— ti2m/3

+i4m/3

V(Ei4(a)) = [-0.06 2z + 0.16 y2] q
V(E14(b)) = [0.16 zz + 0.06 yz| q

|+3/2)

*

14 mev:'
|£1/2)

I
1
|
1
v

[+5/2)

E34 (12 meV)

Ezlg(a) i Ezlg(b)

% i\\
N \ S\\

V(E3,(a)) = [-0.05 zy — 0.007 (z* — y*)] ¢
V(E3,(b)) = [0.014zy — 0.025 (z* — y°)] ¢

|£3/2)

|£1/2)
6meV ! |
v [£5/2)

E3, (21.5 meV)

EZ,(a) £ i E3,(b)

vy

V(E3,(a)) = [0.08zy + 0.01 (z* — 3*)] ¢
V(E3,(b)) = [-0.02zy + 0.04 (z° — y*)] ¢

| £3/2)
\ £1/2)
6 meV i
[£5/2)

a



Aw (meV)

Zeeman splitting and Phonon Magnetic moment in CeCl,
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Aw (meV)

Zeeman splitting and Phonon Magnetic moment in CeCl,
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Model applied to a d orbital magnet




Electronic excitations on magnetic ions

f - electrons

1. Weak SOC

1. Strong SOC
2. Very strong. CEF effects (~1eV)

2. Weak CEF effects
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CoTliO, physical and electronic properties

Rhombohedral setting SOC +Trigonal distortion
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ColiO; E,phonon modes
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CoTliO, magnetic properties
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ColiO; E,modes phonon magnetic moment
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Results from helicity-resolved magneto-Raman
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Chiral phonons with giant magnetic moment in CoTliO,

Zeeman splitting of E; phonon Phonon magnetic moment

1.4 T

8 UL S e e e .
d 1 _A | — Ty ~ 38 K
4 L 50K 2 ) - ~ l.O" ) :
—~ 300K e I o
: A S 08t a2
B o} : S 06 P
i e < 06f E@ ’
Ca > 24 04l 9 :
tg 4 /‘/ 3 ‘a"’\ IH|C 1 !
9 . ¢ - 02 .
o ’ [ |
1. A 10 20 30 40 60 100
8 6 4 -2 0 2 4 6 8 Temperature (K)

HoH<(T)

4

L)

* Phonon magnetic moment w,, = ug
* First such example in a ‘d’ orbital guantum magnet

(R

L)

L)

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



Other possibilities: Magnetic order induced phonon chirality
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Other possibilities: Magnetic order induced phonon chirality
Wu, Fangliang, et al. Phys. Rev. Lett. 134, 236701 (2025)
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Chiral phonon splitting without magnetization?

TRS breaking

without magnetic
dipoles

Magnetization
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Chiral phonon splitting without magnetization?

Magnetization
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Magnetization
CeCls, CoTiO3, Co,Sn,S, , FZMO

TRS breaking

without magnetic Arun Paramekanti
(Univ. OfToronto)

dipoles

f?

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




Multipolar ordering in 5d? osmate double perovskites
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Multipolar ordering in 5d? osmate double perovskites

Arun Paramekanti (U Toronto)
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Spin-phonon coupling in double perovskites

Pseudo-spin

Eg Phonons

Spin-phonon coupling

J - even quadrupolar
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Next: Integrate out spins and get
effective phonon action.
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Effective phonon action
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Phonon spectra

Phonon spectral function
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Chiral phonons
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Chiral phonon splitting without spin d.o.f?

TRS breaking from
Ferro-octupolar
order

: ?
S g
3 :
Magnetization
. Chen, Zhang, Su, Cao, Xiao, and Lin,
CeCl3, CoTiO3, COSSnZSZ , FZMO Sutcliffe, Hart, SC, AP, Phys. Rev. B 111, 035126 (2025)
SC, DJ, .., Phys. Rev. B 110, 094401 (2024) arxiv 2506.18978

Che, et al. PRL 134, 196906 (2025)



Chiral phonon splitting and Hall conductivity

Chern-Simons action for pseudogauge fields
Wo+0n
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Hu, et.al. PRL 127, 125901 (2021)




Phonon magnetic moment and Hall conductivity
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Gapped Dirac system and phonon Hall viscosity
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Gapped Dirac system and phonon Hall viscosity
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Chiral phonon splitting from local Berry curvature
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Dynamics from Chern-Simons like cross-correlations
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Valley Chern number mediates coupling with light
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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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