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Electron motion in magnetic field

K. von Klitzing et al., Nat. Rev. Phys. 2, 397 (2020)

Classical and quantum Hall effects



M. Li and G. Chen, MRS Bulletin 45, 348 (2020)

QPs: electron  √        (satisfy Wiedemann-Franz law)
magnon  ?   spinon ?   Majorana fermion ? 

Thermal Hall effect

Can phonon have thermal Hall effect in magnetic field?



Thermal Hall effect：experiment setup



YBa2Cu3Ox – electron thermal Hall effect



Tb3Ga5O12

• a paramagnetic insulator
• the first observation of phonon thermal Hall effect
• skew scattering with magnetic ions?

C. Strohm et al. Phys. Rev. Lett. 95, 155901 (2005)
M. Mori  et al. Phys. Rev. Lett. 113, 265901 (2014)



Lu2V2O7

Y. Onose et al. Science 329, 297 (2010)

• an insulating ferromagnet with a pyrochlore lattice
• magnons influenced by DM interaction



Tb2Ti2O7

M. Hirschberger et al. Science 348, 106 (2015)

• quantum spin ice with a pyrochlore lattice
• spin excitations distinguished from magnons



Fe2Mo3O8

• Multiferroic material
• Phonon thermal Hall effect
• Lattice–spin interactions

T. Ideue et al., Nat. Mater. 16, 797 (2017)



α-RuCl3

Y. Kasahara et al., Nature 559, 227 (2018)

• Half-integer thermal quantum Hall effect
• Majorana fermions?



cuprates

• Giant thermal Hall conductivity in the pseudogap phase
• Neutral excitations with spin chirality?

G. Grissonnanche et al., Nature 571, 376 (2019)



cuprates

• Heat current along c axis: phonon thermal Hall effect
• Inside the psudogap phase: a coupling of phonons to their electronic environment

G. Grissonnanche et al., Nat. Phys. 16, 1108 (2020)



cuprates

• Phonon thermal Hall effect in three cuprate 
Mott insulators

• Coupling of acoustic phonons to the intrinsic 
excitations of the CuO2 planes

M.-E. Boulanger et al., Nat. Commun. 11, 5325 (2020)



SrTiO3

X. Li et al., Phys. Rev. Lett. 124, 105901 (2020)

A crucial role played by antiferrodistortive domains, which may induce
hybridization between acoustic phonons with transverse optical phonons



VI3

H. Zhang et al.,  Phys. Rev. Lett. 127, 247202 (2021)

• Ferromagnet
• From topological magnons at higher 

temperatures
• From phonons induced by the magnon-

phonon coupling at lower temperatures



α-RuCl3

T. Yokoi et al., Science 373, 568 (2021)

• κxy with an in-plane H which parallel with the heat current q
(planar thermal Hall effect)

• Majorana fermions?



α-RuCl3

É. Lefrançois et al., Phys. Rev. X 12, 021025 (2022)

• κxy and κxx have a similar temperature dependence
• κxy is mostly carried by phonons



α-RuCl3

P. Czajka et al., Nat. Mater. 22, 36 (2022)

• Planar κxy with no half-quantization
• κxy(T) matches topological bosonic modes in a Chern-insulator-like model



Cu3TeO6

L. Chen et al., Proc. Natl. Acad. Sci. U.S.A. 119, e2208016119 (2022)

• An antiferromagnetic insulator
• Phonon thermal Hall effect
• Phonon chirality could involve the scattering of 

phonons by impurities or defects in the magnetic 
environment



Pr2Ir2O7

T. Uehara et al., Nat. Commun. 13, 4604 (2022)

• κxy and κxx have a very similar temperature dependence  phonons
• T / H scaling  resonant scattering of phonons on paramagnetic spins



black phosphorus

X. Li et al., Nat. Commun. 14, 1027 (2023)

• Non-magnetic
• The anisotropic charge distribution surrounding atomic bonds



cuprates

• The planar κxy from electrons in cuprates is zero
• A sizable planar phonon κxy in  electron-doped cuprates



Sr2IrO4

• A finite phonon κxy is detected in the AF parent compound
• The huge change in κxy emerging from Rh substitution on the spin-carrying site 
• THE is caused by the scattering of phonons by impurities embedded within a 

magnetic environment A. Ataei et al., Nat. Phys. 20, 585 (2024)

antiferromagnetic



α-RuCl3

• Planar thermal Hall effect with 
sign reversal

• The sign reversal corresponds 
to gap closure and opening of 
Majorana fermions

• Majorana fermions?

K. Imamura et al., Sci. Adv. 10, eadk3539 (2024)



Na2Co2TeO6

• Another Kitaev candidate material
• Planar THE from phonons
• A non-zero κxy signal in two field directions H // J // a and H // J // a*
• Re-evaluation of the planar κxy origin in α-RuCl3

L. Chen et al., Nat. Commun. 15, 3513 (2024)



CrI3

• A prototypical van der Waals ferromagnet similar with VI3
• Magnon-phonon hybridization or magnon-phonon scattering?

C. Xu et al., Phys. Rev. B 109, 094415 (2024)



Previous interpretations of THE in insulators



Experiment setup

heater thermometer

thermometerthermometer
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PPMS

1.8 K, 12 T



CrI3、CrBr3、CrCl3



Chiral phonons in SiO2



Chiral phonons in SiO2

Chiral structure in SiO2
H. Ueda et al., Nature 618, 946-950 (2023)



Phonon thermal Hall effect in SiO2

Chiral phonons?



Phonon thermal Hall effect in SrTiO3

Structure domains?

Non-magnetic material phonon is the only well-defined quasiparticle, 
leaving no doubt that THE comes from phonons

Our results show that planar phonon THE also exists in non-magnetic 
material without the need to interact with a magnetic environment.



First surprise: phonon thermal Hall effect in MgO

Why does trivial insulator MgO have phonon THE ?



Hall viscosity induced by magnetic field in ionic crystals

the Lorentz forces on cations and anions
moving in opposite directions do not cancel

• Action of Lorentz forces on dipoles
• Coupling between acoustic and 

optical phonon in magnetic fields

B. Flebus and A. H. MacDonald, Phys. Rev. Lett. 131, 236301 (2023)



Second surprise: phonon thermal Hall effect in Si

We finally realize that phonon thermal Hall effect is a universal
property of all crystals!

The peak magnitude of κxy in Si is about 10 W m−1 K−1, which is 
the largest in all reported crystals so far.



Universal scaling law of |κxy| ~ κxx
2

Universal phonon thermal Hall effect!



Universal scaling law of |κxy| ~ κxx
2

Universal phonon thermal Hall effect!

BP data from Li, X. et al. Nat. Commun. 14, 1027 (2023)



Deviation from universal scaling law in magnetic insulators

X. B. Jin et al., arXiv:2404.02863



Examinations on the experiment setup



Examinations on the experiment setup



The effect of copper block heat sink

M. Hirschberger et al. Science 348, 106 (2015)

Thermal Hall angle：~ 0.25%
Y2Ti2O7 ~ SrTiO3



The effect of copper block heat sink



Thermal Hall effect in Y2Ti2O7

Prof. Thomas Lorenz’s group
R. Shama et al. Phys. Rev. B 110, L100301 (2024)



Thermal Hall effect in KTaO3

Li, X. et al. Phys. Rev. Lett. 
124, 105901 (2020)

Our data



Reproducibility of our results

Prof. Kamran Behnia’s group reproduced our Si results



Looking back …

All previous THE can be understood, starting from an intrinsic 
phonon THE. No need for monopoles, Majorana fermions …
The planar THE: phonons couple to the field in any direction.



The origin of universal phonon thermal Hall effect?

• Extrinsic: coupling to the magnetic environment, impurity scattering, 
AFD domains…

• Intrinsic:

Calculation: κxy ~ 10-6 W m−1 K−1

Our result:   κxy ~ 10 W m−1 K−1

Si



1、By measuring a series of trivial non-magnetic insulators and intrinsic
semiconductors, including SrTiO3, SiO2, MgO, MgAl2O4, Si and Ge, we
have experimentally discovered a universal phonon THE in crystals,
characterized by a scaling law of |κxy| ~ κxx

2.

2、All previous THE can be understood, starting from this universal
phonon THE. No need for exotic excitations.

3、Theory for the fundamental physics of this universal phonons THE is
highly desired, which should relate to the direct coupling of atom
vibrations to the magnetic field.

Summary

X. B. Jin et al., arXiv:2404.02863

However, when we broaden our knowledge, we may encounter new phenomena 
which cannot be explained by old theory. Then we have to re-examine the basis 
of our old system and suggest new method.

—— T. D. Lee, Nobel Prize Award Ceremony, 1957



Thank you for your attention !
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