SPICE Workshop on Chiral Phonons

Discovery of universal phonon thermal Hall effect
In crystals

Shiyan Li

Fudan University

July 29, 2025, Ingelheim, Germany




Collaborators

Xiaobo Jin, Xu Zhang, Wenbo Wan, Hanru Wang,
Yihan Jiao

Fudan University



Classical and quantum Hall effects

a Hall effect (1879)

¢ Anomalous Hall effect (1881) e Spin Hall effect (2004)

b Quantum Hall effect (1980) d Quantum anomalous Hall effect (2013) f Quantum spin Hall effect (2007)
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Electron motion in magnetic field

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



Thermal Hall effect
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Hall effect Thermal Hall effect

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

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

Can phonon have thermal Hall effect in magnetic field?



Thermal Hall effect: experiment setup
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YBa,Cu;0, — electron thermal Hall effect
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Quasiparticle Mean Free Path in YBa,Cu307 Measured by the Thermal Hall Conductivity
K. Krishana, J. M. Harris, and N. P. Ong
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Quasiparticle Thermal Hall Angle and Magnetoconductance in YBa;Cu3O,
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Phenomenological Evidence for the Phonon Hall Effect
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We have used crystals of paramagnetic terbium gallium
garnet, Tb;GasO;, (TGG), to search for the magnetotrans-
verse phonon thermal conductivity. These crystals are
dielectric, are cubic, and contain ions that carry both a
high charge and a large magnetic moment, both factors that
have led us to expect a strong coupling to the magnetic
field. We have verified that the zero field magnetic suscep-
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B (T
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)
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Observation of the Magnon Hall Effect
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« an insulating ferromagnet with a pyrochlore lattice
* magnons influenced by DM interaction

Y. Onose et al. Science 329, 297 (2010)
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FRUSTRATED MAGNETISM
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Giant thermal Hall effect in multiferroics

T. Ideue™, T. KurumaijiZ, S. Ishiwata™® and Y. Tokura™?

NATURE MATERIALS | VOL 16 | AUGUST 2017 |
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o Lattice-spin interactions B(T)
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T. Ideue et al., Nat. Mater. 16, 797 (2017)
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Majorana quantization and half-integer thermal .

quantum Hall effect in a Kitaev spin liquid

Y. Kasahara!, T. Ohnishi!, Y. Mizukami?, O. Tanaka?®, Sixiao Ma!, K. Sugii®, N. Kurita®, H. Tanaka*, J. Nasu®, Y. Motome®,

T. Shibauchi? & Y. Matsuda'*

12 JULY 2018 | VOL 559 | NATURE |
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Giant thermal Hall conductivity in the pseudogap
phase of cuprate superconductors

G. Grissonnanche'*, A. Legros"?, S. Badoux!, E. Lefrancois', V. Zatko', M. Lizaire!, F. Laliberté!, A. Gourgout', I.-S. Zhou’,
S. Pyon*®, T. Takayama*®, H. Takagi*®78, S. Ono?, N. Doiron- Leyraud! & L. Taillefer!-1%

NATURE | VOL 571 | 18 JULY 2019
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» Giant thermal Hall conductivity in the pseudogap phase
« Neutral excitations with spin chirality?

G. Grissonnanche et al., Nature 571, 376 (2019)
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Chiral phonons|in the pseudogap phase of
cuprates

G. Grissonnanche ®'4, S, Thériault®", A. Gourgout', M.-E. Boulanger', E. Lefrancois’, A. Ataei’,
F. Laliberté ©', M. Dion®", J.-S. Zhou?, S. Pyon3#, T. Takayama3®, H. Takagi®35%7, N. Doiron-Leyraud'
and L. Taillefer ®'8&2

NATURE PHYSICS | VOL 16 | NOVEMBER 2020 | 1108-1111 |
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e Heat current along ¢ axis: phonon thermal Hall effect
e Inside the psudogap phase: a coupling of phonons to their electronic environment

G. Grissonnanche et al., Nat. Phys. 16, 1108 (2020)
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Thermal Hall conductivity in the cuprate Mott
insulators Nd,CuO, and Sr,CuO,Cl, . | _ La,0u0, .
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* Phonon thermal Hall effect in three cuprate ¢ T
Mott insulators r,Cu0,,
e Coupling of acoustic phonons to the intrinsic coBE s T coBos T

excitations of the CuO, planes
M.-E. Boulanger et al., Nat. Commun. 11, 5325 (2020)
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PHYSICAL REVIEW LETTERS 124, 105901 (2020)

Phonon Thermal Hall Effect |in Strontium Titanate

Xiaokang Li.l'2 Benoit Fauclué,3 Zengwel Zhu,2 and Kamran Behnia®"*
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A crucial role played by antiferrodistortive domains, which may induce
hybridization between acoustic phonons with transverse optical phonons

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

Anomalous Thermal Hall Effect in an Insulating van der Waals Magnet

Heda Zhang ,l’* Chungiang Xu,l’z’* Caitlin Carnahan ,3’* Milos Sretenovic,1 Nishchay Suri,3
Di Xi£1(),3’4’5 and Xianglin Ke !
lDeparfmenf of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
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SPIN LIQUIDS

Half-integer quantized anomalous thermal Hall effect
in the Kitaev material candidate a-RuCl;

T. Yokoi't, S. Malt, Y. Kasahara'*, S. Kasahara!, T. Shibauchi?, N. Kurita®, H. Tanaka®, J. Nasu?,
Y. Motome®, C. Hickey®, S. Trebst®, Y. Matsuda’*

Yokoi et al., Science 373, 568-572 (2021) 30 July 2021
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Evidence of a Phonon Hall Effect in the Kitaev Spin Liquid Candidate a-RuCl;

E. Lefrancois ,H G. Grissonnanche ,1 J. Baglo ,1 P. Lampen—Kelley,2’3 J.-Q. Yan ,2 C. Balz,4‘* D. Mamdrus,z’3
S. E. Nagler ,4 S. Kim ,5 Young-June Kim ,5 N. Doiron—Leyraud,1 and Louis Taillefer®"%* T
Ynstitut Quantique, Département de physique and RQMP, Université de Sherbrooke, Heater
Sherbrooke, Québec, Canada
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* K(T) matches topological bosonic modes in a Chern-insulator-like model

P. Czajka et al., Nat. Mater. 22, 36 (2022)
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* K, and x,, have a very similar temperature dependence = phonons
e T/ H scaling = resonant scattering of phonons on paramagnetic spins
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* Non-magnetic
* The anisotropic charge distribution surrounding atomic bonds

X. Li et al., Nat. Commun. 14, 1027 (2023)
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Planar Thermal Hall Effect from Phonons in Cuprates
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 Afinite phonon k,, Is detected in the AF parent compound
 The huge change in k,, emerging from Rh substitution on the spin-carrying site
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Majorana-fermion origin of the planar thermal Hall
effect in the Kitaev magnet a-RuCl;
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Joji Nasu3, Eun-Gook Moon®, Yuji Matsuda?, Takasada Shibauchi'*

Imamura et al., Sci. Adv. 10, eadk3539 (2024) 13 March 2024

A B
@® -90°(H|| -a)
B +26.5°
1.2 A +16°
% O +T°
® . @ 0°(H|b)
0.8t 0" .*..M.-%ﬁ;— 05, o
. é" B -2
2 0 = i&gﬂgﬂﬂaﬁ ) ® +90°(H | a)
Z o0 50 3 :
E AT e X L 0.50 °
I~ —**‘_ T =]
> 8 YL 3 = 05 o —
& 041 iy 1474 E 0 i 025 7
1 E <> ‘1\
% 1 i’ = o ° 0 3 °
-0.8L-%_ o —1-05 E Py
g% " % ' ~ - )
S 4 -0.25 5
P T F -05 I
95 100 105 11.0 115
----- @ ---f--------e-0.50
HoH (T) 10356550 <i5 0 15 30°90 °
¢ (°)

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

c Topological magnon

N

0

A~

0

B
Hl a H| b H|l -a
Majorana fermion
E E E
Chi
_U ’o'b ~
l’

.0

Ch=-1

Planar thermal Hall effect with
sign reversal
The sign reversal corresponds
to gap closure and opening of
Majorana fermions

Majorana fermions?



Na,Co,TeOq

nature communications

Article

3

https://doi.org/10.1038/341467-024-47858-5

Planar thermal Hall effect from phonons in a

Kitaev candidate material
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 Another Kitaev candidate material

Planar THE from phonons
A non-zero k,, signal in two field directions H // J //aand H // J /] a*
Re-evaluation of the planar x;, origin in a-RuCl;

L. Chen et al., Nat. Commun. 15, 3513 (2024)
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Thermal Hall effect in the van der Waals ferromagnet Crl;

Chungiang Xu,">"" Heda Zhang.""" Caitlin Carnahan.’ Pengpeng Zhang.' Di Xiao.** and Xianglin Ke ®'

L Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824-2320, USA
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» A prototypical van der Waals ferromagnet similar with VI,
 Magnon-phonon hybridization or magnon-phonon scattering?

C. Xu et al., Phys. Rev. B 109, 094415 (2024)
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Phonon thermal Hall effect in SiO,
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Phonon thermal Hall effect in SrTiO,

SrTiO, | | H= Ig T
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phonon is the only well-defined quasiparticle,

Non-magnetic material 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.

Structure domains?
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First surprise: phonon thermal Hall effect in MgO
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Hall viscosity induced by magnetic field in ionic crystals
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Second surprise: phonon thermal Hall effect in Si
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property of all crystals!
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the largest in all reported crystals so far.
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Universal scaling law of |,
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Universal scaling law of |k, Ky
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Deviation from universal scaling law in magnetic insulators
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The effect of copper block heat sink

0.01

| Y,Ti0;
from ref. 5

o
[N}
]

S
-4 L B
8 000b oo sisowT e -
=15K a-"‘ \ 0.2}
o~ Y,Ti,0,
.',.-""\Tb2TI207 1 mW -0.4
-0.01 al _ 20uW, . H(T)
™ 0 5 Thermal Hall angle: ~ 0.25%
uH (T)

pound. We attribute the remaining, non-vanishing Hall
signal in Y2Ti207 to temperature gradients on the brass
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The effect of copper block heat sink
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Thermal Hall effect in Y,Ti,O,

PHYSICAL REVIEW B

covering condensed matter and materials physics

Highlights Recent  Accepted Collections Authors Referees Search Press

EDITORS' SUGGESTION ;?_“

Phonon thermal Hall effect in nonmagnetic E

Y2 le 07 S

The authors report a field-linear thermal Hall effect in single-crystal ;‘é _O -6 B
samples of Y2Ti207, DyaTi207, and DyYTizO7. The slopes xxy/B show Eb--
temperature-dependent peaks that align with corresponding peaks in z:-q

the respective longitudinal thermal conductivities xx(T). This is
consistent with a phononic thermal Hall effect, observed in a growing _0 g
number of insulating materials. While the presence of magnetic Dy3* )

ions significantly influences the longitudinal thermal conductivities, the
thermal Hall ratios vary rather weakly between magnetic and
nonmagnetic materials, suggesting a primarily nonmagnetic origin of
the thermal Hall effect. _1 .2 I~

Rohit Sharma, Martin Valldor, and Thomas Lorenz . | . . . | ) .

Phys. Rev. B 110, L100301 (2024) 0 20 40 60 80 . 100
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Prof. Thomas Lorenz’s group

R. Shama et al. Phys. Rev. B 110, L100301 (2024)



Thermal Hall effect in KTaO,
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Looking back ...

Title Group Arising from Cite
. the propagation of the spin waves influenced by Science 329, 297
Observation of the Magnon Hall Effect Y.Tokura | e Dayaloshinskii-Moriya spin-orbit interaction. (2010)
L h | Hall ivity of |
argei grmg ? conductivity of neutra the spin excitations with specific characteristics Science 348, 106
spin excitations in a frustrated quantum N. P. Ong -
that distinguish them from magnons. (2015)
magnet
Emergence of nontrivial magnetic the nontrivial elementary excitations in the Proc. Natl. Acad. Sci.
excitations in a spin-liquid state of M. Yamashita apless spin Iiryuid state U.S.A. 113, 8653
kagomé volborthite gapless spinlig : (2016)
Nat. Mater. 16, 797
Giant thermal Hall effect in multiferroics Y. Tokura a coupling between magnetism and phonons. 2017)
Majorana quantization and I1.alf—|ntleger the topologically protected chiral edge currents Nature 559, 227
thermal quantum Hall effect in a Kitaev Y. Matsuda R .
Lo of charge-neutral Majorana fermions. (2018)
spin liquid
Giant thermal Hall conductivity in the . the neutral excitations with spin chirality in the Nature 571, 376
pseudogap phase of cuprate L. Taillefer seudo-aan phase (2019)
superconductors P gapp ’
Chiral phonons in the pseudogap phase . a coupling of phonons to their electronic Nat. Phys. 16, 1108
L. Taillefer .
of cuprates environment. (2020)
Thermal Hall conductivity in the cuprate L Taillefer a coupling of acoustic phonons to the intrinsic Nat. Commun. 11,
Mott insulators Nd2CuOs and Sr2CuO:Clz ' excitations of the CuQO: planes. 5325 (2020)
Half-integer quantized anomalous .
thermal Hall effect in the Kitaev material Y. Matsuda the neutral Majorana fermions. Science 373, 568
) (2021)
candidate a-RuCls
Large phonon thermal Hall conductivity in . a likely possibility is scatt.enng from local spin Proc. Natl. Acad. Sci.
the antiferromaanetic insulator CusTeO. L. Taillefer texture created by an impurity or defect U.S.A. 119,
9 lee embedded in a magnetic environment. €2208016119 (2022)
Planar thermal Hall effect of topological N.P. On the spin excitations evolve into magnon-like Nat. Mater. 22, 36
bosons in the Kitaev magnet a-RuCla -r-om modes with a Chern number of 1. (2023)
The phonon thermal Hall angle in black K. Behnia the anisotropic charge distribution surrounding Nat. Commun. 14,
phosphorus ’ atomic bonds. 1027 (2023)
Majorana-fermion origin of the planar Sci. Adv. 10
thermal Hall effect in the Kitaev magnet Y. Matsuda the neutral Majorana fermions. . o
eadk3539 (2024)
a-RuCls
Phonon chirality from impurity scattering L Taillefer the scattering of phonons by impurities Nat. Phys. 20, 585
in the antiferromagnetic phase of SrzIrO4 ' embedded within a magnetic environment. (2024)

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?

e EXxtrinsic: coupling to the magnetic environment, impurity scattering,
AFD domains...

* Intrinsic: PHYSICAL REVIEW LETTERS 123, 255901 (2019)

Berry Phase of Phonons and Thermal Hall Effect in Nonmagnetic Insulators
Takuma Saito,1 Kou Misaki,1 Hiroaki Ishizuka,1 and Naoto Nagaosa1’2
lDeg)arm?enr of Applied Physics, The University of Tokyo, Bunkyo-ku, Tokyo, 113-8656, Japan
RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama, 351-0198, Japan
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Summary

1. By measuring a series of trivial non-magnetic insulators and intrinsic
semiconductors, including SrTiO5, SIO,, MgO, MgAl,O,, Si and Ge, we
have experimentally discovered a universal phonon THE in crystals,
characterized by a scaling law of |x,,| ~ &,,°.
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.

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

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