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Which type of ‘chiral’ phonons?

Acoustic phonons, 2d
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TRS-broken phonons
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* Finite phonon angular momentum (intrinsic chirality)

* Finite thermal Hall effects (Onsager)

O Giant thermal Hall conductivity observed in several dielectric oxides

(O Mechanisms underlying phonon-driven thermal Hall effect

O Do these thermal Hall responses imply an intrinsic phonon chirality?

B. Flebus, and A. H. MacDonald, PRL(2023); PRB (2022).



The ‘simplest’ phonons
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O Plsymmetry implies :

Park and Yang, NanoLett (2020)

No individual or net phonon angular momentum

© However, there are finite angular momentum fluctuations

O They survive at T=0: novel, purely collective, type of vacuum noise
O How can we experimentally access these vacuum effects?

R.Yi, V. Williams and B. Flebus, arXiv (2025)



Giant Phonon thermal Hall (inception)
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Giant thermal Hall conductivity in the pseudogap

phase of cuprate superconductors
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Magnons?
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T(K) T(K) s very anisotropic (quasi-2d)
Strong in-plane magnetic field C. Hess et al, PRL (2003)
modifies magnetic order : The thermal Hall conductivity
Data show a very weak dependence of is almost isotropic,
the signal on the magnetic order like the phonon spectrum.

PHYSICAL REVIEW LETTERS 124, 105901 (2020)

Giant thermal Hall in systems
with no magnetic order

Phonon Thermal Hall Effect in Strontium Titanate

Xiaokang Li,l’2 Benoit Fauqué,3 Zengwei Zhu,2 and Kamran Behnia®'*



Kex | T (MW /K?cm)

Kxx | T (MW /K?cm)

Phonons as the leading heat carriers

P G. Klemens (1951)
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Giant thermal Hall effects in dielectric oxides

Insulating phase of high-T.. superconductors Non-magnetic dielectric oxide
[ ETTER PHYSICAL REVIEW LETTERS 124, 105901 (2020)

Giant thermal Hall conductivity in the pseudogap
phase of cuprate superconductors . . .
G. Grissonnanche'*, A. Legros'2, S. Badoux', E. Lefrancois', V. Zatko!, M. Lizaire!, F. Laliberté!, A. Gourgout!, 1.-S. Zhou?, Phonon Thermal Hall Effect m Strontlum Tltanate

. Pyon®$, T. Takayama*®, H. Takagi*®", S. Ono’, N. Doiron-Leyraud! & L. Taillefer'10%
G. Grissonnanche et al, Nature (2019)
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Breaking time-reversal symmetry

Low-T thermal Hall effects — Acoustic phonons
What allows acoustic phonons to couple to the magnetic field?

lime-reversal-symmetry-breaking (TRSB) mechanisms :

® RSB embedded in the phonon medium - intrinsic
(i.e., Hamiltonian coupling term)
Coupling to a degree of freedom that couples to the magnetic field :
electronic states, polarization, magnetization, ...

Chen et al, PRL (2020); Barkeshli et al, PRB (2012); Tuegel et al, PRB (2017); Shapourian et al, PRB (2015);
Ye et al, PRR (2020)...

® TRSB embedded in the scatterers - extrinsic
(i.e., skew scatting rates in a transport theory)
Phonon scattering on time-reversal-symmetry-breaking impurities

Flebus et al, PRB (2022); Sun et al, (2022); Mangeolle et al. (2023), ...



Intrinsic TRSB mechanisms
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* Acoustic phonons acquire a net angular momentum L

* Acoustic phonons acquire a dissipationless Hall viscosity 5y Barkeshli et al. PRE (2012)
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Sources of intrinsic mechanisms

Magnons Electric polarization

k endi
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Angular Momentum of Phonons and the Einstein—de Haas Effect . .
Enhanced Thermal Hall Effect in Nearly Ferroelectric Insulators
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Spinons Quantized anomalous Hall states

PHYSICAL REVIEW RESEARCH 2, 033283 (2020) PHYSICAL REVIEW B 85, 245107 (2012)

Dissipationless phonon Hall viscosity

Unquantized thermal Hall effect in quantum spin liquids with spinon Fermi surfaces

Yanting Teng ©, Yunchao Zhang ©, Rhine Samajdar ®, Mathias S. Scheurer ®, and Subir Sachdev Maissam Barkeshli, Suk Bum Chlll’lg, and Xiao-Liang Ql
Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA Department OfP]’lySiCS Stanford Ul’liVEl"Sify Stanford California 94305 USA

Can also ‘boring” ionic insulators with no magnetism, ferroelectricity
or non trivial electronic topology have a finite Hall viscosity?
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lonic crystals

Equation of motion for the lattice displacements L ,
Bipartite ionic crystal lattice

W ni = ¥ Dij(mn, K)um; © ¢ o—@
' m_ 71

mI ol matri

ynamical matrix P ©

~y 2
® In/out of phase motion : eigenvectors of D at the I point ‘ © o ‘
my
= Q_) In-phase phonon modes
Acoustic phonon at the 1" point ’

© —@

qg—,m_ G+, My B. Flebus & A.H. MacDonald, PRL (2022)

: ° 0_) Out-of-phase phonon modes

Optical phonon at the I point

® CFlastic interactions o f(y, 1, 7,) k* couple Y
in-phase and out-of-phase modes [

® Out-of-phase motion of cations and anions :
| orentz force does not cancel




TRSB mechanism

N
S Na

Acoustic phonons Magnetic field

Effective coupling of the acoustic phonons to the magnetic field

Lorentz force x Elastic force (wave-vector dependent)

Finite dissipationless Hall viscosity = finite phonon angular momentum

@® Equation of motion for the lattice displacements

W, = E D;;(mn,K)um; + g wwBgnun;€;;,
m,j J

—» |ntegrate out out-of-phase modes (gapped)

'

Effective theory for long-wavelength acoustic modes



Intrinsic mechanism

Effective action for the
long-wavelength acoustic phonons
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® Intrinsic Hall viscosity + scattering on

point-like impurities;

Rayleigh regime, weak scattering

Kopg ™~ 71
Koy ™~ T°

Guo et al, PRB (2021)

Inconsistent with
experiments!

More recently : giant thermal Hall in non-ionic crystals
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Extrinsic mechanism

Phonon thermal Hall =——» TRSB embedded in the scatterers

—~ 5 . : i : . )\
= ' Mean ,c,ele path _ Low Temperature
S 5 ;
N 4 = sample size + Only Iong—wavelehgth
e : 1 phonons are excited
- 3
E
Ph -ph , ,
= 2 _ "sr’c‘;';tgr,-,f,’g"” Defects modelled as a spherical region
=~ 4l with a specific strain and mass density
x Boundar : :
X 0 i A > a —» Rayleigh scattering

Oxygen vacancies :

. . Lorentz force
common defect in oxides

B

2

Imperfect local screening A ©
of the charge defects \b ‘

Later on : Guo et al, PNAS (2022); Sun et al, PRB (2022); — resonant scattering on multi-level defects



Transport theory

Boltzmann equation for phonon transport driven by
a temperature gradient VT

0wy VT aféo)
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Scattering rate ~ Wiq = 7, WL — Auhp - (k x @)18(w — cq)

Skew phonon scattering

Longrtudinal thermal conductivity Acoustic scattering Lorentz force
Y. 4 A B
T3 rte® i ©
KJZCZL’ = 5 Tw - 5 \’ ' ....... N \ ’."“
27T c (e _ 1)
CL(T)2 ¥ Pc

Thermal Hall conductivity

k}‘;T3 / Ay, x*e
Ky = d x b—
" 212k ¢
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o o ?Cu2+ Q 0*

— Scattering theory needed \ -

i, i vacancy



Model

Upon scattering on an oxygen vacancy,
long-wavelength phonons experience two perturbations :

® Acoustic scattering - Longit.udinal
.y acoustic wave

Ve account for viscosity
inside the defect

(Kelvin-Voigt model)

K
:
:
s
.
elect -

Pomeranchuk (194 1)
M. K. Hinders (1990)

Wave equation in spherical coordinates for a longitudinal incident wave

® [orentz potential Afj = WWe ({ X ]A) ' NB Field B

| | Y~ direction
Pc charge density P2 mass density

Cyclotron frequency of phonons inside the charge defect: w. = Bp. / 02

We consider random impurities with no spatial correlation among them



Scattering rate

Fermi Golden rule :

, iReC\” — ImC”

W', L,k L)« |4rc? — idnadwwe(k x k) - 1up

k
Acoustic scattering Lorentz force
(Solve wave equation (By itself « B?)

Kelvin-Voigt model Mo -
& continuity conditions

in spherical coordinates)
Ying at al,, JAP (1956); Pao et al, JAP (1963),
Shear fy, Aoy M. K Hinders, PRA (1991) ...

wave

0 . .
ImC’f ) x Elastic scattering
Longitudinal (0) |
Longitudinal wave ReC;" o« Wave attenuation o< Hy, 1,

wave

L Skew scattering o~ B J

Interference between Lorentz force and inelastic scattering contributions




Results
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Summary (Part |)

® Finite phonon Hall viscosity in 1onic crystals without coupling to
degrees of freedom other phononic

® [he observed giant thermal Hall conductivity might be explained
by Rayleigh scattering of phonons on charged impurities

® This mechanisms requires imperfect local screening of the charged
defects and acoustic wave attenuation

Discovery of universal phonon thermal Hall effect in crystals

5000 —
Xiaobo Jin!", Xu Zhang'*™, Wenbo Wan', Hanru Wang!, Yihan Jiao! and Shiyan Li'?>* - I ?;Ie A=9T |
. conventional
& 10000t
. Still an open puzzle : %
Universal mechanism (or not)? & 50001

100



Phonon angular momentum fluctuations

------------------------------------------------------------------------------------
.

ph ph
(L2, 2" (O0)])
High symmetry Broken inversion, P Broken time-reversal,7
v “1 Y1 RuleYi
[ = [ = L>0 | ~T<o L>0N| ~L>0
L=0 L=0| L<0 7| ~L>0 L <07 | \L<O0
-q rd | -q rd | rd

Minimal model

® /d crystal with two non-degenerate phonon modes
® [ime- and inversion-symmetry preserving
® No external drive (e.g, temperature gradients)

® Vacuum state



Angular momentum operator

A 1
H=h) oaa+-=), k=Ko
Z k( Kk 2) ( ) L. Zhang and Q. Niu,
k PRL (2014)

jeh=j ko _ w“" t M e at +h.c.
< (oS a)ka ka —k,o’ ka —k,o’
kaa

Fast oscillating

o Stationclry contributions :

a)k o’
_ T T T % T
o Z [ k,aMgkaG/ak,oak,U’ + gk,GMgk,a’ak,Uak,a’

kaa

(Jph>—zlk[fﬁa)k =hel Meg,

® TRS: (J Eh) =0 ® Plsymmetry: [, =0



Vacuum angular momentum fluctuations

Angular momentum susceptibility :

i [ - ~oho < 2oh zero-point
@) = _%L dr (01T, TON10) oo fetuations

e Number non-conserving terms J™ < a’ a’. , yield
Z k.o —Kk,o

h 2 a)k a)k / a)k + a)k /
— T Ng ,O O ,O
)((0)) — 2 ‘ gk,aM g_kag/ + -2 > >
4 Kk, 6#0’ Wk, 6’ Wk, o w= — (a)k,a + a)k,a’)
® No fluctuations if the modes are degenerate, i.e, Wy , = Wy

(If not, they can be combined in circularly polarized modes
that are also eigenmodes of H)



Vacuum angular momentum fluctuations

2 a)k,a n a)k,a’ 7 a)k,a + a)k,o"
2 2
a)k,a’ a)k,a @ (a)k,a + a)k,a’)

Example : two-level system coupled to
angular momentum fluctuations

h
T
) = — E e Me /
)(( ) 4 ) G#OJ‘ k,g —k,O'

Spontaneous emission
=> pair of phonons with opposite momenta
k and orthogonal linear polarization

. L a) — a)k,G + a)k’al

Can the phonon pair form a superposition state associated
with a finite J Iz’h(t) 7

[H,J th] x (a)k’o_ — a)k’al)



A classical analogy

Generation of a superposition of two classical waves u, () and u,(1)

Only superposition allowed by constraints
of phonon-pair emission

U(f) — plod (f( + ye—iéa)t)

ow = w, — @, >0

Relative phase ow - t modulates the instantaneous ellipticity of the
displacement field

No instantaneous ellipticity if the modes are degenerate, i.e., 6w = 0



A classical analogy

Instantaneous classical angular momentum
(vanishing time average)

J(t) = — o sin (Qay + 8)1) — : sin(5¢)




Summary (Part ll)

® [he vacuum of an inversion and time-reversal symmetric crystal can
exhibrt finite phonon angular momentum fluctuations.

® Key requirement : lack of mode degeneracy

® Non-commutativity of angular momentum
operator & classical analogy

® A probe that couples bilinearly to phonon operators may
generate/detect this phenomenon (optical phonons + Raman?)

® /o do :temperature effects, geometric phases, distinguishability between
“virtual” and “real” angular momentum noise, etc ..

Thank you for the attention!



