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Phonons: topology & chirality

Research Background

E DFT calculation l

. Condensed Matter ' Condensed Matter

Theory Experiments

Research interests
* Topological band theory
* DFT calculations (electrons & phonons)
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Phonons: topology & chirality

Background |: Topological electronic materials

Topological

Invariant
Is the key

Bulk-surface correspondence Topological classifications

Trivial Topological  Topological insulators, topological

insulator Insulator crystalline insulators ...

Conduction  Topological semimetals: Weyl semimetal,

band

Conduction
band

Dirac semimetal, node-line semimetal...

Topological Y
surface states =
(metal) application
L ow High conductivity on the
conductivity surface
\ 4 -— + Spintronic devices, low-loss devices,

topological quantum computation
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Phonons: topology & chirality

Background |: Topological electronic materials

®* Complete the classification of topological states, reduce the computation volume (107~104) of
topological invariants for 230 space groups

® Design an algorithm, high-throughput calculation on non-magnetic materials, discovered 8000+
topological materials, build the first topological database. (http://cmpdc.materiae.iphy.ac.cn/)

®* Prediction on topological electronic materials, all of them have been experimentally verified

Topological band theories Topological material database Topological materials  Topological materials
(Prediction) (Observation)
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Tiantian Zhang, et al., Nature, 566, 475-479 (2019)

PRB 102, 125148 (2020)

npjComputMater 8, 155 (2022)

Adv.Mater. 2309803 (2024) Nature 567, 496-499 (2019)
Sci.Adv. eaau6459 (2019)

Song, Zhang, et al. NatCommu (2018)
Song, Zhang, et al. PRX (2018) Zhang, et al. Nature 566, 475-479 (2019)
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Phonons: topology & chirality

Background ll: topological and chiral phonons

Harmonic
approximation

phonon: * Resistivity in (semi-)metals

quantum description * Charge-density waves
of lattice vibrations e Superconductivity

Anharmonic
effects

Phonon lifetime

Phonon thermal conductivity
Anomalous thermal expansion
Mechanical Properties

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing



Phonons: topology & chirality

Electrons v.s. Phonons: ways to control

Charge
neutral

Phonons

Other DOF?

s orbitals p orbitals
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Phonons: topology & chirality

Electrons v.s. Phonons: ways to control

Developed independently

*

Weyl Fermion: Weyl Phonon:
Chiral & Chiral &

Topological Topological

Topological band theory

Electrons Phonons

Zhang et al. NatCommun 16, 3560 (2025)
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Phonons: topology & chirality

Weyl phonons: Topology&Chiral

Topological invariant: Chern number Chiral surface state Surface arc

Cy = 5= [¢Qu(K)-dS C=0

C=+1
Q,(K) = i(Vkuuk | X |Viitnk) ﬁ

Weyl point

Topology: Nonzero Chern number

k-space Chirality:
The sign of Chern number

Pseudospin texture (wrapping number)

Helicoid surface states

C. Fang, et al, Nat. Phys. 12, 936 (2016)
Zhang et al., PRB 102, 125148 (2020)
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Phonons: topology & chirality

First Weyl phonon in FeSi family: prediction

Zhang et al. PRL 120, 016401(2018) Double Weyl phonons

Miao, Zhang, et al. PRL 121, 035302(2018)
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Phonons: topology & chirality

First Weyl phonon in FeSi family: observation

Zhang et al. PRL 120, 016401(2018)
Miao, Zhang, et al. PRL 121, 035302(2018)

Weyl phonons observed in FeSi by inelastic X-ray

(d) Spin-1 Weyl
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Phonons: topology & chirality

r-space chirality in phonon spectra

Depends on symmetry r-snatl Na
* Linearly polarized motion q p— h L, (q) = Z ul’fq X Llﬁq = equMZenq
e Circularly polarized motion chirality

Angular momentum

K

» Certain atoms keep stationary Assume z+ as the propagating direction,

since chirality need 3 degrees of freedom

(d1) Nonzero Angular Momentum

9 @ Last century:
o QN EB?Q} —> most widely exist in “Circularly polarized phonon”
solids “Rotational vibration”

(d2) Zero Angular Momentum

O\ . After 2008:
— > symmetry restrict
Q)
R. C. Johnson, Angular momentum on a lattice. Phys. Lett. B 114, 147-151 (1982
Yu. T. Rebane. Zh. Eksp. Teor. Fiz. 84,2323-2328 (1983

d S
D - /D “Chiral phonon”
o 9 7 AM=0
i
A Bermudez and M A Martin-Delgado, J. Phys. A: Math. Theor. 41 485302 (2008)
(2008)
(2014)

‘. A Bermudez, et al., Phys. Rev. A 77, 063815 (2008
Zhang et al., arXiv:2503.22794 Zhang and Niu, Phys. Rev. Lett. 112, 085503 (2014

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing



Weyl phonons and Chiral phonons

Weyl phonons are both topological and chiral

nang et a
nang et a
nang et a

N [N [N

classification  polarized phonons

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing

. PRL 120, 016401(2018)
. PRB 102, 125148 (2020)
. NatCommun 16, 3560 (2025)

Weyl phonons are topological and chiral (k&r-space)

topological
surface states ~ NoNnzero AM
— - : : A | Circular
I:E:Eif Pseudospin  Chern t?ﬁgﬁgﬁfl CIrCUIar?tDmIC mu:'ngeunf:m atomic motions
texture number motion
states ) :
topological Weyl chiral o . -
phonons = phonons phonons e d
D} oL ‘\}
WIC?F—‘EY widely am{}f
exist exist )
Rich Circularly




Phonons: topology & chirality

Topological band theory for Weyl phonons: symmetry vs. diagnosis

Cn rotation symmetry Cs! screw rotation symmetry

- 'Erar

22 Eiq-runq

1 -fr-::- s =

Cﬂuq — Cn Z B;HHH(RI, ’Z'x)é’ RRA7) = ez’”Tluq C;;unq T CHP 'runqunq =€
Lx,a

=1 pseudo-angular momentum: lp

pr— ot is an integer, modulus n

'° lon is g-dependent,
2% r/n modulus n

h = lrﬂt +

Tarantul, A., & Tsukerblat, B. Inorganica Chimica Acta, 363, 4361-4367 (2010) Zhang and Murakami, PRR. 4, L012024 (2022)

Zhang, L., & Niu, Q. PRL, 175, 115502 (2015)
How to observe -
C: (LF,Ly) phonon 1
| topology &
@ chirality?

E (eV)

oOXx=-1
-

C Fang, et al. PRL 108, 266802 (2012)
C Fang, et al. PRB 86, 115112 (2012) Stepan et al., PRB 96, 045102 (2017)

Rotational Symmetries (PAM) can diagnosis Weyl phonons




Phonons: topology & chirality

Weyl phonon: topological & chiral

k-pace chirality
symmetry m

constraints

General

chiral h Weyl Phonons:

phonon topology&chirality

Angular
momentum

diagnose topological
information

r-space chirality

AM and PAM (lpn) are not inherently related, DFT
calculations/symmetry analysis are needed

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing



Phonons: topology & chirality

Symmetry constrains on the chirality of phonons @ q

phonon degeneracy, AM, PAM, experimental benchmark...

a1l A arn D~ - o PN o ~ R BN S B ~ AN O - ' ™
. / C U O AL L5 _:-, .. olf _'4;'. ® o =
symmetries C, C,
+ * AM is parallel the C, axis (Only has 1D IRREP) « AM is perpendicular to mirror plane (Only has 1D IRREP)
* Half wave plate-analogous effect (¢, = — 1) * Half wave plate-analogous effect (m = — 1)
General Ch ! ral phonons ﬁ ° Raman shifts split in CPRS (n=3, 6) | _* Raman shifts degenerate in CPRS
C. D, i
'« AM=0 for 1D IRREP | [+ AM=0 for 1D IRREP | [+ AM=0 For 1D IRREP
* PAM=+/, form 2D IRREP * PAM=+/, form 2D IRREP * PAM=(0, +1) form 3D IRREP
.\\L' Raman shifts degenerate in CPRS )| JIRt ,.f"!
Type-II/Ill magnetic point groups
7 PT
» AM=0 (at TRIM) « AM=0in the whole BZ
* Only has 1D IRREP * Only has 1D IRREP
C.T,D0, T PT&C, I
« AM=0 for 1D IRREP « AM=0 in the whole BZ for 1D IRREP | (« AM=0 for 1D IRREP
« PAM:if'ph form 2D IRREP * PAM=t/,, form 2D IRREP » PAM=(0, +1) form 3D IRREP
* Raman shifts degenerate in CPRS * PAM=+1 form 2D IRREP

Zhang et al., arXiv:2503.22794

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing




Phonons: topology & chirality

Symmetry constrains on the chirality of phonons @ q

AM and PAM (lpn) are not inherently related, DFT
calculations/symmetry analysis (below) are needed

BreakH&CHV # 5--5= 1@ Rany ;“‘_-_ ::;_1= _‘ ?_;i. DCEeSS: (O Yo =

DO
Cn CS

p . p N
* AM is parallel the C, axis (Only has 1D IRREP) * AM is perpendicular to mirror plane (Only has 1D IRREP)

* Half wave plate-analogous effect (¢, = —1) * Half wave plate-analogous effect (m = — 1)

: Raman shifts split in CPRS (n=3, 6) h' Raman shifts degenerate in CPRS

G D, i

'« AM=0 for 1D IRREP | [+ AM=0 for 1D IRREP | [+ AM=0 For 1D IRREP

* PAM=+/,, form 2D IRREP * PAM==/,,form 2D IRREP * PAM=(0, +1) form 3D IRREP

* Raman shifts degenerate in CPRS : _/

|. Break Il. Break ko
Type-Il/1 ti int
E&Cnv I&Cnv : ype-11/1ll magnetic point groups a

* AM=0 (at TRIM) * AM=0in the whole BZ
* Only has 1D IRREP * Only has 1D IRREP

c. 7,0, F PT&C, gl

. pgm:i,.'ph form 2D IRREP * PAM=t/,, form 2D IRREP » PAM=(0, +1) form 3D IRREP

» AM=0 for 1D IRREP . AM=0 in the whole BZ for 1D IRREP 1 (e AM=0 for 1D IRREP
* Raman shifts degenerate in CPRS * PAM=+1 form 2D IRREP

Zhang et al., arXiv:2503.22794

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing




Phonons: topology & chirality

|. Break P&Cnv: Weyl phonon in chiral crystal (Te)

Chiral crystal Te:

Cs' screw rotation symmetry Phonon spectra of Te

120
C ] 100
80 P4 |hree Raman
active mode
60
How to
40 YN observe/selectively excite
phonons by lph?
R 20
OA
Zhang and Murakami, PRR. 4, L012024 (2022) gEa”Q’ e: a:- EEE 23%8’12165(25332 %‘3122)
Zhang et al., Nano Lett., 23, 75617567 (2023) St ot ot PRB 96, 045105 (2017)

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing



Phonons: topology & chirality

|. Break P&Cnv: Weyl phonon in chiral crystal (Te)

Cross circular polarized Raman spectroscopy c-CPRS on Te: E' mode

(c-CPRS) b2

Intensity (a.u.)

= — | o+ o
N ~= Upn conservation rules: >t _— T -
O 1 t = : 80 90 100 110 120 130 140 150 16C
Q ES 22; momentum Lﬁ 11 : Raman shift (cm™)
P, energy 5 b3
o s ~ o
scattered (3) pseudoangular momentum lpn S : PR ot
I N I'-A path 5
initial state % PP o ok
l o4 95 s 100 102 10

Raman shift (cm™)

kphoton - kph

Raman shift = Weyl phonon frequency Zhang, and

A lphoton = Iph (modulus n) ZAUES'JSBHZIfRR

(2022)
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Phonons: topology & chirality

|. Break P&Cnv: Weyl phonon in chiral crystal (Te)

PAM: the relative phase between neighboring atoms. c-CPRS on Te: E' mode

The phase of Te1’ is advanced/delayed comparing to b2
oy c'lc
:’: o/ o
Te2, so lph =+1/-1. % s
>
- —N0/ — 2
lph =+1 loh =-1 loh=1-(=1)=2%3=-1 8 j &w
>
@momentum N @ momentum N g]<“:i 80 90 100 110 120 130 140 150 16C
S o - : Raman shift (cm™)
LL]
@ @ |11 b3
o o’ - L 1
' ' ; S g .,T..._a : G_// o
y r N I'-A path > A e
W € | 002o00os” 1950mT "oe0t8egg00
94 9 98 100 102 10

Iph=(-1)-1=-2%3=+1

Raman shift (cm™)

kphoton - kph
Raman shift = Weyl phonon frequency
/A lphoton = Iph (modulus n)

selectively screening phonons

Zhang, and Murakami. PRR 4, L012024 (2022)
Zhang et al., Nano Lett., 23, 7561-7567 (2023)
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Phonons: topology & chirality

Frequency (cm)

“Obstructed atomic insulator’-like
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Phonons: topology & chirality

|. Break P&Cnv: Weyl phonon in chiral crystal (a-HgS)

_ _ c-CPRS on a-HgS
* Same space group with Te, chiral crystal
* Cs'screw rotation symmetry SRER o
1
a :
350 g 5 !
r{®u=1 =] ;
300 [+ +
v o e +1
250 r—1 —1
R .
§ 200 I
F | Anti-Stokes Stokes
% 150 EO — 1.0 f 10 F
E ol - - o8 |
b 100 p+1 El 07 - -
TN P 7 o o3|
= - 54 :L_1 \gé 0:42- e 0:42- el b
I K # = = g:: 0.4+ 0.01 cm™ g:g O.SiiOi.O'l cm’’
0 i—/’—’—o"' N 0-1—9:;6..;555”'—55“—;57”H—ééllliéé“—.éélllI—.-é._’.’«.”—slé”-.-éi”—l-so 0-18;"'8'1”“52'IH8I3“H8;L”“8“5III”8;3””8|7”“8'8H”8;9““90
N (A) A

Ishito, ... Zhang ... et al. Nat. Phys. 19, 35-39 (2023)
Ishito K, Mao H, Kobayashi K, et al. Chirality, 35: 338-345 (2023)
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Phonons: topology & chirality

Two enantiomers for Te

Zhang and Murakami. PRR 4, L012024 (2022)
Zhang et al., Nano Lett., 23, 7561-7567 (2023)

c-CPRS on Te

o o'/o

—————————————————————————————————————————————————————————

f"(a,l) right-hand crystal  (32) AM: + (@3) C, symmetry  (a4) Weyl point
4 | =_1 |

-

S
ph

number

% 96 98 100 102 104

: Angular _
(b1) left-hand crystal . momentum . (b4) Welyl point

Structure

A N N N N N S B T S A S O A A S S O A N A ) O N A T Sy
N I I N I I S I I S I I D S B BN I DD I B B DI GEE I I S S -

94 9 98 100 102 104
Raman shift (cm™)

------------------------------------------------------_#

One can use any of the quantities above to identify the chirality of crystals
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Phonons: topology & chirality

Way to obtain circularly polarized phonons

~ e o~ 5 2 o~ 2oy B meam oo nn o oo o ~ YR BN o - T o S S - ' »
/_ C Vilw = ) d?._ .d | _'_ "_{" 9 v s 4 (] »
Cn C5
nv : is parallel the C, axis (Only has ¢ is perpendicular to mirror plane (Only has
Break PT AM llel the C, axis (Only has 1D IRREP) AM dicii) lane (Only has 1D IRREP
m * Half wave plate-analogous effect (¢, = — 1) * Half wave plate-analogous effect (m = — 1)
: Raman shifts split in CPRS (n=3, 6) k' Raman shifts degenerate in CPRS
Ci D, T
'« AM=0 for 1D IRREP | [+ AM=0 for 1D IRREP | [+ AM=0 For 1D IRREP
* PAM=+/,, form 2D IRREP * PAM==/,,form 2D IRREP * PAM=(0, +1) form 3D IRREP
* Raman shifts degenerate in CPRS
Q g = . o - _/
Type-Il/1ll magnetic point groups
1 PT
* AM=0 (at TRIM) * AM=0 in the whole BZ
I' Break "' Break * Only has 1D IRREP ] * Only has 1D IRREP
P&Cnv T&Cnv
= — C.T,0,F PT&C, ;g
* AM=0 for 1D IRREP . AM=0 in the whole BZ for 1D IRREP 1 (e AM=0 for 1D IRREP
. pgm:i,.'ph form 2D IRREP * PAM=t/,, form 2D IRREP » PAM=(0, +1) form 3D IRREP
* Raman shifts degenerate in CPRS * PAM=+1 form 2D IRREP

Zhang et al., arXiv:2503.22794

Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing




Phonons: topology & chirality

Il. Break T&Cnv: Magnetic order-induced phonon splitting in Weyl semimetal

O K VA VAl #166, R-3m Inversion-symmetric
®s 2 Raman active + 9 infrared active
FM Weyl semimetal @

12

Tc~177K @sn |

dxy, dx2 dxz, dyz

0
I TL !
| T L F r
-0.5
Xu et al., PRB 97, 235416 (2018)
Wang, et al., NatCommun, 9, 1-8 (2018) Yang, ... Zhang®*, Dressel*, PRL 134, 196905 (2025)
Liu, et al., Science, 365, 1282-1285 (2019) Che, ... Zhang*, Yang*, PRL 134, 196906 (2025)
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Phonons: topology & chirality
Phonon splitting on Raman active modes: Eg

Magnetic ordered induced phonon splitting
Different from CeCI3. Fe2Mo308. CoTiOg3, et al.

Frequency (THz)

Raman active modes: E +A,,

Frequency (THz)

, Sa e el 84 87 9.0 11.1 11.4 11.7 12.0
Eq 298K »~ IR
12 VERS * & a » RL
A 900 | 1 “;z(
Mo 140 K L ]
10 _ " l
=1 . Eap 120 K[
N g Break - A :
> | £ 500 80 K >
W
O 6 LiEs: mode B g :
T I - IS =
3 ; ]
= 300
L al S
H- )
C
()
-]
2 r o 100 |
s
QL) 1 ] 1 _2 I i " 1 1 1 50 i i i i ",’," st TRl -J- ] 1 .
= 55 00 25 55 00 25 285 295 305 280 290 300 370 380 390 400
0 g Magnetic Field (T) Raman Shift (cm~1) Raman shift (cm™1)
[ L Che, ... Zhang*, Yang*, PRL 134, 196906 (2025)

Zhang et al., arXiv:2503.22794 (2025)
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Phonons: topology & chirality

Phonon splitting on infrared active modes: Eu

Infrared active modes: E,

circular dichroism (<Tc)

Strong
ele-ph coupling « a) Asymmetr|c<Tc (b)

(-
N
T

glﬂ-
el
)
g 5
S I C
3 6 &
v —
L —
)
%)
<

150 160

Wave number (cm™})
c) Photon energy (meV) 3 J o] gle]alel g W1 o) [1u1]g]e

r l : : : B r 1 158.8 *
optical conductivity Eu splits, s Elgg.eg
020 40 = 60 two chiral phonons have h g 15848

ol Co,Sn,S, _ Diferent frequency, 3 Z EEEE
z T,=175K ele-ph coupling g LS |8
BE B} 7= 200K 100K, 5K 50 10 170 0 20 40 60 80 100120 7
S 4F - Wave number (cm™) Temperature (K)
©
=
!
Y Yang, ... Zhang*, Dressel*, PRL 134, 196905 (2025)

Zhang et al., arXiv:2503.22794 (2025)
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Phonons: topology & chirality

Phonon splitting in Co3Sn2S2

FM order > Strong EPC —> chiral
phonon splitting
Eu splitting |

Eg splitting
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DFT algorithm on the phonon splitting Is in preparation,

Yang, ... Zhang*, Dressel*,PRL 134, 196905 (2025) based on the molecular Berry curvature theory.
Che, ... Zhang*, Yang*, PRL 134, 196906 (2025)
Zhang, ... Zhang*, arXiv:2503.22794 (2025)
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Weyl phonons and Chiral phonons

Symmetry constrains on Eg mode under Cn

AM and PAM (lpn) are not inherently related, DFT

calculations/symmetry analysis (below) is needed
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Weyl phonons and Chiral phonons
Experiments on PAM with Cnv

AM and PAM (lpn) are not inherently related, DFT

Preserve : . .
PT or Coy ? calculations/symmetry analysis (below) is needed
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Weyl phonons and Chiral phonons

Experiments on PAM with Cnv

AM and PAM (lpn) are not inherently related, DFT

Preserve calculations/symmetry analysis (below) is needed

PT or Cnv ?
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Weyl phonons and Chiral phonons

Mirror/C2 odd phonon: half-wave plate
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Phonons: topology & chirality

Conclusion: the “topology” and “chirality” of phonons

®* We study and built the connection of topology and chirality in Weyl phonons.
®* We predicted several topological phonon materials, all verified experimentally, including the first
topological phonon material FeSi

®* We proposed either break P (Te, a-HgS) or T (Co3Sn2S2) can obtain chiral phonons.

Topological phonon materials Weyl/Chiral phonons in 3D
Sci. Adv. 6, eabd1618 (2020)
PRR. 4, L012024 (2022)
Chern PRB 106, 184104 (2022)
number Nat. Phys. , 19, 142-142 (2023)
BB L Nano Lett., 23, 7561-7567 (2023)
Comments are momentum “*_  helicity npj Comput Mater 10, 264 (2024)
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Thank youl!
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