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Fig. 1. A mechanical rotation of a freely suspended

body caused by the change in its magnetization.
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Fig. 2. Phonon Hall effect: the direction of the heat
flow is deflected by the magnetic field [8].
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Fig. 3. (a) The phonon angular momentum J7Y B of one unit cell as a function of A at temperature 7' = 0 K

for different lattice symmetries; (b) the contour plot of the phonon angular momentum J?Y b of one unit cell as a

function of A and temperature T; (c) the phonon angular momentum J?Y b of one unit cell from different phonon

bands as a function of temperature T' at A = 1 THz, where the arrow denotes the Debye temperature of the model

(Tp = 358 K); (d) the phonon angular momentum JE® of one unit cell from different phonon bands as a function

of A at T'= 0 K. The phonon angular momenta in (b)—(d) are calculated for a honeycomb lattice. All the phonon

angular momenta are in the unit of %9,
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Fig. 6. Valley phonons in a honeycomb AB lattice: (a) Phonon dispersion relation of a honeycomb AB lattice,
the insets show phonon vibrations for sublattices A and B in one unit cell at K’ (k; = 7§—Z,ky = 0) and K
(ke = 3’ ky = 0), a is lattice constant, numbers 1 to 4 denote four bands. The radii of circles denote vibration
amplitudes, phase and rotation direction are included; (b) phase correlation of the phonon nonlocal part for sublattice
A (upper two panels) and sublattice B (lower two panels) at K’ (left panels) and K (right panels); (c) phonon
pseudoangular momentum (PAM) for bands 1 to 4 at valleys K’ and K. Here, the longitudinal spring constant
K1, = 1, the transverse one K = 0.25, and ma = 1, mp = 1.2. The primitive vectors are (a, 0) and (a/2, v/3a/2),
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[ RE R AC IR Bl 22 e sl e, JiBL, 9 B 7 JF:
B § M s R A1 B -1
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[IEILTE I A B B9 O B, T ks 1) 1 T JE A 2 it
ST TS E; RN, BEOE 1, —1,0. ATLL,
TEREAT AL BT A 75 T 1, T imAs A, B E )1k
P, 0], AR

5.4 HBFARNABEEESTRIEEEN
54.1 TMD ¥ XM R 4N Z

LTS R B TP I 2 7 0 0, fE = E i
HNIRESAZ, ARG T 0 A, B HLE R
SE. U SRABURE M X L HL T T T R A RBILE,
1115 S BT T R B ELE, BT LA RS
W R HE BN L) = £, 7 = +1. FTUA, 1F
A 4 BRI A SR 0 T FL T IR AT A e B A e I A Ak
TRAMFPGE, BT A zhEFE, 7T 4E 5%
e

le = Iy = lphoton = £T. (35)
SHASI RSN AR ZET T AE, W
7.

7 R T A U 4

Fig. 7. Selection rules in electronic intervalley scattering.

FEFT 2B TS I W EUH, 28
JE RS AT EMW SRS, XL
—RALFHUN. IR, KON 3R,
e N
Alpho‘con = lph> (36>
HTHANENRRETETEASIE. £ 51
PE IR R R 2 WO, AIEMAshE L,
—1, FrCAR] CATIURHAE 08 3 R A i (A e B ) A
A5 B R AL ) TR — SR SR B L 2 G

FEREA LR, N (2o 0ie) 06 7 IRl — N
Ji€ (22 i€) 75 5 BRR M — AN Fe e (ATie) 751, SRR A
NFETE (AE) Je ¥ U9 X —iE P e MR 7 TMD
FOCHE LIS, A S .

B8 I SFFBUrEetitt (a) fe K’ ket b,
(b) feA K ATt i

Fig. 8. Photon helicity changed by phonons at I" (a) left-
handed photon changes its helicity at K’ valley; (b) right-
handed photon changes its helicity at K valley.

5.4.2 WFRES A HCAT

W 7, R AN BRI T (on =
+1) 7] DLSEH A1 B AR AR, BT R =
B ARPE S A A s, 15 R L S E A RE
SEIE B S AR, AT LLAS B8 6 A 2 B ST E ) 1k
€ N

lc(v) (K) - lc(v) (K,) = =1, (37)

K mi 3 (i) s 5 K s 3 (i) M)
B EHETZAF THIERMASE. RPN, 8
RSO HE XL R IE D B 1 48 K R
BRI 2524 ek, AR T DL AR — A
A7 WA A sh s AT R 1 45 s 1 19,
5.4.3 ZHu4a 69 5 ] A
H B IRIERG ) B (R RN E R

W) AR A = 1.65 eV HIERER K 1M 7 T
Ak v = 150 meV B E BEsE . A S KAH 3 meV
fRIES 2L, FHLG AT DL 20, ol o WS Bl R O, Wl
DI B4 75 12 5 i T AU, 2 & M sh s
SR AE B ST AE e 43 E T

Ale) = %lph £ Iphoton,

Ak v = Thwpn £ ”wphoton, (38)
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LT A BRI R S T T DT M s R A
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XFFRR TR, FEREA AT IR A B E
1, =1, W2 0 B A Al s T OR T RE
A K )X er (0 A aon), Aot
HATH KRR, USSR I 7 RE 0 AL,
HErRAREE, el AR — AN T4 Us
F A —ARA L. (HE, BT AR E i
BEZE, X nT LUE R i — S 2 A db o' 191 AL
R AT T T IRHUR 2155 — M8, X ELH
T E e A [ RE .

le=1

(a) (b)

0 HLHANHI RS K AH T (a) WA IO,

TR MBIEN L, = —1 MEF; (b) WA R FIF

RN Lon = 1T 1)

Fig. 9. K-valley phonon emitted in hole scattering

of MoSz: (a) A stimulated right-handed photon is

absorbed and a phonon with I, = —1 is emitted;

(b) a stimulated left-handed photon is absorbed and a

phonon with I, = 1 is emitted [19].

w9 (a), HZEATIGEREEE S, 7T LA %

BUTE Ay + Puopn (A SEAE 17— SR U, A4 i%
FEN, RS WTFIEA T K RBFRMAsE -1
JLPRIELE 164.4 meV (55— 198 meV [IEANHE,
Kl 9 48 meV 7 M4k /N) . 5 T2 8 gk 7,
I EZEE]—A 190 meV FUE, XF T 40 meV 7
T, MANMEAA S, BV ENER G iR
PETF M RR, X2 H ARSI RS, BNRS
TEBARIRAE T KT a-y PR R, 7232 1M
HFEU G, BRSSO TR, X5
VR R IR AE B T B R sh & PO —% Af
AR, BEE A 1.65 eV B L TR K’ U= X
MRS K’ s T 1. B DUE R E I R 1 T
PR AT DUE IS 32300 TR 2. 8 o i
SRR, AT DR AR KR e AR 1 s 7 [,

5.5 WEFMAEFRILIEIRE
5.5.1 2% F 09 B AL £ 40 BBl SR R A

H T 7ERe A AL T A [ ey A 1 B A A FH
HIJEfshE, n] DOWEEA 75 1 (75 1 Rey) s ) B
HIRE AL LA 1. (EREA b+ mAs B R R AL Bk 30
FECTAEEWNE FHE, T ERSS TG, B
DLIE I AR A 21 AN WA B S mT AR 21 4 7 7. IE
WA TH I8, 2878 70 B B2 A TR U ek
PR, W 10, BEAL T aEH e FIRES K/
AT T R BRI AR N eg-e1 /2
e AR A LT AT BURE TR e3-21 AT IRLLAME T
T, AT DAWLER BRI 1AL e B e 3R .

LE e S N == VA = ki RPN S R A i PR AN A
Wl AT DA %2 B §E 8 N e3-29 Bl e9-61 £ IR G UK
T RE BN eq-e0 A NEICE RS, BT LA £L 4R i
Rtk ATBAX T BI04 T RS K/
Ak 7 T R Re T FURH . 10 A sh i, W iR AR e 7
T HL 725 (B SO I 2 FR O A8 75 1, SR 4R I i
TR RS 5 AL L AN IR IS R & 5155 o, 19,

€4 'D A §
. o
E: 7 ' — io'v
S
€2 D?U+ Z . 'U‘
g1 -D g’, é

K10 A7 IR AL AR sk 5 7 5
Fig. 10. Polarized infrared absorption or emission by

valley phonons.

552 BFTERIE

TEAEZ 0 UL B dh AN AT N B FIE R R,
A HT RIS ROE IR A B, K/ DL il Rk ok
bt 27281 g g A5 ot 9 i 100 R 2B A, FE R o5 A
AR BB A HL, IX e A H T AR AN, B
i, AR Z AL = HE RO RN S0
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11 7Nf AB @Rk 5 DUEL SN2 75 5 AR 308

Strain gradien®

(a) REHT LOEAR L) FIfers 2(T0A =4EE) [ DU

HI2; (b), (c) %875 Ul BBz e AL R (B SR AR R 20 60 5 Sob ), 8 A7 18 T A= A MR A 7 7 (19
Fig. 11. Phonon Berry curvature and valleyphonon Hall effect in a honeycomb of AB lattice: (a) Berry cur-

vatureof band 1 (bottom contour plot) and band 2 (top 3D plot); (b), (c¢) schematic of the valley phonon hall

effect (the Hall current denoted by the olive curve arrows) undera strain gradient (the orange arrows), where

valley phononsare excited by a ray of right-handed or left-handed polarizedlight (the red wave lines

H 2 18] SIS X AR PR RO BROR, A2 REA AL WL )
FEFHFE T IE A, K 11 (a). BeH 2 FIRETT 3
FEREAT AE A BRI VUL 3R, 1 BE 1T 1 AN REHT 4 /Y
VLN it < 5/ NG < I o | B o BIE N R < ) R & N
(K1 B AER S Btrain, FEAT 45 HL T8RN, BT
SHy IR EE T DB i 0 55 WA 2 ) SORR

Vanom X _Estrain X Q; (39)

R 3 B A [F) e A Ak 4 7 e BAT e PR AR AR 0 7
KBTI R 5. il 11 (b), a1 R 1 HI
PEBHe, W 1) P i iR 7 IR s B BEE RS — i
A AR, T ARG B [a] Al R 22 An SR IR A
W2 WOET R e, WHREE ZA2 5. CAE N4 2 1k
ORI B T R R RN, B e T T
iz, BT LART DOULIN B A B 22, X 51K T AE A
VR 2 A A B 7 2% TSI AR A R £ I
2 S N S i IR A B W VA
HERHTHIRL .

6 RELERE

RIS THMER G E TR, 8 A
e AN AR R A AR A T s E M EE, B
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BT ERBER, EAXT TS TR EAAEFN M

)[19].
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Abstract

In traditional physics, phonon is widely regarded as being linearly polarized, which means that phonon carries zero
angular momentum. Thus the angular momentum of lattice related to mechanical rotation only reflects the lattice rigid-
body motion. Recently, in a magnetic system with time reversal symmetry broken by spin-phonon interaction, one found
that the phonon angular momentum is nonzero and an odd function of magnetization. At zero temperature, phonon
was reported to have a zero-point angular momentum and zero-point energy. Thus the gyromagnetic ratio obtained
through the Einstein-de Haas effect needs correcting by considering the nonzero phonon angular momentum. As is well
known, if phonon has nonzero angular momentum, which means that phonon can have rotation, it can be right-handed
or left-handed, that is, the phonon is chiral. Actually, we can define the polarization of phonon to represent the phonon
chirality, which comes from the circular vibration of sublattices. When the phonon polarization is larger (less) than
zero, the phonon is right (left)-handed. In non-magnetic honeycomb AB lattices, with inversion symmetrybrocken, the
chiral phonons are found to be of valley contrasting circular polarization and concentrated in Brillouin-zone corners. At
valleys, there is a three-fold rotational symmetry endowing phonons with quantized pseudo angular momentum. Then
conversation of pseudo angular momentum, which determines the selection rules in phonon-involved intervalley scattering
of electrons, must be satisfied. Chiral valley phonons can be measured by polarized infrared absorption or emission. In
addition, since the phonon Berry curvature is reported to be nonzero at valley, it can distort phonon transport under a
strain gradient, which can act as an effective magnetic field. Thus, a valley phonon Hall effect is theoretically predicted,
which is probably a method of measuring chiral valley phonons. In consideration of phonons angular momentum and
chiral phonons, photon helicity changed by phonons at Gamma point will be explained reasonably. In conclusion, chiral
phonons are present in systems that break time reversal or spatial inversion symmetries. In a magnetic system, where
time reversal symmetry is broken, phonons generally carry a nonzero angular momentum, which can influence the classic
Einstein-de Haas effect. In a nonequilibrium system, the phonon Hall effect can be observed due to the chiral phonons.
In a non-magnetic crystal, with inversion symmetry brocken, phonons in the Brillouin-zone center and corners are chiral
and have a quantized pseudo angular momentum, providing an alternative to valleytronics in insulators. We believe that
the findings of the phonon angular momentum and the chiral phonons together with phonon pseudoangular momentum,
selection rules, and valley phonon Hall effect will lead to the relevant exploration and new development of phonon related

subject in condensed matter physics.

Keywords: phonon angular momentum, chiral phonons, conversation of pseudoangular momentum,

valley phonon Hall effect
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