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XEERIXUE AR ZSEE microscopic Hamiltonian, FEHERWUKIAN KA, Wit T4X order pa-
rameter, YM%5 L) LA Z A symmetry operational similarity, #efJigEd, — DU EES HIL,
AR, T2 AW B TRAE AT A PR B FR M T2 A Al DA VAR B A B A7 7R, Hall
effect. KEdelstein effect. circular dichroism, nonreciprocal directional dichroism. magnetoelectric
response. chiral phonons 5 time-chiral phonons & A] PAGHIXMEZE,

2 P, T,PT It ims
ZXEI i PRI LI T A X

P:r— —r, T:t— —t.

MEEPEMRIREL, T SRS, KOV, WRE. AshEER T-odd; P WARHMERFS,
RIA B HRE polar, chiral, ferroelectric, toroidal 5 ferro-rotational &5 20 N, el IEAR]
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PR KA P T

T polar vector - +

k.,p momentum / wave vector — —

E. P electric field / polarization — +

J current - =

H B, M,S, L axial vector + -

B B 2B R A

P:k— —k, T:k— —k, PT:k— k.

Hitk PT 585 P, T EABZER, P 8 T #IAUHEZEN k J0ER —k, 1 PT #2H
— k SETEERA, XN ETE 1/2 BFFEERAE PT, HH#EEL Kramers BIZ:MF, NWIHEE
Al AR A ke PO ERF, HR, broken PT AUVFEZFHIFEMEIFH HEIBIEER, XIER
altermagnetism HJ5SHE,

P, T, PT &M%, 23
MR, b “BIRE S ERNRESE: T, PT. Tr. TCy, PTT FHHEMRE

TRERNFRE, EMREREH 2R R, Berry IR ZGHH. Hall B magnetoelectric MR
P A

3 Cheong W chirality trinity

EIE chirality T2 R inversion breaking, /& true parity breaking, tHHEtEH, — TN
5HBGAREIEIL proper rotation #1 translation &, FiEkMERE P S RE, EFA—E2
chiral; [AH, ZREMAAFTFIERIL,

Cheong TER & HE =F1E/N two-vector FREAEA chirality trinity HIBCMERY :

C~H -k,
To ~ k- E,
C'~E-H

5%eE H - ko Wish H /2 axial vector, 1t P N, fE T F&5; WA EE PS5 T THZ
5, Kt

P.H k- —H -k,
T:H k— +H k.

FRCA H - k 2 P-odd. T-even, PT-odd M pseudoscalar, ‘BEXfM ordinary chirality.
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HE k- E, B E 2 polar vector, £ P NS5, & T ’FZ, T2

P:k-E—+k-E,
T:k-E— —k-E.

Filk k- E && P-even. T-odd. PT-odd FUbRE, BEXIM time chirality,
wEE E-H:

P:E-H— -E-H,
T:-E-H-— -E H.

BSE P-odd, T-odd. PT-even, XM chirality prime, 52 A S lEmR AL U

&= /MR P T PT
chirality C H -k -+ =
time chirality T¢ k- FE + - —
chirality prime C’ E-H - - x

super chirality C,Tc,C" all active — — —

Super chirality
Super chirality &/ P, T, PT 28N, B ZHA “FIEM#EME" , M2 ordinary chirality.

time chirality 5 chirality prime [RII7EBRAY R —BARNFRIRS, R ATFREENIEE S HF,
iz 5 G

4 Mfl2 ferromagnets are not time chirality

BREGA AL M, A SR

T:M — —-M.

it ABRHEAR RSN T, {HJ2 Cheong FTiitHY time chirality tb ordinary T breaking H58, X
FERIFHIKELZE

P = gpatial chirality,
M +# time chirality.
BRHEMNA P U2 polar vector, ERIARIE, HA—EILRGHNEIERZSRTE, KL
Hh, BREGHEAL M HE— time-odd axial vector, BN A S8, (EA—EMKEIER temporal

handedness,
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Time chirality 23K “IERHEZ" f “BlHEE” ~2R—DNERE, A feEd it anirass
AR, B FeiiE ke, Kt

T-breaking is necessary but not sufficient for time chirality.

IXATIE Y R U BRI ISR S T R (B e U — NS & M« — M ;time chirality
SORBISEEAR S BA BRGSO TS,

5 Time chirality., true time-reversal breaking 55 temporal

nonreciprocity

Cheong HIHFTHLAZHE chirality HIZHAREIN A 77 A, HIE chirality /& left-handed 5 right-
handed EEJEIE ZX[A] proper rotations ZEfT; time chirality N/ forward-time 5 backward-time
process TREH RVFRIEENT,

time chirality # ordinary magnetism,
time chirality = true time-reversal breaking,

time chirality = temporal nonreciprocity.

Temporal nonreciprocity A ERITARIE = X Y arrow of time, /@M AHI N R X _EAIHE]
ERAEDT:

R(tl — tQ) 75 R(*tl — *752),
H HIXRAENEE RFEE. KR, WS BIEREZ A RERIE L, X MESIEA
M “BEEHE” i “shAdER S B AT,
6 —HMY5 toroidal invariants

s B B RS2 =M

I=(Vix W) Vi

ERR=A AR RAA AR, K RRIE S handedness, HEHBE Vi, Vo, Vs 1£ P, T
NHIEEME, WEA] AAIRNX AR AR HELTE B FREER N A R B0,

6.1 Magnetic toroidal moment

Magnetic toroidal moment & XN
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T = E T X M.
i

Hr r; /& polar, T-even, m; s& axial, T-odd, FfrlA

T: P-odd, T-odd, PT-even.

IXIE TR SR RSN A R A AR P, AR Bm] DL f:

FMENT‘(EXH).

[Altt magnetic toroidal order H#A5 magnetoelectric response, directional nonreciprocity, mag-
netochiral response FHKRTE L,

6.2 Electric toroidal / ferro-rotational moment

Electric toroidal BY ferro-rotational moment FJ CAG{E

A= "rixp,
7

Hrb p, BREBEBENE, KN r, 5 p; #72 polar. T-even, LA A /2 axial, T-even:

A: P-even, T-even.

Fit A 2 magnetic toroidal moment, EF]ATE(RE P #1 T BITEIL NI, AN RELEHE
ek = s, FEr74 ferro-rotational domains, HBRIHEINEAZZ EH

Faon~ (H x M) - A,
Fao~ (Ex P)-A.

IXfERE T UMt 244 electric toroidal invariance A]PAZERK distinet transverse electromagnetic re-
sponses : f AN A~ —%E K H magnetic toroidal order, A—EE K P, T HIHIAR; ferro-rotational
axial order A By HURETR AEME[AI 7T IR,

7 RSP EAE T

7.1 BiFeO; ] switchable ferroelectric diode
Cheong HMZM T ER BiFeOs YR B —E 5OCRN, Bk P 2 polar

vector:
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P:P— —P.

SERREEEIE,, —E R IR

P 1 = I(V) rectifies one way,
P | = I(V) rectifies the opposite way.

XEBLT polar order X AEH. 7 HENE A, IXHAMLONREIE p-n &, M2k ERISEE
WNEbH 2, SLHB L2522 REA M6, ML +V 5 -V REm,
7.2 NiTiO; [ ferro-rotational domains

NiTiO3 HIEMNFREERIRIA corundum-type, X[

R3c, point group 3m.

Ferro-rotational order ZJ&, XFRPEFEEN

R3c (3m) — R3 (3).

X—PHIARR LS ¢ BHAY mirror planes, I —E ekt ANAER glide #1F; PREERTE P. T

5 C5,. B ferro-rotational domains &

+AZ) _AZ7

AR clockwise 5 counterclockwise rotation, ‘EfIIAIL planar chirality B ferro-axial/electric-

toroidal order, {HAJEEIE ferroelectric, /& ordinary magnetism,

7.3 Electric toroidal invariance 5 transverse responses

SRR TAE “Electric toroidal invariance generates distinct transverse electromagnetic
responses . FAZMEARSR: ferro-rotational /electric toroidal order A A] ATEARHIRN P, T WIEHL T
FEAEHTHY transverse electromagnetic responses, 5 magnetic toroidal invariance /N[El, JXZENE B
MFRPERE P-even, T-even M axial order, T2 P-odd. T-odd FYJ magnetic toroidal moment,

MR A=Az, WEEM

(HxM)-A

AR A B ORI A ING T S ALY X2 ATE Hall-like {HIF3E 8 Hall £ trans-

verse responseo
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7.4 Circular dichroism. ¢-NDD, r-CD 5 t-CD
Circular dichroism FCBAEH BIRIRETUL

Aa(k) = ay(k) — a_(k).

YEF helicity P] AS1E

A~ S, k.

1E P P helicity 225, 7E T | helicity 28, KHE @ reciprocal CD il ordinary chirality;
¢-NDD & circular nonreciprocal directional dichroism, A IEAERE 7 1A B W IRAH > I
WZ; t-CD M5 time chirality. true 7 breaking 1 temporal nonreciprocity A 5%

RN FEEEOS R FEFMEANE PIFE S

r-CD L/R P-odd, T-even ordinary chirality
¢-NDD +k/ — k with helicity nonreciprocal propagation directional dichroism

t-CD  L/R sensitive to time chirality P-even, T-odd temporal handedness

8 Chiral phonons 5 time-chiral phonons

Chiral phonon J& B {mIREA B fmIR A FAK, T clockwise/counterclockwise motion,
ARG

Lth E ’unX'l'j%.
K

&% 75 11 helicity-like chirality /&

Xph ™~ Lph k.

KA Ly, 72 axial H T-odd, k J& polar H T-odd, ATPA

P: Xph — —Xph> T: Xph = +Xph-

[Alft ordinary chiral phonon J& P-odd. T-even, N5 F time-chiral phonon, Time-chiral phonon
NEA P-even., T-odd MY temporal handedness, B]PAZELE

k-E.

H RN R E IR, m2EUE AT H phonon dynamics, L2V, & chiral phonon
K “JRFERMRLE”; time-chiral phonon K0 “WRENEREK UG 2SI ATSEN,
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9 Hall, Edelstein 5 magnetoelectric effect Y] P, T, PT Fl¥g

9.1 Hall effect
Hall 03 0] PLE AR

JHZO'HXE.

KA Jy J& polar, T-odd, E J& polar. T-even, FTPA o &%f% axial. time-odd vector,
s M PXFRYEMRE, EIE anomalous Hall effect #7% T breaking; {EJ&TERELMHE-HIE ARG
BIRGAFAIE PT 8{HAM combined symmetry /4 Berry curvature,

9.2 Edelstein effect

Edelstein effect 8 current-induced magnetization 5 {E

Mi = Xiij'

BT J & P-odd. T-odd, T M J& P-even. T-odd, FLA x;; A& P-odd. T-even, Kt

Edelstein effect F#% inversion breaking, chirality B¢ spin-orbit texture,

9.3 Linear magnetoelectric effect

oV OVAC (S

Mi = OéijEj Pz = OéjiHj.

HT M & P-even, T-odd, T E /& P-odd. T-even, a;; %AUZ P-odd. T-odd, K&t
PEFRAN ZESR R P 5 T #RWR, B PT AJDAMRE, ZHHIFZ Cra0s0

10 ZHEE. #=2MAES spin group
Cheong I P, T, PT &5 2N R E —ikay. HERIEH TR, FEH DM REE, #
ZEIBES spin group &E.
10.1 Ak
EIEE AR TR E

g9 = {R[t}.

BRI AR R AL B 22 B FRYE, GEHIWT polar, chiral, ferro-rotational, SHG. EHLS
SENGPEMM L, Fan, 5 2S EEEE & s, MRS m ek et e 28 1 S Rm e improper operations,
M true chirality #7221k,
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10.2 WA WmRE
Al w2k

{R[t},  T{R[t}.

ERIRRIRE IR, REHIWT T, PT. Tr. TCo. PTT FHEWHREZEHFE, MMH
W1 anomalous Hall effect, MOKE, magnetoelectric response, Kramers-like degeneracy 5 magnetic

domains,

10.3 Spin group / spin space group

f£85 SOC BJE SOC #RIR, B ez ek 5 B LS AlEss ] AR o2 i, Spin group JTRAIE
(3

[Rs || {R]E}],

Her R, BHEEZ AR, (Rt} BESLAEIE, Spin group WA RIAFEYE, A DA
nonrelativistic spin splitting, altermagnetism. P& LA SOC FTFF/EHIRFRIEREAR, B ik,
W= ARG S SOC B ; spin group &S spin 5 lattice MARTEEPIE,

REZR Pl R REZ Wt 2,
space group {R|t} lattice polar/chiral /ferro-rotational structure
magnetic space group {R|t}, T{R|t} magnetic crystal AHE, ME, MOKE, PT degeneracy
spin group [Rs || {R|t}] spin-lattice structure altermagnetism, hidden degeneracy, SOC path

11 Mt aRXEESEH
P, T, PT WM coarse-grained symmetry filter, ‘B {X microscopic calculation, {H
A DATE T Z AW R LE i B 4% o %, WIREEmE B RS, BRI, e R] DA
1. 275 7 spin splitting,

2. BE Y anomalous Hall effecto

fim

o

W magnetoelectric effecto

/

4. BB YF Edelstein effect 8¢ current-induced magnetization,

5. B YF circular dichroism, magnetic circular dichroism, NDD 5 t-CD,

6. J& 1 SLIUF nonreciprocal directional propagations

7. WFYE domains REMZMIFLESEEG X 57,
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8. — NE IR Z ordinary AFM J&/2 altermagnet,

. — ferro-rotational domain &5 BEr= AR AINA N o

Nej

10. chiral phonon # time-chiral phonon FJZEHI,

P, T, PT are not abstract labels; they are selection rules for magnetic, optical, transport, and phononic respon

Cheong HYix &5 24 — D ERIG R E, MR — KRN FRE & AR e R A,
1 chirality B2 ARG TF, time chirality 2N A ER S EIEIAEFNT, chirality prime &
kﬁﬂ@?l‘m?‘lﬁbﬂﬁﬁl‘m}iﬁﬁﬁﬁk, super chirality & P, T, PT £ R — M FHIRES,

T breaking

P-even, T-odd

time chirality To chirality prime /
super-chiral sector

P breaking

ordinary chirality C'
nonchiral P-odd, T-even

M P, T, PT WIEHBIER %, JeHIBANZ S v, AR,
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