@-"gE§+B X

Kt fiUeL 16Us L /EN Us ;+2 DUs D » -Us "9S :UsKt dL~U+6 |
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™2Y3 7JFX POMJOF IUUQT EPJ PSH

a:n "y $4 e
$UWLFOHV \RX PD\ EH LQWHUHVWHG LQ

30}864E«B X"IL

1SPHSFTTFT BOE DIBMMFOHFT PG IJHI PSEFS NPNFOU UVSCVMFODF DMPTVSF
13 X

® 4E B X

3FTFBSDI QSPHSFTT PG BFSP PQUJDBM FGGFDU

14 X

33Cas %&0 ®!&*B X

3FTFBSDI QSPHSFTT PO IZESPEZOBNJDT PG IJHI TQFFE WFIJDMFT JO UIF VOE
14 X

©+A 2 F]"$6y-+B X

1SPHSFTT JO NVMUJ XBWF TUSVDUVSF BOE TUBCJMJUZ PG PCMJRVF EFUPOBL
13 X

P ®l&cya+t-+B X"X-

FTFBSDI QSPHSFTTFT BOE QSPTQFDUT PG VOTUFBEZ IZESPEZOBNJDT DIBSB!
a X

E
3

I qf TAKEi 2*IE



202126 8

>
|
>
T
>

1\518A1\ 20 E

-@/¢AE

@-"gE§*B X

Kt A" L1 LAN? ;+2D° De-"
"9S: ' KtdL~*6 Y

1 GU*6 W-:8Z-L, O>"@E->xf%6aG Gy&é iP¥% O, G U 100081
2$5~W - 0;E-3+%b4a2£ E-]6, G U 100084
33t tW-ja>FE- 0;-L", "-E-E-DU xF AIAN fFP - &Gy&é 1P¥, O, K™E 410082

Q 5  «55H fC8$A %Gy €# @3+5, !... APEAA7-Gy 6G “ly a w(™*6 WCX, F
oF@$@>U ... +e.it A # AiW#1y4y # ONY , j4y #,B3x EfamMD. \
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*5 5H f (topological insulator) F quoe 6S 1(™*6NY] 7 £#,B.NE, !...AP
Y A «6G PEAly aN/E WCX X# @ xféM’ + § A+X%E E. F qur, <55H f.DO!" ... 4y

“+te.AA # ATW#IYNT , jf})4y "# PY,/B3x>AIAN Efa° _.-}"9=A
04y +55H f,Aé ., vWJ +e - F+e.i —NT j k (Hasan et al. 2010, Qi et al. 2011,
Asb yth et al. 2016, Ozawa et al. 2019), =T 3% E -NJ —-65% «55H f*\pué. jI, \.
6S'ViW# «55H f.DO!, (O[p/é “CXGYy i2W3+5 * ) «55Hf9£ —A(™*62%
F>|B46@ GU, !3+5 04y f }.D0! 0J,” 92« +55H f (Lx55H f ABgM= D5 5H f A8 (M=
D55H f), (™*6 jf A k+k é# A# @?0»>" C,.DOF .... L"E@O0] 04y +55H fC§
SAH#L G, (™M*660Y F, 1 !%G 6Wj@1AM% 1E—pné. <KAB-)flCO .. 5
5H f.DO!," E— E659p~"U.

\-04y,” *€EK?+7 55Hf, jI#a- -]+# 0, M% E — +)aB‘, F Gi5
02 jTy, 3 «€E~ (topological material). ¢55H f2% >(™*6 % -G-9-p67,
6,3 + (Hasan et al. 2010, Qi et al. 2011). -« (topology) OAy 8 3% -1, -6 _ (Willard
2012), > ... fFiB, —)BXy%F5 F&y 1= ,/(©W-(£ +—£_.DO!
FE= WCX, OLGYy?x —6_." 2 *3''b# Y%60-(a ' P# X ..:_ <ly'/,
3 w5 [0 Z #N, X=6"'p# A>0,"} ;, FIE+ T» ~‘,b# '(ee X T65 {L$-( AEce
"(*1). TLu:, JL$ 1 e>*3 f 1ly'. 21X T»E=0; 6 ,b# A>0 x+0 a,” ,#N, |

e +0i . »2, x+01 Z #NC", .. f>+L+L 8 (ely"

2 ) sF>|EGyyF!*_  «—_DO! pé."2 :F ..f#N a izb6
... 1’ Q B _ u(© E* 6 (Gauss-Bonnet theorem) U | "TAN1C C *

', + >pGQR", " j ..fEé+|, 8a_ ..f, ¢« F = Gy (topological
number, or topological invariant). )+?y% ... f, :@e?, lwj2i.za .1 jF O
&, f ...fXY%F5 F& ! « =Ji, d8f ..f*aA>0ly=F5 Foa&,
e« }J +00+ .F 00 6? I=L¢, ..fF5 F6<i, >h?060 60 ?"Xn:i
["2f0 IL¢ ...f F6<F5 ° F.
55HfC=38 ¢ Yt k?+t]1 X%|) «(©W. +55HfuG =,+e, vX!Eé
+ 1 ,+e, DF/y ,+e(OW _0/ly +(©W, £€EF3+5 0 y%F5 F&= jy
( *1(b)). >{-(),” ZFI55H f X uG YEé+|:w =7- ,+e, DéC " rCX A5jL81y jy.
*55H f,” )a F-$R 20 F4U80 o , ¢-(™*6 — a von Klitzing 1y (1980) #{GY | Y
5$+e €E€EXF.NjE+X & Eé+| ,+e W, )a€E, +e,j*\Gy EY/ H,21.ze =, 1=
Ny E¥H, « 23%qi6{0.!"F, +e ,L¢ F.iijjO, 1D x)a Lf(ae0x , £x)a21.2Gy €
F)aB‘, | D)Eé+|5jL81ly0 F=+0, F a_4y ", 3o Gy €M=D x A “(integer quantum
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Y}&X®!:y144D « SBT. (a) )/ Z «+U" u#yE4 77 2N", =":)/ . 2N T -
6y I0u# ) Ze+U"=x A=TO*K1 V€I, EY}Yy*K B, "¢ *H*HAT +67V}
Ou#. €Joe ,7°218 «+°y}ce; (b) y3}44D«+F 9 (*a(L"), rD&*x (*a(L"),
¢D&*x (*a S[,.uy}SBT, 92 \nBT 4fKEOu « U

Hall effect) (Cage et al. 2012). )aF 0 w(©(™*6)aB‘, von Klitzing9¢ C 11985 aB*CM D(™*6
- 7.

jT@ Gaa Gy €M=Dx A, (™*6jf, .D0!65p=<@ OF >| IL@G 0 (Laughlin 1981,
Thouless et al. 1982, Haldane 1988, Hatsugai 1993). p ;(™*6>7)a’'? =L1C*, o Gy €M=D x
A> «{L$AB 9-p67,6,3+. Thouless 1y (1982)5 *T1> «0OF /@ GU.  p*6Aé
/) T+e , >3+5 f 1{L$, £3+, !5 *JANIC ,+e(O W, - ?

21 1j7-V5F", U(K, R)j1\ | _7-V:#. K)A, 3#KC> Q 1 (Bloch mode), (K, R) jB
3#KC> Q 1,” = {Es, "r Y41V 'J, )Ci2£7-4x :p 97-V, Ny>Ei?]£ %dK>,0 6 j

1\ 0 3Gi$: j (first Brillouin zone). AfA>, Ny _0Z2i.z, 0 , >>00 jTKNN , _yP
3+5 _V8I9GYEM=DxA,” « . 0 6@?> —],"1\0Lx/j W2« (first Chern
class)-( £ (Qi et al. 2008), +a A -:3 = —a@&Lx-1DU *. p , > «TKNN >00 jLx

(Chern number) (Hatsugai 1993). 2155H f,'Lx jM&, 10 jZFJ55H f, V10 j +55H
f, F$8f 0 jLx55H f (Chern insulator). ?(2) >AN1C ... .#N,” 2(1) 92;-(1> =
<{4. 1\0, +a % B 102L $ (reciprocal space) ] 3Gu$:j,” "OW, ?(2)],0 6j 1y ' %
1L 6)B "M’ ( *2). 1\ ¥, F Gu.DO!)B‘ = _ ¥5% 6)B "M'\DU, 6< _"M':,” 3#KC> Q 1j,

_0/y$iB', —)B. 0>, >00 6)B'0 jCMGi ") - (Berry curvature), _ k+k "M’ : 3#K
C> Q1 p X WCX, (™M*6GY.
MO?+B$ >, , :F + A%EE, f1WCX, 6<Gy€EM=Dx Ao _€E, Eé+|(©W.

F _ 55Hf, 02)(© ¢, !f1WCX &aEEé+|, ,+e WCX, £ +55H f.DO'NY
't =" fE€) A £3 + (Bulk-edge correspondence) (Hasan et al. 2010, Qi et al. 2011): XLx =-(1y
L, TZ55H f, e i+|M’, " X> ¢ { -(ly -, «+|M'1, +e€# = ¢ 5



1\ 8§

=2
>
p=2
|
p=2
>
b2
T
b~
>
b2
o]

192 E

*

(@ .f-,4 "K2'4; (b) *]°"K2'4 TE/IK+°"KS, 9 Z/Fag#6f <DaP POu#, 2
% AD&*x (NBE *:, /Fo#6fT +6:2(U="LZy}ou#. 2(0U="LZ0,05%A+°"- &
" )m

E+5]LEAICXA}PY. F/y «WCX p(™*6:W8$*6@ j, +a %.fj f.d 13+5, &LS$ Y
%D)0 W, +e € 7-"i ... APEA, !"!£ Fw 5]LE§FrCXs+ # x+tO>A“4, 7-55 A
}JPY. 9F.fijéAyE®& gAe,  +1¢éA}-(A +0OYyEce.

Gy €M= D x AM0?+ FG j.fij f.d3+5, &L$ y%D )0 W, vij.fij=Y % ILu A+X. 5% -
(™M*6 — ae Haldane (1988) *f10Z065[ uG .AK.,” %53 Q », B Q » « f.d &L$ y%D )0
W, DhHaGy€M=DxA. F ,8$ X K 0'a &L$ y, .D0!65G-A0 j, &L$y%D )0 W.d5j 1
)a «)aB‘'p 6N«,”. -$ “2005 o #, Gy €8 OM= D x A (quantum spin Hall effect),” * f
.d 1 P5 AO. (Kane et al. 2005a, Hasan et al. 2010). XGy €8 OM=D x A ], +e €, p X8 0(©
WCS " f2«.fij E+X, :8 O+e €% ;8 O+e €"i-p+|M’-(y,” é A PEA, D !+e ,(© WO g x
)a2i.zGy € F)aB'. {>, F )a Gy €BgM= D x A (quantum valley Hall effect), =M0?z f.d
&L$ y%D )0 W e =[Ct+e €8 0 (Tworzyd et al. 2007, Xiao et al. 2007). F 92« <# @)aB‘
_- }¥5%$ f3+]1.D0! 0 #,, 6[)AM=D5 5H f (Hall insulator or Chern insulator) A8 0
M= D5 5H f (spin Hall insulator) ¥aBgM= D5 5H f (valley Hall insulator).

miN «55H f0 XGy€#NY ])a, v! «\CXk?+># @>|j-(£, 6<Gy €© W
= 187'& P 2@ - * Fly +(©W +$A ¥%+e €3#KC> Q 1,” p X(© W. TLu
A4y # ONY O QCX, 2y €V fA €1 fly, «9-()A, 3#KC># Q1. ",
55Hf2% 8'f° .. 4y "#NY .F que +e.it A # 55HfC T FO,

... (Tworzyd et al. 2007, Xiao et al. 2007). YA, i W# NT 9 £F ... I-()E3A, F >iW#

\DUGIiWH*6AB$=r9E. »2 # O948# Q?2, +e.fi*t 9Z# Q?2, 6<iW# IFJh
6V 8 9 Z# >4&# (Achenbach 2012). =E+=rW]ea[-pa, jJ, »2, iWf>M,*2Y
# a 92« 1,°C+8 0 x A (pseudo spin) (Long et al. 2018), FAé $1°i AiAN2«8 OM= D5
5Hf.!”F, i W#.DO!]+A; "1y 4/y# , (Vila et al. 2017; Yan et al. 2018; Miniaci et al.
2018; Zhang et al. 2019a, 2020; Gao et al. 2021) « E 1  0,” +55H f IP¥%.DO! £ . 6GYy €
1. ®)aB' ... 4y "#NT , 0ém .4y "# @B3 xAIAN7-E, 21)a ... AP Y Aj5j
L8 }+0# ,ly aNAE [7-. <&, *jO3RGY € <)aB' E T4, £ , 4y "#)aB' Z % ¢?0NT
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. Aé X?0#{° _F _yx{laéMG-" P?0Gy€ENT $DéC.

\-kfve @E65pX4B.NE460 ..., '-( £.D0!j*.p, -pGy 04yBgM= D5 5H f ALx5
5H f >8 OM= D5 5H fATAN j*6 A*6A& k+k é#, '2 9 £ IPVPYAR. jéiB+65 1@ $ M’
, +.DO'pé, \-F1°.. 04y F O.DO!E3J,’QLf +)aB'AM% E —],” +)aB'. Aé -
HétA2;: 1\%82p 05% A 45$CXGY i2W3+5 * | ) «.DO!-( £2 %F >| 1B 46L@GU,
5 (6u{KUA.ZEW1°! A7- V6+Ece ACMGU ")- A += Gyly *\2%, Gy&é ~O0/&"
3+5," K AP b 1lyx Q»*00 é#, UB 1ly x é# XANIC « %@ A'r@ <+M' 1], A
+X. 1\ 98#1\ A82j\ - k?+ p é, 1Q jBgM= D5 5H f ALx55H f 48 (iM= D5 5H f.DO!F
... 1\ +821°?2+ 014y@ 1Q Lf 55H f 2% > *\ATAN MD, 1\ 382 JOc 13+5 ] *)a,”
«"00 € AMaxwell g & ],” *M&7- Q ?F 2«M%o 1 +)aB‘. -[_k5 > ... K.

2 15 5N %0 0.v

2.1 65*C"H 02]K4315

\ 782 05$CXGY i2WK.3+5 j», 04y 05$ <-(£2%. 63<+2 *3(a) p/j, ul €
K. Q »(Chen et al. 2018a), |!lh Aaj A, ..7 u5[TZCXGYy £t M; Y% M,, TZi2WJO 6
[j Ki Y4 Koo A1\ N Z ...7 u, 1\ J(J = 1, 2) ZCXGY £, }0+ JwAT My = M, = M, 3+5
F @ €é0; >7/jj

B “03+5, }0+|% CA3#KC:# "2, £ = ";exp[i (NQA + &T)], Qj# , & j@ NA)-.

0+ «:?2, C 2;(©=*ILNE

B(©+16é0; k+k 13+5 /NA“(© W. *3(b)5 *719/y " » 6 &, NA“"4i, 6[)A
=02 =0% =102 '], = (K. i KJI(Ki+ Kp), Gy4aFNA)-

2 *3(b) plj, pPNA“"4i:-;, "» = % =1 oo 0! +...j[, vT65, =
WCX¥" =<, FyPX-(A(©+Q1:. f ,I+al“ CO& Q= E/ A 4,(©+Q1 +06+
Ece. 2*3(b)] .plj, "» =02, -NA“6 _,/(©+Q1>"» = i0.2,y-NA“6
_(<,6<"» =02,y-NA“6 _,/(©+Q1>"» = {02, -NA“6 _-(<. Fly7-

V6+Ee)aB' = _I'f +0,, ! 6N«FJE+ VLEEL ( = 0)F>|E+$Q. ;M6 OU +B @0B$ >,
9 =4yE+ VLE £L, Aé>xB382K; > K, w=J +0 :F 7- V6+Em)aB".
j, 6;.D0! -NA“6 _,” «WCX, ANIC# +a Q=1 G/ A j Q= E AE+0;] -

6 (©02Q1,-(}03_ . 08\, )%TZQjl, = Z =exp (i1 %2Z =exp (i !

6}
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@ ,4 gE[J*M - (b) 5.00 7 4+°M¥% e 38, p*="f,$ A%&0+° M-$y. OU “="f

BT%a+°DiO&=" e Q= E A0, =02+ 'M-: = i02"u'M-,c, @ =02+°u
'M-: = i02" "M-,c. Yice *]« BK", &U2M-M'»D Z, /| wf6)R5D"
} jo* 1 8sin(, £ 1) §1B) §Im(U/2Z), FGU?+"r/Z=2, + Z, §0. 1# pQ=i E/A

] Q= & A&03_,-(} ]

'] >7/j72£&6é0, E(Q)j -6 # Q)A ,0F©+Q1E = (1, Z/_Z ), Z(Q) = Ky +
K, exp(iQA). 6,0F(©2Q 1 E «2(5), C

63<s ~ Z'(Q) = Z(iQ), ?(6) F 0Ols F1°j

a_ pBC, Zak-( }(Zak 1989), 2« | % >5 282 £ 6 04y, CMGi-( } (Simon 1983). T65 w+X
Y YFE3+5, «ZW, j[X %Zak-( H© [J, ) 05% € E, 6<CMGIi-( }+X % ¥5% F 95$ €

E. FOZE£%O05$€E, += Gy _5P5 # (Ryu et al. 2010), ! >Zak-(}," ) A £3+

j# = [|E +al” ?fi, 7-V6+E® ?£-p +a0 | & <a _ #+a0 jl. j7$+0@ B$>F
0&6, 6 Z(Q)>7/j,” 1L "4i 5 fX=£M :, 2*4 p/j. f Ky ! K, & =£M (&6 =>05]
X1L "4i  pG, YA % #=0. f K, K, & 1L "85 (&6 0!Q, A% #=1. 1", p
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*

Tee *« BK", 9VYLZ 6 Z(Q) % A+° 3¢ CDO|3D Re(z) =0, 244L4 o #*]0 f1,
O*Ky} B

yF ,'7- V6+E®)aB' 6N« dL¢-p VLE £EL F 05 Aé  -$?20@ GG j: 6 1&é+a 1L "4i uG
0+8# FG &8'fdL¢-p1&E0E+ 1L "4i , 1" & Ky = K, DQ=d E/A ?£p —->y-NA“6
_1°'£VLE £L.

FBA>> " »K ! Ky WKy Kp,” eWCX¥%~=<., 3=< " FJE+9Eé+|, 1€
K.Q»$5S  n/j*e. iz fEé)AE3+ (Hasan et al. 2010), X f VLE93 $ u, 5P5 | #,
OLEj (&ELe,’Eé+|: 1 # ZEé+|1, 5P5 | #, Yu5P5 j#,,/&éLe @, +|M':_1_# i
#, Z+|M' 1. 63<e#1 *E, [400 Z ...7 ,&éLe5 “( *5()), *5€)5 *T1=<J00o

;. (©tNABa. f # = 1(Ky Ky & X fVLE93$pu 20 "1 Eé+|1Q?, 2*5() ]40
8¢ 141 p/j. *5(0)5 * = i0.25 &, 'Eé+|1Q ?, }0+ 632 *5(d) p/j, }0+L6]6 3
¥%&éLe5 “H#HEE+|. vy {# =0(K, ! K,) & fVLE93$pu="XEé+|1Q?2.

F 01+63<e T x4 9200 Z ...7, [+|M'&éLe5 " ( *6(a)), +IM' T x,” ...7 ], Ky > K,
+070’. +a¥%+|MTx€E,5P5 5 ) |j1, A& j“FCO, €E fVLE93S$puw"X
1 _+M1Q ?2(*6(d). *6(b)c) 6[5 *T = i05% =058&+MQ1. -, T
65)A, }0+63F _9>nj[,). f 0 &, +|M 4, CXGyM%o!’ D }O+ 6 3 £ ¥%+|M'y)
0.6<f ! 0& +|M 4, CXGy&§90W, 9 uOD}0+63E%+M)0. 2« |, )aB* «*

)a X 5% +3+5 ], 6 X >51 82] (4y.

2.2 A5*=800C"H 02]315

\ 782 ¥,5$=20{CXGY i2W3+5 j » (Chen et al. 2019), B$ > ¥%5$ +5 5H f.DO! 9 £ 2 %,.
1,5$ ~ 0=20i&éLe3+5 2 *7(a) plj, Q P*Eé’j jOZ..7, ..7 p5[T ZCXGy&é, Aa
E Y, ICXGYy6[]Mp ¥ Mg, OF FECX&E+aJO j T, i2WF O. j1° F>"El, ATi2WK™ O
JOB[jo=1m¥%T=1.m K O] CTZULGYj A= (Ay (Ay) = (3,002
i ), As = (3,002, ). iZ'1.GY BIYy0OZeE&’ ...7+XTZ %F>|5F '(M,
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(@ W400 V6 ( 0, Y #=1)+"%aKa3y°, ¢ & £Da*x6[ -1 [Da&*x-M;, ® *(b) Lf;
() W400 V6 ( !0, Y # =0)+°%&Ka3y°, ¢ & £Da*x 6 9[-Da*x-M;; (d) *(b) I.f
D&*x - % Ayl'2/; (€) 0 & A£+° W400 V +6 +°%aKa3y ° T 98 F O1ce 7+°'¥ -M%A]

N), M % N 1jo, i1, +1, i2, +2, . ANQ bj ..75F'j(0, 0), 5F' j(M, N),” ..7, +a
5F'j(0,0), ..7"i.GY M A, + N A, £0+C . *7(b)5 * =20i3+5,"1\03Gu$:j, TZ
BI.GYy j By = (2E/(3 ), ), By = (2E/(3 ), ). BL.Gy>!l.Gy{LS$

% Caf3+ A, ABy;= 1/, /,; >{5tp{D1V".

63<eM’ i W# XB &é&Le ], PY. +ta%3+5, "O(©OW, WE!# @@ j3#KC>' 2,
£152.Gy-( M AL+ N A,,'CX&é,"}10+@ 0" X-(} exp [iiK (MA; + NA)], M % N jo ,
K= (Kx, Ky) j3#KC# .. }0+@ 8§ f>7/j] , = exp [iK (MA, + NAY), !],

j5F "(M, N),7 s] CX&é&, }0+. Gy, j7 s (0,

0) ] CX&é, }0+. Gy, =<7 su CX&eé, }0+% Ca-( I £3+.

i Z3#KC># (©+, MO?+)..7F>|6A, £ C*uoz5 # PY?0». §f 5F"'
(0,0),7 sj», 6A! Y, TCX&E, £>' €0;. 63<+ ?2 ul°B@ _ DL NE, NA)-Aa j & CX&é
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(@) W*xLZ+°%a&Ka3y°, ¢ P OO0 5200 V+6; (b) = i0.5 "+°*xLZM -; (c) = 0.5 "+°*xLZ
M-; (d) POO 5200 V 6 +° W*xLZ%&Ka3y ° T9 8 F O 1 e 7+°¥ -M¥%A]

*

(@) .4 <./EBTF0 e1S2'4.f-, G,V e+6 1 WP VBT%3a, ,DYECBT%& wK *] e1SE N; (b) OX
, IFo#6 f6>p% & ++ .+ *Y5V +%8,$% wWKEFD6>h-Fa B, , B, Y/'A\, Ou#°8,
V +%8&, 8)2 ++<1§h. ‘7 3(Z(Chen et al. 2019)

Yy 4 " 9Z-(FECX&E D, iWE, !£>60;]

', Ex = (1, 0), E1 = (cos(2 &E/3), sin(2 E/3)), Et+ = (cos(i2 E/3), sin(i2 E/3)) j9 Z"Ti2W é A/

}. Gy. 6 3#KC>@ ' ? «:?,  C 2:. Le>,(©+1&0;
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5j % TZCX&E, }0+406 @, (©+AGY 5 = "Up, Uqg . CXGY.Le - 14 %JO.Le +5 14K 6
[]

1V', > = {EeEce5%. ) j2 12, ..}.Le. é0;(9), @ £j&éLe]gAe,” 3#KC>Q 1. jT
C' MZE /M&@ , 3+ .Le, > G? 8N« [M&Det(& -4 14 + +4 14(K) = 0, 2" "r@ *8¢ "
£3+ &(K), U)A’ QL.

1° .ANIC >, C :F 4 T14.Le(©%], 4 Z@, '8¢ “£3+6][]

119 = 2[8cos(KxAy)cos(KyAy) + 4cos(2KyAy) i 3)/9. (©+ Q 1,">"Ef ?" E¥4q*@, F Gii a = 1%B 46
5 % 1\1 Y%1\A4Lf8¢ “£3+>3+5 §7# Q1)A, ! Ijh , FGUGY&E £# 1\2 A1\3 _

8¢ * 41, 1\2 A1\3Lf8¢ “ "41 X 3GU$: @ &€ + ¥a ++4E1 £ | & = BT2Mp)™2, (3TI2M)",

"4 pG (© £+NA)- x)a iBgN! FBg A’ 2, ", #. + Y ++2>00 jBg(valley), ) A, (© *

Q 1>00 {jBg 1 (valley state). XBg&é ++4, >(© xNA)- & = (3TI2Mp)"* Y% (3TI2Mg)** ) A,
(©+xQ16[]

+a %345 % CA &L$ y%D )0 W, + )ABg1lj:FBgl, =|Ee’?

) % Uy(#)/Uy(+°)Bg 1, 7 s uCX&EX X % Y é A, }J0+ W ?2-(1y, -(}-( E/2, >"CX&é
5 £>'}57 EN?/F6 &J, 6 "F @, 6<CX&E M%! = @. ) ¥% Uy(+)/ Uy(++)Bg 1, CX&E>'}
57 EF6/N2 &J, 6 "F @, 6<CX&€& IM%.!’ = @.

*85 *9...7 ] TZCX&E, CXGy-(Ly (Mp = Mg =10, T=10) G4=1y(Mp =09, Mg=11, T=

1.0) T/y6 &;°8¢“"M. $5 " * 1\2A1\3 8¢ “"M’ X 3GU$: |j@ &é ++ ¥ + 4

+WA+?Il. fTZCX&E, CXGY-(1ly &( *8(a)), 8¢ “"M’ X ++ ¥4 + 4 C-(<NA)-, 0 j
1° INA)-. 1° INA)-LtF 8¢ “"4i># . 4iW-(£°& a " _K_, £pG8¢“"M X ++ ¥ + x)aji

6KU, >00 j(6u{KU. y{ ¥ CXGy=1y &( *8(b)), 3+5, )0 WL} ~, 1\2A1\3 _8¢*

"M’ X +e Y + |=1y, 1°!>U0.de. 112 8¢ “"M’, £+ WINA)- >1\3 8¢ “ "M, + 2|
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*

,4 <.JEBTF(0 e1S2'40X2 0X3 [7z+ LZ. (@ T@® Mp= Mg =10, T=10,0X2 0X3 [7Z+
LZ T+, +0t38S0-¢¥-, IF72« LZ T ++ , +0t(UJQ, / 88 wJQ (Dirac

cone); (b) T @ Mp =09, Mg =11, T=10, 72+ LZT /Fo#6f>p%& ++ +0 98-h, 2'4
,T."-R

L$,"NA)-93 $0 j3+5,/+ V, 3+5 =7- P YNA)- 4 3%/+ V, # .

:F 1° !'+a3+5,")0 WAaE, >U0 j.Z E W1° ! (deterministic degenerate), f-( A,” )0
W>U.de> YA 1°(ee1+J>U0 f.d. J,) :F =20i&éLeCXGY i2W3+5, f Y, CX&eé-(1ly
&, 3+5% C&4Cgq )0 W. !], C)A9!-=0 jCyclic, > 0Ee)0 W, > 1 N4680C§>"
/j3+5 1y 0E e 360 N = , 6<v>7/j3+5F § 9> (EeEn £>|,KE y )0 M’. L" 15 “\DU,")
0 W{F, #. }57,)0 We Gy?+. J,):F3+5, ++&& Y% +&E% C&Cj3 )0 W, I3+5 X
+e Yy +°X T 8¢“"M'1°! 64 §f_ T _I1?0(©E3+56<E. )%.ZEWI1°!|,
?2+MO0"r,” )0 W =>U.de, 11°! 048" X. »2) % :F =20i3+5, P Y% QCXGYy<&ITWFYy?
i 1°!NA)-, =i 1\2A1\3 8¢ “"M’' X ++ ¥ +,1° (O +. L")0 WV« .2 EWI°
! (OE,” ® 468+ 3+5 x+01°!, 0 j! 1°!. iz "], .DO!(Lu et al. 2014), 6

7-7 Iy1° 12« » k5 2>71, B+65 063 )" 1@ Al >4082.

>7 1 A5%/0&315 c((y11-0&q5

'f)ow K &&)0 W K &é )57 1° 12« »

Cev FCyy Cay 3Gus: @ &é ZEW
Cs Cs 3GUs$: j@ &¢ ZEW

Cay FCs Cs 3GuU$: j@ &é Y

2.2.1 K AP &a'le~WA

K APb 1lyxQ »(Lu et al. 2014) _.D0!'0 @ )3+5# @?20» iy, 9 x é#, 6



200 EAAA-AAAF AAA .. a

1\ 8§

/6“3+5 '# OYFF5 F, i%p@ A@ O 6 A3+5, +(© +. F GU =20ICXGYy i2W&ELe j

»€ B$>2...0,C*3+5, b 1y x Q ».

X3+5 ¥4 CX&ECXGY-(ly & Mp = Mg, 1\2A1\3 _8C“"M'6 X + Y ++ +01°!, !)

A/ (©+ Q1+a ?(13)(14)5 *. ;M'63<e ¥ CXGy =-(1y Mp » Mo, 04, I13+5 )% +?

#. K, 3#KC>@ U<«(K)% Ca>é0;(9) 0g, '?

FOCsWEO %Ca_Mp i Mg_ 1, IB3+5 AOj_+&# CXGyw j(Mp + M@)/2,/3+5 b
6<e, >65 X +(+<)1°! 11\2A1\3Lf(© £+ Q 1+a ?(13)(14)5 *. !, b >,/3+5 X

+(+¢)LtF# ., 1\2A1\3Lf(©+ Q1 +ab }3+5,/(©+ Q 1,4i W46 8F IC ",
+eltF#. K= +¢ + "Kj»

6 :F>ET? | UIl# @E0;(5), |6 > Uy (+°) Ya Uy(+°) po C Tz4iw
é0;

61°13+5 (©+ Q1 +, !F1° C £%3+ C; Y% C,, 41 W €0;40

6:?7Z “£%" K, OLfF INO

', _# ?°3+5+a Y% CXGYyw j(Mp + Mg)2,1°13+5 b 6<-, |

XK= +¢+ "K/NA): F1j&=[BT/(Mp+ MJ]” + “& 6NA)- « ?(19), 4yE+1°F C 2

. (© £ IL NE

'F 60;], G ( >3+5,1lyx 86N Gy, Z= ~"Cy, C," j+adiW D3+ 46 @, (©+ Q1. O

2 = +1 (i1)+X %] 6 ++(+)Bg&é, 1y, 1y % 1,0 j# Y.Le (Shen 2017). o

M Y% V>7/j3+5
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1y x(6 U {CXG ¥ (Dirac mass) ¥ (6 0 {FO O (Dirac velocity). iz :1y x Q », C’
0& £ 3% 0K, >ET?20-(A(©+Q1

FGU, (©+Q 1 Z%C&a,0F‘'&Z_Z Z Z=1.5 8Bg&%&#. ++(+) %"4y.2E, (6 u{KU
&ENA) - &, C "Bg&é# . +e(+) LtF ,-O18¢ “£3+, >7/j j ++(+) + OK > & + 0 &, £
3+. -, :;TLI8¢C“"M'£ % 0& =0 )0, TLf8¢“"4i{L$/xViOj 2M_. f A
CXGY-(ly,” &I, /= V#, a, TLI8¢“"4iX " K=04"@1)-j V, (6 0{KU.

2.3 A5* 0 # 155N %o <2+

E@OG 6" °, - }.DOIE3J,” ¥45$ +55H f 9 92«: Lx55H f A8 (M= D5 5H f GUBg
M=D55H f. :F 92« +55H f 6 [+aLx A8 (Lx UBgLx = k+k, < jM&)
AE 55Hf, VIj s55Hf. ;M'2 92« 55H f,” *\(©O&é Yatt P Y20 », o
JANIC X > -8 f D B$>.

M=D55H f)A %0 )a, & Gy €M=D x A(Klitzing et al. 1980), |Eé+| _1..APY
1, F )%7-Gy ... APEA+ §?y. )aM=D55H f,” £EK* X % f.d &L$ y%D )0 W (Bansil et al.
2016, Qi et al. 2011, Hasan et al. 2010), 2... X i W# ]S 'F 0&é ATAN,” k?+Li&é. - } k?+
9T/yMD, O0_6iW# 3+5 > (UEmxeLp=é-(6V 8 (Wang et al. 2015a, Suesstrunk et al. 2015,
Nash et al. 2015, Zhao et al. 2020), Y+XLp=&8 DU,” 0Ece f.d &L$ y%D )0 W; 0/y _ Y+X0 Gii
*YE f.d&L$y%D)0 W, 263+5 n57 %MZ W3+ O0Ee £ (Wang et al. 2015b, Chen et al.
2019). Aé _Y+XLp=éEF 0"?E, f}, .DO!k?+ e« A %*6A8ATAN F65 _* %/é“ Q »,
PY%AR, XF5,iWf:0.. TP%DOF Z9OFf. iz fEé)A£3+ (Wang et al. 2015b,
Chen et al. 2019), Lx55H f >£ 55H f46 @, +|M' _1 « O, ... A+|M’ 1, £ X €E+M’
+0O _"F65€E 95jL8 &, 7-GyG- 7-°}PY=J +O>A“4,0 j>A*“4}+U (back-
scattering immune). "~ »,’Lx5 5H f+|M’' V5 "2 *9(a) p/j, X/+V93$ud9..APY/,
Eé+| 1. FGUB$>0;, -002 -;EE£ 55Hf, !", Lx55H f,’Eé+|\DU+ _1
Al

Lx55H f,” ... A1 X7-Gy <« PEA éM’ § 9%E E, v(™*6 :FJhLT f.d &L$ y%D )0 W.
L¢-p.DO},$!e, >+ )a T8 GM=D55H fF 2«(©1°55H f, ')A, + j8 GLx
(Kane et al. 2005a, 2005b; Bernevig et al. 2006). »1:, «55H f0 a(© 78 GM=D55H f,
>+ JF@$@#4&- $ y,'Lx55H f ABgM= D5 5H f1ly. 8 (M= D5 5H f =M0?+ f.d &L$ y%D )
0 W (Kane et al. 2005a, 2005b; Bernevig et al. 2006), X !+|M': "X P Y é A-(y,+|M’ 1, 6
[VA%:A;T/y8 O, "»+|M'V5 “2 *9(b) p/j. FIEXF9 W "%d :F;8 0,
Na7-GyPY éA,” xf, +a¥% MO f.d &L$ y%D )0 W, !"$Y % ILu A+X. ?2+5jL§=_
(©[j, = C8 0 F65C+8 018 +a O6+Ece, a7- 1)5jL§, 'R+ W. +a % i W# =" X2«
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d>i 4 J}4 4D «77+ 366" LU>3-. (@) L9 @4 4D +7% « 36, %e72zf % A.-R, E3&
f*XLZ -7%2« 36, A*XLZ- 6)*=L U, ® *(d); (b) 7 <L9 @4 4D+ R3y ° 3¢, .-R*,
TEGRSU+° P o722« 38, %ACE*XLZ,$SUA=LU+°6 77 +*xLZ -, ® *(e); (c) «
BKACLY9 @4 4D 38 <+°*xLZ L U7z« 3&, .-Rf S5E(G$SU+° P72z« 3&, =" :A*xLZ]|
-@ =L U+°*xLZ -

+e €, p/u8 0, 2+ X iW# ]1)a8 (M= D5 5H f, M0?+(© [ 'FPC+8 0 1. )a 9,’AiAN 5 :
Y+X;”'5 7,7)0 y)0 Q 16V 8 (Mousavi et al. 2015, Miniaci et al. 2018), F * 3%.Cu7 ||
3#KC> Q 1,” 'FP é x (Yu et al. 2018, Li et al. 2018). TLu:, iW# Y'f5[=r,6V 8(©O W,
»2 W f>M,*ZY# a92« 1,8 G x A(Long et al. 2018), - }F "N 9F /y2«8 G(© W
,’M= D5 5H fAJAN.

BgM=D55H f _1)a‘&01° ..., 02«, - },/.D0!' *MZ h J (Lu et al. 2016, Xiao et al.
2007, Vila et al. 2017, Pal et al. 2017, Xia et al. 2018, Zhang et al. 2019a, Chen et al. 2019, Gao et a
2021). 08\ +*B$, BgM=D55H f FJE+1° ...  f.d(6 0 {KU1°!+1)a, 2f.d y%D )0 FKEM’
)0 1y02L$ )0 W. BgM= D5 5H f 08\ X T ZBg&éLtF ,"CMGi ")--(y, !”, CMGi")- X a Z
3GU$:j,’0 61y %M&. v _, CMGU ")- XBg&éLtF ,’0 61y %z a , 6j!* ACO T/yBgM=
D5 5H f. X!“ACO T/yBgM= D5 5H f46 @, +|[M’:, " X"TGAP Y, +|M' 1, " »+|M’ V5
"2 *9(c) p/j. mINI“COBgM=D-(40 @, +|IM'=87 ... A #(©OW, Vv!# @, +(©=*C
“q.- +%, <g89)5]L§A @=+0,(0%.

:M’ 6 9'—ATANLT CO; ON2 ¢ ) i W# BgM= D5 5H f ALx5 5H f 48 OM= D5 5H f,”.DO!
F ...F>| 04y, !Gy&€é }0 7?82 * =20ICXGYyi2W3+5 j», ) +55H fAIAN A 6 A >AN
1C ]+X °,"*6A& é# F >|B 406 04y.
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3 BmMC J5 5N %0.J0-F <

3.1 BmMC J5 5N %cA0AX

F Gi 6 04y X 2.2 ?82 pF =20iCXGY i2W3+5 ] 1)aBgM= D5 5H f. T)aBgM= D5 5H f 08\
MO0?+ f.dKE y )0 FO2L$ y%D )0 . f :F =200 ...7 ] T ZCX&ECXGY =-(1y &, 3+5 = %% CA&02
L$ y%D )0 W, x},"*6A& 6 A «>" > 3+5 1\% C&, (6 0 {1° 1.d5j | x+O % "/ V. I" &
3+5 VZ¥%BgM=D55H f FJE+ANICBgLx B TY. {},* P 1yx Q ») ¥%*6Aé
6A3+5, = Gyq6éi, 'DX>5 «+|M'1,@ A"r@ ]*MZhi+X. + +a
CMGU ")-4YE+0 6 C ", CMGU ") E y2« | ?2(2)

iZPb 1lyxQ»5 * ' (©+Q1 ?2(23), @ A"r*~NA8¢“"M'6 _,"CMGU")-]j

>x}2«l, 2= i1 F+1 6 [)A % T ZBg&é. f'f, 21.2,CMGU")-» i2UI,(© +L

NE é0; ?(9),(©+ Q1"r*. *10(a) ]5 * 2.2 V5 ~"4i G XBg&éLtF, @ A8¢“"

47, 6<CMGi ")-@ A5 1 ?(25) >21.25 1)" 2 *10(b) ¥ *10(c) p/j. |]@ A5 1>21

25 1k8,-, ARTK APP 1yxQ» 9xW. # 2 CMGi")21.2Q»>@ AQ»{L$
VA6 b [, 21.25 18 9 ¥3+5 2« 1,” 120 f GEce )0 W, 6< -++ 13+5 !I(© £, b Q »5

*'5 1j¥%"4A<W. +a%lyx0 MMZh?, CMGi")-k?+ 63 X TZBg&é + Y +sLtF,
XF /6Bg&é &EBFO> y8#M&. T ZBg, CMGi ")-1“-1V '-(y, ", !X =aZ3Gu$:j,0 6

1y %M&, £3+5,Lx jM&. 'f6<, +aCMGii ")- X ... ZBg&éLtF F>|0 6 Ey,'BgLx | =
iM&

£) % +¢ Y% + T ZBg&é, !Bglx 6 [j+1/2 vail/2. 1", fFJE+ =-(1y,CXGYy Mp » Mo C
3+5 )0 W pCe L}8#Cs &, 3+5 jBgM=D55Hf, | ] Mg ! Mp &j“BgM=D-(, Mg M)
ACOBgM= D-(.

i Z fE€) A £3+ (Hasan et al. 2010), =< (40 @, +|M':0E"X « O, +]
M1 iz,* K Pb1lyxQ», MZhéC @ APYAA+|M'1, "XWAPYéEAU!
+ F(© +1y. jPY%ARAiZ :=20ICXGY i2W3+5 ATAN, BgM= D5 5H f, 63<e+a!* ACO T/yBgM= D
(46 @, +|M’( *11, X+ 0O, M 10; X 10, M 0), +{MéA"-p Yex)a"OW, +|M’ x ..7 ]
CX&ECXGYE3 W, 6<+|M' # x ...7 TX&ECXGYy $W. § f+|M'(©ztLc@ O =<6< F. =0°)
A %K _U™ ’ (zig-zag) +|M’, 6< = 30° I x ! { 5(amchair) +|M’. iz P 1y x Q » ?(20), +|
M'Tx0OCX ], iW# PY?0»+a2;P6¢é0;5 *(£61yxa 6N Gy | T/y#. S/’ "Ky
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(@) R3y° 38, ¢ VY.c*%Aa=".f18-3?, Ac% & + , ++KpDy+°E4 3éfUce M A &+°? Y?;
(b)(c) 6 0 Y PBTFG 90u "(Mp = 0.9, Mg = 1.1, T = 1)+°18-3BIFg (36*]U e M A &+°? %
BIFg (3. ‘7 3(Z(Chen et al. 2019)

*

(@) *BKACL9 @,$308 <+°*xLZ.f-, *xLZ £« «Z;:4ay>p O 5Y; (b)(c) IT«Z/¢twZ
*XLZ % A°&y>p = 0%30° ‘7 3(Z(Chen et al. 2019)

ii“yx, "Ky : ii"y) (Shen 2017)

i@ +|M' 1@ AS>ET?2, # ? +M' XY 6A89°OW, |!+|M' 189 3#KC>@

? Z(X, Y) = (Cy, Cy) exp( *Xe) exp(i"KeyYe), | ]Cy % Co ju'r@, Z. 3+ . 6B>"Ei? «#
@ xfé0;(27) C
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j9¢ CMZM&@ , M0?+3+ .Le,>| G ?jM&, 2!” C (@ +NA)- 1(©+Q1

2+ TC(O©+Q1p X+MLLF, MO?+0 X X+M' TxwjCO , ~C(©+ Q 1"i# AF /&
+IM' & x)a7 > §. "F, " » Ci/Cy X+|M' T x 6N«F 5, £% Ca+|M'F5 W & # ?°

"8l & Ya Kye X+|M' T x6[-(ly, | MZhéCPY%AR, ~X2;7 > y D% C&a4i W8¢ “ £

3+, +[M’ 1

6+ % +Bgl)A>EI? «:?, C° Y, CX&E 10+, § f>EQ?

-, +M'1+a{},’Bg 146 @, FD 7 > yNO U-(} €. p8C “£3+"4i?

(30) $5 -;*, +aBg&é ++ (©+ Q146 @, +|M' 1"i-piYe é€APY, 6<+a 0ZBg&é +(©+
Q140 @, +IM 1 I"i-py € APY. 210"’ TZBgM=D-(,” }52, |)A £3+6 +0 yEce.
F# 2, 7>9y €_M(X*)/V _>b5 Q»], 1y XCXGy-(£, £ ¥is CX&ECXGYy 2C°W, +|
M’ 1COLO | X+|M'LtF . I"F, :F>"Ei2>" >, )%+ 2, +|M é}@ w ™ X-(A,/ +|M 1,
F>>+M"1890ER+ W. :@ A>Ei1?!=7-$0yP_" iy, ;-6FJE+ I1C
»PYAR+|IM i@ 0+'fi &+|M'1,R+ W.

*12(a)(b)5 * 1 T/yBgM=D-(46 @,” ‘(ee+|M’ (A: Mp = 0.9, Mg = 1.1; B: Mp = 1.1, Mg =
09) G)A7-V5 ". #|M™i-p Y éA, iz *11b) |)A¥%é}@ = 0. XAN1C7-V5
" &, ‘(e .., :Eé+|iD93#KC>F5 W' & X7-V5 . ](*12(b), & 8¢ "4i >~
f1, X/I+V93$u*aqo0‘+a;8¢"4i >'NIFQ1.BPYQ1)A%N+M 1, p5 *
C YO+ j(*12 (€) T (e) - *. ) ¥+|M 1( *12(d)), 9MeF +|M’,'CX&E &9, W, }
O+_u. p8¢“"4i® GC* X +¢ +M'189C0O,50FO 0, >{}*6A&N" O 08$.

j$$5 - *+|M’1CX&é( *13(a)),F @, *13(b)(c)5 * TMeF +|M’'LtF CX&é, F
@E"F). ) %Bg&é ++ ) A +|M 1, CX&¢é 6[9'—F6 &J,/N2&J,5 £>'}57F @, Y% :F
@ A>ET?08%. )%Bg&é + )A +|M'1, p9CX&E,‘'F OYA. +a¥%b lyxQ»j¥%~4
A<W, @ A>"El ?(31)5 *, ' CX&EE"F)j766’, TLu:CX&EE'F)jkéA"i X F65 Y, ]
6. F k?+ +a ¥%-013+45 6% C4C5, /6“)0 W, 6<=_ Y% "4 A<W. Q/ PCX&é"d £ }0+"i-p
X éA, 632 *13d)e) p/j, !], 7 > y?20 » 2@ A>"ET ?(31), N'#{Q O 08%.

2} plj, XBgM=D55H fATAN], £KAX %2 ... TINA “"4i x+04i W1°!,"(6 U {KU.
{1G 6,'BgM= DATAN k?+ IMe 3 0 1“4-(£, (6 0{1°!, -(A 'NA)-}52+a!lh &
E.F ?2£-pha~NA «PEAT7-MO?+E3W, !'1j(, =Y % I1Lu A+XMO"r. F GU 04y * %
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(@) *BKACLO @,$30 <+° +'4 3y °; (b) «'a <3y °lé Y &=+°" LUR3y° 3¢, @I0AY

16 Y &=¢é IBloch"E4 «"; (c)(e) *(b) YAC%& ++67PVe-%A+°BT%ay/' f, ME7Z
="f'Y&=yl'qh, 3172 =qgh S; (d) *(b) Y*XLZ - % A+°BT%a y/'f. ‘7 3(Z

(Chen et al. 2019)

*

(@) A% & + o/ +*xLZ - % A+°BT%A y/' f; (b)(c) *XLZKpDYyBT%&+°Dii OD"E%, Sy7Z 2%4& ="BT%Aa+°
y438, 3172/: 72 ="4 Y=« y4SM! "I'/E2 "I +D~; (d)(e) Q/ PBT%&!" Yy/'qh!é, | X &=+°
2/. ‘7 3(Z(Chen et al. 2019)
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p i_.,BgM=D55H fATAN (Zhang et al. 2020), *\ MD j X% C&Csy, )0 W, &éLe ] E »
p _€, x+ONA)-}57+a_€i NA)-aE, (6 0{KU 0-(A BgPEA «+|M' 1.

63<e 2 *14(a) plj,” i2ZWCXGYy/é “ Q ». B =20i&éLe,” > ...7 j& 8¢:! ' plj, '!1
h j..}11yZ..7 uS[TZCXGyw j -,” FG CX&é, 6[Aa E Ya. Y% pG 49
0Zp _ €(6[Aa Er Ys), !CXGY6[|M Y% Ms. FGiU 63<e*£M +F_@Q?2, I"
pOCX&Ew "i*£EM' é AF @. dF ,” FG CX&é+a*M'J O j +, i2WF O, p _€, *
MJIOw | K B i2WCXGY Q », 1\ 0 3Gii$: j 2 *14(b) plj.

Ey 0 Gy4ao .= K+, 1= M/-, = MJ/-.IyZ..7 5[4 Z8 +a
O, *00-(A, ' (©+1€0; "rC5 E#. ;,” Lf(©+NA)-. f.=06, = ,=1.0 &, /&*“
Q », 'NA“"4i2 *15(a) ]& 8¢&é4ipl/j. '], GYy4aFNA)- = & &. -, 3GiU$:]j
@&é +49TZOBU{KU. Ejo'—, =[p _€,=20i&éLe,’NA “"4i2 *15(a) ]408¢ 1

4ipli. )" )a, [p _€Q»E3QNA4, (Bu{KU>P5 =[p _ €, 7=20i&éLe, (6
U{KU ~08%. FOZNA)E3~ (6U{KU}%p j_VLE +|LtF, > >INA)->p
_€j_NA)-OF. C°, +&©&4, Lf(© £NA)- j(Zhang et al. 2020)

f 1= 2= =(M+ M)2-& F Z©+*NA)-TT1°!, £8& = & D & = &, 6[> *15(@a)
, TZOU{KU)A. E3EC AA>C", & = & = & (Mg = (M, + MJ)/2), > >
E3~NAMB U {KU,NA)-0E?%p _€ j_NA).. ", X=i !lh  /} ;
FJE+i p _€, i _NA)B382B (6 0{KU,'NA)-}5%. f..7 ]TZp _ €, CXGy" X
2u 2, £0 4, £ ,_ & +a¥%T_€ i NA)-=<, (U{KUI°'FOF!"@ a,” V
LE, 2 *15(b) p/j.

Bg&é(+ F ++)LtF, (© + Q1 +aBg&é 4, (© + Q 141 W46 8F I>7/j. 0631\ ¥482 14y
K AP b 1yxé#, CBp j_»BgM=D55H f,”1y x Q » |

., , © 2= [1(+1)+X % j6Bg&é + Y4 +e+. *¥B
1y x Q » C 'Bg&é€LtF ,"NA “"4i 2 *15(a) Y% 15(b) ]; 8¢ 14i p/j, >-O01@ A5 1k 8.
F Ole®, iZz+talyxQ»5 * ' (©+Q1, C > *15b) JINOAL\ Y% ‘NA“6 _)A/
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(@ | *[-AcLO @4 4D +.c* M -; (b) % A+°0X, /[Fg#6f O PV /Fg#6 f>p% a ++ , +.
‘7 3(Z(Zhang et al. 2020)

*

(@ 6 YPVI [|,”.$8"+°M¥% » 38 (%®72%4&438) 6 9WI [|+°<./E%&Ka+°M¥%
« 38 (3172 E38); (b) 6 YPVI [|+°BTF0,T;q ."+°M% e 3&; (c) *(b) Yy
PeM¥% 2 [ % A+°BIFg (3. ‘7 3(Z(Zhang et al. 2020)

CMGii ")- 6 3, 2 *15(c) p/j. MZM&CMGI ")-L6 ] XBg&ELtF , L¢-p/éBg&é, D /é 1 D6<EGFO
> §. XzZ3Giu$:j)CMGi ")-0 6, C 110 NA “"4i XBg&é +(+°) 4, BgLx |
[1/2(+1/2), 6<1\ Y2 NA “"47 XBg& é +(++) 4,'BglLx j+1/2(i1/2). -( <Bg&é 4,"BgLx {
j , > >XB+a(0 0 {1°IFOF6<’ @, VLE u~ X o+

M1PYQ?.

* ¥, :F i2WCXGYy/é “Q », AIAN2 *16(a) p/j,” T f P5 ~ Q »(Zhang et al. 2020).
6K ~(K&,-8¢G 6, %, = 70 GPa, !y = 2700 kg/m®, #, = 0.33) pGKro2' @ JOaF, >LtD
JB 1(U8EG 6, % = 17 GPa, !, = 11 300 kg/m®, # = 0.33) 0OC§ " @p _€. !lh j,=3cm,
K EOjH=2mm; 46, EO%iO6[jT,=05mm % H, =1 mm; K :Kr02, 6,z
"j2=75mm, 36!,z jR=35mm. .7 ]TZJ6! EO6[Aa|H; Y H,.
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*

(@) @é@Ii+°1 «[-AcLO @4 4D« U3y °; (b) 6 +PVI [|,”.$8"+°M¥% + 3&, ME
72="--BM;, hfl %A&YLZ-B[O; (c) *6 +PVI [|+°BTF0,T;q

+°MY% e 3&; (d) 6 £ P VI [|+°BTF0,T;q ."+°& YLZOuto O. ‘7 3(Z
(Zhang et al. 2020)

Hy = H, = 20 mm &,'NA “ "4i 2 *16(b) p/j, NI8¢>"++FQ?, FGiU £#Ni8¢ 10
F %1, *EM +F _@. -, X£#,/NA)-93$u, 3Gi$: @ &é + 4" XT40Bu{
1°! iZx}i2WCXGy/é“Q»6A5 I, E3QNA4,/(6u{l°!(1°!2) >=[p _€/
=20i&¢éLe p §9,71° 1083, -(A/(©+Q1x)a3ul“4©W. 0Zz@u{1°!(@1°!
1) }%B Q», p j_VLE!";é (©+xQ1>a*>n"p | _(OW, >>B((6u{1°
' "NA)- 152 k?++ap _€, i NA)-AE. fH; =23 mmD H, =17mm & B Q» NA*“
"4i2 *16(c) plj. +a¥% ..7 1TZp _€, i _NA)- =<, 1° '1FOF x+O VLE (; 8¢ |
) <&, *16(d)5 *IB 0 ; Q», *EM1yx6 0. -, Xax+0, VLENA)-93
$uU, lyx o 0?2+ xjCOI?£xJEEW, I“l, 89>n,p |_(O&E.

j AR > X+a(0 0 {1° !1FOF6<’ @, p |_VLE93$u " X+M1PYQ?, F O
le6 A2 *17(a) p/j,” 5[16 Z...7, ' V(eeCu7 /NA“(©W. B ‘V(&eCu7 5[8 ZA »
.7 Y48 ZB » .7, '], HL =23 mm, H, = 1.7 mm. -(A,’NA “ "4i2 *17(b) plj,; 8¢8¢
7TYA*EM' _@Q?. X..7, ep i_VLE93$u 20 "0'+M1PYQ?, 25
8¢ 141 7# plj. *17(c)5 * 1 F = 2500 Hz &, (© + Q 1, }0+ k?xLd ] %MeF +|M’," p
€.

:M’.DO! :F+M"1PYQ?) @, }+U(©W. 63<e2 *17(d) a *17(f) p/j,” 9/y5
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(@) 1 W*XLZ+° + R'aB+6 ; (b) * R'‘aB+6 +°MY% ¢ 38, 4+77 3" +° f*xLZ -2 [; (c) F = 2500 Hz
"+°'¥ - M -; (d) (e) () F = 2500 Hz " 5.0 5K| f$3y °(9 1 W*xLZ, 3, 38 Z*xLZC °, 3Z°
Z*xLZC °)+°/_-yl'f; (@) *(e) Y3"+°:7z;t3¢6+°[q2/; () 5.05K|f$3y°

(91 WH*xLZ+°e-, 3,38 Z*xLZC °, 3Z  Z*xLZC °)+°E; 0(3 3&é. ‘7 3(Z(Zhang et al.
2020)

" 6[)A=5[+MB-$4i " '+|M'D Bz '+[M'D *, w5 [16 116 Z..7. )5~
F>NA Q, ~“iD~y4Eé+|, !X+|M'D ~« 4iDNA)- j2500 Hz, 1°B@%0d &, 2
408¢# #31Y d p/j. *17(d)5 *=5[+|M’,’5 "," }0+j, +a % VLE93 $u="Xf 1P
Y Q?, }0+ XF /%0 4$A 4EGFO> y. ) % [3-$4i '+|M'D ~( *17(e)) Y43Z '+|M'D ~
(*17(H),’5 7, %8 ,” _"# w "i+|M'P Y. (©[, *17(g)5 * T *17(e) ]; 8¢<S4i
;7 _u63. +#M 4, ujo63, _u>yjOW u, 0z)A i OFWHM, £z
Qi) j116,(,j!Ih ), > >}0+ XF/é+|M' é AESFO> y. I"F, *17(h)5 * 1 9/y5
" X2375 a 3000 Hz93$,’F?4).. -, X ep j_VLE93$y, 3-$4i '+|M'D " Y%
3Z°+|M'D " F?4)-(f, WFQ % f 1, PEA),, > >B+M1X0E0;0: =« O.
6<XZFJ, p | _VLE93$yu, L"Z[F?4 F, 9/y5 ,’F? 4)- wMZ h ~.
3.2  BmMC J5 5N % OPA

X i W# BgM= D5 5H f IP%.D0! éM’, - }" 9 =A-(£ & (Vila et al. 2017, Pal et al.
2017, Gao et al. 2021). F éM’,”J .DO! _*% 3 0l"“43+5, £Bg PEAEé+| 1,'NA)- }57 >

'Ih -(£. j10+.dB LEf, Zhang1y (2020) f7p j_»BgM=D55H f, |FJE+ IPY%
.DO!'Xp i _VLE]?0 ~YBgPEA+M'1PY)aB'. I"F, J,)f}.D0!']0 AIAN, -
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EEf7% @, €EE]JgAeP Y, +|M 1D ~ _*E= ,F ZL NE, Zhang 1y (2019a) F AAN
0/y 5F0;BgM=D55H f, Daf Gy ,/+M’1P YD ". ;M aF TéM’ ... 0§ f 04y.

3.2.1 v 8§ e ABmMC J5 5N % OPA.JO-

-(£*6AéATAN 0 1.DO!G 6 X 3.1 782" (E 04y, ;M k?+ 04y-( A, IP¥%.DO!G 6. f
7p i_»BgM=D55Hf2*18 p/j, €EO0 ub5  ..j(> *16(a) p/jQ »
08%. 5 "]5[0‘3Z '+|M'D “, 2 *18 1408¢ 14ip/j. +|M’ T x,” ...7 AJKE y, 2
*17(a) plj. %d _"52 %5 "‘6uM’, O d2-$* E %U 8¢ 6&¢ plj }57.

*19(a)5 * T *18 ]A&é %B&E 4, ' NAy"4i. !'], A&} %3Z "+|M'D " :, B&é
}Y+ M OXx,  €Efu. 20 "TZ>n, ~F?24j , +X&8¢ ¥; 8¢C. " 7# 2.. X
&8¢ ~F?24j p, A&é “%B&E,'F?4)-wMZh~, 6<X;8¢~F?4j pu, A&, F? 4)-E3
B& w4020 dB. F ?£-pX;8¢j NA)93$pu, "X+M1PYQ? !",5 8 *17(h)
] 1Q 5 *'F?4)-"4i TE,;8tj YABp j_»BgM=D55Hf, «p
i VLE, 6<&8¢j YA!£ p j_VLE. jTPY%ARB5 A8, Y+X>y?2%dyJz #{ _
Ad ... 5 "X9Z > WNA)- ;" wéiFOOj, 6[ 1500 Hz(} %FJ V93 $ u) A2045
Hz(}% ep j_ VLE93$ ) A2500 Hz(}% £ p i_ VLE93 $p). Ya, f%0 a
NA)-}3% +p j_VLE93$pu &( *19(C), %8 ,” _"#"i3Z '+|M'P Y, XF/&+|M é
AEBFO> V. 6< f%d 4&NA)-} % £ p | _VLE93$pu &( *19(d)), }0+L6]% $ALtF, Z
20 " PY)aB'. €063, %3 aNA)-} % €EFIVI3$pu &( *19(b), 7-Gy 6 3 % u Z5 ~

' *19(a) 1, TPY#{GY5 1> *17(h) ], 1Q 51 )a, TPY%#{C, VLE
NA)->n~% IAN1C ],  VLENA).. B 2k?+ +a%€Ef7FP @,. 1IP%], *fK >
p _€_60D ,'T>%+X7&"d2EOQO0CE,”. !"p _€,30-() 1Q»?2+?0E,

,88 VLE }57 A ~NA «0+. j TP%ARF 0&€é, i2TP¥%5 1, 6 1Q ]P5 "+, E O Tg
( *16(a)) B3 & j0.42 mm, %IQANI1C § *17(a) p/j ‘ V(eeCu7 ,” V5 ~, 2 *20 plj.

-; ", 1PW%5 1In/j,” VLE }52 >Cu7 f VLE, }5Z k 8E3-. M0?+B$ >, , +a ¥% _€CXGy =
6<J OL} ~, 02L$ y%D )0 W.d «0; OTj, ,8% «+|M 1(5/8¢141),” Viy 2.

3.2.2 FPD% %5LOABMMC J5 5N %o OPA.JO-

jha Gy ', +|M"1P YD °, Zhang1ly (2019a) * 0/y 5F0;BgM=D55H f, | ...
7T+a*frfyv#afir(AWHqf) @. FIE-ATAN,” 5F0;.fijx f3+5, )00 'B382ly Z
.7 ], .A#q f 63, p6<i 5 ] *+|M1P YD ~

ATAN, 1“ «Eé '=20i&6éLe 2 *21 plj, | >~ ..7 [9T 261037, FIE+46 2, "
FIFfFFJ. f..7 =[.A#q f &, i 23.18204y, +a ¥%&éLe €EE < &% CaC; )0 W ¥402L$ y%D
)0 W, NA“"41 X +&€& 44iW1° ! @(6 0 {KU, 2 *21(a) p/j. MO?+*B$ >, , FGU d £
# *EMtF_@Q?, £.];8NA“6 _. f..7 1102027, u% .Ai#q f & =)0, CX

Gy 6 3 f.d 1&€éLe € E,"02L$ y%D )0 W. (A", ; 8¢NA“6 _:, (6 U {KUFOF’ @ VLE
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b3+°1 «[-AcL9 @4 4D+ 6 EO."WA 2'4. '7 3(Z(Zhang et al. 2020)

*

(@) *18 Y A%& ,B%a+° EO,"w AM¥% 0 38&; (b) (c) (d) M¥%(31500 Hz, 2045 Hz 2500 Hz "+°
s&eEKOf. ‘7 3(Z(zhang et al. 2020)

( *21(b)). FO x, XB VLENA)-93$u, + O,/+M' 1 "i-p+a §9-(yCXGYy 6 3,"&é
Le” @, +|M'F>| P Y, 2 *21(c) p/j. Y+XATAN,” 5F0;.fijx f3+5, ) 00B382ly Z ...
7 1,.8#q f 6 3( *21(d), F6< iZILUMO?+Gy +X % PY «+|M' 1,D ~’(ee, 2
*21(e) plj.
7.0 221N plj, *f*f +a3D f (f j: Object 350, Stratasys, USA,
6G €: RGD810, VeroClear, Stratasys, USA)6< @, U 8¢G 6 j.Aa#qfir. *f*f,” QGYy % 6
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O: *19(a) Y+°M¥% 1 3&é; O: WEO, RKAy43u$@ A\U3y°-+°.KEF O :, Fu U@I0A
+° *17(a) I.f+ R'aB+6 +° R3y °. ‘7 3(Z(Zhang et al. 2020)

*

(@ 6 9W-i"me", /Fg#6>p%a + 0y*K'd8dw0-¢; (b) *6 ¢ Y, V/6EQS-i"me
" IK 0$@ %/ S-{, « A8 W0-C¢E,BCZ<RKA(T7ZM¥%2]); (c) T *(b) Y:72
MY% ¢ 2 [RKA8/ +, ,TYPXLZ-LUM;; (d) U*T@é@Ii+° 4B/7-if ODbaV+6
Y-i"me+° 2/, (€) <+, EFDOe <6 Y-i"'me+°2/a- A/ *T°LUYy}XLZ -+°

*XLZC °+°7'a; () @é@i+°+6 +° «ice. ‘7 3(Z(Zhang et al. 2019a)
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(@) *R'aBx6; (b) & YLZ-B[O M ;M% « 3&; (c) F = 1234 Hz 7*XLZ -MY% » 2 [ 6+°'¥ -
M-; (d) (e) () F = 1234 Hz 7 5.0*xLZC °+°/_-y/'f, 2W % A, 38 Z*xLZC =L~ Z*x
LZC ®Z~ Z*xLZC °. ‘7 3(Z(Zhang et al. 2019a)

O6[j% =2 GPa Y ! =1200 kg/m®, "4 ®" j0.4. ..7,'lh j,=40cm, EOjH-=
40 mm; 61027,  Fz % AEG6[j86 mm %07 mm; .7 Tx9@ !!, EEK jL
1.866 cm, ...7 {L$F O 4, iOjA =, i2L.

j TPYAR X *21(b) ] VLE93 $u " X+|M'1PY Q?, F 0l+.D0!+al16 Z...7 40 @, "
V(aeCu7 ,’NA “(© W. X COMSOL Multiphysics ] *00 2 *22(a) p/j,” * V(eeCu7, 5[8 Z
A#Q fLO] % %027, .7 Y48 Z.A#q fLO] % # %027, ..7. F Tly2«» ..7,F O 4
0 {j3+M". IAN1IC], B ‘V(eeCu7, :;T1 j8 +aEé+|‘' &, #T1 j3#KC>" 0O
WEé+| ‘& C ,V*EM+F_@Q? /NA“6_2*22(b) p/j. XfVLE93$ nu(401226 a
1441 Hz) *)a 0 ‘“+|M’ INA “6 _, 2; 8¢&€E4ipl/j. *22(c)5 * 1B Cu7 X 1234 Hz ;, (©
+Q1, }0+L6]63 % ‘V(eCu7, +|M' 46< XF /6+|M’,” é AEGFO> ¥, x)a+|M’ 1(© =.

F Ols, )B [#a fir,” 5F0;BgM=D55H f, +|M"1 P YF>| INA Q . *22(d)

(e) (N 6[5 * 116 716, 9LE | (5 ~ X-$4i+|M'D WL '+|M'D BZ '+|M'D ~

:70c1}0+j. Q 1,5  “iD~y4Eé+| ' &, +IM'D “JL$(; 8¢ 6&6é p/j) { DNA
)- 1234 Hz /1°B@%d &.  )a, X=<+M'D “’(&:, %8 , _"# W'i-p+|]M'D " P Y.
3D f f7,5[16 116 Z..7 /#{B g &2 *23@) plj. -, +IM Tx ..7 ]

J.f#g f 6 3(e 1-(y. TPY#{ C, -$4i '+|M'D ~ " » X 1450 Hz ;,” *M’ }0+ j 2 * 23(b)
pli, %d | _"# "i-p+[M'F>| P Y, X2-$+|M’, é AEGFO> §. Y+XATAN, 5FO0:.fij
x f3+5 ( *24), FJE+EceO0+ ...7 ], /.i#q f, Gy 5 ~]+|[M' 1D *, '(eée. *23(c) Y
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*

(@ b3+°16 T 16"wWA c"; (b)(c)(d) EO,"WA +° F = 1450 Hz 7 5.0*xLZC °+°/_-y/'f, 2
W % A, 38 Z*xLZC L~ Z*XxLZC ®Z  Z*xLZC °. ‘7 3(Z(Zhang et al. 2019a)

*

@e@i+° 4B/7-1li sKyKa C2'4 . (a) 4B/7 O bD>"; (b) 16 EFE«4 *a ", Y; (c) -ili sKyKa
C, 4+72 2 4 3" +°-{li *]D>" O b sBE; (d) -ili sKyKa C+° O>0 *. ‘7 3(Z(Zhang et al.
2019a)

23(d)5 * 3L +|M'D 7 » ¥ 3Z +|M'D " », *M' 0+, _"#"i-pa’ @, +|
MD “PY, !D ,-5E+ @. M0?xB$>,” , TP¥%]?20 ,+|M' 1INA)-> |1 Q ]
 NA)-90E 2, F k?++a %3D f 57, ...j(> 1],*6#Q»9 FP@,. "

F, IPYV#{B g& 61t f %+X7&"d2E O X 0CS§,”, 027,," 61+ +X 17&"d, F o f €E
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ZW+90E, jy.

5,: pF, AITANBgM= D5 5H f,” £EK*ePO O/ x C “(6 0 {KU1° !3+5 , 'f >FJE+L} ~)O0
W f.d1° ! )aBgM=D (. > W, ATAN é x _ * %=201 F 9@ ! I3+5 X 3Gi$: j@ &¢é
(6 U {KU, Y+XKE y F y%D )0 .d sATAN *BgM= D5 5H f (Pal et al. 2017, Liu et al. 2018). i W
# BgM= D5 5H f TP¥.DO! "" E3 @'l, 2Zhu 1y (2018) AVilaly (2017) G- X=20i&€éLe 3+5 ]
PY%AR 1BgM=D x A, ! ]Vilaly (2017) X=20i!1!]10 Z 1&éLt DNI F,".AJA, 2« 1113.1 ?
82]TZ1&é § 9 =<CXGY. Gao1ly (2021) IATAN 1*% 9@ A 3“4 f, 'BgM=D55H f, 'P¥
AR +|M' 1, « O(© W. +a %4ii W*6A&, 41 W5Y n(© W, Yan et al.1y (2018) ATAN | P4a2£
jO,'BgM=D55H f, !.DO! =<+|M" i@ )iW# «6#, xI.

4 L~5 5N %0.J0-F <«

4.1 L~5 5N %0A0AX

} 082FJE+B382=20ICXGYy i2W3+5 ,CXGy 0 , f.d y%D )0 W "4y )a {BgM= D5 5H f,
\ 2826 X-( <,”3+5 JATAN DaLx5 5H f. X {}60 Y ]"4y 04y, 1)aLx5 5H fM0?+ f.d3+
5, &L$ y%D )0 W. FD.fijh+X % f.d+e €3+5 F+e.fi3+5,” &L$ y%D )0 W, 'fé<, i W
# A #1lyja# >fAj ~=6V8, #FJE+.Ajf.d&L$y%D)0. J,)F Gi, CXGY i2W _
@3+5, 6FJE-0GuU+Y E(1°00"? E) f.d &L$ y%D )0 W (Wang et al. 2015b, Chen et al.
2019), § f S# 63+557 ¥ (Ece * x.

6 {}, CXGY i2W3+557 % (Ece * x :( *25), X > (0Eoe *x *E,” € 73+ ; 6 ACX&é,
F @26 ». XI"MZ WE€73+], F CX&& <SS /0" E &= 12 T(M V) Geéo6E
&&ent = M_ ?R, ']V % R6[jCX&E,FOO>}57.Gy. wE (Ece*x@ FO OE3?, ICX&é
JO"?2Eek, IEOE -++=AN. XNA)- j &,1°B@ _@64&;, 0"2ELly"' j &oi= |2 i
(M V) =2 T (M A&, A >"CX&é, BFO O. FJE+ G *CX&€é,’F @ €é0; )a, BO"?E
FJE+ 63+5, CXGyly xj " D2£(© ' ? B 63<e, ...7 H4CX&ECXGYly x j Mp(l + 1y), Mol +

1y), '] € =2 /&>7j6V8jO.

63<e ...7 4 TCX&ECXGY-(ly Mp = Mg = My DO "? E x AE® a 1,3+5, iz{}Pp
1y x Q » *00 é#, 1°!3+5 X ++ (+4),(© + 12Uy(+°), Uy(+¢) (AU (4), U (D) j* C
"> ?(21) YaT-(<,"1lyxQ»

# 2, +a¥%0"? E f.d 1 &L$ y%D )0, ++ (+)Bg&é,’ 1y x Q » Jly XCXGYy M Aj-(y . D
X0Ee@FO O =jM&&, 3+5 "XiOj M, /£V. 2«1{}, ANICC ~NA6 _ )A/S
CMGU ")
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2.G+<.JE2'4 j45°+D & 06 - "K 0U$@ %/, E(ULO @4 4D+, T:+=D"Y & A&
+°|32'6, BT%& \.WFg‘UC6.¢iC, .y;C:+D & O>pEKOS;_ 36S$Y, ¢ciC
SPEKOY & _ ?36S,$Y

I"&, TZBg + Y ++jV-(<,CMGi")-. 6CMGi")- X aZ3Gu$:ju0 6, C Lx ,
«£ CMGU")- XTZBgLtFO0 6, ¥

fOE*x, @ FO O =jM&&, 3+5 'Lx a=jM&, > >3+5 ~@Lx55H f. I" & 3+5 gAe ...
APY, +IM'1, 9 —{} @ A é# PYAf. 63<e2« | *11(a) ]LX5 5H f46 @, +|M ' (X
0, M 0; X+ 10, M10), WETx5 XY*éA§9"OW> C +M1

P8¢ “£3+ - * +a +e (+)Bgl40 @, +|M 1 W"i+YeEéAPY, ?2£-p+M 18" .. AP
Y. <*6 PWARA, Tly «(0'}52>(Xe 0, M !10; Xe 10, M 0), +|M1"-(yEéAPY.
F/y)aB* X(™*6 :*6@ j, GEce *x,” E« f.d 13+5 X:;, )0 W, ~C+/M# 7-"i
0EAPY.
)% 008\, '3+5, £..7 UTCX&ECXGYy =1y D " X0"?2E &, <g 1°!3+5 X ++(4),
(©£17Uy(+2), Ua(+9) ("Uy(H), U(#H)) j* O € >(21) %™-(<,/1lyxQ»

f &L$ y%D )0 W G02L$ y%D )0 W < &>0 f.d,” &1, iZ T/y)0 W,.d +0; O, £ QEce *
x@ FO OW ? %7 s u TCX&ECXGY , 3+5 4% /y=<, e« ((*26(), ']1T/V]
BgM=D55H f, T/YjLx55H f. 'p |jCMGi")- XBg&é ++ % +,0 6, Lx jTZ
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*

@ V}3$2/* V|3:&0+D"f],$VY, 34|3:6 0+ PBT%ABTFO ,$Y; (b) *Tce
0 °A C,$+° " +D&*x", ®* YSH7Z 2%4a I.f, 2'4 % A+° R3y ° 3&. ‘7 3(Z(Chen et al.
2019)

| {%. 6 4 %A aD Zj uG &, 3+5 j5[% /= V,BgM=D55H f FLx55H f. f
0 4% Zj Eé+| &, 3+5"N9Y"/+V, =Z%55Hf. 1”&, 1\2A1\3 _8¢“"M' &
XBg&é ++« F + fOVLE, X 0ZBg&&ly 11°!, 2 *26(b) 15 *,” V5 ~"4i5 &, !
]0 jMp =095 Mg=105 Y = {&/40. F/y)aB'$A % 0Ece * x f.d 13+5,” &L$ y%D )
0 W, )+aCXGy X + Y ++ECS§,/+V x+0-(y, iy, +&ELtF, /+ V+a ¥% 0Ece6< ¥,
+LtF /= V I+a % UEceb< V a.

jIPYAR =< (7 «+M'1, *27(a) a *27(5 *T :4/y ((A: Mp =0.9, Mg =
11, =0;B: Mp =11 Mg=09, =0;C Mp=10= Mg, = 1i005&; D: Mp =10 = Mg,
0.05&0) 40 @, 6/yK_U+|M')AV5 . V5 "FIE+"r@ *12(a) ] p/j‘(eeCu7 # @ €0; C
¥ 1]:Eé+| ID93#KC>F5 W' & V5 "],7;8¢"41 > +|M’ 18¢ “ "4i, ) ¥%lLx
55H fC/D46 @, +|M’, - T '+|M’18¢ “"4i, 6<!3 (" @, +|M" 690 '+
M’ 18¢ “"4i. XPYéA: BgM=D55H fAB46 @, +|M’ _1UAPY, +[M' 1, 6<X5]
LX55H f, +|M'6 _1...APY+M 1(*27(b) a *27(f)). MO?+ 7 *" _, +a %8 +a02L$
i @EE 55Hf, !"XLx55H f, Eé+| " X-(A, Eé+| 1. jTV5 ~"4i $ D1°#1,
. ]1'"N 9+k *Eé+| 1) A,"8¢ “ "41.

*285 *iW# X :/y (40 @, +IMPY Q 5 I, 408¢>7/jM’ u}0+ _u W,
<S4i>"[j+|M' }5%, <SATpFjTly =<, (. jPY%AR+IM 1, « OO©W, B+M'(©]
5[ 2110° ¥%80°,” —&@Ee@ . XBgM=D-(A/B46 @, +|M’, iW# "i-puAPY, 6<X
5[Lx55H f,+|[M’( *28(b) a *28(f), iW# 7-"i-p...APY. I1Q5I1>{}@
A5 1% V5 'AN1IC k8, 6<DAATTIiW# "i-p+2+|M' US%PY, 6<=J +|M’ @ x
+O>n, >Ay4F*“4.
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*

6.0V },$30 <+°J[T«*xLZ" LU7Z e 36; 7% ="¢"Tze 38, :72 ="*xLZ-77+ 38&.
‘7 3(Z (Chen et al. 2019)

*

eS"1é6.0yXLZLU"@-3yE; ME7Z ="y/'qhS;, 3172="fy' S; ceh M
f S7 1 W78 190 V6. ‘7 3(Z(Chen et al. 2019)
42  F5# CrEi+, 7

oA M L1*HLTONIEE, | o# PY(OWBA 7-V*6AE | *.p. 6< h?d
*fE- .DO! 1 k?+ ?F5 (CX*6Aéjvee. 97-FIE-F5 (GCX*6A&) <P Y(© WF



220 EAAA-AAAF AAA .. a1\ §

> k+k, ! JEElyx0 )# @, iy, )% <€E;AIAN>HF6_MZh9u,. jT
X4y " 271 W*6Aé | k+k ... APEA+|M’ 1, |6'fM0?% )i W*6AEF >|F2 f,” ..., E (£
JNIiFLlyx€EO . 0/yé?_ 60601y x jHermitan *?, £1 = Al i ii., |7, (M*6:
6 OEceLp=@|«iW feT)a(*29). ;M 6L@GU, !"& € E+|M'# @ WCX pF5 OCXE —
@ O&.D0!, DX(OEO 64&;+7-%a... A+|M’ 1.

O/ x, 63<+2 *29 p/j, =8€E. *fjiW*f, irjJf, 'uG 6V 80 ZEce €3+
5. Jf XF @E+0;]>E® € +O-(A E+X, x+06V 8 E+XE. Eee€)Jf, E+XE 1yXx]
Jf89{W WCXGY, Lp=€E. jIF 0l+Gy F{W WCXGYy,” W ?(Aajh ), ;M Lp
=éEc €j.D0! )B', @,B h >".5 E(™*6GYy,” £3+. O/ x *00 2 *29(c) p/j,-$@ €7
3+0XYZ 112 3, % 6[>-()%Ece€KEs,'8 0@, F 0@ Yl @@ . -+Gy E E+X, Ece
€0FOE® @ & JF @ €é0; ]

“x» "y, =z 6[j"T XEn, YEo Y% ZE®n, s.. )9 = )xx = )yy, ) = )zz >Ece €"i) AEn,’Ece @ GYy.
63<e? ul°B@F Y06°’, 1 @ (T) = ,exp(l&T), D_,_ 1. wAIF @@ FO O DEx €

"N9 i XEo ¥4 YEr, e, £-y= -y =0, £Ece € ¥4&€éLe5 ~ & +OM’ 6V 8. a,C

" (Brun et al. 2012)

2> > F @@ FO)- %NA)- W ?-(1ly, D8 EeFO)- %NA)-% C& : £3+. 6:? « ?(41)
C

ATEe €, (©+K O j H, IE;€N!1 «/& ZEn, }0+ “%Ee €1 0@ {L$% C&5= H.FOx, Ee€p
e. >/jj-2=FH. '] Fj3Lp=eE", éA2$%&B@ }0+, W? | F = )i&H?5, <§

i> >Lp=é E-()&B@ }0+90Z*E,-(} . Lp=é E,’1V ' %E®e €,8E® éA9 £, f8Ec

€A F& )AIV'eJi .FGU Aa8 0h j.= )HZ +akN1\9E» ., Ee €

)&éLe," y E+XE j Fg = di& .5 |)A . Le>"El?]

FOX, irXF @E+0;], £>°60;j F° + F¥° = {M&5, F® jiW*fx+0, FE

+al” ., Lp=eEce €,” E+X-(f % CB828&ECXGY § 9 Lp=6 W. [82&¢é S1°B@ @ &, Ee € J
6V 8 x+O { W,'Lp=6 E, ~CB82&¢& X EM’' |,” _ @+adis_ j]6+ . " &, +a %3+5, &



120 Lx!d P'0 PEO ?2,®H Hf+ ™"W> LxhM, 7 $0 iW +€E.DOF ... 221

*

(@) en ™>p ¥ /+° 4 e SKl<ae 943y °.f;* (b) 6 ,LZ* 67 f#y/'Da&*x, &+fe
Se, enfFe ¢+F5R4,VKl<aeD |; (c) DU 0'a-7+°en0>0* M¢>0* ‘7 3(Z
(Zhao et al. 2020)

L$ y%D )0 W>0 f.d, p6< 1a Jly w(©, (™*6)aB".

XK# +L€;)Lp=é =8 € EF > WCX Fly x>, pF5 GCXE-@ O+6AEé+|1
J(©OW. )%08\,4A2WiW{QaCX, Stroh*6Aé _"r@ *Z Y# ,4y ~ é# (Stroh 1962). f E
«Lp=6 0CX >, 6 O+a7Gy @ T PGy, M0?% 6 Stroh *6AéF >|F2 f @, }7-5 *i WLp=¢é
OCX, MZAC*2ZY# @ . 61y xLp=& 0CX,” 6 O63<e jHermitian ' 2, £1 = ~1 i, ii. !,
i WLp=@& UCX, F @ é0; |

) %z L€ WO02L$, Lp=@& GCX }0+j,” 08\>"Ef ?

'], .Gy M % NG6[j>M 7AY"M# A, .Gy X joaL$}52. fo P, <3G ji*l1& >
># X P YE+0; ]"i#f A> y. X>"M™i1 M éAPY,>M## j,-(FOO |V, £+F.Gyj
A tF.GYy j=, > QI1EF)j]6. OFx, 6 ?2(47) +?2(46) CE£ % P, "y©

+ é0;
)%8+a>M'N A X =0, 6}0+(47) >ME.GYT=UAN C

', i>M E.Gyul. 6 2(48) Ya ?(49)F>|4iW ' CE£ % P, (©+¢€0;, 0 {j
Stroh (© £ €0;

'], Pj©=«I, [AL]'j(©+. Gy, . j4d 14, Stroh(©+.Le. "T@B(©+¢€0; C T)j
Ee(@1 Y% (), Y% ( )@ 73 A3 > 9 P,/<SG1V'<&e* > > M#
PYéA. YA (©+6GYy6]]j C o Y, L S™TM#,10+@  n?



=2
>
p=2
|
p=2
>
b2
T
b~
>
b2
o]

222 E 1\ 8§

*

(@ LS%?2)SU" LU+K3YE, $iYZ:f67[0%a$iY; (b) ~, B"EK 6="LZKpDyBT%Aa y
I'f, «.=30" A[- =x"; (c) ="LZBT%A - BD"E% 3&. ‘7 3(Z(Zhao et al. 2020)

5% "I MI"éeA'>M# @ ]

FGuav !0 | D &V 10."I MCOEA'>M#@ |j

FGUV 0, !D

&IV 0. -(A>M E |

YVa jUE3+ . Y+X8+a>"M'+MEjM&, £T=0, C

f.=0&, .l .Le, YA /(©%.GyjjiEe), £ Ya , Y jiEe(© £6GY. Flyi
E«(©OWAEET}A# “uu>A# KEV)0,, D§9-(<,-(FOO. f. +0&, .j=.Le,
Yo , Ya =% jEe), +a ?((54) CITZEéA >M##FO*a 2, +J8#L¢-p .,

1D, >M# 6 _1..APEA(Zhao et al. 2020).

E jPY%AR, *305 *T=<jOLp=60 & M# PYQ 51, %84’ ?j:;_ Q&é
%04 X Lp=éxA & /! =0, >M# X #)0 63, XA#P Y, *ZY# ]CX&é"i ] 6E"F)
F6 &J, é AOEce, y{IN2&J, é AGE®. XLp=60 ./!=05&, 8+af>M #PY,*ZY
# =%)0, A# *ZY#FOOS$ , <&, ']6'E'F) X XEAS$I. fo . j.!=
15 %30 & A PY,*ZY#FOF 0le L}, CX&é + FC° C»F %4i+ F37# Q ?, 6< (CX
>SM'= _1Y#PY,*ZY#.
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5,: pF, +a %Lx5 5H fM0?+ f.d &L$ y%D )0 W, | X(™*6 )a :" E3 L1, %E XFD " k
2+ 04y, T/y: (1) E » 0EceLp=é >3+56V 8; (2) Y+XMZ W3+],,0GuYE. Tlyé
X X*6A& ¥4 |:G- C PY%Af (Wang et al. 2015a, 2015b; Chen et al. 2018b, 2019). X IP¥4 éM’,
Nash 1y (2015) ATAN § 5 [Lp=é x A, /& “CXGYy i2W&¢éLe3+5 , %D/j fM=D55H f §9,” ... AP
EAEé+| 1(OW, !D )aFJE+i &élLe » B3 x .. A1PEAéA. XF53+5 ], IP%.DO|
F z?f OFf.

5 8 MC J5 5N %0.J0-F <

5.1 8 MC J5 5N %0A0AX

\ 2826 04y 2 ... X2.2 ?82=20i3+5 JATAN 1)a8 GM= D5 5H f. X4y "# 3+5 ] a2«
1,8 OM=D x A, £KAX % 'FPC+8 01 G-(A, GGy(6 0 {KU1°!. X!", Y+XWuly
(2015, 2016) O/ x *,'Cu7 é#, AIANTaiW#8 OM=D55H f. ;M IM’,'=201 i W
3+5 j», 04yB é# *\ATAN j*6.

2 *31(a) plj, X p 9CXGYy w-(1y (Mg = 1),"=20i&éLe3+5, .]<Eé’ ' pl/jj £j0
Z7 s, |]CX&E 9'—N2&J éA p15F' 6. <027 s{L$, CX&é+alJO jT,, i2WF O,
6<F O =<7 sL$,/CX&é," i2W J O3+ 1| T, 6 [+X %B3827 u6V 8 (intra-cell coupling) A
7 L$6V 8 O (inter-cell coupling). 1\ 0 3Gu$: j2 *31(b) ]1& 8¢ sE€ | plj. f7 s |
i2W %7 sL$i2WJIO-(ly & ;= T,, 0?2 ...7 j *31(@) 1.":!'"j pli, ')A 1\03
Gu$: jA2 *31(b) ]5/8¢ sE€’. XF/yd';, 3GUS$:|j@ &€ ++ Y4+ *)al° INA)--(1ly,
TZOU{KU. 63<s " +++ ¥ ++e¢j *31(a) |*EE'7 s)A, Bl Gy, |13GU$: @ &é ++
Yiteod TZOU{KUSUE ~ + @ UGY(OUu{KU, F j'FPC8 011 E {*.p.

M )3+5 # @?20»F>|6A. 0Z..7 5[6 ZCX&é&, YA 912 Z£@8+a 0. 9'—1\
282], é# *003+5 3#KC># PY é0;, C 0 Z125%.Le>"/j,'(© +IL NE. +a %CXGYy
Le % JO.LeMZ h4q*@, FGUa=B46G*. B(©+ILNEO; "r@ *12 _8¢“"4i,
VI"AK?2£ £ X + 41°)7 ‘8¢ “"4i. )%i2WJI O3+ =-(ly, 08\6 & T, » T, 1\5 "8
8¢ “"4i X + 4TT1°!XO0CE, 6<fJIJO-(lyTi= To= T&I'@ uUGy(6 u{KUL®!, )A
(©+ Q1UNA)-5 *2;

Z©+Q 1Py, P, Dj, D, 9—CX&E5F '1 "6, N2 s {1Q5 * X 6 A Y4 Y éA, }0+. #
2 4CX&E, 10+ 6GY Wl , ')A, @ ?jCX&E4YE= | £>' 152 S4i+F_ &
(*31(c)). P Q1jX0L$y%Dy E;x)ay)0, 6< D Q1jX0L$y%Dy E:)0. Fly)
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6) RA O*K gFu'd 8 wlQ. (a) <./E % /BTF0 e1S%aKa2'4, ¢ Y ™DAa ZBx6 1 W6 VBT%4, E
N6 0 +BT%&+° el1S+°FO f T, E N6 oK BT%Aa+° el1S+°FO f T,; (b) D™ ;+° ™MD& Z f *
(@) Y ™MD& ZB+6 % A+°0X , /Fe#6f, D S+° ™MDaZf fFOs,2/", YT = T, % A0X
,IFg#6f, 0-+6 f*(@) Y9 Zf ;(c) +%a% A D , P¥-M-+°y/" 2/f;* 7%
24="fBT%Aa[ O, Sy4s, /l12fBT%Aa Y=+"y45. ‘7 3(Z(Chen et al. 2019)

0O WI*->T€ P Y% DEFf# - )0 W2«l, " =j P % D©+Q1. PPD(©+Q1,)
0 WU1°!/(© +£\CX :$A %43+5 (O E,” )0 W, £Cg )050, B&ESO!“-5[TZ= 40, %%
5$>7/j. <-'f :CXGyi2W3+5 !=5[p/u8 G8+a O, viz "r@,(©+Q103+5 §

9,)0 W, ‘FPCe8 G G)A, y%D1C1V (Wu et al. 2015)

F G, 1V '+/ A+X %>7/j :/ ;8 0 (pseudo spin-up/spin-down), + >~ ={Ee1C1V. )%+a P Q
1@, :/;8 01,7 sy, CX&E WF6 &J/IN2&J5 !£>}5256+F _@; 6<+a D Q1
‘@, :/;8 01]CX&E, 6+F_@éA“--(y. ¢éC P%AA, fCe&L$Yy%WDICIV E
+X % FP,'C*8 (11&, 8 06A +Oi <&*)a180°,-(} F, F 0&é ¥4 &L$ y%D1C1V E
+X Y+e €8 08 +a O,” x 1 08$.
)% J O3+ 2E3?2,84&, _Tii T,_ 1, G++X{}@,b 1lyxQ»,é#, F Z
8 01~P, D', P, D"Ej* C'3+5 X +,1yx @ 6N Gy

1], H(K/H(K) > >:/:8 G)A g 6NGYy, Zj+a::8 0>7/j, (©+AGy. o /T,
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"' 1 60 j(6U{CXGY, 8 GE"Ff6V 83+ UOGU{FOO. # ?":;8 0-(A@ 6V,
i ZH(K) Z'= "& ZZ%H(K) Z'= "& Z'6[r@ *(A©+Q1, F6<C 0)%Gyl° '@

QNAG6_v~NA6_48+a:8 0% 8 0TZ@ ~@, AACE jZ/Z" !...0*jrP", D/ P
D'".Q ~NA6 L$, VLEW?j 2/T_, fIO-(1yTi= T, &VLEEL. 9—{} », FGu<g£
# ~NA6 _, iz:/;8 01@ ?(61), "r@ C ')A, CMGU")-

/;8 0)A(©+Q189-(y,,CMGU")-. 9—Evy, 68 011,,CMGU")- X 3Gi$: 0 6,
C 48 016 _,"8 0OLx

3+5,Lx 1y %::;8 OLx -(D, y'fjM&, F ¥%3+5 % C& &L$ y%D )0 W 08$. v8 0OLx
\DU&s =jM&, > >3+5 1)a8 GM=D55H f. fo " Y%/ T,1“CO1V'- (<&, £" 1
/T 10, 3+5 j8 (M=D55H f, y{Ij£ 55Hf. # 20 " G4ej!“, 1fIJOO6 DC°
d+|&€é Ti = T, &, 3+5 6 x+0 (. f7 sL$i2W,” JOEEW &, % Ca" 1 /T !0, :F=20iCX
Gy i2W3+5 j8 (M= D5 5H f.
:F8 OM=D-( « +aV5 "yP. *325 *9/yd &';3+5 )A,7-V5 "~
(T;=105 ! T,=090; T,=10= T, T, =095 T,=110), 1\5 "8 j£#, 6 _, Ni8¢ > (© +
Q1] PFDO2Q1lp@6JA. XJOO -(1y,” 8 '( *32(b)), X +&é *)a+a UGy(6
0 {KU,8%,~ Gyl°! 6<X! 0 468;, B Gyl°!6>0jTZ%Gyl® ! ( *32(a)c)).
<& f3+5 p T !' T, F'Ti T, & QNA6_Qil+a P©+Q1jk jDQ1jk, F 07-
V6+E(© W N/j T «-( .
j TPY%AR8 0 é AICT, +|M’ 1, <g63<e£ 55H f 48 OM=D55H f ~ @, +|M’, |@
Ar@ -(A, +M' 1, wWE+M ~ @2« 1{} *11(X+ 0, /T 0; X« 10, /T !0). jT1°F6A, 8
+% b 1y x Q » ?(58) ],” OLfF IN©, -+ “%IQNO, £ =63<+8 OGE"Ff6V 8x A, F X#.
Ca0? _K_ 1&9x. ¥%~"9—x}, 6A FJEF5 ‘& C :/;8 01) A+|M’' 1(Shen
2017),



=2
>
p=2
|

p=2
>
b2
T

b~
>
b2
o]

226 E 1\ 8§

*

7+9@,%$ .(@ T, ! T, "</EBTF(0 el1S2'4+°R3y° 3&, 24 fY 44D+, (b) Ti= T, % A
+°R3y ° 38, +%WARKA "K 4,24 0°y},$ *xa-;(c) T; T, %A+°R3y° 3¢&, 2'

4 f7 L9 @4 4D +; ME72="f¥-M-1W+° P | D'¥-M-<2F=. ‘7 3(Z(Chen et al.
2019)

+M1Z+a:8 0 1P % D1 @ +M 1Z21+a;8 0 1P % D'1" @. TZ8 0-(£, +|
M’ 1894iW8¢“£3+, (FOOwW !, VPYéA-(y. !", FIExiD ;(:)8 0%d 4,
FO W %38 * "i-p+|M"A:FA;PY, +[M'#,0 j8 GKLE+M' 1. f #0'8 O
M=D55H f % £ 55H f,”}52>, -(A+|M'1," PYé&AYA.
FJE+ ‘(e ...Cu7 V5 'AN1C, « PYAA:F8 OKLE,+|M' 1. *33(a)5 *f+a x
8 OM=D55H f (T, = 1.10, T; = 0.95) ¥Ya# x £ 55H f (T, = 0.90, T; = 1.05)46 @, ‘(2eCu7 , +|
M"T Y éA, -(f% *11]," =0"+M éA. *33()5 *TANIC C ,” V5 ~"4i. X VLE
i, $5S - T D)-(y, ML, YA _ @ Q12 *33(c) plj, d+|M'LtF
/CX&E 9E3j _@. *33(d)(e)5 * +|M'LtF CX&é _@EF)/j?.. 9— ?2 (64N O, ) %
=0° é A +|M’, CX&é D j4iW + F, F GUCX&¢&,” _@EF)MZ h OF %4i + F.
FIE- &), iD:/;8 0%d4a, x+O..APY,iw#,-U1 1Q 512*34p
/i, 118 GM=D55H f (T, = 1.10, T; = 0.95, My = 1) >£ 55H f (T, = 0.90, T, = 1.05, Mg =
140 @ >{}2« |, =r_"+|M". X 1Q ], %8 &$A 47 s uCX&é, %d _}0+9'—8 0 Q
1P FPib, +a& Q RB794a 'exp(i(& T/80)) 1 cos(& T)B3f, D%d &] 6NA)- & =
2@E/4y 4 ¥ VLE93$. X :8 %8 4 ]( *34(a)b)), 1 ~6 'CX&EN2&J, $5 £>'}57 E 6 +
F_@, @ul-(<-(}Q-( 120° %d x+0, iW# 7-"i-p+|M'N2&J, é AP Y, 6<
D %5%5 E<+|M’ @ 6<=x+0“4Fy4. fG++X;8 0Q1%d4 &, +|M16"iyéAPY
( *34(c)(d)).
MO?+7*  _, :8 OK1E,+|M'1*a X8 GM=D55H f >£ 55H f46 @, +|M’. 2
+e €8 IM=D55H f0g, FGU, iW#8 OM=D55H f+_18 OK1E,’Eé+|1, VIRt W
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*

(@ O7 <L9@44D+: OY 44D 35 <+° «'aB+6, *xLZ!é Y & =; (b) Bx6 @I0A A \+°
R3y ° 3¢, 3172/: 72="16/ 77 +*XLZ -, %ae7z=".f+-; (C) 6/77 +*xLZ - % A+°BT%4&
y/' q h; (d)(e) 6/77 +*xLZ - Y*XLZKpDyBT%& [ OD"E%.f ; *, 3172/: 72="fBT%& [ O f
MI/E2 "I &=. ‘7 3(Z(Chen et al. 2019)

*

7 sL9@44Ds+=LUM 3yE. (a)ic) €é16/77 +$iY", 6 0+ 0BT%Aa [ OD’E%.f; *;
(b)(d) 6/77 +$iY"eS" LU@-M 3V E, 3172 ="BT%Aay/'qghD S, M f «1
W78 1790 V6 0. ‘7 3(Z(Chen et al. 2019)

=289 /U8 0, +e €8 OM=D55H f. \CX | X %Ce8  1+aCu7, 3#KC>Q 1  *, >
CH7, Ce )0 WS 7-(£, .d *Cq )0 W J.dCe8 G 1. jTX8 aM= D5 5H fE&+|?0#
"8 OK1 E, Eé+| 1, MO?2Eé+| 47 s 1pG Cg )0 W, V16 #?20#{ 8 QEé+| 1. 2
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7 +L9 @4 4D - 9 8D&*XE5 6 ¢6) R3y °. (a) (b) D&*x f, 6 0+° +'aB+6 0 ¢6) R3y °,
31/: 72 368 % A7 +D&*x -; (c) (d) D&*xf9 . 6 0+°+'aB+6 6 ¢6) R3y°, R3y°Y 9
1 WDa*x -. ‘7 3(Z(Chen et al. 2019)

*

eS" Y+°187 +7*] 0. (@) e Se="LZ)S U" +°7Z+« 3&, 3i/:=".f= | LU7Z+~ 3§,
OU "=".fBT%& +D~ & =; (b) D&*x é IE2/M! "I’ 2-B$i Y$iy=/ LU+°)SU". ‘7 3
(Z (Long et al. 2018)

*35(b) plj, fEé+|9'—Yun7 sZY &( *35@)), V5 ~"4i]*)a 7-LE,'Eé+| 1, 6<f
Eé+|Z j=%u7 s &( *35()), Eé+|=_1PY Q 1( *35(d)).

... A# PY)aB'*8 % FP,’Ce8 01. TLu:, 4y i W# ]+~ X2« I,’8 GM=D
8+a 0. »2, iWf8+a>M, *2ZY#, !CX&E @E"F)08\j]16 ( *30), > >*2ZY# jV
9 uX, 8 0(Long et al. 2018), D"i+|M’A #P Y, *Z Y# CX&€é _@ & A-( y( *36(a)). X
iWf+MiD6+F, , @, x+02« 1,8 K1 E P Y)aB‘( *36(b)). MO?+# 2, _,
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*

*a g OA/7T® E(U gFU'd 3 wJQ. (@) 1 W -*a's+°+6; (b) -*a's N ‘(c)BK*a &*aC . (d)
*aC f,C "R3y °; (e) N ‘BK*a &*aC :+°6) R3y°, «6)R T + 00-¢; () VO-¢ M
-. ‘7 3(Z(Li et al. 2020)

*ZY# jV,’8 0 *$A %(™*6j\DU, éC +O“4, )5jL§wD ~ " R+ WE3 .
»+telyk @ xf°_ h>U+X XiW# PY xf], v> «# @5 8,,.D0!=J. -(E3 % *
%5 "ATAN Da(d u {1°!, Lily(2020)5 * 1 0/y Y+X »+e k @ x f)a uGy(d 0 {KU,” é
#. *37 'ATAN, sEé =201 ...7, @ :?Y- 9 »+e(w, >5[CO+e é,’+eDF O. X »+e
+eD YO0 &, 3+5 X2200Hz #' @ T'iGyl°!7-V, XCO+e é (i e+eD >, ‘7-V¥~1°
'@ UGy(6 U {KU. F >B3820 1)a,”! Gyl°!92«I|{4, =<&é X %F Gii,’B3820
j+eD 0 . F Ols Y+X »+e k@ xf, F NA€EXE£ 55H f %8 OM=D55H f {L$
7.
52 8 MC J55N % OPA

X* fiW3+5 ], Yuly(2018) OZ&!Q Na T i W# 2«Gy €8 OM=D x A, PYARA +|M’ 1)
5iL8§ ¥4 @ }+U W. *\ATAN MD ¢ _Y+XCu7 'FPCe8 0 1. ~*2 *38(a) p/j,'=20i&éLe
0, .7 u5[6 ZlyW?,” #N, FJE+B382-(AD /&, B3827 spuAF,6V8j0. fB=
Ay &, 3Gi$:j1&E4%AT)UGYL® !(Aa jPX/IPY Y% DX2 i Y2/DXY), T)1°!NA)-{L$|*M’
_@Q? Y VLE. fB=112A, &, T)UGyl°!yf X, =E+-(A,” Q1 +0O6+Ece, £
P % D Q1, }52)B36<T65{L$,  VLE}52*\= +O F(*38(a). XF TZ »{L$,
f B=10873A; & VLEY™#, a, T)uGyl°!8j0Z8&89 Gyl° (© W, (6 u{KU, >~



230
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*

€ S"B%7 +-+°°&. (@) EO, ci*]PfeS"44D+(N°<, O, 044D ++° RKA
8 7, IMCR, AR%A+°¥-M-%fuD" (P 044D «+°6) R£598+°y}9 FQ);
(b) TP O44D «+°« RKA8/ + , TP e*xLZ-M;; (C) *] .00~ ¢ - ° &+°B%7 =+ &-
(S :A); (d) EO, T"w\+°*] 7 =6 LD¢+°*xLZ -, &LZ y/' ft(U & 3+S

¥ -, % A°B%7 + -S + iA; () EO, "W \+°*] 6 = 7 LD¢+°*xLZ -, &LZ y/'ft(U &
3+S 1 i A 1 iS +oM ¥ % A°B%7 + -S A, ‘7 3(Z(Yu et al. 2018)

> " »B= Ay)A'55Hf Y4B = 112A, ) A, ’55H f {L$M0?+ +O «-( }7--( AE+3$Q
{}2« 1, +aF Tf55H f ' @, +|M’:, "~ X >C8 0 pseudospin+ ¥ pseudospin-) A, +|M’
1( *38(b)), +a 89 UGy1l° |(OW,” P ¥ D Q 146 86< @ ( *38(c) (d) (e)).

*39(a) a *39(d) j = <2« »+|M’' PEA(© W,”

| Q Y IPY#{B5 1, T68¢<S4i>"/j+a
*MZ £ 55H f %4 zFIJ55H f ~ @,” *MZ £ +|M".

1Q >™>, Aé _+|M' "~ X302}’
5jL§ ( *39(b)y® }KI ‘5j]L§(*39(c)) F_Wu @ (*39(d) 68, i W# w7-8Y-P ,.
I"F, *39(e)5 * TIPY%#{GY, :F /y2« »+|M’'D *,” PEA)-.

*¥ F  e+|M’,5]L8 }+U(© W, Yuly (2018)F ATAN 1+ 2 '(ee,” iW )R 'B@ _
CUAX HiWT-fLO>GaUN. p i *  * %3 N#EAQ? )R 'B@ _ "2 *40(a) plj,
0‘£-$+|M'# ,%0Z}%# ,LtF )R 'B@ _ ~.

Ce8 01, *M i W# | A: PEA.

5
X £-$# , ;1 %0 pseudospin+

*40(c)5 * 7 1PY#{GY, )R 'B@ _7,],7-GYyNABa,

20
# TZB@ _ , -(A/B@ _NA)- £ %(6 0 {NA) - (# .

K=04))0 63, 2*40(b) plj.

c+A 1 iS T4o



120 Lx!d P'0 PEO ?2,®H Hf+ ™"W> LxhM, 7 $0 iW +€E.DOF ... 231

*

%ATKE | i>p y*x+°*xLZ - LD¢, E6). (a) *XLZC ° 9 W ' «4fKE 6 U>p; (b) *XLZC °6 W5,
V*] €"J4f ] ° <+° 3/l y "4fKE; (c) *XLZC ° 6 W 5, V*] €' JJE y ° <+° 3 yJE "4fKE; (d) 1

W P V120 f U>p+°3Z " Z*xLZC °; () 6E .U*XLZC °+° LD¢(® EO,"WA 3y E. ‘7 3(Z(Yu
et al. 2018)

XF TZB@ NA)-4, )R'B@ _~ > AEE,” £-$+|M'# , +O3d+|6V 8 . +a ¥ +55H fEE+]|
§938 0iGGYKLE ,(©OW, +a! @, 3# ,)R'B@ _"~"3+5 ],/ 3d+|6V8 68§9) (©
Hi. 2*40(d) (e) p/j, f4% N#AQ? )R'B@ _~>£-$# , +O3d+|6V 8~ &, 7-GY

~%"63%)B'B@ _"]. *a_B$, +55H fEé+ @, )R'B@ _"62<02Z7-Gy
3U#N " T 97-Gy#q e+, 6< + ...7-Gy#q *.

5,:pF, XiW#3+5 JATAN8 (M= D5 5H f, k?+Li&é X % "FP (6 0 {KU1°! GCs

8 011. ,48)a9éxk?+9T/ly: 0_Y+X;” ],7)0 Q1>y)0 Q1 E|*p, FIE+ 0

B3829¢ C T/y Q1! 1°!, iGy(6 U {KU (Mousavi et al. 2015), p6< z!"ATAN8 (M= D5
5H f, Miniaci 1y (2018)5 * F /y MD ,” IPYAPYAR; 1\ Valy $ 2F2,” é# _ Y+ X 5.1 82 "4y 4y
/Cu7 7-VE j*6, 6=20i3+5 3Gi$: j@ &, (6 u{KUE 8#1&&é"’ @ uGy(6 u {KU (Wu
et al. 2015; Chen et al. 2018b, 2019), F « - } WG 6 i W# 8 OM= D5 5H f IP%G++X,” MD
(Yu et al. 2018, Cha et al. 2018, Chaunsali et al. 2018).

6 QLI 55N % D@ 7

iW#Bg+F «1%Ce8 (1 +1, «ZW+ano = Gy¥% f7-V5 ~, CMGIii-(
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eSYHUZA<[”. (@) EO,ci1W,sY, ,eK 4(UZ*xLZ; (b) T OY, *xLZ 70

$i y+ ° pseudospin+B%.7 + - =6 LD¢; (c) (U ZA<[6€ Y+°6)FOA]EO. 3y E, >M"w\PV Y?©
"5 0 WM¥%(3 %/ 2/+°«[ 2/; (d)(e) *(c) Y P VA< [M%( 7+° &LZ y/'f 66)"'m 2 /.

‘7 3(Z(Yu et al. 2018)

A4E, F¥ U fEé)AT*6. F O.DO! )a, f.d VLEEé5H7-V, «(, 'Ece Fj§9 VLE,

£ @EE5H7-V, IX!VLE p+O @ 1 f = F (bulk polarization) Z W E y,”Q Lf «-( (higher-

order topological phase) (Benalcazar et al. 2017). =< 3% P5 OLf «1, QLf «1*)a XEé+|

VEé+|. ) ¥ ¥5$% «3+5, QLf «1*)aX5 @ &é; )% 95% <3+5, QLf «1*aX

5 IEé V4@ &€. X ] a(Fan et al. 2019, 2020; Tong et al. 2020; Serra-Garcia et al. 2018; Wu et
al. 2020) A —(Ni et al. 2019, Zhang et al. 2019b, Zheng et al. 2020) 1y3+5, .D0' é "~ @ 1?0
TQLf «1. XiW# @3+5 ], Fan1y (2019) FJE+ IP¥.DO' XiW €!f 1?0

@ 1. ;M )B .DO} ... 0§ f 04y.

6.1 QLIo]l&T % ueC>y7 <A

63<e¢2 *41(a) p/j,, =8s7, |5 [6 Z82&Eé. =8s7 "O WLe G46 @ *41(b) p/j
J=20liW €!f. iW €EO0 jo O! =1190 kg/m?, "4 ®" = 0.35 "2 QGYy % =
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*

(@) <./JE%&Ka+° 9406 ; (b) <JEeS |[Ce«+’IF V* 9 Zr3@U+°+6 fE = +6,

e MDY Z3@U+°+6 f9406.:72V-="f6 K5R4-, /EuU f Lie. 3172V -=".f6 5R

4 -, fEUf Liwa, © Liter = Liwa ", 94 06 +°6) R3y °, T 1517 Hz 0 £5 2'8 6 W%4;
(d) Liwa Lier " 94 06 +°6) R3y °. ‘7 3(Z(Fan et al. 2019)

32 GPa. =20iiwW €!f EOjD=198mm, 2+,  iO%K O6[jW =502 mm Y%
, =15 mm. =20i iW €!f ,'82&é :;>"M’ 4Lt-p 0 Z.AJA, 2 *41 ]#u; 8¢ 6 ! plj.
AJA, 6 OAG®" %2 QGY 6 [ j! = 7400 kg/m®, = 0.28 Y% % = 41 GPa. .iJA,"Q O %
z'6[jH=20mm Y% R =251 mm. .AJAEjLtDCXGyt¥% Z+46@p | 5 . =8s
7, UG6V8jOEY|j7 ueVvV 81/ Linya -(FE =857 {L$,6V8EY|j7L$6V 81/Liner 7
M6V 8 %47 L$6V 8, j O FIE+B382Z +,'K™ O Liyya ¥ Liner *&¥#kB3 x.
| ZK# wAT*6Aé, B iW €!f~ F 1j 5 . G++ X COMSOL Multiphysics EY
& *fE-Q2IAN1IC=8s7,7-V5 " & "OWEé+|'&iD % =8s7, p9Eé+|. +a
E(™4i8¢ “YF /M F# @ Q?2>M p# @ Q? a6V 8, , !", M F7-V@404i) >M' u7-
V (& 8¢47) —17) 00. X\ 282, -++ Cu*.D0!93 $, "M’ u# @ Q ?, k?+63<M' F# @ Q ?.
f Linter = Linga &, iW €!f X = 40 3Gu$: j (Brillouin zone),” +&&*af0Zudu
{KU, 2 *41(c) p/j. U(6 u{KU+a Z7-V4iW1°!6<@. f Ligal}~ 0836 , >I"<&
Liner 1D ~1.328 , &, (6 0 {KU f 0 x+O {1461 Hz a 1650 Hz,” ¥4~ VLE, 2 *41(d) p/j.
(Y, fLwalD 12, 6< Lier ¥? 06, &, UdU{KU>0 f0+0O @ 11503 Hz a 1715 Hz
Ya"VLE. 1", f=85s7 f5Y (Liwa  Liner) %7D68 (Lira ! Liner) &, U(0 0 {KU f 06<+0O @ ¥
“VLE. <-'ff5Y ¥47@68 =8s7,7-V5 ~_-(l,”, =7--$20"j6, v_3 X\CX:¥y
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(@) 0X,9 30 /Fo#6 f +%& X -M-M%EY © Lyl ,+°) ©; () Liwa/» = 0.836 . Liwal»
1.2 ", 0X,9 30 /Fo#6 f +%A& X - M -+°y/'f* ‘7 3(Z(Fan et al. 2019)

F =< *«WCX. f5Y ¥%7@63=8s7,7-V5 *, «(_=l"-(y, . 2 *42(a) plj,

=8s7,7 u¥%7L$6V8jO XD E+ Linga = Linter ( £ Linga/» = 1) & =8s7,7-Val"Ou
'6+Ee, ,88£e&-(>MZE£e «({L$, <Ece’. *42(b) p/j, Liwa/, = 0.836 ¥4 Liya/, =
1.27-V, \£+NA)- Q1 .$5 ,yP T «(, 6+Ece. >C+8 (I *55H f,” =85s7 Q »2«

|, 7068 =8s7 §9£¢& +(, f5Y=8s7 §9MZ £, (. \826 k?+ £# f5Y =

8s7 p%o ,7 @ 1.

62 I™EEI"0]& T =% U,°Q LI@ 7 < A& D#eB

*43(a) (b) (C) j9Z8§ 937 Z=8s7,1"Eé'1P%g& 1\0ZI“*Eé g & +a
7060 =857 (Linga ! Line) 40 @, £€9 &, !\£NA)-2 *43(d) p/j. 1Q &, 8 +aEé+|
‘& iD¥%g& EES5H. B g& \+Q1 9fQ1, "N9EESHQ 1. 1\ Y% ZI“+Eé' g & _
+af5Y =857 (Linya Line)40 @, MZ£& +g& B g&], ~NAYQNA\xf Q1{L$
‘MZ£&VLE]§9LSLEEESH Q 1, 2 *43(e). L”\+ f Q1 %\ +EE5H Q1 F, X *43(e)
JF?20 “T46@ Q1, £ + O,@ Q 1(408¢7Ad) “L£e@ Q 1(; 8¢ 7Aa). # 2,
ITD=8s7, Gy9Y#%»$D$5 "x)ag&, fQL1LAEESHQ1¥%@ Q1. *43(g)
1P, \+Q10+>"> Y¥%fQ1l, iW# @7-GYy63%uaZg& )WEESHQIL, 2 *43()
pli, i W# @7-GyL6 % +*Z@ F, g &Eé+|. *43()( @ Q1) % *43()(£ @
Q) pliy \+Q1}0+j> >, iWHT-GYLO]X I“eEé'g&, *Z@ &é. QLf 1
S MZE@f+F>> « O'@ 1898Y -, C5jL§7-E. jTAATF 0&é, ATAN T § 95j
L§, *E€'g&, £ X12 Z=8s7,1y7Z82&ETD 0 £.AJA (X *43(c) ]+X408¢<S4i 7AA).
*43(f) ANLIC,” \ £NA)->" >, @ 1(408¢82&¢)>0 ,-"40+ X 1555 Hz #, > f 1 YEé
5H 1Y "LA/&, F ,-"AA>T «@ 1)]1y5jL§ % ¢,  jRx W. (y, £é@ 1
( *43(f) ]; 8¢82&¢),"NA)- b 1528 Hz 0+ @ " 1476 Hz, F>">£&@ 1)5]L§ ¥ ¢MZh
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*

(@) 605194 0633<+°+™DAZc" (b) b4U940633<+°+ ™MDAZc" (c) R B5AKE+®
b4U 9 4 06 38 <+°c ", 317Z;13&é r 3@U f4fKE; (d) 6051 9 4 06 38 <+°+ ™MDJ Z ¢ "+° X
-M%(3; (€) b4U 9 4 06 38 <+°« ™MDA Z c "+° X -MW%(3, 4+7% 3172 : 7% Sy72 2%4& 2 W
="fRKAD&4D M- y}>pM- Y&a>pM-,+M-; (N RS54fKE+° b4U 9 4 06 35 <+°c¢C

"+° X -M%(3; (g) a () *M -(1750.2 Hz) y}>p M -(1555.8 Hz) Y &>p M - (1529.1 Hz)
. RKAD&4D M - (1600.1 Hz) +°y/' f*. ‘7 3(Z (Fan et al. 2019)

. O.

G++X%dy7¢°_ D 198 mmE, E{E f7iW €!f g& +XHEV-20 »%d8 _
“)g AF >|%0 &. %0 _ "N} v,”-$ " j4 mm, 3WCd %M’ >"M'. +X J 7 %0 y#{ _ (LV-
S01) >y Y0+ j. +a ¥%#{ _ ,%dye2-$%uM ~, I” ...y 2-$}0+6GYy(EM F# 7-
GYy). }0+ '+alMS-SCADAS#{B 3+5Aa .... £e&!“«Eé¢ g &, f (U 8¢)AEE5H (5/8¢) ¥
@ (408¢) PEABa 2 *44(a) plj. ) % f PEABa, G++X%d _"%d 4g & uG, 078286, |G+
+X%8yJz #{_ #{GYyg&puG ! 82&é, }0+ Yy A. ) %EESH PEABa, G++X%8 _"%d a g &
AG Eé5H,” 07828&é, !G++X%dyJ7 #{_ #{Gy AG Eé5H ! 82&¢,}J0+yA. )%@ P
EABa, G++X%0 _"%d4g&, O0Z@ &6&, !G++X%dyJz #_ X<0@ &E#{GYy }0+y A.
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(@ Yae+™D&Zc"+° «(Sy72) DA4D (4+72) >p (3172) LD¢A]; (b) Y} ™MDAZ Cc"+° e
(Sy7%) D84 D (4+7%2) ,>p (3172) LD¢A]. ‘7 3(Z (Fan et al. 2019)

b *44(a) ., XoZVLE N, fAEE5H Y@ ,” PEAG-  ~, F>">XE£@I“eEé g &], i
W#," PY>U €VLEO9xXLKkY. <l“«Eé’g&, f(U8¢)AEE5H (5/8¢) 4@ (408¢) PEA
Ba 2 *44(b) p/j. b *44(b) ., f PEABaX ~NA ¥Q NA fj?0 “+a¥ ~VLELA O/

|, 6< X ¥4~ VLE pu PEA x)-E3 ~. E€5H PEABa X 1610 Hz #?0 ~02Z |, > *43(e) N’
#{,EE5H Q 1-(iG}. 2 *43(e) ] plj, *“*E€’'g&, @ 1¥%f£eée@ 1MZh OF.

I *44(b) @ PEABa, @ 1%£eé@ 1Gy @=f, ' @1550 Hz #, |

63 I™M?2@ "0]& T % W°QLI@ 7 < /E D#B

*45(a) jf5Y =857 (Linwa  Liner) 40 @,1“9@ 'g . *45(c)5 f,” \ £NA).->" >,
BI"O@ 'gfn8§9 fALSLEEESH %@ Q1. *45() a *45(g) p/j, \+ Q 110+ .>"
> V% f\£Q1, iW#7-GYy63X!I“9@ "gfi, puG; ) %EESH\+Q 1, i W# 7-Gy 6
3XI“9@ 'gf,Eé+|(L”9Z@ F); %@ \+Q1, iW#7-GyL6]%!“9@ ’'gf,
9Z@ . X!“9@ 'gfAEé+|,"6 Z=8s7, 1y Z828&éLt B 0 Z.AJA fFP g &5jLE, 2 *45(b)
1408¢<S4i p/j. *45(d),” \ +NA)->" > g &5jL§ ,83@ Q 16 A ~NA j0+ @, "4y > n0+
*VLE. F>>1"9@ "gfi, @ Q1_£¢&,, )5LEMZh-0. X!"9@ 'gi]'"N 9?06

e 0@ Q1,F > «l“eE€’ ' gn9-p\CX,”j[. *45(h)@ PEABa>">, =
[5jL§, 1“9@ 'gf,” 140 j1500 Hz, > *45(c) ]|@ Q 1NA)-}57 08%. E *5jL§ >, @
PEABa |+0+8# 1450 Hz.

6.4 QLIo]l&tT % p° t=1<A

iZ *431"eE€ g &Y *451"9@ 'g&, ' =<@ 1 ., =+ O/@ Q1 *
)a X2@E/3,7JI@ 4, 6<=*)a X E/3, K@@ 4. j1@ GUF 0)aB‘, E« 7 .=_. i
7 . JF f@ONGY, 5  Y5jL8, " 5 "{L$,-(AE+X, >UEyj@ &é, Oc
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(@) AfKE +5>pZc"* (b) WAFKE+° «5>p Zc"*; (c) 4fKE «5>p Z ¢ "+° X -M¥:(3;

(d) WATKE+® e 5>p Z ¢ "+° X -M%(3, 4+7% : 7% ,Sy77 2%4& f RKAD&4AD M - >p M-, « M

-; (&) a (g) RKAD&4 D (1610.4 Hz) >p (1498.9 Hz) , +(1719.1 Hz) M -+°y/' f*; (h) 4fKE
*5>p Zc "(3172) , WATKE+® « 5>p Z ¢ "(Sy72) +°>p LD¢A]. ‘7 3(Z (Fan et al. 2019)

EQ? (Noh et al. 2018). @ Q, 0 j*M& Q ", _{+)01C1V, \+ 1 (Bao et al
2019). .. Y4 .#+X %ANLIC «+e9§j+1 %il,” /\+1 . {+)01C1V  %C&

(K, R) _@ 6N Gy, 0ly 62«, @ T fEE)ATI, 6 f @ 6N Gy, <5  >5]L§,
*5 "6,3+C§ « (Altland et al. 1997, Teo et al. 2010). K Ey j D5%3Gu$:j, R Eyj)BR5 X
$5%$>"M','5]L§ (£\82yF , /@ &6&). X ERK@@ 4, 9 /yM& Q?, 2 *46(a) p/j. |1 Tly
Q7?89 ++e98+1, T/Y Q2?89 ++e98il. I", 7 j.= ., i ;=2 =
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(@) «5D& Z3y ° E/3J<>p+° VL"M-; (b) » ™MD& Z3y °2 E/3IE>p+° 5 VL" M -; 4477 2W77
2%a=".f+° w - # (chiral charge) f+1 ,il. ‘7 3(Z (Fan et al. 2019)

2=0.F ?2£pK@@ 4"N90c EQ ?( *45(c)). X2E/3JI@ 4, 99/yM& Q ?, 2 *46(b) p
. 11TlyQ?89-(<,+e98, O/y@ Q7?89-(y, +e98. ", 7 j.= _.,. i ._=
1 i2_ =1, £0cEQ? pLEI@ 4( *43(e)).

7.1 181 ¢

"00# (solitary wave) _0/y02L$p ," A'(e@ 1= D .. AOc E PEA,"MZ4i W# 5
(Russell 1845). 6< 00 € (soliton) | _ 0/y § 9 j «0c E W,” "0G# (Russell 1845). p(™*6 —,
@ O, "€ _+a3+5 MZ4i W x A >8¢ “)aB‘-( A £>'6< x+0,” 02«0c E,"02L$-( ¢5 “( ¢5
), A1”.al}>7-Gy=8¢“A# '>FOO 1= 6<§9062A€Z W (Dauxois 2006). p -
@ O, 3 _02«yF 03+5,MZ4i W b 6 é0;( 2KdV, NLS, Toda, Sine-Gordon 0 3* é
0;1y),’0c E"# @ (Dauxois 2006).

"€ ! X6G“0ACX]0c+PEA, 'p FOW, 0 9-pX(™*6AF—-v%+0O(™1y3+5 ]
D &02j O PFB Y %7-Gy, %@E E, EC§ TG JINT 0 —a , # £# (Dauxois 2006,
Remoissenet 2013). " €*6A& E jMZ4i WO —Gy?+6<#kC06," 6 , =v@ @B 1G 6 P5 —*6Aé
(2 03+5), ..., $Xk+k¥ /j8'f0 —)aB',” \CX] U-pGy?+ E+X: 2!f ], }
Kl AJf+e f ], +o i A6S 8(™,” ,+e AK 40* [ 5, AFJEAF—-yA™*“A (DNA %
<0,-CX1y+O(™3+5 ,"MZ4i W%d 1y (Dauxois 2006).

)% TLu,” E -3+5, 6G “>8¢ “2F} " X, UGyLk.%2Tja '(T! B@#1ly),KD/é
Oc E PFB. L¢-p 00 €1y.DO) %Z,” aC§ UCH€E,” AIANWH I, %8 fE-a& )6G “3+
5]p F# 5 %8 >PEA,” O3R. XE-Cu€E3+5 ], "€FJh>ajp F, A # 5
FOc «,"MZ £6, 1 f (Dauxois 2006). » 2, O UHertz O@ 0 '!2«" M#, & XNC2AOGCXAP
U5 ~ A E4eCpu € Ely ]%d *"00# (Nesterenko 1983, Daraio et al. 2006, Fraternali et al.
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2014, Yasuda et al. 2019). I" F, * %0+D#-( ]+e fi,’F @ Ya-( A, 7-Gy>+5, 6 [ X.A £6,,
U0c ICUE€E G43D f ,EYCX (Oc 1ICuEEK.]Dafp F,  E—- 'X6G“3+5 ]/’
... AOc E W PE A (Nadkarni et al. 2014, 2016; Raney et al. 2016). -() % "00# (0Oc EW +a3+5
6G “>MZ4iW, @1 E+Xe+s_ A), E-CUEE]"€, %5 , | —(™*6 ' &I-()9 k: xf
€0:@ A@, 3+58¢ “>MZ4i W, f £>. miN 2", FIE=2«" iW#, + F(© £+, & XEYCX
CUEE]%d T-8£@>E@@+F, | +a¥%lQMZ4i W Klein-Gordon é0; p k+k,”. Gy " €
(Deng et al. 2017), ! * % 9!QMZ4i W Klein-Gordon €é0;, .DO! 1 05$. Gy "€, ul VLE Ay
h.al>y 41y 03+ G WC X (Deng et al. 2018, 2019a), < &F O3R J05$CuU€E ], ~ O W. Gy
" € (Mo et al. 2019) ¥ Y%5$EYCU€E]. Gy " €,65'V ¥% Q ? 6/é1y>| j(Deng et al. 2019b).

> (£ €D -()A, XjA@]F qAEMZ £ , "€%d , £ " € (topologic-
al soliton) (Manton et al. 2004). «”"€%d ,”02Z86?+ ‘& i7-M’91°}* 1(-00%), "~
X, O£X 08F 4,702L$ "X =<,1°!*1Y%EE+| ' & 6<MZ +” €, %3 |=2+"r*
11°!, '@ (A8 _V|"€@) X O8F 4G-9-(<,Eé+|"* &(2J1'"€). pjA&?0&E »
-, MIN”" €G- _-(A4y "jMZ£e@, 'f6<, =<”€!0cEW, «$A 0 Z2'f=<(G yC
1987, Manton et al. 2004): MZ «” €,°0c EW k?++a j46 1, @ E —jfe1)a, 3$A8 ¥%
N lether E*6 ;,” , .GV (N |ether98); +” €1 _* %M Z Abel ?2693*6A&, yF !, =« ,
Gy >Llagrange - , "= W £, 6<_S$A%j, w8 +a 0, )A % u/°c02L$#q 'L$, MZ £
P 4. +a %M Z Abel 2693*6A& IMZ4i W j€0;,  =rW, «”€- }6X0E©E -5 "]
C "r@, 21D02L$, «5 @ (kink), 2D 02L$, #N 0@ (vortex), 3D 02L$,” ut Hooft.f ... + €@
(monopole) 0 4D!W"?02L$,  Polyakov-U €@ (instanton)1y (G y C 1987, Manton et al.
2004).

-(" %iB, —-BGU, ja3+5 ] «”€,%d I-()-$?0, DE®h?f,” _ 1D 02L$.
O,” 2Scott ... vK. Q » (Scott 1969), X!"3+5 ] %d *MZ «” € A+ a Sine-Gordon €é0; y
F , kink/antikink <" €% J(70) "€1y( *47(a)). L¢ >, é @ X2« vK.>657]3+5.D
0! Tkink "€,”.aTA@1W7-, (kink-antikink ! 1 (~ O ” €) A3W ” € (compaction)
Yy ™ © " £ (diffusive soliton),” %0 1y (Dusuel et al. 1998) ( * 47(b)). "2« kink » «”
€', 'MZE (©x X 9JGyFUGyl°!*1,/3+57-Ba02L$], B 'B' k+k
( *47(c)(d)). OF, E-CP€E, nuC8 %0Q6é XE-3+5]03R "€, 60 A
1a,Q O. E3 hE-651C0O, 905$%$SSHCu € EK. (Chen et al. 2014, Zhou et al. 2017, Sato
et al. 2018) A+ 2 "M’ % i W ‘V1y],” «”€%d (Machon et al. 2016, Bartolo et al. 2019,
Sun et al. 2021). >"W € 2Chen1ly (2014) Na,” 6 [+a 3* Y Sine-Gordon é0; yF ,"6+Ece
>0Ece ? «"€, | +taK| k X3D 6)B: " »02L$,” 5 "« 62« (Chen et al. 2014). L¢
>, Snee 1y (2019) « X 5% < E -CUEE]%d * « O,Eé+|” €, !|\CX _+a ¥Lf
NSL é0; p yF ,” b " € (bright soliton) > C " € (dark soliton).

»1:, miN"00# >"00 € ¥ &02p F,'MZ4iwW(™ 1, "Xja3+5 UE-Cp€E



=2
>
p=2
|
p=2
>
b2
T
b~
>
b2
o]

240 E 1\ 8§

*

(&) Scott rJ*2'4 Y y } « | (kink/antikink) +°$1y ° -; (b) 18 rJ*2'4 Y y}e|:e| ¢
h+°$iy° - (c) TrJ*2'4 FFU0- ¢ & -+°6)A]3y ° Y="-+°y }:LSy}e|; (d) 1§ rI*
2'4 5 gFU0- ¢ & -+°6)A]3y° .y}« |(+] ¢ h), ¢ Y antikink M§2SK » kink 58%1 y.
7 3(Z(Zhang et al. 2019c)

1C  11P%%d ¥ 0 EO0; O, O3R, 'f6< f } OFf,’5 1o>">, 3 ZF}x)a*}57L¢ jA
jO E£7/6“F..."€@1, IM_Gp~., LT xf.F "C, 32..0 5  épueé
5 9w%xf"€ F6<Na9¢p F ''B3xUJy 0ZK O °, u% AH,LNE.F
GU 6 02«<EYCXJ,E-CHEE|» 04yM% 1 " €!1°%d U5F0;9¢p ')
ZF2 W(™*6 v & (Zhang et al. 2019c, 2019d).
“*02«J,E-CHu€E?2*48(a) p/j, !s7 +a!* O, ] 6FJ, XEYCX * f ]Le G6<
@ ( *48(b)). |], BEYCX GCX +aMooney-Rivlin = »CpiW\" €0;yF. j>F éT,

"AEy Gy4a 0 = AJA;, = WA, % = By/A; = AJB, > £3° .. (©=*. FIE+:F
Gy4ao /F5 Fa C'Cu€E, 0Z U, ..0°L$. FGUE# % >1, W?£E3+, !

I”6B ...08L$62«. X /X YM' U, JCHEEiD"i Y €A, 6M% 11}0+ »5Y ( *48(c), 1PY

] =231 110°s", 5 I> >(Zhang et al. 2019c, 2019d), 1Y% !'1/;CHEEG +O£ %o

, 6[>M)aj¢?0w0, 1“ACO"G®" ’; 6< =1, CHE€EErn +0 IMZ4i’ +%d , >7)a
j?2619¢,7p "( * 48(d)(e)). X5 0vee ;(+ ? ) *00*6Aé Q », X7-Ba((e
1)02L$] /j Gy T2«%d ,  uX 3P G9¢p ', (™*6\CX.

jJ, )!"2« >" W s7 *005 0,,@ A Q »( *49(@a)), 63<s +1 6’ 1. X }o+
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(@)(b) D>BTC'B+ |AEO,M-606; (c) OL...-y/'DOSE 7B+ |A+°1+°. A (330 f =
3.1 7110° s (d)(e) EO, ,5K|oM YS$iy+°L...-+]|¢h, kink :antikink " K S\ D +t
(UoPufU-Bf wk. % A+°»>1-4UA 30 f 0y = i0.11. ‘7 3(Z(Zhang et al. 2019c)

E-98dU y E+X;, ' “» A 7-1k?£L6]%,L$, N, V4, +aiWv, h5Y(J O +A
N,G i2W, _ "(J O #, #)>87(J O #) «k+k(*49(0). WES7 MO n@ j o
f}1’»n@ j, | EYEe@ .= i oj¢0GYyeEGYy>+s7, (s 1( *49(b)).
X5 EA Oy >Ws7, A 7-# - >1j j5en (; .n) (*49(). *%1PY%>Q 5
1., fQ»j(.v.x 1&, ' »)00%j (.y (*49(d)e)), CLUEE 1°F |
v =1, 6 05%5 °(*49(d)). 63<+s7 L$, -( A E+X, 3+5 ,” Lagrangian >"/j j
X }0+ DE-E+0;], 1} 1 50, ' 2F@$@%D F, 6<3+5
" » | A%sS7L$-(AE+XT- >1} 7 5,1 %, F O(™*6E+0; +a52 %1}

ijD-l"-(AE+X, *3iK. " Q»'B'"yF (*49(e)). X 'Aé¢ , "»/(e1], TLu”’
» | C3+5 +?1. +a0?1i7-1*6 , Cle“xfé0;(Zhang et al. 2019d)
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@ ="S06 <06xg¢Y+°0-BM: 2%a=".fP18M elS; (b) 06 0-BM -(I=j>p

0 6¢ Z° -(syj>p ), D>p.= i () Kioe %EYE5g+°&-, %/
S+°218; (d) 01DBx|A3y °(.x 11) 6¢0-BM -( =1", (=0, .= ); (e) ID3)/iJ*"f
)2M -, elS)* $@B+° Eyé f(*&-:0&-),$% T, g*gB+|A « y/I'-4UDO/7;

H EO, M :3*)2@=?,$ %@=@i2L...-+| ¢ h+°$iy. ‘7 3(Z(Zhang et al. 2019c¢)

*¥%B xfé0;, +1 & Xp63<e,” A 93% p(2_0y_ 0.2), 56/ £ % .MZ)0 D6~ X
(™M*6 :qAe,” _0* 1(*49(c). =1&, 56 £ % .048)0, DL, O y%DF6+aMQ, ...0
*16 A1, U* 1(*49(c)e). k{, k,T1}ivaxfé0;£%¢0GYy .,”)0
W 0 !7-Ba02L $ 5¢(.; Oy) ],” 6 A&E , p6< G} CH € EOCc 1%D FD ~ % (MZ) £ %6 ,” 6

2+ ‘& F Ole ., ¢ 1 CHEE!s20Ww0 "\CX:)A¥%XfED,£ @ .n= .o (N=
1, 2, . ox, "5eit (. 0y) ™. _ A =0)(Zhang et al. 2019d).
= 1CUEE, 9¢p ')AYUMZE %d . 1”&, .= . jJF 0l+C xfé0;,@ A

"2 FGUE«TZ*\wAf:
WAT(1) ?Ece@ WAT v 1(N=1,23 )
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+al” 9sin = i %6 +( °) Gcos =110 Y2 +( Y. Ixfé0; 2(66) F Ole
Ej
o j3+5 71y x T} 1, e = et (*+; #oni 03
0y),)1V'> 1&aET C*1Y%ITA©+, #-p3*3iK.  Q»s8#CUE€E, 'Q°?
(Zzhang et al. 2019c).

9 # 0+ # 1 . e O, §9 _0*1 n,=0. XuZp63<e,” A 93$y,
CUEES "w+a3u» k, 0 +04R »5Y ' £ %0 .

9 #, + # , ]1"X-p+ta...iAAUTA Ece . XDE-" MOLfl&(2_0y_ O
_Osys_ ), wef 00, §9..00c1 =0, )A%CUEEAR»EY,” ". Le-pA 15 TWs#HCH
*d+| 1(_O0y_ ! _Osys_), serr ! OECE j 91°jU*1 , YAYCHE
EuU)AF( "+£F, !]_G}i7-0c 1 WCXEce ," d+|A , +a , a(W6<C
Osys = Oy (et = 0).

WAT(2) jBV 8° &4#, Il 5y o

| CjB3,” _, 1lyxI}i ... AU0c1WCX,’Eee G1°!*1,"X, 6jCU€E

adc6 A(p ) U5 "-( ], *%d EN06?2+'& +a¥s7 (F3*3iK.")L$"
X-(AE+X, CU€E]TLU, '%d q6=r. CUEE5 "-(, § f2«» a%s71yxl|
}i7-A>s7L$6V 87--()W?. 3 -(Al *EAE T3+5 "~ @ >GuUn7-Gy, & 2.

6<, FMO?+ E+j6V 8 &4# !l 5, ,orn .2 }0+»-( . +OF 6<NA9 ¢~ », %3
(Zhang et al. 2019¢c). I" &, s7 (© tEce@ X""dEEA5C’' F, 6< E<706,F5 |
FlL N (X=N,x) 0 na : (N,x)d,x” (N,x)/7X+ Ller xfe

0; >UF 5 F!u*6 j(Zhang et al. 2019c)

'T, 6() = 14 ( 20 ,ef(L T ,e)> U =25 (1 1 ,eq)l(#s ). ! £j?693 jAé 05 ~

-( NY J:¥=,~ 3" jé0;( FHiggs j€0;). L"1*1,” uGyl°!, 1yxI1}iF §9
JGyle*1, 26()= sin, | ?(68)>"/jSine-Gordon é0 ; (Remoissenet 2013). ) ?(68) 0
IQ0 6 CL1L2 (T/™X)* i 6() = %g. *”"€?2+"r3+5 *11°!DK7-Gy(0 6 h %) *5J

XEé+| X : (VA ) {L$,  0E93 3%, 9LED=U" )%UM% 1..." €@ ,
0 6h %, =0 !wWAT"€}3%02L$ X, 4, +a!” C X i X = (B?0)!I"E
3+5 XB (© EEé+| & ;,,0~7-1, q60c E. MO?+ 7 *” | *3%3+5 Lagrangian,

Lorentz = W, 6MO)BM% 1”€@ Slorentiz £ C @ 1”€@ (Dauxois et al. 2006).
3* €0;j», EYMZE [ «98(s )1 )”€F> +62«, 3 _#q*vy .,
5 i, £ *gp = 1/2 (é()]_ = €6190=1, €y = €11 = 0), |(G y C 1987, Dauxois et al. 2006)
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) ¥kink(antikink) 9 1 = +1(i1), JMZ£ P4; )%*1191=0.+a¥%*11°!, TZ

*1 X i y4;-(AEe’, 6<Kink ||+ X X =d" 4" TZ*1{L$, !>!X 08§
F 4C»F. *% <98 W, j,° <40« 26j0 LE, }A, 1”j46 1kink > anti-
kink, -( AEce ' A F6G “j-002G-M0?+ LEW7-Gy. £, +”€=> y, j+0c E W(© £ \CX
$A ¥, *11° . >1"2« |, ) %Sine-Gordon €0;, | 98 1 =12C [E (+) i 3 (i) =
N, 1] je, DN _11)AJ"€@, O0 "€ I(soliton-lattice) @ (Remoissenet 2013).

X *49 p  *'CHEE], 63<s _4-o0=0 G"OWEé+|‘& GC+a 3*é0;(68) py
F,"OW +"€@ |

'], A= , B= Al .sn[X; MIjLB "]16-, MO, 1]j) A/
Q , X(™*63+5 ] +a § f,/Eé+| ' &2 E. * % 3**6A&, ?(70) p k+k,”(™*61f £jCu
€E-( E<0; ] p%d ,M% 1 «”€, 36 kink >antikink O/, 2?2~ 0O W "6 3 X02
L${]. 3+5 +al"6<’ @,” " O WO03L$-(¢5 "£j "€ | (topological soliton-lattice),
' OF, "0 >7/jj4=4+M)(B,x ). 1CjB3,” , :}0+x»-( E=O;J# 0,
5 JO A6V 87-Aly xi7-A, G p%d , "M% 1” €~ 0ly, ICX:G- FJE+s7
*5F0;ATAN. 63<+ T/y(©1°68, £M :0, ?2(70) 6aé”€©=+;6<fM :18&, 4 : " 7
(70) IFOF j(L$LA LEF,) ...kink@ = A, tanh(Ac ), '] A= . I"F,
BM% 1" O"€@ ?(70) =% § 9 3* é0;10, (X, ) : (iX, ))0 W, £)0 w.d5j, >0!~
OW 6LAO, T/ly+F+aj)A-p3+5,1°!*1.
iZ*49(f) )a, +"€@ ?(70) % IP%>9L€sQ 5 108 WE3-, AATT9
éPp 'g?]}¥%T-(+|M 4, <5jL§ £j+a 3* é0; p k+k, " kink-antikink ). B *6Aé
Q»,~ %0 , $A8 %UCHUE€E3+5 ],/s7 "X-pTZ+F-(y, 1°!*1 Tp)>F(
+F ' XB 9L€j(,"€'1], 'y 0 Zkink {>G- 90 Zantikink ,"3WL¢+0 @ ( *48(d)(e)
Yy *49(c)). 2« 1,')aB'F # "X %! MZ4i W(™*6NY , " »,” 2E — PEA4i A ,+e6S (™
uJi+e f3+5 1y (Dauxois et al. 2006, Remoissenet 2013).
MOF Ole7* "  M% 1 *”€ MZ4i W%d !=pLENU(O©EQg? CuEE5 ", 6< &
¥%s7 JOc1i}i>s7L$j6Vv87-,1 1], pk, 3+5-( 2«» 0U7-GY "~ @ %Gun
€7 B*6A&*6§9 # ,F2+X W. +al”, F 0l *00 XCU € E ]%d M% 1" €| A5F
0;9¢p ')'5 OW1t+e, *ZF2 W(™*6 Vv ee:
(1) *1Ece »s7. AIANCU€EsS7 ~C: L¢ F+%0 415 TW!Cu*d+| I(_0_ 1
_0¢ ) &, s7 0}i 4y f+a ... * 1 A1°! G(J) *1,Ece . *50 j», !'E -GyN«
% Ca #, + # .F0JO'&>7MCU€E '"Q?E® & @ 3+5 ¢ 0GYy 6AY
5 °-(, +0, ~@MZ4IW +%d ,” 6?2+ & ( *50(a)(b)).
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*

(@) &°0utEyey¥-+°B+|A218$* (b) LSY B+ |AOutEyéK» A +°$@ B'¥ -;
(c) Bx | A3023y°,$ %/ S-"4f7L...-«|$iy+°SE."*)2r&; (d) &°SE.Sra, T
34f° 312" :32iY2 FEB+x|AYSIiy&L...-V}e|; (e) *]Bx | A»iF0a="-+°y
}e|+°EO, M :)2@@3y E(0y = i0.01). ‘7 3(Z(Zhang et al. 2019c)

()% CajpvV8 ‘& jINHa?019¢, MZE£ %d , -()%*1L$TAQ O, s7L$F A

B%Caj6V8 E+X ‘& |E-GyN«% Ca4#,!! 5, . F0IJO &% T1}i*1Ee
U¢ 0GY )0 W.d5] &, CUEE 0+ »-( ,” +O (M% 1~ O W «” €, %3
( *50(c)).

*50 'B' " k+k TF 0 ZF2 WM%0 1 " € v &, (™M*6 . §. * %B *6Aé v &, ATAN 3 é A
3y3+ >36(]6 J,CUEE, X> *48-(<,” DE->Eé+| ‘&, 11Q %d *2, 3, 2)
antikink/kink ” € ( *50(d)). ¢ 0Gy02L$ 6 3, IPY4 A Q >*6A&5 1> ZAATTZF2W v &
J9OXW Y T+X W ( *50(e)). B (™M*6 v &elL€ E +a E —Gy>"+,"7-Gy £3+, 6<4 J OGY o £6,
¥%s7 ...0 . »1: FIE=F2f ..AIAN, X =12« /Cu€E], F7-Ha¢?20wO0, £
%8 0! 2«», ' MZE %3 : 740 (1) = @00, AF40 (1) @00 v "~ XNiF40 « =
const.. 3*3K. 6040 "GOcE %3+5 _0,*1, AFJ*1{0.!"& CU€EE +0 ¢?20w0

', 3+5 98 1 =0. 840 +(1) @00, v40 «(2) = @00. |s7L$ a6V 8(6V 87-F ? %ly
x1}i7-A). X8’ ;, aF O, MZ4i W 3*3K. 'L j,  63%*1 {
L$. >I")A, CUEEBJ +O9 (i ¢ (order-disorder)-( (Chaikin et al. 1995), >M)a jL¢ |
S p Fg? 3+5 <98 1 « 0 DICt %Eé+|* &.

+aB (™M*6vaep G}, *"€!1%d , XE-CuH€E]=6..)a*T3yh ,/(©%]
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O>jOxA, $ 0+dJK O «é& AOjp 'FJh 5jL§0OD!j(¥%}57L¢ W

j6<LT N'#{,, PSAO.. »1:, =80 X (?20E -3+, "2«R+ /MZ£ %0 F # "X %

GJD jO, J*13+5 {], 2 L€02L$ ], 2A €EAF (Sisan et al. 2014), DNA .4 *,” 0Ece
(Peyrard et al. 1989), Jii+e+o (Frazier et al. 2017) YK 40* [ 5, .AFIGY € PE A (Frazier et al.
2017)1y ®-; 13" =£6,",” AD -0 NY ,"8'HaB'6u >, w +a-(<,” —(™*6\CXp _

G}. ~ *6,3+!"2«)aB'6u >,” $ 08\, —(™*6va, 6JjX$i,(™*6 3Fw] O3RQ 533+

5, MZ4TW %3 A x,” ..-(, 0 /j$=rp F)aB, j*6 \CXK* U] a,
FfD.
7.2 tM,73 W E

qe&e5 "iZ!/0cE>V 6jCuM% E5 ~AM% E5 “Yj . i25 ~]5][, 82&é
YF v -7-02C++"1C7-V ~ @O0c E q &, Maxwell (1864) 0 5 *1 @M% E q &5 “,” &
?+'&. F O.DO>">, )%(©Eqa5 ", |j " Q?2ww8 AEQ? 7- Afpu> y, Eé+|
1'?2°X, <&+89>}F# @)aB'2«|,” fiE€) A £3+, £Eé+|M&7- Q ? (zero mode)
CLEW f,7-V «WCX,” O. Kane 1y (2014) )a% C aMaxwell d+| ‘&,  qa § 9 p/°
7AW, +a0 <+ F.Gy>"+. >+e+ FE€E|I“CO+e98 A € E,” TE€6SL62« |, MZ £
+F, Maxwell ga&@5 ", M&7-Q?>8 AEQ?+iZz+|M> e+ F -()éAAEET
x6SL6. M&7-Eé+| 1, 63+af1 «WCXAE, )Eé+| pG v&K O AJ O v.828éCXGYyly @
=«0.B EO0_T6M% 15 E—-WCX +éAW,.DO!, »2, *3% + 0,8 AE(ee
1Na&éLe €EEpG xx" ’(Paulose et al. 2015a), 6 <+ F AGY >Burgers. Gy-(5 8
“FP 1&¢& "~ » ® “ Q ? (Paulose et al. 2015b), ATAN F.ce uEY, Lb O ~ &1y (Mao et al. 2018). \
?82)F 0 aé A S1°?+ (04y.
63<e N, iv ¥4 Ny Z82&¢° @, D5$8+aqeae, ~@O0cE5 "pMOOAvV -+aMaxwell 6
I N, = DNg i F(D)5 *, ' ] F(D) = D(D+1)/2 jJfF @ . 0Zqee " X,M&7-Q? +a .o =
DNy + Np= -+ F(D)5 *, L”"F(D) ZJfQ?F, 9 -Zj Q?, X(™*6-NY 0 ®“Q?
(floppy mode). 08\ 6 J-% CaB 61D 4 % d+|0c E(ee 1(- = 0),” q &0 jMaxwell5 ~,
F1lyM%. E5 ~ (isostatic structure), »2 *51(a). vMaxwell 6 | IMZF2+Xp 986’ )% *51(b)
5 7, I'Np, Ng > *51(a)-(<, an'f9-=1. Calladine (1978) 7 7 E*6 ) Maxwell 6 IF
> T

'] .ss j5 “5[,/8 A E (self-stress state, MO FG 828&é E £7-8 £>' vuE)(ee 1 .

*51(b) 15 "] XCuM% E, [8 AE(e 1 .ss =1, !, 2(71)5 *Ejo f o =4, - = 1.

)% LEW ~O&6ELe qee, E+G}} (IyZ82&épF v ): A 2Ny/Ns, i zMaxwell * & d+|G}

} %Ca:= :c=2D i 2F(D)/Ns § 2D, %5$5 "j», £wG}} : =4, 2 *52(a) % 52(c)

1 p/j,” Kagome &éL e (20 1 » >+ " ») _f}.D0!' 0 # ¥ 0$!+,” Maxwell ~ O&éLe € E.
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*

re Np =9, 7®%a e Ng = 6, $ B R Maxwell 0 E+° 5K| m a3y °. (a) OuL... £ m a3y °,

0 = 3, -=

0, .ss = 0; (b) LSOUL... Ema3y®, =4, -=1, =1

*

(@) >d EKagome 3y °, 8"jf2”"KD&*x*"7f°M ;.7 ACM;; (b) >6 E Kagome 3y

°0X , [7Z » LZ+°L"M¥%(30uM¥%:3¢; (c) ™ Kagome3y °; (d) ™ Kagome 3y °0X , [7Z «
LZ+°L"M¥%(30uM¥%3é&; (e) ,7 X Kagome 3y °+° T ce B; (f) Kagome 3y °E 4 Z+°y},$*

"0 L€ WMaxwell5 "82&é>F v -% CaA N, = DNg, 6<,9 = .55, | 6 AFJhG++X ...
Z7 s5 8 OEé+|F>|. "OEé+|éL"1Jf0E®Q?, 9 F(D) =D, ve<&LETT7 sx+0
af¢?0A , 5 BEAM% E " &+| E" 9LES "-() = r(Guest et al. 2003). ) ¥ L€

W~ 0qgeae5s ", 9% CaMaxwell * & -=0, 89 g = .55 = D.

EWG6ApP~0O LE WMaxwell g ]ZY-(AVvE& '@ .x 1 .v Z7 s~ @, 9L€5 ~

AT9LE5 "5[82&¢& Ng, IMOZYV& | Gyax. iz ?2(71), +a % Ny VA, o i .55 6

+a0 18# >y AV & (<Gy4x; <&, 5 ZYFIhdL¢s8 AE(ee 1 .55, #, a, 77 E*62x"r
Z 9L€5 5[, a

Gy4x, M&7- Q ?. v _, Calladine 77 E*6 #5 *F EM&7-
Q?jf1F Eé+|1 (6384

qge5 "6 AFJhG++X.Leé#,5 8w216@ 7-0%5 5 *!j w8 AEQ?, |-$
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O, *Calladine 7 7 E* 6 (Pellegrino 1993), B é# *F2+X %6 A~ O L€5 ~(Hutchinson et al.

2006). 5~ ...*B3£3++a"U= EVyF, E ¥% U 6[jvhK %82&&}0+AGYy, " j N, T DN *
B3.Le; qae £> £3++alT =1 F5* F % T 6[]FG88&EEYiv&uEAGYy, D+a<S11*6
€CC " > | AjEe5Z. 8 AE(21>M&7-Q?6[}%£>.Le | %4+B3.Le " ,"M&02

L$. vJIO Y%82&ECXGYywWj...}Il, $=1I" "@5 ",7)0 JO. Le, 3+5 @ E - €0;j +

$U=F )%~ 0qe], 3#KC>#, :F +B3¢€0; A £> €0; 0@ E — é0;F >| Fourier
c*

”&, T(Q), E(Q), U(Q), F(Q) wj7 sp82&é¥av-(£° =_u, (Q >"(Q) Aj2£iE:, Q|3
#HKC># ., & @ NA)-. IC# ?) % Maxwell " Oqe, .Le | ¥% " jéLe. Calladine 77 E
*6 X# . 03L$ y'f @00,

) *52(a) p/j,”?6 | Kagome5 ~Y+X é0; (72)F >| 3#KC># 6 A, ..7 82&& Ysv 6
[ j3 Y46. +a 3?0 IKagome gqa "~ XC_05 ","-$4iv3+, X" O & ;ly‘C_0 -$4iv3+
7-0 _A8 AE(e1l. C_ O v3+"i3Z=<éA, >(A3GuU$:j],  + -4i2-$( *52(h)),
") %F E4i:lyZ#. Q, w" X8 AE(ae 1. i zCalladine 77 E*6, )F E#. 8" X
-(< Gy, M&7-Q?. *52(a) ]+6[ ;8¢ f%408¢-$4i5 * IM&7-Q1>8 AEQ?,/
liji», FTZQ?j#LeM"d£,794"'?2, ?20j2-$ + -4i:03+ GM& Q 1(408¢&¢),”
D. *52(b),’5/8¢4i»1:5 *1\0 8¢ “"M’' & = 0,"1yNA4i, ?A>J Oc E5 " =<,
20 | Kagome q 8¢ “ "M'M&NA)-&é6 =606} % +&6E. 9 Z *52(a) plj,” 9LE5 ! &L”
~ OEé+|, C_0-$4iv3+,’8 AE>0GGN, GYy:ly<3¥vig2&é --(" %~ O Maxwell * &
 aG}, !", 26 IKagome qa]=J1DPM&7-Q?, DM&7-Q?Vyj *52(a) p/j,” f 1. )
*52(c) plj,” » "Kagome q &F >|-(<6A, 6 C'F 2,5 1. mi1N82&é >v &F O £3+
>165-(<, v+a¥%5 ~]C_0-$4iv3+ j"E, X9L€ Q ;=7-"X8 AE(eel. X +&64
0= ss=2, YAY%IFEOH L""{F o= g5 =0. "o "Kagome qa X & = 0 & XL"
+&EF f01°!. <g63<eZ *52(c) p/j,’ 9LE8 +a5 ", +a % ="X198 AE(ae 1>~
v-82&¢é aG}, !"9L€5 "] o6'f*)aa, M&7- Q?; g+a ¥+ "Kagome g a&5] *M&7- f 1,
F EM&7-Q? 7-" X %5 "Eé+|, !Afpu> V. }JF 6 A ?i: (1) mINF O £3+-(<, 7201
>+ "Kagome qa& § 9 n:f =<,” €>|]j, Calladine 77 E*6 # f)a; (2) 9L € Max-
well g &eM&7-Q?,° 63> LEW f,”7-V5 "8§9 07 £3+.

Maxwell gae 89 w/° 7AW, +a0 <+ F AGy>"+

'TAjILGY, N, j=£>.Le (Q)>G?(},5P5 , Evyj
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'] E jdet (Q),-(}@, #,jF O3Gu$:jT&é[Q, Q + B|,’L 80 6D ", B, jBI* GY.
+|M'/E€+|M&7- Q? %8 AEQ?63 «+Fjy, <&Xuf:«dN«= pCalladine 7
7 E*6, !”, 5, 8F T/y 3P5 *Eé+|/+|M’ 1IM&7- Q ?,” 7 7 E*6. 63<+Bravis |&éLe € E+|
M’ FEé+|, '# A +ta0BIL. Gy '7E, AI+|M Iy Z .7 /M&7- Q2?2 %8 AEQ? |j
Yo , 14|M’ 77 E*6+a ;2?5 *

'] ="'"2/2E 4% <xFYU+M éA, ="' 2R E A¥%+M,ZYE? .88, 7
7 aG}(Kane et al. 2014). !, po f5 "e; e+ F =i ?(71), " pCalladine 77
E*6, v7-0 ,83M&7-Q ? F8 AE Q ? X-()+|M'/Eé+|,” =)0 6 3.
*52(c) p/j,” » "Kagome qae _ << £ ," (2 =0), jx+O <+ FM0O?t)
Kagome5 "F >| $08\,” ', 2 *52(e) p/j. *"E+0; y'f Afi Kagome &élLe, Bravis |
=, Y¥% A=< «(,"Kagome qa&7-ON2YF O ~@+|M’. +a¥% *E9Z..7)00
82861, 0Z =, Kagome q &, 08\ '+a Z oGy aE. G++X :)~(Kane et al. 2014),” 0
F, 5 E9Z'I.GY (AL Ay As= = A £ Ay), ..782&éE1}57+a Z) 000 (X1, Xo Xg 2).Z E:
D; = Al/2 + S, Dy = A)J2 = S;, D3 = A2, | ]1S1 = Xi(Az £ Ay + (ZI3+ Xz = X)A;, S =
(ZI3 + Xy £ X3)A,. 0'— *52(e) 0, ...?2y, 0 X, VyF ’'qee-() 3?06 |Kagome q &
]JC_0"v3+,"EO0; 0, Zz5 ETZ-(FE9@ 'j(. (0,0, 0; 0) >(X, X, X;0) 6[)A?201>+
"Kagome g &. *52(f)5 *Kagome gqa X Z =0 Y% X; + X, + Xz =const40 «;F5 '
L5 7 XX, "&x+0 e( Pp6<EIOUCTAW, §9 e+ FAGY

*53(@) p/jj=< +(,"Kagome qeep @, +|M'3+5, |]Txj j £ )
« "Kagome q & (0Gy (0.1, 0.1, 0.1; 0)), |[L$G 6j0oGy (0.1, 0.1, i0.1; 0),” '"gee, <=
FAGYy2.plj. )B5 "iD~OEé+|, +ta%"N9ZYv& !"=x+0OpG 77 aG}( = 0),
6<X H#TZ+M 46[9 =1% = il.+a% T TZ+M'4 y' )%5 o f6<@0% Ci"
p Calladine 7740 » , i .ss=0, v *++F ,88M&7-]  Q?L6]% x+|M’, 6<8 AEQ
2L6 ] % # x+|M’. *53(b)5 *Cu75 ‘L¢ Qx (>+|M £>]) F,"8¢ “ £3+, ! JCONA)."
4i+aJO.Le $= 1" 'Cu)0 dLe. Le "1 C°. . ]TZM&NA)- 6 _6[)AT Z+|M':
i Q?2w8 AEQ?. ># @>]|j], eaB'2«I, X ’'Kagome g a f OL” 3GU$: j
&6 4, M&NA)-1°!, 'Df189MZ £ (& BM&7-Q? ~ « O. *53() ]
5*9)AQx= E,j >8 AEEé+|1, 6[ 1Y d ¥8¢4i>"/j.

Maxwell q @3+5 4 % d+|0c E(ee 1, !M&7- Q ?,.D0! ) %*6@ € E, (™ 1Ece’AJO >
JO\CXA“f#q@jf§9Gy?+ 2y, K Oj€E(™*6 —+| £#. <+ F WCX # +apG
FOE3+Y ... »$0x)a AA>F 01°..3+5 o[+ 0, (M™M*6jf. f}, *M&7-Q
?,”.DOF pLE % U I,” Maxwell g @&3+5, X6 A:*%. Le g 6N 1C1V. ) % =% C & Max-
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*

(@) £598YV},$+°Kagome m a3y °*xLZ 0+°L"6) M ;, OU "="ff° M ;+° K| ; y/,
314436 « |.f7 ACD&*x -, 31 4+722W ="86 -+ C; (b) 16*XLZ Y=x & =+°7Z« Y2'.
7 3(Z (Kane et al. 2014)

well “ &, aCuM%o E q s (MZ éLelC1V)+J8#F 5 f=8€ E(P 61C1V), _V ™ X2«l, =
SEY "Q? ICO3R,LNE.I"F, «éAWEj€EO/ya, wW°ZW, XP5F5 GCXE
—%\ £3+vae] # C f)a, +"rQLfF5 F*6Aé >  +*F 0 WCX «I“ X EC§ £# (Mao

et al. 2018, Sun 2020). +a %~ 05 " ~NAQ?AE€E¢?20E -y A, +M&7-Q?, i
WAR: WY yxW +AjP5&¢ELe € EAIANV 3, «j.

8 g5 D<«Q

\-3+5 04y JF o+ iW# «55H f-(£.DOF .... Aé - XE@OG 6) *55H f X
+e €# .D0!/ ], C8$A S T N®. L¢ >, /8“CXGYi2W Q »j») +55H f.D0! 9 £ 2% AAT
AN>6Aé# 1y STB 46L@F . 1\3 a 1\5 ?826 [ 04y 1BgM= D AM= D 18 M= D5 5H fAIAN
i*6 A# @20 » 0 C,.DOF .... 1\6 282 %53@ :m 1j»1° .. 04y TQ Lf 5
5H f.

- Yo, J,) Y53 i W#,” o55H f.DO"E3Y: ", h?A +55H fG-"1)a! C P%
Afi, >5.D0'k?+ p ;éMF QOle

(1) 95%i W# <55H f.DO}. 958€E9$ i, V5 (©%, »2 7-V X953 @Gy
02L$ 0157’ @4iW1° |, B 1°!&€é0 jF D&é (Weyl point), 1° &€ -(AF O @ 1L

8247 (nodal line), +824i F 0's-( A | + @824iK . (nodal chain), F E pBC =« zH
Z (topological semimetal) € Ew "~ X) (©>"M’ 1. -( £.D0! X # A+e.f# 3+5 ].DO/E3 J, -
F@$@>U ... i W#NT (Ganti et al. 2020). 95% +55H f,QLf «(©W+9$J 7-, 2
XM&5%$@ &€, @ :m 1> 05$Eé+|, K K. 1.

(2) MZ “2£(© (non-Hermitian) 3+5 ,” «)aB‘« F «' L .DO! (Leykam et al. 2017, Shen
et al. 2018, Zhang et al. 2019, Gao et al. 2020). 1)aMZ "2£(© W 08\M0?+3+5 5[ +6G F65 1,0
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xI, F ,8$3+5,7-Gy =% _,, 3+5 ,(© +NA)-p1 j= . F2«3+5 « FJE+
= Gy k+k, 3+5 Eé+|+ qA& h?06 «55Hf], » O1, v| «( =_FJE+7-V1°|
6< a, 6< _FJE+ w 2& é (exceptional point) F >|Ece . XiW % ja3+5 ], F2«aw ¢)aB'
,.DO!" E3 A.
(3) iW# <55H f,” A+X O3R. >5.DO!L" T /ji W# <55Hf|*6F, $AB#
Gy «+|M1>1Lu# @ xfA+X,’5 8, F -} +55H f.DO!" E3IP5],". Y+XiW#
*Eé+| 1§89, }+U5jL8 A6l “4 Afly(©O W, 0éM’, AIAN7-Gy PEA x)- $Q,” + d#{A
# PO~ «"& 0éM, L}~"&)5 "D 2101y, 2+"r, $Y % ILu A+X.
(4) +)aB' F5 FyF.-} +aB'J _FJE+§f b5 ~«x)avA@Ae, , F f40
Ta «€E, AIAN, 217-XF5 OGCXv e ;*00yF «)aB', -(£*6Aé, F6OF €
E,”ATAN > 0
(5) M%o 1 +)aB‘,’F 0ls E.DO!. L” 11\7 282, <00 € AMaxwell &éLe],” =
M&7-Q?F, ! M% E —)aB‘],” «F F 0l E, 2*f], }Kla)A-p <5jL§, F
OHoATAN-( £,'M%0 E —Cp € E.

7 AN A OBRC¥)!8 EF5 OCXEé+| 1-(£3P €. -@®8'f0 —*H (11632003, 1173207,
11872111, 11972080, 11972083, 11991030, 12002030, 12072108) Ct UN®©- .

2 69 Y% )d

G yC. 1987. "00€. GU: 0 —*(x/n (Guo B L. 1987. Solitons. Beijing: Science Press.)
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Abstract Topological insulators, originated in quantum systems, are recently generalized to electro-
magnetic, acoustic, and elastic wave fields due to interesting wave controlling provides, such as unidirec-
tional and dissipationless energy transportation. This new kind of materials provide unprecedented pos-
sibilities for engineering wave flows. This paper will introduce the basic theory of topological insulators
and summarize the research progress of topological insulators in elastic fields. Based on one-dimensional
and two-dimensional discrete models, preliminary concepts of topological insulators, such as Dirac cone,
band inversion, Berry curvatures, topological invariants, are introduced. The design and progress of val-
ley Hall insulators, Chern insulators as well as spin Hall insulators are introduced afterward, followed by
discussions on high-order topological insulators. The last part of this paper covers topological phenom-
ena in static mechanics, including topological solitons and toplogical zero energy modes.

Keywords topological insulators, elastic waves, unidirectional propagation, topological static mechan-
ics, high-order topological insulators
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