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√
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"!4 *!56 #1=3(%"!4 |φA〉 !( |φB〉0 ,!4 #1=3(%"!4 4#$( "#,%"34'!4 451 "!4 43(!4 RA
j !( RB

j %E!, j
"F3$*3,! *! &%3""!8 O$ % *#$, !$ 1!21'4!$(%(3#$ r P

〈r|φA〉 = φ
(
r−RA

j

)
, 〈r|φB〉 = φ

(
r−RB

j

)

O$ ,#$4(153( %"#14 "% B#$,(3#$ (!4( I 2%1(31 *!4 #1=3(%"!4 %(#&3@5!4 !$ %22"3@5%$( "! ()'#1A&!

*! 9"#,) P

Ψk(r) =
1√
N

∑

j

eikRj(cA(k)φ(r−RA
j ) + cB(k)φ(r−RB

j ))

#5 !$,#1!

Ψk(r) = cA(k)Φ
k
A(r) + cB(k)Φ

k
B(r) %E!, Φk

A/B(r) =
1√
N

∑

j

eikRjφ(r−R
A/B
j )G>8?J

Φk
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H = −t
∑
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|φi
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B|+ h.c. G>8SJ
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√
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√
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√
3

2
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3

2
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ǫ±(q) ≈ ±~vF‖q‖ ,()-.

/'  01'"2 34 5"2!##!  ! 6!%7" vF = 1
~

∂|ǫ±(k)|
∂k

= t3a
2~

89" 5492 !'5"%&' 106 7)#

−1
) : ;4##!
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=

1√
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)
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3, 4 θq = arctan( qy
qx
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cB(q)/cA(q)1 3 %8*$!<)* +) "8+$ >?> ,-%%< @ +$ 4=-$6 > $! " θ  $ θ + π *>(%*A+ +$
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 !@!@!" L4&$':$%$-4 :. (M(-=;* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7F

 !@!@! ><(* :9'/:*( )0</*( )'.& 0*( 4-<-( :* O'3/SB3<; S L(*.S

:')'-*/-$*0( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7F

 !@!@!@ T/-4A&<-$'/ :$(%&=-* (.& 0< U'/* :* >&$00'.$/ ! ! ! ! ! ! ! ! 7G

 !@!@!G 8'A$%$*0( :* %<0%.0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7G
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 !



 !"! #$%&'()*%#'$ !" #$%&'()*%+'$
 ! "#$%&'(! !)%*+! ,!+ '!"#-&./!+ !)%0(&1!-'$,!+ !' '#0*(&./!+ /'&,&+0!+ 2$-+ "!''! 0'/2!3

4!+ */'&,+ 2! 5$6(&"$'&*- 2!+ 0"#$-'&,,*-+ 2! 7($%#8-! +/( 9& !' 2! "$($"'0(&+$'&*- &- +&'/

%$( 1&"(*+"*%&! : !;!' '/--!, <9=>? +!(*-' %(0+!-'0+3  !''! '!"#-&./! %&*--&8(! $ 0'0

20@!,*%%0! $/ 206/' 2!+ $--0!+ ABCD %$( E3 F&--&7 !' G3 HI#(!( JAKL !' ,!/( $ @$,/ ,!

%(&) M*6!, 2! %#N+&./! ABCO3 P,,! -*/+ $ */@!(' ,!+ %*('!+ 2/ Q-$-*1*-2!R !- %!(1!''$-'

2! +*-2!( ,$ 1*(%#*,*7&! !' ,!+ %(*%(&0'0+ 0,!"'(*-&./!+ 2$-+ ,S!+%$"! 2&(!"' 2! ,$ +/(5$"!

2S0"#$-'&,,*-+ "*-2/"'!/(+ $@!" /-! (0+*,/'&*- $,,$-' T/+./S: ,S$'*1!3 P-U-L +*- $%%$(&'&*-

!+' : ,S*(&7&-! 2! "! ./! ,S*- $%%!,,! ,! 2*1$&-! 2!+ '!"#-&./!+ 2! "#$1% %(*"#!3

V$( $&,,!/(+L ,!+ '!"#-&./!+ 2! "$,"/,+ -/10(&./!+ +, -.-/-0 +!(*-' 20"(&'!+3 M*/+ @!((*-+

./S!,,!+ %!(1!''!-'L %*/( /- +N+'81! 2! "*1%*+&'&*- "#&1&./! 20'!(1&-0!L 2! "$,"/,!( +$

+'(/"'/(! $'*1&./! (!,$)0!L +*- 0-!(7&! '*'$,! !' +$ +'(/"'/(! 0,!"'(*-&./!3 4$ '#0*(&! 2! ,$

5*-"'&*--!,,! 2! ,$ 2!-+&'0 <WX=?L %*/( ,$./!,,! Y3 Z*#- (![/' ,! %(&) M*6!, 2! "#&1&! ABBCL

$++*"&0! $/) %(*7(8+ "*-+'$-'+ 2!+ %!(5*(1$-"!+ &-5*(1$'&./!+ *-' (!-2/ %*++&6,! ,S0'/2!

-/10(&./! 2! 7($-2+ +N+'81!+ -0"!++$&(! !- %#N+&./! 2/ +*,&2!3

 !+ 2!/) '!"#-&./!+ +*-' "*1%,01!-'$&(!+3  *11! -*/+ ,! @!((*-+L ,!+ 2*--0!+ 9=>

"*-'&!--!-' : ,$ 5*&+ 2!+ &-5*(1$'&*-+ +/( ,$ +'(/"'/(! $'*1&./! !' 0,!"'(*-&./! 2! ,$ +/(5$"!

2!+ 0"#$-'&,,*-+ 1$&+ %$+ 2&(!"'!1!-' +/( +$ "*1%*+&'&*- "#&1&./!3 4!+ "$,"/,+ WX= %!(\

1!''!-'L %*/( /-! +'(/"'/(! $'*1&./! !' /-! "*1%*+&'&*- "#&1&./! %(*%*+0!+L -*'$11!-' :

%$('&( 2!+ 2*--0!+ !)%0(&1!-'$,!+L 2! @0(&U!( ,$ %!('&-!-"! 2/ 1*28,! 2! +'(/"'/(! $'*1&./!

1$&+ $/++& 2! 20"*-@*,/!( ,!+ !;!'+ '*%*7($%#&./!+ !' 0,!"'(*-&./!+ 2$-+ ,!+ 2*--0!+ 9=>3 ! ,-*.$+/)-0 -123&+4-$%56-0 ! !" #$%&'(%')$* + *,*- -.//*01 %'/-*2-* -34'&$5.*
W$-+ "!''! %$('&!L -*/+ $,,*-+ %(0+!-'!( ,!+ -*'&*-+ '#0*(&./!+ !++!-'&!,,!+ : ,$ "*1%(0\

#!-+&*- 2/ %(&-"&%! 2! 5*-"'&*--!1!-' 2/ 1&"(*+"*%! : !;!' '/--!,3 V*/( "! 5$&(!L -*/+

-*/+ +*11!+ 6$+0+ +/( ,!+ */@($7!+ J]L ^K3

 ! !"!" #$%&%' '())%*

4S!;!' '/--!, !+' /- %#0-*18-! #$/'!1!-' "*-'(!\&-'/&'&5 "$( &, !+' 2S*(&7&-! %/(!1!-'

./$-'&./!3 _, 20"*/,! 2/ %(&-"&%! 2! 2/$,&'0 *-2!\"*(%/+"/,! !' %(02&' ./S/-! %$('&"/,!

2S0-!(7&! E $ /-! %(*6$6&,&'0 -*- -/,,! 2! '($@!(+!( /-! 6$((&8(! 2! %*'!-'&!, ΦL 1`1! +&
Φ > E3

V*/( ,S&,,/+'(!(L %(!-*-+ ,! +N+'81! +&1%,! : /-! 2&1!-+&*- 2S/- 0,!"'(*- ,&6(! 2S0-!(7&!

E ./& (!-"*-'(! /-! 6$((&8(! 2! #$/'!/( Φ !' 2! ,$(7!/( sL $@!" Φ > E <"5 X&7/(! ]3A?3  !

%(*6,81! +! (0+*/' !- $%%,&./$-' ,S0./$'&*- 2! 9"#(I2&-7!( &-20%!-2$-'! 2/ '!1%+ 2$-+

,!+ ^ (07&*-+ 2! ,S!+%$"! 20,&1&'0!+ %$( ,!+ 2!/) &-'!(5$"!+ 2/ %*'!-'&!,

∗
3 4S0,!"'(*- !+' $,*(+

20"(&' %$( /-! *-2! <%,$-!? %(*%$7$'(&"! 2$-+ ,$ %(!1&8(! (07&*-L %$( /-! *-2! 0@$-!+"!-'!

: ,S&-'0(&!/( 2! ,$ 6$((&8(! !' : -*/@!$/ %$( /-! *-2! %(*%$7$'(&"! : ,$ +*('&! 2! ,$ 6$((&8(!L

+& ,$ 6$((&8(! !+' +/a+$11!-' 0'(*&'!3 4! %(*"!++/+ "*-+!(@! ,S0-!(7&! 2! ,$ %$('&"/,! <'/--!,

0,$+'&./!?3

∗ !" !# $!%&!'"(#" )( '*#"+#,+"- .! )( /*#'"+*# .0*#.! !" .! %( .-$+1-! (,2 +#"!$/('!% 
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 !"#$%&' () %' !*$+,'- ./$*0'-%$1"%$2*

 !"#$%  !"#  !"#$%!&'(')*& %+,$-(')./! 0! 1( 2*&+')*& 03*&0! Ψ(z)  ! "#$"!%&'() &'*+!',*)& "*

-*''./'!  ! 0(&!)&.!" V (z)1

 ! "#$ %!&'# ()$*'"##%)$ +" ,%!,-!"' !% $'%)#.(##(/($* +" !% 0%''(1'"2 +*3)(" ,&.." !"

'%44&'$ +- ,&-'%)$ $'%)#.(# "$ +- ,&-'%)$ (),(+")$5 6%)# !7%44'&8(.%$(&) +7-)" 9&'$" %$$*:

)-%$(&) ;κs <=> ?

T ∝ e−2κs ;@5=>

%/", κ !" $%-8 +" +*,'&(##%)," +" !7&)+" */%)"#,")$" ?

κ =

√
2m(Φ− E)

~2
 !"!#

$%&'%( )*+, +&- ./,,%0,- -1-23%4- Φeff = Φ − E = 4 -5( κ ≈ 1 6

−1
-3 +&- 7%8%&+3%*&

 /+98-&3/3%*&# 7- :/,9-+, 7- ./,,%0,- 7- 1 6 2*,,-')*&7 ; +& /22,*%''-8-&3  7%8%&+3%*&#

7<+& *,7,- 7- 9,/&7-+, 7- :/ 3,/&'8%''%*&" =& 2*8),-&7 7*&2 >+- :/ 8-'+,- 7- :/ 8*7%?

@2/3%*& 7+ 2*+,/&3 3+&&-: -&3,- 7-+A B:-23,*7-' )-,8-3 7- 2*&&/%3,- 3,0' ),B2%'B8-&3 :/

4/,%/3%*& 7- :/ 7%'3/&2- >+% :-' 'B)/,-"

 ! !"! #$%&%' '())%* %)'+% ,%(- ./'0(-1 .2,3*% ,% 40+,%%)

C/&' :- 2/' 7<+&- D*&23%*& 8B3/:?%'*:/&3?8B3/:( '% :<%'*:/&3 -'3 '+E'/88-&3 @&( 7-' B:-2?

3,*&' 3,/&'%3-,*&3 7<+& 8B3/: ; :</+3,- )/, -1-3 3+&&-:" F& /)):%>+/&3 +&- 7%1B,-&2- 7-

)*3-&3%-: -&3,- :-' 7-+A 8B3/+A( :/ ),*./.%:%3B 7- 3,/&'%3-, 7<+& 8B3/: ; :</+3,- )/, -1-3

3+&&-: 7-4%-&3 /'G8B3,%>+- -3 *& *.3%-&3 /:*,' +& 2*+,/&3 3+&&-: ; 3,/4-,' :/ D*&23%*&"

 !"#$%  ! "  !"#$% &'()* +,)!-.,) -())*/ *)-0* &*(1 $#-%(1 2 T = 03 45*! /* 5.&* !,$$*

.6,/%)-7 Φ1 *- Φ2 0*80#6*)-*)- /*6 -0%5%(1 &* 6,0-.* &*6 #/*!-0,&*63

C/&' :- 2/' 7<+&- ./,,%0,- ; H*,3- /33B&+/3%*&( :/ 3IB*,%- 7-' )-,3+,./3%*&' '3/3%*&&/%,-'

/+ ),-8%-, *,7,- '</)):%>+- ; 2- ),*.:08-" C/&' :</)),*A%8/3%*& 7-' B:-23,*7-' %&7B)-&?

? JK ?



 ! ! "#$%&'()#* #+,-.'/#&"01#*

 !"#$%& '$ ()*+$%%,% #,""$' $%# -+- -"#$)().#. +*//$  0 !, )$+*,1)$/$"#  $% 2*"+#-*"%  3*" $

 $%  $,4 /.#!,45 6! )78'$  3*)  $ 9$)/-  *""$ !'*)% '3$4()$%%-*"  , +*,)!"# #,""$' :

I =
2πe

~

∑

µ,ν

((f(Eµ)[1− f(Eν)]− f(Eν)[1− f(Eµ)])|Mµ,ν |2δ(Eµ − Eν + eV )) ;<5=>

6$% -" -+$% µ $# ν 2*"# ).2.)$"+$ ? '3.'$+#)* $  $ 8!,+@$ $#  )*-#$ %,) '! A8,)$ <5<5 f(E)
 .%-8"$ '!  -%#)-B,#-*"  $ 9$)/-CD-)!+5 6$ δ  $ D-)!+ -" -E,$ E,$ '3."$)8-$ $%# +*"%$)1.$

'*)%  , ()*+$%%,%  $ #,""$'5 F$/!)E,*"% E,3-' $4-%#$ !,%%-  $% +!%  $ #,""$' -".'!%#-E,$& E,-

!((!)!-%%$"# (!) $4$/('$ '*)%E,3,"$ -"#$)!+#-*" .'$+#)*"C(@*"*" ! '-$,  !"% '$ /.#!' ()7%

 $ '! G*"+#-*"5 Mµ,ν  .%-8"$ ," .'./$"#  $ '! /!#)-+$  $ #,""$' $H$+#-2& I!) $$" ! ()*(*%.

'3$4()$%%-*" %,-1!"#$ JKL& ? (!)#-)  $ '3*(.)!#$,)  $ +*,)!"# :

Mµ,ν = −
~2

2m

∫

S

dS[Ψµ
∗~∇Ψν −Ψν

~∇Ψµ
∗] ;<5K>

S )$().%$"#$ '! %,)2!+$ ? #)!1$)% '!E,$''$ '$ +*,)!"# #,""$' !((!)!-#5

D!"% '3!(()*4-/!#-*"  $ #$/(.)!#,)$ ",''$ $#  $ #$"%-*" #,""$' 2!-B'$& '3$4()$%%-*"  ,

+*,)!"# #,""$' %$ %-/('-A$ +*//$ %,-# :

I =
2πe2

~
V

∑

µ,ν

(|Mµ,ν |2δ(Eµ − EF )δ(Eν − EF )) ;<5M>

!1$+ EF '3."$)8-$  $ 9$)/-5

N*,% !1*"% !-"%- ).%*', '$ ()*B'7/$  $ '3$H$# #,""$' ? ,"$  -/$"%-*" %,-1!"# ,"$ !,#)$

/.#@* $ E,$  !"% '! (!)#-$ ().+. $"#$5 63-"#.)O#  $ +$##$ /.#@* $ !((!)!-# (*,) '$% G*"+C

#-*"% #,""$' ? 8.*/.#)-$ +*/('$4$& +3$%# '$ +!%  $ '! 8.*/.#)-$ PQR ().%$"#.$  !"% '! %,-#$5

 ! !"!# $%&'&( ()**&+ &* ,-./-(01& 2345 /.67+& 6& 3&08.' &( 9:/:**

S*//$ "*,% '3!1*"%  .G? 1, ().+. $//$"#& '$ +*,)!"# #,""$' 1!)-$ $4(*"$"#-$''$/$"#

!1$+ '!  -%#!"+$ $"#)$ '$%  $,4 .'$+#)* $%5 R$%,)$) %$% 1!)-!#-*"% ($)/$#  $ /$%,)$)  $%

 -H.)$"+$%  $ @!,#$,) %,B"!"*/.#)-E,$%5 TA"  3!G*,#$) ? +$##$ ($)2*)/!"+$ ,"$ 8)!" $

).%*',#-*"  !"% '$ ('!"& *" +).. ,"$ G*"+#-*" #,""$' $"#)$ ,"$ (*-"#$ /.#!''-E,$ ? '3!($4

#)7% A" $# '! %,)2!+$  $ '3.+@!"#-''*" ? )$8!) $)5

 !"#$%  !"#  !"#$% &' ()*!+,)* +-**'. &%*/ .% 0#)$#+1,'  234

Q$)%*H $# U!/!"" *"# !'*)% ()*(*%. ,"$ $4()$%%-*"  , +*,)!"# #,""$'  !"% +$##$ 8.*C

/.#)-$ JML5 6$ +!'+,' %$ B!%$ %,) '$ /* 7'$  $ I!) $$"& $" $4('-+-#!"# '$% 2*"+#-*"%  3*" $

C MV C



 !"#$%&' () %' !*$+,'- ./$*0'-%$1"%$2*

 !"# $%!&'( )*($+,- ( $-..( #'/+ 0

1 2(# 3-"$+/-"#  4-" (  ( *! #',3!$(  ( *4)$%!"+/**-"  !"# *( 5/ ( #-"+  )$,/+(# 6!, '" )+!+

 ( 7*-$% 6!,!**8*( 9 *! #',3!$(: .- '*) 6!, '" +(,.( )5!"(#$("+  !"# *!  /,($+/-" 6(,6(" /1

$'*!/,( 9 *! ;-"$+/-" 0

Ψsample
ν =

∑

G

Ck‖,G exp[−αk‖,Gz] exp[i(k‖ +G).r‖] <=>?@

1 24/" /$( ‖ /" /&'( &'( *4-" #( ,(#+,(/"+ !' 6*!"  ( *! #',3!$(>

1 2(# Ck‖,G #-"+ *(# $-(A$/("+#  ( *!  )$-.6-#/+/-" (" #),/(  ( B-',/(,  ( *! $-.6-#!"+(

6),/- /&'(  ( #',3!$(: !5($ G '" 5($+(', !,C/+,!/,(  ' ,)#(!' ,)$/6,-&'(  ( #',3!$(  (

*4)$%!"+/**-">

1 α−1k‖,G
= (

√
κ2 + |k‖ +G|2)−1 $-,,(#6-" 9 *! *-"D'(',  4!++)"'!+/-"  ( *4)+!+  !"# *( 5/ (>

κ (#+  -"") 6!, *4)&'!+/-" =>= !5($ E = EF >

1 2! 6-/"+( (#+ .- )*/#)( $-..( /**'#+,)  !"# *! ED',( =>F 6!, '" $G"(  4!6(H #6%),/&'(

 ( ,!I-" R ∗
> J(# 6,-6,/)+)# )*($+,-"/&'(# #-"+ !*-,#  )$,/+(# 6!, '"( 3-"$+/-"  4-" ( )5!1

"(#$("+( 9 #I.)+,/( #6%),/&'( 6,-5("!"+  ' $("+,(  ( *! #6%8,(  ( *4!6(H <.- 8*(  4-,C/+!*(

 ( +I6( #@ 0

Ψtip
µ = Aµ

e−κ|r−r0|

|r− r0|
<=>K@

L5($ r0 *! 6-#/+/-"  ' $("+,(  ( *! #6%8,(>

L5($ $( .- 8*( 6-', *(# 3-"$+/-"#  4-" (  ( *! 6-/"+( (+  ( *4)$%!"+/**-": -" $!*$'*(

(H6*/$/+(.("+ *! .!+,/$(  ( +,!"#3(,+  ' .- 8*(  ( 7!, ((" 0

Mµ,ν = −
2π~2

m
AµΨ

sample
ν (r0) <=>M@

N"E": *( $-',!"+ #4(H6,/.( $-..( #'/+ 0

I =
e2V

~
.
(2π)3~4

m2

∑

µ

((|Aµ|2δ(Eµ − EF ))
∑

ν

|Ψν(r0)|2(δ(Eν − EF )) <=>O@

&'/ #( ,))$,/+ #-'# *! 3-,.(

I =
e2V

~
β ρt(EF )ρs(r0, EF ) <=>PQ@

!5($ β '"( $-"#+!"+(> L/"#/: *( $-',!"+ (#+ 6,-6-,+/-""(* 9 *!  ("#/+)  4)+!+#  ( *! 6-/"+(

!' "/5(!'  ( B(,./ ρt(EF ) (+ #',+-'+ 9 *!  ("#/+)  4)+!+# *-$!*( <2RSJ@  ( *4)$%!"+/**-"

)5!*')( !' "/5(!'  ( B(,./ !' $("+,(  ( $-',C',(  ( *! 6-/"+( ρs(r0, EF )>
R4!6,8# $( &'/ 6,)$8 (: *( C!*!I!D(  ( *! 6-/"+( #', *! #',3!$(  ( *4)$%!"+/**-" +-'+

(" !66*/&'!"+ '"( 3!/C*( +("#/-" ("+,( ('H (+ (" .!/"+("!"+ *( $-',!"+ $-"#+!"+: 6(,.(+

 4-C+("/,: 9 +,!5(,# *(#  )6*!$(.("+# 5(,+/$!'H  ( *! 6-/"+(: *! #',3!$(  4/#- ("#/+)  4)+!+#

 ( *4)$%!"+/**-" <"-" .- /E) 6!, *! 6,)#("$(  ( *! 6-/"+(@ 9 *!  /#+!"$( z0
∗
 ( *! #',3!$(  (

*4)$%!"+/**-" (+ 9 *4)"(,D/( EF >

∗ !" #$%&'( ") *$+, -%./, *0 1/+-2+-0 0301('4 "'5 ) "% #(-+1(+-0 5"01(-/,'6+0 *0 "% 7/',(08 '" ,0 -07-5#0,(0

7%# *'-01(090,( "% &5/95(-'0 *0 "% 7/',(0

∗ :0((0 *'#(%,10 0#( *0 "$/-*-0 *+ ,9 

1 TP 1



 ! ! "#$%&'()#* #+,-.'/#&"01#*

 !"# $% &!'(% '% $%)( *+',$%- .%(#+/ %0 1!*!"" +"0 2(+2+#3 )"% 34!$)!05+" '% $!

(3#+$)05+" $!03(!$% ') 6.7 89:; <" &+"#5'3(!"0 $=%>0%"#5+" #2!05!$% '%# ?+"&05+"# '=+"'%

34!"%#&%"0%#

∆r‖ ∝
√
2κ−1z0 ≈ 1.4

√
R + s @A;BBC

!4%& κ ≈ 1 D−1 @'=!2(,# A;A- %" 2(%"!"0 2+)( 4!$%)( '% $! E!((5,(% %/%&054% F EF $% 0(!4!5$

'% #+(05% '% $=3&G!"05$$+" H)5 4!)0 0I25H)%*%"0 4 %JC %0 R- D %" D; K! (3#+$)05+" %#0 !$+(#
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∫
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∗
6 E# =9&$! H6IH 1,,&).$! 4!..! 4'().$&4.1'(6 ?'&) &.1,1)'() +!) .$#(4:!) +! %&#.$!

<13,#() +! J1K6 E# )&$C#4! 1(#4.1>! !). #,'$) 4:1"1%&!"!(. 3#))1>0! 3#$ +! ,8:-+$'9/(!6 E81(5

.!$#4.1'( !(.$! ,!) C#4!) #4.1>! !. 1(#4.1>! !). 0>1.0! 9$L4! ; &( !)3#4! >1+! )&G)#""!(.

9$#(+* %&1 >#&. 8 M +#() 4!..! 0.&+!6 N(! ).$&4.&$! )1"1,#1$! #>#1. 0.0 &.1,1)0! +#() ,! .$#>#1,
+! .:/)! +! A6 O#$4:'( )&$ ,! 9$#3:/(! )&$ J1K C#4! J1 PQRS6

∗ !" #$%& &'()* +,-.&' /'0 /1#,*-$&),(0 )(/%)&'0 .$* %(' 12'(&%'""' *'+,(0&*%+&),( /' 0%*#$+' 3$ &*$(+4'

/,)& 5&*' 0%60$--'(& 1.$)00' .,%* *'&*,%2'* "$ 0&*%+&%*' +*)0&$"",7*$.4)8%' /% 2,"%-' 9 %(' +'*&$)('

/)0&$(+' /' "$ 0%*#$+' 
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 !"! #$%#&%' (&)*+,-&.' $/ ,(,0,1

 !"#$%  !" #  ! "#"$%&" '" ()%"*+"&&)&"( ),-&-(."(/ +0$%0*,1!, '"( 1,0$"( '" 2 34*-(5/ 6- 3*0)4"5

", 7 38&")59 :1)+;" < =)" ') '"(()( '>)!" ()%"*+"&&)&"9 ?*0-," < =)" '" +@,. '" &1 ()%"*+"&&)&"

3"!+1'*." "! !0-*5 ("&0! &1 '-*"+,-0! -!'-A)." %1* &1 BC+;"9 D&)(-")*( ()%"*+"&&)&"( (0!, *"%*.("!,."(

%0)* *"!'*" +0$%," '" &1 (,*)+,)*" 4&081&" .,)'-." &0*( ') +1&+)&9

 !"#$%&'() %&! *# +,$-'.-/-0, .#() *! +*#( -"+'),! #& )1)02"! .'-0 30$! /'()-.,$,! #4!/

#00!(0-'( .#() *! /#) +#$ !5!"+*! .! *6,0&.! .! .,7#&0)8 9* 7#&.$# #*'$) 0$'&4!$ &( /'"+$'"-)

!(0$! 0!"+) .! /#*/&* !0 )&+!$/!**&*! )&:)#""!(0 ;$#(.! .#() *! +*#( .! *# )&$7#/! +'&$

"-(-"-)!$ *6-(0!$#/0-'( !(0$! .,7#&0)8

 !"!"! #$%& '()*'&% +,$*&% +)-. ,&% /0$0% '& 1)2*342$5 3 6%&-')+)0&*07&,%

<#() *# +$#0-%&!= #>( .! +'&4'-$ "#(-+&*!$ *!) ,0#0) .! ?'@(AB@#"= -* ('&) 7#&0 .,>(-$

&(! C#)! .! *6!)+#/! .! D-*C!$0 )&$ *#%&!**! *!) +$'E!0!$8 F@#%&! ,0#0 )!$# #*'$) .,>(- +#$

*6!()!"C*! .! )!) /'!:/-!(0) )&$ /!00! C#)!8 G(! .,/'"+')-0-'( )&$ *# C#)! .!) '(.!) +*#(!)

)! .,$-4! /'""! )&-0 H

I! )1)02"! ,0#(0 +,$-'.-%&!= '( -"+')! #&5 7'(/0-'() .6'(.!) .! ?'@(AB@#" .! $!)+!/0!$

*!) /'(.-0-'() #&5 *-"-0!) +,$-'.-%&!) .! J'$( 4'( ?#$"#( H φi(r + R) = φi(r) #4!/ R

&( 4!/0!&$ .& $,)!#& .! J$#4#-) #))'/-, K *# )&+!$/!**&*!8 L-()-= -* !)0 "#0@,"#0-%&!"!(0

+'))-C*! .6,/$-$! *!) ,0#0) .! ?'@(AB@#" )'&) *# 7'$"! .6&(! ),$-! .! M'&$-!$ H

φi(r) =
∑

G

ci,Ge
iGr

NO8PQR

#4!/ G &( 4!/0!&$ .& $,)!#& $,/-+$'%&! .! *# )&+!$/!**&*!8 L&0$!"!(0 .-0= *!) ,0#0) .! ?'@(A

B@#" )6!5+$-"!(0 )&$ &(! C#)! .6'(.!) +*#(!) #1#(0 *# +,$-'.-/-0, .& $,)!#& .! J$#4#-) .! *#

)&+!$/!**&*!= #4!/ *!) /'!:/-!(0) ci,G8 S'&$ !5+*-/-0!$ /!) /'!:/-!(0)= '( -()2$! *6!5+$!))-'(
O8PQ .#() *# .!&5-2"! ,%&#0-'( .! ?'@(AB@#"8 T( &0-*-)#(0 *! 7#-0 %&! Veff (r) !)0 #&))- &(!

A QU A



 !"#$%&' () %' !*$+,'- ./$*0'-%$1"%$2*

 !"#$%!" &'(%!)%*+, )+ ('-,.+ ,$ -, )'#!/&!-, .%"-% ," -'(%, ), 0!+(%,(1 !" !2$%,"$ 3

∑

G′

(
~2

2me

|k+G′|2δGG′ + Veff (G−G′)

)
ci,k+G = ǫici,k+G 456789

:;,# G′
+" ;,#$,+( )+ ('-,.+ ('#%&(!*+,6 <" !2$%,"$ .%"-% +", '*+.$%!" /.$(%#%,==, *+%

&,(/,$ )>!2$,"%( =,- #!,?#%,"$- ci,k+G6

@" &(%"#%&,1 =. 2.-, )>!"),- &=.",- ), =>,-&.#, ),- '$.$- ,-$ %"A"%, /.%- =,- #!,?#%,"$-

ci,k+G ),;%,"","$ .--,B ;%$, &,$%$- &!+( ), C(.")- ;,#$,+(- )>!"),6 D."- =, #.)(, ), #.=#+=-

"+/'(%*+,-1 !" +$%=%-,(. +", 2.-, $(!"*+', #.(.#$'(%-', &.( -!" '",(C%, ), #+$E!F1 $,==, *+, 3

~2

2me

|k+G′|2 ≤ Ecut−off 4567G9

:%"-%1 -,+=,- =,- !"),- &=.",- )>'",(C%, #%"'$%*+, %" '(%,+(, !+ 'C.=, H Ecut−off  ,(!"$ &.($%,

), =. 2.-,6 I=+- Ecut−off -,(. '=,;',1 &=+- =,- '$.$- ), JK -,(!"$ )'#(%$- .;,# &('#%-%!"6

@" #!"-%)'(."$ ), &=+- &(L- =. &MN-%*+, )+ &(!2=L/,1 %= ,-$ &!--%2=, )>./'=%!(,( =. &(!E

#')+(, ), #.=#+= ,$ .%"-% (')+%(, -!" #!O$ "+/'(%*+,6 P,- '=,#$(!"- =,- &=+- '",(C'$%*+,-

-!"$ ," &(%"#%&, =,- '=,#$(!"- ), #!,+(6 Q,- '=,#$(!"- ", -!"$ ,"  .%$ *+.-%/,"$ &.- /!)%A'-

&.( (.&&!($ H =>'$.$ .$!/%*+,6 @" (,;."#M,1 =,- '=,#$(!"- ), ;.=,"#,1 /!%"- '",(C'$%*+,-1

-!"$ (,-&!"-.2=,- ),- &(!&(%'$'- &MN-%*+,- ,$ #M%/%*+,- )+ -N-$L/, ,$ -!"$ )!"# H '$+)%,(6

P>.&&(!#M, ),- &-,+)!&!$,"$%,=- ;%-, H ';%$,( =, #.=#+= ,R&=%#%$, ),- '$.$- ), #!,+( ,$ ),

(')+%(, .%"-% =. $.%==, ), =. 2.-, )>!"),- &=.",-6 @==, #!"-%-$, H (,/&=.#,( =, &!$,"$%,= '=,#E

$(!-$.$%*+, )+ "!N.+ &.( +" &!$,"$%,= ,F,#$% .)!+#%6 Q, ),("%,( -%/+=, =, &!$,"$%,= '#(."$'

&.( =,- '=,#$(!"- ), #!,+( ;+ &.( =,- '=,#$(!"- ), ;.=,"#,6

S= ,R%-$, ),+R $N&,- ), &-,+)!&!$,"$%,=-6 P,- &(,/%,(-1 )'$,(/%"'- ,/&%(%*+,/,"$1 &('E

-,"$.%,"$ +", $(."- '(.2%=%$' $(L- =%/%$',6 :A" ), )'&.--,( #, &(!2=L/,1 +", /'$M!), ),

)'$,(/%".$%!" 34 565758 . '$' &(!&!-', &.( T./."" ,$ #!==6 UV8W6 @" &.($."$ ), #.=#+=- 34

565758 -+( +" .$!/,1 ," &(,"."$ ," #!/&$, $!+- =,- '=,#$(!"- 4:@91 +" &-,+)!&!$,"$%,= 4I-I9

,-$ #!"-$(+%$ ),  .X!" H (,-&,#$,( =,- #!"$(.%"$,- &MN-%*+,- -+%;."$,- 3

4Y9 P,- ;.=,+(- &(!&(,- ),- '$.$- ), ;.=,"#, -!"$ #!"-,(;',- 3

ǫPsP
i = ǫAE

i 456Z[9

459 P. &-,+)!  !"#$%!" )>!"), ),;%,"$ 'C.=, H =.  !"#$%!" )>!"), $!+- '=,#$(!"- .+ ),=H )>+"

(.N!" ), #!+&+(, rc 3

ΨAE
i (r) = φPsP

i (r) &!+( $!+$ r > rc 456ZY9

4V9 P. ),"-%$' ), #M.(C, ,-$ #!"-,(;', &!+( $!+$ r < rc 3

∫ rc

0

|ΨAE
i (r)|2dr =

∫ rc

0

|φPsP
i (r)|2dr 456Z59

479 P,- &(!&(%'$'- ), )%F+-%!" -!"$ #!"-,(;',- &!+( $!+$ r > rc .;,# =. #!")%$%!" ), (.##!(E

),/,"$ ),- )'(%;',- =!C.(%$M/%*+,- 3

d

dr

(
ln(ΨAE

i (r))
)
=

d

dr

(
ln(φPsP

i (r))
)

456ZV9
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 !"! #$%#&%' (&)*+,-&.' $/ ,(,0,1

 ! "#$% &!" &#$%'()$%!" *+) ,('($%)""!$% -( %'($"./'(0)-)%/ 1+ 2"!+1#2#%!$%)!-3 4( 5,+'! 6378

2'/"!$%! +$! )--+"%'(%)#$ 1! 2"!+1#2#%!$%)!-" !% 2"!+1#9.#$&%)#$ 1:#$1!3  #$&!'$($% -( ;#$!

r < rc< -! 2#%!$%)!- $! 2'/"!$%! 2-+" 1! ")$,+-(')%/ !$ r = 0 !% -!" =+&%+(%)#$" '(2)1!" 1! -(
.#$&%)#$ 1:#$1! 1($" -( ;#$! 2'#&>! 1+ $#?(+ "#$% (1#+&)!"3

 !"#$%  !"#$  !"#$%!&'(')*& +#(",)-.! /! 0( 1*&2')*&% /3*&/! 5s /. 4* !' /!% "%!./*"*'!&')!0%
)%%.! /! 56789 :!% 2*.#;!% !& ')#!'% #!"#$%!&'!&' 0!% #$%.0'('% /! #$1$#!&2! *;'!&.% "(# 2(02.0 (;

)&)')*  !"# $%&' (!)#* +, -.# ,)'& &# -!))$& /,( (,//!( ," )!0,"* +& (,0!) -& '!"/"(& rc &# 

1, $(.,%.#$ &) (!"2&* 3!"( r < rc4 %&# 2(,)-&"(# #!) ,-!"'.&#* 3!"( r > rc4 %&# 2(,)-&"(# #!) 

.-&) .5"&#* 6&1,(5"!)# 5"7.% 8," '!)# (".(& ") /#&"-!/! &) .&% #/$'.95"& : ';,5"& <,%&"( -&

1!1&) '.)$ .5"&*

@($" &!%%! /%+1!< $#+" +%)-)"#$" 1!" 2"!+1#2#%!$%)!-" +-%'( 1#+A B8CD< 1($" -( &#$%)$+)%/

1!" %'(E(+A 1+ ,'#+2! "+' -! ,'(2>F$!3 @($" &! &("< -( &#$%'()$%! 1! &#$"!'E(%)#$ 1! -(

$#'G! H&>(',!I !"% '!-J&>/! (5$ 1:(1#+&)' 1:(E($%(,! -!" 2"!+1#2#%!$%)!-" !% -!" 2"!+1#

.#$&%)#$" 1:#$1!3 K$ (+,G!$%! -! $#G0'! 1! &(-&+-" L !M!&%+!' -#'" 1+ &?&-! 1! NO &(' )-

.(+% '!&%)5!' -( &>(',! %#%(-!< G()" -( %()--! 1! -( 0("! 1:#$1!" 2-($! !"% !$&#'! 2-+" '/1+)%!3

 !%%! G/%>#1! !"% 1#$& "+'%#+% (1(2%/! (+A ,'($1" "?"%FG!"3

P- !A)"%! 1:(+%'!" %!&>$)*+!" 1! '!2'/"!$%(%)#$ 1!" /%(%" 1! N#>$9O>(G3 4( G/%>#1!

QRS 2#+' 2'#T!&%#' (+,G!$%!1 U(E!" BVWD !"% +$! G/%>#1! 1! &(-&+- %#+" /-!&%'#$" %'F"

!X&(&! !$ G(%)F'! 1! %!G2" 1! &(-&+-3  !%%! %!&>$)*+! (E()% /%/ %!"%/! -#'" 1! -( %>F"!

1! Y3 Z('&>#$ B8[D< G#$%'($% 1!" 1)X&+-%/" 1! &#$E!',!$&! 2#+' 1!" "?"%FG!" 1! ,'($1!

%()--! (E!& -( E!'")#$ 1+ -#,)&)!- 1! &(-&+- 1#$% $#+" 1)"2#")#$" (-#'"3 4! -)!$ !$%'! G/%>#1!"

2"!+1#2#%!$%)!-" +-%'( 1#+A9#$1!" 2-($!" !% QRS !"% !A2#"/ 1($" BV7D3 P- !"% (+"") 2#"")0-!
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 !"#$%&' () %' !*$+,'- ./$*0'-%$1"%$2*

 !"#$%$&'( ")' *+&'  !,#+#& %-.+%$&,&/ 0+)& .' .+&1 -) 2'"# .3-$&$(  ' #(+$#'( +4'. 2%"& -"

5-$)&  ' 2(,.$&$-) %'&  $6,(')#'& 7-)'&  ' %+ &"2'(.'%%"%'1 )-#+55')# %-(&8"' %+ &"2'(.'%%"%'

2(,&')#'  '& 7-)'&  ' 4$ '/ 9+ *+&'  !-) '& 2%+)'& '&# ),+)5-$)& 2%"& :+.$%' ; 5+)$2"%'(

 +)& %'& .+%."%&/ 9+ 2(,.$&$-)  '& .+%."%& '&# :+.$%'5')# 5+$#($&,' .+( '%%'  ,2')  $('.#'5')#

 ' %+ #+$%%'  ' %+ *+&'  !-) '& 2%+)'& "#$%$&,'1 .' 8"$ )!'&# 2+& %' .+& %-(&8"!-) "#$%$&' ")'

*+&'  !,#+#& %-.+%$&,&/

 !"!"!" #$%&'()%*+$ ,*-.(/%0 -1( 2) 3+$0 ,0 4(*22+1*$

 !" #$"!%&'$(!" )*! +#*" "#*,'-.#+" /'(/*(!% "0#$.-!++!+. 1'% -+.23%'.-#+ "*% (' 1%!4-5%!

6#+! 7! 8%-((#*-+9 :'% !;!41(! <

n(r) =
1

VZB

∑

i

∫

1reZB

fi,k|φi,k(r)|2dk =>9?@A

EKS =
1

VZB

∑

i

∫

1reZB

ǫi,kdk =>9??A

 0-+.23%'.-#+ +*42%-)*! "! B'-. '(#%" !+ 7-"/%2.-"'+. (0!"1'/! %2/-1%#)*!9 :#*% /! B'-%!C #+

1%#/57! D *+ 4'-(('3! 7! (' 1%!4-5%! 6#+! 7! 8%-((#*-+9 E#*" *.-(-"#+" (' 42.,#7! /#*%'+.!

7! F#+G,#%".H:'/G I@>JC )*- 1%#7*-. *+ 4'-(('3! D 1#-+." %23*(-5%!4!+. !"1'/2"9 K( !".

/'%'/.2%-"2 1'% "!" /##%7#++2!" B%'/.-#++'-%!" < Mk1 ×Mk2 ×Mk3  !"# $! %&'()*&' +,"'  '

-&)$$,.)"  ' $! #.%'&/'$$.$'0

1" &'(%$!/' !$,&# $2)"345&!3)," '" k  ' $! 6,"/3)," F %!& ."' #,(('0 7! 8.!"3)34

 ' %,)"3# ki %'.3 '" 54"4&!$ 93&' /,"#) 4&!:$'('"3 &4 .)3' 5&;/' <  '# /,"#) 4&!3),"#  '

#=(43&)' > )"?'&#)," %!& &'"?'&#'('"3  . 3'(%#@ 5&,.%'#  ' #=(43&)' %,"/3.'$#  . &4#'!.  '

-&!?!)#  ' $! #.%'&/'$$.$'0 A'33' #)(%$)B/!3)," '#3 54"4&!$'('"3 ,%4&4' !.3,(!3)8.'('"3

%!& $' $,5)/)'$  ' /!$/.$0 C" $)'" !?'/ /'/)@ ." %,) # wki
'#3 !##,/)4 !.D ki &'#3!"3#@ !?'/∑

i wki
= 10 E)"!$'('"3@ ," ,:3)'"3 >

1

VZB

∫

1reZB

F (k)dk =
∑

ki

wki
F (ki) FG0HIJ

K,.& 8.' /'33' !%%&,D)(!3)," #,)3 L.#3)B4'@ )$ 6!.3 8.' $! 5&!" '.& < )"345&'& "' ?!&)'

%!# 3&,% '"3&'  '.D %,)"3#  24/M!"3)$$,""!5'0 N)"#)@ )$ 6!. &! 3,.L,.&# ?4&)B'& #) $' (!)$$!5'

'#3 #.O#!(('"3 B" %,.& $' /!$/.$ 'P'/3.40 Q' %$.#@ $'# %,)"3#  ' M!.3' #=(43&)'  . #=#3*('

 ,)?'"3 93&' )"/$.#  !"# $! 5&)$$'0 1" %&'" &!  ,"/ 5!& ' < 3,.L,.&# )"/$.&' $'# %,)"3# K/K ′

 ' $! +,"'  ' -&)$$,.)"  . 5&!%M*"'  !"# $' (!)$$!5'  ' $! #.%'&/'$$.$'0

 !"!"!# $%&'(')*+ ,) (-*(.*

K,.& $' /!$/.$ QER '" $.)S(9('@ )$ 'D)#3'  ' ",(:&'.D $,5)/)'$#@ #,.#  )P4&'"3# 3=%'#  '

$)/'"/'#0 T,.# .3)$)#,"# $' $,5)/)'$ UNVK WXY@ XXZ@ %,.& U)'""!  ! "#"$"% #)(.$!3)," %!/[!5'0

A' "2'#3 %!# ." $,5)/)'$ $):&'@ )$ '#3  4?'$,%%4  !"# $' 5&,.%'  ' \0 ]!6"'& '3 ^0 _&'##' <

$2.")?'&#)34  ' U)'""' '" N.3&)/M'0 T,.# 3&!?!)$$,"# !?'/ $! ?'&#)," X0 I0 `a0 A' /, ' %'&('3

 2.3)$)#'&  '# %#'. ,%,3'"3)'$# .$3&!S ,.D  ' U!" '&:)$3 /,(:)"4# !?'/ ."' :!#'  2," '#

%$!"'# ,. '"/,&' $! (43M, '  '# ," '# %$!"'# !.5('"34'# KNb0 K!&() $'# !.3&'# $,5)/)'$#@

," %'.3 /)3'& N-cTcR WXHZ@ ." $,5)/)'$  ' /!$/.$ QER F'3  ="!()8.' (,$4/.$!)&'J  )#3&):.4

S dY S



 !"! #$%#&'()$%

 !" #$%&'%& ()*+ ,%-$. &' /!-.-0'1 2# ".$#$ & #3044-!%5& !'6& 4#0'& 74 &"6!4!.&'.$&# !" #0

8,.5!6& )9:1 ;2<;=9 >?@A B;40'$ 5 2'$.$0.$C& /!- <#&%.-!'$% ;$8"#0.$!' D$.5 =5!" 0'6 

!/ 9.!8 E & . "' 0".-& %!6& F"$ $84#,8&'.& "' %0#%"# GH= B&. 6I'08$F"& 8!#,%"#0$-&E  "-

"'& J0 & 63!-J$.0#& 0.!8$F"& 1

*& %!"-J&  !'. -&4-, &'.,& K #30$6& 6" #!L$%$&# M8L-0%&1 *&  .-"%."-& 0.!8$F"& &. #& 

%0-.& 6& 6&' $., 6& %50-L&  !'. -&4-, &'.,& 0C&% MN-I;G&'1

*& %0#%"# !'. ,., -,0#$ ,  "- #0 80%5$'& SGI 350 6& 16 4-!%&  &"- 6& #32' .$.". O,&#1 !" #$%&'()*$%
G0' %& %504$.-&+ '!" 0C!' 4-, &'., #& 6&"P .&%5'$F"& + &P4,-$8&'.0#& &. .5,!-$F"&+

F"$ !'. ,., ".$#$ ,& 6& /0Q!' %!'R!$'.& 4!"- 6,%-$-& #& L-045S'&  "- ;$N /0%& N1 *& ;=T

'!" 0 4&-8$ 630C!$- 0%%S K #0 .!4!L-045$& &. K #0 6&' $., 63,.0. #!%0#& &'  "-/0%& 6& 

,%50'.$##!' 0C&% "'& -, !#".$!' 0.!8$F"&+ 80$ 6!'. #& %!'.-$J".$!' -& 4&%.$C&  !'. 40-7

/!$ 6$U%$#& K  ,40-&-1 G& 4#" +  30L$  0'. 63"'& .&%5'$F"& F"$  !'6& #& ,.0. ,#&%.-!'$F"& 

4-!%5& 6" '$C&0" 6& H&-8$ B.I4$F"&8&'. ±3 &V 40- -044!-. K %& 6&-'$&-E+ &##& '& 4&-8&.

40 K &##&  &"#& 63$6&'.$W&- #0 '0."-& 6& 0.!8& F"& #3!' !J &-C&1

*0 GH= '!" 0 4&-8$ 4!"- "'  I .S8& W%.$/ 6!'. !' 0 %5!$ $ #& '!8J-& 630.!8& &. #0

'0."-&+ 6& %0#%"#&-  0  .-"%."-& 0.!8$F"& K #3,.0. /!'608&'.0# 0$' $ F"&  !' ,'&-L$& .!.0#&1

<##& '!" 0 0"  $ 4&-8$ 630C!$- 6& $'/!-80.$!' F"0#$.0.$C&  "-  0  .-"%."-& ,#&%.-!'$F"&

0C&% '!.088&'.  0 6&' $., 63,.0. .!.0#& B$'.,L-,&  "- #0 X!'& 6& Y-$##!"$' 6& #0  "4&-%&#7

#"#&E &.  0  .-"%."-& 6& J0'6&1 *& $'/!-80.$!' 0$' $ !J.&'"&  "- #0 .!4!L-045$& &.  "-

#0  .-"%."-& ,#&%.-!'$F"&  !'. 0%%&  $J#& 6& /0Q!'  ,40-,&1 *& %5!$P 6"  I .S8& 6& 6,40-.

4!"- #& %0#%"#  & /0$. K 40-.$- 6& $'/!-80.$!' 0%F"$ &  "- #&  I .S8& -,&# 40- ;=T1 *!- 7

F"3$#  "J $ .& "' 6!".& &'.-& 4#" $&"- %!'WL"-0.$!' B&' .&-8& 6& L,!8,.-$&E $# & . 4!  $J#&
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%,+(2"&'. +! 4$ 2'(20! -(#,%&!(%! +3'TE+! +! 9& :VB7 W. ')"&!." $4'%- (.! -(%1$2! %!2'.-"%(&"!

!. (2 × 2)Si $##!4,! X%&20! !. 9&Y +$.- 4$ 4&"",%$"(%! :Z< [B7 8'"'.- P(! 2!""! -(%1$2! !-"
+&\,%!."! +! 2!44! P(! .'(- $44'.- "%$&"!% #4(- 4'&.< P(& !-" +,.'//,! (2× 2)C 7

W. #%'26+! !.-(&"! L (. %!2(&" +! ;@ /&.("!- L 950−1000U #'(% ')"!.&% 4$ %!2'.-"%(2]
"&'. (3 × 3) #%,-!.",! #4(- 4'&.7 Q$ P($4&", -"%(2"(%$4! +! 4$ %!2'.-"%(2"&'. !-" ,C$4(,! !.
+&\%$2"&'. L ,4!2"%'.- 4!."- FQ^^_G !" -#!2"%'-2'#&! K(5!% FK^9G7 Q!- 24&20,- +! +&\%$2"&'.

+'..!." (. -&5.$4 #(%!/!." (3× 3) -$.- $("%!- %!2'.-"%(2"&'.- $C!2 (. 1$&)4! 1'.+ 2'."&.(
FC'&% H5(%! >7; #$.!4 +! 5$(20!G7 Q$ -#!2"%'-2'#&! K(5!% L 0$("! ,.!%5&! F$("'(% +! 500 !̀ G

/'."%! P(! 43'TE56.! $ ,", "'"$4!/!." ,4&/&., +! 4$ -(%1$2! F.'. #%,-!.", &2&G7 _$.- (.!

5$//! +3,.!%5&! #4(- 1$&)4!< +! 50 L 350 !̀ < '. ')-!%C! 4!- -&5.$(T $--'2&,- $(T #%'2!--(-

K(5!% !."%! 4!- .&C!$(T Q̀ ` #'(% 4! 9& !" a`` #'(% 4!  7 Q$ 2'/#'-&"&'. 20&/&P(! !.

-(%1$2! -! +,+(&" !. #%!/&6%! $##%'T&/$"&'. +! 43$/#4&"(+! +!- #&2- d2N/dE2
7 Q! %$"&' +!-

#&2-

C(KV V )
Si(LV V )

"E#&P(!/!." ')-!%C, FC'&% H5(%! >7; #$.!4 +! 5$(20!<

C(KV V )
Si(LV V )

= 0, 17G !-" !.

$22'%+ $C!2 4!- +'..,!- +3b'-"!% !" 2'447 :;RB $2P(&-!- -(% 2!""! -(%1$2! $C!2 4! /c/! $##$%!&4

!" 4$ /c/! ,.!%5&! #%&/$&%! Ep /$&- $#%6- (.! #%,#$%$"&'. +&\,%!."!< )$-,! -(% +!- %!2(&"-

#4(- 2'(%"- L #4(- 0$("! "!/#,%$"(%!7 !"!5 6$'&7)()0'()*+
Q$ 2%'&--$.2! +( 5%$#06.! -(% SiC(0001) !-" %,#(",! #4(- %$#&+! !" #4(- +&d2&4! L 2'."%e]

4!% P(! 2!44! +( 5%$#06.! -(% SiC(0001)7 KH. +3,"(+&!% 4$ -"%(2"(%! +! 43&."!%1$2! !" 43&."!%]
$2"&'. !."%! 4! #%!/&!% #4$. +!  !" 4! -()-"%$"< 43')*!2"&1 !-" +3')"!.&% +!- ,20$."&44'.- +3(.

#!( /'&.- +3(. #4$. +! 5%$#06.! !. -(%1$2! F!. /'E!..!G7 f'(% 2! 1$&%!< .'(- $C'.- #%']

2,+, #$% %!2(&"- -(22!--&1- +! ;@ /&.("!-< !. $(5/!."$." 4$ "!/#,%$"(%! +! 20$(\! *(-P(3L

+,"!2"&'. +3(.! P($."&", -(d-$."! +! 2$%)'.! !. -(%1$2!7 Q$ "!/#,%$"(%! +! %!2(&" H.$4 !-"

%!4$"&C!/!." -"$)4! !" C$(" !.C&%'. ;;RRU 7

K#%6- 5%$#0&"&-$"&'.< 4!- 24&20,- +! +&\%$2"&'. FC'&% H5(%! >7; #$.!4 +! +%'&"!G /'."%!."

"'(*'(%- 4!- "$20!- !. 3×3 +( 9& < $C!2 +!- "$20!- -(##4,/!."$&%!- !. 2×2 +( 9& &.+&P($."
43$##$%&"&'. +3(.! .'(C!44! %!2'.-"%(2"&'. +! -(%1$2!< 4$ (2 × 2)C :ZB7 Q!- %!2'.-"%(2"&'.-

+! -(%1$2! +( SiC(0001) L 43'%&5&.! +! 2!- -&5.$(T -!%'." ,"(+&,!- +$.- 4$ #$%"&! >7=7 Q!
-&5.$4 +( 5%$#06.! $##$%$&" -'(- 4$ 1'%/! +3(. 2!%24! +3&."!.-&", /'+(4,!< &.+&P($." (.

+,-'%+%! %'"$"&'..!4 +$.- 4! #4$. +! 4$ -(%1$2!7 Q$ -"%(2"(%! +! 4$ 2'(20! +! 5%$#06.! -!%$

] ZR ]



 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001)  !"#$%&%'(
)*!+,"("-.-

 !"#$%  !"#  !"#$% &' &"()*#+",- . %!'#+),-/ !'-+/ '+ /0'#+)' 123') &' !* /2)4*#' SiC(0001)(3×3)
5#,!,--' &' 3*2#$'6 '+ &' !7%#$*-+"!!,- 3)*0$"+"/% 5#,!,--' &' &),"+'68 EP &%/"3-' !7%-')3"' &2

4*"/#'*2 0)"9*")' &7%!'#+),-/8 :*2#$' ; !'/ <'#+'2)/ &2 )%/'*2 )%#"0),=2' /,-+ &,--%/ '- ),23' 0,2)

!' >" '- <,!29' (1× 1) '+ '- ?!'2 0,2) !* )'#,-/+)2#+",- (3× 3)8 @),"+' ; !'/ AB#$'/ '- +)*"+ 0!'"-
?!'2' '+ ),23' 0,"-+'-+ /2) &'/ +*#$'/ (3 × 3) '+ (1 × 1) )'/0'#+"<'9'-+8 C* AB#$' '- +")'+/ ?!'2'
"-&"=2' !* 0,/"+",- &72-' +*#$' &' !* )'#,-/+)2#+",- (2 × 2)8 C* 0,/"+",- &2 /"3-*! &2 3)*0$B-' '/+
"-&"=2% 0*) !7*)# &' #')#!' 0,"-+"!!% ?!'28

 !"#$%%!& '%() %*$+  #+) %# '#,"$& -.-/ #0&1 +*"#22&+" %3#+#%4)&  & %#  $)",$5("$*+  &) #+6%&)

 3&2'$%&2&+" 6,#'78+&9)(5)",#" '#,"$& -.-.:.

;# <(#+"$"!  & 1#,5*+& &+ )(,=#1& &)" !0#%(!& '#, >?@. ?+ 1*2'#,#+" %&) )'&1",&)  & %#

)(,=#1& #0#+" &" #',8) 6,#'7$"$)#"$*+  & %# A6(,& -.:/ *+ *5)&,0& (+& ,! (1"$*+  & %3#2'%$"( &

 ( '$1 1*,,&)'*+ #+" B %# ",#+)$"$*+ Si(LV V ). C& '$1 &)" ,&',!)&+"#"$=  & %# )(,=#1&  (

@$C/ '%() %# <(#+"$"!  & 1#,5*+& &+ )(,=#1&  ( @$C )&,# $2'*,"#+"&/ '%() %3#2'%$"( &  &

1& '$1 )&,#  $2$+(!&. C& 1*2'*,"&2&+" )3$+"&,',8"& 1*22& )($" D )$ %# =*,2&  &) '$1) +&

0#,$& '#)  & =#E*+ $2'*,"#+"& #0#+" &" #',8) 6,#'7$"$)#"$*+/ %& ,#''*,"  &) '$1)

Si(3×3)

Sigraphitisé

&)" #'',*F$2#"$0&2&+" !6#% #( ,#''*,"  &) $+"&+)$"!) $+"!6,!&) I0Si/ISi. I
0
Si &" ISi )*+" %&)

1*(,#+") >(6&, ',*0&+#+"  &) #"*2&)  & @$  & %# ,&1*+)",(1"$*+ (3 × 3) +*+ 6,#'7$"$)!& &"

6,#'7$"$)!&. C&)  &(F 6,#+ &(,) )*+" %$!&) '#, %# %*$  3#""!+(#"$*+ D

ISi ≈ I0Si e
− d

λ
G-.:H

#0&1 d %3!'#$))&(,  & 6,#'78+& &" λ %& %$5,& '#,1*(,) 2*4&+  &) !%&1",*+)  #+) %& 6,#I

I J: I



 !"! #$%&'#(#)*'#+& $% ,-#&'%.(*)%

 !"#$% &'( )"* +( ,- $#,(#.$ /0(*120#13$)*$++$ ,0 +14)$  ().50)* 657$# ,$* -+$.8)5#* *(#*

 $)8$ ,'-#$)91$: λ $*8 $*816- ; 5 <  50) 0#$ -#$)91$ ,'$#31)5# 90 $= .5))$* 5#,(#8 (0  1.

Si(LV V )% ># (  +1/0(#8 +( ?5)60+$ (0@ ,5##-$* A>B ,$ +( C90)$ D%E: +'(88-#0(815# ,0  1.

,$ B1 .5))$* 5#, ; 0#$ .50.!$ .()45#-$ ,$ 3 ± 1 < ,'- (1**$0)% F( ,1*8(#.$ 1#8$) +(# ,0

9)( !18$ -8(#8 ,$ 3, 37 <: 5# ( 41$# 0#$ .503$)80)$ ,$ +'5),)$ ,0 65#5 +(# ,$ .()45#$%

&(#* +(  )(81/0$: #50* #50* )-?-)5#*  +08G8 (0@ ,5##-$* (./01*$*  )-.-,$66$#8  () +$

9)50 $ *0) ,$* -.!(#81++5#* ,$ 9)( !"#$ *0) B1H ?(.$ B1% A )"* .5#?)5#8(815# ,$* 6$*0)$*

BIJ $8 A>B: 5#  $08 ,1)$ /0'0# -.!(#81++5# )$.503$)8 ,'0#  +(# 9)( !181/0$ *0) +( ?(.$

B1 K +(# 8(6 5#L .5))$* 5#, ; 0# )(  5)8

C(KV V )
Si(LV V )

≈ 0, 45 (3$. #58)$ * $.8)56"8)$% M#

.!$).!$)( ,5#. ; ?(4)1/0$) ,$* -.!(#81++5#*  )-*$#8(#8 0# )(  5)8 A09$)

C(KV V )
Si(LV V )

< 0, 45%

&(#* +'$* (.$ ,1)$.8: 351) C90)$ D%N  )-*$#8(#8 0#$ 16(9$ BIJ 9)(#, .!(6 ,$ +'-.!(#2

81++5#: +$* *8)0.80)$* ,-8$.8-$* $# F>>& *'5)9(#1*$#8 *50* ?5)6$ ,'1+58* ,$  +(#* ,$ .()2

45#$ *0) ,$0@ 87 $* ,'1#8$)?(.$* O +( )$.5#*8)0.815# SiC(0001)(3 × 3) $8 +( )$.5#*8)0.815#

SiC(0001)(2×2)C : ,-#566-$* (3×3) $8 (2×2) ,(#* +( *018$% F$* ,$0@ 87 $* ,'1+58* *$)5#8
,-#566-* G/3 × 3 $8 G/2 × 2% F$* P5#$* #5# 9)( !181*-$* *5#8 )$.5#*8)018$* $# (3 × 3)%
>++$* *$)3$#8 ,$ )-?-)$#.$  50) +$* 6$*0)$* ,$ !(08$0) ,'1+58*% F$* 1+58* G/3× 3  )-*$#8$#8
(1#*1 0#$ !(08$0) ,$ 3, 1 ± 0, 2 < ; VS = +2, 5 = K3, 1 < *0) +( C90)$ D%NL $8 +$* 1+58* ,$

G/2×2 0#$ !(08$0) ,$ 2, 6±0, 2 < ; VS = +2, 5 = K2, 6 < *0) +( C90)$ D%NL  () )(  5)8 (0@

P5#$* #5# 9)( !181*-$*

∗
% &'( )"* +$* 6$*0)$* ,'A>B $8 +( ,1*8(#.$ 1#8$) +(# ,(#* +$ 9)( !18$

-8(#8 ,$ 3, 37 <: +$* 1+58* *5#8 .$)8(1#$6$#8 ?5)6-* ,'0# 65#5 +(# ,$ .()45#$% >#  +0* ,$*

1+58* ,$ 87 $ 65#5 +(#: +( C90)$ D%N 65#8)$ 0# 1+58 60+81 +(# ,$ 9)( !"#$: ,-#566- QFR:

,'0#$ !(08$0) ,$ 5, 1 <%

&(#* +( *018$: #50* (++5#* 351) .566$#8 1+ ( -8-  5**14+$ ,'1,$#81C$) +( *8)0.80)$ ,$

+'1#8$)?(.$:  50) +$* ,$0@ 87 $* ,'1+58*% !" #$%&'()*+'(,& $% -.(&'%/0+*%
H$88$  ()81$  )-*$#8$ +'1,$#81C.(815# ,$ +( *8)0.80)$ ,'1#8$)?(.$% >++$ ( -8-  5**14+$ 9)S.$

; +(  ()81.0+()18- ,0 9)( !"#$ ,'(  ()(18)$ 8)(#* ()$#8 ,(#* .$)8(1#$* .5#,1815#* ,'16(9$)1$

80##$+% T50) .!(.0#$ ,$* )$.5#*8)0.815#* ; +'1#8$)?(.$: +( *8)0.80)$ (8561/0$ $8 -+$.8)5#1/0$

*$)( -80,1-$:  () BIJ $8 .(+.0+* /0 121314 % U50* 3$))5#* $#C# /0$ +( )$.5#*8)0.815# (2× 2)
 )531$#8 ,$ +( 8)(#*?5)6(815# ,$ +( )$.5#*8)0.815# (3× 3) *50* +$  +(# ,$ 9)( !"#$% !"!# $% &'%()*%'+(,+ -. /'%*01(+ +( 234

H566$  )-*$#8- ,(#* +$ .!( 18)$ E:  50) ,$* -#$)91$*  )5.!$* ,0  51#8 ,$ &1)(.: +$

9)( !"#$  5**",$ 0#$ ,$#*18- ,'-8(8* ?(14+$: +1#-(1)$ (3$. +'-#$)91$% H5#.$)#(#8 +$ *04*8)(8:

#50* 3$))5#* ,(#* +( *018$ /0$ +( *0)?(.$ )$.5#*8)018$ ,0 B1H $# .5#8(.8 (3$. +$  )$61$)  +(#

,$ H  )-*$#8$ 0#$ *8)0.80)$ -+$.8)5#1/0$ *$61.5#,0.8)1.$% A1#*1: 5# 54*$)3$ 0# 9( ,'-8(8*

∗ !" #"$%&$' &(% )&'%"*+&,&+% -./0'&,&+% (1$(2&(%*,.& )"' -" 3*(%"+)& 41*+%&2($'5")& &(% 4'16"6-&,&+%

4-$( 4&%*%& 3"+( -& )"( 3$ /'"4#0+& 7$& 3"+( -& )"( 3& -" ($'5")& +1+ /'"4#*%*(.& 891*' )#"4*%'& 4'.).3&+%

(&)%*1+ : : ; <= >+ 16(&'9& 4"' "*--&$'( $+& 3.4&+3"+)& &+ %&+(*1+ 3& -" #"$%&$' 3?*-1% @&-" 4&$% (?&A4-*7$&'

4"' -&( 9"'*"%*1+( 3"+( -" 4'141'%*1+ 3&( )1+%'*6$%*1+( 3$ /'"4#0+& &% 3& -?*+%&'5")& "$ (*/+"- ,&($'. ($'

$+ *-1%B 3*()$%.&( 3"+( -" 4"'%*& C : ; 
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-*

 !"#$%  !"#  !"#$ %&' $( !)*$ +),)#-",./01$ !)(+-"(+ 2$3 */45-$(+3 +6,$3 *$ *)!"/($3 )73$-853

31- ()3 59."(+/22)(3: ;( "22"(+ *1 ,213 3)!7-$ <7"3= "1 ,213 92"/- <."1+=> )( )73$-8$ ? *$3 @)($3 *$

3173+-"+ ()( #-",./+/35 -$9)(3+-1/+$3 $( (3× 3) <,2"( *$ -5A5-$(9$ *$ ."1+$1- h = 0 B=> *$3 /2)+3 *$

!)(),2"( *$ #-",.C($ 31- 2" -$9)(3+-19+/)( (2× 2) <G/2× 2> h = 2, 6 B= $+ 31- 2" -$9)(3+-19+/)(

(3× 3) <G/3× 3> h = 3, 1 B= $+ $(D( *$3 /2)+3 !12+/,2"(3 <EFG=:

 !" #$%&"'( )$ *+,- ).!+/+0. 1"% )($2 3"4)(# &"+3!(/(40 )+#1(%#+5(# 6$+ 1"% '74#.6$(40

1%.#(40(40 $4( 0%8# 9%"4)( )(4#+0. ):.0"0# 1"% %"117%0  '(!!( )$ 9%"1;84(<

="% "+!!($%#- 17$% )(# .4(%9+(# >$#6$: 2− 3 (? "$ )(##$# )$ 17+40 )( @+%"'- !(# .0"0# π
(0 π∗ )$ 9%"1;84( #740 #+0$.# (4 37%) )( A74( )( B%+!!7$+4< C+4#+- ):"1%8# !:.6$"0+74 D<DE

)"4# !" #('0+74 D<D<F<G )$ ';"1+0%( 1%.'.)(40- !($% (20(4#+74 1(%1(4)+'$!"+%(  !" #$%&"'( (#0

3+(4 1!$# &"+3!( 6$( '(!!( )(# .0"0#  !" #$%&"'( )$ *+,- #+0$.# (4 1"%0+'$!+(% (4 '(40%( )(

A74( )( B%+!!7$+4<

,(# 1"%0+'$!"%+0.# )( !" #0%$'0$%( .!('0%74+6$( )$ 9%"1;84( (49(4)%(40 $4 '7/17%0(/(40

07$0  &"+0 (2'(10+744(! (4 *HI<

J =7$% )(# .4(%9+(# ;7%# )$ 9"1 )( #$%&"'( )$ #$3#0%"0- ':(#0J J)+%( 17$% )( ;"$0(# 0(4#+74#

0$44(!- !( 1%7'(##$# )( 0$44(! #:718%(%" /">7%+0"+%(/(40 "5(' !(# .0"0#  !:+40(%&"'(< ,:(#0

"+4#+ 6$( !:74 1($0 73#(%5(% !" #0%$'0$%( )$ #$3#0%"0 #7$# !( 1!"4 )( 9%"1;84( K"5(' 7$ #"4#

%.#7!$0+74 "07/+6$( #$% !( %.#("$ )$ 9%"1;84(- #(!74 !" 17+40( (0 !" 0(4#+74 ):.';"40+!!74L<

J =7$% )(# .4(%9+(#  !:+40.%+($% )$ 9"1 )( #$%&"'( )$ #$3#0%"0- "$0%(/(40 )+0 )( &"+3!(#

0(4#+74# 0$44(!- #($!# !(# .0"0# )$ 1!"4 )( 9%"1;84( 17$%%740 1"%0+'+1(% "$ 1%7'(##$# )(

0$44(!< M4 73#(%5( "+4#+ !" %.#7!$0+74 "07/+6$( #$% !( %.#("$ )$ 9%"1;84(<

=7$% +!!$#0%(% '(00( 1"%0+'$!"%+0.- !" N9$%( E<E /740%( )($2 +/"9(# *HI 1%+#(# "$ /O/(

(4)%7+0 ):$4 +!70 G/3× 3< P:+/"9(  ;"$0( 0(4#+74 VS /740%( !" #$%&"'( )$ *+, 5$(  0%"J

5(%# !( 1!"4 )( 9%"1;84( K6$( !:74 )+#0+49$( "$##+ )"4# !:+/"9(L< P" %('74#0%$'0+74 (3 × 3)
'7%%(#174) "$ #+94"! )( 1.%+7)+'+0. )( !:7%)%( )$ 4/< P:+/"9(  &"+3!( 0(4#+74 VS /740%( !"

%.#7!$0+74 "07/+6$( #$% !( 9%"1;84(- 6$+ 1%(4) !" &7%/( ):$4 %.#("$ 1.%+7)+6$( ;(2"974"!

)( 1"%"/80%( )( /"+!!( )( 2, 5 Q< R4 '7/17%0(/(40 #+/+!"+%( " .0. 73#(%5. (0 (21!+6$. 1"%

!(# /O/(# "%9$/(40# )"4# !( '"# )$ 9%"1;84( #$% *+, &"'( *+ SFF- FDT< M4 1($0 4."4/7+4#

J UE J



 !"! #$%&'#(#)*'#+& $% ,-#&'%.(*)%

 !"#$%&' (&)*% + ,-.$#/% 0&.1%2$.% %2  22%3%' 4#-%2 &. ,5$. ,% (& 0672% 2-%1$ 0 1 1580,%8%2$

9$& 210 &%2$: 0"#& ,%1 .$ $1 /% , &%*"21$&#*$5"2; <, !"#% %2 %=%$ #2 *%&$ 52 &>,% /- 80,5?* @

$5"2 /% ,-%3$%215"2 /% *%1 /%&25%&1 / 21 , /5&%*$5"2 0%&0%2/5*#, 5&% + , 1#&A *%; B"$"21 4#-+

6 #$% $%215"2' , 0&"0"&$5"2 /# 15(2 , /.$%*$. 0&"C%2 2$ /# (& 0672% 0%#$ C &5%& /% A D"2

2"$ E,%  C%* , 0"52$% #$5,51.%; F5(2 ,"21 %2?2 4#-5, %1$ 0"115E,%' %$ *%, 2"#1 1%& #$5,% 0,#1

,"52' /% $&"#C%& #2% $%215"2 /-58 (%&5% 52$%&8./5 5&% $%,,% 4#% ,%1 /%#3 &.1% #3 /# (& 0672%

%$ /% , &%*"21$&#*$5"2  00 & 511%2$ %2 8G8% $%801 1#& ,-58 (%;

 !"#$%  ! "  !!"#$%&$'() *+ !& $%&)#,&%+)-+ *" .%&,/0)+ 1 /&"$+ $+)#'() $"))+!2 3+"4 '5&.+#

678 +) 5(*+ -("%&)$ -()#$&)$ ,%'#+# &" 595+ +)*%('$ *:") '!($ *+ G/3 × 3 1 *+"4 $+)#'()#

*:;-/&)$'!!() VS *'<;%+)$+#2 =&"-/+ > '5&.+ 1 /&"$+ $+)#'() VS ?&'#&)$ &,,&%&'$%+ !+ #"@#$%&$ #("#

!+ ,!&) *+ .%&,/0)+2 3%('$+ > '5&.+ 1 @&##+ $+)#'() VS 5()$%&)$ !& %;#(!"$'() &$(5'A"+ #"% !+

.%&,/0)+2 !"!" #$ %&'()*+%,'+-() (3× 3)

 !"!"!# $%&'()*( +,-

 !"#$%  !#"  5&.+# 678 #'5"!$&);+# *+ !& %+B

-()#$%"-$'() (3× 3) 1 $+)#'() *:;-/&)$'!!() VS ,(B

#'$'C+ D;$&$# C'*+#E +$ );.&$'C+ D;$&$# ,!+')#E2 F&

5&'!!+ ;!;5+)$&'%+ +#$ ')*'A";+2 G !:')$;%'+"% *+ !&

5&'!!+H () '*+)$'I+ $%('# #'$+# &,,+!;# GH J +$ K2

H &%*"21$&#*$5"2 (3 × 3)  .$. "E1%&@

C.% 0"#& , 0&%857&% A"51 %2 FIJ 0 & K"1@
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#/,#0(% %- '$%3-*/,#0(%4 $! )/+#-#/, H3 %+- %, %:%- $! )$(+ 7!9

>/*!S$% ',%*8'-#0(%"%,-1  ! )/+#-#/, T14 0(# ,% )%*"%- 0(% &% +!-(*%* (,% $#!#+/, )%,&!,-%

+(* $%+ 0(!-*%4 )*'+%,-% (, %;3'&%,- &<',%*8#% -/-!$% 2 %T1  %+ )/+#-#/,+ T4 %- H3 +/,- )$(+

)*/S!S$%+ 3!* %$$%+ )%*"%--%,- -/(-%+ $%+ &%(; &% +!-(*%* -*/#+ $#!#+/,+ )%,&!,-%+ +(* $%+

0(!-*%1  ! )/+#-#/, T4 &/,,% ,'!,"/#,+ $#%( F (, +(*3*/#- &<',%*8#% -/-!$% &% 1, 12 %T )!*

*!))/*- F $! 3/,@8(*!-#/, H31 G!,+ $! 3/,@8(*!-#/, /)-#"!$% H34 #$ *%+-% !$/*+ &%(; $#!#9

+/,+ )%,&!,-%+4 (,% +(* $<!&!-/"% &% L#4 $<!(-*% +(* $<!-/"% &% 6 &% +(*7!3% ,/, +!-(*'1 6%

&%*,#%* +%*! !))%$' *%+-!-/"% &% 6 )!* $! +(#-%4 %, *'7'*%,3% !( "/&H$% GRL &% $! *%3/,+9

-*(3-#/, Si(111)(7×7) IBUJ1 2,@,4 (, 3!$3($ &% $! 3/,@8(*!-#/, H3 /33()'% )!* (, !&!-/"%

&% 6 &/,,% (,% *')!*-#-#/, +)!-#!$% &% &%,+#-' &<'-!-+ %, &'+!33/*& !>%3 $%+ #"!8%+ LQV4

%;3$(!,- !#,+# 3%--% )/++#S#$#-'1

 ! +()%*3%$$($% *%$!;'% )/(* (, !&!-/"% &% L# %, 3/,@8(*!-#/, H3 %+- &/,,'% &!,+ $!

@8(*% A1BB1 2$$% 3/")/*-% 0(!-*% S#)$!,+ &% L#64 (,% "!#$$% &% (2×2) %, +(*7!3% N*%)*'+%,-'%
)!* $%+ )/#,-#$$'+ W!(,%+4 *')'-'% . 7/#+ +(* $<#"!8%O %- $! 7!3% #,!3-#>% %+- )!++#>'% )!* &%

$<5=&*/8H,%1  ! *%3/,+-*(3-#/, #,&(#- (,% 7/*-% *%$!;!-#/, &% $! +(*7!3%4 %, S/, !33/*& !>%3

$<'-(&% %,  22G 0(!,-#-!-#7 &% $! *'7'*%,3% IBAJ1 K!* $% 3!$3($4 /, -*/(>% 0(% $! +-*(3-(*% &(

>/$("% %+- *%-*/(>'% F )!*-#* &( -*/#+#H"% S#)$!, &% L#61 G!,+ $% )*%"#%* S#)$!, L#64 $%+ 6

)*%"#%*+ >/#+#,+ &% $<!&!-/"% +/,- +#-('+ F 0, 88 X +/(+ $% )$!, &%+ !&!-/"%+1  % *%+-!-/"%

&% 6 %+- +#-(' F 0, 1 X +/(+ $% )$!, &%+ 6 >/#+#,+ &% $<!&!-/"%1  %+ -*/#+ L# )*%"#%*+ >/#+#,+ &(

*%+-!-/"% +/,- +#-('+ 0, 6 X +/(+ $% )$!, &%+ *%+-!-/"%+1  % 0(!-*#H"% L# %+- +#-(' F 0, 27 X
+/(+ $% )$!, &%+ *%+-!-/"%+1 G!,+ $% &%(;#H"% S#)$!, &% L#64 $! &#:'*%,3% &% 5!(-%(* %,-*%

$%+ !-/"%+ &% 6 %- &% L# >!*#% &% 0, 57 F 0, 79 X NF 3/")!*%* F 0, 63 X &!,+ $% >/$("%O1
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 !"! #$%&'#(#)*'#+& $% ,-#&'%.(*)%

 !"#$%  !""#  !"#$%#&&!&# $#&'()# *! %'&%!& "+!$ &' %+,-.!$'/0+, H3 *# &' $#%+,1/$!%/0+, (2× 2)2
3'!%4# 5 6!# *! *#11!17 &' 1!"#$%#&&!&# %+$$#1"+,* 8 &' 9'0&&# )&)9#,/'0$# *# &' $#%+,1/$!%/0+, :/0$#/1

;'!,#1<7 $)")/)# =!'/$# >+01 1!$ &?09'.#2  #!& &# *#$,0#$ @0"&',  0A #/ &#1 '*'/+9#1 1+,/ $#"$)1#,/)12

B' /'0&&# *#1 '/+9#1 >'0/ $)>)$#,%# 8 &#!$ 4'!/#!$2 C$+0/# 5 6!# *# %D/) *# &' 1!"#$%#&&!&#2

 !"! ! #$%&'$&%( )*('$%+,-.&( '/*'&*)(

 !"#$%  !"$#  /$!%/!$# )&#%/$+,0=!# '@ 0,0/0+

*# &' 1!$>'%#  0A(0001)(2×2) :1!"#$%#&&!&# -.!$#
E2FF<2 :'< C#,10/) *?)/'/1 %'&%!&)# '6#% !,# .$0&&#

*# "+0,/1 G 6 × 6 × 52 :@< H1+%+,/+!$1 *# |Ψ(r)|2
0,/).$)# #, ),#$.0# 1!$ %4'=!# @',*#2 :%< A'$/#1

*# |Ψ(r)|2 0,/).$)# %+$$#1"+,*',/#17 "$01#1 ;!1/#

'! *#11!1 *#1 $#1/'/+9#1 :.'!%4#< #/ *#1 '*'I

/+9#1 :*$+0/#<2 B#1 J+,#1 1+9@$#1 :%&'0$#1< %+$I

$#1"+,*#,/ 8 !, 9'(09!9 :90,09!9< *# 10.,'&2

 ! "#$%&'( ")('!'% *!+*,+(# -.,/ +! %,0

-#/*#++,+# ".$$(# 12,/# 3455 #%' /#-/(%#$0

'(# 12,/# 3456 7!84 9++# :.$'/# ;,# +! %'/,*0

',/# (+#*'/.$&;,# "# +! %,/<!*# -/(%#$'# "#,=

>!$"#% ('/.&'#% %(-!/(#% -!/ ,$ 2!- ")('!'%4

9$ .>%#/?!$' "!$% +)#%-!*# "&/#*' +#% &%.0

*.$'.,/% "# |Ψ(r)|2 &$'(2/(# #$ ($#/2&# %,/

*@!;,# >!$"# 712,/# 3456 7>88A .$ *.$%'!'#

;,# +! >!$"# -+#&$# #%' !%%.*&(# !, /#%'!0

'.:# "# BA +! >!$"# ?&"# #%' !%%.*&(# C +)!"!0

'.:# "# D&4 E!$% +! *.$12,/!'&.$ .-'&:!+#

"# +)!"!'.:# #$ H3A +! "&F(/#$*# ")(+#*'/.0

$(2!'&?&'( #$'/# +# D& #' +# B !,'./&%# ,$

'/!$%<#/' "# *@!/2# '.'!+ "# +)!"!'.:# "# D&

?#/% +# /#%'!'.:# "# BA !>.,'&%%!$' C ,$#

%,/<!*# %#:&*.$",*'/&*#

∗
4 B# /(%,+'!' #%' #$

!**./" !?#* +)&$?#/%&.$ "# *.$'/!%'# !?#* +!

-.+!/&'( ;,# $.,% .>%#/?.$% -!/ DGH 712,/#

34I84 9$ #F#'A +#% *!/'#% "# "#$%&'( ")('!'%

&$'(2/(# %,/ +! <#$J'/# ")($#/2&# "# *@!;,#

-&* 12,/# 3456 7*8A ;,& %.$' "#% .>K#'% *.:0

-!/!>+#% C "#% &:!2#% '.-.2/!-@&;,#% DGH

7"&%*,'( #$ 1$ "# *@!-&'/# 68A :.$'/#$' ,$#

&$?#/%&.$ "# *.$'/!%'# ('!'% -+#&$% 72!,*@#8

L ('!'% ?&"#% 7"/.&'#8 !?#* ", %&2$!+ #$ ('!'

-+#&$% %,/ +#% /#%'!'.:#% "# B #' ", %&2$!+

#$ ('!'% ?&"#% %,/ +#% !"!'.:#% "# D&4

∗ !" #$"%&'()*+$" T4, -. *()"/0.(* 1. #2)(&. ./* 3)(*+.- )4.# '". 5678 %"+. ." 9*)*/ 3-.+"/ /'( -:)1)*$;.,

." #$"*()1+#*+$" )4.# -./ 1$""9./ 8<= %&'(. > ? ;$"*()"* '". +"4.(/+$" 1. #$"*()/*. 9*)*/ 4+1./@3-.+"/ 
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-* !"!# $%&'()(%* +, )& -%./0%/., +1(2%,.3&0,

 !"# $%!&# '!&#($() *"+ ,-"&+ #)*"+&'+ ,+ .+#"/+# 012 3 4-$"(/+5 6!"/ "& .7.+ )'8$&9

(:44!&5 4$ 6/!6!/(:!& ,-:4!(# 3 :&(+/;$'+ /+'!&#(/":(+ +& (3× 3) #+.<4$:( ,:.:&"+/ 6!"/ 4$:##+/
64$'+ 3 "&+ .$=!/:() ,-:4!(# 3 :&(+/;$'+ ,+ (>6+ (2× 2)5 #"??)/$&( "&+ (/$&#;!/.$(:!& ,+ 4$
/+'!&#(/"'(:!& (3 × 3) +& 4$ /+'!&#(/"'(:!& (2 × 2)@ A%$&( '8$*"+ +B6)/:+&'+ 0125 :4 ;$"(
+& +C+( &+((!>+/ 4-)'8$&(:44!& +& 4+ '8$"C$&( 3 +&%:/!& DEF9GFFFHI 6+&,$&( E .:&"(+#@ I+#

/+'":(# 6!"//$:+&( 7(/+ 3 4-!/:?:&+ ,+ '+((+ (/$&#;!/.$(:!& #(/"'("/$4+@ J!"/ %)/:K+/ #: '+((+

(/$&#;!/.$(:!& $ <:+& 4:+"5 &!"# $%!&# #!".:# "& ,+ &!# )'8$&(:44!&# 3 "&+ #)/:+ ,+ /+'":(#

4!&? ,+ LF +( EF .:&"(+# 3 DEF9GFFFHI@ M$ '!.6$/$:#!& ,+# '4:'8)# MNNO $%$&(P$6/Q# /+'":(

,!&&)+ K?"/+ L@GL .!&(/+ *"-$6/Q# 4+# /+'":(#5 4+ #:?&$4 6/!%+&$&( ,+ 4$ /+'!&#(/"'(:!& (3×3)
$ ;!/(+.+&( ,:.:&") $4!/# *"+ '+4": ,+ 4$ (2× 2) $ ;!/(+.+&( $"?.+&()@ R& /+.$/*"+ $"##:
*"+ 4+ #:?&$4 ," ?/$68Q&+ &-$ 6$# )() .!,:K) ,"/$&( 4+ 6/!'+##"#5 +( '!&#+/%+ &!($..+&( 4$

.7.+ ,:#(/:<"(:!& ,-:&(+&#:() +& ;!&'(:!& ,+ 4-$&?4+ 6$/ /$66!/( $" #"<#(/$(@ M+# .+#"/+# ,+

#6+'(/!#'!6:+ A"?+/ S&!& /+6/)#+&()+# :':T .!&(/+&( "& 4)?+/ $''/!:##+.+&( ," /$66!/( ,+#

6:'#

C(KV V )
Si(LV V )

,+ 0, 36 3 0, 455 (/Q# 6/!<$<4+.+&( ,U 3 "&+ 4)?Q/+ /+?/$68:(:#$(:!& ,+ 4-)'8$&9
(:44!&@ O+ '+# .+#"/+#5 &!"# ,),":#!&# *"-:4 > $ <:+& (/$&#;!/.$(:!& ,+ 4$ /+'!&#(/"'(:!&

(3× 3) +& 4$ /+'!&#(/"'(:!& (2× 2)5 ,)(+'($<4+ 3 4-)'8+44+ ,+ 4$ '+&($:&+ ,+ .:'/!&# S#"/;$'+
,-$&$4>#+ ," MNNOPA"?+/T@

 !"#$%  !" #  !"#$%& '(() *+,- %#$.-/"!!0- .1.-/ 23.,#$45 4/ .678& 2*70"/45 74#,"/ !0-3 9 :;<=

><<<? @ (-473"4 67"A."74 EP = 78 4B@ '4& #47#!4& "-*"C,4-/ !4& /.#$4& *4 674A"47 07*74 4- 1×1 *,
D" 4/ !4& E8#$4& "-*"C,4-/ *4& /.#$4& *4 674A"47 07*74 4- 3× 3 2/7."/& 6!4"-&5 4/ 2× 2 260"-/"!!%&5@
F.,#$4 G !4& /.#$4& 67014-.-/ *4 !. (3 × 3) &0-/ 6!,& "-/4-&4& C,4 #4!!4& 67014-.-/ *4 !. (2 × 2)@
)70"/4 G '4& /.#$4& *4 674A"47 07*74 4- 2× 2 &0-/ !%3874A4-/ 6!,& "-/4-&4& C,4 #4!!4& 4- 3× 3@ '.
6!,6.7/ *4& 07*74& &,6%7"4,7& 4- 3× 3 0-/ *"&6.7,@

J!"/ $66!/(+/ "&+ "4(:.+ 6/+"%+ ," 68)&!.Q&+ ,+ (/$&#;!/.$(:!& ,+ 4-:&(+/;$'+5 ,+#

:4!(# 3 :&(+/;$'+ 6$/(:+44+.+&( (/$&#;!/.)+ !&( )() !<#+/%)# 6$/ 012@ M$ K?"/+ L@GV S$T

.!&(/+ "& :4!( .$=!/:($:/+.+&( G/2× 2 S$" '+&(/+T $%+' "&+ 6$/(:+ ,+ (>6+ G/3× 3 S#"/ 4$
,/!:(+T@ M$ WQ'8+ :&,:*"+ "&+ ,:#'!&(:&":() 3 ?$"'8+ ,+ 4-:4!(@ M$ K?"/+ L@GV S<T .!&(/+ "&+

:.$?+ 8$"(+ (+&#:!& ,-)'8$&(:44!& VS ,+ 4$ =!&'(:!& ;$:#$&( $66$/$:(/+ 4+# ,+"B :&(+/;$'+#5
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 !"! #$%&'#(#)*'#+& $% ,-#&'%.(*)%

(2×2)  !"#$%& &' (3×3)  ()*+'&, -"./ 0" 1!#)& 2,34 5$67 #.& "#')& +8"!& (& $&''& 9*.$'+*.

 :"//& '&./+*. VS ;"+' "<<")"+')& 0" $*#$%& (& !)"<%=.&7 >)"+/&8:0":0&8&.' $*.'+.#& /#)

0" 9*.$'+*., ?&8")@#*./ @#& $&''& 9*.$'+*. <)A/&.'& #. "/<&$' :+&. (+BA)&.' (& $&0#+ (& 0"

9*.$'+*. &.')& (&#C +0*'/ (& !)"<%=.& (D*)+&.'"'+*./ (+BA)&.'&/ +.(+@#A& <") 0" E=$%& /#)

0" 1!#)& 2,34 5"6, F" ')"./;*)8A& (& G*#)+&) (& 0D+8"!& $*.1)8& @#& $&''& $*#$%& <)A/&.'&

#.& /&#0& *)+&.'"'+*. /#) '*#' 0D+0*'7 $") *. .D*:/&)>& @#& /+C '"$%&/ 5&.'*#)A&/ (& )*#!&6

$*))&/<*.(".' "# )A/&"# (# !)"<%=.&, H&$+ /#!!=)& ;*)'&8&.' @#& 0" ')"./;*)8"'+*. " 0+&#

/*#/ 0& <0". (& !)"<%=.&, -"./ 0& $"/ (& $&' +0*'7 &00& /D&/' +.'&))*8<#&  0D"))I' (# )&$#+',

 !"#$%  !"#$  !"#$% &'( )*+, -./0 1 -,0$23"4$ !-50$6 !"7/2-0"-2$!$,0 G/2× 2 8"+ 4$,02$9 ":$4

+,$ ;$0-0$ ;"20-$ G/3 × 3 81 )2/-0$9< 8"9  !"#$ #2",) 4="!; )$ .*-./0 ":$4 .$% ;/%-0-/,% )$% >//!%

8?9 $0 849< @" AB4=$ -,)-C+$ +,$ )-%4/,0-,+-0D $,02$ -./0%< 8?9 E//! %+2 ." 7/,40-/, 1 ="+0$ 0$,%-/,

VS !/,02",0 .*-,0$23"4$ )$ 0F;$ (2×2) 1 #"+4=$ $0 (3×3) 1 )2/-0$6 ":$4 .$+2 !"-..$ D.D!$,0"-2$< 849

G"+4=$ H -!"#$ )$ ." 7/,40-/, 1 ?"%%$ 0$,%-/, VS 3"-%",0 ";;"2"-02$ .$ ;.", )$ #2";=B,$< I2/-0$ H

02",%3/2!D$ )$ J/+2-$2 )$ .*-!"#$ )$ #"+4=$< @$% 0"4=$% ;2/:$,",0 )+ 2D%$"+ )+ #2";=B,$ %/,0

$,0/+2D$% $, 2/+#$<

F" ')"./;*)8"'+*. (& 0" )&$*./')#$'+*. (3 × 3) &. (2 × 2) " (A9 A'A )"<<*)'A& ("./ 0"

0+''A)"'#)& JKL, M*#/ ">*./ *:/&)>A @#& $&00&N$+ /D*<=)& 0&.'&8&.'7  )&0"'+>&8&.' :"//& '&8N

<A)"'#)& 5< 1000OC6, P. &B&'7 0*)/@#D*. A0=>& 0" '&8<A)"'#)& (& )&$#+' 5+100OC  +150OC
<") )"<<*)'  0" '&8<A)"'#)& (& (A:#' (& !)"<%+'+/"'+*.6 <*#) ;":)+@#&) (&/ A$%".'+00*./ (&

$*#>&)'#)& <0#/ A<"+//&7 0&/ $0+$%A/ FPP- +.(+@#&.' '*#9*#)/ #.& +.'&);"$& )&$*./')#+'& 8"N

9*)+'"+)&8&.' &. (3×3), F" %"#//& (& 0" '&8<A)"'#)& .D"$$A0=)& (*.$ <"/ 0" ')"./;*)8"'+*.,

Q") "+00&#)/7 +0 &/' +.'A)&//".' (& )&8")@#&) @#& .*#/ .D*:/&)>*./ <"/ (& (*8"+.&/ A'&.(#/

)&$*./')#+'/ &. (2× 2) &' .*. )&$*#>&)'/ (& !)"<%=.&

∗
, F" ')"./;*)8"'+*. .D" (*.$ <"/ 0+&#

<*#) 0&/ (*8"+.&/ .*. !)"<%+'+/A/, R+./+7 +0 /&8:0& @#& 0" <)A/&.$& (D#. <0". (& !)"<%=.&

∗ !"#$ "%$&'(")$ *#&+*#&$ ,&-.-$ /"01.)&$ ,"#(1)- ,'2$&)-&' +1 $-'#3-#'& /& +1 (2 × 2) 01.$ .+$ )&

,'2$&)-&)- ,1$ /4"'/'& 1# /&+5 /& *#&+*#&$ 01.++&$ #).-1.'&$ 
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-*

 !"#$%&' (! )$!*& #$+!)%#* ,' (! $'-#*&)$.-)%#* (3× 3) '* (2× 2) ') &)!/%(%&' -'))' ,'$*%0$'1

2#.& "'$$#*& -3!4%)$' 5 6.' (7%*)'$!-)%#* 8$!430*'9&./&)$!) '&) 4(.&  #$)' &% (7%*)'$ !-' '&)

$'-#*&)$.%)' '* (2 × 2) 6.' &% '((' '&) $'-#*&)$.%)' '* (3 × 3)1 :' 8!%* ,7;*'$8%' #/)'*. 4!$

-'))' 4(.& 8$!*,' %*)'$!-)%#* 4#.$$!%) '<4(%6.'$ (! )$!*& #$+!)%#* ') (! &)!/%(%&!)%#* ,' (!

$'-#*&)$.-)%#* (2× 2) &#.& (' 4(!* ,' 8$!430*'1

='4'*,!*)> ('& ,'.< $'-#*&)$.-)%#*& *' 4$;&'*)'*) 4!& (! +?+' ,'*&%); ')9#. -#+4#&%@

)%#* !)#+%6.' ABC ') (! 4$;&'*-' ,. 4(!* ,' 8$!430*' '+4?-3' -'$)!%*'+'*) (7;"!4#$!)%#*

,%$'-)' ,'& !)#+'& $'*,.& &.4'$D.& 4!$ (! )$!*& #$+!)%#*1 E* 'F')> .* -!(-.( GHI '&)%+' (!

/!$$%0$' ,' ,%F.&%#* 4#.$ .* !)#+' ,' J% K )$!"'$& .* 4(!* 4!$ !%) ,' 8$!430*' K 15, 6  ! "#$%&

' ()*  +, '-.+*/01234 5 6 + / 1.* 1+ /-*7 ., /-.' /*8)+ 1 9)+():2); 3-1/+ / + *4-,+ <-)1

=,1 04*>*.0+5 ?)1 .-+ 0'@2.,*44-.+& 4 + *4-,+ 0,2., / < ,*, ,2*44 A9)+():B 200 .> / 421C 

2) <4)+D& 4:*., 1E2' 1 '-.+,1)*,  . (2 × 2) <10+ ., ). 3-.. @->-C0.0*,0 / +,1)',)1 5

F2.+ 4 '2+ / <4)+ C12./+ *4-,+& 42 ,12.+E-1>2,*-. <-)112*, / 7 .*1 ). +-)1' / /0+-1/1 

*><-1,2.,5 6 '* <-)112*,  ;<4*() 1 4 E2*, () 4:-. .:-3+ 17 <2+ / +,1)',)1 3* . /0G.* 

<-)1 4:*., 1E2' /:0'@2.,*44-.+ B 421C + /->2*. + '-.,*.)+5 F , 4+ 0'@2.,*44-.+ +-., -3, .)+

<21 +)34*>2,*-. '-.,1H40 <21 '-.G. > ., 4-1+ /) 1 ')*, "#I%5 J >21()-.+ <21 2*44 )1+ () 

<21 ' ,, >0,@-/ & 42 C12<@*,*+2,*-. +: 8 ',) B ). , ><012,)1 > 1500KC /-.' 421C > .,

+)<01* )1 B 42 .-,1 A≈ 1100KCD5 L4  +, <-++*34 () <-)1 / +* @2), + , ><012,)1 +& 4 +

1 '-.+,1)',*-.+ / +)1E2' (3 × 3)  , (2 × 2) +-* ., E-1, > ., < 1,)130 +5 F + > +)1 + / 

+< ',1->*'1-+'-<* "#M% +)1 / , 4+ 0'@2.,*44-.+ -., 3* . >-.,10 ). ' 1,2*. @0,01-C0.0*,0

/ 4:*., 1E2' 5 N + 2), )1+ *., 1<1O, ., 4 )1+ > +)1 + <21 42 <10+ .' / / ); ,P< + /:*.Q

, 1E2' /*801 .,+& +2.+ ,-), E-*+ <-)7-*1 2R1> 1 ():*4 +:2C*, / + 1 '-.+,1)',*-.+ (3 × 3)  ,

(2× 2)5 L4+ '-.+*/O1 ., .02.>-*.+ ():*4 <-)112*,  8 ',*7 > ., +:2C*1 / ' + / ); *., 1E2' +&

E-1, > ., /*+,-1/) +5 F + '2)+ + <-++*34 + <-)1 ' /0+-1/1 B <21,*1 /:). +P+,O> '-><-1Q

,2., 4 + 1 '-.+,1)',*-.+ (3× 3)  , (2× 2) -., 0,0 /-..0 + '*Q/ ++)+5 S-)1 4 C12<@O. & ' ,, 

*.@->-C0.0*,0 /:*., 1E2' + ,12/)*, <21 / + .*7 2); / /-<2C  . 04 ',1-.+ /*801 .,+5

S-)1 G.*1& 1 >21()-.+ () <-)1 / + 12*+-.+  .'-1 *.'-..) +& .-)+ 27-.+ -3+ 170 () 

42 E2'*4*,0 / ,12.+E-1>2,*-. / 4:*., 1E2' /0< ./ /) +)3+,12, ),*4*+05 S-)1 4 + <1 >* 1+

0'@2.,*44-.+& 42 ,12.+E-1>2,*-. +: 8 ',)2*, / E2T-. .-,234 & 2) E)1  , B > +)1 / + 1 ')*,+

/ <10<212,*-.5 S-)1 /:2),1 + 0'@2.,*44-.+ <1-7 .2., /:). U2E 1 /*801 .,& *4 0,2*, ,1O+ /*R'*4 

/ ,12.+E-1> 1 4:*., 1E2' +2.+ ,1-< 1 42.' 1 42 C12<@*,*+2,*-.& >=> 27 ' / + 1 ')*,+ 4-.C+5

V) G.24& *4 + >34 /-.' ,-), B E2*, <-++*34 /:-3, .*1 / + 0'@2.,*44-.+ 27 ' ). *., 1E2' ,1O+

>29-1*,2*1 > ., 1 '-.+,1)*,  . (3× 3)&  . '@-*+*++2., 3* . 4 +)3+,12,  ,  . -<,*>*+2., 4 +

0,2< + / 1 ')*, / <10<212,*-.5

V<1O+ .-)+ =,1 *.,01 ++0+ B 42 +,1)',)1 / 4:*., 1E2' & .-)+ 244-.+ >2*., .2., .-)+

< .'@ 1 +)1 42 +,1)',)1 / 42 '-)'@ / C12<@O. 5
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 ! ! "#$%&"&' &%()(*%++', ")+$ ,) -%.-/' "' 0&)1/2+' ! "#$%&'&( &%)*)+%,,(- '*,$ -* .%/.0( '( 1&*203,(
 !"#$%& '(& )(&*$(& +,#-.*(& /01 234*$( 5678 (+ 19: );<+$"<+ =(& -';+& =( >"*+(*$

=( '!;$=$( =( '" =-&+"<?( -<+($#'"< ="<& '( 4$"#>-+( 234*$( 56@8A '" &*$B"?( =(& C?>"<+-'';<&

(&+ $(?;*D($+( =( );-<& =!*< #'"< =( 4$"#>%<(A =( B"E;< =-&?;<+-<*(6 F" +"-''( =(& -';+&

;G&($DC& #(*+ "''($ H*&.*!I (<D-$;< 200 <) =( '"$4(6  "<& '" &*-+(A <;*& "'';<& C+*=-($

#'*& #$C?-&C)(<+ '" =-&+$-G*+-;< =(& ;$-(<+"+-;<& =(& -';+& (+ '(& )"<-B(&+"+-;<& =* =C&;$=$(

$;+"+-;<<(' 2="<& '( #'"< =( '" &*$B"?(8 (< 19:6 ! !" #$%&'()(%*'+ ,$-.-$&'(%&//&+
F(& ?'-?>C& F00 +,#-.*(& =( '" &*$B"?( 4$"#>-+-&C( 234*$( 567 (+ 56758 );<+$(<+ *<

&-4<"' 4$"#>%<( &;*& B;$)( =( ?($?'(A "D(? *< $(<B;$?()(<+ =!-<+(<&-+C &*$ =(& "$?& =( 15J
I 20JA *<( +"?>( -<+(<&( I 16J(+ 30J(+ *<( 'C4%$( +"?>( I 0J&*$ ?($+"-<& C?>"<+-'';<&6 F(&
"<4'(& &;<+ )(&*$C& (< D"'(*$ "G&;'*( #"$ $"##;$+ I '!"K( a∗ =* 1-LA );=*'; 30J=( #"$ '"
&,)C+$-( =(& &+$*?+*$(& 2&,)C+$-( =!;$=$( M (+ &,)C+$-( )-$;-$ #"$ $"##;$+ I '" G-&&(?+$-?(

=( '!"<4'(

̂(a∗,b∗) B;$)C #"$ '(& "K(& =* $C&("* $C?-#$;.*( (< (1× 1) =* 1-L86 L('" &-4<-3(
.*!-' (K-&+( *< B;$+ =C&;$=$( $;+"+-;<<(' (<+$( '(& -';+&A "D(? <C"<);-<& .*('.*(& ;$-(<+"+-;<&

#$CBC$(<+-(''(&6 1-4<"';<& .*( =!"#$%& '" '-++C$"+*$( (+ <;& ;G&($D"+-;<&A ?(& ;$-(<+"+-;<& #$CN

BC$(<+-(''(& #(*D(<+ =-OC$($ &*-D"<+ '(& ?;<=-+-;<& =( #$C#"$"+-;<6 /-<&-A ;< +$;*D( '(& )P)(&

;$-(<+"+-;<& #;*$ =(& C?>"<+-'';<& =( );-<& =!*< #'"< =( 4$"#>%<( B"G$-.*C& &;*& *'+$"D-=(

="<& Q7RS (+ Q@TS )"-& *< &-4<"' =!(K+(<&-;< ±10J?(<+$C &*$ TJ="<& Q@7S6 U;*$ =(& C?>"<+-'';<&
B"G$-.*C& ="<& *< B;*$ I -<=*?+-;< &;*& D-=( &(?;<="-$(A '(& ;$-(<+"+-;<& #$CBC$(<+-(''(& 30J
(+ ±2, 2J;<+ C+C ;G&($DC(& Q@@A @5S6
0< 19:A ?;))( '!-''*&+$( '" 34*$( 567VA +;*& '(& -';+& =( 4$"#>%<( #$C&(<+(<+ =(& &*N

#($&+$*?+*$(& =( =-D($&(& #C$-;=-?-+C&A =( *< I .*('.*(& nm6 L;))( <;*& "'';<& '( DC$-3($
="<& '" &*-+(A ?(& &+$*?+*$(& &;<+ =(& 34*$(& =( );-$C6 0''(& $C&*'+(<+ =( '!()#-'()(<+ "D(?

*< ?($+"-< "<4'( =(& $C&("*K "+;)-.*(& =* 4$"#>%<( (+ =(& $(?;<&+$*?+-;<& =( &*$B"?(6

 !"#$%  !"#$  !"#$% &'( ) *+,-"./ *+.%/"./ $/ /$.%0+. 123*4"./055+. VS -3635"./ 5$% %,7$-%/-,*8

/,-$% 73-0+109,$% 6"-03$% "77"-"0%%"./ ",%%0 :0$. %,- 5$% 05+/% G/2×2 ;#",*4$< 9,$ 5$% 05+/% G/3×3
;1-+0/$<=  5 %$-" !+./-3 75,% 5+0. 9,$ *$% %,7$-%/-,*/,-$% %+./ 1$% >#,-$% 1$ !+0-3=
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-* ! !" #$ %&'()$ '$ %&*+,
 ! "#$%& '()* +,&,(#-!. /&! 0+/(! 1! 2%3(, 4(%53!&' 16/&! 7%24%*3'3%& &%& -3&,#3(! 1!

1!/8 (,*!#/8 4,(3%139/!* :;<=> ?-* #44#(#3**!&' 7%22! /& (,*!#/ 1! 4,(3%1373', 4-/* +(#&1!

9/! 7!--!* 1!* 1!/8 (,*!#/8 9/3 -/3 1%&&!&' &#3**#&7!> @#( !8!24-!. %& %A*!(5! 1!* 0+/(!* 1!

2%3(, */( 1/ +(#4B3'! :;C= !' 1!* 0-2* 23&7!* 1! 2/-'34-#&* +(#4B)&! :;D= E5%3( 0+/(! F>FG 1/

7B#43'(! FH 9/3 4(,*!&'!&' /& 1,*%(1(! (%'#'3%&&!- 16!243-!2!&'>  #&* 7! 7#*. 3- *6#+3' 1! -#

7%24%*3'3%&* 1! 1!/8 (,*!#/8 1! 2I2! 4,(3%1373', 2#3* !243-, #5!7 /& #&+-! 1! (%'#'3%&> J&

4!/' #/**3 %A*!(5!( 1!* 2%3(,* 1#&* -! 7#* 1! -6!243-!2!&' 1! 1!/8 (,*!#/8 1! 4#(#2)'(!* 1!

2#3--! 13K,(!&'* 7%22! -!* *L*')2!* 1! +(#4B)&! */( 2,'#/8 1! '(#&*3'3%& :;M. ;N. ;G= E5%3(

0+/(! <>FF 1/ 7B#43'(! < 4%/( -! +(#4B)&! */( O/EPPPFHH> Q! 7%&'(#*'! RST #**%73, U /&

2%3(, 4!/' '(#1/3(! /&! 2%1/-#'3%& '%4%+(#4B39/! !' E%/H 1! *'(/7'/(! ,-!7'(%&39/! 1/ 4-#&

1! */("#7!. 9/3 4(%53!&' 1! -63&'!(#7'3%& !&'(! -!* 1!/8 (,*!#/8 4,(3%139/!* !243-,*> V%/*

,7-#3(73(%&* 7! 4%3&' #/ 7%/(* 1!* 7B#43'(!* < !' C 4%/( 7B#7/&! 1!* *'(/7'/(!* 163&'!("#7!>

W 4#('3( 1!* 5!7'!/(* 1! (,*!#/ (,734(%9/! k1 !' k2 1!* 1!/8 (,*!#/8 4,(3%139/!*. %&

%A'3!&' /& 1!* 5!7'!/(* 1! (,*!#/ (,734(%9/! 1/ 2%3(, kM
∗
#5!7 -# "%(2/-! */35#&'! :;<. ;N= X

kM = k2 − k1 EY>;H

 #&* -# */3'!. &%/* #--%&* 2%&'(!( U -6#31! 1! 7!''! (!-#'3%& !' !& /'3-3*#&' -# '(#&*4#(!&7!

1/ +(#4B)&! U B#/'! '!&*3%& '/&&!- 9/! -!* */4!(*'(/7'/(!* 4,(3%139/!* %A*!(5,!* */( -!*

3-%'* 1! G/3× 3 !' G/2× 2 *%&' A3!& 1!* 0+/(!* 1! 2%3(,> ! ! -$./+$ '$ )0 1,+*&'*2*3, '4/5$ ./1$+.3+/23/+$ $5 6&523*&5 '$)4057)$ '4$%1*)$%$53
Z%22! !84%*, 4(,7,1!22!&'. -! +(#4B)&! 4(,*!&'! -# 4#('37/-#(3', 16#44#(#3'(! '(#&*[

4#(!&' !& 1!B%(* 1/ +#4 1! */("#7! 1/ */A*'(#'> \& *! 4-#$#&' U /&! '!&*3%& '/&&!- 3&[

'!(2,13#3(!. 'L439/!2!&' VS = −1, 5 ] 4%/( 1!* 3-%'* 1! G/3 × 3. %& %A*!(5! -!* (,*!#/8
#'%239/!* 1/ +(#4B)&! !' 1! -63&'!("#7! */4!(4%*,* */( /&! 2I2! 32#+! E%& 4!/' #/**3

/'3-3*!( -! 2%1! 1632#+!(3! *32/-'#&,! U B#/'! !' A#**! '!&*3%& '/&&!-H> O!2#(9/%&* 9/!.

16#4()* -# *'(/7'/(! ,-!7'(%&39/! 1! -# (!7%&*'(/7'3%& (3× 3) ,'/13,! 1#&* -# 4#('3! Y>;>;>;.
7!''! '!&*3%& !*' 4(%7B! 1! -6,&!(+3! 1/ B#/' 1! -# A#&1! 1! 5#-!&7! !& */("#7! 1/ R3Z>  #&*

7!* 7%&13'3%&*. 3- !*' 4%**3A-! 1! 2!*/(!( -# 4,(3%1373', P 16/&! */4!(*'(/7'/(! !& "%&7'3%& 1!
-6#&+-! 1! (%'#'3%& !&'(! -! (,*!#/ 1/ +(#4B)&! !' -! (,*!#/ 1! -# (!7%&*'(/7'3%& 163&'!("#7!>

Q# 0+/(! Y>FD 3--/*'(! -# 4(%7,1/(! 1! 2!*/(!> Q632#+! RST (!4(,*!&',! # ,', #79/3*! U

/&! '!&*3%& 16,7B#&'3--%& VS = −1, 5 ]. U 7B!5#- */( 1!/8 3-%'* 1! G/3 × 3 16%(3!&'#'3%&
13K,(!&'!*> J& %A*!(5! 1!/8 */4!(*'(/7'/(!* 1! 4,(3%1373',* 13K,(!&'!*> \& 2!*/(#&' 13(!7[

'!2!&' */( -632#+!. %& '(%/5! P = 3, 5± 0, 1 &2 4%/( -63-%' 1! +#/7B! !' P = 1, 9± 0, 1 &2
4%/( -63-%' 1! 1(%3'!> W 1(%3'! 1! -632#+!. -# '(#&*"%(2,! 1! %̂/(3!( 1! -# 4#('3! 1! -632#+!

7%((!*4%&1#&' U -63-%' 1! 1(%3'! !*' (!4(,*!&',!> J& L 13*'3&+/! -!* *38 '#7B!* 4(%5!&#&' 1!

-# (3× 3) E!&'%/(,!* !& (%/+!H !' -!* *38 '#7B!* 4(%5!&#&' 1/ (,*!#/ 1/ +(#4B)&! E!&'%/(,!*
!& A-!/H> J& 2!*/(! #-%(* -6#&+-! 16%(3!&'#'3%& 1/ 4-#& 1! +(#4B)&! 4#( (#44%(' #/ (,*!#/

1! -# (3× 3) */( -632#+! '(#&*"%(2,! 1! %̂/(3!(> W3&*3. 4#( (#44%(' U -# (!7%&*'(/7'3%&. %&

2!*/(! /& #&+-! 1! (%'#'3%& 4%/( -! 4-#& 1! +(#4B)&! 1! +20± 1_!' −17± 1_4%/( -!* 3-%'*
1! 1(%3'! !' 1! +#/7B!>

∗ !"#$ %&' $('&)#* %& +,+& "$%$& %& '-+(.$/&0 1& +"/$( 2$('&3.&$) 1#/ )#''/ 1& +,+& "$%$& %& '-+(.$/& 

[ GC [



 ! ! "#$%&"&' &%()(*%++', ")+$ ,) -%.-/' "' 0&)1/2+'

 !"#$%  !"#$  !!"#$%&$'() *+ !& ,+#"%+ *+ !& -.%'(*'/'$. *" ,('%. +) 0()/$'() *+ !1&)2!+ *+ %($&$'()

*" -!&) *+ 2%&-34)+ -&% %&--(%$ &" #"5#$%&$ #"% ")+ 6()/$'() +)$%+ *+"7 '!($# *1(%'+)$&$'()# *'8.9

%+)$+# *+ G/3× 3: ;&"/3+ <  ,&2+ =>? @ /("%&)$ /()#$&)$ @ $+)#'() *1./3&)$'!!() VS = −1, 5 A

/3('#'+ -("% 0&'%+ &--&%&'$%+ @ !& 0('# !+# %.#+&"7 *" 2%&-34)+ +$ *+ !& %+/()#$%"/$'() *1')$+%0&/+: B+#

-.%'(*'/'$.# *+ #"-+%#$%"/$"%+ P #()$ *()).+# #"% !1',&2+: B+# *'%+/$'()# *+# %&)2.+# &$(,'C"+# #()$

*()).+# +) %("2+ -("% !& %+/()#$%"/$'() +$ +) 5!+" -("% !+ 2%&-34)+: D%('$+ < $%&)#0(%,.+ *+ E("%'+%

*+ !& -&%$'+ *%('$+ *+ !1',&2+: B+# $&/3+# /(%%+#-()*&)$ &" %.#+&" *" 2%&-34)+ #()$ ')*'C".+# +)

5!+"F /+!!+# *+ !& (3 × 3) +) %("2+ G!+# #'7 $&/3+# /+)$%&!+# /(%%+#-()*+)$ @ !& #"-+%#$%"/$"%+H: I)

,+#"%+ &!(%# !1&)2!+ *+ %($&$'() +)$%+ !+# *+"7 $J-+# *+ $&/3+#:

 ! !" #$%&'()*&+, -. /0)11/&()2&/&*$ -3 4+-5/. -. 4+&%$ 1+3% /.6

&/+*6 G/3× 3 .* G/2× 2

 !" #$ %&'()$& *($ +$, ,(%$&,-&(.-(&$, '/,$&)0$, 1 +2 3'4, ,(& +$, 4+'-, #$ G/3× 3 $- #$
G/2× 2 ,'"- #$, !5(&$, #$ 6'4&07 "'(, 2)'", .'"3&'"-0 +$, 6$,(&$, #$ %0&4'#4.4-0 #$ 6'4&0
P $" 3'".-4'" #$ +82"5+$ #8$6%4+$6$"- α 1 +2 #0%$"#2".$ P (α) .2+.(+0$ 5&9.$ 1 +80*(2-4'"
:;< $- +2 &$+2-4'" P (α) = 2π/[kM(α) sin(π/3)] ∗;

='(, .>$&.>'", #$, 6'4&0, .'",-&(4-, ,(& +2 .'6/4"24,'" #$, &0,$2(? %0&4'#4*($, #(

5&2%>@"$ $- #$ +2 &$.'",-&(.-4'" 1 +84"-$&32.$; A" &$62&*($ *($ +$, %2&26@-&$, #$ 624++$

#$, #$(? &0,$2(? ,'"- -&@, #4B0&$"-,7 2, 46 C %'(& +$ 5&2%>@"$ $- 6, 14 C $- 9, 21 C %'(&

+$, &$.'",-&(.-4'", (2 × 2) $- (3 × 3);  4",47 $" 2%%+4*(2"- +80*(2-4'" :;< #4&$.-$6$"- 2(?
)$.-$(&, #$ /2,$ #$, &0,$2(? &0.4%&'*($, #$ +2 (2 × 2) $- #$ +2 (3 × 3)7 '" -&'()$ #$,

∗ !"#$%&' ()' *+%,-()' .) /%0'1#((+2%#$30) $)%,)11#41 .) $#'')% .) (")'$#/) .0%)/1 5 (")'$#/) %6/0$%+7-)

)1 048)%'),)41 98)/ ei $+-% i = 1, 2 )1 3 ()' 8)/1)-%' .) :#') .) (")'$#/) .0%)/1 )1 e∗i $+-% i = 1, 2 )1 3 ()'

8)/1)-%' .) :#') .- %6')#- %6/0$%+7-) +4 # ()' %)(#10+4' e
∗

i .ej = 2πδi,j )1 e
∗

m = 2π
V
.en ∧ ep (m,n, p) )'1 -4)

$)%,-1#10+4 /0%/-(#0%) .) (1, 2, 3) 
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-*

 !"#$% &' ($#"!&")"*$ *#+% ('*"*' ,"-.$#"'/#' 0 )'11' &' 12 #')!-%*#/)*"!-34 -5'6(1"7/2-* (2%

1'% %/('#%*#/)*/#'% &' ($#"!&")"*$ &' 15!#&#' &/ nm !8%'#9$'%: ;- #'92-)<'4 '- 2((1"7/2-*

15$7/2*"!- =:> 0 &'% 9')*'/#% &5!#&#'% %/($#"'/#% &'% #$%'2/6 #$)"(#!7/'% &'% #')!-%*#/)*"!-%4

15!#&#' &' ?#2-&'/# &' ($#"!&")"*$ ('/* @*#' #'%(')*$: A'% )1")<$% A;;B4 9!"# C?/#' =:DE ,234

&!--'-* /-' " 2?' &2-% 15'%(2)' #$)"(#!7/' &' 12 %/#.2)' &' 15$)<2-*"11!-: F1% ('# '**'-* &!-)

&5!8%'#9'# &"#')*' '-* 7/'11'% %!-* 1'% )! (!%2-*'% &' G!/#"'# &2-% 15'%(2)' #$)"(#!7/' &'%

#')!-%*#/)*"!-% &/ H"I 7/' -!/% &'9#!-% /*"1"%'# (!/# 1' )21)/1: I' %!-* )'11'% &!-* 12 &"%*2-)'

2/ )'#)1' &' ?#2(<+-' '%* "-.$#"'/#' 0 12 -!# ' &'% 9')*'/#% &' 82%' &' 12 #')!-%*#/)*"!- ,&2-%

15'%(2)' #$)"(#!7/'34 )!-&/"%2-* &!-) 0 &'% ($#"!&'% &'  !"#$% %/($#"'/#'% 0 12 ($#"!&' &' 12

#')!-%*#/)*"!- &2-% 15'%(2)' #$'1: J"-%"4 )!  ' "-&"7/$ %/# 1'% #'(#$%'-*2*"!-% %)<$ 2*"7/'%

C?/#' =:DE ,83 '* =:DE ,&34 (!/# 1'% "1!*% G/3 × 3 -!/% /*"1"%'#!-% 1'% 9')*'/#% #$)"(#!7/'%
)!##'%(!-&2-* 2/6 *2)<'% "-&'6$'% (4, 0)4 (3, 1) '* (2, 2) '* (!/# 1'% "1!*% G/2 × 2 -!/%
/*"1"%'#!-% 1'% 9')*'/#% #$)"(#!7/'% )!##'%(!-&2-* 2/6 *2)<'% "-&'6$'% (3, 0)4 (2, 1): K2#
#2((!#* 0 1526' a

∗
&/ H"I4 )'% 9')*'/#% .!# '-* &'% 2-?1'% &' 0L4 13, 9L'* 30L(!/# 12 (3× 3)

'* 0L'* 19, 1L(!/# 12 (2× 2) ∗
:

M' 2#7/!-% 7/' %" a
∗

s
'* b

∗

s
%!-* 1'% 9')*'/#% &' #$%'2/ #$)"(#!7/' &5/-' &'% #')!-%*#/)N

*"!-% '* a
∗

G
'* b

∗

G
1'% 9')*'/#% &' #$%'2/ #$)"(#!7/' &/ ?#2(<+-'4 /-' *2)<' &/ ?#2(<+-'

(#!)<' &' 12 *2)<' &5!#&#' (m,n) &' 12 #')!-%*#/)*"!- s %/# 1' &"2?#2  ' A;;B )!##'%(!-& 0
12 #'12*"!- a

∗

G
≈ ma

∗

s
+nb∗

s
: I'**' #'12*"!- %"?-"C' 7/' &2-% 15'%(2)' &"#')* as ≈ maG−nbG

,'* #'12*"!-% $7/"921'-*'% (!/# b
∗

G
'* bs3: A2 C?/#' =:DO &!--' /-' "11/%*#2*"!- %)<$ 2*"7/'

&' )'**' #'12*"!- &2-% 15'%(2)' #$'1 (!/# /-  !"#$ (2, 2) %/# /- "1!* G/3 × 3 29') α = 30L:
A'% #'12*"!-% &!--$'% )"N&'%%/% -' %!-* (2% &'% $?21"*$% '* (1/% 152((#!6" 2*"!- '%* 8!--'

&2-% 15'%(2)' #$)"(#!7/' (1/% 15' ("1' '-* %'#2 1'-*' '-* 92#"281' '* 1'  !"#$ %'#2 ?#2-&:

A5$7/2*"!- =:> 7/" ('# '* &5!8*'-"# /- &'% 9')*'/#% &' #$%'2/ #$)"(#!7/' &/  !"#$ kM 2

$*$ #'(#$%'-*$' ?#2(<"7/' '-* %/# 1' %)<$ 2 &/ &"2?#2  ' A;;B C?/#' =:DE ,834 (!/# /-'

!#"'-*2*"!- &52-?1' α &/ (12- &' ?#2(<+-' '* 12 *2)<' (2, 2) &' 12 #')!-%*#/)*"!- (3× 3):

;-C-4 1'% C?/#'% =:DE ,)3 '* ,'3 &!--'-* 1'% #'(#$%'-*2*"!-% ?#2(<"7/'% &/ )21)/1 &' 12

($#"!&")"*$ &/  !"#$ '- .!-)*"!- &' α (!/# )<27/' 9')*'/# ('#*"-'-* &'% #$%'2/6 #$)"(#!7/'%
&' 15"-*'#.2)'4 2))! (2?-$'% &'%  '%/#'% '6($#" '-*21'%4 #'(!#*$'% %!/% .!# ' &' *#"2-?1'%:

A2 (#$)"%"!- &'%  '%/#'% '%* &' ±1L '* ±0, 1 - '- ?$-$#214 ±0, 4 - (!/# 1'% ?#2-&'%

%/('#%*#/)*/#'% &' G/2× 24 1'% &$.2/*% &5"-*'#.2)' )! (1"7/2-* 12  '%/#': ;- (#' "'# 1"'/4
!- !8%'#9' 7/' 1'%  '%/#'% %!-* '- 8!- 2))!#& 29') 1'% (#$&")*"!-% *<$!#"7/'% &/  !&+1'4

)!-C# 2-* 2"-%" 7/' 1'% %/('#%*#/)*/#'% %!-* &'% C?/#'% &'  !"#$ )!-%*#/"*'% %/# 1'% #$%'2/6

&/ ?#2(<+-' '* &' 15"-*'#.2)': I')" '%* 921281' (!/# 1'% &'/6 *P('% &5"-*'#.2)':

K!/# C-"#4 !- #' 2#7/' 7/' 1'% 2-?1'% (#$.$#'-*"'1% (!/# 1'% "1!*% &' ?#2(<+-'  '%/#$%

%/# 1'% )1")<$% A;;B ,9!"# C?/#' =:DE ,233 )!##'%(!-&'-* 0 &'% 2-?1'% (#!)<'% &' 13, 9 '*
30L4 '* &!-) &'% 2-?1'% 2%%!)"$% 2/6 (1/% ?#2-&%  !"#$% &' *P(' (3, 1) '* (2, 2) &'% "1!*%
G/3× 34 )5'%* 0 &"#' 0 &'% )!-C?/#2*"!-% &5' ("1' '-* ?#2(<+-'Q#')!-%*#/)*"!- 1'-*' '-*
92#"281': R- (!/##2"* &!-) ('-%'# 7/' 1'% ' ("1' '-*% &!--2-* 1"'/ 0 &'% ?#2-&%  !"#$%

%!-* (#"9"1$?"$%: ;- 'S'*4 !- !8%'#9' /-' *2)<' 8"'- -'**' (!/# 1' ?#2(<+-' 0 30L: I'('-&2-*4
"1 '6"%*' /- #'-.!#)' '-* %!/% .!# ' &52#) '-*#' 1'% 2-?1'% 13, 9L'* 30L4 &' 15L0 20L'* *!/*
(2#*")/1"+#' '-* 0 15L'- A;;B4 921'/# (#!)<' &' 13, 9L 2"% &"S$#'-*': R- ('/* #' 2#7/'#
7/' 1' #'-.!#)' '-* 0 15L%' %"*/' '- .2"* &2-% 1521"?-' '-* &'% *2)<'% (3, 1)(3×3) '* (2, 1)(2×2)

∗ !"#$ %"#$ &'(')"%$ * #% $+,)+#- .+ 0 * 30/01- -100"-) * &213+ a
∗

,1- &2+$01,+ -4,'0-"5#+ 0-4$+%)+ #%+

$6(4)-'+ .213+ 7 +) #%+ $6(4)-'+ ('-"'- 01- -100"-) * &1 8'$$+,)-',+ .+

̂(a∗,b∗) 

N TE N



 ! ! "#$%&"&' &%()(*%++', ")+$ ,) -%.-/' "' 0&)1/2+'

 !"#$%  !"#$  !"#$%$&'!( )*' )+#*()$(,*' *-#+%&"*(.$/* *. .0+!%&12* )* /$ #+%&!)&,&.+ )2 "!&%+

*( 3!(,.&!( )* /4$(5/* )4*"#&/*"*(.6 7$8  /&,0+ 9::; .<#&12* "!(.%$(. /$ '.%2,.2%* *( '2%3$,*

)42( +,0$(.&//!( )$(' /4*'#$,* %+,&#%!12*6 7=8 >*#%+'*(.$.&!( ',0+"$.&12* )* 7$8 *( (* #%*($(. *(

,!"#.* 12* /*' .$,0*' 3 × 3 *. /* 5%$#0?(*6 9*' .$,0*' )4!%)%* '2#+%&*2% *( 3 × 3 /*' #/2' #%!,0*'
)2 '&5($/ )2 5%$#0?(* '!(. &()*-+*' (4, 0)@ (3, 1) *. (2, 2)6 9*2% $(5/* #$% %$##!%. A a

∗
*'. )!((+

*( %!25*6 9$ '.%2,.2%* #%+'*(.* 2(* '<"+.%&* "&%!&% #$% %$##!%. A /$ =&''*,.%&,* )*

̂(a∗,b∗)6 B(
'* /&"&.* )!(, A )*' $(5/*' ,!"#%&' *(.%* 0 *. 30C#$% %$##!%. A a

∗
6 D(* %*#%+'*(.$.&!( 5%$#0&12*

)2 ,$/,2/ )2 E*,.*2% %+,&#%!12* )2 "!&%+ kM *'. )!((+* #!2% 2(* !%&*(.$.&!( )4$(5/* α )2 #/$(

)* 5%$#0?(* 7E*,.*2% %+,&#%!12* *( .&%*.'8 *. =$'+ '2% /$ .$,0* (2, 2) )* /$ %*,!('.%2,.&!( (3 × 3)
7E*,.*2% %+,&#%!12* *( #!&(.&//+'86 7,8 >*#%+'*(.$.&!( 5%$#0&12* )*' ,$/,2/' )* /$ #+%&!)&,&.+ )2 "!&%+

*( 3!(,.&!( )* /4$(5/* )4*"#&/*"*(. α #!2% /*' .%!&' .$,0*' #*%.&(*(.*' )* /$ %*,!('.%2,.&!( (3× 3)6
9*' "*'2%*' *-#+%&"*(.$/*' '!(. %*#%+'*(.+*' #$% )*' .%&$(5/*'6 7)8 *. 7*8@ &)*" 12* 7=8 *. 7,8

$##/&12+ A /4+.2)* )*' &/!.' )* G/2× 26

 !"  



 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-*

 !"#$%  !"#$  !"#$% &' ()'$*+('$',- %../!+# %0 $/+1# (2, 2) .01 0, +(/- G/3 × 32 3% !'((0(' &'

4+5,'16 '+-7 &0 $/+1# '.- 1'*1#.',-#' ', ,/+12 8/01 !' $/+1#9 /, % a
∗

G
≈ 2a∗(3×3)+2b∗

(3×3)9 !' :0+

!/11'.*/,& &%,. ()'.*%!' &+1'!- ; a(3×3) ≈ 2aG − 2bG2

 !"#$ %&'$( )*+),* -.//(0"12 13.14"#12 5'( 0. &$./6#7#2.7#"1 . 0#(' 8 /.$7#$ 9:'1( 2'$;.<(

$(<"127$'#7( (1 (3 × 3) (7 5'( 0. (2 × 2) 2(4=0( .//.$.#7$( 2'#7( 8 0. 7$.12;"$4.7#"1 9(

0. (3 × 3)> 2"'2 0( /0.1 9( &$./6?1(* @#12#> 0( $A0( 9( 0. $(<"127$'<7#"1 (2 × 2) 9.12 0.

27.7#27#5'( 9(2 "$#(17.7#"12 9( 0. <"'<6( 9( &$./6?1( 1:(27 /.2 <0.#$* B. C'27#%<.7#"1 9( 0.

/$32(1<( 9(2 .1&0(2 /$3;3$(17#(02 9"#7 9"1< D7$( /0'2 2'=7#0( 5':'1( 2#4/0( <"12#93$.7#"1 9(

7.#00( 9( 4"#$32* E#&1.0"12 9:.#00('$2 5'( 0:"1 1:"=2($!( 5'( 7$?2 /(' 9( 2#&1.0 .'7"'$ 9( 0F>
.0"$2 5'( 0( 4"9?0( /$39#7 '1 4"#$3 9( /3$#"9#<#73 4.G#4.0( 03&?$(4(17 2'/3$#('$( 8 <(00(

.77(19'( .'7"'$ 9( 30F*

 !" #$%&'$ () *+%,&%%+-.

H.12 <(77( /.$7#(> 1"'2 .!"12 !' <"44(17 0(2 3<6.17#00"12 9( SiC(0001) ;.#=0(4(17

&$./6#7#232 "17 373 /$3/.$32> /.$ 932"$/7#"1 76($4#5'( 9' E# 2"'2 '07$.!#9(* B( 93$"'0(4(17

9( 0. /$3/.$.7#"1 (27 <"17$A03 &$I<( 8 9(2 #127$'4(172 9( <.$.<73$#2.7#"1 7J/#5'(2 9( 0:37'9(

9(2 2'$;.<(2> '1 2/(<7$"4?7$( @'&($ /($4(77.17 0:.1.0J2( <6#4#5'( 9( 0. 2'$;.<( (7 '1

9#K$.<7"4?7$( 8 30(<7$"12 0(172 9"11.17 .<<?2 8 2. 27$'<7'$( .7"4#5'(* @ /.$7#$ 9:'1( 2'$;.<(

/$"/$( 9( SiC(0001) $(<"127$'#7( (1 (3 × 3)> "1 "=7#(17 '1 3<6.17#00"1 <"4/"$7.17 9(2

#0"72 9:'1 /0.1 '1#5'( 9( &$./6?1( 2'$ 9('G 7J/(2 9:#17($;.<(2> 0. $(<"127$'<7#"1 #1#7#.0(

L MM L



 !"! #$%&'$ () *+%,&%%+-.

(3× 3)  ! "# $ %&'(!$)%!*&' (2× 2)+ , ( -&' ( '&' .$#/0*!*(1 ( (&'! $ %&'(!$)*! (  ' (3× 3)
 2%")(*3 4 '!+ 5' !$&)3 #)((* 6) "6) ( *"&!( 4)"!*/"#'(+

, ( $ %&'(!$)%!*&'( 78*'! $9#% (&'! *7 '!*:1 ( .$;% < "# !$#'(/#$ '% 7) .$#/0=' 7#'(

% $!#*' ( %&'7*!*&'( 78*4#. $* >?@+ A $1()"!#! # 1!1 /)B"*1 7#'( C0D(+ E 3+ F GHIJ  ! #

1!1 %&':$41 /#$ >!#$K  ! %&""+ 7#'( GLMJ+ , ( 7 )2 $ %&'(!$)%!*&'( /$1( '! '! )' (!$)%!)$ 

1" %!$&'*6) ( 4*%&'7)%!$*% N 4 ()$1  2/1$*4 '!#" 4 '! /&)$ "# $ %&'(!$)%!*&' (3× 3)  !

%#"%)"1  ' OP? /&)$ "# $ %&'(!$)%!*&' (2×2)+ ,81!)7  ' (/ %!$&(%&/* 7 "# $ %&'(!$)%!*&'

(3 × 3) # 1!1 (&)4*( < /)B"*%#!*&' 7#'( Q+ C0D(+ O+ ,81!)7  ' OP? 7 "# $ %&'(!$)%!*&'

(2 × 2) # 1!1 /)B"*1 7#'( C0D(+ E 3+ F GHLJ+ , .$#/0=' #//#$#*! !$#'(/#$ '! /&)$ 7 (

1' $.* (  ' 7 0&$( 7) .#/ 7 ()$9#% 7) ()B(!$#!+ R':'N *" #//#$#*! 6) "# $ %&'(!$)%!*&'

(2× 2) /$&3* '! 7 "# !$#'(9&$4#!*&' " '! 7 "# (3× 3) (&)( " /"#' 7 .$#/0=' N /&)$ 7 (

$ %)*!( 7 ! 4/1$#!)$ ≤ 1000SA+ A 7 $'* $ $1()"!#! # #)((* 1!1 (&)4*( < /)B"*%#!*&' 7#'(

Q+ C0D(+ O+

A&'% $'#'! "# %&)%0 7 .$#/0=' N " ( *"&!( 7 !#*"" 4#2*4#" 200 '4 /$1( '! '! )'

9&$! 71(&$7$ $&!#!*&'' "+ , 71(&$7$ $&!#!*&'' " *'! $/"#'  !  '!$ .$#*'( &B( $31 ()$ " (

1%0#'!*""&'( /")( 1/#*( ()$ 9#% A 6) '&)( #3&'( 13&6)1 #) %&)$( 7) %0#/*!$ L ( $ !$&)3 

7&'% 7=( " /$ 4* $ /"#' 7 .$#/0=' + ,# 7*(!$*B)!*&' 7 ( #'." (  (! 6)#(*T%&'!*') N 4#*( " (

%"*%01( ,RRO 4&'!$ '! '1#'4&*'( 6)8*"  2*(! 7 ( &$* '!#!*&'( /$191$ '!* "" ( /&)$ " ( *"&!(+

R' >?@N "8 4/*" 4 '! #3 % $&!#!*&' 7 ( *"&!( 7 .$#/0=' ()$ " ( $ %&'(!$)%!*&'( 78*'! $9#% 

7&'' '#*((#'% < 7 ( :.)$ ( 7 4&*$1 7 /1$*&7*%*!1 7 "8&$7$ 7) nm+ ,# 31$*:%#!*&' 7)

4&7=" 7 4&*$1( /&)$ " ( *"&!( G/3× 3 # 1!1 /)B"*1 7#'( C0D(+ E 3+ F GHUJ+ ,# (!#!*(!*6) 

7 "8&$* '!#!*&' 7 ( *"&!( 7 .$#/0=' ( 4B" "*1 #)2 $ %&'(!$)%!*&'( 7 ()$9#% 7) >*AN "#

'#!)$ 7 % "* ' '8 (! !&)! 9&*( /#( %"#*$ 4 '! 1!#B"* +

C&)$ 7 ( 1%0#'!*""&'( 7 .$#/0=' ()$ 9#% A VSiC(0001)WN < "# 7*X1$ '% 7) .$#/0=' 

()$ 9#% >* VSiC(0001)WN '&)( '8&B( $3&'( /#( 7 /"#' !#4/&' 4#*( 7 ( $ %&'(!$)%!*&'( 7 

()$9#% '#!*3 ( 7) SiC(0001)+ A ( $ %&'(!$)%!*&'( (&'! %&'') ( 7#'( "# "*!!1$#!)$ 7 /)*(

 '3*$&' )' 6)*'-#*' 78#''1 (+ O 9#Y&' *'!1$ ((#'! N )' %#"%)" OP? #3 % %&44 (D(!=4 

*'*!*#" )' /"#' 7 .$#/0=' &$* '!1 < 30S ()$ "# ()$9#% *71#" 7) >*A 9#% A V#3 % )' 

()/ $% "")"  ' 6
√
3 × 6

√
3R30S7) >*AW 4&'!$#*! "8#//#$*!*&' 78)' /"#' !#4/&'N 7 9#Y&'

(*4*"#*$ #) %#( 7) .$#/0=' ()$ >*A 9#% >* GHHJ V3&*$ %0#/*!$ L /#$!* L+H+U+ZW+ 5$ '&)(

71! %!&'( 7 ( 1!#!( 1" %!$&'*6) ( 7 !D/ [.$#/0=' \ /$&%0 ( 7) '*3 #) 7 P $4* 7=( " 

/$ 4* $ /"#' $*%0  ' A V3&*$ :.)$ H+HW+ ]&)( 3 $$&'( 7#'( " ( %0#/*!$ ( ()*3#'!( 6) % %*

 (! 3#"#B" /&)$ !&)! ( " ( &$* '!#!*&'(N D %&4/$*( /&)$ )'  4/*" 4 '! < 30S+ 5'  ' 717)*!

6) " ( $ %&'(!$)%!*&'( 7 ()$9#% ( &B( $31 (  2/1$*4 '!#" 4 '! /#((*3 '! ()^(#44 '! "#

()$9#% 7) ()B(!$#! >*A 9#% A /&)$  4/_%0 $ "8#//#$*!*&' 78)' /"#' !#4/&' $*%0  ' A+

C#$ #*"" )$(N 7#'( " %#( 7 "# %$&*((#'% ()$ 9#% >* V%0#/*!$ L /#$!* L+H+U+HWN " /"#'

!#4/&' # )' 7*$ %!*&' 7 30S /#$ $#//&$! #) 3&")4 N *4/&(1 /#$ "8*'! $#%!*&' #3 % " 

()B(!$#!+ ,# %$&*((#'% 78)' /"#' ()//"14 '!#*$ 7 A (8 X %!) (&)( " /$ 4* $ /"#' 7 

(&$! 6)8)' '&)3 #) /"#' !#4/&' #//#$#*!N " /$ 4* $ 3&*! ( ( "*#*(&'( #3 % " ()B(!$#!

B$*(1 (  ! $ !$&)3 )' (!$)%!)$ 1" %!$&'*6) 7 !D/ .$#/0=' + `*'(*N "# 9&$! *'! $#%!*&'

< "8*'! $9#% # *4/&(1 )' 7*$ %!*&' #) /"#' 7 .$#/0=' + O#'( " %#( 7 "# 9#% AN *" '8D

# /#( 7 /"#' !#4/&' '* 78&$* '!#!*&' 31$*!#B" 4 '! *4/&(1 /#$ " ()B(!$#! #) /"#' 7 

.$#/0=' + ,# (!$)%!)$ 7 ( 1%0#'!*""&'( /$1(#. 7&'% 78)' *'! $#%!*&' .$#/0=' a()B(!$#!

9#*B" + ,81!)7 /")(  ' 71!#*" 7 % !! *'! $#%!*&'  ! 7 (&'  X ! ()$ "# (!$)%!)$ #!&4*6) 

 ! 1" %!$&'*6) 7) .$#/0=' ( $# /$1( '!1 7#'( " ( %0#/*!$ ( ()*3#'!(+

E 4#$6)&'(  ':' 6) /&)$ 7 ( &)!*"( 7 4 ()$ ( "&%#" ( %&44 " >?@N "# 9&$! 7*(%&'T
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 !"#$%&' () *%&+ %+&' ,'* - !".%$//0.* ,' SIC(0001) 1"$2/'3'.%
4&"#!$%$*-*

 !"#! $ %& '( )*#)+& %& ,-(.+/"& &0 1!&"2&"#& )(- &''& .&-3& %4*10&-2&- 5()!'&3&"  *# & '(

2(-!$ $ %&0 0 -#) #-&0 &6!0 (" &07 8&.&"%(" 9 '4$ #%& &"  -("0.*- %& 3*"*.'("0 %& ,-(.+/"&

0#- SiC(0001) "$)&00! & #"  -(2(!' !3.*- (" %4*. !3!0( !*" %&0 .(-(3/ -&0 %& )-*!00(")&

(:" %4*1 &"!- #"& 3&!''&#-& +*3*,$"$! $ %& '( 0 -#) #-& %4!" &-5()& & %& '( )*#)+& %& ,-(;

.+/"&7 8*")&-"(" '4!" &-5()&9 !' 5(#%-( $2! &- (# (" <#& .*00!1'& '(  -("05*-3( !*" %& '(

-&)*"0 -#) !*" (3 × 3) &" '( -&)*"0 -#) !*" (2 × 2)7 8*")&-"(" '( )*" !"#! $ %& '( )*#)+&

%& ,-(.+/"&9 '( )-*!00(")& 0*#0 ( 3*0.+/-& %4=- >?#0<#4@ 1 ( 3A ( $ $ )*"0!%$-$& BCD9 CEF7

G''& .&-3& 9 &" (#,3&" (" '( .-&00!*" %("0 '( )+(31-& %& .-$.(-( !*"9 %4(#,3&" &- '(

 &3.$-( #-& %& 0#1'!3( !*" %# H!7 G" .(-(''/'&9 '( 3*1!'! $ %&0 ( *3&0 %& 8 &" 0#-5()& &0 

(#,3&" $&9 (1*# !00(" @ #"& 3&!''&#-& *-,("!0( !*" %& '( )*#)+& %& ,-(.+/"&7 8&.&"%(" 9

'( '!  $-( #-& 3*" -& <#& )&  & %&-"!/-&  &)+"!<#& 0&31'& .'#0 (%(. $& @ '( )-*!00(")& 0#-

5()& H! BCDF <#& 0#- 5()& 8 BCEF7 I"& (# -& 0*'# !*" &"2!0(,$& %("0 '( '!  $-( #-& &0 '( )-*!0;

0(")& %("0 #" &"2!-*""&3&" -!)+& &" H! (:" %& -('&" !- '( %$0*-. !*" %# H! %# 0#10 -( 

& (!"0! .-!2!'$,!&- '4(#,3&" ( !*" %& '(  (!''& %&0 !'* 0 .(- -(..*- @ '&#- "#)'$( !*"7 8&)!

.&# 04&J&) #&- &" )*":"(" '4$)+(" !''*" '*-0 %# -&)#! BKLF *# &" )*3.&"0(" .(- !&''&3&" 

'( %$0*-. !*" %# H! .(- #" )*" -&;M#6 !")!%&" BCNF7 O( 3$ +*%& .(- )*":"&3&" %*""&

%&  -/0 1*"0 -$0#' ( 0 )*")&-"(" '( )*" !"#! $ %& '( )*#)+& %& ,-(.+/"&9 '( -$5$-&")& BCLF

%*""& #"& -&2#& %& '( 0 -#) #-& $'&) -*"!<#& & %&0 .-*.-!$ $0 %&  -("0.*- %& )&0 $)+(";

 !''*"07 P" -&3(-<#& )&.&"%(" <#& %("0 )& 0Q0 /3&9 '4!" &-5()& &0 +$ $-*,/"& & %!R)!'& @

!%&" !:&- BKSF7

=.-/0 (2*!- !%&" !:$ '( 0 -#) #-& %&0 $)+(" !''*"09 '&0 %!J$-&" &0 *-!&" ( !*"0 .*00!1'&0 %&0

!'* 0 %& ,-(.+/"& (!"0! <#& '&0 %&#6 ,$*3$ -!&0 %4!" &-5()& <#& )*"0 ! #&" '&0 -&)*"0 -#) !*"0

(2 × 2) & (3 × 3)9 %("0 '&0 %&#6 )+(.! -&0 <#! 0#!2&" "*#0 (''*"0 $ #%!&- .'#0 &" %$ (!'

'4!" &-() !*" ,-(.+/"&T-&)*"0 -#) !*" &" "*#0 !" $-&00(" "* (33&" @ 0&0 )*"0$<#&")&0

0#- '( 0 -#) #-& ( *3!<#& & $'&) -*"!<#& %# ,-(.+/"&7

; KUK ;



 ! "!#$%&'(!) !"#!$%&'()!*
 !" #$ %$ &'( )*++,-. %$ /$ 01*+2,,(. '(3 #$ &'( 4**1,($ 5//6 '(3 '78,1 ,-,9:1*(

*2;,1&':<*(; *= :>, ?<0(0001) ;71='9,$ *+,-. */0.. @ABCD E@FG. !HIJ$

 C" 5$ K$ %*>'(;;*(. L$ #$ M-'(;. '(3 N$ O,--81,($ # 9*1, -,&,- '(3 &'-,(9, 2'(3 P>*:*,Q

+<;;<*( ;:73R *= FOQ?<0$ *+,-. */0.. @SJBCQGD ECAA. !HHA$

 G" 5$ K$ %*>'(;;*(. T$ UV+'(. L$ WX1:,(;;*(. 0$ L,1;;*(. '(3 Y$ 5<(3,=,-:$ /-,9:1*(<9

;:179:71, *= FOQ?<0(0001)$ '123. %45.  . JGBCSD E!GASG. !HHF$

 @" K$ T*12,'7Z. %$QW$ 4>,+-<(. '(3 %$QW$ 6,2,&,1$ O,:,1*,P<:'Z<'- 81'P><:, *( FOQ

?<0(0001) : <(:,1='9, =*1+':<*( :>1*78> 9*(379:<*(Q2'(3 ,-,9:1*(<9 ;:179:71,$ '123.

%45.  . JABC@D E!FGHF. !HHA$

 J" K$ T*12,'7Z. %$ W$ 4>,+-<(. '(3 %$ W$ 6,2,&,1$ O<8>Q:,+P,1':71, 81'P><:<[':<*( *=

:>, FOQ?<0(0001) ='9,$ *+,-. */0.. @@C EH. !HHH$

 F" K$ T*12,'7Z. %$ W$ 4>,+-<(. #$ 0>'11<,1. T$ 4><2'73'7. '(3 %$ W$ 6,2,&,1$ ?*-<3Q

;:':, 81'P><:<[':<*( +,9>'(<;+; *= ;<-<9*( 9'12<3, FOQ?<0 P*-'1 ='9,;$ &667. *+,-. */0..

!FC E@SF. CSSS$

 I" \$ ]'P-'($ ?71='9, ;:179:71, '(3 9*+P*;<:<*( *= β− '(3 FOQ?<0$ *+,-. */0.. C!J E!!!.

!HAH$

 A" %$ ),1(>'13:. W$ N,13<(8. Y$ ?:'1^,. '(3 ]$ O,<([$ ?:'2-, ;71='9, 1,9*(;:179:<*(; *(

FOQ?<0(0001)$ 89:. */0. );<.  . F! ECSI. !HHH$

 H" ]$ O,<([. %$ ),1(>'13:. %$ ?9>'13:. '(3 Y$ ?:'1^,$ T7(9:<*('- ;71='9, 1,9*(;:179:<*(;

*= >,Z'8*('- ?<0$ =. '123. > ?@;A4;3. 89::4,.. !FB!ID E?!ISJ. CSS@$

 !S" O$ /$ O*;:,1. W$ #$ ]7-'^*&. '(3 )$ )7--,+,1$ W*1P>*-*8R '(3 ':*+<9 ;:179:71, *=

:>, FOQ?<0(0001)3× 3 ;71='9, 1,9*(;:179:<*($ *+,-. */0. "4::.. GAC EFJA. !HHI$

 !!" L$ W'--,:. T$ _'19>*(. 0$ N'73. 5$ W'8'73. 0$ ),18,1. '(3 %$Q`$ _,7<--,($ /-,9:1*(
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&1- %&2%91&,-9& &, ,+0%( =$% 540*!#& <!11&
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2%91&,-& $, *+0%9 !>&: P = 1, 9± 0, 1 ,*6 !>&: $,& +%0&,-!-0+, *&1$%9& .& α = 20± 1Y.$

∗ !"#$%&'()*+ ,+ -).% +$%(+ /*)$- ,+ '()/0#%+ 1).% +$1#(2$ 0, 3 − 0, 4 +3 456 78 

∗ 9* -")'#% ,+ *) :;:+ <2$+ =.+ >+**+ ,+ *) ?'.(+ @ 5A ,. >0)/#%(+ /(&>&,+$% 

@ )ZX @



 !"! #$%&'(#' )*$ +' ,% ,+-) +. &(%/012' %. 2#3'%. +' 4'($#

 !"# $% &'" ()#%* +%, -%,.'%, ,.' !" /&.'% 0*1 " '), /!2'"&% %# 2'"#,34'-5% $% 64.'7%' $.

,7&#"! $. &'" ()#% $4##%#28  4.' !97!42 $% &".:(%8 .#% :4''.&"274# "24-7;.% $. &'" ()#%

$% ∆Z = 0, 19±0, 01 <8 "=%: .#  "'"-)2'% $% -"7!!% a = 2, 34±0, 1 <* >4.' !97!42 $% $'472%8
4# -%,.'% .#% :4''.&"274# "24-7;.% $. &'" ()#% $% ∆Z = 0, 23± 0, 01 < %2 .#  "'"-)2'%

$% -"7!!% $% a = 2, 36±0, 1 <* ?4--% 4#  %.2 !% =47' ,.' !%, 7-"&%, %# &'4,  !"# ,.' :(";.%

7!428 4# 4@,%'=% .# ,7&#"! 5;.7="!%#2 ,.' !%, "24-%, $% 2A % B %2 C  4.' !%, $%.D -47'5,8

;.%!!% ;.% ,472 !%.'  4,7274#  "' '"  4'2 E !"  ,%.$4F:%!!.!% $. -47'5 :4#,7$5'5*

 !"#$%  !"#  !"#$ %&' ( )"**$ +$,*-., +/,,$0 VS 12/,$ 3.,4+-., $,+5$ 1$/6 -0.+* 1$ G/3 × 3
12.5-$,+"+-., α = −17± 17$+ 1$ !.-58 1$ 985-.1-4-+8 P = 3, 5± 0, 1 ,! ( #"/4:$ $+ 12.5-$,+"+-.,

α = 20± 17$+ 1$ !.-58 1$ 985-.1-4-+8 P = 1, 9± 0, 1 ,! ( 15.-+$; !"!# $%& '%()*+,-*.( /. -0.1'*-.1.2) %3.+ α = 304
?4#,7$5'4#, -"7#2%#"#2 !% :",  "'27:.!7%' $% !94'7%#2"274# E 30G$. &'" ()#%  "' '"  4'2

". ,.@,2'"2* H"#, :%22% :4#/&.'"274#8 !%, '5,%".D $. &'" ()#% %2 $% !" (1×1) $. I7? J,.3":%

7$5"!%K ,4#2 ;.",7 :4--%#,.'"@!%, "=%: :4--% -"7!!% :4--.#% !" 6
√
3 × 6

√
3R(30G)  "'

'"  4'2 ". I7? J13 × 13  "' '"  4'2 ". '5,%". $% &'" ()#%K* L4., "=4#, =. ". :(" 72'%

M J "'27% M*N*1*NK ;.% :%22% :4#/&.'"274# :4''%, 4#$ E :%!!% $.  !"# 2"- 4# '7:(% %# ?

4@,%'=5 ,.' I7? 3":% I7* H"#, :% ,A,2)-%8 7! %D7,2% $%, !7"7,4#, :4="!%#2%, %#2'% :%'2"7#,

"24-%, $.  !"# $% ? %2 !%, "24-%, $% I7 $. ,.@,2'"2* O!!%, 4#2  4.' %P%2 $% ,.  '7-%' 24.2

52"2 5!%:2'4#7;.% $.  !"#  '4:(% $. #7=%". $% 6%'-7 $"#, !%  !"# $% ?* H%  !.,8 !%, !7"7,4#,

F MQR F



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 ! "#$! %&'()!*" +&*" ",-+  .,!%".&**!))!+/ 0!1, $,2+!*%! $!1" (.*+. !3$).41!, )! 5(." 416.)

*6!3.+"! 4161*! +!1)! &,.!*"(".&*  1 $)(* "(7$&* 8!"  1 $)(*  ! 9,($:-*! 41! %&*+"."1! )!

 !13.-7! $)(* ,.%:! !* ;<= +1, "&1" )62%:(*".))&*= +1, )! +1>+",(" ?.; 5(%! ?./ @(*+ )! %(+

 1 9,($:-*! A 30B +1, )( +1,5(%! . 2()! (1 × 1)  1 ?.; 5(%! ;= *&1+ ('&*+ '1 %:($.",! C

8$(,".! C/D/E/F< 4161* %()%1) (> .*.".&  (*+ )( +1$!,%!))1)! 6
√
3× 6

√
3R(30B)  1 ?.;= $,2 ."

)( +"(>.)."2  61* 7G7! "#$!  ! +",1%"1,!= ('!% 1*! .*"!,(%".&* 5&,"! 9,($:-*!H+1>+",(" IFJ/

?1, *&+ 2%:(*".))&*+= $(,7. 1*! 9,(* ! '(,.2"2  6(*9)!+  6!7$.)!7!*"= )6&,.!*"(".&* A 30B
!+" !K!%".'!7!*" 1*!  !+ &,.!*"(".&*+ 5('&,(>)!+/ 0!+ %).%:2+ 0LL@ 7&*",!*" !* !K!" 1*

+.9*() +&1+ 5&,7!  61*! "(%:! >.!* *!""!  (*+ )!+ !*'.,&*+  ! 30B/ M) !+"  &*% .*"2,!++(*"

 62"1 .!, %! %(+ $(,".%1).!, (N*  !  2"!,7.*!, +6.)  &**! ).!1 A 1*! $)1+ 5&,"! .*"!,(%".&*

9,($:-*!O+1>+",("/ 0( N91,! F/D 7&*",! 1* .)&"  ! G/3 × 3 $&1, 1*! &,.!*"(".&* α = 30B
 1 $)(*  ! 9,($:-*! $(, ,($$&," A )( ,!%&*+",1%".&*= A "!*+.&* "1**!) %:&.+.! $&1, 5(.,!

($$(,(.",! )!+ ,2+!(13  1 9,($:-*! !"  ! )6.*"!,5(%! +1$!,$&+2+/ 0( $+!1 &O%!))1)!  1 7&.,2

%&,,!+$&* >.!* A )( 6
√
3 × 6

√
3R(30B)  1 ?.; 8".,!"+</ P!7(,41&*+ 41! %!""! 7(.))! !+"

(1++. 41(+. %&77!*+1,(>)! ('!% )! ,2+!(1  ! )( (3 × 3)/ L))! %&,,!+$&* !* !K!" A 1*!

2
√
3 × 2

√
3R(30B) $(, ,($$&," (1 ,2+!(1  ! )( (3 × 3)/ 06.7(9! >(++! "!*+.&* !* .*+!,"  !

)( N91,! F/D 8(<= 7&*",! 41! )6&*  2"!%"!  !+ 2"("+  1 9,($:-*! A >(++! "!*+.&* "1**!)= A )(

 .K2,!*%!  1 %(+  1 $,!7.!, $)(*  ! ; 8$)(* "(7$&*< +1, )( 5(%! ?. &1 !*%&,!  ! )( +",1%"1,!

2)!%",&*.41! &>"!*1! $(, )! %()%1) !* 7(.))! 6
√
3 × 6

√
3R(30B)  1 ?.; $&1, 1* $)(* ,.%:!

!* ; +1, )( +1,5(%! ?.; 5(%! ; . 2()!/ 06.*"!,5(%! ,!%&*+",1."! !* (3 × 3) $(++.'!  &*% )!

+1>+",("  ! 5(Q&* !R%(%!= # %&7$,.+ $&1, %!" !7$.)!7!*" $(,".%1).!,/ @! $)1+= &* ,!7(,41!

41!  (*+ %!""! %&*N91,(".&* (1++.= )!+ ("&7!+  ! "#$! S !" T +&*" .* .K2,!*%.2+ !* 0@U?/

L*N*= 9,V%! A )62"1 !  1 7&.,2= *&"(77!*" +( $2,.& .%."2 !" +&* &,.!*"(".&*= &* $!1"

 2"!%"!, ",-+ $,2%.+27!*" )!+ 2%(,"+ A )6&,.!*"(".&* 30B/ L* !K!"=  6($,-+ )! 7& -)!  ! 7&.,2

$,2+!*"2  (*+ )! %:($.",! $,2%2 !*"= +!%".&* D/D/E= 1* %:(*9!7!*"  ! 1B ! )6(*9)!  6!7$.O

)!7!*" α (>&1"." A 1*! ,&"(".&*  ! 13B 1 7&.,2 8$(, ,($$&," A )( %&*N91,(".&* α = 30B</
W&1, .))1+",!, %!)(= )( N91,! F/D 8>< 7&*",! 1* .)&"  ! G/3 × 3  6&,.!*"(".&* α = 29B/ U*
,!7(,41! 41! )( $+!1 & 7(.))! 2)27!*"(.,!  1 7&.,2 8",(."+ $)!.*+< *! %&,,!+$&* $(+  1

"&1" A %!))! (""!* 1! $&1, α = 30B8".,!"+</ ;6!+" (.*+. 41! )6&* ( . !*".N2  !+ .)&"+  ! G/3×3
 6&,.!*"(".&* ",-+ $,&%:! 7(.+  .K2,!*"!  ! 30B/ ;!%. (""!+"!  1 5(." 416A )(  .K2,!*%!  1

%(+  ! )( 5(%! ?.= )6.*"!,(%".&* *6!+" $(+ (++!X 5&,"! $&1, >)&41!, )6&,.!*"(".&*  1 $)(*  !

9,($:-*! )&,+  ! )( %,&.++(*%!/

O CYZ O



 !"! #$%&# &#' ()*&' &+,-)$' G/3× 3

 !"#$%  !"#  !"#$% &'( )*+,-.% )$ G/3 × 3/ 0"1  ,-. )*-2+$3.".+-3 α = 3045 +!"#6 7 .$3%+-3

.833$, VS +3.$2!6)+"+2$ "93 )$ :"+2$ ";;"2"+.2$ 7 ," :-+% ,*+3.$2:"<$ $. ,$ ;,"3 )$ #2";=>3$/ ?"

6
√
3 × 6

√
3R(304) )8 &+@ 0.+2$.%1 <-22$%;-3) 7 ," !"+,,$ 6,6!$3."+2$ )8 !-+26/  3%$2. A ?$ !B!$

+,-. +!"#6 7 C"%%$ .$3%+-3 .833$,/ 0C1  ,-. )*-2+$3.".+-3 α = 294/ D"3% <$ <"%5 ," ;%$8)- !"+,,$

6,6!$3."+2$ )8 !-+26 0.2"+.% ;,$+3%1 3$ <-22$%;-3) ;,8% 7 ," !"+,,$ 6
√
3× 6

√
3R(304) 0.+2$.%1/ !" #$%&' &'( )*+&( &,-.*$( G/3× 3

 !"# $! %!&'() %&*+*,)"')- "./# !0."# !"!$1#* $)# *0)"'/)$$)# %)&'/&2!'(."# )" 3 45 !/

"(0)!/ ,) 6)&7( ,/ 8&!%9:") %!& $) #/2#'&!'- )" ;."+'(." ,) $<)7%($)7)"' 8&!%9:")=&)+."#'&/>

+'(."? @$ )" &*#/$') A/) %./& $)# ($.'# G/3×3- $) 8&!%9:") )#' *$)+'&."(A/)7)"' '&:# %)/ %)&>
'/&2* %!& $) #/2#'&!' !/B *")&8()# +."#(,*&*)#?  !"# +)'') %!&'() "./# !$$."# "./# %)"+9)& #/&

$)# *0)"'/)$$)# ("')&!+'(."# 8&!%9:")=#/2#'&!' )" 2.&, ,<($.' !("#( A/) #/& $)# +."#*A/)"+)#

,) $! %&*#)"+) ,) +) '1%) ,) ,*;!/'# !2&/%'# #/& $! #'&/+'/&) *$)+'&."(A/) ,/ 8&!%9:")? !"!# $%&'()*&'+ ,)&- .) /%0/1+ ,+ 2()314&+ +' *&'+()/'*%& 2()5314&+6-07-'()' +& 7%(,- ,8*.%'-
C.77) "./# $<!0."# 0/ %$/# 9!/'- ($ )#' %.##(2$) ,) 7)#/&)& $) %!&!7:'&) ,) 7!($$)

,/ 8&!%9:") ,(&)+')7)"' #/& $)# (7!8)# 5DE- ./ %$/'F' #/& $)/& '&!"#;.&7*) ,) 6./&()&?

C)%)",!"'- $! #%)+'&.#+.%() G!7!"- 7*'9.,) ,) ,(H/#(." ("*$!#'(A/) %)&7)''!"' ,<!++*,)&

!/B 7.,)# ,) 0(2&!'(."# ,/ &*#)!/- )#' /") 7*'9.,) %$/# %&*+(#) %./& 7)#/&)& ,) ;!(2$)#

7.,(I+!'(."# ,/ %!&!7:'&) ,) 7!($$) ,/ 8&!%9:") !##.+(*)# J /") *0)"'/)$$) +."'&!("')

,!"# $! +./+9)?  )# 7)#/&)# #/& ".# *+9!"'($$."# KLM ."' 7."'&* /" ,*+!$!8) 0)&# $)# 9!/')#

;&*A/)"+)# ,)# %(+# G )' 2D ,/ #%)+'&) G!7!" ,/ 8&!%9:") %!& &!%%.&' !/B 0!$)/&# %./& ,/

7.".%$!" &)$!B*- ,/ 7/$'(%$!" #'!",!&, ./ ,/ 8&!%9(') N4OP? 3<*$!&8(##)7)"' +."+.7('!"'

,/ %(+G )' $) ,*+!$!8) ,/ %(+ 2D ") %)/' #<("')&%&*')& A/) +.77) /") +."'&!("') +.7%&)##(0)

,!"# $! +./+9) ,) 8&!%9:") KLM?  <!%&:# $)# 7)#/&)# A/!"'('!'(0)# ,/ ,*+!$!8) )" ;&*A/)"+)-

+)'') +."'&!("') 0!&() )"'&) −0, 2Q )' −0, 7Q )" ;."+'(." ,) $! %.#('(."- !0)+ /") 0!$)/&

7.1)"") ,) −0, 5Q?
R") ')$$) +."'&!("') %)/' #<)B%$(A/)& %!& ,)# %!&!7:'&)# ,) ,($!'!'(." '9)&7(A/) ,!"# $)

%$!" '&:# ,(H*&)"'# %./& $) 8&!%9:") )' $) 5(C- $) 8&!%9:") #) ,($!'!"' 2)!/+./% 7.("# !0)+

> SST >



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 ! "#$%&'!"('#) *! +,-"'!.-"# !%%!'!."'!." !.-/. 0('!-"  # '#1',.0.//#$#-" 0#  2&+3!-".  ,-)

4#%#-0!-"5 +#""# +,-/"!"!".,- #/" #- +,-"'!0.+".,- !%%!'#-"# !6#+ (-# .-"#'!+".,- 1!.7 #

#-"'#  # 8'!%39-# #" /,- /(7/"'!") :- 1!."5  ! %'&/#-+# 02(-# .-"#'!+".,- #- 7,'0 02. ,"

%#'$#""'!." 0#  2#;% .<(#' ",(" #- '#/"!-" +,3&'#-" !6#+  #/ ,7/#'6!".,-/ %'&+&0#-"#/5 = /!6,.'

(-# .-"#'!+".,- 1!.7 # 0!-/  # % !- > !(",'./!-" -,"!$$#-" (-# 8'!-0# 6!'.&"& 02,'.#-"!".,-/

02. ,"/ ?6,.' +3!%."'# %'&+&0#-"5 %!'".# @)@A > #"  ! %#'/./"!-+# 02(- /.8-! "B%.<(# 0( 8'!%39-#

= 7!//# "#-/.,- "(--# <(# -,(/ !6,-/ %'&/#-"&# 0!-/  ! %!'".# %'&+&0#-"#) C,(' !%%(B#'

+#""# 3B%,"39/#5 -,(/ !6,-/ ,7/#'6&  ! 1,'$# 0#/ 7,'0/ 02. ,"/ G/3×3 %!' DEF) *! G8('# H)H

?!A $,-"'# (- . ," 0# G/3× 3) *! G8('# H)H ?7A 0,--# (- %',G $,B#--& /(' (-#  !'8#(' 0#

1 -$ %#'%#-0.+( !.'#$#-" !( 7,'0 02. ," 0!-/  2#-+!0'& 0# ?!A) I- 6,." <(#  2. ," %'&/#-"# (-

'#-J#$#-" =  2!7,'0 0#  ! K,-+".,-5 0# 3!("#(' ∆Z = 0, 5 L %!' '!%%,'" !( +#-"'# 0#  2. ,")

*2,7/#'6!".,- = 7!//# "#-/.,- 0( 7,'0 02. ," G8('# H)H ?7A $,-"'#  ! '&/, (".,- !",$.<(# /('

 # % !- 0# 8'!%39-#) I- 6,." + !.'#$#-" <(#  # % !- %'&/#-"# (- % . !6!-" 0# % ,-8#' 6#'/  #

/(7/"'!") *# % . !""#.-" (-# 3!("#(' 0# ∆Z = 0, 6 L %!' '!%%,'" !( +#-"'# 0#  2. ,") 4#""#

3!("#(' 6!'.# "'9/ %#( !6#+  ! "#-/.,- 02&+3!-".  ,-5 +# <(. !""#/"# 02(- +!'!+"9'# % ("M"

",%,8'!%3.<(#

∗
) 4#""# ",%,8'!%3.# %!'".+( .9'# /(889'# (-#  .!./,- 8'!%39-#N/(7/"'!" #-

7,'0 02. ,"5 %!' /!"('!".,- 0#/  .!./,-/ %#-0!-"#/ σ 0( 8'!%39-#)

 !"#$%  ! "  !"#$ #" %&'# #(") *+&! #$ G/3×3, -./ 01.2$ 345 6 7."!$ !$)8*&) !"))$+ VS #(*+&!8

#$ G/3×3, -%/ 9'&:+ 1&;$))< 8"' ")$ +.'2$"' #$ 1 )1= >$'>$)#*?"+.*'$ ." %&'# #(*+&! #.)8 +($)?.#'<
#$ -./, @."!$"' #" >+* A ∆Z = 0, 5 B, -?/ 01.2$ 345 CD %.88$ !$)8*&) #$ +. E&)$ $)?.#'<$ #$ -./

1&)!'.)! +. '<8&+"!*&) .!&1*F"$ 8"' +$ >+.) #$ 2'.>7G)$, -#/ 9'&:+ >$'>$)#*?"+.*'$ ." %&'# #(*+&!

1$8"'< 8"' -?/ $! 1&;$))< 8"' 1 )1 #$ +.'2$"', @."!$"' #" >+* A ∆Z = 0, 6 B,

∗ !"# $%&'()*+%,# *%-%./)-0+1'"# 2 (3+,*4/+"'/ &" (3+(%* #%,* (+4"# )' $%+/45 "(("# #"/%,* 4*'&+4"# ",

&4*)+(# -('# (%+,5 &),# () -)/*+" 6 6 7 

> OOO >



 !"! #$%&# &#' ()*&' &+,-)$' G/3× 3

 !"#$%&'() %&! *!) +,-) '(. */01 /./ '2)!$3/) )&$ ,!) /45#(.-,,'() "&,.-+,#() 6#4! 7 !(

89: ;<= !. !( >?: !. 9@: ;A=B 7!+!(*#(.C ,!&$ .#-,,! !). 2-!( +,&) D$#(*!C -,) +!&3!(.

)E/.!(*$! )&$ &(! 4!(.#-(! *! nm !. +$/)!(.!(. &(! 5#&.!&$ *! ,E'$*$! *& nm F0&)%&E1 10 ("
!( 9@:GB H( !I+,-%&! ,# +$/)!(4! *! 4!) +,-) )&$ ,!) /45#(.-,,'() /+#-) +#$ ,# $!,#I#.-'(

*! ,E/(!$D-! /,#).-%&! #44&"&,/! ,'$) *& $!6$'-*-))!"!(.B J#() ('.$! 4#)C ,# .#-,,! *!) -,'.)

!). .$'+ 6#-2,! +'&$ #&.'$-)!$ ,# 6'$"#.-'( *! 4! D!($! *! +,-)C 4#$ ,!&$ /(!$D-! *! 6'$"#.-'(

!). .$'+ /,!3/! +#$ $#++'$. 1 ,E/(!$D-! /,#).-%&! 1 $!,#I!$C +$'+'$.-'((!,,! 1 ,# .#-,,! *E-,'.B

@(K(C *#() ,# $/6/$!(4! ;A=C ,!) #&.!&$) +$/)!(.!(. *!) "!)&$!)  #"#( )&$ *!) /45#(.-,,'()

*E/+#-))!&$ 3#$-#2,! *! D$#+5L(! )&$ 8-7 6#4! 7B M,) */.!4.!(. &( */4#,#D! *& +-4 2D 3!$)

,!) 5#&.!) 6$/%&!(4!) +'&$ ,!) /45#(.-,,'() "-(4!) "#-) +#) +'&$ ,!) /45#(.-,,'() /+#-)B M,)

,E-(.!$+$L.!(. +#$ ,# +$/)!(4! *E&(! 4'(.$#-(.! 4'"+$!))-3! *&! #& )&2).$#. +'&$ /45#(.-,,'()

"-(4!)B N!) /45#(.-,,'() /+#-) !&I '(. +& $!,#I!$ ,# 4'(.$#-(.! D$O4! 1 ,E#++#$-.-'( *! +,-)C

*#() ,# 4'&45! !I.!$(! *! D$#+5L(! *'(. ,!) 2'$*) *E-,'.) )'(. */4'((!4./) *& )&2).$#.B !"!# $%&'()*('%+', -./%&0-.', '% 12(3 34052&
8&$ ,!) -"#D!) 1 2#))! .!()-'( *E-,'.) *! G/3×3C '( '2)!$3! ,'4#,!"!(. &( 4!$.#-( .P+! *!

)&+!$).$&4.&$!C *E&(! (#.&$! *-Q/$!(.! *! 4!,,! *!) "'-$/)B H( .$'&3! 4!..! )&+!$).$&4.&$! 1

+$'I-"-./ *!) */6#&.) #2$&+.) 4'""! ,!) 2'$*) *E-,'.) '& *! 4!$.#-(!) -"+&$!./) */+')/!) +#$

,# +'-(.!B N# KD&$! RBS "'(.$! &( */6#&. %&#)- +'(4.&!, T &(! *-)4'(.-(&-./ *#() ,# 4'&45!

*! D$#+5L(!B 7!,,!U4- D/(L$! ,# )&+!$).$&4.&$! /3'%&/!C 0&)%&E1 &(! *-).#(4! *E!(3-$'( 3 ("B
8# +/$-'*-4-./ !). +$'45! *! 4!,,! *& $/)!#& *& D$#+5L(!B V,&) +$/4-)/"!(.C )# +)!&*' "#-,,!

/,/"!(.#-$! !). ,#

√
3 ×

√
3R30 !"# #"!!$#% "& #'()"& *& +#"!,-.)/ 01)23(%).4) *) 4)%%)

(&!)#(%#&4%&#) " *'56 '%' (3+."7') *".( 7" 73%%'#"%&#)8 *".( 7) 4"( *& +#"!,3%) 9:;< =>8 ?8 @AB

)% *& C$.$!7". *) +#"!,-.) (&# D3E F"4) D3 =G8 @@8 @HB/

E)( $(4377"%3$.(8 *&)( 6 *)( C$*&7"%3$.( *) 0I:D !#$J3)..).% *1&. !,'.$C-.) 4$..&8

$K()#J' *".( 7)( +"L MN&"(3O K3*3C).(3$..)7( MHIO *1'7)4%#$.( 73K#)(/ P77)( !)&J).% (13.%)#Q

!#'%)# 6 71"3*) *1&. C$*-7) *) *3R&(3$. '7"(%3N&) *)( '7)4%#$.( !"# 7) !$%).%3)7 "K#&!% 4#''

!"# 7) *'F"&%/ P77)( 4$##)(!$.*).% "7$#( 6 &.) S+&#) *13.%)#F'#).4) ).%#) 7)( '%"%( '7)4%#$Q

.3N&)( M"& .3J)"& *) T)#C3O 3.43*).%( )% #'U'4,3( !"# 7) *'F"&%/ 0" !#)C3-#) $K()#J"%3$.

). DVW *13.%)#F'#).4)( N&".%3N&)( *) 4) %X!) '%' $K%).&) (&# 7" (&#F"4) Cu(111) =@GB8 N&3
!#'().%) &. '%"% *) D,$4Y7)X 4$.S.' ). (&#F"4)8 4$.(%3%&".% &. +"L *1'7)4%#$.( 73K#)( HI/

I".( 7" (&3%)8 .$&( "77$.( "!!73N&)# 4) C$*-7) "& +#"!,-.)8 ). 4$..)23$. "J)4 7)( *$..')(

*) 7" S+&#) Z/[8 "S. *13.%)#!#'%)# 7" (XC'%#3) *)( S+&#)( *13.%)#F'#).4)(/

0" S+&#) Z/[ %#"3%) 7) 4"( *1&. K$#* *137$% G/3 × 3/ 0137$% '%&*3' 4$##)(!$.* 6 7137$% *)
+"&4,) *) 713C"+) DVW *$..') S+&#) Z/[ M"O/ 013C"+) ). %#".(F$#C') *) T$&#3)# MVTO S+&#)

Z/[ MKO )(% 4"74&7') 6 713.%'#3)&# *& 4"*#) 9× 14 .C2
*) 713C"+) Z/[ M"O

∗
/ 0)( (32 %"4,)( 7)(

!7&( )2%'#3)&#)( MU-4,) .$3#)O8 !#$J3)..).% *) 7" #'($7&%3$. "%$C3N&) *& +#"!,-.) M37( 4$##)(Q

!$.*).% "&2 !$3.%( Γ *".( 71)(!"4) #'43!#$N&) *& +#"!,-.)O/ 0)( (32 %"4,)( 4$##)(!$.*".% 6
7"

√
3×

√
3R30 ($.% (3%&')( !7&( J)#( 713.%'#3)&# MU-4,) K7)&)O8 %$&#.')( *) GA !"# #"!!$#%

"&2 !#'4'*).%)(/ <'$C'%#3N&)C).%8 )77)( () %#$&J).% 6 713.%)#()4%3$. *)( *#$3%)( !"((".% !"#

*)&2 !$3.%( .$. 4$.('4&%3F( *& (3+."7 +#"!,-.)8 4$CC) 377&(%#' !$&# 7" %"4,) ).4"*#')/

0" S+&#) Z/[ M4O *$..) &.) #)!#'().%"%3$. (4,'C"%3N&) )% +'.'#"7) *& !#$4)((&( *)

*3R&(3$. *".( 7) 4"( *& +#"!,-.) *$!'/ 0" L$.) *) \#377$&3. *& +#"!,-.) )(% #)!#'().%') ).

∗ !" #$% &'(#$$)*+# ,-#.("/+# )/ 0).*0/0 "#$ ,'1)/%$ ,# ") 1#&2%+# ,# ()"(/" )3& ,-45%#&*+ /&# *0)6# 78

") 9"/$ 9+49+# 94$$*5"# 
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 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#$%  !"#  !"#$ %"&&$ '$(&)*( VS +,-( ).*' G/3×3 "/$0 -($ +)&0*(')(-)'1 2-"&) 3*(0'-$..$ +$ ."

0*-04$ +$ #5"346($7 8( *%&$5/$ -($ &-3$5&'5-0'-5$ 2-) &,1'$(+ 9-&2-,: $(/)5*( 3 (! +- +1;"-'7 <$

=**! +"(& ." =*($ $(0"+51$ !*('5$ 2-,$..$ 351&$('$ ." 315)*+)0)'1

√
3×

√
3R30>?(*)5@ 3"5 5"33*5'

"- 51&$"- +- #5"346($ ?%.$-@7

 !"# $ %!#$& '()! *) %!"+,-./ *(+01 2" $)!3"4/ */ 5/!6# /$ *(..0/ +"! */$ 4/!42/$ 4/. !0$

$)! 2/$ +(#. $ Ki1 ")7 /7 !06# 0$ */ 2" 8(./ */ 9!#22()#. :/. ;2/) $)! 2/ $4,06"<& =()$

4(.$#*0!(.$ #4# 2" *#>)$#(. */$ 0 " $ 02/4 !(.#?)/$ +"! */$ *03") $ ";!)+ $& @2$ +/)A/. *(.4

*(../! 2#/) B ). 4()+2"%/ B %!".* A/4 /)! *C(.*/ */$ 0 " $ *) %!"+,-./1 .( "66/. ).

4()+2"%/ /. !/ 2/$ A"220/$ */  D+/ K/K ′ †
& E(!$ *C). +!(4/$$)$ */ *#>)$#(. *C)./ A"220/ */

 D+/ K :/. K3< B )./ A"220/ */  D+/ K ′
:/. K2<1 ). 02/4 !(. +"$$/ +"! /7/6+2/ */ 2C0 " */

A/4 /)! *C(.*/ k1 B 2C0 " */ A/4 /)! *C(.*/ k2 : #!/ $ ;2/)$<& E/ A/4 /)! */ *#>)$#(. /$ "2(!$

k = k2−k1 : #!/ $ !()%/$<& k $/!" 2/ A/4 /)! *C(.*/ */$ ($4#22" #(.$ */ EFGH 4(!!/$+(.*". 

B 4/ +!(4/$$)$ */ *#>)$#(. #. /!A"220/& G. !/6"!?)/ "2(!$ ?)/ k ≈
→
ΓK1& I#.$#1 /. +!/.". 

/. 4(6+ / 2" $D60 !#/ ,/7"%(."2/ */ 2" $)!3"4/ */ 5/!6# *) %!"+,-./1 (. (; #/. )./ J%)!/

*C#. /!30!/.4/ */ $D60 !#/

√
3×
√
3R30K+"! !"++(! ") %!"+,-./1 +!(A/.". */ 2C#. /!30!/.4/

/. !/ 2/$ 02/4 !(.$ #.4#*/. $ / !0L04,#$ +"! 2/ *03") & E" +!0$/.4/ *C($4#22" #(.$ */ EFGH

*/ +0!#(*#4# 0

√
3 ×

√
3R30KB +!(7#6# 0 */$ *03") $ ";!)+ $ $)! 2/$ #6"%/$ HMN B ;"$$/

 /.$#(.  )../2  06(#%./ *(.4 */ 2C/7#$ /.4/ *C0 " $ π */  D+/ %!"+,-./O%!"+,# / :$# )0$ /.

;(!* */ 8(./ */ 9!#22()#.< ") .#A/") */ 5/!6# +()! 2/$ #2( $ G/3× 3&

† !"#$!%&'() %&*+, )*$-+. ,/ 0& 1!'2"))&) 0" 0+3&)+'( +(."!4$,,5" 0'(. ('&) $4'() 1$!,5 26$1+.!" 7 1$!.+"

7 8 7 9 1'&! ":1,+%&"! ,$ 0").!&2.+'( 0" ,*$(.+;,'2$,+)$.+'( <$+=," 0$() 2"!.$+() 526$(.+,,'() 
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 !"! #$%&# &#' ()*&' &+,-)$' G/3× 3

 !"#$%&&'!& !'(& )*+!"%!*!" , -* &"$(."($% /!% 0%& "*.1%& %!

√
3×
√
3R302&($ -3+)*4% %!

567 8% 9'+0& 03(! :%."%($ 03'!0% k 0*!& -%& )'0(-*"+'!& 0% 8;<= 9'($ (!% "$*!&+"+'! %!"$%

-%& 0%(> 9'.1%& &+"(#%& %! K %" K ′
%&" 03*("*!" 9-(& 4$*!0 ?(% -* 0%!&+"# 03#"*"& @'+!"% %&"

+)9'$"*!"%7 A'($ (! 0+B(&%($ 9'!."(%-C '! 9$#0+" 0'!. -3*99*$+"+'! 03(! .%$.-%C 9-("D" ?(3(!

0+&?(%C 0% $*E'! 2qF F.%$.-% $'(4%G

∗
7 ;% H*I'! +)9'$"*!"%C +- %&" 0'!. %! 9$+!.+9% 9'&&+J-%

0% )%&($%$ -'.*-%)%!" -% 0'9*4% F%! :*-%($ *J&'-(%G 0% -* .'(.1% 0% 4$*91K!%C %! )%&($*!"

&($ -3+)*4% 56 -% 0+*)K"$% 0%& "*.1%& .'$$%&9'!0*!" *(> +!"%$H#$%!.%& ?(*!"+?(%&7 ;*!& -%

.*& 0% -3+)*4% 0% -* /4($% L7M F*GC (! N'') &($ (!% 0%& "*.1%& 0% -* &(9%$&"$(."($% 0'!!#

/4($% L7M F0G )'!"$% %B%."+:%)%!" 0%(> 9'+!"& 0+&"+!."&7 O'"'!& ?(% -3'! 'J&%$:% 0%(>

"*.1%& %" !'! (! .%$.-% 0% 9*$ -* &E)#"$+% 0( 0#H*("7  - &3*4+" +.+ 03(! 0#H*(" 0% 0+)%!&+'!

P F)*$.1%G %" !'! 03(! 0#H*(" 9'!."(%-7 8* .')9'&*!"% 0( :%."%($ 03'!0% 9*$*--K-% , -*

)*$.1% %&" .'!&%$:#% -'$& 0( 9$'.%&&(& 0% 0+B(&+'!7 A'($ (!% )*$.1% 0% "E9% F-'.*-%)%!"G

*$).1*+$ .'))% .%--% .'!&+0#$#% +.+C '! )'!"$% ?(% -* &#9*$*"+'! 0%& 0%(> "*.1%& $%&"%

#4*-% , 4qF QPRS7 8% 9$'/- 9$+& -% -'!4 0%& "*.1%& /4($% L7M F%G )'!"$% (!% &#9*$*"+'! 0%

"*.1%& 0% 1, 14 !)

−1
7 T'))% 0+" 9-(& 1*("C -* "1#'$+% 9$#0+" ?(% .%""% 0+&"*!.% :*(" 4qF 7

U -3+&&(% 0% 9-(&+%($& )%&($%& 0% .% "E9% &($ 0+B#$%!"& +-'"&C !'(& "$'(:'!& (! :%."%($ 0%

6%$)+ qF = 0, 032± 0, 010 V

−1
7 <! *($*+" 0'!. *B*+$% , (! +-'" *:%. (! 0'9*4% 0% ?(%-?(%&

1012 .)

−2
&'+" (! !+:%*( 0% 6%$)+ %!:+$'! 0, 2 %W *( 0%&&(& F'( %! 0%&&'(&G 0( 9'+!" 0%

;+$*.7

T% $#&(-"*" %&" #"'!!*))%!" .'1#$%!" *:%. -%& )%&($%& 03UXAY= F#.1*!"+--'!& H*J$+?(#&

&'(& Z[WG 9(J-+#%& 0*!& QPMS *+!&+ ?(3*:%. -%& )%&($%& 0% "$*!&9'$" F#.1*!"+--'!& H*J$+?(#&

%! H'($G 0% QP\S 0'!!*!" (! !+:%*( 0% 6%$)+ 0, 2 %W *( 0%&&(& 0( 9'+!" 0% ;+$*. &'+" (!

0'9*4% %! #-%."$'!& 0% -3'$0$% 0% 1012 .)

−2
7 O#*!)'+!&C , "$*:%$& .%& )%&($%&C !'(& *$$+]

:'!& *(> -+)+"%& 0% $#&'-("+'! 0% !'"$% *99*$%+-7 A'($ *..#0%$ , 0%& 0'!!#%& 0% )%+--%($%

?(*-+"#C +- H*(0$*+" ("+-+&%$ (! *("$% +!&"$()%!" =5^C $%H$'+0+ %" 9$#&%!"*!" (!% )%+--%($%

&"*J+-+"# )#.*!+?(%C .'))% .%-(+ ("+-+&# 9'($ -%& )%&($%& , 4 _ 03+!"%$H#$%!.%& ?(*!"+?(%&

&($ 4$*91K!% &($ =+T H*.% =+ QPPC P`S7 UJ*+&&%$ -* "%)9#$*"($% 9%$)%" 0% 0+)+!(%$ -3#-*$4+&]

&%)%!" %! #!%$4+% 0%& &"$(."($%& %" &"*J+-+&% -3*99*$%+- *( !+:%*( )#.*!+?(%7 X%)*$?('!&

9*$ %>%)9-% ?(3+- &%$*+" *-'$& +!"#$%&&*!" 03#"(0+%$ 9-(& 9$#.+&#)%!" -% 0'9*4% %! H'!."+'!

0% -3*!4-% 03%)9+-%)%!"7 T%9%!0*!"C -%& #.1*!"+--'!& 0% 4$*91K!% &($ =+T H*.% T 9$#&%!"%!"

0%& N'!%& !'! 4$*91+"+&#%& "$K& $#*."+:%& %" :'E*4%!" 0'!. "$'9 0+a.+-%)%!" , -3*+$ -+J$% 9'($

b"$% #"(0+# *:%. (! *("$% *99*$%+-7 A*$ *+--%($&C -* &"$(."($% %! +-'"& 0#.'!!%."#& &($ (!% &($]

H*.% &%)+.'!0(."$+.% 9'($$*+" 9'&%$ 0%& 9$'J-K)%& 03#:*.(*"+'! 0% .1*$4%& 9'($ -3+)*4%$+%

, J*&&% "%)9#$*"($%7

=+4!*-'!& ?(3+- %>+&"% 03*("$%& "%.1!+?(%& ?(+ 9%$)%""%!" 0% )%&($%$ -% 0'9*4% 0( 9-*!

0% 4$*91K!%7 8%& )%&($%& 0% "$*!&9'$" 0'!!%!" (!% +!H'$)*"+'! )'E%!!#% &($ -3#.1*!"+--'!7

8* 91'"'#)+&&+'! $#&'-(% %! *!4-% FUXAY=G 9%$)%" 0% )%&($%$ 0+$%."%)%!" -* &"$(."($%

0% J*!0% 0% -3#.1*!"+--'! %! #"*"& 9-%+!&7 T%""% 0%$!+K$% 9$'0(+" %! 4#!#$*- (!% +!H'$)*"+'!

)'E%!!#% &($ (!% &($H*.% 0% ?(%-?(%& µ)

2
7 ;% H*I'! +!"#$%&&*!"%C -% 0#:%-'99%)%!" 03(!%

-+4!% 0% O*!']UXAY= *( &E!.1$'"$'! =<8Y 8 9'($$*+" 9%$)%""$% 0% )%&($%$ -% 0'9*4% 0%

H*I'! 9-(& -'.*-%C *:%. (!% 9$#.+&+'! &(J])+.$')#"$+?(% :'+$% 0% -3'$0$% 0% ?(%-?(%& 0+N*+!%&

0% nmC $%!0*!" *+!&+ 9'&&+J-% -3#"(0% 0( 0'9*4% %! H'!."+'! 0( "E9% 03+!"%$H*.% %" 0% -3*!4-%

03%)9+-%)%!"7 Y!/!C !'(& .'!&+0#$%$'!& 0*!& -* 9*$"+% &(+:*!"% 9-(& %! 0#"*+-& -3#"(0% %!

&9%."$'&.'9+% "(!!%- 0% -* &"$(."($% #-%."$'!+?(% 0( 9-*! 0% 4$*91K!%7 O'(& 0+&.("%$'!&

∗ !"#$%&'( ($)%*+*%,( -#.( +# /0&1' -'( %#23'( (0.% 4&,-*%'( %3,0&*5$'1'.% 6789 '% &'4&0-$*('.% %&:( )*'.

+"';4,&*'.2' -#.( +' 2#( -$ (<(%:1' =&#43:.' ($& >*? /#2' >* 67@9 
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 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#$ %& ! '"$$()(!(*+ %& ,&$-#&# $". %"' /& /#01& 2 1&**& *&13.(4-&5

 !"#$%  !"#  !"#$ #$% &'!$()*($'+$% ,"-'!&,"$% $' ./(# #0&1/! G/3 × 32 3-4 56-7$ #$ 1- 8/'$9
)(/'!&:($ $'!($ "' &1/! G/3 × 3 37-"+;$4 $! "' &1/! G/2 × 2 3#(/&!$42 3.4 56-7$ !(-'%)/(6*$ #$
</"(&$( 3=<4 #$ 1- 8/'$ $'+-#(*$ #$ 3-4 6/'!(-'! 1$% !-+;$% -%%/+&*$% -" (*%$-" #" 7(->;:'$ 3?:+;$

'/&($4 $! +$11$% -%%/+&*$% @ 1- %">$(%!("+!"($

√
3×

√
3R30A3?:+;$ .1$"$42 3+4 &11"%!(-!&/' 7(->;&,"$

#" >;*'/6:'$ #$ #&B"%&/' #/''-'! 1&$" -"C D7"($% #0&'!$()*($'+$ ,"-'!&,"$2 E- >($6&:($ 8/'$ #$

F(&11/"&' 38F4 #" 7(->;:'$ $%! #/''*$ $' 7(&%2 E- %"()-+$ #$ <$(6& !G>&,"$ #" 7(->;:'$ #/>* $%!

#/''*$ >-( 1$% +$(+1$% .1$"%9 +$'!(*% %"( 1$% ./(#% Ki #$ 1- 8F2 E$% H$+!$"(% #$ <$(6& +/(($%>/'#-'!%

%/'! ->>$1*% qF 2 I' >(/+$%%"% #$ #&B"%&/' #$ 10*!-! #$ H$+!$"( #0/'#$ k1 H$(% 10*!-! #$ H$+!$"( #0/'#$

k2 #/''$ 1$ H$+!$"( #$ #&B"%&/' k = k2 − k1 !" # k ≈
→
ΓK1 $%&' (# )*+,-./& )/0 12 3.#456"&7 8"

89-/&"- (# :32.& 1;/"-&.<,.&"'& &"

√
3 ×

√
3R30=4#. .#448.- #2 3.#456"& >& 1/#+6-.& 1&) -#'5&)

#))8'/,&) %#2- 4qF ?'&.'(& .823&@ ?1@ A88+ )2. (# -#'5& &"'#1.,& 1& ?9@ ?&@ B.8:( +&)2., )2. ?1@ 

># -#'5& '8+48.-& 1&20 48/"-) 1/)-/"'-) ),4#.,) 1& 1, 14 "+

−1
 

 !"#!$%&%' ()!" *+)(" &)("%,-.- ,/" %(0/.1-./(&/" #!*(0%#!/" *"")&%-/" 2 3* ,%4!"%)( ,/"

-0*0" -3/&0.)(%#!/" 5*. ,/" ,-1*!0" *6.!50" &$/"0727,%./ 5/.8/00*(0 !( &)!53*9/ 2 9.*(,

+/&0/!. ,$)(,/ ,/" -0*0": ;( 3$*55/33/ ,%4!"%)( %(0/.7+*33-/ &*. /33/ &)!53/ 3/" +*33-/" K
/0 K ′

: <%9(*3)(" #!/ 3/" ,-1*!0" *6.!50" 8*%" *!""% 3/" ,-1*!0" 53!" ,)!= ,*(" 3$/"5*&/

,%./&0 +)(0 -9*3/8/(0 ,)((/. (*%""*(&/ 2 !( &)!53*9/ 2 5/0%0 +/&0/!. ,$)(,/ /0 ,)(& 2

,/" %(0/.1-./(&/" #!*(0%#!/" ,/ 9.*(,/ 3)(9!/!. ,$)(,/: >*(" &/ &*"' )( 5*.3/ ,/ ,%4!"%)(

%(0.*7+*33-/ &*. &/ 5.)&/""!" (/ 5/.8/0 5*" ,/ &)!53/. 3/" +*33-/" K /0 K ′
,/ 3* "0.!&0!./

,/ 6*(,/: >/ 3* 8?8/ 8*(%@./ #!/ &/33/ 5.-"/(0-/ 53!" A*!0 5)!. 3* ,%4!"%)( %(0/.7+*33-/'

%3 /"0 5)""%63/ ,$-0!,%/. 3/" B9!./" ,$%(0/.1-./(&/" *"")&%-/" 2 3* ,%4!"%)( %(0.*7+*33-/: C*

.-1-./(&/ DEFG * 8)(0.- ,*(" 3/ &*" ,! 9.*5A@(/ "!. <%H 1*&/ <% #!/ 3$-0!,/ ,/ &/" 5.)&/""!"

,/ ,%4!"%)( 5/.8/00*%0 ,/ ")(,/. 3* "I8-0.%/ ,/" -0*0" -3/&0.)(%#!/" 5*. !(/ 8/"!./ 3)&*3/:
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 ! ! "#$%" &''()*)+%," %" -& .#($/#$(" &#)0,1$" "#

2-"/#()+,1$" %". ,-)#. G/3× 3

 ! "#$% &'(")#!*)# &# )+,$-%.% #! ).""#-.!% /$# -. &'!,#)0.%1'! *# -. &21).-1%+ -'), *#

-. *13$,1'! ".) $! "'%#!%1#- ,$4,.((#!% -#!%#(#!% 0.)1.5-# "'$) &'!,#)0#) -. ,6(+%)1#

789 *$ )+,#.$ *$ :)."2;!# 1!%#)*1% -. )+%)'*13$,1'! 1!%).<0.--+#= >#% #3#% #,% *+%#&%+ #!

&'(".).!% -#, ?@ *A1(.:#, B?C D %);, 2.$%# )+,'-$%1'! *# E:$)#, *A1!%#)F+)#!&# D :).!*#

-'!:$#$) *A'!*# ,$) -#, 1-'%, ('!'"-.! #% 51"-.! #! #("1-#(#!% 9#)!.-= ># %6"# *# (#,$)#

!A. "., #!&')# +%+ #3#&%$+# ,$) *$ :)."2;!# ,$) B1> F.&# >= G#(.)/$'!, /$# *.!, !'%)#

,6,%;(#H -. "#%1%# %.1--# *#, 1-'%, #,% $! '5,%.&-# D &# :#!)# *# (#,$)#, &.) 1- ,A.:1% *A'5,#)0#)

*#, E:$)#, *A1!%#)F+)#!&# *# -'!:$#$) *A'!*# ")'&2# *# -. *1I.1!# *# nm= J# "-$,H -A."".)#1-
*'!% !'$, *1,"','!, "'$) .!.-6,#) -#, +&2.!%1--'!, 1! ,1%$ !A#,% "., .*."%+ D *#, (#,$)#,

*#(.!*.!% $!# .$,,1 :).!*# )+,'-$%1'!=

K'$) E!1) -. ")+,#!%.%1'! *#, 5')*, *A1-'%, *# :)."2;!#H 1- F.$% #!E! )#(.)/$#) /$#

%2+')1/$#(#!%H %'$, -#, %6"#, *# 5')*, *A1-'% !# ")'*$1,#!% "., *# *13$,1'! 1!%#)0.--+#=

L! #3#%H "'$) $! 5')* *# :+'(+%)1# ".)F.1%#(#!% I1:I.:H '! ,A.%%#!* D -A'5,#)0.%1'! *A$!

+%.% -'&.-1,+ #! 5')* *A1-'%H ,$) $! ,#$- .%'(# *# -. (.1--# +-+(#!%.1)# *$ :)."2;!# MNOP=

C.-2#$)#$,#(#!%H !'$, !A.0'!, "., "$ '5,#)0#) &#% #3#% #! ).1,'! *# -. ).)#%+ *# 5')*,

I1:I.: 51#! *+E!1, ,$) !', +&2.!%1--'!,= ! "#$%& '(()*+*,%-& %& .' /#)$0#$)& '#*1-2$& &# 3.&04#)*,-2$& %&/ -.*#/ G/3× 3

Q$,/$AD ")+,#!%H !'$, !'$, ,'((#, -1(1%+, D -A+%$*# *#, 1(.:#, B?C %'"':)."21/$#, D

5.,,# %#!,1'!H )#")+,#!%.!% -. RJ B .$ !10#.$ *# @#)(1 *$ :)."2;!#= S'$, .--'!, (.1!%#<

!.!% +%#!*)# -A+%$*# *#, 1-'%, G/3×3 D $!# "-$, :).!*# :.((# *A+!#):1#H D %).0#), -A1(.:#)1#
B?C %'"':)."21/$# #% -. ,"#&%)',&'"1# %$!!#-= ! !" #$%&'$&%( )*('$%+,-.&( /( *0-,$(%12'(
7");, .0'1) +%$*1+ #! *+%.1- -. ,%)$&%$)# +-#&%)'!1/$# *# -. )#&'!,%)$&%1'! (3 × 3) *.!,

-# &2."1%)# ")+&+*#!% T".)%1# U=V=V=VWH 1- #,% 1!%+)#,,.!% *# &'(".)#) -#, )+,$-%.%, '5%#!$, D

*#, (#,$)#, #! ,"#&%)',&'"1# %$!!#- ,$) -#, 1-'%, G/3× 3= R. E:$)# X=Y ('!%)# *#, *'!!+#,
>Z?B .&/$1,#, ,$) -. I'!# *# 20 × 20 !(2

*# -A1(.:# #! 1!,#)%H .0#& -#, %#!,1'! #% &'$).!%

*# ,%.51-1,.%1'! Vstab = −2, 5 [ #% It = 1, 0 !7= Z- ,A.:1% *A$!# \'!&%1'! #!%)# $! 1-'% G/3× 3
T:.$&2#W #% -. ,$)F.&# (3×3) !'! :)."21%1,+# T*)'1%#W= R#, *#$] %6"#, *# ,$)F.&# ,'!% ,'!*+#,
.0#& -. (^(# "'1!%#H 1- #,% *'!& "',,15-# *# &'(".)#) *1)#&%#(#!% -#, *'!!+#,= R. E:$)#

X=Y T.W ('!%)# %)'1, &'$)5#, I(V )H .&/$1,#, ,$) -A1-'% T&'$)5# !'1)#WH -. I'!# !'! :)."21%1,+#
T&'$)5# :)1,#W #% ,$) -# 5')* *# -A1-'% T&'$)5# #! %1)#%,W= R#, &'$)5#, ,'!% ('6#!!+#, ,$)

-#, I'!#, #!&.*)+#, *# &'$-#$) &'))#,"'!*.!%# T300 "'1!%,W #% -. -1:!# #! %1)#%, T15 "'1!%,W
)#")+,#!%+#, ,$) -A1(.:#= R#, ,"#&%)#, dI/dV &'))#,"'!*.!%, ,'!% )#")+,#!%+, E:$)# X=Y T5W=

>'!&#)!.!% -. ,$)F.&# !'! :)."21%1,+#H '! )#%)'$0# $!# )+*$&%1'! 1("')%.!%# *$ &'$).!%

#!%)# VS = −1, 4 [ #% VS = +0, 1 [H #! .&&')* .0#& -#, )+,$-%.%, *$ &2."1%)# ")+&+*#!%
TE:$)# U=YW= B$) -A1-'% *# :)."2;!#H -#, &'$)5#, ('!%)#!% -# (^(# %6"# *# &'("')%#(#!%H

(.1, -+:;)#(#!% ('1!, (.)/$+= R. &'$)5# .&/$1,# ,$) -# 5')* *# -A1-'% . "'$) 5$% *# ('!%)#)

/$# *$ &'$).!% #,% *+%#&%+ D 5.,,# %#!,1'!H &# /$1 ")'$0# /$# -. F')%# )+*$&%1'! *$ &'$).!%

*.!, -#, *#$] &., ")+&+*#!%, !A#,% "., 1("$%.5-# D -. ,%)$&%$)# +-#&%)'!1/$# *# -. "'1!%#=

< NN_ <



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#$%  !"#  !""#$% %&$'()!%'!&*+,$% -./012 3'+,*%$% %,) 43 5!"'(*!" $"()$ ," *4!( 6$ G/3 × 3
$( 43 %,)73'$ (3 × 3) "!" 8)3&9*(*%#$ 6$ 4:*;38$ 10< 6$ 20 × 20 ";2

$" *"%$)(= >3)3;?()$% 6$

%(3@*4*%3(*!" A ($"%*!" 6:#'93"(*44!" Vstab = −2, 5 BC '!,)3"( (,""$4 It = 1, 0 "D -32 .!,)@$% /-B2
%,) 4:*4!( G/3×3 -"!*)2C %,) 43 (3×3) -8)*%2 $( %,) 4$ @!)6 6:*4!( -(*)$(%2= E$% '!,)@$% %!"( ;!F$""#$%
%,) 4$% G!"$% $"'36)#$% 6$ '!,4$,) )$%&$'(*H$% -IJJ &!*"(%2 $( %,) 43 4*8"$ $" (*)$(% -KL &!*"(%2= -@2

1&$'()$%

dI
dV
'!))$%&!"63"(%= -'2 1&$'()$ 6$ &9!(!#;*%%*!" )#%!4,$ $" 3"84$ -DM>N12 $O()3*( 6$ PKQRC

3'+,*% %,) ," #'93"(*44!" 6$ 8)3&9?"$ -0, 3 ;!"!'!,'9$2 %,) 1*. 73'$ .C 3H$' ,"$ #"$)8*$ &)*;3*)$
6$ &9!(!" hν = 65 $B= /4 )$&)#%$"($ 4$ "!;@)$ 6$ &9!(!#4$'()!"% 6#($'(#% $" 7!"'(*!" 6$ 4$,) #"$)8*$
6$ 4*3*%!" $( 6$ 4$,) H$'($,) 6:!"6$ &3)344?4$ S 43 %,)73'$ k‖ 63"% 4:#'93"(*44!"C %,*H3"( 43 6*)$'(*!"
ΓK 6$ 43 G!"$ 6$ T)*44!,*" 6, 8)3&9?"$= U" )$&?)$ ,"$ @3"6$ @*$" 6*%(*"'($ 6, 1*.C 3*"%* +,$ 4$%

@3"6$% π $( σ 6, 8)3&9?"$ -σ∗ *"6*+,$ ,"$ @3"6$ σ 6:," 6!;3*"$ 6$ 8)3&9?"$ (!,)"# &3) )3&&!)(
S 43 6*)$'(*!" 6$ ;$%,)$=2=

 !""# $%%#&'() *# +,#-%.# '# -!&'(-%$&-# %(&&#* '# *$ +(./$-# (3×3) ,.0+#&%# $(++1 *#+
"2"#+ -$.$-%0.1+%13(#+ 3(# -#**#+ ,.0+#&%0#+ $( -4$,1%.# ,.0-0'#&% 567(.# 89:;9 <# "1&1"("

'# -!&'(-%$&-# #&%.# VS = −1, 4 = #% VS = +0, 1 = %0"!17&# '>(& 7$, '>0%$%+ #& +(./$-#9

<# &1?#$( '# @#."1 53(1 -!..#+,!&' A VS = 0 =; #+% '!&- ,.!-4# '( B$+ '# B$&'# '#
-!&'(-%1!&9 C& .#%.!(?# *#+ 0%$%+ 0*#-%.!&13(#+ .0+1'(#*+ '$&+ *# 7$,) $,,$.$1++$&% +!(+ *$

/!."# '>(&# +%.(-%(.# 0*$.71# $(%!(. '# VS = −0, 7 =) $++!-10+ A -#.%$1&+ +1%#+ C) 3(# &!(+
$?1!&+ '0&!""0+ C+

$( -4$,1%.# ,.0-0'#&%) ,$.%1# 89D9D9D9 E&6&) '( -F%0 '#+ 0%$%+ ?1'#+)

*# 7$, #+% $(++1 '0*1"1%0 ,$. (&# +%.(-%(.# ,.0+#&%$&% (& "$G1"(" A VS = +0, 7 =9

<# +,#-%.# '# -!&'(-%$&-# %(&&#* $-3(1+ +(. *>1*!% '# G/3×3 "!&%.# '#+ -$.$-%0.1+%13(#+
%.H+ +1"1*$1.#+ A -#*(1 $-3(1+ +(. *$ +(./$-# &(#9 I!(+ !B+#.?!&+ %.H+ -*$1.#"#&% *$ .#"!&%0#

$B.(,%# A VS = −1, 4 =) $1&+1 3(# *$ +%.(-%(.# ?#.+ VS = +0, 7 = ,(1+ *$ /!.%# .#"!&%0#

J KK: J



 ! ! "#$%" &''()*)+%," %" -& .#($/#$(" &#)0,1$" "#

2-"/#()+,1$" %". ,-)#. G/3× 3

 ! "#$%&' ()*" VS = +1 +, -& ./% !.0&%.) )"0 1/*0)2)%0 *3 !#0) 2&#" %/% %!'') )%0*)

VS = −1, 4 + )0 +0, 1 +, 4#%"#5 ')" "0*!.0!*)" 6*/()%&%0  ) '& *)./%"0*!.0#/% 7 '8#%0)*1&.)

"/%0  30).03)" 7 0*&()*" ') 6'&%  ) $*&69:%)5 )% ./93*)%.) &(). ')"  /%%3)" 0/6/$*&69#;!)"

9&!0) 0)%"#/%, -) %#()&!  ) <)*2#  ) '8#'/0 )"0 "#0!3 6*/.9)  ! =&"  ) =&% )  ) ./% !.0#/%  )

'& "!*1&.)  ! >#?5 ./22)  &%" ') .&"  ) '& "!*1&.) %!), -) "#$%&' "!66'32)%0&#*) @6&* *&66/*0

&! "6).0*) &.;!#" "!* '& (3 × 3) %/% *)./!()*0)A 2)"!*3 7 '8#%03*#)!*  ! $&6 ./**)"6/% 

&!B 30&0" 3').0*/%#;!)"  ! $*&69:%), C&%" .)" ./% #0#/%"  ) "0&=#'#"&0#/% @9&!0) 0)%"#/%

 83.9&%0#''/%A5 ;!# ./**)"6/% )%0 7 !%)  #"0&%.) 6/#%0)D"!*1&.) EB) '/*"  ) '8&.;!#"#0#/%  )"

"6).0*)"5 /% (#"!&'#") '&  #F3*)%.) #26/*0&%0)  )  )%"#03  830&0" )%0*) '& *)./%"0*!.0#/% )0

') 6'&%  ) $*&69:%) 3(/;!3) &! .9&6#0*) 6*3.3 )%0 6&*0#) G,H,I 6/!* )B6'#;!)* )% 6&*0#) '&

0*&%"6&*)%.)  ! $*&69:%) "!* ')" #2&$)" 9&!0) 0)%"#/%,

J% 6&*&'':')5 J20")( )0 ./', KILM /%0 6!='#3  )" *3"!'0&0"  ) 69/0/32#""#/% *3"/'!) )% &%$')

@4NOJ>A "!*  )" 3.9&%0#''/%" "#2#'&#*)" &!B %P0*)"5  ) $*&69:%) "!* >#? 1&.) ? 6*3")%0&%0

'& *)./%"0*!.0#/% (3× 3) @)0 '& *)./%"0*!.0#/% (2× 2)A 7 '8#%0)*1&.), ?)00) 0).9%#;!) 6)*2)0

 8&..3 )* )B63*#2)%0&')2)%0 7 '& "0*!.0!*)  ) =&% ) )% 30&0" 6')#%" )% "!*1&.)  8!% 3.9&%Q

0#''/% 230&''#;!), N)2&*;!/%" ;!8)'')  /%%) &..:" 7 !%) .&*0/$*&69#)  ) '&  )%"#03  830&0"

)% 1/%.0#/%  ) '83%)*$#)  ) '#&#"/% )0  ) k‖5 2/R)%%3) "6&0#&')2)%0 "!* '& "!*1&.) 3.'&#*3) 6&*

') *&R/% #%.# )%0 @ ) '8/* *)  ) 100 µ2A &'/*" ;!) '& "6).0*/"./6#) 0!%%)' )"0 !%) 2)"!*)

'/.&')5 ;!#  /%%) &..:" 7 '&  )%"#03  830&0" #%03$*3) )% k‖ "!* '& S/%)  ) T*#''/!#%, -& E$!*)
U,V @.A *)6*3")%0) !% "6).0*) 4NOJ> )B0*&#0  ) KILM5 &.;!#" "!* !% 3.9&%0#''/% 6*3")%0&%0

0, 3 2/%/./!.9)  ) $*&69:%) )% "!*1&.), -8#%0)%"#03  ) 69/0/3').0*/%" R )"0 *)6*3")%03) )%

1/%.0#/%  ) '83%)*$#)  ) '#&#"/% )0  ! ().0)!*  8/% ) k‖  ) '83').0*/%  &%" '83.9&%0#''/% @&(&%0
 8W0*) 32#" 6&* )F)0 69/0/3').0*#;!)A, X% R /=")*() ')" =&% )" σ )0 π  ! $*&69:%)5 .)00)

 )*%#:*) 6*3")%0&%0 !% "#$%&' Y!";!8&! %#()&!  ) <)*2#, -)" &!0)!*" # )%0#E)%0  8&#'')!*" ')

6/#%0  ) C#*&. 7 0, 2 )+ &!  )""/!"  ! %#()&!  ) <)*2#, C! 6/#%0  ) (!)  ! "!="0*&05  &%"

'& $&22)  83%)*$#) ;!) %/!" 6/!(/%" "/% )* )% >Z[5 /%  30).0) !% 1/*0 "#$%&' 7 6&*0#*  )

1, 5 )+  83%)*$#)  ) '#&#"/% @(/#* \:.9) */!$)A, ?)00) .&*&.03*#"0#;!) )"0 ./93*)%0) &(). '&

*)2/%03)  ) "#$%&' 7 VS = −1, 4 )+ "!* ')" "6).0*)"  ) ./% !.0&%.) 0!%%)' E$!*) U,V @=A,

J%E%5 /% 0*/!() !% "#$%&' 1&#=') )0  #F!" 6/!*  )" 3%)*$#)"  ) '#&#"/% )%0*) 0, 5 )+ )0 1, 0 )+5
;!# ./**)"6/% 6*/=&=')2)%0 &!B 30&0"  &%" ') $&6  ) "!*1&.)  ) '& (3× 3)5 6*/()%&%0  )"
"#0)" C+

@.9&6#0*) 6*3.3 )%0 E$!*) G,VA

∗
,

O/!* ./%.'!*)5 *)2&*;!/%" ;!) ')" 30&0"  ) '8#%0)*1&.) ")2=')%0 6)! &F).03" 6&* '& 6*3Q

")%.)  ! $*&69:%), -)" "0*!.0!*)" .&*&.03*#"0#;!)"  ) '& *)./%"0*!.0#/% (3×3) /%0 ')" 2W2)"

1/*2)" )0 6/"#0#/%" ;!) '& *)./%"0*!.0#/% "/#0 *)./!()*0)  ) $*&69:%) /! %/%, ?).# ./%"0#0!)

!% &*$!2)%0 )% 1&()!*  8!%) #%0)*&.0#/% 1&#=') $*&69:%)D"!="0*&0  &%" .) "R"0:2), J%"!#0)5

 ) 6&* ') '&*$) $&6  830&0" )% "!*1&.)  ! "!="0*&05 ')" 30&0"  ! $*&69:%) /%0 6)!  830&0" 3').Q

0*/%#;!)" )B03*#)!*" &!B;!)'" ") ./!6')*, -)" 30&0" 7 '8#%03*#)!*  ! $&6 "/%0 6)! %/2=*)!B5

"#0!3" "!* ')" "#0)" C+
@.9&6#0*) 6*3.3 )%05 E$!*) G,VA5 ;!# "/%0 (*&#")2='&=')2)%0 '/#%  )

'& "!*1&.) ./22) ') "!$$:*)%0 ')" #2&$)" >Z[, -) "#0) C  ) '& *)./%"0*!.0#/% )"0 )% )F)0

0/!Y/!*" (! "!* ')" #2&$)" >Z[ ./22) !%)  36*)""#/%5  ) 6*/1/% )!* ≥ 0, 8 ], -)" #2&$)"

0/6/$*&69#;!)" 6/!*  )" 1&#=')" 0)%"#/%" 0!%%)'5 *)6*3")%0&%0 ')" 30&0"  ! $*&69:%)  83%)*Q

$#) 6*/.9)  ! %#()&!  ) <)*2# &(&#)%0  3Y7 #% #;!3 !% $*&69:%) 0*:" 6)! 6)*0!*=3 6&* ')

"!="0*&0 6/!* .)" 3%)*$#)", ^*_.) 7 .)" #%1/*2&0#/%" "!66'32)%0&#*)"5 /% 6)!0 )%(#"&$)* !%)

6)*0!*=&0#/% 1&#=')  ) '& "0*!.0!*) 3').0*/%#;!)  ! $*&69:%) 6&* ') "!="0*&0 "!* !%  /2&#%)

∗ !"# $"%& $"'()*'"# #+'%,+%'"# #-(+ .%##) /)#)01"# #%' 1. #%'2.," )()+).1" "( (3 × 3) (-( 3'.45)+)#6"

$.(# 789:; ," <%) 4"'="+ $" 1"# .++')0%"' ,1.)'"="(+ .% #%0#+'.+ 

Q II` Q



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#$%&'$ ()*+ ",$# *- .) %$+,$ #"/#01'#+ *# $2$, 3'+'4)$ +*% )$ &%/(56#$7 )'" 8 )/ (%"+$#9$  *

+*4+,%/, : )$+ 01'%"+- ;*+<*!8 (%"+$#,7 #1*+ )$+ /31#+ /41% "+  $ =/>1# /4+,%/',$ $, (*%$0$#,

&"10",%'<*$7 +/#+ $?()'9',$% )/ #/,*%$  $ )/ )1'  $ 910(1+','1# <*' $# $+, 8 )!1%'&'#$- @/#+

9$ <*' +*',7 #1*+ /))1#+ 95$%95$% 8 $?()'<*$% 9$ <*$ %$(%"+$#,$#, (5A+'<*$0$#, 9$+ B&*%$+

 $ 01'%" (1*% )$ ()/#  $ &%/(56#$- ! !" #$%&'(')%*%+,$ (-./+01& 2&/ 341'&/ 2& 5,+')
 ! !"!# $%&'()*'+ ,- .%/(0 +' +.1/2+.+&' 2%3)2

C1*% 9100$#9$%7 ",* '1#+  $ ()*+ (%6+ )/ 91#91% /#9$ $#,%$ )!/+($9,  $+ 01'%"+ $, )!$0D

(')$0$#, /,10'<*$ &%/(56#$E%$91#+,%*9,'1#- @/#+ )$ 95/(',%$ (%"9" $#, FB&*%$ G-HIJ7 #1*+

/31#+ ' $#,'B" ,%1'+ ,A($+  $ 01'%"+7 +$)1# )/ ,/95$  $ )/ (3 × 3)  *  '/&%/00$ KLL@ 8

(/%,'%  $ )/<*$))$ ')+ +1#, 91#+,%*',+- M# (%$0'$% /++19'" 8 )/ ,/95$ (4, 0) /3$9 *#$ ("%'1D

 '9'," 0/?'0/)$ Pmax = 3, 8 #0 (1*% α = 0N7 *#  $*?'60$ /++19'" 8 )/ ,/95$ (3, 1) /3$9
Pmax = 6, 0 #0 (1*% α = 13, 9N$, *# ,%1'+'60$ /++19'" 8 )/ ,/95$ (2, 2) /3$9 Pmax = 3, 1 #0
(1*% α = 30N- O1*+ /))1#+ 0/'#,$#/#, #1*+ 91#9$#,%$% +*% )$+  $*? ,A($+  $ 01'%"+ )$+ ()*+

=%"<*$#,+ +*% #1+ "95/#,'))1#+7 9$*? /++19'"+ /*? ,/95$+ (3, 1) $, (2, 2) F$0(')$0$#,+ /3$9

15N≤ α ≤ 30N7 31'% (/%/&%/(5$ G-G-H  * 95/(',%$ (%"9" $#,J- @/#+ )/ +*',$7 )$+ ,A($+  $

01'%"+ +$%1#, #100"+ 8 (/%,'%  $ )!'# $?/,'1#  $ )/ ,/95$ (3× 3) /++19'"$-

@$ =/>1# '#,"%$++/#,$7 )$+ '0/&$+ PQR 8 4/++$ ,$#+'1# ,*##$) %"36)$#, *# 91#,%/+,$  $

01'%" '#3$%+" +$)1# )$ ,A($  $ 01'%" 91#+' "%"- S'#+'7 9100$ )$ 01#,%$#, )$+ B&*%$+ T-U F/J

$, F4J %$+($9,'3$0$#,7 #1*+ 14+$%31#+ *# 91#,%/+,$  $ ,A($ V41++$+W  /#+ )$ 9/+  $ 01'%"+

 $ ,A($ (2, 2) F1# 0$+*%$ α = 29 ± 1NJ $, *# 91#,%/+,$  $ ,A($ V,%1*+W  /#+ )$ 9/+  $

01'%"+  $ ,A($ (3, 1) F1# 0$+*%$ α = 17± 1NJ- P'&#/)1#+ '9' <*$ )$ ,A($  $ 91#,%/+,$ 14+$%3"
$+, '# "($# /#,  $ )/ (1'#,$ $,  $ )/ ,$#+'1#  !"95/#,'))1#- L# '0/&$/#, 8 ,$#+'1# ,*##$)

'#,$%0" '/'%$7 1# =/', /((/%/',%$ )$+  $*? %"+$/*?  $ )/ (3 × 3) $,  * &%/(56#$ +*($%(1+"+-

X$9' ($%0$,  $  ",$%0'#$% )!$0(')$0$#, )19/)  * &%/(56#$ (/% %/((1%, 8 )/ (3× 3)  /#+ )$+
Y1#$+ 5/*,$+ $, 4/++$+  * 01'%"7 +$)1# )$ ,A($  $ 01'%"- K$+ B&*%$+ T-U F9J $, F J 01#,%$#,

9$ ,A($  !'0/&$+ PQR (1*% )$+ 01'%"+  $ ,A($ (2, 2) $, (3, 1)- K$+ B&*%$+ T-U F$J $, F=J $#

 1##$#, *#$ %$(%"+$#,/,'1# +95"0/,'<*$ (1*% $# =/9')',$% )!/#/)A+$- K/ +,%*9,*%$ /,10'<*$  $

)/ %$91#+,%*9,'1# #!",/#, (/+ 91##*$7 )/ %$91#+,%*9,'1# $+, %$(%"+$#,"$ (/% )$+ ",/,+  ",$9,"+

(/% PQR7 $# %1*&$ (1*% )$+ ",/,+ ()$'#+ $, $# %1+$ (1*% )$+ ",/,+ 3' $+-

@/#+ )$ 9/+  * 01'%" (2, 2)7 )$+ %"+$/*?  * &%/(56#$ $,  $ )/ (3 × 3) +1#, <*/+'D

9100$#+*%/4)$+- K/ 0/'))$  $ Z'&#$%DP$',Y  * 01'%" $+, %$(%"+$#,"$ +*% )/ B&*%$ T-U F$J-

K/ 5/*,$*% /((/%$#,$  * 01'%" $+, 0/?'0/)$ /* 9$#,%$  $ )/ 0/'))$ $, 0'#'0/)$ /*? 41% +-

X$+ Y1#$+ 91%%$+(1# $#, $# 01A$##$ 8  $*? ,A($+  !$0(')$0$#,- S* 9$#,%$7 *#$ 0/[1%',"

 $+ ",/,+  * +*4+,%/, 91\#9' $ /3$9 )$ 9$#,%$  !*# 5$?/&1#$  $ &%/(56#$- L# 41%  $ 0/'))$7

*#$ 0/[1%',"  !",/,+  * +*4+,%/, 91\#9' $ /3$9 *# /,10$  $ X 1* +*% *#$ )'/'+1# XDX  *

()/#  $ &%/(56#$-

@/#+ )$ 9/+  * 01'%" (3, 1)7 )/ 91%%*&/,'1#  * 01'%" $+, '#3$%+"$ (/% %/((1%, /* 9/+

(%"9" $#,7 /3$9 *#$ 5/*,$*% /((/%$#,$ 0'#'0/)$ /* 9$#,%$  $ )/ (+$* 1 9$))*)$ $, *#$ 5/*,$*%

/((/%$#,$ 0/?'0/)$ $# 41%  $ 9$))*)$- K!$0(')$0$#, /* 9$#,%$  $ )/ 9$))*)$ F'# '<*" (/% )$

9$%9)$ $# (1'#,'))"+J $+, '9' ,$) <*$ )$+ ",/,+  $ )/ %$91#+,%*9,'1# 91\#9' $#, /3$9 *# /,10$  $

X 1* *#$ )'/'+1# XDX- L# 41%  $ 9$))*)$ F41%  !'0/&$J7 )$+ ",/,+  $ )/ (3× 3) 91\#9' $#,
()*,], /3$9 )$+ 9$#,%$+  !5$?/&1#$  $ &%/(56#$-

D HH^ D



 ! ! "#$%" &''()*)+%," %" -& .#($/#$(" &#)0,1$" "#

2-"/#()+,1$" %". ,-)#. G/3× 3

 !"#$%  !"#  !"#$ #$ %&$'()%$'$*! %+,-% $* .+*,!)+* #" ,+*!/-0!$ #" '+)/12 (+"/ %$0 '+)/10 #$

!3($ (2, 2) 45-",6$7 $! (3, 1) 4#/+)!$78 4-7 $! 497 :'-5$0 ;<= $* '+#$ ,+"/-*! ,+*0!-*! > 9-00$

!$*0)+* #&1,6-*!)%%+* VS8 ;$%+* %$ !3($ #$ '+)/12 %$ ,+*!/-0!$ $0! )*?$/018 4,7 $! 4#7 :'-5$0 ;<=

> !$*0)+* VS )*!$/'1#)-)/$ .-)0-*! -((-/-)!/$ %$0 /10$-"@ #$ %- (3 × 3) $! #" 5/-(6A*$ 0"($/(+0108
4$7 $! 4.7 B$(/10$*!-!)+* 0,61'-!)C"$ #$0 )'-5$0 4,7 $! 4#78  * !/-)!0 (%$)*0 D (0$"#+E,$%%"%$ #$

F)5*$/E;$)!G (+"/ %$ '+)/1 #$ !3($ (2, 2)8 ;"/ ,6-C"$ )'-5$2 %$0 (+)*!)%%10 #1%)')!$*! %$0 G+*$0 #$
!3($ #&$'()%$'$*! #)H1/$*!2 0$%+* C"$ %$0 1!-!0 #$ %- /$,+*0!/",!)+* ,+I*,)#$*! (%"!J! -?$, "* ,$*!/$

#&6$@-5+*$ #$ 5/-(6A*$ +" -?$, "* -!+'$ #$ 5/-(6A*$ 4+" "*$ %)-)0+* KEK78

 !"#  



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#!$ %&# '&() *+,&# '& -.!/0# ,/0#&"*&"* (" 1."*/2#*& !"3&/#0 -2!# ." /&*/.(3& %2 -4-&

1.//&#,."'2"1& &-,!%&-&"*562(*&(/ 2,,2/&"*& '( -.!/0 '2"# %&# '&() 12#7 8&# 9."&# .: %&#

0*2*# (3×3) 1.;"1!'&"* 23&1 (" 1&"*/& '<6&)2=."& '& =/2,6>"& ?&-,!%&-&"* '& *+,& 6.%%.@A
1.//&#,."'&"* 2() 9."&# 62(*&# '( -.!/0 &* %&# 9."&# .: %&# 0*2*# (3 × 3) 1.;"1!'&"* 23&1
(" 2*.-& '& B ?&-,!%&-&"* '& *+,& *.,A .( ("& %!2!#." B5B ?&-,!%&-&"* '& *+,& C/!'=&A

1.//&#,."'&"* 2() 9."&# C2##&# '( -.!/07

 ! !"!" #$%%&'()*$+ ,& -$*%. /+ 0$+1)*$+ ,/ 2( )/+3*$+ )&++/2

B."#!'0/."# -2!"*&"2"* %<2#,&1* '( -.!/0 &" D."1*!." '& %2 *&"#!." '<0162"*!%%."$ E

%<2!'& '& %2 F=(/& G7H7 82 F=(/& G7H ?2A ,/0#&"*& ("& #0/!& '<!-2=&# '<(" !%.* G/3 × 3 23&1
α = 16 ± 1I,.(/ '&# *&"#!."# '<0162"*!%%." −2, 5 J≤ VS ≤ +1, 5 J 23&1 ("& ,2%&**& '&

1.(%&(/# !'&"*!K(&$ '<2-,%!*('& ∆Z = 1 L7
5  VS = −2, 5 J$ ." '0*&1*& 1%2!/&-&"* %2 /&1."#*/(1*!." E %<!"*&/D21&$ %& =/2,6>"& %(! "<&#*
,2# 3!#!C%&

∗
7

5  VS = −1, 5 J$ %& /0#&2( 2*.-!K(& '( =/2,6>"& 2,,2/2!* &" #(,&/,.#!*!." E 1&%(! '&
%<!"*&/D21&7

5 M"*/& VS = −1, 5 J &* +0, 2 J$ ." .C#&/3& %& /0#&2( 2*.-!K(& '( =/2,6>"&$ #2"# '0D2(*#
?3.!/ %&# !-2=&# E VS = −1, 0 J$ VS = −0, 5 J &* VS = +10 -JA7 N% 2//!3&$ #&%." %2 ,.!"*&$
'& '0*&1*&/ (" D2!C%& #!="2% #(/ %&# #!*&# B '& %2 /&1."#*/(1*!."$ &"*/& VS = −1, 0 J &*

VS = −0, 5 J$ 1.//&#,."'2"* 2() 0*2*# '2"# %& =2, !'&"*!F0# #(/ %&# #!*&# C+
2( 162,!*/&

,/010'&"* F=(/& O7P7

5  ,2/*!/ '& VS = +0, 5 J$ %& 1."*/2#*& 2*.-!K(& #(/ %& /0#&2( '( =/2,6>"& '!#,2/2!* &* %2
/&1."#*/(1*!." '( #(C#*/2* /02,,2/2!*7

 !"#!$ %2 /0#.%(*!." 2*.-!K(& #(/ %& ,%2" '& =/2,6>"& 2,,2/2!* #(/*.(* E %<!"*0/!&(/ '(

=2, '& #(/D21& '( #(C#*/2*7 Q(/ %&# !-2=&#$ ." /&*/.(3& '."1 %<!"D./-2*!." '.""0& ,2/ %&#

#,&1*/&# R E %<!"*0/!&(/ '( =2,$ %& #!="2% -&#(/0 ,/.3!&"* '( =/2,6>"&$ E %<&)*0/!&(/ '( =2,$

%& #!="2% ,/.3!&"* #(/*.(* '& %2 /&1."#*/(1*!."7 S2,,&%."# "02"-.!"# ,.(/ %2 1.-,2/2!#."

'&# #,&1*/&# &* '&# !-2=&# *.,.=/2,6!K(& K(& %&# !-2=&# *.,.=/2,6!K(&# &" -.'& 1.(/2"*

1."#*2"* /&,/0#&"*&"* %<!"*0=/2*!." '& %2 '&"#!*0 '<0*2*# -(%*!,%!0& ,2/ %2 */2"#-!##!3!*0 '&

%2 C2//!>/& *(""&% &"*/& EF &* eVS ?162,!*/& T$ 0K(2*!." T7UPAA 2%./# K(& %2 1."'(1*2"1&

'+"2-!K(& dI/dV &#* ,/.,./*!.""&%%& E %2 '&"#!*0 '<0*2*# -(%*!,%!0& ,2/ %2 */2"#-!##!3!*0 '&

%2 C2//!>/& *(""&% ?162,!*/& T$ 0K(2*!." T7UHA7 B."1&/"2"* %<2,,2/&"1& '( -.!/0$ %& #!="2% '&

,0/!.'!1!*0 P = 4, 5 "- #(/ %<!-2=&$ ." 1."#*2*& K(& #2 1.//(=2*!." &#* C!&" ,%(# D2!C%& #(/

%&# !-2=&# E 62(*& *&"#!." *(""&% K(& #(/ %&# !-2=&# E C2##& *&"#!." *(""&%7 V.(/ 0*('!&/

'& ,%(# ,/># %2 '0,&"'2"1& &" *&"#!." '& %2 1.//(=2*!." '( -.!/0$ ".(# 23."# ,/.10'0 '&

'&() -2"!>/&# '!W0/&"*&#$ 1621("& -&"2"* 2( -4-& /0#(%*2*7 82 ,/&-!>/& -0*6.'& 1."#!#*&

E -&#(/&/ %2 1.//(=2*!." '( -.!/0 #(/ ("& !-2=& F%*/0& &" */2"#D./-0& '& X.(/!&/$ "&

1."*&"2"* K(& %& #!="2% ,/.3&"2"* '( -.!/07 82 '&()!>-& 1."#!#*& E -&#(/&/ '!/&1*&-&"* %2

1.//(=2*!." #(/ %<!-2=& C/(*& E %<2!'& '& ,/.F%# -.+&""0# #(/ ("& %2/=&(/ '& 0, 6 "-$ 1.--&
%<!%%(#*/& %& ,/.F% F=(/& G7H ?CA ,/!# '2"# %<&"12'/0 '& %<!-2=& E VS = +10 -J7 M" ,/.10'2"*
E 162K(& D.!# E ,%(#!&(/# -&#(/&#$ #(/ '& ,%(# =/2"'&# !-2=&#$ ." &#*!-& %2 ,/01!#!." '&#

-&#(/&# E ±0, 025 L7 8&# #.(/1&# '<!-,/01!#!." #."* %2 1.//(=2*!." #(,&/,.#0& '( /0#&2( '(
=/2,6>"& &* %&# !//0=(%2/!*0# !"*/!"#>K(&# '( -.!/07

∗ !"#$ $#%&'()#* +,()&#*- ,) ./&#$&# 0) *(1)'2 %/*(.0#2 .0 1%'+34)# 5",(% .(*$0**(,) *0% 2' &%')*+'%#)$#

+'%'1%'+3# 6 7 8 .0 $3'+(&%# +%/$/.#)&9 
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 ! ! "#$%" &''()*)+%," %" -& .#($/#$(" &#)0,1$" "#

2-"/#()+,1$" %". ,-)#. G/3× 3

 ! "#$%&'()! *")#! +,- ./0 #!"#1)%! 2!3 4!3)#!3 %#'3!3 $5!/ 2!)6 %1'78!3 2'9:#!78!3

3)# 2!)6 ';183 %#:3!78$78 ;! 4<4! 41'#:= 8!; ()! P = 4, 5 ± 0, 1  ! "# α = 16 ± 1$%
&''"()* +(,# - "# ./ 01+(,# - 2,33"*', 4 5 2"(6+ 3"'3)*" #) 4& * (& 7863" 9/: ;&</ = *'"2#3"

dI/dV #>'+?6" 4" (& 3"2, *#362#+, (3 × 3) & )#) &@,6#) &7 4" A+*6&(+*"3 (& ',*+#+, 46

8&' 4" *63B&2" 46 *6C*#3&#/ 0& 4)'" 4& 2" 4" (& 2,3368&#+, 46 !,+3) " B, 2#+, 4" (&

#" *+, 41+!&8"3+" "*# *+!+(&+3" 4& * ("* 4"6D 2&* "# &''&3&+# 2,!!" (" 2,!'()!" #&+3" 4"

(& *#362#63" )("2#3, +?6" 4" (1+ #"3B&2"/ E+ *+% 5 (1+ #)3+"63 46 8&' 4" *63B&2" 46 *6C*#3&#%

(,3*?6" (" *+8 &( !"*63) '3,A+" # ?6&*+ #,#&("!" # 46 83&'FG "% (& 2,3368&#+, 46 !,+3) "*#

2, *#& #" "# A&6# ∆z = 0, 25±0, 025 H/ I,3* 46 8&' 46 *6C*#3&#% (,3*?6" (" *+8 &( '3,A" & #
4" (& 3"2, *#362#+, 4"A+" # !&@,3+#&+3"% 2"##" 2,3368&#+, 4+!+ 6" C36#&("!" #% 41&6 !,+ *

50%% "# '"6# !J!" 4+*'&3&+#3"/ K" #>'" 4" 2,!',3#"!" # & )#) ,C*"3A) *63 41&6#3"* +(,#*%

41,3+" #&#+, "# 4" #>'" 4" !,+3) 4+L)3" #*

∗
/ M " 4)46+# ?6" (& 2,3368&#+, 46 !,+3) "*#

(+)" &6 '(& 4" 83&'FG " "#  , 5 (& 3"2, *#362#+, / N&3 &+(("63*% 2"##" 2,3368&#+, 3"*#"

2, *#& #" *63 6 " (&38" '(&8" 4" #" *+, 5 (1+ #)3+"63 46 8&'/ E+ *+% 41&'3G* (1"D'3"**+, 

#F),3+?6" 46 2,63& # #6  "( 4,  )" '&3 (1)?6&#+, ./-. 46 2F&'+#3" . ;(& #3& *!+**+A+#) 4"

(& C&33+G3" A&3+& # '"6 4& * 2"# + #"3A&((" 4" #" *+, <% (& 2,3368&#+, !"*63)" " OPQ *"3&+#

'(6#R# 4"  &#63" #,',83&'F+?6" ?61)("2#3, +?6"/ S,#, * " 7 ?6" (& 2,3368&#+, #>'+?6"

!"*63)" "*# 2,!'3+*" " #3" 0, 15 H "# 0, 25 H% ("* '(6* '"#+#"* 2,3368&#+, * )#& # !"*63)"*

*63 ("* !,+3)* 4" '(6* '"#+#" ')3+,4"/ T "L"#% 4& * (" 2&* 4" '"#+#* !,+3)*% (1"!'+("!" #

(,2&( "*# !,+ * C+" 4)7 + ?6" 4& * (" 2&* 4"* 83& 4* !,+3)*% 3)46+*& # &+ *+ (1+!'&2# 4" (&

3"2, *#362#+, *63 (" '(& 4" 83&'FG "/

U" '&3 (" 2, #3&*#" "  +4* 41&C"+((" #>'+?6" 46 83&'FG " ?6"  ,6* ,C*"3A, * *63 ("*

+!&8"* 5 C&**" #" *+, #6  "( ;'&3#+" 9/.<% (& B&+C(" !,4+72&#+, 4" (& *#362#63" )("2#3, +?6"

4" (1+ #"3B&2" '&3 (& '3)*" 2" 46 83&'FG " ;'&3#+" 9/9/-< "# " 7 (& ;?6&*+< 4+*'&3+#+, 4" (&

2,3368&#+, 46 !,+3) *63 (" *+8 &( 4" (1+ #"3B&2" ;5 F&6#" #" *+, #6  "(<%  ,6* 4)46+*, *

?6" (1+ #"3&2#+, 83&'FG "V3"2, *#362#+, "*# B&+C(" 4& * (" 2&* 4"* +(,#* G/3× 3/ 0"* B,32"*
?6+ " #3" # " @"6 *, # 4, 2 '(6#R# 4" #>'" A& 4"3 W&&(*/ U1&'3G* ("* 3)*6(#&#* '3)*" #)*

4& * 2"##" '&3#+"% "(("* , # ',63 "L"# 4" !,46("3 ;B&+C("!" #< (& #,',83&'F+" 46 '(& 4"

83&'FG " " B, 2#+, 4" (1"!'+("!" # 83&'FG "V(3×3)/ K" 4"3 +"3 ',+ # *+8 +7" ?6" (& B,32"
4" (1+ #"3&2#+, 4)'" 4 4" (1"!'+("!" # 83&'FG "V3"2, *#362#+, / S,6* &A, * A6 4& * (&

'&3#+" 9/9/./- ?6" ("* X, "* ("* '(6* F&6#"* 46 !,+3) Y 4, 2 ("* X, "* ,Z (" '(& 4" 83&'FG "

"*# (" '(6* )(,+8 ) 4" (& 3"2, *#362#+, Y 2,33"*', 4" # 5 6 "!'+("!" # 4" #>'" F,((,[

83&'FG "V(3 × 3)/ 0"* X, "* ("* '(6* C&**"* 46 !,+3) Y ,Z (" '(& 4" 83&'FG " "*# (" '(6*

'3,2F" 4" (& 3"2, *#362#+, Y 2,33"*', 4" # 5 6 "!'+("!" # 4" #>'" #,' 83&'FG "V;3× 3)/
01"!'+("!" # F,((,[ " 8" 43" 4, 2 6 " + #"3&2#+, 83&'FG "V3"2, *#362#+, '(6* B&+C(" ?6"

(1"!'+("!" # #,'/ S,6* 3"#3,6A"3, * 2" 3)*6(#&# "#  ,6* " &''3,B, 4+3, * (1+ #"3'3)#&#+, 

4& * (1)#64" 4" (1+ #"3&2#+, 83&'FG "V(2× 2) '3)*" #)" 2F&'+#3" \/

∗ !" #$%&' (' )*"++,-."+/$- (' &$%%.0"+/$- 1$%2 (. 0"3 3'.+ 4"%/'% "4'& )" 3$/-+' 5'2 4"%/"+/$-2 3'.4'-+

2*'63)/7.'% 3"% .-' 3%$3$%+/$- 4"%/"8)' ('2 2/0-".6 3%$4'-"-+ (' )*/-+'%#"&' '+ (. 0%"319-' :) "%%/4' '-

';'+ (' (,+'&+'% )" %,2$).+/$- "+$</7.' 2.% )' 3)"- (' 0%"319-' =.27.*> +0, 5 ? 1$%2 (. 0"3 (' 2.%#"&' (.

2.82+%"+ 

Y -.. Y



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(3× 3)

 !"#$%  !"#  !"#$ #$ %& '())"*&!+(, #" -(+). $, /(,'!+(, #$ %& !$,0+(,1 2&3 4.)+$ #5+-&*$0

6 #+7.)$,!$0 !$,0+(,0 #5.'8&,!+%%(, VS #" -9-$ $,#)(+! #5", +%(! G/3 × 3 2-(+). #$ :.)+(#+'+!.
P = 3, 5 ± 0, 1 ,- 0(+! α = 16 ± 1;31 <&%$!!$ #$ '("%$")0 = ∆Z = 1 >1 2?3 <)(@% -(A$,,.

%&!.)&%$-$,!B -$0"). 0") %& C(,$ $,'&#).$ #$ %5+-&*$ 6 VS = +10 -D #$ 2&31 2'3 E-:%+!"#$ :+'

6 :+' #" -(+). $, /(,'!+(, #$ VS :(") %5+%(! #$ 2&3 2+%(! F3 $! ", &"!)$ +%(! #$ -9-$ -(+).1 G,

0:$'!)$ !A:+H"$ #$ %& (3× 3) $0! 0":$):(0. &"I -$0")$0 &@, #5+,#+H"$) %& :(0+!+(, #" *&: #$ 0")/&'$
#" 0"?0!)&!1

 ! !"!# $%&'()*+'*%,& -*'.-& +/) /0 1*,)2

 !"#$%& '( )*+ #$,'%-(. /( 0$"#1%2( #$,&(23( *2( '4$$*0"3+42 34#40$"#1+)*( -( 0, 20 5
#+' 6 #+' (2 748(22(9 :2 -!"*3$(& 3($7(&. /" -+&3"2'( 0$"#1%2(;&*<&3$"3 ="$+( -!"*3"23 (23$(

/(& >42(& 1"*3(& (3 <"&&(& -* 74+$,. '!(&3;6;-+$( &*$ *2( -+&3"2'( -( /!4$-$( -( )*(/)*(& nm9
?@2 -( =,$+@($ &+ '(& ="$+"3+42& &#"3+"/(& 2( &!"''47#"02(23 #"& -( ="$+"3+42& -( &3$*'3*$(

,/('3$42+)*( -* #/"2 -( 0$"#1%2(. 24*& "=42& #$4',-, 6 -(& 7(&*$(& ABCD -* 38#( -( '(//(&

-422,(& @0*$( E9FG9 H" 7(&*$( " ,3, I"+3( &*$ /" >42( -( 20 × 20 272
-( /!+7"0( DCJ (2

; FKL ;



 ! ! "#$%" &''()*)+%," %" -& .#($/#$(" &#)0,1$" "#

2-"/#()+,1$" %". ,-)#. G/3× 3

 !"#$%& '#" ()$)*+%$#" ,# "%)- . ")% /! Vstab = −1, 0 0 #% It = 1, 0 !1 "/!% 23/ " " ,# %#..#

4)5/! 67# .) "%)- . ")% /! "8#9#2%7# : .8 !%;$ #7$ ,7 <)( ,7 "7-"%$)%& =! ) ,/!2 7!# , "%)!2#

(/ !%#>"7$4)2# (.7" 4) -.# 67# (/7$ 7!# "%)- . ")% /! 3/$" ,7 <)( ?@/ $ A<7$# B&C 67 */!%$#

.) $)( ,# 237%# ,7 2/7$)!% #% ,# .) 2/!,72%)!2# ./$"67# .8/! #!%$# ,)!" .# <)( ,# "7$4)2# ,7

"7-"%$)%DE 2# 67 (#$*#% ,# - #! "/!,#$ .#" ;%)%" ,7 <$)(3+!#& F. "8)< %  2 ,87!  ./% G/3× 3
)@#2 7! */ $; ,# %G(# (2, 2) ?α ≈ 30HD 2/**# .# */!%$# .# 2/!%$)"%# %G(# I-/""#"J ,7 */ $;

"7$ .8 *)<# #!  !"#$%E ,#" $;"7.%)%" " * .) $#" /!% ;%; /-%#!7" "7$ ,8)7%$#"  ./%" ($;"#!%)!% 7!

)7%$# %G(# ,# */ $;& '# <$)(3 67# ($;"#!%# ,#7K "(#2%$#"E .87! )""/2 ; )7K L/!#" 3)7%#" ,7

*/ $; ?!/ $DE .8)7%$# )7K L/!#" -)""#" ?<$ "D& M3)67# "(#2%$# #"% 7!# */G#!!# "7$ NB (/ !%"&

'#" "(#2%$#" 2/O!2 ,#!% "7$ .8 !%#$@)..# ,# %#!" /! −1, 0 0≤ VS ≤ +0, 15 0E 28#"%>:>, $# "7$

.8 !%#$@)..# ,8;!#$< # 2/$$#"(/!,)!% )7 <)( ,# "7$4)2# ,7 "7-"%$)%& 1 !" E /! (#7% , $#E )@#2

.) ($;2 " /! ,# !/%$# *#"7$#

∗
E 67# .) "%$72%7$# ;.#2%$/! 67# ,7 <$)(3+!# #"% 3/*/<+!#E #%

!8#"% ,/!2 ()" */, A;# ()$ .#" @)$ )% /!" <;/*;%$ 67#" . ;#" )7 */ $;&

=! $#*)$67# 67# .#" "(#2%$#" "# , 9;$#!2 #!% (/7$ ,#" %#!" /!" +0, 2 0≤ VS ≤ +0, 5 0&

P! " <!). (.7" 4/$% #"% *#"7$; "7$ .#" L/!#" -)""#" ,7 */ $; 67# "7$ .#" L/!#" 3)7%#"& M#2 

"8 !%#$($+%# 2/**# "7 % Q .) "%)- . ")% /! ,# .) , "%)!2# (/ !%#>"7$4)2# "8#9#2%7# : %#!" /!

Vstab = −1, 0 0 %#..# 67# .# " <!). ($/@ #!% 7! 67#*#!% ,7 <$)(3+!#& 1 !" E #! 23)67# (/ !%

,# .8 *)<# #% (/7$ 23)67# "(#2%$#E .) (/ !%# "7 % .) 2/$$7<)% /! %/(/<$)(3 67# ,7 <$)(3+!#

#! *) !%#!)!% .) , "%)!2# (/ !%#><$)(3+!# 2/!"%)!%#& '/$" ,# .8)267 " % /! ,87! "(#2%$#E .)

(/" % /! ,# "%)- . ")% /! #"% *) !%#!7# *) " .) -/72.# ,# $;<7.)% /! ,7 2/7$)!% #"% /7@#$%#

#% /! 4) % @)$ #$ .) %#!" /! ,8;23)!% ../! VS& R/7$ ,#" %#!" /!" VS %#..#" 67# eVS #"% "7(;$ #7$

)7 -)" ,# -)!,# ,# 2/!,72% /! ,# "7$4)2# ,7 "7-"%$)% ?%G( 67#*#!% 0, 2± 0, 1 #0DE .# " <!).

($/@#!)!% ,# .8 !%#$4)2# ,#@ #!% %$+"  *(/$%)!% ()$ $)((/$% : 2#.7 ,7 <$)(3+!#& =$ 2/**#

($;"#!%; #! 2/!!#K /! )@#2 .) A<7$# B&SE : .) , 9;$#!2# ,7 <$)(3+!#E .8 !%#$4)2# !8#"% ()"

2/$$7<;# : .8;23#..# ,7 */ $;& T)!" .#" L/!#" -)""#" ,7 */ $;E .) (/ !%# #"% (.7" ($/23# ,#

.) (3× 3) #% ,;%#2%# ,/!2 (.7" ,# " <!). 67# ,)!" .#" L/!#" 3)7%#" ,7 */ $;& M8#"% ) !" 67#

.8/! /-% #!% 7! " <!). : .8 !@#$"# ,# .) %/(/<$)(3 # /-"#$@;# : VS = VstabE (/7$ ,#" %#!" /!"

3/$" ,7 <)( ,7 "7-"%$)%&

U!A!E $#@#!/!" : .) 67#"% /! ,7 ,/()<# ,;V: )-/$,;# ,)!" .) ()$% # B&W&N& X/7" )@/!" @7

67# .8;%7,# #! %$)!"4/$*;# ,# Y/7$ #$ ,#" A<7$#" ,8 !%#$4;$#!2#" 67)!% 67#" #"% 7! */G#!

./2). ,# *#"7$#$ .) "7$4)2# ,# Y#$* #! "7$4)2# ,# .8;23)!% ../!& =! (#7% ) !" #! ($ !2 (#

$#*/!%#$ )7 ,/()<# #! @).#7$ )-"/.7# ,# .) 2/723# ,# <$)(3+!#& R)$ ) ..#7$"E .) "(#2%$/"2/( #

%7!!#. ,/!!# )22+" : .) 'T=Z #! 4/!2% /! ,# .8;!#$< #& R/7$ ,7 <$)(3+!#E /! "8)%%#!,
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 !"#$%  !"#  !"#$ %&'()*+$ #$ ,) #$-./!+ #0+!)!. ,&%),$ #$. /,&!. G/3×3  ! G/2×2" #$% &'$( )*+

, -$ ./0 1!2,31 4 20 5/06!3/0  0!7 20 3-/! G/3×3 #($268 %  ! 20 3-/! G/2×2 #,7/3! %" 9 : 3'$( :

:23;$0! : :/0! <73: : = ->30!173 27 , : ./0 :  06$,71 :" #?% &'$( : )*+ = 8$2! ! 0:3/0 !200 - #VS%

@$3:$0! $<<$7$3!7 -$ :!726!27 = ->30! 7@$6 " #6% &'$( : )*+ = ?$:: ! 0:3/0 !200 - '/0!7$0! -$

71:/-2!3/0 $!/'3A2  0 9BC) ,2 (7$<8D0 " #,% E//': '/0!7$0! - 6/0!7$:! $!/'3A2 ,2 (7$<8D0 

:27 68$A2 3-/!" &- $<<$7$3!  0 03,: ,>$? 3-- 203@/7'1' 0! :27 ->3-/! G/3×3  ! : 2- ' 0! -/6$- ' 0!

#./0  0!/271 % </27 ->3-/! G/2×2" 9 : ./0 : 0/0 < 7!27?1 : : 71<$7!3:: 0! : -/0 -$ F(27 , '/371

;3:3?- $2::3 :27 #?%" G0!7 6 : ./0 :4 - : H$!/' : 1! 30!:I : 71<$7!3:: 0! :27 20 71: $2 , 'J' 

<173/,363!1 A2 -$ (2 × 2) #'$3--  0 0/37%" G0 #?%  ! #6% /0 7 <D7 20 ,1@$2! ,>30! 7@$6 ,$0: -$

(2× 2) #6 76- </30!3--1%" G0 ?/7, , 68$A2 !K< ,>3-/!4 /0 /?: 7; -$ :27:!726!27  0

√
3×

√
3R30L

# 06$,71:%"

 !"#  



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"!#!" $%&'(&)*'+,-. /% 0123 %' 4,+&5.

 !" #$%&'" $() ')' *&'"!()'" +! ,-.$( /'('&-0! +-(" 0- *-&)%! 12123 +4 56-*%)&! 12 7$4"

-8%$(" 84 94:%0" *&$8%!((!() +:4(! 5$#*$"%)%$( ($( 0%('-%&! +! +!4; &'"!-4; *'&%$+%94!" 94%

*&'"!()!() 4(! &$)-)%$( 0:4( *-& &-**$&) < 0:-4)&!2 =5%> 0!" &'"!-4; 94% !()&!() !( ?!4 "$()

5!4; +4 /&-*6@(! !) +! 0- &!5$(")&45)%$( "$4"A?-5!()!2 B-(" 0! 5-" +!" %0$)" G/3 × 3> 0!"
#$%&'" $C"!&8'" 5$&&!"*$(+!() 8&-%"!#C0-C0!#!() < 4(! #$+40-)%$( )$*$/&-*6%94! +4 *0-(

+! /&-*6@(!2 D!))! #$+40-)%$( *&$8%!() +:4(! %()!&-5)%$( &'"%+4!00! ,-%C0! !()&! 0!" ')-)" +4

/&-*6@(! !) 5!4; +! 0- &!5$(")&45)%$( (3× 3)2  ! ,-%) 94! 5!))! #$+40-)%$( "$%) -""$5%'! -4
#$%&' #$()&! 94! 0:%()!&-5)%$( +'*!(+ +! 0:!#*%0!#!() /&-*6@(!E&!5$(")&45)%$(2

B-(" 0! 5-" +!" %0$)" G/2 × 2> ($4" -8$(" 84 *&'5'+!##!() 94! 0:%()!&-5)%$( !()&! 0!"

')-)" +4 /&-*6@(! !) 5!4; +! 0- &!5$(")&45)%$( (2 × 2) !") *04" ,$&)! 94! +-(" 0! 5-" +!"
%0$)" G/3× 32  ! #$%&' ,$&#' !()&! 0!" &'"!-4; +4 /&-*6@(! !) +! 0- (2× 2) *&!(+ 0- ,$&#!
+:-)$#!" +! /&-*6@(! ')!%()" "4& 0!" %#-/!" C-""! )!("%$( )4((!02  :-**-&!(5! +!" #$%&'" !")

+$(5 +%F'&!()! +! 5!00! $C"!&8'! "4& 0!" %0$)" G/3×32  - G/4&! H23 #$()&! *04" *&'5%"'#!() 0!
5$()&-")! )I*%94! +4 #$%&' "4& 0- 5$456! +! /&-*6@(!2  - G/4&! H23 J-K *&'"!()! +!4; %#-/!"

*&%"!" -4 #L#! !(+&$%) +:4( %0$) G/2× 2 -8!5 4( #$%&' +! *'&%$+%5%)' P = 3, 6± 0, 4 (# !)

4( !#*%0!#!() -8!5 4( -(/0! #!"4&' α = 18± 1M2 N /-456!> 0:%#-/! < 6-4)! )!("%$( )4((!0

VS > 0 J')-)" 8%+!"K #$()&! 0!" -+-)$#!" +! O% +! 0:%()!&,-5! J0! #$+@0! +! ")&45)4&! +!
0- &!5$(")&45)%$( (2× 2) - ')' *&'"!()' 56-*%)&! 1 *-&)%! 12321K2  ! #$%&' !") C%!( 8%"%C0! <
5!))! )!("%$( J*"!4+$ #-%00! '0'#!()-%&! !( )%&!)"K2 N +&$%)!> 0:%#-/! < C-""! )!("%$( VS ,-%)

-**-&-%)&! 0- 5$456! +! /&-*6@(!2 P( &!)&$48! 4(! G/4&! +! #$%&' +! #L#! *'&%$+%5%)' 94!

"4& 0! &'"!-4 +:-+-)$#!"> ,$&#'! *-& 0:-&&-(/!#!() +!" -)$#!" +! /&-*6@(! ')!%()"2

 - G/4&! H23 JCK #$()&! 4( Q$$# +-(" 0- Q$(! !(5-+&'! +! 0- G/4&! H23 J-K> 5:!")A<A+%&!

"4& 4(! *'&%$+! +4 #$%&'> < C-""! )!("%$( VS2  - Q$(! 123456789:9;5 ($( *!&)4&C'! J-4

5!()&!K !") *!)%)! !) 5$()%!() !(8%&$( 64%) #-%00!" +! /&-*6@(!2  :%#-/! +! +&$%)! #$()&!

4(! 8!&"%$( 0%""'! !) -(($)'! +! 0:%#-/! +! /-456!2  !" *!&)4&C-)%$(" -**-&-%""!() 5$##!

+!" )&%-(/0!" "$#C&!" "4& 0!" %#-/!" ORS J&!*'&'!" *-& +!" )&%-(/0!" ($%&"K2  ! "56'#- <

+&$%)! #$()&! 94! 5!" )&%-(/0!" 5$&&!"*$(+!() < 4( -)$#! ')!%()> 0:$&%!()-)%$( +4 )&%-(/0! !")

%(8!&"'! "!0$( 0! )I*! JN $4 TK +:-)$#! +! /&-*6@(! *!&)4&C'2 P( &!#-&94! 94! 0:$&%!()-)%$(

+! 5!" )&%-(/0!" *&'"!()! 4(! "I#')&%! +:$&+&! 1 -4)$4& +! 0- Q$(! ($( *!&)4&C'!2 =0 -**-&-%)

94! 0!" -)$#!" ')!%()" "$() +%")&%C4'" !( *&$*$&)%$(" '94%8-0!()!" "4& 0!" "$4"A&'"!-4; N

!) T2 S-0/&' 0!" *!&)4&C-)%$("> 0-  BPO +!" "$4"A&'"!-4; +:-)$#!" N !) T &!")! +$(5

-**-&!##!() %+!()%94! !( #$I!((! "4& 0- J*"!4+$K #-%00! +4 #$%&' !) 0- "I#')&%! NET !")

/0$C-0!#!() *&'"!&8'! < 5!))! '56!00!2

U( &'"4#'> 0!" *!&)4&C-)%$(" +! 0-  BPO +4 /&-*6@(! ":$&/-(%"!() "!0$( 4(! G/4&! +!

#$%&'> 5$(")&4%)! < *-&)%& +4 &'"!-4 +! /&-*6@(! !) +! 5!04% +! 0- &!5$(")&45)%$( (2 × 2)2
 - +%")-(5! #%(%#-0! !()&! +!4; -)$#!" +! /&-*6@(! ')!%()" !") +! 0:$&+&! +! 0- *'&%$+%5%)'

+! 0- &!5$(")&45)%$( (2 × 2) +4 "4C")&-)2  !" *!&)4&C-)%$(" *&$8%!((!() +$(5 +:4(! %()!&A

-5)%$( /&-*6@(!E"4C")&-)2 =0 &!")! < %+!()%G!& 94!0" ')-)" +! 0:%()!&,-5! "$() < 0:$&%/%(! +!

5!" *!&)4&C-)%$("2 P& ($4" 5$((-%""$(" 0- ")&45)4&! -)$#%94! +! 0- &!5$(")&45)%$(> !00! !")

5$(")%)4'! +:-+-)$#!" +! O% !) +! &!")-)$#!" +! D J8$%& 56-*%)&! 1> *-&)%! 12321K2 N *&%$&%>

0!" ')-)" "4"5!*)%C0!" +! "! 5$4*0!& < 5!4; +4 /&-*6@(! "$() 5!4; *&$8!(-() +!" -+-)$#!"

+! O%> 0$5-0%"'" -4 *04" *&@" +4 *0-( +! /&-*6@(!2 B-(" 0- "4%)!> ($4" -00$(" 8'&%G!& 5!))!

6I*$)6@"! < *-&)%& +! +$(('!" ORS -%("% 94! *-& 0- "%#40-)%$( (4#'&%94! 67 4;454< +4
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 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 31

+'(,-.$&

 !"#$%  !"#  !"#$ #" %&'!()*!$ )!&+,-"$ #" .()/01'$ $' ($2)!,&' )3$% 2$ +&,(45 6)7 8+).$*

9:; #<"' ,2&! #$ G/2 × 2 /(4*$'!)'! "' +&,(4 #$ /4(,&#,%,!4 P = 3, 6 ± 0, 4 '+= *&,! "' )'.2$
#<$+/,2$+$'! α = 18±1>5 ?)"%0$ @ ,+).$ A 0)"!$ !$'*,&' !"''$2 VS > 0 64!)!* 3,#$*7 +&'!()'! 2$*
)#)!&+$*5 B(&,!$ @ ,+).$ A C)**$ !$'*,&' VS +&'!()'! 2$ *,.')2 #" .()/01'$5 D$ +&,(4 $*! 3,*,C2$

*"( %0)-"$ ,+).$ 6/*$"#& +),22$ 424+$'!),($ $' !,($!*75 6C7 ?)"%0$ @ E&&+ *"( 2) F&'$ $'%)#(4$

#$ 6)7 6C)**$ !$'*,&'7 +&'!()'! "'$ +),22$ #" +&,(45 B(&,!$ @ D) +G+$ ,+).$ 2,**4$ $! )''&!4$5

H" %$'!($ #$ %0)-"$ !(,)'.2$ '&,( *$ !(&"3$ "' )!&+$ I4!$,'!J #$ .()/01'$= %&++$ ,22"*!(4 /)( 2$

*%04+) A #(&,!$ #$ 2<,+).$5 D<&(,$'!)!,&' #" !(,)'.2$ $*! ,'3$(*4$ *$2&' 2$ !K/$ 6H &" L7 #<)!&+$ #$

.()/01'$5 M$+)(-"&'* -"$ 2$* )!&+$* 4!$,'!* #$ !K/$ HNL )//)(),**$'! $' /(&/&(!,&'* 4-",3)2$'!$*

$' +&K$''$ *"( 2) 6/*$"#&7 %$22"2$ #" +&,(45 !"!" #$%&'()%*+$ ,'(-./$&01231%'(% &% &4-*5&4&$% 5+)(5
 !"!"!# $%&'(%& )*+

 !" #$ %&""'()*$ +$ ),-$ #.$/-(+$/$") 01( %&**$2-&"# '13 4&"$2 -$*)1*56$2 $) "&"

-$*)1*56$27 "&12 1)(+(2&"2 +$ 8'() 01$ +$2 (/'9$2 : 5'22$ )$"2(&" )1""$+ /&")*$") +$ %&")*'2)$

')&/(01$ #1 9*'-;<"$ '+&*2 01$ +$2 (/'9$2 : ;'1)$ )$"2(&" #.6%;'")(++&" -&2()(=$ >6)')2 =(#$2?

/&")*$") +$2 '#')&/$2 #$ +' *$%&"2)*1%)(&" 2&12@A'%$")$B C" 1)(+(2'") +$ /&#$ #.(/'9$*($

2(/1+)'"6$ : %$2 #$13 )$"2(&"27 (+ $2) #&"% $" -*("%(-$ -&22(5+$ #$ 8'(*$ +$ +($" $")*$ +$2

-&2()(&"2 ')&/(01$2 #1 9*'-;<"$ $) #$ +' *$%&"2)*1%)(&"B

D' !91*$ EBF /&")*$ #$13 (/'9$2 GHI 2(/1+)'"6$2 #.1" (+&) #$ G/2× 2 -*62$")'") 1"
/&(*6 #$ -6*(&#(%()6 P = 3± 0, 3 "/ '=$% α = 16± 1JB D.(/'9$ #$ 9'1%;$ ' 6)6 '%01(2$ :
;'1)$ )$"2(&" #.6%;'")(++&" VS > 0 $) /&")*$ +$ *62$'1 #.'#')&/$2 #$ G( #$ +' *$%&"2)*1%@
)(&"B D.(/'9$ #$ #*&()$7 '%01(2$ : 5'22$ )$"2(&" VS /&")*$ +$ *62$'1 ')&/(01$ #1 9*'-;<"$B

K'"2 +' 4&"$ #$ 9*'-;<"$ -$*)1*567 &" )*&1=$ 1"$ )*<2 5&""$ %&L"%(#$"%$ $")*$ +$2 -&2()(&"2

*$+')(=$2 #$2 ')&/$2 6)$(")2 >#*&()$? $) +$ %$")*$ #$2 )'%;$2 %&**$2-&"#'") '13 '#')&/$2
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 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$%&'  ()*+ ,))-. &/ 0". 1& 2!#+&'3 4&55& $)/2!#+"5*)/ $)++&.6)/1 7 #/ &-6*8&-&/5

8)$"8 5)6 !+"6%9/&:"1"5)-&3 ;"/. 8" ,)/& 1& !+"6%9/& /)/ 6&+5#+0<= 8& $&/5+& 1& 8" 5"$%&

1& 8>"1"5)-& $)++&.6)/1 7 #/ $&/5+& 1>%&?"!)/& 1& !+"6%9/&3 4&55& $)/2!#+"5*)/ $)++&.@

6)/1 7 #/ &-6*8&-&/5 8)$"8 %)88)A !+"6%9/&:"1"5)-&3 B*/.*= 8" 6&+5#+0"5*)/ 6+)(*&/5 5+9.

(+"*.&-08"08&-&/5 1>#/& */5&+"$5*)/ &/5+& 8&. <5"5. <8&$5+)/*C#&. 1>"1"5)-&. 1& 8" +&$)/.@

5+#$5*)/ &5 8&. <5"5. <8&$5+)/*C#&. 1# !+"6%9/&= 1>*/5&/.*5< ("+*"08& .&8)/ 8>&-6*8&-&/53 4&55&

*/5&+"$5*)/ &.5 8" 68#. D)+5& 1"/. 8& $". 1>#/ &-6*8&-&/5 5)6 &5 8" 68#. D"*08& 1"/. 8& $". 1>#/

&-6*8&-&/5 %)88)A3 E/ +&5+)#(& "*/.* 8" -F-& $)++&.6)/1"/$& &/5+& 8" D)+$& 1& 8>*/5&+"$5*)/

&5 8>&-6*8&-&/5 C#& 1"/. 8& $". G/3× 3  $%"6*5+& 6+<$<1&/5= 6"+5*& G3G3H3I'3

J&-"+C#)/. C#& $)--& 8&. 6).*5*)/. 1&. <5"5. 1& +&.5"5)-&. .)/5 /&55&-&/5 1<$"8<&. 6"+

+"66)+5 "#? 6).*5*)/. 1&. <5"5. 1>"1"5)-&.  ()*+ 2!#+& K3L'= 8&. "5)-&. 1& !+"6%9/& <5&*/5.

/& $)M/$*1&/5 $8"*+&-&/5 6". "(&$ 8&. 6).*5*)/. 1&. +&.5"5)-&.3 N>*-"!&+*& .*-#85"/<& 0"..&

5&/.*)/:%"#5& 5&/.*)/ VS < 0  <5"5. 68&*/.' /)/ +&6+<.&/5<& *$* 6&+-&5 1><8*-*/&+ $8"*+&-&/5

5)#5& $)M/$*1&/$& &/5+& 8&. <5"5. 1& +&.5"5)-&. &5 8&. 6&+5#+0"5*)/. 1"/. 8& 68"/ 1& !+"6%9/&3

 !"#$%  !"#  !"#$ #$ %& '())$*+(,#&,'$ $,!)$ %$* &#&!(-$* #$ %& )$'(,*!)"'!.(, (2 × 2) $! %$*
+$)!")/&!.(,* #$ 0123 #&,* %$ +%&, #$ 4)&+56,$7 +(") ", .%(! #$ G/2 × 2 &8$' P = 3 ± 0, 3 ,-
$! α = 16 ± 19: ;-&4$* 3<= *.-"%!&,>$* ? 5&"!$ !$,*.(, !",,$% VS > 0 @>!&!* 8.#$*A -(,!)&,!
%$* &#&!(-$* @4&"'5$A $! ? /&**$ !$,*.(, VS -(,!)&,! %$ )>*$&" &!(-.B"$ +$)!")/> #" 4)&+56,$

@#)(.!$A: 0$* +(*.!.(,* #$* '$,!)$* #$* &#&!(-$* *(,! )$+()!>$* *") %C.-&4$ ? /&**$ !$,*.(, $, D

+(.,!*: 0$* #$"E .-&4$* #" /&* *(,! #$* F((-* *") %$* .-&4$* #" 5&"!: 0$* &!(-$* #$ 4)&+56,$

>!$.,!* '(G,'.#$,! &8$' #$* '$,!)$* #C&#&!(-$*: 1&,* %& F(,$ #$ 4)&+56,$ ,(, +$)!")/> @'$)'%$ %$

+%"* ? #)(.!$A7 %$ '$,!)$ #$ %C&#&!(-$ '())$*+(,# &" '$,!)$ #C", 5$E&4(,$ #$ 4)&+56,$:
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 !" #$%%&!" #! '( )*+,! -./ "$%0 "(%" &1+23$1+! 1+(%0 4 '5!672'!6!%0 *,(789%!:(#(0$6!

#(%" '!" ;$%!" 7!,0+,<&!":%$% 7!,0+,<&!" !0 =$,,!"7$%#!%0 (+ ,&"+'0(0 2%0+2023!6!%0 (0>

0!%#+? 4 "(3$2, +%! 2%0!,(=02$% !%0,! '! *,(789%! !0 '!" &0(0" #! '( ,!=$%"0,+=02$% 1+2 '+2

"$%0 '!" 7'+" 7,$=8!" "7(02('!6!%0. @!7!%#(%0? +% 0!' (==$,# #5!672'!6!%0 %5!"0 #! '$2%

7(" 0$+A$+," $<"!,3&.  ( )*+,! -.B 6$%0,! +% =$+7'! #526(*!" "26+'0(%&!" #+ 6C6! 0D7!

1+! =!'+2 #! '( )*+,! -./ (3!= 4 *(+=8! '526(*! EFG 4 8(+0! 0!%"2$% #5&=8(%02''$% VS > 0
6$%0,(%0 '!" (#(0$6!" !0 4 #,$20! '526(*! <(""! 0!%"2$% #! '( ;$%!? 6$%0,(%0 '! ,&"!(+ #!

*,(789%! 7!,0+,<&. H' "5(*20 2=2 #5+% 2'$0 #! G/2× 2 !672'& (3!= +% (%*'! α = 0I. J(%" =!00!
=$%)*+,(02$%? '! 6$2,& =$,,!"7$%# 4 +%! "+7!,=!''+'! 1+("2 =$66!%"+,(<'! !% 5×5 7(, ,(7>
7$,0 (+ *,(789%! $+ 2×2 7(, ,(77$,0 4 '( ,!=$%"0,+=02$% (2×2). E2 '5$% 7,$=9#! #! '( 6C6!
6(%29,! 1+! 7$+, '( )*+,! 7,&=&#!%0!? !% ,!7$,0(%0 '!" =!%0,!" #!" 0(=8!" #5(#(0$6!" "+,

'526(*! <(""! 0!%"2$% VS? '( =$,,!"7$%#(%=! (3!= '!" (0$6!" &0!2%0" #+ *,(789%! !"0 ('$," 0,9"

6(+3(2"!. GC6! '!" '2*%!" <2!% 32"2<'!" #58!K(*$%!" #! *,(789%! %$% 7!,0+,<& L3$2, '2*%!"

!% 02,!0"M? 1+! '5$% "5(00!%# 4 C0,! "20+&!" !%0,! '!" ,(%*&!" #5(#(0$6!"? "$%0 #&=('&!" 7(,

,(77$,0 4 '!+, 7$"202$% "+77$"&!. @!7!%#(%0? $% ,!6(,1+! 1+! '! #&=('(*! !%0,! '!" 7$"202$%"

(00!%#+!" !0 $<"!,3&!" !"0 =$%"0(%0 "+, 0$+0! '526(*!. @! #&=('(*! !"0 2%#21+& "+, '526(*!

7(, '!" N9=8!" <'!+!". O% 3&,2)! ('$," 1+! '! #&=('(*! %5!"0 7(" %$% 7'+" =$67(02<'! (3!=

+%! &3!%0+!''! =$P%=2#!%=! (3!= '!" =!%0,!" #!" 0(=8!" #! ,!"0(0$6!". E2*%('$%" !% 7'+" 1+!

=! #&=('(*! 3(,2! "!'$% '!" 2'$0" !0 '( 7$2%0! +02'2"&! !0 1+52' (77(,(20 "+, #!" 2'$0" 7,&"!%0(%0

#2Q&,!%0 (%*'!" #5!672'!6!%0.

 !"#$%  !"#  !"#$% &'( %)!*+,"-.$% /0*- )+1, /$ G/2 × 2 "2$3 α = 045 6"-% 3$ 3"% +$ !1)7.

3177$%81-/ 9 *-$ %*8$73$++*+$ :*"%);31!!$-%*7"<+$ 5 × 5 8"7 7"8817, "* #7"8=>-$ $, 2 × 2 8"7

7"8817, 9 +" 7$31-%,7*3,)1- (2× 2)5 ?"*3=$ @ )!"#$ 9 ="*,$ ,$-%)1- /0.3="-,)++1- VS > 0 !1-,7"-,

+$% "/",1!$% /$ +" 7$31-%,7*3,)1-5 671),$ @ )!"#$ 9 <"%%$ ,$-%)1- VS !1-,7"-, +$ 7.%$"* 8$7,*7<. /*
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4)3*+&$ ?3"$"-$ 9"-."> %$ 4,) .&$ GD*+&$; 4,) ),443)! , / , !)&$ ,!3@&$ .& 1),4+D-&' H&$

3:$&)?,!"3-$ "-."> &-!  - *3 4#,1& #3*,# &-!)& #&$ %!,!$ . 1),4+D-& &! *& / .& #A,.,!3@&'

H&4&-.,-!2 #A"-!&),*!"3- 1),4+D-&E,.,!3@& &$! *&)!&$ #3*,#& @,"$ -& )&> "&)! 4,$  - &@<

4"#&@&-! !34 &/,*!' H& )%$ #!,! 4&)@&! .& *3@4#%!&) #A"-!&)4)%!,!"3- .&$ "@,1&$ (IJ' K#

&/4#"> & #, 1),-.& > ,-!"!% .A,!3@&$ %!&"-!$2 ,?&*  -& 4%)"3."*"!% 4)3*+& .& *&##& &- (2× 2)
.&$ ,.,!3@&$ .& #, )&*3-$!) *!"3- L.,-$ #&$ M3-&$ 4&)! ):%&$ . @3")% 901 )&$ 7'N O 7'P;L

,#3)$ > & #A&@4"#&@&-! !34 &/,*! -& 4& ! Q!)& $,!"$=,"! $ ) .&$ $"!&$ %!&"-!$ ?3"$"-$' 5,-$ #&

*,$ .& #A&@4"#&@&-! :)".1&2 .& / ,!3@&$ .& 1),4+D-& ?3"$"-$ $3-! ,B&*!%$ .& =,R3- $"@"#,")&

4,) #, 4)%$&-*& .& #A,.,!3@&2 *&! &@4"#&@&-! *3))&$43-.),"! .3-* , / #3$,-1&$ $3@:)&$

@,!%)",#"$%$ $ ) #, 01 )& 7'S 9:;'

5,-$ #& *,$ .& #A&@4"#&@&-! 1),4+D-&E,.,!3@& +3##3T 9,.,!3@& B4 01 )& 7'8 9=;;2 3- 3:<
$&)?&  -& .&-$"!% .A%!,!$ "-!%1)%& !)D$ =,":#& &-!)& #A,.,!3@& &! #& 4#,- .& 1),4+D-&' 5 *F!%

.& #, $ )=,*&2 #&$ 3):"!,#&$ .&$ ,!3@&$ .& 1),4+D-& #&$ 4# $ 4)3*+&$ .& #A,.,!3@& -& $&@:#&-!

4,$ ,B&*!%&$' H&! &@4"#&@&-! @D-& .3-* O  -& !)D$ =,":#& "-!&),*!"3- 1),4+D-&E,.,!3@&'

HA&$! &- &B&! *&!!& *3-01 ),!"3- > " 34!"@"$& #A&@4"#&@&-! 43 ) ,?3") #, 4# $ 1),-.& ."$<

!,-*& &-!)& #&$ ,!3@&$ .& 1),4+D-& &! #A,.,!3@&' 5& 4# $2 -3 $ ?&))3-$ 4# $ #3"- > & #,

$C@%!)"& .& *&! &@4"#&@&-! , .&$ *3-$%> &-*&$ "@43)!,-!&$ $ ) #& *3 4#,1& .&$ %!,!$ . 

1),4+D-& , / %!,!$ .A,.,!3@&$' ( ) #&$ "@,1&$ (IJ .A"#3!$ G/2 × 22 *& )%$ #!,! 4&)@&!

.A"-!&)4)%!&) #&$ M3-&$ .& 1),4+D-& 4& 4&)! ):% $"! %&$ , *&-!)& .& #, 4$& .3<*&## #& . 

@3")% 01 )&$ 7'N O 7'P'

5,-$ #& *,$ .&$ &@4"#&@&-!$ 1),4+D-&E)&$!,!3@& +3##3T 901 )& 7'8 9.;; &! !34 901 )&

7'8 9=;;2 3- -A3:$&)?& 4,$ 93 !)D$ 4& .,-$ #& *,$ !34; .A"-!&-$"!% &-!)& #& )&$!,!3@& &! #&

1),4+D-&' HF!% $ )=,*&2 3- -A3:$&)?& 4,$ -3- 4# $ .& @3."0*,!"3- %?".&-!& .& #, .&-$"!%

.A%!,!$ "-!%1)%& $ ) #A,!3@& .& 1),4+D-&' UA"-!&),*!"3- 1),4+D-&<)&$!,!3@& &$! .3-* :"&- 4# $

=,":#& > & *&##& > " ,44,),"! &-!)& #& 1),4+D-& &! #&$ ,.,!3@&$' V- &B&!2 #& )&$!,!3@& &$!

$"! % $ W$,@@&-! #3"- $4,!",#&@&-! . 4#,- .& 1),4+D-& &! 4)3?3> & .3-*  -& 4&)! ):,!"3-

:"&- @3"-.)& 9&! @3"-$ #3*,#"$%&; > & #&$ ,.,!3@&$' H&$ *3-$!,!,!"3-$ *3))3:3)&-! .3-*

#A+C43!+D$& > & -3 $ ,?"3-$ 4)343$%& O 4,)!") .&$ @&$ )&$ (IJ' X $,?3")  -& "-!&),*!"3-

1),4+D-&E$ :$!),! > " , #"& &$$&-!"&##&@&-! O !),?&)$ #&$ %!,!$ .A,.,!3@&$2 > " 4)3?3> &

 - .%0*"! #3*,# &- .&-$"!% .A%!,!$ &- $ )=,*& . 1),4+D-& &! > " .%4&-. .& #A&@4"#&@&-!

#3*,# 1),4+D-&<,.,!3@&' U&$ &@4"#&@&-!$ 4)3*+&$ . !C4& !34 @D-&-! O  -& "-!&),*!"3-

1),4+D-&E,.,!3@& =3)!& ,#3)$ > & #&$ &@4"#&@&-!$ .& !C4& +3##3T @D-&-! O  -& "-!&),*!"3-

1),4+D-&E,.,!3@& !)D$ =,":#&'

< NY8 <



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 31

+'(,-.$&

 !"#$%  !"#  !"#$ #$ %& '()&'!*!*+, -)&!*&%$ #$ %& #$,-*!( #$ ./&'0$ *,!(0'($ $, (!&!- 1*#$-

)+"' #*2('$,!- $3)*%$3$,!- 0'&)/4,$5&#&!+3$ $! $, (!&!- )%$*,- )+"' #*2('$,!- $3)*%$3$,!- 0'&6

)/4,$5'$-!&!+3$7 8&9 .+,:0"'&!*+, A .+3)+'!&,! %$- $3)*%$3$,!- 0'&)/4,$5&#&!+3$ ; !+) 8&#&6

!+3$ A4< .+")$ 8=99< !+) #(.&%( 8&#&!+3$ A3< .+")$ 8.99 $! %>$3)*%$3$,! 0'&)/4,$5'$-!&!+3$ /+%%+?
8.+")$ 8#997 8$9 @+,:0"'&!*+, B .+3)+'!&,! %$- $3)*%$3$,!- 0'&)/4,$5&#&!+3$ ; /+%%+? 8&#&!+3$

B4< .+")$ 8A99 $! ='*#0$ 8&#&!+3$ B3< .+")$ 8A99$! %>$3)*%$3$,! 0'&)/4,$5'$-!&!+3$ !+) 8.+")$
80997 B$- C4./$- )+*,!$,! -"' %$- &!+3$- #$ 0'&)/4,$ #$ %>$3)*%$3$,! .+,-*#('(7 B$- *,!$'1&%%$-

#>*,!(0'&!*+, $, (,$'0*$ -+,! *,#*D"(- )+"' ./&D"$ :0"'$7

 !"#  



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$""!%& '(" )*"$+,-," '( #-+#$+"  ! "#"$"%  !"# $!%%&'$&#( "'& %&)"#& &' )*&$+

,#!)$!*-& ,"''&. /& .0 )"#10$& G/2× 2 *&#%&, /& )!'/&# &2*3#-%&',0.&%&', .0 *!)-,-!' /&)
3,0,) 0))!$-3) 0"2 0/0,!%&) &, 0"2 #&),0,!%&) )!") .& *.0' /& 4#0*56'&7 8&,,& 3,"/& &),

%!,-93& *0# .& 10-, :";-. &), $!''" :"& .&) ),#"$,"#&) /& <0'/&) $0.$".3&) = *0#,-# /&) 3,0,)

/& >!5'+?50% !<,&'") *0# @AB /!-9&', C,#& -',&#*#3,3&) 09&$ *#3$0",-!') DEF G9!-# /-)$")+

)-!' $50*-,#& E( *0#,-& E7H7E7EI7 @&) 3$0#,) -%*!#,0',) &',#& ,53!#-& &, &2*3#-&'$& )!', 0-')-

0,,&'/") *!"# .&) ),#"$,"#&) )&%-$!'/"$,#-$&)7 J' &K&,( /0') $&) $0) .& 40* &), )L),3%0+

,-:"&%&', G.0#4&%&',I )!")+&),-%37 M0 %&)"#& &2*3#-%&',0.& /&) *!)-,-!') /&) 3,0,) /& .0

#&$!'),#"$,-!' *&#%&, /!'$ /& *#3$-)&# .0 /&)$#-*,-!' /" )L),6%& G/2× 27

 !"#$%  !"#  !"#$ %&$'!()%')&*+"$ $, -)#$ ./01 #$% 2!3!% #$ 43 ($'),%!("'!*), (2 × 2) %"( ",
*4)! #$ G/2× 2 35$' ", 3,64$ #7$-&*4$-$,! α ≈ 089 :3; .)"(<$ I(V ) -)=$,,2$ %"( 1620 &)*,!% 3"
'$,!($ #$ 47*-36$ $, *,%$(!9 :<; 1&$'!($

dI
dV

')(($%&),#3,!> 35$' ", ?))- %"( 43 %!("'!"($ $, 2!3!%

&4$*,%9

M0 N4"#& O7P %!',#& "'& 3,"/& &' %!/& 8QB? /;"' -.!, G/2 × 2 09&$ "' 0'4.& /;&%+
*-.&%&', α ≈ 0R G9!-# -')&#,I( *!"# "'& ),0<-.-)0,-!' = Vstab = −2, 0 S G3,0,) *.&-')I &,

It = 0, 2 'T7 M0 N4"#& O7P G0I *#3)&',& "'& $!"#<& QGSI %!L&''3& )"# 1620 *!-',) 0" $&',#&
/& .;-%04&( .0 N4"#& O7P G<I *#3)&',& .& )*&$,#&

dI
dV

$!##&)*!'/0',7

J' *#&%-&# .-&"( !' #&%0#:"& :"& .&) $!"#<&) I(V ) N4"#& O7P G0I )!', ,#6) 0)L%3,#-:"&)(
09&$ "' $!"#0', U"):";= *#&):"& VW 1!-) *.") 4#0'/ &' 3,0,) 9-/&) :";&' 3,0,) *.&-') G= ),0<-+

.-)0,-!'I7 8&$- &), $!53#&', 09&$ .& %!/6.& /& ),#"$,"#& *!"# .0 #&$!'),#"$,-!'( $!%*!#,0',

"'& <0'/& /;3,0,) *.&-') 0))!$-3& 0"2 #&),0,!%&) /0') .& /&#'-&# *.0' /" 9!."%& ,#!':"3

&, "'& <0'/& /;3,0,) 9-/&) 0))!$-3& 0"2 0/0,!%&)( :"- )!', .&) 0,!%&) /" )"<),#0, .&) *.")

*#!$5&) /" *.0' /& 4#0*56'&7

M&) )*&$,#&)

dI
dV

N4"#& O7P G<I #396.&', /&"2 *-$)( .;"' &' 3,0,) *.&-') = VS = −1, 29 S
&, .;0",#& &' 3,0,) 9-/&) = VS = +1, 61 S7 M;0%*.-,"/& /" *-$ /;3,0,) 9-/&) &), &'9-#!'
XW 1!-) *.") 4#0'/& :"& .& *-$ &' 3,0,) *.&-')7 ?- .;!' $!')-/6#& /-K3#&',) ,L*&) /;-.!,)( =

/-K3#&',&) $!'/-,-!') /& ),0<-.-)0,-!' &, /-K3#&',&) *!-',&)( .& *-$ /;3,0,) *.&-') )& ,#!"9& =

VS = −1, 26 S &' %!L&''& &, 90#-& &',#& [−1, 09 S;−1, 67 S]7 M& *-$ /;3,0,) 9-/&) )& ,#!"9&

+ YVZ +



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 31

+'(,-.$&

 VS = +1, 61 ! "# $%&"##" "' ()*+" "#'*" [+1, 49 !; +1, 93 !], -) .+/0*"#1" .2)$34+'5."

."6 3+16 6" *"'*%5(" '%57%5*68 )("1 5# *)33%*' .2)$34+'5." 9:;9! )44)#' ." <=  3*"6>5"

<==,

9# 1%$3)*)+6%#  4) 6'*51'5*" 04"1'*%#+>5" 1)41540" "# ?@A8 %# *"$)*>5" >5" 4) $"65*"

+#.+>5" 5# B)3 ." 65*C)1" 3%5* 4) *"1%#6'*51'+%# D+"# 3456 B*)#. >5" 1"45+ 1)41540, 9# "/"'8

4"6 $"65*"6 +#.+>5"#' "# $%&"##" ."5E 6'*51'5*"6  VS = −1, 29 ! "'  VS = +1, 61 ! )4%*6

>5" 4"6 1)41546 ." ?FG '%')4" HB5*" I,J .%##"#' ."6 3+16 )5'%5* ." ERA = −0, 15± 0, 15 "!

"' EAA = 0, 86± 0, 04 "! KEAA = 0, 78± 0, 12 "! 3%5* 4) 1%#HB5*)'+%# BL,

M"3"#.)#'8 +4 C)5' #%'"* >5" 4"6 $"65*"6 "E30*+$"#')4"6 1%$3%*'"#' "44"6 )566+ 4"5*6

)*'0C)1'6, A%5' .2)D%*.8 #%56 )(%#6 "E145 4"6 3*%D4N$"6 ." 1%#.51'+%# .)#6 4" 65D6'*)' "#

(0*+H)#' >5" 4) 3%6+'+%# ."6 6'*51'5*"6 .)#6 4"6 63"1'*"6 #" ()*+" 3)6 "# C%#1'+%# .5 1%5*)#'

." 6')D+4+6)'+%#,

9#65+'"8 *)33"4%#6 >5" 3%5* ."6 O)5'"6 '"#6+%#6 '5##"468 %# 6201)*'" ." 4) ()4+.+'0 ."

42)33*%E+$)'+%# >5+ .+' >5" 4) 1%#.51')#1" .&#)$+>5"

dI
dV

"6' 3*%3%*'+%##"44"  4) ."#6+'0

.20')'6 4%1)4" "# 65*C)1" ." 4201O)#'+44%#, M%$$" #%56 42)(%#6 (5 )5 1O)3+'*" P8 3)*'+" P,P,<,I8

1"' 01)*' "6' .Q  4) .03"#.)#1" "# 0#"*B+" ." 4) '*)#6$+66+(+'0 ." 4) D)**+N*" '5##"4 >5+ #"

3"5' 3456 R'*" 1%#6+.0*0" 1%$$" 1%#6')#'", G5* 4"6 63"1'*"68 1" 3O0#%$N#" 6" '*).5+' 3)* 5#

04%+B#"$"#' ."6 6'*51'5*"6 3)* *)33%*' )5 #+(")5 ." @"*$+, ?)#6 4" 1O)3+'*" P8 3)*'+" P,P,<,I8

#%56 )(+%#6 .+615'0 4) $0'O%." ." @""#6'*)8 G'*%61+% "' @"+# STU 1%#6+6')#'  #%*$)4+6"*

4) 1%#.51')#1" 3)* I/V 3%5* *0.5+*" 1"' "/"', V)33"4%#6 >5" 3%5* 4) 63"1'*%61%3+" ."

65*C)1"6  B*)#. B)38 I/V #2"6' 3456 5#" "6'+$)'+%# ()4+." ." 4) .03"#.)#1" "# 0#"*B+" ."

4) '*)#6$+66+(+'0 1)* I .01*%+' *)3+."$"#' ("*6 0 "# D%*. ." D)#.", W# '"4 1%$3%*'"$"#'

"6' "# "/"' %D6"*(0 .)#6 4" 1)6 ." 4) *"1%#6'*51'+%# (2 × 2) 6%56 4" 34)# ." B*)3ON#" K(%+*

HB5*" I,X K)LL, Y%56 #2)(%#6 .%#1 3)6 5'+4+60 1"''" $0'O%." .2)#)4&6" +1+ 1)* "44" )D%5'+*)+'

 5#" 65*1%**"1'+%# ."6 3%6+'+%#6 ."6 6'*51'5*"6 ("*6 4"6 D)66"6 0#"*B+"6,

:)* )+44"5*68 .)#6 4" 1)6 ." 65*C)1"6 6"$+1%#.51'*+1"68 @""#6'*) "' G'*%61+% %#' C)+' *"Z

$)*>5"* >5" 4" 1O)$3 04"1'*+>5" 3*%.5+' 3)* 4) 3%+#'" GA[ 3"5' 30#0'*"* 4) 65*C)1" ."

4201O)#'+44%# "' )+#6+ 3*%(%>5"* 5#" 1%5*D5*" ." D)#." "# 65*C)1" S\U, :456 3*01+60$"#'8

"# 42)D6"#1" .2"/"' ." 1O)$3 .Q  4) 3%+#'"8 %# ) 4) *"4)'+%# E − EF = eVS "# 63"1'*%Z

61%3+" '5##"4, G2+4 & ) +#'"*)1'+%# 04"1'*%6')'+>5" "#'*" 4) 3%+#'" "' 4) 65*C)1"8 %# ) )4%*6

E − EF = eV − eφ0 )("1 eφ0 4) 1%5*D5*" ." D)#." +#.5+'" 3)* 4) 3%+#'", M"' "/"' 3"5'

.%#1 "E34+>5"* ."6 .01)4)B"6 "# 0#"*B+" ."6 6'*51'5*"68 )("1 #%')$$"#' 5# B)3 ." 65*C)1"

65*"6'+$0, G2+4 "6' (*)+ >5" 4) 65*C)1" G/2 × 2 #2"6' 3)6 6"$+1%#.51'*+1"8 4" B*)3ON#" >5+

*"1%5(*" 4) *"1%#6'*51'+%# 3%66N." 5#" -?FG C)+D4" "' () 6" 1O)*B"* 3)* "/"' ." 1O)$3 "#

3*06"#1" .5 3%'"#'+"4 04"1'*%6')'+>5" ." 4) 3%+#'", ]4 "# *0654'" 5# .01)4)B" 3456 %5 $%+#6

1%#60>5"#' ."6 6'*51'5*"6 )66%1+0"6 )5 B*)3ON#" "'  4) *"1%#6'*51'+%# 6%56Z7)1"#'", ?)#6 4"

653340$"#' ." 42)*'+14" SIU8 1"' "/"' "6' 0'5.+0  42)+." .25# $%.N4" ." 1%#."#6)'"5* 34)#8

3%5* .5 B*)3ON#"8 )("1 5#" .+6')#1" 3%+#'" 65*C)1" ." 9 ^ "' 5# '*)()+4 ." 6%*'+" ." 5, 2 "!

3%5* 4) 3%+#'" "' 4, 6 "! 3%5* 4" B*)3ON#", M" 1)4154 3*0.+' 5# .01)4)B" ."6 6'*51'5*"6 eφ0

." −0, 15 "! 3%5* VS = −1, 0 ! "' +0, 35 "! 3%5* VS = +1, 0 !, M" $01)#+6$" 3"5'

.%#1 +#'*%.5+*" 5#" 65*"6'+$)'+%# ." 0, 5 "! .5 B)3 ." 65*C)1" ." 4) *"1%#6'*51'+%# (2× 2),
V"$)*>5%#6 >5" 3456 4) .+6')#1" 3%+#'" 65*C)1" "6' .+$+#50"8 3456 %# )''"#. 5# "/"' +$Z

3%*')#' 65* 4201O)#'+44%#, :)*)44N4"$"#'8 42+$3%*')#1" ." 42"/"' .03"#. .5 '*)()+4 ." 6%*'+"

." 4) 3%+#'"8 >5+ "6' *"4+0  6) B0%$0'*+", F# 62)''"#. .%#1  5# "/"' .03"#.)#' ." 4) 3%+#'"

5'+4+60", M"' "/"' 3"*$"''*)+' .%#1 .2"E34+>5"* "# 3)*'+" 4) .+63"*6+%# ."6 $"65*"6,

9#H#8 *)33"4%#6 >5" 4"6 $"65*"6 ." '*)#63%*' SJ8 _U "' ." 3O%'%0$+66+%# *06%45" "#

Z <I= Z



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$ %&' ( )*$+ , !+ # #-../) .*)$ 01!.)$!. *! ,1( "$ $! /#$2.)1!+ 3 #4-!.$)5 2$ (1*) #$

") (67!$ +*) 8-9 5 2$ 9 .$# :*$ EF = ED + 0, 2/0, 3 $;< 84-# $+. =) - :*$ , !+ #$ 2 + ,$+

0$+*)$+ ,$ .) !+(1).> # "/10/.)-$ ,$ #4-!.$)5 2$ !4$+. ( + 51)0$##$0$!. -,$!.-?/$ $. :*$

, !+ #$ 2 + ,$+ 0$+*)$+ ,$ (61.1/0-++-1!> #$+ ,$*@ -!.$)5 2$+ (3× 3) $. (2× 2) +1!. +1!,/$+
+-0*#. !/0$!.> -# $+. (1++-A#$ :*$ !1.)$ 2 #2*# BCD> :*- ,1!!$ *! (# ! ,$ ") (67!$ !$*.)$

3 #4-!.$)5 2$> !$ ,/2)-=$ ( + A-$! # )/ #-./<

E$0 ):*1!+ 3 2$ ()1(1+ :*4*! 2 #2*# )/2$00$!. (*A#-/ , !+ # #-../) .*)$ %F'> :*- 21!+-G

,7)$ *! +H+.70$ -,$!.-:*$  * !1.)$ 0 -+ 3 #4 -,$ ,4*!$  *.)$ 51!2.-1!!$##$ ,4/26 !"$ $.

21))/# .-1!> ()/,-. *! ,1( "$ ,$ # 21*26$ ,$ ") (67!$ .$# :*$ EF = ED + 0, 35 $;< I$+

 *.$*)+ 210( )$!. #$+ +.)*2.*)$+ /#$2.)1!-:*$+ ,* +H+.70$ 1A.$!*$+ ")J2$  *@ 51!2.-1!!$##$+

IBK> LLK

∗
$. LLKMBN< 9$..$ ,$)!-7)$ -!2#*. #$+ -!.$) 2.-1! 3 #1!"*$ (1)./$ ,$ .H($ = !

,$) O  #+ ")J2$ 3 *! (1.$!.-$# $0(-)-:*$ ,$ # 51)0$ C6R
−6

%PQ'< 9$..$ 51!2.-1!!$##$  /./

-0(#/0$!./$ )/2$00$!. %PP' , !+ #$ 21,$ :* !.*0GR8SER88T :*4*.-#-+$!. #$+  *.$*)+<

B !+ #$ 2 #2*# *.-#-+ !. # 51!2.-1!!$##$ LLK> #$+  *.$*)+ )$.)1*=$!. *!$ +.)*2.*)$ 21!=$)G

"/$ /:*-= #$!.$ 3 # !1.)$>  =$2 *!$ ,-+. !2$ ") (67!$U , .10$ ,$ 3, 29 V $. *! .) !+5$).

,$ 26 )"$ !*# $!.)$ #$ ") (67!$ $. #$ +*A+.) .< R! )$= !26$> #$+ 2 #2*#+ *.-#-+ !. #$+ 51!2G

.-1!!$##$+ IBK $. LLKMBN ()/,-+$!. *!$ ,-+. !2$ ") (67!$U , .10$ )/,*-.$ M2, 64 V $.

2, 61 V )$+($2.-=$0$!.N $. *! .) !+5$). ,4/#$2.)1!+ ,* +*A+.) . =$)+ #$ (# ! ,$ ") (67!$<

91!2$)! !. # +.)*2.*)$  .10-:*$ 2 #2*#/$> )$0 ):*1!+ -2- :*4$! 8DW !1*+ 0$+*)1!+ *!$

6 *.$*) ,4-#1. G/2 × 2 ,$ 2, 6 ± 0, 2 VM=1-) 26 (-.)$ X> ( ).-$ X<P<YN> )/+*#. . $! 0$-##$*)

 221),  =$2 #$+ 2 #2*#+ IBK $. LLKMBN :*4 =$2 !1+ 2 #2*#+ $! LLK< Z# 5 *. !/ !01-!+ )$G

0 ):*$) :*$ !1.)$ )/5/)$!2$ ,$ 6 *.$*) $+. # )$21!+.)*2.-1! (3× 3) !1! )$21*=$).$< K-!+->

-# $@-+.$ *!$ -!2$).-.*,$ ,-[2-#$ 3 $+.-0$) , !+ # 0$+*)$ 8DW ,$ 6 *.$*) ,4-#1. G/2 × 2
:*- ($*. ()1=$!-) ,4$\$.+ /#$2.)1!-:*$+> ,$ ( ) # ,-\/)$!2$ ,$ +.)*2.*)$ /#$2.)1!-:*$ ,*

") (67!$ $. ,$ # (3×3)N> $. .1(1") (6-:*$+> ,$ ( ) # ,-\/)$!2$ ,$ +.)*2.*)$  .10-:*$ ,$+

)$21!+.)*2.-1!+ M2 × 2N $. M3 × 3N +*) # :*$##$ !1*+ !4 =1!+ ( + ,4-!51)0 .-1!< 91!2$)! !.

# +.)*2.*)$ /#$2.)1!-:*$ 2 #2*#/$ ,$ # 21*26$ ,$ ") (67!$> $. ,4 ()7+ # )/5/)$!2$ %F'> -#

+$0A#$ :*$ # )/,*2.-1! ,$ # ,-+. !2$ ") (67!$U)$21!+.)*2.-1!  *"0$!.$) -. #4-!.$) 2.-1!

") (67!$U)$+. .10$> 2$+ ,$)!-$)+ 2/, !. ,$ # 26 )"$  * ") (67!$< E$0 ):*1!+ $!?! # 

+-0-# )-./ ,$+ )/+*#. .+ ,$ 2 #2*#+ $! IBK $. LLKMBN< Z# $+. 21!!* :*$ # 51!2.-1!!$##$ IBK

 A1*.-. ,$ 5 ]1! 51).*-.$ M( ) 210($!+ .-1! ,4$))$*)+ ,1!. !1*+  =1!+ ( )#/ 26 (-.)$ Y>

( ).-$ Y<X<Y<XN 3 *!$ ,-+. !2$ -!.$)(# ! 21))$2.$ , !+ #$ ") (6-.$ %PY'< I$+  *.$*)+ +-"! #$!.

:*$ #$*)+ )/+*#. .+ 01!.)$!. :*$ 2$..$ 210($!+ .-1!  #-$*  *++- , !+ #$ +H+.70$ G/2× 2<
R! 21!2#*+-1! ,$ #$*)+ 1A+$)= .-1!+> #$+  *.$*)+ ,$ %F' -!+-+.$!. +*) #$ 5 -. :*$ # ()-+$

$! 210(.$ ,$+ 51)2$+ ,$ = ! ,$) O  #+> 0 # ,/2)-.$+ ( ) #$+ 51!2.-1!!$##$+ ,4/26 !"$ $.

21))/# .-1! ,$ .H($ #12 #$+ 1* +$0-G#12 #$+> $+. !/2$++ -)$ 3 # A1!!$ ,$+2)-(.-1! ,$ # +.)*2G

.*)$ /#$2.)1!-:*$ ,* (# ! ,$ ") (67!$ , !+ 2$ +H+.70$ $! 5 -A#$ -!.$) 2.-1!< E$0 ):*1!+

2$($!, !. :*$ #$+  *.$*)+ 1!. $* )$21*)+ 3 *!$ ,$+2)-(.-1! $0(-)-:*$ ,$+ 51)2$+ ,$ ; ! ,$)

O  #+> -0(#/0$!./$ .)7+ )/2$00$!.< R##$ !/2$++-.$) ,4^.)$ .$+./$ +*) ,-\/)$!.+ +H+.70$+<

R!?!> !1+ 2 #2*#+ + !+ ()-+$ $! 210(.$ ,$ #4-!.$) 2.-1! = ! ,$) O  #+ !4 = -$!. ( + 01!.)/

#4 (( )-.-1! ,4*! .) !+5$). ,$ 26 )"$> H 210()-+ (1*) *!$ +/)-$ ,$ .) !+# .-1!+ ) (()126 !. #$

(# ! ,$ ") (67!$ ,$ # )$21!+.)*2.-1!< D1*.$51-+> 2$..$ /.*,$  01!.)/ :*43 #4 =$!-)> -# 5 *,) 

21!+-,/)$) # :*$+.-1! ,$+ -!.$) 2.-1!+ ; ! ,$) O  #+  =$2  ..$!.-1! (1*) ,$+ +H+.70$+ ($*

-!.$) "-++ !.+< 9$($!, !.> 2$..$ ,/0 )26$ ,$0 !,$) *!$ /=1#*.-1! ,$+ .$26!-:*$+ ,1!.

∗ !!" # $%&'()$)*&+*,&-% &.$-)/0% $)'1 23 4 &* 5, # 2 $6&71189'% :;<3 4 $6&71189'% :;< &* 5, $6&7+7

=>+ :;< ?@" # $%&'()$)*&+*,&-% &.$-)/0% $)'1 23 4 &* 5, # 2 $A7=6B :;<3 4 $A7=6B :;< &* 5, $A7=6B :;<

 !"!  



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"# $%#&!#! # $' # () *+!"&), -( .'"$+' ) )/)0 !10) %+ " )  !"2)(() 2)+#%! $" 3!$) 4567

3! 0) ' 0 " ) 0)(() .! 30%!  )(() &"%# " ) 80"$) '&&+!.! $%) $) (' (%008+'0"+) 9"' $ '":

&)+.!+;' 3)# $) 3)00)  !"2)(() .! 30%!  )((),

7!"+ 3! 3("+)< % #%#0! # #"+ () .'%0 9") 3)# +8#"(0'0#  ) +);)00) 0 &'# ) 3'"#) ()# !1#)+=

2'0%! # 9"'(%0'0%2)# 9")  !"# '2! # )/)30"8)# #"+ (>% 0)+'30%! *+'&?@ )A'$'0!;), 5 #'2!%+

9") 3)(()=3% )#0 $!;% ' 0) &'+ +'&&!+0 B (>% 0)+'30%! *+'&?@ )A+)#0'0!;) )0 9") #' .!+3)

$8&) $ $" 0C&) $>);&%();) 0 *+'&?@ )A'$'0!;), 7!"+ D %+<  !"# 2)++! # $' # (' &'+0%)

E,F B 0+'2)+# " 3'(3"( G0!"H!"+# '2)3 (' .! 30%!  )(() II5J % 08*+' 0 ()# $8.'"0# 0C&%9")#

!1#)+28# ) '##)K *+' $  !;1+) $' # () &(' $) (' +)3! #0+"30%! (2 × 2)< 9") 3)# $)+ %)+#
3! #0%0") 0 " ) '"0+) #!"+3) &!##%1() $) $!&'*) ) 8()30+! # $) (' 3!"3?) $) *+'&?@ ) &'+

() #"1#0+'0, !" #$%&'()%*+$ ,'(-./$&01231%'(% 42 -+*$% 4& 52& 4&16%(%1 4& 7( '&)+$1%'2)%*+$ (2× 2) !"!# $%&'( ()*+,-.(/%01(
L' # (' &'+0%) &+838$) 0)<  !"# '2! # $83+%0 (>'&&'+) 3) $" ;!%+8 #"+ ()# %;'*)# 6MN B

1'##) 0) #%! 0"  )(, O) ;!%+8 '&&'+'%0 $' # () &(' $) *+'&?@ ) 3!;;) " ) '(0)+ ' 3) $)

K! )# '2)3 " $8D3%0 $) OLP6 #"+ ()# '0!;)# $) *+'&?@ ) ) );&%();) 0 0!& G)0 9"'#% 0!&J

)0 1+%$*) &'+ +'&&!+0 B " '$'0!;) B (>% 0)+.'3)< )0 $) K! )# ;! 0+' 0 " 3! 0+'#0) )  %$

$>'1)%(() 0C&%9") $" *+'&?@ ) &!"+ " );&%();) 0 ?!((!Q *+'&?@ )A'$'0!;), O) ;!%+8 0+'=

$"%0 '% #% ()# &)+0"+1'0%! # 8()30+! %9")# $" *+'&?@ ) $")# B (>% 0)+'30%! *+'&?@ )A'$'0!;)

$! 0 (>% 0) #%08 2'+%) '2)3 (>);&%();) 0 (!3'(, R!"# '((! # ;'% 0) ' 0  !"# &) 3?)+ #"+ ()#

)/)0# $) (>% 0)+'30%! *+'&?@ )A#"1#0+'0 $" &!% 0 $) 2") $)# 80'0# $) (' +)3! #0+"30%! 

(2 × 2), 7!"+ 3) .'%+)<  !"# '((! # 80"$%)+ ()# 2'+%'0%! # #&'0%'()# $" 3! 0+'#0) $)# %;'*)#

6MN ) ;!$) 0!&!*+'&?%9") '##!3%8)# '" ;!%+8 #"+ (' +)3! #0+"30%! #!"#=H'3) 0)< (!+#9")

(>! %;'*) B #"S#';;) 0 ?'"0) 0) #%! $>83?' 0%((! VS &!"+ 9") (' 3!"3?) $) *+'&?@ )

'&&'+'%##) 0+' #&'+) 0), T)# +8#"(0'0# #)+! 0 ;%# ) +)('0%! '2)3 (>);&%();) 0 (!3'( *+'=

&?@ )A+)3! #0+"30%! , R!"# "0%(%#)+! # ) #"%0) $)# $!  8)# $) #&)30+!#3!&%) 0"  )( +8#!(")

) #%0)# &!"+ 82'(")+ ()# ;!$"('0%! # $) #0+"30"+) 8()30+! %9") $)# '$'0!;)# ) .! 30%! $)

()"+ &!#%0%! &'+ +'&&!+0 '" &(' $) *+'&?@ ),

 !"!#!# $%&'()*&+ ,( -&+)./0)1 ,10 *2/310 456 1+ 2&,1 )&7&3./78*9(1 1+

:&+-)*&+ ,1 '/ )1+0*&+ )(++1'

7!"+ 3!;;) 3)+< (' D*"+) E,U ;! 0+) " ) #8+%) $>%;'*)# &+%#)# B $%/8+) 0)# 0) #%! #

'2)3 (' ;V;) &!% 0)< #"+ " %(!0 $) G/2× 2 &+8#) 0' 0 " ' *() $>);&%();) 0 α = 17± 1W
9"% 3!++)#&! $ B " ;!%+8 $) &8+%!$%3%08 P = 3, 3 ± 0, 3  ;, X +)&@+) 2%#")( ' 808 &('38

'" ;V;) ) $+!%0 #"+ 3?'9") %;'*) 'D $) .'3%(%0)+ (>!1#)+2'0%! $)# &!#%0%! # $)# ;':%;'

)0 ;% %;' $" ;!%+8, R!"# '((! # 3!;&'+)+ %3% ()# &!#%0%! # #&'0%'()# &+83%#)# $)# #0+"30"+)#

$" ;!%+8 ) .! 30%! $) (' 0) #%! 0"  )(, T) 0+'2'%( )#0 +) $" &!##%1() &'+ (>'39"%#%0%! 

&!"+ 3?'9") 0) #%! $) $)": %;'*)# #%;"(0' 8)#< (>" ) B 0) #%! $) +8.8+) 3) VS = +1, 5 4
)0 (>'"0+) B (' 0) #%! VS $>80"$), O>%;'*) B 0) #%! $) +8.8+) 3) &)+;)0 '"##% $) 28+%D)+

9") (>80'0 $) (' &!% 0) +)#0) () ;V;) 0!"0 '" (! * $) (>80"$), O)# $8.'"0# ) 1!+$ $>%;'*)

= YEZ =



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#!$$!%$ &! "!'$()!" * '+,-.! #!/."! 0, &1"(2! &,%/ 0! $!# / &.  3/($(3%%!#!%$ &.! ,.4

 (15310!'$"(-.!/6 73##! %3./ ,003%/ 0! 23("8 09,  ,"!%'! &!/ (#,:!/ ;<= &1 !%& >3"$!#!%$

&! 0, $!%/(3% $.%%!0 &! #!/."!6

?3." VS = −1, 5 @ !$ VS = −1, 0 @8 /!.0/ 0!/ "!/$,$3#!/ /3%$ 2(/(A0!/8 (0 %9B ,  ,/ &!

'3%$",/$! ,$3#(-.! /." 0! :", +C%!6 D% 3A/!"2! .% #3("18 0!/ 53%!/ 0!/  0./ A,//!/ E!%$3."1!/

&!  3(%$(001/F '3""!/ 3%&!%$ ,.4 53%!/ &! :", +C%! %3%  !"$."A1 E23(" (#,:!/ * A,//! $!%/(3%

$.%%!0F6 7! #3("1  "1/!%$! .%! /B#1$"(! &93"&"! G6

?3." VS = −0, 5 @8 3% 23($ .%! /. !" 3/($(3% &!/ "1/!,.4 &! "!/$,$3#!/ !$ &! :", +C%!

 !"$."A16 H!#,"-.3%/ -.! 0!/ "!/$,$3#!/ ,  ,",(//!%$ 0! #(!.4 ,. A3"& &!/ 53%!/ !%$3."1!/8

'9!/$ * &("! &,%/ 0!/ 53%!/ &! :", +C%!  !"$."A1 !$ -.! 0!." (%$!%/($1  "1/!%$! .%! /B#1$"(!

G6

?3." VS = −0, 25 @8 3% 3A/!"2! /."$3.$ 0! :", +C%!  !"$."A18 ,2!' ,.//( &!/ ,&,$3#!/8

/."$3.$ *  "34(#($1 &!/ &1>,.$/6

?3." VS = −10 #@ !$ VS = +0, 1 @8 (0 %9,  ,",($ -.! 0! "1/!,. &! :", +C%!8 ,2!'

&!/ 53%!/ &! :", +C%! %3%  !"$."A1 E* 09(%$1"(!." &!/ '!"'0!/  3(%$(001/F !$ &!/ 53%!/ &!/

 !"$."A,$(3%/ !% ,$3#!/ 1$!(%$/ &3%$ 0! $B ! EIJKF 2,"(! ,2!' 0, "3$,$(3%6

?3." VS = +0, 25 @8 0!/ &!.4 "1/!,.4 &. :", +C%! !$ &!/ ,&,$3#!/ /3%$ 2(/(A0!/8 #,(/

 ,/ /(#.0$,%1#!%$ /." $3.$! 09(#,:!6 L! '3%$",/$! ,$3#(-.! /." 0! :", +C%! !/$ 3A$!%.

* 09(%$1"(!." &!/ '!"'0!/  3(%$(001/8 ,2!' $"C/  !. &! /(:%,0 &! 09(%$!">,'!6 I 09!4$1"(!." &!/

'!"'0!/8 0!/ ,&,$3#!/ /3%$ 2(/(A0!/8 0, "1/30.$(3% ,$3#(-.! /." 0! :", +C%! %! /! &(/$(%:.!

-.! $"C/ 01:C"!#!%$6

?3." VS = +0, 5 @8 0! '3%$",/$! ,$3#(-.! /." 0! "1/!,. &! :", +C%! &(/ ,",($8 0! #3("1

/." 0!/ ,&,$3#!/ /! #,(%$(!%$8 0!/ 53%!/ 0!/  0./ A,//!/ /3%$ $3.M3."/ * 09(%$1"(!." &!/ '!"'0!/

 3(%$(001/6

?3." VS = +1, 0 @ !$ VS = +1, 5 @8 0! #3("1 /." 0!/ ,&,$3#!/ /9!/$ (%2!"/1  ," ",  3"$

,.4 (#,:!/ * $!%/(3% $.%%!0  0./ A,//!6 L!/ #,4(#, &. #3("1 /3%$ #,(%$!%,%$ * 09(%$1"(!."

&!/ '!"'0!/  3(%$(001/8 '3""!/ 3%&,%$ ,.4 53%!/ &! :", +C%! >,(A0!#!%$  !"$."A16 73##!

&,%/ 0! ',/ &!/ "!/$,$3#!/8 0! #3("1  "1/!%$! .%! /B#1$"(! &93"&"! G6 ?3." &!/  0./ +,.$!/

$!%/(3%/ $.%%!08 VS = +2, 0 @ !$ VS = +2, 2 @8 0! '3%$",/$! &. #3("1 /9(%2!"/! * %3.2!,. !$

&!2(!%$ $"C/ >,(A0!6

N OPG N



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"#$%  !"#  !"#$% &'('#)"(*+,-$% . /+01)$2&$% &$2%+'2% /3-2 +4'& /$ G/2×2 ()1%$2&"2& -2 !'+)1

/$ (1)+'/+5+&1 P = 3, 3±0, 3 2! $& -2 "2#4$ /3$!(+4$!$2& α = 17±167 8" &$2%+'2 /315*"2&+44'2 VS $&

4$ 5'-)"2& &-22$4 /$ 5'2%+#2$ It %'2& +2/+,-1% %-) 5*",-$ +!"#$7 92 5$)54$ "- 5$2&)$ /$ 5*",-$ +!"#$

"55'!("#21 /$ &)'+% 5$)54$% ('+2&+441% /14+!+&"2& 4$% :'2$% /$ #)"(*;2$ ($- ($)&-)<1 =/1&$)!+21$% .

<"%%$ &$2%+'2 &-22$4> %$)?$2& /$ )$(;)$% ('-) 43'<%$)?"&+'2 /$ 431?'4-&+'2 /$% ('%+&+'2% /$% !"@+!"

/- !'+)17

 !"#  



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$%  !"#$  !"#$%!&'(')*& %+,$-(')./! 0! 12!-")1!-!&' 3#(",4&!5(2 × 2) 0(&% 1! +(% α =
176 "*/# +*-"(#()%*& (7!+ 1( 83/#! 9:;: <( "%!/0*=+!11/1! 0! >)3&!#=?!)'@ !%' 0*&&$! !& &*)#
A,!B(3*&! )&'$#)!/# 0! 12$'*)1!C: ?/# 1!% D*#0% 0! 1( +!11/1!E *& '#*/7! 0!% @*&!% 02!-")1!-!&' '*"

3#(",4&!5(0('*-! AFFC !' ,*11*G 3#(",4&!5#!%'('*-! A FC A')#!'%C !' 0!% @*&!% 02!-")1!-!&' '*"

3#(",4&!5(0('*-! !' '*" 3#(",4&!5#!%'('*-! A'#()' "1!)&C ./) +*##!%"*&0!&' (/B @*&!% 0! 3#(",4&!

"!#'/#D$ %/# 1!% )-(3!% D(%%! '!&%)*&: F/ +!&'#! 0! 1( -()11!E *& '#*/7! /&! @*&! 02!-")1!-!&'

,*11*G 3#(",4&!5(0('*-! !' '*" 3#(",4&!5#!%'('*-! A"*)&')11$%C:

 !""  



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"# $%%!&# '$(&)*&$&) +*%(*+ ,*# +-#"%)$)# $". /(0-+*&)# *'1(%*'*&)# 2+$134&*5+*,!&#)+"6

,)(!&7 8 %9$(/* /9"& #,3-'$ +*1+-#*&)$&) %9*'1(%*'*&) /*# +-#*$". /* %$ +*,!&#)+",)(!& (2×2)
*) /" 2+$134&* /!&&- :2"+* ;<=>< ?"+ ,*))* :2"+*7 %$ 1#*"/!6,*%%"%* -%-'*&)$(+* /" '!(+-

1!"+ α = 17@*#) /!&&-* 1$+ %93*.$2!&* (&)-+(*"+ *& )+$()# 1%*(&#< A* ,*&)+* /* ,*))* ,*%%"%*
,!++*#1!&/ 8 "&* B!&* *&)!"+-* *& 1!(&)(%%-# #"+ %$ #-+(* /9('$2*# ?CD :2"+* ;<E<

A!+#F"* %9!& #!&/* %*# +*#)$)!'*#7 ,9*#)686/(+* 1!"+ %*# ('$2*# 8 )*&#(!& VS < 0 G-)$)#
1%*(&#H7 !& !I#*+J* "& '!(+- G#$&# (&J*+#(!& /* ,!&)+$#)* (,(H /* #K'-)+(* /9!+/+* L< M*'$+6

F"!&# F"* %$ 1+-#*&,* /9"& '!(+- #"+ %*# +*#)$)!'*# *#) (&$))*&/"* -)$&) /!&&- %*# !I#*+J$6

)(!&# /* %$ 1$+)(* 1+-,-/*&)*7 F"( (&/(F"$(*&) "& )+4# N$(I%* ,!"1%$2* 2+$134&*5+*#)$)!'*<

O!"+ +*%(*+ )!")*# %*# /(0-+*&)*# (&)*&#()-# '*#"+-*# #"+ %*# +*#)$)!'*# $##!,(-*# 1$+ %* '!(+-

/* #K'-)+(* /9!+/+* L 8 "& ,*+)$(& )K1* /9*'1(%*'*&) 2+$134&*5+*,!&#)+",)(!&7 (% *#) *&

N$() &-,*##$(+* /* 1+*&/+* *& ,!'1)* %*# /*". *'1(%*'*&)#7 2+$134&*5+*#)$)!'* *) 2+$6

134&*5$/$)!'* ,!'I(&-#< P(&#(7 3!+# /*# ,*+,%*# 1!(&)(%%-# GB!&* /* N!+)*# 1*+)"+I$)(!&# /"

2+$134&* 8 I$##* )*&#(!&H7 %*# B!&*# %*# 1%"# 3$")*# /" '!(+- ,!++*#1!&/*&) 8 ,*%%*# F"( ,!'6

I(&*&) %9*'1(%*'*&) )!1 2+$134&*5$/$)!'* *) 2+$134&*5+*#)$)!'*< A*# B!&*# "& 1*" 1%"#

I$##*# ,!++*#1!&/*&) 8 ,*%%*# F"( ,!'I(&*&) %9*'1(%*'*&) 3!%%!Q 2+$134&*5+*#)$)!'* *) )!1

2+$134&*5$/$)!'*< P %9(&)-+(*"+ /*# ,*+,%*# 1!(&)(%%-# GB!&* #$&# 1*+)"+I$)(!& /" 2+$134&*

8 I$##* )*&#(!&H7 !& )+!"J* %*# B!&*# %*# 1%"# I$##*# /" '!(+-< R*# B!&*# ,!++*#1!&/*&) 8

%9*'1(%*'*&) )!1 2+$134&*5+*#)$)!'* ,!'I(&- 8 %9*'1(%*'*&) 3!%%!Q 2+$134&*5$/$)!'*< A$

1+-#*&,* /9"& '!(+- #"+ %*# +*#)$)!'*# '!&)+* F"9(% *.(#)* "&* 1*+)"+I$)(!& /* ,*# /*+&(*+#

1$+ %$ 1+-#*&,* /" 1%$& /* 2+$134&*< R*))* 1*+)"+I$)(!& /-1*&/ $"##( /* %$ 1!#()(!& /*#

$/$)!'*# J!(#(&# 1$+ +$11!+) $" 2+$134&*< R*1*&/$&)7 /$&# %$ 1$+)(* ;<S F"( )+$()* /*# 1*+6

)"+I$)(!&# /" 2+$134&* 1$+ %* #"I#)+$)7 &!"# $J!&# J" F"* %9(&)*+$,)(!& 2+$134&*5#"I#)+$)

#9!14+* #"+)!") 8 )+$J*+# %*# -)$)# /9$/$)!'*#<  !"# &!"# %('()*+!&# /!&, (,( 8 ,*# ,!&#)$)$6

)(!&# ,!&,*+&$&) %*# +*#)$)!'*# *) %*"+ (&)*+$,)(!& $J*, %* 2+$134&*7 $:& /* &!"# ,!&,*&)+*+

#"+ %9(&)*+$,)(!& 2+$134&*5$/$)!'*# F"( *#) %$ 1%"# ('1!+)$&)*<

T$&# %* ,$# /*# $/$)!'*#7 8 VS = +1, 0 U *) VS = +1, 5 U7 %* '!(+- 1+-#*&)* $"##(
"&* #K'-)+(* L7 !I#*+J$)(!& #"+1+*&$&)* ,$+ ,!''* 1+-,-/*''*&)7 ,*%$ #(2&(:* F"9(% N$"/+$

1+*&/+* *& ,!'1)* %9*'1(%*'*&) %!,$% 2+$134&*5+*#)$)!'* *& 1%"# /* %9*'1(%*'*&) %!,$%

2+$134&*5$/$)!'* 1!"+ %9(&)*+1+-)*+< P %9(&J*+#* /" '!(+- !I#*+J- #"+ %*# +*#)$)!'*#7 %*#

B!&*# 3$")*# #* )+!"J*&) 8 %9(&)-+(*"+ /*# ,*+,%*# 1!(&)(%%-#7 ,9*#)686/(+* %*# B!&*# /* 2+$6

134&* N$(I%*'*&) 1*+)"+I- 8 I$##* )*&#(!& *) 8 %9*'1(%*'*&) 3!%%!Q 2+$134&*5$/$)!'* *)

)!1 2+$134&*5+*#)$)!'*< P(%%*"+#7 !& /(#)(&2"* /*". ,!&)+$#)*# /(0-+*&)# /" '!(+-< A*#

B!&*# '!K*&&*'*&) I$##*# ,!++*#1!&/*&) 8 %9*'1(%*'*&) )!1 2+$134&*5$/$)!'* *) 3!%6

%!Q 2+$134&*5+*#)$)!'*< A*# B!&*# %*# 1%"# I$##*# ,!++*#1!&/*&) 8 %9*'1(%*'*&) )!1 2+$6

134&*5$/$)!'* *) )!1 2+$134&*5+*#)$)!'*< O$+ $(%%*"+#7 !& !I#*+J* /*". (&J*+#(!&# /*

,!&)+$#)* /" '!(+- #"+ %*# $/$)!'*#7 *&)+* VS = +0, 5 U *) VS = +1, 0 U *) *&)+*

VS = +1, 5 U *) VS = +2, 0 U< A*# (&J*+#(!&# /* '!(+- #* +*)+!"J*&) #K#)-'$)(F"*'*&) #"+
%*# '*#"+*# /* 2+$&/# '!(+-# 1!"+ /*# )*&#(!& )"&&*% #('(%$(+*#<  !)!&# *&:& F"* %$ #K'-)+(*

L /" '!(+- *#) 1*" '$+F"-* 8 VS = +0, 25 U/ +0, 5 U *) VS = +2, 0 U5+2, 5 U *) %*# *.)+*'$
/" '!(+- ,!++*#1!&/*&) )!"V!"+# $". /(0-+*&)*# B!&*# *& *'1(%*'*&) )!1 2+$134&*5$/$)!'*

G2+$134&* 1*+)"+I- 8 I$##* )*&#(!&H *) *& *'1(%*'*&) 3!%%!Q 2+$134&*5$/$)!'* G2+$134&*

&!& 1*+)"+I- 8 I$##* )*&#(!&H<

A*# !I#*+J$)(!&# 8 )*&#(!& 1!#()(J* G-)$)# J(/*#H 1!"++$(*&) #9(&)*+1+-)*+ ,!''* "& /-6

,$%$2* *& -&*+2(* /*# -)$)# /9$/$)!'*# /W# 8 %9(&)*+$,)(!& 2+$134&*5+*,!&#)+",)(!& J$+($&)

$J*, %9*'1(%*'*&) %!,$%< M*'$+F"!&# 1$+ $(%%*"+# F"* /$&# %* ,$# /" 2+$134&* #"+ Ru(0001)7

6 =;X 6



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$%&" $% '(#)*##(+% '$ ,% '* )-. (&!$ /0 1$ 2+(!" 1(" 3 1. #* $! +#(&(+% '*  1.% '$ 4!.5

 -6%$ $& '* #*7#&!.&  !"#$%&$ .*##( *%$ #82"&!($ '9+!'!$ : ;<:=> ?$ 1. 2@2$ A.B+% C*9()(0

'.%# 1. !"A"!$%)$ ;<:=0 )$ )+%&!.#&$ $#& (%&$! !"&" $% &$!2$# '9(%&$!.)&(+% 4!. -6%$D#*7#&!.&

'" $%'.%&$ '$ 19$2 (1$2$%& 1+).10 $%  !$%.%& $% )+2 &$ 1$# .&+2$# 3 1. #*!A.)$ '* #*7#&!.&

2.(# .*##( )$*E '* '$*E(62$  1.%  .! !.  +!& 3 19(%&$!A.)$> F+*! $% #.G+(!  1*# .* #*H$& '$

19$I$& '$ 19(%&$!.)&(+% .G$) 1$ 4!. -6%$ #*! 1$# "&.&# '9.'.&+2$# $% A+%)&(+% '$ 19$2 (1$2$%&

1+).1 4!. -6%$D!$)+%#&!*)&(+%0 %+*# .11+%#  !+)"'$! 3 *%$ "&*'$ )+2 .!.&(G$ $% # $)&!+5

#)+ ($ &*%%$1 !"#+1*$ $% #(&$# '$ 1. #&!*)&*!$ "1$)&!+%(C*$ '$ 1. #*!A.)$ $% A+%)&(+% '$ 1.

 +#(&(+%  .! !.  +!& 3 1. ,4*!$ '$ 2+(!">

 !"!#!$ %&'()*+,(+&-' ).//'0 *1,+0.' '/ ,-)', ,.* 0', 1)2), 34232)+5',

J. ,4*!$ K><<  !"#$%&$ '$# '+%%"$# '$ # $)&!+#)+ ($ &*%%$1 .)C*(#$# $% 2+'$ LMNO

#*! 19(1+&  !"#$%&" ,4*!$ K>P> J$# )+%'(&(+%# '$ #&.7(1(#.&(+% Q+2, 2 RD1, 0 %ST #+%& )-+(5

#($# '$ A.B+% 3 !"'*(!$ .* 2.E(2*2 1. )+!!*4.&(+% .##+)("$ .* 2+(!" #*! 1. &+ +4!. -($

'$ #&.7(1(#.&(+% QG+(! (2.4$# -.*&$ &$%#(+% &*%%$1 ,4*!$ K>PT &+*& $% 4.!'.%& *%$ '8%.5

2(C*$ '$ )+*!.%& #*U#.%&$> V%$ )+%&!.(%&$ #*  1"2$%&.(!$ G($%& '* A.(& C*9.*5'$13 '9*%$

)$!&.(% )+* 1$ &$%#(+%D)+*!.%& &*%%$10 +% +7#$!G$ '$# (%#&.7(1(&"# '$  +#(&(+% #*! 1$# .'.5

&+2$#0 '*$# 3 '$# (%&$!.)&(+%#  +(%&$D.'.&+2$> J9(2.4$ $% &+ +4!. -($ )+!!$# +%'.%& 3

)$#  .!.26&!$# '$ #&.7(1(#.&(+% $#& '+%%"$ $% -.*& '$ 1. ,4*!$> J$  !$2($! 4!. -(C*$ !$5

 !"#$%&$ 1$# )+*!7$# I(V )  !(#$# '.%# *%$ W+%$ '9$2 (1$2$%& -+11+X 4!. -6%$D.'.&+2$ $&

&+ 4!. -6%$D!$#&.&+2$ Q!+*4$T0 *%$ W+%$ '9$2 (1$2$%& &+ 4!. -6%$D.'.&+2$ $& -+11+X

4!. -6%$D!$#&.&+2$ Q71$*T $& *%$ W+%$ '9$2 (1$2$%& &+ 4!. -6%$D.'.&+2$ $& &+ 4!.5

 -6%$D!$#&.&+2$ Q%+(!T> Y.  $1+%# C*$ )$# W+%$# )+!!$# +%'$%& !$# $)&(G$2$%& .*E W+%$#

 $*  $!&*!7"$ $&  $!&*!7"$# '* 4!. -6%$ #*! 1$# (2.4$# 3 7.##$ &$%#(+%> L-.)*%$ '$# )+*!7$#

)+!!$# +%' 3 *%$ 2+8$%%$ #*! Z[  +(%&#> J$# )+*!7$#  !"#$%&$%& *%$ '(I"!$%)$ %+&.71$  +*!

1$# &$%#(+%# VS > 00 )9$#&535'(!$ $% "&.&# G('$#>

J$ '$*E(62$ 4!. -(C*$ 2+%&!$ 1$# # $)&!$#

dI
dV

)+!!$# +%'.%&#> L1.(!$2$%&0 +% +7#$!G$

*%$ #&!*)&*!$  +*! VS > 0 Q"&.&# G('$#T0 '").1"$ #$1+% 19$%'!+(& #+%'"  .! !.  +!& .* 2+(!">

O+% 2.E(2*2 #$ #(&*$ 3 VS = +1, 35 R0 VS = +1, 52 R $& VS = +1, 61 R !$# $)&(G$2$%&> S

)\&" '* 4!. -(C*$0 *%$ ).!&+4!. -($

dI
dV

 +*! VS = +1, 0 R 2+%&!$ 1$# G.!(.&(+%# # .&(.1$# '$

)+%'*)&.%)$ Q1$#  +#(&(+%# '$# # $)&!$# 8 #+%& !$ +!&"$#T> ]11$# )+!!$# +%'$%& $I$)&(G$2$%&

.*E 2+'*1.&(+%# '$ 2+(!" +7#$!G"$# $% &+ +4!. -($  +*! )$&&$ &$%#(+% &*%%$1> L$ )+2 +!5

&$2$%& #$ !$&!+*G$ #8#&"2.&(C*$2$%&  +*! 1$# (1+&# .G$) 2+(!" '$  "!(+'()(&" #*U#.22$%&

4!.%'$  +*! *%$ 2$#*!$ )1.(!$ Q)9$#& '.%# 1$ ).# '$# 4!.%'# 2+(!"# C*$ 19$2 (1$2$%& $#& 1$

2($*E '",%(T> J. #" .!.&(+% 2.E(2.1$ 2+8$%%$ $%&!$ 1$#  ()# G.*& 0, 26 ± 0, 08 $R> O(4%.5

1+%#  +*! ,%(! C*$ 1$ '").1.4$ '$ 19"&.& '9.'.&+2$ "G+1*$ C*.#( )+%&(%*2$%& $% A+%)&(+%

'$ 19$2 (1$2$%& 4!. -6%$D.'.&+2$  +*! 1$#  +#(&(+%# (%&$!2"'(.(!$# $%&!$ 1$# $2 (1$2$%&#

4!. -6%$D.'.&+2$ &+ Q)+27(%" .G$) 19$2 (1$2$%& &+ 4!. -6%$D!$#&.&+2$T $& -+11+X>

Y$2.!C*+%# $%,% C*$ 1. #"!($ '9(2.4$# '$ 1. ,4*!$ K>P 2+%&!.(& '$*E (%G$!#(+%# '$

)+%&!.#&$ '* 2+(!" #*! 1$# .'.&+2$#> J$ '").1.4$ '$#  ()# "G+C*" )(5'$##*# $%4$%'!$ $% $I$&

*%$ (%G$!#(+% '$ )+%&!.#&$ #*! 1$# (2.4$# &+ +4!. -(C*$#  +*! *%$ &$%#(+%  !+)-$ '*  +(%&

'$ )!+(#$2$%& '$# # $)&!$# Q+1, 43 R ()(T>

∗
 !"#$%&'"(# )% *(#+&,'+% %#+&% VS = +0, 5 - %+

∗ !"#$%&'(#)$ *& +)$,'-(,& *. /)#'0 $"-11-'-#, 1-( &2-+,&/&$, 3 4- /5/& ,&$(#)$ *-$( 4&( #/-6&(

,)1)6'-17#8.&( /-#( 1).' .$& ,&$(#)$ (.10'#&.'& 9$ &:&,; 4&( #/-6&( ,)1)6'-17#8.&( +)''&(1)$*&$, 3 .$&

#$,06'-,#)$ *& 4- <=> &$,'& EF &, eVS ; 1)$*0'0& 1-' 4- ,'-$(/#((#%#,0 *& 4- ?-''#@'& ,.$$&4 -4)'( 8.& 4-

. /01 .



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"#$%  !""#  !"#$ %&$'!()%')&*+"$ $, -)#$ ./01 #$ 23*2)! G/2×2 #$ 24 56"($ 7898 :4"! ; ')"(<$%
I(V ) 4'+"*%$% %"( ",$ =),$ #3$-&*2$-$,! >)22)? 6(4&>@,$A4#4!)-$ $! !)& 6(4&>@,$A($%!4!)-$

B()"6$CD ",$ =),$ #3$-&*2$-$,! !)& 6(4&>@,$A4#4!)-$ $! >)22)? 6(4&>@,$A($%!4!)-$ B<2$"C $! ",$

=),$ #3$-&*2$-$,! !)& 6(4&>@,$A4#4!)-$ $! !)& 6(4&>@,$A($%!4!)-$ B,)*(C8 .>4+"$ -$%"($ ')(($%E

&),# F ",$ -)G$,,$ %&4!*42$ %"( HI %&$'!($% %)*! $,J*(), 2, 5 ,-2
8 K3*-46$ !)&)6(4&>*+"$ ')(($%&),E

#4,!$ $%! ($&(L%$,!L$ F #()*!$8 M4% ; .)"(<$%

dI
dV

')(($%&),#4,!$%8 N #()*!$ ; *-46$ #$ '),#"'!4,'$

&)"( ",$ !$,%*), #3L'>4,!*22), VS = +1, 0 O8 K$% &)%*!*),% #$% %&$'!($% G %),! *,#*+"L$% &4( #$%
'()*P #$ ')"2$"(% ')(($%&),#4,!$%8

VS = +1, 0  !"##$%&"'( $))$ *+%%, - +' !#",%$.$'/ ($% %&$!/#$%0 - &)+% 1*%%$ /$'%,"'2 3$

!#",%$.$'/ '$ %4"1%$#5$ &*% *,%6.$'/ %+# )$% ("''6$% ($ )* 78+#$ 92::0 $' #*,%"' ($ )* #*&,($

(6!#",%%*'!$ (+ !"+#*'/ /+''$) *5$! )* /$'%,"'0 &"+# +'$ (,%/*'!$ &",'/$;%+#<*!$ !"'%/*'/$

=5",# !"+#1$% I(V ) ($ )* 78+#$ 92::>2 3$&$'(*'/0 !$ !#",%$.$'/ $'/#$ VS = +0, 5  $/

VS = +1, 0  * 1,$' 6/6 "1%$#56 )"#% (4*+/#$% .$%+#$% ($ .?.$ /@&$ .*,% &"+# ($% !"'(,A
/,"'% ($ %/*1,),%*/,"' !"'(+,%*'/ - +'$ (,%/*'!$ &",'/$ %+#<*!$ &)+% &$/,/$0 *7' (4*+8.$'/$#

)4,'/$'%,/6 (+ !"+#*'/ /+''$) *+B 1*%%$% /$'%,"'%2 C*&&$)"'% $' $D$/ E+$ '"+% *5"'% .$%+#6

+' (6&)*!$.$'/ 5$#/,!*) /@&,E+$ ($ )* &",'/$ 5$#% )* %+#<*!$ ($ 4 F )"#%E+$ )4"' &*%%$ ($

 !"#$ %&" ' %$""'(

dI

dV
#') )*' %+') ')% *+!*!+%,!""'((' - (& ./0 1$(%,*(,2' *&+ (& %+&")1,)),3,%2 #' (&

4&++,5+' %$""'(6

A :9G A



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

VS = +2, 5  ! VS = +0, 10  "# $%&" '%()*#+ '%#,+*#+- ." '", $",()",/ %# '%#'0(+ 1("
&*#, 0", 2%#", &" 3%)+" 4#+")*'+4%# 5%6 0* 7.89 &( :)*;<=#" ",+ ;")+()>?" ! >*,," +"#,4%#@/

0", ?+*+, &A*&*+%$", ," ,4+("#+ ;0(, 0%4# &( #4B"*( &" C")$4 1(" &*#, 0", 2%#", &" 3*4>0"

4#+")*'+4%# 5%6 0* 7.89 &( :)*;<=#" ",+ ;"( ;")+()>?"@- D# ;0(, &( &?'*0*:" "# ?#")E

:4" &", ?+*+, &A*&*+%$", B*)4*>0" *B"' 0A"$;40"$"#+/ 0" ;)"$4") ')%4,"$"#+ &", ,;"'+)", "#

?#"):4" 5%( &" 3*F%# ?1(4B*0"#+" 0* ;)"$4=)" 4#B"),4%# &" '%#+)*,+" ,() 0", 4$*:", +%;%:)*E

;<41(", "#+)" VS = +0, 5  "+ VS = +1, 0  &" 0* G:()" H-I@ +)*&(4+ (# "J"+ ,(;;0?$"#+*4)"
&" 0A4#+")*'+4%#- K"++" '*)*'+?)4,+41(" ;"(+ ,A"L;041(") ;*) (# ?0*):4,,"$"#+ &( ;4' &A?+*+,

&A*&*+%$", ;0(, 4$;%)+*#+ &*#, 0", 2%#", &" 3%)+" 4#+")*'+4%# *B"' 0", ?+*+, &( :)*;<=#"

1(" &*#, 0", 2%#", &A4#+")*'+4%# 3*4>0"- 7* &"#,4+? &A?+*+, *,,%'4?" *(L *&*+%$", "# 3%)+"

4#+")*'+4%# *B"' 0" :)*;<=#" ,A*++?#(" &%#' ;0(, 0"#+"$"#+ *B"' 0A?#"):4" 5;*) )*;;%)+ *(

$*L4$($@ 1(" '"00" *,,%'4?" *(L *&*+%$", "# 3*4>0" 4#+")*'+4%# *B"' 0" :)*;<=#"-

.*#, 0* ,(4+"/ #%(, *00%#, '<")'<") ! 4#+");)?+") &" 3*F%# +<?%)41(" 0", &"(L "J"+, &"

0A4#+")*'+4%# :)*;<=#"M*&*+%$" ,() 0", ?+*+, &A*&*+%$",/ ! ,*B%4) 0" &?'*0*:" "+ 0A?+*0"$"#+

"# ?#"):4" &", #4B"*(L &A*&*+%$", "# 3%#'+4%# &" 0"() ;%,4+4%# ;*) )*;;%)+ *( ;0*# &"

:)*;<=#"- K"++" &4,'(,,4%# ,A*;;041(")* *( '*, &", :)*#&, $%4)?,/ ;%() 0",1("0, 0A"$;40"$"#+

",+ 0"#+"$"#+ B*)4*>0" "+ 1(4 ;)?,"#+"#+ &%#' &", 2%#", &A"$;40"$"#+ 0%'*0 >4"# &?G#4- !"!# $%&'()(*&+&,-% &.*-(,/0'
 !"!#!$ %&'()* '+,-'*./&- 0&1. )*/ 2.3-'/ 4&5.6/

.*#, '"++" ?+(&"/ #%(, *00%#, +"#+") &A"L;041(") 1(*04+*+4B"$"#+ *B"' (# $%&=0" *#*0NE

+41(" ,4$;0" 0", &?'*0*:", "+ ?0*):4,,"$"#+, "# ?#"):4" &", ?+*+, &A*&*+%$",/ B*)4*>0", "#

3%#'+4%# &" 0A"$;40"$"#+ :)*;<=#"E*&*+%$"/ 1(" #%(, *B%#, %>,")B?, "L;?)4$"#+*0"$"#+

,() 0", :)*#&, $%4)?, ,() G/2 × 2- O%() '" 3*4)"/ #%(, (+404,")%#, 0" $%&=0" &A4$;()"+?
&AP#&"),%# QRST/ 1(4 '%#,4&=)" 0A<N>)4&*+4%# "#+)" (# '%#+4#(($ &A?+*+, "+ (# ?+*+ 0%'*04,?-

P(+)"$"#+ &4+/ '" $%&=0" '%#,4&=)" 0" ,*(+ &", ?0"'+)%#, &( '%#+4#(($ B"), (# ,4+" &A?#"):4"

>4"# &?+")$4#?"/ "L+?)4"() *( )?,"*( ')4,+*004#- 7* B*0"() &" 0A4#+?:)*0" &" ,*(+ )";)?,"#+" 0*

3%)'" &( '%(;0*:" 4$;()"+?M'%#+4#(($-

U%(, *00%#, &%#' *;;041(") 0" $%&=0" &A4$;()"+? &AP#&"),%# *( :)*;<=#"/ &A*;)=, (#"

;)%'?&()" ;(>04?" &*#, 0* 04++?)*+()" QRH/ RVT/ ;%() 0* &",')4;+4%# &" ,%# 4#+")*'+4%# *B"'

0", *&*+%$", &" 94 &" 0* )"'%#,+)('+4%# (2 × 2)- 7" $%&=0" '%$;)"#& (# *&*+%$" 4,%0?/
;%,4+4%##? ,%4+ "# "$;40"$"#+ +%;/ ,%4+ "# "$;40"$"#+ <%00%W ,%(, 0" ;0*# &" :)*;<=#" 5B%4)

G:()" H-RX@- 7" ,N,+=$" )?"0 G/2×2 1(" #%(, *B%#, $",()? '%#+4"#+ '")+", (# )?,"*( &A?+*+,
&A*&*+%$",/ $*4, 0A*;;)%L4$*+4%# &" 0A*&*+%$" 4,%0? ," Y(,+4G" ;*) 0" :)*#& ",;*'"$"#+ "#+)"

0", *&*+%$", 56, 14 Z@ 1(4 4$;041(" (# 3*4>0" '%(;0*:" &4)"'+ "#+)" *&*+%$", *4#,4 1(" ;*)
0* 3*4>0",," &( '%(;0*:" :)*;<=#"M*&*+%$" 1(4 4$;041(" (# 3*4>0" '%(;0*:" 4#&4)"'+ "#+)"

*&*+%$", ! +)*B"), 0", ?+*+, &( :)*;<=#"- .*#, 0" '*&)" &" '", *;;)%L4$*+4%#,/ 0A[*$40+%#4"#

&( ,N,+=$" ,A"L;)4$" *0%), *4#,4 50" ,;4# &", ?0"'+)%#, ,")* #?:04:? &*#, '"++" ?+(&"@ \

H = Hg +HAA +Hint 5H-R@

Hg ",+ 0A[*$40+%#4"# "# 04*4,%#, 3%)+", &( :)*;<=#" 4,%0?/ 1(4 #" ;)"#& "# '%$;+" 1(" 0"

,*(+ "#+)" ;)"$4"), B%4,4#, \

Hg = −t
∑

〈i,j〉
a†(Ri)b(Rj) +H.c. 5H-X@

E RHI E



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 ! " #$%& '(# $)*+ &(,+# -(+./$%/0,(# 1(# #$,# +*#( ,2 3 (& 4 1, 5+ )67%(8 Ri,j #$%& '(#

)$#/&/$%# 1(#  &$.(# 1 %# '9(#) :( +*('! $% #$..( #,+ '(# ) /+(# 19 &$.(# i, j )+(./(+#

;$/#/%#8 t ≈ 2, 8 (< (#& '9*%(+5/( 1( # ,& (%&+( 1(,2 )+(./(+# ;$/#/%#8

= %# '9(#) :( +*:/)+$0,(! $% $"&/(%& >

Hg = −t
∑

k

[φ(k)a†kbk + φ(k)∗b†kak] ?@8AB

 ;(: φ(k) =
∑3

i=1 e
ikδi

8 δ1 = x̂! δ2 = − x̂
2
+
√
3
2
ŷ (& δ3 = − x̂

2
−
√
3
2
ŷ #$%& '(# ;(:&(,+# 1( +*#( ,

1, 5+ )67%( 0,/ +('/(%& ,%  &$.( 1( 5+ )67%( 1( &C)( B D #(# &+$/# ;$/#/%# ?;$/+ #:6*. 

E5,+( @8FGB8

HAA (#& '9H ./'&$%/(% 1( '9$+"/& '( 1( '9 1 &$.( %$% )(+&,+"*(! 19$)*+ &(,+ -(+./$%/0,(

c (& 19*%(+5/( ǫAA >

HAA = ǫAAc
†c ?@8IB

Hint (#& '9H ./'&$%/(% 1( :$,)' 5( (%&+( '(# *& &# 1, 5+ )67%( (& '9$+"/& '( 1( '9 1 &$.(8

J' 1/K7+( #('$% '(# :$%E5,+ &/$%#8 L( & "'( , #,/; %& +(5+$,)( '(# (2)+(##/$%# 0,( %$,#  ;$%#
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M = %# '( : # 19,% (.)/'(.(%& &$) ?Hint = HT B! $%  ,&$+/#( '( # ,& 19,% *'(:&+$% 1( '9 &$.(

1( 5+ )67%(  , 1(##,# 1( '9 1 &$.( ;(+# :( 1(+%/(+ (& /%;(+#(.(%&8
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∑
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5+ )67%( #,+ '9*& & '$: '/#* 1( '9 1 &$.(! %$,#  ''$%# : ':,'(+ ' -$%:&/$% 1( O+((% +(& +1*( 1(

'9$+"/& '( 1( '9 1 &$.( Gcc(τ) = −
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〉
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 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$% &$' (#%)#* +# %#,(#-*#% "# ./)0%# +12*!*, +!., "! 3/.# +# 4%'""/$'. !(%5, "'.2!%',!*'/.6

7. +28.'* "# (!%!)5*%# +19:0%'+!*'/. ∆ = π(V
D
)2 ;,!., +')#.,'/.<6

=/%)$"# >2.2%!"# ?!., "1!((%/@')!*'/. "'.2!'%#

G0R
xy,k(ω)

ωσ0
xy−tσ1

xyReφ(k)+tσ2
xyImφ(k)

ω2−t2|φ(k)|2+i0+sign(ω)
G0R

xx,k(ω) =
ω

ω2−v2
F
|k|2+i0+sign(ω)

! #- ! #- σ0
"! )!*%'-# '+#.*'*2 G0R

ab,k(ω) = G0R
ba,k(ω)

∗ = kx+iky
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F
|k|2+i0+sign(ω)

x, y = a, b #* σj
;j = 1, 2< "#, )!*%'-#, +# A!$"'

./. +'!>/.!"#, ;σ2
ba = σ2∗

ab = i<

ΣH
cc(ω) V 2

∑

k[φ(k)θa,k(ω) + φ(k)∗θb,k(ω)] −ω[Z−1(ω)− 1]− 2i∆ |ω|3
t2

θ(D − |ω|)
 !"#  !"#

θx,k(ω) = φ(k)G0R
xb,k(ω) + φ(k)∗G0R

xa,k(ω) Z−1(ω) = 1 + 2∆
πt2
[D2 + ω2ln( |D

2−ω2|
ω2 )]
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cc(ω) V 2

∑
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0R
bb,k(ω) −(ω∆

π
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ω2 |)− i∆|ω|θ(D − |ω|)
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$ 18./" 459: "& %-&&" .&" /";/*'"&) )(-& 8/ ;<(=." "& >-&#)(-& %" ,+*&"/8(" ;-./ ,"'

#-&18./ )(-&' <-,,-? ") )-;@  !"# t ≈ 2, 8 "A @ D = 7 "A@ V = 0, 3 "A ") ǫAA = 1 "A5 B& C

-D'"/!" =." '",-& ,+"0;(,"0"&)@ , ;-'()(-& "& *&"/8(" ") ,+*, /8(''"0"&) %" ,+*) ) %(EF/"&)5

$+*) ) %+ % )-0" "& ;-'()(-& <-,,-? "') ;,.' %*# ,* !"/' ," &(!" . %" G"/0( =." % &' ,"

# ' %" ,+"0;(,"0"&) )-;@ ; / / ;;-/) H ,+*&"/8(" %" ,+*) ) ' &' (&)"/ #)(-& ǫAA = +1, 0 "A5

B& /"0 /=."  .''( =." ,+*) ) %+ % )-0" <-,,-? '.D() .& *, /8(''"0"&) D" .#-.; ;,.' > (D,"

=." % &' ,+"0;(,"0"&) )-;5 I"#( ;/-!("&) %" , 'C0*)/(" %" ,+"0;(,"0"&) %"'  )-0"' %"

,+<"J 8-&" %" 8/ ;<F&" ; / / ;;-/) H ,+ % )-0"5 I"))" 8*-0*)/(" > ()  ;; / ()/" .& "E")

%+(&)"/>*/"&#" %"')/.#)/(#" "&)/" ,"' %(E*/"&)' #<"0(&' %" ' .) "&)/" ,"' *) )' %. 8/ ;<F&"

") %" ,+ % )-0"@ #" =.(  D-.)() H .& *, /8(''"0"&) %" ,+*) ) %+ % )-0"  &-/0 ,"0"&) /*%.()

") %-&# .&" (&)"/ #)(-& D" .#-.; ;,.' > (D," "&)/" ," 8/ ;<F&" ") ,+ % )-0" =." % &' ,"

# ' )-; K9LM5 N& D ' %" 18./" 459:@ .& O--0 0-&)/" =." #"))" %(E*/"&#" %+*, /8(''"0"&) "&

*&"/8(" %"' *) )' (0;,(=." =." , $PBQ "') ;,.' (0;-/) &)" H D ''" *&"/8(" './ ,+ % )-0" "&

;-'()(-& )-;@ ;.(' , $PBQ %" ,+ % )-0" "& ;-'()(-& <-,,-? %"!("&) ;/*;-&%*/ &)" ") "&1&@

, )"&% &#" '+(&!"/'" H &-.!" . "& >-&#)(-& %" ,+*&"/8("5 R. 1& ,@ #" 0-%F,"@ "& ;/*%(' &) .&

%*# , 8" "& *&"/8(" ") .& *, /8(''"0"&) %" ,+*) ) %+ % )-0" %*;"&% &) %" ,+"0;(,"0"&) ,-# ,

8/ ;<F&"S % )-0" /";/-%.() =. ,() )(!"0"&) ,"' # / #)*/(')(=."' -D'"/!*"' "& ';"#)/-'#-;("

).&&", ") "& (0 8"/(" )-;-8/ ;<(=." './ ,"' (,-)' G/2 × 2 H 8/ &% 0-(/*5 Q./ ,"' (0 8"'

)-;-8/ ;<(=."'@ ",,"' '" )/ %.('"&) ; / %".J (&!"/'(-&' %" #-&)/ ')" %. 0-(/* '.##"''(!"'

;-./ 0 < VS < +2, 5 A@  !"# ,"'  % )-0"' "& "0;(,"0"&) )-;  ;; / ('' &) "& ;/"0("/

;-./ %"' )"&'(-&' #/-('' &)"'5 N& ';"#)/-'#-;(" ).&&",@ ",,"' '" )/ %.('"&) ; / .&" ;-'()(-&

! /( D," %. ;(# %+*) )' %+ % )-0" "&)/" ,"'  % )-0"' "& "0;(,"0"&) )-; ") <-,,-? 3," ;(# %"

,+ % )-0" "& "0;(,"0"&) <-,,-? *) &) ," ;,.' ;/-#<" %" EF 7  !"# %".J #/-('"0"&)' '.##"''(>'

%"' ';"#)/"'5

$" 0-%F," .)(,('* "') #";"&% &) )/-; /.%(0"&) (/" ;-./ ;/-#*%"/ H %"' #-0; / ('-&'
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 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"#$%  !"#$ !"#$% "&'("%)*!( +,,$-./0 +/ 1!/,$+2% "&/( 03+3 "&+"+3!4% "&0(%)2-% ǫcc = +1, 0 5
+/ 1!(3-(//4 "&03+3* "/ 2)+,6#(%7 81604+ "%* "%/9 1!(:2/)+3-!(* 03/"-0%* 3!, %3 6!$$!;7 <)+=

,6-./%* )%,)0*%(3+(3 $+ "%(*-30 "&03+3* $!1+$% */) $% *-3% "% $&+"+3!4% ρcc(E) ,!/) 16+./% 1!(:2/=
)+3-!(7 >% "%/9-#4% 2)+,6-./% 4!(3)% /( ?!!4 */) $% ,)%4-%) 2)+,6-./%7

 ! "#$% &'#()* %" +,% (-%.%" !%' /%'" "#$%' %'" 0)1(&1)2 3 0' 4/%0!/% %0 5#$4"% 5%' !%/0&%/'*

&( %'" &$4#''&6(% !% /%0!/% 5#$4"% !% ( '7$)"/&% 8 !, $#&/) +,% 0#,'  9#0' #6'%/9)% %:4);

/&$%0" (%$%0"2 < /  &((%,/'* &( %'" 9/ & +,-%0 5#0'&!)/ 0" (% 5#,4( 1%  9%5 ,0 )" " !- ! "#$%

; =>? ;



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$%&'$ ǫcc = +1, 0 () *# +%%',$ +-. /'0'1$2  $ /!+33%*.'0+1'*#  $ /'#"+%'2+1'*#  $2 4+# $2

 - &%+356#$7

8+#2 /+ 2-'1$) #*-2 #*-2 3$#95$%*#2 2-% /!$:$1  $ /!'#1$%+91'*# &%+356#$;%$9*#21%-91'*#

2-% /$2 "1+12  !+ +1*0$2 < /!+' $  $2 9+/9-/2 12 343536 7 =%>9$ < 9$11$ 1$95#'?-$) #*-2 3*-%%*#2

"1- '$% -#$ 2'1-+1'*# 3/-2 9*03/$.$ $1 3/-2 3%*95$  $ /+ %"+/'1") < 2+,*'% -# %"2$+-  !+ +1*0$2

$1  $ %$21+1*0$2 $# '#1$%+91'*# +,$9  - &%+356#$7 @$3$# +#1)  +#2 9$ 9+2 #*-2 2$%*#2

/'0'1"2 < /!"1- $  $ 0*'%"2 < A+'4/$ 3"%'* '9'1" $# %+'2*#  - 9*B1 #-0"%'?-$ +22*9'" +-

#*04%$  !+1*0$2 9*#1$#-2  +#2 /+ 2-3$%9$//-/$  $ 9+/9-/7 C*-% 9$11$ "1- $) #*-2 -1'/'2$%*#2

< #*-,$+- /+ 2'0-/+1'*# #-0"%'?-$ 8DE  - 2F2160$ G/2 × 2 +,$9 -# +#&/$  !$03'/$0$#1

α = 0G) 9!$21H<H '%$ /$2 9*#I&-%+1'*#2 ?-$ #*-2 +,*#2 +33$/"$2 A $1 B7

 !"!#!# $%&'(&) *+, -.(/ &0) -0121) 3.2/4)

J# %$1%*-,$ /$2 9*#I&-%+1'*#2  $ 2-3$%9$//-/$2 A $1 B  +#2 /+ I&-%$ K7LM7 N!+ +1*0$

OP $21 $# $03'/$0$#1 1*3 3+% %+33*%1 +- &%+356#$ $1 /$2 + +1*0$2 OL) OQ) $1 OM 2*#1

$# $03'/$0$#1 1*3  "9+/" "?-',+/$#12 3+% %+33*%1 +- &%+356#$7 8+#2 /+ 9*#I&-%+1'*# B)
/!+ +1*0$ RP $21 $# $03'/$0$#1 5*//*S 3+% %+33*%1 +- &%+356#$ $1 /$2 + +1*0$2 RL) RQ)

$1 RM 2*#1 $# $03'/$0$#1 4%' &$ "?-',+/$#12 3+% %+33*%1 +- &%+356#$7 N+ I&-%$ %$3%"2$#1$

 $2 T**02  $ /+ 21%-91-%$  $ 4+# $  - 2F2160$ G/2 × 2 2-% /+ &+00$  !"#$%&'$  $2 "1+12

 !+ +1*0$2 U&+-95$V +99*03+&#"2  $ N8JW 9+/9-/"$ 2-% /$2 3*2'1'*#2  $2 + +1*0$2 A/B3
$1 A/B47 N$2 N8JW 9+/9-/"$2 2-% /$2 + +1*0$2 A/B1 $1 A/B2 #$ 2*#1 3+2 %$3%"2$#1"$2 9+%
$//$2 2*#1 ' $#1'?-$2 < 9$//$ 9+/9-/"$ 2-% /!+ +1*0$ A/B37 N$2  $#2'1"2  !"1+12 /*9+/$2 2*#1
9+/9-/"$2 3+% 3%*X$91'*#  $2 *# $2 3/+#$2 *41$#-$2 +3%62 %$/+.+1'*#  $ /+ 21%-91-%$ 2-%  $2

*%4'1+/$2 +1*0'?-$2  $ %+F*# rSi = 1, 65 Y 9$#1%"$2 2-% /$ 2'1$  $ /!+ +1*0$ 9*#2' "%"7 N$

95*'.  - %+F*#  $ 9+/9-/ 2$ A+'1 3+% *31'0'2+1'*#  - %$03/'22+&$ $# ,*/-0$  $ /+ 2-3$%9$//-/$)

$# %$23$91+#1 /$ %+33*%1  $2 %+F*#2 9*,+/$#12 W'U1, 11 YV $1 @U0, 73 Y $# 0*F$##$ 2-% /$2

 ':"%$#1$2 5F4%' +1'*#2 3*22'4/$2V7 Z# 1$21 +,$9 rSi = 1, 20 Y  *##$  $2 %"2-/1+12 2'0'/+'%$27

N$2  $#2'1"2  !"1+12 /*9+/$2 *#1 '9' -#$ A*%0$ 3/-2 9*03/$.$ ?-$  +#2 /+ 3+%1'$ K7M7Q7L

U0* 6/$  !O# $%2*#V 9+% *# 9*#2' 6%$ 0+'#1$#+#1 -# %"2$+-  !+ +1*0$2 ?-' 3$-,$#1 '#1$%H

+&'% $1 #*# 3/-2 -# + +1*0$ '2*/") $1 95+?-$ + +1*0$ '#1$%+&'1 +,$9 /$2 "1+12  - &%+356#$

3$%1-%4" 3+% /$2 +-1%$2 + +1*0$27 @$3$# +#1) '/ $21 3*22'4/$  !$.1%+'%$  $2 1$# +#9$2 ?-'

2$ %+33%*95$#1  $2 *42$%,+1'*#2 WE[ $1  $2 %"2-/1+12 *41$#-2 3+% /$ 9+/9-/ 2'03/$  +#2

/$ 0* 6/$  !O# $%2*# ?-$ #*-2 +,*#2 3%"2$#1"  +#2 /+ 3+%1'$ 3%"9" $#1$7 8+#2 /$ 9+2  $

/+ 9*#I&-%+1'*# A) /+ N8JW  ':6%$ 3$- $#1%$ /!+ +1*0$ $# $03'/$0$#1 1*3 U+ +1*0$ A4V
$1 1*3  "9+/" U+ +1*0$ A3V7 @$2 9*#I&-%+1'*#2 2*#1 $:$91',$0$#1 1%62 2'0'/+'%$2 U,*'% 3+H

%+&%+35$ K7Q7Q7QV7 \# %$,+#95$)  +#2 /+ 9*#I&-%+1'*# B) /$2 $03'/$0$#1 4%' &$ U+ +1*0$

B3V $1 5*//*S U+ +1*0$ B4V 2*#1 4'$#  '21'#9127 \# $:$1) /!$03'/$0$#1 4%' &$ $21 9*#2' "%"

9*00$ 3%*95$  $ /!$03'/$0$#1 1*3  !+3%62 /+ 3$%1-%4+1'*# $#&$# %"$ 2-% /$ &%+356#$ 2-%

/$2 '0+&$2 WE[ 4+22$ 1$#2'*#7 @$11$  ':"%$#9$ 2$ 1%+ -'1 $:$91',$0$#1 3+% -#$ N8JW  'AH

A"%$#1$ 3*-% 95+?-$ 1F3$  !+ +1*0$7 C/-2 3%"9'2"0$#1) *# %$0+%?-$ ?-$ /+ %"&'*#  $ N8JW

0+.'0-0 3*-% /$2 + +1*0$2 2$ %+33%*95$  - #',$+-  $ D$%0' ?-+# *# 3+22$  $ /!$03'/$H

0$#1 1*3 A4 U?-+2'H1*3 A3V < /!$03'/$0$#1 4%' &$ B3 $1 $#I# < /!$03'/$0$#1 5*//*S B47 \#
3+%+//6/$) 3*-% 9$2 0]0$2 $03'/$0$#12) /+ %"3+%1'1'*# 23$91%+/$  $2 "1+12  !+ +1*0$  $,'$#1

?-+#1 < $//$  $ 3/-2 $# 3/-2 "1%*'1$7 ^$0+%?-*#2 1*-1 3+%1'9-/'6%$0$#1 ?-$ /+ N8JW  $

/!+ +1*0$ $# $03'/$0$#1 5*//*S RP 3%"2$#1$ -# 3'9 "1%*'1 +-1*-%  $ 0, 74 $() %+33$/+#1 /$

%"2-/1+1 *41$#- +#+/F1'?-$0$#1 3*-% -# + +1*0$ '2*/" $# $03'/$0$#1 5*//*S7 J# %$1%*-,$

H L_M H



 !"! #$%&'()%#*$ +'(,-.$&/0120%'(% 31 ,*#$% 3& 41& 3&0 5%(%0 3&

6( '&)*$0%'1)%#*$ (2× 2)

 !"#$%  !"#$  !"#$" %&' () "! *%+, !--.#/0) !$1 !(!2.3)- 4.$5 (/605)72- )34/")3)72-8 9!:

)2 9;: ,$4)5#)""$")- $2/"/-0)- 4.$5 ") #!"#$"< #.7=>$5!2/.7- A )2 B 5)-4)#2/?)3)728 %!7- #@!A$) #!-<

()- #.7-/(05!2/.7- () -B3025/) 3.725)72 A$) -)$"- ")- !(!2.3)- C )2 D -.72 /70A$/?!")72-8 9#: )2

9(: ,25$#2$5) () ;!7() ($ -B-2E3) G/2× 2 )2 *%+, !$ 7/?)!$ ()- !(!2.3)- C )2 D< 4.$5 ")- ()$1
#.7=>$5!2/.7-8 +7 $2/"/-) $7) >5/"") () 12×12×1 4./72- F 4.$5 "G/720>5!2/.7 -$5 "! H.7) () I5/"".$/7
() "! -$4)5#)""$")8 *) 5!B.7 () J/>7)5K,)/2H ()- .5;/2!")- -$5 ")-A$)"")- .7 45.L)22) ")- 02!2- (G.7()-

4"!7)- 4.$5 ")- !(!2.3)- () ,/ ?!$2 rSi = 1, 65 M8

 !"#! $%# &%'( %)%*# &% $+!"*%, -*!." /, 012"%3 & *.4% #', -%# &%,"!%,#5 6 # 7.!, $% &8- $ /%

%" 8"%,/!% %* $+8$ ,/!##%4%"* 7 ,! 9$% %" :."-*!." &% $+%40!$%4%"* /, 012"%3 & *.4% ;'%

".'#  7!."# .9#%,78 %(08,!4%"* $%4%"* %* ,%*,.'78 6 $+ !&% &' 4.&2$%  " $<*!;'% #!40$%

&+="&%,#." 0.', '"  & *.4% !#.$8>

?.', -."-$',% $+8*'&% &' #<#*24% G/2 × 25 ".'#  7."# 0' 8*'&!%, 6 $ :.!# $+!"*%, -*!."

/, 012"%3,%-."#*,'-*!." &' 0.!"* &% 7'% &' /, 012"% %* &' 0.!"* &% 7'% &%# 8* *# &% $ 

,%-."#*,'-*!."5 &% : @." *18.,!;'% %* %(08,!4%"* $%> A%$  8*8 0.##!9$% /,B-% 6 $ 0 ,*!-'C

$ ,!*8 %(-%0*!.""%$$% &' /, 012"% &+ 00 , !*,% *, "#0 ,%"* 0.', $%# 1 '*%# *%"#!."# *'""%$>

C DEF C



 !"#$%&' () *' +&"#!,-' ./& *" &' 0-.%&/ %$0- SIC(0001)(2× 2)

 !"#$%"&"' ($ )%&*+,"$- *!.% /$0 1"$%)2$0 *%!#+$0 /. "23$&. /$ 4$%52- ($0 *$%'.%6&'2!"0

/.$0 7 (& *%10$"#$ /$ (& %$#!"0'%.#'2!" 0!"' 0.%'!.' 1($#'%!"28.$0 $' *%!32$""$"' 5&9!%2'&2%$:

5$"' /$ (;+<6%2/&'2!" /$0 1'&'0 /. )%&*+,"$ &3$# #$.= /$0 &/&'!5$0 /$ >2? @& *$%'.%6&'2!"

$" @AB> /. )%&*+,"$ /1*$"/ /$ (;$5*2($5$"' )%&*+,"$C&/&'!5$- #$(($:#2 $0' (& *(.0 25*!%:
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!.!-+*&1 <+010,1 .$ %&1-!-+*& H6-&0,-IB 1!,1 >8!,#&*&,- .& :+10-0+,(
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%0%$&'!E"!#$%$&'! -%"  7%0#&"-$(&, 07<=0"&/.,! #+"  ! "!#$%$&'!9 N,@,1 +, %"/+'!,$ #+->
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Etude de l’interface graphène – SiC(000-1) (face carbone) par microscopie à effet tunnel 

et simulations numériques ab initio 
 

Le graphène est un cristal bidimensionnel composé d’atomes de carbone arrangés sur un 

réseau en nids d’abeille. Ce matériau présente des propriétés électroniques intéressantes tant 

au niveau fondamental qu’en vue d’applications avec notamment une structure de bande 

exotique en « cône de Dirac » et de grandes mobilités de porteurs. Sa fabrication par 

graphitisation du SiC est particulièrement adaptée aux applications électroniques. Nous avons 

étudié ce système par microscopie à effet tunnel (STM) et simulations numériques ab initio 

avec comme objectif la caractérisation au niveau atomique de l’interface graphène - SiC(000-

1) (face carbone) et l’étude de l’impact du substrat sur la structure électronique du graphène. 

Après un chapitre introductif à la thématique du graphène, suivi d’un chapitre présentant les 

deux techniques utilisées au cours de ce travail, nous présentons nos échantillons faiblement 

graphitisés obtenus sous ultra-vide. Nous avons identifié deux types d’interfaces, les 

reconstructions natives de la surface du SiC(000-1) appelées (2x2)C et (3x3), sur lesquelles 

reposent les ilots monoplan de graphène, avec un fort désordre rotationnel donnant lieu à des 

figures de moiré sur les images STM. Nous montrons par imagerie STM et spectroscopie 

tunnel que l’interaction graphène/(3x3) est très faible. Nous étudions ensuite le cas 

d’interaction plus forte graphène/(2x2) successivement du point de vue des états du graphène 

et des états de la reconstruction, dans l’espace direct et réciproque, de façon expérimentale et 

théorique. Enfin, nous considérons l’effet de défauts observés par STM à l’interface des ilots 

sur (2x2), modélisés par des adatomes d’hydrogène, sur le dopage et la structure de bande 

électronique du graphène. 

 

Mots clés : graphène, calculs ab initio, microscopie à effet tunnel, carbure de silicium, 

physique des surfaces, structure de bande, interface, défauts 

 

Investigation of the graphene - SiC(000-1) (carbon face) interface using scanning 

tunneling microscopy and ab initio numerical simulations 
 

Graphene refers to a two-dimensional crystal made of carbon atoms arranged on a honeycomb 

lattice. This material presents interesting electronic properties regarding fundamental physics 

as well as industrial applications, such as an exotic low-energy band structure and high charge 

carrier mobility. Its fabrication through the graphitization of SiC is a promising method for 

electronics. We studied this system using scanning tunnelling microscopy (STM) and ab initio 

numerical simulations with the aim of characterizing the graphene - SiC(000-1)  (carbon face) 

interface and studying the impact of the substrate on graphene’s electronic structure. 

After an introduction to the graphene topic and a description of our investigation techniques, 

we present our lightly graphitized samples obtained under ultra-high vacuum. We identify two 

interface structures, the native SiC(000-1) surface reconstructions named (2x2)C and (3x3), on 

top of which lie graphene monolayer islands with a high rotational disorder leading to various 

moiré patterns on STM images. Using STM, we show that the graphene/(3x3) interaction is 

very weak. We then study the stronger graphene/(2x2) interaction successively from the point 

of view of the graphene and the reconstruction states, in the direct and reciprocal space, using 

both our experimental and theoretical methods. Finally, we consider the impact of interfacial 

defects observed by STM through graphene/(2x2) islands and modelled with hydrogen 

adatoms on the electronic band structure and doping of graphene. 

 

Keywords: graphene, ab initio calculations, scanning tunnelling microscopy, silicon carbide, 

surface physics, band structure, interface, defects 


