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2$+0,7%$> +03 -4+$"%;-+$$!%$ -/11%-2!/0> $%,.%-2!<%15' 8!-2#$% 2+F%0 7$/6 G%7' HIJ

 !"#$%&'$"( )*+, -,-. /0& &12$&"23 !4 !'(5"$2 60!/!7!8/5$2 2&88# $# 59&2/&% :3 #&7&'58

8$;$/5/$!"#, <$'#/. /0&'& $# 5" $"0&'&"/ /'5%&!9 :&/=&&" /0& 5:#!'6/$!" 5"% /0& &>2$/!"

%$9+#$!" &12$&"2$&#, ?05/ $#. /0& &>2$/!" %$9+#$!" 8&"(/0. =0$20 $# /36$25883 !4 /0& !'%&' !4

∼ 10 ";. $# +#+5883 #$("$@25"/83 #;588&' /05" /0& !6/$258 5:#!'6/$!" 8&"(/0, A3 '&%+2$"(
/0& /0$2B"&## !4 /0& %!"!' 5"% 522&6/!' 853&'# !4 5 CDE. $/ 25" :& &"#+'&% /05/ (&"&'F

5/&% &>2$/!"# '&520 /0& $"/&'452& 4!' %$##!2$5/$!", D!=&7&'. 4!' ;5>$;$G$"( /0& 5:#!'6/$!"

&12$&"23 /0& 853&' /0$2B"&## 05# /! :& 85'(&, ?0$# %$8&;;5 25" :& 2$'2+;7&"/&% :3 20!!#F

$"( 5"!/0&' 5'20$/&2/+'& !4 /0& !'(5"$2 0&/&'!H+"2/$!". 4!' &>5;68& /0& ADE 5'20$/&2/+'&.

=0&'& /0& %!"!' 5"% 522&6/!' ;5/&'$58# 5'& $"/&';$>&% /! ;5>$;$G& /0& $"/&'452& 5'&5,

D!=&7&' 4!' #+20 5" 5'20$/&2/+'& /0& 2'3#/588$"& *+58$/3 !4 /0& @8;# ;53 :& '&%+2&%. =0$20

8$;$/# /0& 205'(& 25''$&' 2!"%+2/$7$/3 5"% /0&'&4!'& /0& 205'(& 2!88&2/$!" &12$&"23 ηCC,

?0& 205'(&F/'5"#4&' &12$&"23 ηCT $# %&/&';$"&% :3 /0& &8&2/'!"$2 '&85/$!"#0$6 :&/=&&" /0&
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 !"#$%&'"($!

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

-&$(1#& $ ,*3, $45!#'(*!" %!&6%*&"( -!# 7*5*4+& +*3,(8 +$#3& &9%*(!"  *:15*!" +&"3(,58 +!2

 &"5*(; !- %#;5($+  &-&%(5 -!# ,*3, %,$#3& %$##*&# )!4*+*(; $" $ -$7!#$4+& +&7&+ $+*3")&"(

$( (,& *"(&#-$%& <=8 >>?.

@" $  *(*!" (! $''+*%$(*!"5A #*7&" #&5&$#%,8 (,&#& $#& $ "1)4&# !- -1" $)&"($+ *551&5.

B#!2(, $" 5(#1%(1#& !- !#3$"*% ,&(&#!5(#1%(1#&5 $#& $ 5145($"(*$+ %,$++&"3& *" *(5&+-. @"

-$%(8 3#!2(, *5 $" *",&#&"(+; %!)'+&9 5140&%( <>C8 >D?8 $" %!)'$#& (! (,&*# *"!#3$"*%

%!1"(&#'$#(5 !#3$"*% 5;5(&)5 &9,*4*( $  *(*!"$+ %!)'+*%$(*!"5 *" (,&*# 3#!2(, 4&,$7*!#

$55!%*$(& 2*(, (,&*# $  *(*!"$+  &3#&&5 !- -#&& !)8 -!# *"5($"%& !#*&"($(*!"$+  &3#&&5 !-

-#&& !)8 2,*%, $#& '!55*4+; #& 1%*"3 (,& 5;))&(#; !- (,& 5;5(&)8 *"(&#"$+ 7*4#$(*!"5 !#

4&" *"3 <>EF>G?. H,&#&-!#&8 $+#&$ ; 5*"3+&A%!)'!"&"( !#3$"*% I+) 3#!2(, $" 5(#1%(1#&

%$" 4& %,$++&"3*"3. J!# 3#!2(, !- !#3$"*%A!#3$"*% ,&(&#!5(#1%(1#&58 *.&. 5;5(&)5 2*(, $(

+&$5( (2! %!)'!"&"(58 (,&#& $#& -1#(,&# %!)'+&9*(*&5 *" $  *(*!" (! *551&5 #&+$(& (! (,&

%#;5($+ 5(#1%(1#& $" *(5 K1$+*(; $5 2&++ $5 (,& &7!+1(*!" !- (,& (!' 51#-$%& L"!2" -#!)

5*"3+&A%!)'!"&"( I+)5.

H,*5 (,&5*5 2$5 51''!#(& 4; (,& M&1(5%,& J!#5%,1"353&5&++5%,$-( 2*(,*" (,& NOO >DPP

QN%,2&#'1"L(5'#!3#$))R ST+&)&"($#'#!U&55&  &# V#3$"*5%,&" O,!(!7!+($*LSW. H,& -!%15

!- (,*5 2!#L +*&5 !" %#;5($+ 5(#1%(1#& $" ,&(&#!5(#1%(1#& -!#)$(*!" #&+&7$"( (! !#3$"*%

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

(,& NOO >DPP8 *"%+1 *"3 (,&  &(&#)*"$(*!" !- &"&#3; +&7&+58 !'(*%$+ '#!'&#(*&5 $"  &7*%&

&6%*&"%;8 (,& -1" $)&"($+ #&51+(5 !4($*"& -#!) (,*5 (,&5*5 +&$ (! $  &&'&# 1" &#5($" *"3

!- !#3$"*% ',!(!7!+($*%  &7*%&5 <=8 >XFCC?. H,& #&7*&2*"3 !- %!)'+&(&  &7*%& $#%,*(&%(1#&5

$5 5L&(%,& *" J*3. >.>%8 ,!2&7&#8 *5 ,&#& !)*((& . Y&7&#(,&+&558 *( *5 %!))&"(& !" (,&

#&+&7$"%& !- !#3$"*% 5&)*%!" 1%(!#5 -!#  &7*%&58 41( -!# (,&*# 4$5*% %!"%&'(5 2& #&-&# (! (,&

 & *%$(& +*(&#$(1#& <>F=8CC?.

H,*5 (,&5*5 *5 !#3$"*U& $5 -!++!25R @" Z,. C (,& 3#!2(, $" 5(#1%(1#& -!#)$(*!" !-

!#3$"*% 5&)*%!" 1%(!#5 *5 51))$#*U& . @" $  *(*!"8 $" !7&#7*&2 !- (,& %1##&"( 5($(15 !-

(,& I&+ *5 '#!7* & $" -1(1#& (#&" 5 $" %!"%&'(5 $#& *" *%$(& . @( *5 )!5(+; 2#*((&" -#!)

(,& '&#5'&%(*7& !- 5)$++ )!+&%1+& !#3$"*% 5&)*%!" 1%(!#5 '#&'$#& 4; !#3$"*% )!+&%1+$#

4&$)  &'!5*(*!" QV[\MW8 *.&. 4; &7$'!#$(*!" *" 7$%11). O!+;)&#A4$5& ,&(&#!5(#1%(1#&5

$#& !)*((& . H,&5& $#& !- %!1#5& *"(&#&5(*"3 *" (,&*# !2" #*3,(8 41( -!++!2 *" (,&*# 5(#1%(1#&

-!#)$(*!"  *:&#&"( )&%,$"*5)5 <CDFC]?. @" Z,. D (,& '#!'&#(*&5 !- (,& )$(&#*$+5 15& *"

(,*5 (,&5*5 $#& 4#*&^; #&7*&2& . @" Z,. E _A#$; 5%$((&#*"3 (&%,"*K1&58 $''+*& *" (,*5 (,&5*5

-!# %,$#$%(&#*U*"3 !#3$"*% ,&(&#!5(#1%(1#&5 $#& &9'+$*"& . @" $  *(*!"8 )&(,! 5 -!# (,*"

I+) '#&'$#$(*!" $#&  &5%#*4& $" (,& 5145(#$(&5 15& -!# I+) 3#!2(, $#& %,$#$L(&#*U& .

@" Z,. P (,& %&"(#$+ I" *"35 !- (,*5 (,&5*5 $#& '#&5&"(& . H,& %,$'(&# *5  *7* & *"(! (2!

'$#(5. H,& I#5( '$#( *5 %!"%&#"& 2*(, /`\ ,&(&#!5(#1%(1#&5 !# OabS58 (,& 5&%!" '$#(

2*(, )*9& Q/R\W ,&(&#!5(#1%(1#&5. @" '$#(*%1+$# (,& -!++!2*"3 K1&5(*!"5 2*++ 4& $  #&55& R

>. J!# /`\R H! 2,$(  &3#&& *5 (,& 3#!2(, $" 5(#1%(1#& !- (,& (!' +$;&# *"^1&"%& 4;

(,& 5(#1%(1#$+ '#!'&#(*&5 !- (,& 4!((!) +$;&#c

C. J!# /R\R J!# 2,*%, )!+&%1+$# )*9(1#&5  ! 2& I" ',$5& 5&'$#$(*!" !# )*9*"3c @"

(,*5 %!"(&9(8 *( *5 $ #$(,&# -1" $)&"($+ K1&5(*!" 2,&(,&# !# "!( &.3. (,& aV[V8
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 !"# $%& '() $**+,-$')& )%)./0 /$1 )',2 ,($%/) ,+%'-%3+3*40 +. *')156-*) $%&

6($' '() *'.3,'3.$4 4)%/'( *,$4) 7+. '() .)83-.)& -%').9-:-%/ -*; -7 '() *0*')9 *(+34&

):(-<-'  !""!# )%)./0 4)=)4* $%& '(3* $  !$%&'( *1),'.39 +. %+'2

>+. ?@A ()').+*'.3,'3.)* '6+ /.+6'( )B),'* 6).) *'3&-)& -% &)'$-42 >-.*' '() )B),' +7

)'"%&*)+#,; -2)2 '() 9+4),34)* +7 '() '+1 4$0). $&+1' ,).'$-% ,($.$,').-*'-,*; 7+. -%*'$%,)

9+4),34$. +.-)%'$'-+%; +7 '() <+''+9 4$0). CDEF2 G),+%& -"!!).+#, 6$* 7+3%& &3.-%/ ()'5

).+*'.3,'3.) /.+6'(; -2)2 '() .+3/(%)** +7 '() '+1 4$0). -* .)&3,)& -% ,+91$.-*+% '+ '()

<+''+9 4$0). CDHF2 >+. ?IA *'.3,'3.)* *)=).$4 9+4),34$. ,+9<-%$'-+%* 6).) *'3&-)&2 #%)

-91+.'$%' .)*34' -* '() 7+.9$'-+% +7 $ 9+4),34$. ,+914): -% 9-:'3.)* +7 1).J3+.+1)%'$,)%)

KL>LM $%& 1)%'$,)%) KLNOM2 A+'( ,+91+3%&* ,$% 9-: +%40 6-'( $% )83-9+4$. .$'-+; ):5

,)** 9+4),34)* +7 )-'(). *1),-)* $.) 1($*) *)1$.$'-%/ 7.+9 '() 9-:'3.) CPQF2 R() '()*-*
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1$%&+%% 3*%" "#) $!")*4,0)&+0'* -,*&)% $! ,*2'!$& &*8%"'0% $! 2)!)*'0 '!1 4,9) ,! ", ):(0,*)
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,*2'!$& 4$:"+*)%< /#)*) 4'")*$'0% > '!1 ? '*) 1)(,%$")1 '" "#) %'4) "$4) $! ,*1)* ",

-,*4 ' =0)!1 @>C?B6

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

D#$% %)&"$,! %+44'*$5)% "#) 4,%" $4(,*"'!" '%()&"% ,- ,*2'!$& &*8%"'0% $!&0+1$!2 $!")*E

4,0)&+0'* -,*&)%< /#$&# '*) 4,*) "#,*,+2#08 1$%&+%%)1 $! "#) 0$")*'"+*) FGH<GIJ6

> &*8%"'0 $% %'$1 ", =) 4,0)&+0'*< $- $" $% (,%%$=0) ", %$!20) ,+" ' 2*,+( ,- '",4% @"#)

4,0)&+0)B /#$&# #'9) %$2!$3&'!"08 %#,*")* 1$%"'!&)% ", "#) '",4% ,- "#) 2*,+( "#'! ",

'",4% ,- '1K'&)!" 2*,+(%6 D#) 1$L)*)!&)% $! '",4$& 1$%"'!&)% &'! $! 2)!)*'0 =) &,!9)*")1

", ' 1$L)*)!&) $! "#) .$!1 '!1 "#)*)-,*) %"*)!2"# ,- $!")*'&"$,!6 > 4,0)&+0) $% -,*4)1 =8

&,9'0)!"08 =,!1)1 '",4% /$"# =,!1$!2 1$%"'!&)% $! "#) *'!2) ,- 0.1 !4 @MENB ", 0.12 −
0.15 !4 @MEMB6  ! &,!"*'%"< $!")*4,0)&+0'* $!")*'&"$,!% '*) 1,4$!'")1 =8 /)'. 9'! 1)*

7''0% '!1 )0)&"*,%"'"$& 4+0"$(,0) $!")*'&"$,!% /$"# =,!1$!2 1$%"'!&)% $! "#) *'!2) ,- 2.2−
2.4 !4 FGHJ6 O'*) ):&)("$,!% -*,4 "#$% '*) $!")*4,0)&+0'* $!")*'&"$,!% =)"/))! %()&$3&

'",4$& &,!-,*4'"$,!%< 0$.) "#) #81*,2)! =,!16

 ! 2)!)*'0< 1+) ", "#) 0,/ =,!1$!2 )!)*28< 4,0)&+0'* &*8%"'0% 1$L)* &,!%$1)*'=08 $!

"#)$* 4)&#'!$&'0< ,("$&'0< '!1 )0)&"*,!$& (*,()*"$)% -*,4 &,9'0)!" ,* $,!$& &*8%"'0%6 D#)

0'""$&) )!)*28 $% '&&,*1$!208 0,/ $! 4,0)&+0'* &*8%"'0%< /#$&# *)%+0"% $! 0,/ 4)0"$!2 '!1

%+=0$4'"$,! ")4()*'"+*)%< 0,/ 4)&#'!$&'0 %"*)!2"#< '!1 #$2# &,4(*)%%$=$0$"8 FGHJ6

 ! "#) -,00,/$!2< /#)! %()'.$!2 ,- 4,0)&+0'* &*8%"'0%< /) *)-)* ,!08 ", ,*2'!$& &*8%"'0%<

%$!&) !)'*08 '00 ,*2'!$& %+=%"'!&)% '*) 4,0)&+0'* &*8%"'0% $! "#) '=,9) 4)!"$,!)1 %)!%)<

):&)(" -,* "#) $,!$&'008 =,+!1 ,*2'!$& %'0"%6
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 !" #$%"&'(%#)$* +"%,""$ $)$-).'&/ "."(%&#('..0 $"1%&'. 2)."(1."*/ '&" ,"'3.0 '%%&'(%#4"

'$5 6"$"&'..0 3$),$ '* 7)$5)$ 5#*-"&*#)$ 8)&("*9 :$ 2)*% )&6'$#( (&0*%'.* %!" 2)."(1."*

'&" !".5 %)6"%!"& +0 %!"*" 8)&("*9 :$ 2)."(1."*/ ,!)*" "."(%&#('. 21.%#-)." 2)2"$%* '&" )$

%!" '4"&'6" ";1'. %) <"&)/ %!"&" "=#*% >1(%1'%#$6 21.%#-)." 2)2"$%* ,!#(! 5"-"$5 )$ %!"

#$*%'$%'$")1* -)*#%#)$* )8 %!" "."(%&)$* #$ %!" 2)."(1."*9  !" #$*%'$%'$")1* "."(%&#( ?".5

'**)(#'%"5 ,#%! %!"*" 2)2"$%* ."'5* %) %!" '--"'&'$(" )8 #$51("5 21.%#-)." 2)2"$%* #$

$"#6!+)&#$6 2)."(1."*9  !" '4"&'6"5 #$%"&'(%#)$ +"%,""$ %!" "."(%&#('. 2)2"$%* )8 %!"

#$#%#'. 2)."(1." '$5 %!" #$51("5 2)2"$%* )8 $"#6!+)&#$6 2)."(1."* 6#4"* &#*" %) '%%&'(%#4"

8)&("* +"%,""$ %!" 2)."(1."* @ABC9

:$ 6"$"&'./ %!" #$51("5 5#-)."D5#-)." #$%"&'(%#)$ "$"&60 )8 ' -'#& )8 2)."(1."* ('$ +"

,&#%%"$ '*E

Vdis(r) = −A1

r6
FG9BH

A1 #* ' ()$*%'$%/ ,!#(! #$(.15" ()2-)1$5 *-"(#?( -&)-"&%#"*9 I)& *1(! ()$*%'$%* *"4"&'.

5#J"&"$% '--&)=#2'%#)$* ,"&" 5"&#4"5 @ABC9

 !"! .%/*+0$1*-213+ *1*-/+$(/3/'- 021/')$1* '%/*+3-/'$%

:8 %!" 2)."(1."* !'4" -).'& *1+*%#%1"$%* )& ' -"&2'$"$% 5#-)." 2)2"$%/ )& #8 %!"0 '&" "."(D

%&#('..0 (!'&6"5 #$ ' !"%"&)-).'& 8'*!#)$/ #9"9 %!" (&0*%'.* '&" *'.%*/ %!"$ %!" #$%"&2)."(1.'&

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

8)&("* ,#%! %!"#& .)$6 &'$6" @AGC9  !" K)1.)2+ 8)&("*/ *%"22#$6 8&)2 -"&2'$"$% 21.D

%#-)."* '&" -'&%#(1.'&.0 #2-)&%'$% 8)& %!" 6&)1-* )8 (&0*%'.* ,#%! (!'&6" %&'$*8"& #$ %!"

6&)1$5 *%'%" +"%,""$ %!" -'&%$"&*/ #9"9 %!" 5)$)&D'(("-%)& ()2-."="*9 L"&"/ ," '&" 5"'.D

#$6 ,#%! (&0*%'.* ,!#(! ()$*#*% )8 %,) 5#J"&"$% *%&1(%1&'. 1$#%*/ )$" )8 ,!#(! '(%* '* 5)$)&

'$5 6#4"* 1- (!'&6" ,#%! ' *2'.. #)$#<'%#)$ -)%"$%#'. %) %!" '(("-%)&9  !" .'%%"& #* '

*%&1(%1&'. 1$#% ,#%! ' .'&6"& "."(%&)$ 'M$#%0 @AGC9
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%!" #$$"& "."(%&)$* '$5 %!" '%)2#( $1(."#/ ,!#(! -&"4"$% %!" ()..'-*" )8 %!" (&0*%'. .'%%#("9
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)4"&.'-9  !"*" "J"(%* +"()2" #2-)&%'$% )$.0 '% 4"&0 *2'.. 5#*%'$("* '$5 #$(&"'*" 4"&0
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 !"#$% &'() *+% $%,#-.!/% ,01%21!3- 4056!2%7 8!1+ 1+% /32 7%$ 933-. 311$341!02 "!/%. 1+% 0/%$3--

,01%21!3-' *+% !21%$341!02 %2%$": +3. !1. 5!2!5#5 31 32 %;#!-!6$!#5 7!.1324% r0' <$3,+ 13=%2

>$05 ?%>' @A&B'

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

Vrep(r) =
Bn

rn
34546

7%08 n = 8 . . . 155 9,:"08"& 7%08 n = 12 (!. ;<-5 45= %0 +,)),71 08" >"!!(&.?@,!"1
$,0"!0%()A 78%'8 ',!1%."&1 ,!)* 08" .%$,)"?.%$,)" %!0"&('0%,!2

V (r) =
B

r12
− A

r6
345B6

C! ()0"&!(0%D" ($$&,/%#(0%,! %1 08" E-'F%!:8(#?$,0"!0%() 78%'8 "#$),*1 (! "/$,!"!?

0%() +-!'0%,! +,& 08" &"$-)1%,! +,&'" GB=H2

V (r) = C exp(−αr)− A

r6
345I6

J"&"A C (!. α (&" (:(%! "#$%&%'() ',!10(!015

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

98" ',!K-:(0". π?1*10"# %! #(!* ,&:(!%' #,)"'-)"1 :%D"1 &%1" 0, 1$"'%L' M,!.%!:1 %!

#,)"'-)(& '&*10()15 98" &"(1,! +,& 08%1 %1 08" ',#$"0%0%,! M"07""! 08" >,!.,! .%1$"&1%,!

%!0"&('0%,! (!. 08" 10(0%' <-(.&-$,)" %!0"&('0%,! %! 08"1" #,)"'-)"15
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120−800 C ;8 $ %'(;!5$&!'5 '9 B!D4! 5!&#'6)5 %''B!56 $5 #)7!7&!E) 2)$&!56 '9 &2) 7$(3B)

2'B )# 7&$;!B!F) ;8 $ GH?I%'5&#'B, 12) #)B$&!E) )##'# '9 &)(3)#$&4#) ()$74#)()5&7 '9 &2!7

%2$(;)# !7 ±1 J: A2!B) &2) $;7'B4&) )##'# !7 ±15 J $7 &2) &2)#($B %'5&$%& ;)&A))5 7$(3B)

$5 &2)#('%'43B) !7 5'& %'(3B)&)B8 #)3#' 4%!;B),

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

12) 7&$&!'5$#8 %2$(;)# 47) 9'# KB( 6#'A&2 !7 72'A5 !5 L!6, -,.. 12) E$%44( 787&)(

%'57!7&7 '9 &A' %2$(;)#7: !,), $ B'$ B'%M: A2)#) &2) 74;7&#$&)7 $#) 2)$&) 45 )# NO

%'5 !&!'5: $5 $ PNO %2$(;)#: A2)#) &2) KB(7 $#) 6#'A5 ;8 <=>? $& $ ;$7) 3#)774#) '9

∼ 10−10
(;$#, Q &4#;' ('B)%4B$# 34(3: $5 !'5 34(3 $5 $ &!&$5!4( 74;B!($&!'5 34(3

$#) 47) &' )E$%4$&) &2) 787&)(,

 !"#$% &'(() *+,+!-.,$/ 0123 45,67%$ #8%9 :-$ ;<6 "$-=+5' >!4+#$% +,?%. :$-6 @%:' A(BBC

Q 7$(3B) 2'B )# !7 $&&$%2) &' $ ($5!34B$&'# A2!%2 $BB'A7 9'# &#$57B$&!'57 !5 &2)

x−: y− $5 z− !#)%&!'5 $7 A)BB $7 9'# $F!(4&2$B $5 3'B$# #'&$&!'57: ($M!56 $ 3#)%!7)

$B!65()5& '9 &2) 7$(3B) 3'77!;B), 12) 74;7&#$&) &)(3)#$&4#) %$5 ;) %'5&#'BB) ;)&A))5

T = 160 − 700 C ;8 $ %'(;!5$&!'5 '9 B!D4! 5!&#'6)5 %''B!56 $5 #)7!7&!E) 2)$&!56 '9 &2)

7$(3B) 2'B )# 7&$;!B!F) ;8 $ GH?I%'5&#'B, 12) #)B$&!E) )##'# '9 &)(3)#$&4#) ()$74#)()5&7

'9 &2!7 %2$(;)# !7 ±1 J: A2!B) &2) $;7'B4&) )##'# !7 ±15 J $7 &2) &2)#($B %'5&$%& ;)&A))5

7$(3B) $5 &2)#('%'43B) !7 5'& %'(3B)&)B8 #)3#' 4%!;B),

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

 ! "#$% &#'(")* "#) )+()*$,)!"'- *)%.-"% '*) (*)%)!")/ '!/ /$%&.%%)/0 1#) 23*4 53&.%)%

,'$!-6 3! %"*.&".*'- (*3()*"$)% 35 3*7'!$& #)")*3%"*.&".*)%0 1#) 8*%" ('*" $% &3!&)*!)/ 2$"#

(-'!'* #)")*3%"*.&".*)% 9:;<=> $0)0 "#) "23 ,'")*$'-% '*) /)(3%$")/ 3!) '5")* '!3"#)* '!/

#'?) "#)*)53*) ' /)8!)/ $!")*5'&) *)7$3! 2#)*) $!")*'&"$3! 35 @3"# &3,(3.!/% $% (3%%$@-)0

1#) %)&3!/ ('*" $% &3!&)*!)/ 2$"# @.-4 #)")*3A.!&"$3!% 9:B<=> 2#$&# '*) @$!'*6 3*7'!$&

,$+".*)% (*3/.&)/ ?$' &3C)?'(3*'"$3! 35 @3"# ,'")*$'-%0  ! "#$% ('*"> 3!) 4)6 D.)%"$3!

$% "#) ,$+$!7 @)#'?$3* 35 "#) "23 &3,(3.!/%> $0)0 /3 "#) ,'")*$'-% (#'%) %)('*'") 3*

,$+ 3! ' ,3-)&.-'* -)?)-E :! 3?)*?$)2 3?)* "#) ")%")/ ,'")*$'- &3,@$!'"$3!% $% 7$?)!

$! F$70 G0H0 1#)*)> "#) ,'")*$'-% '*) 7*3.()/ $!"3 )-)&"*3! /3!3* ,'")*$'-% '!/ )-)&"*3!

'&&)("3* ,'")*$'-%0 I32)?)*> "#)%) '*) !3" $!"*$!%$& (*3()*"$)% 35 "#) ,'")*$'-%0  !%")'/>

2#)"#)* ' ,'")*$'- $% ' /3!3* 3* '&&)("3* /)()!/% 3! "#) )!)*76 -)?)-% 35 "#) %)&3!/

,'")*$'-0  ! 7)!)*'-> "#) -$%")/ ,'")*$'-% &'! @) .%)/ @3"# '% '! )-)&"*3! /3!3* 3* )-)&"*3!

'&&)("3*0

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

 ! "#) 53--32$!7 %)&"$3!% /$J)*)!" 7*32"# )J)&"%> 2#$&# &'! 3&&.* 53* (-'!'* 3*7'!$&

#)")*3%"*.&".*) 7*32"#> '*) /$%&.%%)/ 3! "#) @'%$% 35 "#) %"./$)/ ,'")*$'- &3,@$!'"$3!%

$! F$70 G0H0 1#) 3@%)*?)/ 7*32"# )J)&"% &'! @) /$?$/)/ $!"3 "#) 53--32$!7 &'")73*$)%B

"),(-'"$!7 9KFK;L K=> 7*'/)/ $!")*5'&) 9F16M.K&;I16M.K&=> )!#'!&)/ &*6%"'--$N'"$3!

9M60;L K=> %,33"#$!7 9KFK;L K '!/ KOP;KFK=0

 !"!" #$%&'()(%*')+ )', %-+)', -%.& (&/0+)(%'1 %' 1$*2(3 *4 565

*' 785

1#) *)%.-"% (*)%)!")/ $! "#$% %)&"$3! '*) (.@-$%#)/ $! Q)50 RSTU0 :% 3."-$!)/ $! V)&0 S0W

"#) 7*32"# 35 3*7'!$& #)")*3%"*.&".*)% &'! @) ?)*6 &3,(-)+0 L)()!/$!7 3! "#) 3*7'!$&

@3""3, -'6)* 9#)*) &'--)/ "),(-'"$!7 -'6)*=> 3?)*-'6)* ,3-)&.-)% &'! )+#$@$" ' &#'!7) $!

,3-)&.-'* 3*$)!"'"$3! RXY>XZ>XT>TG>TZ>HT[U 3* /$J)*)!" 8-, ,3*(#3-376 9)070 /3,'$! %$N) 3*

YW
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 !"#$% &'() *+%$+!%, -. /0% 12/%$!23 4-15!62/!-67 7/#8!%89 -$"26!:%8 !6/- %3%4/$-6 244%;/-$ 12<

/%$!237 268 8-6-$ 12/%$!237'  -$ %240 12/%$!23 4-15!62/!-6 5-/0 ;3262$ 0%/%$-7/$#4/#$%7 =>?@A

27 ,%33 27 5#3B 0%/%$-7/$#4/#$%7 =>)@A ,%$% 7/#8!%8'

 !"#$%&''( )*+,+-,./,.0,.+12 3% 4$5' '&645!%, 4$& &7&64 !8 4&9:;<45%# 5' '4"=5&= !% < '& 5&'

!8 $&4& !'4 "64" &' >$& & 4$& : !:& 45&' !8 4$& ?!44!9 ;<@& >& & '@'4&9<456<;;@ A< 5&= A5<

# !>4$ 4&9:& <4" &, >$5;& 4$& # !>4$ 6!%=545!%' !8 4$& 4!: ;<@& >& & 5=&%456<;2

B! 4$& ?!44!9 ;<@& ', 4$& ! #<%56 =!%! 9<4& 5<; C3D EF&62 G2H( 5' "'&=2 C3D ><' '$!>%

4! $<A& &I6&;;&%4 :& 8! 9<%6& <' < $!;& 6!%="64! 8! :$!4!A!;4<56 <::;56<45!%' )JJ12 B! 

4$& 4!: ;<@& 4$& ! #<%56 <66&:4! 9<4& 5<; DBD ><' 6$!'&% EF&62 G2G(, >$56$ 5' < : !95'5%#

6<%=5=<4& 8! ! #<%56 '!;< 6&;;' ="& 4! 54' $5#$ 5!%5K<45!% :!4&%45<; )H.L1 <%= $5#$ &;&64 !%

9!?5;54@ )HG0, HG., H-J12 M$& 6!9?5%<45!% !8 DBD <%= C3D 5% < $&4& !'4 "64" & <;;!>'

;5#$4 <?'! :45!% 5% < ? !<=  <%#& !8 4$& A5'5?;& ':&64 "9 )H-/, H.H1 <%= 9<@ 4$& &8! & ?&

6!%'5=& &= <' < : !95'5%# 6!9?5%<45!% 8! ! #<%56 :$!4!A!;4<56'2 N' < '"?'4 <4&, 5%=5"9

45% !I5=& E3MO( 6!<4&= #;<'' ';5=&' >& & "'&=, '5%6& 4$5' P5%= !8 '"?'4 <4& 5' >5=&;@ "'&= <'

4 <%':< &%4 &;&64 !=& 8! &;&64 !%56 =&A56&' 5%6;"=5%# ! #<%56 :$!4!A!;4<56 6&;;'2

 !"!"!" #$%&$'()*'$ +$&$,+$,-$ ./ 012 34% 5'.6)7

B5 '4, 4$& '4 "64" & !8 4$& =57& &%4 C3D ;<@& ' # !>% <4 =57& &%4 4&9:& <4" &' T < &

=5'6"''&=, '5%6& 4$5' 5%8! 9<45!% 5' A54<; 8! 4$& &A<;"<45!% !8 4&9:;<45%# &7&64' =&'6 5?&=

--



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

 !"#$ %&'( )*+,-.$// σrms !.0 #*1$2 #3435/ *6 5-$ 3.78#!.$ 9*-$2$.5 92:/5!# /3;$/ ls *6 <=> λ7 !.0

σ70*4!3./ 6*2 ?@ .4 A#4/ ,2*1. !5 03B$2$.5 T & =. !00353*. σrms !.0 ls *6 σ70*4!3./ *6 ?@ .4

>C> A#4/ ,2*1. *. 5-2$$ 03B$2$.5 <=> A#4/ !2$ /+44!23;$0&

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

ls $%& σ#)*+,-./ 0.+1 (2 3' '4!

ls $%& λ#)*+,-./ 0.+1 (2 54! 64!

ls &7& σ#)*+,-./ 0.+1 ' (5 35

σrms 0.+1 *8 $%& '4( (±0.4) (49 (±0.3) !4 6 (±0.1)
σrms 0.+1 *8 &7&  49 (±0.4) '4: (±0.4) '42 (±0.4)

-. ;<= .=>; /=?;-*.4 7-@AB= 64(, /<*C/ ;<= D%E$ ),;, *8 ;<= $%& F,G=B/ @B*C. ,; T = 200"H

300 " ,.) 400 "H C<-?< ,B= ?*+I,B=) C-;< I*C)=B /I=?;B, *8 ;<= $%& <-@< ;=+I=B,;AB=

I<,/= JKL#I<,/=H &(3M, I*FG+*BI<N ,.) ;<= $%& F*C ;=+I=B,;AB=#I<,/= JOL#I<,/=H &#3

I*FG+*BI<H (:5 "NH B=/I=?;-P=FG JQ== R=84 03('1 ,.) Q=?4 '43N4 7-B/;H ;<= ,//-@.+=.; *8 ;<=

*S/=BP=) 8=,;AB=/ -. 7-@4 64(, -/ )-/?A//=)4 T??*B)-.@ ;* R=84 03('1H ;<= 8=,;AB=/ +,BU=)

C-;< σ *B λ ,B= ,//-@.=) ;* ;<= KL#I<,/=4 L<= σ 8=,;AB=/ ,B= ,;;B-SA;=) ;* )*+,-./ C-;<

;<= ab#A.-; ?=FF IF,.= I,B,FF=F ;* ;<= /AS/;B,;= /AB8,?= J/;,.)-.@ *B-=.;,;-*.NH ,.) ;<= λ
8=,;AB=/ ,B= )*+,-./ C-;< ;<= ab#A.-; ?=FF IF,.= .*; I,B,FF=F ;* ;<= /AS/;B,;= /AB8,?= J-.)=>

l 6= 0H FG-.@ *B ;-F;=) *B-=.;,;-*.N4 L<= -./=; -. 7-@4 64(S -FFA/;B,;=/ ;<= ;<= *B-=.;,;-*. *8

;<= σ# ,.) λ#)*+,-./4 L<= SB*,) λJ!!3N B=V=?;-*. -. ;<= (!! " WF+ -/ IB*S,SFG /AI=BI*/=)

C-;< ;<= J!!3N#B=V=?;-*. 8B*+ ;<= OL#I<,/= ,; qxy = 0.43 X

−1
J+,BU=) SG OLN4 LC* /+,FF

8=,;AB=/ )=.*;=) SG OLYH +-@<; /;=+ =-;<=B 8B*+ ;<= $%& OL#I<,/=H *B I*//-SFG , G=;

A.U.*C. $%& I*FG+*BI<4

L<= )*+,-. ?*+I*/-;-*. *8 ;<= $%& WF+/ =>;B,?;=) 8B*+ ;<= B=F,;-P= D%E$ I=,U -.;=.#

/-;-=/ )=I=.)/ /;B*.@FG *. T 4 7*B T = 400 "H ;<= $%& WF+/ ?*./-/; ,F+*/; =>?FA/-P=FG *8

σ#)*+,-./4 7*B T = 300 " ;<= σ 8=,;AB=/ ,B= C=,U=B ,.) SB*,)=BH <*C=P=BH ;<= λ 8=,;AB=/

S=?*+= +*B= -.;=./= J=4@4 λJ!!3NNH C<-?< -.)-?,;=/ IB=8=BB=) .A?F=,;-*. *8 ;<= λ#)*+,-./

,; T = 300 "4 $=;=?;-.@ *.FG ;<= ;C* λ#B=V=?;-*./ C-;< ;<= <-@<=/; /;BA?;AB= 8,?;*B/ *8

;<= KL#I<,/= JJ!!3N ,.) J333NNH -; -/ ,//A+=) ;<,; λ#)*+,-./ C-;< *;<=B *B-=.;,;-*./ ,B=

,F/* =>-/;-.@H SA; ;<= +=,/AB=) -.;=./-;G -/ S=F*C ;<= S,?U@B*A.)4 7*B T = 200 " ;<= WF+

?*./-/;/ *8 λ#)*+,-./ C-;< , <-@< )=@B== *8 )-/*B)=B )=B-P=) 8B*+ ;<= I=,U C-);<H C<-F=

;<= @B*C;< *8 σ#)*+,-./ -/ .=,BFG ?*+IF=;=FG /AIIB=//=)4

7B*+ ;<= I=,U C-);< *8 ;<= -.#IF,.= ZB,@@ B=V=?;-*./ ;<= -.#IF,.= ?*<=B=.; ?BG/;,F /-[=

ls *8 ;<= σ# ,.) λ#)*+,-./ *8 ;<= ;<B== WF+/ -/ =/;-+,;=) JL,S4 643N4 7*B T = 400 "H ls *8
;<= λ# ,.) σ#)*+,-./ -/ /-+-F,BH SA; )=?B=,/=/ /-@.-W?,.;FG C<=. F*C=B-.@ T 4 L<-/ B=/AF;

-.)-?,;=/ ;<,; T -/ ?B-;-?,F 8*B ;<= @B*C;< *8 S*;< ;<= λ# ,.) σ#)*+,-./ *. %L\4 Q-+-F,B

@B*C;< S=<,P-*B/ *8 $%& C=B= ,F/* 8*A.) 8*B *;<=B /AS/;B,;=/ 035H92H 3(6H3(2H3(514

7-@4 64(S /<*C/ ?*+IF=+=.;,BG ERR ),;, 8B*+ ;<= $%& WF+/ )-/?A//=) ,S*P=4 L<=

ERR ,@,-. /<*C/ , ?F=,B T )=I=.)=.?=4 7*B @B*C;< ,; T = 400 "H ;C* ZB,@@ B=V=?;-*./ ,B=

*S/=BP=) ,; qz = 0.38 X

−1
,.) qz = 0.76 X

−1
Jσ#*B-=.;,;-*.] J!!3N ,.) J!!(N B=V=?;-*.N4

^*+I,B=) ;* ;<=/=H ;<= -.;=./-;G *8 ;<= σJ!!3N B=V=?;-*. -/ /-@.-W?,.;FG /+,FF=B -. ;<=

'!! "#$%& WF+4 7AB;<=B+*B=H 8*B ;<= (!! "#$%& WF+ .* ZB,@@ B=V=?;-*. -. ;<= qz )-B=?;-*.
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 !"#$% &'() *+ ,-./ *01 2+ .33 1*4* 56 /-7 89:; "$5<0 50 -=> *4 1!?%$%04 ;#2;4$*4% 4%:@%$A

*4#$%;' =B% 4B!CD0%;; 56 *99 89:; !; ∼ 20 0:' =B% @5<1%$ 1*4* 56 4B% /-7 E=A *01 F=A@B*;%

*4 4B% 25445: 56 @*0%9 *+ <%$% C*9C#9*4%1 6$5: 4B% C$G;4*9 ;4$#C4#$%; $%@5$4%1 !0 3%6' HI(JK' =B%

!0;%4 !0 2+ !99#;4$*4% 4B% 9*G%$ ;4*CD!0" *01 4B% 5$!%04*4!50 56 4B% σA *01 λA15:*!0;'

 ! "#!$%&$'( )*$!$ "#!$%&+, "-! ."-/%0 ,*$ T '$1$-'$-.$  - σ2'"0+ - -3.4$+, "- 5"% ,*$

678 /40!9  - :""' +:%$$0$-, ; ,* ,*$ %$!34,! 5%"0 <7=6 >? :( @(A+B(

C".D -: !.+-! "- ,*$ σ>EEFB %$G$., "-! ;$%$ 3!$' ," '$,$%0 -$' ,*$ 0"!+ . ,H "5 ,*$

σ2'"0+ -! >-", !*";-B( )*$ 0"!+ . ,H ;+! 5"3-' ," #$ $!!$-, +44H $I3+4 >0.03 ± 0.01 B
5"% ,*$ JEE K +-' LEE K2678 /40!( ?%"0 ,* ! %$!34,  ,  ! ."-.43'$' ,*+, ,*$ '$.%$+! -:

 -,$-! ,H "5 ,*$ σ>EE4B %$G$., "-! +, 4";$% T  ! +,,% #3,$' ," + !0+44$% ."*$%$-, !.+,,$% -:

&"430$ "5 ,*$ σ2'"0+ -!  - ,*$!$ /40!9  ($( ,*$ .%H!,+44 - ,H  ! %$'3.$' '3$ ," ' !"%'$%

LM



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

 !"#$% "&'(%(!)*+ $%&(!)(" ,%+-) **&)(- %(.* ,( )/( σ0"$1 &!- 2&)/ *$2(%&!3 $4 T 5
6/( *$2 ,%+-) **&!&)+ $4 7*1- 3%$2!  ) *$2 T %(-8*)- &!  %(* )&9(*+ *$2 %$$)01( !0

-:8 %(" %$83/!(-- σrms $4 )/( -8%4 ,(  - -811 %&;(" &! 6 <5 =5>5 σrms 9 *8(-  %( "()(%1&!("

4%$1 ?@A " ) -/$2! &! @&35 =5= 045 B/(%( .$--&<*(C )/( $<) &!(" σrms 9 *8(- 2(%( "$8<*(0

,/(,D(" <+ 7))&!3 )/( E0% + %(F(,)&9&)+ ,8%9(- G@&35 =5H<I &! )/( %(3&$! qz = 0.07 )$ 0.2 J

−1

2/(%( )/( )/&,D!(-- &!)(%4(%(!,( $-,&** )&$!- $,,8%5 B&)/ )/&- 1()/$" σrms $4 )/( HKK L0

MNO  !" PKK L0MNO 2(%( "()(%1&!(" &!"(.(!"(!)*+5 6/( σrms 9 *8(- $<) &!(" 4%$1 <$)/

)(,/!&:8(-  %( ,$!-&-)(!)5 @&35 =5P -/$2- )/( %(F(,)&9&)+ 7)- 4$% (Q)% ,)&!3 )/&,D!(--  !"

%$83/!(-- GσrmsI $4 )/( )2$ MNO 7*1-5 R*(,)%$! "(!-&)+ GρI .%$7*(-  %( -/$2! &! )/(

&!-()5 6/( -8.(%&1.$-(" -1 ** $-,&** )&$!- &! @&35 =5P -)(1 4%$1 )/( >SK !1 N6T * +(%

8!"(%!( )/ )/( MNO5

 !"#$% &'() *++ ,-.- -/, 0.1 23$ %4.$-5.!/" .6!57/%11 -/, σrms 32 89: 0;<1 "$3=/ 3/ 9>? -.

@AA B -/, (AA B' >6% !/1%. 163=1 %;%5.$3/ ,%/1!.C DρE F$30;%1 32 G3.6 <3,%;1' >6% 1#F%$!<F31%,

1<-;; 315!;;-.!3/1 1.%< 2$3< .6% HIA /< 9>? ;-C%$ #/,%$/%-.6 .6% 89:'

@$% MNO 3%$2)/C &) &- 4$8!" )/ ) *$2(%&!3 T &!"8,(- "&-$%"(%  !"  -1$$)/ -8%4 ,(5

U8,/  <(/ 9&$%  ) *$2 )(1.(% )8%(- &- ,$11$!*+ $<-(%9(" 4$% $%3 !&, )/&! 7*1 3%$2)/ "8(

)$ %("8,)&$! $4 -8%4 ,( "&'8-&$! $4 )/(  "-$%< )(- V>WHX5 N! )/( !(Q) -(,)&$!C 2( (*8,&" )(

/$2 )/( "&'(%(!) 7*1 -)%8,)8%(- $4 MNO )(1.* )( * +(%-  '(,) )/( O@O 7*1 3%$2)/5

 !"!"!# $%&'&()*'+,&)+-. -/ 0123242 %*)*'-5)'6()6'*5

@&35 =5S -/$2- YNEM " ) $4 O@O#MNO /()(%$-)%8,)8%(-5 6/( O@O 7*1- G)/&,D!(--Z

∼ 20 !1I 2(%( 3%$2!  ) PKK L $! ( ,/ MNO 7*1 )$ -)8"+ )/( )(1.* )&!3 ('(,) $4 )/( MNO

* +(%-5 ?** )/%(( /()(%$-)%8,)8%(- (Q/&<&) -(9(% * &!0.* !( [% 33 %(F(,)&$!- ,$%%(-.$!"&!3

)$ )/( O@O )/&! 7*1 ./ -(C 1 %D(" 2&)/ σ  !" λ &! @&35 =5S V>>KX5 @$% O@OC  -&!3*(

,%+-) * ./ -( GV = 797 J

3
 ) >\P LI  !"  -*&3/)*+ "&-)$%)(" )/&! 7*1 ./ -( GV =

S\



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

816  3
!" #$$% "&%'&#!"(#&) *&#& #&'$#"&+, -" ./ !//(%&+ "0!" 1$"0 /"#(2"(#&/ 0!3&

/.%.4!# /"#(2"(#& 5!2"$#/6 /.72& "0& (7." 2&44/ $5 1$"0 !#& 7&!#48 .+&7".2!4, 9$7/.+&#.7:

"0!" 0.:0 !7./$"#$'.2 "0&#%!4 &;'!7/.$7 2$&<2.&7"/ !#& 7$" (7(/(!4 5$# /.%.4!# $#:!7.2

2#8/"!4/ =>?@A6 "0& +.B&#&72& .7 1$"0 /"#(2"(#&/ %!8 1& ! '(#& "&%'&#!"(#& &B&2",

C44 DED σF#&G&2".$7/ /"&% 5#$% +$%!.7/ *."0 7&!#48 /"!7+.7: DED %$4&2(4&/6 *0.20

2$##&/'$7+/ "$ !7 !4.:7%&7" $5 "0& bcF'4!7& $5 "0& (7." 2&44 '!#!44&4 "$ "0& /(1/"#!"& '4!7&6
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DEDI4>) #&G&2".$7 ./ /('&#.%'$/&+ *."0 "0& N-D λITT>) #&G&2".$7, U$*&3&#6 +(& "$ "0&
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<)( 676 8():'% )0 )'%&( *+/*'(4'&* =>??9 >?@A# B):&;&(9 .' .* *&&0 '%4' '%& 1)C4.0 *.D&
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1.595± 0.005 #4./ ;-%0- ;" '=!"%#)$ =3 9!!%#& !-) ,)"K 4"<%4:4 ;%!- " , ):$'+L'%&!

,('91) "#$ 0'#2)(!%#& !-) () :1! !' " 1)#&!- l %# ()"1  ,"0) 2%" qz = 2π/l> M:( () :1! % 

)<,)0!)$ !' =) 4'() ,()0% )/  %#0) $:) !'  :,)(,' %!%'# '@ !-) ()A)0!%2%!3  %&#"1 ;%!- !-)

N("&& ()A)0!%'# " 0)(!"%#  -%@! '@ !-) ",,"()#! ,)"K 4"<%4:4 %# qz '00:( / ;-%0- 0"# '#13

=) $)0'#2'1:!)$ =3 " 9! '@ !-) )#!%()  0"# " ,)(@'(4)$ -)()>

O# "$$%!%'#"1 N("&& ()A)0!%'# "! qz = 0.951 P

−1
/ !)#!"!%2)13 "  %&#)$ " (001)λ/ 0'(+

() ,'#$ !' " 1"!!%0)  ,"0%#& '@ d⊥ = 0.66 ± 0.01 #4 "#$ ,('="=13  !)4 @('4 4'1)0:1) 

;%!- " 4'() 13%#& '(%)#!"!%'# ()1"!%2) !' !-)  := !("!) *λ+,-" ).> ?-) '= )(2"!%'# '@ 4%<)$

$'4"%# ;%!- !;' $%J)()#!  !(:0!:() % 0'# % !)#! ;%!- F)@> GDDHI>

E# 8%&> B>DQ= RFF $"!" @('4 $%J)()#! 4%<%#& ("!%' "()  -';# @'( 0'4,"(% '#> E# &)#+

)("1/ "11 4%<!:() )<-%=%! " D ! "#$ C#$ '($)( $%J("0!%'# ,)"K 0'(() ,'#$%#& !' "  !(:0!:()

;%!-  !"#$%#& 4'1)0:1) > O,"(! @('4 !-) 5673S5851 914 "11 4%<!:() )<-%=%! " N("&& ()+

A)0!%'# @'( !-) λ+,-" )> ?-% '= )(2"!%'#/ !'&)!-)( ;%!- !-) ;)"K λ+,-" ) @)"!:()  -';#

%# 8%&> B>CH"/ %#$%0"!) !-"! !-) λ+,-" ) #:01)"!%'# % ;)"K)( @'( 914 ;%!- 1"(&) "4':#! 

TH



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

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

* + ,, + -* + ./ + 0** +

010 1 1 1 2- 20

 %2"3$# 4σ()5!*#3 1 00 00 04 1

067 2* 2* 1 1 1

 !"#$ %&'( )*$+!,$ -./$+$01 2034#!0$ 25#!06 527$5 ls .8 9:;< 9=9 !06 1/$ >2?$6 51+@-1@+$ Aσ3

4/!5$B&  /$ $++.+ 20 1/$ >2?20, +!12. C!5 $512>!1$6 1. "$ #$55 1/!0 D E&

=2,@+$ %&FG( !B HII .8 1/+$$ 9:;1(9=91 "#$065 ,+.C0 !1 62J$+$01 T & 9$!K5 >!+K$6 C21/ 1/$

62J+!-12.0 .+6$+ !06 1/$ 4/!5$ !5 206$?&  /$ 205$1 5/.C5 1/$ >.6$#$6 $#$-1+.0 6$0521L 8.+ $!-/

M#>& "B I.-K20, 5-!05 .0 1/$ ANNFBσ !06 ANNGBλ O+!,, +$P$-12.05 .8 1/$ 9:;1(9=91 A'NN QB

M#>& -B =21 .8 +.-K20, 5-!05 C21/ R.+$0172!0 8@0-12.05&

("  567 %(89$#:; &( 8'<&=#:> ?'&@ A$#B:  ! $8(=)&>C D) $;;'&'()7 &@: 9:$E 8$<'8$

(" &@: 0>& $); 2); (#;:# F#$BB #:G:%&'()> (" )()1:H='8(A$# 8'<&=#:> $#: $& A(?:# qz %(81
9$#:; &( &@: 8$<'8$ (" &@: :H='8(A$# 8'<&=#: $); &@: 9=#: IA8>C J ;'#:%& %()K:#>'() &(

#:$A1>9$%: A:)B&@> ?(=A; &@:#:"(#: ');'%$&: &@$& &@: A$&&'%: >9$%')B (" &@: )()1:H='8(A$#

8'<&=#:> '> A$#B:# ') %(89$#'>() &( :H='8(A$# 8'<&=#:>C L(?:K:#7 "(# &@') IA8> :<@'M'&')B

9@$>: >:9$#$&'() M:&?::) >:K:#$A >'8'A$# %#N>&$A >&#=%&=#:> () $ >%$A: >8$AA:# &@$) &@:

%(@:#:)%: A:)B&@ (" &@: O1#$N M:$87 ')&:#":#:)%: M:&?::) &@(>: >&#=%&=#:> '> :<9:%&:;C

P@: #:>=A&')B ')&:)>'&N $& $ 9(>'&'() ') qz '> &@:) >&#()BAN ;:9:);:)& () &@: :<$%& >9$&'$A
#:A$&'() M:&?::) &@: &?( %#N>&$A >&#=%&=#:>C Q);:# &@:>: %'#%=8>&$)%:> $ ;'#:%& %()K:#>'()

(" qz1%((#;')$&:> "#(8 &@: 9:$E18$<'8=8 ')&( $ #:$A1>9$%: A:)B&@ %$) M: 8'>A:$;')B R>::

/0



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

 !!" # $%& '()*!+', -.'&' /.' 0%12'&,3%1 -3++ $)3+ /% 432' &'),%1)5+' &',6+/,7" 8.'&'$%&'9

/.' 0.)14' 31 :&)44 !'); !%,3/3%1 $%& 1%1<'=63*%+)& *3(/6&', 3, )//&356/'> /% 31/'&$'&'10'

'?'0/, 5'/-''1 >3?'&'1/ !.),', )1> 1%/ /% ) 0.)14' 31 +)//30' ,!)0314"

@%0;314 ,0)1, %1 /.' (002)σ )1> (001)λ :&)44 &'A'0/3%1, $%& ) BCB *3(/6&' 4&%-1 )/
DEE F GH34" I"JB57 ,.%- /.' *%,)303/K %$ 5%/. !.),'," H34" I"JB0 ,.%-, L//314 06&2',

%$ /.' &%0;314 ,0)1, 5K M%&'1/N3)1 $610/3%1," 8-% M%&'1/N3)1 $610/3%1, -'&' 6,'> $%&

')0. &%0;314 ,0)1" 8.' &%0;314 ,0)1 %1 /.' GEEJ7σ &'A'0/3%1 0%1,3,/, %$ ) ,.)&! !');

GHOPQ R 0.05 ± 0.01 7 >6' /% ,0)//'&314 61>'& /.' :&)44 0%1>3/3%1 )1> /.' 5&%)>'&
>3?6,' 5)0;4&%61> GHOPQ ∼ 2.5 7" S1 /.' &%0;314 ,0)1 %1 /.' GEEB7λ &'A'0/3%1 /.'

31/'1,3/K %$ 5%/. /.' >3?6,' ,0)//'&314 )1> /.' :&)44 ,0)//'&314 )&' ,6!'&3*!%,'> -3/. )

,3*3+)& HOPQ ∼ 2.6 " 8.' +)&4' *%,)303/K %$ /.' λ<!.),' 3, 0%1,3,/'1/ -3/. /.' ),,341*'1/
%$ /.' &'A'0/3%1, -3/. +)&4' *%,)303/K 31 H34" I"JE)<5 G*)&;'> 5K T�T7 )1> /.' ),,341*'1/

%$ >3?6,' 0&K,/)+ /&610)/3%1 &%>, G*)&;'> 5K T+T7 /% /.' σ<!.),'"
8.' &'+)/32' 31/'1,3/K %$ /.' (001)λ &'A'0/3%1 GH34" I"JB)7 ,.%-, ) ,/&%14 T >'!'1>'10'9

3*!+K314 /.)/ /.' $&)0/3%1 %$ λ<!.),' 31 ) L+* >'!'1>, 0&603)++K %1 T " 8.' &'+)/32' 31/'1,3/K
%$ /.' (001)λ &'A'0/3%1 3, +)&4' )/ +%- /'*!'&)/6&', GT R JIE F7 )1> 1')&+K 2)13,.', )/

T R DDE F" 8.3, %5,'&2)/3%1 +')>, /% /.' 0%10+6,3%1 /.)/ /.' σ<!.),' G,/)1>314 *%+'06+',7
3, /.'&*)++K ,/)5+'9 -.'&'), /.' λ<!.),' G+K314 *%+'06+',7 3, *'/),/)5+' )1> 3/, 160+')/3%1
3, 31>60'> 5K +%- 4&%-/. /'*!'&)/6&'," H34" I"JJ ,.%-, ) @UQ %$ ) BCB 5+'1> 4&%-1 )/

T R JIE F" V1+K $')/6&', $&%* *3('> !.),', Gλ<!.),' )1> σ<!.),'7 )&' 23,35+'9 0%1,3,/'1/
-3/. 0%*!+'/' *3(314 %$ WXY )1> WHW %1 /.' *%+'06+)& +'2'+" 8.' &'+)/32' 31/'1,3/3', %$

$')/6&', ),,341'> /% /.' λ<!.),' GT�T7 )&' 310&'),'> 0%*!)&'> /% $')/6&', ),,341'> /% /.'
σ<!.),' GT+T79 0%1L&*314 /.' >%*31)10' %$ /.' +K314 !.),' )/ +%- T " S1 /.' ZS[\ >)/) )/
/.' 5%//%* %$ H34" I"JJ ) $')/6&' *)&;'> 5K THT 3, /.' >%*31)1/ &'A'0/3%19 -.30. 3, -');

31 /.' .34. T L+*, 31 H34" I"JE"

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

H&%* /.' !'); !%,3/3%1, 31 8)5" I"J %1' *)K /&K /% '+)5%&)/' /.' 31<!+)1' +)//30' 2'0/%&,

%$ /.' σ<!.),'" H')/6&' T T 3, ),,341'> /% /.' GBE+7 &'A'0/3%1 )1> T:T /% /.' GEB+7 &'A'0/3%1"
O3/. )1 31<!+)1' 613/ 0'++ )14+' %$ γ = 90 9 T]T -%6+> 5' /.' GBB+7 &'A'0/3%19 T\TC GJE+7 )1>
TXTC GEJ+7" 8%4'/.'& -3/. /.' %6/<%$<!+)1' +)//30' ,!)0314 %$ B"I#I 1* /.' 613/ 0'++ 2%+6*'

3, V = 760 ^3
9 -.30. 3, 31/'&*'>3)/' /.' 613/ 0'++ 2%+6*', %$ /.' !6&' *)/'&3)+, 0&K,/)+

,/&60/6&',C VPEN = 697 ^3
9 VPFP = 816 ^3

_BBE9BD`a"  0%*!)&3,%1 %$ /.' !&%!%,'> +)//30'

!)&)*'/'&, $%& /.' WXYCWHW ,/&60/6&' -3/. /.' !6&' 0%*!%61>, 3, 432'1 31 8)5" I"`"

 !"!#!1 23-45.(66 7.) ,38953+34: 3; <=>?<@< A+(.)6

8% 0%*!+'*'1/ /.' (<&)K >3?&)0/3%1 >)/)9  HQ 3*)4', %$ WXYCWHW 5+'1>, 4&%-1 )/ >3$<

$'&'1/ T )&' !&','1/'> 31 H34" I"JD)<0" 8.'K ,.%- /.)/ /.' ,6&$)0' %$ WXYCWHW 5+'1>,

'(.353/ /-% >3?'&'1/ *%&!.%+%43',C H3&,/9 +)&4' /'&&)0', ),,%03)/'> -3/. /.' σ<!.),'9 ,310'
/.' ,/'! .'34./ 0%&&',!%1>, &%64.+K /% /.' ,!)0314 %$ %1' *%1%+)K'& %$ /.' σ<!.),'b ,'0<
%1>9 ) 1'/-%&; %$ 1''>+', ),,%03)/'> -3/. /.' λ<!.),'" _BBEa H3+*, 4&%-1 )/ T = 300 F

#J



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

 !"#$% &'(() *%+!,$-+./ 0,.+% 1., -2 . 3)3 +-4%5.,-$.6!-7 "$-87 .6 T 9 (&: ; 8!6< . 6<!+=7%00

-2 ∼ 15 71 1%.0#$%> 8!6< . (> >%6%+6-$ ?@A*BBCD' A 0%,.$.6% EFGC 0+.7 ,%$2-$1%> 8!6< .

,-!76 >%6%+6-$ .6 +-706.76 qz = 0.02 H−1
!0 0<-87 .6 6<% I-66-1' J.I%/!7") K+K) 2%.6#$%0 .00!"7%>

6- 6<% σ4,<.0%L K�K) 2%.6#$%0 .00!"7%> 6- 6<% λ4,<.0%'

a  !"# b  !"# γ  

◦
# d⊥  !"# Vcell  !"

3
#

 ! $%&'( (%(&) *$ (%'+ $%)(,

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

 +, $%'*, $%+,$ )*%) (%'& $%,,(

M.I/% &'N) J.66!+% ,.$.1%6%$0 -2 ,#$% OPQ .7> O O 6-"%6<%$ 8!6< 6<% ,$-,-0%> ,.$.1%6%$0

2-$ 6<% OPQ)O O σ4,<.0%' Q-6% 6<.6 7-1%7+/.6#$% -2 6<% O O .R%0 .7> .7"/% 8%$% +<.7"%>

+-1,.$%> 6- *%2' S33:T 6- .//-8 .7 %.0!%$ +-1,.$!0-7'

./01% '%-234 5670809 3 :01!0;<3!9=> 70175? 3"@A!9 @B 975 !55C=5D:73E5C 1?30!: 973! ;=":

1?@F! 39 T = 330 G ./01% '%-284% H70: @8:5?I390@! 0: <@!:0:95!9 F097 6D?3> ?5J5<90I09>

C393K F75?5 3! 0!<?53:5 @B 975 λDE73:5 B@? =@F 95"E5?39A?5: 0: @8:5?I5C%

/?@" L/MD0"315: ./01% '%-24 3!C B?@" 975 5=5<9?@! C5!:0905: :7@F! 0! 975 0!:59 @B

/01% '%-(3 09 0: 5I0C5!9 9739 3=:@ 975 ?@@9D"53!D:NA3?5C ?@A17!5:: σrms @B 975 "065C ;=":

I3?05: F097 T % H38=5 '%' :7@F: ?@A17!5:: E3?3"595?: 569?3<95C B?@" 975 ?5J5<90I09> C393

B@? C0O5?5!9 <@D5I3E@?390@!: .;=" 970<P!5:: d ∼ (' !"4% L== <@D5I3E@?390@!:K ?513?C=5:: @B

+2



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

 !"#$% &'()* + , !-."%/ 010× 10 µ-2
1 23 452 6781*6 61 92:%;.<2$.4!2=/ 5!4> . 4>!9?=%// 23

@A =- "$25= .4 B!C%$%=4 D' .1 D E )FF G H1 D E ))F G' 91 I%4.!J%B ;!%5 01×1 µ-2
1 23 4>% + ,

!-."% != 0.1' B1 K!=% /9.= 5!4> 4%$$.9% >%!">4 23 4>% σ:<>./% 5!4> !=B!9.4!2= 23 /4.9?!=" B!$%94!2=

23 4>% -2J%9#J%/' %1 L2#">=%// ;%$/#/ MJ- 4>!9?=%// 23 6781*6 61 HJ%=B/ "$25= .4 B!C%$%=4 T '

NJ.9? J!=%/ .$% M4/ 5!4> .= %O<2=%=4!.J 3#=94!2='

 !" #$%$&' () $*+ "%!$,$ ) - (*&' $&.(")-" */ σrms  *0)(1- 2*0 T 3

4& )11$ $*&+ (")25 $#" %5()6 ("7". $8$ 6 1) ) #")-9("1 19($&' '(*0 !+ )22*0  !" 1" "(5

#$&) $*& */ σrms /*( ").! :2#  !$.;&"-- d3 <$'9(" =3>?" -!*0- ) @2* */ σrms 8"(-9- :2#

 !$.;&"-- */ ABC1DA<A1 ,2"&1- '(*0& ) 1$E"("& T 3 F!" (*9'!"&$&' */  !" 2*0  "#@"(5

) 9(" :2# G?HH IJ $- /)- "(  !)&  !" (*9'!"&$&' */  !" !$'!  "#@"() 9(" :2# G??H IJ3

KL



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

 !"# $!%&#'()) (*!+%",!') -$( .""(/ 0,"# -' (12!'('",-+ 3%'4",!' 5R ∝ dβ6 "! (1"$-4" "#(
&$!0"# (12!'('" β7 89:; <#( &$!0"# (12!'('" !3 =!"# .+>) ,) '(-$+? 1.0 ± 0.05@ 0#,4#
,) 0(++ -=!*( "#( &$!0"# (12!'('" 3!$ $-'/!> /(2!),",!' 5β = 0.567 <#,) "?2( !3 3-)"
$!%&#(','& 5β > 0.56 0-) -+)! !=)($*(/ 3!$ "#($>-+ /(2!),",!' !3 !"#($ !$&-',4 >!+(4%+()
+,A( BCD7

 !"#$ σrms

DED 3$-4",!'

F9 G 9H G I9 G

%%& ' J7K '> F7F '> F7I '>

%&& ' J7L '> :7H '> :7K '>

()& ' M :7N '> M

 !"#$ %&%' ()*+,-$.. /!#*$. σrms )0 123'141 "#$-5. 6∼ 7% -8 9,:;<-$..= 5$>$-5:-+ )- +?)@9,

9$8>$?!9*?$ !-5 8:A:-+ ?!9:)&  ,$ $??)? :- 9,$ 8:A:-+ ?!9:) @!. $.9:8!9$5 9) "$ #$.. 9,!- B C&

<#()( .'/,'&) $(*(-+ "#-" "#( ,'4$(-)(/ '%4+(-",!' !3 "#( λM2#-)( 4!,'4,/() 0,"# 3-)"($
$!%&#(','& !3 DOPQDED 4!M(*-2!$-",!') -" +!0 T 7 R 2!)),=+( ),>2+,.(/ $-",!'-+,S-",!'

!3 "#( 3-)" $!%&#(','& !3 "#( λM2#-)( 4!>2-$(/ "! "#( σM2#-)( 4!%+/ &! -) 3!++!0)Q C3
"#( ,'"($-4",!' ('($&? =("0((' "#( 4!'T%&-"(/ πM)?)"(>) !3 DOP -'/ DED ,) #,&#@ "#('

)"-4A,'& !3 >!+(4%+() ,) >!)" (U4,('" ,' "#( /,$(4",!'@ 0#($( "#( !*($+-2 !3 πM!$=,"-+) !3
DOP -'/ DED ,) +-$&(7 <#,) ,>2+,() -+)! 3-)" &$-,' &$!0"# ,' "#,) /,$(4",!'7 <#( )"-4A,'&

=(#-*,!$ !3 "#( σM2#-)( +(-/) "! V-" "($$-4() -'/ W)+!0 $!%&#(','&W 5E,&7 97F:/67 E!$ "#(

λM2#-)(@ !' "#( !"#($ #-'/@ "#( >!+(4%+-$ )"-4A,'& ,) ('($&(",4-++? 3-*!$(/ ,' "#( /,$(4",!'
2($2('/,4%+-$ "! "#( )%=)"$-"(@ +(-/,'& "! W3-)" $!%&#(','&W7 C' E,&7 97F:- -'/ 97F:4 ," ,)

-22-$('" "#-" '((/+() -$( >!)"+? '%4+(-",'& -" "#( 2(-A) !3 σM2#-)( "($$-4()@ -) )A("4#(/
,' E,&7 97F:/7 C' "#( $!%&#'()) (*!+%",!' !3 "#( DOPQDED =+('/) 5E,&7 97F:(6 '! -=$%2"

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

"#( !=)($*(/ $(&,>(7

)$($*$) +,-./ #0121!3!42-15 6#!42-1641#/ 15 789:7;7 "<=2>-!6

C' !$/($ "! *($,3? "#( 2%$,"? -'/ )"!,4#,!>("$? !3 !%" DOPQDDD >,1(/ .+>) -+)! XM$-?

2#!"!(+(4"$!' )2(4"$!)4!2? 5XDY6 0($( (>2+!?(/7 <#( )->2+() 0,"# "#( /,Z($('" >,1,'&

$-",!) 0($( "-A(' "! - /(/,4-"(/ )2(4"$!>("($ )?)"(>@ ,' 0#,4# /("-,+(/ )4-') !3 "#( [J)

-'/ EJ) $(&,!' 0($( -4\%,$(/ 5E,&7 97FK67 <#( )2(4"$- !3 "#( DOP -'/ DED .+>) 4!'4%$

0,"# XDY /-"- 2%=+,)#(/ (-$+,($ 8JJJ;7 C' 2-$",4%+-$@ "#( =,'/,'& ('($&,() -'/ 4#(>,4-+

)#,3") !3 "#( 4-$=!' 2(-A) -&$(( 0,"# "#( (12(4"(/ *-+%()7 <! ()",>-"( )"!,4#,!>("$? !3 "#(

/(2!),"(/ .+>) "#( [J) -'/ EJ) /-"- 0($( '!$>-+,S(/ 0,"# "#( 2-$",4%+-$ 2#!"!(>,)),!'

4$!))M)(4",!' -'/ "#( ,'"('),"? $-",! !3 "#( V%!$,'( -'/ 4-$=!' ),&'-+ 5,'"(&$-"(/ ,'"('),",()

-3"($ =-4A&$!%'/ )%="$-4",!'6 0($( /("($>,'(/7 <#( $()%+",'& '%>=($@ 0#,4# $(2$()('")

"#( DED 4!'"('" ,' "#( 2$!=(/ *!+%>( !3 "#( .+>@ 0-) 3!%'/ "! -&$(( 0,"#,' ] G 0,"# "#(

>,1,'& $-",! /("($>,'(/ 0,"# - \%-$"S 4$?)"-+ >,4$!=-+-'4( 5^[_67

I9



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

 !"#$% &'()* +,- ./0/ 1$23 ,45*, , 67%8.9 :!0; .!<%$%80 3!=!8" $/0!2' >;% ?720 !9 $%?$2.#@%.

:!0; ./0/ 1$23 A%1' B(CDE'

 !"!#!$ %&'()''&*+ ,+- ')..,/0 *1 2324256 .&78)/9'

 !" #$%&$' () *!+," ,"*+-+.&($ /".0""$ *1-" 2(3"413+- %(2+&$, +$% 565 2&7"% %(2+&$,

-+&,", .!" 81",.&($ 0!".!"- (.!"- #32 *-(*"-.&", &$ .!" /3"$%,9 0!&4! +-" -"3+."% .( .!"

#32 ,.-14.1-" :(*.&4+3 +$% "3"4.-&4+3;9 ,!(13% 4!+$'" 4($.&$1(1,3< 0&.! .!" 2&7&$' -+.&( (-

,!(13% -"="4. .!" /"!+>&(- () + .0( (- .!-"" 4(2*($"$. #32 0&.! ,"*+-+."% %(2+&$,?

 !" "3"4.-($&4 ,.+.", () + /3"$% %"*"$% ($ .!" %(2+&$ ,&@" a () "+4! *!+," +$% ($
.!" 4(1*3&$' 3"$'.! L9 0!&4! &, + 4!+-+4."-&,.&4 3"$'.! ($ 0!&4! .!" 2(3"413+- ,.+.", +-"
&$=1"$4"% /< ,1--(1$%&$' 2+."-&+3? A(."9 .!+. .!" %(2+&$ ,&@" a &, $(. .( /" 4($)1,"%
0&.! .!" 4(!"-"$.3< (-%"-"% %(2+&$ ,&@" ls9 0!&4! &, +30+<, ,2+33"- .!+$ a?  !"$9 .!"-"
+-" .0( 3&2&.&$' 4+,", )(- &$."-2(3"413+- 4(1*3&$' /".0""$ +%B+4"$. *+.4!", () 2(3"413",?

C&-,.9 a ≫ L6 D$ .!&, 4+,"9 "?'?9 (*.&4+3 +$% &($&@+.&($ "$"-'< 2"+,1-"2"$., 0(13% <&"3%
+ ,1*"-*(,&.&($ () %(2+&$ ,*"4&#4 *!<,&4+3 4!+-+4."-&,.&4, :  !"#$ %&! $ *!+," ,"*+-+.&($;?

E"4($%9 a ≪ L6 C(- .!&, 4($%&.&($ 2(3"413+- %(2+&$, +-" ,2+33 "$(1'! .( +33(0 + >+-&+.&($
() 2(3"413+- ,.+.", %1" .( &$."-2(3"413+- 4(1*3&$' :%'!  %&! $ *!+," ,"*+-+.&($;? D$ .!"

3+.."- 4+,"9 (*.&4+3 (- &($&@+.&($ "$"-'< 2"+,1-"2"$., 0(13% $(. <&"3% + ,1*"-*(,&.&($ ()

,&$'3" 4(2*($"$. 4!+-+4."-&,.&4, /1. 0(13% "7!&/&. 81+3&.+.&>"3< $"0 4!+-+4."-&,.&4,?

E+3@2+$$ $( ! ) F555G -"*(-."% .!+. .!" &($&@+.&($ "$"-'< () HIA6HCH /3"$%, '-(0$

+. -((2 ."2*"-+.1-" 4!+$'", 4($.&$1(1,3< 0&.! .!" 2&7&$' -+.&(?  !" &$."-*-".+.&($ 0+,

*+-.3< /+,"% ($ .!" +,,12*.&($ .!+. +3,( .!" ,.-14.1-" () HIA6HCH 2&7.1-", 0(13% 4($J

.&$1(1,3< 4!+$'" 0&.! 2&7&$' -+.&(? C1-.!"-9 &. 0+, 43+&2"% .!+. L &, '"$"-+33< &$ .!" -+$'"
() .!" ,1/,.-+."J2(3"413" %&,.+$4"9 .!+. &, :L ∼ 1 $2;? K(0">"-9 !"-" &. 0+, ,!(0$ .!+.
.!" ,.-14.1-" () HIA6HCH 2&7.1-", %(", $(. 4!+$'" 4($.&$1(1,3< +$% .!+. %(2+&$ ,&@", a
() ,14! + /3"$% +-" +. 3"+,. 5L $29 0!&4! 4(--",*($%, .( ,">"-+3 1$&. 4"33, :%"-&>"% )-(2 .!"

MN



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

 !"#$#%&'( !$)#$#) )!*+,% -,.#-/ 0", " +$# ,% &"# $+%1# !2 ls = 10− 20 %* 2!$ +'' 3"+-#-45

6",- 0!7') ,*3'( &"+& )!*+,% -,.#- !2 a ≥ 10 %*  !7') 8#  !%-,)#$#) +-  !"##  $"#% 3"+-#

-#3+$+&,!% 2!$ 9:;<9=9 8'#%)- >L > 10 %*45 6",- ,% !%-,-&#% (  !7') 8# -!'?#) #,&"#$

8( +--7*,%1 &"+& &"#  !73',%1 '#%1&" ,% 9:;@9=9 8'#%)- ,- *7 " ",1"#$ &"#% #A3# &#)

>L ≫ 10 %*4 !$ 8( $#@,%&#$3$#&+&,!% !2 &"# #A3#$,*#%&+' )+&+ ,% B#25 CDDDE5

6"# *!-& ,*3!$&+%& F%),%1 !2 &",- -&7)( ,- &"+& 9:; +%) 9=9 2!$* + *,A#)  $(-&+'

-&$7 &7$# !%'( 2!$ + D<D *,A,%1 $+&,!/ 3$!8+8'( )7# &! -&$!%1 ,%&#$+ &,!% 8#&0##% 9:; +%)

9=9 *!'# 7'#-5 =!$ !&"#$ *,A,%1 $+&,!- 3"+-# -#3+$+&,!% 8#&0##% &"# 37$# 9=9 !$ 9:;

-&$7 &7$# +%) &"# &0! *,A#) D<D -&$7 &7$#- 0+- 2!7%)5 G#3#%),%1 !% &"# *,A,%1 $+&,! +%)

1$!0&" &#*3#$+&7$#/ #+ " F'*  !%-,-&- !2 )!*+,%- !2 2!7$  $(-&+'',%# 3"+-#- >9:; &",%

F'*/ 9=9 &",% F'*/ D<D *,A#) λ@3"+-# +%) D<D *,A#) σ@3"+-#45 6"#$#2!$#/ +  !%&,%7!7-

 "+%1# !2 '+&&, # 3+$+*#&#$- !2 &"# *,A#) -&$7 &7$#  +%%!& 8#  !%F$*#)5 H,% # + *,A#)

 $(-&+' 2!$*- !%'( 2!$ #I7,*!'+$ *,A&7$#-/ ,& ,- #A3# &#) &"+& &"# 7%,&  #''- !2 &"# σ@ +%)

λ@3"+-#  !%&+,% +% #I7+' +*!7%& !2 9:; +%) 9=9 *!'# 7'#-5 =,%+''(/ &"# *!$3"!'!1(

+%) $!71"#%,%1 !2 9:;<9=9 8'#%)- 0#$# +%+'(.#)5 ;7 '#+&,!% !2 &"# *,A#) λ@3"+-# ,-

,%)7 #) 8( '!0 T +%) 1$!0&" !2 &",- 3"+-# '#+)- &! *7 " 2+-&#$ $!71"#%,%1 +-  !*3+$#)

&! 1$!0&" !2 37$# σ@3"+-#5

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

J% &",- -# &,!% &"# -&$7 &7$+' 3$!3#$&,#- !2  !@#?+3!$+&#) &",% F'*- !2 GJ9 +%) 9=9 !%

H,K2 +$# -&7),#) 7-,%1 A@$+( $#L# &,?,&( +%) 1$+.,%1 ,% ,)#% # A@$+( ),M$+ &,!%5 H+*3'#

3$#3+$+&,!% +%) *#+-7$#*#%&- !2 NBB 0#$# 3#$2!$*#) 8( O5 B#,%"+$)& ,% &"# 2$+*#0!$P

!2 B#25 CQRSE5

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

J% H# 5 T5Q5D &"#  !*3'#A 2!$*+&,!% ,% 9:;<9=9 *,A#) F'*- )7# &! -&$!%1

+$#%#U3#$L7!$!+$#%# ,%&#$+ &,!% ,- )#- $,8#)5 6"# 2!$*+&,!% !2 + *!'# 7'+$  !*3'#A !2

9:; +%) 9=9 ,- 2+ ,',&+&#) %!& !%'( 8( &"# $#'+&,?#'( -&$!%1 ,%&#$+ &,!% 87& +'-! 8( &"#

-&#$, +'  !*3+&,8,',&( !2 8!&"  !*3!7%)-5 6"#  !*3!7%)- 9=9 +%) GJ9 +$# -&#$, +''( '#--

 !*3+&,8'#/ -,% # + GJ9 *!'# 7'# "+- + ),M#$#%& -"+3# +%) ,- -,1%,F +%&'( '+$1#$ &"+% +

9=9 *!'# 7'#5 V#$#/ &"# I7#-&,!% +$,-#- ,2 &"# +$#%#<3#$L7!$!+$#%# ,%&#$+ &,!% ,- -&$!%1

#%!71" &! #%+8'# &"# 2!$*+&,!% !2 + *!'# 7'+$  !*3'#A +'-! 2!$ &",- *+&#$,+' -(-&#*5

=,15 T5QT+ -"!0- WJNG )+&+ !2 GJ9<9=9 *,A&7$#- 0,&" &"$## ),M#$#%& *,A,%1 $+&,!-

>GJ91<9=91/ GJ93<9=91/ GJ91<9=934  !*3+$#) &! WJNG )+&+ 2$!* &"# 37$# F'*-5 6"#

-&$7 &7$#- !2 &"# 37$# *+&#$,+'- +$# )#- $,8#) ,% H# 5 X5D +%) H# 5 X5X5 6"# GJ9 1<9=91

*,A#) F'* #A",8,&- +& '#+-& -#?#% ,%@3'+%# $#L# &,!%- *+$P#) 0,&" ǫ1 . . . ǫ75 6"#-# ,%@3'+%#

$#L# &,!%- )! %!& *+& " &"# 3#+P 3!-,&,!%- !2 &"# 37$# *+&#$,+'-/ #A #3& 2!$ ǫ5/ 0", "

*,1"& -&#* 2$!* + -*+'' 2$+ &,!% !2 9=9  $(-&+'',&#- ,% &"# *,A&7$#5 6"# GJ9 3<9=91

+%) GJ91<9=93 *,A&7$#- #A",8,& ,%@3'+%# $#L# &,!%- 2$!* &"# 37$# GJ9 !$ 9=9 &",% F'*

-&$7 &7$#-/ $#-3# &,?#'(/ )#3#%),%1 !% &"# ?!'7*# 2$+ &,!%- !2 #+ "  !*3!7%)5 Y)),&,!%@

+''(/ ,% &"#-# 8'#%)- 0# F%) $#L# &,!%- !2 &"# *,A#) -&$7 &7$# +& &"# -+*# qxy@3!-,&,!%-

SS



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

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

!$40#.*6 0# $%& 2"3"#. 4 $"07 8%"! -0&3"!$&#-& 01 )0$% $%& 54"!$"#& 9*2 !$4/-$/4&!  #+

$%& '(' 2"3&+ 9*2 !$4/-$/4& "!  # "#+"- $"0# $% $ $%& !$4/-$/4& 01 :;<(<=< )*&#+! +0&!

#0$ -% #.& -0#$"#/0/!*6 >"$% $%& 2"3"#. 4 $"07 ?& -0#-*/+& $% $ :;<  #+ <=< 1042

 # &@/"20* 4 20*&-/* 4 -025*&3 /50# -0A&B 504 $"0# !"2"* 4 $0 $%& <CD(<=< 2"3$/4&!

!$/+"&+ "# E&-7 F7G7'7 C3-&!! 20*&-/*&! 01 &"$%&4 !5&-"&!  4& 5% !& !&5 4 $"#. "# $%&"4 0>#

5/4& 9*2 !$4/-$/4&7

 !"#$% &'(&) *+ ,-./ 0*1* 2$34 15$%% /-6)6 6 4!71#$%8 9!15 0!:%$%;1 4!7!;" $*1!38 *;0 2$34

<#$% /-6 *;0 6 6 =>48' ?5% 4!71#$%8 5*@% * 15!AB;%88 32 20 ;4 *;0 9%$% "$39; *1 T = 330 C

3; D!E2' F+ .GG 0*1* 2$34 8%@%$*> /-61)6 61 4!71#$%8 9!15 0!:%$%;1 15!AB;%88%8 "$39; *1

T = 330 C 3; D!E2'  3$ A34<*$!83; .GG 0*1* 2$34 <#$% /-6 *;0 6 6 =>48 *$% *>83 8539;

Hd ∼ 20 ;4+'

HI



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

 ! "#$% &%'&( )** +,-, ./01 2 3143"31 1#5-6/78 9#-: +#;7/7!- -:#<=!78878 ,/7 8:09!

,!+ <01>,/7+ -0 )** +,-, ./01 >6/7 2 3 ,!+ 3"3 ?@18% A#1#@,/ -0 3BC43"3 ?@18

,- @7,8- -90 +#;7/7!- 8-/6<-6/78 ,/7 >/787!- #! -:7 2 3143"31 1#5-6/78% D@@ 1#5-6/78

75:#(#- ,- @7,8- , E8- ,!+ '!+ 0/+7/ +#;/,<-#0! >7,= <0//78>0!+#!$ -0 , 8-/6<-6/7 9#-:

!7,/@F 8-,!+#!$ 10@7<6@78 GσH8-/6<-6/7I% J:7 06-H0.H>@,!7 @,F7/ 8>,<#!$ 0. -:7 σH8-/6<-6/7

#8 d⊥ = 1.62 !1 ,8 +7-7/1#!7+ ./01 -:7 KL !1 1#5-6/7 ,!+ @#78 (7-977! -:7 @,F7/ 8>,<#!$8

0. 2 3 Gd⊥ = 1.66 !1I ,!+ 3"3 Gd⊥ = 1.57 !1I% J:7 1#5-6/7 9#-: d = 40 !1 75:#(#-8

#! ,++#-#0! , M/,$$ /7N7<-#0! ,- qz = 0.836 O

−1
<0//78>0!+#!$ -0 , @,F7/ 8>,<#!$ 0.

d⊥ = 0.75 !1 ,!+ >/0(,(@F 8-718 ./01 @F#!$ 10@7<6@78 GλH8-/6<-6/7I% A#!<7 -:7 λH8-/6<-6/7

#8 0(87/P7+ 0!@F .0/ -:#<= ?@18Q -:7 !6<@7,-#0! 0. -:#8 8-/6<-6/7 1,F (7 -:#<=!788 +7>7!+7!-%

*0<=#!$ 8<,!8 ./01 -:7 E8- 0/+7/ M/,$$ /7N7<-#0! 0. -:7 σH8-/6<-6/7 ,!+ ./01 -:7

λH8-/6<-6/7 M/,$$ /7N7<-#0! ,/7 <01>,/7+ #! "#$% &%'R, -0 8:09 -:7 108,#<#-F 0. (0-:

8-/6<-6/78% M0-: /0<=#!$ 8<,!8 97/7 ?--7+ (F -90 S0/7!-T#,! .6!<-#0!8% J:7 /0<=#!$ 8<,!

0! -:7 /7N7<-#0! 0. -:7 σH8-/6<-6/7 <0!8#8-8 0. , 8:,/> >7,= G"UVW X 0.05±0.01 I +67 -0

8<,--7/#!$ 6!+7/ -:7 M/,$$ <0!+#-#0! ,!+ -:7 (/0,+7/ +#;687 (,<=$/06!+%  ! -:7 /0<=#!$

8<,! 0! -:7 λH8-/6<-6/7 M/,$$ /7N7<-#0! -:7 #!-7!8#-F 0. (0-: -:7 +#;687 8<,--7/#!$ ,!+ -:7

M/,$$ 8<,--7/#!$ ,/7 86>7/#1>087+ 9#-: , 8#1#@,/ "UVW ∼ 1.5±0.2 %  - #8 <0!<@6+7+Q -:,-

-:7 108,#<#-F 0. -:7 λH8-/6<-6/7 #8 8#$!#?<,!-@F :#$:7/ -:,! -:7 108,#<#-F 0. -:7 σH8-/6<-6/7%

 !"#$% &'()* +, -./0!1" 2/+12 3$.4 56% 78 14 9:;1*; ;1 4!<5#$% .1 =$+"" $%>%/5!.12 ?%@.1"!1"

5. 56% σA25$#/5#$% B@%35 "$+C6, +1D 56% λA25$#/5#$% B$!"65 "$+C6, ?, E0%5/6 .3 +1 .$D%$%D 4.@%/#@+$

/.4C@%<F G6!/6 !2 C$.?+?@H C$%2%15 !1 9:;*; ; 4!<%D 56!1 I@42'

 !"!"!" #$%%&'() (*++&,) -*.*/)+).% 0$. 12#3#4# /&5+6.)%

"/01 -:7 Y )2 +,-, #! "#$% &%'&, 0!7 1,F -/F -0 +7-7/1#!7 -:7 #!H>@,!7 6!#- <7@@ 0. -:7

3"342 3 10@7<6@,/ <01>@75% V097P7/Q 8#!<7 , /7<#>/0<,@ 8>,<7 1,> 0. , 2 343"3 1#5-6/7

#8 !0- ,P,#@,(@7Q #- <,!!0- (7 6!,1(#$6068@F +7<#+7+ 9:#<: #!H>@,!7 M/,$$ /7N7<-#0! (7@0!$8

-0 -:7 λH8-/6<-6/7 ,!+ 9:#<: -0 -:7 σH8-/6<-6/7%  ! ,++#-#0!Q (0-: 3"3 ,!+ 2 3 :,P7 ,! #!H

>@,!7 6!#- <7@@ ,!$@7 0. γ = 90 Q 9:#<: 906@+ #1>@F -:,- , 1#5-6/7 0. (0-: <01>06!+8 ,@80

Z[



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

 !"# !$ %$&'(!$# !$)(# *(+,# -+ ./ 0 1+2#"#3 %$ 454 !3#$#5'#367+3+!3#$# *+8'(#9#, 2%- 

*+8'+7$:, - !- !3# ,-37*-73!((; :%<#3#$-= - # 7$%- *#(( 8!; #9 %>%- +$(; (+2 ,;88#-3; ?@.A=

%0#0 - # %$&'(!$# 7$%- *#(( '3+>!>(; :#"%!-#, ,%)$%B*!$-(; C3+8 ./ 0 D#"#3- #(#,,= 7$:#3 - #

!,,78'-%+$ - !- - # E3!)) 3#6#*-%+$ ǫ5 ,-#8, C3+8 ! ,8!(( !8+7$- +C FGF %$ - # 8%9-73#=

- # 7$%- *#(( '!3!8#-#3, %$ H!>0 I0J 2%- -2+ 8+(#*7(#, '#3 7$%- *#(( !3# '3+'+,#:0 G+3

- #,# '!3!8#-#3, - # 7$%- *#(( "+(78# +C - # 8%9-73# (%#, >#-2##$ - # '73# *3;,-!(, 7$%- *#((,

!$: 3#6#*-%+$, ǫ1 . . . ǫ7 2+7(: ># %$:#9#: !, C+((+2,5 ǫ15K4//L= ǫ25K/4/L= ǫ35KM&4/L= ǫ45KM//L=
ǫ55FGF= ǫ65KMM/L= ǫ75KM&@/L0

a ?$8A b ?$8A γ ?

◦
A d⊥ ?$8A Vcell ?$8

3
A

 ! /0@I4 404@N ./ 40IO /0N4J

"#" $%&'()* /0J.O /0NI4 4/@0P 40JM /0.P4

+, /0O/. /0NJO ./ 40JJ 40/M/

 !"#$ %&'( )!**+,$ -!.!/$*$.0 12 -3.$ 456 !78 696 *1:$*;$. <+*; *;$ -.1-10$8 -!.!/$*$.0 21.

*;$ 456(696 σ=0*.3,*3.$& >1*$ *;!* *;$ 71/$7,#!*3.$ 12 *;$ 696 !?$0 !78 *;$ +7=-#!7$ !7:#$

<$.$ ,;!7:$8 +7 ,1/-!.+017 *1 @$2& ABBCD&

-././.0 12345(6%23 738 6($$7)9 2: +, # ! $%&'()*6

Q$ ,788!3;= %- %, , +2$ - # - !- - # ,-37*-73# C+38!-%+$ +C RQF1 !"!1 #$%&' ()#* $* *$#+

$),- ./ .0,. /1 !23 !"! #$%&' ()#* 45&67 8797:;7 </.0 #,.&-$,) *=*.&#* 1/-# , #/)&6>),-

6/#?)&% @$.0 &A>$#/),- 6/B.&B. )$C& $. $* *C&.60&' $B "$D7 879EF7 GB ,''$.$/BH F/.0 6/#+

F$B,.$/B* &%0$F$. , σ+*.->6.>-& @$.0 B&,-)= >?-$D0. *.,B'$BD #/)&6>)&* ,B' )/@ #/*,$6$.=

,B' , λ+*.->6.>-& @$.0 .0& )/BD #/)&6>),- ,%$* B&,-)= ?,-,))&) ./ .0& *>F*.-,.& ,B' ),-D&

#/*,$6$.=7 5$B6& IG! $* ),-D&- .0,B !23H .0& >B$. 6&)) /1 .0& IG! !"! 6/#?)&% $* ?-/F,+

F)= ),-D&- .0,B .0& >B$. 6&)) /1 !23 !"!7 J0$* $* ,D-&&#&B. @$.0 .0& /F*&-K,.$/B .0,. .0&

/>.+/1+?),B& ),..$6& *?,6$BD* /1 F/.0 IG! !"! *.->6.>-&* ,-& *)$D0.)= ),-D&- 6/#?,-&' ./

.0& !23 !"! *.->6.>-&*7

 !"!# $%&'(60 )*+,- ./)0

J0$* *&6.$/B *>##,-$L&* -&*>).* /B IG! M60 #$%&' ()#*H $B ?,-.* ,)-&,'= ?>F)$*0&' $B

N&17 O99P7 IG! M60 #$%.>-&* D-/@B /B GJQR!2IQJ !55 @&-& ?-&?,-&' $B .0& D-/>? /1

!-/17 <-S..$BD 4TB$K&-*$.U. V>D*F>-D;7

WGXI ',., 1-/# .@/ IG! M60 #$%.>-&* @$.0 : : #$%$BD -,.$/ D-/@B ,. .@/ '$Y&-&B.

.&#?&-,.>-&* 4T = 300 Z ,B' T = 370 Z; ,-& *0/@B $B "$D7 879[,7 3/.& .0,. .0& \]] Z

#$%.>-& @,* D-/@B /B 5$Q2 ,B' .0& \[] Z #$%.>-& @,* D-/@B /B GJQR!2IQJ !557

"-/# .0& ),..&- *>F*.-,.& *&K&-,) <-,DD -&^&6.$/B* 1-/# .0& ?/)=+6-=*.,))$B& GJQ ),=&- ,-&

/F*&-K,F)& $B .0& WGXI ',.,7 J0& \[] Z #$%.>-& &%0$F$.* *&K&-,) <-,DD -&^&6.$/B* 1-/#

.0& IG! _J+?0,*& 4*&& 5&67 \7:; ,B' .0& M60  !!+?0,*& 4*&& 5&67 \7`; $B'$6,.&' @$.0 F-/C&B

)$B&* $B "$D7 879[,7 V)) IG! <-,DD -&^&6.$/B* *.&# 1-/# '/#,$B* @$.0 B&,-)= >?-$D0.

a]



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

 !"#$%#& ' (#)*(#+, -."). "+ %/0")1( 1(+ 2 ! 3! -%.  2 0*!# 456 7('+ 89:,9;<= >."+ 7$&"$3

 2 %.# 0*!# '1%#!"1(+ +%!*)%*!#+  2 ?60 1$& 456 -"%. *% ."$%+ 2 ! 1$ 1&&"%" $1( +%!*)%*!# "+

1 )(#1! #@"&#$)# 2 ! 0! $ *$)#& 0.1+# +#01!1%" $ "$ %.# A:B C 7(', 1+ +D#%).#& "$ %.# "$+#%

 2 EF"3= G=H:IJ= 5$ 13!##'#$% -"%. K5L4, LMM &1%1 EF"3= G=H:IJ +. - %.1% %.# A:B C 7('

#N."I"% 1(+ 456 O!133 !#P#)%" $+ "$ %.#  *%Q 2Q0(1$# &"!#)%" $ ) !!#+0 $&"$3 %  !"#$%#&

3! -%.  2 %.# 456 R>Q0.1+#= R -#@#! $ ?60 O!133 !#P#)%" $ "$ %.# LMM &1%1 "+ 2 *$&,

+. -"$3 %.1% %.# ?60 & '1"$+ #N."I"% ( -  *%Q 2Q0(1$#  !&#!=

 !"#$% &'()* +, -./0 1+2+ 3$45 0.6*760 8*8 5!92#$%: "$4;< +2 1!=%$%<2 T ' ><% ?@5 ;+: "$4;<

+2 T = 370 A 4< .B>C6D0>B*6EE +<1 4<% +2 T = 300 A 4< E!>2' F, 74$$%:G4<1!<" /HH

1+2+ 3$45 2I% ?@5: :I4;< !< +,' BI% F$4J%< @!<%: !<1!K+2% 2I%4$%2!K+@ G%+J G4:!2!4< 3$45 2I% 760

L !!, +<1 0.6 MBNGI+:% :2$#K2#$%: 1%:K$!F%1 !< 7I+G' O' BI% 0.6 MBNGI+:% P$+"" $%Q%K2!4<:

+$% 1!R!1%1 !<24 $%Q%K2!4<: K4$$%:G4<1!<" 24 σN4$!%<2+2!4< +<1 24 λN4$!%<2+2!4<' BI% !<:%2 !< +,

:I4;: + :J%2KI 43 + GI+:% :%G+$+2%1 0.6*760 5!92#$%'

>.# ABB C '"N%*!# #N."I"%+  $(/ %.# E999J O!133 !#P#)%" $ 2! ' %.# ?60  !!Q0.1+# "$

%.# K5L4 &1%1 EF"3= G=H:1J= F! ' 456 -# 7$& %.# λEBB9J O!133 !#P#)%" $ E456 R>Q0.1+#J

+%#''"$3 2! ' & '1"$+ -"%. $#1!(/ (/"$3 ' (#)*(#+ 8SS<, -."). "+ %.# %/0")1( 3! -%. ' &#

 2 456 7('+ 1% ( -#! T E+## 1(+ T#)= G=9=9=9J= 5$ 1&&"%" $, 456 O!133 !#P#)%" $+ +%#''"$3

2! ' & '1"$+ -"%. $#1!(/ *0!"3.%  !"#$%#& ' (#)*(#+ 1!# 2 *$&, $1'#(/ σE99BJ, σEBHBJ 1$&
σE9HBJ= R -#@#! %.# σE99BJ 1$& σE9HBJ !#P#)%" $+ 1!# 2 *$& 1% +("3.%(/ ."3.#! qxy @1(*#+

) '01!#& % %.# I*(D 456 R>Q+%!*)%*!#= >."+ &#@"1%" $ ) !!#+0 $&+ % 1 +. !%#$"$3  2

%.# *$"% )#(( aQ1N"+, -."). ("#+ 01!1((#( % %.# +*I+%!1%#= >.# ) '0(#'#$%1!/ LMM &1%1  2

%.# ABB C '"N%*!# EF"3= G=H:IJ +. - %.1% %.# σEBB9J 1$& σEBBHJ O!133 !#P#)%" $+ 1!# 1%

( -#! qz @1(*#+ ) '01!#& % %.# %.# !#%")1( 0#1D 0 +"%" $  2 %.# 456 R>Q0.1+# E"$&")1%#&

-"%. I! D#$ ("$#+ "$ F"3= G=H:IJ= >."+ &#@"1%" $ ) !!#+0 $&+ % 1$ "$)!#1+#& #N01$+" $  2

%.# 456 *$"% )#(( 0#!0#$&")*(1! % %.# +*I+%!1%# +*!21)# Ed⊥Q+01)"$3J= >.# +. !%#$"$3  2

%.# *$"% )#(( aQ1N"+ % 3#%.#! -"%. %.# "$)!#1+#  2 d⊥Q+01)"$3 (#1&+ 0! I1I(/ % ' !# *0!"3.%

+%1$&"$3 456 ' (#)*(#+ -"%."$ %.# *$"% )#((=

F! ' %.# 0#1D -"&%.  2 %.# "$Q0(1$# O!133 !#P#)%" $+ EF"3= G=H:1J %.# "$Q0(1$# ) .#!#$%

"+(1$& +"U# ls  2 %.# &"V#!#$% & '1"$+ )1$ I# #+%"'1%#& -"%. %.# T).#!!#!Q2 !'*(1= >.#

;9



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

ls  60 !"#$ ls %&' !"#$
 !"#$60 %&& ' ()* +),

 !"#$60 %(& ' -). /,

 !"#$ %&'( )*+,#!*$ -./$0$*1 23#!*4 325$3 ls .6 7)8 !*4 960 4.:!2*3 2* 7)8(960 :2;1<0$3 =:2;2*>

0!12. ?(?@ !1 1A. 42B$0$*1 T &

0123452 601 23##607819 7" :6;) +)<) =>0  60 6" 7"?01621 >@ 6 @6?5>0 >@ ∼ 2 7" ls @>0 5A1
#7B5301 C0>D" 65 .<E F ?>#G6019 5> 5A1 .EE F H4# D62 @>3"9) =>0 %&' ls 72 @>3"9 5> ;1
1I1" 6 @6?5>0 >@ ∼ 5 460C10 7" 5A1 .<E F H4#) :A1 4>D 2503?53064 >0910 >@ ;>5A %&' 6"9  60

7" 5A1 .EE F H4# 72 642> 91#>"2506519 @0># 5A1 5A011 9151?5>0 2?6"2 7" qz 9701?57>" 2A>D"
7" =7C) +)/,6 5>C15A10 D75A 5A1 7"51C06519 J&K% 9656 65 5A1 ;>55># >@ 5A1 C06GA) L101M

>"4N 97O321 @1653012 601 >;210I6;41 2A>D7"C 5A1 4>D 2503?53064 >0910 6"9 460C1 #>267?75N >@

5A1 .EE F #7B5301) P7"?1 5A1  60 Q06CC 01R1?57>"2 A6I1 6 460C1 2#1607"C 7" |q|M 7" %&'S 60

#7B53012 5A1  60 9>#67"2 601 ">5 >071"519 6"9 A6I1 ">5 6" 7#G0>I19 ?0N256447"75NM 62

7"  60T%&' A1510>2503?53012 UP1?) +)V).W) :A1 27C"7H?6"5 97O101"?1 7" ls 6"9 2503?53064
>0910 @>3"9 @>0 5A1 .EE F 6"9 .<E F #7B53012 601 1I791"?1 5A65 @>0 6" 7"?01621 7" T 5A1

21G60657>" >@ ;>5A ?>#G>3"92 72 1"A6"?19) &5 72 ?>"?43919 5A65 7" 1X3747;073# ?>#G4151

GA621 21G60657>" ;15D11" ;>5A ?>#G>3"92 72 @6I>019) L>D1I10 7" 5A7" H4# C0>D5A >"4N

2#644 2?641 >0 Y"6">YZGA621 21G60657>" 72 6?A71I19 931 5> [7"157? 47#75657>"2) :A1 91C011 >@

Y"6">YZGA621 21G60657>" ?6" ;1 1\?71"54N ?>"50>4419 ;N T M 7)1) A7CA10 T 7"?016212 5A1 2781

>@ GA621 21G606519 ?0N256447"1 9>#67"2)

:A1 9725>0519 %&' 2503?5301 @>3"9 @>0 5A1 .EE F #7B5301 1BA7;752 27#7460 3"75 ?144

G606#15102 62 6 506"271"5 %&' 2503?5301 @>3"9 7" 5A7" H4# C0>D5A !V,M *,$) :A72 506"271"5

%&' 2503?5301 72 G0121"5 >"4N @>0 I10N 5A7" H4#2 7" 5A1 #>">46N10 01C7#1) ]2 2>>" 62 5A1

%&' 9>#67"2 016?A 6 ?0757?64 2781 5A1 506"271"5 2503?5301 01?>"2503?52 ?>#G41514N 5> 5A1

%&' L:ZGA621)  >"279107"C 5A1 2#644 7"ZG46"1 ?>A101"5 ?0N2564 2781 >@ %&' @>0 5A1 .EE F

#7B5301 U:6;) +)<WM >"1 #6N 2G1?34651 5A65 5A1 %&' 9>#67"2 25605 C0>D7"C 7" 5A1 506"271"5

%&' 2503?5301 6"9 ?6"">5 016?A 5A1 ?0757?64 7246"9 2781 "1?12260N @>0 2D75?A7"C 5> 5A1 #>01

256;41 L:ZGA621) &" 5A1 .<E F #7B5301 5A1 97O327>" 41"C5A >@ %&' 72 460C10 931 5> 5A1

7"?016219 51#G1065301 6"9 5A101@>01 460C10 %&' 9>#67"2 601 @>3"9M DA7?A ?>349 016?A 5A1

?0757?64 7246"9 2781) ^"1 699757>"64 G>227;41 0162>" @>0 G01I1"57"C 5A1 2D75?A7"C ;15D11"

;>5A 2503?53012 7" 5A1 .EE F H4# ?>349 ;1 5A1 256;7478657>" >@ 5A1 506"271"5 %&' 2503?5301

931 5> 5A1 2300>3"97"C  60 9>#67"2) =7C) +)/,; 2A>D2 0164Z57#1 C0687"C 7"?791"?1 9656

>@ 5A1 .EE F #7B5301 #1623019 9307"C H4# C0>D5A 27#7460 5> 5A1 9656 2A>D" 7" _1@) !V,$)

]44 G16[ G>2757>"2 251##7"C @0># 5A1 506"271"5 %&' 2503?5301 9> ">5 2A7@5 9307"C C0>D5A)

:A72 >;210I657>" 2A>D2 5A65 5A1 2D75?A7"C ;15D11" 5A1 506"271"5 %&' 2503?5301 6"9 %&'

L:ZGA621 72 23GG012219 @>0 5A1 ?>#G4151 H4# 5A7?["122 >@ 5A1 .EE F %&'S 60 #7B5301)

&" 5A72 21?57>" %&'S 60 #7B53012 D101 2A>D" 5> 1BA7;75 GA621 21G60657>" 7" 6C011#1"5

D75A 5A1 25107?64 7"?>#G657;745N >@ ;>5A ?>#G>3"92) :A1 2?641 >@ GA621 21G60657>" ?6"

;1 ?>"50>4419 1\?71"54N ;N C0>D5A 51#G1065301) =>0 4>D T C0>D5A 5A1 ?>A101"5 7246"9

2781 >@ %&' 72 2#644 1">3CA 5> 1BA7;75 6 #156256;41 2503?5301M >5A10D721 >"4N @>3"9 7" 5A1

,/



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

 !"#$% &'()* +, -./0 1+2+ +31 24$%% 1%2%526$ 75+37 +863" qz 9$6: + 0.;*<60 =*= :!>2#$% "$6?3

+2 T = 300 @ 63 A!B2 :%+7#$%1 ?!24 + ;.CDEFA .. +$%+ 1%2%526$' G4!2% 8!3%7 !31!5+2% 24%

7:%+$!3" 69 %+54 H$+"" $%I%52!63' E4% $%8+2!J% 4!"4 !32%37!2K +2 4!"4 qz 96$ %+54 1%2%526$ 75+3 !7

+22$!L#2%1 26 L+5M"$6#31 75+22%$!3" 9$6: 24% %>N%$!:%32+8 7%2#N +31 362 + 9%+2#$% 69 24% O8:' D2

24% L6226: 24% !32%"$+2%1 !32%37!2K !3 24% qxy 1!$%52!63 !7 746?3 P24% 24$%% 1%2%526$ 75+37 !3 qz
1!$%52!63 ?%$% 362 !358#1%1 !3 24% !32%"$+2!63,' L, <6$$%7N631!3" $%+8Q2!:% -./0 1+2+ :%+7#$%1

1#$!3" "$6?24 9$6: 24% 7+:% O8: 746?3 !3 +,' H8+5M 56326#$7 !31!5+2% 8%J%87 ?!24 %R#+8 !32%37!2K'

D2 24% L6226: -./0 1+2+ 9$6: 24% O3+8 24!5M3%77 !7 N8622%1 96$ 56:N+$!763' E4% L8#% 8!3%7 +$%

!31!5+2!3" N%+M :+>!:+'

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

 !"!# $16%&'()%60 *+,-. /0*1

3/)1 1&4.)!" 15  $')6&1 '&15#.1 !" 71685-49860  ):&; 0# 1< =/)4/ $'& >5?#)1/&; )"

@&*12 AB<CDE2 F## 1$ >#&1 1.5;)&; )" ./)1 1&4.)!" =&'& >'&>$'&; ?% ./& ('!5> !* -'!*2 G'H.I

.)"( JK")L&'1).M. F5(1?5'(N2 ," @&*12 AB< CDE ./& 1.'54.5'$# 4/$'$4.&')1.)41 !* 7 1685-49860

 ):&; 0# 1 !?.$)"&; /&'& $'& 4! >$'&; =)./ &#&4.')4$#  &$15'& &".1 >&'*!' &; )" F5(1I

?5'(2

O):.5'&1 !* 71685-49860 =&'& >'&>$'&; =)./ ;)P&'&".  ):)"( '$.)!1 !"

,3QR-S+Q39-TT $. '!! .& >&'$.5'&2 U@@ ;$.$ *'! ;)P&'&".  ):.5'&1< 1/!=" )"

V)(2 W2CX$< &:/)?). ./& JYDDN G'$(( '&Z&4.)!" *'! ./& 71685-4 αI>/$1& $"; ./& JYYYN
G'$(( '&Z&4.)!" *'! ./& 860  !!I>/$1&2 V!' $ ;&14')>.)!" !* 4'%1.$# 1.'54.5'&1 !* ?!./ 4! I

>!5";1 1&& T&42 [2W $"; T&42 [2\2 V)..)"( !* ./& >&$] >!1).)!" $"; >&$] =);./ )" V)(2 W2CX$

=&'& >&'*!' &; =)./ $ ^$511)$" *5"4.)!" $;;&; =)./ &)./&' $" &:>!"&".)$# ?$4]('!5";

*5"4.)!" J*!' ./& 71685-4 G'$(( '&Z&4.)!"N !' $ >!#%"! )$# ?$4]('!5"; *5"4.)!" J*!' ./&

_[



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

 60 !"#$$ "%&%'()*+,- ./% 0*12+*3)#1 4#'5$"*6+7 7%8'")4%8 4*(/ (/% 7%'"%#8)+$ "%&%'9

():)(2 #( qz 1*;%" (/#+ (/%  60 <===, "%&%'()*+ #8 ;%11 #8 (/% )+'"%#8% *> 7)?68% 8'#((%")+$

>"*3 (/% $1#88 8648("#(% #( /)$/%" qz-

./% *48%":#()*+ *> !"#$$ "%&%'()*+8 >"*3 (/% 06"% '*30*6+78 0"**> (/#( 4*(/ 3#(%")9

#18 #"% +6'1%#()+$ )+ (/%)" *;+ '"28(#1 8("6'(6"%- ./% '*+:%"8)*+ *> !"#$$ 0%#5 0*8)()*+8 (*

#+ *6(9*>901#+% 1#(()'% 80#')+$ <@)$- A-BC4, 8/*;8 (/#( (/% '"28(#1 8("6'(6"%8 )+ qz 7)"%'()*+
#"% +%#"12 )+7%0%+7%+( *> (/% 3)D)+$ "#()*- E)+'% +* *(/%" !"#$$ "%&%'()*+8 ;%"% 7%(%'(%7

)+ (/% "#+$% qz = 0.0 . . . 2.4 F−1
;% #8863% (/#( 0"*+*6+'%7 0/#8% 8%0#"#()*+ )+ 3)D(6"%8

*> G16 6H'I 60 )8 0"%8%+( #+7 8*164)1)(2 *> G16 6H' )+  60 #+7 :)'% :%"8# )8 :%"2 1*;-

./)8 *48%":#()*+ )8 )+ #$"%%3%+( ;)(/ (/% 8(%")'#1 )+'*30#()4)1)(2 *> 4*(/ 3*1%'61%8 7)89

'688%7 )+ $%+%"#1 )+ E%'- B-=-A-B-=- ./% )+8%( )+ @)$- A-BC4 8/*;8 # 85%('/ *> (/% 3*1%'61#"

#""#+$%3%+( )+ (/% 3)D(6"%8-

 !"#$% &'()* +, -.. /+0+ 1$23 4165#67*560 893: ;!0< /!=%$%>0 3!?!>" $+0!2:' @<% 9%10 :!/% :<2;:

0<% 4165#67ABCC, D$+"" $%E%70!2>F 0<% $!"<0 :!/% :<2;: 0<% 560 ABBB, $%E%70!2>' G99 893: <+H%

+ 0<!7I>%:: 21 (& >3 +>/ ;%$% "$2;> 2> 6JKL@*6MMNO@L +0 $223 0%3P%$+0#$%' @<% /!=%$%>0

$+>"%: 21 0<% 323%>0#3 0$+>:1%$ 12$ 0<% 4165#67*560 3+0%$!+9 723Q!>+0!2> ;%$% $%72$/%/ ;!0<

/!=%$%>0 !>0%"$+0!2> 0!3%' Q, 62:!0!2>: 21 0<% 4165#67ABCC, $%E%70!2> +>/ 560 ABBB, $%E%70!2>

H:' 3!?!>" $+0!2' @<% !>:%0 !> Q :<2;: + :I%07< 21 0<% 329%7#9+$ +$$+>"%3%>0 !> 0<% 3!?0#$%:'

@"*3 (/% G16 6H' *6(9*>901#+% '*/%"%+( '"28(#1 8)J% lzK %8()3#(%7 ;)(/ (/% E'/%""%"
>*"361# >"*3 (/% α<=LL, "%&%'()*+K # 1*;%" 1)3)( >*" (/% 7%$"%% *> 0/#8% 8%0#"#()*+ '#+
4% 7%(%"3)+%7-  *30#"%7 (* lz ∼ 21 ± 3 +3 )+ (/% 06"% G16 6H' M13K )+ 3)D(6"%8 (/%

'*/%"%+( '"28(#1 8)J% )8 "%76'%7 (* lz ∼ 14± 2.5 +3- N+ $%+%"#1K (/)8 "%76'()*+ *> lz '#+ 4%
#((")46(%7 %)(/%" (* # 7%'"%#8% )+ '"28(#11)+% O6#1)(2 <7%+8)(2 *> '"28(#1 7%>%'(8, )+ G 16 6H'

42  60K *" lz $):%8 (/% #:%"#$% 7)#3%(%" *> G16 6H' 0/#8% 8%0#"#(%7 7*3#)+8 86""*6+7%7 42

 60 7*3#)+8- ./% 1#((%" %D01#+#()*+ ;*617 )3012 # 7%0%+7%+'% *> lz >"*3 (/% G16 6H'I 60

3)D)+$ "#()*- E)+'% (/)8 7%0%+7%+'% )8 +*( *48%":%7K *+% 3#2 80%'61#(% (/#( (/% 83#11 lz
*> G16 6H' '#+ 4% #((")46(%7 (* # 1*;%" '"28(#11)+% O6#1)(2 *> G16 6H' 7*3#)+8 )+ (/%

3)D(6"%8 '*30#"%7 (* G16 6H' 7*3#)+8 )+ (/% 06"% M13- E)+'% (/%  60 <===, "%&%'()*+ )8

:%"2 ;%#5 '*30#"%7 (* (/% 4#'5$"*6+7K #+ %8()3#()*+ *> (/%  60 '*/%"%+( '"28(#1 8)J% )8

PQ



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

 !"##$%&

'( #)"* *$+#" ( ,16-./+0-60 !"1#.2$* 3$2$ *) 3( # $1)"4"# 52 ( .(+$% 5)6*$ *$56267

#" ( "( 682$$!$(# 3"#) #)$ *#$2"+69 "(+ !56#"4"9#:  ; 4 #) + !5 .(%*& <)$  .#7 ;7596($

+ )$2$(# +2:*#69 *"=$ lz  ; ,16-./+ % !6"(* "* *"8(">+6(#9: %$+2$6*$% "( + !562"* ( # lz
;2 ! 5.2$ ,16-./+ >9!*? 3)"+) "* )"(# ; 2 9 3 +2:*#699"($  2%$2? 3)"+) !"8)# 9"!"# #)$

$9$+#2 ("+ #26(*5 2# 52 5$2#"$*  ; #)$ !"1$% 96:$2*&

 !"! #16$%&'()16$%&' *+,-. /0*1

<)"* *$+#" ( *.!!62"=$* 2$*.9#*  ( ,16-./+0@16-./+ !"1$% >9!* 692$6%: 5.49"*)$%

"( A$;*& BCD? EFG& H99 *6!59$* *#.%"$% "( #)"* *$+#" ( 3$2$ 52$562$% 4: #)$ 82 .5  ;

/2 ;& I2J##"(8 KL("M$2*"#N# H.8*4.28O& '( A$;*& BCD? EFG #)$ *#2.+#.269 +)626+#$2"*#"+*

 ; ,16-./+0@16-./+ !"1$% >9!*  4#6"($% )$2$ 62$ + !562$% 3"#) 5) # M 9#6"+ !$6*.2$7

!$(#* 5$2; 2!$% "( H.8*4.28&

P"1#.2$*  ; ,16-./+0@16-./+ 3$2$ 52$562$% 3"#) %"Q$2$(# !"1"(8 26#" *  (

'<RS/TUR<0/VV 6# 2  ! #$!5$26#.2$& WAA %6#6  ; #)$ #3 5.2$ >9!* "( @"8& X&YF6

$1)"4"# #)$ KCFFO I2688 2$Z$+#" ( ;2 ! #)$ ,16-./+ α75)6*$ Kqz = 0.48 [O 6(% #)$ KFFCO

I2688 2$Z$+#" ( ;2 ! #)$ @16-./+ β7 6(%S 2 βbilayer75)6*$ Kqz = 0.46 [O& @ 2 6 %$*+2"5#" (

 ; +2:*#69 *#2.+#.2$*  ; 4 #) + !5 .(%* *$$ V$+& Y&X 6(% V$+& Y&\& '!5 2#6(#9:? #)$ !"1$%

,16-./+0@16-./+ >9!* *) 3  (9:  ($ %"Q26+#" ( 5$6] 9 +6#$% 4$#3$$( #)$ %"Q26+#" (

5$6]*  ; #)$ 5.2$ !6#$2"69* K@"8& X&YF6O& <)$ 5$6] 3"%#) "* *"!"962 # #)6#  ; #)$ 5.2$

>9!* 6(% #)$ 96##"+$ *56+"(8 d⊥ 9"$* 4$#3$$( #) *$  ; #)$ 5.2$ !6#$2"69*& V"(+$ (  #)$2

I2688 2$Z$+#" (* 3$2$ %$#$+#$% "( #)$ 26(8$ qz = 0.0 . . . 2.4 [

−1
K$*5$+"699: ( # ;2 ! #)$

5.2$ + !5 .(%*O 3$ 6**.!$ #)6# !"1#.2$*  ; ,16-./+0@16-./+ !"1  ( #)$ ! 9$+.962

9$M$9& <)"*  4*$2M6#" ( "* "( 682$$!$(# 3"#) #)$ *#$2"+69 + !56#"4"9"#:  ; 4 #) ! 9$+.9$*

K*$$ V$+& E&C&X&E&CO 6(% #)$ $15$+#$% 62$($05$2Z. 2 62$($ "(#$26+#" ( 4$#3$$( 4 #) + !7

5 .(%*& H *"!"962 !"1"(8 4$)6M" 2  ; 6 #2.9: !"1$% +2:*#699"($ >9! 36* 69*  4*$2M$% ; 2

!"1#.2$*  ; %"Q$2$(# ):%2 8$( #$2!"(6#$% 596(62 5)#)69 +:6("($* BCFYG&

<)$ + (M$2*" (  ; I2688 5$6] 5 *"#" (* #  .#7 ;7596($ 96##"+$ *56+"(8* Kd⊥O K@"8& X&YF4O
*) 3* 6 9"($62 2$96#" (*)"5 4$#3$$( !"1"(8 26#" 6(% d⊥& <)"* 4$)6M" 2 "* "( 682$$!$(#

3"#) #)$ ; 2!6#" (  ; 6 * 9"% * 9.#" ( 3"#) + (#"(. .* * 9.4"9"#:  ;  ($ + !5 .(% "( #)$

+2:*#69  ; #)$  #)$2 + !5 .(%& <)"* 9"($62 +)6(8$ "( +2:*#69 *#2.+#.2$ "* 2$96#$% # #)$

826%.69 +)6(8$  ; #)$ + (#$(#  ; #)$ #3 596(62 ! 9$+.962 *5$+"$* 3"#) *9"8)#9: %"Q$2$(#

*"=$ "( #)$ 49$(%*&

'( H55& ^ "# "* *) 3( #)6# #)$ %"2$+# + (M$2*" (  ; I2688 2$Z$+#" (* #  .#7 ;7596($

96##"+$ *56+"(8* +6( 4$ !"*9$6%"(8& <)$*$ $Q$+#*  ; + )$2$(# *+6##$2"(8 ;2 ! %"Q$2$(#

5)6*$*? 3)"+) !6: *)";# #)$ !$6*.2$% 5 *"#" (*  ; I2688 2$Z$+#" (* "( WAA? )6M$ 6 *#2 (8

"!56+# 3)$( 4 #) !6#$2"69* $1)"4"#  (9: *!699 %"Q$2$(+$* "( d⊥? 3)"+) "* #)$ +6*$ ; 2 /T_

6(% /@/ 3"#) d⊥ = 1.54 K/T_O 6(% d⊥ = 1.57 K/@/O& ,$2$? #)$ $Q$+#* %$*+2"4$% "(

H55& ^ 62$ $15$+#$% # )6M$ ( # 6 *"8(">+6(# "!56+#  ( #)$ %$#$+#$% qz M69.$*? *"(+$ #)$

%"Q$2$(+$ "( d⊥ 4$#3$$( #)$ 5.2$ !6#$2"69* "* *"8(">+6(#9: 9628$20 d⊥ = 1.30 ; 2 ,16-./+

6(% d⊥ = 1.46 ; 2 ,16-./+&

@"8& X&YC *) 3* 6 + !562"* (  ; `'WU %6#6 ;2 ! 6 C0C !"1#.2$  ; ,16-./+0@16-./+

aX



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

 !"#$% &'()* +, -.. /+0+ 12 3164#56* 164#56 789: ;!0< /!=%$%>0 9!?!>" $+0!1:' @88 789: <+A%

+ 0<!6B>%:: 12 C) >9 +>/ ;%$% "$1;> 1> DEFG5HIFE*5JJ +0 $119 0%9K%$+0#$%' 5%+B K1:!0!1>:

;%$% /%0%$9!>%/ LM 700!>" %+6< $%N%60!1> ;!0< O+#::!+> 2#>60!1> +>/ + 8!>%+$ L+6B"$1#>/' L,

P+00!6% :K+6!>" A:' 9!?!>" $+0!1 /%$!A%/ 2$19 0<% 619L!>%/ 3164#56* 164#56 Q$+"" $%N%60!1>'

E<% /+:<%/ 8!>% !: + 8!>%+$ 70 01 0<% /+0+'

 ! "#$%&'($#)&** + ,-./01 2 1.2.  3 240 -5/0 67,8  ! *9$2: #40 -5/0 ;16<5&+

67, 0=49>92  !7? @/.AA /0B0+29 !8 3/ , 240 ;16<5&+ αC-4.80 DEFGH: "! .A/00,0!2 I924 240

7920/.25/0 240 J16<5&+ 67, 0=49>92 /0B0+29 !8 3/ , 2I 19K0/0!2 82/5+25/08) 240 βC-4.80
.!1 240 8 C+.7701 βbilayerC-4.80: "!10=9!A 98 1 !0 .++ /19!A 2 L038: DEFGM EGNH #40 O"P(

1.2. 3/ , 240 E)E ,9=25/0 4.Q0 89,97./ @/.AA /0B0+29 !8 .8 240 -5/0 ;16<5&+M >52 879A427?

8493201 9! qxyM I49+4 98 . 49!2 3 / . 1982 /201 9!C-7.!0 82/5+25/0:

 !"#$% &'(R* +, OD-I /+0+ 2$19 K#$% 3164#56 +>/  164#56 789: "$1;> 1> J!F2 +>/ 2$19

+ 3164#56* 164#56 R*R 9!?0#$%' @88 789: ;%$% "$1;> +0 $119 0%9K%$+0#$%' L, JB%06< 12 +

918%6#8+$ :18!/ :18#0!1>S +: !: K$1K1:%/ 21$ 3164#56* 164#56 9!?%/ 789:'

R885,9!A 240 8.,0 9!10=9!A 3 / 240 ;16<5&+ αC-4.80 .!1 240 E)E ,9=25/0M 9!C-7.!0 7.2C

SG



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

b  !"# c  !"# α  

◦
# d⊥  !"# Vcell  !"

3
#

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

+,+ $%)), '%)($ +(%&( $%)- '%(($

-16!"#$ βbilayer $%.($ '%))$ ∼+' ∼$%.( ∼'%*''

 !"#$ %&'( )*+, -$## .!/!0$,$/1 2/30 .4/$ 516647- !*8 916647- !*8 ,:$ ./3.31$8 .!/!0$,$/1

23/ ! ;(; 0+<,4/$&  :$ b !*8 c =$-,3/ !/$ 14..31$8 ,3 "$ .!/!##$# ,3 ,:$ 14"1,/!,$ >+,: !* +*?

.#!*$ !*@#$ 32 α& A3,$ ,:!, ,:$ *30$*-#!,4/$ 32 =$-,3/1 32 ,:$ βbilayer?.:!1$ +1 -:!*@$8 23/ "$,,$/

-30.!/!"+#+,B !*8 ,:!, 23/ ,:$ 916647- βbilayer?.:!1$ d⊥ = 1.46 *0 +1 #+1,$8C !1 $<,/!-,$8 2/30

9+@& %&D;"&

/012 3454"2/256 78 /92 :06/75/2: "0;2: 6/5<1/<52 14! =2 :2/25"0!2: >?4=% ,%-@% A7"3452:

/7 /92 B16A<C1 αD39462 0! /92 "0;2: EF" /92 bD4;06 06 6F0G9/FH 2F7!G4/2: 4!: /92 cD4;06

06 6975/2!2:I /92 0!D3F4!2 4!GF2 06 !7/ 194!G2:% ?7G2/925 J0/9 4! 2!F45G2: d⊥ = 1.38 !"

/92 <!0/ 12FF K7F<"2 06 '%(($ !"

3
I J9019 06 =2/J22! /92 <!0/ 12FF 60L26 78 /92 M16A<C1

βbilayerD39462 4!: /92 B16A<C1 αD39462% N/ 06 !7/2: 9252 /94/ /92 <!0/ 12FF :250K2: 875

/92 "0;/<52 946 7!FH 7!2 "7F21<F2 325 <!0/ 12FFI 4F/97<G9 0! /92 "0;/<52 452 /J7 :0O252!/

17"37<!:6 35262!/% ?906 7=625K4/07! 06 4 90!/ 875 /92 875"4/07! 78 4 67F0: 67F</07!I 60!12

54!:7" 523F412"2!/ 78 B16A<C1 "7F21<F26 =H M16A<C1 :726 !7/ F24: /7 /92 875"4/07! 78

4 F7!G 54!G2 75:252: F45G25 <!0/ 12FF%

N! /906 621/07! /92 "0;0!G =294K075 78 B16A<C1PM16A<C1 /90! EF"6 J46 6/<:02:% N/ J46

697J! /94/ /92 /J7 17"37<!:6 "0; 7! /92 "7F21<F45 F2K2F% ?92 17!/0!<7<6 6908/ 78 Q54GG

52R21/07!6 7K25 4 F45G2 54!G2 0! q >=7/9 0!D3F4!2 4!: 7</D78D3F4!2@ 06 4 6/57!G 90!/ 875 /92

875"4/07! 78 4 67F0: 67F</07! J0/9 17!/0!<7<6 67F<=0F0/H 78 7!2 17"37<!: 0! /92 6/5<1/<52

78 /92 6217!: 17"37<!:%

-*





 !"#$%& '

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

 !" #$% &' (!$) *&+, *#) (& )(-./ (!" 0+&*(! #1. )(+-2(-+" &' .$3"+"1( &+0#1$2 !"("+&)(+-24

(-+") 5/ 64+#/ )2#(("+$10 #1. #(&%$2 '&+2" %$2+&)2&7/8 9&(! '-1.#%"1(#: ,1&*:".0" &1

!"("+&)(+-2(-+" 0+&*(! #) *":: #) )";"+#: $))-") 2:&)":/ +":#(". (& 7!&(&;&:(#$2 #77:$2#($&1)

*"+" #..+"))".8  !" +")-:() #+" )-%%#+$<". $1 (!" '&::&*$10 )"2($&1) )"7#+#(":/ '&+ 7:#1#+

!"("+&)(+-2(-+") #1. %$=". !"("+&)(+-2(-+")> +")7"2($;":/8 ?%7:$2#($&1) &' (!" +")-:() '&+

(!" 7"+'&+%#12" &' @AB .";$2") #1. 7&))$5:" '-(-+" 7+&C"2() #+" .$)2-))". #'("+*#+.)8

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

 !" %&)( $%7&+(#1( +")-:() &1 7:#1#+ !"("+&)(+-2(-+") )!&* (!" ."7"1."12" &' (!" 0+&*(!

#1. )(+-2(-+" &' (!" (&7 :#/"+ '+&% (!" 7+&7"+($") &' (!" 5&((&% %#("+$#:8 D) # )$%7:$E".

&;"+;$"* (!" '&::&*$10 0+&*(! "3"2() *"+" ."%&1)(+#(".F

  !" ."7&)$($&1 &' #1 &+0#1$2 2&%7&-1. &1(& (!" )-+'#2" &' # (!$1 E:% &' #1&(!"+

2&%7&-1. %#/ :"#. (& )%&&(!$10 #( (!" $1("+'#2"8  !" &5)"+;". )%&&(!$10 '&+

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

(!" )%&&(!$10 &5)"+;". $1 #1&+0#1$2 0+&*(!8 G&+ AHI4&14AGA 0+&*(! $1 #..$($&1>

#1 "=2"7($&1#::/ *"::4&+."+". $1("+'#2" 5"(*""1 5&(! %#("+$#:) *#) '&-1. #:&10 *$(!

#1&%#:&-):/ :&* +&-0!"1$10 '&+ #( :"#)( JK 1% &' AHI 0+&*(! LMNO8

  !" %&:"2-:#+ &+$"1(#($&1 #1. 2+/)(#: P-#:$(/ $1 ("+%) &' (!" $147:#1" 2&!"+"1( $):#1.

)$<" &' AGA 0+&*1 &1 Q?A ;#+/ )$01$E2#1(:/ *$(! (!" %&:"2-:#+ &+$"1(#($&1 #1. 2+/)(#:

P-#:$(/ &' (!" Q?A :#/"+ LMRO8

 ?1 2&%7#+$)&1 *$(! S60 0+&*1 &1 T$@2 &+ &(!"+ %&:"2-:#+ 2&%7&-1.)> "808 U16S-A2>

(!" ."7&)$($&1 &' S60 &1 (&7 &' Q?A :"#.) (& #1 "=2"7($&1#: $%7+&;"%"1( &' 2+/)4

(#::$1$(/ #1. (& &+$"1(". 2+/)(#::$(") &' S60 8 ?1 #..$($&1> (!" ."0+"" &' )(+-2(-+#:

&+."+ $1 S60 ."7"1.) &1 (!" )(+-2(-+#: &+."+ &' (!" Q?A :#/"+ -1."+1"#(!8

 U16S-A2 #1. G16S-A2 $1("+%$= -7&1 )-5)"P-"1( ."7&)$($&1 #1. '&+% #1 $1("+'#2"

*$(! #1 $1("+%$=$10 <&1"8

RN



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

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

',1&"( 3+*0&"(/" *- '!" #'$%.'%$,& 4$*4"$'1"# *- '!" %+("$&,5"$ 1# 1+"61',7&58 #1+." '!"#"

!,6" , &,$/" 1)4,.' *+ '!" 4$*4"$'1"# *- '!" '*4 &,5"$9

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

 !" 3"5 :%"#'1*+ -*$ /$*0'! *- *$/,+1. 7%&3 !"'"$*#'$%.'%$"# 1# 1- 7*'! .*)4*%+(# 1+'"$)1;

*+ , )*&".%&,$ &"6"& *$ 4!,#" #"4,$,'"9 <+ #1)4&1="( *6"$61"0 *6"$ '!" *7#"$6"( )1;1+/

7"!,61*$# -*$ ,&& '"#'"( ),'"$1,& .*)71+,'1*+# 1# /16"+ 1+ >1/9 ?9@9 A+ ("',1&8 '!" -*&&*01+/

.*+.&%#1*+# *+ )1;"( !"'"$*#'$%.'%$" /$*0'! ),5 7" ($,0+9

 !"#$% &'() *+#,!%, -.+%$!./ 01-2!3.+!134 41$+%, !3+1 .00%5+1$ -.+%$!./4 .3, ,131$ -.+%$!./4'

 1$ %.06 -.+%$!./ 01-2!3.+!13 +6% -!7!3" 40%3.$!1 !4 ,%5!0+%, .4 . 48%+06' 91+% +6.+ +6% -.+%$!./

01-2!3.+!13 :;9)<60 =.4 31+ 4+#,!%, !3 +6!4 +6%4!4> 2#+ +6% $%4#/+ =.4 $%51$+%, !3 ?%@' A(B&C .3,

!4 "!D%3 @1$ 01-5/%+%3%44'

  !" #'$*+/ 1+'"$,.'1*+ 7"'0""+ !5($*.,$7*+# ,+( #1)1&,$ 4"$B%*$1+,'"( .*)4*%+(#

&",(# '* '!" -*$),'1*+ *- ":%1)*&,$ )*&".%&,$ )1;"( .*)4&";"# 7*'! -*$ #'$%.'%$,&&5

+",$&5 ":%16,&"+' .*)4*%+(# CDEFGD>DH IJKL ,# 0"&& ,# -*$ #'$%.'%$,&&5 (1M"$"+'

.*)4*%+(# CNADGD>DH9 A+ ,((1'1*+8 7*'! ),'"$1,& .*)71+,'1*+# ";!171' , #1)1&,$

/$*0'! 7"!,61*$9  !"5 +%.&",'" 1+ , )1;"( #'$%.'%$" 01'! +",$&5 #',+(1+/ )*&".%&"#

OK



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

 σ!"#$%&'('$"&) (&* ( +'#,-',#% .$'/ &%(#01 01$&2 3"0%-,0%+  λ!"#$%&'('$"&)4 5& 603+

.$'/ ( 3$7$&2 #('$" *%8$('$&2 9#"3 :;:< =/(+% +%=(#('$"& >%'.%%& '/% %?,$3"0(#

3$7',#%+ (&* '/% =,#% +'#,-',#%+ $+ ">+%#8%*4

 @$7',#%+ "9 A16B,C-;D16B,C- 9"#3 ( +"0$* +"0,'$"& .$'/ -"&'$&,",+ +"0,>$0$'1 "9 "&%

-"3=",&* $& ( -#1+'(0 "9 '/% "'/%# -"3=",&*4

 @$7',#%+ "9 B60 .$'/ =0(&(# -"3=",&*+  E5C< A16B,C-) %7/$>$' =/(+% +%=(#('$"&

$&*%=%&*%&' "9 3$7$&2 #('$"4 @"#%"8%#< 9"# E5C;B60 3$7',#%+ '/% -"/%#%&'01 "#*%#%*

$&!=0(&% $+0(&* +$F% ls -/(&2%+ +$2&$6-(&'01 .$'/ 2#".'/ '%3=%#(',#%4 G="& 2#".'/

(' 0". T < '/% =/(+% +%=(#('$"& >%'.%%& E5C (&* B60 $+ 0%++ =#"&",&-%* -"3=(#%*

'" 2#".'/ (' /$2/ T 4 5& +,-/ 3$7',#%+< &"' "&01 ls *$H%#+ >%'.%%& *$H%#%&' 2#".'/

'%3=%#(',#%+ +$2&$6-(&'01< '/% E5C -#1+'(0 +'#,-',#% (0+" %7/$>$'+ ( -/(&2% "9 ,&$'

-%00 =(#(3%'%#+4

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

.01'(0-

I/% -"3>$&('$"& "9 '/% +'#,-',#(0 =#"=%#'$%+ "9 "#2(&$- /%'%#"+'#,-',#%+ *%+-#$>%* $& '/$+

'/%+$+ (&* %0%-'#$-(0 3%(+,#%3%&'+ =%#9"#3%* >1 -"00(>"#('"#+ .$'/$& '/% JK-/.%#=,&L!

'+=#"2#(33 KCC :MNN; O0%3%&'(#=#"F%++% *%# "#2(&$+-/%& C/"'"8"0'($LJ (00".+ +%8%#(0

-"&-0,+$"&+ "& '/% #%0('$"&+/$= >%'.%%& +'#,-',#% (&* *%8$-% =#"=%#'$%+ "9 '/% 9"00".$&2

3('%#$(0 -"3>$&('$"&+ PQ<:R<ST<SSU4 I/% #%+,0'+ "9 '/%+% %0%-'#$-(0 3%(+,#%3%&'+ =%#9"#3%*

>1 -"00(>"#('"#+ (#% +,33(#$F%* $& '/% 9"00".$&2 =(#(2#(=/+4

 !"!# $16%&'( ) %60

@$7',#%+ "9 B60 .$'/ A16B,C- %7/$>$' =/(+% +%=(#('$"& .$'/ ( *"3($& +$F% "9 ( 9%. '%&

&(&"3%'%#+< ./$-/ $+ +$3$0(# '" '/% %7=%-'%* %7-$'"& *$H,+$"& 0%&2'/ $& '/%+% 3('%#$(0+4

I/% '#(&+="#' "9 -/(#2% -(##$%#+ $+ 0$3$'%* >1 '/% /"==$&2 *$+'(&-% >%'.%%& -#1+'(00$&%

2#($&+ +%=(#('%* >1 -#1+'(0 *%9%-'+4 I/%#%9"#%< '/% 3">$0$'$%+ $& '/$+ 3('%#$(0 -"3>$&('$"&

*%-#%(+% %7="&%&'$(001< ,="& 3$7$&2 '/% #%+=%-'$8% '#(&+="#' 3('%#$(0 .$'/ '/% "'/%# -"3!

=",&* PQ<STU4 5& '/% 3$7',#%+ '/% %0%-'#"& '#(&+="#' #%0$%+ "& '/% B60 -0,+'%#+4 V%0('%* '"

'/% =""# -#1+'(00$&% "#*%# "9 B60 >"'/ $& WAX+  K%-4 N4S4Y) (+ .%00 (+ CAX+  K%-4 N4:4Y) "9

'/$+ 3('%#$(0 -"3>$&('$"&< 0$3$'('$"&+ $& '/% '#(&+="#' =#"=%#'$%+ (#% ">+%#8%*  >"'/ 9"#

%7-$'"& *$H,+$"& (+ .%00 (+ 9"# -/(#2% -(##$%# '#(&+="#') 0%(*$&2 '" =""# +"0(# -%00 -/(#(-!

'%#$+'$-+< $& =(#'$-,0(#< $& CAX *%8$-%+ PQ< STU4

 !"!* $16%&'( ) +16%&'(

I/% -"3>$&('$"& "9 A16B,C- .$'/ $'+ =%#Z,"#$&('%* -",&'%#=(#' D16B,C- 0%(*+ '" '/%

9"#3('$"& "9 ( 3$7%* +"0$* +"0,'$"&4 K,-/ (& $&'$3('% 3$7$&2 $+ &"' 9(8"#(>0% 9"# -/(#2%

R:



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

 !"#$#%&'( &( )*+ , -!.#/ ! %0! .0#$1! %$#( 2!$ 3456  %#%! 2'$7!8 /"'( !9.&%'( 8&  ':

.&#%&'( #$! -'/(8 -; 4'/<'7- 2'$.! =>?, @ABC D 45 !9.&%'(, E0&.0 & <'.#%!8 '( # "#&$

'2 *164/F. #(8 G164/F., .'/<8 .'/<8 !9"<#&( %0! /(/ /#< <'E .0#$1! .#$$&!$ 7'-&<&%; &(

%0! 7&9%/$! , E0&.0 & 2'/(8 %' -!  &1(&H.#(%<; <'E!$ %0#( %0! #7-&"'<#$ 7'-&<&%; &( %0!

"/$! 7#%!$&#< #(8 %0! !<!.%$'( #(8 0'<! 7'-&<&%&! &( /(&"'<#$ 8!I&.! =>?, @ABC 50! $!:

8/.!8 7'-&<&%; & #< ' %0! '$&1&( '2 %0! "''$ "!$2'$7#(.! '2 "0'%'I'<%#&. .!<< .'(%#&(&(1

*164/F.JG164/F. 7&9%/$! C 50! .0#$1! .'<<!.%&'( !K.&!(.; & 8$# %&.#<<; $!8/.!8 -; %0!

 /11! %!8 2'$7#%&'( '2 -'/(8 45 !9.&%'( C L( .'(%$# %, # *164/F.MG164/F. -&<#;!$!8 0!%:

!$' %$/.%/$! E'$N # # .0#$1! 1!(!$#%&'( <#;!$ E0&.0 .'/<8 -! '2 &(%!$! % &( "0'%'I'<%#&.

%#(8!7 .!<< =>?, @ABC

 !"!" #$% & '60

G'$ %0! .'7-&(#%&'( '2 OLF : 460 0&10 "!$2'$7#(.! "0'%'I'<%#&. .!<< E!$! "$'8/.!8, 2'$

!9#7"<! F*+ 8!I&.! E&%0 H<< 2#.%'$ '2 /" %' PQR #(8 # "'E!$ .'(I!$ &'( !K.&!(.; '2

(!#$<; QR, E0&.0 7#; "#$%&#<<; -! #%%$&-/%!8 %' %0! &(8/.!8 '$8!$&(1 '2 # 460 H<7 -; #(

/(8!$<;&(1 OLF <#;!$ 3S!.C TC>CU6 =@@BC G'$ %0& 7#%!$&#< .'7-&(#%&'( #< ' %0! &7"#.% '2

 %$/.%/$#< 8&V!$!(.! &( %0&( H<7 E&%0  '<#$ .!<< "!$2'$7#(.! E#  %/8&!8C L( 0!#%!8 -/<N

0!%!$'W/(.%&'( 3)*+6 7'$! "$'('/(.!8 "0# !  !"#$#%&'( & #.0&!I!8 .'7"#$!8 %' )*+ 

1$'E( #% $''7 %!7"!$#%/$!C L( F*+ 1$'E%0 #% !<!I#%!8 %!7"!$#%/$! <!#8 %' #( &(.$!# !

&( .$; %#<<&(&%; &( OLFC G'$ -'%0 #$.0&%!.%/$! %0! &7"$'I!8 '$8!$ #(8 7'$"0'<'1; <!#8 %'

&7"$'I!8 .0#$1! %$#( "'$% #(8 !9.&%'( 8&V/ &'(C L( #88&%&'(, %0! !(!$1; <!I!< #<&1(7!(% '2

460 #(8 OLF & #( #8I#(%#1! '2 %0& 7#%!$&#< .'7-&(#%&'(, <!#8&(1 %' '"!( .&$./&% I'<%#1! 

'2 /" %' AC?U X /(8!$ >AA 7Y .7

2
 &7/<#%!8 DZ >CT[ &<</7&(#%&'( =@@BC

 !"!( ')*+,-./)*.

D 7!(%&'(!8 !#$<&!$ %0! 'I!$#<< .0#$1! 1!(!$#%&'( "$'.!  &( # !9.&%'(&. "0'%'I'<%#&. .!<<

& \/#(%&H!8 -; %0! &(%!$(#< \/#(%/7 !K.&!(.; ηint, E0&.0 & %0! "$'8/.% '2 %0! #- '$"%&'(

!K.&!(.; ηAbs, %0! !9.&%'( 8&V/ &'( !K.&!(.; ηED, %0! .0#$1!:%$#( 2!$ !K.&!(.; ηCT #(8

%0! .0#$1!:.'<<!.%&'( !K.&!(.; ηCC

ηint = ηAbs · ηED · ηCT · ηCC 3]C>6

L( .'(%$# % %' F*+  '<#$ .!<< , E0&.0 #$! <&7&%!8 -; %0! !9.&%'( 8&V/ &'( !K.&!(.; ηED
8/! %' %0! <'E #.%&I! I'</7!, 2'$ )*+ .!<< %0& $! %$&.%&'( & #- !(%C *'E!I!$, &( %0! <#%%!$,

.0#$1! %$#( "'$% & <&7&%!8 -; %0! 1$#&(  &^! E0&.0 #$! 2'$7&(1 "!$.'<#%&'( "#%0E#; &(

"0# !  !"#$#%!8 7&9%/$! C G'$ #( &(.$!# ! &( !K.&!(.; '2 *164/F.J460 )*+  '<#$ .!<< , %0!

&(%!$2#.! -!%E!!( -'%0 .'7"'/(8 (!!8 %' -! '"%&7&^!8 %' #<<'E 2'$ -'%0 # 0&10 !9.&%'(

8&V/ &'( !K.&!(.; ηED #(8 # 0&10 .0#$1! .'<<!.%&'( !K.&!(.; ηCC I&# .0#$1! %$#( "'$% '2

-'%0 .0#$1! .#$$&!$ =],>?,@ABC L( .'(%$# %, &( )*+ 8!I&.! .'( & %&(1 '2 *164/F.JG164/F.,

%0! 7#W'$ '- %#.<! &  !!( &( # I!$; <'E !9.&%'( 8&  '.&#%&'( !K.&!(.; ηCT E0&.0 0# &% 

'$&1&( &( %0! 2'$7#%&'( '2 .0#$1! %$#( 2!$ !9.&%'( '( (!&10-'$&(1 7'<!./<! C 50/ %0!

?@



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

 !"#$%!& '( )%*!"%(* (+ ,-.$(/#*!"#. !*. 01($%*!"#. 2,",!&('-!*%*#3 %3 *(" 31%"!)&# +($

",# !22&%'!"%(* %* 2,("(4(&"!%' '#&&3 567 897:;<=

># '(*'&1.# ",!" +($ )1&? ,#"#$(@1*'"%(*3 A*.%*/ ",# (2"% 1 .#/$## (+ 2,!3# 3#2!$!B

"%(* %3 '$1'%!& +($ ",# 2#$+($ !*'# (+ ($/!*%' 3(&!$ '#&&3= C,# 3"#$%'!& %*'( 2!"%)%&%"- (+ D 60

E%", 2&!*!$  (&#'1&#3 &#!.3 "( 2,!3# 3#2!$!"%(* %* 31',  !"#$%!& '( )%*!"%(*37 E,%', %3

(*# !.4!*"!/# (+ D60 13#. %* )1&? ,#"#$(@1*'"%(*3= F,!3# 3#2!$!"%(* (* ! "(( 3 !&& &#*/",

3'!&# E#$# +(1*. %* GHFID60  %J"1$#3 /$(E* !" &(E T &#!.%*/ "( %*+#$%($ 3(&!$ '#&& 2#$+($B
 !*'# .1# "( ",# &!'? (+ 2#$'(&!"%(* 2!",E!-3 "( !* #&#'"$(.# !*. &(E '$-3"!& K1!&%"- 5::<=

C,# .#/$## (+ 2,!3# 3#2!$!"%(* '!* )# "1*#. )- ",# 31)3"$!"# "# 2#$!"1$# .1$%*/ /$(E",

&#!.%*/ "( % 2$(4#. 3(&!$ '#&& ',!$!'"#$%3"%'3 +($ GHFID60  %J"1$#3 /$(E* !" ,%/,#$ T = H*
",%3 '(*"#J"7 3(&%. 3(&1"%(*3 !*.  (&#'1&!$ '( 2&#J#3 '!* )# '(*3%.#$#. !3 4#$- 3 !&& 3'!&#

2,!3# 3#2!$!"%(*= H* '!3# (+ 31', 3"$1'"1$#3 ! 2#$'(&!"%(* 2!", +($ ',!$/# '!$$%#$3 %3 *("

2$#3#*" !*.  ()%&%"- %3 4#$- &(E= C,#$#+($#7 3(&%. 3(&1"%(*3 !*.  (&#'1&!$ '( 2&#J#3 !$#

&#33 !""$!'"%4# +($ LMN37 !3 3##* +($ ",# M16D1F'IO16D1F' '( )%*!"%(*= P"$(*/  (&#'B

1&!$ %*"#$!'"%(*7 +($ #J! 2&# !$#*#I2#$01($(!$#*# %*"#$!'"%(* !*. 3"#$%'!& '( 2!"%)%&%"-

(+ ",# .(*($ !*. !''#2"($ '( 2(1*.37 E,%', &#!. "( #Q'%#*"  %J%*/ (+ )(",  !"#$%!&3

3,(1&. ",#$#+($# )# !4(%.#. +($ LMN3= F,!3# 3#2!$!"%(* (* ! 4#$- &!$/# 3'!&# E!3 +(1*. %*

FRSID60  %J"1$#3 58;6< &#!.%*/ "( 2(($ 3(&!$ '#&& 2#$+($ !*'#7 3%*'# &!$/# '$-3"!&&%"#3 &#!.

"( 1*.#3%$#. &#!?!/# 2!",E!-3 +($ ',!$/# '!$$%#$3 !*. ",# #J'%"(* .%T13%(* &#*/", %* 31',

 %J"1$#3 %3 "(( 3 !&& '( 2!$#. E%", ",# 2,!3# 3#2!$!"#. .( !%* 3%U#3= F,!3# 3#2!$!"%(*

*#!$ "( ",# (2"% 1 &#*/", 3'!&# 3## "( )# 2$#3#*" %* GHFID60  %J"1$#3 /$(E* !" ,%/,

"# 2#$!"1$#37 -%#&.%*/ #J'#&&#*" 3(&!$ '#&& ',!$!'"#$%3"%'3 5::<=

 !" #$%&''(

C,# $#31&"3 $#2($"#. %* ",%3 ",#3%3 /%4# $%3# "( ",# +(&&(E%*/ +1"1$# 2$(@#'"3I

 O($ !  ($# ",($(1/, 1*.#$3"!*.%*/ (+ ",# 3 ((",%*/ #T#'" .#3'$%)#. %* P#'= V=8=V

 (&#'1&!$ .-*! %'3 3% 1&!"%(*3 '(1&. )# 2#$+($ #. "( .#4#&(2 !* !.#K1!"# /$(E",

 (.#& +($ ",%3 2,#*( #*(*= C,%3 !*!&-3%3 %3 !&3( $#K1%$#. "( #&1'%.!"# ",# .%T#$#*'#3

(+ 3 ((",%*/ %* FOFWGHF !*. FRSWFOF ,#"#$(3"$1'"1$#3=

 H* ($.#$ "( % 2$(4# 3(&!$ '#&& 2#$+($ !*'# )!3#. (* GHF A& 3 ",# !)3($2"%(* 2$(2B

#$"%#3 (+ ",%3 '( 2(1*. 3,(1&. )# #*,!*'#.= P%*'# ",# &%/," !)3($2"%(* '(#Q'%#*" (+

GHF %3 !*%3("$(2%'7 (*# 2$( %3%*/ 3"$!"#/-  %/," )# ",# /$(E", (+ ! GHF A& E%",

,%/,&- ($.#$#. .( !%*3 E%", λ ($%#*"!"%(*7 E,%', E(1&. % 2$(4# ",# !)3($2"%(* 3%/B
*%A'!*"&- 5898<=

 >,%&# +($ FOFIFRS !*. GHFIFOF  %J"1$#3 ",# +($ !"%(* (+  (&#'1&!$ '( 2&#J#3

E#$# .# (*3"$!"#.7 ",# '( 2&#"# '$-3"!& 3"$1'"1$#3 E%", ",# !"( %' 2(3%"%(*3 E%",%*

",# 1*%" '#&& E#$# *(" 3(&4#.= C,#3# '(1&. )# !*!&-U#. #%",#$ )- 2#$+($ %*/ .%T$!'"%(*

#J2#$% #*"3 (* 3%*/&#  %J#. '$-3"!&3 ($ )-  #!31$%*/ ! '( 2&#"# $#'%2$('!& 32!'#  !2

(+ !  %J#. ",%* A& E%", !*!&-3%3 (+ ",# 2#!? %*"#*3%"%#3 !3 .# (*3"$!"#. +($ 3%*/&#

'( 2(1*. A& 3 (+ FRS 58XY<=

9X





 !"#$%& '

 !!"#$%&

 !" #$%&' %()(*+,-,+' ./ 0,1&%' +2,1 3456 7,+2 82&6(

6(8&%&+,.1

 ! "#$% &''(!)$* %$+,-&"$.!% ./ 012&3 2(4(5"$6$"3 )&"& &2( )$%5,%%()7 8#$% )$%5,%%$.! $%

&-%. ',9-$%#() $! :(/7 ;<=>7

 ! & '#&%( %('&2&"$!? +$*",2( ./ "@. 523%"&- %"2,5",2(% A2&?? '(&B '.%$"$.!% $! 0::

5&! 9( %#$/"() ),( ". $!"(2/(2(!5( 9("@((! "#(%( %"2,5",2(%7 8#( (*&5" 5#&2&5"(2$%"$5% ./

& 2(4(5"$6$"3 5,26( )('(!) .! "#( %'&"$&- 2(-&"$.! ./ 523%"&- ?2&$!% $! "#( C-+7 D(2(E @(

)$%5,%% %$+,-&"$.!% ./ 2(4(5"$6$"3 5,26(% /.2 "@. (*&+'-(% ./ )$F(2(!" '#&%( %('&2&"$.!% ".

$--,%"2&"( "#$% $%%,(G '#&%( %('&2&"$.! $! "#( .,"1./1'-&!( )$2(5"$.! H$!%(" I$?7 J7K&L &!)

'#&%( %('&2&"$.! $! "#( $!1'-&!( )$2(5"$.! H$!%(" I$?7 J7M9L7 N-- %$+,-&"$.!% %#.@! #(2(

@(2( 5&-5,-&"() @$"#  !"!#$" ;KJK>7

 !9 #:: 6,5;4&+,.16 7,+2 .;+$./$84&1( 82&6( 6(8&%&$

+,.1

:(-(6&!" /.2 0:: $% "#( (-(5"2.! )(!%$"3 $! qz )$2(5"$.!7 I.2 "#( %$+,-&"$.! @( 5#..%( &

+.)(- @$"# "#( /.--.@$!? -&3(2%G O$-$5.! %,9%"2&"( P /.,2 -&3(2% ./ "#( C2%" +&"(2$&- @$"#

& -&3(2 %'&5$!? ./ d⊥ = 15.8 Q &!) &! (-(5"2.! )(!%$"3 ./ ρ1 = 0.53 Q

−3
P /.,2 -&3(2%

./ & %(5.!) +&"(2$&- @$"# d⊥ = 15.8 Q &!) ρ2 = 0.425 Q

−3
7 N! $+'.2"&!" '&2&+("(2 $%

"#( )$%"&!5( ∆d 9("@((! "#( C2%" &!) "#( %(5.!) +&"(2$&-7  ! I$?7 J7K& (-(5"2.! )(!%$"3

'2.C-(% &2( %#.@! @$"# )$F(2(!" ∆d = {−1; 0; 1} QE @#(2( /.2 ∆d = 0 "#( )$%"&!5( 9("@((!

"#( C2%" &!) "#( %(5.!) +&"(2$&- $% (R,&- ". "#( )$%"&!5( 9("@((! "@. -&3(2% ./ & %$!?-(

+&"(2$&-7

8#( A2&?? '(&B '.%$"$.!% $! "#( 5.22(%'.!)$!? 2(4(5"$6$"3 5,26(% HI$?7 J7K9L &2( 5-(&2-3

%#$/"() $! 2(%'(5" ". (&5# ."#(27 8#( $!%(" %#.@% "#( )('(!)(!5( ./ "#( &''&2(!" -&""$5(

%'&5$!? /2.+ "#( '&2&+("(2 ∆d7 8#$% %$+,-&"$.! %#.@% "#&" "#( A2&?? '(&B '.%$"$.!% $!

"#$% 5&%( )('(!) &''2.*$+&"(-3 -$!(&2-3 .! ∆d7 8#( %#$/" #&% & +&?!$",)( %$+$-&2 ". "#(

ST



 !!"#$%&

 !"#$% &'() *+ ,!-#.*/%0 %.%1/$23 0%34!/5 6$27.%4 28 * /9!3 7.- :!/9 /:2 0!;%$%3/ 1$54/*. 4/$#1/#$%4'

<9% !34%/ 492:4 * 4=%/19 28 /9% 4*-6.% 4/$#1/#$%' >+ ,!-#.*/%0 ?@@ 0*/* 8$2- /9% %.%1/$23

0%34!/!%4 492:3 !3 *+' <9% !34%/ 492:4 /9% 0%6%30%31% 28 /9% .*//!1% 46*1!3" d⊥ 23 /9% 6*$*-%/%$

∆d'

 !"#$ %& '( &)*&+ #') $!& ,',-&./"0'12) 3456373 0"8$/)& 9)& &,$&+ ", :&;< =<><?<

 !"#$% &'A) *+ ,!-#.*/%0 %.%1/$23 0%34!/5 6$27.%4 28 /:2 7.-4 :!/9 * 0!;%$%3/ .*//!1% 46*1!3" d⊥
*30 /9% %.%1/$23 0%34!/5 !8 /9%4% 4/$#1/#$%4 *$% -!B%0'  2$ 1.*$!/5 /9% %.%1/$23 0%34!/5 28 /9%

-!B/#$% !4 49!8/%0' >+ ,!-#.*/%0 ?@@ 0*/* 8$2- /9% %.%1/$23 0%34!/!%4 492:3 !3 *+' <9% !34%/

492:4 * 4=%/19 28 /9% -!B%0 7.- :!/9 /:2 .*//!1% 46*1!3"4'

 !" #$$ %&'()*+&,-% .&+/ &-01)*-2 1/*%2 %21*3*+&,-

@, $!& ;2 & '# 9&)9&,+";/12) 9!2 &  &92)2$"',A %& 2  /0& $!2$ $%' ;)B $21  $)/;$/)& 2)&

C)'%",C ', $!&  /( $)2$& ,&8$ $' &2;! '$!&) D", &$ ", 7"C< E<>(F< 7') $!&  "0/12$"', %&

GH



 !!"#$%&

 !!"#$ %& % %&$ %'( !%)"*%")$! & +$ %&$ ! #$ $,$*%)(- .$-!/%0 ρ = 0.35 1

−3
2 3"% ./4$)$-%

, %%/*$ !5 */-6! '/%& d⊥1 = 16 1  -. d⊥2 = 15.4 17 8&$ )$!",%/-6 $,$*%)(- .$-!/%0 9()  

:,# '/%& $/6&% , 0$)! (9 %&$ %'( !%)"*%")$!  -. %&$ #/;%")$  )$ !&('- /- </67 =7> 7 8&$

)$!",%/-6 ?@@ *")+$! A</67 =7>3B !&(' %& % %&$ C) 66 5$ D # ;/#"# (9 %&$ #/;%")$ '(",.

*())$!5(-. %( ./4$)$-% , %%/*$ !5 */-6! .$5$-.$-% (- ./4) *%/(- ().$)7 <() %&$ !$*(-.  -.

%&/). ./4) *%/(- ().$)2 %&$ C) 66 5$ D # ;/#"# /!  %  ,('$) qz *(#5 )$. %( 3(%& !/-6,$

*)0!% , !%)"*%")$!7

8&$!$ %'( !/#", %/(-! /,,"!%) %$ %& % '/%&("% $; *% D-(',$.6$ (9 %&$ #/*)(!*(5/* !5 %/ ,

 )) -6$#$-% (9 %&$ *)0!% , !%)"*%")$! /-  5& !$ !$5 ) %$. %&/- :,# C) 66 5$ D 5(!/%/(-!

/- ?@@ * --(% "- #3/6"("!,0 3$ *(-+$)%$. /-%(  , %%/*$ 5, -$ !5 */-67

E=





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

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

,&#)(!&-"  

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

#-. #'%/01'%'

#2# #'*34(*()'%/01'%'

560 64178$%9/'*:4,,'*'%'

;1654#1 #*(/(%0/'& 1())'*)</<0,(1+0%$%'

21654#1 #'*34(*$%0/'& 1())'*)</<0,(1+0%$%'

"=> "%&$48 /$% (?$&'

#-!>= #@@ )(,+ABCDE'/<+,'%'&$(?+/<$()<'%'F )(,+A9/+*'%'94,:(%0/'F

.!-/ 0($0)(#!)"  

T @4G9/*0/' /'8)'*0/4*'

d⊥ >4/E(:E),0%' ,0//$1' 9)01$%H

d I0+'* /<$17%'99

ls "%E),0%' 1(<'*'%/ $9,0%& 9$J'

lz >4/E(:E),0%' 1(<'*'%/ $9,0%& 9$J'

σrms K((/ 8'0% 9L40*'& *(4H<%'99

ξ "%E),0%' 1(**',0/$(% ,'%H/<

ρe -,'1/*(% &'%9$/+

#@!2 #(M'* 9)'1/*0, &'%9$/+ :4%1/$(%

120)(!/)+#&- #)34+!56)"  

>N6! >*H0%$1 8(,'14,0* G'08 &')(9$/$(%

OKK OE*0+ *'3'1/$P$/+

Q"O! Q*0J$%H $%1$&'%1' OE*0+ &$R*01/$(%

S2N S/(8$1 :(*1' 8$1*(91()+

qz N(8'%/48 /*0%9:'* )'*)'%&$14,0* /( /<' 908),' ),0%'

qxy N(8'%/48 /*0%9:'* )0*0,,', /( /<' 908),' ),0%'

ω K(17$%H 0%H,'

,!"3)--&+)$6"  

6;T 64,7 <'/'*(U4%1/$(%

#;T #,0%0* <'/'*(U4%1/$(%

>#V >*H0%$1 )<(/(P(,/0$1

2W;N 24,, M$&/< <0,: 80?$848

;>N> ;$H<'9/ (114)$'& 8(,'14,0* (*G$/0,

IXN> I(M'9/ 4%(114)$'& 8(,'14,0* (*G$/0,

YY





 !"#!$%&'()*

 !"  !"#$%& '()*)+),*#%&-# $%&'()*& +,*&-'(# .*'/*-0*&)1# */'2*/ 03 45 ,&60*7# 85

936:;(;<# =5 >6&'?'# 6(/ @5 $6&'7'A27' +BCCD15

 B" '(.-%&- )/  !"#$%& 012%&)$34&*)!-# E'-*3F84. +E*'(G*'H1# */'2*/ 03 E5 ,&I22'()

+BCCJ15

 D"  !"#$%& '()*)+),*#%&- 5 61&(#$%-2-7 6#*1!%#,-7 #$3 81+%&1- # K63-;& L M&6(7'? N&;O%

+,;76 P62;(1# */'2*/ 03 $5F$5 $O( 6(/ @5 $5 $6&'7'A27' +BCCJ15

 Q" 9)$:4"#*13 '),.21! #$3 6),1&4,#! ;$*1!/#&1-< 0&%1$&1 #$3 =1&($),)". /)! '()*)$%&

#$3  >*)1,1&*!)$%& ?>>,%&#*%)$-# R6&7*- 9*::*& S(7 +@*T U;&:1# */'2*/ 03 E5 P5

$6-6(*:# V5 $*:'# W5 V6G(# 6(/ =5F=5 >'&*6OX +BCCB15

 J" >5 >*OH6(?# W5 U6:'H;<# 6(/ $5 P5 M;&&*?2# =5 W%%-5 >G3?5  !# DYZD +BCCD1[ 02#,,

2),1&4,#! @1%"(* )!"#$%& *(%$5A,2 >()*)31*1&*)!- #$3 -),#! &1,,- 5

 Y" W5 \%'2]# =5 E6)(*&# E5 ,&I22'()# S5 $6-]H6((# @5 V;7G# =5 R6(6&6# =5 >^6OH#

W5 .'(/*&G;A*&# 6(/ M5 $7G&*'0*&# S___ =5 $*-5 K;%5 `O6(25   # ! +BC!C1[ 9(#!"1

-1>#!#*%)$ #* 2),1&4,#! 3)$)!5#&&1>*)! %$*1!/#&1-< &)!!1,#*%)$ B1*@11$ 2)!>(),)".

#$3 -),#! &1,, >1!/)!2#$&15

 a" =5 _5 W(2G;(3# 4G*H5 P*<5 "#$# JCBb +BCCY1[ C4$&*%)$#,%D13 ?&1$1- #$3 E1*5

1!)#&1$1- /)!  !"#$%& F,1&*!)$%&-5

 b" M5 ,60O/&'# N5 R5 M6&'(;-6# M5 @6?;# 6(/ P5 P6)('# 4G*H5 4;HHO(5 "## !CCD +BCCa1[

C,4)!%$#*13 )!"#$%& 2#*1!%#,- /)! 1,1&*!)$%& #$3 )>*)1,1&*!)$%& #>>,%&#*%)$-< *(1 !),1

)/ *(1 G4)!%$1 #*)25

 Z" E5 4G*(# 95F45 `'# .5 .O6()# c5 N6;# 6(/ W5 K5 $5 E**# W/<5 MO(725 R62*&5 %"# Q!C

+BC!!1[  !"#$%&5 !"#$%& E1*1!):4$&*%)$ ;$*1!/#&1-< FH1&* )/ 6),1&4,#!  !%1$*#*%)$ 5

 !C" @5 V;7G# 4G*H>G3?4G*H &# !QDb +BCCa1[  !"#$%& F,1&*!)$%& 81+%&1- #$3 =(1%!

C4$&*%)$#, ;$*1!/#&1-5

!C!



 !"#!$%&'()*

 !!" #$ %$ &'(()*+, -%# ./00$  !, 12 3144567 +), -!.!/0 /$ 1&%'2!3 4)$/$5$#/'!3 6,##

783!,23*$

 !1" 8$ 9:;<:=)00: >=? @$ A:00>:=, B>;C(:?D) E=:F)(*:+G 9()** 3B>;C(:?D)6, 4)*0!30 $9

6&*0/'# :&$;/) 3!HH26$

 !I" @$ J(/D, 8?F$ 9KG*$ "#, !IH 3!HHL67 1&!%!20 $9 03'#, !25'&!'23, !2 %&$;/) (&$3,00,0$

 !M" &$ #NK():C)(, <KG*$ *+>+$ *'0$ $!%, !4IL 3144M67 1&%'2!3 .$#,3<#'& ",'. =,($0!/!$2>

:&$;/) 0/<=!,0 ",*$2= /), ?&0/ .$2$#'*,&$

 !5" O$ P:++) >=? B$ PQ00, @$ ->+)($ %)*$ %&, !22H 3144M67 :&$;/) $9 '&$.'/!3 .$#,3<#,0

$2 0$#!= 0<"0/&'/,0 9$& '((#!3'/!$20 !2 $&%'2!3 ,#,3/&$2!30 $

 !R" #$ S:; >=? T$ #$ @'=)*, 9KG*$ %)F$ . ' , !R!I45 3144R67 @2$.'#$<0 03'#!2% ",)'5!$&

'2= 0<&9'3, &$<%),2!2% !2 .$#,3<#'& /)!2A?#. =,($0!/!$2 $

 !L" 8$ B$ UV((, &$ #NK():C)(, J$ 8$ %:+0)G, A$ J(/<<>, @$ J(/D, W$ U'*NK, >=? .$ #+(/+K,

9KG*$ %)F$ X)++$ &!, 4!R!4M 3144I67 B'(!= B$<%),2!2% !2 +)!2 C!#. :&$;/) $9 '2

1&%'2!3 D,.!3$2=<3/$& EF!!2=,2$(,&*#,2,G$

 !2" #$ J'Y>(:Z, 8$ O)(0>NK, #$ #)00=)(, &$ #NK():C)(, X$ B>F>0N>=+:, >=? [$ J'='F>0'F,

9KG*$ %)F$ X)++$ &#, !1554M 3144R67 B,'#A+!., 1"0,&5'/!$2 $9 D/&<3/<&'# '2= 1&!A

,2/'/!$2'# +&'20!/!$20 =<&!2% :&$;/) $9 1&%'2!3 +)!2 C!#.0 $

 !H" 8$ [<:+\, .$ ]NZ)(, @$ P>D=)(, 8$ W:=?)(K'^)(, &$ #NK():C)(, @$ ->=>(>, @$ 9_>/;,

>=? P$ .(V++:=D, [(D>=:N ]0)N+('=:N* %!, !15H 3144H67 H!I,= 3&*0/'##!2, ?#.0 $9 3$A

,5'($&'/,= )*=&$%,2A '2= J<$&!2,A/,&.!2'/,= ()/)'#$3*'2!2,0 '2= /),!& '((#!3'/!$2

!2 ()$/$5$#/'!3 =,5!3,0$

 14" 8$ [<:+\, @$ P>D=)(, P$ .(V++:=D, 8$ W:=?)(K'^)(, >=? &$ #NK():C)(, <KG*$ *+>+$

*'0$ 3>6 $!#, 1R2I 3144H67 H$#,3<#'& 0,.!3$2=<3/$& "#,2=0> H!3&$0/&<3/<&,K 3)'&%,

3'&&!,& /&'20($&/K '2= '((#!3'/!$2 !2 ()$/$5$#/'!3 3,##0$

 1!" 8$ [<:+\, @$ P>D=)(, .$ ]NZ)(, E$ WQ(;>==, -$ J(>/*, -$ .('==)(, P$ .(V++:=D, 8$

W:=?)(K'^)(, >=? &$ #NK():C)(, ->+)($ %)*$ #'N$ 9('N$ %%(", H 3144H67 H!3&$0/&<3/<&,

'2= 3)'&%, 3'&&!,& /&'20($&/ !2 ()/)'#$3*'2!2, "'0,= 0,.!3$2=<3/$& "#,2=0 $

 11" @$ P>D=)(, -$ O(/C)(, 8$ W:=?)(K'^)(, 8$ P:0Z), .$ .(QZ)(, @$ &(:*NK, 9$ 8;*>0);,

8$ A'00;)(, 8$ [<:+\, `$ J'NK, &$ #NK():C)(, >=? P$ .(V++:=D, 8?F$ &/=N+$ ->+)($

$!, M1H5 314!467 L!%) C!## C'3/$& '2= 1(,2 6!&3<!/ M$#/'%, !2 1&%'2!3 4)$/$5$#/'!3

6,##0 ;!/) F!!2=,2$(,&*#,2, '0 F$2$& H'/,&!'#$

 1I" T$ TK/(=a80C()NK+, @$ #NK'++)(, O$ 8$ Jb*+0), `$ ];0)G, T$ #K:C>/NK:, X$ J(/*:=a

]0C>/;, J$ O/>(:=:, B$ T$ .0>NZ, -$ T$ T/';:=)=, >=? T$ 9$ %/**)00, #N:)=N) $&!,

1!1R 3144467 N#/&')!%)AF,20!/* O'2$;!&, @&&'*0 :&$;2 !2 D,#9A@00,."#,= F!"#$3P

6$($#*.,& +,.(#'/,0$

!41



 !"#!$%&'()*

 !"# $% &% $'()*+ '+, -% .% /'(*)0 $'123435*165*)  !0 7897 :799;<= +,!-*!,% ./'01

',2 34&$,%13/%&/%'4!$,  #$50 6$($#*7/& 8)/$&!/9%

 !># -% .% /'(*)0 .1?*+1*  "#0 @9@ :7997<= :$#*7/&1:$#*7/& :)'9/  /)';!$&%

 !;# A% A% $% B'55)0 C% D% &'5)E0 F% G2**+E'40 H% D% $'2)*I5?'0 J% -2?*+,0 .% C% $32'((?0

'+, D% B354*)0 F'(62* $%&0 "9@ :799><= <=5!/,4 ()$4$2!$2/9 -&$7 !,4/&(/,/4&'4!,%

($#*7/& ,/4>$&09%

 !K# C% B3(E0 .% CE365?)0 L% .1E?5?+)MN0 '+, C% /2'O*10 D,P% $'(*2% #!0 Q9KQ :!88K<= ?!%)

:)$4$;$#4'!5 :/&-$&7',5/ $- @,0A/4 :&!,4/2 :$#*7/&BCD##/&/,/  #/,29 %

 !@# D% B?+,*2E3R*20 S% B3)3M'?0 C% -2'+M0 A% F3PTM0 D% G*25'1E0 '+, -% .1E2*?O*20 A%

LEN)% CE*4% C '( )*'(+0 :!877<= 8/7(#'4!,% /E/54 -$& $&%',!5 )/4/&$94&D54D&/ F#7

%&$>4)B :/&GD$&$(/,4'5/,/ $, H!!,2/,$(/&*#/,/%

 !9# D% B?+,*2E3R*20 D% G*25'1E0 .% U3V'2?M0 -% W3+(3+*0 A% U26I0 '+, -% .1E2*?O*20

H623XEN)% Y*((% !#0 >;88! :!878<= 37$$4)!,% ',2 5$)/&/,4 94&D54D&/ -$&7'4!$, !,

$&%',!51$&%',!5 )/4/&$94&D54D&/ %&$>4)%

 Q8# D% B?+,*2E3R*20 C% -2'+M0 S% B3)3M'?0 D% J*)('0 D% G*25'1E0 '+, -% .1E2*?O*20

A% CE*4% LEN)% #$,0 78"K8! :!877<= 34&D54D&/ ',2 7$&()$#$%* $- 5$/;'($&'4/2

(/,4'5/,/1(/&GD$&$(/,4'5/,/ 4)!, F#79%

 Q7# D% U?('?I323,)MN0 D1',*4?1 L2*)) :Y3+,3+0 F*V Z32M<0 ?+ I$#/5D#'& 6&*94'#9 ',2

I$#/5D#/90 *,?(*, ON H% $% Y3*O5 :79KQ<%

 Q!# $% .1EV3*2*2 '+, B% C% &35R0 &?5*N[\CB :&*?+E*?4<0 J&%',!5 I$#/5D#'& 3$#!29

:!88K<%

 QQ# H% D% $*N*20 J% U% C')(*55'+30 '+, -% ]?*,*2?1E0 D+I*V% CE*4%0 ^+(% H,% , 0 7!78

:!88Q<= @,4/&'54!$,9 >!4) K&$7'4!5 L!,%9 !, 6)/7!5'# ',2  !$#$%!5'# L/5$%,!4!$, %

 Q"# $% F?)E?30 $% B?23('0 '+, Z% _4*`'V'0 &?5*N[\CB :F*V Z32M< 8)/ 61?Mπ !,4/&1
'54!$,9 :799@<%

 Q># A% \2O'+1?1E '+, G% Y% ]% J?(1E?*0 A% CE*4% .31%0 -'2','N S2'+)% ! %&0 ;"@ :79@8<=

ND'2&D($#/ 7$7/,49 $- "/,O/,/P )/Q'GD$&$"/,O/,/ ',2 $4)/& ,$,12!($#'& '&$7'4!5

7$#/5D#/9%

 Q;# G% J% ]*++?) '+, G% Y% ]% J?(1E?*0 A% LEN)% CE*4% !"0 ;>; :7997<= H!#D4/19$#D4!$,

F/#2 %&'2!/,41!,2D5/2 "!&/-&!,%/,5/ ',2 7$#/5D#'& RD'2&D($#/ 7$7/,4 $- "/,O/,/ %

 QK# G% $% ]'N0 &% ]% .% $3(E*2V*550 B% Y% D443+0 .% a% $% /3*22?I(*20 J% G% ]*55' \'55*0

H% \*+6(?0 D% ]`N'O1E*+M30 A% ]% ]6+?(`0 /% .1EV*?`*20 /% L% P'+ H?b1M0 L% H2M0 A% C%

-'1*55?0 \% H% /'`(*22'0 $% /% -*22'230 ]% &% $% B3R4'++0 -% A% A% Y*6)*+0 C% Y?'+I0

C% C% L'+(*5?,*)0 L% G% U'2'4*2(`'+?)0 .% Y% L2?1*0 S% C% Y*V?)0 B% F3V*550 D% S322?)?0

78Q



 !"#!$%&'()*

 ! "! #$%&'()(* +! "! "',(-./0(* 1! 2! #$%345.* (,5 6! 7&'8&'* "$.( 9':;.(<</)'!

=  !* >?? @ABB>CD + ,)!&- "#!.- ,/0, $1 2&*0,'# 0,&32,3&/ (&/-!2,!$.!

EFGH I! 1! J(:* K! I! 9//L&'* "! M! 9'-NO9(P&N(* Q! R!  &S$N:T*  ! U! "33/,* #! V! 1!

=/&''4).&'* M! #! K(,* W! I! J&<<( 7(<<&* R! 7&,-.4* M! M/;&* #! W! I(5'&* I! W!

J&;4'(S-* K! #! K%(T-'* =! 6! 0(, R4S$T* M! 9! X($&<<4* 7! R! =(N.&''(* 1! =! X&''('/*

J! Y! 1!  /Z3(,,* 1! "! [&-3(,,* X! M! M! U&-;&,* M! Q&,5'4$T* #! U! 6'4$&* "! M!

14;\-4..(* 6! I! Q('(3&'.N(,4;* I! Y! "! Y&<$%*  ! "! #$%&'()(* +! "! "',(-./0(*

1! 2! #$%345.* M! 0(, 5& #.'&&T* "! Q! Y/<Z* (,5 =! #$%8&4N&'* "$.( 9':;.(<</)'!

=  "* ?B] @ABB^CD 4!%.!52'., (&$%&/00 !. (&/-!2,!.% ,)/ 2&*0,'# 0,&32,3&/0 $1 06'##

$&%'.!2 6$#/23#/0 7 ' &/($&, $. ,)/ 1$3&,) "#!.- ,/0,!

EF^H M! _! 7/)&<* `! #(<N3(,,* #! J-%3* 1! _&%N&<.* M! 6! W(P&* (,5 [! Q/$%* M! 1(.&'!

9%&3! #$* aB>> @AB?BCD 8)'0/90/('&',!$. '.- 6!:!.% !. ,)!. 5#60 $1 2$9-/($0!,/-

&$-9#!;/ 2$.<3%',/- 6$#/23#/0!

EaBH "! Q4.(4)/'/5;T:* #L'4,)&' @=&'<4,*  &45&<P&')C* 4, =!:/- >&*0,'#0* &54.&5 P: 1!

9/'5/,( @?^GaC!

Ea?H M! 1! 9/8<&:* M! "LL<! 6%:;! #!* Aa @?^>BCD ?9@'* =/'03&/6/., $1 A&-/& !. 4!.%#/

>&*0,'#0 $1 >33+3!

EaAH M!  ! Y4<<4(3;* "$$! 9%&3! W&;! # * >^F @?^^FCD B)/ 6$#/23#'& /#/2,&!2 C3'-&3($#/

6$6/., '.- 0$#!-90,',/ '&2)!,/2,3&/!

EaFH 9! W! 6(.'4$T (,5 I! #! 6'/;;&'* [(.-'& !%&* ?BA? @?^bBCD + =$#/23#'& >$6(#/: $1

 /.D/./ '.- E/:'F3$&$"/.D/./!

EaaH M!  ! Y4<<4(3;* M! Q! 9/$T$'/Z.* (,5 "! [! X4.$%* ",)&8! 9%&3!* `,.! R5! '!*

?b>> @?^^ACD 4,&32,3&/ $1 ,)/ G$H/0, B/6(/&',3&/ 8)'0/ $1 ,)/ 4$#!-  /.D/./7

E/:'F3$&$"/.D/./ +--32,!

Ea>H R! I! 9/c* W&0! 1/5! 6%:;! '$* ?>^ @?^>GCD >&*0,'# 4,&32,3&/ $1  /.D/./!

EabH [! =/5&,* 6! 6! J(04;* 9!  ! #.(3* (,5 I! "! Y&;;&<4,T* 1/<! 6%:;! #"* G? @?^]FCD

4$#!- )/:'F3$&$"/.D/./ 7 IJ B)/ 2&*0,'# 0,&32,3&/ ', KLM N !

Ea]H X! 6/,N4,4* W! d()%(* Q!  ('5$(;.<&* (,5 M! #! #4&)&<* ",)&8! 9%&3!*

`,.! R5! '(* AFAF @ABBBCD 8)/.*#O8/.,'F3$&$()/.*# I.,/&'2,!$.0 '.- ,)/

P/./&',!$. $1 A&-/&/- =!:/- >&*0,'#0Q 0*69B&!()/./,)*.*#"/.D/./ '.- 0*69

B&!0R(/&F3$&$()/./,)*.*#S"/.D/./!

EaGH #! Y! Y(..* 9! J(4* "! M! #$/..* M! 1! =-'T&* W! U! K%/3(;* M! 9! 9/<<4,);* 9! 74,&:*

Y! 9<&))* (,5 K! =! 1('5&'* ",)&8! 9%&3!* `,.! R5! )'* FBb? @ABBaCD 4,&32,3&/ '.-

8)'0/  /)'T!$& $1 ' LQK >$6(#/: "/,H//. +&/./9 '.- U#3$&$'&/./9 '0/- >$.<3%',/-

@!%!- @$-0!

?Ba



 !"#!$%&'()*

 !"# $% &% &'(()*+,- .% /% 0',1'2- 0% 3% 45'67,- 8% 9% :7;,7*'<- 3% =% 9;)6,'*- $% 8% .%

>'?7@A- 7*A 4% :% =7@A2@- B2? $% &526%  !- C!CD EFDDCGH +&,-,.(,&/0$&$'&,-,

!-1,&'21!$-3 !- 2&*31'# ,-%!-,,&!-%4 5'&1 64 7!-%#,.2&*31'# 31&0210&,3 $8 9 : 9 2$;(#,<,3

$8 $21'/0$&$-'()1)'#,-, =!1) 803,>.&!-% ($#*'&$;'1!2 )*>&$2'&"$-3 %

 ID# 9% :7115)- =% :2*7+()7- J% &'KK)- J% L267@;)*- M% J)()NN)*)- 7*A 8% M7<2KK';;)-

&526%OPQ@% $% " - RIRS EFDDTGH ?.&'* @!A&'21!$- '-> B),$&,1!2'# 710>!,3 8$& 1),

C0'-1!1'1!D, +33,33;,-1 $8 E-1,&;$#,20#'& +&,-,F5,&/0$&$'&,-, 71'2G!-% E-1,&'2.

1!$-3%

 IC# 4% M% :27Q6'*; 7*A .% =% &% L7<),- B7;Q@2  "#- STI EC"TSGH H0#1!(#, I)'&%,

B&'-38,&  '->3 !- I$;(#,<,3 $8 J,<'/0$&$",-K,-, =!1) +&$;'1!2 +;!-,3 %

 IF# /% $% 37*+(2U 7*A $% >Q(()+2@- &526% 9'1% 02<%  #- FV" EC"""GH L'-$($&$03 '->

;,3$($&$03 $&%'-!2 31&0210&,3: -,= $(,-!-%3 8$& ;'1,&!'#3 &,3,'&2) %

 IR# 8%W3% :7@7X7,) 7*A >% P% 9;7*(2U- &76X@)A+2 Y*)<2@,);U /@2,, E&76X@)A+2G- M&'21'#

2$-2,(13 !- 30&8'2, %&$=1) EC""IG%

 I!# 4% =)152(U 7*A $% .@Q+- 9N@)*+2@ E:2@()*- >2)A2(X2@+G- E3#'->3N H$0->3 '-> +1$;3

EFDD!G%

 II# :% 32?), 7*A $% &% 8*A2@,'*- 817A26)1 /@2,, E3'*A'*- B2? Z'@[- 97* J@7*1),1'G-

L02#,'1!$- '-> O&$=1) $8 B)!- M!#;3 EC"VSG%

 IT# J% :@'157@AW\U7@;- $% =% L) =2+()'- L% ]Q2@2- 7*A /% M% L2 M2**2,- 37*+6Q)@ $-

RRI EC""CGH 7(&,'>!-% $8 -$-D$#'1!#, #!P0!>3 !- ' 2$-1!-00; (!210&,%

 IV# Y% >2)*262U2@- /5%L% ;52,),- PX2@57@AW.7@(, Y*)<2@,);^;- 4_X)*+2*- FDD"%

 IS# 9% .'?7@)[- /5%L% ;52,),- \7A576 &'((2+2- `ab'@A- FDDT%

 I"# 3% &7,7(),- =% J% L7*),67*- :% B)1[2(- M% :@711'- 4% 4'11'()- 9% c7**';;7- 7*A M%

91'(2,- /5U,% 02<% 32;;% %&- FDTCDC EFDDRGH J*(,&1),&;'# H$#,20#'&  ,'; @,($3!1!$-

$8 J!%)#* Q&>,&,> Q&%'-!2 B)!- M!#;3%

 TD# $% d57*+- c% 97(K67**- /% 915^b2@- =% `25K2(;- 9% LQ56- $% /% 07X2- 7*A B% .'15-

$% =7;2@% 02,%  '- C!"F EFDD"GH B), ;$&()$#$%* $8 $&%'-!2 -'-$2$#0;- '&&'*3:

+;$&()$03 D,&303 2&*31'##!-, 3$#!>3%

 TC# $% d57*+- c% 97(K67**- 9% 0'+7,152?,[)- $% /% 07X2- B% .'15- J% d57*+- 7*A d%

eQ- 8NN(% /5U,% 32;;% %&- C"RCCV EFDDVGH +&&'*3 $8 2&*31'##!-, I60 '-> (,-1'2,-,

-'-$2$#0;-3%

 TF# 0% 3% 915?'2X2( 7*A P% $% 95)N,2U- $% 8NN(% /5U,% ($- RTSF EC"TTGH 71,( H$1!$- $-

I&*31'# 70&8'2,3%

CDI



 !"#!$%&'()*

 !"# $% &'()*+, -% ./0'+12+', 3% 45*/0, 6% 71891:+;;1, (:< =% 3% .++/>, ?)'590@*% A+BB%

 !, "CD EDFFGHI +,-(,&'./&, 0,(,10,12, $3 .), 45675 .&'18!.!$1 !1 .), %&$9.) $3

:+;5< $1 <%=>>>?@ < &,'#6.!-, A6&'* '10 B!1,.!2 C$1., ;'&#$ 8./0* %

 !G# J% 3;(K(/+>, 7% 7)*/0:1L, 7% -'(:>, 6% M1:>;+', N% 682'5*/0O4'(P;, (:< N% Q+O

1/0+'B, ./1+:/+ "#$, RFS EDFFSHI ;)'&'2.,&!D'.!$1 $3 E.,(6F0%,  '&&!,&8 !1 G&%'1!2

+)!16H!#- I&$9.)%

 !T# -% U% V) 3+'1:L<5'W, U% N% X+)B+', (:< X% U% Q'589, Y(B)'+ %$#, TRC EDFFRHI

I&$9.) 0*1'-!28 $3 (,1.'2,1, .)!1 H!#-8%

 !!# 6% 4Z'', $% Y1/>+;, [% .0('8(, \% Q]^:+', (:< 3% 45*/0, Q01: .5;1< -1;8* !&", RDC

EDFFTHI G"8,&J'.!$1 $3 2$-(,.!1% -$0,8 !1 .), %&$9.) $3 0!!10,1$(,&*#,1, $1 E!G2%

 !C# $%O?% ./0)*B+', U% $% N(*), _% $1*K(*, 6% 31:<+'05W+', 6% J+';(/0, -% ./0'+12+',

(:< Q% N0(**+, 70@*% N0+8% N0+8% 70@*% $$, `FFF EDFF`HI K$#, $3 .), 8/"8.&'.,

!1 ,#,2.&$1!2 8.&/2./&,L -$#,2/#'& $&!,1.'.!$1L '10 -$&()$#$%* $3 $&%'1!2 .)!1 M#-8@

0!!10,1$(,&*#,1, $1 &/.!#, +!G2=>>N?%

 !S# a% b0(:L, ?% $(''+:(, 4% J5*K(81, 4% J% <+ =B+@V(, N% M+1*, (:< 3% 45*/0, 70@*%

X+c% A+BB% $&", R"!RFR EDFF`HI FJ!0,12, 3$& ' O'*,&65,(,10,1. F)&#!2)6E2)9$,",#

 '&&!,& !1 G&%'1!2 +)!1 H!#- I&$9.)%

 !`# 7% ?'>, 3% 3+:L+;*2+'L, U% -% 3(<<5K, (:< X% c(: J+;<+', N'@*B% ?:L% N588%  ,

GCT EDFFGHI +), !11$J'.!J, -$-,1./- $3 2&*8.'# ,1%!1,,&!1%%

 CF# N% N% U(BB0+)*, 6% $% 4'5*, d% $((*, J% Q% =5*B+'L+B+;, 6% U++B*8(, d% A% <+ $5+',

(:< Q% Q% 7(;*B'(, .@:B0% U+B% $"', GCT EDFF"HI P0,1.!M2'.!$1 $3 ($#*-$&()8 $3

(,1.'2,1,%

 CR# d% ?% J55*+, ?% A% -1'*B, (:< 7% N;(:/@, 70@*% X+c% $ '$, DFT"RF EDFRFHI Q'./&, $3

8.,(6,0%, "'&&!,&8 3$& 8-'## $&%'1!2 -$#,2/#,8%

 CD# X% N(:B'+;; (:< 7% N;(:/@, .)'W% ./1%  &#, "G`` EDFFSHI < 2$-(/.'.!$1'# 8./0* $3

8/&3'2, 0!R/8!$1 $3 ;60 $1 (,1.'2,1,%

 C"# Q% [% 4+*(1, 6% X% M5;;, -% ./0'+12+', (:< d% X% ?:L*B'58, d% 70@*% N0+8% N

$$%, DFRDF EDFRFHI Q/2#,'.!$1 '10 I&$9.) $3 :,&S/$&$(,1.'2,1, $1 E,#36<88,-"#,0

C$1$#'*,&8@ E!%1!M2'1. ;)'1%,8 !1 P8#'10 5,18!.* '10 E)'(, 9!.) E/&3'2, +,&-!6

1'.!$1%

 CG# 4% J% <+ =B+@V(, ?% $(''+:(, .% .+;;:+', d% =% =**e, (:< 3% 45*/0, .)'W% ./1%  &$,

GRRC EDFFCHI K$#, $3 .), 8/"8.&'., .)!2B1,88 3$& .), 8.&/2./&'# (&$(,&.!,8 $3 $&%'1!26

$&%'1!2 ),.,&$8.&/2./&,8%

 CT# 4% J% <+ =B+@V(, ?% $(''+:(, d% =% =**e, .% .+;;:+', (:< 3% 45*/0, N0+8% U(B+'%

$', GDRD EDFF!HI E!.,6E,#,2.!J, C$#,2/#'& G&%'1!D'.!$1 !1 G&%'1!2 T,.,&$8.&/2./&,8 %

RF!



 !"#!$%&'()*

 !"# $% &'()*+ ,% -.//)0+ 123 4% $% 5/2'0+ 677.% 89:0% ;'))%   + <=<> ?@AAABC +,&-.,-&'#

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

($3!,!$1%

 !!# 8% $(..DE12+ 4% $% 5/2'0+ 6% 5% F'GH(0/2+ 123 $% &'()*+ 677.% 89:0% ;'))% !"+ @<<IIJ

?@AA!BC +,&-.,-&'# ,/0(#',!1% '3 ' &$-,/ ,$ !0(&$7/6 ()$,$7$#,'!. (/&8$&0'1./ !1

.$((/& (),)'#$.*'1!1/98-##/&/1/ :;60< )/,/&$=-1.,!$13%

 !># 4% $1K(G1D+ ,% L1D)/+ $% 4/:/09DM1+ 4% N9109D+ 123 O% 6KDM/)/+ L12/0PD% L12/)'P9%

;'))% "+ @< ?@AA=BC >&!/1,',!$15;$1,&$##/6 ?),)'#$.*'1!1/5 '3/6 ?)$,$7$#,'!. ;/##

@$&0/6 $1 ?/1,'./1/  -2/& A'*/&%

 !=# 6% &/09D2/+ $% Q0/31+ 123 4% O/R1:109D+ 5% -G:0)% SG/T)9 ""#+ >@" ?I==IBC B(!,'C!'#

%&$4,) $8 $&%'1!. .&*3,'#3 $1 $&%'1!. 3-"3,&',/3 D ($#*1-.#/'& '&$0',!. )*6&$.'&"$13 %

 >A# 8% U% -1G)'G 123 V% W% U1G3+ 5% 6M% -9'M% $/P% ""#+ IIX@I ?I==<BC E$($%&'()!.'##*

6!&/.,/6 1-.#/',!$1 $8 $&%'1!. .&*3,'#3 $1 0$#/.-#'& 3!1%#/5.&*3,'# 3-"3,&',/3 %

 >I# $% ,% F/GG'0)+ -9'M% ,'E% ! + I!=< ?I==!BC F#,&',)!1 >&%'1!. @!#03 G&$41 "* >&5

%'1!. H$#/.-#'&  /'0 I/($3!,!$1 '16 J/#',/6 E/.)1!K-/3 %

 >@# F% F% $/+ $% ,% F/GG'0)+ Y% Z% $9D+ 123 U% &% $)'D'G+ 677.% 89:0% ;'))% #$+ "!J

?I==ABC L-'3!5/(!,'C!'# %&$4,) $8 $&%'1!. 0-#,!(#/ K-'1,-0 4/## 3,&-.,-&/3 "* $&%'1!.

0$#/.-#'& "/'0 6/($3!,!$1%

 ><# F% [9(+ O% ;/(+ ;% &(12H+ 5% Y12H+ 5% [912H+ &% U12H+ Y% S'2H+ 123 W% Y12+ 677.%

89:0% ;'))% !#+ @A<IA" ?@AA=BC ;&*3,'##!1/ $&%'1!. 3-(/&#',,!./%

 >J# 5% Y12H 123 W% Y12+ -9'M% $/P% ,'E% %&+ @"<J ?@AA=BC M/'N /(!,'C* %&$4,) $8

$&%'1!. 3/0!.$16-.,$& ,)!1 O#03%

 >X# V% N'9*'.)+ S% O/..'G+ 5% QE12P/+ $% \'GK'RD.'+ 4% &1R'G+ ,% ,'0'.+ F% L')*'G+ 123

V% ,1M0':+ 63E% V1)'G% "&+ @J"" ?@AA"BC >&%'1!. P/,/&$/(!,'C*Q (5+/C!()/1*# $1

F1!'C!'##* >&!/1,/6 α5+/C!,)!$()/1/%

 >"# S% O/..'G+ $% \'GK'RD.'+ 5% ,% OG'22+ F% 8% L')*'G+ V% N'9*'.)+ 4% &1R'G+ ,% ,'0'.+

123 V% S% ,1M0':+ L12/ ;'))% $+ I@A! ?@AA"BC P/,/&$/(!,'C* $8 >&%'1!.5>&%'1!.

R'1$3,&-.,-&/3%

 >!# V% OG1(0+ $% ,DP9.'G+ 6% N7D)*+ U% \G]))D2H+ $% &110+ 4% &10'H1T1+ 6% &D23'G^

9/_'G+ 123 F% $P9G'DR'G+ 5% 677.% 89:0% "' + A=JXA< ?@AIABC P!%)50$"!#!,* .$((/&5

(),)'#$.*'1!1/ O/#65/2/., ,&'13!3,$&3 4!,) ,/,&',/,&'.$1,'1/ ('33!7',!$1 #'*/& '16 $&5

%'1!. 0/,'# .$1,'.,3%

 >># ,% ,% ;(2)+ O% $(2+ V% OG`H'G+ 5% \% \'2*DH'G+ 123 $% ,% F/GG'0)+ 89:0% ,'E% \ &%+

A"JIIJ ?@AIIBC >&6/&/6 $&%'1!.5$&%'1!. 0-#,!#'*/& %&$4,)%

IA!



 !"#!$%&'()*

 !"# $% &'()* +% ,-(./0-1* 2(3 4% 5611-7)* 839% :2)-1%  !* ;<<" =<>>?@A +&$,-) $. '/

0&12&21 3&*4-'##!/2 0&%'/!5 62-2&$78/5-!$/%

 "># :% B2CD/6(-* &% $2/C6(36* :% :61-)* E% B2CD/0F/6* G% 5'C202FF/* 2(3 8% 4277-FF2*

BH-C% :2)-1% " * ;!I" =<>>"@A 0&%'/!590&%'/!5 62-2&$2(!-':* $. ;2<!5$/185-$&

3&*4-'#4= α>?8'-2&-)!$()2/2 $/ @8"&2/2%

 "J# :% B2CD/6(-* &% $2/C6(36* 2(3 8% 4277-FF2* +% EHK7% BH-C% B    * J">>" =<>>?@A

62-2&$2(!-':* $. α>?8'-2&-)!$()2/2 $/ A2-&'52/2 ;!/%#2 3&*4-'#4%

 "<# 8% 4277-FF2* 8% ,610H-7/* :% B2CD/6(-* 4% L292../* B% M6F-))/* M% ,'77-))/* 2(3 E%

BH/2123/2* 8DDF% EHK7% &-))% #!* <NJ">I =<>>N@A B!&25- $"42&C'-!$/ $. -)2 2(!-':!'#

%&$,-) $. <$#258#'& #'*2&4 $/ <$#258#'& 4!/%#2 5&*4-'#4%

 "O# P% Q)2R2* :% S2C27H/16* +% S2C20'TH/* :% U2-C61/* 4% S20/('C2* S% :2)7'C6)6*

:% P6(36* 2(3 U% P6/('C2* 839% :2)-1%  #* J?JO =<>>N@A 6!%)>D$"!#!-* 360 E!2#1>

FG25- A&'/4!4-$&4 E'"&!5'-21 $/ D$#258#'&> H2--!/% 3$/-&$##21 ;8"4-&'-24 %

 ";# S% VH2(0* G% ,211-(2* W% VH2(0* 8% L'12R* 5% :2K-* 2(3 U% X67TH* +% EHK7% BH-C%

B   $* JO?I< =<>J>@A I2, J/4!%)- !/-$ -)2 @$#2 $. -)2 J/-2&.'5!'# D$#258#'& ;-&85-8&2

$/ +&$,-) '/1 ;5'#!/% !/ 0&%'/!5 62-2&$4-&85-8&24%

 "I# X% M% 3- Y)-K.2* G% ,211-(2* S% VH2(0* L% Z% P12'77* 8% L'12R* 8% [616\/-9* 2(3 U%

X67TH* +% EHK7% BH-C% B   %* ;<O; =<>>"@A F:(2&!<2/-'# @2#'-!$/ "2-,22/ ;-&'/4K!>

L&'4-'/$C +&$,-) $. BJMNE163$M5 62-2&$4-&85-8&24 '/1 -)2 @25$/4-&85-!$/ $. -)2

0&%'/!5 J/-2&.'52%

 "N# $% S-* :% ,2\2* P% 4'.'R/* 2(3 P% :61/* 8DDF% 4'1]% 4T/% "&$* ?!!I =<>>!@A ;-&85-8&2

'/1 <$&()$#$%* $. 38M5 '/1 E1638M5 (/ )2-2&$78/5-!$/%

 "?# E% 5-()-1* 5% 4TH1-/\-1* [% ,'F69/^* 2(3 4% $% 5611-7)* BH-C% EHK7% &-))% "''* I<J

=J""?@A A)2&<'##* !/18521 .'!#8&2 <25)'/!4<4 $. $&%'/!5 #!%)- 2<!--!/% 12C!52 4-&85>

-8&24 (&$"21 "* :>&'* 4(258#'& &2O25-!C!-*%

 "!# G% ,211-(2* X% M% 3- Y)-K.2* 4% 4-FF(-1* U% X67TH* +% Y% Y776* 2(3 ,% 4)1')H* EHK7%

$-9% &-))% !'* >?NJ>< =<>>N@A J/ ;!-8 ;-81* $. -)2 +&$,-) $. I'/$1$-4 !/ 0&%'/!5

62-2&$2(!-':*%

 ""# X% 3- Y)-K.2* G% ,211-(2* 4% 4-FF(-1* +% Y77_* 2(3 U% X67TH* LH/( 46F/3 5/FC7 & (*

?I<I =<>>!@A D$#258#'& 4-&85-8&2 '/1 %&$,-) <$&()$#$%!24 $. (2/-'52/2NO8$&!/'-21

5$((2&>()-)'#$5*'/!/2 )2-2&$4-&85-8&24%

 J>># X% M% 3- Y)-K.2* L% Z% P12'77* G% ,211-(2* 4% 4-FF(-1* U% X67TH* 2(3 +% Y% Y77_*

8DDF% EHK7% &-))% !)* <;OJ>; =<>>?@A A$,'&14 5$/-&$##21 "$--$<>8( '&5)!-25-8&24 !/

$&%'/!5 )2-2&$4-&85-8&24%

J>!



 !"#!$%&'()*

 !"!# $% &'()*+, -% .'*//01, .% 23*04*+, '/5 $% 6*7, 89*:% ;*<%  !", !=>> ?=""@AB

+!%)#* ,-.!/01 2&%'0!. 3/4!./5  '5/6 $0 ,#/.1&!.'##* 3$(/6 7&'05($&1 8'*/&5 %

 !"=# 2% 2*C:'/D, E% FG905', '/5 E% ;% H7++*DI, J'IC+* #$%, !KL ?="">AB ,-.!/01 "9#:

)/1/&$;90.1!$0 ()$1$4$#1'!. ./##5 95!0% 5<'##=<$#/.9#'&=>/!%)1 $&%'0!. 1)!0 ?#<5 %

 !"># M% N% 6CG0' '/5 H% O% P*+5*+':*, Q% 89*:% 29RD% #&, =S@T ?!USLAB @(/.1&' $A

B$#*.&*51'##!0/ B)1)'#$.*'0!0/5 !0 1)/ C!5!"#/ D/%!$0%

 !"T# Q%VW% P71*(, X% E'():'//, ;% WY0I), E% OC9:, -% J0GZ*(, Q% 2% ;'[*, '/5 J% $7G9, Q%

29RD% 89*:% -    , !T"U ?=""@AB @9"=0'0$</1/& E$01&$# $A 1)/ F01/&#'*/& @('.!0%

!0 7)!0 G!#<5 $A F01/&.'#'1/6 D$6#!:/ E$0;9%'1/6 H$#/.9#/5 %

 !"K# X% E'():'//, ;% WY0I), E% ;71'DG9*\DZ0, Q% 2% ;'[*, J% $7G9, '/5 -% J0GZ*(, 29RD%

;*<% - "%, !@T!"L ?=""@AB B)'5/ 5/('&'1!$0 !0 4'.99< .$6/($5!1/6 (/01'./0/IJKLM=

(/01'./0/N9!0$0/ 1)!0 ?#<5%

 !"S# X% E'():'//, E% OC9:, ;% WY0I), ;% 6% Q79/D7/, Q% 2% ;'[*, '/5 J% $7G9, Q% NYY(%

29RD%  !#, !!TK!L ?=""LAB @1&9.19&'# '06 /#/.1&$0!. (&$(/&1!/5 $A (/01'./0/=A9##/&/0/

)/1/&$;90.1!$05%

 !"@# &%V-% 89*/, ]%VH% ^0'/1, _%V^% ^C, -%V2% '̀/, P% N% 6% ;7R, 8%V.% 89*, '/5 2%Va%

6'0, NYY(% 29RD% 6*II% ' , !U!!"U ?=""@AB F<(&$4!0% /-.!/0.* $A $&%'0!. ()$1$4$#1'!.

./##5 >!1) (/01'./0/=6$(/6 E9B. #'*/&%

 !"L# &% b'7 '/5 N% $'9/, NYY(% 29RD% 6*II% "', T"T" ?=""!AB E$01&$##/6 (=6$(!0% $A O!0.

()1)'#$.*'0!0/ "* .$/4'($&'1!$0 >!1) 1/1&'P9$&$1/1&'.*'0$N9!0$6!</1)'0/Q R 6!&/.1

'06 !04/&5/ ()$1$/<!55!$0 5196*%

 !"U# &% b'7 '/5 N% $'9/, NYY(% 29RD% 6*II% &$, TL!K ?="">AB ,S/.1 $A /#/.1&!.'# 6$(!0%

$0 <$#/.9#'& #/4/# '#!%0</01 '1 $&%'0!.T$&%'0!. )/1/&$;90.1!$05 %

 !!"# X% E'():'//, E% OC9:, b% ]*0:*(, Q% 2% ;'[*, J% $7G9, .% W*9)*(I, `% E'Z':7I7,

'/5 a% EC)CZ0, 6'/1:C0+ $#, @=UT ?=""LAB @1&9.19&'# 2&6/& !0 B/&P9$&$(/01'./0/

7)!0 G!#<5 '06 +/1/&$51&9.19&/5 >!1) B/01'./0/%

 !!!# X% E'():'//, E% OC9:, b% ]*0:*(, .% W*9)*(I, ;% $/0Y+'I9, ;% 6% Q79/D7/, Q% 2%

;'[*, '/5 J% $7G9, Q% N:% 89*:% E7G%  (!, !=L@" ?=""LAB 790!0% 1)/ F$0!O'1!$0

,0/&%* $A 2&%'0!. @/<!.$069.1$& G!#<5Q 7)/ D$#/ $A F01&'<$#/.9#'& B$#'&  $065 %

 !!=# $% -+7G9, F% ]*0/*:*R*+, N% ]0/5*+973*+, H% N/1*+, ;% EG97(), N% b*+('G9, '/5

H% EG9+*0[*+, 29RD% ;*<% - )* +,)*-, ?="!!AB 2(1!.'# /4!6/0./ A$& !01/&<$#/.9#'&

.$9(#!0% !0 <!U/6 ?#<5 $A (/01'./0/ '06 (/&P9$&$(/01'./0/ %

 !!># `% 6% ]C'/1, &% 89*/, ]% 60, Q% .', Q% 2c'C:, '/5 N% a% E% &**, E:'(( ., @"

?="!"AB 790'"#/ 7>$=3!</05!$0'#  !0'&* H$#/.9#'& V/1>$&:5 %

!"U



 !"#!$%&'()*

 !!"# $% &'(()*'+ ,% -% .) /0)12'+ 3% ,4567+ '*. 8% 9':'1';'+ <7);=715<7);  + !>!?

@ABBCDE +, -.(&'/$#01.#'& -0#234550/"#* $2  !6'&* 7&%'6!1 8$6$#'*0&5 %

 !!?# ,% -% .) /0)12'+ F% G% -'(6H'IJ'50('+ G% <4(54+ &% =% ,41K)+ J% LK4()'*4+ M% G4(I

N'*0)+ 8% 9':'1';'+ M% OPQR4+ '*. F% $% /(0)N'+ M.S% LP*60% G'0)(% !"+ T?UC

@ABB>DE 9.5:$/!;0< =#01:&$6!1 9$.(#!6% !6 -0#234550/"#0< ,$6$&34110(:$& >'6$53

:&.1:.&05%

 !!U# ,% -% .) /0)12'+ V% WRK'*)5+ G% OPR2I/5X5+ $% &'(()*'+ &% =% ,41K)+ M% M(*'P+ 3%

,4567+ 8% 9':'1';'+ '*. F% $% /(0)N'+ M.S% LP*60% G'0)(% !"+ A?> @ABB>DE  '#'613

!6% ?6:0&/$#01.#'& '6< 8$#01.#03-."5:&':0 ?6:0&'1:!$65 !6 -.(&'/$#01.#'& 4550/3

"#!05%

 !!C# 3% 3P'*N+ 8% 3P'*N+ F% =Y'P;+ M% Z% W% 9))+ '*. 9% <7)*+ M[[K% =715% J)00% "#+

AUTTB> @ABB>DE >'6$51'#0 ()'50 50('&':!$6 $2 ' "!6'&* /$#01.#'& 5*5:0/ $2 1$((0&

():)'#$1*'6!60 '6< <!3!6<06$(0&*#060 $6 4%@AAAB%

 !!\# 8% J% 3P'*N+ O% 9'*N+ Z% <% ]RP+ W% ^)('+ ]% _)*4+ F% =Y'P;+ M% Z% W% 9))+ '*.

9% <7)*+ <7);% <4;;P*% $%+ >B"B @AB!BDE 760 <!/065!$6'# /$#01.#'& <!($#0 1)'!6

'&&'*5 $6 %&'()!:0 C!' 6'6$51'#0 ()'50 50('&':!$6%

 !!># 8% J% 3P'*N+ 9% <7)*+ '*. M% Z% W% 9))+ F% M;% <7);% W46% !&&+ \AB @AB!!DE

8$#01.#'& D&'((!6% $6 DE$3,!/065!$6'#  !6'&* -.(&'/$#01.#'& >0:E$&F5 %

 !AB# 9% FR*+ ,% &% ,4PN7)(01+ 9% -% <PKK)*+ W% O4Q)1+ '*. F% $% O)P00IO4Q)1+ J'*N;PR(

'#+ >\?C @ABB>DE 9603G06:'1060 >0:E$&F H$&/':!$6 "* +3, 9$39&*5:'##!;':!$6 %

 !A!# G% =4[) '*. <% $% W`)*Q)(N+ /ab4(. _*RS)(5R01 =()55 @/ab4(.D+ =#01:&$6!1 (&$105505

!6 $&%'6!1 1&*5:'#5 '6< ($#*/0&5 @!>>>D%

 !AA# $% <K'(+ M6'.);R6 =()55 @J4*.4*+ ])` 84(:D+ G$#*1*1#!1 )*<&$1'&"$65 @!>U"D%

 !AT# G% M% 3)R*(R67+ F% =Y'P;+ M% ^% Z(R['07R+ 9% L()1+ G% J% W0)RN)(`'K.+ '*. Z%

WR)N(R50+ F% =715% <7);% < !!!+ !\\C\ @ABBCDE =6'6:!$:&$(!1 G$#*/$&()!5/ !6 ,!3

!6<06$(0&*#060%

 !A"# M% ^% Z(R['07R '*. F% =Y'P;+ M[[K% =715% J)00%  "+ B\A!BT @ABBUDE 9$&&0#':!$6 "03

:E006 '/"!($#'& :&'65($&: '6< 5:&.1:.&'# ()'50 :&'65!:!$6 !6 <!!6<06$(0&*#060 5!6%#0

1&*5:'#5%

 !A?# W% ^4`'(R:+ M% -)(K'67+ W% W)KK*)(+ J% <'S'K6'*0R+ /% ^4*4S'K4S+ '*. L% W67()RQ)(+

M[[K% =715% M "#+ ATT @ABB>DE I0'#3:!/0 J3&'* <!K&'1:!$6 /0'5.&0/06:5 $2 5:&.1:.&'#

<*6'/!15 '6< ($#*/$&()!5/ !6 <!!6<06$(0&*#060 %&$E:) %

 !AU# M% <% ,c((+ =7%,% 07)5R5+ _*RS)(5R0d0 W0P00N'(0+ ABBA%

!!B



 !"#!$%&'()*

 !"#$ %& '& ()**+ ,& -./*0120*+ 3& 3405./+ 6& 78*9+ :& 7*84;0+ <& 7*4==8+ 85> ?& (@;./+

%==9& A/B;& C0DD&  !+ ""#E F"GG"HI +!%) ,-&./-.&'# $&01& !2 -)!2 3#4, $5 -)1 $&%'2!/

,14!/$20./-$& 0!!2012$(1&*#121&

 !"J$ %& '& ()**+ 6& 7@./+ 3& 709;./+ %& K40/L+ M& N/1O;05+ K& C& M@/5;@5+ M&PM&

A1*084Q+ M& -./R8*DS+ ,& -./*0120*+ ?& (@;./+ 85> %& 78/5+ A/B;& K0T& : " +

!!UV"J F"GGWHI 62-1&(#'* "1-7112 4$&()$#$%*8 ,-&./-.&18 '20 1#1/-&$2!/ (&$(1&-!1,

'- 0!!2012$(1&*#1219%$#0 !2-1&5'/1,&

 !"X$ Y& C& ?485Z+ [& '/05+ ?& ?485Z+ (& '& \1+ -& '/05+ ]& Y& N8@+ M& A^84L+ 85>

%& _& -& [00+ M& A/B;& '/0L& ' !!#+ X"U! F"GGXHI :#-&'-)!2 ;!#4, $5 <!!2012$(1&*9

#121 $2 =&'()!-1 '20 >!?2&

 !WG$ '& (& (1L1D*8`@=@49@; 85> A& K& C& 38905a85D+ %>T& 38D0*& !$+ XX F"GG"HI ?&%'2!/

@)!2 ;!#4 @&'2,!,-$&, 5$& A'&%1 B&1' C#1/-&$2!/,&

 !W!$ K& K41S+ (& '/@4>/8*B+ :& 61.`09+ _& _@..@91+ 7& '/85Z+ %& '& 38B0*+ A& '985.B+

M& 3& :98`09B+ K& C& ?08>*1.`+ -& b855@DD8+ 85> N& N& 389918*8;+ '/0L& 38D0*& !"+

VVX# F"GGVHI D12-'/121 @)!2 ;!#4 =&$7-)&

 !W"$ -& 7@R8*1`+ %& N0*98./+ [& C01D0520*Z0*+ M& ?4+ N& [1DD0+ '& [c99+ d& A10D;./+ 85>

,& -./*0120*+ _/15 -@91> ,19L; %!%+ UEGE F"GG#HI C21&%*90!,(1&,!E1 F9&'* &1G1/-!E!-*

'20 =6< 5$& &1'#9-!41 %&$7-) ,-.0!1, $5 (12-'/121 -)!2 3#4, &

 !WW$ %& '& 38B0*+ %& 78S1L1*@T+ 85> N& N& 389918*8;+ A/B;& K0T& C0DD& &'+ !GUUGW F"GGEHI

<*2'4!/, $5  !4$0'# =&$7-) !2 D12-'/121 @)!2 ;!#4,&

 !WV$ -& -./10a0*+ 3& ?4D/+ %& (@2*150T;`1+ 85> :& 61.`09+ M& %L& '/0L& -@.& !(&+ !GW!E

F"GG#HI <1-1&4!2'-!$2 $5 -)1 H&*,-'# >-&./-.&1 $5 >.",-&'-19620./10 D12-'/121 D$#*9

4$&(), !2 ;!"1& >-&./-.&10 @)!2 ;!#4,&

 !WU$ b& :@4./@L;+ [& -./@@5T09>+ M& <*1OL@0D/+ 85> _& 798=R1O`+ -B5D/& 30D& !)$+ !#U

F!XXXHI I$&()$#$%* !012-!3/'-!$2 $5 -)1 -)!2 3#4 ()',1, $5 E'/..4 1E'($&'-108 (129

-'/121 $2 >6? ,.",-&'-1,&

 !WE$ Y& -8`8L@D@+ _& -4S4`1+ 3& 7@28B8;/1+ Y& N8@+ Y& ,4`81+ Y& b5@40+ ,& -8D@+ 85> -&

_@`1D@+ M& %L& '/0L& -@.& !("+ J!WJ F"GGVHI D1&G.$&$(12-'/121J +!%)9D1&5$&4'2/1

(92 K.2/-!$2, '20 H$4(#1412-'&* H!&/.!-, 7!-) D12-'/121 &

 !W#$ Y& -8`8L@D@+ _& -4S4`1+ 3& 7@28B8;/1+ Y& N8@+ Y& b5@40+ 85> -& _@`1D@+ 3@9& '*B;D&

C1e& '*B;D& $$$+ ""U F"GGEHI D1&G.$&$(12-'/121 '20 D1&G.$&$-1-&'/121J >*2-)1,1,8

H&*,-'# >-&./-.&1,8 '20 ;C@ H)'&'/-1&!,-!/,&

 !WJ$ Y& b5@40+ Y& -8`8L@D@+ _& -4S4`1+ 3& 7@28B8;/1+ Y& N8@+ 85> -& _@`1D@+ M=5& M&

%==9& A/B;& $$+ WEEW F"GGUHI ?&%'2!/ @)!29;!#4 @&'2,!,-$&, 7!-) +!%) C#1/-&$2

I$"!#!-*  ',10 $2 D1&G.$&$(12-'/121&

!!!



 !"#!$%&'()*

 !"#$ %& '()(*+,+- .& /& 0+1)- %& 23453,61+- 7& 738+- +9: ;& %(136,3- <=9& <& ;==>& 05*4&

 !- "?@" ABCCDEF +,*%-./0-#'1-2 3-%&'2'1!$. 4-5)'.!676 8$& +./ '.2 +9/:1'1-6 $8

;-&<=$&$(-.1'5-.- >)!./?!#7 >&'.6!61$&6&

 !@C$ .& G& 2HI,+9- .& J& K134L3H- J& ;& :+ M3>N+ K3>5(- <&OP& /1Q:+4- 0& .& RIL+9)-

+9: 7& G& S+99- .5H,& S+8H1& "#- @@"? ABCC@EF @.1&$2=51!$. 1$ +&%'.!5 >)!. ?!#7

>&'.6!61$&6 '.2 3-6!%. $8 ./A)'..-# +&%'.!5 :-7!5$.2=51$&6 &

 !@!$ /& S& SH:39+- J& /H>T(99H- U&O<& RVH>5++W- +9: <& X3H14Y59H1- <& .5H,& 05*4& "$#-

!!!!C! ABCCZEF B9-51 $8 <=$&!.'1!$. $. 1)- -#-51&$.!5 61&=51=&- '.2 $(1!5'# -,5!1'/

1!$.6 $8 (!/5$.C=%'1-2 7$#-5=#-6&

 !@B$ S& .& G& JH>V+:(- 7& G& 03VV- J& ;& :+ M3>N+ K3>5(- 2& R& X1659- '& M+)+,(8(-

%& M6[6)3- G& S& \469+- <& .+4+:(- ]& UH19+9:H[- <& %& P& 2+N+11H8H- 2& X& S+1O

839H>>3- <& .(193>- G& M& M+9Y5H[O.+11H1+- ]& .(1(=YH+96- +9: <&OP& /1H:+4- <& ;,&

.5H,& M(Y& "%"- !^CB ABCC#EF @7('51 $8 ;-&<=$&!.'1!$. $. 1)- A)'&%-/>&'.6($&1

;'&'7-1-&6 $8 +#!%$'5-.- A&*61'#6&

 !@"$ <& R& ;985(9*- ;& K+YY5H883- S& UHH9H*- M& G& S+1:H1- +9: _& `5+9- ;:N& S+8H1&

$$- "DZ? ABC!CEF ./>*(- +&%'.!5 :-7!5$.2=51$&6 !. +&%'.!5 B#-51&$.!56 &

 !@@$ M& 7(I+13)- ;& XH1>+Y5- ;& U39:H15(WH1- M& S3>38+- K& /(1V+883- K& `(98(9H- %& M6[6)3-

K& /34Y+1393- +9: K& MY51H3LH1- =5*4& 48+8& 4(>& O GGP $- !BC ABCCDEF :1&=51=&-D 7$&/

()$#$%*D '.2 %&$E1) 2*.'7!56 $8 (-&<=$&$/(-.1'5-.- 1)!. F#76 &

 !@^$ ;& U39:H15(WH1- a& UH39H,H*H1- ;& XH1>+Y5- M& 7(I+13)- G& S& <& <+Y(L4- '&

M+)+,(8(- %& M6[6)3- +9: K& MY51H3LH1- <& .5H,& 05*4& "$!- !#@ZC^ ABCCZEF +(/

1!5'# (&$(-&1!-6 $8 (-.1'5-.- '.2 (-&<=$&$(-.1'5-.- 1)!. F#76 &

 !@?$ U& b& 71(8(- <& G& UH+85- M& .& \c/13H9- G& K& .61>- +9: G& R& M,+>>H*- 2+861H %"&-

!?B A!#D^EF A60G  =5H7!.61-&8=##-&-.-&

 !@Z$ b& 71d84Y5,H1- P& J& P+,L- 7& K(4831(=(6>(4- +9: J& G& U6e,+9- 2+861H % !- "^@

A!##CEF :$#!2 A60G ' .-E 8$&7 $8 5'&"$.&

 !@D$ <& P& :H /(H1- M& N+9 M,++>H9- ]& 0H813YH)- S& J64H)- S& ;& ]H15H3TH9- +9: X&

SH3TH1- .5H,& 05*4& PH88& $"'- @?# A!##@EF I-,'%$.'# 5#$6-/('5H-2 A60&

 !@#$ b& f& K& J+N3:- G& S& fLLH14(9- <& .& S+885HI,+9- 7& 01+443:H4- %& <& M& JH9934-

<& 0& U+1H- U& b& 71(8(- G& %+*>(1- +9: J& G& S& b+>8(9- 2+861H %(%- !@Z A!##!EF

A&*61'# 61&=51=&- '.2 "$.2!.% $8 $&2-&-2 A60&

 !^C$ g&OS& `5+9V- <&O'& '3- +9: <& /H195(>Y- 05*4& GHN& PH88& ##- B?"" A!##!EF :1&=51=&-

'.2 2*.'7!56 $8 6$#!2 C60&

!!B



 !"#!$%&'()*

 !"!# $% &'()*+,+- &% .)/'0+- 1% 2+34)56- 1% 7'0'8+- +98 2% &4),6*+,+- :;9% :% <;;=%

>4*3%  !- ?@A BACCDEF +$#,-.#'& /&!,01'1!$0 '02 3#,-1&$4'%0,1!- 5&$(,&1!,6 $7 5,&8

)*2&$%,0'1,2 '02 5,&9.$&!0'1,2 :$((,& 5)1)'#$-*'0!0, ;)!0 <!#46 %

 !"A# :% G'H- &% IJ4)8+- K% >% L+98- +98 &% L% 7655H3M- <;;=% >4*3% NHMM% " - OC!O BACC?EF

=>?@ ,A-!,01 $&%'0!- ()$1$B$#1'!- -,##6 C!1) #$C 6,&!,6 &,6!61'0-,6 %

 !"O# P% 2% Q4+9- Q% &% NHH- &% N% N+)- P% $% 7'9(- 7% N% R69(- 1% 2% &'9- $% P% N+'- +98

&% S% NHH- :% <;;=% >4*3% #$$- C@?"CT BACCTEF 3A-!,01 $&%'0!- ()$1$B$#1'!- 2,B!-,6

.6!0% ' -$4"!0'1!$0 $7 ,D-!1$0 "#$-E!0% #'*,& '02 '0$2!- ".F,& #'*,& %

 !"?# P% <% PJN+J4=+9- U% R% PJQ6,V- &% KH54+9'- +98 S% &% :69H3- :% P+MH5% Q4H,%

#!- OWWO BACCWEF ;,4(#'1, 2!&,-1,2 6*01),6!6 $7 0'0$61&.-1.&,2 ()1)'#$-*'0!0, 1)!0

G#46%

 !""# &% $+5+9- U% K+3+0- +98 K% P+==)0- Q4H,% >4*3% NHMM%  % - AT" BACCWEF :$((,&

()1)'#$-*'0!0, 0'0$('&1!-#,6 '02 0'0$9$C,&6%

 !"T# <% 1634)96- 2% S+0H9+0+- +98 1% P)*+X)- <JM+ Q5*3M+==6(5% K &'- O@O BACCOEF H,2,8

1,&4!0'1!$0 $7 1), -&*61'# 61&.-1.&, $7 α8-$((,& ()1)'#$-*'0!0, %&$C0 $0 I:#%

 !"W# Y% KH5(H5- R%Z:% 7)3J4H5- K% <86=;4)- &% S)H5V+J4- [% PH=H\- +98 :% &J45H)VH5- :%

P+MH5% &J)% ##- OO! BACCCEF J1.2!,6 $0 ()'6, 1&'067$&4'1!$06 $7 :.8()1)'#$-*'0!0,

1)!0 G#46%

 !"D# P% <34)8+- ]% I*H8+- +98 ^% &')M6- K'==% Q4H,% &6J% :;9% %'- AT!T B!@TTEF K0!1

:,## +,1'61'"#,87$&4 :$061'016 $7 L'&!$.6 5)1)'#$-*'0!0,6 %

 !"@# Q% K56_9- :% Q4H,% &6J% (- A?DD B!@TDEF :&*61'# 61&.-1.&, $7 β8-$((,& ()1)'#$-*'8
0!0,%

 !TC# ^% :'9(*669- $% &'9,)- N% ^'9X'- N% $)HX)9- Q% UH60X669- +98 7% K+55*- <;;=% &'5`%

&J)% )$&- AW? BACCOEF 3F,-16 $7 6."61&'1, 1,4(,&'1.&, $0 -$((,&MNNO ()1)'#$-*'0!0,

1)!0 G#46%

 !T!# L% >5+V+0+5+9- L% $H3+\+,665M4*- a% LH88*- +98 7% G+\)H5- ;4*3% 3M+M% 36=% BVE

))'- !!W" BACCAEF J1&.-1.&'# N0B,61!%'1!$0 $7 :$((,& 5)1)'#$-*'0!0, ;)!0 <!#46

K6!0% P8H'* Q!F&'-1!$0R H'4'0 J-'11,&!0% '02 /(1!-'# S"6$&(1!$0 +,'6.&,4,016 %

 !TA# :% Y% Y33b- >4%U% M4H3)3- .93M)M'M 8H Q)c9J+ 8H P+MH5)+=3- K+5JH=69+- ACC?%

 !TO# U% 8H YMH*/+- ^% K+55H9+- :% Y33b- &% &H==9H5- +98 1% U63J4- :% <,% Q4H,% &6J% #)"-

!"C"A BACCTEF ;)!-E0,668Q,(,02,01 J1&.-1.&'# ;&'06!1!$06 !0 <#.$&!0'1,2 :$((,&8

()1)'#$-*'0!0, M<16:.5-O <!#46%

 !T?# U% 8H YMH*/+- ^% K+55H9+- &% &H==9H5- :% Y33b- +98 1% U63J4- :% >4*3% Q4H,% K

##$- !TT!D BACCTEF J1&.-1.&'# H,'&&'0%,4,016 Q.&!0% 1), N0!1!'# T&$C1) J1'%,6 $7

/&%'0!- ;)!0 <!#46 $7 <16:.5- $0 J!/2%

!!O



 !"#!$%&'()*

 !"#$ %& '& '(()* +& ,-./0120/* 3& 4/5667* 8& 9:(-.* ;& <7//1=7* ;& >& ?@:A(:* 7AB +&

C0/B01/7* ?BD& +5A-E& ;7E0/&  !* F## GHIIHJK +$,-&$##./ 0$#.12#'& '#!%,0.,- $3

()-)'#$1*',!,. -)!, 4#05 $, 5-.((./ 5'(()!&. 52&3'1.5&

 !""$ %& '& '(()* +& ,-./0120/* ;& >& ?@:A(:* ;& <7//1=7* L& M7//0A7* 7AB 8& 9:(-.* '/=7A1-

L@0-E/:A1-( "* !N# GHIIFJK 6-&21-2&.7 0$&()$#$%*7 ',/ $(-!1'# (&$(.&-!.5 $3 -)!, 4#05

$3 816+291 %&$:, $, 5!#!1$, /!$;!/.&

 !"O$ P& 8:(:Q71* ?& <0/@7-.* ?& 81AB0/.:R0/* C& +/7AQ* <& S1=:/1:* T& 801A0U0V0/* ?&

3:/:210D* 7AB +& ,-./0120/* ?66@& W.V(& S0EE& #$* I"NNI! GHI!IJK 6!02#-',.$25 !,

5!-2 0.'52&.0.,-5 $3 <=&'* &.>.1-!?!-* ',/ $(-!1'# 5(.1-&$51$(* /2&!,% $&%',!1 5.0!=

1$,/21-$& -)!, 4#0 %&$:-)&

 !"X$ %& ?@(YZ10@(0A 7AB 9& ;-;://:[* \1@0V GZ0[ ]:/QJ* @#.0.,-5 $3 A$/.&, <=&'*

9)*5!15 GHII!J&

 !"^$ ;& M1/Q.:@_* \1@0VY3C8 G\01A.01UJ* B)!, 8!#0 C,'#*5!5 "* <=D'* 61'--.&!,%

GHII"J&

 !OI$ S& <& W7//7EE* W.V(& `0D& #"* N#^ G!^#FJK 62&3'1. 5-2/!.5 $3 5$#!/5 "* -$-'# &.>.1-!$,

$3 ;=&'*5&

 !O!$ ?& Z0@(:A* %& ?66@& C/V(E& %#* HON GHII"JK +$=&.4,.0.,- $3 02#-!(#.=1$,-&'5-

,.2-&$,E<=&'* &.>.1-!?!-* /'-' 25!,% AFBF8GB&

 !OH$ ?& D7A B0/ S00* +& ,7@7.* 7AB M& 87/_7@@7.* %& ?66@& C/V(E7@@:=/& &'* XHI GHIIOJK C

1$0('&!5$, $3 0$/.&, /'-' ','#*5!5 0.-)$/5 3$& <=&'* ',/ ,.2-&$, 5(.12#'& &.>.1=

-!?!-* /'-'&

 !ON$ +& ,7@7.* M& 87/_7@@7.* 7AB ?& D7A B0/ S00* %& ?66@& C/V(E7@@:=/& &'* X!N GHIIOJK

H'-' &./21-!$, (&'1-!1. !, <=&'* &.>.1-$0.-&*&

 !OF$ ?& <1275B* <& 31=A75B* 7AB ,& 4& ,1A.7* ?-E7 C/V(E& ? &#* "FH G!^^NJK B). 1$&&.1=

-!$, $3 %.$0.-&!1'# 3'1-$&5 !, -). ','#*5!5 $3 <=&'* &.>.1-!?!-* &

 !O#$ 8& 9:(-.* ,6/1A=0/ GM0/@1AJ* +&!-!1'# ().,$0.,' '- 52&3'1.5 ',/ !,-.&3'1.5I @?',.5=

1.,- <=D'* ',/ J.2-&$, 61'--.&!,% G!^^HJ&

 !O"$ 3& C:A(E7AE:5B1(* <& W& W7E(1(* ?& P(0/061* 7AB L& <:=:@1B0(* %& 37-& ,-1& P0-.A:@&*

M ! * !I!^ GHIINJK K2',-!41'-!$, $3 #!,.=./%. &$2%),.55 $3 ()$-$&.5!5-5L GGL 61'#!,%

',/ 3&'1-'# ','#*5!5 ',/ -). ".5- &$2%),.55 /.51&!(-$&5&

 !OO$ %& `aB0/ 7AB 8&YT& 4/02(* ?66@& W.V(& ? #'* "I^ GHIIXJK 8&.M2.,1* /.(.,/.,-

50$$-)!,% $3 &$2%) 52&3'1.5 "* #'5.& /.($5!-!$, $3 N&F2&

 !OX$ %& b50* M& `7AB* ,& T-.1B7* 7AB ,& +://0(E* ?BD& ;7E0/&  $* "" GHII#JK C O*"&!/

9#','&=A!;./ A$#.12#'& O.-.&$P2,1-!$, 9)$-$?$#-'!1 +.## &

!!F



 !"#!$%&'()*

 !"#$ %& '& ()**)+, -& .+)/012, 3& %)//)45)60+, )46 %& 78092, :+;/2<) =  ! , >"? @>AABCD

+), ,-,./ $0 1,($2!/!$3 &'/, $3 ,#,./&!.'#4 $(/!.'# '31 2/&5./5&'# (&$(,&/!,2 $0 /!36

1$(,1 !31!57 $8!1, 9:+;< =#72 $3 %#'22 '/ #$> 25"2/&'/, /,7(,&'/5&, &

 !EA$ 3& 'FGF524, -& H2442<+049F, I& 7+0J<+049F, K& LM02//2G, 3& LF*28/<+, )46 N& -O**0M,

7<M& -)80M& "#, !## @>AA#CD ?,'#6/!7, ,@$#5/!$3 $0 ,#,./&!.'# (&$(,&/!,2 '31 2/&5./5&,

$0 !31!57 $8!1, '31 !31!57 /!3 $8!1, 15&!3% .&*2/'##!A'/!$3 &

 !E!$ P& =MQ40M, I& LF<+, 3& 7R)4, 7& =0M4)/09, 3& L)+4, )46 S& 7<+T)M85, S& 31& U+01&

7F<& $%&, V!#> @>AA>CD B$3/&$##!3% /), C$&D E53./!$3 $0 :31!57 +!3 ;8!1,F G!-,&6

,3/!'/!3% G!($#'& 0&$7 H$.'# I5&0'., J-,./2&

 !E>$ :& :0Q1)4/, 3& W)921FJ, )46 7& '& (FMM0/8, S& 3RR*& :+;/& ' , VB#V @>AAVCD I7'##

7$#,.5#'& >,!%)/ $&%'3!. /)!36=#7 ()$/$1,/,./$&2 '31 2$#'& .,##2 &

 !EV$ I& LF<+, 3& HF**10M, )46 3& P*/<+40M, 3RR*& :+;/& X088& '#, A?VY!>

@>AA"CD :3K5,3., $0 >'/,& $3 /), >$&D 053./!$3 $0 .$315./!3% ($#*9L4M6

,/)*#,3,1!$8*/)!$(),3,<N($#*92/*&,3,25#0$3'/,<&

 !E?$ 3& LF1), :MFG& UM;/8& .MFT8+ U+)M)<8& -)80M&  #, !># @!##YCD O$#,.5#'&6 ,'7

J(!/'8!'#6P&$>/) $0 ;&%'3!. +)!36E!#72&

 !EY$ P& K1Z)<+, 7& 7F9F*FT/92, )46 '& (249, 3RR*& :+;/& 3 " , YBY @!##BCD I5"2/&'/,6

!3/,&'./!$34 #$3%6&'3%, $&1,&4 '31 ,(!/'8* $0 #'&%, $&%'3!. '12$&"'/,2 &

 !EB$ 7& LFT)M29, 3& .0M*)<+, )46 (& 7<+M02Z0M, S& :+;/&D UF4604/& -)880M %#, !E?AAY

@>AAECD ;&%'3!. 7$#,.5#'& ",'7 1,($2!/!$3F 0531'7,3/'#24 %&$>/) 1*3'7!.24 '31 !3

2!/5 2/51!,2&

 !E"$ L& '28*0;, =& LM)Q/0, (& 7<+M02Z0M, )46 %& [F/<+, '0J& 7<2& \4/8MQ1& !%, !?YV @>AA!CD

Q R$&/'"#, STU ;&%'3!. O$#,.5#'&  ,'7 G,($2!/!$3 I*2/,7 E$& :3 I!/5 V6?'*

G!-&'./!$3 O,'25&,7,3/2&

 !EE$ -& L;89), :+&[& 8+0/2/, 7*FJ)9 K42J0M/28; F] 0̂<+4F*FG; 24 =M)82/*)J) )46 PZ0M+)M6

L)M*/ K42J0M/28_8, ^`Z24G04, >AAE&

 !E#$ '& I)28F, 7& F̂;F/+21), ^& a+)/+2, ^& 7)9QM)2, )46 L& 3921F8F, SR4& S& 3RR*& :+;/&

&!, !?!B @>AAECD O$#,.5#'& ;&!,3/'/!$3 B$3/&$# $0 R)/)'#$.*'3!3, +)!3 E!#7 "*

:32,&/!3% R,3/'.,3,  5-,& H'*,&&

 !#A$ I& LF<+, 3& HF**10M, 7& [Q+1, W& 7)9)1F8F, )46 ^& 7Q5Q92, 36J& -)80M& $',

!!> @>AA"CD +), J-,./ $0 E#5$&!3'/!$3 $3 R,3/'.,3,NP$#1 :3/,&0'., J3,&%,/!.2 '31

B)'&%, ?,$&%'3!A'/!$3 J3,&%*&

 !#!$ K& %024010;0M, '& 7<+F*5, X& .2//*b4, -& \& 3*F4/F, S& a& a//c, -& .)MM2G), 3&

%2460M+F]0M, -& L;89), 7& LFT)M29, 3& .0M*)<+, )46 (& 7<+M02Z0M, :+;/& '0J& = !(,

AEY>!A @>AAECD J8.!/$36()$3$3 .$5(#!3% !3 1!!31,3$(,&*#,3, /)!3 =#72&

!!Y



 !"#!$%&'()*

 !"#$ %& '())*+ ,& -./*0+ 1& 123/43*/+ 5/6 7& '200+ 8990& :3;<& 8  !+ ==> ?#@@ABC +&$,-)

'./ 0$&()$#$%* $1 -)!. 2#03 $1 '&$0'-!4 0$#546#53 $. 05-'#37 -)5 4'35 $1 (5&*#5.5 &

 !"D$ 1& -55<+ E& E5)0FGG+ 7& E*</5H6+ I& 143(0)J+ 7& ,0F4+ 5/6 K& 1(*GH(<)+ :3;<& L*M&

E "#+ #@N#@D ?#@@>BC 8'&%5 6.!'9!'# .5%'-!:5 -)5&0'# 59('.3!$. !. (5.-'45.5 /65 -$

3-5&!4 )!./&'.45&

 !"=$ 1& ,FO5H(P+ ,& EHF43+ 8& -(/6*H3FQ*H+ 8& 143O5H)JR*HG+ S& T& T<<F+ U& ,(04F;/*+ V&

143H*(R*H+ 5/6 1& L& W*F/*+ S& :3;<& 73*X& 7 $$%+ !D@A! ?#@!@BC ;&*3-'# +&'!. <&!=

5.-'-!$. !. <&%'.!4 >$0$= './ >5-5&$5(!-'9* $1 ?5.-'45.5 './ ?5&@6$&$(5.-'45.5

A-6/!5/ ,!-) B=&'* A(54-&$0!4&$34$(*&

 !"N$ I& Y5P5XZH5+ -& T3GZH(+ Y& %F)F+ -& KFX((+ I& [Z+ K& I(;5XF)F+ L& I5)<ZR5H5+

Y& T35<3(+ I& 15P5(+ 5/6 ,& ,Z6F+ 8990& :3;<& 8 &'+ >D ?#@@"BC C9-&!.3!4 #!0!-!.%

1'4-$&3 $1 4'&&!5& -&'.3($&- !. $&%'.!4 25#/=5D54- -&'.3!3-$&3 &

 !"A$ L& I5)<ZR5H5+ I& 15P5(+ ,& ,Z6F+ Y& \F<3(XF)F+ ]& -(HF<5O5+ 5/6 I& Y5P5XZH5+

THG5/(4 ^0*4)HF/(4< $!+ !"N ?#@!!BC ;&*3-'# $&/5& !. (5.-'45.5 -)!. 2#03 %&$,. $.

A!<2 './ !-3 !.@65.45 $. 5#54-&$.!4 "'./ 3-&64-6&5&

 !">$ K& E& 1(/G3+ Y& 1& 15H(4(Q)4(+ -& \5/G+ W& \5/G+ E& :0F43R*HG*H+ 5/6 -& 1())*H+ 8990&

:3;<& W*))& &(+ #!DN!# ?#@@>BC ;$&&5#'-!$. $1 4&*3-'##!.5 './ 3-&64-6&'# (&$(5&-!53 $1

;60 -)!. 2#03 %&$,. '- :'&!$63 -50(5&'-6&5 ,!-) 4)'&%5 4'&&!5& 0$"!#!-* &

 !"_$ '& 73*/+ -& `35/G+ -& -Z5/G+ W& 73*/+ 5/6 8& K& 1& '**+ 871 Y5/F !+ A"D ?#@@_BC

<&!5.-'-!$.'##* <&/5&5/ ;60 $. (=A59!()5.*# E'.$3-&!(53 $. F%GHHHI&

 !""$ S& a& `3F/G+ -& -Z5/G+ -& \& I5F+ L& '5/G+ 1& `3F/G+ 5/6 '& 73*/+ S& 73*X&

:3;<& $)%+ !N=>@A ?#@!!BC J$#546#'&=34'#5 !.:53-!%'-!$. $1 ;60K(=359!()5.*# $&%'.!4

)5-5&$L6.4-!$. !.-5&1'45&

 #@@$ I& V*/6H(43 5/6 S& ,HZG+ :3;<& L*M& E "#+ !#!D@# ?#@@>BC C)&#!4)=A4),$5"5# 5D54-

1$& $&%'.!4 0$#546#537 M!&54- 4'#46#'-!$. $1 -)5 3-5(=5/%5 "'&&!5& 63!.% 50(!&!4'#

($-5.-!'#3&

 #@!$ 1& \(X 5/6 K& 1& SF/*<+ 8990& :3;<& W*))& &%+ @#!"!! ?#@@"BC +&$,-) /*.'0!43 $1

;60 -)!. 2#037 CD54- $1 0$#546#'& 3-&64-6&5&

 #@#$ 1& `FHR5+ \& 1359(H+ 5/6 \& %5F+ :3;<& L*M& E "%+ #=N=!@ ?#@@ABC N&'4-'#=0$6./

%&$,-) $1 (5.-'45.5 -)!. 2#03&

 #@D$ I& %;ZH*+ S& `(/4P+ 7& L5)<43+ 5/6 U& bM*6*/<P;+ :3;<& L*M& W*))&  $+ ="D! ?!""_BC

O.3-'"#5 +&$,-) $. P$6%) A6&1'453&

 #@=$ S& ,HZG 5/6 I& LF<)+ :3;<& L*M& E #(+ L!ADD= ?!"""BC 8!.5'& -)5$&* $1 6.3-'"#5

%&$,-) $. &$6%) 36&1'453&

!!A



 !"#!$%&'()*

 !"#$ %& %'()*++',- ',. /& 01234 567(& 8*9& :  !4 !;<= >!"""?@ +$,-$,$.$,!/ &$0%),122

13$#0.!$, !, 0,2.'"#1 %&$4.)&

 !"A$ %& B1',C4 DEF+-G' )6*(E(4 HI*16'1.J0'1+( K,E9*1(E)L)4 MNIE,3*,4 !"O"&

 !"<$ /& 8*E,6'1.)4 DEF+-G' )6*(E(4 HI*16'1.J0'1+( K,E9*1(E)L)4 MNIE,3*,4 !"OO&

OO<





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

  ! "#$%&'()*&'+ ,! -').(+  ! /&'01.(+ 2! 3.('&#4&'+  ! "#$"%#%& '!+  !"#$!#"% &'(

)*"+,*-*./ *0 160 *' 234!

 2! 3.('&#4&'+  ! "#$%&'()*&'+  ! "#$"%#%& '!+ 5"*6!, *0 *".&'7$8*".&'7$ ,%!8

%"*9!"#$!#"%9!

  ! "#$%&'()*&'+ 5! ")6)71#+ 8! 2'1$7+ 9! :);17+  ! /&'01.(+ 2! 3.('&#4&'+

9! <(=6! 8(&>! 8 (()+ ?@?AA BCD??E :%)+-&!7'. %;%$! 0*" *".&'7$ ,%!%"*9!"#$!#"%

<-) ."*6!,= +%">#*"*+%'!&$%'% *' (77'(%'*+%"/-%'%!

 ,! -').(+ F! "&#$&>&=&'+  ! "#$%&'()*&'+ 2!  $G&'+ H! 3.()0I+  ! /&'01.(+

2! 3.('&#4&'+ <(=6! H&;! -! *++ CJAKDL BCD??E+ ?+!7$&- %@7(%'$% 0*" 7'!%")*-%$#-&"

$*#+-7'. 7' )7A%( <-)9 *0 +%'!&$%'% &'( +%">#*"*+%'!&$%'% !

  ! "#$%&'()*&'+ 8! 2'1$7+ 5! ")6)71#+  ! H&6M1+  ! /&'01.(+ 2! 3.('&#4&'+

9! 8(&>! <(=6! (+,+ ?DJLDC BCD??E+  !"#$!#"% &'( )*"+,*-*./ *0 $*8%@&+*"&!%(

+%'!&$%'%8+%">#*"*+%'!&$%'% !,7' <-)9!

  ! "#$%&'()*&'+  ! /&'01.(+ 3! ,)N1'#7+ 2! O)$M)$&+ 9! ,'PG+ 2! 3.('&#4&'+ QP')R

S(=6! T&MM! -(+ A@DDC BCD?DE+  )**!,7'. &'( $*,%"%'! 9!"#$!#"% 0*")&!7*' 7' *".&'7$8

*".&'7$ ,%!%"*9!"#$!#"% ."*6!,!

 9! U1G$&'+ V! /'P4&'+  ! "#$%&'()*&'+  ! U#07&+ -! -'W7&'+ 9! 2'#6.(+ <!  >610&>+

 ! X)00>&'+  ! YS#MI+ :! ,).(+ 2! 3.('&#4&'+ U! -'ZMM#$G+  %;! 2P$.M! V1M&'! ./+

JC[A BCD?DE+ B7., <-- 0&$!*" &'( *+%' $7"$#7! @*-!&.% 7' *".&'7$ +,*!*@*-!&7$ $%--9 67!,

(77'(%'*+%"/-%'% &9 (*'*" C&!%"7&-!

 F! "&#$&>&=&'+ ,! -').(+  ! "#$%&'()*&'+ V! ,=M71+ H! 3.()0I+  ! /&'01.(+

2! 3.('&#4&'+ <(=6! H&;! T&MM! (/,+ CALJD? BCD?DE+ D%&-8!7)% $,&'.%9 7' !,% *+8

!7$&- 9+%$!"#) *0 *".&'7$ 9%)7$*'(#$!7'. <-)9 &'( !,%7" !,7$E'%99 "%.7)%9 (#"7'.

."*6!,!

 3! ,)N1'#7+ ,! -').(+  ! "#$%&'()*&'+  ! 3.(N1'MI4&'G+ 9! Y! Y66\+ ]! ,#0.)=$&+

2! 3.('&#4&'+ 3! H! T&)$&+ 9! <(=6! 8(&>! 8 ((,+ ?KD@? BCD?DE+ 1"/9!&- ."&7' *"78

%'!&!7*' 7' *".&'7$ ,*)*8 &'( ,%!%"*%+7!&A/ *0 +%'!&$%'% &'( +%">#*"*+%'!&$%'%

9!#(7%( 67!, F8"&/ 9+%$!"*)7$"*9$*+/!

 5! ")6)71#+  ! /&'01.(+  ! "#$%&'()*&'+ 8! 2'1$7+ /! T#G)'#)+ F! "&#$&>&=&'+

 ! X)')4#&;+ 2! 3.('&#4&'+  SS0! <(=6! T&MM! -0+ D@KKD? BCD?DE+  7)#-!&'%*#9 7'

97!# )%&9#"%)%'!9 *0 F8"&/ "%>%$!7@7!/ &'( *+!7$&- 9+%$!"*9$*+/ (#"7'. *".&'7$ 9%)78

$*'(#$!*" !,7' <-) ."*6!,!



  ! "#$%&' (! )*+,-.#' /! 01*23' 4! 5#622*78' (! 9$$&' :! 9$&.8$;$' /! 9*7<.#,=>.#'

?! (+,#.*@.#' A! /11-! B,C&!  !"' DEFGDH IJDKDL'  !"#$%&'!(!)* +&,,-.$,#)#/(&+*/0!0-

1-(2$-3-+) )./04!4)&.4 5!)# )-)./)-)./+&0)/0- ,/44!6/)!&0 (/*-. /02 &."/0!+ %-)/( +&0$

)/+)4!

 /! 01*23' A! 4$87.#' 4! 5#622*78' M! ($-3N$77' O! "=+,' A!  $7$#$' A! BP$%N'

/! 9*7<.#,=>.#' ?! (+,#.*@.#' MQQQ A! (.-! :=1! R%$72!  #' KSDS IJDKDL' 7#/."-

4-,/./)!&0 /) %&(-+8(/. 2&0&.$ /++-,)&. !0)-.9/+-4: +&..-(/)!&0 '-)5--0 %&.,#&(&"*

/02 4&(/. +-(( ,-.9&.%/0+-;!

 /! 01*23' 5! Q+T.#' A! 4$87.#' /! 9*7<.#,=>.#' ?! (+,#.*@.#' A!  $7$#$' A! BP$%N'

4! 5#622*78' 0#8! Q-.+!  !' KJGE IJDDEL' <!=-2 +.*4)/((!0- 1(%4 &9 +&$-6/,&./)-2

#*2.&"-0$ /02 >8&.!0-$)-.%!0/)-2 ,#)#/(&+*/0!0-4 /02 )#-!. /,,(!+/)!&0 !0 ,#&)&$

6&()/!+ 2-6!+-4!

 5!UQ! (+,%&2.#'  ! 5! V$&%' M! 5*&;$&' /! 9*7<.#,=>.#' /! W.#-$+,' ?! (+,#.*@.#'

:! V,$&&X' B,C&! V,.N! V,.N! B,C&!   ' EDDD IJDDEL' ?&(- &9 )#- 48'4)./)- !0

-(-+).&0!+ 4).8+)8.-@ %&(-+8(/. &.!-0)/)!&0@ /02 %&.,#&(&"* &9 &."/0!+ )#!0 1(%4:

2!!02-0&,-.*(-0- &0 .8)!(- A!BCDEEFG!

 /! 01*23' A! 4$87.#' 5! Q+T.#' Y! 9Z#N$77'  ! "#$%&'  ! 5#=77.#' 4! 5#622*78'

/! 9*7<.#,=>.#' ?! (+,#.*@.#'  $2.#! ).&! (=+! (CN1! B#=+!   $%' 5DE IJDDEL'

<!+.&4).8+)8.- /02 +#/."- +/..!-. )./04,&.) !0 ,#)#/(&+*/0!0- '/4-2 4-%!+&028+)&.

'(-024!

 /! 01*23' A! 4$87.#' 4! 5#622*78' /! 9*7<.#,=>.#' ?! (+,#.*@.#' B,C&! (2$2! &=-! I$L

&!#' J[\H IJDDEL' <&(-+8(/. 4-%!+&028+)&. '(-024: <!+.&4).8+)8.-@ +#/."- +/..!-.

)./04,&.)@ /02 /,,(!+/)!&0 !0 ,#&)&6&()/!+ +-((4!

 Y! 9.*7.N.C.#' )! (+,=-3' ]! W*&&-X7'  ! M! /-=7&=' A! 0! 0&&^'  ! W$##*8$' /! 9*7U

<.#,=>.#'  ! "C2T$' (! "=;$#*T' /! W.#-$+,' ?! (+,#.*@.#' B,C&! )._! 5 "'' D\GJKD

IJDD\L' H=+!)&0$,#&0&0 +&8,(!0" !0 2!!02-0&,-.*(-0- )#!0 1(%4!

 (! "=;$#*T' /! W.#-$+,' /! 9*7<.#,=>.#' (!  *-*2$' ?! 5=#8$22*' ?! `=72=7.' :! (%3%T*'

?! 5*&+$#*7*' ?! (+,#.*@.#' B,C&! (2$2! &=-! I))]L &' KJD IJDD\L' I).8+)8.-@ %&.,#&($

&"*@ /02 ".&5)# 2*0/%!+4 &9 ,-.>8&.&$,-0)/+-0- )#!0 1(%4 !

 Y! 9.*7.N.C.#' /! 9*7<.#,=>.#'  ! M! /-=7&=' A! 0! 0&&^'  ! W$##*8$'  ! "C2T$'

/! W.#-$+,' ?! (+,#.*@.#' B,C&! (2$2! (=-! I$L &!$' EJS IJDD\L' J0!/=!/( /0!4&).&,*

&9 &."/0!+ )#!0 1(%4 2-)-.%!0-2 '* -((!,4&%-).*!

 /! 9*7<.#,=>.#' Y! 9.*7.N.C.#' /! W.#-$+,' (! "=;$#*T' )!  ! A! A$+=@&'

a! ($T$N=2=' :! (%3%T*' ?! (+,#.*@.#' A! V,.N! B,C&!  &"' KEFSDG IJDDSL' B,)!+/(

,.&,-.)!-4 &9 ,-0)/+-0- /02 ,-.>8&.&,-0)/+-0- )#!0 1(%4 !



 !"#$!%&"%

 ! "#$%"# &%"''" ()*+%" ,*+ (,*+ -", .#/01 2#3!4 &*+#",-"# 05# 63$ 7#()8',*+"! 6,"$"#

 #-",% 9!6 05# 6," +"#:/##38"!6" ;"%#"99!8 ,! 6"! '"%<%"! =3+#"! -"63!4"!> $/?," 05# 63$

(,# "!%8"8"!8"-#3*+%" @"#%#39"!1

.#/01 A/'083!8 ;#5%%,!8 63!4" ,*+ 05# 6," 03*+',*+" ;"89%3*+%9!8 6,"$"#  #-",% 9!6 6,"

$"+# 89%" B9$3(("!3#-",%1

C"# C"9%$*+"! 2/#$*+9!8$8"$"''$*+30% ()*+%" ,*+ 63!4"! 05# 6," 2)#6"#9!8 ,( D3+("!

6"$ &*+?"#E9!4%$E#/8#3(($ &.. FGHH I7'"("!%3#E#/<"$$" 6"# J#83!,$*+"! .+/%/:/'%3,4I1

;"63!4"! ()*+%" ,*+ (,*+ ,! 6,"$"( B9$3(("!+3!8 :/# 3''"( 39*+ 05# 6," 39K"#8"?)+!L

',*+ 89%" M//E"#3%,/! (,% 6"! .#/N"4%E3#%!"#!O .#/01 P/#-"#% M/*+> .#/01 ="!$ .Q39(>

.#/01 A/'083!8 ;#5%%,!8 9!6 C#1  !6#"3$ JE,%< 9!6 ,+#"!  #-",%$8#9EE"!1 R!$-"$/!6"#"

=9',3 A38!"#> S,*+3"' M#39$> S3#4 T#9-"# 9!6 U''#,*+ V)#(3!! 39$ 6"#  #-",%$8#9EE"

:/! .#/01 ;#5%%,!8 63!4" ,*+ 05# 6," 9!4/(E',<,"#%" 9!6 3!8"!"+(" B9$3(("!3#-",%1

.#/01 =/3*+,( M#98 63!4" ,*+ 05# +,'0#",*+" C,$49$$,/!"! <9#  !3'W$" :/! D39,84",%L

$"!%?,*4'9!8"!1

C#1  '"X3!6"# T"#'3*+ 8,'% (",! -"$/!6"#"# C3!4 05# 6," U!%"#$%5%<9!8 -", &W!L

*+#/%#/!"XE"#,("!%"! 9!6 ,!$-"$/!6"#" 05# 6," V,'0" 3! 6"! @3499(43(("#!> 6," C3!4

$",!"# S,%3#-",% "X,$%,"#"! 9!6 89%" C,"!$%" 8"'",$%"% +3-"!1

C#1 Y349W3 V/$/43, 8,'% (",! C3!4 05# +,'0#",*+" C,$49$$,/!"! 9( 6," "'"4%#/!,$L

*+"! 7,8"!$*+30%"! /#83!,$*+"# V3'-'",%"#> $/?," 05# 6," 8#/K" V,'0" -", &W!*+#/%#/!"XE"#L

,("!%"!1

Z+#,$%,3! 2#3!4> M3%+3#,!3 ;#/*+> T,/:3!!, [,8/#,/ 9!6 Z+#,$%/E+"# [/#*+ 63!4" ,*+

05# 6," U!%"#$%5%<9!8 -", 6"# @/#-"#",%9!8 9!6 C9#*+05+#9!8 :/! :,"'"! &W!*+#/%#/!L

&%#3+'<",%"!1 Z+#,$%,3! 2#3!4 9!6 ="!$ D",!+3#6% 63!4" ,*+ 39K"#6"( 05# 6," .#\E3#3%,/!

6"# .7PO.2. 9!6 CR.O.2.S,$*+$*+,*+%"!1  ''"! ?",%"#"! S,%8',"6"#! 6"#  #-",%$8#9EE"

&*+#",-"# 9!6 6"( &"4#"%3#,3% 8,'% (",! C3!4 05# 6," 03*+',*+" 9!6 39K"#03*+',*+" U!%"#L

$%5%<9!8> $/?," 05# 6," B9$3(("!3#-",% ,! 6"! '"%<%"! =3+#"!1  9*+ 6"# 7'"4%#/!,4?"#4L

$%3%% 9!6 6"# 0",!("*+!,$*+"! A"#4$%3%% 8,'% (",! C3!4 05# ,+#" U!%"#$%5%<9!81

&*+',"K',*+ ()*+%" ,*+ (,*+ -", C#1 J'"8 M/!/:3'/:> C#1 =,]^ P/:_4> C#1  !6#"3 D"$%3

9!6 C#1 2"6"#,*/ B/!%/!" 05# 6," ;"%#"99!8 6"# 7XE"#,("!%" 3! 6"! ;"3(',!"$ RCF`;

9!6 RC`G 3! 6"# 79#/E"3! &W!*+#/%#/! D36,3%,/! &/9#*" -"63!4"!1 7-"!$/ -"63!4"

,*+ (,*+ -", C#1 .+,' A,''(/%% 9!6 C#1 &%":"! ["34" :/! 6"# &?,$$ [,8+% &/9#*" 05# 6,"

U!%"#$%5%<9!8 -", 7XE"#,("!%"! 3! 6"# S& a`b& &9#03*" C,c#3*%,/! ;"3(',!"1




