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0-0$#&-%! (#1+,(.$%! ',8%*'-%! @A5]B:! "#!0+'I-%! '(%-%! -.*1$#! '+8#2'-! /$,!0(1#$2%0-! %$! )*$./$!

m = µ V

•

 H = J12 S1 !S2,
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'+(#/-!%$!&.(&(!/$!$F),*'(.!,-%!$3$'&-%!0(1#42'-%!/$!,-%!%?,*/-%!/$!/*0*%*-#$%!$%)('*(,$%!0(;-.$%!

-!/$,!-./$#!/$!,-%!0*'.?0$&.-%!!@jB:!!

k-.!-&.(!)(.&$!;!0(%!/$!+#!)+#&-!/$!<*%&(! &$'#-,?1*'-5!$#!$,! %*1,-!pp! %$! %*1+*?!(<(#C(#/-!$#! ,(!

0$D-.(!/$!*0(#$%5!$#!AmVT!).-/+'$!$,!).*0$.!*08#!/$!R,#*'-!9+$!$%!+#(!(,$('*?#!).*#'*)(,0$#&$!

/$!'-6(,&-5!#79+$,5!;!(,+0*#*-!L/$!(,,7!$,!#-06.$!R,JK*JP-M!@mB:!i(%&(!,(!/4'(/(!/$!,-%!]T!3+$.-#!,-%!

*0(#$%! )$.0(#$#&$%! 08%! 3+$.&$%! /$! +%-! '-0$.'*(,5! ;(! 9+$! (,1+#-%! )-%$$#! +#(! *#&$#%*/(/! /$!

'(0)-!$#!,-%!)-,-%!9+$!$%!().-F*0(/(0$#&$!VTTT!<$'$%!08%!3+$.&$!9+$!$,!'(0)-!0(1#42'-!/$!,(!

c*$..(:!n#(! /$! ,(%! (),*'('*-#$%! &$'#-,?1*'(%! /$,!0(1#$2%0-!9+$! I(! &$#*/-! +#! 1.(#! *0)('&-! $#!

#+$%&.(!3-.0(!/$!<$.!$,!0+#/-5!$%!,(!1.(6('*?#!0(1#42'(!'+;-%!-.71$#$%!.$0-#&(#!(!,-%!&.(6(D-%!

/$!W6$.,*#!H0*&I!$#!Aj]j:!N-!9+$!+#-!)+$/$!.$'-./(.!/$!#*\$C!%-#!$%'+'I(.!0G%*'(!$#!+#(!.(/*-J

'(%%$w$! -! <$.! )$,7'+,(%! $#! '*&(%! /$! xiH:! R,,7! $,! (,0('$#(0*$#&-! /$! /(&-%! $.(#!0$/*(#&$! '*#&(%!

0(1#42'(%5!9+$!%*0),$0$#&$!%-#!+#(!6(#/(!),8%2'(!'-#!+#!0(&$.*(,!0(1#$2C(/-:!N(!I*%&-.*(!/$!

,(! 1.(6('*?#! 0(1#42'(! $%! )-.! %*! *#&$.$%(#&$5! ;! %$! /$D(.8! (,! ,$'&-.! /$! $%&(! 0$0-.*(! 9+$! ,-!

*#<$%21+$!)-.!%*!%-,-!%*!,-!/$%$(!@ATB:!!

! "#! ,(%! +,20(%! /4'(/(%! %$! I(! /$%(..-,,(/-! $#! 3-.0(! $F),-%*<(! ,(! #(#-J'*$#'*(5! 9+$! $%! $,!

$%&+/*-!/$!-6D$&-%!'-#!$%'(,(%!$%)('*(,$%!/$!#(#-0$&.-%! LATJm!0M5!$#!(,!0$#-%!(,1+#(!/*.$''*?#!

$%)('*(,:!n#(!/$!,(%!'(.('&$.7%2'(%!3+#/(0$#&(,$%!/$!,(%!#(#-J$%&.+'&+.(%!$%!9+$!,(!.(C?#!$#&.$!,(!

%+)$.Y'*$! ;! $,! <-,+0$#! $%! &.$0$#/(:! "#! +#!0*%0-!0(&$.*(,5!0+'I(%! /$! ,(%! ).-)*$/(/$%! E%*'(%!

'(06*(#! (! $%&(%! $%'(,(%! .$%)$'&-! (! ,(%! ).-)*$/(/$%! /$,! 6+,&-! @AAJAdB:! H-,-! )-.! #-06.(.! /-%!

(),*'('*-#$%! $#! '-#'.$&-! <$(0-%! $#! 6.$<$5! ,-%! 3"440?5*,0+! ;! ,(%!.0)8-5)%+# .%&'89-%+:! "%&-%!

v+*/-%! %-#! %+%)$#%*-#$%! /$! #(#-)(.='+,(%!0(1#42'(%! $#! +#! ,*9+*/-! #-! '-#/+'&-.! =)*'(0$#&$!

('$*&$%!-!(1+(! @AVB:! N-%! 3$..-v+*/-%! !#-.0(,0$#&$!#-!).$%$#&(#! 3(%$!0(1#42'(!$#!(+%$#'*(!/$!

'(0)-! $F&$.#-! (),*'(/-:! N(%! (),*'('*-#$%! %-#!0G,2),$%5! /$%/$! +%-%!0*,*&(.$%! I(%&(!0$/*'*#(,$%!

@AV5! AXB:! R! %+! <$C5! ,(%! 0-,4'+,(%! 0(1#42'(%! %-#! %*%&$0(%! $#! ,-%! 9+$! %$! )+$/$! -6&$#$.!

0(1#$2C('*?#! )$.0(#$#&$! #-! (! &.(<4%! /$! +#! -./$#(0*$#&-!0(1#42'-5! %*#-! )-.! +#! 3$#?0$#-!

)+.(0$#&$!0-,$'+,(.!@A^B:!",!).*0$.!'(%-!%$!9+$!$%&+/*-!3+$!$,!Q#Ad!@Q#AdWAdLPiVPWWMASLidWMXB!!
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%$!0*/*?!$F)$.*0$#&(,0$#&$!$,!$3$'&-!&G#$,!$#!,(!/$%0(1#$2C('*?#!@A^5!ASB:!"#!$%&-%!G,20-%!(\-%!

%$! I(#! %*#&$2C(/-! <(.*(/-%! 2)-%! /$! 0-,4'+,(%! 0(1#42'(%! '-#! /*3$.$#&$%! ).-)*$/(/$%! ;!

(),*'('*-#$%!@ASB:!!!!

!

<$8&-")*1A=!"%9+$0(!6.$<$!/$!,(!I*%&-.*(!/$,!0(1#$2%0-:!N-%!.$'+(/.-%!%+)$.*-.$%!%-#!+#(!6.GD+,(!'I*#(!L*C9+*$./(M!;!

+#(! '*&(#! /$! 1.(6('*?#!0(1#42'(! L/$.$'I(M:! N-%! .$'+(/.-%! *#3$.*-.$%! %-#! +#! 3$..-v+*/-! L/$.$'I(M! ;! +#(!0-,4'+,(!

0(1#42'(!L*C9+*$./(M:!

N(!U*1+.(!A:d!0+$%&.(!$%9+$082'(0$#&$!,-!9+$!I$0-%!.$,(&(/-!%-6.$!,(!I*%&-.*(:!i$0-%!&-0(#/-!

$#!'-#%*/$.('*?#!'+(&.-!$D$0),-%!$#!%$'+$#'*(!&$0)-.(,!).-1.$%*<(:!k(.20-%!'-#! ,(!6.GD+,(!9+$!

(;+/-!(!,(!$F),-.('*?#!/$!,-%!0(.$%5!%$1+*0-%!,(!'*#&(%!/$!1.(6('*?#!0(1#42'(!9+$!#-%!'(06*-!,(!

3-.0(!/$! '-0+#*'(.#-%5! %$1+*0-%! '-#! ,-%! 3$..-Jv+*/-%! 9+$! $%&8#! 1$#$.(#/-! +#(! .$<-,+'*?#! $#!

0G,2),$%! '(0)-%!(),*'(/-%! '-0-!)-.!$D$0),-!$#!0$/*'*#(! %$!+%(! &.(%,(/(.!/-%*%! .(/*-('2<(%!(!

&.(<4%!/$,!&-..$#&$!%(#1+7#$-5!;!)-.!+,20-!+#(!*0(1$#!/$!+#(!0-,4'+,(!0(1#42'(!9+$!&-/(<7(!#-!

'-#-'$0-%!%+%!<$./(/$.-%!(,'(#'$%!;!)-&$#'*(,$%!&$'#-,?1*'-%:!U*#(,0$#&$5!#-%!1+%&(.7(!.$0(.'(.!

9+$!)(.(!<$.%*-#$%!0+'I7%*0-!0(%!('(6(/(%!/$!,(!I*%&-.*(!/$,!0(1#$2%0-!%$!)+$/$!$#'-#&.(.!$#!

,(!.$3$.$#'*(%!@A5X5j5m5AS5A]JdTB!9+$!#-%!I$0-%!6(%(/-!$#!)(.&$!)(.(!$%'.*6*.!$%&(!%$''*?#:!
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!
*1A)!'"6$B/"/$0,)CD6$/").3)'(6):"%3-$"'36):"8,E9/(6)

!
! N-%! 0(&$.*(,$%! 0(1#42'-%! )+$/$#! %$.! ',(%*Y'(/-%! %$1G#! %+! .$%)+$%&(! (#&$! '(0)-%!

0(1#42'-%! (),*'(/-%! '-0-! /*(0(1#42'-%5! )(.(0(1#42'-%5! 3$..-0(1#42'-%! -!

(#23$..-0(1#42'-%!@AB:!"%&(!.$%)+$%&(%!/*Y$.$#!3+$.&$0$#&$!$#!%+!*#&$#%*/(/:!",!.$":"8,396:(!

%$!/$6$!(,!0-<*0*$#&-!/$!,-%!$,$'&.-#$%5!;!$%! ,(!).-)*$/(/!/$!&-/-%! ,-%!0(&$.*(,$%!$#!.$)$,$.!(,!

'(0)-!0(1#42'-:!"#!%+!$%&(/-!3+#/(0$#&(,!,-%!0(&$.*(,$%!/*(0(1#42'-%!#-!).$%$#&(#!0-0$#&-!

0(1#42'-! (&?0*'-5! )-.! ,-! '+(,! #-! )+$/$#! ).$%$#&(#! 0(1#$2C('*?#! $%)-#&8#$(:! ",$0$#&-%!

/*(0(1#42'-%! !=)*'-%!%-#!)-.!$D$0),-!$,!i$,*-5!-!$,!o*%0+&-:!",!#"-":"8,396:(! !%$!0(#*Y$%&(!

%-,-! '+(#/-! I(;! +#! '(0)-! $F&$.#-! (),*'(/-5! (! )$%(.! /$! 9+$! ,-%! $,$0$#&-%! 9+$! %*! )-%$$#!

0-0$#&-! 0(1#42'-! (&?0*'-:! P+(#/-! +#! '(0)-! 0(1#42'-! $%&(! ).$%$#&$5! ,-%! 0(&$.*(,$%!

)(.(0(1#42'-%!$FI*6$#!+#(!0(1#$2C('*?#!$#!,(!/*.$''*?#!/$,!'(0)-5!%*$#/-!$,,(!$%!).-)-.'*-#(,!

(,! '(0)-! $F&$.#-:! "#! 1$#$.(,! $%&-%! 0(&$.*(,$%! #-! )-%$$#! +#! -./$#(0*$#&-! 0(1#42'-5! ;! %+%!

0-0$#&-%!0(1#42'-%!$%&8#!/*%&.*6+*/-%!$#! 3-.0(!(,C(.!$#!(+%$#'*(!/$! '(0)-!(),*'-:! ",! $3$'&-!

)(.(0(1#42'-! $%! )-.! ,-! 1$#$.(,! 0+'I-! 08%! *#&$#%-! 9+$! $,! /*(0(1#42'-:! R,1+#-%! 0(&$.*(,$%!

)(.(0(1#42'-%!%-#!$,!i*/.-1$#-5!$,!H-/*-5!$,!a+6*/*-5!(%7!'-0-!$,!O(,*-:!N(%!).*0$.(%!&$-.7(%!&(#&-!

/$,!/*(0(1#$2%0-!'-0-!/$,!)(.(0(1#$2%0-)%$!/$6$!(,!E%*'-!3.(#'4%!k(+,!N(#1$<*#!3-.0+,(/(!(!

).*#'*)*-! /$,! AmTT! @dAB:! H+! &$-.7(! '-#'+$./(! 6(%&(#&$! 6*$#! '-#! ,-%! <(.*-%! /(&-%! $F)$.*0$#&(,$%:!

x$.%*-#$%!0$D-.(/(%!/$!$%&(%!&$-.7(%!/$!'(.8'&$.!'+8#2'-!3+$.-#!I$'I(%!)-.!`-,31(#1!k(+,*!;!!)-.!

N$<!Z:!N(#/(+5!.$%)$'2<(0$#&$!@A5m5ddB:!!

",! F3--(:"8,396:(!).-/+'$!+#!-./$#(0*$#&-!$#! ,(!'-#Y1+.('*?#!/$! ,-%!0-0$#&-%!0(1#42'-%!

/$,!0(&$.*(,5!&(,!9+$!2$#$!(!-./$#(.,-%!$#!,(!0*%0(!/*.$''*?#!;!%$#2/-:!"%&-%!0(&$.*(,$%! !2$#$#!

0-0$#&-!0(1#42'-!#-!#+,-5!;!%-#!'()('$%!/$!).$%$#&(.!0(1#$2C('*?#!$%)-#&8#$(!$#!(+%$#'*(!

/$! '(0)-%! $F&$.#-%:! H+! $3$'&-! $%! .$,(2<(0$#&$! 3+$.&$5! ).-/+'*$#/-! 0(1#$2C('*-#$%! (,1+#(%!
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<$'$%! 0(;-.$%! $#! -./$#$%! /$! 0(1#*&+/! (,! /$,! '(0)-! 0(1#42'-! (),*'(/-:! N-%! 0(&$.*(,$%!

3$..-0(1#42'-%! )-.! $F'$,$#'*(! %-#! U*$..-5! P-6(,&-! ;! K79+$,:! U*#(,0$#&$5! $#! $,!

",9F3--(:"8,396:(! ,-%!0-0$#&-%!0(1#42'-%! *#&$.('&G(#!/$! &(,! 3-.0(!9+$!).-/+'$!)(&.-#$%!

(,&$.#(/-%!$#!,(!/*.$''*?#!/$,!0-0$#&-!0(1#42'-!/$!'(/(!0-0$#&-!$#!3-.0(!/$!)(.$%!&(,!9+$!,(!

0(1#$2C('*?#!1,-6(,!$%!#+,(:!",!$,$0$#&-!(#23$..-0(1#42'-!68%*'-!$%!$,!P.-0-!-!$,!Q(#1(#$%-:!

N(%!).*0$.(%!&$-.7(%!)(.(!$#&$#/$.!,-%!0(&$.*(,$%!3$..-J!;!(#23$..-!3+$.-#!/$%(..-,,(/(%!)-.!k*$..$!

`$*%%!;!)-.!N-+*%!K4$,5!.$%)$'2<(0$#&$!@dVJdXB:!N+$1-!%*1+*$.-#!,-%!0-/$,-%!/$!i$*%$#6$.15!b%*#1!!

;!,-%!0-/$,-%!/$!6(#/(%!I$'I-%!)-.!H&-#$.:!n#(!<*%*?#!0(%!'-0),$&(!/$!$,,-!%$!)+$/$!$#'-#&.(.!

$#!,(%!.$3$.$#'*(%!@A5m5dT5ddB:))

<$8&-")*1G=)"%9+$0(!/$!&(6,(!)$.*?/*'(!'-#!'(.('&$.7%2'(%!0(1#42'(%:!!!

!
k(.(!/(.!+#(!*/$(!/$!'-0-!%$!/*%&.*6+;$#!s0(1#42'(0$#&$t!,-%!$,$0$#&-%!9+70*'-%5!,(!U*1+.(!A:V!

0+$%&.(! $,! ,(! &(6,(! )$.*?/*'(! /$! $,$0$#&-%! '-#! %+%! '-..$%)-#/*$#&$%! ).-)*$/(/$%! 0(1#42'(%:!
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k-/$0-%!().$'*(.! 9+$! ,-%! $,$0$#&-%!)(.(0(1#42'-%! %-#! ,-%!08%! (6+#/(#&$%5! %$1+*/-%!)-.! ,-%!

/*(0(1#42'-%! )+.-%>! ;! Y#(,0$#&$! )-.! ,-%! 3$..-J! ;! (#23$..-0(1#42'-%:! k-.! %+)+$%&-! 9+$!

'-06*#('*-#$%! /$! /*%2#&-%! $,$0$#&-%! ).-/+'$#! /*3$.$#&$%! -./$#$%! 0(1#42'-%5! '-0-! )-.!

$D$0),-! ,(%! '-0)+$%&-%! P.o.V5! P+dQ#R,5! "+T! ;!Q#R%! %-#!0(&$.*(,$%! 3$..-0(1#42'-%5!0*$#&.(%!

9+$!,-%!'-0)+$%&-%!Q#W5!U$W5!a6Q#UV!;!fU$UV!%-#!(#23$..-0(1#42'-%:!

!
<$8&-") *1H=) "%9+$0(! %-6.$! /*3$.$#&$%! -./$#(0*$#&-%! 0(1#42'-%:! N-%! .$'+(/.-%! %-#r! L(M! )(.(0(1#42'-5!

L6M3$..-0(1#42'-5!!L'M!(#23$..-0(1#42'-5!;!L/M!3$..*0(1#42'-:!!

! !

! k-.!-&.(!)(.&$5!I('$0-%!#-&(.!9+$!$F*%&$#!-&.-%!2)-%!/$!-./$#$%!0(1#42'-%:!P-0-!$%!$,!

'(%-! /$,! F3--$:"8,396:(:! N-%!0(&$.*(,$%! 3$..*0(1#42'-%! '-#%*%&$#! $#! (,!0$#-%! /-%! %+6J.$/$%!

0(1#42'(%! ('-),(/(%! (#23$..-0(1#$2'(0$#&$! @AB:! "%&$!).$%$#&(!0(1#$2C('*?#!$%)-#&8#$(!$#!

(+%$#'*(!/$!'(0)-:!N-%!<(,-.$%!/$!0(1#$2C('*?#!/$!+#!3$..*0(1#$&-!)-.!,-!1$#$.(,!#-%!0$#-.$%!

9+$!,-%!/$!+#!3$..-0(1#$&-:!c7)*'-%!0(&$.*(,$%!3$..*0(1#42'-%!%-#!/$!,(!3-.0(!L@WM:U$dWV5!/-#/$!
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@! $%! +#! *-#! 0$&8,*'-! /*<(,$#&$5! '-0-!Q#5! K*5! U$5! P-5! -! Q1>! -&.-! 0(&$.*(,! 9+$! I(! &-0(/-! +#!

.$'*$#&$! *#&$.4%! $%! $,! O/U$P-:! N(! U*1+.(! A:X! $%! +#! $%9+$0(! /$! ,-%! '+(&.-! ).*#'*)(,$%! 2)-%! /$!

-./$#$%! 0(1#42'-%:! ",! .$'+(/.-! L(M! 0+$%&.(! $,! '(%-! )(.(0(1#42'-5! /-#/$! <$0-%! 9+$! ,-%!

0-0$#&-%!0(1#42'-%!$%&8#!(,C(.:!",!.$'+(/.-!L6M!0+$%&.(!$,!'(%-!3$..-0(1#42'-!/-#/$!&-/-%!,-%!

0-0$#&-%!0(1#42'-%!$%&8#!(,*#$(/-%!$#!,(!0*%0(!/*.$''*?#:!",!.$'+(/.-!L'M!0+$%&.(!+#!$D$0),-!

/$!0(&$.*(,$%! (#23$..-0(1#42'-%! /-#/$! %$! -6%$.<(!9+$! ,-%!0-0$#&-%! $%&8#! (,*$#(/-%! '-#!+#!

)(&.?#! *2#$.(#&$! '-#! 0(1#*&+/$%! *1+(,$%:! k-.! +,20-5! $,! .$'+(/.-! L/M! $F)-#$! $,! '(%-! /$,!

3$..*0(1#$2%0-!/-#/$!&(06*4#!I(;!+#(!(,*#$('*?#!*2#$.(#&$5!)$.-!,(!0(1#*&+/!/$!,-%!0-0$#&-%!

/$!,(%!/*3$.$#&$%!$%)$'*$%!/*Y$.$#:!!

) U*#(,0$#&$5! I('$0-%! #-&(.! 9+$! /$6*/-! (! 9+$! ,-%! 3$..-0(1#$&-%! )+$/$#! $FI*6*.!

0(1#$2C('*?#! $%)-#&8#$(! )-.! ,(.1-%! )$.*-/-%! /$! 2$0)-5! ;! ,-%! <(,-.$%! /$! %(&+.('*?#! %-#!

.$,(2<(0$#&$!0(;-.$%!9+$!,-%!-&.-%!2)-%!/$!0(&$.*(,$%5!,-%!'-#<*$.&$!$#!0(&$.*(,$%!*#&$.$%(#&$%!

/$%/$!$,!)+#&-!/$!<*%&(!&$'#-,?1*'-:!"#!,-!9+$!%*1+$!/$!,(!0$0-.*(!&.(6(D(.$0-%!%-,-!%-6.$!$%&-%!

0(&$.*(,$%:)

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

I$,D:$/").3)'")7"8,39J"/$0,)

!
"#! $%&$! '()*&+,-! %$! $%&+/*(! ,(! /*#80*'(! /$! %*%&$0(%! 0(1#42'-%! $#! 1$#$.(,:! H$! ).$%$#&(!

).*0$.(0$#&$!+#! $%&(/-!/$,! (.&$5! ,+$1-! %$! /$%'.*6$! ,(%! $'+('*-#$%! /$!0-<*0*$#&-! ;! %$! <$#! ,(%!

).*#'*)(,$%!'(.('&$.7%2'(%:!U*#(,0$#&$5!%$!/$%'.*6$!,(!/*#80*'(!/$!+#(!)(.='+,(!0(1#42'(:!!!

!
A1*)K6%".().3')L-%3)

!
"#!'*$#'*(!/$!0(&$.*(,$%!+#(!(),*'('*?#!%*1#*Y'(2<(!/$!,(%!)(.='+,(%!0(1#42'(%!$%!,(!1.(6('*?#!

0(1#42'(:! Z$! I$'I-5! $F*%&$! +#! *#&$.4%! )-.! (,0('$#(.! /(&-%! $#! %*%&$0(%! 9+$! '-#%*%&$#! $#!

'-,$''*-#$%!/$!1.(#-%!0(1#42'-%!%-6.$!+#!%+%&.(&-!#-!0(1#42'-!@d^JdSB:!P-0-!'-0$#&(0-%!$#!

$,!'()*&+,-!(#&$.*-.!(!$%'(,(!0$%-J!;!0('.-%'?)*'(5!/-#/$!,-%!$3$'&-%!'+8#2'-%!#-!%-#!.$,$<(#&$%5!

$,!'-0)-#$#&$!0*#*#-!/$!+#!%*%&$0(!0(1#42'-!$%!$,!0-#-J/-0*#*-!0(1#42'-:!R'&+(,0$#&$5!,(!

&$'#-,-17(! )+$/$! ).-/+'*.! (..$1,-%! /$! 0-#-J/-0*#*-%! '-#! /*3$.$#&$%! '(.('&$.7%2'(%! &(#&-! /$,!

(..$1,-!'-0-!/$,!0(&$.*(,!(!/*3$.$#&$%!$%'(,(%!/$!&(0(\-!)(.2$#/-!!/$%/$!,-%!#(#-0$&.-%:!k-.!,-!

'+(,!$%!(''$%*6,$!$,!$%&+/*-!&(#&-!/$!+#!0-#-J/-0*#*-!(*%,(/-5!)-'-%!/-0*#*-%5!-!'-0-!&(06*4#!!

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

Z$)$#/*$#/-! /$! ,(! 1$-0$&.7(! ;! /$! ,(! '-0)-%*'*?#5! ,-%! /-0*#*-%! )+$/$#! &$#$.! /*.$''*-#$%!

).*<*,$1*(/(%!/-#/$!0(1#$2C(.%$5!$%&(!/*.$''*-#$%!%$!,$%!,,(0(!$D$%!38'*,$%!/$!0(1#$2C('*?#:!!H*!+#!

0-#-J/-0*#*-!)-%$$!+#!$D$!/$!38'*,!0(1#$2C('*?#5!(!0+;!6(D(!&$0)$.(&+.(5! ,(!0(1#$2C('*?#!(!

'(0)-!$F&$.#-!#+,-!)+$/$!&$#$.!/-%!-.*$#&('*-#$%!)-%*6,$%!,(%!9+$!)+$/$#!.$).$%$#&(.!,-%!6*&%!!T!

?! A5! %*$#/-! 6(%$! /$! 0$0-.*(%! 0(1#42'(%:! ! i-;! )-.! I-;! %$! I(#! (,'(#C(#/-! /$#%*/(/$%! /$!

(,0('$#(0*$#&-!/$!*#3-.0('*?#!/$,!-./$#!/$!!ATd!O6*&y*#d!-!08%!@d^B:!

!
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<$8&-")A1*=!P-#D+#&-!/$!#(#-J'*,*#/.-%!-./$#(/-%:!P(/(!)(.='+,(!2$#$!0(1#$2C('*?#!+#*3-.0$!)-.!,-!'+(,!%$!)+$/$!

'-#%*/$.(.!'-0-!+#!6*&!/$!*#3-.0(!*#3-.0('*?#:!N(!Y1+.(!I(!%*/-!&-0(/(!/$!,(!.$3$.$#'*(!@d^B:!

!
N(!U*1+.(!d:A!0+$%&.(!+#!(..$1,-!/$!)(.='+,(%!0(1#42'(%!=)*'(%!$,!'+(,!$%!+#!'(#/*/(&-!).-&-2)-!

)(.(!,-%!#+$<-%!%*%&$0(%!/$!*#3-.0('*?#:!P+(#/-!I(;!$3$'&-%!$F&$.#-%!(),*'(/-%5!'-0-!+#!'(0)-!

0(1#42'-5!!,-%!0-0$#&-%!0(1#42'-%!0+$%&.(#!/*#80*'(%!*#&$.$%(#&$%:!!

! N-%! ).-'$/*0*$#&-%! $%&8#/(.$%! )(.(! $%&+/*(.! ,(! /*#80*'(! /$!0-0$#&-%!0(1#42'-%! $%! (!

&.(<4%!/$!,(%!$'+('*?#!/$!N(#/(+zN*3%I*&C!LNNM!@d]B!-!6*$#!/$!,(!$'+('*?#!/$!N(#/(+zN*3%I*&CzO*,6$.&!

LNNOM! @djB:! k-.! -&.(! )(.&$5! /$)$#/*$#/-!/$! ,(! /*%&(#'*(! $#&.$! )(.='+,(%! ;y-! /$! ,(! 1$-0$&.7(! /$,!

%*%&$0(! 0(1#42'-%5! ,-%! /*3$.$#&$%! 2)-%! /$! *#&$.(''*-#$%! 0(1#42'(%! %$! )+$/$! 0(#*3$%&(.:! ",!

$3$'&-! /$! $,,(%! )+$/$! '(06*(.! /.8%2'(0$#&$! $,! ).-'$%-! /$! .$<$.%*?#! 0(1#42'(:! Z$! I$'I-5!

'+(,9+*$.! 2)-! /$! *#&$.(''*?#! $#&.$! )(.='+,(%! -! 6*$#! $3$'&-%! /$! (+&-J$#$.17(! L'-0-! (+&-J

*#&$.(''*?#! /*)-,(.M! 1$#$.(! &4.0*#-%! #-J,*#$(,$%! $#! ,(! $'+('*-#$%! /$! 0-<*0*$#&-:!

P-#%$'+$#&$0$#&$5!,(!'-06*#('*?#!/$!,(%!*#&$.(''*-#$%5!,(!/*%*)('*?#!/$!$#$.17(!;!!,(!*#;$''*?#!/$!

$#$.17(!0$/*(#&$!'(0)-%!0(1#42'-%!$F&$.#-%5!1$#$.(#!+#(!/*#80*'(!'-0),$D(:!
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k.-6,$0(%!#-J,*#$(,$%!$#!0(1#$2%0-!I(#!%*/-!$%&+/*(/-!$#!0+'I-%!'(%-%!;!$,!$%&(/-!/$,!(.&$!

%$!)+$/$!$#'-#&.(.!$#!,(%!.$3$.$#'*(%!@dmJVdB:!Z$%/$!$,!)+#&-!/$!<*%&(!&$?.*'-5!%-,+'*-#$%!(#(,72'(%!

&(#&-!)(.(! ,(%!$'+('*-#$%!/$!NN!;!NNO!%-#!/*Y'+,&-%(%!/$!-6&$#$.!/$6*/-!(! ,(!#-J,*#$(,*/(/$%!/$!

$%&(%!$'+('*-#$%>!;!%-,-!$#!0+;!)-'-%!'(%-%!%$!I(#!)-/*/-!-6&$#$.:!k-.!$D$0),-5!+#!'(%-!/-#/$!

%$!'-#-'$#!%-,+'*-#$%!(#(,72'(%5!&(#&-!)(.(!$,!'(%-!'-#%$.<(2<-!'-0-!/*%*)(2<-5!$%!$,!).-6,$0(!

/$! +#(! )(.='+,(! '-#! (#*%-&.-)7(! +#*(F*(,! $#! ).$%$#'*(! /$! +#! '(0)-! $F&$.#-! )(.(,$,-! (,! $D$! /$!

(#*%-&.-)7(!@VVB:!H-,+'*-#$%!(#(,72'(%!)(.(!+#(!)(.='+,(!(#*%?&.-)*'(!'-#!/*3$.$#&$%!-.*$#&('*-#$%!

/$,! '(0)-! .$%)$'&-! (! ,-%! $D$%! /$! (#*%-&.-)7(! %$! )+$/$#! $#'-#&.(.! $#! ,(%! .$3$.$#'*(%! @VXJV^B:!

R%*0*%0-5!+#!6+$#!&.(&(0*$#&-!%-6.$!$,!(%)$'&-!#-J,*#$(,!'+(,*&(2<-%!/$!,(!/*#80*'(!/*%*)(2<(!/$!

+#(! )(.='+,(! 0(1#42'(! '-#! (#*%-&.-)7(! +#*(F*(,! 6(D-! +#! '(0)-! 0(1#42'-! '*.'+,(.0$#&$!

)-,(.*C(/-!3+$!.$)-.&(/-!$#!,(!.$3$.$#'*(!@VSB5!;!'-0-!+#(!'-#2#+('*?#!(!/*'I-!&.(6(D-!+#!$%&+/*-!

%-6.$!,(%!)$.&+.6('*-#$%!/$,!0-0$#&-!0(1#42'-!'+(#/-!$,!'(0)-!$%&(!)-,(.*C(/-!$,7)2'(0$#&$!

3+$!&(06*4#!.$(,*C(/-!,(!.$3$.$#'*(!@V]B:!"#!(06-%!'(%-%!%$!$%&+/*(#!,(%!6*3+.'('*-#$%!(%-'*(/(%!(!

,-%! '*',-%! ,*0*&$%5! $#'-#&.(#/-! ,(%! .$1*-#$%!/$! *#$%&(6*,*/(/!/$! $%&-%:! "#! ,$! '(%-!/$!)-,(.*C('*?#!

'*.'+,(.5!%$!)+$/$!I('$.!+#!'(06*-!/$!<(.*(6,$%!,,$<(#/-!$,!%*%&$0(!#-J(+&?#-0-!(!+#-!(+&?#-0-!

'-#! +#! ! '(0)-! $3$'2<-:! n#! $%&+/*-! %-6.$! $%&(/-%! 9+(%*J)$.*?/*'-%! +%(#/-! &$-.7(! /$!

)$.&+.6('*-#$%!$#!,(!$'+('*?#!/$!NNO!3+$!.$)-.&(/-!$#!,(!.$3$.$#'*(!@VjB:!!!

Z*#80*'(%!'-0),$D(%!$#!0(1#$2%0-!I(!%*/-!+#!&?)*'-!/$!6(%&(#&$!*#&$.4%!&(#&-!/$%/$!$,!)+#&-!

/$! <*%&(! &$?.*'-! '-0-! $F)$.*0$#&(,! @dmB:! n#-! /$! ,-%! 3$#?0$#-%! 08%! *#&$.$%(#&$! $#! %*%&$0(%!

'-0),$D-%! $%! $,! /"(6! @VmJXXB:! ",! '-0)-.&(0*$#&-! '(?2'-! $#! %*%&$0(%! /*#80*'-%! #-J,*#$(,$%!

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

&$0)-.(,$%!(%-'*(/(%!(!'(/(!'-0)-#$#&$!/$,!%*%&$0(!%-#!#-!.$1+,(.$%!@XTB:!i(%&(!,(!3$'I(5!%-,-!%$!

I(!-6%$.<(/-!9+$!$,!'(-%!()(.$'$!$#!'-#D+#&-%!/$!$'+('*-#$%!/*3$.$#'*(,$%!-./*#(.*(%!&(,!9+$!%+!

/*0$#%*?#!$3$'2<(!%$(!0(;-.!-!*1+(,!9+$!&.$%5! ,-!9+$!'-#'+$./(!'-#!,(!&$-.7(!/$,!'(-%!@XAB:!n#(!

'(.('&$.7%2'(! 3+#/(0$#&(,! ;! +#*<$.%(,! /$! ,-%! %*%&$0(%! '(?2'-%! $%! 9+$! $,,-%! 2$#$#! +#(! 1.(#!

+"'+*2*)*,%,#%#)%+#-0',*-*0'"+#*'*-*%)"+:!"%&-!9+$!*0),*'(!)(.(!$#!+#!.41*0$#!/$!)(.80$&.-%!/-#/$!
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$,!'(-%!-'+..$5! %*! %$!/$D(!$<-,+'*-#(.!$,! %*%&$0(!'-#!/-%!'-#/*'*-#$%! *#*'*(,$%! *#Y#*&$%*0(,0$#&$!

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

$<-,+'*-#$%! &-&(,0$#&$! /*3$.$#&$%! @XdB:! Q(%! (G#5! $%&-%! 0-/$,-%! )-%$$#! $,! I$'I-! 9+$! %+%#

%(4%-(04"+# +0'# "A(4%B0+5! ,-! 9+$! %*1#*Y'(! 9+$! ,(%! &.(;$'&-.*(%! $#! $,! $%)('*-! /$! 3(%$%! #-! %-#! #*!

%+(<$%5!#*!%-#!'+.<(%!'$..(/(%>!)$.-!%*!$#!,(!0(;-.7(!'-0)('&(%!L-'+)(#!+#(!.$1*?#!/$,!$%)('*-!/$!

3(%$%! Y#*&(M! @XTB:! a$%)$'&-! (! 9+$! $,! %*%&$0(! %$(! /$&$.0*#*%&(5! ! %$! .$Y$.$! (! 9+$! #*#1+#(! 3+$.C(!

(,$(&-.*(! $%&$! ).$%$#&$:! P+(#/-! %$! '-06*#(#! (06-%! $3$'&-%5! $%! /$'*.! %$! 2$#$! +#! %*%&$0(! /$!

$'+('*-#$%! /*3$.$#'*(,$%! #-J,*#$(,$%! $%&-'8%2'(%5! )-.! ,-! 1$#$.(,! $,! +06.(,! /$,! '(-%! '(06*(! -! %$!

%+).*0$! @XVB:! Z*3$.$#&$%! &4'#*'(%! %$! +2,*C(#! )(.(! ,(! '(.('&$.*C('*?#! /$,! '(-%5! &(,$%! '-0-!

&.(#%3-.0(/(%! /$! U-+.*$.! -y;! /$! `(<$,$&5! /*(1.(0(%! /$! 6*3+.'('*-#$%5! %$''*-#$%! /$! k-*#'(.45!

/*(1.(0(%!/$!3(%$%!'-#!(&.(%-%5!0()(%!/$!.$'+..$#'*(%5!'8,'+,-%!/$!/*3$.$#&$%!'-..$,('*-#$%!/$!,(%!

%$.*$%! &$0)-.(,$%5! '-0)+&-! /$! ,(! /*0$#%*?#! 3.('&(,! /$,! (&.('&-.5! '-0-! &(06*4#! $,! '(,'+,-!

"A/0'"'("+#,"#CD%/5'0E!@XTJX^B:!"%&$!+,20-!04&-/-!%$!6(%(!$#!$,!'-0)+&-!/$!,(!/*<$.1$#'*(!/$!

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

$F)-#$#&$%!/$!N;()+#-<!$#!$,!&.(6(D-!/$!`-,3!;!'-,(6-.(/-.$%!%-#!,-%!08%!+%(/-%!@XXB:!o(%(/-%!

$#! $%&-%! (,1-.*&0-%5! %$! I(#! I$'I-! $%&+/*-%! )(.(04&.*'-%! <(.*(#/-! %*0+,&8#$(0$#&$! /-%!

)(.80$&.-%!$#!-./$#!/$!',(%*Y'(.!,-%!/*3$.$#&$%!.$170$#$%!/$!+#!%*%&$0(:!n#(!/$%'.*)'*?#!1$#$.(,!

%-6.$!$%&$!&?)*'-!%$!)+$/$!$#'-#&.(.!$#!,(!.$3$.$#'*(!@X^B!:!

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

"/e(./!N-.$#C!$#!AmSV!$%&+/*(#/-!).-6,$0(%!/$!v+*/-%5!$%)$'7Y'(0$#&$!$#!,(!'-#<$''*?#!/$!+#(!

'()(! /$! v+*/-! '(,$#&(/-! /$%/$! ,(! )(.&$! *#3$.*-.! @VmB:! U+$! +#! &.(6(D-! )*-#$.-! ;(! 9+$! (6-./-! $,!

).-6,$0(!/$%/$!+#!)+#&-!/$!<*%&(!&$?.*'-5!;!,-!'-0),$0$#&?!'-#!%*0+,('*-#$%!#+04.*'(%:!N(!',(<$!

/$,! %*%&$0(!/$!$'+('*-#$%!/$!N-.$#C!$%&(!$#! .$/+'*.! ,(%!$'+('*-#$%!$#!/$.*<(/(%!)(.'*(,$%!/$! ,(!

I*/.-/*#80*'(! ;! /$! &.(#%3$.$#'*(! /$! '(,-.! (! +#! '-#D+#&-! /$! &.$%! $'+('*-#$%! /*3$.$#'*(,$%!

-./*#(.*(%:! N(%! '+(,$%! /(#! '+$#&(! /$%/$! ,(! &.(#%*'*?#! /$,! $%&(/-! '-#/+'2<-5! (,! '-#<$'2<-!

$%&('*-#(.*->! ;! )-%&$.*-.0$#&$! -&.(! &.(#%*'*?#! /$%/$! /*'I-! $%&(/-! (! +#-! '-#<$'2<-! ()$.*?/*'-:!
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R/$08%5! /$! $#'-#&.(.! $%&$! %*%&$0(! /$! $'+('*-#$%5! 0$/*(#&$! %*0+,('*-#$%! #+04.*'(%! ,-1.-!

$#'-#&.(.!+#!-./$#!/$#&.-!/$!,(!()$.*-/*'*/(/5!I('*$#/-!+#!0()(!/$!.$'+..$#'*(!/$,!08F*0-!,-'(,!

/$! +#(! /$! ,(%! '-0)-#$#&$%:! ",! &.(6(D-! /$! N-.$#C! #-! &-0-! *0)('&-! '(%*! )-.! +#(! /4'(/(5! %*#!

$06(.1-!I(!'.$(/-!8.$(%!/$!*#<$%21('*?#5!.$<-,+'*-#(#/-!,(!0(#$.(!/$!$#&$#/$.!$,!0+#/-:!!

<$8&-")A1A=)c.(;$'&-.*(!/$,!%*%&$0(!/$!N-.$#C!@VmBr!q 5!'-#!4udm5!/u]!;!2ujyV!;!

'-#/*'*-#$%!*#*'*(,$%!(,$(&-.*(%:!

!
i('$0-%!#-&(.!9+$!$,!I$'I-!/$! ,(!$F*%&$#'*(!/$! ,(!/*<$.1$#'*(!$#! ,(%! '-#/*'*-#$%! *#*'*(,$%5! %$!

)-)+,(.*C-!'-0-!$,!"3"-(0#.%4*/0+%!;!$%&-!%$!/$6$!$#!)(.&$!(!9+$!$,!(&.('&-.!$F&.(\-!$#'-#&.(/-!

$#!$,!%*%&$0(!/$!N-.$#C!&$#1(!3-.0(!/$!Q(.*)-%(!'-0-!%$!0+$%&.(!$#!,(!U*1+.(!d:d:!Z-%!3+$#&$%!

6*6,*-1.8Y'(%!%-6.$!,(!3(%'*#(#&$!I*%&-.*(!/$,!'(-%!%$!)+$/$#!$#'-#&.(.!$#!,(%!.$3$.$#'*(%!@XSJX]B:!

H*&+8#/-#-%!#+$<(0$#&$!$#!%*%&$0(%!0(1#42'-%5!0G,2),$%!$F)$.*0$#&-%!9+$!0+$%&.(#!)(+&(%!

'(?2'(%! I(#! %*/-! .$)-.&(/-%! @XjJ^AB:! c7)*'(0$#&$! ,(%! 0+$%&.(%! 0(1#42'(%! %-#! $%3$.(%! /$! {bO!

LFG4*5.HI40'HJ%4'"(M! @XjB:! x(,$! ,(! )$#(! 0$#'*-#(.! 9+$! 0$/*(#&$! $,! +%-! /$! ! ,(! &4'#*'(! ! /$!

.$%-#(#'*(! 3$..-0(1#42'-5! /*3$.$#&$%! .+&(%! (,! '(-%! %$! I(#! $#'-#&.(/-! &(,$%! '-0-! '(%'(/(%!

/+),*'('*?#! /$,! )$.7-/-5! .+&(%! '+(%*J)$.*?/*'-%5! ;! /$! /*#80*'(! *#&$.0*&$#&$:! k-.! ,-! &(#&-5! %$!

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

0-2<(.! (! -&.-%! $F)$.*0$#&-%! $#! $%&(! 8.$(:! "%&+/*-%! &$?.*'-%! %-6.$! $,! '(-%! /$! +#(! )(.='+,(!

0(1#42'(!(#*%-&.?)*'(!$#!).$%'*$#'*(!/$!'(0)-%!0(1#42'-%!/$)$#/*$#&$!/$,!2$0)-!I(!%*/-!+#!

 !x = p(x ! y), !y = r ! z( ) x ! y, !z = xy ! bz
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(6-./(/-!/$%/$!/*3$.$#&$%!$#3-9+$%! @^dJ^]B:! !a$'*$#&$0$#&$5!%$!I(!I$'I-!+#!$%&+/*-!#+04.*'-!

$FI(+%2<-!%-6.$!0()(%!6*J/*0$#%*-#(,$%!/$!"F)-#$#&$%!/$!N;()+#-<!@^^J^SB:!"#!$,!%$!$#'+$#&.(#!

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

U*#(,0$#&$! #-%! 1+%&(.7(! '-0$#&(.! 9+$! ,(! *#&$.(''*?#! $#&.$! )(.='+,(%! 0(1#42'(%! /(! ,+1(.! (!

<(.*-%! '-0)-.&(0*$#&-%! '-0),$D-%5!08%! (+#! %*! I(;! '(0)-%! $F&$.#-%! ).$%$#&$%! @^jJ^mB:! "%&-! I(!

%*/-! $,! &.(6(D-! /$! *#<$%21('*?#! -.*1*#(,! 9+$! %$! ).$%$#&(! $#! $%&(! 0$0-.*(>! ,-%! .$%+,&(/-%! ,-%!

).-3+#/*C(.$0-%!$#!$,!).?F*0-!'()*&+,-:!!

!
A1A)K/&"/$(,36).3)7(4$:$3,%()

!
P-#%*/$.$0-%!+#!%*%&$0(!/$!K!)(.='+,(%!0(1#42'(%5!(%+0*$#/-!9+$!'(/(!)(.='+,(!)+$/$!%$.!

.$).$%$#&(/(! )-.! +#! 0-#-J/-0*#*-:! '-#%*/$.$0-%! (/$0(%! 9+$! $,,(%! $%&8#! '-,-'(/(%! YD(%! $#!

(,1G#!(..$1,-!0(1#42'-:!"#&-#'$%5!,(!$<-,+'*?#!/$!&$0)-.(,!/$,!%*%&$0(!$%!)+.(0$#&$!.-&('*-#(,!5!

;! )+$/$! %$.!0-/$,(/(! )-.! ,(! $'+('*?#! /$! N(#/(+JN*3%I*&C>! ,(! '+(,! )(.(! '(/(! )(.='+,(! %$! )+$/$!

$%'.*6*.!/$!,(!3-.0(!@d]5!VTBr!

q ! ! !!!!!! ! ! !!!!!!!!!!!! !!!!!!!!!!!!Ld:AM!!!

/-#/$!q .$).$%$#&(!$,!0-0$#&-!0(1#42'-!/$!,(!)(.='+,(!q 5!&(,!9+$!q >!;!/-#/$!q !$%!

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

q :!R9+75! q /$#-&(!$,!'(0)-!$3$'2<-!/$!,(!)(.='+,(!q :!"%&$!'(0)-!

$#! 1$#$.(,! /$)$#/$! /$! &-/-%! ,-%! 0-0$#&-%! 0(1#42'-%! ;! /$! '(0)-%! $F&$.#-%5! $%! /$'*.!

q :!RI-#/(.$0-%!08%!%-6.$!4,!$#!+#(!).?F*0(!%+6%$''*?#:!!",!).*0$.!

&$.0*#-!/$! ,(!0(#-!/$.$'I(! $%! +#! &$.0*#-!=)*'(0$#&$!/$!).$'$%*?#5!0*$#&.(%! 9+$! $,! %$1+#/-!

&$.0*#-! $%! +#! &$.0*#-! 3$#-0$#-,?1*'-! 9+$! /(! '+$#&(! /$! ,(! /*%*)('*?#:! N-%! '-$Y'*$#&$%! /$!

dMi

dt
= ! ! Mi "Heff

i !
!

i

"
Mi M

i " Mi "Heff
i( )+Ti ,

Mi i  i = 1,…,N( ) !

! = ! e µ0 " 2.21# 10
5 mA$1 s$1 Heff

i i

Heff
i = Heff

i M1,…,MN ,Hext t( )( )
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/*%*)('*?#! q ! %-#!0(1#*&+/$%! (/*0$#%*-#(,$%:! K-&$0-%! 9+$! ! q ! 5! &(,! 9+$! $,! ,*0*&$!

q !$,!%*%&$0(!%$!<+$,<$!#-J/*%*)(2<-:!N(!*#&.-/+''*?#!/$!$%&$!&4.0*#-!(/*'*-#(,!3+$!$,$1*/-!)-.!

'-#%*/$.('*-#$%!I$+.7%2'(%!@d]B:!!x(,-.$%!=)*'-%!/$,!'-$Y'*$#&$!/$!/*%*)('*?#!%-#!$,!-./$#!/$!!ATJX!

(!!ATJV!!$#!1(.#$&$%5!ATJd!-!0(;-.$%!$#!P-6(,&-5!K79+$,5!-!$#!k$.0(,,-;!@VVB>!;!/$!-./$#!/$!ATJX!$#!

0-,4'+,(%!0(1#42'(%!@STB:!!k-.!+,20-5!q !.$).$%$#&(!&-/-%!,-%!-&.-%!&-.9+$%!%-6.$!,(!)(.='+,(!q !

9+$!#-!%$!)+$/$#!$%'.*6*.!/$#&.-!/$,!'(0)-!$3$'2<-:!!

!
A1A1*)!(,63-4"/$0,).3'):(.&'()

!
! x$(0-%!+#(!).-)*$/(/!1$#$.(,!/$!,(!$'+('*?#!Ld:AM:!H*!(),*'(0-%!).-/+'&-!$%'(,(.!.$%)$'&-!

/$!q (!(06-%!,(/-%!/$!,(!$'+('*?#!%$!2$#$!9+$r!!

q !! ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!Ld:dM!

"#&-#'$%!%*! q L-!6*$#!/*.$'&(0$#&$!%*! q M! !$,!0-/+,-!/$!'(/(!0-0$#&-!0(1#42'-!$%!

'-#%$.<(/-5!;(!9+$!

q ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!Ld:VM!

!"%&(!$%!+#(!).-)*$/(/!/*#80*'(!6(%&(#&$!*#&$.$%(#&$5!;(!9+$!$#!$%&-%!'(%-%!Lq M5!$,!%*%&$0(!

/$! LK! $'+('*-#$%! 2$#$! K! .$%&.*''*-#$%5! )-.! ,-! '+(,! )+$/$! %$.! /$%'.*&-! )-.! +#! %*%&$0(! >KH

,*."'+*0'"+#/$!<(.*(6,$%!$9+*<(,$#&$:!R/$0(%5! $,! $'I-!9+$!$,! %*%&$0(! %$(!dKJ/*0$#%*-#(,!I('$!

9+$!!;!)-.!$#/$!,(%!$'+('*-#$%!/$!0-<*0*$#&-!%$!)+$/(#!.$).$%$#&(.!$#!-&.(%!'--./$#(/(%!'-0-!!

)-.!$D$0),-!$#!'--./$#(/(%!$%34.*'(%!-!6*$#!$#!$%&$.$-1.8Y'(:!k-.!-&.(!)(.&$5!/$6*/-!(!9+$! ,(%!

$'+('*-#$%!0(1#42'(%! %-#! (,&(0$#&$! #-J,*#$(,$%! /$%/$! +#! )+#&-! /$! <*%&(! #+04.*'-! &$#$.! $%&(!

).-)*$/(/! $%!0+;! G2,>! ;(! 9+$! &$#$.! +#(! '-#%&(#&$! /$!0-<*0*$#&-! (;+/(! (! <$.*Y'(.! $,!04&-/-!

#+04.*'-!(!+%(.!;!%*.<$!'-0-!+#!'-#&.-,(/-.!/$!).$'*%*?#:!!

! i{ } ! i " 0 #i

! i " 0

Ti i

Mi

Mi ! dM
i

dt
=Mi !Ti .

Ti !Mi Ti = 0

Mi ! dM
i

dt
= d
dt

1
2
Mi 2"

#$
%
&' = 0

Ti !Mi
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! U*#(,0$#&$5! I('$0-%! #-&(.! 9+$! &-.9+$%! q ! 9+$! #-! '+0),(#! '-#! $%&(! ).-)*$/(/!!

#$'$%(.*(0$#&$! /$6$! %$.! (,1+#(! 3+#'*?#! (#1+,(.! -! 6*$#! /*.$'&(0$#&$! ).-)-.'*-#(,! (! ,(!

0(1#$2C('*?#!/$!'(/(!)(.='+,(!q :!!

!
A1G)K/&"/$0,)M",."&?M$F6N$%J)!(,63-4"94")

!
) P+(#/-! q 5! q !;! q !#-!$%!+#(!3+#'*?#!$F),7'*&(!/$,!2$0)-5!,(!$'+('*?#! !Ld:AM!$%!

'-#%$.<(2<(:! o(D-! $%&(%! '-#%*/$.('*-#$%! $,! '(0)-! $3$'2<-5! q 5! )+$/$! %$.! /$.*<(/-! /$! +#(!

3+#'*?#!/$!i(0*,&-#r!

!q 5!! ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!Ld:XM!

/-#/$!q $%!$,!i(0*,&-#*(#-!/$,!%*%&$0(5!;!$,!1.(/*$#&$!$%!.$%)$'&-!(!,(%!'-0)-#$#&$%!/$!q :!!"#!

&(,!'(%-!)-/$0-%!$%'.*6*.!,(!$'+('*?#!Ld:AM!/$!,(!3-.0(!

q !! ! ! ! ! ! ! ! ! !!!!!!!!!!!!Ld:^M!

K-&$0-%! 9+$5! $#! $%&(! $'+('*?#! $,! $%)('*-! /$! 3(%$! $%! '-#%$.<(/-5! $%&-! %$! )+$/$! /$0-%&.(.!

0$/*(#&$!

!!q ! ! ! ! !!!!!!!!!!!!Ld:SM!

k-.! ,-! &(#&-5! '-#! $%&(! ).-)*$/(/! ;! $,! I$'I-! 9+$! $,!0-/+,-! %$! '-#%$.<(5! )-/$0-%! /$'*.! 9+$! $,!

$%)('*-!/$!3(%$!/$!$%&$!%*%&$0(!'-#%$.<(2<-!%-#!K#$%3$.(%!/$!.(/*-!q :!

! Q8%!(+#5!!,(!$'+('*?#!Ld:^M!$%!%*0),4'2'(5!;!$%&(!(%-'*(/(!(!,(!/*#80*'(!/$!K(06+!)(.(!KJ

&.*),$&$%! /$! <(.*(6,$%! /*#80*'(%! ;! >KM=! '-#%&(#&$%! /$! 0-<*0*$#&-%! Li(0*,&-#*(#-! ;! ,-%! K!

Ti

Mi

Ti = 0 ! i = 0 Heff
i

Heff
i

Heff
i = !"MiH

 H Mi

 

dMi

dt
= ! Mi "#

MiH .

 
!
Mi "

dMi

dt
#
$%

&
'(
= ) !

Mi " Mi *!
MiH( ) =Mi " !

Mi * !
MiH( )( ) = 0.

M
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0?/+,-%M!@SAJSXB:!k-.!,-!'+(,5!)(.(!,(!)(.='+,(!*N!/$!'-0)-#$#&$%!q 5!,(!$'+('*?#!

Ld:AM!$#!,(!3-.0(!/$!K(06+!)+$/$!%$.!$%'.*&(!

q !! ! ! ! ! ! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!Ld:SM!

/-#/$q !;!$#!$,! ,(/-!/$.$'I-!/$!,(!$'+('*?#!Ld:SM! ,(!3+#'*?#! q /$#-&(!+#(!

/$.*<(/(!l('-6*#(:!!!

! k-.!-&.(!)(.&$5!'-0-!$,!%*%&$0(!Ld:^M!)+$/$!%$.!/$%'.*&-!)-.!+#!%*%&$0(!/$!>K!$'+('*-#$%!

)(.(!<(.*(6,$%!$9+*<(,$#&$%!;(!9+$!$,!0-/+,-!/$!'(/(!0-0$#&-!0(1#42'-!$%!*#/$)$#/*$#&$!/$,!

2$0)-5!$F*%&$!+#(!&.(#%3-.0('*?#!/$!<(.*(6,$%!9+$!)$.0*&$!$%'.*6*.!$,!%*%&$0(!'-#!+#(!$%&.+'&+.(!

2)-! i(0*,&-#*(#(:! "%&(! &.(#%3-.0('*?#! $%! q ! &(,! 9+$!

q :!"#&-#'$%!/$Y#*$#/-!$,!<$'&-.!>K!/*0$#%*-#(,5! q 5!

'-0-! $,! <$'&-.! /$! <(.*(6,$%! '(#?#*'(%! ;! 0-0$#&-%! '(#?#*'-%! '-#D+1(/-%>! ,(! $'+('*?#! /$!

0-<*0*$#&-!)(.(!!q !%$!,$$!!

!
q ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!Ld:]M!

/-#/$!q !$%!,(!0(&.*C!*/$#2/(/!/$!q >!;!$,!i(0*,&-#*(#-5!q 5!$%!(I-.(!+#(!3+#'*?#!/$!

q :! N(! $'+('*?#! Ld:]M! .$).$%$#&(! ,(! $'+('*?#! /$! 0-<*0*$#&-! /$! i(0*,&-#! )(.(! q :! "%&(!

.$).$%$#&('*?#!/$!,(!$'+('*?#!Ld:^M!$%!+#(!3-.0(!$9+*<(,$#&$!)(.(!,(!/*#80*'(!/$!$%)*#$%!',8%*'-%!

'-#%$.<(2<(:!N(!*/$(!/$!6+%'(.!'(06*-%!/$!<(.*(6,$%!9+$!/$%'.*6(#!,(%!$'+('*-#$%!/$!0-<*0*$#&-!

/$!+#(!3-.0(!'-#-'*/(!$%!G2,!/$%/$!$,!)+#&-!/$!<*%&(!3-.0(,5!;!$#!).*#'*)*-!)$.0*&$#!'-#-'$.!,(!

).-)*$/(/$%!1$#$.(,$%!/$,!%*%&$0(:!P-0-!)-/$0-%!<$.!)-.!,(%!$'+('*-#$%!Ld:SM!;!Ld:]M!$F*%&$!+#(!

Mi = Mx
i ,Mx

i ,Mx
i( )

 

dMk
i

dt
=
! Mk

i , 1
2
Mi 2 ,H"

#$
%
&'

! Mx
i ,My

i ,Mz
i( ) ,

k = x, y, z( )  ! i,i,i( ) ! i,i,i( )

Mi = f Mz
i( )cos! i , f Mz

i( )sin! i ,Mz
i( )

f Mz
i( ) = 1! Mz

i( )2  
w = Mz

1,…,Mz
N ;!1,…,! N( )

w

  

dw
dt

= 0 !
!
I

!
I 0

"

#
$

%

&
' (wH,

 
!
I N ! N  H = H w( )

w w
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'-#$F*?#! *#&.7#%$'(! $#&.$! /*#80*'(! /$! K(06+! ;! /*#80*'(! /$! i(0*,&-#:! "%&-! $%! )-%*6,$! /$!

/$0-%&.(.!$#!3-.0(!1$#4.*'(!@S^B:!

! P-0-! -6%$.<('*?#! 1$#$.(,5! ,(! /*#80*'(! /$! K(06+5! I(! (6*$.&-! +#(! #+$<(! .(0(! /$!

*#<$%21('*?#! &(#&-!$#!0$'8#*'(!',8%*'(! '-0-!$#!0$'8#*'(!'+8#2'(:!",! &.(6(D-!/$!K(06+! 3+$!$,!

).*0$.-!$#!9+$!'+(,! %$!)$#%?!$#! &.(6(D(.! '-#!#G0$.-%! *0)(.$%!/$!<(.*(6,$%! '(#?#*'(%! @SAB:!n#!

).-6,$0(!*#&$.$%(#&$!/$,!)+#&-!/$!<*%&-!(6%&.('&-5!3+$!1$#$.(,*C(.!8,1$6.(!(%-'*(/(!(!,-%!'-.'I$&$%!

/$! k-*%%-#5! ;! %+! )-%*6,$! '+(#2C('*?#! @SSB:! n#! 6+$#! (.2'+,-! %-6.$! ,-%! 3+#/(0$#&-%! /$! $%&(!

/*#80*'(!$#!3-.0(!0(%!(6%&.('&(!%$!)+$/$!$#'-#&.(.!$#!,(!.$3$.$#'*(!@S]B:!!!!

! !

A1H)I$6$#"/$0,).3)O$'C3-%=)K/&"/$0,).3)M",."&?M$F6N$%J?O$'C3-%)

!
) Z$6*/-!(!9+$!,(!/$%'.*)'*?#!/$!,(!/*%*)('*?#!$%!3$#-0$#-1*'(!L;!0+;!/$)$#/*$#&$!/$,!2)-!

/$!0(&$.*(,M5!%$!I(#!).-)+$%&-!0G,2),$%!0(#$.(%!/$!(1.$1(.,(!()(.&$!/$!,(!N(#/(+JN*3%I*&C:!",!08%!

'-#-'*/-!/$!$%&-%! 3+$!I$'I-!)-.!O*,6$.&!(!0$/*(/-%!/$,! %*1,-!)(%(/-! @dj5!SjB:! ! N(!$'+('*?#!/$,!

N(#/(+JN*3%I*&CJO*,6$.&!LNNOM!$%&(!/(/(!)-.r!!

q !!! ! ! ! !!! ! !!!!!!!!!!!!Ld:jM!

/-#/$! q %-#! ,(%! '-#%&(#&$%! /$! O*,6$.&:! N(! $'+('*?#! /$! NNO5! $%&(! *#%)*.(/(! )(.(! +#(!

/*%*)('*?#! !).-<$#*$#&$!/$!+#(!3+#'*?#!/$!/*%*)('*?#!2)-!a(;,$*1I!@djB:!"%&$!&$.0*#-!$F&.(!)-%$$!

+#(! /$.*<(/(! '-#! .$%)$'&-! (,! 2$0)-! $#! ,(! 0(1#$2C('*?#5! )-.! ,-! '+(,! I('$! 9+$! $,! -)$.(/-.!

/*3$.$#'*(,!%$(!0(%!'-0),*'(/-!9+$!,-!#-.0(,:! !k(.(!)-/$.!/$%'.*6*.,-!/$!3-.0(!%*0),$!%$!)+$/$!

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

! "#! (+%$#'*(! /$,! &$.0*#-! /$! &-.9+$! $F&.(5! q 5! ,(! $'+('*?#! /$! NN! $%! $9+*<(,$#&$! (! ,(!

$'+('*?#! /$! NNO! '-#! /*3$.$#&$%! $%'(,(%! &$0)-.(,$%! ;! /*3$.$#&$%! )(.80$&.-%:! k(.(! 0-%&.(.! $,,-5!

dMi

dt
= ! " G M

i #Heff
i + $G

i

Mi M
i # dM

i

dt
+Ti ,

! G ,"G
i( )

Ti = 0
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0+,2),*9+$0-%!'-#!+#!).-/+'&-!<$'&-.*(,!(!(06-%!,(/-%!/$!,(!$'+('*?#!LV:dM!'-#!q :!P-#!!,-!'+(,!

%$!2$#$!

q !! ! ! !!! !!!!!!!!!!!!Ld:mM!

/(/-!9+$!

q !! ! ! ! ! ! ! !!!!!!!!!!Ld:ATM!

%$!2$#$!9+$!

q !! ! ! ! ! !!!!!!!!!!Ld:AAM!

/-#/$! I$0-%! +%(/-! $,! I$'I-! 9+$! $,! 0-/+,-! %$! '-#%$.<(:! RI-.(! *#%$.&(#/-! Ld:AAM! $#! Ld:jM!

&$#$0-%!Y#(,0$#&$!9+$!

q !! ! ! ! ! !!!!!!!!!!Ld:AdM!

/-#/$! q ! $%! +#(! '-#%&(#&$! )-%*2<(! /$Y#*/(:! H*! */$#2Y'(0-%! q 5! q !

-6&$#$0-%!,(!$'+('*?#!Ld:AM!%(,<-!)-.!+#!'(06*-!/$!$%'(,(!&$0)-.(,5!/(/-!)(.(!'(/(!)(.='+,(!)-.!!

q :! ! W! 6*$#! )-/$0-%! .$/$Y#*.! #+$<-%! )(.80$&.-%! /$! ,(! 3-.0(! ! q ! ;!

q ! '-#! ,-!'+(,!-6&$#$0-%!+#(!$'+('*?#!/$!NN!$9+*<(,$#&$!)(.(!'(/(!)(.='+,(:!N(!

/*3$.$#'*(!$%!9+$!$#!NN!%-,-!%$!2$#$!+#(!'-#%&(#&$!q !*1+(,!)(.(!&-/(%!,(%!)(.='+,(%!;!(I-.(!9+$/(!

+#(! '-#%&(#&$! /*3$.$#&$! q )(.(! '(/(! )(.='+,(:! H*! %-#! )(.='+,(%! */4#2'(%! L0*%0(! '-#%&(#&$! /$!

/*%*)('*?#!;!0-/+,-M!&$#/.8#!+#!)(.80$&.-! q !G#*'-:!K-&$0-%!9+$!$,!'(06*-!/$!$%'(,(!&$0)-.(,!

$%!/*E'*,!/$!/$&$'&(.!$F)$.*0$#&(,0$#&$:!"%&-!$%!38'*,!/$!<$.*Y'(.!)(.(!+#(!)(.='+,(5!;(!9+$!'-0-!

Mi

Mi ! dM
i

dt
= " # G M

i ! Mi !Heff
i( ) + $G

i

Mi M
i ! Mi ! dM

i

dt
%
&'

(
)*
,

Mi !Mi ! dM
i

dt
=Mi Mi " dM

i

dt
#
$%

&
'(
) Mi 2 dMi

dt

Mi ! dM
i

dt
= " |# G |M

i ! Mi !Heff
i( )" $Gi Mi 2 dMi

dt
,

! i dMi

dt
= " # G M

i $Heff
i "

%G
i # G

Mi Mi $ Mi $Heff
i( ),

! i = 1+ "G
i( )2 Mi ! G = ! !G

i = ! i

1 ! i
 ! "! i ! ! G # i

 !
i " ! !G

i " G # i

!

! i

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

+%(#/-!9+$!q !%$!2$#$!9+$!q :!!!

! k-.!$,!'-#&.(.*-5!%*!%$!(1.$1(!+#!&-.9+$!$F&.(5!q 5!&$#$0-%!9+$!$%&(%!$'+('*-#$%!#-!%-#!

$9+*<(,$#&$5! ;! )-.! ,-! &(#&-! /(#! /*3$.$#&$%! /*#80*'(%:! x$(0-%! '-0-! 9+$/(! ,(! $'+('*?#! Ld:jM! (,!

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

q !! ! !!!!!!!!!!Ld:AVM!

N+$1-!*#%$.&(#/-!Ld:AVM!$#!Ld:jM!%$!2$#$!9+$!NNO!$#!3-.0(!$F),7'*&(!$%r!

!

q !! ! ! !!!!!!!!!!Ld:AXM!

K-&$0-%!9+$!,(!$'+('*?#!1$#$.(,!/$!NNO!Ld:AXM!2$#$!/-%!&4.0*#-%!$F&.(%!.$%)$'&-!/$!,(!$'+('*?#!

/$! NN:! ! N-%! '+(,$%! %-#!/$!#(&+.(,$C(! &-&(,0$#&$!/*3$.$#&$5!+#-!/$)$#/$!/$,!).-/+'&-.! <$'&-.*(,!

q ! ;! $,!-&.-!/$,!).-/+'&-!$%'(,(.! q :! N+$1-5! *#/$)$#/*$#&$!/$! ,(%!).-)*$/(/$%!/$!

%*0$&.7(!/$!+#!!%*%&$0(!)(.2'+,(.!#-!%$!)+$/$#!(#+,(#!(06-%!%*!!!q :!!

! Z(/-! 9+$! /$%/$! 0$'8#*'(! '+8#2'(! $%! )-%*6,$! -6&$#$.! /$%/$! ).*0$.-%! ).*#'*)*-%! ,(!

$'+('*?#!'-#%$.<(2<(!Ld:^M5!%$!I(!/$6(2/-!6(%&(#&$!%-6.$!'+(,!/$!,-%!/-%!0-/$,-%!$%!$,!'-..$'&->!

;(!9+$!$,!).-6,$0(!%$!).$%$#&(!'+(#/-!$F*%&$#!&-.9+$%!9+$!#-!%-#!)-%*6,$%!/$!$%'.*6*.!'-0-!+#!

'(0)-! $3$'2<-:! P-#! ().-F*0('*-#$%! %$0*',8%*'(%5! %$! I(! ,-1.(/-! -6&$#$.! &4.0*#-%! /*%*)(2<-%!

@SmJ]XB:! Z$! I$'I-5! %$! I(! /$.*<(/-! /$! 3-.0(! $F),7'*&(! ,(! $'+('*?#! Ld:AM! @SmB:! W&.(%! /*%'+%*-#$%!

('$.'(!/$!'+(,!/$! ,(%!/-%!$%!'-#%*%&$#&$!'-#!,(!&$.0-/*#80*'(!L*..$<$.%*6,$M!%$!I(#!),(#&$(/-!$#!

,-%!G,20-%!(\-%!@]A5!]^J]SB5!/(#/-!08%!3(<-.(6,$!$,!$#3-9+$!/$!N(#/(+JN*3%I*&C:!a$'*$#&$0$#&$5!

M = 1( )

 ! !10
"4 "10"2 ! "1 # 0.999999

Ti ! 0

Mi ! dM
i

dt
= " # G M

i ! Mi !Heff
i( ) + $G

i

Mi Mi Mi %Ti( )" Mi 2 dMi

dt
&
'(

)
*+
+Mi !Ti .

1+ !G
i( )2 Mi( ) dMi

dt
= ! ! G M

i !Heff
i i i !

!G
i " G

Mi M ! Mi !Heff
i( )+Ti

+
!G
i " G

Mi Mi !Ti + ! G
"G
i

Mi

!

"
#

$

%
&

2

Mi !Ti( )Mi

Mi !Ti( ) Mi !Ti( )

Ti ! 0
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&(#&-!/$%/$!$,!)+#&-!/$!<*%&(!$F)$.*0$#&(,!'-0-!&$?.*'-!%$!I(!$#'-#&.(/-!9+$! ,(!/*%*)('*?#!#-J

,-'(,!@]]B!#(#-J0(&$.*(,$%!'-#!/*80$&.-%!/$!ATT!#0!().-F*0(/(0$#&$!@]jB:! !|+$.$0-%!.$0(.'(.!

Y#(,0$#&$!9+$!$%&$!&?)*'-!%*1+$!(6*$.&-!(!,(!/*%'+%*?#!'*$#=Y'(5!;!%$!*.(!(',(.(#/-!(!0$/*/(!9+$!

%$! I(1(#!08%! $F)$.*0$#&-%! '-#! $3$'&-%! /-#/$! ,(%! /$%'.*)'*-#$%! #-! %$(#! $9+*<(,$#&$%! %(,<-! +#!

'(06*-!/$!$%'(,(!&$0)-.(,:!!

!
A1P)@('&/$(,36).3)KQ&$'$C-$()

!
! N(%! %-,+'*-#$%! 08%! %*0),$%! (! ,(%! $'+('*-#$%! /$! 0-<*0*$#&-! %-#! ,(%! /$! $9+*,*6.-5! $%&(%!

<*$#$#!/(/(%!)-.!,(!'-#/*'*?#!:!Z*'I(!'-#/*'*?#!$#!,(%!$'+('*-#$%!/$!!NNO!LM!/(!'-0-!'-#%$'+$#'*(!

+#!%*%&$0(!(,1$6.(*'-!/$!$'+('*-#$%!/$!,(!3-.0(r!!

q !! ! ! ! ! ! ! ! ! !!!!!!!!!!Ld:A^M!

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

q !! ! ! ! ! ! ! ! ! ! !!!!!!!!!!Ld:ASM!

,(! '+(,! $%! &(06*4#! <(,*/(! )(.(! ,(! $'+('*-#$%! /$! NN5! /$6*/-! (! ,(! $9+*<(,$#'*(! $#&.$! (06(%!

3-.0+,('*-#$%:!K-&$0-%!9+$!$#!$%&$!'(%-!)(.(!/(.!+#!'*$..$!(,!%*%&$0(!%$!+%(!,(!'-#%$.<('*?#!/$,!

0-/+,-! /$! '(/(! 0-0$#&-! 0(1#42'-! q :! ! i('$0-%! #-&(.! 9+$! $%&(%! %-,+'*-#$%! %$.8#!

$%&(6,$%!-!*#$%&(6,$%!/$)$#/*$#/-!/$!,-%!)(.80$&.-%!/$,!%*%&$0(!$#!$%&+/*-:!!

!
A1R)!":#()KF3/94()

!
) ",! '(0)-! $3$'2<-! /$! +#! %*%&$0(!0(1#42'-! $#! 1$#$.(,! $%! /$.*<(/-! /$! +#! 3+#'*-#(,! 9+$!

&-0(!$#!'+$#&(!,-%!'(0)-%!$F&$.#-%!'-0-!(!%+%!<$C!/$!,(%!*#&$.(''*-#$%!$#&.$!,(%!)(.='+,(%:!"%&$!

3+#'*-#(,! ,-! /$#-&(.$0-%! )-.! q :! P-#%$'+$#&$0$#&$5! $,! '(0)-! $F&$.#-! %$! )+$/$! *#&.-/+'*.! (!

! ! G M
i "Heff

i +Ti = 0.

Ti ! 0

Mi !Heff
i = 0,

Mi = Ms
i

 H
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&.(<4%!/$!,(!*'("4%--*6'!,"#O"".%'5!0*$#&.(%!9+$!,(%!*#&$.(''*-#$%!=)*'(%!$#&.$!)(.='+,(%!)+$/$#!

%$.!,(!/$!*'("4-%.2*0!-!,(!,*/0)%4#@A5]5m5dT5]mJjdB:!K-.0(,0$#&$!$F*%&$#!&.$%!2)-%!).$/-0*#(#&$%!

/$! *#&$.(''*-#$%! *#&$.'(06*-! )(.(! 0-#-J/-0*#*-%! 0(1#42'-%5! $,! 0-/$,-! /$! i$*%$#6$.15! ! $,!

0-/$,-!a+/$.0(#Jf*w$,Jf(%+;(J{-%*/(!Laff{M!@]mJjAB5!$,!0-/$,-!/$!ZC;,-%I*#%[;JQ-.*;(!@jdJjVB:!

"%&-%! &.$%! 0-/$,-%! %-#! '+8#2'-%5! %*#! $06(.1-! %$! +%(#! )(.(! 0-/$,(.! (! #*<$,! 0('.-%'?)*'-:! ",!

0-/$,-!/$!i$*%$#6$.1!$%!$,!08%!+%(/-!;!)-.! ,-!1$#$.(,!%$!+%(!)(.(! *#&$.(''*-#$%! ,-%!).*0$.-%!;!

%$1+#/-%!<$'*#-%>!0*$#&.(%!9+$!$,!0-/$,-!aff{! ,(!'-#%&(#&$!/$! *#&$.'(06*-!/$D(!/$!%$.! ,-'(,!;!

<(.*(!$%)('*(,0$#&$!/$!<$'*#-!$#!<$'*#-:!N(!$#$.17(!/$!ZC;,-%I*#%[;JQ-.*;(!LZQM!$%!(%*04&.*'(!;!

).$Y$.$! '*$.&-%! <$'*#-%! ;!-.*$#&('*-#$%:! ",! '(%-!/$! ,(! $#$.17(!/*)-,(.! $%!0('.-%'-)*'(5! ;! $%!+#(!

*#&$.(''*?#!/$!,(.1-!(,'(#'$!9+$!0$C',(!&-/-%!,-%!<$'*#-%!@AB:!R/$0(%5!)(.(!0-/$,(.!,(!1$-0$&.7(!

/$!,(%!)(.='+,(%!;!%+%!'-..$%)-#/*$#&$%!).-)*$/(/$%!/$!,(!'-0)-%*'*?#!0(1#42'(!/$,!0(&$.*(,5!%$!

*#',+;$#! (+&-J*#&$.(''*-#$%! 3$#-0$#-,-17(%5! '-#-'*/(%! '-0-! "'"4&1%# ,"# %'*+0(40/1%:! "%&(%! %-#!

3+#'*-#$%! #-J,*#$(,$%! /$! ,(! 0(1#$2C('*?#! 9+$! (! -./$#!08%! 6(D-! L;! 08%! '-0+#$%M! %-#! 3-.0(%!

'+(/.82'(%5! %*#! $06(.1-! '*$.&-%! 0(&$.*(,$%! )-%$$#! (#*%-&.-)7(%! /$! 0(;-.! -./$#! @m5dTB:!

Z$)$#/*$#/-! /$,! %*%&$0(! (! &.(&(.! %$! /$'*/$! 9+$! *#&$.(''*?#! ;! (+&-J*#&$.(''*?#! %-#! 0(%!

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

q ! !!!!!!!!!!Ld:A]M!

/-#/$! q !$%!$,!'(0)-! !$F&$.#-!5! ! q /$#-&(! ,(!0(&.*C!/$!(#*%-&.-)7(!/$! ,(!)(.='+,(! *P!R9+7! ,(!

#-&('*?#! q ! /$#-&(! $,! <$'&-.! &.(%)+$%&-! /$! q :! N(%! '-#%&(&$%! q ! %-#! '-#-'*/(%! '-0-! ,(%!

'-#%&(#&$%!/$!*#&$.'(06*-!$#&.$!,(!)(.='+,(!*!;!,(!)(.='+,(!Q:!"%&(!)-/.7(!/$)$#/$.!/$!,(!/*%&(#'*(!

$#&.$!)(.='+,(%! q 5!$%!/$'*.5! q 5!'+(#/-!)(%(!$%&-!%$!'-#-'$!'-0-!*#&$.(''*?#!aff{:!",!!

H = ! Mi "Hext +M
i "
!
A i( ) "M

i( )
i=1

N

# + JijM
i "M j + Dij M

i $M j( )+Mi "
!
Bij "M

j( )
i% j

N , N

#

+ Mi "M j

dij
3 !

3 Mi " n̂ij( ) M j " n̂ij( )
dij
5

&

'
(

)

*
+

i% j

N , N

#

Hext  

!
A i( )

V V Jij

dij Jij = Jij dij( )
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<$'&-.! q $%!$,!<$'&-.!/$!ZQ5!$,!'+(,!2$#$!.$1,(%!(%-'*(%!6*$#!/$&$.0*#(/(%!@]jB:! !N(!0(&.*C! q !

/$#-&(!,(!0(&.*C!/$!,(!*#&$.(''*?#!/$!*#&$.'(06*-!(#2%*04&.*'(:!",!+,20-!&$.0*#-!$%!,(!*#&$.(''*?#!

/*)-,(.! /$! ,(! $'+('*?#! Ld:A]M5! /-#/$! q /$#-&(! +#! <$'&-.! +#*&(.*-! $#! ,(! /*.$''*?#! .$,(2<(! /$! ,(!

)(.='+,(!*!.$%)$'&-!/$!,(!)(.='+,(!Q:! !k-.!+,20-5!I('$0-%!#-&(.!9+$!$,!'(0)-!$F&$.#-!)+$/$!%$.!

+#(! 3+#'*?#! $F),7'*&(! /$,! 2$0)-! ;! )+/$! <(.*(.! /$! (0),*&+/! $#! '(/(! )+#&-5! $%! /$'*.!

q :!!

! "#! $%&(! 0$0-.*(! #-! &-0(.$0-%! $#! '+$#&(! $,! $3$'&-! /$! ZQ5! (%7! '-0-! &(0)-'-! /$!

(#*%-&.-)7(%!/$!*#&$.'(06*-:!R/$08%!(%+0*.$0-%!(#*%-&.-)7(!$%&(!$#!+#!%-,-!$D$!@mB5!)-.!,-!'+(,!,(!

$#$.17(!/$!(#*%-&.-)7(!%$!.$/+'$!(r!

q !! ! ! ! ! ! ! ! ! !!!!!!!!!!Ld:AjM!

k-.!-&.(!)(.&$5!$,!'(0)-!$3$'2<-!%$!)+$/$!-62$#$!+%(#/-! ,(!0*%0(!.$,('*?#!3+#'*-#(,! Ld:XM5!$#!

#+$%&.-!'(%-!$%&$!$%r!

q !! ! ! !!!!!!!!!!Ld:AmM!

"#!'(%-%!'-#%$.<(2<-%!;!'+(#/-!$,!'(0)-!$F&$.#-!$%!*#/$)$#/*$#&$!/$,!2$0)-5!$,!3+#'*-#(,!Ld:A]M!

)+$/$! %$.! $#&$#/*/-! ',(.(0$#&$! '-0-! ,(!"'"4&1%#.%&'89-%! /$,! %*%&$0(:!Z$!I$'I-5! $#! &(,! '(%-!

%$.7(!'-#%&(#&$!/$!0-<*0*$#&-:!!

!
A1S)I$,":$/").3)&,")#"-T/&'")

!
! "#! $%&$! +,20-! ()(.&(/-! /$,! '()*&+,-! $%&+/*(0-%! ,(! $<-,+'*?#! &$0)-.(,! /$! +#(! )(.='+,(!

0(1#42'(!(#*%-&.?)*'(!/$!0(1#$2C('*?#!q !$#!).$%$#'*(!/$!+#!'(0)-!$F&$.#-!(),*'(/-5!q :!N(!

Dij  
!
Bij

n̂ij

Hext = Hext i{ },t( )

 
H an = ! 1

2
Ki q̂

i "Mi( )2
i=1

N

#

Heff
i = Hext + Ki q̂

i !Mi( )q̂i " JijM
i

j=1
i# j

N

$ + M j

dij
3 +

3 M j ! n̂ij( )n̂ij
dij
5

%

&
'

(

)
*

j=1
i# j

N

$

M Hext
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(#*%-&.-)7(!%$!(%+0$!+#*(F*(,!/-#/$!%+!$D$!$%&(!.$).$%(#/-!)-.!$,!<$'&-.!+#*&(.*-!q :!"#!)(.2'+,(.!

(#(,*C(.$0-%! $,! '(%-! '+(#/-!#-!I(;! $3$'&-%! $F&$.#-%5! q 5! ! ;! ,(! /*%*)('*?#! $%! '$.-! q >! $%!

/$'*.!$%&(0-%!$#!,(!%*&+('*?#!'-#%$.<(2<(:!!o(D-!$%&(%!'-#%*/$.('*-#$%!$,!'(0)-!$3$'2<-!%$!)+$/$!

$%'.*6*.!/$!,(!3-.0(r!

q ! ! ! ! !!! ! ! ! ! !!!!!!!!!!Ld:dTM!

/-#/$! q ! $%! ,(! '-#%&(#&$! /$! (#*%-&.-)7(5! '+;-%! <(,-.$%! =)*'-%! )+$/$#! %$.! )-%*2<-%! -! #$1(2<-%!

/$)$#/*$#/-!/$,!0(&$.*(,!@A5dTB:!N(!$<-,+'*?#!&$0)-.(,!/(/(!)-.!,(!$'+('*?#!Ld:AM!%$!.$/+'$!(!!

q !! ! ! ! ! ! ! !!!!!!!!!!Ld:dAM!

k(.(! )-/$.! I('$.! +#! (#8,*%*%! 0(%! *#/$)$#/*$#&$! /$,! 0(&$.*(,! $%)$'*Y'-! +%(0-%! ,(%! <(.*(6,$%!

/*0$#%*-#(,$%! q ;!$,!2$0)-! q !@VAB5! ,-!'+(,!).-/+'$!9+$!$,!'(0)-!$3$'2<-!%$!

#-.0(,*C$!(!q :!R/$0(%!$%&(!#-.0(,*C('*?#!'-#/+'$!(!9+$!,(!0(1#$2C('*?#!$%&$!$#!,(!

$%3$.(!+#*/(/!q :!"%'-1*$#/-!,(!/*.$''*?#!/$,!'(0)-!)$.)$#/*'+,(.!(,!$D$!/$!(#*%-&.-)*(!/$!&(,!

3-.0(!9+$!q !;!9+$!q :!P-#%$'+$#&$0$#&$!,(!$'+('*?#!Ld:dAM!)-.!'-0)-#$#&$%!9+$/(!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! ! ! ! !!!!!!!!!!Ld:ddM!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! ! ! !!!!!!!!!!Ld:dVM!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! ! !!!!!!!!!!! ! !!!!!!!!!!Ld:dXM!

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

"%&$! %*%&$0(! /$! $'+('*-#$%! 2$#$! /-%! '-#D+#&-%! /$! %-,+'*-#$%! $%&('*-#(.*(%! q ! ;!

q 5! ! /-#/$! q :! ! K-&$0-%! 9+$! $,! %*%&$0(! 2$#$! /-%! '-#%&(#&$%! /$!

0-<*0*$#&-!,(!$#$.17(!0(1#42'(!;!,(!'-#%$.<('*?#!/$,!0-/+,-5!,+$1-!$%!%*%&$0(!$%!*#&$1.(6,$5!$%!

n̂

T = 0 ! = 0

Heff = Hext + ! M ! n̂( )n̂,

!

dM
dt

= ! ! M !Hext + ! M ! n̂( )M ! n̂( ).

m =M / M ! = t " M

heff = Heff M

m = 1

hext = hxx̂ n̂ = ẑ

dmx

d!
= !!mymz

dmy

d!
= !mx ! hx( )mz ,

dmz

d!
= hxmy .

m0, a = ±x̂

m0, b = px̂ ± 1! p2 ẑ p = hx !
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/$'*.!)-/$0-%!$#'-#&.(.!%-,+'*-#$%!(#(,72'(%!)(.(! q !+%(#/-!+#(!G#*'(!<(.*(6,$:!"%&+/*$0-%!

%-,+'*-#$%!$#!&-.#-!(!q 5!)(.(!$,,-!I(1(0-%!,(!%*1+*$#&$!&.(#%3-.0('*?#r!

q !!! !!!!!!!!!!Ld:d^M!

b#%$.&(#/-!$%&(!&.(#%3-.0('*?#!$#!,(!$'+('*?#!Ld:ddM!%$!-62$#$!9+$r!!

q !! ! ! ! ! ! ! !!!!!!!!!!Ld:dSM!

/-#/$! q :!K-&$0-%!9+$!$%&(!$'+('*?#!/*3$.$#'*(,!%$!)+$/$!*#&$1.(.!38'*,0$#&$!;(!9+$!,(!

$'+('*?#!Ld:dSM!%$!)+$/$!$%'.*6*.!/$!,(!3-.0(!

q !! ! ! ! ! ! ! !!!!!!!!!!Ld:d]M!

a$%-,<(0-%!,(!*#&$1.(,! *#/$Y#*/(!/$!,(!$'+('*?#!Ld:d]M:!k(.(!$,,-!I(1(0-%!$,!'(06*-!/$!<(.*(6,$%!

q 5!,+$1-!,(!*#&$1.(,!/$,!9+$/(!!

q !! ! ! ! !!!!!!!!!!Ld:djM!

/-#/$! q 5! q !;! q :!P+(#/-! q 5!$%&(! *#&$1.(,!%$!)+$/$!$F).$%(.!$#!

&4.0*#-%!/$!3+#'*-#$%!$,7)2'(%!/$!).*0$.!-./$#!q :!"F),7'*&(0$#&$!%$!2$#$!9+$!

q !! ! ! ! !!!!!!!!!!Ld:dmM!

'-#!$%&(!*#&$1.(,!%$!2$#$!+#(!%-,+'*?#!*0),7'*&(!)(.(!q :!!"#!1$#$.(,5!/*3$.$#&$%!'-#Y1+.('*-#$%!!

&(#&-! /$! '(0)-! '-0-! /$! (+&-J$#$.17(! /$! *#&$.(''*?#! /(.8#! 3+#'*-#$%! $,7)2'(%! /$! l('-6*:! n#!

$%&+/*-!0(%!('(6(/-!%$!)+$/$!$#'-#&.(.!$#!,(!.$3$.$#'*(!@VAB:!! 

m !( )

m0, b

m !( ) = p ! X cos u !( )( ), !Y sin u !( )( ), ± 1! p ! X cos u !( )( )( )2 ! Y sin u !( )( )( )2!
"#

$
%& .

du
d!

= ±! 1! p ! X cosu( )2 ! Y sinu( )2 ,

! = "Y X

! = ± 1
"

dz

1! p ! X cos z( )2 ! Y sin z( )2u0

u

! .

q = cos z

I = dq
1! q2( ) a + bq + cq2( )! = 1

c
dq

1" q2( ) A + q( ) B + q( )! ,

a = 1! p2 !Y 2 b = 2pX c = Y 2 ! X 2 c > 0

F ! "( )

I = 2
c A +1( ) 1! B( )

F sin!1 A +1( ) B + q( )
B +1( ) A + q( )

!

"
#

$

%
&
A '1( ) B +1( )
A +1( ) B !1( )

!

"
#

$

%
& ,

u !( )

�27



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

I$,D:$/").3)&,).;:3-():"8,E9/())

!
! "#! $,! ).$%$#&$! '()*&+,-! %$! $%&+/*(! ,(! /*#80*'(! /$! /-%! )(.='+,(%! 0(1#42'(%! (#*%-&.?)*'(%!

*#&$.('&+(#/-! $#! ).$%$#'*(! /$! +#! '(0)-! 0(1#42'-! $F&$.#-! +%(#/-! ,(! $'+('*?#! /$! N(#/(+JN*3%I*&C! $#!

(+%$#'*(! /$! &-.9+$%! $F&.(%5! $%! /$'*.! q :! N(! *#&$.(''*?#! $#&.$! ,(%! )(.='+,(%! %$! /$6$! (! ,(! $#$.17(! /$!

*#&$.'(06*-5!/$%'.*&(!)-.!$,! ,*0*&$!',8%*'-!/$! ,(!$'+('*?#! LA:dM:!"F(0*#(.$0-%! &(#&-!$,!'(%-%!'-#%$.<(2<-!

'-0-! $,! /*%*)(2<-:! "%$#'*(,0$#&$! ,-%! .$%+,&(/-%! 9+$! 0-%&.(.$0-%! $#! $%&$! '()*&+,-! I(#! %*/-! )+6,*'(/-!

.$'*$#&$0$#&$!@^jB:!!!

!
G1*)7(94"/$0,).3')#-(C'3:")

!
) ",!0(1#$2%0-!0-,$'+,(.! %$! $%&8! '-#<*.2$#/-! '(/(! <$C!08%! (''$%*6,$! /$6*/-! (,! #-&(6,$!

/$%(..-,,-!/$! &4'#*'(%!$F)$.*0$#&(,$%!;! %$!I(#!$#'-#&.(/-!(),*'('*-#$%! &$'#-,?1*'(%!$#!/*<$.%(%!

8.$(%!'-0-!,(!'-0)+&('*?#!'+8#2'(!@jX5!j^B5!!(,0('$#(0*$#&-!/$!(,&(!/$#%*/(/!/$!/(&-%!@jS5!j]B!

-!,(!.$3.*1$.('*?#!0(1#42'(!@jj5!jmB5!%?,-!)-.!0$#'*-#(.!(,1+#-%:!"#!,(%!G,20(%!/4'(/(%5!%$!I(#!

%*#&$2C(/-! #+$<-%! 2)-%! /$! 0-,4'+,(%! '-#! ).-)*$/(/$%! 0(1#42'(%! *#&$.$%(#&$%5! $#! $,! 9+$! $,!

0-0$#&-!0(1#42'-!%$!)+$/$!'-,-'(.!%*04&.*'(0$#&$!$#!/*3$.$#&$%!'-#Y1+.('*-#$%!1$-04&.*'(%!

@mTB:! n#! $D$0),-! %$#'*,,-! %-#5! )-.! $D$0),-5! $%&.+'&+.(%! 0(1#42'(%! $#! 3-.0(! /$! (#*,,-!

+#*/*0$#%*-#(,! @mAJmXB:! "#! (,1+#-%! .$170$#$%! /$! &$0)$.(&+.(5! ,(%! ).-)*$/(/$%! 0(1#42'(%! /$!

$%&(%! 0-,4'+,(%! %-#! 1$#$.(,0$#&$! 6*$#! /$%'.*&(%! )-.! $,! 0-/$,-! ',8%*'-! /$! i$*%$#6$.1! '-#!

)$9+$\(%!'-..$''*-#$%!/$!(#*%-&.-)7(!@m^5!mSB:!k-.!,-!&(#&-5!$%!*0)-.&(#&$!)(.(!,(%!(),*'('*-#$%!+#!

$%&+/*-!/$&(,,(/-!%-6.$!$,!'-0)-.&(0*$#&-!/*#80*'-!/$!$%&$!2)-!/$!%*%&$0(%!0(1#42'-%:!

Ti = 0
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! ",! '-0)-.&(0*$#&-! /*#80*'-! /$! +#(%! )-'(%! /$! )(.='+,(%! 0(1#42'(%! 9+$! *#&$.('&G(#! (!

&.(<4%!/$!+#(!*#&$.(''*?#!/$!*#&$.'(06*-!3+$!$%&+/*(/-!$#!,(%!.$3$.$#'*(%!@m]JATTB:!N-%!(+&-.$%!%$!

'$#&.(#! $#! $,! $9+*,*6.*-! /$! ,(! 3+#'*?#! /$! $%)7#J'-..$,('*?#! )(.(! ,(%! /*3$.$#&$%! '-#Y1+.('*-#$%!

1$-04&.*'(%:!",!).-6,$0(!/$!,(!*#&$.(''*?#!/$!,(%!)(.='+,(%!0(1#42'(%!('-),(/(%!)-.!*#&$.(''*?#!

/$!'-.&-!;! ,(.1-!(,'(#'$!%$!(#(,*C?!$#! ,(%!.$3$.$#'*(%!@ATA5!ATdB5!'-#',+;4#/-%$!9+$5!/$6*/-!(! ,(!

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

v+'&+(#&$! /$)$#/*$#&$! /$,! 2$0)-:! a$'*$#&$0$#&$5! +#! /70$.-!0(1#42'-! %$! I(! (#(,*C(/-! $#! $,!

'-#&$F&-! /$! ,(!0$'8#*'(! $%&(/7%2'(5! &$#*$#/-! $#! '+$#&(! $,! ('-),(0*$#&-! &(#&-! /*)-,(.! '-0-! ,(!

*#&$.(''*?#! ZC;(,-%I*#%[**JQ-.*;(! @ATVB:! ! H*#! $06(.1-5! (! #+$%&.-! '-#-'*0*$#&-5! +#! $%&+/*-!

)(.(04&.*'-!$#!$,!'-0)-.&(0*$#&-!/*#80*'-!;! ,(!'-..$%)-#/*$#&$!'(.('&$.*C('*?#!/$! ,-%!$%&(/-%!

'(?2'-%!/$!/-%!)(.='+,(%!0(1#42'(%!#-!3+$.-#!I$'I(%!(#&$.*-.0$#&$!@^jB:!!

! "#! $%&$! '()*&+,-! /$%'.*6*0-%! /*'I(! '(.('&$.*C('*?#:! "#! )(.2'+,(.5! %$! $%&+/*(! +#! '(0)-!

(),*'(/-!$#!,(!/*.$''*?#!)$.)$#/*'+,(.!(!,(!/*.$''*?#!/$!(#*%-&.-)7(!).*#'*)(,5!$,!,,(0(/-!$D$!38'*,:!

R/$08%5! #-%! '$#&.(0-%! $#! $,! $3$'&-! /$! ,(! 3+$.C(! /$! *#&$.(''*?#! .$,(2<(! $#&.$! ,(%! )(.='+,(%:! H$!

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

'-0)-.&(0*$#&-! /*#80*'-! '(,'+,(#/-! #+04.*'(0$#&$! $,! 08F*0-! $F)-#$#&$! /$! N;()+#-<! ;! ,-%!

/*(1.(0(%! /$! 6*3+.'('*?#:! "#! $,! '(%-! /*%*)(2<-! '(,'+,(0-%! ,-%! $%&(/-%! /$! %(&+.('*?#!Y#(,! '-0-!

+#(! 3+#'*?#! /$! ,(! 0(1#*&+/! /$,! '(0)-! 0(1#42'-! (),*'(/-5! ,(! '-#%&(#&$! /$! '(06*-5! ;! ,(%!

'-#%&(#&$%!/$!(#*%-&.-)7(:!

!
G1A)7(.3'()%30-$/()

!
! k(.(! 0-/$,(.! +#! /70$.-! &$#$0-%! 9+$! &$#$.! $#! '+$#&(! /-%! )(.='+,(%! 0(1#42'(%:!!!!

H+)-#*$#/-! 9+$! '(/(! +#(! )+$/$! %$.! .$).$%$#&(/(! )-.! +#! 0-#-/-0*#*-! 0(1#42'-! /$!
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0(1#$2C('*?#! q ! '-#! q 5! ,(! $<-,+'*?#! &$0)-.(,!/$,! %*%&$0(!)+$/$! %$.!0-/$,(/(!)-.!+#!!

'-#D+#&-!/$!$'+('*-#$%!/$!N(#/(+JN*3%I*&Cr!

q !!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!LV:AM!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

/-#/$!,-%!'(0)-%!0(1#42'-%!$3$'2<-%5!!q 5$%&8#!/(/(%!)-.r!

q !!!!!! ! !!!!!!!!! ! ! ! ! !!!!!!!!!!!LV:!dM!

'-#! q !&(,!9+$! q 5!/-#/$! !$%!$,!'(0)-!0(1#42'-!$F&$.#-!5! q !0*/$!,(!(#*%-&.-)7(!(!,-!

,(.1-!/$,!$D$! q ! ;! ! q $%! ,(!'-#%&(#&$!/$!('-),(0*$#&-!/$! *#&$.'(06*-:!H$!-6%$.<(!9+$!)(.(!$%&$!

2)-!$%)$'*(,!/$!(#*%-&.-)7(5! ,,(0(/(!+#*(F*(,5! ,(%!'-#%&(#&$%! q !)+$/$#!%$.!)-%*2<(%!-!#$1(2<(%!

/$)$#/*$#/-!/$!,(!%+%&(#'*(!$%)$'7Y'(!;!/$!,(!3-.0(!/$!,(!0+$%&.(!$#!+%-!@ATXB:!N(!'-#%&(#&$!/$!

('-),(0*$#&-!0*/$! ,(! *#&$#%*/(/! /$! *#&$.(''*?#! $#&.$! ,(%! /-%! )(.='+,(%:! ! K-&$! 9+$! q ! &(06*4#!

)+$/$!&-0(.!<(,-.$%!)-%*2<-%!-!#$1(2<-%!/$)$#/*$#/-!/$,!2)-!/$!*#&$.(''*?#>!)-.!$D$0),-5!)(.(!

q !$,!('-),(0*$#&-!%$.8!(#23$..-0(1#42'-!L3$..-0(1#42'-M:!"#!,-!9+$!%*1+$!%$!%+)-#$!!!

9+$! ,(%! )(.='+,(%! 2$#$#! ,(! 0*%0(! 0(1#*&+/! q ! ;! $,! 0*%0-! $D$! /$! (#*%-&.-)7(!

q 5!&(,!9+$!q :!",!'(0)-!0(1#42'-!$F&$.#-!q !!%$!(%+0$!*#/$)$#/*$#&$!/$,!2$0)-!

;! )$.)$#/*'+,(.! (! q 5! )-.! ,-! 9+$! %*#! )4./*/(! /$! 1$#$.(,*/(/5! $%! YD(/-! (! ,-! ,(.1-! /$,! $D$! Fr!

q :!

! x(,$!,(!)$#(!0$#'*-#(.!9+$5!$#!,-%!0(&$.*(,$%!$%&8#/(.!,(!().-F*0('*?#!$%&(!().-F*0('*?#!!

/$! 0('.-$%)7#! L)(.='+,(%! '-0-! 0-#-/-0*#*-M! $%! %-,(0$#&$! <8,*/(! '+(#/-! ,-%! $3$'&-%! /$! ,(!

%+)$.Y'*$!/$!(#*%-&.-)7(!#-!%-#!.$,$<(#&$%!@AT^B:!k(.(!&(0(\-%!0(;-.$%!/$!)(.='+,(%5!()(.$'$#!

$%&(/-%!#-!+#*3-.0$!0(1#42'-%5!'-0-!<?.2'$%!$#!#(#-J)+#&-%!/$!'-6(,&-:!R/$08%5!,(!3-.0(!/$!

,(!#(#-)(.='+,(!D+$1(!+#!)()$,!*0)-.&(#&$!$#!,(!().-F*0('*?#!/$!0('.-$%)7#!@ATSB:!"#!$,!'(%-!/$!

,(%!0-,4'+,(%!0(1#42'(%5!$%&$!0-/$,-!$%!%-,(0$#&$!<8,*/-!$#!,(!().-F*0('*?#!%$0*',8%*'(!@m^5mSB5!

Mi i = 1,2( )

dMi

dt
= ! ! Mi !Heff

i !
! "
Mi M

i ! Mi !Heff
i( ),

Heff
i

Heff
i = Hext + !i M

i ! n̂i( )n̂i + JMk ,

i,k( ) = 1,2 i ! k !i

ni J

!i

J

J < 0 J > 0( )

M1 = M2 = MS

n̂1 = n̂2 = n̂ n̂ = ẑ Hext

n

Hext = Hxx̂
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/$!,-!'-#&.(.*-!,-%!$3$'&-%!'+8#2'-%!/$6$.7(#!%$.!'-#%*/$.(/-%!@AT]B:!k-.!G,20-5!%$\(,$0-%!9+$5!

/$6*/-!(!,(!#(&+.(,$C(!#-!,*#$(,!/$,!).-6,$0(5!,(%!%-,+'*-#$%!(#(,72'(%!%$!)+$/$#!$#'-#&.(.!%?,-!$#!

'(%-%!)(.2'+,(.$%5!)-.!,-!9+$!%?,-!$%&+/*-%!#+04.*'-%!%-#!)-%*6,$%:!

! P-#! $,! Y#! /$! %*0),*Y'(.! ;! ('$,$.(.! ,(! *#&$1.('*?#! /$! ,(%! $'+('*-#$%! /$! 0-<*0*$#&-!

+2,*C(0-%! +#*/(/$%! %*#! /*0$#%*?#5! .$$%'.*6*$#/-! ,(! $'+('*?#! LV:AM! $#! &4.0*#-%! /$! ,(!

0(1#$2C('*?#!q ;!$,!2$0)-!q !@VAB:!"%&-!'-#/+'$!(!,(!#-.0(,*C('*?#!q :!

P-#! $,! Y#! /$! -6&$#$.! +#(!0$D-.! '-0).$#%*?#! E%*'(! /$,! ).-6,$0(5! <(0-%! (! $<(,+(.! ,(%! $%'(,(%!

*#&.-/+'*/(%!(9+7:!N-%!<(,-.$%!$F)$.*0$#&(,$%!=)*'-%!/$!q !%-#5!)-.!$D$0),-5!)(.(!0(&$.*(,$%!/$!

'-6(,&-5! q !)(.(!,-%!0(&$.*(,$%!/$!#79+$,! q ! !@VAB5! !-!)(.(!

'.*%&(,$%!/$! q ! ! q ! !@ATjB:!Z$%&('(#/-!,(%!3.$'+$#'*(%!1*.-0(1#42'(%!$#!

$,!.(#1-!/$!,-%!1*1(I$.'*-%! q ! 5q !;! ! ! ! q 5!

.$%)$'2<(0$#&$:!k-.! ,-!&(#&-! ,(!$%'(,(!/$!2$0)-! q !$%&8!$#!$,!.(#1-!/$! ,-%!)*'-%$1+#/-%!5!

q ! q ! ;! q

.$%)$'2<(0$#&$:! N(! &$'#-,-17(! /$! I-;! $#! /7(! $%! '()(C! /$!0$/*.! ,-%! ).-'$%-%! $#! )*'-! ;! 3$0&-J!

%$1+#/-%:!Z$!I$'I-5!o$(+.$)(*.$!$&!(,:!@ATmB!3+$.-#!,-%!).*0$.-%!$#!-6%$.<(.!,(!/*#80*'(!/$!$%)7#!

$#!+#(!$%'(,(!/$!2$0)-!)-.!/$6(D-!/$! ,(!$%'(,(!/$!)*'-%$1+#/-%!$#!#79+$,:!a$'*$#&$0$#&$5! %$!

I(#!-6%$.<(/-!3$#?0$#-%!$#!+#(!$%'(,(!/$!2$0)-!0$#-.!9+$!ATT!3%!@AAT5!AAAB:!

! k(.(! $<*&(.! (.&$3('&-%! #+04.*'-%5! $%! (/$'+(/-! .$%-,<$.! ,(! $'+('*?#! (/*0$#%*-#(,!

'-..$%)-#/*$#&$!$'+('*-#$%!LV:AM!!+2,*C(#/-!,(!.$).$%$#&('*?#!'(.&$%*(#(r!

!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!LV:VM!

mi =Mi /MS ! = t " Ms mi = 1

MS

MS[Co] !1.42"10
6 A /m MS[Ni ] ! 4.8"10

5 A /m

Mn12 MS[Mn12 ]
! 4.77"104 A /m

! MS[Co] ! 308 HGz ! MS[Ni ] !106 HGz ! MS[Mn12 ]
!10.5 HGz

! = 1( )

ts[Co] = 1/ ! MS[Co]( ) ! 3.2 ps, ts[Ni ] = 1/ ! MS[Ni ]( ) ! 9.4 ps, ts[Mn12 ] = 1/ ! MS[Mn12 ]( ) ! 95.2 ps,

dmx
i

d!
= mz

i Jmy
k ! "imy

i( )! Jmy
imz

k

+! hx + Jmx
k( ) my

i( )2 + hx + Jmx
k( ) mz

i( )2 !mx
i Jmy

imy
k + Jmz

imz
k + !i mz

i( )2( )( ),

�31



q !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!LV:XM!

q !!!!!!!!!!!!!!LV:^M!

/?#/$! q :! W6%$.<(#/-! 9+$! ,(%! %$1+#/(%! Y,(%! /$! ,(%! $'+('*-#$%! LV:VMJLV:^M! %-#! +#(!

'-#%$'+$#'*(!/$,! &4.0*#-!/*%*)(2<-!9+$!'-#2$#$#! ,(%!#-J,*#$(,*/(/$%! '+(/.82'(%!;! 'G6*'(%:! N-%!

&4.0*#-%!'+(/.82'-%!%$!).-/+'$#!)-.!$,!'(0)-!$F&$.#-5!0*$#&.(%!9+$!,-%!'-$Y'*$#&$%!'G6*'-%!%-#!

).-)-.'*-#(,$%! (,! *#&$.'(06*-! ;! ,(%! '-#%&(#&$%! /$! (#*%-&.-)7(:! N(! )(.&$! '-#%$.<(2<(5! $#! '(/(!

$'+('*?#5!'-#2$#$!#-J,*#$(,*/(/$%!'+(/.82'(%5!;! &4.0*#-%! ,*#$(,$%!9+$!%$!1$#$.(#!)-.!$,!'(0)-!

$F&$.#-:!K-&$0-%!9+$!$%&$!%*%&$0(!2$#$!'+(&.-!%-,+'*-#$%!I-0-14#$(%!%*0),$%r!

q !! ! ! ! ! ! ! ! ! !!!!!!!!!!!!LV:SM!

/$!3-.0(!9+$!%+!$%&(6*,*/(/!/$)$#/$!/$!,-%!)(.80$&.-%!/$!'-#&.-,!@XT5XAB:!!

! k-.! -&.(! )(.&$5! .$0(.'(0-%! 9+$! $,! %*%&$0(! 2$#$! )-.! ,-! 0$#-%! /-%! '-#%&(#&$%! /$!

0-<*0*$#&-!L,-%!/-%!0?/+,-%!*#/*<*/+(,$%! q M:!c$#*$#/-!$#!'+$#&(!$%&(%!.$%&.*''*-#$%!

/$,!%*%&$0(!,(!/*0$#%*?#!$3$'2<(!/$,!$%)('*-!/$!3(%$!$%!'+(&.-:!R/$0(%5!#-&$!9+$!!'+(#/-!q 5!

,(! $#$.17(! 0(1#42'(! &(06*4#! %$! '-#%$.<(:! "#! $,! '(%-! /*%*)(2<-5! ,(! $#$.17(! 0(1#42'(! #-! %$!

'-#%$.<(5!)$.-!(,'(#C(!+#!<(,-.!$%&('*-#(.*-!/$%)+4%!/$!+#!&.(#%*$#&$:!!

! k(.(!)-/$.!$#&$#/$.!$#!0$D-.!0(#$.(!$%&$!%*%&$0(!/*#80*'-!/*<*/*.$0-%!,-!9+$!.$%&(!/$!,(!

,(! %+6J%$''*?#! $#! %+6J%+6J%$'*-#$%:! k.*0$.(0$#&$! '-0$#&(.$0-%! %-6.$! $,! 04&-/-! #+04.*'-! $!

*#/*'(/-.$%! /*#80*'-%:! Z$%)+4%! $%&+/*(.$0-%! ,(%! %-,+'*-#$%! '-#%$.<(2<(%5! ;! Y#(,0$#&$! ,(!

%-,+'*-#$%!/*%*)(2<(%:!!!

dmy
i

d!
= !hxmz

i + J mx
i mz

k !mx
kmz

i( )+ !imx
i mz

i

+" J my
k mx

i( )2 + mz
i( )2( )!my

i mx
i mx

k +mz
imz

k( )( )! hxmx
i my

i ! !imy
i mz

i( )2"
#

$
% ,

dmz
i

d!
= hxmy

i + J my
imx

k !mx
imy

k( )
+! "imz

i mx
i( )2 + my

i( )2( )+ J mz
k mx

i( )2 + my
i( )2( )!mz

i mx
i mx

k +my
imy

k( )( )! hxmx
i mz

i"
#

$
% ,

hx = Hx /MS

m1,m2{ } = ±x̂,±x̂{ },

m1 = m2 = 1

! = 0
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!
"#$#%&'()*+,-./0+()-*&)123.+0/*&-&+),+0/,(.-*&

!
! ",! %*%&$0(! /*#80*'-! /$%'.*&-! )-.! ,(! $'+('*-#$%! LV:VMJLV:^M! #-! %$! )+$/$! .$%-,<$.!

(#(,72'(0$#&$!)(.(!&-/-%!,-%!'(%-5!$%&-!$%!/$6*/-!(,!('-),(0*$#&-!;!#-J,*#$(,*/(/$%:!k-.!,-!&(#&-5!

%$! /$6$! .$%-,<$.! #+04.*'(0$#&$:! Z$%/$! $,! )+#&-! /$! <*%&(! #+04.*'-5! ,(! *#&$1.('*?#! /$! $%&(%!

$'+('*-#$%!%$!.$(,*C(!+2,*C(#/-!+#!04&-/-!$%&8#/(.!/$!*#&$1.('*?#!a+#1$Jf+w(!/$!'+(.&-!-./$#!

@XAB:! ",! )(%-! /$! 2$0)-! +2,*C(/-! $%! /$! q 5! 9+$! 1(.(#2C(! +#(! ).$'*%*?#! /$! ATJj! $#! ,(!

0(1#$2C('*?#:!k(.(!<$.*Y'(.!9+$!$,!04&-/-!3+#'*-#(!%$!'(,'+,(!(06(%!'-#%&(#&$!/$!0-<*0*$#&-5!

q 5!/$!3-.0(!/*#80*'(:!!

! k.*0$.(0$#&$5!,(!'(.('&$.*C('*?#!/$!,-%!'-0)-.&(0*$#&-%!/*#80*'-%!/$!,(!$'+('*-#$%!LV:VMJ

LV:^M!%$!I('$!0$/*(#&$!,(!$<(,+('*?#!/$!,-%!$F)-#$#&$%!/$!N;()+#-<!LN"%M:!"%&$!04&-/-!'-#%*%&$!$#!

'+(#2Y'(.!,(!/*<$.1$#'*(!$#&.$!/-%!&.(;$'&-.*(%!'$.'(#(%!/$,!'(0)-!<$'&-.*(,!L`-,35!Amj^>!O(,,(%5!

dTATM:!"#!1$#$.(,5!)(.(!+#!%*%&$0(!/*#80*'-!/$!/*0$#%*?#!$3$'2<(! q !/$%'.*&(%!)-.!+#!'-#D+#&-!

/$! $'+('*-#$%! /*3$.$#'*(,$%! /$! ,(! 3-.0(5! q 5! $,! [J4%*0-! $F)-#$#&$! /$! N;()+#-<!

<*$#$!/(/-!)-.r!

q ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!LV:]M!

/-#/$!q !$%!,(!/*%&(#'*(!$#&.$!,(%!&.(;$'&-.*(%!/$!,(![J4%*0(!'-0)-#$#&$!/$,!'(0)-!<$'&-.*(,!

$#!$,!2$0)-!q >!&(,!9+$!!q !%(2%3('$!,(!$'+('*?#r!

q !!! !! ! ! ! ! ! ! ! ! !!!!!!!!!!!!LV:jM!

d! = 0.01

m1 = m2 = 1

N

dXk d! = Fk X,!( )

!k = lim
!"#

1
!
ln

! Xk !( )
! Xk ! 0( )

$

%
&
&

'

(
)
)

$

%
&
&

'

(
)
)
,

! Xk "( )

! !X

d!X
d!

=
!
J !!X,
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/-#/$! q ! $%! ,(!0(&.*C! l('-6*(#(! /$! q ! .$%)$'&-! /$! q 5! $%! /$'*.! q :! ! N+$1-! )(.(!

'-0)+&(.! ,-%! $F)-#$#&$%! /$! N;()+#-<! I(;! 9+$! .$%-,<$.! +#! %*%&$0(! ('-),(/-! /$! q !

<(.*(6,$%:!a$'-./$0-%!9+$!+#-!2$#$!&(#&-%!N"%!'-0-!/*0$#%*-#$%!$%)('*(,$%!/$!3(%$!&$#1(!$#!$,!

%*%&$0(!/*#80*'-!@XTB:!}%&-%!)+$/$#!%$.!-./$#(/-%! q !",!).*0$.!$F)-#$#&$!$%!$,!

0(;-.!$F)-#$#&$!/$!N;()+#-<!LQN"M5!9+$!#-.0(,0$#&$!%$!/$#-&(!)-.! q :!R9+7!&.(&(0-%!

'-#!$,!.41*0$#!#-!/*%*)(2<-5!;!)(.(!$%&$!2)-!/$!%*%&$0(%!,-%!N"%!<*$#$#!$#!)(.$%!q !/$!&(,!

0(#$.(!9+$!%+!%+0(!$%!*1+(,!(!'$.-!@XT5XABr!!

q !!! ! ! ! ! ! ! ! ! ! ! !!!!!!!!!!!!LV:jM!

;! (,! 0$#-%! /-%! N"%! %-#! *1+(,$%! (! '$.-:! "F),-.(#/-! ,(! /$)$#/$#'*(! /$! Q"N! '-#! ,-%! /*3$.$#&$%!

)(.80$&.-%! /$,! %*%&$0(5! +#-! )+$/$! */$#2Y'(.! 8.$(%! $#! $,! $%)('*-! /$! )(.80$&.-%! /-#/$! ,(!

/*#80*'(!$%!'(?2'(!LQ"N!)-%*2<-M5!-!6*$#!/-#/$!%$!).$%$#&(!/*#80*'(%!#-J'(?2'(%!.$1+,(.$%!LQ"N!

'$.-! -! #$1(2<-M:! N-%! $F)-#$#&$%! /$! N;()+#-<! %-#! '(,'+,(/-%! '-#! ,(%! &4'#*'(%! $F)+$%&(%! $#! ,(%!

.$3$.$#'*(%! @XXB:! "#! )(.2'+,(.5! $%&-%! %-#! '-0)+&(/-%! )(.(! +#! )$.7-/-! /$! 2$0)-! /$! q !

/$%)+4%!/$!+#!&.(#%*$#&$!/$!2$0)-!*#*'*(,!/$! q :!",!).-'$%-!/$!-.&-1-#(,*C('*?#!/$!O.(0J

H'I0*/&!%$!,,$<(!(!'(6-!/$%)+4%!/$!'(/(!q !@^^5^SB:!",!$..-.!q !$#!,(!$<(,+('*?#!/$!,-%!!N"%!!I(!

%*/-!'-0).-6(/-!)-.!$,!+%-!/$!q !/-#/$!q !$%!,(!/$%<*('*?#!$%&8#/(.!/$,!

08F*0-!N"!)-%*2<-5!,-!'+(,!$%!%+Y'*$#&$0$#&$!)$9+$\-!)(.(!$,!).-)?%*&-!/$,!).$%$#&$!(#8,*%*%:!

! "#!$%&$!'(%-5!%$!$F),-.(! ,(!/$)$#/$#'*(!/$!QN"!'-#!/*3$.$#&$%!)(.80$&.-%!/$!'-#&.-,!/$,!

%*%&$0(:!n#-!)+$/$5!)-.!$D$0),-5!/*6+D(.!0()(%!6*/*0$#%*-#(,$%!9+$!*,+%&.(#!,(!0(1#*&+/!/$,!QN"!

'-0-!+#(!3+#'*?#!/$!/-%!)(.80$&.-%:!"%&-!)$.0*&$!/$&$.0*#(.!,-%!*#&$.<(,-%!/$!)(.80$&.-%!9+$!

'-#/+'$#! (! ,(! /*#80*'(! '(?2'(5! $%! /$'*.5! QN"! )-%*2<-5! ;! (9+$,,-%! 9+$! 0+$%&.(#! /*#80*'(%!

.$1+,(.$%! L)$.*?/*'-%! -! '+(%*)$.*?/*'-%M5!QN"! '$.-! -! #$1(2<-:! H*! $,! %*%&$0(!/*#80*'-! $%! /$! (,&(!

/*0$#%*-#(,*/(/5!%$!)+$/$!/(.!$,!'(%-!/$!&$#$.!0(%!/$!+#!/$!+#!$F)-#$#&$!/$!N;()+#-<!)-%*2<-!

!
J F X

!
J!" #$ab = !Fa !Xb

N +1( )N

!1 " !2 " ..." !N .

!1 = !max

(!i ,!N"i+1)

!i = 0
i
" ,

! = 32768

! = 1024

!" = 1 Err

Err =! !1( ) / max !1( ), ! !1( )
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)(.(! +#! )(.80$&.-! YD-5! %$! /*'$! 9+$! $,! %*%&$0(! $FI*6$! +#(! .41*0$#! I;)$.J'(?2'-! @AAdJAA]B:!

R/$08%5! %*1+*$#/-! +#(! &4'#*'(! $F),*'(/(! $#! ,(! a$3:! @X^B5! %$! +2,*C(! +#! ).-'$%-! /$! .$%-,+'*?#! /$!

C--0!*&$.(2<-!)(.(! *#<$%21(.!08%!(!3-#/-!,(!/$)$#/$#'*(!/$!,(!/*#80*'(!.$%)$'&-!(!<(.*('*-#$%!

0+;!)$9+$\(%!/$!,-%!)(.80$&.-%!/$,!%*%&$0(:!"%&(!&4'#*'(!%$!+2,*C(!1$#$.(,0$#&$!)(.(!$,!$%&+/*-!
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'+(#&-%!)+#&-%!'.+C(#!)-.!(,1+#(!%$''*?#!/$!k-*#'(.4!@^dB5!L6M!'-#&(.!$,!#+0$.-!/$!08F*0-%!/$!
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'$.-5! q :! "%&(%! $'+('*-#$%! )+$/$#! &$#$.! /*3$.$#&$%! 2)-%! /$! '-0)-.&(0*$#&-%5! /$! .$1+,(.! (!
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"#!,(!U*1+.(!V:V!%$!0+$%&.(!$,!QN"!;!,-%!/*(1.(0(%!/$!6*3+.'('*?#!)(.(!q !;! q !'-0-!3+#'*?#!/$!

q !:!Z$,!Q"N!-6%$.<(0-%!9+$!$,!%*%&$0(!%$!*#*'*(!$#!$%&(/-%!.$1+,(.$%!;!).$%$#&(!+#(!&.(#%*'*?#!(!
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R06-%!/*(1.(0(%!/$!3(%$%!%-#!&-.-%!/$#&.-!,(!$%3$.(!+#*/(/!q :!"#!$,!%$1+#/-!'(%-!)-/$0-%!
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0(1#$2C('*?#!/$! ,(%!/-%!)(.='+,(%!)+$/$! *.!(,!0*%0-!<(,-.!-!#-5!'-0-!%$!0+$%&.(!$#!$,!0(.'-!

mx
1

S !( ) Smax !( ) m1

hx = !0.22

hx = !0.22

hx = !0.22

m1 = 1

!1,1( )

0,.25( )

! ! 0

! = 5 !10"4
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*C9+*$./-!/$!,(!U*1:!V:^:!",!2)-!/$!&.(#%*$#&$!)+$/$!%$.!.$1+,(.!L'-0-!$#!,(%!-%'*,('*-#$%!(.0?#*'(%!

(0-.21+(/(%!',8%*'(%M!-!'(?2'(%5!/$)$#/*$#/-!/$,!$%&(/-!'-..$%)-#/*$#&$!/$,!'(%-!#-!/*%*)(2<-:!!

!

q !

<$8&-")G1P=!H$.*$%! &$0)-.(,$%!/$! ,(%!'-0)-#$#&$JF!/$! ,(%!)(.='+,(%! q ! ;! q 5!;!$,!0-/+,-!/$! ,(!).*0$.(!)(.='+,(!

q :! N(%! ,7#$(%! /*%'-#2#+(! ;! '-#2#+(! .$).$%$#&(.! q ! ;! q 5! .$%)$'2<(0$#&$5!0*$#&.(%! 9+$! ,(! ,7#$(! /$! &.(C-%! ;!

)+#&-%!.$).$%$#&(#!(,!0?/+,-:!N-%!)(.80$&.-%!YD-%!%-#!q 5! q 5! q !;! q :!",!)(#$,!/$.$'I-!

$%!)(.(!q !;!$,!*C9+*$./-!$%!)(.(!q :!

!
N(!&(%(!/$!/$'(*0*$#&-!'(.('&$.7%2'(!)+$/$!%$.!/*,+'*/(/(!(!)(.2.!/$,!(#8,*%*%!,*#$(,:!k(.(!$%20(.!

/*'I(!&(%(5!%$!'-0*$#C(!'-#!+#(!%-,+'*?#!I-0-14#$(!/$,!%*%&$0(!q !'+(#/-!q :!Z$!

('+$./-! (! ,(! '-#/*'*?#! /$! '-#%$.<('*?#! /$,! 0-/+,-! /$! ,(! 0(1#$2C('*?#5! &$#$0-%! 9+$!

q !:!N+$1-!)(.(!,(%!)$9+$\(%!/$%<*('*-#$%!,(!'-0)-#$#&$!(!,-!,(.1-!/$,!$D$!

q !%$!)+$/$!$F).$%(.!'-0-r!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! !!!!!!!!!!LV:AAM!

k-.!,-!&(#&-5!+2,*C(#/-!+#(!,*#$(,*C('*?#!$%&8#/(.!@XAB!$,!%*%&$0(!9+$/(r!

q !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !!!!!!!!!!LV:AdM!!

mx
1 mx

2

m1 mx
1 mx

2

hx = 0.1 J = !0.1 !1 = 0.1 ! = 5 !10"4

!2 = 0.1 !2 = !0.1

m1 =m2 = x̂ hx > 0

mx
j = 1! my

j( )2 + mz
j( )2( )

x̂

mx
j ! 1!

my
j( )2 + mz

j( )2
2

.

dmy
j

d!
= !! hx + J( )my

j + ! j ! hx ! J( )mz
j + !Jmy

k + Jmz
k ,
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q !!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! !!!!!!!!!!LV:AVM!

/-#/$! &-/-%! ,-%! &4.0*#-%! /$! -./$#! q ! '-#! q ! I(#! %*/-! /$%).$'*(/-%:! k-.! ,-! &(#&-5! $,!

%*%&$0(!,*#$(,!%$!'(.('&$.*C(!)-.!,(!0(&.*Cr!

q !! ! ! ! !!!!!!!!!!LV:AXM!

N-%!<(,-.$%!).-)*-%!/$!$%&(!0(&.*C5!q !%-#!-6&$#*/-%!+%(#/-!,(%!.(7'$%!/$!,(!$'+('*?#!%$'+,(.r!

q !!!!!!!!!!!!!!!! ! ! ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!LV:A^M!

/-#/$!q 5!$#!.$170$#$%!/46*,0$#&$!/*%*)(2<-%5!$%&8#!/(/-%!().-F*0(/(0$#&$!)-.!!

q !! ! ! ! ! ! ! ! ! !!!!!!!!LV:AS(M!

q ! ! ! ! ! ! ! ! ! !!!!!!!!LV:AS6M!

q ! ! ! ! !!!!!!!!LV:AS'M!

q !! ! ! ! ! ! !!!!!!!!LV:AS/M!

'-#! q ! ;! q :! "#! 1$#$.(,5! ,-%! <(,-.$%! ).-)*-%! %-#! 3+#'*-#$%! '-0),$D(%5!

q ! /$!0-/-! 9+$! q ! $%! $,! 3('&-.! /$! '.$'*0*$#&-! /$! ,(! )$.&+.6('*?#! ;! q ! %+!

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

'(.('&$.7%2'(5! /$#-&(/(! (9+7! )-.! q :! k+$%&-! 9+$5! ,(! $'+('*?#! )(.(! q ! $%! /$! '+(.&-! -./$#5! +#(!

3-.0(! '$..(/(! $%! /*E'*,! /$! -6&$#$.! (#(,72'(0$#&$5! ;! /$6$! %$.! '(,'+,(/(! #+04.*'(0$#&$:! H*#!

$06(.1-5!'-0-!+#(!).*0$.(!().-F*0('*?#!().-F*0('*?#! ,(! &(%(!/$!/$'(*0*$#&-!'(.('&$.7%2'(!$%!

q !

dmz
j

d!
= hx + J( )my

j + ! hx + J ! ! j( )mz
j ! Jmy

k + !Jmz
k ,

! ma,b
n( ) n > 2

!(hx + J )! !hx ! J + !1 J! J
hx + J (!hx ! J + !1)" !J J!
J! J !(hx + J )! !hx ! J + !2
!J J! hx + J (!hx ! J + !2 )"

"

#

$
$
$
$
$

%

&

'
'
'
'
'

! ,

! 4 + a3!
3 + a2!

2 + a1!
2 + a0 = 0,

aj

a3 = ! 4 hx + J( )! "( ),

a2 = 2hx
2 + 4J ! "( ) hx + J( ),

a1 = ! 4hx
3 + 3hx

2 4J ! "( )+ 2hx 4J 2 ! 3J" +#( )! 2J J" !#( )( ),

a0 = hx hx + 2J( ) hx2 + hx 2J ! "( )! J" +#( ),

! = !1 + !2 ! = !1!2

! =! R + ı! I = !" + ı! ! !

! c ! ,

! c ! 4 / 4(hx + J )! "( )"!" #$.
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!

q !

<$8&-")G1R=!Z*(1.(0(!/$!3(%$%!9+$!0+$%&.(!$,!<(,-.!/$!%(&+.('*?#!/$!q !L*C9+*$./(M!;!!q !L/$.$'I(M!$#!3+#'*?#!/$!q !!

;!q :!N-%!)(.80$&.-%!YD-%!%-#r!!q 5!q !;!q :!

!
P+(#/-!q !;!q !$,!2$0)-!'(.('&$.7%2'-!!%$!.$/+'$!(!q 5!9+$!

2$#$! ,(! 0*%0(! $%&.+'&+.(.! 9+$! ,(! -6&$#*/(! ).$<*(0$#&$! $#! ,(! .$3$.$#'*(! @AdTB:! "#! $,! %*%&$0(!

/$%('-),(/-5! '+(#/-! q ! $%! )-%*2<-! q ! )(%(! (! %$.! )-%*2<-! )(.(! q ! ).-/+'*4#/-%$! +#(!

*#$%&(6*,*/(/!,*#$(,:!"#!#+$%&.-!'(%-!'-#! q !'+(#/-!+#(!/$!,(!'-#%&(#&$%!/$!(#*%-&.-)7(!2$#$!

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

/$!q !1(.(#2C(!9+$!$,!%*%&$0(!#-!%+3.*.8!+#(!*#$%&(6*,*/(/!,*#$(,:!!

! x$(0-%! (I-.(! (! /$%'.*6*.! '?0-! $,! <(,-.! /$! %(&+.('*?#! /*#80*'-! /$! ,(! 0(1#$2C('*?#5!

q 5!'(06*(!'-#!,-%!)(.80$&.-%!/$!'-#&.-,:!N(!U*1+.(!V:S!0+$%&.(!/-%!/*(1.(0(%!/$!

q !;!q !'-0-!+#(!3+#'*?#!/$,!'(0)-!$F&$.#-5!q !;!,(!'-#%&(#&$!/$!('-),(0*$#&-!q :!P(/(!)+#&-!

$#!$%&$!/*(1.(0(!%$!I(!'(,'+,(/-!#+04.*'(0$#&$!'-#!2$0)-!/$!*#&$1.('*?#!%+Y'*$#&$!)(.(!$<*&(.!

,-%!&.(#%*$#&$%!!q !;!'-#!,(!'-#/*'*?#!*#*'*(,!(,$(&-.*(!LbP%M!$#!,(%!$%3$.(%!q !;!!q !

'-#! $,! Y#! /$! -6&$#$.! .$%+,&(/-%! '-#! *#/$)$#/$#'*(! /$! ,-%! bP%:! W6%$.<(0-%! 9+$! '+(#/-! ,(!

!mx
1 !mx

2 hx

J !1 = 0.1 !2 = !0.1 ! = 5 !10"4

J ! 0 !1 ! !2 !" ! ! c ! 2 / " + 2hx( )#!" #$

! ! R ! > 2hx

J ! 0,

J > 0

hx > !J + " / 4

!ma
j = ma

j ! !"( )

!mx
1 !mx

2 hx J

(! !108 ) m1 = 1 m2 = 1
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'-#%&(#&$!/$!('-),(0*$#&-!$%!)-%*2<(!q 5!,(!0(1#$2C('*?#!/$!,(%!/-%!)(.='+,(%!2$#/$!(!q 5!

/$)$#/*$#/-! /$! ,(! (0),*&+/! /$,! '(0)-! 0(1#42'-! q :! H?,-! $#! ,(! *#&$.3('$! '$.'(! q ! ,(!

0(1#$2C('*?#!%+3.$!)$.&+.6('*-#$%!.$%)$'&-!(,!$D$!F:!k-.!-&.-!,(/-5!)(.(!q !5!%?,-!'+(#/-!q !$%!

08%!1.(#/$!9+$! ,(!+#*/(/! q 5! ,(!0(1#$2C('*?#! q ! ;! q ! $%&8#!-.*$#&(/(%!(! ,-! ,(.1-!/$,!

'(0)-!$F&$.*-.! -! 6*$#5! 9+$! %$! -.*$#&(#! $#!-&.-%! $D$%! 9+$!/$)$#/$#!/$,! <(,-.! /$! q ! ;! #-! $%&8#!

'-..$,('*-#(/-%:!!

!

q !

<$8&-")G1S=!Z*(1.(0(!/$!3(%$%!9+$!0+$%&.(!$,!<(,-.!/$!%(&+.('*?#!/$!q !L*C9+*$./(M!;!!q !L/$.$'I(M!$#!3+#'*?#!/$!q !!

;! q :! N-%! )(.80$&.-%! YD-%! %-#r! ! q 5! q ! ;! q :! N(! ,7#$(! /*%'-#2#+(! $%! +#! (D+%&$! /(/-! )-.! ,(!

$'+('*?#!LV:A]M!/$,!&$F&-:!

!
! R/$08%5! %$! (#(,*C(! ,-%! $3$'&-%! /$! ,(! (#*%-&.-)7(! %-6.$! /*#80*'(! /$! %(&+.('*?#! /$! ,-%!

<(,-.$%:! N(! U*1+.(! V:]!0+$%&.(! /-%! /*(1.(0(%! /$! q ! ;! q ! '-0-!+#(! 3+#'*?#! /$! ,(%! '-#%&(#&$%!

(#*%-&.-)7(! ! q !;! q !)(.(!<(,-.$%!#$1(2<-%!/$!q !;!)$9+$\-%!'(0)-%!q :!"%&(!$%!,(!C-#(!/$!

,(! Y1+.(! (#&$.*-.! '+(#/-! ,(! 0(1#$2C('*?#! /$! ,(! )(.='+,(! +#-! #-! %$! '-..$,('*-#(! '-#! ,(!

0(1#$2C('*?#!/$! ,(!)(.='+,(!/-%:!W6%$.<(0-%!9+$!$#! ,(! .$1*?#! *#&$.0$/*(! ,-%!<(,-.$%!/$! q ! ;!

J > 0 (±)x̂

hx hx ~ 0

J > 0 hx

hx  >1( ) m1 m1

J

!mx
1 !mx

2 !1

!2 hx = 0.1 J = !0.1 ! = 5 !10"4

!mx
1 !mx

2

!1 !2 J hx = 0.1

!mx
1
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q !$%&8#!$#!-)-%*'*?#!/$!3(%$5!/$!&(,!0(#$.(!9+$!,(!,7#$(!(#2J%*0$&.7(!$%!,(!/*(1-#(,!q :!k-.!

-&.(!)(.&$5!/$6(D-!/$!,(!'+.<(!

q ! ! ! ! ! ! !!!!!!!!!!LV:A]M!

&(#&-! q !;! q ! %-#!'$.-!'+(#/-! q :!Z$!I$'I-5!$#!$%&$!.(#1-!

/$!,-%!$%&(/-%!/$!0(1#$2C('*?#!Y#(,$%!$%&8#!-.*$#&(/(%!(!,-!,(.1-!/$,!$D$!C!q 5!9+$!$%!

$,! $D$! /$! (#*%-&.-)7(:! R/$08%5! %$! )+$/$! -6%$.<(.! 9+$! '$.'(! /$! q ! ;! $#q ! $,! 0(.'-!

*C9+*$./-!/$!,(!U*1+.(!V:]!I(;!+#!'G0+,-!(*%,(/-!/$!,-%!)+#&-%!$#!,-%!'+(,$%! q !'-#!)$9+$\(!

(0),*&+/:!

!
!
!
!

!mx
2 !1 = !2

!2 =
a tanh b!1 + c( ) !1 !("2.0,0)

tanh"1 !1 / a " c( ) /b !1 !(0,0.378)

#
$
%

&%

!mx
1 !mx

2  a,b,c( ) = !0.3845,1.3477,!0.0442( )  

!mz
1 = !mz

2 = 1( )

!1 !1 !2 !1

!mx
a ! 0
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!"#$%&'()H)

!(,/'&6$(,36)!

"%&(!0$0-.*(!/$!*#<$%21('*?#!%$!I(!'$#&.(/-!$#!0(1#$2%0-5!$,!'+(,!$%!$#!1$#$.(,!&.(&(!%-6.$!

$%&+/*-!/$,!$%)7#5!/$!%+%!$3$'&-%!'-,$'2<-%5!'-0-!&(06*4#!/$!)(.='+,(%!'(.1(/(%!$#!0-<*0*$#&-:!

"#!$,!'()*&+,-!%$!$F)+%-!+#(!0+;!6.$<$!*#&.-/+''*?#!/$!,(!$<-,+'*?#!I*%&?.*'(!/$,!$#&$#/*0*$#&-!;!

/$,! +%-! 9+$! %$! I(! /(/-! (,! 0(1#$2%0-:! N+$1-! %$! /$%'.*6*?! ,-%! 2)-%! 08%! '-0+#$%! /$!

'-0)-.&(0*$#&-%!0(1#42'-%5!(%7!'-0-!9+$!0(&$.*(,$%!,-%!0(#*Y$%&(#:!"#!)(.2'+,(.5!%$!'-#%*/$.-!

$,!'(%-!/$,!)(.(0(1#$2%0-!'-0-!$,!'(%-!/$,!3$..-0(1#$2%0-!',8%*'-:!!!

"#! $,! '()*&+,-! /-%! %$! I(! /$%'.*&-! '-0-! 0-/$,(.! ,(! /*#80*'(! /$! )(.='+,(%! 0(1#42'(%! $#! $,!

'-#&$F&-!',8%*'-!'+(#/-!$,,(%!)+$/$#!%$.!'-#%*/$.(/(%!'-0-!0-#-J/-0*#*-%!0(1#42'-%:!H$!I(#!

0-%&.(/-! ,-%! /-%! 0-/$,-%! 08%! +%(/-%! )(.(! /$%'.*6*.! $#! '-#&$F&-! ',8%*'-! ,(! /*#80*'(! /$! ,(!

0(1#$2C('*?#5!'-#-'*/-%!)-.!$,!0-/$,-!/$!N(#/(+JN*3%I*&C!@d]B!;!/$!N(#/(+JN*3%I*&CJO*,6$.&!@djB:!

H$! I(#! $F)+$%&-! ).-)*$/(/$%! 1$#$.(,$%! /$! ,(%! $'+('*-#$%! /$! 0-<*0*$#&-5! $#! 9+$! '(%-%!

)(.2'+,(.$%!I(;!'(#2/(/$%!'-#%$.<(/(%:!R/$0(%!%$!0-%&.?!$#!9+$!'(%-%!(06(%!$'+('*-#$%!%-#!

$9+*<(,$#&$%:!N+$1-!%$!/$%'.*6*?!,-%!/*%2#&-!2)-%!/$!*#&$.(''*-#$%!:!U*#(,0$#&$5!%$!$%&+/*-!$,!'(%-!

/$!+#(!)(.='+,(!0(1#42'(!(#*%?&.-)*'(!$#!).$%$#'*(!/$!+#!'(0)-!$F&$.#-!(),*'(/-!$#!$,! ,*0*&$!

'-#%$.<(2<-:!!

"#!$,!'()*&+,-!&.$%!%$!.$%+0$!$,!&.(6(D-!/$!*#<$%21('*?#!-.*1*#(,5!$#!$,!'+(,!%$!I(!$%&+/*(/-!+#!

/70$.-! 0(1#42'-! ',8%*'-! $#! ).$%$#'*(! /$! +#! '(0)-! $F&$.#-! (),*'(/-5! &$#*$#/-! $#! '+$#&(! ,(!

$#$.17(! (#*%-&.-)7(! ;! ,(! *#&$.(''*?#! /$! *#&$.'(06*-! $#&.$! )(.='+,(%:! H$! I(! '-#%*/$.(/-! $%&$!

0-/$,-! ).-&-2)-! ;(! 9+$! )+$/$! %$.! +#(! I$..(0*$#&(! *#&$.$%(#&$! )(.(! /$%'.*6*.! 0-,4'+,(%!

0(1#42'(%!$#!,(!().-F*0('*?#!%$0*',8%*'(!@m^5!mSB5!-!/-%!)(.='+,(%!0(1#42'(%!*#&$.('&+(#/-!$#!

,(!().-F*0('*?#!0('.-$%)7#!'+(#/-!,(%!$#$.17(%!/$!%+)$.Y'*$!)+$/$#!%$.!/$%).$'*(/(%!@AT^B:!N(!

$<-,+'*?#!&$0)-.(,!/$,!%*%&$0(!%$!I(!/$%'.*&-!$#!$,!$#3-9+$!/$!,(!$'+('*?#!/$!N(#/(+JN*3%I*&C:!H$!

I(!(#(,*C(/-!(#(,*C(/-!&(#&-5!,-%!.$170$#$%!'-#%$.<(2<-%!;!/*%*)(2<-%:!"#!$,!'(%-!'-#%$.<(2<-5!$,!
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%*%&$0(! %$! I(! '(.('&$.*C(/-! ).*#'*)(,0$#&$! (! &.(<4%! /$! ,-%! $F)-#$#&$%! /$! N;()+#-<! '-0-! +#(!

3+#'*?#!/$! ,-%!)(.80$&.-%!;! %*0+,('*-#$%!#+04.*'(%! *#&$#%*<-%5! ,(! '-0)+&('*?#!ATS! NN"!$#!'(/(!

/*(1.(0(!/$!/-%!/*0$#%*-#$%5! %$!I(#! .$(,*C(/-!'-#!C--0! *&$.(2<-%!$#! ,(%! .$1*-#$%!)$.2#$#&$%:!!

"#!)(.2'+,(.5!%$!$#'-#&.?!9+$!)(.(!('-),(0*$#&-%!)-%*2<-%5!$,!%*%&$0(!$%!'(?2'-!$#!+#(!(0),*(!

1(0(!/$!<(,-.$%!/$!'(0)-!0(1#42'-!%*!,(%!'-#%&(#&$%!/$!(#*%-&.-)7(!%-#!*1+(,$%:!N(!%*&+('*?#!!#-!

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

()(.$'$#! .$1+,(.0$#&$! .$170$#$%! '(?2'-%! )(.(! )$9+$\-%! '(0)-%:! P+(#/-! ,(! '-#%&(#&$! /$!

('-),(0*$#&-!$%!#$1(2<(5! $,! $%'$#(.*-!$%! '-0),$&(0$#&$!/*3$.$#&$:!k(.(!(#*%-&.-)7(%! *1+(,$%!$,!

%*%&$0(!$FI*6$!'-0)-.&(0*$#&-%!.$1+,(.$%!)(.(!'(%*!&-/-!$,!.(#1-!/$!'(0)-%!0(1#42'-%5!$F'$)&-!

$#! '+(&.-! .$1*-#$%! '(?2'(%! $#! 3-.0(! /$! ),+0(! +6*'(/(%! /$! 3-.0(! %*04&.*'(! '-#! .$%)$'&-! (,!

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

0G,2),$%! &.(#%*'*-#$%! /$! $%&(/-%! .$1+,(.$%! (! '(?2'-%:! "%&-%! /*(1.(0(%! /$! N;()+#-<! .$<$,(#!

)(&.-#$%!'-0),$D-%:!"#!$,!'(%-!/$!/*#80*'(!/*%*)(2<(!%$!I(!'(,'+,(/-!#+04.*'(0$#&$!,(!%-,+'*?#!

Y#(,! $%&('*-#(.*(! /$%)+4%! /$! +#! &.(#%*$#&$:! k(.(! (#*%-&.-)7(! YD(5! I$0-%! -6%$.<(/-! 9+$! ,(!

0(1#$2C('*?#!/$!(06-%!$%&8!-.*$#&(/(!(! ,-! ,(.1-!/$,! '(0)-!'+(#/-! ,(! '-#%&(#&$!/$!'(06*-!$%!

)-%*2<(:! k(.(! ('-),(0*$#&-%! #$1(2<-%! -&.(%! -.*$#&('*-#$%! %-#! Y#(,0$#&$! (,'(#C(/(%! '+(#/-!

q ! :!"#!$%&$!.(#1-!/$!'(0)-%5!)(.(! *#&$.'(06*-!#$1(2<-!'+(#/-!%$!<(.7(#! ,(%!(#*%-&.-)7(%5!

I(;! +#(! .$1*?#! /?#/$! $,! 0-0$#&-! 0(1#42'-! /$! ,(%! )(.='+,(%! $%&8#! $#! -)-%*'*?#! /$! 3(%$:!

U*#(,0$#&$5! -6%$.<(0-%! 9+$! /$6*/-! (! ,(! *#&$.(''*?#! $#&.$! ,(%! )(.='+,(%5! %$! )+$/$#! -6%$.<(.!
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$#!3+&+.-%!&.(6(D-%:!!

!
!
!

| hx |<1

�48



2$C'$(8-"U")!!
!"#$%&'()*)!!
A: l:!Q:! Z:! P-$;5!$%&'"9+.# %',#$%&'"9-#$%("4*%)+5! P(06.*/1$! n#*<$.%*&;! k.$%%5! P(06.*/1$5!

dTAT:!!
d: ! :̀!O*,6$.&5!!"#$%&'"("5!Z-<$.!k+6,*'(2-#%5!K$e!{-.[5!AmmA:!!
V: l:!P:!Q(Fe$,,5!R4"%9+"#0'#S)"-(4*-*(D#%',#$%&'"9+.5!<-,%:!A!~!d5!Z-<$.!k+6,*'(2-#%5!K$e!{-.[5

Am^X:!!
X: H:!c-0-#(1(!L"/:M5!c:!W[(!L"/:M5!RT"#U(04D#03#U/*'5!n#*<$.%*&;!W3!PI*'(1-!k.$%%5!PI*'(1-5!Ammj:!!̂
: k:!R:!Q:!Z*.('5!k.-':!a:!H-':!N-#/:!R!**S!LAmdjM!SAT:!!
S: Q:! ":! k$%[*#5! Z:! x:! H'I.-$/$.5! V'# I'(40,5-90'# R0# W5%'(5.# X*"),# RT"04D5! `$%&<*$e! k.$%%5!

P-,-.(/-5!Amm^!!
]: Z:!P:!Q(�%5!RT"#RT"04D#03#$%&'"9+.5!<-,%:!A!~!d5!!H).*#1$.Jx$.,(15!K$e!{-.[!Amj]:!!
j: l:!c$D(/(Jk(,('*-%5!a$<*%&(!"%)(\-,(!/$!U7%*'(5!*S!LdTTVM!AmTV:!!
m: o:!Z:!P+,,*&;5!P:!Z:!O.(I(05! I'(40,5-90'#(0#$%&'"9-#$%("4*%)+5!`*,$;Jb"""!k.$%%5!K$e!l$.%$;5!

dTTm!!
AT: ":! Z:! Z(#*$,! L"/:M5! P:! Z$#*%!Q$$! L"/:M5! Q:! i:! P,(.[! L"/:M5!$%&'"9-# Y"-04,*'&Z# RT"# X*4+(# =[[#

F"%4+!5!!`*,$;Jb"""!k.$%%5!K$e!l$.%$;5!Ammj:!!
AA: U:!K(%*.)-+.*! L"/:M5! R:!K-1(.$&! L"/:M5!K%'0.%&'"9+.#%',# U/*'(40'*-+Z# X%24*-%90'N#$%("4*%)+N#

\T%4%-("4*]%90'#%',#V//)*-%90'+5!`-.,/!H'*$#2Y'5!H*#1()-.$5!!dTAT:!!
Ad: c:!HI*#D-!L"/:M5!K%'0.%&'"9+.#%',#U/*'(40'*-+5!",%$<*$.5!Z-./.$'I&5!dTTm:!!
AV: H:! W/$#6('I5! X"440?5*,+Z# $%&'"9-%))D# \0'(40))%2)"# X)5*,+# %',# RT"*4# V//)*-%90'+5! H).*#1$.5!

o$.,*#5!dTTd!!
AX: H:! W/$#6('I5! \0))0*,%)# $%&'"9-# X)5*,+Z# ^%+*-+N# !"E")0/."'(# %',# V//)*-%90'# 03# X"440?5*,+5!

H).*#1$.5!o$.,*#5!dTTm:!!
A^: Z:! O(w$%'I*5! a:! H$%%-,*5! l:! x*,,(*#5!$0)"-5)%4# K%'0.%&'"(+5! WF3-./! n#*<$.%*&;! k.$%%5! WF3-./5!

dTAA:!!
AS: a:!o(1(*5!O:!PI.*%&-+5!PI$0:!H-':!a$<:!GV!!LdTTmM!ATAA:!!
A]: O:!N:!x$.%'I++.5!;*,,"'#VG4%-90'Z#RT"#;*+(04D#%',#$D+("4D#03#$%&'"9+.5!WF3-./!n#*<$.%*&;!

k.$%%5!WF3-./5!Ammj:!!
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Am: R:!k(%%-%!O+*0(.Ä$%5!X40.#C0,"+(0'"#(0#U5/"4.%&'"(+Z#_',"4+(%',*'&#$%&'"9-#`T"'0."'%5!

`*,$;JxPi5!K$e!l$.%$;!5!dTT^:!!
dT: H:!PI*[(C+0*5!`TD+*-+#03#X"440.%&'"9+.5!WF3-./!n#*<$.%*&;!k.$%%5!WF3-./5!dTTm:!!
dA: k:!N(#1$<*#5!R##:!PI$0*$!$&!kI;%*9+$!P!LAmT^M!]T:!!
dd: Q:!k:!Q(./$.5!\0',"'+",#$%G"4#`TD+*-+5!`*,$;5!K$e!{-.[5!dTTT:!!!
dV: k:!`$*%%5!P-0)&:!a$#/:!AXV!LAmTSM!AAVS:!!!
dX: !N:!K4$,5!R##:!/$!kI;%*9+$!*V!LAmVdM!^:!!!
!"#$%&'()A)!!
d^: P:!a-%%5!R##+:!a$<:!Q(&$.:!a$%:!G*!LdTTAM!dTV:!!
dS: i:! Å(6$,! L"/:M5! Q:! U(.,$! L"/:M5!$%&'"9-# K%'0+(45-(54"+Z# U/*'# !D'%.*-+# %',# U/*'# R4%'+/04(5!

H).*#1$.5!o$.,*#5!dTAV:!!
d]: N:!N(#/(+5!":!Q:!N*3%I*&C5!kI;%:!Å:!H-eD$&+#*-#!V!LAmV^M!A^V:!!
dj: c:!N:!O*,6$.&5!b"""!c.(#%:!Q(1:!HW!LdTTXM!VXXV:!!
dm: k:":! `*1$#! L"/:M5! K0')*'"%4# `T"'0."'%# %',# \T%0+# *'# $%&'"9-# $%("4*%)+5! `-.,/! H'*$#2Y'5!

H*#1()-.$5!AmmX:!!
VT: O:!o-,*#15!Z:!HI*D*#5!C%',%5HC*3+T*(]#S75%90'+5!`-.,/!H'*$#2Y'5!H*#1()-.$5!dTTj:!!
VA: b:! Z:!Q(;$.1-;C5! O:! o$.&-�5! P:! H$.)*'-5!K0')*'"%4#$%&'"9]%90'# !D'%.*-+# *'# K%'0+D+(".+5!

",%$<*$.5!Z-./.$'I&5!dTTm:!!
Vd: Q:!N([%I0(#(#5!kI*,:!c.(#%:!a:!H-':!R!GRX!LdTAAM!AdjT:!!
VV: l:!N:!O(.'*(Jk(,('*-%5!U:!N(C(.-5!kI;%:!a$<:!o!PV!LAmmjM!AXmV]:!!
VX: O:!o$.&-�5!b:Z:!Q(;$.1-;C5!P:!H$.)*'-5!kI;%:!o!GHG!LdTTXM!Vd^:!!
V^: P:!H$.)*'-5!b:Z:!Q(;$.1-;C5!O:!o$.&-�5!l:!R)),:!kI;%:!XG!LdTTVM!SmTm:!!
VS: O:!o$.&-�5!P:!H$.)*'-5!b:Z:!Q(;$.1-;C5!kI;%:!a$<:!N$w:!VR!LdTTAM!]dX:!!!
V]: O:!o$.&-�5!b:Z:!Q(;$.1-;C5!P:!H$.)*'-5!kI;%:!o!GWR!LdTTAM!X]:!!
Vj: P:!H$.)*'-5!Q!/ÇR9+*#-5!O!o$.&-�5!b:Z!Q(;$.1-;C5!l:!Q(1#:!Q(1#:!Q(&$.:!ASAYASR!LdTTXM!]VX:!!
Vm: ":!K:!N-.$#C5!l:!R&0-%:!H'*:!dT!LAmSVM!AVT:!
!!
XT: ":!Ww5!\T%0+#*'#!D'%.*-%)#UD+(".+5!P(06.*/1$!n#*<$.%*&;!k.$%%5!P(06.*/1$5!dTTm:!
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XA: l:!P:!H).-w5!\T%0+#%',#R*."HU"4*"+#V'%)D+*+5!WF3-./!n#*<$.%*&;!k.$%%5!WF3-./5!dTTV:!!
Xd: i:!f(#&C5!c:!H'I.$*6$5!K0')*'"%4#R*."#U"4*"+#V'%)D+*+5!P(06.*/1$!n#*<$.%*&;!k.$%%5!P(06.*/1$5!

dTTX:!!
XV: :̀! i-.%&I$0[$5! a:! N$3$<$.5! K0*+"HI',5-",# R4%'+*90'+Z# RT"04D# %',# V//)*-%90'+# *'# `TD+*-+N#

\T".*+(4DN#%',#^*0)0&D5!H).*#1$.5!o$.,*#5!dTTS:!
!!
XX: R:!`-,35!l:!o:!He*É5!i:!N:!He*##$;5!l:!R:!x(%&(#-5!kI;%*'(!Z!*R!LAmj^M!dj^::!!
X^: l:!R:!P:!O(,,(%5!b#&:!l:!o*3+.:!PI(-%!AW!LdTATM!Am]:!!
XS: ":!N-.$#C5!RT"#S++"'-"#03#\T%0+5!n#*<$.%*&;!-3!`(%I*#1&-#!k.$%%5!`(%I*#1&-#5!AmmV:!!
X]: l:!O,$*'[5!\T%0+Z#$%a*'&#%#K"b#U-*"'-"5!k$#1+*#!o--[%5!K$e!{-.[5!dTTj:!!
Xj: O:!O*6%-#5!P:!l$Ñ.*$%5!kI;%:!a$<:!R!AX!LAmjXM!jAA:!!
Xm: U:!Q:!/$!R1+*(.5!R:!RC$<$/-5!H:!Q:!a$C$#/$5!kI;%:!a$<:!o!GX!LAmjmM!mXXj:!!!̂
T: l:! o$'[$.5! U:! a-/$,%)$.1$.5! cI:!`$;.(+'I5! i:! o$##$.5! :̀! l+%&5! (#/! R:! P$#;%5! kI;%:! a$<:! "! PX!
LAmmmM!ASdd:!!̂

A: l:!P(*5!{:!f(&-5!R:!W1(e(5!{:!i(.(/(5!Q:!PI*6(5!c:!i*.(&(5!l:!kI;%:!H-':!l)#:!S*!LdTTdM!VTj]:!!̂
d: N:!U:!R,<(.$C5!W:!k,(5!W:!PI+6;[(,-5!kI;%:!a$<:!o!R*!LdTTTM!AASAV:!!̂
V: Z:!x:!x(1*#5!k:!k-,;([-<5!l:!R)),:!kI;%:!*WP!LdTTmM!TVVmAX:!!̂
X: a:!f:!H0*&I5!Q:!O.(6-e%[*5!a:!":!P(0,$;5!l:!Q(1#:!Q(1#:!Q(&$.:!GAA!LdTATM!dAd]:!!̂
^: Z:!N(.-C$5!l:!o.(1(./5!W:!l:!H+(.$C5!i:!k,$*#$.5!b"""!c.(#%:!Q(1:!HS!LdTAAM!VTVd:!!!̂
S: l:!o.(1(./5!i:!k,$*#$.5!W:! l:! H+(.$C5!k:!x(.1(%5! l:!R:!P:!O(,,(%5!Z:! N(.-C$5!kI;%:!a$<:!"!VH! LdTAAM!
TV]dTd:!!̂

]: Z:!N(.-C$5!Z:!o$'$..(JR,-#%-5!l:!R:!P:!O(,,(%5!i:!k,$*#$.5!b"""!c.(#%!Q(1!HV!LdTAdM!V^S]:!!̂
j: M1)71)ZE-3J5W:!l:!H+(.$C5!Z:!N(.-C$5!i:!N:!Q(#'*#*5!!P$#&:!"+.:!l:!kI;%:!**!LdTAVM!ASdm:!!̂
m: Z:!n.C(1(%25!Z:!N(.-C$5!Z:!o$'$..(JR,-#%-5!M1)71)ZE-3J5!i:!N:!Q(#'*#*:!"#!).$)(.('*?#:!!!
ST: Q:!U*,*)-<*'5!P:!i-,09<*%&5!U:!i(+)&5! :̀!o$,C*15!kI;%:!a$<:!o!VSLdTAVM!TX^XdS:!!
SA: {:!K(06+5!kI;%:!a$<:!Z!S!LAm]VM!dXT^:!!
Sd: :̀!o:!K+./*#5!f:!Z:!H'I-w$5!kI;%:!a$<:!"!R*!LdTTTM!V^]m:!!
SV: :̀!o:!K+./*#5!f:!Z:!H'I-w$5!kI;%:!R!GWV!LdTTdM!dTm:!!
SX: k:!Z*(C5!Z:!N(.-C$5!b#&:!l:!o*3+.:!PI(-%!*X!LdTTmM!VXj^:!
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!
S^: K:!Q+[+#/(5!":!H+/(.%I(#5!kI;%:!a$<:!Z!*G!LAm]SM!djXS:!!
SS: c:!P+.&.*1I&5!P:!Å('I-%5!kI;%:!a$<:!Z!RV!LdTTVM!Tj^TTA:!!
S]: N:!c([I&(D(#5!P-00+#:!Q(&I:!k,(;%:!*RW!LAmmXM!dm^:!
!!
Sj: c!N:!O*,6$.&5!l:f:!f$,,;5!k.-'$$/*#1%!-3!&I$!k*w%6+.1!P-#3$.$#'$!-#!QQQ5!k*w%6+.1I5!kR5!Am^^5!

):! d^V:! "%&$!$%! %-,-!+#! .$%+0$#!/$!+#! '-#1.$%-5! #+#'(! %$!).$%$#&-! ,(! <$.%*?#!$F&$#/*/(:! ",!
.$%+0$#! ()(.$'*?! &(06*4#! 6(D-! ,(! .$3$.$#'*(! sc:! N:!O*,6$.&5! kI;%:! a$<:!*WW! LAm^^M! AdXVt>! %*#!
$06(.1-!$%&(!#-!()(.$'$!$#!,(!6(%$!/$!/(&-%!!/$!`TD+*-%)#Y"E*"b:!",!&.(6(D-!'-0),$&-!%-6.$!,(!
/*%*)('*?#!/$!O*,6$.&!%$!$F)-#$!$#!,(!.$3$.$#'*(!@djB:!!

Sm: Z:!R:!O(.(#*#5!kI;%:!R!*SA!LAmmAM!X]T:!!
]T: U:!Q:!H(.(/CI$<5!U:!P:!fI(##(5!H:!k:!f*05!Q:!/$!Q-#21#;5!kI;%:!a$<:!o!SP!LdTT]M!TdXXTS:!!
]A: Q:!Z:!H2,$%5! :̀!Q:!H(%,-e5!Q:!l:!Z-#(I+$5!R:!Å(#1e*,,5!kI;%:!a$<:!o!SP!LdTT]M!dAXXdV:!!
]d: Q:!P:!P*-.#$*5!l:!Q:!a+675!l:!":!`$1.-e$!kI;%:!a$<:!o!VG!LdTAAM!TdTXATLaM:!!
]V: Q:!U(I#,$5!Z:!H&$*(+35!P:!b,,15!kI;%:!a$<:!o!VH!LdTAAM!A]dXTV:!!
]X: R:!o.(&((%5!{:!c%$.[-<#;([5!O:!":! :̀!o(+$.5!kI;%:!a$<:!o!VH!LdTAAM!T^XXAS:!!!
]^: :̀!Q:!H(%,-e5!l:!R)):!kI;%:!*WP!LdTTmM!T]ZVA^:!!
]S: :̀!Q:!H(%,-e5!f:!a*<[*#5!l:!Q(1#:!Q(1#:!Q(&$.:!GAW!LdTTjM!dSdd:!!
]]: a:!n.6(#5!O:!`-,&$.%/-.35!o:!i$*#.*'I5!kI;%:!a$<:!N$w:!VS!LdTTAM!dA]dTX:!!
]j: i:!c:!K$06('I5!!l:!Q:!HI(e5!P:!c!o--#$5!c:!l:!!H*,<(5!kI;%:!a$<:!N$w:!**W!LdTAVM!AA]dTA!!
]m: Q:R:!a+/$.0(#5!P:!f*w$,5!kI;%:!a$<:!XR!LAm^XM!mm:!!
jT: c:!f(%+;(5!k.-1:!cI$-.:!kI;%:!*R!LAm^SM!X^:!!
jA: f:!{-%*/(5!kI;%:!a$<:!*WR!LAm^]M!jmV:!!
jd: b:!ZC;(,-%I*#%[;5!H-<:!kI;%:!l"kc!P!LAm^]M!Ad^m:!!!
jV: c:!Q-.*;(5!kI;%:!a$<:!*AW!LAmSTM!mA:!!!
!"#$%&'()G)!!
jX: R:!R./(<(#5!W:!a*<(,5!l:!l:!N:!Q-.&-#5!(#/!H:!l:!o,+#/$,,5!kI;%:!a$<:!N$w:!XV!LdTT]M!T^]dTA:!!
j^: K:!N$+$#6$.1$.5!Z:!N-%%5!K(&+.$!H*W!LdTTAM!]jm:!!
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jS: Q:!Q(##*#*5!U:!k*#$*/$.5!k:!H(*#'&(<*&5!P:!Z(#*$,*5!":!W&$.-5!P:!H'*(#'(,$)-.$5!R:!Q:!c(,(.*'-5!Q:!R:!
R..*-5!R:!P-.#*(5!Z:!O(w$%'I*5!a:!H$%%-,*5!K(&+.$!Q(&$.:!V!LdTTmM!AmX:!!

j]: N:!o-1(#*5! :̀!`$.#%/-.3$.5!K(&+.$!Q(&$.:!S)LdTTjM!A]m:!!
jj: Q:!Q(#-,*5!a:!Z:!N:!l-I#%&-#$5!H:!k(.%-#%5!Q:!Q+..*$5!Q:!R.-#&$5!Q:!"<(#1$,*%25!":!f:!o.$'I*#5!

R#1$e:!PI$0:!b#&:!"/:!HR!LdTT]M!XX^S:!!
jm: O:!f(.-&%*%5!Q:!"<(#1$,*%25!H:!l:!Z(,1(.#-5!":!f:!o.$'I*#:!R#1$e:!PI$0:!b#&:!"/:!HV!LdTTmM!mmdj:!!
mT: :̀!N*#$.&5!Q:!x$./(1+$.!L$/*&-.%M!$0)"-5)%4#$%&'"(+!LH).*#1$.5!o$.,*#5!dTTVM:!!
mA: Z:!O(w$%'I*5!N:!k(./*5!R:!N:!o(..(5!R:!QÖ,,$.5!l:!Z-.*#15!K(&+.$!GPH!LAmmAM!XSV:!!
md: a:!H$%%-,*5!Z:!O(w$%'I*5!R:!P(#$%'I*5!Q:!R:!K-<([5!K(&+.$!GRP!LAmmVM!AXA:!!
mV: Z:!O(w$%'I*5!R:!P(#$%'I*5!N:!k(./*5!a:!H$%%-,*5!H'*$#'$!ARP!LAmmXM!AT^X:!!
mX: Z:!O(w$%'I*5!R/<:!Q(&$.:!R!LAmmXM!SV^:!!
m^: Q:!RF$#-<*'I5!Q:!N+6(#5!kI;%:!a$<:!o!RG!LdTTAM!ATTXT]:!!
mS: R:! o$#'*#*5! Z:! O(w$%'I*5! S)"-(40'# `%4%.%&'"9-# Y"+0'%'-"# 03# SA-T%'&"# \05/)",# UD+(".+N#!

H).*#1$.5!o$.,*#5!AmmT:!!
m]: Z:!Q$#&.+)5!l:!H'I#('[5!Q:!N+6(#5!kI;%*'(!R!ASA!LAmmmM!A^V:!

mj: Z:!x:!"3.$0-<5!a:!R:!f,$005!kI;%:!a$<:!o!RR!LdTTdM!A]XXd]:!

mm: Q:!R0$/+.*!(#/!a:!R:!f,$005!kI;%:!a$<:!o!RR!LdTTdM!ddXXTX:!

ATT:!a:!R:!f,$00!(#/!Q:!N+6(#5!kI;%:!a$<:!o!RH!LdTTAM!ATXXdX:!

ATA:!Z!:!N(.-C$!(#/!k:!x(.1(%5!kI;%:!o!GSA!LdTTSM!VVd:!

ATd:!Z:!N(.-C$5!k:!x(.1(%5!P:!P-.&$%5!(#/!O:!O+2$..$C5!l:!Q(1#:!Q(1#:!Q(&$.:!GAW!LdTTjM!AXXT:!

ATV:!R:!U:!U.(#'-5!l:!Q:!Q(.2#$C5!l:!N:!Z+D(./*#5!(#/!i:!f('I[('I*5!kI;%:!a$<:!o!VH!LdTAAM!AVXXdV:!

ATX:!a:!P:!WÇi(#/,$;5!$0,"4'#$%&'"9-#$%("4*%)+Z#`4*'-*/)"+#%',#V//)*-%90'+5!`*,$;Jb#&$.%'*$#'$5!

K$e!{-.[5!Ammm:!!

AT^:!p:!o(&,,$5!R:!N(6(.&(5!l:!kI;%:!Z!GP!LdTTdM!aA^:!

ATS:!k:!N(#/$.-%5!l:!"%'.*15!Z:!R,&6*.5!Z:!N(.-C$5!l:!/ÇR,6+9+$.9+$!$!P(%&.-5!k:!x(.1(%5!kI;%:!a$<:!o!RP!

LdTT^M!TmXXV^:!

AT]:!Z:!x:!"3.$0-<5!a:!R:!f,$00!kI;%:!a$<:!o!SH!LdTTSM!TSXXTj:!
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