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DG!)8D955' 84(!39D(8<!- 94@ ?=((=)H27 >9?38D9(!@ !5!D(3=48D&0  23(G!3)=3!-

)=3! !LD8!4( 94@ 844=<9(8<! @!<8D!& )9' ?! 73=@2D!@ @2! (= (G! 5=4$ &784

D=G!3!4D! (8)! 94@ &784HK87 5!4$(G- (G94M& (= (G! F!9M &784H=3?8( D=27584$

>=3 58$G( !5!)!4(& &2DG 9& G'@3=$!4- D93?=4- 94@ 48(3=$!40 #=@!5 <!3(8D95

)9$4!(=H3!&8&(8<! @!<8D!& G9<! ?!!4 73=@2D!@ 2&84$ >!33=)9$4!(8D )!(95& =3

G95>H)!(95& *+N/ 9& >!33=)9$4!(8D !5!D(3=@!& 94@ !<97=39(!@ &)955 )=5!D25!&

9& (244!5 ?9338!3&0 :'78D955' 9 >!F +OP => (244!5 )9$4!(=3!&8&(94D! G9& ?!!4

=?(984!@ 9( 5=F (!)7!39(23!& 94@ 9 >!F % 9( 3==) (!)7!39(23!0 :G!&! 3!&25(&

&G=F (G! 84(!3!&(84$ !LD8!4D' => &784 (394&>!3 (G3=2$G =3$948D )9(!3895&0

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

:G! =?Q!D(8<! => )' F=3M 8& (= 24@!3&(94@ (G! !5!D(3=48D 94@ )9$4!(8D 84(!3H

9D(8=4& 9( (G! 84(!3>9D! ?!(F!!4 94 =3$948D &!)8D=4@2D(=3 94@ 9 >!33=)9$4!(8D

)!(950 I4 >9D(- (G! &(2@' => (G! &784 73=7!3(8!& => )!(95H=3$948D 84(!3>9D!& G9&

3!D!4(5' 3!D!8<!@ D=4&8@!39?5! 9((!4(8=4 *+- +RSTO/ ?!D92&! => (G! 73=&7!D( =>

@!<!5=784$ 9 4!F $!4!39(8=4 => &784 @!<8D!&0  3=) (G! >24@9)!4(95 7=84( =>

<8!F 9 5=( => 84(!3!&(84$ 7G'&8D& (9M!& 759D! 9( (G! 84(!3>9D! ?!(F!!4 >!33=H

)9$4!(& 94@ )=5!D25!& *T+- TT/0 UJ!D(& 394$84$ >3=) >!33=)9$4!(8D D=27584$

?!(F!!4 9 )=5!D25!V& (394&8(8=4 )!(95 &8(! 94@ (G! >!33=)9$4!( *TO/- (= )!(95H

58D *TW/- &784H7=5938X!@ &(9(!& 84@2D!@ =4 (G! )=5!D25! ?' (G! 84(!3>9D!V& DG!)H

8D95 ?=4@& *T,/ G9<! ?!!4 &2?&2)!@ 84 9 3!D!4( 9495'&8& ?' C94<8(=  ! "#$ *T./

9& &8$49(23!& => 9 &784(!3>9D! (G9( D94 D39>( &784H7=5938X!@ (394&7=3( *T,- TB/0

Y!&78(! (G!&! <!3' 73=)8&84$ >!9(23!&- G=F!<!3- 9 )=3! D=)75!(! 24@!3H

&(94@84$ => (G! &784(!3>9D! 73=7!3(8!&- 84 793(8D2593 (G! &784 (394&7=3( (G3=2$G

(G! )=5!D2593 59'!3- 4!!@& (G! M4=F5!@$! => Z+[ G=F 84D8@!4( &784H7=5938X!@

!5!D(3=4& 93! 84K2!4D!@ FG!4 84(!39D(84$ F8(G (G! )=5!D2593 59'!3 94@ ZT[ (G!

M4=F5!@$! => (G! )=5!D25!H84@2D!@ !5!D(3=48D ?94@ &(32D(23! 9( (G! 84(!3>9D!0



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

 !"# "# $%&'()* (!$ +,&) ,- (!$ ./$#$0( #(12*3  !$ 4/#( .,"0( "# (/$&($2 5*

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

#."0($/-&'$#; ',0#"#("0+ ,- 2":$/$0( -$//,6&+0$("' 6$(&)# &# <$)) &# ,- 2":$/$0(

,/+&0"' )&*$/#3  !$ #$',02 .,"0( "# (/$&($2 5* .$/-,/6"0+ #."07/$#,)9$2 .!,7

(,$6"##",0 #.$'(/,#',.* 6$&#1/$6$0(# ,0 #$9$/&) ./,(,(*."'&) #."0($/-&'$#3

 !$ (!$#"# "# 2"9"2$2 "0(, 49$ '!&.($/#3 =!&.($/ > 2$#'/"5$# (!$ 2":$/$0(

(!$,/$("'&) ',0'$.(# 0$'$##&/* -,/ &0 102$/#(&02"0+ ,- 5,(! (!$ #."07.,)&/"8$2

$)$'(/,0 #'&(($/"0+ $%.$/"6$0(# &02 (!$ #."07/$#,)9$2 .!,(,$6"##",0 $%.$/"7

6$0(#3  !$ $%.$/"6$0(&) #$(71.# &# <$)) &# (!$ ./$.&/&(",0 &02 '!&/&'($/"8&7

(",0 ,- (!$ #(12"$2 #&6.)$# &/$ ./$#$0($2 "0 '!&.($/ ?3 =!&.($/ @ &02 A #!,<

(!$ /$#1)(# &02 2"#'1##",0 ,- (!$ #."07.,)&/"8$2 $)$'(/,0 #'&(($/"0+ $%.$/"6$0(#

&02 (!$ #."07/$#,)9$2 .!,(,$6"##",0 $%.$/"6$0(#; /$#.$'("9$)*3



 !"# $

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

'0-'")1',#!+ .'#23-.



 !"#$%& '

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

 !"#$"#%

 !" #$% &'() *)+ (,& -*,$%-*,(.*/ 012-3/*,(1) ! ! ! ! ! ! 4

 ! 5'() '1/*2(6*,(1) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7

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

 ! ! #,%+),../ (0.,%)1&2 &.&3+%0* 4&,5 ! ! ! ! ! ! ! ! ! ! ! ! 6

 !8 9/%.,21):&'() -1,(1) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ;

 !< =3)+*-%),*/& 10 '$1,1%-(&&(1) ! ! ! ! ! ! ! ! ! ! ! ! ! ""

 !" #$% &'() *)+ (,& -*,$%-*,(.*/ 012-3/*,(1)

 ! "#"$%&'! ()%* +! '&,)%+# +!-.#+& /'/"!%./ L 0'11"11"1 + /+-!"%)$ 2)0'#"

/'/"!% µ -)3"! ,4 %*" &"#+%)'!5

µL =
−e

2m
gLL 6789:

(*"&" gL %*" -4&'/+-!"%)$ &+%)' ;'& %*" '&,)%+# /'%)'! )1 98 <"$+.1" '; %*)1

/+-!"%)$ /'/"!% +! "#"$%&'! )!%"&+$%1 ()%* + /+-!"%)$ ="#28 >'? )% )1 "@0"$%"2

%*+% +! "#"$%&'! ()%* +! '&,)%+# +!-.#+& /'/"!%./ "A.+# %' B"&' 6 l = 0: ()##

!'% )!%"&+$% ()%* + /+-!"%)$ ="#28 C'("3"&? )! 9D77? >%"&! +!2 E"&#+$* F7G?7HI

$'!2.$%"2 +! "@0"&)/"!%? (*'1" &"1.#%1 ("&" A.)%" .!"@0"$%"28 J! %*)1 "@0"&K

)/"!%? + ,"+/ ';  - +%'/1 ()%* 3+!)1*)!- '&,)%+# +!-.#+& /'/"!%./ 0+11"2

%*&'.-* +! )!*'/'-"!"'.1 /+-!"%)$ ="#28 <"$+.1" '; %*" 3+!)1*)!- '&,)%+#

+!-.#+& /'/"!%./ %*"4 2)2 !'% "@0"$% +!4 2"3)+%)'! '; %*"  -K,"+/8 C'(K

"3"&? %*"4 ;'.!2 + 1"0+&+%)'! '; %*"  -K,"+/ )!%' %(' ,"+/1 +;%"& *+3)!-

0+11"2 %*" )!*'/'-"!'.1 /+-!"%)$ ="#2 &"-)'!8 J! 9D7L? E'.21/)% +!2 M*K

#"!,"$N F7DI 1.--"1%"2 %*+% +! "#"$%&'! *+1? )! +22)%)'! %' )%1 '&,)%+# +!-.#+&



 !"#$%& '( )#*+ "+, -.%/$&0+12#*+ 30$*0+ 4

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

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

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

<).%+" =0>?  !"#$%&'!( )* &"#  &#+,-.#+/%!" #01#+'$#,&2

@3" ,/)# ), (",-+);"( ;6 $3" !/"+'$!+ S& 73)-3 3', $3+"" -! /!#"#$, Sx&

Sy '#( Sz0 1) )*'+*6 $! $3" !+;)$'* '#.%*'+  ! "#$% & $3"6 !;"6 $3" ,' "

-!  %$'$)!# +"*'$)!#, ABCD?

[Si, Sj] = i~εijkSk E=0=F

73"+" εijk ), $3" G"8)2H)8)$' ,6 ;!*0 I$ 4!**!7, $3'$ $3" ")."#8"-$!+, !4 S
2

'#( Sz '+"& +",/"-$)8"*6?

S2|s,m〉 = ~
2s(s+ 1)|s,m〉 E=0BF

Sz|s,m〉 = ~m|s,m〉 E=0JF

I# $3" -'," !4 "*"-$+!#, $3" () "#,)!#'*)$6 !4 $3" ,/)# ,/'-" ), =0 K#" -'#

$'5" ', '# !+$3!#!+ '* ;',), |↑〉, |↓〉 $3" -!  !# ")."#25"$, !4 S2
'#( Sz

73)-3 8"+)46 $3" 4!**!7)#. -!#()$)!#,?



















S2|↑〉 = 3
4
~
2|↑〉

S2|↓〉 = 3
4
~
2|↓〉

Sz|↑〉 = +1
2
~|↑〉

Sz|↓〉 = −1
2
~|↓〉

E=0LF

7)$3

{

〈↑ |↓〉 = 0

〈↑ |↑〉 = 〈↓ |↓〉 = 1
E=0MF



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

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

*(" 3"4&"3 *# ,'..'/#5

χ↑ = |↑〉 =
(

1

0

)

6789:

χ↓ = |↓〉 =
(

0

1

)

678;:

 !" #$%& '$"(*+'( S 2*& )" 3"4&"3 )< +!" =*1.% >*+(%2"# σ = 2
~
S? /!%2!

'&.< *@"2+ +!" #$%& #+*+"5

σx =

(

0 1

1 0

)

; σy =

(

0 −i

i 0

)

; σz =

(

1 0

0 −1

)

. 678A:

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

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

B& "."2+('& )"*> %# #*%3 +' )" $'.*(%C"3 %, +!"(" "D%#+# * 3%("2+%'& ,'( /!%2!

+!" +/' $'##%)." #$%& #+*+"# *(" &'+ "E1*..< $'$1.*+"38 F, *.. #$%&# !*0" +!"

#*>" 3%("2+%'&? +!"< *(" ("$("#"&+"3 )< * $1(" #$%& #+*+"8 F& #12! * 2*#"? +!"

"."2+('& #$%& %# 3"#2(%)"3 )< * .%&"*( 2'>)%&*+%'& ', +!" +/' )*#%# #$%&'(# *#

,'..'/#5

χ = a1

(

1

0

)

+ a2

(

0

1

)

=

(

a1

a2

)

. 678GH:

I< 3"4&%+%'&? /" !*0" χ∗ = (a∗1, a
∗
2) *&3 +!"(",'(" χ

∗χ = a∗1a1 + a∗2a2 /%+!

+!" &'(>*.%C*+%'& 2'&3%+%'& χ∗χ = 18  *J%&- +!" *&-."# θ *&3 ϕ *# #!'/& %&

K%-8 787? +!" #$%& ,1&2+%'& χ %# #$"2%4"3 )< a1 = cos θ
2
*&3 a2 = sin θ

2
eiϕ8 K'(

>'(" "D$.*&*+%'& /" (","( +' +!" )''J )< L"##."( MNGO8

F& '(3"( +' #"" +!" $!<#%2*. #%-&%42*&2" ', +!" *&-."# θ *&3 ϕ? /" 3"4&"

+!" 2'>$'&"&+# ', +!" $'.*(%C*+%'& 0"2+'( *# +!" "D$"2+*+%'& 0*.1"# ', +!"

=*1.% #$%& '$"(*+'(#5

P = 〈σ〉 = 〈χ|σ|χ〉 678GG:

 !1#? +!" +!("" 3%>"&#%'&*. $'.*(%C*+%'& 0"2+'( P %# -%0"& )<5

Px = a∗1a2 + a∗2a1 = sin θ cosϕ 678G7:

Py = i(a∗2a1 − a∗1a2) = sin θ sinϕ 678GN:

Pz = |a1|2−|a2|2= cos θ. 678GP:
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 !"#$% &'&(  !"# $"%&'(")#*

 $)* +,%-% %.#/+!)0- 1% )2+/!0 +,% 3%"$%% )4 5)6/$!7/+!)0 28(

P =
√

P 2
x + P 2

y + P 2
z 9&':;<

=% "%0%$/6!7% +,% 3%>0!+!)0 )4 +,% 5)6/$!7/+!)0 !4 +,% -+/+% χ =

(

a1

a2

)

!- 0)+

0)$*/6!7%3 28(

P =
〈χ|σ|χ〉
〈χ|χ〉 . 9&':?<

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

@0+!6 0)1 )068 5#$% -5!0 -+/+%- 1%$% A)0-!3%$%3B !'%' -+/+%- 4)$ 1,!A, +,%$%

%C!-+- / 3%>0%3 3!$%A+!)0 )4 +,% -5!0-' D)1B 6%+ #- A)0-!3%$ / 5/$+!/668 5)6/$!7%3

%6%A+$)0 2%/* 1,!A, !- / -+/+!-+!A/6 *!C+#$% )4 -5!0 -+/+%-' E0 +,!- A/-%B +,%

5)6/$!7/+!)0 )4 +,% +)+/6 -8-+%* !- +,% /F%$/"% )4 +,% 5)6/$!7/+!)0 F%A+)$- P (n)

)4 +,% !03!F!3#/6 -8-+%*- 1,!A, /$% !0 / 5#$% -5!0 -+/+% χ(n)
(

P =
∑

n

w(n)P (n) =
∑

n

ω(n) 〈χ(n)|σ|χ(n)〉
〈χ(n)|χ(n)〉 , 9&':G<

1,%$% +,% 4/A+)$- ω(n)
+/H% !0+) /AA)#0+ +,% $%6/+!F% 1%!",+ )4 +,% -+/+%- χ(n)

(

ω(n) =
N (n)

∑

n N
(n)

9&':I<



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

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

0

1* .!'2,!+3 "#$ 2*,/)!4/"!*% 5$-"*) !% $6&/"!*% 7089:  $ -#**.$ "#$ ;!)$-<

"!*% *+ "#$ 2*,/)!4/"!*% 5$-"*) "* ($ /,*%= "#$ 4<;!)$-"!*%0 >% "#!. -/.$ "#$

2*,/)!4/"!*% !. =!5$% (3 P =
N↑−N↓

N↑+N↓
:  #$)$ N↑  !" N↓  #$ %&$ !'()$# *+

$,$-%#*!. & /0!1  .20! / ,'$ *+ ~/2  !" −~/23 #$.2$-%0/$,45

6! $,$-%#*! )$ ( 70%&  !  #)0%# #4 2*, #08 %0*! - ! %&$#$+*#$ )$ -*!.0"9

$#$" %* )$ ( "$ '2 *+  %*% ,,4 2*, #08$" +# -%0*!  !"  ! '!2*, #08$" +# -%0*!

7&0-&  #$ (0:$" 0! %&$ # %0* P/(1− P )5

;01'#$ <5=>  !"#$!%%& '(%!"$)*+ ,*!-.

?$% '. +*# $: (2,$ -*!.0"$#  ! $!.$(),$ *+ @AA $,$-%#*!.3 %& % & . BA

$,$-%#*!. 70%& .20! 0! %&$ 89"0#$-%0*!  !" <A $,$-%#*!. 70%&  .20! 0! %&$ 989

"0#$-%0*!5 C0%& N↑ = 80  !" N↓ = 20 7$ & /$>

P =
N↑ −N↓

N↑ +N↓
=

80− 20

80 + 20
= 0.6 = 60% D<5@EF

G&0. - .$ - !  ,.* )$ $:2#$..$" )4 . 40!1 %& % 60% *+ %&$ )$ ( 0. %*% ,,4

2*, #08$"  !" 40% 0. '!2*, #08$" D.$$ ;015 <5=F5

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

H! %&$ +*,,*70!1 %&$ .20! 2*, #08 %0*! /$-%*#  0 *+ %&$ 0!-0"$!% $,$-%#*!. 0.

2$#2$!"0-', #,4 *#0$!%$" 70%& #$.2$-% %* %&$ ( 1!$%08 %0*! ! *+ %&$ +$##*9

( 1!$%0- I,(5 C$ !*%$ %& % 0! %&$ +*,,*70!1 %&$ "0#$-%0*! *+ ! 0. "$I!$"



 !"#$%& '( )#*+ "+, -.%/$&0+12#*+ 30$*0+ 45

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

1$%. #) % 1!'.0# #0+ .!0%)*7#6 #0#1 )!/ "#%'4 *2#2 P0 = 12

8/  $# .%) *190%) -.*/ 1!/:;9)% *!/4 5$*1$ 5# 1!/-*6#) $#)#4  $# -.*/ *- %

1!$#)#/ -9.#).!-* *!/ !& % '%(!)* +,-.*/ %/6 % '*/!)* +,-.*/ - % #2 8& 60 *-

%0!/;  $# x,%<*- %/67 %0!/;  $# z,%<*-4  $#-#  5! -.*/ - % #- %)# )#.)#-#/ #6

"+ % =>4?@ %/6 % =?4>@ -.*/!)4 )#-.#1 *A#0+4 %/6  $# */* *%0 -.*/ 1!/:;9)% *!/

)#%6-B

χ0 ∼
(

1

0

)

+

(

0

1

)

.

C$#  5! .%) *%0 5%A#- $%A# %/ %)"* )%)+ "9 *6#/ *1%0 .$%-# .)*!)  ! )#D#1,

 *!/ %  $# -9)&%1# !&  $# &#))!'%;/# *1 '% #)*%02 E!5#A#)4 -*/1#  $# )#D#1 *!/

.)!1#-- 6#.#/6- !/  $# -.*/4  $# %'.0* 96#- !&  $#  5! -.*/ 5%A# &9/1 *!/-

%)# 6*F#)#/ %& #) )#D#1 *!/4 %/6  $#  ! %0 -.*/ 5%A# &9/1 *!/ 5*00 "#B

χ ∼ |r↑|eiθ↑
(

1

0

)

+ |r↓|eiθ↓
(

0

1

)

5* $ |r↑,↓|  $# '!690# !&  $# -.*/,6#.#/6#/ )#D#1 *!/ %'.0* 96#- %/6 θ↑,↓  $#

1!))#-.!/6*/; )#D#1 *!/ .$%-#-2

C$# #<.#1 % *!/ A%09#- !&  $# G%90* '% )*1#- +*#06  $# -.*/ .!0%)*7% *!/

A#1 !) 6 !&  $# #0#1 )!/ "#%' %& #) )#D#1 *!/B

6 =
< χ|σ|χ >

< χ|χ >
=







|r↑||r↓| cos
(

θ↓ − θ↑
)

|r↑||r↓| sin
(

θ↓ − θ↑
)

(

|r↑|2 − |r↓|2
) (

|r↑|2 + |r↓|2
)−1






.

H+ */ )!691*/;  $# */ #/-* + %-+''# )+

A =
|r↑|2 − |r↓|2
|r↑|2 + |r↓|2

%/6  $# %/;0#

ε = θ↓ − θ↑

 $# -.*/ .!0%)*7% *!/ A#1 !) "#1!'#-B

6 =







√
1− A2 cos ε√
1− A2 sin ε

A






.



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

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

)'+"/,+"%) *"&'$+"%) 56 ,) ,)3.' ε ,)* #"21.+,)'%1#.6 , &%+,+"%) 56 ,) ,)3.'

φ ") +!' (.,)' #(,))'* 56 3 ,)* 4 7#'' 8"39 :9;<=

φ = arctan

(

A√
1− A2

)

.

8"31&' :9;=  !!"#$%&$'() (* $+, $-( $./,# (* 0($'() (* $+, #/')1/(!&%'2&$'() 3,4$(%5 6+,

')'$'&! #/') /(!&%'2&$'()  0 /%,4,##,# &%(")7 $+, 0&8),$'2&$'() ! 9. &) &)8!, ε &)7 %($&$,#

#'0"!$&),("#!. ') $+, /!&),  "! 9. &) &)8!, φ5

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

>!%+%'2"##"%) #('$+&%#$%(6 7>?@< "# 1#'* +% ")0'#+"3,+' +!' %$$1("'* '.'$4

+&%)"$ 5,)* #+&1$+1&' ") #%."*# AB:C BBD9  !"# 2'+!%* "# 5,#'* %) +!' (!%+%4

'E'$+C F!"$! F,# *"#$%0'&'* 56 G'&+/ ,)* G,..F,$!# ") HIIJ ,)* 'K(.,")'*

HLMN 56 ?")#+'") 56 ")+&%*1$")3 +!' $%)$'(+ %- +!' (!%+%)9

8%& +!' ")+'&(&'+,+"%) %- +!' (!%+%'2"##"%) (&%$'## F!"$! "# #O'+$!'* ")

8"39 :9NC , (!')%2')%.%3"$,. 2%*'. $,..'* +!' +!&''4#+'( 2%*'. "# %-+') 1#'*

AB;D9 P) +!"# 2%*'.C +!' (!%+%'2"##"%) (&%$'## "# *"0"*'* ")+% +!&'' *"#+")$+

,)* ")*'(')*')+ #+'(#=

H9 Q(+"$,. 'K$"+,+"%) %- +!' '.'$+&%) ") +!' 51.O9
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 ! "#$%&' () *+& &,-.*&/ &'&-*#(0 *( *+& 12#)$-&!

3! 41-$5& () *+& 5+(*(&'&-*#(0 .0*( %$-226!

7.82#&  !9:  !"#$%&'! ('%)*%$ +, &"# -*'.!'-/# +, -"+&+#$'00'+. 0-#!&*+0!+-12 3& 0"+40

&"# *#/%&'+. 5#&4##. &"# #.#*)1 /#6#/0 '. % 0+/'( %.( &"# #.#*)1 ('0&*'57&'+. +, &"# #$'&&#(

#/#!&*+.0 -*+(7!#( 51 -"+&+.0 +, #.#*)1 hυ2

;0 *+& <#1* 1*&5= 5+(*(.(0.>$*.(0 *$?&1 5'$-&= .!&! $0 &'&-*#(0 (--25@.08

$0 .0.*.$' &'&-*#(0.- 1*$*& .1 &,-.*&/ .0*( $0 20(--25.&/ <0$' 1*$*& *+#(28+

$A1(#5*.(0 () $ 5+(*(0! "+& 1&-(0/ 1*&5 -$0 A& /&1-#.A&/ .0 *&#61 () $0

&B&-*.%& 6&$0 )#&& 5$*+ C+.-+ .1 5#(5(#*.(0$' *( *+& 5#(A$A.'.*@ *+$* *+&

&,-.*&/ &'&-*#(0 C.'' #&$-+ *+& 12#)$-& C.*+(2* 1-$**&#.08! 7.0$''@= *+& &'&-*#(0

(%&#-(6&1 *+& C(#? )20-*.(0 $0/ &1-$5&1 *+#(28+ *+& 12#)$-& .0*( *+& %$-226

C+&#& .* .1 /&*&-*&/! D.*+.0 *+.1 '$1* 5#(-&11= *+& 6(6&0*26 5&#5&0/.-2'$# *(

*+& 12#)$-& .1 0(* -(01&#%&/= $0/ *+& &'&-*#(0 .1 #&)#$-*&/ .0 $ 1.6.'$# 6$00&# *(

*+$* () '.8+* $* *+& .0*&#)$-& A&*C&&0 *C( 6$*&#.$'1! "+& 5$#$''&' -(65(0&0*

() *+& 6(6&0*26= +(C&%&#= .1 1*.'' -(01&#%&/ E$0$'(8(21 *( F0&''G1 '$C )(#



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

 !"#$%& '#( )*+,!-(./$!*+ *0 (+(."1 )*+,(.2/$!*+ 3456  (/-, $* /+ (78.(,,!*+

0*. $#( 9!+($!) (+(."1 Ekin *0 $#( 8#*$*(:!$$(- ( ()$.*+;

Ekin = hυ − Φ− EB <4&4=%

>#(.( Ekin !, :(/,?.(- >!$# .(,8()$ $* $#( 2/)??:  (2( Evac@ Φ !, $#( >*.9

0?+)$!*+ *0 $#( ,/:8 (@ /+- EB !, $#( A!+-!+" (+(."1 .( /$!2( $* $#( B(.:!

 (2( EF &

C()/?,( *0 $#( )*+,(.2/$!*+ *0 $#( 8/./  ( :*:(+$?: 3DE6 *+( )/+ >.!$(;

k// =

√

2m

~2
Ekin · sinϑ <4&4F%

>#(.( k// !, $#( 8/./  ( >/2( 2()$*. *0 $#( !+!$!/ ,$/$( /+- ϑ !, $#( 8* /.

(:!,,!*+ /+" ( <,(( B!"& 4&G%& Ekin@ Φ /+- ϑ )/+ /  A( :(/,?.(- -!.()$ 1 0.*:

$#( (78(.!:(+$& '#(.(0*.(@ $#( (+(."1 /+- $#( !+H8 /+( >/2( 2()$*. *0 $#(

( ()$.*+!) ,$/$( A(0*.( 8#*$*(:!,,!*+ )/+ A( -($(.:!+(- 0.*: (I, <4&4=% /+-

<4&4F%&

B!"?.( 4&G;  !"#!$%& "' () *+, !-.!%/#!)$ /) 01/21 $1! !#/33/") 4/%!2$/") "' $1!

.1"$"!5!2$%") /3 3.!2/6!4 7& $1! ."5(% ()85! ϑ ()4 $1! (9/#:$1(5 ()85! ϕ;

J))*.-!+" $* B(.:!K, "* -(+ .? (@ $#( $./+,!$!*+ 8.*A/A! !$1 wfi 0*. /+

*8$!)/ (7)!$/$!*+ A($>((+ $#( LH( ()$.*+ ".*?+- ,$/$( ΨN
i /+- $#( 8*,,!A (

M+/ ,$/$(, ΨN
f !, "!2(+ A1 3DG6;

wfi ∝ |〈ΨN
f |A · p|ΨN

i 〉|2δ(EN
f − EN

i − hυ) <4&44%
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 !"#" EN
i $%& EN

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

,3,'"45 #",1"2'(6")37 8!" '"#4 A · p (, 2$))"& '!" &(#"2' '#$%,('(.% '"#4

 !(2! '$9", (%'. $22.:%' '!" (%'"#$2'(.% ;"' ""% '!" 1!.'.% $%& '!" ")"2'#.%5

 !"#" p (, '!" ")"2'#.% 4.4"%':4 .1"#$'.# $%& A '!" ")"2'#.4$-%"'(2 6"2'.#

1.'"%'($)7

8!" "<:$'(.% =7== ,(41)(+",  ('!(% '!" ,:&&"% $11#.>(4$'(.%5  !(2! $,*

,:4", '!$' '!" ")"2'#.% (, (%,'$%'$%".:,)3 #"4.6"& ;3 1!.'.">2('$'(.%7 ?%

'!(, 2$,"5 '!"  $6" /:%2'(.% ./ '!" +%$) ,'$'" 2$% ;"  #(''"% $,@

ΨN
f ∼ φk

fΨ
N−1
f A=7=BC

 !"#" φk
f (, '!"  $6" /:%2'(.% ./ '!" 1!.'.")"2'#.% $%& ΨN−1

f (, '!" +%$)

,'$'"  $6" /:%2'(.% ./ '!" (N − 1) ")"2'#.%, )"/' ;"!(%&5  !(2! 2$% ;" 2!.,"%

$, $% ">2('"& ,'$'"  ('! "(-"%/:%2'(.% ΨN−1
s $%& "%"#-3 EN−1

s 7 8!" '.'$)

'#$%,('(.% 1#.;$;()('3 (, '!"% -(6"% ;3 '!" ,:4 .6"# $)) 1.,,(;)" ">2('"& ,'$'",

s7 D3 :,(%- '!" ,$4" %.'$'(.%5 '!" (%('($) ,'$'" ΨN
i 2$% $),. ;" /$2'.#(E"&

(%'. $ .%"*")"2'#.%  $6"/:%2'(.% φk
i $%& $ ΨN−1

i *")"2'#.%  $6"/:%2'(.% ./ '!"

#"4$(%(%- (N − 1) ")"2'#.%,@

ΨN
i ∼ φk

iΨ
N−1
i A=7=FC

8. 2$)2:)$'" '!" '.'$) 1!.'."4(,,(.% (%'"%,('3 I  " :," '!" #")$'(.% I =
∑

f,i wfi $%& '!" "<:$'(.%, A=7=F5 =7=BC7 G" '!:, .;'$(% HBIJ@

I ∝
∑

f,i

|Mf,i|2
∑

s

|Cs,i|2δ(Ekin + EN−1
s − EN

i − hυ) A=7=KC

 ('! |Cs,i|2= |〈ΨN−1
s |ΨN−1

i 〉|2 $%& Mf,i = 〈Φk
f |A · p|Φk

i 〉7 G" :,"& !"#" ΨN−1
s

(%,'"$& ./ ΨN−1
f ;"2$:," '!(, '"#4 '$9", (%'. $22.:%' $)) '!" 1.,,(;)" ">2('"&

,'$'",5 $, &(,2:,,"& $;.6"7 L(%$))35 (' ,!.:)& ;" 4"%'(.%"& '!$' $ 4.#" 2.4*

1)"'" &",2#(1'(.% ./ '!" 1!.'."4(,,(.% 1#.2",, 2$% ;" .;'$(%"&  ('!(% '!"

M#""% /:%2'(.% /.#4$)(,4 A,"" #"6(" , HBI5 BNJ /.# 4.#" (%/.#4$'(.%C7
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 !"#$%&#'()* (#+,'%-.#/0 /)&"*#

"$#")$)(%1' )'2 +,)$)+(#$%3)(%1'

 !"#$"#%

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

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

 !"!4 #$%& .-0-/0(+ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "5

 !0 12+ .$%&'-+.)34+5 $2)*)+(%..%)& +,$+-%(+&* ! ! ! ! ! 0 

 ! #6($3+. ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 07

 ! !" 6(+ 07- -)-/0+(&'1$%& 8(0%(& -9$-+%8-&01 ! ! ! ! ! ! ! 4:

 ! !4 6(+ 07- 1;&/7+(0+(& *&. %&<-+1- $7(0(-8%11%(& -9$-+%'

8-&01 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 4=

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

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

.+*!%&5 + )-'!4-"0+#'6%$ %0%1&#"! )1+&&%#'!* %7-%#'.%!& '! 20&#+4,'*, (+122.

,+) 8%%! )%& 2-9  & ') )1,%.+&'1+00: ),";! '! <'*9 =9>9 ? /#%% )-'!4-"0+#'6%$

%0%1&#"! 8%+. ') -#"$21%$ 8: "-&'1+00: -2.-'!* "/ @+?) ;'&, 1'#120+#0: -"4

0+#'6%$ 0'*,&9 A,% %0%1&#"! 8%+. '.-'!*%) "! + /%##".+*!%&'1 B0. +& +! +!*0%

"/ 45◦ ;'&, #%)-%1& &" &,% )+.-0% )2#/+1%9 A,% %0%1&#"!) %0+)&'1+00: #%3%1&%$

+& 45◦ +!$ +/&%# ,+('!* &#+(%#)%$ + #%&+#$+&'"! *#'$ /"# %!%#*: +!+0:)') +#%

+11%0%#+&%$ &" +! %!%#*: "/ >CC D%E &" .%+)2#% &,%'# )-'! -"0+#'6+&'"! 8: +

)-'! $%&%1&"#9

 ! &,% /"00";'!*  ;'00 $%)1#'8% &,% &;" %))%!&'+0 1".-"!%!&) "/ &,% %7-%#'4

.%!&+0 )%&42-5 !+.%0: &,% )-'!4-"0+#'6%$ %0%1&#"! )"2#1% +!$ &,% )-'! $%&%1&"#9
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 !"#$% &'()  !"#$%&'!( )* &"# #+,#-'$#.&/ 0"'( 123-# 4)#( .)& (")5 &"# ()3-!# !"%$6#-

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

* +%,-!.%+ +%/0$!1,!23 24 ,5% 2,5%$ 1-$,/ 24 ,5% %61%$!7%3,-. /%,8#1 0-3 9%

42#3+ !3 :&;< =>?

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

*/ /1!3812.-$!@%+ %.%0,$23 /2#$0% - A-*/ 0$B/,-. !/ #/%+' A-*/ !/ - +!$%0,

9-3+ "-1 /%7!023+#0,2$ C!,5 - 7!3!7#7 9-3+ /%1-$-,!23 24 ('DE %F -, $227

,%71%$-,#$% 3%-$ ,5% 0%3,%$ 24 ,5% G$!..2#!3 @23% -/ /52C3 !3  !"' &'EH-I

:=(<=E?' J#% ,2 /1!382$9!, !3,%$-0,!23 ,5% K-.%30% 9-3+ !/ +!K!+%+ !3,2 - 42#$8

42.+ +%"%3%$-,%+ P 3

2

8.%K%. -3+ - ,C2842.+ +%"%3%$-,%+ P 1

2

8.%K%.< C5!05 5-K% -

/%1-$-,!23 24 △ = 0.34 %F' L5% 42#$842.+ +%"%3%$-,%+ P 3

2

8.%K%. 023,-!3/ ,C2

M5%-KB 52.% H55IM .%K%./ C!,5 mj = ±3
2
-3+ ,C2 M.!"5, 52.% H.5IM .%K%./ C!,5

mj = ±1
2
' L5% %.%0,$23/ 24 ,5% 023+#0,!23 9-3+ -$% !3 ,5% /,-,% 4S 1

2

C5!05 !/

,C2842.+ +%"%3%$-,%+' L5% /%.%0,!23 $#.%/ 42$ 152,2%7!//!23 (△l = ±1,△m =

±1, 0) -..2C 92,5 ,5% %.%0,$23!0 ,$-3/!,!23 4$27 4P 3

2

/,-,%/ ,2 4S 1

2

/,-,%/ -3+

4$27 4P 1

2

/,-,%/ ,2 4S 1

2

/,-,%/'

N3 2$+%$ ,2 1$2+#0% - 12.-$!@%+ %.%0,$23 9%-7< ,5% A-*/ 5-/ O$/, ,2 9%

-0,!K-,%+' L5% -0,!K-,!23 023/!/,/ !3 - +%12/!,!23 24 P/ -3+ 26B"%3 23,2
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 !" #$%& '()& $*+ ,-  !.& /$)  !" /0(1 23-' .0- 02  !" #$%& &3(2$'" '$-

4" &.5-.6'$- *) *0/"("7 &3'!  !$ "*"' (0-&8 /!.'! $(" 09 .'$**) ":'. "7 .- 0

 !" '0-73' .0- 4$-7 '$- *"$;"  !" '()& $*+ <!" 7" $.*& 02  !.& $' .;$ .0-

9(0'"73(" $(" 7"&'(.4"7 .- =>?8>@A+ ,- $ &"'0-7 & "9 /" &"-7 0- 0  !" $' .;$ "7

#$%& '()& $* $ 4"$B 02 (.5! '.('3*$(*) 90*$(.C"7 *.5! (+σ) D9!0 0-& !$;"

$ B$5-" .' B0B"- m = +18 &0*.7 *.-" .- E.5+ @+?D4FF+ <!" 0-*) $**0/"7

 ($-&. .0-& 4" /""-  !" & $ "& 02  !" ;$*"-'" 4$-7 $-7  !0&" 02  !" '0-73' .0-

4$-7 $("  !"-G

{

4P 3

2

(

mj =
−3
2

)

→ 4S 1

2

(

mj =
−1
2

)

4P 3

2

(

mj =
−1
2

)

→ 4S 1

2

(

mj =
+1
2

)
D@+HF

E0( *"2 '.('3*$(*) 90*$(.C"7 *.5! (−σ) D9!0 0-& !$;" $ B$5-" .' B0B"- 

m = −18 70  "7 *.-" .- E.5+ @+?D4FF  !" 0-*) $**0/"7  ($-&. .0-& $("G

{

4P 3

2

(

mj =
+3
2

)

→ 4S 1

2

(

mj =
+1
2

)

4P 3

2

(

mj =
+1
2

)

→ 4S 1

2

(

mj =
−1
2

)
D@+?F

<!"  ($-&. .0- 9(04$4.*. ."& ("*$ "7  0  !" *";"*& '$- 4" '$*'3*$ "7 2(0B

 !" /$;" 23-' .0-& 02  !" .-. .$* $-7 6-$* & $ "& $-7 $(" .-7.'$ "7 .- '.('*"&

.- E.5+ @+?D4F+ I. ! $ *.5! "-"(5) 02 H+>? "J8 .+"+ $;0.7.-5  !" ":'. $ .0- 02

"*"' (0-& .-  !" & $ " P1/28  !" 7"5("" 02 90*$(.C$ .0- .& 203-7  0 4" P = (3−
1)/(3+1) = 50%+ K:9"(.B"- $**)8 0-" ("$'!"& $99(0:.B$ "*) $ 90*$(.C$ .0- 02

?LM+ <!.& .& ":9*$.-"7 4)  !" & (0-5 7.N3&.0- 02  !" ":'. "7 "*"' (0-& 4"20("

4".-5 "O"' "7 .- 0  !" ;$'33B+ %&  !"&" 7.N3&.0- 9(0'"&&"& $(" .- 5"-"($*

-0 &9.- '0-&"(;.-58  !" 90*$(.C$ .0- 02  !" "B.  "7 "*"' (0-& .& &B$**"(+ P)

&/. '!.-5 2(0B (.5! Q 0 *"2 Q'.('3*$(*) 90*$(.C"7 *.5! 20(  !" 9!0 0":'. $ .0-

02  !" &9.-Q90*$(.C"7 "*"' (0-&8  !" 7.("' .0- 02  !" .-. .$* &9.- 90*$(.C$ .0-

'$- 4" .-;"( "7+

<!" "B.  "7 "*"' (0-& 2(0B  !" #$%& &03('" /.**  ($;"(&" $- "*"' (0- 09 .'&

D&"" E.5+ @+HF /!.'! '0-&.& & "&&"- .$**) 02 "*"' (0& $ .' "*"B"- &+ ,-  !.& /$)

 !"  ($O"' 0() 02  !" "*"' (0-& '$- 4" '!$-5"7 /. !03 '!$-5.-5  !" 7.("' .0-

02  !" "*"' (0- &9.-+ <!" 6(& 9$( '0-&.& & 02 $ R"(C05 9*$ " DKpF $''"*"($ .-5

 !" "*"' (0-& 2(0B  !" &3(2$'" 02  !" #$%& '()& $*  0  !" ST

◦
Q7"U"' 0( DVi

$-7 VaF+ , 9(0;.7"& $ 90*$(.C$ .0- 9"(9"-7.'3*$(  0  !" B$5-" .C$ .0- 02  !"

&$B9*"+ %  !" 7"U"' 0( "-78 "*"' (0-& $(" 20'3&"7 0- 0  !" &$B9*" /. !  !"

$.7 02  !("" "*"' (0& $ .' *"-&"& DWH8 W? $-7 W@F+ E.-$**)8  !" "*"' (0- 4"$B

!$& $ 7.$B" "( 02 $403 H BB /!"- . ("$'!"&  !" &3(2$'" 02  !" &$B9*"+

X0.*& $(" 9*$'"7 $(03-7  !" "*"' (0- 09 .'&  0 '0B9"-&$ "  !" .-U3"-'" 02  !"
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 !"#$% &'()  !"#$!%&'(")*+ !,%-%*."//"%# 0(%. 1'2/3 4'5 6,* *#*(78 9'#+/ %0 1'2/ '-

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

%0 -,* >'&*#:* 9'#+/ △3 495 6,* '&&%=*+ -('#/"-"%#/ 9*-=**# mj /<9&*>*&/ 0%( :"(:<&'(&8

!%&'(")*+ &"7,- σ+
4/%&"+ &"#*5 '#+ σ−

4+%--*+ &"#*5? ="-, (*&'-">* -('#/"-"%# !(%9'9"&"-"*/

7">*# 98 -,* #<.9*(/ "# :"(:&*/ @ABC3

*+$,-./ 0+"1%,!2 3%45 61 ,-% /7!1 764+$!8+,!61 5!$%2,!61' 96: ;< +774<!1" +

260;!1+,!61 6= %4%2,$!2 +15 0+"1%,!2 3%45/ ,6 ,-% %4%2,$61 ;%+0: ,-% !1!,!+4

/7!1 764+$!8+,!61 >0 2+1 ;% $6,+,%5 !1,6 +1< 5%/!$%5 /7+2% 5!$%2,!61' ?1 #176@

4+$!8%5 %4%2,$61 ;%+0 +/ A%44 2+1 ;% 7$65#2%5 ;< +774<!1" 4!1%+$4< 764+$!8%5

4!"-,'

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

B-% /7!1 5%,%2,6$/ A-!2- +$% #/%5 !1 6#$ /7!1@06,!61 /%,@#7 +/ A%44 +/ !1

,-% /7!1@$%/64C%5 7-6,6%0!//!61 /%,@#7: A-!2- !/ 5%/2$!;%5 4+,%$: +$% ;+/%5 61

,-% /6@2+44%5 D6,, /2+,,%$!1"' E-+, !/ D6,, /2+,,%$!1"F G%, #/ 261/!5%$ +1

%4%2,$61 ;%+0 6= =+!$4< -!"- %1%$"< HIJJ K%L =6$ ,-% 5%,%2,6$ #/%5 !1 ,-% /7!1@

06,!61 %M7%$!0%1,/ +15 &J K%L =6$ ,-+, 6= ,-% 7-6,6%0!//!61 %M7%$!0%1,/N:

A-!2- A!44 ;% /2+,,%$%5 ;< + ,-!1 =6!4 261/!/,!1" 6= + -%+C< 0%,+4 /#2- +/

?#: !'%' ,-% ,+$"%, 0+,%$!+4 /-6A/ + /,$61" /7!1@6$;!, !1,%$+2,!61' E-%1 +1

%4%2,$61 !/ /2+,,%$%5 ;< + ?# +,60 ,A6 !1,%$+2,!61/ -+C% ,6 ;% 261/!5%$%5: ,-%

O6#460; !1,%$+2,!61 VC : A-!2- !/ !15%7%15%1, 6= ,-% %4%2,$61 /7!1: +15 ,-%

/7!1@6$;!, !1,%$+2,!61 Vso ∝ L·S A!,- L +15 S ,-% 6$;!,+4 +15 ,-% /7!1 +1"#4+$

060%1,#0 C%2,6$ 6= ,-% /2+,,%$%5 %4%2,$61: $%/7%2,!C%4<' G%, #/ /#776/% ,-+,



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

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

,& "+") '-&  -  !" '%.! !,# &-  !" #,2" $'-3,3%+% 4 ,#  !" #),  "'%&.  -  !"

+"1 / 5!%# 3")-2"# )+",' 6!"& 6" )-&#%("'  !" -'%"& , %-& -1 L %&  !"#"  6-
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zA40/#&$0!)* .)4 . '.")#$0@.$0!) +%0&% 0- 0) $%# (yz)A(?.)# .$ .) .)"?# != 45◦
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12 ;7)+ J=#&!  ;>#(784 &5! )!:+'( &5#:A'!))  !"#$! !%&!'() '+@ => &+ ;6+=&

-.K? 12. <+ 7; "! :+9! ;"!) φ #) ,! +.

L5! $+)& >!:=7#; *!;&= ! +* &5! &5#:A'!)) (!>!'(!':! #) )= !78 &5! *;:&

&5;& 6+&5 )>#'H$+&#+' ;'"7!) :5;'"! 9! 8 ;6 =>&78 ;6+9! -./0 12 ;'( &5;&

&5!8 6!:+$! ,! + *+ &5#:A'!))!) ;) )$;77 ;) B 12. C& )!!$) &5;& &5! ! !%#)&) ;

)+ & +* &5 !)5+7( 9;7=! ;6+9! @5#:5 &5! )8)&!$ :5;'"!) :+$>7!&!78 #&) 6!5;9#+ 

@#&5  !)>!:& &+ &5!  !M!:&#+' +* !7!:& +'). C' &5! *+77+@#'" @! @#77 & 8 &+ G'(

+=& 5+@ "!'! ;7 &5#) 6 !;A(+@'H>5!'+$!'+' #). C' &5#) @;8 @! @#77 ;7)+ )!!

@5#:5 !%>7;';&#+') :;' 6! !%:7=(!(.

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

$3 '(% 0*45+*2 %6%7'*$/&8

C' + (! &+ )&=(8 &5! !N!:& +* &5! !7!:& +' !'! "8 +' &5! 6!5;9#+ +* &5!

 !M!:&!( !7!:& +')4 @! $!;)= !( &5!  !M!:&#9#&8 R ;) @!77 ;) &5! &5! !7!:& +'H

)>#' $+&#+' ;'"7!) ε ;'( φ ;) ; *=':&#+' +* O+P: G7$ &5#:A'!)) *+ (#N! !'&

!7!:& +' !'! "#!) D)!! <#". E./ ;'( <#". E.QF.

I7&5+="5 )+$! (!&;#7) (#N! @#&5 !'! "8 D)7#"5&78 (#N! !'& &5 !)5+7( 9;7H

=!)4 (#N! !'& 6!5;9#+ *+ &5#:A'!))!) 6!7+@ &5! &5 !)5+7( 9;7=!4 ;((#&#+';7

*!;&= !) ;& ; +='( -.? 124 )7#"5&78 (#N! !'& &5#:A'!)) 9;7=!) *+ @5#:5 &5!

)>#'H$+&#+' ;'"7!) (#);>>!; F4 @! )!! &5;& &5! "!'! ;7 6!5;9#+ ;) ; *=':&#+'

+* &5#:A'!)) #) J=#&! )#$#7; *+ ;77 !'! "#!) )&=(#!(R

DBF L5! !%#)&!':! +* ; &5 !)5+7( 9;7=! d14 ;6+9! @5#:5 &5! ;6)+7=&! 9;7=!)

+* 6+&5 )>#'H$+&#+' ;'"7!) :5;'"! 9! 8 )& +'"78. S! '+&! ;& &5#) >+#'& &5;& &5!

(!&! $#';&#+' +* &5! )$;77 d1 9;7=! #) ;::+$>;'#!( 68 ;  !7;&#9!78 7; "! !  + .

L5! ! ; ! &@+ )8)&!$;&#: !  + ) @5#:5 ; !  !)>+')#67! *+ #&. T!)#(! ; :! &;#'

( #*& +* &5! !9;>+ ;&#+'  ;&! (= #'" &5! $!;)= !$!'&)4 &5! $+)& #$>+ &;'&

)+= :! +* !  + #) &5! *;:& &5;& !9!' #* &5! )5=&&! +* &5! !9;>+ ;&+ #) :7+)!(4
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 !"#$% &'()  !"#$%&'(%)'* '+',-(.# ('/',-"&"-0 R1 !(','22".# %#)+' ε1 %#* (.-%-".# %#)+'

φ %2 % 34#,-".# .3 5.6, 7+8 -9",:#'22 3.( -;. *"<'('#- '+',-(.# '#'()"'2= > '? @+'3-A %#*

BB '? @(")9-AC

*+,%-#,%. /,0/1. 2!3#.% !4 56% 7/-##* -6/*8%$ /42 ,%/2 56#. 5+ / 7%$1 .*/,,

8#5 4+494%",!"!8,% %7/:+$/5!+4 $/5% +4 56% ./*:,% .#$;/-% <7%$!=%2 81 >#"%$

.:%-5$+.-+:1?' @6!. !. 56% $%/.+4 061 0% *!..%2 56% 56$%.6+,2 !4 +#$ 7%$1 =$.5

*%/.#$%*%45. 0!56 A- <4+5 .6+04?' B4 +$2%$ 5+ $%2#-% 56!. 2!.5#$8!4" %3%-5C

+4% 6/. 5+ .5/$5 56% *%/.#$%*%45 +; 56% 56!-D4%.. 2%:%42%4-% /. $/:!2,1 /.

:+..!8,%'

<(? > 7%$1 .5$+4" -6/4"% +; 56% .:!49*+5!+4 /4",%. /8+7% d1 #: 5+ / 56!-D9

4%.. +; /8+#5 E'F GH !. +8.%$7%2' @6!. ,/55%$ 56!-D4%.. 0!,, 8% -/,,%2 !4 56%

;+,,+0!4" d2' > ;#$56%$ +8.%$7/5!+4 !. 56/5 56!. -6/4"% 8%50%%4 d1 /42 d2 !.

I#!5% ,!4%/$'

<J?  +$ 56!-D4%..%. /8+7% d2 50+ 8%6/7!+$. /$% +8.%$7%2C 2%:%42!4" +4 56%

ε9 +$ φ97/,#% 06!-6 !. $%/-6%2 /5 d2' B; 56% 7/,#% !. K%$+ <.%% ;+$ !4.5/4-% φ !4

 !"' &'J <,%;5?? 56% *%/.#$%2 I#/45!51 $%*/!4. K%$+' B; 56% 7/,#% !. 4+4K%$+

<.%% ;+$ !4.5/4-% φ !4  !"' &'J <$!"65?? / 2%-$%/.% +; !5. /8.+,#5% 7/,#%C 8#5

4+0 +4 / ,/$"%$ 56!-D4%.. .-/,%C !. +8.%$7%2'
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 !"#$% &'()  ! "#$% &%'( )*+ ,-. -+/0. +1- 2#30.04+ 0506+.-4 040.$#0!7 89 0: ;50,+< =42 '>

0: ;.#$/+<%

 !"#$% &'& *+,-* .+% .+$%% /#01.!.!%* R2 ε2 013 φ 0* 0 4#15.!,1 ,4 .+%

6$!70$8 %9%5.$,1 %1%$"8 4,$ *%:%$09 ;,<5 .+!5=1%**%*' >9.+,#"+ !. !* ,4 5,#$*%

:%$8 3!?5#9.2 !4 1,. !76,**!@9% ., %:!3%15% 4,$ 099 %1%$"!%* 0 .+$%*+,93 :09#%2

!. !* 59%0$ .+0. @,.+ *6!1A7,.!,1 01"9%* 066$,05+ B%$, :%$8 $06!398' C+!* !* 01

!76,$.01. $%*#9. 0* !. *+,-* .+% !13%6%13%15% ,4 .+% @$%0=3,-1A6+%1,7%1,1

,1 .+% %1%$"8 ,4 .+% 6$!70$8 %9%5.$,1*' C+!* %D59#3%* 018 %D69010.!,1 -+!5+

!* @0*%3 ,1 .+% 60$.!5#90$ %9%5.$,1!5 @013 *.$#5.#$% ,4 .+% ;,<5 7,9%5#9%*'

E% %76+0*!B% .+0. -+!9% .+% *6!1A7,.!,1 01"9%* @$%0= 3,-1 !1 .+% .+!5=A

1%** $%"!7% @%.-%%1 0@,#. F'G 013 F'H IJ .+% 3%"$%% ,4 *6!1 6,90$!B0.!,1 ,4

.+% $%K%5.%3 %9%5.$,1 @%07 $%70!1* #15+01"%3 4,$ 099 .+!5=1%**%* *.#3!%3 L*%%

4,$ !1*.015%  !"#$% &'H 4,$ %9%5.$,1* -!.+ 0 6$!70$8 %1%$"8 ,4 M %NO' C+#*2 018

3%6,90$!B0.!,1 ,4 .+% %9%5.$,1 @%07 3#$!1" !1.%$05.!,1 -!.+ .+% ;,<5A5,:%$%3

;, *#$405%2 4,$ !1*.015% @8 *6!1AK!6 *50..%$!1"2 !* %D59#3%3'
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 !"#$% &'&(  !" #$% &'&#%( )!*+,)!,)-.//012 #$% 3!44!5678 9-:7#6#6%& :& : 3-7+#6!7 !3

%4%+#"!7 %7%"8' 3!" ;6<%"%7# )!*+ +!=%":8%& :"% &$!57> &?67@:=%":8%; %4%+#"!7 "%A%+#6=6#'

R .#!?12 ?"%+%&&6!7 :784% ε .(6;;4%12 :7; "!#:#6!7 :784% φ .B!##!(1C

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

$0)3*1' 4*2/'%56*%5-/7

)* %+,-#.% / 0*11!2-% %3%,4 *5 46% 7*8, 9*-%,#-%1 *: 46% 1#$5/,% 9/":%4!;/<

4!*: *5 7*= >% 9%/1#$%. 46% 0*-/$!;/4!*: *5 1%,*:./$? %-%,4$*:1 /1 / 5#:,4!*:

*5 7*8, 46!,@:%11' A1 46% 10!: 0*-/$!;/4!*: *5 46% 1%,*:./$? %-%,4$*:1 $%B%,4

46% 9/":%4!;/4!*: 14/4% *5 46% 5%$$*9/":%4!, 1#$5/,%= 46%? /$% /: !.%/- 0$*2%

5*$ 46!1 4?0% *5 14#.?'  !"#$% &'C 16*>1 46% 10!: 0*-/$!;/4!*: *5 1%,*:./$? %-%,<

4$*:1 ,$%/4%. 2? 0$!9/$? %-%,4$*:1 *5 DEF %G %:%$"?' H% %906/1!;% 46/4 46%

%+0*:%:4!/- .%,/? *5 46% 1!":/- !1 /1 %+0%,4%.' I%,/#1% *5 46% -!9!4%. JK 8 *5

46% 1%,*:./$? %-%,4$*:1 -%11 /:. -%11 *5 46%9 /$% ,$%/4%. !: 46% 5%$$*9/":%4!,

1#214$/4% >6!-% 9*$% /:. 9*$% 1%,*:./$!%1 /$% ,$%/4%. !: 46% :*:9/":%4!,



 ! "#"# $% &'( )*(+,-./0 -1( &. + 234**.*25(6(7&8
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 !"#$% &'()  !" #$% &'&#%( )!*+,)!,)-.//01 #$% 2%3"%% !4 &567 5!89"6:9#6!7 !4 #$%

"%;%+#%2 %8%+#"!7 <%9( 9& 9 4-7+#6!7 !4 )!*+ #$6+=7%&& 6& &$!>7? @$% 5"6(9"' %7%"3' !4

#$% %8%+#"!7& 6& A %B?

*+,- ./0%$ 1!23 !4-$%/5!4" *+,- 23!-64%55'  +$ 23!-6 *+,- -+7%$/"%5 1% !48

9%%9 %:;%-2 2+ +<5%$7% =%$+ 5;!4 ;+./$!=/2!+4' >3% %55%42!/. ;+!42 +?  !"' &'@

!5 23/2 23% 5%-+49/$0 5;!4 ;+./$!=/2!+4 9+%5 4+2 %:3!<!2 /40 ;/$2!-#./$ -3/4"%

!4 23% 23!-64%55 $%"!A% 13%$% 23% <$%/69+14 +? 23% 5;!48A+2!+4 /4".%5 %:!525

B<%21%%4 /$+#49 C'D( EF /49 C'( EFG' H? 23%$% 1%$% / 52$+4" 9%-$%/5% !4 23%

A/"4%2!=/2!+4 !4 23!5 23!-64%55 $%"!A% 1% 1+#.9 5%% / -+$$%5;+49!4" 9$+; !4

23% 5%-+49/$0 %.%-2$+4 5;!4 ;+./$!=/2!+4' I5 23!5 !5 4+2 23% -/5%J / 5!"4!K-/42

-3/4"% +? 23% *+ 5#$?/-% A/"4%2!=/2!+4 9#% 2+ 9%;+5!2!+4 +? *+,- -/4 <%

%:-.#9%9' L% 4+2% 23/2 A%/5#$%A%425 +? 23% :8$/0 A/"4%2!- -!$-#./$ 9!-3$+8

!5A /5 1%.. /5 K$528;$!4-!;.% -/.-#./2!+45 "!7% 4+ !49!-/2!+4 +? / 5!"4!K-/42

$%9#-2!+4 +? 23% *+ A/"4%2!- A+A%42 9#% 2+ ,- -+7%$/"% M@(N'  !4/..0J 1%

4+2% 23/2 <+23 / -3/4"% +? 23% A/"4%2!- /4!5+2$+;0 .%/9!4" 2+ / 51!2-3!4" +?

23% %/50 /:!5 +? A/"4%2!=/2!+4 /49 / 9$/A/2!- !4-$%/5% +? 23% -+%$-!7% K%.9 2+

7/.#%5 /<+7% 23% /;;.!%9 A/"4%2!- K%.9 52$%4"23 -/4 <% %:-.#9%9 /5 1%..' H4

<+23 -/5%5 23% A%/5#$%9 5%-+49/$0 %.%-2$+4 5;!4 ;+./$!=/2!+4 1+#.9 <% =%$+'

 ! "# $%& '(&)*+,-. +/& $, ) 012((,(03&4&5$6

I5 ;323/.+-0/4!4% !5 / 5%A!8-+49#-2+$J !2 !5 ;+55!<.% 23/2 !2 .%/95 2+ /4 %.%-8

2$!-/. 5#$?/-% -3/$"% 9#$!4" 23% A%/5#$%A%42 1!23 %.%-2$+45' H4 23!5 -/5%J

23% -3/$"!4" -+#.9 .%/9 2+ / OA!$$+$O8%P%-2J !'%' 23% ;$!A/$0 %.%-2$+45 /$%

$%Q%-2%9 <0 23% *+,- ./0%$ 1!23+#2 $%/-3!4" 23% *+ 5#<52$/2%' >3%$%?+$%J
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 !"#$% &'()  !"# !$%&'"(&)"$# $* +,-$#.&'/ ,%,-)'$#+ &+ & *0#-)"$# $* 1$2- )3"-4#,++5 63,

,#,'7/ $* )3, !'"8&'/ ,%,-)'$#+ "+ 9:; ,<5 63, *0%% %"#, "+ & =) )$ )3, .&)& >&+,. $# &#

,?!$#,#)"&% .,-&/5 @$), )3, %$7&'")38"- !$%&'"(&)"$# +-&%,5

*+% ,*#-. +*/ %01%2/ 3+4 %-%2/$*+561!+ 7*/!*+ 6!"+3-' 8*,%9%$: /;!6 62%+3$!*

23+ <% %02-#.%.' => /;%$% ,%$% 6#2; 3+ %?%2/: /;% 1$!73$4 %-%2/$*+6 ,*#-. +*/

<% 3<-% /* 2$%3/% 6%2*+.3$4 %-%2/$*+6 !+ /;% @* 6#<6/$3/%' @*+6%A#%+/-4: /;%

1*-3$!B3/!*+ *> 6%2*+.3$4 %-%2/$*+6 ,*#-. <% B%$*: ,;!2; !6 +*/ /;% 236% C6%%

 !"' &'(D'

E+*/;%$ >32/ ,;!2; %02-#.%6 /;% 1*66!<!-!/4 *> 3 F7!$$*$F5%?%2/: !6 /;3/ /;%

/,* 61!+57*/!*+ 3+"-%6 ε 3+. φ .* +*/ <%;39% !+ /;% 637% 73++%$ !+ 6%9%$3-

236%6 C6%% >*$ !+6/3+2%  !"#$%6 &'G C7!..-%D 3+. C<*//*7DD' H;!-% ε !6 3-$%3.4

B%$*: φ !6 6/!-- >3$ >$*7 B%$*' 8*,%9%$: !+ /;% 236% *> 3 F7!$$*$F5%?%2/ *+%

,*#-. %01%2/ /;3/ <*/; 61!+57*/!*+ 3+"-%6 .!6311%3$ 6!7#-/3+%*#6-4'

=+ /;!6 2*+/%0/ ,% ;39% 3-6* 6/#.!%. /;% ,*$I >#+2/!*+ 2;3+"%6 *> @*CJJGD

3+. @#CJJGD ,;%+ 2*9%$%. <4 K2 <4 7%36#$!+" /;% %+%$"4 1*6!/!*+ *> /;%

2#/*? *> /;% 6%2*+.3$4 %-%2/$*+ .!6/$!<#/!*+' H*$I >#+2/!*+ 2;3+"%6 #1*+

7*-%2#-3$ 3.6*$1/!*+ *+ 7%/3- 6#$>32%6 3$% 23#6%. <4 3 2;3$"% /$3+6>%$ <%5

/,%%+ /;% 7*-%2#-%6 3+. /;% 7%/3- 6#<6/$3/%: -%3.!+" /* /;% >*$73/!*+ *> 3+

!+/%$>32% .!1*-%'  !"#$% &'L 6;*,6 /;% ,*$I >#+2/!*+ 2;3+"%6 *> @*CJJGD 2*95

%$%. <4 @*K2 C/*1D 3+. @#CJJGD 2*9%$%. <4 M+K2 C<*//*7D' =+ <*/; 236%6 3+

%01*+%+/!3-5-!I% <%;39!*$: 36 %01%2/%.: ,!/; 3 63/#$3/!*+ >*$ 2*9%$3"%6 3<*9%

G MN !6 *<6%$9%.' O;%$% !6 +* !+.!23/!*+ 3/ 3-- /;3/ 6*7%/;!+" 13$/!2#-3$ ;315

1%+6 ,!/; /;% !+/%$>32% .!1*-% !+ /;% /;!2I+%66 $%"!7% >$*7 J'PQ /* J'Q MN'



 !

"#$# %&'( )*' +,'-./&01 /'2'1/ &1 )*' 3*&43' &5 )*'

5',,&6-71')43 (8+(),-)'9

 ! "#$! $%&$ $%! '#() *+",$-#" ,%&".!/ #0$&-"!1 *#( $%-,) 2, 345/ 67898 !:

*#( ;#2,<;#6==8>? 7=9@ !: *#( A"2,<;+6==8>> &(! -" .##1 &.(!!5!"$ '-$%

5!&/+(!5!"$/ #" /-5-4&( /B/$!5/ '%-,% &44 /%#' C&4+!/ &(#+"1 78 !: DEEFEGH9
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CoPc/Co(001)

I-.+(! J9KL  !" #$%& '()*+,$) *!-)."/ -/ - '()*+,$) $' 0$1* +!,*&)"// $) 0$23345 2+$65

-)7 8)1* +!,*&)"// $) 0(23345 29$++$:5;

 !" #$%& '(% )*%+,-$./ -%0%/- $/ '(% 1($21%

$3 '(% 3%**$4+5/%'21 &6)&'*+'%7

M# ,#"$-"+! $# /!!) *#( &" !NO4&"&$-#" #* $%-/ O%!"#5!"#"? '! 1!,-1!1 $#

C&(B $%! *!((#5&."!$-, /+0/$(&$! +/-". I!6==8> -"/$!&1 #* ;#6==8>9 P" $%-/

/$+1B '! O(!O&(!1 I!6==8> 345/ -" $'# 1-Q!(!"$ '&B/? "&5!4B 0B 1!O#/-$-".

I! #"$# & R.6==8> #( #"$# & 2$6==8> /-".4! ,(B/$&49 I-.+(! J9G /%#'/ 0#$% $%!

/O-"7&C!(&.!1 !4!,$(#" (!S!,$-C-$B &"1 $%! /O-"75#$-#" &".4!/ &/ & *+",$-#"

#* $%! ;#2, $%-,)"!// #" I!<R.6==8> 64!*$ ,#4+5"> &"1 #" I!<2$6==8> 6(-.%$
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 !"#$%&' ()* +,-!%. +/$/"0-/,1 !2 ,)* ,)/ 3%*++45*6*%5*%, 7*)08/!- 9/,) ,)0,

!2 :!; <"$+ !% :!=>>?& "*, #+ /$$*5/0,*"1  !% "#5* ,)0, ,)*  )!/ * !2 ,)*

2*--!$0.%*,/ +#7+,-0,* )0+ %! /$6!-,0% * 2!- ,)* *@/+,*% * !2 ,)* 7-*035!9%4
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 !"#$% &'()*  !" #$%&'() %* d2 +,& )!" %(('#+,(- ./ /!%0, *%$ +11 /-/)"2/ /)'&."&3

+$%,-./01 23%1/4%1/1 2$%5%165 , 63$%53/7. 63!8-1%55 d1' 93% 2$%5%18% /:

, 63$%53/7. !5 ;%$< /:6%1 6<2!8,7 /: ,1 /15%6 /: 5/4% 2%$8/7,6!/1 2$/8%55= !'%'

/1% 1%%.5 6/ 3,;% 63% :/$4,6!/1 /: 7/1">$,1"% 8/11%86!;!6<' 93!5 8/#7. 4%,1

63,6 63% /88#$$%18% /: 63% +$%,-./01 23%1/4%1/1 $%?#!$%5 63% 7/1">$,1"%

8/11%86!;!6< /: 63% @3<2/63%6!8,7A %17,$"%. 8$/55>5%86!/15 /: 63% 4/7%8#7%5'

 !"#$% &'(B 53/05 63% $,6!/ /: 63% 63$%53/7. ,1. 63% 5,6#$,6!/1 ;,7#% d1/d2'

C#$%7<= 63% ;,7#%5 /: d2 ,1. 2,$6!8#7,$7< /: d1 ,$% ,D%86%. +< , $%7,6!;%7< 7,$"%

4,$"!1 /: %$$/$' E/15%?#%167<= 63% 58,66%$ /: 63% $,6!/ d1/d2 !5 ;%$< 5!"1!F8,16'

G1% 4!"36 0/1.%$ 1/0 !: ,1< /63%$ %7%4%16 63,1 8,$+/1 !5 ,+7% 6/ !1.#8%

63% 5,4% 6<2% /: +$%,-./01 /: 63% 52!1>4/6!/1 ,1"7%5' G: 8/#$5%= 0% ,$%

1/6 ,+7% 6/ 4,-% , 5<56%4,6!8 56#.< /: 63% 03/7% 2%$!/.!8 5<56%4' H/0%;%$=

8%$6,!1 %I2%$!4%165 03!83 3,;% +%%1 2%$:/$4%. !1 63% 2,56 +< 5%;%$,7 /: #5 ,5

0%77 ,5 +< /63%$ "$/#25 !1.!8,6% 63,6 63% :/77/0!1" %7%4%165 ./ 1/6 53/0 63!5

+%3,;!/$* J# KLLM= E# KLBM= J" KBNM= O. KBNM= P1 KBQM= E$ KNRM= S KN(M= O+ KNTM=

P" KNTM= ,1. G KNUM' V1 63%5% %I2%$!4%165 %!63%$ 63% 52!1>4/6!/1 ,1"7%5 /$

63% %I83,1"% ,5<44%6$<= +%!1" 87/5%7< $%7,6%. 6/ 63% $/6,6!/1 ,1"7% φ= 3,;%

+%%1 4%,5#$%.' WI2%$!4%165 0!63 C!= , 1%!"3+/#$ /: E !1 63% 2%$!/.!8 5<56%4=

3,;% 1/6 +%%1 2%$:/$4%. +#6 8/#7. +% ;%$< .!X8#76 6/ +% 8/187#5!;% +%8,#5% /:

63% 56$/1" 6%1.%18< /: C! 6/ ,77/< 0!63 63% :%$$/4,"1%6!8 6$,15!6!/1 4%6,75 ,6

7%,56 ,6 $//4 6%42%$,6#$%' WI2%$!4%165 ,6 7/0 6%42%$,6#$%5= 03!83 ,$% 1/6

2/55!+7% 0!63 63% 2$%5%16 5%6>#2= 4!"36 +% !16%$%56!1"' Y% 52%8#7,6%= 3/0%;%$=
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 "#" $%&' ()& *+&,-.%/0 .&1&0. %0 ()& %+2&0(,(2%0 %3 ()& 202(2,4

'120 1%4,+25,(2%06
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 !"#$% &'()*  !" #$%&' d1/d2 ('# )* +2,-./'0 1* /',-./'0 2* /',-.34./'0 5*

/',-.6".370 8* /',-.6".,%0 9* 6",-.6".370 :* ;<,-.6".370 =* , />3./'0 ?* @"<%$A

-'<%$<"./'0 )B* @"<%$-'<%$<".34./'0 ))* -'#'<"<"./'0 )1* /60./'0 )2* /60.34./'0 )5*

/./'C

+,-+ +,% ./01/#23 4/$/2 2!+$!3% 56789 :,!., !; !;/%<%.+$/2!. +/ .-$4/29 0!",+

4% - 1/;;!4<% .-23!3-+%'

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

'+'1$/ $3 '(% 1/1'1+4 &01/ 0$4+*15+'1$/6

=2 -<< %>1%$!0%2+; 1$%;%2+%3 #1 +/ 2/: :% ;+#3!%3 +,% ;1!2?0/+!/2 -2"<%;

@/$ :,!., +,% !2!+!-< ;1!2 1/<-$!A-+!/2

~P0 :-; -<!"2%3 1%$1%23!.#<-$<B :!+,

$%;1%.+ +/ +,% 0-"2%+!A-+!/2

~M '  #$+,%$0/$%9 !2 -<< .-;%;

~P0 :-; -<;/ /$!%2+%3

1%$1%23!.#<-$<B :!+, $%;1%.+ +/ +,% ;.-++%$!2" 1<-2%' =2 /$3%$ +/ +%;+ :,%+,%$

+,% /$!%2+-+!/2 /@

~P0 :!+, $%;1%.+ +/ +,% ;.-++%$!2" 1<-2% ,-; -2B !01/$+-2.%

@/$ +,% 4$%-C3/:2?%D%.+9 :% 1%$@/$0%3 -2 %>1%$!0%2+ !2 :,!.,

~P0 <!%3 !2

+,% ;.-++%$!2" 1<-2% 5;%% !2;%+ !2  !"' &'(E8'  !"#$% &'(E ;,/:; @/$ +,% .-;% /@

FGHIJKH/5LL(8 ε -; - @#2.+!/2 /@ +,% FGHIJ +,!.C2%;; @/$ 4/+, /$!%2+-+!/2;

/@

~P0' J; +,% +,!.C2%;; 3%1%23%2.!%; -$% M%$B ;!0!<-$9 !2 1-$+!.#<-$ :!+, +,%

;-0% M-<#%; @/$ d1 -23 d29 +,% /$!%2+-+!/2 /@ ~P0 ,-; /4M!/#;<B 2/ !2N#%2.% /2

+,% 4$%-C3/:2?%D%.+'

O,-+ ,-11%2; !@ :% /$!%2+

~P0 2/+ 1%$1%23!.#<-$<B :!+, $%;1%.+ +/ +,%

0-"2%+!A-+!/2 3!$%.+!/29 4#+ 1-$-<<%< /$ -2+!1-$-<<%< +/ !+P =2 +,!; .-;%9 /@
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 !"#$% &'()*  !" #$% &'&#%( )*+,-.+!.+/01123 #$% 4"%5%&&6!7 879:% ε 8& 8 ;/75#6!7 !;

)*+,- #$65<7%&& 6& &$!=7 ;!" #=! >6?%"%7# !"6%7#8#6!7& !; #$% 676#68: &467 4!:8"6@8#6!7

~P0A

*$% 4"6(8"' %7%"9' !; #$% %:%5#"!7& 6& B %CA

+,#$-%. /% /!00 1,2 3% 430% 2, 5%4-#$% 416 -7!1 5,2!,1' 8,/%9%$. /% +41

5%4-#$% 2:% -,;+400%< %=+:41"% 4-655%2$6

Aex =
R↑↑ −R↑↓

R↑↑ +R↑↓

/:%$% R↑↑
41< R↑↓

4$% 2:% $%>%+2%< %0%+2$,1 !12%1-!2!%- /!2:

~P0 74$400%0 41<

412!74$400%0 2,

~M . $%-7%+2!9%06' ?@ /% 24A% !12, 4++,#12 2:42 2:% !12%1-!2!%- R↑↑

41< R↑↓
4$% 7$,7,$2!,140 2, 2:% B#412!2!%- |r↑|2 41< |r↓|2. $%-7%+2!9%06. /:!+:

/% !12$,<#+%< !1 +:472%$ CD0%+2$,1;-7!1 5,2!,1C. /% +41 <!$%+206 !<%12!@6 2:%

4-655%2$6

A =
|r↑|2 − |r↓|2
|r↑|2 + |r↓|2

/!2: 2:% %=+:41"% 4-655%2$6 Aex' E- A 41< 2:% $,242!,1 41"0% φ 4$% +0,-%06

$%042%<. /% 2:#- %=7%+2 2:% -45% 267% ,@ 3$%4A<,/1;7:%1,5%1,1 40-, @,$ Aex'

 !"#$% &'(F -:,/- 2:% %=+:41"% 4-655%2$6 Aex. /:!+: !- 1,$540!G%< 2, 41

!1!2!40 -7!1 7,04$!G42!,1 ,@ (HHI. 4- 4 @#1+2!,1 ,@  %J+ 2:!+A1%-- ,1  %KHH(L'

?1<%%<. Aex 3%:49%- 4- %=7%+2%< 41< %=:!3!2- 2:% 3$%4A<,/1;%M%+2'

 !14006. /% +,1-!<%$ 2:% +,1N"#$42!,1 @,$ /:!+:

~P0 !- G%$,' O:% ,106

B#412!26 /:!+: /% +41 5%4-#$% !1 2:!- +4-% !- 2:% -7!1 7,04$!G42!,1 /:!+: !-

+$%42%< <#% 2, 2:% -7!1;<%7%1<%12 $%>%+2!,1 ,@ 2:% %0%+2$,1- 42 2:% -#$@4+% ,@

2:% @%$$,54"1%2!+ -#3-2$42%' E- %04-2!+ %=+:41"% -+422%$!1". $%-7,1-!30% @,$

-7!1 >!7-. !- ,@ 1%"0!"!30% !57,$241+% P)&Q. 2:% -7!1 7,04$!G42!,1 P +$%42%< /!2:



 !

"#$# %&'( )*' +,'-./&01 /'2'1/ &1 )*' &,3'1)-)3&1 &4 )*' 313)3-5

(231 2&5-,36-)3&17
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 !"#$% &'()*  !" #$% &'&#%(  %)*+ %,--./ #$% %0*$123% 1&'((%#"' Aex 1& 1 452*#6!2 !4

 %)* #$6*72%&& 6& &$!829 :$% ;"6(1"' %2%"3' !4 #$% %<%*#"!2& 6& = %>9

+, #,-./+$!0%1 %/%23$., 4%+5 67.#/1 4% !1%,3!2+/ 3. 37% %827+,"% +6955%3$9

Aex 2$%+3%1 :!37 + ;2.5-/%3%/9< -./+$!0%1 %/%23$., 4%+5= P = Aex' >6 Aex

%87!4!36 37% 4$%+?1.:,@-7%,.5%,.,= :% %8-%23 37% 6+5% 4%7+A!.$ B.$ P ' C,

B+23= 37!6 !6 %8+23/9 :7+3 :% .46%$A% B.$ !,63+,2% B.$ 37% 6963%5 D60ED.;FF(<

!,  !"' &'GF'
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 !"#$% &'GF*  !" #$% &'&#%( ?60+?!+?5,--./ #$% @%3"%% !4 &;62 ;!<1"6A1#6!2 !4 #$%

"%B%*#%@ %<%*#"!2 C%1( 1& 1 452*#6!2 !4 ?60 #$6*72%&& 6& &$!829 :$% 626#61< &;62 ;!<1"6A1#6!2

6& A%"!9 :$% ;"6(1"' %2%"3' !4 #$% %<%*#"!2& 6& D= %>9
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 !" #$%& '(% )*%+,-$./ $/01 2$/2%*/ %0+&'34

2+001 &2+''%*%- %0%2'*$/&5

 ! "# $#% %& '()& *"+,-&, "'& ./&(0,#%$1&2&3" #$ &4(*"-3(445 *3(""&/&, !/-1

6(/5 &4&3"/#$*7 8$ #/,&/ "# 9$, #+" %'&"'&/ (44 !/-6(/5 &4&3"/#$*: .&-$;

&4(*"-3(445 #/ -$&4(*"-3(445 *3(""&/&,: (/& *+.<&3" "# "'-* &2&3": %& !&/=#/6&,

"%# "5!&* #= 6&(*+/&6&$"*7 8$ "'& 9/*" &>!&/-6&$" &4&3"/#$* 4&()-$; "'& *(61

!4& (/& ,&"&3"&, -$ "'& *!-$ ,&"&3"#/7 ?#/ "'-* &>!&/-6&$" "'& /&"(/,("-#$

;/-, #= "'& &$&/;5 ($(45@&/ %(* *&" "# @&/# *+3' "'(" (44 &4&3"/#$* *3(""&/&,

%-"'-$ "'& ($;+4(/ (33&!"($3& ($;4& #= "'& &$&/;5 ($(45@&/ #= ( =&% ,&;/&&*:

-$,&!&$,&$" #= "'&-/ 4#** -$ &$&/;5: (/& ,&"&3"&,7 ?-;+/& A7BC *'#%* "'& *!-$

!#4(/-@("-#$ #= "'& ,&"&3"&, &4&3"/#$* (* ( =+$3"-#$ #= "'& D#E3 "'-30$&** #$

D#FGGCH =#/ "%# ,-2&/&$" !/-6(/5 &$&/;-&*: CIB ($, BJ7K &L7 8$ "'& 3(*& #= CIB

&L "'& *!-$ !#4(/-@("-#$ *'#%* ( $-3& &>!#$&$"-(4 ,&3(5: %'-4& "'(" (" BJ7K &L

&>'-.-"* ( 3'($;& #= *4#!& (/#+$, G7K MN7
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retardation grid = 0 V

E-E
F
= 26.5 eV 

?-;+/& A7BCO  !" #$% &'&#%( )!*+,)!,)-.//01 #$% 2%3"%% !4 &567 5!89"6:9#6!7 !4 67%89&#6+

%8%+#"!7& .;!#$ 67%89&#6+988' &+9##%"%2 5"6(9"6%& 972 &%+!729"6%&1 9& 9 4-7+#6!7 !4 )!*+

#$6+<7%&& 6& &$!=7> ?$% 5"6(9"' %7%"36%& !4 #$% %8%+#"!7& 9"% @A>B 972 0C@ %D>

8$ #/,&/ "# +$,&/*"($, "'-* ,-2&/&$3& .&"%&&$ "'&*& "%# !/-6(/5 &$&/;-&*:

%& '()& "# 0$#% %'-3' &4&3"/#$-3 ,-*"/-.+"-#$* (/& =#/6&, ,+/-$; -$"&/(3"-#$

#= "'& -$3#6-$; &4&3"/#$ .&(6 %-"' "'& *(6!4&7 P'&/& (/& "'/&& 3#$"/-.+"-#$*O

FCH &4(*"-3(445 *3(""&/&, !/-6(/5 &4&3"/#$*: FBH -$&4(*"-3(445 *3(""&/&, !/-6(/5
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"#$# %&'( )*' +,'-./&01 &123 4&14',1 '2-()54-223 (4-))','/

'2'4),&1(6

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

 ! "#$%&' 4& %56'7 "8!)$ 9 %: #$. +;. <% %5-( #2 "%&#$4;8#4%& %=  !)'#4")!!.

'")## $ * 7$4:)$4 ' 4' 3 $. ':)!!/ >28'( #2 '74& 7%!)$4?)#4%& 4& @49/ A/BC

"%&'4'#' %= %&!. #1% "%&#$4;8#4%&'( &): !. #2)# %= 4& !)'#4")!!. '")## $ * 7$46

:)$4 ' )&* %= ' "%&*)$4 '/ >2 D . #% 8&* $'#)&* #2 *45 $ &" ; #1  & #2 

'49&)!' =%$ C,B )&* BE/<  F 4' #2 =)"# #2)# #2 &8:; $ %= ' "%&*)$4 ' 4&"$ )' '

*$):)#4")!!. 14#2 4&"$ )'4&9 7$4:)$.  & $9. )&* ")& ; :8"2 2492 $ #2)& #2 

&8:; $ %= #2 4&"%:4&9 7$4:)$4 '( 124! #2 &8:; $ %= 4& !)'#4")!!. '")## $ *

7$4:)$4 ' ")& & 3 $ ; !)$9 $ #2)& #2)# %= #2 4&"%:4&9 7$4:)$4 '/ G%&' 6

H8 &#!.( =%$ C,B  F #2 "%&#$4;8#4%& %= ' "%&*)$.  ! "#$%&' 4' *%:4&)#4&9 #2 

'49&)!( '8"2 #2)# #2 "%&#$4;8#4%& %= 4& !)'#4")!!. '")## $ * 7$4:)$.  ! "#$%&'

")& ; & 9! "# */ >2 '4#8)#4%& 4' H84# *45 $ &# )# BE/<  F/ 0' #2  & $9.

%= #2 4&"%:4&9 7$4:)$4 ' 4' &%1 :8"2 ':)!! $ #2 &8:; $ %= ' "%&*)$4 ' 4'

*$):)#4")!!. $ *8" * 14#2 $ '7 "# #% #2 '4#8)#4%& )# C,B  F +;. %& %$* $ %=

:)9&4#8* - )&* ; "%: ' "%:7)$);! #% #2 &8:; $ %= 4& !)'#4")!!. '")## $ *

7$4:)$4 '/ >2 "2)&9 4& '!%7 =%$ BE/<  F ")& &%1 '4:7!. ;  I7!)4& * 4=

1 )''8: #2)# #2 4& !)'#4")!!. '")## $ * 7$4:)$.  ! "#$%&' )$ '8;J "# #%

#2 ;$ )D*%1&6 5 "#( ! )*4&9 #% #2 '): d2 3)!8 +%= );%8# K/< LM- )' =%$

#2  !)'#4")!!. '")## $ * 7$4:)$4 '/ @%$ #24"D& '' ' !)$9 $ #2)& d2 #2 4& !)'6

#4")!!. '")## $ * 7$4:)$4 ' )$ '#4!! "%&#$4;8#4&9 #% #2 #%#)! 4&# &'4#.( ;8# )'

#2 4$ '74& 7%!)$4?)#4%& 4' &%1 ? $% %$ )# ! )'# '#$%&9!. $ *8" *( #2 #%#)! '74&

7%!)$4?)#4%& 4' '49&4N")&#!. ':)!! $/

O& ) ' "%&*  I7 $4: &# #2 );'%$; * '):7! "8$$ &#' I↑↑a )&* I↑↓a 14#2
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 !"!# $%& '(& )&*'+%&, -. '(& '/0 ,1-. 2(*..&3, %&3*'&45

+%,-#$%.%/0- ,0 01$%% 2!3%$%/0 41505/ %/%$"!%- 6-%%  !"' &'(7 ,8859 #- 05

!2%/0!:; :5#$ :%,0#$%-) 6<7 , -4!/=#4 !/0%$:,>% -0,0% ,0 =?'@ %A 915-% !/0%/-!0;



 !

"#$# %&'()&*+,-'./0 '(1/-2,3/ 41,1/4 '( 5616,+*37,('(/ 8+94 *(

2/--*9,:(/1'3 ;*<==$>

 ! "# $% ! & '() *+) ('' $,)%% %-%). %!/ 0112 ( !3 -45+6-  -$%)*(7% !$($% ($ 489:

%; 6, 7, !%%&! $+ %<, = $ ( )%!+-(-$ =%,(> +) ()+#-5 :8 %;? (-5 6,+!% +) . -

 ! !$ '' #-@-+6-/ 01112 ( !3 -4#3 *%($#)% ()+#-5 489AB %;? 6, 7, (33%()! (! (

!,+#'5%)  - $,% !3%7$)#& (-5 !%%&! $+ *+''+6 $,% !(&% 3,+$+- %-%).C 5%3%-4

5%-7% (! $,% !3 -45+6- !$($% ($ 489: %;9 D,% *(7$ $,($ $,% $6+ *%($#)%! ($ 489:

(-5 489AB %; ()% =%,(> -.  - $,% !(&% &(--%) (! ( *#-7$ +- +* 3,+$+- %-%).C

'%$ #! =%' %>% $,($ 6% ()% 5%(' -. ,%)% 6 $, ( !3 -4!3' $ 3( )9 E+-!%"#%-$'C?

( F3+! $ >%F %<7,(-.% !3' $$ -. 0!3 -4#3 !$($%  ! '+6%)  - = -5 -. %-%).C $,(-

$,% !3 -45+6- !$($%2 +* 489G %; 7(- =% 5%5#7%5 *)+&  $/ (-5 01;2 ( &#7,

=)+(5%) !$)#7$#)%  - $,% !3 -45+6- 7,(--%' *+) %-%). %! (=+>% 4H %;? 6, 7,

%<, = $! ( 5 I%)%-$ 3,+$+- %-%).C 5%3%-5%-7% $,(- $,% +$,%) !$)#7$#)%! ($

'+6%) = -5 -. %-%). %!? (!  $ 5%7)%(!%! 5)(&($ 7(''C =C .+ -. *)+& J8 $+ B8 %;

3,+$+- %-%).C9 K)+& $, !  $  !  &&%5 ($%'C 7'%() $,($ $, ! *%($#)% 7(--+$ =%

7+-! 5%)%5 (! $,% !3 -4!3' $ 7+#-$%)3()$ +* $,% !3 -4#3  -$%)*(7% !$($% ($ 489G

%;9

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

)'&'*)1

L >%- $,% 3)%!%-7% +*  -$%)*(7% !$($%!? 6% 6 !, $+ 5%$%)& -% $+ 6,($ %<$%-$

$,%C ()% (!!+7 ($%5 6 $, $,% E+ !#=!$)($% +) $,% M74+>%)'(C%)9 D,% 3,+$+-4

%-%).C 5%3%-5%-7% +* $,% 3,+$+ +- N($ +- 7)+!! !%7$ +- *+) $,% >() +#! !$($%!

 ->+'>%5 . >%! #! $,% 3+!! = ' $C $+ 5%$%)& -% $,% ) 7,()(7$%)?  9%9? $+ 5%7 5%  *

$,%  -$%)*(7% !$($%! ()% (!! .-(='% $+ E+ 0G52 +) $+ E 0J32 (-5 O 0J32? +)  *

$,%C ()%  -$) -! 7(''C +* & <%5 7,()(7$%)9 E('7#'($%5 ($+& 7 3,+$+ +- N($ +-

7)+!! !%7$ +-! !,+6 $,($ =C .+ -. *)+& J8 $+ H88 %; 3,+$+- %-%).C $,% 7)+!!

!%7$ +-! +* $,% J3 !$($%! 0+* E (-5 O2 ()% 5%7)%(! -. =C &+)% $,(- +-% +)5%) +*

&(.- $#5% 6, '% G5 !$($%! 0+* E+ (! 6%'' (! +* P-2 5+%! -+$ >()C &#7, QRBS9

T% %<3%7$ $,($ !#7, ( '().% %I%7$ *+) *)%% ($+&! !,('' $)%-5 ! & '()'C  -

!+' 54!$($% !C!$%&!9 E+-!%"#%-$'C?  * $,%  -$%)*(7% !$($%! 6%)% &( -'C +* E+

G5 7,()(7$%)? $,%C !,+#'5 ('!+ =% 3)%!%-$ ($ H88 %; 3,+$+- %-%).C9 U+6%>%)?

!3 -4)%!+'>%5 3,+$+%& !! +- &%(!#)%&%-$! ($ $, ! 3,+$+- %-%).C 5+ -+$ )%>%('

(-C ! .- +* $,% M74 -5#7%5  -$%)*(7% !$($% 0!%% K .9 B9V29 D,% =%,(> +) +* $,%

!3 - 3+'() N($ +- (! ( *#-7$ +- +* $,% = -5 -. %-%).C  ! >%)C ! & '() *+) =+$,

#-7+>%)%5 (-5 P-M747+>%)%5 E+ 0G PW29 T% 7+-7'#5% $,($ $,%  -$%)*(7% !$($%!

()% &( -'C +* E +) O J3 7,()(7$%)9
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 !"#$% &'()  !"#$%&'()*&+ +",&%&#-& '!&-.%/ (0 +"%&-. 12 '!&-.%('-(!3 /. %((4 .&4!&%/$

.5%& (0 6(78 9:;<9#1-7=>? 9:; 0(% hυ@ABB &C 'D(E #( '"F# (0 /#3 1-$"#+5-&+ "#.&%0/-&

'./.&G "#+"-/."#F .D/. .D& "#.&%0/-& './.&' /%& 4/"#)3 (0 6 (% H =! -D/%/-.&%>

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

2+
2.-3 -

,%.& /+ ()& *,&-(/%+ %4 ()& '2/+52%.-,/6&7 /+(&,4-*&

'(-(&'

*+% ,-./0$!1-2 -3 4+% 5040 -640!2%5 7!4+ 829, 025 :29, 04 4+% /+-4-2

%2%$"; -3 <= %> ?4+% -2@; /+-4-2 %2%$"; 7+%$% 0 ,-./0$!1-2 ,02 6% .05%A 1%%

 !"' &'& 025  !"' &'BC 1+-71 4+04 4+%$% 0$% 2- 1!"2!D,024 5!E%$%2,%1 6%47%%2

4+% 1/!2F$%1-@G%5 5!E%$%2,% 1/%,4$0' H2 /0$4!,#@0$I 4+% .-14 /$-.!2%24 3%04#$%

!2 4+% 1/!2F#/ ,+022%@ +01 !2 6-4+ ,01%1 1!.!@0$ !24%21!4;I 4+% 10.% 6!25!2"

%2%$"; /-1!4!-2 025 4+% 10.% 7!54+' *+!1 -61%$G04!-2 ,@%0$@; /$-G%1 4+04

4+% ,%24$0@ !-2 5-%1 2-4 /@0; 02 !./-$4024 $-@% !2 4+% 3-$.04!-2 -3 4+% 1/!2F

/-@0$!J%5 !24%$30,% 1404%1'

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

H2 ,-@@06-$04!-2 7!4+ 0 4+%-$%4!,0@ "$-#/ 04 4+% H9K8LI 7% 7%$% 06@% 4- #2F

5%$14025 4+% 14$-2" /-1!4!G% 1/!2 /-@0$!J04!-2 -3 4+% !24%$30,% 1404%1 ,@-1% 4-

4+%  %$.! @%G%@' *+% ,0@,#@04!-21 7%$% /%$3-$.%5 6;  04!.0 M@!FH6$0+!. 01

/0$4 -3 +%$ 9+N 4+%1!1' M@@ 5%21!4; 3#2,4!-20@ 4+%-$; ?N *C ,0@,#@04!-21 7%$%

,0$$!%5 -#4 6; .%021 -3 4+% >ML9 /0,O0"% PQBR 025 4+% "%2%$0@!J%5 "$05!%24



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

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

89":*7  (2 ;"(1*",#) <=>?@ A,*4 90*2 ',* !"#B*+'#"  9-&*('*2 6 C* D5EFG

!0*92#!#'*('% /0  0 !"#C%2*2 34 HEI5 <=J?@ A,* 6* : C (.2*".F  /0 DC2FG

%('*" +'%#( 6 0 +#&!9'*2 6%',%( ',* 0#.+ //*2 KKE.LM  !!"# +, 2*C*/#!*2

34 K"%&&* <==?  (2 / '*" %&!/*&*('*2 %( ',* HEI5 ! +: -* <NOO?@ A,%0

)#"& /%0& + ( +#""*+'/4 "*!"#29+* ',* *$!*"%&*(' //4 2*'*"&%(*2  '#&%+ 2%0.

' (+*0 3*'6**( &#/*+9/ " 0%'*0  (2 &*' //%+ 0%'*0 <NON?@ P++ Q#DOONG  (2 )++

Q9DOONG 09") +*0 6*"* &#2*/*2 34 90%(-  09!*"+*// #) R  '#&%+ ST #) 8× 8

 '#&0 0*! " '*2 34  C +99& "*-%#(@ A,* / ''%+* C*+'#" !*"!*(2%+9/ " '# ',*

09") +* %0 R (&@ A,%0 "*09/'0 %(  09!*"+*// #) MU=  '#&07 %(+/92%(- ',* V>

 '#&0 #) ',* S(5+ &#/*+9/*@ I%(+* *$!*"%&*('0 90*2 +#3 /' W/&0 *!%' $% //4

-"#6( #( Q9DOONG7  )++ / ''%+* ! " &*'*" #) O@RX (& )#" 3#', +#3 /'  (2

+#!!*" 6 0 90*2 %( ',* + /+9/ '%#(0@ Y' 6 0 )#9(2 ', '  22%'%#( / ST0 6%//

(#' +, (-* 0%-(%W+ ('/4 ',* "*09/'0 <NOM?@ E :%(*'%+ *(*"-4 +9'#Z #) UVO *H , 0

3**( 90*2 )#" ',* !/ (*.6 C* 3 0%0 0*'@ P#" ',* 0'924 #)  0%(-/* &#/*+9/* #(  

&*' //%+ 09") +*7 #(/4 ',* Γ.!#%(' 6 0 90*2 '# 0 &!/* ',* W"0' 8"%//#9%( 1#(*@

L[I 6*"* + /+9/ '*2 90%(-  N &*H *(*"-4 &*0,  (2  K 900% ( 3"# 2*(%(-

#) MO &*H PF\S@ I!%(.#"3%' %('*" +'%#( 6 0 %(+/92*2 !*"'93 '%C*/4 %( ',*

 9-&*(' '%#( "*-%#(  ' * +,  '#&%+ 0%'*@

; "/%*" + /+9/ '%#(0 !*")#"&*2 #( Q#]5+ %('*") +*0 6%', 9("*/ $*2  '#&%+

!#0%'%#(0 !"*2%+'*2  0!%( !#/ "%1 '%#( #) −25% <MU?7 " ',*" ', ( ',* +80%

(#6 &* 09"*2 *$!*"%&*(' //4@ A# &#"* "* /%0'%+ //4 2*0+"%3* ',* %('*") +*7

',* (*6 )#"& /%0& 90*2 34 P '%& E/%.Y3" ,%& "*/ $*0  '#&%+ !#0%'%#(0  (2

%(+/92*0 C (.2*".F  /0 )#"+*0 0#  0 '# ^9 ('%' '%C*/4 "*!"#29+* ',* +"9+% //4

%&!#"' (' &#/*+9/*.0930'" '* 2%0' (+* %()*""*2 )"#& $." 4 0' (2%(- 6 C* &* .

09"*&*('0 <NON?@ A,%0 /* 20 '#  W( / 2%0' (+* ∆z 3*'6**( Q#  (2 ',*  2.

0#"3*2 &#/*+9/* #) M@N A◦
@

A# 9(" C*/ ',* )#"& '%#( #) ',* 0!%('*") +*7 6* W"0' *$ &%(* ',* 0' '*0 #)

',* '6# 040'*&0 _&#/*+9/*.Q#_ 6%', +#&&#( P*"&% /*C*/ %( ',*  30*(+* #)

%('*" +'%#(0 3*'6**( ',*& D0** P%-@ V@=D GG@ A,* Q# 2.0!%( ↓ 3 (2 +"#00*0 EF 7

6,%/* ',* 2 0!%( ↑ 3 (2 *(20  ' ;.;F ` .O@>*H@ E3#C* ',%0 *(*"-4 /*C*/7 ',*

0!%( ↑ 093.3 (2 *$,%3%'0 #(/4 0& // L[I 0!%:*0 ', ' +#""*0!#(2 '# 09") +*

0' '*0@ A,* &#/*+9/* *$,%3%'0  S[ #(/4 %( ',* 0!%( ↓ +, ((*/ (* " ;F @

E20#"!'%#(.%(29+*2 2%0!/ +*&*('0 #) ',* &#/*+9/*a0  '#&0 #C*" // !"#&#'*  

0/%-,' *(*"-4 0,%)' D∼ 30 &*HG #) ',* S[0@

F* (#6 '9"( #( %('*" +'%#(0 3*'6**( ',* &#/*+9/*  (2 ',* Q# 09") +* 34
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 !"#$% &'()  ! "#$ %&!"'()$ *$"+$$( ,-.$)/.$ '(% "#$ 0- !/12')$ &! 1$%/)$% 21-, 3'4 565

A◦
"- 3*4 768 A◦

'(% "- 3)4 "#$ 9('. :-!&"&-( -2 ;6< A◦
= :>% #?*1&%&@'"&-( +&"# "#$ 0- !:&(

↓ *'(% )'/!$! $($1A$"&)'..? !#'1:= !:&( ↓ BC! &( "#$ @>DCE "- %&!:$1!$ 31$% '1$' -2 :'($.
%4= .$'%&(A "- ' ,-(-"-(-/! !:&(>↓ @>DCE 3*.')F4 '"G($'1 EF 31&A#">#'(% A1':# -2 :'($.

)46 H( "#$ !:&( ↑ )#'(($. '" "#$ I&)&(&"? -2 JF = "#$1$ '1$ ($&"#$1 0- % *'(% !"'"$! (-1 BC!

*/" !&,:.? 0- !/12')$ !"'"$! 3:'($. '4 "#'" *$A&( "- #?*1&%&@$ '! "#$ ,-.$)/.$ &! *1-/A#"

).-!$1 &( 3:'($. *4 '(% .$'%= '" "#$ 9('. ,-.$)/.'1 :-!&"&-( 3:'($. )4= "- $($1A$"&)'..? !#'1:

:$'F! "#'" )1-!! JF 6 K#$!$ !/12')$ &(%/)$% !:&("$12')$ !"'"$! 3EHEE4 )'11? I&1"/'..? (- 0-

!>)#'1')"$1 3A1'? %'"'!$"! &( :'($.! '=*=)4 '(% &(I-.I$ '.. '"-,&) !:$)&$! -2 "#$ ,-.$)/.$

3:'($. $46 K#$ !:&("$12')$L! :.'('1 DCE 3:.>DCEM ,'A$("'4 ($'1 JF &! ,-!".? 2$'"/1$.$!!

'(% '%-:"! "#$ !:&( :-.'1&@'"&-( -2 0- 31&A#" '(% .$2">#'(% A1':#! -2 :'($. )46

$%*#+!," ∆z -. /'& A◦
0 !"' &'(0122' 3- -4!5 *!5-6,+%7 π8.$1!-695 -46- 5:6-!699;

%<-%,* :%$:%,*!+#96$9; -. -4% ,65+%,- !,-%$=6+% :$.>.-% ?6@%=#,+-!., .@%$96:

1%-?%%, -4% >.9%+#9% 6,* A. 5#$=6+% 5!-%57 +6#5!," BF -. 54!=- =$.> BC8D'E %F

-. BC8D'D %F' 3- -4% @!+!,!-; .= BF 7 -4% A. 5:!, ↓ 5-6-%5 6,* 5:!, ↑ 5#$=6+%
5-6-%5 6$% 9!--9% 6G%+-%*' H, +.,-$65-7 -4% !,-%$6+-!., 5-$.,"9; >.*!I%5 -4%

>.9%+#9%J5 5-6-%5) ?4!9% :96,6$ 5-6-%5 $%>6!, >.5-9; #,6G%+-%*7 :%$:%,*!+#96$

5-6-%5 %<:%$!%,+% -4% .,5%- .= 4;1$!*!K6-!.,' L% %>:465!K% 4%$% -46- -4%$%

6$% ,. 5:!, ↑ MN 6-O,%6$ EF 0$!"4-846,* :6,%9 .=  !"' &'(0122'
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 ! !"# $%&' ∆z ( )*+ A◦
,-./* 0*1,2334 !"# 56'#27'# &%8 96 :7;<&2# :.!#:

5&= <7''= "=>;.8.?# !6 <6;5 !"# :@.%!#;<&2#* A6;# @;#2.:#'=4 &'' 265>.%&!.6%:

6< :B@4@B8 &%8 :B8 "=>;.8.?&!.6% 5&= 6227;* C#2&7:# <22 96,DD+3 .: 6>E.67:'=

%6! "&'<B5#!&''.2 F+G4 +DHI4 !"# 96JA%K2 :@.%!#;<&2# :"&'' :!;6%/'= !;&%:5.!

!"# "./"'= :@.%B@6'&;.?#8 8B265@6%#%! 6< !"# 96 LMN &%8 &!!#%7&!# !"# :B

&%8 @B 265@6%#%!:* O"7:4 !"# .5@6;!&%! P7#:!.6% .:Q R6S .: !"# 96 8B>&%8

LMN !;&%:5.!!#8 6%!6 !"# 56'#27'# .% #&2" :@.% 2"&%%#'T

K;.6; !6 &8:6;@!.6% &%8 .% !"# :@.% ↓ 2"&%%#'4 !"# 96 8 >&%8 ?BLMN .%!#;B
:#2!: UF &%8 !"# ?BLMN 6< !"# <;## 56'#27'# &':6 #V".>.!: & AM &!J%#&; UF *

R=>;.8.?&!.6% .: !"#;#<6;# /6E#;%#8 >= !"# S#''W%6S% :@.%!#;<&2# 5#2"&%.:5

6< :@.%B8#@#%8#%! >;6&8#%.%/ 6< AM: 87# !6 >&%8 "=>;.8.?&!.6% F)04)X4++DI*

O"# ;#:7'!.%/ CYNN ,>&%8B.%872#8 :@.%!#;<&2# :!&!#:3 &;# :"&8#8 .% ;#8 .% -./*

0*1,83* O"#:# CYNN #V".>.! & Z&!4 26%!.%767: #%#;/= 8#@#%8#%2# &2;6:: UF *

R6S#E#;4 !"# 56'#27'# 86#: %6! #V".>.! &%= :.?#&>'#4 @;##V.:!.%/ :@.% ↑
?BLMN &! !"# E.2.%.!= 6< UF !6 "=>;.8.?# S.!"4 &%8 !"# 96 :7;<&2#[: 8B>&%8

86#: %6! 2;6:: UF *  %6!"#; :@.%!#;<&2# <6;5&!.6% 5#2"&%.:5 57:! !"#;#<6;#

&2267%! <6; !"# &@@#&;&%2# 6< #%!.;#'= %#S4 "=>;.8 :!&!#: .% !"# :@.% ↑ 2"&%%#'
S.!".% B)*G #\ ]U] B+*1 #\4 .*#* &! !"# E.2.%.!= 6< UF ,:## ;./"!B"&%8 @&%#'

6< -./* 0*1,23 &%8 !"# :#/5#%! 6< !"# :@.%!#;<&2# ?BLMN :"&8#8 .% /;##% .%

-./* 0*1,833* L7# !6 !"# K&7'. #V2'7:.6% @;.%2.@'#4 !"#:# %#S'= <6;5#8 NYNN

,:7;<&2#B.%872#8 :@.%!#;<&2# :!&!#:3 S".2" '.# &! !"# E.2.%.!= 6< UF 2&%%6!

6227@= !"# :@.% ↓ :!&!#: :.%2# !"#= &;# &';#&8= 6227@.#8 >= 964&%8 "#%2#
&@@#&; 6%'= .% !"# :@.% ↑ 2"&%%#'* O"# @;#:#%2# 6< !S6 :"&;@4 !&'' @#&W: %#&;
UF ;#Z#2!: & '.<!.%/ 6< 8#/#%#;&2= .%872#8 >= 7@S&;8 ,86S%S&;83 >72W'.%/ 6<

!"# >#%?#%# ;.%/: >#'6S ,&!3 EF &'6%/ #&2" 6< !"# !S6 6;!"6/6%&' &V#: !"&!

8#$%# !"# <;## 56'#27'#[: ^B<6'8 :=55#!;=* O".: 7%8#;:26;#: "6S 2;72.&' .! .:

!6 <7''= ;#'&V !"# .%!#;<&2# :!;72!7;# .< 6%# S.:"#: !6 :!78= NYNN*

-627:.%/ %6S 6% !"# LMN !"&! 26%!;.>7!#: !6 !;&%:@6;! &! _O4 S# @;#:#%!

.% -./* 0*+D,2B83 :@.%@6'&;.:#8 :@&!.&' 5&@:4 !&W#% &'6%/ !"# 8&:"#8 '.%#

6< -./* 0*+D,&34 6< !"# 96JA%K2 .%!#;<&2# LMN S.!".% EF − 25meV < E <

EF +25meV ,:## -./* 0*+D,>33*  :.8# <;65 !"# 2#%!;&' A% :.!#4 !"# ;#5&.%.%/

` &%8 9 :.!#: #V".>.! E#;= '&;/# @6:.!.E# :@.% @6'&;.?&!.6% &! UF !"&%W: !6

#'#2!;6%.2 :!&!#: !"&! &;# 2'#&;'= "=>;.8.?#8 S.!" !"# 96 .%!#;<&2# &!65:* Y%

<&2!4 !"#:# .%!#;<&2# :!&!#: &;# @;#:#%! 6% &'' &!65.2 :@#2.#: 6< !"# 56'#27'#

,-./* 0*1,#33 &%8 !"#.; &5@'.!78# !;#%8: S.!" !"# %75>#; 6< 56'#27'&; %#&;#:!B

%#./">6;: <6; & /.E#% 96 :@.%!#;<&2# :.!#*
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 ! "F # $%!& !&' '(')*'!+,-../ 01%%!& 2344 +( !&' 05+( ↓ ,&-(('. -(6 !&'
'(')*'!+,-../ 0&-)5 4344 +( !&' 05+( ↑ ,&-(('. 6'7(' !&' 0+*( -(6 -15.+!86'
%9 !&' 05+(!')9-,':0 05+( 5%.-)+;-!+%(< =8' +( .-)*' 5-)! !% !&' '(')*'!+,-../

0&-)5 4344 !&-! ,)%00'0 "F # >' 7(6 !&-! P = 80%< ?&80# ,%(0+6')+(* !&' .+1@

+!-!+%(0 %9 !&' ,%15-)+0%(# >' 7(6 !&-! $%!& !&'%)/ -(6 !&' 6+)',!A+(B')0' C"
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Study of organic semiconductor/ferromagnet interfaces by 

spin-polarized electron scattering and photoemission. 

 

 

Résumé 

J'ai étudié les interfaces semi-conducteur organiques/ferromagnétique par la diffusion des électrons et la 

photoémission résolue en spin. Dans la première partie, un comportement inattendu de la réflexion d'électrons 

dépendante de spin à ces interfaces est observé. En fait, une couverture sous-monocouche des molécules 

organiques rend l’amplitude de réflexion d’électrons indépendante de spin, c.à.d. que la réflectivité ainsi que la 

phase de réflexion devient indépendante de l'orientation du spin des électrons incidents. Bien que je ne sois pas 

en mesure d'identifier la cause de ce phénomène, je montre qu'il s'agit d'un phénomène très général qui est 

indépendante de l'énergie des électrons primaires, du choix du substrat ferromagnétique, du choix de la 

molécule organique, et de l'orientation de la polarisation initiale. Il n'est pas du à un changement de 

l’aimantation de surface, à une dépolarisation des électrons primaires, ou à une interaction directe des 

molécules avec le substrat ferromagnétique. En outre, la théorie ne prédit pas les résultats expérimentaux et 

d'autres recherches sont donc nécessaires pour dévoiler la physique derrière ces observations. Dans la seconde 

partie de ma thèse, les expériences de photoémission résolue en spin sont réalisées au synchrotron SOLEIL. Le 

résultat principal est l'observation d'un état électronique induite par les molécules organiques près du niveau de 

Fermi qui est hautement polarisé en spin. Des mesures en fonction de l’épaisseur de la couche organique 

permettent d’identifier le caractère interfacial de cet état électronique. Enfin, ces résultats sont comparés avec 

des calculs théoriques effectués à l'institut. 

 

 

Résumé en anglais 

I studied organic semiconductor/ferromagnet interfaces by characterizing them by spin-polarized electron 

scattering and photoemission spectroscopy experiments. In the first part, a completely unexpected behaviour of 

the spin-dependent electron reflection properties of these interfaces is observed. In fact, sub-monolayer 

coverage of the organic molecules makes the electron reflection amplitude independent of the spin, i.e. both the 

reflectivity and the reflection phase become independent of the spin orientation of the incident electrons. 

Although I am not able at the moment to identify the cause of this phenomenon, I show that it is a very general 

phenomenon which is independent of the energy of the primary electrons, the choice of the ferromagnetic 

substrate, the choice of the organic molecule, and of the orientation of the initial spin polarization. It is not due 

to a change of the surface magnetization, a depolarization of the primary electrons, or a direct interaction of the 

molecules with the ferromagnetic substrate. Moreover, theory does not predict so far the experimental results 

and further research is required to unveil the physics behind these observations. In the second part of my thesis, 

spin-resolved photoemission experiments have been performed at the synchrotron SOLEIL. The main result is 

the observation of a highly spin-polarized molecule-induced electronic state close to the Fermi level. 

Measurements as a function of the organic layer thickness allow us to determine the interfacial character of this 

electronic state. Finally, these results are compared with theoretical calculations performed at the institute. 
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