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Excepto si se señala otra cosa, la licencia del ítem se describe como openAccess 
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-1#$#. "#, #7-*# $(" +(7( 3%"3(,(" ( +,'"/ *#" *;"#,) #./,# #**(" *(" . .(+,'"/ *#" <=> ?@AB8

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

C. "%*'$(" +,'"/ *'.(") 1. $#3#+/( "# $#D.# +(7( 1. -#,/1,! +'%.  * -#,'($'+'$ $ 61#

-,#"#./ * ,#$ 7'+,("+%-'+ $# 1. +,'"/ *) +(./, "/ .$( +(. *( 61# "# +(."'$#, 1. +,'"/ * -#,3#+/(8

E'. #7! ,0() #. * ,# *'$ $ /($(" *(" +,'"/ *#" -,#"#./ . $#3#+/(" ?@FB8 E# *#" $#.(7'. $#3#+/("

-1./1 *#"   61#**(" 61# "# $ .  .':#*  /%7'+() #" $#+',)  .':#* $# * " -("'+'(.#" $# *(" ;/(7("

'.$':'$1 *#"8 G(" $#3#+/(" -1./1 *#" $# 1. 7 /#,' * -1#$#. "#, +* "'D+ $(" #. /,#" /'-(" 0#.#, *#"H

@8 I#3#+/(" './,4."#+(" ( . /1, *#"8

91#$#. "#,H

 J K + .+' " ( 3 */ $# ;/(7(" L$#3#+/(" E+2(//M5J8

!J I#3#+/(" './#,"/'+' *#" L$#3#+/(" N,#.M#*J8 O(."'"/# #. '."#,/ , 1. ;/(7( X #. 1. "'/'(

.(  -,(-' $( $# * ,#$ 61# 3(,7 1. +'#,/( +,'"/ * X8

+J I#3#+/(" $# "1"/'/1+'%.8 9(, #P#7-*( '(.#" 2 *1,( #. "'/'("  *+ *'.("8

Q8 I#3#+/(" #&/,4."#+(" ( '7-1,#R " L+(7( '7-1,#R " 6147'+ "J8

91#$#. $ ,"# $#!'$(  H

 J E1"/'/1+'%. +(. '7-1,#R "H 1. ;/(7( Y /(7 #* *10 , $# 1. ;/(7( X8

!J S."#,+'%. $# '7-1,#R "H 1. ;/(7( X #" '."#,/ $( #. 1. "'/'(  $'+'(. * .( -#,/#.#+'#./#

 * +,'"/ * -#,3#+/(8

T8 I#3#+/(" -,($1+'$(" -(, , $' +'%. '(.'R ./# #. 2 *1,("  *+ *'.("8

E(. ** 7 $(" +#./,(" $# +(*(, -1#" "1#*#.  !"(,!#, *1R #. #* , .0( $#* :'"'!*#) $ .$( +(.

#**( 1. +(*(,  * 7 /#,' * +,'"/ *'.( 61# #. 1. -,'.+'-'( #, /, ."- ,#./#8 E(. 0#.#, $(" -(,

* './,($1++'%. $# '7-1,#R " ( '(.#" 7#/;*'+(") -(, , $' +'%. X ( γ) -(, !(7! ,$#( $#

#*#+/,(.#" 5 .#1/,(.#") ( -(, #*#+/,%*'"'"8
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 ! "#$ %!&!'(#$ )*+(*,"!$ -, .!+'/#+,%#$0 "#$ '#.1+.!+(! #2$!34,%#$ !+ $5"/%#$ $#+ "#$ %!6

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

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

# %!&!'(#$ A3!+:!" ;<(#.#$ =*! #'*),+ *+ "*B,3 !+ ", 3!% '3/$(,"/+, =*! !+ )3/+'/)/# %!2! !$(,3

4,'?#@C D+ '*,+(# , "#$ '!+(3#$ %! '#"#30 "#$ .<$ '#.*+!$ $! )3!$!+(,+ !+ ", (,2", ECE FEG0EHIC

J*,+%# ", 2,+%, )3#9/2/%, %! .,(!3/,"!$ 5>/%#$ !$ %#),%, )#3 .!(,"!$ %! (3,+$/'/5+ ;J30

A! - K+@ $*$ )3#)/!%,%!$ $! 4!+ ,&!'(,%,$C L, ,)"/','/5+ )#(!+'/," %! !$(! .,(!3/," !+ B3,+

.!%/%, !$ %!(!3./+,%, )#3 $*$ )3#)/!%,%!$ 5)(/',$0 =*! , $* 4!70 $#+ %!(!3./+,%,$ +# $5"# )#3

$* !$(3*'(*3,0 $/+# (,.2/M+ )#3 ", )3!$!+'/, %! %!&!'(#$C N#3 "# (,+(#0 !$ /.)#3(,+(! %!(!3./+,3

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

L, "*./+/$'!+'/, !$(/.*",%, (M3./',.!+(! !$ *+, 9!33,./!+(, !>)!3/.!+(," !P'/!+(! ),3, !"

!$(*%/# %! %!&!'(#$ )*+(*,"!$ !>(3?+$!'#$ ! /+(3?+$!'#$ !+ *+, 3!% '3/$(,"/+,C D+ !"", $! #2$!34,+

"#$ )3#'!$#$ %! ,(3,),./!+(# - 3!'#.2/+,'/5+ !"!'(35+/',0 &!+5.!+#$ !+ "#$ '*,"!$ "#$ %!&!'(#$

$#+ ,'(#3!$ /.)#3(,+(!$ FQRIC

D" .,(!3/," STU %#),%# '#+ Ce3+ ;J!VSTU@ !$ *+ &5$&#3# 2/!+ '#+#'/%# *(/"/7,%# !+ %/$)#6

$/(/4#$ %! /"*./+,'/5+ %! !$(,%# $5"/%# '#+ "*7 2",+', ;88L@ %!2/%# , $* ',),'/%,% %! '#+4!3(/3 ,

,.,3/"", λ ∼ 570− 590 +. ),3(! %! ", "*7 ,7*" λ ∼ 450− 495 +. !./(/%, )#3 *+ %/#%# !./$#3 %!

"*7 ;LD @ , 2,$! %! U,W ;+/(3*3# %! B,"/#@C L, ,2$#3'/5+ !+ !" ,7*" - ", !./$/5+ !+ !" ,.,3/""#

)#3 ),3(! %!" .,(!3/," $! %!2!+ , ",$ (3,+$/'/#+!$ 4f −→ 5d - 5d −→ 4f %!" Ce3+0 "# '*,"

%!)!+%! %! ", !$(3*'(*3, "#'," %!" %!&!'(# )#3 $*$(/(*'/5+ J!C N#3 !X!.)"#0 !+ *+ /+(!+(# ),3,

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

'#6%#),X! 9, $/%# *(/"/7,%# '#.# *+ .!%/# )3<'(/'# ),3, /%!+(/P',3 !" '#33/./!+(# ," ,7*" - !"

'#33/./!+(# ," 3#X# %! ", !./$/5+ 5d −→ 4f 0 '*!$(/5+ =*! $! '#+$/%!3, *+, %! ",$ '",4!$ %! ",$

(!'+#"#B?,$ 88L FQEIC

L#$ %!&!'(#$ .<$ '#.*+!$ !+'#+(3,%#$ !+ STU /33,%/,%# )#3 +!*(3#+!$ $#+ 4,',+'/,$ ,+/5+/6

',$C L, 4,',+'/, %! ,+/#+!$ #'*33! !+ %#$ !$(,%#$ %! ',3B,V '!+(3#$ (/)# A

+
- A0 =*! '#33!$)#+%!+

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

.<$ '#.1+ $#+ "#$ '!+(3#$ (/)# YC D" .<$ $/.)"! %! !$(#$ '#+$/$(! %! *+ 9*!'# ,(3,),%# !+ ",

4,',+'/, %!" /#+ .!(<"/'# 9*M$)!%0 '#+ !" 9*!'# $/!+%# '#.),3(/%# '#+ !" #>?B!+# %! X*+(# FEOIC
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4'5&(1 2' 61#1( 7'85)6)95

 

!" #$ %&" "'%($#) *+,"'"-# #, ., #$#/-01, $'234+ 3 $3 53/3,/'3

4# ., '+, ,#23-'5+)

6

!" "'%'$30 3$ /#,-0+  7 /+, $3 4'8#0#,/'3 9.# $3 53/3,/'3 #"

4# ., '+, (+"'-'5+) :#(0#"#,-3 .,3 -03%(3 4# ;.#/+")

VK

<# +=-'#,# /.3,4+ ., ;.#/+ #" 3-03(34+ (+0 ., (30 4# '+,#"

,#23-'5+")

V3

*+,"'"-# #, .,3 %+$>/.$3 4# ;3$12#,+ ,#.-03 9.# +/.(3 #$

"'-'+ 4# ., '+, ;3$12#,+)

:

?3%='>, #" $$3%34+ /#,-0+ F3) !, >$ -0#" 53/3,/'3" 4# '+,

,#23-'5+ 3-03(3, -0#" #$#/-0+,#")

?3=$3 @)@A *#,-0+" 4# /+$+0 %&" 80#/.#,-#" #, "1$'4+" /0'"-3$',+" B@CD)



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

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

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

+,!-(% '" '4#,'"*% ! $!(&!+&)- '/'+*$%.!5-6*&+! 7/,89: ;/5,-!" #$%#&'(!('" )#*&+!" (' &-*'$6"

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

$$'1$&-5'-+&!= $'?'+*&@&(!( A #%/!$&8!+&)-:

B$&//%: C' $'0'$' !/ !"#'+*% 5'-'$!/ (' /! ",#'$0+&' (' ,- .!*'$&!/ +,!-(% "' $'?'D! /! /,8: E/

<$&//% (' /%" .!*'$&!/'" #,'(' "'$ .'*F/&+% A -% .'*F/&+%:

G%/%$: G,!-(% /! /,8 &-+&(' '- /! ",#'$0+&' (' ,- .&-'$!/= #!$*' (' '//! "' $'?'D! A #!$*'

"' $'1$!+*!: C& /! /,8 -% ",1$' !<"%$+&)-= '/ .!*'$&!/ '" &-+%/%$%:  %" .!*'$&!/'" "%- +%/%$'!(%"

(!(% ! /! !<"%$+&)- (' $!(&!+&)- '- +&'$*% $!-5% (' /%-5&*,('" (' %-(!= (%-(' '/ +%/%$ '" '/

$'",/*!(% (' /! ",#'$#%"&+&)- (' !3,'//!" %-(!" '/'+*$%.!5-6*&+!" 3,' //'5!- !/ %D%:  %" &%-'"

(' +&'$*%" '/'.'-*%" !<"%$<'- /! /,8 .,A &-*'-"!.'-*' A ", #$'"'-+&! '- +!-*&(!('" #'3,'H!"=

!,- '- *$!8!"= #,'(' "'$ /! +!,"! (' 3,' '/ .!*'$&!/ *'-5! ,- +%/%$ &-*'-"%: E"*%" '/'.'-*%" "%-

('-%.&-!(%" +$%.)1%$%":

I$!-"#!$'-+&!: C'5J- '/ +%.#%$*!.&'-*% 3,' #$'"'-*'- /%" .!*'$&!/'" !-*' /! /,8= #,'('- "'$

+/!"&0+!(%" (' /! "&5,&'-*' .!-'$!K

• L!*'$&!/'" *$!-"#!$'-*'"K C%- !3,'//%" 3,' ('D!- #!"!$ /! /,8 ! *$!@6" (' '//%" "&- -&-5,-!

(&0+,/*!(: M- %<D'*% @&"*% ! *$!@6" (' ,- .!*'$&!/ *$!-"#!$'-*'= #,'(' %<"'$@!$"' #'$1'+>

*!.'-*' +%- *%(%" "," ('*!//'":

• L!*'$&!/'" *$!-"/J+&(%"K C%- !3,'//%" 3,' ('D!- #!"!$ /! /,8 ! *$!@6" (' '//%"= #'$% *$!-">

.&*'- ,-! &.!5'- (&1,"!: M- %<D'*% @&"*% ! *$!@6" (' ,- .!*'$&!/ *$!-"/J+&(%= '" #$%<!</'

3,' "%/% "' /' (&"*&-5!- ", +%-*%$-%:

• L!*'$&!/'" %#!+%"K C%- !3,'//%" 3,' -% ('D!- #!"!$ /! /,8 ! *$!@6" (' '//%":

 ,.&-&"+'-+&!: N,'(' ('0-&$"' +%.% +,!/3,&'$ '.&"&)- (' /,8 #%$ #!$*' (' ,- .!*'$&!/ 3,'

-% '" $'",/*!(% (&$'+*% (' /! &-+!-('"+'-+&!: O%$.!/.'-*'= /! /,.&-&"+'-+&! ",'/' "'$ (6<&/ A

#,'(' %<"'$@!$"' J-&+!.'-*' '- /! %"+,$&(!(: C%- 1'-).'-%" /,.&-&"+'-*'" /! ?%$'"+'-+&!= /!

1%"1%$'"+'-+&!= /! *'$.%/,.&-&"+'-+&!= '*+: 7E"*' #,-*% "'$F (&"+,*&(% +%- .!A%$ ('*!//' '- /!

"'++&)- P:Q9:
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 !"#$% "% &%'()$$#*!+ ,-)!". -! /)0 "% 1-0 2)3) "% -! 4%"#. ) .5(. 2#%("% %!%(67) 89 %!

$.!3%$-%!$#)9 $)4:#) 3- ;%1.$#")"+ <35. 3% 5()"-$% %! -! $)4:#. "% "#(%$$#*! "%1 /)0 "% 1-0+

=) ;%1.$#")" (%1)5#;) "% 1) 1-0 >-% )5();#%3) -! 4%"#. 3% %?2(%3) 2.( 4%"#. "% -!) 2(.2#%")"

*25#$) 11)4)") 7!"#$% "% (%'()$$#*! @nA+ <1 ;)1.( "% n 3% "%B!% $.4. %1 $.$#%!5% "% 1) ;%1.$#")"

"% 1) 1-0 %! %1 ;)$7. 8 1) ;%1.$#")" "% 1) 1-0 %! %1 4%"#. $.!3#"%()".9 %3 "%$#(C

n =
c

v
@D+DA

=.3 7!"#$%3 "% (%'()$$#*! 2)() 1) 1-0 >-% 2)3) "% -! 4%"#. $.! 7!"#$% n1 ) .5(. $.! 7!"#$% n2

%35E! (%1)$#.!)".3 $.! 1.3 E!6-1.3 "% #!$#"%!$#) 8 (%'()$$#*! 3%6F! 1) 1%8 "% G!%11+

n1 sin θ1 = n2 sin θ2 @D+HA

G# 1) 1-0 5()!3#5) %!5(% ".3 4%"#.3 5)1%3 >-% n1 > n29 %1 E!6-1. "% (%'()$$#*! 3% /)$% 4E3

2%>-%I.+ =) )2)(#%!$#) "%1 4)5%(#)1 %3 -!) $.!3%$-%!$#) "% 1) 4)6!#5-" "%1 7!"#$% "% (%'()$$#*!+

<1 $%!5%11%. $)()$5%(735#$. )3.$#)". ) 1.3 "#)4)!5%3 8 ) $#%(5)3 2#%0)3 "% )(5% "% ;#"(#. %3 (%3-15)".

"% -! %1%;)". ;)1.( "% n9 1. $-)1 2%(4#5% >-% 3% 2(."-0$)! 4F15#21%3 (%J%?#.!%3 #!5%(!)3 "% 1)

1-0 %! %1 4)5%(#)1+

K#((%'(#!6%!$#)+ L)4:#M! %3 $.!.$#") $.4. ".:1% (%'()$$#*!+ <3 1) 2.3%3#*! "% 4E3 "% -!

7!"#$% "% (%'()$$#*! 2.( 2)(5% "% -! 4)5%(#)1+

&%J%$5#;#")"+ G% "%B!% $.4. 1) '()$$#*! "% 1-0 (%J%N)") 8 %35E (%1)$#.!)") $.! %1 7!"#$% "%

(%'()$$#*! ) 5();M3 "% 1) %$-)$#*! "% O(%3!%19 ".!"% 3# θi ≈ 09 3% 5#%!%C

R =

(

n1 − n2

n1 + n2

)2

@D+PA

<35) %$-)$#*! %3 -!) :-%!) )2(.?#4)$#*! %! -! )421#. #!5%(;)1. 2)() θi @E!6-1. "% #!$#"%!$#)A+

=.3 4)5%(#)1%3 $.! -! )15. 7!"#$% "% (%'()$$#*! 3.! 5)4:#M! )15)4%!5% (%J%$5)!5%3+

Q.1)(#0)$#*! "% 1) 1-0+ =) 1-0 2-%"% 3%( $.!3#"%()") $.4. -! 4.;#4#%!5. .!"-1)5.(#. $-8)3

;#:()$#.!%3 5#%!%! 1-6)( %! 5.")3 1)3 "#(%$$#.!%3 >-% '.(4)! E!6-1. (%$5. $.! 1) "#(%$$#*! "%

2(.2)6)$#*!+ ,-)!". %1 4.;#4#%!5. .!"-1)5.(#. 3% (%"-$% ) ;#:()$#.!%3 %! -! 3.1. 21)!.9 3% "#$%

>-% 1) 1-0 %35E 2.1)(#0)") %! -! 21)!. RHH9HPS+
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 ! "#$%&'#(%) )%"'*+!,-*$+&%) (# #.)+&*'/! ,% (-0 )% ,# ,% "#!#&# )%(%*$'1#2 3# #.)+&*'/!

,% (-0 4+& 4#&$% ,% (+) %(%*$&+!%) %! %( "#$%&'#( )/(+ +*-&&% )' (# %!%&56# hν ,%( 7+$/! '!*',%!$% %)

"#8+& 9-% *'%&$# *#!$',#, ,% %!%&56#Egap: (# *-;( %) #)+*'#,# # (# <.#!,# 4&+='.',#> ,% (# "-%)$&#

8 %)$; ,'&%*$#"%!$% &%(#*'+!#,# # (# (+!5'$-, ,% +!,# ,% %"')'/!?#.)+&*'/! ,%( ,')4+)'$'1+ /4$'*+

@AB:CCD2

 E4%&'"%!$#("%!$% )% =# %!*+!$&#,+ 9-% (+) "#$%&'#(%) 4#&# (+) *-#(%) Egap %) "%!+& # A2F

%G #.)+&.%! *+"4(%$#"%!$% (# &#,'#*'/!: 4+& (+ 9-% )- *+(+& %) !%5&+ H4+& %I%"4(+: J' 8 K#L)MN

(+) "#$%&'#(%) *+! Egap "#8+& # O2A %G !+ 4&%)%!$#! #.)+&*'/!: 4+& (+ 9-% $'%!%! (# *#&#*$%&6)$'*#

,% )%& $&#!)4#&%!$%) H4+& %I%"4(+: %( ,'#"#!$%MN 8 P!#("%!$% (+) "#$%&'#(%) *+! -! 1#(+& ,% Egap

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

-! *+(+& *#&#*$%&6)$'*+ @CCD2

 ( "#$%&'#( QLK 4+)%% -!# #"4('# .#!,# 4&+='.',#: (# *-#( %) ,% #4&+E'"#,#"%!$% R %G: *+!

-! !'1%( ,% S%&"' ,% A2B %G2 J- .#!,# 4&+='.',# ,%*&%*% *+! %( '!*&%"%!$+ ,% (# $%"4%&#$-&#2

 )$#) *#&#*$%&6)$'*#) (+ =#*%! #$&#*$'1+ $#!$+ /4$'*# *+"+ %(%*$&/!'*#"%!$% @ABD2

J% )#.% 9-% %( #".'%!$% ,% *&%*'"'%!$+ ,% (+) *&')$#(%) %I%&*% -!# '!T-%!*'# )-)$#!*'#( %! )-)

4&+4'%,#,%)2 L-!9-% =#8 -! !U"%&+ *+!)',%&#.(% ,% $&#.#I+) ,%,'*#,+) # (+) *%!$&+) ,% *+(+&

%! *&')$#(%) QLK: (# !#$-&#(%0# ,% (+) *%!$&+) $+,#16# !+ %)$; *(#&#"%!$% %!$%!,',#2 V! $'4+

4#&$'*-(#& ,% *%!$&+) )% +.)%&1# # "%!-,+ %! *&')$#(%) QLK *-($'1#,+) %! -!# #$"/)7%&# &%,-*W

$+&#: (+) *-#(%) 4&%)%!$#! -!# .#!,# ,% #.)+&*'/! 4&'!*'4#( %! ORX !" 8 (# .#!,# (-"'!')*%!$%

*+&&%)4+!,'%!$% %! YXX !"2 L,%";) ,% %)$# .#!,# 4&'!*'4#(: =#8 +$&#) .#!,#) %! (# &%5'/! ,%

(+!5'$-, ,% +!,# ";) *+&$# ,%( %)4%*$&+ ,% %E*'$#*'/!2 V!# *+!,'*'/! !%*%)#&'# 4#&# +.$%!%& -!#

*+!*%!$&#*'/! *+!)',%&#.(% ,% (+) *%!$&+) "%!*'+!#,+) %) (# ,%P*'%!*'# ,% Al2O3 H+ %E*%)+ ,%

Y2O3M %! (+) *&')$#(%) ,% QLK2  ! 4&'!*'4'+: %( *+!)$'$-8%!$% 4&'!*'4#( ,%( *%!$&+ 4+,&6# )%& -!

*#$'/! '!$%&)$'*'#( + -! 1#*#!$% #!'/!'*+ *+! -!+ + ,+) %(%*$&+!%) #$&#4#,+) @CYD2

Z64'*#"%!$%: %( QLK %E='.% -!# (+!5'$-, ,% +!,# ,% %"')'/!?#.)+&*'/! %! (# &%5'/! %!$&% %(

1%&,% 8 %( -($&#1'+(%$#: ,%!$&+ ,%( %)4%*$&+ %(%*$&+"#5!

[

$'*+ @ABD2  ( "#$%&'#( QLK %) -! *&')$#(

#*$'1+ (;)%& *-#!,+ ,+4#!$%) $#(%) *+"+ \,: Z":  & + ]& )+! -)#,+)2 J'%!,+ *U.'*+ !+ 4&%)%!$#

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

(# $#.(# A2C )% 4&%)%!$#! (#) 4&+4'%,#,%) ,%( QLK '"4+&$#!$%) %! (# ,%)*&'4*'/! /4$'*# ,%(

"')"+ @C^_CRD2
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4(10)'2%2 56.)7%. - 80&)7%. 9%:;)&/2

 !"#$ %& '(!")*+)+," -./0 ! 1.1 µ*

2"%+3& %& (&4(!33+," 0.501/6 &" 0.-7 µ*

8&(%+%!) 9$( (&:&;+," 07.<= &" 0.-7 µ*

>$&?3+&"'& %& !@)$(3+," A!'&"B!3+,"C "D!

8+3$ %&  &)')'(!EF&" "D!

G&")+%!% H.17 #D3*

3

8B"'$ %& 4B)+," 0IH-

◦C

>$"%B3'+J+%!% 'K(*+3! 0/.I L·*−1
M

−1

GB(&N! 0/01 AO)3!F! M"$$9C

>!F$( &)9&3P?3$ 1I- Q·M#−1
M

−1

>$")'!"'& %+&FK3'(+3! 00.<

R,%BF$ %& S$B"# 6-- T8!

R,%BF$ %& 3+N!FF!%B(! "D!

R,%BF$ %& 3$*9(&)+@+F+%!% "D!

UP*+'& &FV)'+3$ !9!(&"'& /5- R8!

>$&?3+&"'& %& 8$+))$" -./5

W!@F! 0./X 8($9+&%!%&) 4P)+3!) Y ,9'+3!) %&F *!'&(+!F SZT [/1\.



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

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

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

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

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

.!1%!(%,&)' %,&%0!&/)' ;<=>?  ! "#0 )$%/%1! 2,. 2!./) 1)" $!/).%!" /%)&) #&! $!:,. ",&6%/#1 1)

,&1! @#) "! .!1%!(%+& %&(%1)&/) A ): 1) B/,C)'D : )""! )' (!.!(/).-'/%(! 1)" $!/).%!" "#$%&%'()&/)3

&, 1) "! .!1%!(%+& %&(%1)&/) ;EF>?

 !"! ! #$%&'$%() *+',%,)-$%.$) / 01.(2() 2$ 34-,.5-,&%

G!.! ,5').7!. )" *)&+$)&, 1) "#$%&%'()&(%! )' &)()'!.%, (,&/!. (,& #&! *#)&/) 1) .!1%!(%+& )8H

/).&! "! (#!" 2.,$#)7! "! )8(%/!(%+& 1) ",' )")(/.,&)' )& )" $!/).%!"?  ! )$%'%+& 1) "#0 /%)&) "#6!.

)& #& /%)$2, (!.!(/).-'/%(, τc 1)'2#I' 1) "! !5',.(%+& 1) .!1%!(%+&3 )'/, )'3 )" /%)$2, @#) /,$!

! ",' )")(/.,&)' .)6.)'!. 1) #& &%7)" )8(%/!1, ! #& &%7)" 1) $)&,. )&).6-!? J'/) 2!.K$)/., 4!()

2,'%5") '#5("!'%L(!. )" *)&+$)&, 1) "#$%&%'()&(%! (,$, M#,.)'()&(%! Aτc < 10−8
'D : *,'*,.)'H

()&(%! Aτc > 10−8
'D3 '%)&1, (!1! #&! (,&'%1).!1! (,$, #& 2.,()', %&1)2)&1%)&/) : 1)2)&1%)&/)

1) "! /)$2).!/#.!3 .)'2)(/%7!$)&/) ;EF>?

 ! *,'*,.)'()&(%! 2#)1) '). '#5("!'%L(!1! (,$, *,'*,.)'()&(%! 1) 2).%,1,' (,./,' Aτc < 10−4

'D : 1) 2).%,1,' "!.6,' Aτc > 10−4
'D? J'/) /%)$2, 1) .)/.!', )& )" (!', 1) "! *,'*,.)'()&(%! )'

!',(%!1, ! "! )8%'/)&(%! 1) )'/!1,' $)/!)'/!5")' A1)*)(/,' ) %$2#.)0!'D )& )" $!/).%!"3 ",' (#!")'

',& (,&'%1).!1,' (,$, /.!$2!' )")(/.+&%(!'?

 ! "#$%&%'()&(%! 1) #& $!/).%!"3 :! ')! ,.6K&%(, , %&,.6K&%(,3 ') 1)'(.%5) $)1%!&/) "! )$%'%+&

1) "#0 1)" $%'$,? N'-3 !"6#&,' /%2,' 1) *)&+$)&,' "#$%&%'()&/)' : ",' $I/,1,' 1) )8(%/!(%+&

#/%"%0!1,' )& ",' $%'$,' ',& 2.)')&/!1,' )& "! /!5"! <?O ;<=>?



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

4&$+/&$. 51/-$-)'&$%& 67%.(. (& 89'-%2'-+$

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

2*3"/"#$%!&!'()&(!* 4*5"' (*36/!("' 78*()' /) )#)(3,"&)'9

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

+#)(3,"#$%!&!'()&(!* 2*%;"' )#<(3,!("'

="3"#$%!&!'()&(!* ="3"&)' 7,*/!*(!6& >?@ A!'!0#) ) B49

C!)D"#$%!&!'()&(!* C,)'!6&

E,!0"#$%!&!'()&(!* =,!((!6&

4*/!"#$%!&!'()&(!* 4*/!*(!6& !"&!D*&3)

F"&"#$%!&!'()&(!* G&/*' /) '"&!/"

=#$",)'()&(!* 4*/!*(!6& !"&!D*&3)@ >? 5 #$D A!'!0#)

="'H",)'()&(!* 4*/!*(!6& !"&!D*&3)@ >? 5 #$D A!'!0#)

E),%"#$%!&!'()&(!* 4*/!*(!6& !"&!D*&3)@ >? 5 #$D A!'!0#)

E*0#* IJKL =)&6%)&"' #$%!&!'()&3)' "0'),A*/"' )& /!A),'"' %*3),!*#)' MINOJ



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

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

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

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

4,)8%!$)&*) )94#)'*. ! ,!-%!(%2&: ". (#!" &. -)7) '), (.&;#&-%-. (.& "! )$%'%2& )'4.&*<&)! -)

"#3 -) #&! '#'*!&(%! (#!&-. )'*! )' (!")&*!-! 6!'*! "! %&(!&-)'()&(%! =>?@A B" 4,%$), ,)5%'*,.

-) )$%'%2& 0 ;#) ,)!"%3!-. )& CDDE 4., F.7),* G.H")A B" ;)&2$)&. ;#) ,)4.,*!-. 4., "! F.H!"

I.(%!*H .;  .&-.& !')5#,!&-. 6!7), .7'),8!-. "#$%&%'()&(%! )& #& -%!$!&*) "#)5. -) 6!7),

'%-. (!")&*!-. )& "! .'(#,%-!- =>J@A

 !"!#! $%&'(&)&*+ ,-'./01'2/31+ .1 3/ 10&+&4' 21%0*3-0&'&+(1'21

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

-',0#&)0$($!*'(*$+2

34  & 0+-',$+& /'%' !', +$!&+(-' # !'0$*#(/)*-#,4 5#! 0'-+&'! (# '67$%'( ",#"$'/+/'! &)0$($!8

*'(-'!4

94  & 0+-',$+& /'%' +%!#,%', '(',:;+ /),+(-' +&:<( -$'0"# '( '& *)+& !'+ '6")'!-# + ,+/$+*$1(4

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

?+,+ @)' )( 0+-',$+& '67$%+ -',0#&)0$($!*'(*$+ '! ('*'!+,$+A #%&$:+/+0'(-'A )(+ '6"#!$*$1(

",'>$+ + &+ ,+/$+*$1(4  & 0+-',$+& (# ")'/' ",'!'(-+, B5 "#, !$0"&' *+&'(-+0$'(-# C '(.,$+0$'(-#4

D$ &+ $(-'(!$/+/ /' &+ &)E !' :,+F*+ *#0# .)(*$1( /' -'0"',+-),+ # -$'0"# '& ,'!)&-+/# '! &&+0+/#

*),>+ B5 GF:),+ 34=H4 5+ *),>+ B5 ",'!'(-+ )(# # 0I! 0I6$0#! &&+0+/#! "$*#! B5 J9KL4

 !"!5! 6/'./+ .1 7'1%89/ : ;&<131+ =*(/3&>/.*+

5+ !#&)*$1( /' &+ '*)+*$1( /' D*7,M/$(:', "+,+ '&'*-,#('! !)N'-#! + )( "#-'(*$+& "',$1/$*#

0)'!-,+ @)' &#! ($>'&'! '(',:O-$*#! "',0$-$/#! !' '(*)'(-,+ '( *$',-# ,+(:# /' >+&#,'! *#(#*$/#!

*#0# E#(+! "',0$-$/+!4 P-,#! "#!$%&'! >+&#,'! /' '(',:;+ *#(!-$-)C'( &# @)' !' *#(#*' *#0#

E#(+! # %+(/+! ",#7$%$/+! G%+(/ :+"!H4 5+ #*)"+*$1( /' *+/+ E#(+ # %+(/+ '! /'!*,$-+ "#, &+

.)(*$1( /' /'(!$/+/ /' '!-+/#!

N (E) = Z (E) f (E) G34QH



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

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

#"#)*+&  '$.!"'1%#$ 2 f (E) #$ %& 3-",'4"  #  '$0)'1-,'4"  # 5#)6'78')&,  & & .!)

f (E) =
1

e(E−Ef)/kT + 1
9:;<=

 !" # Ef #$ #% "'(#%  # 5#)6' ! .!0#",'&% >-+6',!; ?" #% ,#)! &1$!%-0!/ %!$ "'(#%#$  # #"#)*+&

.!)  #1&@!  # Ef #$0A" ,!6.%#0&6#"0# %%#"!$/ 6'#"0)&$ >-# %!$ >-# #$0A" .!) &))'1& #$0A"

,!6.%#0&6#"0# (&,+!$; B&)& 6&0#)'&%#$ ,)'$0&%'"!$ 9$#6',!" -,0!)#$ ! &'$%&"0#$= Ef $# #",-#"0)&

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

,!6.%#0&6#"0# %%#"&; ?$0! $'*"'C,& >-# "! .-# # D&1#) ,!" -,0'(' & #%E,0)',&; F& ,!" -,0'(' & 

#%E,0)',& $# .)#$#"0& G"',&6#"0# ,-&" ! & %!$ #%#,0)!"#$  # (&%#",'& $# %#$  & %& $-C,'#"0# #"#)*+&

.&)& $-.#)&) ,'#)0! (&%!) Egap 2 &$+ &%,&"H&) %& $'*-'#"0# 1&" & (&,+&/ -$-&%6#"0# ,!"!,' & ,!6!

1&" &  # ,!" -,,'4"; F& ,!" -,0'(' & σ  # #$0!$ 0'.!$  # 6&0#)'&%#$ #$0A ,&)&,0#)'H& & .!)

-"&  #.#" #",'& ,!" %& 0#6.#)&0-)& #" %& 3!)6& exp (−Egap/kT )/ .!) %! >-# %& ,!" -,0'(' & 

(& & ,#)! ,-&" ! %& 0#6.#)&0-)& (& & ,#)!; I-&" ! -" 6&0#)'&% ,)'$0&%'"! .)#$#"0&  #3#,0!$

#$0)-,0-)&%#$ ! '6.-)#H&$/ %& 3&%0&  # .#)'! ',' & #" $- #$0)-,0-)& D&,# .!$'1%# >-# %!$ #%#,0)!"#$

.!$#&" #"#)*+&$ >-# $!" .)!D'1' &$ #" -" ,)'$0&% .#)3#,0!; J" )#$-%0& !  # #$0! #$ %& *#"#)&,'4"

 # "-#(&$ 1&" &$  # &1$!),'4" 4.0',&;

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

 #"0)!  # %& 1&" & .)!D'1' &; F&$ 1&" &$  # (&%#",'& 2 ,!" -,,'4" $# #K0'#" #" .!) 0! ! #%

,)'$0&%/ 6'#"0)&$ >-# %!$ #$0& !$  #  #3#,0!$ $# ,#"0)&" #" #%%!$ 6'$6!$/ .!) %! 0&"0! $#  #"!6'"&"

L"'(#%#$  # #"#)*+& %!,&%'H& !$M; F& .!$','4"  # %!$ "'(#%#$ %!,&%'H& !$  #"0)!  # %& 1&" & .)!D'1' &

#$  #0#)6'"& & .!) %& #"#)*+& )#>-#)' & .&)& %'1#)&) &% #%#,0)4"; ?% "'(#% #"#)*E0',! )#3#)' ! &

%& (&,&",'&  # ,&0'!"#$ #$0&  #1&@!  #% "'(#%  # #>-'%'1)'!  # 5#)6'/ $'#" ! #$0# -"& .!0#",'&%

0)&6.&  # D-#,!$; B!) !0)! %& !/ #% "'(#% #"#)*E0',! )#3#)' ! & %& (&,&",'&  # &"'!"#$ #$0A .!)

&))'1&  #% "'(#%  # %& #"#)*+&  # 5#)6'/ %! >-# $'*"'C,& >-# #% "'(#% #$0A (&,+!  # #%#,0)!"#$ 2

#%  #3#,0! #$ -"& .!0#",'&% 0)&6.&  # #%#,0)!"#$; ?" %& C*-)& :;N $# 6-#$0)& -"  '&*)&6&  #

1&" &$  # #"#)*+& .&)& -" 6&0#)'&% ,)'$0&%'"! #" #>-'%'1)'! #" #% ,#)! &1$!%-0!; ?" #$0#  '&*)&6&

%!$ "'(#%#$  #1&@!  # Ef #$0A" %%#"!$  # #%#,0)!"#$/ 6'#"0)&$ %!$ "'(#%#$ >-# $# #",-#"0)& .!)

&))'1& #$0A" (&,+!$; OPQR;



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

 !"#$% &'()  *$+% ,- #.% /#$0% 12 345!/% 6789'



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

 !"#$% &'() *%+,%- ,. .+.$"/% 0%$% #+ 1%2.$!%3 4$!-2%3!+5 .+ .6#!3!7$!5 .+ .3 4.$5 %7-53#25 89:;'



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

 !"!#! $%&'(&) * +,-.%/) 0, 1,2/'34-&245-

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

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

,& +! &(%",/ ,& &!&$5'" " /%$/7 8.5+!/( %)0/( ,& %$"!()#)2! (& -+&(%$"! &! ." 95+$" :7; <=>?7

@+"!,/ )!#),& $",)"#)2! &! &. -"%&$)".6 ./( &.&#%$/!&( &A#)%",/( 0"("! ,& ." 1"!," ,& 3".&!#)"

" ." ,& #/!,+##)2! B"C6 "D+' 0+&,&! ,&(0."4"$(& E"(%" #&,&$ ." &!&$5'" (+9#)&!%& 0"$" $&5$&("$

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

)-0+$&4"( ,&. -"%&$)". B1C6 ./( #+".&( (/! #/!/#),/( #/-/ %$"-0"(7 F/$ /%$" 0"$%&6 -)&!%$"( ./(

&.&#%$/!&( (& ,&(0."4"! 0/$ ." 1"!," ,& #/!,+##)2! ./( E+&#/( ./ E"#&! " %$"3G( ,& ." 1"!,"

,& 3".&!#)" E"(%" (&$ "%$"0",/( 0/$ %$"-0"( 0"$" E+&#/(6 ./( #+".&( (& &!#+&!%$"! +1)#",/( &!

!)3&.&( #&$#"!/( " ." 1"!," ,& 3".&!#)" B&C7

H/( &.&#%$/!&( "%$"0",/( &! -"%&$)".&( %&$-/.+-)!)(#&!%&( 0+&,&! (&$ $&%&!),/( &! ."( %$"-I

0"( 0/$ 0&$'/,/( 0$/./!5",/( ,& %)&-0/ E"(%" ." "0.)#"#)2! ,& &!&$5'" &A%&$!" #/!/#)," #/-/

&(%)-+."#)2! %G$-)#"7 @+"!,/ ." &(%)-+."#)2! %G$-)#" &( (+9#)&!%& &.." ./5$"$J .)1&$"$ " ./( &.&#I

%$/!&( B#C K E+&#/( B*C ,& ."( %$"-0"( <=:L=M?7  !" (&5+!," /0#)2! 0"$" ." .)1&$"#)2! ,& ./(

&.&#%$/!&( K E+&#/( &( D+& &../( 0+&,&! $&#/-1)!"$(& #/! +!" #"$5" ,&. ()5!/ /0+&(%/6 K" (&"

,)$&#%"-&!%& BEC / )!,)$&#%"-&!%& 0/$ $&#/-1)!"#)2! #/! +!" #"$5" 0$&3)"-&!%& "%$"0","7 N)

#+".D+)&$" ,& &(%/( -&#"!)(-/( ,& $&#/-1)!"#)2! &( "#/-0"O",/ 0/$ ." &-)()2! ,& .+4 B&( ,&#)$6

,& +! */%2!C6 &!%/!#&( &. $&(+.%",/ &( &. *&!2-&!/ ,& ." .+-)!)(#&!#)" <PQ?7

H" )!%&!(),", ,& ." .+4 &-)%)," 0/$ &. -"%&$)". #$)(%".)!/ ,&0&!,& #/!(),&$"1.&-&!%& ,&.

%)0/ K #/!#&!%$"#)2! ,& )-0+$&4"( / ,/0"!%&( &! &. -)(-/ <=:?7 H" #."()9#"#)2! +("," 0"$"

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

,& $&#/-1)!"#)2! K &A#)%"#)2! %G$-)#"7 N) ." %$"!()#)2! B#C &( -J( 0$/1"1.& D+& ." %$"!()#)2!

B,C6 &. #&!%$/ ,& "%$"0"-)&!%/ ,& &.&#%$/!&( &( #/!(),&$",/ +!" %$"-0"6 & )!3&$("-&!%&6 () ."

%$"!()#)2! B,C &( -J( 0$/1"1.& D+& ." %$"!()#)2! B#C6 &. !)3&. ,& &!&$5'" #/$$&(0/!,& " +! #&!%$/

,& $&#/-1)!"#)2!7 N)-)."$-&!%& 0"$" ./( #&!%$/( ,& "%$"0"-)&!%/( ,& E+&#/( K ."( %$"!()#)/!&(

B5C K B*C7

H" 0$/1"1).),", ,& D+& +! 0/$%",/$ ,& #"$5" (& .)1&$& %G$-)#"-&!%& ,& (+ %$"-0" &(%J

&A0/!&!#)".-&!%& $&."#)/!"," " E/kT 6 ,/!,& E &( ." 0$/*+!,),", ,& ." %$"-0"6 &( ,&#)$6 ."

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

+!" %&-0&$"%+$" ,"," "D+&../( #&!%$/( #/! E 0&D+&O" %)&!&! -"K/$ 0$/1"1).),", ,& (&$ %$"-0"(



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

 !" #$% &"'()$% &$' E *)+',"- .$) "%(+ )+/0'1 #$% &"'()$% ," )"&$234'+&40' "%(5' #$&+#4/+,$% 6+&4+

"# &"'()$ ," #+ 3+',+ 7)$6434,+ 8 #+% ()+27+% "%(5' #$&+#4/+,+% 6+&4+ #$% 3$),"%- 9,"25%1 &$'

"%($ "% 7$%43#" $3%"):+) &$2$ !' &"'()$ &$'%4,")+,$ !'+ ()+27+ "' !'+ ("27")+(!)+ 7!"," ##"*+)

+ %") !' &"'()$ ," )"&$234'+&40' &!+',$ %" ##":+ + !'+ ("27")+(!)+ 25% 3+;+1 8 :4&":")%+ <=>?-



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

 !"#$% &'() *$%+,!-!.+/, /0/-1$2+!-%, -.3#+/, /+ 3%1/$!%0/, ,/3!-.+4#-1.$/, 5 %!,0%+1/, 6789'



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

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

3.(&0. )-/40& (& %&,/.01/-$-)'&$'-2

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

!0'&' -'# ',$',&%&) /),-%&'#",&) '( 1)&'() 13- -%1!(' !)-%+('. '- &'/%#. '( /)1!0'-$) -)("1',$'

&)- ,%4'('- ()/"(%2"&)-5 0," $#"1!" "%-("&" T 6 0, /',$#) &' #'/)1+%,"/%7, CR8 9' &',)$" !)#

N (" /),/',$#"/%7, $)$"( &' $#"1!"- ', '( /#%-$"( :!)# 0,%&"& &' 4)(01', m−3
;. !)# n (t) ("

/),/',$#"/%7, &' ((',"&) &' ("- $#"1!"- ', '( /#%-$"( :', m−3
; 6 !)# nh (t) (" /),/',$#"/%7, &'

<0'/)- "$#"!"&)- ', ()- /',$#)- &' #'/)1+%,"/%7, :', m−3
;8 =" /),/',$#"/%7, %,%/%"( &' ((',"&)

&' ("- $#"1!"-. '- &'/%#. "( $%'1!) t = 0 -' &',)$" !)# n08

>, 0, '?!'#%1',$) $'#1)(01%,%-/',$' $*!%/) (" $'1!'#"$0#" T &' (" 10'-$#" '- '('4"&" 1'@

&%",$' 0, /"(',$"1%',$) (%,'"( T = T0 + βt. &),&' T0 '- (" $'1!'#"$0#" %,%/%"( 6 β '- (" #"27,

&' /"(',$"1%',$)8

β =
dT

dt
:A8B;

 ( %,/#'1',$"# (" $'1!'#"$0#" &' (" 10'-$#" ()- '('/$#),'- "$#"!"&)- ', T -), (%+'#"&)- ',

(" +",&" &' /),&0//%7,8 >-$)- '('/$#),'- ', (" +",&" &' /),&0//%7, !0'&', #'/)1+%,"#-' /),

()- <0'/)- ', CD. ) +%',. !0'&', -'# "$#"!"&)- ,0'4"1',$' ', E8 =" %,$',-%&"& &' (" (02 '1%$%&"

:%,$',-%&"& E=; '- %F0"( " (" $"2" &' #'/)1+%,"/%7, &' ()- <0'/)- 6 '('/$#),'- ', CD. 6 '-$3

&"&" !)#

I (t) = −
dnh

dt
:A8G;

>, (" HF0#" A8B -' 10'-$#" 0, &%"F#"1" '-I0'13$%/) !"#" '( !'#H( &' $'1!'#"$0#" T (t). ("

/),/',$#"/%7, &' <0'/)- nh(t) "$#"!"&)- ', '( /',$#) &' #'/)1+%,"/%7, 6 (" %,$',-%&"& $'#1)(0@

1%,%-/',$' I(t) /)1) J0,/%),'- &'( $%'1!) t !"#" 0, '?!'#%1',$) #'"(%2"&) /), 0," #"27, (%,'"(

&' /"(',$"1%',$) β KLM. NLO8
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456,&)-.$&) 62,2 '-$7%-'2) *8 (& 6,-/&, .,(&$9 )&:1$(. .,(&$ ; .,(&$ :&$&,20

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

2# 3!(2!--45&-6&("7 8!,-&$648&+"'( 9 :!94;!,/,&2# .!,! .,&0#, ',2#(7 "#*%(2' ',2#( 9 ',2#(

*#(#,!-7 ,#".#$/&<!0#(/#= >( #"# ',2#(7 -!" #?.,#"&'(#" .!,! -! &(/#("&2!2 /#,0'-%0&(&"$#(/# I(t)

)%# .,#"#(/! $!2! 0'2#-' "'(@

I (t) = −
dn

dt
= nse−E/kT

AB=CD

I (t) = −
dn

dt
=

n2

N
se−E/kT

AB=ED

I (t) = −
dn

dt
= nbs′e−E/kT

AB=BFD

2'(2# E #" -! #(#,*G! 2# !$/&<!$&H( A.,'I%(2&2!2 2# -! /,!0.!D7 k #" -! $'("/!(/# 2# J'-/K0!((7

t #" #- /&#0.' 9 T -! /#0.#,!/%,! !+"'-%/! A#( LD= M'0' 9! "# 0#($&'(H7 #( %( #?.#,&0#(/'

/G.&$' "# .,#"#(/! %(! ,!KH( 2# $!-#(/!0&#(/' -&(#!- β 2!2! .', AB=ND= >- ,#"/' 2# -'" /O,0&('"

#( -!" #$%!$&'(#" !(/#,&',#" "# #?.-&$!( #( -! /!+-! B=P= Q#+# ('/!,"# )%# !%()%# -!" #$%!$&'(#"

AB=CD 9 AB=ED .%#2#( "#, 2#,&<!2!" 2#- 0'2#-' "&0.-# 2# /#,0'-%0&(&"$#($&! !"%0&#(2' $&#,/!"

"&0.-&R$!$&'(#"7 -! #$%!$&H( AB=BFD #" $'0.-#/!0#(/# #0.G,&$!=

 !" #$%!$&'(#" AB=CD7 AB=ED 9 AB=BFD .%#2#( "#, &(/#*,!2!" !"%0&#(2' %(! ,!KH( 2# $!-#(4

/!0&#(/' 2!2! .', AB=ND= S"G7 -!" "&*%&#(/#" #$%!$&'(#" .%#2#( "#, '+/#(&2!"@

I (t) = n0s exp

(

−
E

kT

)

exp

[

−
s

β

∫ T

T0

exp

(

−
E

kT ′

)

dT ′

]

AB=BBD

I (t) =
n0

2

N
s exp

(

−
E

kT

)[

1 +
n0s

βN

∫ T

T0

exp

(

−
E

kT ′

)

dT ′

]−2

AB=BTD

I (t) = s′′n0 exp

(

−
E

kT

)[

1 +
s′′ (b− 1)

β

∫ T

T0

exp

(

−
E

kT ′

)

dT ′

]−
b

b−1

AB=BUD

>( -!" #$%!$&'(#" !(/#,&',#"7 n0 2#('/! #- (V0#,' 2# #-#$/,'(#" &(&$&!-0#(/# !/,!.!2'" A.',

%(&2!2 2# <'-%0#(7 m−3
D 9 s′′ = s′n0 (b− 1) #" %( .!,W0#/,' #0.G,&$' )%# !$/V! $'0' %(

I!$/', 2# I,#$%#($&! X#I#$/&<'Y .!,! $&(O/&$! 2# ',2#( *#(#,!-= Q#+# ('/!,"# )%# -!" &(/#*,!-#" )%#

!.!,#$#( #( #"/!" #?.,#"&'(#" "H-' .%#2#( "#, $!-$%-!2!" $'( 0O/'2'" (%0O,&$'"=
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 !"#$% &' ()*+&)*% $& '" ,)*-&)" $&)*."$" &# '"! &(/"(*%#&! 012345 01264 7 012184 !& ,/&$&#

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

'"! !*?/*&#+&! &:,)&!*%#&! ,")" ,)*-&) %)$&#5 !&?/#$% %)$&# 7 %)$&# ?&#&)"'@

βE

kTM
2
= s exp

(

−
E

kTM

)

0121A4

βE

kTM
2
= s exp

(

−
E

kTM

)[

1 +

(

2kTM

E

)]

0121B4

βE

kTM
2
= s exp

(

−
E

kTM

)[

1 + (b− 1)

(

2kTM

E

)]

0121C4

DE/F5 TM $&#%+" '" +&-,&)"+/)" (%))&!,%#$*&#+& "' ,/#+% $& *#+&#!*$"$ <= -;:*-"2 G' "#;'*!*!

$& '%! ,*(%! <= ,/&$& *#.%'/()") -;! $& +)&! ,");-&+)%!2 H/&$&# "#"'*I")!& '%! ,*(%! <= *#$*J

.*$/"'-&#+& /!"#$% $*.&)!"! +K(#*("! ,")" $&+&)-*#") '%! ,");-&+)%! (*#K+*(%! 0E5 s5 b42 G# /#

&:,&)*-&#+%5 '"! ("#+*$"$&! $& -"7%) *#+&)K! !%# '" +&-,&)"+/)" TM 7 &' "#(L% $& $*(L% ,*(%5

"/#E/& ("'(/'") '%! ,/#+%! $& *#M&:*N# &# '" (/)." <= +"-9*K# ,/&$& )&!/'+") O+*'2

G# '" P?/)" 12Q !& -/&!+)" /#" (%-,")"(*N# $& '"! (/)."! <= ,")" ,)*-&) 7 !&?/#$% %)$&#5

(%# E = 1 &R5 s = 1012 !−1
7 n0 = N = 103 -−3

2 G# &' ("!% $& '" (/)." <= $& !&?/#$% %)$&#

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

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

G# '" P?/)" 123 !& ,)&!&#+"# '%! ,*(%! <= ,")" ,)*-&) 7 !&?/#$% %)$&# ("'(/'"$%! " ,")+*) $&

'"! &(/"(*%#&! 012114 7 0121S4 ,")" $*T&)&#+&! (%#(&#+)"(*%#&! *#*(*"'&! n0 $& &'&(+)%#&! "+)","$%!5

(%# E = 1 &R5 s = 1012 !−1
5 n0 = N = 1010 -−3

2 DE/F !& %9!&)." E/& ,")" (*#K+*(" $& ,)*-&)

%)$&# TM #% $&,&#$& $& n05 -*&#+)"! E/& ,")" (*#K+*(" $& !&?/#$% %)$&# (/"#$% TM !& $&!,'"I"

L"(*" +&-,&)"+/)"! -;! "'+"! n0 $&()&(&2

G# '" P?/)" 126 !& ,)&!&#+" '"! ?);P("! $& "'?/#%! ,*(%! <= !&?O# '" &(/"(*N# 012114 ,")"

(*#K+*(" $& ,)*-&) %)$&#2 G# '"! ?);P("! 0"4 !& +%-"# $*T&)&#+&! ."'%)&! ,")" &' T"(+%) $& T)&(/&#(*"

s (%# E = 1 &R 7 &# '"! ?);P("! 094 !& +%-"# $*T&)&#+&! ."'%)&! ,")" '" &#&)?F" $& "(+*."(*N# E

(%# s = 1012 !−1
2 G# &''"! !& %9!&)." E/& '" (/)." <= !& $&!,'"I" L"(*" '"! +&-,&)"+/)"! -;!

"'+"! (%# &' *#()&-&#+% $& E % '" $*!-*#/(*N# $& s2

G# '" P?/)" 1218 !& -/&!+)" '"! ?);P("! $& "'?/#%! ,*(%! <= &# (*#K+*(" $& %)$&# ?&#&)"'

!&?O# '" &(/"(*N# 0121U45 ,")" $*T&)&#+&! ."'%)&! $&' ,");-&+)%! $& %)$&# (*#K+*(% b5 (%# E = 1

&R5 s = 1012 !−1
5 n0 = N = 1 -−3
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 !"#$% &' (%'")'*"+!, -. "!%!"#'%/.#+"$ &' "!&! #%!01! 2 '. +*#'%1%'#!&$ "$3

0$ '4 *50'%$ &' '4'"#%$*'. 1$% .'6)*&$ 7)' .$* 4+8'%!&$. &' &+"9! #%!01!,

:/1+"!0'*#' 1%'.'*#! ;!4$%'. '* '4 %!*6$ &' <=

12
! <=

14
.

−1
,

b >%&'* "+*?#+"$, :/1+"!0'*#' "$* ;!4$% '*#%' < 2 @,

s′  !"#$% &' (%'")'*"+! 1%' 'A1$*'*"+!4 '('"#+;! 1!%! "+*?#+"! &' $%&'* 6'*'%!4,

:!84! <,BC D$*.#!*#'. )#+4+E!&!. '* 4!. '")!"+$*'. &' &'."%+1"+F* "+*?#+"! GH@I,
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5!=2$24>2- ?%7,$2- 52 n0 +,4 E; s 3 n0 +,4->%4>2- @A<B'
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 !"!#! $%&'(' () $*+)),)-

 ! "#$%&% &' ()*+,-,- .(/0,(+ % $%$(+ &' +( 01/2( 3! -' &'/,2( &' +%- $/(4(5%- /'(+,6(&%-

') 789: .%/ .(/$' &' ;(/+,0< = ;,4-%)>  ++%- ')0%)$/(/%) ?1' '+ (1"')$% ,),0,(+ &' +( 01/2(

$'/"%+1",),-0')$' &'.')&' &' +( $'".'/($1/( ') @%/"( 'A.%)')0,(+ &' (01'/&% ( +( -,B1,')$'

'A./'-,C)D

I (t) = constante× e−
E
kT

E7>7FG

 -$( 'A./'-,C) .1'&' -'/ ')$')&,&( (+ 'A(",)(/ 01(+?1,'/( &' +(- 'A./'-,%)'- (-%0,(&(- 01(+?1,'/

%/&') 0,)#$,0% -, -' 0%)-,&'/( ?1' +( $'".'/($1/( ( +( 01(+ '+ '-.#0,"') '- 0(+')$(&% '- +%

-1H0,')$'"')$' 4(5( .(/( ?1' n -'( (./%A,"(&("')$' 0%)-$()$'> I+(/("')$'J -, -' /'(+,6( 1)(

B/*H0( &' ln(I) 0%"% @1)0,C) &'+ ,)2'/-% &' +( $'".'/($1/(J 1/T J -%4/' +( /'B,C) +,",$(&( .%/

+( 0%)-,&'/(0,C) K( "')0,%)(&( -' %4$')&/* 1)( +L)'( /'0$( 0%) .')&,')$' −E/kJ ( .(/$,/ &' +(

01(+ .1'&' -'/ @*0,+"')$' &'$'/",)(&( +( ')'/BL( &' (0$,2(0,C) E (-%0,(&( (+BM) &'@'0$% &' +(

"1'-$/(>  -$' ./%0'&,",')$% '- 0%"M)"')$' &')%",)(&% '+ "#$%&% &' N(-0')-% ,),0,(+O>

 + /'?1'/,",')$% ,".%/$()$' ') '+ ()*+,-,- ()$'/,%/ '- ?1' n -'( (./%A,"(&("')$' 0%)-$()$'>

 -$( -1.%-,0,C) &'5( &' -'/ 2*+,&( M),0("')$' .(/( 1) (1"')$% &' +( $'".'/($1/( "*- (++*

&' 0,'/$% 2(+%/ 0/L$,0% Tc> P((<' ()(+,6C '-$' Q'0Q% 0%)0+1K')&% ?1' +( +L)'( ./%&10$% &' Q(4'/

B/(H0(&% ln(I) 0%"% @1)0,C) &' 1/T )% '- '+ 0/,$'/,% ?1' &'4' 1-(/-' .(/( ()(+,6(/ +( (.+,0(4,+,&(&

&' +( $#0),0(>  + &'"%-$/C ?1' Tc '- 1) @(0$%/ 0%)-,&'/(4+'"')$' "')%/ ?1' +( $'".'/($1/( &'+

2(+%/ "*A,"% TM &' .,0% (-%0,(&% (+ &'@'0$% ') 01'-$,C)> R,2,$- = P(B'4'1< @1'/%) "*- (++*

.(/( &'"%-$/(/ ?1' +( $'".'/($1/( Tc )% &'4' 0%//'-.%)&'/ ( 1)( ,)$')-,&(& "*- B/()&' ?1' '+

7ST % 7UT &' +( ,)$')-,&(& "*A,"(>

I+(/("')$'J +( $#0),0( &' (-0')-% ,),0,(+ .1'&' -'/ 1-(&( M),0("')$' 01()&% '+ .,0% 3! '-$*

4,') &'H),&% K -'.(/(&% &' +%- %$/%- .,0%-J '- &'0,/J 01()&% -' 0%)-,&'/( 1) .,0% 3! (,-+(&%>  )

1)( 01/2( 3! /'(+ '-$% '- 1) @')C"')% ,)1-1(+> V%/ '++%J .(/( -%+10,%)(/ '-$' ./%4+'"( -' Q()

,&'(&% 2(/,%- "#$%&%- &' -'.(/(0,C) &' .,0%->

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

$#/",0(O &'-0/,$( .%/ W,0Q%+(- = X%%&->  ) '-$' "#$%&% '+ '-.#0,"') '- 0(+')$(&% Q(-$( 1)(

$'".'/($1/( 51-$% "*- (++* &'+ "*A,"% &'+ ./,"'/ .,0% ') +( 01/2( 3!J 0%) +% 01(+ '- 2(0,(&(

-1-$()0,(+"')$' +( $/(".( /'-.%)-(4+' &' '-$' .,0%> !( "1'-$/( '- +1'B% ')@/,(&( /*.,&("')$' K

/'0(+')$(&( ( 1)( $'".'/($1/( 51-$% "*- (++* &'+ -,B1,')$' .,0%J K (-L -10'-,2("')$' ( +% +(/B%

&' +( 01/2( 3!> Y-LJ "'&,()$' +( '+,",)(0,C) .%/ '$(.(- &' +%- .,0%- (-%0,(&%- ( $'".'/($1/(-
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+( "'.! -( 43')$ '+)' .' (/*0(& 3( <,' $;'-)$.! '3 -!3-,3( 0' E '+ '3 "'5,+0( 4*-(6

=$8, > ?$34'.*+ 9 @.'"A'33 > B'.3 $+ 0'"$..(33$.(+ ,+ 4.*+-*4*( 4$.$ "(3,-*(+$. '")'

4.(#3' $6 C33(" 4.(4,"*'.(+ 3$ .'$3*D$-*:+ 0'  ,-8(" -*-3(" 0' 3* 4*'D$ )E. *-$& -$0$ /'D $,F

 '+)$+0( ,+ 4(-( 3$ )' 4'.$),.$ 9 -$3-,3$+0( -(+ '33( ,+ +,'/( /$3(. 0' E $"(-*$0( $ 3$

-,./$ 12 '+ -$0$ -$3'+)$ *'+)(6 7* "' .'$3*D$ ,+$ 5.!G-$ 0' 3$ '+'.5H$ 0' $-)*/$-*:+ -(+).$ 3$

)' 4'.$),.$ TSTOP $ 3$ -,$3 ;,' -$3'+)$0( "' '+-(+).$.! ,+$ 5.!G-$ '+ ;(. $ 0' I'"-$3'.$J6 7*+

' #$.5(& 'K*")'+ $35,+(" 4.(#3' $" -(+ '")'  E)(0(6 2(" '..(.'" *+/(3,-.$0(" '+ 3(" -!3-,3("

0' 3$ '+'.5H$ 0' $-)*/$-*:+ "(+ $  '+,0(  $9(.'" <,' 3$" 0*;'.'+-*$" '+ '3 /$3(. 0' E 4$.$ 3("

4*-(" *+0*/*0,$3'" L'"4'-*$3 '+)' -,$+0( 3$" 0*;'.'+-*$" 0'3 /$3(. 0' E "(+  ,9 4'<,'M$" ( 8$9

,+$ -(+)*+,*0$0 0' ).$ 4$" '+ '3  $)'.*$N6 C+ '")$ "*),$-*:+& 3$ ;(. $ 0' '"-$3'.$ 0' 3$ 5.!G-$

E − TSTOP +( '" (#)'+*0$6

O+  E)(0( $3)'.+$)*/( 4$.$ (#)'+'. ,+$  $9(. .'"(3,-*:+ '+ -,$+)( $ 3(" 4*-(" 9& 4(. '+0'&

0'3 +P '.( 0' ).$ 4$" $"(-*$0$" $ '33(" ;,' ",5'.*0( 4(. Q-R''/'.6 C3  E)(0( -(+"*")' 4.*+-*F

4$3 '+)' '+ '3  (+*)(.'( ( "'5,* *'+)( 0'3 4*-( )'. (3, *+*"-'+)' -(+;(. ' TSTOP *+-.' '+)$6
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-(+-'+).$-*:+ *+*-*$3 0' 4(.)$0(.'" 0' -$.5$ $).$4$0(" '" .'0,-*0$6
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<,'M$" /$.*$-*(+'" 0' 3$ -(+-'+).$-*:+ 0' 4(.)$0(.'" 0' -$.5$ $).$4$0(" -( ( 4$.! ').( 4$.$

"'5,*. '3 -$ #*( '+ 3$ 4("*-*:+ 0'3 4.* '.  !K* ( '+ 3$ -,./$ 12 -(+;(. ' TSTOP '" *+-.' '+F

)$0$6 2$ )E-+*-$ -( *'+D$ 4(. '3 -$3'+)$ *'+)( $ ,+$ .$D:+ 3*+'$3 0' ,+$  ,'").$ 4.'/*$ '+)'

*..$0*$0$ 8$")$ ,+$ )' 4'.$),.$ TSTOP -(..'"4(+0*'+)' $ ,+$ 4("*-*:+ 0'+).( 0' 3$ -(3$ 0' 3$

-,./$ 12 LG5,.$ S6SSN6 C+"'5,*0$& 3$  ,'").$ '" '+;.*$0$ .!4*0$ '+)' 8$")$ $3-$+D$. 3$ )' F

4'.$),.$ $ #*'+)' 9 .'-$3'+)$0$& -(+ 3$  *" $ .$D:+ 3*+'$3& 4$.$ .'5*").$. 3$ -,./$ 12 .'")$+)'6
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9;PQ:<4

 !Q# C4I4C4 )6$%%M%/- 34/05%-85+"/1,/",/ %' 1%-+#1- 9;PQ"<

 !P# R4 .(%1- S4 $&/,(- 9"!-:1+1 %' *4/05!--: 1*+58-!*/# )0%,/11- >%/T*UJ1 V/%,, 9;PQ;<4

 A:# R%OM%1 .(%1- C4I4C4 )6$%%M%/- 34/%0: %' 34/05%-85+"/1,/",/ !"# ;/-!*/# <4/"%5/"!

9;PPH<4

 A;# W4X4 Y/'%T*- Z4Z4 D&,[*8- ;/#+!,+%"/1 +%"+=!"*/1> ?*+-+=!,+@" : ;+/1A%1 B- 534 L>.4 9;PPG<4

 A!# @4 >*TJ1&,- \4 $&'&,- .4 ]O/%''*- C85/0+,!- !"# <0!,*+,!- DE/0,+1/1 +" 34/05%-85+"/1,/",/-

534 CV/&1T%/ C6&%16%^DO,&1%,, )%3&*- B164 9!::=<4

 AA# 2%+%88%1 _(JU*, $- ;!#+!*+%" #/*/,*%0 ,%8"*+"A 1*!*+1*+,1- R*3&J8JT0 /%,&3%1'` [*,&6 ,6&%16%

6JO/,%- L1&M%/,&'0 JN I*,(&T'J1 !::H4

 AG# R4 W4 RJ3/aTO%b- %' *84- 34/05%-85+"/1,/",/ !"# %)*+,!--: 1*+58-!*/# -85+"/1,/",/ )0%)/06

*+/1 %' "!"%,0:1*!--+"/ Er3+ !"# Yb3+ #%)/# Y3Al5O12
/E)%1/# *% β60!:1F4

 A"# 54 K% 2* RJ,*- %' *84- 34/05%-85+"/1,/",/ )0%)/0*+/1 %' 8"#%)/# !"# Tb3+ !"# Ce3+ #%)/#

G9H "!"%)4%1)4%0 8"#/0 ?IJ K !"# β60!: +00!#+!*+%"- EO68%*/ B1,'/OU%1', *13 )%'(J3,

&1 >(0,&6, R%,%*/6( D !"" A"HFA=G 9!::H<4

 A=# Z4 \*1%U- I4)4 K%11&,- I4)4 S%1- ("/62%-%0 L/M8/"*+!- <85)+"A %' *4/ N' O# P!"#1 +"

<06Q%)/# G**0+8569-85+"856H!0"/*- ZJO/1*8 JN 2OU&1%,6%16%- "G HPFQH 9;PP!<4

 AH# Y4W4 2JV%b- Z4 )6$&''/&6?- 2454 C(%*- R-8%0/1,/",/ )0%)/0*+/1 %' )%-:,0:1*!--+"/ 35

3+
!,6

*+S!*/# G39-5(12 !"# 35
3+
6T+

+
,%6!,*+S!*/# G39-5(12 +" *4/ S+1+$-/ !"# "/!0 B; 0!"A/1-

ZJO/1*8 JN 2OU&1%,6%16%- H; ;F;; 9;PPH<4

 AQ# 54Z4 DJ,b%- Z4 )6$&''/&6?- \4W4 c&/*'*- B"S/1*+A!*+%" %' *4/ )4:1+,!- )0%)/0*+/1 %' ! $-8/6

/5+**+"A )4%1)4%0 )0%#8,/# 81+"A ! 0!)+# /E%*4/05+, 0/!,*+%"- )*'%/4 C6&4 51T4 Dd CJ84 C'*'4

)*'%/4 W3M4 _%6(1J84- PH !="F!HG 9!::A<4



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

 !"# $%&'()* + ,-./01-2 3-405-.056 705 &89.-/1-42: ;1:5<6=  !" #$%& '()*' '+,$-"%."-."

#"/0"1 230"4  '()*'567589= $->/-./01 $:9:-5?@ (/A/9/01B

 CD# E2F1/?- >:2 ,050:9.:=2/-+/4 0" :13;"..$<- = %">+1$0/0 1/0$34<>$./ :/1/ 1/=3% ? = ,"0$.$-/

-+.4"/1= GHDI!JB

 CI# KL1/?- EL5>04-= #/0$/.$<- @3-$A/-;"= $->/04/020<F- 6 $->/0M50.:??/L1 GHDIHJB


