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qαβ ≥ min (qαγ , qβγ) = 8C8O>

;%+" 01*/&($*/+7 ".&7$ +" & 7,)"$<0$)7$ ,6 *%$ LMN ./,7$-0/$ &)- +" *%$/$6,/$ &) +(.,/*&)*

./,.$/*2 ,6 *%+" ($&):@$1- ",10*+,) 6,/ ".+) 51&""$"8



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

 !"#$% &'()  !" #$%&'() P (q) *&+#,&-.#&"/+0  "%1 #23 ,3%)&'( +$443#,$ &+ -,"53/6 P (q) &+ !&*3)$

*&+#,&-.#3* .% #" ( 4(7&4.4 8().3 qEA0 9"##"41 &/ #23 ,3%)&'(:+$443#,&' '(+36 q &+ +&/;)3:8().3*0

 !"#$% &'*)  23 2&3,(,'2&'() #,330  23 "83,)(% -3#!33/ ( %(&, "< +#(#3+ α (/* β =)3(83+ "< #23 #,33>

*3%3/*+ "/ 2"! 4(/$ )383)+ "/3 4.+# ;" .% #" ?/* ( '"44"/ (/'3+#",0  23 *&@3,3/'3 -3#!33/ qmax
(/* qmin *3%3/*+ "/ #23 #34%3,(#.,30

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

"# $%&'(#$&)*' &+',(- +$. /''# /$.'0 ,# &+' .1$%)#2 3(,3'(&)'. ,4 0,5$)# 6$%%.7 8+'  !"#$%&

'" %$ ). $ 3+'#,5'#,%,2)1$% .1$%)#2 &+',(- )#&(,091'0 /- :).+'( $#0 ;9.' <!=> !?@7 A& ). /$.'0

,# 0,5$)#B%)C' 'D1)&$&),#. )# A.)#2 .3)# 2%$..'.> 6)&+ $ ()*+(% 2(,9#0 .&$&'7

8+' /$.)1 )0'$ ). &, 0'E#' $ 0(,3%'& $. &+' %,6'.& '#'(2- 'D1)&$&),# F4(,5 &+' 2(,9#0 .&$&'G

,4 %'#2&+ .1$%' L7 :)29('  7H )%%9.&($&'. &+' 0(,3%'& Γ̄ 6+)1+ 1,#.).&. ,4 $%% &+' FA.)#2G .3)#. )#

$ 1,53$1& ('2),# ,4 .)I' L ,()'#&'0 )# ,33,.)&' 0)('1&),#. 6)&+ ('.3'1& &, &+' 2(,9#0 .&$&' Γ7



 !"#$%& '( )#*+ ,-"..%./ " 012%- 31& ,-"..4 .4.$%0.  !

"# $%&' #%()%&*#+&%, #-%&% %./0#0 * +1/2+% 3&'+14 0#*#% Γ, 4%3%1%&*#%4 5/#- /#0 06((%#&/7 Γ̄8

9&'( #-/0 0#*#%, #-% 7&%*#/'1 ': * 4&');%# -*0 *1 %1%&36 7'0# 5&/##%1 *0

FL ∝ Υ(T )Lθ < 8!8=>

5-%&% FL /0 #-% :&%% %1%&36 7'0# ': #-% 4&');%# ': 0/$% L, Υ /0 #-% 0#/?1%00 7'10#*1# *14 θ *1

*44/#/'1*; %.)'1%1#, 5-/7- 4%#%&(/1%0 #-% 0#*@/;/#6 ': #-% 4&');%#08

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

,*+$ 4567/

A1 #-% :%&&'(*31%#/7 7*0%, * 4&');%# 7'1#*/10 Ld 0)/10, 5-%&% d /0 #-% 4/(%10/'18 B-%

0+&:*7% 7'1#*/10 Ld−1 0)/10 *14 #-% %1%&36 7'0# #' @+/;4 *1 /1#%&:*7% /0 #-+0 ∆F ∼ JLd−18 A:

d− 1 > 0, #-/0 7'0# /0 3&'5/13 5/#- L, 4'(*/1 5*;;0 *&% 1'# :*C'&%4, *14 #-% '&4%&%4 )-*0% 7*1

#-+0 0+@0/0#8 9'& #-% 0)/1 3;*00 )-*0%, #-% %1%&36 3&'50 5/#- Lθ, *14 4+% #' #-% :&+0#&*#/'1,

θ ≤ (d − 1)/2 DEFG8 H+(%&/7*; 7*;7+;*#/'10 3/C% θ ≃ −0.29 :'& d = 2 *14 θ ≃ 0.19 :'& d = 38

B-%&% /0 #-%&%:'&% *1 '&4%&%4 )-*0% *# d = 38

B-% @%-*C/'& ': #-% '&4%&%4 )-*0% /0 4'(/1*#%4 @6 #-%&(*;;6 *7#/C% 4&');%#0, -*C/13 * :&%%

%1%&36 ;'5%& #-*1 kBT 8 I&');%#0 ': 0/$% L -*C% * 7-*&*7#%&/0#/7 &%;*.*#/'1 #/(% τL ∼ τ0 e
βBL

8

BL ∼ B0(T )L
ψ
/0 #-% -%/3-# ': #-% @*&&/%&0, 4%)%14/13 '1 #-% %.)'1%1# ψ, *14 '1 B0 #-%

7-*&*7#%&/0#/7 -%/3-#8 J2+/C*;%1#;6, * &%;*.*#/'1 )&'7%00+0 '1 * #/(% 07*;% t /1C';C%0 4&');%#0 ':

0/$% Lt ∝ [T/B0 ln (t/τ0)]
1/ψ

8 B-%&% /0 * 7;%*& &%;*#/'1 @%#5%%1 4&');%# 0/$% *14 #/(% &%;*.*#/'1

#-*# );*60 * (*K'& &';% /1 #-% 0;'5 &%;*.*#/'1 ': #-% 060#%(8

L14%& *1 *));/%4 (*31%#/7 M%;4, #-% (*31%#/$*#/'1 ': #-% 4&');%# 3&'50 ;/N%

 Ld/2, *14

#-% /1#%&:*7% %1%&36 0#/;; 3'%0 ;/N% Lθ8 9'& θ < d/2, #-% (*31%#/7 M%;4 *;/310 #-% 4&');%#0 *14

4%0#&'60 #-% '&4%&8 B-/0 /0 #-% 7*0% *#  !! "#$%&'#(&' d, *0 θ ≤ (d−1)/28 A1 #-% 4&');%# ('4%;,

#-% 0)/1 3;*00 0#*#% "(%' &() '*+'#') +14%& * (*31%#/7 M%;48

O;'0% #' #-% #&*10/#/'1 )'/1# Tg, #-% 7-*&*7#%&/0#/7 &%;*.*#/'1 #/(% τ(h) ': #-% 4'(*/10 +14%&

* (*31%#/7 M%;4 h 7*1 @% %C*;+*#%4 #-&'+3- 07*;/13 *&3+(%1#08 A: #-% '@0%&C*#/'1 #/(% t /0

0(*;; 7'()*&%4 #' τ(h), #-% 060#%( /0 1'# /1 %2+/;/@&/+( *14 *))%*&0 )*&#/*;;6 :&'$%18 A1 '#-%&

5'&40, #-%&% %./0#0 * M%;4 h(t) @%;'5 5-/7- #-% 060#%(  ,,% -' :&'$%1 #' #-% '@0%&C%& '1 * #/(%

 

 !" #$%!"#&"&# %'$(%) *+& ,-.(&*$/-*$!( M ∝ N1/2
) 0$*+ N *+& (1,2&" !3 %'$(%) -(# N ∝ Ld

$( *+&

#"!'4&* 56789



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

"#$%& t !"# $%&'(#) )"#&%* '%#$+,)- ./ #0'#%+1#/).( )%./-+)+&/ (+/# 2/$#% 1.3/#)+, 4#($ 5"+,"

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

!"# $%&'(#) )"#&%* ".- )"# .$6./).3# &7 '%&6+$+/3 . ,(#.% '+,)2%# &7 5".) ".''#/- +/ . -'+/

3(.-- !"# -,.(+/3 (.5- $#-,%+8# %.)"#% 5#(( )"# $*/.1+,- +/ )#%1- &7 3%&5+/3 $&1.+/ 5.((-

+/)& )"# -.1'(# 9/ )"+- 7%.1#5&%:; )"# 8%&:#/ -*11#)%* +- )%+6+.(; .- )"#%# +- . 2/+<2# 3%&2/$

-).)#= P (q) +- 3+6#/ 8* )"# %#'(+,. -*11#)%+, #0.1'(# &7 432%# > ? 

 !"#$%&'!"

!"&23" -'+/ 3(.--#- ".6# 8##/ #0)#/-+6#(* -)2$+#$; 8&)" )"#&%#)+,.((* ./$ #0'#%+1#/).((*;

1./* &'#/ <2#-)+&/- %#1.+/ 9/ '.%)+,2(.%; )"# 1&-) -2,,#--72( )"#&%+#- (#.$ )& ,&/)%.$+,)&%*

%#-2()-=

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

'&-#$ &7 1./* -).)#-; ./$ ./ &%$#% '.%.1#)#% )".) +- ,&/)+/2&2-(* $+-)%+82)#$ !"#

$%&'(#) 1&$#(; +/ &''&-+)+&/; -233#-)- . 2/+<2# 3%&2/$ -).)# ./$ )"# ,&%%#-'&/$+/3 &%$#%

'.%.1#)#% ".- &/(* &/# 6.(2# 

•  !" +$,-"'.& /"01 "2"&'*
!"# $%&'(#) 1&$#( -233#-)- )".) )"#%# +- /& )%./-+)+&/ 2/$#% . 1.3/#)+, 4#($; .- +)

+11#$+.)#(* $#-)%&*- )"# -'+/ 3(.-- &%$#% 9/ )"# 1#./@4#($ 1&$#(; )"# )%./-+)+&/ #0+-)-

5+)"+/ )"# BCD; ./$ )"2- 7&((&5- )"# E@! (+/# 

F6#/ +7 )%#/$- ".6# 8##/ -"&5/ #0'#%+1#/).((* )&5.%$- &/# &% )"# &)"#% )"#&%*; +) +- $+G,2()

)& $%.5 ,(#.% -).)#1#/)- 7%&1 )"#-# %#-2()- 

H/# &7 )"# :#* +--2#- +/ )"# '%&8(#1 &7 -'+/ 3(.--#- +- )"# &6#%(.' q E $+%#,) 1#.-2%#1#/) &7

q 5&2($ 3+6# ,(#.% +/7&%1.)+&/ %#3.%$+/3 )"# )5& '&+/)- $+-,2--#$ .8&6# I&5#6#% )"+- <2./)+)*

+- 6#%* $+G,2() )& 1#.-2%# 7&% )5& %#.-&/-=

> !"# -*-)#1 -(&5(* %#(.0#- )&5.%$- #<2+(+8%+21; ./$ &/# &8-#%6#- )"# 6+)%#&2- $*/.1+,- 

I&5#6#%; )"# $*/.1+,.( 8#".6+&% ,./ 8# (+/:#$ )& )"# #<2+(+8%+21 '%&'#%)+#- JKLM 

K !"# &6#%(.' $+-)%+82)+&/ %#<2+%#- . $#).+(#$ 1+,%&-,&'+, &8-#%6.)+&/ &7 )"# ,&/432%.)+&/- 

!"+- ,&2($ &/(* 8# .,"+#6#$ +/ /21#%+,.( -+12(.)+&/- 2' )& /&5 

9/ )"# '%#-#/) 5&%:; 5# '%&'&-# . 1#)"&$ )& &8).+/ #0'#%+1#/).((* )"# 1+,%&-,&'+, ,&/@

432%.)+&/ &7 )"# $+-&%$#% N# 5+(( -"&5 )".) 1#-&-,&'+, '"*-+,- '%&6+$#- . 2/+<2# )&&( )&

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

,".')#% 



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

&'() (+& "$*01

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

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

0!$ 1-*!$1#$

 !"#"$#%&$

 

%'("&$" )*+, *-, *./ 0!12" 3&4' "("4!5" 4'14 16! &7 17 &74!65!0&14! "$12! 8!9

43!!7 4'! 5&$6#"$#%&$ 170 4'! 51$6#"$#%&$ 3#620: ;7 4'! #7! '170, 4'! 5&$6#"$#%&$ "$12! &"

<#=!67!0 8( 4'! 31=! 714>6! #? 4'! !2!$46#7", 2!10&7< 4# @>174>5 4617"%#64: ;7 4'! #4'!6

'170, 4'! 51$6#"$#%&$ 3#620 &" 0!"$6&8!0 8( $#22!$4&=! 8!'1=&#6 170 !2!$46#7" 8!'1=! 2&A! $21"9

"&$12 %164&$2!":  !"#"$#%&$ !B!$4" %6#=&0! 1 5!1">6182! "&<712 4'14 &" "46#7<2( 0!%!70&7< #7

4'! 5&$6#"$#%&$ 0!41&2" #? 4'! "15%2!: C! 3&22 !D%2#&4 4'!"! !B!$4" 4# <!4 17 &7"&<'4 &7 4'!

5&$6#"$#%&$ "46>$4>6! #? "%&7 <21""!": E7 4'&" $'1%4!6, 3! &746#0>$! 4'! 5!"#"$#%&$ &74!6?!6!7$!

!B!$4" &7 !2!$46#7 4617"%#64, &7 %164&$>216 4'! >7&=!6"12 $#70>$417$! F>$4>14&#7": G'!( 16!

'&<'2( "!7"&4&=! 4# 4'! 5&$6#"$#%&$ 0&"#60!6 $#7H<>614&#7 #? 4'! "15%2!, 170 $17 4'!6!?#6! 8!

>"!0 1" 1 81"&$ 4##2 ?#6 4'! "4>0( #? "%&7 <21""!":

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

I2!$46&$&4( &" 1""#$&14!0 4# 4'! 4617"%#64 #? $'16<! $166&!6"

!

4'6#><' 1 514!6&12: E? 4'!(

%6#%1<14! !1"&2(, &4 &" 1 <##0 $#70>$4#6 J5!412"K, #4'!63&"! &4 '1" 1 %##6 $#70>$4&=&4(: G'!

6!"&"4&=&4( 5!1">6!0 &7 5!412" &" 2&7A!0 4# 4'!  !"#$ %$ &7"&0! 4'! "15%2!L 4'&" &" 4'! M6>0!

5#0!2 )-/: C'&2! $6#""&7< 4'! "15%2!, 4'! !2!$46#7" 16! "$144!6!0 #7 $!74!6" #? =16&#>" 4(%!"

J"414&$ 0!?!$4", %'#7#7":::K: G'! 5#4&#7 #? 4'! !2!$46#7" &" 4'>"  !&'"!(%:

G'! $#22&"&#7" $17 8! 41A!7 &74# 1$$#>74 4'6#><' 1 4&5! τe 3'&$' 6!%6!"!74" 4'! 5!17

?6!! 4&5! 8!43!!7 43# "$144!6&7< !=!74": G'! N#24O5177 !@>14&#7 122#3" 4# #841&7 4'! M6>0!

$#70>$4&=&4( σ0

σ0 =
1

ρ0
=
nee

2τe
m∗

J.:-:-K

 

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

!

&!#3%$+() 0!)+ 30$$4 0 )5'( 67'37 30( "# #85!+'%#1 0) 6#!! 0) %7# 370$-#9 %7') ') %7# :#!1 +; )5'(%$+('3)2

-P



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

"#$%$ ρ0 &' (#$ )%*+$ %$'&'(&,&(-. ne &' (#$ $/$0(%12 +$2'&(-. e &' (#$ $/$0(%12 0#3%4$ 32+ m∗
(#$

$5$0(&,$ 03%%&$% 63''7

82 6$(3/'. 012+*0(&12 $/$0(%12' 3%$ ,$%- "$// +$'0%&9$+ 9- (#$ '$6&:0/3''&03/ (#$1%- ; <7 =#$

>*32(*6 23(*%$ 1? $/$0(%12' &' &201%@1%3($+ &2 (#$ ?%$$ $/$0(%12 3@@%1A&63(&12 B(#$ $5$0( 1?

(#$ /3((&0$ &' (3C$2 &2(1 3001*2(  !" (#$ $5$0(&,$ 63'' m∗
D7 =#$ $2'$69/$ 1? $/$0(%12' ?1%6 3

>*32(*6 43' "&(# ?$%6&12&0 @%1@$%(&$'E (#$ $2$%4- &' (#$ F$%6& /$,$/ EF = ~
2k2F/2m

∗
. "&(#

~ (#$ G/320C 012'(32( +&,&+$+ 9- 2π. 32+ "#$%$ kF . (#$ "3,$ ,$0(1%. (3C$' &2(1 3001*2( (#$

"3,$ 23(*%$ 1? (#$ $/$0(%12'7 H( ($6@$%3(*%$' T "$// 9$/1" (#$ F$%6& ($6@$%3(*%$ TF ∼ 104 I

&2 6$(3/'. (#$ $/$0(%12 43' &' '(%124/- +$4$2$%3($+ 32+ $A#&9&(' >*32(*6 @%1@$%(&$'7 =#$

0#3%30($%&'(&0 /$24(# λF = 2π/kF &' (#$ F$%6& "3,$/$24(# 32+ %$@%$'$2(' (#$ '@3(&3/ $A($2'&12

1? (#$ $/$0(%12 "3,$ @30C$(7

=#$ ,3/*$ 1? (#&' "3,$/$24(# &' %$/3($+ (1 (#$ $/$0(%12 +$2'&(- &2 (#$ '-'($6

ne ∝
(

1

λF

)d

BJ7 7JD

"#$%$ d &' (#$ +&6$2'&127 82 6$(3/' d = 3. 32+ d = 2 &2 '$6&012+*0(&24 #$($%1'(%*0(*%$'7 82 3

'36@/$. 12$ 032 +$016@1'$ (#$ $/$0(%12 (%32'@1%( &2(1 12$:+&6$2'&123/ 0#322$/'. 01%%$'@12+&24

(1 (#$ (%32',$%'$ >*32(&K3(&12 1? (#$ "3,$ ,$0(1%7 82 (#%$$ +&6$2'&12'. ?1% 3 '$0(&12 S. (#$

2*69$% 1? 0#322$/' &' Nc = S/λ2F 7 82 6$(3/'. λF &' (-@&03//- 391*( 0.5 26 32+ &' (#$ '63//$'(

/$24(# 1? (#$ @%19/$67 =#$ 2*69$% 1? 0#322$/' &2 1*% '36@/$' 1? '$0(&12 100 × 100 nm2
&'

391*( Nc ≈ 4.1047

82 6$(3//&0 '-'($6'. (#$ ?%$$ $/$0(%12 3@@%1A&63(&12 #1/+' ,$%- "$//. (#$ @/32$ $/$0(%12

"3,$' 3%$ @%1@343(&24 ?%$$/- 9$("$$2 '03(($%$%'. "&(#&2 3 %$21%63/&'3(&12 1? (#$ 03%%&$% 63''

m∗
7 L03(($%&24 &2+*0$+ 9- (#$ #$"$!% +&'1%+$% 0#324$' (#$ 1%&$2(3(&12 1? (#$ $/$0(%12 "3,$

,$0(1%

~k. 9*( 21( &(' 61+*/*'7 8( +1$' 21( &6@/- 3 /1'' 1? $2$%4-. (#$ +&5*'&12 &' &'"#$!%7

M$("$$2 ("1 01//&'&12'. (#$ $/$0(%12 61(&12 &' 93//&'(&0 3( 3 '@$$+ vF "#&0# &' (#$ F$%6& ,$/10&(-

BvF = (~/m∗)kF ≃ 1.4 106 6N' &2 6$(3/'D7 O2$ 032 +$P2$ (#$ $/3'(&0 6$32:?%$$:@3(# le 3' (#$

+&'(320$ (%3,$/$+ 9$("$$2 ("1 $/3'(&0 '03(($%&24 $,$2('

le = vF τe BJ7 7QD

"#$%$ τe &' (#$ (&6$ 3''10&3($+ "&(# $/3'(&0 '03(($%&24. (#3( &' (#$ )%*+$ (&6$7

H' (#$ 4/193/ 61(&12 1? $/$0(%12' &' +&5*'&,$ &2 (#$ '36@/$. &( 032 9$ 0#3%30($%&K$+ 9- 3

+&5*'&12 01$R0&$2( D "#&0# %$@%$'$2(' (#$ 3%$3 $A@/1%$+ @$% (&6$ *2&(7

D =
1

d
vF le BJ7 7SD

"&(# d (#$ +&6$2'&12 1? (#$ '-'($67 82 0/$32 6$(3/'. le ≃ 30 26 32+ D ≃ 150 cm2/s7

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

=#$ )%*+$ 61+$/ 4&,$' (#$ 0/3''&03/ %$'&'(&,&(- 1? (#$ 63($%&3/7 =#$ 012+*0(320$ 1? (#$

'-'($6 &' >*32(&?-&24 (#$ $3'$ ?1% (#$ $/$0(%12' (1 (%3,$%'$ (#$ '36@/$ +&5*'&,$/-7 =#$ /3%4$% (#$

+&'1%+$%. (#$ 61%$ +&R0*/( (#$ $/$0(%12 @%1@343(&127 82 (#$ )%*+$ 61+$/. (#$ (1(3/ 012+*0(320$



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

"# $"%&' () *+& #,- ./ *+& 0"1,#".' 23.(4("5"*"&# /.3 *+& &5&6*3.'#7 8.9&%&3: *+& ;,4'*,- '4*,3&

./ *+& &5&6*3.'# "# 3&#2.'#"(5& /.3 0&%"4*".'# *. *+"# 654##"645 3&#"#*"%"*)7 <' *+& 3&$"-& 9+&3& *+&

&5&6*3.'# 64'  !"#$%#$#: *+& 6.'0,6*4'6& +4# 4' 400"*".'45 6.-2.'&'*7 =+"# 6.33&6*".' 43"#&#

/3.- *+& ;,4'*,- "'*&3/&3&'6& (&*9&&' &5&6*3.' *34>&6*.3"&#7

?# *+& 23.24$4*"'$ &5&6*3.' 94%&# +4%& *+& #4-& &'&3$) EF : *+&) 64' "'*&3/&3&7 8.9&%&3:

4-.'$ *+& 0"1,#".' 23.6&##&#: *+&3& 43& #.-& *+4* 6+4'$& *+& &'&3$) ./ *+& #64**&3&0 &5&6*3.':

*+& 2+4#& ./ *+& 94%& 4##.6"4*&0 "# 34'0.-"@&0 4'0 *+& &5&6*3.' 94%& 64''.* "'*&3/&3& 4')-.3&7

=+& 6.+&3&'6& ./ *+& &5&6*3.'# "# *+,# 5"-"*&0 ()  !#&'(" ) #64**&3"'$7 =+& 5&'$*+ .%&3 9+"6+

4' &5&6*3.' +4# 5.#* "*# 2+4#& 6.+&3&'6& "# LΦ: *+& 2+4#& 6.+&3&'6& 5&'$*+7

=+"# 5&'$*+ 0&2&'0# #*3.'$5) .' *&-2&34*,3&: 4# &5&6*3.'A2+.'.' "'&54#*"6 23.6&##&# 43&

0.-"'4'* 4* +"$+ *&-2&34*,3&7 B) 6..5"'$ 0.9': *+&#& 23.6&##&# 43& 9&4C&'&0: 4'0 "' 65&4'

-&*45#: LΦ 64' 3&46+ ,2 *. 20 µ-7 =+,#: "/ .'& 94'*# *. .(#&3%& *+& 0&%"4*".'# *. D3,0&

3&#"#*"%"*) 0,& *. *+& ;,4'*,- '4*,3& ./ &5&6*3.'#: .'& +4# *. -&4#,3& 4 #4-25& ./ #"@& L < LΦ7

=+"# &E254"'# (.*+ 9+) *+&#& &1&6*# 43& '.* "-2.3*4'* /.3 -463.#6.2"6 #4-25&# 4* 3..- *&-A

2&34*,3&: 4'0 *+& 54*& &-&3$&'6& ./ -&#.#6.2"6 2+)#"6# 9+"6+ '&&0# 5.9A*&-2&34*,3& *&6+'";,&#

FT < 1 GH 4'0 #4-25&# ./ -"63.-&*&3 #"@&7

=+& 2+4#& 6.+&3&'6& 5&'$*+ "# 3&54*&0 *. *+& 2+4#& 6.+&3&'6& *"-& τΦ ()

LΦ =
√

DτΦ FI7 7JH

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

K&#.#6.2"6 "'*&3/&3&'6&# 43"#& (&*9&&' &5&6*3.' *34>&6*.3"&# 0"1,#"'$ .' 4 5&'$*+ #645& ./ LΦ7

=+& 0&*4"5 ./ *+&#& "'*&3/&3&'6&# "# *+,# 0&2&'0"'$ .' *+& -"63.#6.2"6 0"#.30&3 ./ *+& #4-25&:

"' 4 (5.6C ./ #"@& LΦ7 L.3 543$& #4-25&#: FL≫ LΦH: *+& "'*&3/&3&'6& M$,3& "# 0"1&3&'* /.3 &46+

(5.6C: 4'0 *+& 3&#,5*"'$ #"$'45 "# 64'6&5&0 .' 4%&34$&7 B,* "/ *+& #4-25& +4# 4 5&'$*+ L < LΦ:

*+& *+'!"+, )-$$#)" -!( *. *+& 6.'0,6*4'6& 0&2&'0 23&6"#&5) .' *+& -"63.#6.2"6 3&45"@4*".' ./

*+& 0"#.30&37 <' *+4* #&'#&: *+&) $"%& 4 .!/#$0$ !" ./ *+& 0"#.30&3 6.'M$,34*".'7

 !"#$% &'()  ! " #"$%&' () &'!*+, L < LΦ- ./01#/2' '&'3+4(! +4"5'3+(4/'# *(/!* )4($ r +( r′ /!+'4)'4'6

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

<' *+& #6+&-4*"6 ./ M$,3& I7 : *+& &5&6*3.' 24*+# 43& "'*&3/&3"'$ FL < LΦH7 =+& 0"1,#".'

./ *+& &5&6*3.'# .' *+& #*4*"6 0"#.30&3 )"&50# 4 23.(4("5"*) P (r, r′) *. 63.## *+& #4-25&: 4'0

*+& 3&54*&0 -463.#6.2"6 6.'0,6*4'6&7 P (r, r′) 0.&# '.* 6+4'$& 4# 5.'$ 4# *+& #*4*"6 0"#.30&3



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

"#$%&'( )*# (%$#+ ,- .'# /*%'0#( )*# (%$12#3 .'# /*%'0#( )*# 4&(."4#" /.'506"%)&.'3 %'4 )*#

/.'46/)%'/# /*%'0#(3 46# ). )*# 76%')6$ /.""#/)&.'( 899:+ ; 5"() <%= ). .>(#"?# (6/* #@#/)(

&( )*6( ). $#%(6"# (%$12#A).A(%$12# /.'46/)%'/# B6/)6%)&.'( 89C:+

; $%0'#)&/ ?#/)." 1.)#')&%2 /.612#( ). )*# #2#/)".' /*%"0#

 

%'4 /*%'0#( )*# 1*%(# .- )*#

#2#/)".' <%?# 89D:+ E*#"#-."#3 % $%0'#)&/ B6F 4#1*%(#( )*# #2#/)".' )"%G#/)."&#(+ ;112=&'0 %

$%0'#)&/ 5#24 4.#( '.) /*%'0# )*# 4&(."4#" /.'506"%)&.'3 >6) /*%'0#( ($..)*2= )*# 1*%(# .-

#%/* #2#/)".' 1%)*3 &' %' 6'H'.<'3 >6) 4#)#"$&'&()&/ <%=+ E*# "#(62)&'0 1".>%>&2&)= P (r, r′)

<&22 B6/)6%)# %( <# 4#1*%(# )*# )"%G#/)."&#(+ ,$1.")%')2=3 -." % 0&?#' "#%2&I%)&.' .- )*# 4&(."4#"3

)*# 4#1*%(&'0 .- )*# 1%)*( &( 5F#4 -." % 0&?#' 5#24J %( % "#(62)3 )*# B6/)6%)&.'( %"#  !"#$%&$'

>6) #"!#%&('$)*" <&)* "#(1#/) ). )*# $%0'#)&/ 5#24+

E*#(# B6/)6%)&.'( *%?# >##' &')#"1"#)#4 %( K'&?#"(%2 L.'46/)%'/# M26/)6%)&.'( NKLMO >=

P## %'4 Q).'# &'  R!D 89S:+ E*#= %"#J

 !"#$%&$'( )*# /.'46/)%'/# B6/)6%)&.'( %"# %1#"&.4&/+ Q%$12#A).A(%$12# B6/)6%)&.' .//6"

"%'4.$2=+

)"!#%&*'$+,"( <&)* "#(1#/) ). )*# 4#1*%(&'0 1%"%$#)#"3 )*# B6/)6%)&.'( %"# "#1".46/&>2# -."

% 0&?#' "#%2&I%)&.' .- )*# 4&(."4#"+

-.$/"#01,( )*# %$12&)64# .- )*# B6/)6%)&.' &( .- )*# ."4#" .- e2/h3 &'4#1#'4#')2= .- )*# 4#0"##

.- 4&(."4#"+

;( %' #F%$12# .- )*# 6'&?#"(%2&)=3 /.'46/)%'/# B6/)6%)&.'( .- )*"## 4&@#"#') (=()#$( %"#

(*.<' .' 506"# T+T+ U*&2# )*# >%/H0".6'4 /.'46/)%'/# ?%"&#( .' )*"## ."4#"( .- $%0'&)64#3

)*# /.'46/)%'/# B6/)6%)&.'( "#$%&' .- ."4#" e2/h+

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

g(B) &( $ 0.8 µ" +&$"*.*% -!5+ %&(-4 (b) g(B) )!% $ 6/$'& 1d '&5&,!( 789:;<4 (c) (/"*%&,$5 ,$5,/5$.&!(

!) g(B) )!% $( =(+*%'!( "!+*54  !(+/,.$(,* &' "*$'/%*+ &( /(&.' !) e2/h> "$-(*.&, ?*5+ &( <*'5$4

@!.* .1* .1%** !%+*%' !) "$-(&./+* A$%&$.&!( &( .1* B$,C-%!/(+ ,!(+/,.$(,* D1&5* .1* 0/,./$.&!('

%*"$&( !) !%+*% /(&.34 ;E.%$,.*+ )%!" FGHI4

,'4##43 &) /%' ># (*.<' )*%) )*# /.'46/)%'/# .- % /*%''#2 &( e2/h3 )*# +( ,-(. %/ '%,0

&('- ,'"+ E*6( )*# /.'46/)%'/# g /%' ># #F1"#((#4 &' 6'&)( .- e2/h3 %'4 4&"#/)2= "#B#/)( )*#

'6$>#" .- /*%''#2( Nc 89 : &' )*# (%$12#+ E*# %$12&)64# .- $#(.(/.1&/ /.""#/)&.'( &( .- )*#

."4#" .- .'# /*%''#2 N.6) .- )*# ).)%2 '6$>#" .- /*%''#2(O+

 

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



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

"#$ %&'()*+,* -$+*.)$ (- *#$/$ 0(,1.0*+,0$ 2.0*.+*%(,/ *#+* 3$ $4'5(%* %, *#$ -(55(3%,6

3()78 %/ *#+* *#$9 )$')$/$,* +  !"#$%$&!' () '*# +&,$(-,(%&, .&-($.#$ ,(! "/$0'&(!: ;, *#%/

3()78 3$ 1$<$5(' *#%/ ()%6%,+5 +'')(+0# +/ + *((5 *( /*.19 *#$ 1%/()1$) %, /'%, 65+//$/:

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

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

"#$ +&'5%*.1$ (- *#$/$ 0(,1.0*+,0$ 2.0*.+*%(,/ δg2 =%, .,%*/ (- (e2/h)2> 0+, ?$ 0+50.5+*$1

-)(& *#$ @.?( -()&.5+ ABC8 BBD: E* F$)( *$&'$)+*.)$ +,1 -() + 5$,6*# L≪ LΦ (,$ (?*+%,/

δg2 =
12s2

β

∑

q

(

1

q2L2

)2

=G:G: >

3#$)$ q %/ *#$ 3+<$ <$0*() +//(0%+*$1 3%*# *#$ ')('+6+*%(, &(1$ (- *#$ $5$0*)(,/ +,1 s %/

*#$ /'%, 1$6$,$)+09: "#$ *$)& β %/ + 7,(3, ,.&$)%0+5 -+0*() 1$'$,1%,6 (, *#$ *%&$H)$<$)/+5

/9&&$*)9 (- *#$ ')(?5$&: I(*$ *#+* *#%/ )$/.5* 1($/ ,(* 1$'$,1 (, le *#+* %/ (, *#$ /*)$,6*#

(- *#$ 1%/()1$)J *#$ 2.0*.+*%(,/ +)$ .,%<$)/+5:

;, (.) $4'$)%&$,*/8 3$ /*.19 /+&'5$/ %, *#$ K.+/% 1d 6$(&$*)98 *#+* %/ (,59 (,$ 1%&$,/%(,

L $40$$1/ LΦ: ;, *#%/ 0+/$8 *#$ /.& %, *#$ +?(<$ $K.+*%(, $K.+5/ π4/908 *#./

δG2 =
2

15β
G2

0 =G:G:G>

3#$)$ G0 = se2/h %/ *#$ =/'%,H1$'$,1$,*> K.+,*.& (- 0(,1.0*+,0$: "#%/ -()&.5+ /$*/ *#$ +&H

'5%*.1$ (- *#$ .,%<$)/+5 0(,1.0*+,0$ 2.0*.+*%(,/ %, -.559 0(#$)$,* /9/*$&/ +* F$)( *$&'$)+*.)$:

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

E/ 3$ #+<$ &$,*%(,$1 +?(<$8 *#$ LMN +)$ +'$)%(1%0: ;- *#$ 1$'$,1$,0$ (- g (, B %/ )$+559

)+,1(&8 *#$ -(55(3%,6 0())$5+*%(, -.,0*%(, /#(.51 1$0+9 *( F$)( (<$) /(&$ )+,6$ %, ∆B ABODJ

F (∆B) = 〈g(B)g(B +∆B)〉 − 〈g(B)〉2 =G:G:B>

3#$)$ *#$ +,6.5+) ?)+07$*/ 〈 〉 1$,(*$ *#$ +<$)+6$ (, *#$ &+6,$*%0 P$51 /'+,: ;, ()1$) *( #+<$

)$5%+?5$ )$/.5*/8 *#$ P$51 /'+, #+/ *( ?$ &.0# 5+)6$) *#+, *#$ *9'%0+5 1$0+9 ∆B:

"#%/ -.,0*%(, 0+, ?$ 0+50.5+*$18 +,1 -() ∆B = 08 F$)( *$&'$)+*.)$8 +,1 5+)6$ LΦ8 %* 9%$51/

*#$ /+&$ )$/.5* +/ $K.+*%(, G:G:G -() *#$ +&'5%*.1$ (- *#$ 2.0*.+*%(,/:

;, +11%*%(,8 *#%/ 0+50.5+*%(, +55(3/ *( (?*+%, *#$ *9'%0+5 /'+0%,6 ?$*3$$, *#$ +'$)%(1%0 '$+7/

(- *#$ 2.0*.+*%(,/: Q,$ 0+, $/*%&+*$ + P$51 0())$5+*%(, )+,6$ Bc 1$P,$1 ?9 F (Bc) = F (0)/2:

Q,$ (?*+%,/ %, *#$ K.+/% 1d 0+/$

Bc ≃
Φ0

wLΦ

=G:G:R>

3#$)$ w %/ *#$ 3%1*# (- *#$ /+&'5$8 +,1 Φ0 = h/e %/ *#$ 1/2 3/0!'/+: ;, *#$ K.+/% 1d )$6%&$8

*#$ *9'%0+5 P$51 /0+5$ ?$*3$$, *#$ 2.0*.+*%(,/ (- *#$ 0(,1.0*+,0$ %/ 6%<$, ?9 + K.+,*.& 2.4

*#)$+1$1 *#)(.6# + /+&'5$ +)$+ (- wLΦ8 +/ /7$*0#$1 (, P6.)$ G:B:



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

 !"#$% &'()  !"#$%&'( )*+ Φ0 ', &-.%"/%/ &-.0*#- &-% (0-%.%$& ,*.1"(% 01 &-% ,"!23%4 5$ &-% 6*",' 1d

.%#'!%7 &-', ".%" ', /%3'!'&%/ 89 &-% :'/&- w "$/ &-% 2-",% (0-%.%$(% 3%$#&- LΦ4

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

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

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

0*125$ *6/$+ ./0 2*/#7 8, )&.(9 0&4 ./ -&'25$0 /& /#$ $(:.+&(1$(/ *() 5&0$0 ./0 2#*0$ 1$1&+,7

"#$ 5$(9/# L &6 /#$ 0*125$ &:$+ ;#.-# /#$ $5$-/+&(0 2+&2*9*/$ .0 5.(<$) /& * -#*+*-/$+.0/.-

).3'0.&( /.1$

τD =
L2

D
= 7 7>?

τD .0 /#$ "#&'5$00 /.1$ @ABC4 *() +$2+$0$(/0 /#$ /.1$ ./ /*<$0 /& 9& ).3'0.:$5, *-+&00 /#$ 0*125$7

D&+ /.1$0 5*+9$+ /#*( τD4 /#$ %&'()*+.$0 &6 /#$ 0*125$ *+$ 6$5/ %, /#$ $5$-/+&(07

"#$ "#&'5$00 $($+9, .0 *00&-.*/$) ;./# /#.0 /.1$

Ec =
~

τD
= 7 7E?

F#$( *( $5$-/+&( -+&00$0 /#$ 0*125$4 ./ *-G'.+$0 * 2#*0$ 2+&2&+/.&(*5 /& τD/~7 "#$+$ *+$

-&(0/+'-/.:$ .(/$+6$+$(-$0 %$/;$$( /;& $5$-/+&( /+*H$-/&+.$0 .6 /#$.+ +$5*/.:$ 2#*0$ ).3$+$(-$ .0

5$00 /#*( 2π4 /#*/ .0 .6 /#$.+ $($+9, ).3$+$(-$ ∆ǫ ≤ Ec7 "#'04 &(5, /#$ $5$-/+&(0 5,.(9 .( *(

$($+9, %*() &6 ;.)/# Ec *+&'() /#$ D$+1. 5$:$5 -*( 2*+/.-.2*/$ /& .(/$+6$+$(-$ $3$-/07

"#.0 #*0 /& %$ -&12*+$) /& /#$ /&/*5 ('1%$+ &6 $5$-/+&(0 2*+/.-.2*/.(9 /& /#$ /+*(02&+/

/#*/ *+$ 5,.(9 .( *( $($+9, .(/$+:*5 &6 ;.)/# kBT 4 kB %$.(9 /#$ 8&5/I1*(( -&(0/*(/7 "#$ +*/.&

%$/;$$( /#$0$ G'*(/./.$0 9.:$0 +.0$ /& /#$ /#$+1*5 ).3'0.&( 5$(9/#J

LT = L

√

Ec
kBT

=

√

~D

kBT
= 7 7K?

L0 * +$0'5/4 /#$ /$12$+*/'+$ ;$*<$(0 -&#$+$(-$ $3$-/0 ;#$( Ec < kBT 4 /#*/ .0 L > LT 7

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

"#$ '(.:$+0*5 -&()'-/*(-$ M'-/'*/.&(0 *125./')$ .0 0/+&(95, )$2$().(9 &( /$12$+*/'+$7

"#$ $3$-/ &6 /$12$+*/'+$ .0 /;&N6&5)J ./ -#*(9$0 /#$ /#$+1*5 %+&*)$(.(9 &6 /#$ $($+9, 5$:$50

=LT ?4 %'/ ./ *50& 1&).O$0 /#$ -&#$+$(/ 0-*//$+.(9 +*/$ =LΦ(T )?7 L/ 5&; /$12$+*/'+$4 /#$0$ /;&

5$(9/#0 *+$ 5*+9$4 *() ;$ +$-&:$+ 5*+9$ -&()'-/*(-$ M'-/'*/.&(07 F#$( /$12$+*/'+$ .(-+$*0$04

/#$ M'-/'*/.&(0 *+$ 2+&9+$00.:$5, 0'22+$00$)7 "#$ -#*+*-/$+.0/.- 5$(9/#0 L4 LΦ *() LT #*:$ /&



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

"# $%&'()#* +% *#+#)&,-# ')#$,.#/0 +1# (&'/,+2*#3 4- +1# (.0&'+%+,$ )#5,&#. 6%) +1#.# /#-5+1.7

+1# +#&'#)(+2)#8*#'#-*#-$# %6 +1# 9:; (&'/,+2*# ,. 5,<#- "0 =-%>- (-(/0+,$ /(>. ?@AB3

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

C%+# +1(+ +1# +1#%)#+,$(/ *#.$),'+,%-. .#+ ("%<# 1(<# "##- $(/$2/(+#* ,- ( +>%8'%,-+ 5#%&8

#+)07 +1(+ ,. >1#- $2))#-+ I (-* <%/+(5# V ()# $%-+($+#* %- +1# .(&# /#(*.3 4- #D'#),&#-+(/

&#.%.$%',$ '10.,$.7 %-# %6+#- 2.#. 6%2)8'%,-+ &#(.2)#&#-+. E*,F#)#-+ $%-+($+. +% *),<# +1#

$2))#-+ (-* +% &#(.2)# +1# <%/+(5#G3 4- +1,. .,+2(+,%-7 %-# )#(//0 '#)6%)&. (  !"# &#(.2)#&#-+

E.## H52)#  3IG3 4- .2$1 5#%&#+)07 .'#$,(/ .0&&#+),#. (''/0 +% +1# $%1#)#-+ &(5-#+%$%-*2$8

+(-$# %6 ( .(&'/# ?@JB3 K1#.# .0&&#+),#. >,// "# 2.#62/ ,- %2) #D'#),&#-+7 ,- %)*#) +% .#'()(+#

%2+ $%-*2$+(-$# L2$+2(+,%-. *2# +% %)",+(/ #F#$+. 6)%& L2$+2(+,%-. (++),"2+#* +% +1# &(5-#+,$

(+%&.3

M+()+,-5 >,+1 ( +>%8'%,-+ .#+2' 1(<,-5 /#(*. i (-* j7 +1# $2))#-+ $%-.#)<(+,%- (-* +,&#8

)#<#).(/ ,-<(),(-$# ,- +1# ')#.#-$# %6 ( L2D Φ ,&'%.#. )#/(+,%-. %- +1# +)(-.&,..,%- T (-*

)#L#$+,%- R $%#N$,#-+. "#+>##- i (-* j

Tij(Φ) = Tji(−Φ), Rii(Φ) = Rii(−Φ) E 3@3!G

 !"#$% &'()  !"#$ #%&'()&*! +!,-.)!+!/#0 12! *3.! 34/!- "&) Tij(Φ) ,/5 Rii(Φ) ,)! !6.47,3!/# #& #2!

)!5 34/!- Tji(−Φ) ,/5 Rjj(−Φ)0 8492#$ "&.)'()&*! 3&:,3 +!,-.)!+!/#0 k, l,m, n ,)! #2! 3!,5-; I ,/5 V

5!-49/,#! :.))!/# ,/5 7&3#,9! ()&*!- )!-(!:#47!3<0

4- ( $%&&%- 6%2)8'%,-+ &#(.2)#&#-+7 +>% /#(*. *),<# +1# $2))#-+ (-* +1# +>% %+1#). ()#

2.#* +% &#(.2)# +1# <%/+(5#3 4- +1#.# $%-*,+,%-.7 >1#)# +1# /#(*. ()# k7 l7m (-* n +1# )#.,.+(-$#

,. 5,<#- "0

Rmn,kl = (h/e2)(TkmTln − TknTlm)/D E 3@3 G

>1#)# D ,. ( *#+#)&,-(-+ %6 +1# $2))#-+. &(+),D7 ,-*#'#-*#-+ %6 +1# ,-*,$#. klmn3 9.,-5 +1#

')#<,%2. )#$,')%$,+0 #O2(+,%-.7 ># %"+(,- +1# P-.(5#) )#/(+,%-

Rmn,kl(Φ) = Rkl,mn(−Φ) E 3@3@G

K1,. .0&&#+)0 (''/,#. (/.% +% +1# $%-*2$+(-$#7 (-* +% +1# $%-*2$+(-$# L2$+2(+,%-.3 9.,-5

%2) #D'#),&#-+(/ .$1#&# %6 H52)#  3I7 %-# $(- *#),<# 6)%& +1# ("%<# #O2(+,%- 2.#62/ )#/(+,%-.3



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

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

/'" 1(' $+88").%:" /2. 1/'#21)('1" ;21)2()%/'$ <%), ."$-"1) )/ )," ="3#>

δGS =
δGIV (B) + δGIV (−B)

2
? 5@5AB

δGA =
δGIV (B)− δGIV (−B)

2
? 5@5CB

<,"." B %$ )," 8(&'")%1 ="3#5 δGS ('# δGA (." ."$-"1)%4"3+ )," $+88").%1 ('# )," (')%$+8D

8").%1 1/8-/'"')$ <%), ."$-"1) )/ )," ="3#5

6$ )," E'$(&". ."3()%/' %$ ."3+%'& /' )," )%8"D."4".$(3 %'4(.%('1" ,+-/),"$%$9 /'" 1(' *2%3#

F2(')%)%"$ ),() #"-"'# /' ),%$ $+88").+

δGM =
δGIV (B)− δGV I(−B)

2
? 5@5GB

δGO =
δGIV (B) + δGV I(−B)

2
? 5@5HB

E'" $+88").%:"$ ,"." <%), ."$-"1) )/ )," I − V 3"(#$ -".82)()%/'5 !" 1(33 )," 8(&'")%1

1/8-/'"') δGM 9 ($ %) %$ ( 4('%$,%'& F2(')%)+ <,"' )%8"D."4".$(3 %'4(.%('1" %$ 4".%="#5 I,2$9
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&(2 (n) 1'=$/ Qmn; ,#$ /)'( +=$*.&)5 ?$)$&,'(1 ,#'/ )*+-$// %&(: ,'%$/ /#+0.2 :'$.2 ,#$

/,&,'/,'-&. 2'/,*'>0,'+( +7 +=$*.&) P (Q) ,#&, '/ ,#$ 70(2&%$(,&. @0&(,',: '( ,#$ ,#$+*: +7 /)'(

1.&//$/5 "#'/ ,++. -&( 70*,#$* /$*=$ ,+ /,02: &1'(1 $A$-,/; ,#*+01# ,#$ 2$)$(2$(-$ +( ,#$

8&','(1 ,'%$ tw; &(2 &./+ %$%+*: $A$-,/5

 !"#$%&'!"

"#$ 0/$ +7 0('=$*/&. -+(20-,&(-$ B0-,0&,'+(/ ,+ /,02: ,#$ %'-*+/-+)'- -+(310*&,'+(/ +7 /)'(

1.&//$/ '/ & 8$..C$/,&>.'/#$2 '2$&5 D+8$=$*; ', '/ 2'E-0., ,+ 2*&8 2$3(','=$ -+(-.0/'+(/ 7*+%

,#$ $F'/,'(1 $F)$*'%$(,&. 8+*G/5 "#$ ($8 &))*+&-# )*+)+/$2 '( ,#'/ 8+*G '/ ,+ '(=$/,'1&,$

2'*$-,.: ,#$ *$)*+20-'>'.',: +7 ,#$ %&1($,+3(1$*)*'(,/5 "#$ -+**$.&,'+( >$,8$$( -+(20-,&(-$

B0-,0&,'+(/ ,*&-$/ -&( >$ $F)$*'%$(,&..: %$&/0*$2; &(2 &..+8 ,+ $F,*&-, ,#$ /)'( +=$*.&)5 H$

)*$/$(,; '( ,#$ ($F, )&*,; ,#$ $F)$*'%$(,&. '%).$%$(,&,'+( +7 ,#$/$ '2$&/5



 !"# $$

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

 !





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

01+,2( 3%4 .%//! '+/,0%+"' 5,% "! 6+")7

0%+""!"0 &$'-

 !"#$% &'(%")

 !"#$%&4
 !"#$%&#'()* %&"*#&#'()(%+'

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

 ! "#$%# &" '&($) *%'"'+",-+ %.%+&' -! &/% ',-! 012'' #%0-*%3 '%4%#21 #%5(-#%*%!&' /24% &"

6% 7(1811%$9 :";<&%*,%#2&(#% *%2'(#%*%!&' 2#% #%5(-#%$ =T ≪ 1 >? -! "#$%# &" #%2+/ &/%

5(2!&(* #%0-*% =LT , LΦ ≃ L?3 6(& 21'" '2*,1%' -! &/% *-+#"! #2!0%3 12#0% *20!%&-+ 8%1$'3

2' ;%11 2' 4%#) 1"; !"-'% %1%+&#"!-+ $%&%+&-"! 2' &/% '-0!21' &" 6% *%2'(#%$ 2#% 4%#) '*2119  !

2$$-&-"!3 &/% +"!+%!&#2&-"! "7 &/% *20!%&-+ ',-!' =-*,(#-&-%'? /2' &" 6% ;%11 +"!&#"11%$9  ! &/%

7"11";-!03 ;% $%&2-1 &/% %@,%#-*%!&21 &%+/!-5(%' &/2& ;% /24% -*,1%*%!&%$ 7"# &/% *%2'(#%*%!&

"7 (!-4%#'21 +"!$(+&2!+% A(+&(2&-"!' -! ',-! 012''%'9

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

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

 ! "#$%# &" *2B% '2*,1%' 6%1"; &/% *-+#"*%&%# '-C%3 ;% ('% '&2!$2#$ %1%+&#"! 6%2* 1-&/"0<

#2,/) &%+/!-5(%'9 D '%!'-&-4% #%'-'& -' -!'"12&%$ 6) 2 7"+('%$ %1%+&#"! 6%2*3 7"11";-!0 2 ,2&&%#!

$%8!%$ 6) &/% ('%#9 E/% 6%2* 2.%+&' &/% #%'-'&3 2!$ &/% -!'"12&%$ ,2#& -' #%*"4%$ -! 2 +/%*-+21

'"1(&-"! =&/% $%4%1",%#?9 E/-' -' 7"11";%$ 6) 2 *%&21 %42,"#2&-"! "! &/% ;/"1% '(6'&#2&%9 E/%

12'& '&%, +"!'-'&' -! #%*"4-!0 &/% #%'-'& 12)%#3 &/% '"<+211%$ F1-7&<".F9 D '+/%*2&-+ "7 &/% ;/"1%

1-&/"0#2,/) ,#"+%$(#% -' '/";! "! 80(#% G9H9

E/% 6%'& '(-&%$ 0%"*%&#) &" '&($) %@,%#-*%!&211) *%'"'+",-+ -!&%#7%#%!+% %.%+&' -' &/%

5(2'- 1d 0%"*%&#)I "!1) "!% $-*%!'-"! "7 &/% '2*,1% -' 12#0%# &/2! LΦ9  !$%%$3 -! &/-' 0%"*%&#)

&/% #%'-'&2!+% -' 12#0%# 2!$ &/% !(*6%# "7 +/2!!%1' Nc -' #%$(+%$9 D' &/% 5(2!&(* A(+&(2&-"!'

2#% "7 "!% +/2!!%13 &/% #%12&-4% #%'-'&2!+% +"##%+&-"! -' &/(' 12#0%#9

JH



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

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

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

08%%$./ ,( %$98,%$3 /) +$%2)%- & -$&(8%$-$./ &/ $98,',:%,8-; 7$ #&5$ 0&'08'&/$3 /#&/ /#$

%$(,(/&.0$ )2 /#$ (&-+'$ #&( /) :$ R > 10 Ω ,. )%3$% /) :$ &:'$ /) -$&(8%$ /#$ <=> (,1.&' &/

T = 30 -?@ "#$ '$.1/# L )2 /#$ (&-+'$ #&( /) :$ )2 /#$ )%3$% )2 LΦ@ <(,.1 /#$ %$(,(/,5,/6 )2

+8%$ .):'$ -$/&'(; 7$ /#8( #&5$ /) 3$(,1. /#$ (&-+'$ 5$%6 .&%%)7 &.3 /#,.@

A)7$5$%; 7$ #&5$ 0#)($. /%&.(5$%($ 3,-$.(,).( /#&/ &%$ '&%1$% /#&. /#$ $'&(/,0 -$&. 2%$$

+&/#; ,. )%3$% /) #&5$ /#%$$B3,-$.(,).&' 3,C8(,5$ +%)+$%/,$( 2)% /#$ (&-+'$@ D$ E.&''6 3$(,1.$3

& (&-+'$ )2 '$.1/# L = 3 µ- 7,/# ($5$%&' ,./$%-$3,&/$ +%):$(; )2 7,3/# w = 50 .- &.3

/#,0F.$(( t = 40 .-@ >)% /#$($ 3,-$.(,).(; 7$ 0&. $(/,-&/$ /#&/ 2)% & 0).0$./%&/,). )2

-&1.$/,0 (+,.( c = 1000 ++-; /#$%$ &%$ &:)8/ 300 (+,.( ,. /#$ /%&.(5$%($ ($0/,). )2 /#$ 7,%$@

G. G/)-,0 >)%0$ H,0%)(0)+$ IG>HJ +,0/8%$ )2 & /6+,0&' (&-+'$ ,( (#)7. ). E18%$ K@!@ "#$

'&%1$ %$($%5),%( &,- &/ #&5,.1 & 1))3 /#$%-&',L&/,). )2 /#$ 7,%$@

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

=&.).,0&' (+,. 1'&(($( /#&/ 7$ 7&./ /) (/836 &%$ G8>$; G1H. )% =8H. &'')6(; ,. /#$

1000 ++- 0).0$./%&/,). %$1,-$@ "#$%$ &%$ /7) 7&6( /) -&F$ /#$-4 7$ 0&. $5&+)%&/$ 3,%$0/'6

/#$ &'')6; )% 7$ 0&. $5&+)%&/$ /#$ .):'$ -$/&' #)(/ &').$; &.3 ,-+'&./ /#$ -&1.$/,0 ,-+8%,/,$(

&2/$%7&%3(@ M. (80# .):'$ -$/&'(; /#$%$ (8:(,(/ (-&'' 0).0$./%&/,).( )2 -&1.$/,0 ,-+8%,/,$(

 

,.

/#$ (&-+'$ &2/$% $5&+)%&/,).@ "#$($ 1,5$ %,($ /) & ?).3) $C$0/ NOPQ@ M. /#,( (,/8&/,).; /#$ +#&($

0)#$%$.0$ '$.1/# ,( %$380$3 NO!Q; &%)8.3 /#$ /6+,0&' ?).3) /$-+$%&/8%$ TK @ =).($98$./'6; ,2

TK ,( ,. /#$ ?$'5,. %&.1$; /#$ +%$($.0$ )2 %$(,38&' -&1.$/,0 ,-+8%,/,$( 3%&-&/,0&''6 &C$0/( /#$

 

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



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

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

*"% -%*#. %2#!'(#*+') +) '(5%( *' #2'+5 !#(#$+*% -#4)%*+& +-!1(+*+%$ %6%&*$/ 7'( *"+$ (%#$')8 9%

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

*"% <1#)*(')+&$ 4('1! ,'( =4

 

8 #)5 +) *"% >($#3 4('1! ,'( =1?8 #)5 9% +-!.#)* *"% -#4)%*+&

+-!1(+*+%$ #,*%(9#(5$/

 !"#$% &'()  !" #$%&'() *+ , &-#$%,. /,0#.) 1)/$23)1 +*( &4) 0),/'()0)3& *+ 56!7 84) %'(()3& $/

1($9)3 :)&;))3 &4) .,(2) ()/)(9*$(/< ,31 /)9)(,. 9*.&,2) #(*:)/ ,() ,9,$.,:.) +*( 0),/'()0)3&7

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

@"% +-!.#)*#*+') $*(#*%43 "#$ $%2%(#. #52#)*#4%$/ =$ #.. $#-!.%$ #(% ,#:(+&#*%5 ,('- *"%

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

)') +-!.#)*%5 -%*#. #)5 *"% $!+) 4.#$$ $#-!.%$/ A'(%'2%(8 *"% +-!.#)*#*+') *%&")+B1% %)$1(%$

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

+-!1(+*+%$ -#3 .%#5 *' #-:+41'1$ (%$1.*$8 51% *' +)"'-'4%)%+*+%$ ', *"% &')&%)*(#*+')/

@"% +-!.#)*#*+') "#$ :%%) !%(,'(-%5 +) *"% 0)$*+*1* 5% C"3$+B1% D1&.E#+(% 5% F3') ;0CDF?8

+) # &'..#:'(#*+') 9+*" G"(+$*'!"% C%#1&%..% #)5 =)4%.# C%((#*HA#:+..')

!

/ @"% !(+)&+!.% ',

*"% *%&")+B1% +$ *' #&&%.%(#*% +')$ +) #) %.%&*(+& I%.58 +) '(5%( *' 4+2% *"%- $1J&+%)* %)%(43

*' !%)%*(#*% +)*' *"% *#(4%* $#-!.%/ @"% #52#)*#4%$ ', *"+$ *%&")+B1% #(% #) #&&1(#*% +$'*'!+&

$%.%&*+')8 #)5 9%.. &')*('..%5 K1%)&% ;*"% )1-:%( ', +-!1(+*+%$ +-!.#)*%5 !%( $1(,#&% 1)+*? #)5

!%)%*(#*+') 5%!*"/ @"% -#+) 5(#9:#&L +$ *"#* *"% "+4" %)%(43 +-!.#)*#*+') &(%#*%$ 5%,%&*$ +)

*"% $#-!.%/ @"%$% &#) "'9%2%( :% %(#$%5 :3 #) #))%#.+)4 !('&%$$/

 

 !"# #$%&'( !)# *((+ '!)&)',(&"-(. "+ &(/(&(+'( 01234 5"6"+5 ,78"')997 LΦ ≃ 10 µ: ), ,!( 9$;(#, ,(:8(&),%&(#<
!

=(( !,,8>??;;;<"8+9<"+@82</&?#8"8<8!8A)&,"'9(@B@ /$& :$&( "+/$&:),"$+<



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

"# $%& '()*+,'- ., ./++ 0,,* 12, 3,4,51' 4$& 1.$ &,('$#'6 7#, 12, $#, 2(#3- 12, (##,(+/#8

*&$5,'' 5(# /#3%5, 5+%'1,&/#8 $4 12, '*/#'- 12(1 ., .(#1 1$ (9$/36 7# 12, $12,& 2(#3- 12, '1(1/5

3,4,51' 5&,(1,3 :; 12, /)*+(#1(1/$# +,(3 1$ (# /#5&,(', $4 12, &,'/'1(#5, $4 12, '()*+,

 

.2/52

2,+*' 4$& 12, 5$#3%51(#5, <%51%(1/$#' ),('%&,),#16 "# (33/1/$#- /1 2(' :,,# '2$.# 12(1 12,

*&,',#5, $4 3,4,51' 5&,(1,3 3%&/#8 /)*+(#1(1/$# 3$ #$1 +,(3 1$ (33/1/$#(+ /#,+('1/5 '5(11,&/#8 /#

12, '()*+, =>!?6

 !"#$% &'()  !"#"$%&'! "( #!) *+*,-.. /0'1&2#&#/"2 )34/'0)2# /2 * 567

@2, /)*+(#1(1/$# 2(' :,,# *,&4$&),3 ./12 (# "A"7!BB .2/52 /' &,*&,',#1,3 $# C8%&, !6 6

@2, ,#,&8; $4 12, (55,+,&(1,3 /$#' /' /# 12, &(#8, E = 60 1$ 400 0,D6 @2, /$# 5%&&,#1 &(#8,'

4&$) 4,. µE 1$ 2%#3&,3' $4 µE6 F%&/#8 12, /)*+(#1(1/$#- 12, :,() /' '5(##/#8 12, '%&4(5, $4

12, '()*+,- +,(3/#8 1$ <%,#5,' &(#8/#8 :,1.,,# 1012 at/cm2
(#3 1017 at/cm2

6

"# 5(#$#/5(+ '*/# 8+('','- Tg /' *&$*$&1/$#(+ 1$ 12, 5$#5,#1&(1/$# c6 @2, 5$&&,'*$#3/#8

<%,#5, &,G%/&,3 /' 5(+5%+(1,3 4&$) #%),&/5(+ '/)%+(1/$#' $4 12, /)*+(#1(1/$# *&$5,''- %'/#8

12, '$41.(&, HI"A

!

J12, H1$**/#8 (#3 I(#8, $4 "$#' /# A(11,&K6 L/9/#8 12, /#4$&)(1/$# $#

12, '$%&5, (#3 1(&8,1- ., $:1(/# 4&$) 12, '/)%+(1/$# ( *&$C+, $4 12, /$#' 3/'1&/:%1/$# /# 12,

)(1,&/(+- (' '2$.# $# C8%&, !6!6

M&$) 12, *&$C+,- ., ,'1/)(1,

"

12, ),(# 9(+%, $4 12, 8(%''/(# 〈c〉- .2/52 /' 2(+4 $4 12,

)(N/)%) 9(+%,6 @2, <%,#5, /' 8/9,# :;

fc =
cimpnat
〈c〉 J!6O6OK

fc /' 12, <%,#5, #,,3,3 1$ $:1(/# ( 5$#5,#1&(1/$# cimp- (#3 nat /' 12, (1$)/5 3,#'/1; $4 12, 2$'1

)(1,&/(+6

E' (# ,N()*+,- 1(:+, !6O 8/9,' 12, <%,#5,' 4$& 12, /)*+(#1(1/$# $4

55Mn /#1$ E8 J40 #)

+(;,&K6 M$& /#4$&)(1/$#- nat = 5.86 at/cm3
(#3 12, '/)%+(1/$# JE = 70 0,DK ;/,+3' 〈c〉 =

12.5 104 Jat/cm3
KPJat/cm2

K6

 

 !" !#$ %$"&$ !' !(" %)*+,$%- .$ /)0$ !1%$"0$2 ) %("+"&%&#3 &#4"$)%$ !' 5/$ "$%&%5&0&56 16 ) ')45!" 7 1$5.$$#

+("$ 83 )#2 &*+,)#5$2 839# %)*+,$%: ;# "$'$"$#4$ <7=>- &*+,)#5)5&!# )5 $?(&0),$#5 $#$"3&$% ,$)2 5! )# $#@

/)#4$*$#5 ')45!" !' A:7:  !" 5/$ !5/$" %$"&$% !' %)*+,$%- .$ /)0$ "$4!0$"$2 5/$ %)*$ $#/)#4$*$#5 ')45!" !'

A:7:

!

B!'5.)"$ &# '"$$ )44$%% /55+CDD...:%"&*:!"3D:

"

E$ 5)F$ &#5! )44!(#5 &# 5/$ $%5&*)5&!# 5/$ +"!+!"5&!# !' &!#% 5/)5 )"$ +"!+)3)5&#3 !(5 !' 5/$ %)*+,$: G/$6

"$+"$%$#5 &# !(" %)*+,$% )1!(5 10 % !' 5/$ &!#%:



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

 !"#$% &'&(  !" #$%&'$()&$!" *'!+,- .% . /)"0&$!" !/ &.'1-& #-*&23 .% ")4-'$0.,,5 0!4*)&-# 6$&2 78 9:

 " &2$% -;.4*,-3 &6! ,.5-'% !/ 40 "4 <) = 5 "4 >$ ."# &2- 7$ %)(%&'.&- 0!"%&$&)&- &2- &.'1-&: >2-

*'!+,- $% 1$?-" $" )"$&% !/ @at/cm3
AB@at/cm2

A:

"#$% &'()*+& cimp ,))(- ./+%0+ fc ,ions/cm
2
- 1/2)3&+

456"#789%&6"#7 7!: 7.03 1013 123;+ T > Tg
456"#<89%&6"#< =:: 1.87 1014 >?@ A32 T ∼ Tg
456"# 89%&6"# B:: 3.28 1014 >?@ A32 T ∼ Tg
456"#=89%&6"#= 7::: 4.69 1014 123;+ >?@ A32 T < Tg
456"#!89%&6"#! 7!:: 7.03 1014 123;+ >?@ A32 T ≪ Tg
456"#C89%&6"#C <::: 9.37 1014 123;+ >?@ A32 T ≪ Tg

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

55Mn $"&! <1:

D+ E'F+ 0E3&+% GE+ "#$% '**3H A32 IG& *3J K3%L3 G+()+2'G/2+M TK ≪ Tg A32 '** GE+ &'()*+&

A';2I0'G+LN OEI& +%&/2+& GE'G J+ 0'% %+#*+0G GE+ I%./+%0+ 3A K3%L3 +P+0GM &3 GE'G J+ '2+ ('I%*H

)23;I%# GE+ &)I% #*'&& )E'&+N "& Tg I& L+G+2(I%+L ;H GE+ 03%0+%G2'GI3% ,cimp ≈ 1000 ))( #IF+&

Tg ≈ 1 K-M &'()*+& 3A LIP+2+%G 03%0+%G2'GI3%& E'F+ ;++% +*';32'G+LM I% 32L+2 G3 &G/LH F'2I3/&

)EH&I0'* 2+#I(+& 2+#'2LI%# T/TgN

"%3GE+2 &+G 3A I()*'%G+L &'()*+& E'F+ ;++% )2+)'2+L JIGE "/@+ '**3H&N Q% GEI& &H&G+(M GE+

K3%L3 G+()+2'G/2+ I& EI#E+2 TK ≈ 1 KM '%L J+ E'F+ '00+&& G3 ' 2+#I(+ JE+2+ Tg ≈ TK N

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

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

Q% 32L+2 G3 033* GE+ &'()*+ L3J% G3 GE+ R/'%G/( 2+#I(+ ,T ≤ 1 K-M J+ /&+ ' &G'%L'2L

03((+20I'* LI*/GI3% 2+A2I#+2'G32N OEI& +R/I)(+%G J'& '0R/I2+L 'G (H '22IF'* I% GE+ G+'(N OE+

&)+0IS0'GI3%& '2+ ' ;'&+ G+()+2'G/2+ 3A T ≈ 11 (K '%L ' 033*I%# )3J+2 3A 250 µD 'G 100 (KN

Q% 32L+2 G3 ;2I%# GE+ &'()*+ I%G3 GE+ ('#%+GI0 03I*M J+ E'F+ ;/I*G ' 03*L S%#+2 JEI0E J'&

0'2+A/**H 'L')G+L G3 GE+ 2+A2I#+2'G32N



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

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

"#$%&'()* +',- .'/.'&-)*0,$/ (1 (2' 3$#.,'4 *$,,'- (2' 5 +',-4 )3 ./1-0*'- 6)(2 $ 31,'&1)-$,

30.'/*1&-0*()&% *1),7 82' #$9)#0# +',- )3 $:10( Bz = 8 87 ;& $--)()1&4 6' *$& ./1-0*' $

#$%&'()* +',- )& (2' .,$&' 1< (2' 3$#.,'4 (2' =>? +',-7 82)3 )3 $*2)'@'- :A (61 B',#1,(C *1),34

$&- (2' #$9)#0# +',- 1:($)&$:,' )3 Bxy = 1.3 87 82' 3$#.,' 2$3 (1 :' 6',, $,)%&'- 6)(2 (2'

B',#1,(C *1),34 31 (2$( (2' =>? +',- )3 $**0/$(',A ./1-0*'- )& (2' .,$&' 1< (2' 3$#.,'7 D' 2$@'

*$,):/$('- (2' '9.'/)#'&($, #)3$,)%&#'&( :A 03)&% $ 3($&-$/- "2$/1&1@>E12# #'$30/'#'&(F

(2' #$%&'(1*1&-0*($&*' 1< $ #'313*1.)* /)&% )3 3'&3)()@' (1 $ 3#$,, .'/.'&-)*0,$/ *1#.1&'&( 1<

(2' +',-7 D' 2$@' <10&- (2$( )& 10/ 3'(0.4 (2' $..,)*$()1& 1< (2' =>? +',- )&-0*'3 $ *1#.1&'&(

)& 5 1< $:10( Bz = 1.5 10−3Bxy4 62)*2 )3 $ G0)(' $**'.($:,' @$,0'7

,&-&#"

82' 6)/)&% 1< (2' -),0()1& /'</)%'/$(1/ 2$3 :''& /'$,)C'- 6)(2 .$/()*0,$/ ./'*$0()1&3F +/3(4

(1 +,('/ (2' '9('/&$, 2)%2></'G0'&*A &1)3' $&- 3'*1&-4 &1( (1 :/)&% $--)()1&$, (2'/#$, &1)3' (1

(2' 3$#.,'7

;& 10/ '9.'/)#'&(4 (2' 3)%&$,3 $/' @'/A ,164 (203 6' &''- $ @'/A ,16 &1)3' 3'( 1< H)/'*(

I10.,)&% JHIK ,)&'37 L1/ (2' 6)/)&%4 6' 2$@' ($M'& 3.'*)$, *$/' 1< (2' 2)%2 ('#.'/$(0/'
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"% 6)/' )3 $:10( 10 Ω7 "3 (2' /'3)3($&*' 1< (2' 3A3('# )3 3#$,,4 (2' :'3( 30)('- 3'(0. <1/ (2'
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√
Hz7

;30- 4$#6%+- (3,( $.% 'R)'%0+'#(,1 -'(.) 0- 10+0('& 2M (3' ,+)106'% #$0-' 1'9'17
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.(:.&5(.1$*.+ 1' &$ $1?(' '(8(.12 %*4.' $* %(1$ &$ 4- $* 4 C 1#7 )**2 &$ 7*,# 151&# $* 50 0C=
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1'6#0%28 9.' C,6#,+#0%21 +*%,2/ #.' ('+2 7+$,' '7+$,+#'1 #.' ,26'*#+02#; %4 #.' ('+1,*'('2#D

C = 0.95 ± 0.018 "1 + 6%26$,10%2- /,*023 #.01 4%,* /+;1 '>)'*0('2#- #.' #*+6'1 *'(+02 .03.$;

6%**'$+#'/- &' 6+2 6%210/'* #.+# #.' 1#+#06 /01%*/'* 01 ,26.+23'/ %* 02 %#.'* &%*/1- #.+#  !"

# $%& '$ ($ %$)"8



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

 !"!# $%&'()%*'+, +- *./ )/0)+123'('&'*4

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

)7$%*$8 .6 *#$ ,&+5$ &9 *#$ 2$)5:'$2$,*; <,8$$8= 9&' $)%# $01$'+2$,*)( %:'>$= *#$'$ +5 ) /#+*$

,&+5$ 5:1$'+21&5$8 *& *#$ ?@A 5+3,)(= 8$*$'2+,$8 .6 *#$ ,&+5$ B&&' &9 *#$ $($%*'&,+% 5$*:1;

C5 *#$ 5+3,)( +5 52)((= *#$ 5+3,)( *& ,&+5$ ')*+& %), .$ D:+*$ 1&&'; "#$'$9&'$= *#$ D:),*+*)*+>$

%&21)'+5&, .$*/$$, *#$ %:'>$5 +5 5$,5+*+>$ *& *#+5 ,&+5$;

<, &:' $01$'+2$,*= *#+5 ,&+5$ +55:$ +5 >$'6 +21&'*),*= )5 *#$ %&''$()*+&, .$*/$$, 2)3,$*&4,E

3$'1'+,*5 #)5 *& .$ 8$*$'2+,$8 '$(+).(6; <, )88+*+&,= *#$ :,%$'*)+,*6 &, 5:%# ) 2$)5:'$2$,*

#)5 *& .$ 1'&1$'(6 %)(+.')*$8= 5& *#)* /$ %), 8')/ %($)' %&,%(:5+&,5 &, *#$ 51+, %&,43:')E

*+&, %#),3$5; A&' *#+5 1:'1&5$= /$ #)>$ 5*:8+$8 .&*# $01$'+2$,*)( ),8 ,:2$'+%)((6 5+2:()*$8

2)3,$*&4,3$'1'+,*5;

<, 1)'*+%:()'= /$ #)>$ 5*:8+$8 #&/ *#$ %&''$()*+&, %&$-%+$,* +5 )7$%*$8 .6 *#$ ,&+5$ B&&'

&9 *#$ 8$*$%*+&,; F$ %)(%:()*$ *#$ %&''$()*+&, %&$-%+$,* .$*/$$, */& +8$,*+%)( 5+2:()*$8 2)3E

,$*&4,3$'1'+,*5 &, $)%# &9 /#+%# /$ )88 8+7$'$,* '),8&2 ,&+5$5; G$%):5$ &9 *#+5 ,&+5$= *#$

'$5:(*+,3 %&''$()*+&, %&$-%+$,* +5 52)(($' *#), 1; "#$ %&$-%+$,* C +5 %)(%:()*$8 )5 ) 9:,%*+&,

&9 *#$ +,>$'5$ &9 *#$ 5+3,)( *& ,&+5$ ')*+& %)(($8 h= ),8 +5 1'$5$,*$8 &, 43:'$  ;HI;

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

%/ % 5+()&'!( !5 &6# '(7#"/# !5 &6# /'1(%$ &! (!'/# "%&'! h8

<, &:' $01$'+2$,*)( 5+*:)*+&,5= *#$ 5+3,)( *& ,&+5$ ')*+& 6+$(85 *61+%)((6 h ≈ 0.2= ),8 *#+5

($)85 *& ) %&''$()*+&, %&$-%+$,* C = 0.96 8$*$'2+,$8 9'&2 *#$ 5+2:()*$8 %:'>$5= /#+%# +5 +,

>$'6 3&&8 )3'$$2$,* /+*# $01$'+2$,*)( &.5$'>)*+&,5;

<, )88+*+&,= /$ #)>$ +,>$5*+3)*$8 #&/ *#$ %&''$()*+&, %&$-%+$,* C $>&(>$5 /+*# *#$ 5+J$ &9 *#$

$01$'+2$,*)( 4$(8 51), ∆B &>$' /#+%# /$ %)(%:()*$ *#$ %&''$()*+&,; "#:5= /$ #)>$ $>)(:)*$8

*#$ %&''$()*+&, %&$-%+$,* .$*/$$, 2)3,$*&4,3$'1'+,*5 )5 ) 9:,%*+&, &9 *#$ 4$(8 +,*$'>)( ∆B;

K$5:(*5 &.*)+,$8 9'&2 $01$'+2$,*)( 8)*) )'$ 1'$5$,*$8 &, 43:'$  ;HH;



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

 !"#$% &'(()  !"#$ %&''!()#*&+ ), ) "-+%#*&+ &" #.! /!(0 ,1)+ ∆B &2#)*+!0 !31!'*4!+#)((56 7.! 0)#)

%&+8!'9!, ')1*0(5 #& ) %&+,#)+# 8)(-!6 :*9.#$ %&''!()#*&+ 0!8*)#*&+ #& #.! %&+,#)+# 8)(-! C − 〈C〉 ), )
"-+%#*&+ &" ∆B6 ;2&8! ∆B = 10000 <= #.! !''&' *, +!9(*9*2(!6

"# $%&#'(# )*+) )*# ,$''#-+).$/ ,$#0,.#/) C .& ,$/(#'1./1 '+2.3-4 5*#/ )*# 6#-3 ./)#'(+-

./,'#+&#&7 8$' )*.& &+92-#: .; )*# 6#-3 &2+/ ∆B ≥ 10000 <: C .& $%)+./#3 5.)* +/ =/,#')+./)4

%#-$5 ±0.017

 !"#$%&'!"

>/ $'3#' )$ .92-#9#/) ?@8 9#+&='#9#/)& ./ &2./ 1-+&&#&: 5# *+(# #-+%$'+)#3 &=.)+%-#

/+/$&)'=,)='#& $; &2./ 1-+&&#& %4 =&./1 &)+/3+'3 #A%#+9 -.)*$1'+2*4 +/3 .92-+/)+).$/ )#,*A

/.B=#&7 "# *+(# 2'#2+'#3 +/ #C2#'.9#/)+- &#)=2 ,+2+%-# $; =-)'+ -$5A/$.&# 9#+&='#9#/)&

D0.4 /EF

√
HzG $; 9+1/#)$6/1#'2'./)& D=2 )$ ∆B = 8 HG +) )#92#'+)='#& 3$5/ )$ T = 40 9I7

>/ +33.).$/: 5# *+(# 3#(#-$2#3 +/3 ,+-.%'+)#3 + B=#/,*./1 9#)*$3 ;$' ,$$-./1 $=' &+92-#&:

5*.,* .& /#,#&&+'4 )$ $%)+./ 3.J#'#/) &2./ ,$/61='+).$/& $; )*# &+92-# ./ + '#-.+%-# 5+47 8.A

/+--4 5# *+(# #&)+%-.&*#3 )*# #C2#'.9#/)+- ,$/3.).$/& '#B=.'#3 ;$' + 2'$2#' +/3 B=+/).)+).(#

3#)#'9./+).$/ $; )*# ,$''#-+).$/ ,$#0,.#/) C7



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



 !"# $$$

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

 !





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

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

)%$#!%1' 2%) &6/!)%)3 %' /%) -4#(7!8$%)

2%) 5#(+$%) 6%1) 2%) 5#/#!) 2% 5$!1-%)9

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

1(/!)(

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

 ! "#$%# &" '()*+#(&% &,% %-.%#*/%!&0 1% ,(2% */.)%/%!&%$ 3!*2%#4() 5"!$6'&(!'% 7)6'&68

(&*"!4 9357: /%(46#%/%!&4 "; ( .6#% <= 4(/.)% 1,*', 1*)) 4%#2% (4 ( #%;%#%!'% *! &,% (!()>4*4

"; 4.*! =)(44%4? 7*#4&0 1% ,(2% ',(#('&%#*@%$ &,% '",%#%!'% .#".%#&*%4 "; ( <= 4(/.)% +> 4&(!8

$(#$ 1%(A8)"'()*@(&*"! /%(46#%/%!&? B%'"!$0 1% ,(2% .%#;"#/%$ 357 /%(46#%/%!&4? C,%*#

+%,(2*"# *4 *! =""$ (=#%%/%!& 1*&, &,%"#%&*'() .#%$*'&*"!4?

 !" #$%&'()*%(+,%-+). /$%012$/$.-0

D% 1(!& &" ',(#('&%#*@% &,% .,(4% '",%#%!'% *! "6# <= 4(/.)%40 +> /%(46#*!= &,% (/.)*&6$%

"; LΦ? 7"# &,*4 .6#."4%0 1% 64% ( 1%))8%4&(+)*4,%$ .#"'%$6#% '"!4*4&*!= *! .%#;"#/*!= ( 1%(A8

)"'()*@(&*"! /%(46#%/%!&? D%(A8)"'()*@(&*"! *4 ( E6(!&6/ '"##%'&*"! &" &,% '"!$6'&(!'% (#*4*!=

;#"/ *!&%#;%#%!'%4 +%&1%%! &*/%8#%2%#4%$ %)%'&#"! .(&,4? C,*4 *!&%#;%#%!'% )%($4 &" (! *!'#%(4%

"; &,% #%4*4&(!'%0 1,*', *4 46..#%44%$ +> (..)>*!= ( .%#.%!$*'6)(# /(=!%&*' F%)$? C,% /(=!%&*'

F%)$ ;"# 1,*', &,*4 '"##%'&*"! *4 %)*/*!(&%$ $%.%!$4 $*#%'&)> "! LΦ GHIJ? C,%#%;"#%0 ( )"18

&%/.%#(&6#% /(=!%&"#%4*4&(!'% /%(46#%/%!& ())"14 &" $%&%#/*!% LΦ? C,*4 /%&,"$ ,(4 +%%!

%-&%!4*2%)> 64%$ ;"# &,% $%&%#/*!(&*"! "; &,% .,(4% '",%#%!'% )%!=&, *! 2(#*"64 /(&%#*()4 9(4

(! %-(/.)%0 4%% GHKJ:?

D% ,(2% .#%.(#%$ &,% 4(/.)%4 ;#"/ ( ,*=, .6#*&> 4*)2%# 4"6#'% 999.9999 %0 .#%.(#%$ *!

&,% L6(!&#"!*'4 =#"6.:? D% ,(2% ;(+#*'(&%$ *! &,% 4(/% %2(."#(&*"! #6! )"!= 1*#%4 ())"1*!=

;"# &,% /%(46#%/%!& "; 1%(A8)"'()*@(&*"!

 

(!$ 4,"#& 1*#%4 ;"# &,% /%(46#%/%!& "; 6!*2%#4()

'"!$6'&(!'% M6'&6(&*"!4? < .*'&6#% "; &,% )"!= 1*#% 4(/.)% *4 .#%4%!&%$ "! F=6#% N?O?

34*!= &,% %-.%#*/%!&() 4%&6. $%4'#*+%$ *! ',(.&%# K0 1% ,(2% /%(46#%$ &,% )"18F%)$ /(=8

!%&"#%4*4&(!'% "; 46', ( )"!= <= 1*#% (& )"1 &%/.%#(&6#%4?  ! <=0 4.*!8"#+*& %P%'&4 )%($ &" (

1%(A8(!&*)"'()*@(&*"!Q &,% #%4*4&(!'% *4 *!'#%(4*!= (4 1% (..)> &,% /(=!%&*' F%)$? C,% /%&,"$

 

23+ )&3+4 )#$*"() L ∼ LΦ 4&( )!5/#" !) 03$!/#4(0 67 892: 23+ "3/5 ;!+() L ≫ LΦ, 4&( 892 )!5/#" !)

.#/.("(0 3/ #<(+#5(, 3/"7 4&( ;(#'="3.#"!>#4!3/ )!5/#" )?6)!)4):

KR



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

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

).-8$ %.). ,# 9))$% /,)* )*$ :".#, 1d )*$'($),8.5 &'(+"5. ;<=>? . +$)*'% 4($0,'"#5@ ($4'()$%

A@ '"( 6('"4 ;= >1 B"8* . +$.#"($+$-) ,# ($4$.)$% .) #$0$(.5 )$+4$(.)"($#? .-% )*$ ($#"5),-6

)$+4$(.)"($ %$4$-%$-8$ '& LΦ ,# 4($#$-)$% '- 96"($ =1C1

�����

 !"#$% &'()  !"#$ %&'(()(* !+!&#,-( .)&,-%&-/! 01234 /)&#5,! -" #6! %'./+! 5%!7 #- .!'%5,! #6! 8!'9

+-&'+):'#)-(; <6! 8),! 6'% 7).!(%)-(% L = 86 µ.= w = 110 (. '(7 t = 40 (.; >)*6#$ !?/!,).!(#'+

/6'%! &-6!,!(&! +!(*#6 LΦ '% ' "5(&#)-( -" #!./!,'#5,!; <6! %-+)7 +)(! )% ' @# #- #6! /-8!, +'8 T−1/3

/,!7)&#!7 AB #6! CCD #6!-,B;

2*$ )$+4$(.)"($ %$4$-%$-8$ 'A).,-$% ,# ,- 6''% .6($$+$-) /,)* )*$ 4'/$( 5./ LΦ ∝ T−1/3

4($%,8)$% A@ D('-'0? D5)#*"5$( .-% E*+$5-,)#F@ GDDEH ;<<> ,- )*$#$ #@#)$+#1 2*$ $34$(,+$-7

).5 8'$I8,$-) '& )*,# 4'/$( 5./ ,# 5'/$( )*.- )*$ '-$ 4($%,8)$% A@ DDE? .# ,) ,# &($:"$-)5@

'A#$(0$% ,- #"8* +$).55,8 #.+45$# ;=J>1 2*$ .A#'5")$ 0.5"$ '& LΦ ($.8*$# .A'") 7 µ+ .) 60 +E1

2*,# ,# ,-%$$% )*$ '(%$( '& +.6-,)"%$ $34$8)$% &'( . 0$(@ 85$.- +$).51 2*,# +$.#"($+$-)

)*"# 8'-9(+# )*.) )*$($ .($ -' ,+4'().-) :".-),),$# '& +.6-$),8 ,+4"(,),$# *.0,-6 . E'-%'

)$+4$(.)"($ TK > 60 +E1 2*,# #.+45$ ,# )*"# #",).A5$ &'( A$,-6 )*$ 4"($ D6 ($&$($-8$ &'( '"(

$34$(,+$-)1

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

K$ *.0$ +$.#"($% )*$ "-,0$(#.5 8'-%"8).-8$ L"8)".),'-# ,- . :".#, 1d #.+45$ '& 5$-6)* L ≥
LΦ /*,8* ,# 4($#$-)$% '- 96"($ =1J1 2*$ +"5),45$ 0'5).6$ 4('A$# .55'/ )' 8*''#$ $34$(,+$-).55@

)*$ 5$-6)* '& )*$ 4('A$% #$8),'- '& )*$ /,($1

2*$ +.6-$)'8'-%"8).-8$ +$.#"($+$-)# *.0$ A$$- 4$(&'(+$% A@ "#,-6 )*$ $34$(,+$-).5

4(')'8'5 %$#8(,A$% ,- 8*.4)$(  1 D) )*$ 5'/$#) )$+4$(.)"($ T = 40 +E? )*$ 8'-%"8).-8$

L"8)".),'-# .($ 85$.(5@ 0,#,A5$? .# #*'/- '- 96"($ =1M1 N'( 8'+4.(,#'-? )*$ -',#$ 5$0$5 ,# .5#'

#*'/- '- )*,# 96"($1 K$ *.0$ +$.#"($% )/' )(.8$#? #$4.(.)$% A@ . ),+$ ,-)$(0.5 '& . &$/

*'"(#? .-% )*$@ .($ *,6*5@ ($4('%"8,A5$O )*$ 8'(($5.),'- 8'$I8,$-) ,# C = 0.981 D# $34$8)$%?

)*$ 8'-%"8).-8$ L"8)".),'-# *.0$ .- .+45,)"%$ '& Ge2/hH1



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

�����

����

 !"#$% &'()  !" #$%&'() *+ &,) -./#0) '-)1 &* /).-'() &,) 2345 6,) 0)+& $/.7) -,*8- . 0.(7) 9$)8:

.;1 &,) ($7,& $- . <**/ *; &,) %);&)( #.(&5 6,) 8$() ,.- 1$/);-$*;- L = 20 µ/: w = 100 ;/ .;1

t = 40 ;/: 8$&, 9*0&.7) #(*=)- .((.;7)1 )9)(> µ/5

 !"#$% &'*) 2;$9)(-.0 %*;1'%&.;%) ?'%&'.&$*;- /).-'()1 .- . +';%&$*; *+ &,) /.7;)&$% @)01 B $; .

(.;7) *+ ±2 6 .& T = 40 /A5 6,) ;*$-) 0)9)0 *+ &,) /).-'()/);& $- -,*8; => &,) =0') &(.%)5 6,)

&8* &(.%)- $; 7()); .;1 ()1 ,.9) =)); &.B); -'%%)--$9)0>: -)#.(.&)1 => . &$/) $;&)(9.0 *+ +)8 ,*'(-: .;1

-,*8 ,$7, ()#(*1'%$=$0$&>5

"#$%&'()&*+*'#%,& (- '.& *#/01& .#2& 3&&% -4)'.&) /&#*4)&5 (% # 1#)$& 6&15 *0#% #' *&2&)#1

'&/0&)#'4)&* 3&'7&&% 40 /8 #%5 1 89 :7( )#7 ,4)2&* #)& *.(7% (% 6$4)& ;9 9 <%& ,#% ,1&#)1=

*&& '.& 5&,)&#*& (- '.& >4,'4#'+(%* 7.&% '.& '&/0&)#'4)& +* )#+*&59

?% ()5&) '( ,.&,@ '.#' 7& ,#% A4#%'+'#'+2&1= &B')#,' LΦ -)(/ '.& CDE /&#*4)&/&%'*F

7& .#2& ,(/0#)&5 '.& )&*41'* (3'#+%&5 4*+%$ '.+* '&,.%+A4& 7+'. '.(*& (3'#+%&5 4*+%$ 7&#@G

1(,#1+H#'+(% /&#*4)&/&%'*9 ?% '.& ,#*& (- '.& CDEF '.& 0.#*& ,(.&)&%,& 1&%$'. +* &B')#,'&5 3=

#%#1=H+%$ '.& #/01+'45& (- '.& ,(%54,'#%,& >4,'4#'+(%*9



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

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

-. 0.7 678 0$'&,%$3 -! ' &'05($ -. ($!1)/ L ≈ 8 µ09 6-5: ') T = 50 0;9 <-))-0: ') T = 450 0;9

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

"# $%&#&'(&) *' +,-$(&% ./ (,& -0$1*(2)& 34 567 )&$&')# 3' (,& 82-'(*(*&# L/ LΦ -')

LT 9 :' 32% &;$&%*0&'(/ (,& #-0$1& ,-# - 1&'<(, L = 8.4 µ09 =,& (,&%0-1 1&'<(, *# <*>&'

?@ LT =
√

~D
kBT

9 =,& )*A2#*3' +3&B+*&'( D *# 3?(-*'&) 4%30 (,& %&#*#(*>*(@ 34 (,& #-0$1&C

D = 210 cm2/s9 :' (,&#& +3')*(*3'#/ (,& -0$1*(2)& 34 (,& 567 *# <*>&' ?@ DE!F

∆G2(T ) = E
L2
TLΦ(T )

L3
G 9.9HI

J,&%& E *# - +3'#(-'( 34 $%3$3%(*3'-1*(@ J,*+, ,-# - (,&3%&(*+-1 >-12& Etheo ≈ 0.289

"( &-+, (&0$&%-(2%&/ (,& -0$1*(2)& 34 (,& +3')2+(-'+& K2+(2-(*3'# ∆G *# 3?(-*'&) ?@

(-L*'< (,& #(-')-%) )&>*-(*3' 34 (,& 0-<'&(3+3')2+(-'+& K2+(2-(*3'# 3' (,& J,31& M&1) %-'<&9

=,& +30$-%*#3' ?&(J&&' (,& %&#21(*'< >-12& L∆G
Φ -') (,& >-12& 3?(-*'&) 4%30 J&-LN13+-1*O-(*3'

LWL
Φ *# $%&#&'(&) 3' M<2%&  9 9



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

 !"#$% &'&(  !"#$ %&!$'$(%$ )$(*+! LΦ $,+'"%+$- .'&/ +!$ 0$"12)&%")34"+3&( 5'$- +'3"(*)$#6 "(- +!$

789 5*'$$( -&+#6: "# " .;(%+3&( &. +$/<$'"+;'$= >!$ -"#!$- )3($# #!&0 " ?+ +& " <&0$' )"0 -$<$(-$(%$

%)&#$ +& +!$ T−1/3 <'$-3%+$- @A BBC=

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

6).# .$2%$*&.7*$ 0$%$+0$+($ &+0 &6'),7.$ 8&,7$9 :+ .#4' $/%$*42$+.5 LΦ 4' 8$*; '$+'4.48$ .)

.#$ &2%,4.70$ )1 .#$ ()+07(.&+($ <7(.7&.4)+'5 &+0 .#4' $/%,&4+' .#$ 04'%$*'4)+ )1 .#$ 8&,7$'9

"#)7-# .#4' 0$.$*24+&.4)+ 4' +). &' &((7*&.$5 4. -48$' .#$ '&2$ .*$+0 1)* LΦ &' .#$ 3$&=>

,)(&,4?&.4)+ 2$&'7*$2$+.9 @' & ()+(,7'4)+5 .#$ %#&'$ ()#$*$+($ ,$+-.# 0$.$*24+$0 6; ABC

2$&'7*$2$+. )* 6; 3$&=>,)(&,4?&.4)+ 2$&'7*$2$+. 4' .#$ '&2$9 "#4' %*)8$' .#&. .#$ ABC (&+

,$&0 .) & *$,4&6,$ 0$.$*24+&.4)+ )1 LΦ DEFG5 3#4(# (&+ 6$ &%%,4$0 &. +)+ ?$*) 2&-+$.4( H$,09

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

@' %*$'$+.$0 4+ (#&%.$* I5 6; 7'4+- .#$ J+'&-$* ';22$.*4$' )+$ (&+ $/.*&(. .#$ 2&-+$.4(

()+.*467.4)+ ∆GM .) .#$ ABC9 :+ .#$ 1),,)34+-5 3$ (&,46*&.$ .#$ &2%,4.70$ )1 ∆GM 4+ & +)+

2&-+$.4( @- '&2%,$9

 !"#$% &')( D%!$/$ &. " .&;'2<'&@$ /$"#;'$/$(+= 8&(+"%+# 1, 2, 3, 4 %"( @$ ;#$- "# %;''$(+ )$"-# &'

E&)+"*$ <'&@$# 3( &'-$' +& $,+'"%+ +!$ -3F$'$(+ %&(+'3@;+3&(# +& +!$ 789=



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

"# $%&# '#%()*#+ ,$# '%-.#,/0/.+)0,%.0# 1)0,)%,2/.( /3 ,$# (%'45# +#(0*26#+ 4*#&2/)(578

2. % 3/)* 4*/6# 0/.9-)*%,2/.: ;( 4*#(#.,#+ /. 9-)*#  :<8 0/.,%0, .)'6#*( =>8?@ %*# 0/..#0,#+

%( 0)**#., 5#%+( I8 %.+ 0/.,%0,( =!8A@ %( &/5,%-# 4*/6#( V : "# ,$)( /6,%2. % (#, /3 +%,%

G1423 0%55#+ GIV (B): ;3,#* 4#*'),%,2/. /3 &/5,%-# 4*/6#(8 ./B 0/..#0,#+ ,/ =>8?@8 %.+ 0)**#.,

5#%+( 0/..#0,#+ ,/ =!8A@8 B# *#4#%, ,$# '#%()*#'#., 2. ,$# (%'# 0/.+2,2/.(: C, -2&#( % (#0/.+

(#, /3 +%,% G2314 0%55#+ GV I(B): D/* % ./. '%-.#,20 (7(,#'8 ,$# E.(%-#* (7''#,*7 $/5+(F

GV I(B) = GIV (−B): "# 4*#(#., ,$# #G4#*2'#.,%5 0)*&#( /6,%2.#+ /. 9-)*#  :H:

 !"#$% &'()  !"#$%&'"%( )$%&$'&*!"+ '+ ' ,$"%&*!" !, &-( .'/"(&*% 0(1#2 '& T = 400 .3 ,!4 ' 5/

+'.61(7 8-( &9! #*:(4("& .('+$4(.("&+ GIV (−B) '"# GV I(B) '4( %!.6'4(#7 8-(; <*+$'11; 1!!=

+*.*1'42 '"# &-( %'1%$1'&(# %!44(1'&*!" %!(>%*("& ?(&9((" &-( %$4<(+ *+ C = 0.877

I$# 4%2* /3 0)*&#( =GIV (−B), GV I(B)@ $%( % $2-$ 0/**#5%,2/. 0/#J02#., /3 C = 0.87: KGL

4#*2'#.,%5578 B# /6(#*&# % ('%55 +#&2%,2/. ,/ ,$# 2+#%5 &%5)# C ≈ 1 B$20$ B# 6#52#&# 2( ./,

(2-.290%,2&#8 %.+ 4*/6%657 +)# ,/ % 4/((265# %(7''#,*7 6#,B##. ,$# 4*/6# 0/.9-)*%,2/.(:

C.+##+8 3/* 0/'4%*2(/.8 ,$# 0/**#5%,2/. 6#,B##. GIV (B) %.+ GIV (−B) 2( C = 0.2:

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

D*/' ,$# #G4#*2'#.,%5 '%-.#,/*#(2(,%.0# ,*%0#( B# 0%. #G,*%0,

∆RM =
∆RIV (B)−∆RV I(−B)

2
= :A:>@

∆RO =
∆RIV (B) + ∆RV I(−B)

2
= :A:!@

B$#*# ∆RM 2( ,$# '%-.#,20 0/'4/.#., %.+ ∆RO ,$# /*62,%5 0/'4/.#.,: C. % ./. '%-.#,20

(7(,#'8 52M# ,$# ;- (%'45# B# %*# (,)+72.-8 ,$# '%-.#,20 0/'4/.#., ($/)5+ 6# N#*/ %( ,2'#L

*#&#*(%5 2.&%*2%.0# 2( 3)5955#+: I$# /6,%2.#+ ,*%0#( 3/* '%-.#,20 %.+ /*62,%5 0/'4/.#.,( %*#

($/B. /. 9-)*#  :O: C. ,$2( #G4#*2'#.,8 ,$# %'452,)+# /3 ,$# '%-.#,20 0/'4/.#., #G,*%0,#+

2( ∆RM ≈ 0.9 'Ω8 B$#*#%( ,$# %'452,)+# /3 ,$# /*62,%5 0/'4/.#., 2( ∆RO ≈ 2.2 'Ω: I$#

'%-.#,20 0/'4/.#., %'452,)+# 2( (52-$,57 $2-$#* ,$%. ,$# ./2(# 5#&#5 =∆Rnoise ≈ 0.4 'Ω@8 6),

2( 05#%*57 ('%55#* ,$%. ,$# /*62,%5 /.#:
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 !"#$% &'()  !"#"$%&'! ()'$)%$#*&" %" % +)&'$#*& *+ $,! -%.&!$#' /!01 #& % 2)3! 4. 5#3!6 7*2 $3%'!8

*39#$%0 '*-2*&!&$ ∆RO: 9*$$*- $3%'!8 -%.&!$#' '*-2*&!&$ ∆RM 6 7,! ')3;!" ,%;! 9!!& ",#+$!1 +*3

'0%3#$<6

"# $%&# '()$$*$+ ,* -).* (/0)( 1)#2/3 4*(2$ 5-)5 61*)7 5-* 5&3*81*.*1$)( $933*519 /: 5-*

$9$5*3; "# /12*1 5/ <#2*1$5)#2 -/, 5-&$ )=*05$ 5-* 2&=*1*#5 0/3%/#*#5$+ ,* <$* )# )22&5&/#)(

%)1)((*( 4*(2 Bxy ,-&0- 61*)7$ 5-* 5&3*81*.*1$)( &#.)1&)#0* &# 5-* $)3%(*; >)'#*5/1*$&$5)#0*

51)0*$ )1* 1*0/12*2 69 $,**%&#' Bz+ 6<5 <#2*1 $*.*1)( $5)5&/#)19 .)(<*$ /: Bxy; ?/1 *)0- $*5

/: 0<1.*$+ ,* *@51)05 5-* 3)'#*5&0 )#2 /16&5)( 0/3%/#*#5$; A-* 3*)$<1*2 )3%(&5<2*$ )1*

%1*$*#5*2 /# 4'<1*  ;B;

 !"#$% &'*) =%3#*)" 3!"#"$%&'! ()'$)%$#*&" %-20#$)1!" %" % +)&'$#*& *+ $,! 2%3%00!0 /!01 Bxy: $%>!&

%$ T = 200 -?6 7,! *2!& "<-9*0" ",*5 ∆RIV @.3!!&A %&1 ∆RV I @90)!A6 7,! "*0#1 "<-9*0" 3!23!"!&$

∆RM @3!1A %&1 ∆RO @90%'>A6



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

"# $%&#'(# )*+) )*# #,-#'./#0)+1 +/-1.)23#& ∆RIV +03 ∆RV I +'# '$24*15 6$0&)+0) +&

+ 7206).$0 $7 Bxy8 2- )$ 1 9: ;) Bxy = 0 <8 ∆RM ≪ ∆RO +& )*# )./#='#(#'&+1 .0(+'.+06#

.& 721>11#3: ?5 +--15.04 )*# +33.).$0+1 >#13 Bxy8 @# %'#+A -'$4'#&&.(#15 )*# )./#='#(#'&+1

.0(+'.+06#8 +03 )*# +/-1.)23# $7 )*# /+40#).6 6$/-$0#0) ∆RM .06'#+&#&: ;%$(# + (+12# $7

)*# $'3#' $7 Bxy ≈ 500 <8 )*# +/-1.)23#& $7 ∆RM +03 ∆RO +'# +%$2) )*# &+/#:

9*# >#13 &6+1# Bxy ≈ 500 < .& 6$/-+).%1# @.)* )*# +/$20) $7 >#13 '#B2.'#3 )$ -'$326#

+ C2, B2+0)2/ Φ0 .0 )*# &.3# +'#+ $7 )*# &+/-1#8 @*.6* .& .03##3 )*# >#13 &6+1# 0##3#3 )$

3#-*+&# )./#='#(#'&#3 -+)*& .0 )*# &+/-1#: D.42'#  :E )*2& &*$@& +0 #,-#'./#0)+1 &.40+)2'# $7

)*# %'#+A.04 $7 )./#='#(#'&+1 &5//#)'5 .0 + 0$0 /+40#).6 &5&)#/8 32# )$ +0 #,)#'0+1 /+40#).6

>#13:

 !"#$%&'!"

F0 )*.& 6*+-)#'8 @# *+(# -'#&#0)#3 )*# #,-#'./#0)+1 '#&21)& $%)+.0#3 .0 + 0$0 /+40#).6

;4 &+/-1#8 @*.6* @.11 &#'(# +& + '#7#'#06# 7$' )*# /#+&2'#/#0)& .0 &-.0 41+&&#&: "# *+(#

&*$@0 )*+) $2' ;4 &+/-1#& *+(# 4$$3 6$*#'#06# -'$-#').#& %#7$'# ./-1+0)+).$08 @.)* + -*+&#

6$*#'#06# 1#04)* LΦ $7 7 µ/: 9*# 20.(#'&+1 6$0326)+06# C26)2+).$0& 6+0 %# /#+&2'#38 +03

2&#3 )$ B2+0).)+).(#15 #,)'+6) LΦ: F0 +33.).$08 @# *+(# (+1.3+)#3 )*# /#)*$3 7$' )*# #,)'+6).$0

$7 ∆RM 8 )*# 6$/-$0#0) $7 )*# C26)2+).$0& @*.6* .& 1.0A#3 )$ )*# /+40#).6 -'$-#').#& $7 )*#

&+/-1#:



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

 !"#"$%

 !"#$%&6
 !"#$!$%! &$ '(! )!*&*'&+&', -. /01$ *2&$ 03#**

 ! "#$%$"&!%'(! &#! )*+ &!,-!%$&.%! -%*-!%&'!/ *0 1234 /-'4 2)$// ,!/*/"*-'" /$,-)!/5 14

',-*%&$4& -*'4& '/ &* 6! $6)! &* !7$).$&! Tg8 *.% /,$)) /$,-)!/ 9* 4*& -%*7'9! !4*.2# 7*).,!

&* $))*+ 0*% ./.$) ,$24!&'" /./"!-&'6')'&: ,!$/.%!,!4&/5 ;4 &#'/ "#$-&!%< +! -%!/!4& &#! %!/.)&/

*6&$'4!9 *4 &#! %!/'/&'7'&: *0 1234 /$,-)!/5

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

;4 ./.$) &#!%,*9:4$,'" -#$/! &%$4/'&'*4/< /'(! !=!"&/ $%! ',-*%&$4&5 >#!%! !?'/& $ "%'&'"$)

9',!4/'*4$)'&: %$42! '4 +#'"# &#! &%$4/'&'*4 !?'/&/5 ;4 /-'4 2)$//!/< &#! )*+!% "%'&'"$) 9',!4/'*4

#$/ 6!!4 #!$7'): 9!6$&!9 $49 '47!/&'2$&!9< $49 '/ &#*.2#& &* 6! 6!&+!!4 d = 2 $49 d = 35 1/

+! %!9."! &#! 9',!4/'*4/ *0 &#! /:/&!, &* *6/!%7! "*#!%!4& !=!"&/< &#! @.!/&'*4 *0 &#! !?'/&!4"!

*0 $ /-'4 2)$// -#$/! '4 /."# /$,-)!/ '/ &#./ %!)!7$4&5

>* $4/+!% &#'/ @.!/&'*4 !?-!%',!4&$)):< &#! ,$'4 9'A".)&: $%'/!/ 0%*, &#! 0$"& &#$& ,$2B

4!&'" /./"!-&'6')'&: ,!$/.%!,!4&/ "$44*& 6! -!%0*%,!9 '4 )*+B9',!4/'*4$) /:/&!,/5 >#!%! $%!

#*+!7!% &+* !?-!%',!4&/ &#$& #$7! "'%".,7!4&!9 &#'/ '//.!5

1 C%/& '47!/&'2$&'*4 #$/ 6!!4 %!$)'(!9 '4 &#'4 1.D! C),/ EFGH< 6: ,!$/.%'42 &#! $4*,$)*./

I$)) %!/'/&'7'&: +#'"# 2'7!/ $ /'24$) 9'%!"&): -%*-*%&'*4$) &* &#! ,$24!&'" /./"!-&'6')'&:5 >#!%!B

0*%!< &#!: "*.)9 *6/!%7! &#! "./- $/ $ 0.4"&'*4 *0 &!,-!%$&.%!< "#$%$"&!%'/&'" *0 &#! /-'4 2)$//

6!#$7'*%5 >#! &%$4/'&'*4 &!,-!%$&.%! $/ 9!&!%,'4!9 +$/ 4*& ,*9'C!9 9*+4 &* $ &#'"J4!// *0

$6*.& 15 4,5

14*&#!% /&.9: +$/ -!%0*%,!9 *4 ,.)&'B)$:!% /$,-)!/ *0 K.34 $49 1234< &#! /&$"J'42

*0 &#'4 )$:!%/ $))*+'42 0*% 9'%!"& ,$24!&'" /./"!-&'6')'&: ,!$/.%!,!4&/ EFLH5 I!%! $)/*< &#!

&%$4/'&'*4 &!,-!%$&.%! +$/ 4*& $=!"&!9 9*+4 &* &#'"J4!//!/ *0 15 4,5 1/ $ "*4")./'*4< '4

*.% ,!/*/"*-'" /$,-)!/ *0 9',!4/'*4/ L > le > 15 4,< +! "$4 !/&',$&! &#$& &#! /-'4 2)$//

&%$4/'&'*4 '/ /&')) &#%!! 9',!4/'*4$)5

MM



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

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

 !"!# $%&'%()*+(% ,%'%-,%-.% /0 *1% (%232*343*5

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

"#$%&' ()*#'+%, -.-,'/+%0%$%+12 +3' 4'-%-+%5%+1 67'- #7+ 78'4 -3)4/ 9')+.4'- )47.#6 Tg %#

-/%# *$)--'-: ;7<'5'42 +3' )66%+%7#)$ ()*#'+%, -,)++'4%#* 79 +3' '$',+47#- %# +3'-' -1-+'(- %-

'=/',+'6 +7 )8',+ +3' 4'-%-+%5%+1 ρ: >3' '8',+ 79 +3' ()*#'+%, -/%#- %- +<7?97$6: @# +3' 7#'

3)#62 +3'4' %- ) A7#67 '8',+B +3' 4'-%-+)#,' %- %#,4')-%#* <%+3 6',4')-%#* +'(/'4)+.4' 0'$7<

+3' A7#67 +'(/'4)+.4' TK : @# +3' 7+3'4 3)#62 +3' -/%# *$)-- /3)-' )//')4- 0'$7< Tg2 )#6

+3' 4'-%-+)#,' %- 6',4')-%#* <%+3 6',4')-%#* +'(/'4)+.4'2 6.' +7 +3' -/%#- 94''C%#*: D# $7<?

,7#,'#+4)+%7# ,)#7#%,)$ -/%# *$)--'-2 +3' %#+'4/$)1 0'+<''# +3' +<7 ,7#+4%0.+%7#- $')6- +7 )

#7#?(7#7+7#%, 0'3)5%74 79 +3' +'(/'4)+.4'?6'/'#6'#,' 79 +3' 4'-%-+%5%+1 EFG2 FHI:

J ()=%(.( )//')4- )+ ) +'(/'4)+.4' Tm <3%,3 3)- 0''# +3'74'+%,)$$1 $%#&'6 +7 +3' +<7

,3)4),+'4%-+%, +'(/'4)+.4' -,)$'- EFK2 FLIB

Tm ∝ Tg ln

(

Tg
TK

)

(Tg ≫ TK)  !"#"$%

&'() *+,(*-* (. /0)()1(2(13 '+) 400. 5/02(6-)73 64)0/208 (. 2+/(6-) 4-79 *01+77(: )5(.

;7+))0) +) )'6<. 6. =;-/0 !"$"

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

'00)& 3TK ≈ 1 456 7!+$8 +)( 9#:9 -)*-!*$('$#)*" 3Tg > TK5; $9! "/#* :0'"" -)*$(#<,$#)* /(!%'#0";

+(). =>?@6  #:9$8 #* $9! A#0,$!A (!:#.! 3Tg ≤ TK5; $9! 4)*A) -)*$(#<,$#)* #" #./)($'*$; +(). =>B@6

 !"#$%&#'()* +(,-. /0 123' 4%$#+

>0 (.20)1(;+10 1'0 76<?10*50/+1-/0 /0)()1(2(13 40'+2(6/ 6@ A;B. <(/0)" &'0 C-+)( 1d )+*?

570) '+20 400. 07+46/+108 @/6* + 20/3 <077 :6.1/67708 )6-/:0 6@ A; !DE +.8 @-/1'0/ (*57+.108



 !"#$%& '( )%*"+%+,% -+ $!% &%.-.$-/-$0 12 345+ .#-+ 46"..  !

"#$% &' #(')* +$ + ,(',-'$.+$#(' c = 700 //01 2(. $%#) +33(4* "- $%5) -6/-,$ Tg ≈ 700 07

+'8 TK = 40 07 9!:;1 <%- "#.- #) )%("' (' =>5.- ?1@* +'8 %+) + $($+3 3-'>$% L = 3 µ0* "#8$%

w = 50 '0 +'8 $%#,A'-)) t = 40 '0* "#$% )-B-.+3 B(3$+>- /.(C-) +B+#3+C3- +3('> $%- "#.-1

 !"#$% &'()  !"##$#% &'&!()*# +$!)*,!*-& -$!(.)& */ (0& ,"+-'&1 20& !.))&#( $, 3)$4&# /)*+ I+ (*

I−5 "#3 (0& 4*'("%& +&",.)&3 6&(7&&# V+ "#3 V−5 (0"( !"# 6& !0*,&# "'*#% (0& 7$)&1 8 -&)-&#3$!.'")

+"%#&($! 9&'3 Bz !"# 6& "--'$&31

D- 0-+)5.- + E>&' "#.- (F 3-'>$% L = 2 µ0* 5)#'> $%- -6/-.#0-'$+3 0-+)5.-0-'$ ),%-0-

8-),.#C-8 #' ,%+/$-. :1 <%- .-)#)$+',- 0-+)5.-8 +$ 4 7 #) R = 105 Ω1 <%#) 4#-38) + .-)#)$#B#$4

(F ρ = 1.10−7 Ω10* +'8 + 8#G5)#(' ,(')$+'$ D = 42 cm2/s1 2(. ,(0/+.#)('* $%- .-)#)$#B#$4

(F $%- /5.- E> )+0/3- #) ρAg = 2.10−8 Ω10* +'8 D = 210 cm2/s1 <%- .-)#)$+',- B+.#+$#(' #)

.-,(.8-8 "%#3- ,((3#'> 8("' $%- )+0/3-* +) /.-)-'$-8 (' =>5.- ?1H1

 !"#$% &'*) :")$"($*# */ (0& )&,$,("#!& ∆R = R − R0 $# Ω ", " /.#!($*# */ (0& (&+-&)"(.)& T $# ;

<'*% ,!"'&=1 8( 0$%0 (&+-&)"(.)& <"6*4& 10 ;=5 (0& &'&!()*#>-0*#*# ,!"((&)$#% -)*!&,,&, ")& 3*+$#"($#%1

8( '*7 (&+-&)"(.)& <6&'*7 3 ;= (0& &'&!()*#>&'&!()*# $#(&)"!($*# -)&4"$',1



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

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

R = R0 +∆Re−ph +∆Re−e +∆RSG 678989:

)#$,$ R0 /. %#$ ,$./4-'( ,$./.%'01$ 4-$ %& .%'%/1 /*+-,/%/$.; ∆Re−ph /. 4-$ %& %#$ $($1%,&0<+#&0&0

.1'%%$,/0=; ∆Re−e %#$ %$,* 4-$ %& $($1%,&0<$($1%,&0 .1'%%$,/0=; '04 )$ '44 ∆RSG %& %'>$ /0%&

'11&-0% %#$ *'=0$%/1 .1'%%$,/0=8 ?#$0 %$*+$,'%-,$ 4$1,$'.$. 3,&* ,&&* %$*+$,'%-,$; %#$

+#&0&0 1&0%,/2-%/&0 2$1&*$. )$'>$,; '04 %#$ ,$./.%'01$ 4$1,$'.$. '. ' >0&)0 +&)$, (') T 5

)#/1# /. $@+$,/*$0%'((A &2.$,B$4 '2&B$ 10 C8 D% (&)$, %$*+$,'%-,$.; %#$ ,$./.%'01$ B',/'%/&0

/. '%%,/2-%$4 %& $($1%,&0<$($1%,&0 .1'%%$,/0= '04 ' .+/0 =('.. 1&0%,/2-%/&08 E0 &,4$, %& $@%,'1%

%#$ .+/0 =('.. 1&0%,/2-%/&0; %#$ $($1%,&0<$($1%,&0 1&0%,/2-%/&0 #'. %& 2$ >0&)08

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

,$./.%'01$ /0 ' +-,$ D= .'*+($8 E0 *$%'(.; %#$ $($1%,&0<$($1%,&0 /0%$,'1%/&0 ($'4. %& ' 1&,,$1%/&0

'% (&) %$*+$,'%-,$; )#/1# 1'0 2$ ),/%%$0 3&, F-'./ 1d )/,$. GH I

∆Re−e = 0.782λσ
R2

RK

LT
L

67898J:

)#$,$ RK /. %#$ F-'0%-* &3 ,$./.%'01$ h/e2; '04 LT =
√

~D/kBT %#$ %#$,*'( ($0=%#8 λσ /.

' +','*$%$, ,$+,$.$0%/0= %#$ .%,$0=%# &3 $($1%,&0<$($1%,&0 /0%$,'1%/&0. /0 %#$ .'*+($8 ?$ #'B$

*$'.-,$4 %#$ (&)<%$*+$,'%-,$ ,$./.%'01$ &3 ' +-,$ D= .'*+($ )#/1# /. +(&%%$4 &0 K=-,$ 78L '.

' 3-01%/&0 &3 T−1/28

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

1*00*4 $5! !6+!'$!7 +*4!) 0%42 85! "0*+! *1 $5! "*0#7 0#&! 9#!07" $5! (%0,! *1 λσ2

"#$ $@+$,/*$0%'( 4'%' 3&((&) B$,A )$(( %#$ $@+$1%$4 +&)$, (')8 D(( %#$ &%#$, +','*$%$,.

2$/0= >0&)0; %#$ .(&+$ &3 %#$ K%%$4 (/0$ A/$(4. ' B'(-$ &3 λσ ≈ 3.1 )#/1# /. /0 $@1$(($0% '=,$$*$0%

)/%# +,$B/&-. *$'.-,$*$0%. G L; H7I /0 D=

 

8

 

 ! "#$#"#!%# &'()* λσ +, $-.!/ 0- 1# 02# ,34# $-" 02# .!+4563!0#/ 78789 3!/ 02# 30 554 +4563!0#/ 7878:

,3456#,; <# %3! 02., 3,,.4# 0230 02# +4563!030+-! /-#, !-0 3=#%0 λσ;
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"#$ %& '( )*+, $( (%- &./0 '1*&& &*2.1# 3'40 566 ..27 89# 1(:;$#2.#-*$%-# -#&/&$*0+#

<*-/*$/(0 /& .1($$#= (0 >'%-# ?7 /0 $9# &*2# :*@ *& $9# .-#</(%& 3' &*2.1#7 A0# +1#*-1@

&##& $9# =#</*$/(0 )#$:##0 $9# #B.#-/2#0$*1 3'40 =*$* *0= $9# $9#(-#$/+*1 #1#+$-(0;#1#+$-(0

+(0$-/)%$/(0C :9/+9 /& /0=/+*$#= )@ $9# &(1/= '-##0 1/0#7

 !"#$% &'()  !"#"$%&'! (%)#%$#*& #& +,-& .// 001 %" % 23&'$#*& *2 T−1/24 56! !70!)#1!&$%8 9%$%

∆Rexp :#& )!9; 9!(#%$! 2)*1 $6! $6!*)!$#'%8 ∆Re−e :#& ,)!!&; <!8*= % $!10!)%$3)! T ≈ 1.5 >4

D# ()&#-<# * +1#*- =#</*$/(0 )#$:##0 $9# 3'40 =*$* *0= $9# #B.#+$#= #1#+$-(0;#1#+$-(0

+(0$-/)%$/(0 )#1(: * $#2.#-*$%-# T ≈ 1.5 E7 89#-#F(-#C $9/& =#</*$/(0 /& /0$#-.-#$#= *& *

&/'0*$%-# (F $9# .-#&#0+# (F 2*'0#$/+ /2.%-/$/#& /0 $9# &*2.1#7 3$ 9/'9 $#2.#-*$%-# G*)(<#

1.5 EHC $9# =*$* F(11(: :#11 $9# $9#(-#$/+*1 #1#+$-(0;#1#+$-(0 +(0$-/)%$/(0 ∆Re−e G/0 '-##0

(0 >'%-# ?7 H7 I0 (-=#- $( #B$-*+$ $9# -#&/&$*0+# +(0$-/)%$/(0 *$$-/)%$#= $( $9# /0J%#0+# (F

$9# 2*'0#$/+ &./0& ∆RSGC :# &%)$-*+$ $9# $9#(-#$/+*1 #1#+$-(0;#1#+$-(0 +(0$-/)%$/(0 ∆Re−e

F-(2 $9# #B.#-/2#0$*1 =*$*7 89# -#&%1$/0' $#2.#-*$%-# =#.#0=#0+# ∆RSG(T ) /& .-#&#0$#= (0

>'%-# ?7?7

89# #B.#-/2#0$*1 &./0 '1*&& +(0$-/)%$/(0 ()$*/0#= /& =#+-#*&/0' )#1(: * $#2.#-*$%-# Tm ≈
2 E7 3& $9# E(0=( $#2.#-*$%-# (F $9# *11(@ /& <#-@ 1(: GTg ≫ TKHC $9# /0$#-.1*@ )#$:##0

E(0=( *0= &./0 '1*&& /& %0)*1*0+#=C $9# E(0=( /0J%#0+# /& 0#'1/'/)1#7 K%+9 * =#+-#*&# /0 $9#

-#&/&$*0+# +(0>-2& * &./0 '1*&&;1/,# )#9*</(- (F $9# 3'40 :/-# *0= /& +(0&/&$#0$ :/$9 .-#</(%&

)%1, 2#*&%-#2#0$& L55C 5MC 5NO7
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 !"#$% &'&(  !"# $%&'' ()'"'*&#+) +,#*("-.*",# ∆RSG )/*(&+*)0 &' 0)'+("-)0 "# *1) *)/*2 &' & 3.#+*",#

,3 *)4!)(&*.()5 61) )/!)("4)#*&% 0&*& &() "# ()02 &#0 & 7* *, )8.&*",# 95:5; <"*1 Tg = 0.7 = "' '1,<#

"# $())#5

"#$% $&'()*+,- .('/((& 01&21 (3(4' ,&2 %*$& 5+,%% 6)((7$&5 #,% .((& '#(1)('$4,++- %'82$(2

.- 9,:$+1:  ! "#$ ;<=>? "#(- *)1*1%( ,& ,&,+-'$4,+ 2(%4)$*'$1& 16 '#( )(%$%',&4( $& '#( )(5$@(

Tg ≫ TK A

∆RSG(T ) =
A

ln2 (T/TK)

(

1− αS
Tg
T

)

B ?C?DE

/#()( A $% , &8@()$4,+ *)(6,4'1) ,&2 αS $% ',F$&5 $&'1 ,4418&' '#( $@*8)$'- %*$& S? G1) , %*$&

S = 5/2 '#,' $% '#( 4,%( 16 H& $& I5J αS = 2.33? "#( K''$&5 16 '#( 2,', /$'# '#$% (L8,'$1& $%

%#1/& 1& K58)(  ? ? G1) TK = 40 @0 KM(2J '#( .(%' ,5)((@(&' /$'# '#( 2,', $% 1.',$&(2 61)

, *)(6,4'1) :,+8( A = 0.06 ,&2 61) Tg ≈ 0.7 ± 0.1 0? N(+1/ TgJ '#( '#(1)('$4,+ 4,+48+,'$1& $%

&1' :,+$2 ,&-@1)(? "#( 2,', $% :()- /(++ 2(%4)$.(2 .- '#( 61)@8+, $& '#( '(@*(),'8)( ),&5(

.('/((& Tg ,&2 Tm? "#()(61)(J '#( (M*()$@(&',+ 2,', %#1/ '#,' Tg ≈ 0.7 0 $& 18) I5H& /$)(J

$& ,5)((@(&' /$'# /#,' $% 8%8,++- 1.%():(2 61) %84# ,++1-% ,' '#$% 41&4(&'),'$1&?

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

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

O*$& 5+,%%(% ,)( %(&%$'$:( '1 :()- %@,++ @,5&('$4 K(+2%? P& *,)'$48+,)J , %@,++ K(+2 ,**+$(2

,.1:( Tg .(61)( 411+$&5 21/& %')1&5+- $&Q8(&4(% '#( +1/R'(@*(),'8)( *)1*()'$(% 16 '#( %*$&

5+,%%? S(' 8% 2$%'$&58$%# '/1 411+$&5 21/& *)1'141+% 8%(2 61) '#( @(,%8)(@(&' 16 '#( @,5&('$4

%8%4(*'$.$+$'- χA

• 4&'156&-75811-&7 94:;<= "#( %-%'(@ $% 411+(2 21/& .(+1/ Tg /$'#18' ,**+-$&5 , @,5&('$4

K(+2? P& '#( +1/ '(@*(),'8)( *#,%(J , %@,++ K(+2 $% ,**+$(2 '1 @(,%8)( '#( %8%4(*'$.$+$'-?

• :(&-75811-&7 9:;<= "#( %-%'(@ $% 411+(2 21/& 8&2() , 5$:(& /(,F @,5&('$4 K(+2 B? "#(

%8%4(*'$.$+$'- 4,& .( )(41)2(2 ,' '#( %,@( '$@(?
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"#$%&%'( )%*+$+',+- .+#/++' #0+ #/1 2$1#1,13- 045+ .++' +62+$%7+'#4338 1.-+$5+)9 4- -01/'

1' :(;$+  <=<

 !"#$% &'()  !"!#$ %&%$'(!#)#*#!+ ,- .&/0 1% !'2('3"!&3' -,3 1.08 "04 2.02 at.% /05 6#'*47$,,*'4

89":;9$:< "04 ='3,7>'*4 $,,*'4 9H < 0.05 ?: 89):;94:< 2'"%&3'2'0!% @"1' )''0 4,0' #0 "0 'A!'30"* >'*4

H = 5.9 ?5 BA!3"$!'4 -3,2 8CD<5

>'+ 1.-+$5+- 4 ,3+4$ )+5%4#%1' .+#/++' #0+ :+3)?,113+) χFC 4') #0+ @+$1?:+3)?,113+) χZFC
-;-,+2#%.%3%#%+-9 422+4$%'( .+31/ Tg9 4') /0%,0 %- ,433+) 74('+#%, %$$+5+$-%.%3%#8< A1$+15+$9 #0+

BC ,;$5+ %- $+5+$-%.3+9 4- -01/' /%#0 #0+ )1;.3+?4$$1/D #0+ BC -;-,+2#%.%3%#8 %- #0+ -47+ /0+'

(1%'( )1/' 1$ ;2 %' #+72+$4#;$+< E- 4 ,1',3;-%1'9 #0+ #$4'-%#%1' #+72+$4#;$+ Tg ,4' 43-1 .+

)+:'+) .8 #0+ 1'-+# 1F -#$1'( %$$+5+$-%.%3%#%+- %' G;4'#%#%+- 7+4-;$+) .8 4 HBC 4') 4 31/?:+3)

BC 2$1#1,13-<

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

E- 7+'#%1'+) 2$+5%1;-389 #0+$+ %- '1 4.$;2# ,04'(+ 1F #0+ $+-%-#%5%#8 ρ 4$1;') Tg< E'1#0+$

-%('4#;$+ 3%'&+) #1 Tg %- #0+ 422+4$4',+ 1F 74('+#%, %$$+5+$-%.%3%#%+-9 /0%,0 ,4' .+ )+#+,#+)

.8 4 )%$+,# ,1724$%-1' .+#/++' BC 4') HBC +62+$%7+'#-< I0+ %)+4 %- #0;- #1 311& F1$ #0+-+

74('+#%, %$$+5+$-%.%3%#%+- %' #0+ $+-%-#%5%#8 1F 1;$ -2%' (34-- -4723+-<

J-%'( #0+ -47+ E(A' -4723+ 4- 2$+5%1;-389 /+ $+,1$) #0+ $+-%-#%5%#8 54$%4#%1' ∆ρ 4- 4

F;',#%1' 1F #+72+$4#;$+ /0%3+ ,113%'( )1/' F$17 900 7K #1 200 7K< E- 4 $+F+$+',+ ,;$5+9

/+ ;-+ #0+ HBC 2$1#1,139 ,113%'( )1/' #0+ -4723+ /%#01;# 74('+#%, :+3)< L+ $+2+4# #0+

2$1,+);$+ 4F#+$ 42238%'( 4.15+ Tg 4 -7433 74('+#%, :+3) Bz &+2# ,1'-#4'# );$%'( #0+ ,113%'(

MBC 2$1#1,13N< I0+ $+-;3#- 1F #0%- +62+$%7+'# 4$+ 2$+-+'#+) 1' :(;$+  <O<

L+ 045+ 7+4-;$+) #0+ $+-%-#%5%#8 54$%4#%1' F1$ Bz = 09 Bz = 59 Bz = 10 4') Bz = 35 P

4223%+) 4# T = 900 7K< L0%3+ #0+ ,;$5+- 4$+ -;2+$%721-+) 4# 0%(0 #+72+$4#;$+9 /+ 1.-+$5+

-7433 )+5%4#%1'- .+#/++' HBC 4') BC ,;$5+- 4# 31/ #+72+$4#;$+< E- #0+ )+5%4#%1' %- 5+$8

-74339 /+ 045+ #4&+' ($+4# ,4$+ F1$ #0+ 7+4-;$+7+'#< L+ 045+ ;-+) 4 31'( %'#+($4#%1' #%7+

M50 -N -1 #04# #0+ '1%-+ 3+5+3 %- $+);,+) #1 ≈ 120 2Q M,1$$+-21')%'( #1 0.24 2Ω<7N< I0;-9 #0+

#+72+$4#;$+ $472 7;-# .+ 5+$8 -31/9 /+ 045+ #4&+' 4 ,113%'( $4#+ Ṫ = 5 7KR7%'9 #04# 8%+3)-

4 7+4-;$+7+'# $+-13;#%1' 1F 20 7K< I1 74&+ #0+ ,;$5+- ,1724$4.3+9 %# %- 5+$8 %721$#4'# #04#

#0+ ,113%'( )1/' 2$1,+);$+- 4$+ -#$%,#38 #0+ -47+<
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 !"#$% &'()  !"#"$#%#$& %'(#'$#)* '" ' +,*-$#)* )+ $!./!('$,(! +(). 900 $) 200 .0 ,*1!( "!%!('2 3!21"

Bz4 5)6 3!21" )+ Bz = 57 Bz = 10 '*1 Bz = 35 8 '//2#!1 '9)%! T = 0.9 0 .':! $;! 1'$' 1!%#'$#*<

+(). $;! Bz = 0 8 -,(%!4

"#$ %&'$()$* *$)+,-+%. +' %/ -#$ %(*$( %/ 1 0Ω12 ,- T = 200 231 4$ #,)$ 5#$56$* -#,- -#$

2,7.$-%($'+'-,.5$ %/ -#$ ',208$ 5,..%- ,55%9.- /%( -#+' *$)+,-+%.1 :+('-; -#$ ,008+$* <$8* +'

295# '2,88$( -#,. -#$ -=0+5,8 *$5%(($8,-+%. <$8* B ≪ Bc ≈ 1000 >; '% -#,- -#$ $?$5- 5,..%- &$

,--(+&9-$* -% @9,.-92 2,7.$-%($'+'-,.5$ ABC: %( D$,6E8%5,8+F,-+%.G1 H%($ 0($5+'$8=; D$ #,)$

2$,'9($* -#$ 8%D -$20$(,-9($ 2,7.$-%($'+'-,.5$ ,- 8%D <$8*'I ,- T = 300 23 5%.'-,.-; D$

'D$$0 '8%D8= -#$ <$8* 90 -% B = 100 >1 "#$ ($'+'-,.5$ *%$' .%- 5#,.7$ 2%($ -#,. 0.075 0Ω12

+. -#+' <$8* (,.7$1 J' , ($'98-; -#$ %&'$()$* *$)+,-+%.' ,($ 2%($ -#,. %.$ %(*$( %/ 2,7.+-9*$

8,(7$(; ,.* 2,7.$-%($'+'-,.5$ 5%.-(+&9-+%. 5,. &$ (98$* %9-1

K- +' ,8'% +20%(-,.- -% 5#,(,5-$(+F$ ,559(,-$8= -#$ *(+/- %/ -#$ $L0$(+2$.-1 "#+' #,' &$$.

@9,.-+<$* &= ($0$,-+.7 -D+5$ $L,5-8= -#$ ',2$ 5%%8+.7 *%D. $L0$(+2$.-1 4$ %&-,+. -D% 59()$'

-,6$. ,- *+?$($.- -+2$' R(T, t1) ,.* R(T, t2)1 "#$ *+?$($.5$ &$-D$$. -#$ -D% 59()$' ∆R12 =

R(T, t1) − R(T, t2) *$0$.*' %.8= %. R(t2 − t1) -#$ *(+/- %/ -#$ $L0$(+2$.- *9(+.7 %.$ 5%%8+.7

0(%5$*9($1 "#$ ($'98-+.7 *,-, A.%- '#%D.G *+'08,=' , *(+/- ∆ ≤ 0.11 0Ω121

4$ #,)$ ,8'% $'-+2,-$* -#$ *(+/- *+($5-8= &= 2$,'9(+.7 -#$ ($'+'-,.5$ ,' , /9.5-+%. %/ -+2$1

4+-#+. -#$ -+2$ %/ -#$ 5%%8+.7 *%D. 0(%5$*9($; D$ %&-,+. , *(+/- %/ ∆ ≤ 0.15 0Ω12 +. 7%%*

,7($$2$.- D+-# -#$ 0($)+%9' $'-+2,-$1 "#$($/%($; -#$ *(+/- %/ -#$ $L0$(+2$.- +' ,8'% %.$ %(*$(

%/ 2,7.+-9*$ '2,88$( -#,. -#$ 2$,'9($* *$)+,-+%.'1
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"# $%&'% ($ )*+),*+)( ()'-' *%%'.'%-*/*,*(*'-0 1' -2/(%34( ()' 567 %'8'%'#4' &3(3 8%$9 ()' 67

42%.'0 3- :%'-'#('& $# ;+2%'  <=< 6$% '34) -'( $8 &3(3 >*#4,2&*#+ ()' &%*8(?0 1' )3.' 3.'%3+'&

()' '@:'%*9'#(3, :$*#(- *# $%&'% ($ %'&24' ()' #$*-'0 -$ ()3( ()' (%'#& *- 4,'3%,A .*-*/,'< B)'

3.'%3+'& &%*8( *- 3,-$ -)$1# 8$% 4$9:3%*-$#<

 !"#$% &'()  !"#$#%&# '#()##% *+ ,%- .*+ $#/!/(!0!(1 &2$0#/3 ,/ , 42%&(!5% 54 (#67#$,(2$#3 45$

Bz = 5 8 ,%- Bz = 35 89 :;# -$!4( !/ /;5)% 45$ &567,$!/5%9 :;# -,(, ;,0# '##% ,0#$,<#-3 ,%- (;#

&2$0# Bz = 10 8 ;,/ '##% $#650#- 45$ &=,$!(19  ,/;#- =!%#/ ,$# , <2!-# (5 (;# #1#9

B)$2+) ()' &'.*3(*$# *- -93,,0 *( /'4$9'- 4,'3%,A .*-*/,' /',$1 670 9C< D$(' ()3( ()' 567

42%.' *- #$( (3E'# 38('% 3::,*43(*$# $8 ()' 93+#'(*4 ;',&  ! ()' -:*# +,3-- :)3-'0 3- 2-23,,A

&$#' *# 93+#'(*4 -2-4':(*/*,*(A 9'3-2%'9'#(-< F$1'.'%0 1' )3.' 4)'4E'& ()3( ()' 3::,*43(*$#

$8 ()' ;',& 3( ,$1 ('9:'%3(2%' &$'- #$( 4)3#+' -*+#*;43#(,A ∆ρZFC 0 1)*4) *#&*43(' ()3( ()'

%'-2,(- -)$2,& /' ()' -39'< G- ()' &'.*3(*$# *- #$( 3((%*/2('& ($ 93+#'($%'-*-(3#4' 'H'4(-0 1'

43# 3--'%( ()3( *( *- &2' ($ ()' 93+#'(*4 %'-:$#-' $8 ()' -39:,'0 -*9*,3%,A ($ 1)3( *- $/-'%.'&

8$% ()' 93+#'(*4 -2-4':(*/*,*(A<

"# 3&&*(*$#0 $2% &3(3 -2++'-( ()3( ()' 39:,*(2&' $8 ()' 'H'4( &':'#&- $# ()' 3::,*'& ;',&0

1)*4) *- 4$#-*-('#( 1*() %'4'#( 9'3-2%'9'#(- $8 ()' *%%'.'%-*/*,*(A *# ()' 93+#'(*4 -2-4':(*/*,*(A

$8 -:*# +,3--'- IJK0 JLM< N' )3.' 3,-$ 4)'4E'& ()3( ()' 67 42%.' *- %'.'%-*/,'O ()' ∆ρFC(T ) &3(3

8$,,$1 4,$-',A ()' -39' (%34' 1)'# 4$$,*#+ &$1# $% 1)'# )'3(*#+ 2:< B)' *9:$%(3#( :$*#( *-

()3( ()' &*H'%'#4' /'(1''# 67 3#& 567 42%.'- 3::'3%- '@34(,A 3( ()' (%3#-*(*$# ('9:'%3(2%'

Tg 1)*4) *- *# +$$& 3+%''9'#( 1*() ()' $#' &'('%9*#'& *#&':'#&'#(,A 8%$9 ()' ('9:'%3(2%'

&':'#&'#4' $8 ()' %'-*-(3#4'< N' ()'%'8$%' 4$#4,2&' ()3( 1' 43# &'('%9*#' Tg ≈ 670 9C 8%$9

()' $#-'( $8 *%%'.'%-*/*,*(*'- *# ()' %'-*-(*.*(A $8 G+P#<



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

 !"#$%&'!"

"# $%&# '()*+,#- .$%. (/+ ,#0(0'(12' 345) 62+# $%0 % 012) 47%008729# :#$%&2(+ 2) .$#

.#,1#+%./+# -#1#)-#)'# (; .$# +#020.%)'#< =+(, .$20 ,#%0/+#,#).> 6# %+# %70( %:7# .( (:.%2)

%) #0.2,%.# (; Tg 6$2'$ 20 '()020.#). 62.$ 1+#&2(/0 :/79 ,#%0/+#,#).0< ?) %--2.2()> 6# $%&#

(:0#+&#- +#,%)#)'#> -/# .( % 0,%77 ,%4)#.2' *#7-> 2) .$# +#020.2&2.@ (; (/+ 0%,17# 6$2'$

%11#%+0 :#7(6 Tg< A()0#B/#).7@> .$20 +#,%)#)'# #C#'. %)- .$# .#,1#+%./+# -#1#)-#)'# (; .$#

012) 47%00 +#020.%)'# '%) :# '(,:2)#- .( -#.#+,2)# Tg  !"#$%&' 2) % ,#0(0'(12' 62+#> ;(+ 6$2'$

,%4)#.2' 0/0'#1.2:272.@ ,#%0/+#,#).0 %+# )(. 1(002:7#<



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

".%/0$*1

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

 !"#$%&7
 !"#$%&'( )*!+,)-'!)$ .,)-,'-"*!& "! /01!

&2"! 0('&&

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

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

& +(89"$.%$)&"3)$ .$&!3)$.$*" 1-$+/-*, LΦ ∝ T−1/3 -! '#&)&'"$)-!"-' (5 & :3&!- 1d !1!"$. -*

8#-'# "#$ $+$'")(*9$+$'")(* -*"$)&'"-(* -! "#$ .&-* !'&""$)-*, .$'#&*-!.7 ;#-! -! <*(8* &! "#$

  = "#$()12 &! .$*"-(*$/ -* '#&%"$) >7

?(8$4$)2 !3'# & "$'#*-:3$ #&! 0$$* (*+1 %(()+1 3!$/ -* "#$ !"3/1 (5 .&,*$"-' !1!"$.!7

@*$ )$&!(* -! "#&" "#$ 8$&<9+('&+-A&"-(* '())$'"-(* -! *(" &* 8$++ &/&%"$/ "((+ "( $6")&'" LΦ

-* .&,*$"-' !1!"$.!

 

7 ;#$)$5()$ 8$ 8-++ $4&+3&"$ LΦ 5)(. B*-4$)!&+ C(*/3'"&*'$ D+3'"3&"-(*!

EBCDF .$&!3)$.$*"!7

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

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

'(#$)$*'$ +$*,"# LΦ -*')$&!$! IJK2 JLM7 ;#-! 0$#&4-() #&! 0$$* :3&+-"&"-4$+1 (0!$)4$/ -* +(8

'(*'$*")&"-(* .&,*$"-' &++(1!G &" +&),$ H$+/!2 "#$ &.%+-"3/$ (5  #&)(*(49N(#. (!'-++&"-(*! ()

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

.$"&+ IJO2 J>2 JPM7 Q$)1 +-""+$ -! <*(8* -* "#$ '&!$ (5 !%-* ,+&!! !&.%+$!7

R* "#-! '#&%"$)2 8$ %)$!$*" "#$ BCD.$&!3)$.$*"! "#&" 8$ #&4$ %$)5().$/ -* &  ,S*GTUU %%.

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

"#$ /&"&7 ;#$ )$!3+"-*, LΦ -! !#(8* "( 0$ !$*!-"-4$ "( "#$ .&,*$"-' H$+/7

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

V$ #&4$ .$&!3)$/ "#$ .&,*$"()$!-!"&*'$ (5 &  ,S*GTUU %%. 8-)$ !#(8* (* H,3)$ T7W7

 

+# ,$-#'.)* /0/.',/1 .),'2%'3'%/$4 /0,,'.%0 )/ 5%"6'# $#& .7'%'8"%' .),'2%'3'%/'& 9$.7/ -)3)#- %)/' ."

:'$624"*$4);$.)"# $%' &'/.%"0'&<

P>
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-(#,("$-."( 6."*( 40!=4 -0"(( ,%$-($.4; <0( 6."*(4 0$*( ?((5 40&/-() /!" 6%$"&-@; <0( 7(%) *$%.(4 B1

9B2: "(,"(4(5- -0( (5) 9?(+&55&5+: !/ 7"4- 9%$4-: ,%$-($.;

B$ 3:0$9;$ &% $%#&%+$'$%) 34 LΦ "*)# )#$ '&(%$)*+ ,$-. $;$% :$-3" Tg5 /#*0 *0 0)*--
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)4 .#$ '%/+' 4*$$B/+-6

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

C*)0 .#/' 0$&'2*$0$+.@ 8$ (&+ $D.*&(. .#$ 0&-+$./( '(&..$*/+- ./0$ τs = L2
s/D 8/.#

D = 42 (0

2
E' .#$ ;/<2'/)+ ()$F(/$+. ;$.$*0/+$; 4*)0 .#$ *$'/'./:/.A )4 .#$ '&0%,$6 "#$
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;$.$*0/+&./)+ )4 .#$ ()+($+.*&./)+ )4 4*$$ '%/+' /+ .#$ '%/+ -,&'' %#&'$6

?$ ()+'/;$* .#&. .#$ 0&-+$./( '(&..$*/+- /' -):$*+$; 9A &+ $+$*-A $D(#&+-$ 9$.8$$+ &+

$,$(.*)+ &+; & 4*$$ '%/+ /0%2*/.A@ ,/I$ /+ .#$ (&'$ )4 .#$ 5)+;) $<$(.6 H+ .#/' (&'$@ .#$ *$'2,./+-

τs /' ;/*$(.,A %*)%)*./)+&, .) .#$ ;$+'/.A )4 0&-+$./( '(&..$*$*' /+:),:$; nimp(T )6 "#/' /'

.#$)*$./(&,,A ;$'(*/9$; 9A .#$ J&-&)I&G72#, 4)*02,& KLMN /+ .#$ *$-/0$ T ≥ TK @ TK 9$/+- .#$

5)+;) .$0%$*&.2*$ =TK = 40 05 /+ )2* &,,)A>6

~

τs(T )
=
nimp(T )

πνF

π2S(S + 1)

π2S(S + 1) + ln2 (T/TK)
= 6!6O>

8#$*$ νF /' .#$ C$*0/ ;$+'/.A )4 '.&.$'@ S .#$ '%/+ )4 .#$ /0%2*/.A &+; nimp(T ) .#$ ;$+'/.A )4

0&-+$./( /0%2*/./$' %&*./(/%&./+- .) .#$ /+$,&'./( '(&..$*/+-6 P' .$0%$*&.2*$ ;$(*$&'$'@ '%/+'

&*$ %*)-*$''/:$,A 4*)B$+@ &+; 8$ (&+ ()+'/;$* .#&. .#$ 4*$$ '%/+' %)%2,&./)+ /' *$;2($;6



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

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

'4 5.%++$/,-6 ,37*/,+,$5 %5 % 4*-.+,'- '4 +$37$/%+*/$

cimp(T ) =
τKΦ
τs(T )

π2S(S + 1) + ln2 (T/TK)

π2S(S + 1)
8 9:9:;

0,+# τKΦ = 0.58 -59773 +#$ 3%<,3*3 ='-1' 5.%++$/,-6 ,- >6 8%5 3$%5*/$1 ,- /$4$/$-.$ ?@AB;9

"#$/$4'/$ 0$ '&+%,- +#$ +$37$/%+*/$ 1$7$-1$-.$ '4 cimp 7/$5$-+$1 '- C6*/$  9AD9

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

',"(-2&3#4 *, *1# ',(&'-2 +,'+#'*"-*&,' ,. &(%)"&*&#$ c0 = 700 %%(5 -'4 *1# *#(%#"-*)"# &$ ',"(-2&3#4

*, *1# $%&' 62-$$ *#(%#"-*)"# Tg = 700 (7/

E$ .2$%/2F 5$$ +#$ 4/$$G,-6 '4 +#$ 3%6-$+,. ,37*/,+,$5 ,- +#$ 57,- 62%55 7#%5$H +#$ 4/$$ 57,-5

7'7*2%+,'- 1$./$%5$5 %5 +#$ +$37$/%+*/$ ,5 /$1*.$19 I- '*/ >6J-H DD 773 %22'FK 0$ C-1 %&'*+

27 773K  !"! c/c0 = 4% '4 4/$$ 57,-5 %+ +#$ 2'0$5+ +$37$/%+*/$ 8T/Tg = 0.09;9 >+ T = 1 =K +#$

4/$$ 57,-5 7'7*2%+,'- ,-./$%5$5 *7 +' c/c0 = 89%9 L*.# 3$5'5.'7,. 3$%5*/$3$-+5 3%F 7/'(,1$

% *-,)*$ %..$55 +' +#$ 4/$$G,-6 '4 +#$ 57,-5 %5 % 4*-.+,'- '4 +$37$/%+*/$9 >-1 +#$ $<7$/,3$-+%2

1%+% 3%F +#*5 &$ .'37%/$1 0,+# +#$'/$+,.%2 3'1$259 I- 7%/+,.*2%/K +#$ +$37$/%+*/$M1$7$-1$-.$

'4 +#$ 4/$$ 57,-5 7'7*2%+,'- 5#'*21 &$ 2,-N$1 +' +#$ +$37$/%+*/$M1$7$-1$-.$ '4 +#$ ,-+$/-%2 C$215



 !"#$%& '( )*+,%&-". /0*12/$"*/% 32/$2"$+0*- +* 456* -#+* 5."--  !

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

.,3+-*#$.$ 7$+)&%8&-*4, )& .,-*89,0":1

 !"#$%&'!"

;$#*4 ;<=> ?, +-5, /,&@)&.," .,-$(&,.,*%$ )@ %+, /+-$, 3)+,&,*3, 0,*4%+ LΦ #* -

A4B*C DD //. $/#* 40-$$ ?#&,1 E, )'$,&5, %+-% LΦ $%&)*406 #*3&,-$,$ ?#%+ %+, .-4*,%#3

9,0"> #* -4&,,.,*% ?#%+ /&,5#)($ ?)&F$1 A% 0)? %,./,&-%(&,> %+#$ ,*+-*3,.,*% #$ $%#00 /&,$,*%

'(% ',3).,$ $%,/?#$,1 2+#$ @,-%(&, 3)(0" ', -%%&#'(%," %) #*%,&.,"#-%, .-4*,%#3 ,G3#%-%#)*$ )@

%+, $6$%,.> %+-% "#$-//,-& -')5, - %,./,&-%(&, 30)$, %) Tg1 H* -""#%#)*> ?, -&, -'0, %) ,G%&-3%

I(-*%#%-%#5,06 LΦ @&). %+, 0)?89,0" /-&% )@ %+, ;<=1 E, #*%,&/&,% %+, )'$,&5," #*3&,-$, )@

LΦ -$ - @&,,J#*4 )@ %+, .-4*,%#3 $/#*$ ?+,* %,./,&-%(&, #$ &,"(3,"1 E, /&)/)$, %+-% %+, LΦ

.,-$(&," .-6 /&)5#", - (*#I(, %))0 %) /&)', %+, /)/(0-%#)* )@ @&,, $/#*$ #* - $/#* 40-$$1



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



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

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

+(%/3 +(* /!%/ , '#*/34

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

2"3&4)'

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

0)%%!1"(/)'#

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

-0&*'%!4 '% 526% $"'% 2/*$$!$7  ! $&,4'!4 &(! $!%$'&'8'&9 -. &(! :;< &- &(! $"'% )-%32,#*&'-%=

*%4 &(! '%>,!%)! -. +*2%!&') 3!/4 *%4 &!+"!#*&,#! -% &('$ )-%32,#*&'-%7

 !" #$%&'() *+*$,-. ,/* 012,* ,1 13*0&%4-

?% &('$ $!)&'-%= 1! )-%$'4!# &(! @,!$&'-% -. &(! $!%$'&'8'&9 -. -,# &!)(%'@,! &- * )(*%2! '%

&(!  !"# )-%32,#*&'-% -. &(! $"'% 2/*$$7 5$ "#!$!%&!4 '% )(*"&!# A= &(! )-##!/*&'-% )-!B)'!%& C

*%4 &(! $"'% -8!#/*" q *#! /'%C!4 &-2!&(!# 09 * C%-1% .,%)&'-% -. L/Lm= L 0!'%2 &(! /!%2&( -.

&(! $*+"/! *%4 Lm &(! +*2%!&') /!%2&(7 ?%4!!4= &(! )-##!/*&'-% 1'// 0! *D!)&!4 09 * 8*#'*&'-%

-. q -%/9 '. L/Lm '$ /*#2!E &(! "(*$! 4'D!#!%)! 0!&1!!% "*&($ !%)-,%&!#'%2 * 4'D!#!%& $"'%

)-%32,#*&'-% '%)#!*$!$ 1'&( &(! %,+0!# -. +*2%!&') $)*&&!#'%2 !8!%&$7 F(!#!.-#!= 1! (*8! &-

&!$& &(! $!%$'&'8'&9 -. -,# &!)(%'@,! -% $%#& 1'#!$7

 ! (*8! &(,$ "!#.-#+!4 *% !G"!#'+!%&*/ )-+"*#'$-% 0!&1!!% ",#! 52 *%4 526% 1'#!$7

H% &(! -%! (*%4= 1! +!*$,#! &(! +*2%!&-3%2!#"#'%&$ '% * ",#! 52 $*+"/! *& /-1 &!+"!#*&,#!7

 ! 3#$& &*C! * #!.!#!%)! ),#8!= #!"#!$!%&*&'8! -. &(! I%-% +*2%!&')J 4'$-#4!# )-%32,#*&'-%=

*%4 &(!% 1! (!*& ," &(! $*+"/! &- *0-,& 15 K .-# 15 (-,#$7 F(! $*+"/! '$ (!*&!4 09 ,$'%2 *%

*44'&'-%*/ ),##!%&= *$ 4!$)#'0!4 '% )(*"&!# L7  ! )--/ 4-1% &(! $*+"/! 0*)C &- &(! +!*$,#!+!%&

&!+"!#*&,#!= *%4 1! #!)-#4 * $!)-%4 +*2%!&-3%2!#"#'%&7 5$ $(-1% -% 32,#! M7N= &(! &1- &#*)!$

#!+*'% ('2(/9 )-##!/*&!4E &(! )-##!/*&'-% )-!B)'!%& C = 0.95= +!*%'%2 &(*& 1! 4- %-& +-4'.9

&(! 4'$-#4!# I"-$'&'-%$ -. *&-+$ -# 4!.!)&$J '% &(! 52 $*+"/!7 H% &(! -&(!# (*%4= 1! #!"!*& &(!

$*+! !G"!#'+!%& '% * /-%2 1'#! IL ≈ 17 µ+J -. 526% $"'% 2/*$$ -. )-%)!%&#*&'-% c = 400 ""+

ITg ≈ 400 +KJ7  ! (!*& ," &- 15 K I≈ 37 TgJ .-# 20 +'%7 F(! &1- &#*)!$ -0&*'%!4 0!.-#!

*%4 *.&!# &(! &(!#+*/ )9)/! I$(-1% -% 32,#! M7NJ *#! 8'$'0/9 4'D!#!%&= &(! #!$,/&'%2 )-##!/*&'-%

)-!B)'!%& '$ C ≈ 0.27

OO



 !  !"! #$%&'() *+*$,-. ,/* 012,* ,1 13*0&%4-

 !"#$% &'()  !"#$%&'!( !) *+, "$-(,*!.(-,%#%&(*' !/*$&(,0 /,)!%, $(0 $)*,% $ *+,%"$1 2321, $* +&-+

*,"#,%$*4%,5 6!#7 &( *+, 8- '$"#1,9 *+, *%$2,' %,"$&( +&-+13 2!%%,1$*,0 C = 0.955 :!**!"7 &( *+,

'#&( -1$'' '$"#1, 8-;(7<== ##" >L ≈ 17 µ"?9 *+, .(-,%#%&(*' $%, @&'&/13 0&A,%,(*9 *+, 2!%%,1$*&!( &'

C ≈ 0.25

"# $ %&#'()* )+& &,-&%./&0) 10 -'%& "2 -%13&# )+$) )+& -1#.).10 14 )+& $)1/# 5.5 01) 6+$02&

5'%.02 )+& )+&%/$( 676(&8 91% )+& "2:0 #$/-(&* .0 #)%102 610)%$#)* )+& /$20&)1;02&%-%.0)#

6(&$%(7 6+$02&* $# )+& #-.0 610;2'%$).10 +$# <&&0 /15.;&5 = )+& 1%.&0)$).10 14 )+& #-.0#*

01) )+&.% -1#.).10 = $) +.2+ )&/-&%$)'%&8 >+.# 6(&$%(7 #+1?# )+$) )+& '0.3&%#$( 6105'6)$06&

@'6)'$).10# $%& #&0#.).3& )1 )+& %&1%2$0.A$).10 14 )+& #-.0 610;2'%$).108



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

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

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

"#$ $%$&' () *+ $,'$-+*. /*0+$'1& 2$.3 (+ '#$ 451+ 0.*44 5#*4$ -$/*1+4 671'$ 8$9(+3 * &(/:

5.$'$ 7+3$-4'*+31+0; <+ 5*-'1&7.*-= '#$ 51(+$$-1+0 /$*47-$/$+'4 () /*0+$'(2+0$-5-1+'4 1+ 451+

0.*44$4 #*>$ -$>$*.$3 *+ 7+$,5$&'$3 -(874'+$44 *0*1+4' /*0+$'1& 2$.3? '#$ /*0+$'(2+0$-5-1+'

@*4 +(' /(312$3= $>$+ 89 *55.91+0 * /*0+$'1& 2$.3 /7&# .*-0$- '#*+ '#$ '951&*. 451+ 0.*44

2$.3 4&*.$ Bg ABCD= *4 1) '#$ 451+4 @$-$ +(' *%$&'$3; E+ '#$ &(+'-*-9= @$ #*>$ (84$->$3 1+ (7-

$,5$-1/$+'*. /*0+$'(2+0$-5-1+'4 1+31&*'1(+4 '#*' '#$ 451+4 /*9 8$ 5(.*-1F$3 89 '#$ /*0+$'1&

2$.3= *4 314&744$3 1+ &#*5'$-  ; <+ '#14 4$&'1(+= @$ 1+>$4'10*'$ '#$ $%$&' () * /*0+$'1& 2$.3 (+

'#$ 451+ &(+207-*'1(+ 1+ 451+ 0.*44 @1-$4;

<+ '#$ 747*. >1$@ () 451+ 0.*44$4= (+$ $,5$&'4 '#*' * /*0+$'1& 2$.3 .*-0$- '#*+ Bg 4#(7.3

3$4'-(9 '#$ (-3$-$3 5#*4$; Bg 14 3$2+$3 89 kBTg = gµBg @1'# kB '#$ G(.'F/*++ &(+4'*+'= g

'#$ H*+3I )*&'(-= *+3 µ '#$ /*0+$'1& /(/$+'= $,5-$44$3 1+ 7+1'4 () '#$ G(#- /*0+$'(+ µB; <+

(7- .(@ &(+&$+'-*'1(+ *..(94= Tg = 700 /J .$*34 '( Bg ≈ 1000 K L741+0 g = 2 )(- '#$ $.$&'-(+4

*+3 µ = 5 µB )(- M+N;

O$ #*>$ /$*47-$3 /*0+$'(2+0$-5-1+'4 (+ * P0M+ 4*/5.$ () .$+0'# L ≈ 17 µ/ *+3 &(+:

&$+'-*'1(+ c = 400 55/ LTg ≈ 400 /JN; "#$ 2$.3 14 4@$5' )-(/ Bz = 0 '( Bz = 8 "= '#*' 14 80

'1/$4 .*-0$- '#*+ Bg= *' * '$/5$-*'7-$ T = 100 /J *+3 @$ -$5$*' '#$ /$*47-$/$+'= 4( '#*'

@$ (8'*1+ '@( /*0+$'(2+0$-5-1+'4 @#1&# *-$ 4#(@+ (+ 207-$ Q;R;

 !"#$% &'()  !"#"$%&'! ()'$)%$#*&" %" % +)&'$#*& *+ $,! -%.&!$#' /!01 +*2 % 3.4&5677 88- 9#2!

:L ≈ 17 µ-;< =9* ")''!""#>! $2%'!" %2! ",*9&? "!8%2%$!1 @A % $#-! "'%0! *+ +!9 ,*)2"< =,*)., $,!

"A"$!- ,%" @!!& @2*).,$ $* % >!2A ,#., /!01? $,! $2%'! #" ,#.,0A 2!82*1)'#@0!<

"#$ '@( 47&&$441>$ '-*&$4 *-$ #10#.9 -$5-(37&18.$ LC = 0.94N= '#(70# 1+ '#$ '1/$ 8$'@$$+=

@$ #*>$ *55.1$3 * /*0+$'1& 2$.3 /7&# .*-0$- '#*+ Bg; "#14 #10# &(--$.*'1(+ () '#$ STU /*9



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

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

)"1.. /(-, -, 0#12 ,+131-,-*45 $, -& )'*&1$%-)&, &(# +,+$" 0-,-'* '6 ,3-* 4"$,,#,.

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

71'8 &(# (-4( )'11#"$&-'* )'#9)-#*&5 :# )$* #,&-8$&# &($& "#,, &($* 1 % '6 &(# ,3-*, $1#

1'&$&#% ;2 &(# 8$4*#&-) <#"%. =':#0#15 -* '+1 ,-4*$" '6 <4+1#  .>5 :# ';,#10# &(# #*($*)#8#*&

'6 &(# ?+)&+$&-'*, :-&( 8$4*#&-) <#"%5 :(-)( -, $ )'*0-*)-*4 ,-4*$&+1# '6 $ 3'"$1-@$&-'* #A#)&

'* &(# 8$4*#&-) -83+1-&-#,5 $, $"1#$%2 %-,)+,,#% -* )($3&#1 B. /(#1#6'1# &(#,# )'*&1$%-)&'12

1#,+"&, %#,#10# 6+1&(#1 -*0#,&-4$&-'*,.

C* '1%#1 &' +*%#1,&$*% 8'1# -* %#&$-", &(# #A#)& '6 &(# #D&#1*$" 8$4*#&-) <#"%5 :# +,# $*

$%%-&-'*$" -*E3"$*# <#"% FX−Y <#"% BxyG. /(# 3#13#*%-)+"$1 <#"% Bz -, ,&-"" +,#% &' ';&$-* &(#

8$4*#&'<*4#131-*&,5 ;+& +*%#1 ,#0#1$" )'*,&$*& 0$"+#, 6'1 Bxy. H# 8#$,+1# &(# IJ7 &1$)#, $&

"': &#83#1$&+1#,5 %##3 -*&' &(# ,3-* 4"$,, 3($,# T ≪ Tg5 ,' &($& &(# %2*$8-), '6 &(# ,2,&#8

$33#$1 61'@#* '* &(# &-8# ,)$"# '6 &(# #D3#1-8#*& F:(-)( -, )'*<18#% ;2 &(# 1#31'%+)-;-"-&2

'6 &(# )+10#,G. H# 8#$,+1# ,+))#,,-0#"2 &(1## 8$4*#&'<*4#131-*&,. H# <1,& &$K# $ 1#6#1#*)#

8$4*#&'<*4#131-*& '6 &(# ,3-* )'*<4+1$&-'*5 :-&('+& $%%-&-'*$" <#"% Bxy = 0 /. /(#*5 :#

$33"2 $ 3$1$""#" 8$4*#&-) <#"% '6 Bxy = 1 /5 $*% &$K# &(# ,#)'*% 8$4*#&'<*4#131-*&. H#

,:-&)( &(# 3$1$""#" <#"% ;$)K &' Bxy = 0 / ;#6'1# &$K-*4 &(# &(-1% &1$)#. L#,+"&, '6 &(-,

#D3#1-8#*& $1# 31#,#*&#% '* <4+1#  .M.

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

.1 -!# ',706*,# /#64 Bxy8  !# /"$- -"*&# #1 *,4 -!# -!'"4 -"*&# #3 *"# -*3#, *- Bxy = 0 9 :!#"#*$

-!# $#&.,4 -"*&# #2 '$ -*3#, *- Bxy = 10000 98  !# &.""#6*-'., ;#-:##, -"*&#$ '$ ',4'&*-#48



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

"#$% &$ '(()* ' )'+,$ '--./.0%') 1',%$/.2 3$)-4 /#$ 1',%$/03%,$+(+.%/ .5 6.5.7)* 5/+0%,)*

'8$2/$-9 /#$ 20++$)'/.0% 7$/&$$% /+'2$5 #1 '%- #2 ,.6$5 C12 = 0.07: ;#$ 5'1$ 20++$)'/.0%

.5 <0=%- 7$/&$$% /+'2$5 #2 '%- #34 /#$+$<0+$ /#$ ('+'))$) 3$)- 2#'%,$5 5.,%.32'%/)* /#$ 1',>

%$/03%,$+(+.%/: ?=+(+.5.%,)* #0&$6$+4 &$ +$206$+ $@'2/)* /#$ 0+.,.%') 1',%$/03%,$+(+.%/ &#$%

&$ 5&./2# 7'2A /#$ 3$)-9 /#$ 20++$)'/.0% 7$/&$$% /+'2$5 #1 '%- #3 .5 C13 = 0.97: B+01 /#$5$

-'/'4 &$ 20=)- .%<$+ /#'/ /#$ 1',%$/.2 3$)- -$<0+15 /#$ 5(.% 20%3,=+'/.0% .% '  !"! #$%&! &'*:

;#$ $8$2/ 0< /#$ $@/$+%') 1',%$/.2 3$)- 0% /#$ 1',%$/03%,$+(+.%/5 1'* #'6$ /&0 -.5/.%2/

0+.,.%5: C% /#$ 0%$ #'%-4 /#$ ('+'))$) 1',%$/.2 3$)- Bxy -$(#'5$5 /#$ $)$2/+0% /+'D$2/0+.$5 '5

&$)) '5 Bz4 '%- /#=5 '8$2/5 /#$ 1',%$/03%,$+(+.%/5: ;#.5 0+7./') $8$2/ .5 ($+<$2/)* +$6$+5.7)$:

C% /#$ 0/#$+ #'%-4 /#$ 1',%$/.2 3$)- 1'* (0)'+.E$ /#$ 5(.%54 &#.2# &0=)- ')50 '8$2/ /#$

1',%$/03%,$+(+.%/5: F% 5(.% ,)'55$54 ./ .5 /#$0+$/.2'))* (+$-.2/$- /#'/ /#$ GHB '+$ ,06$+%$- 7*

/#$5$ /&0 $8$2/54 '%- /#=5 7* '() *!&+ #,-&!# IJ!K: ;#$ 3+5/ 0%$ Bc .5 '//+.7=/$- /0 0+7./') $8$2/54

-=$ /0 /#$ 20=().%, 0< /#$ $)$2/+0%5 /0 /#$ 1',%$/.2 L=@: ;#$ 5$20%- Bs .5 /#$ 2#'+'2/$+.5/.2 3$)-

52')$ '//+.7=/$- /0 /#$ $)$2/+0% 52'//$+.%, 08 1',%$/.2 5(.%54 '%- .5 0%)* (+$5$%/ .% 1',%$/.2

5*5/$15: H0%5$M=$%/)*4 &$ 5#0=)- #'6$ /#$ /&0 $8$2/5 0% 0=+ 1',%$/03%,$+(+.%/5:

F% 0+-$+ /0 -.5/.%,=.5# &#.2# $8$2/ .5 -01.%'%/4 &$ .%6$5/.,'/$ /#$ /$1($+'/=+$ -$($%-$%2$

0< /#$ /*(.2') 3$)- 52')$ <0+ /#$ -$20++$)'/.0% 0< /#$ $@($+.1$%/') 1',%$/03%,$+(+.%/5: B0+

0+7./') $8$2/54 /#$ 3$)- 52')$ Bc -$($%-5 0% LΦ4 '%- 5#0=)- /#=5 6'+* &./# /$1($+'/=+$: B0+

5(.% $8$2/54 &$ 5=,,$5/ /#'/ /#$ 3$)- 52')$ Bs .5 ).%A$- /0 ' 5(.% ,)'55 <$'/=+$4 '%- 1'* 7$

.%-$($%-$%/ 0< T :

"$ /#=5 +$($'/$- /#$ (+$6.0=5 $@($+.1$%/4 <0+ 6'+.0=5 6')=$5 0< Bxy .% ' N,O%9PQQ ((1

'))0* RL ≈ 17 µ1S: "$ ($+<0+1$- /&0 5$/5 0< 1$'5=+$1$%/54 '/ T = 65 1T '%- T = 400 1T:

B+01 /#$5$ -'/'4 &$ 2')2=)'/$- /#$ 20++$)'/.0% 7$/&$$% /#$ +$<$+$%2$ 1',%$/03%,$+(+.%/ '/

Bxy = 0 U '%- ' ,.6$% /+'2$ /'A$% '/ Bxy: ;#$ +$5=)/5 '+$ (+$5$%/$- 0% 3,=+$  :J:

 !"#$% &'()  !""#$%&'!( )!#*)'#(& C(Bxy = 0;Bxy) '( % +,-(./00 112 %$$!3 4L ≈ 17 µ256 %7 %

89()&'!( !8 Bxy6 8!" &:! ;'<#"#(& &#21#"%&9"#7 T = 65 2= 4,"##(5 %(; T = 400 2= 4"#;5>



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

"#$ %$&' ()*&$ +, -#$ '$)+..$&*-/+0 /( )&$*.&1 )#*02/02 3/-# -#$ -$45$.*-6.$7 "#$ 8*&9

6$( )*0 :$ $(-/4*-$' :1 .$*'/02 Bcxy 3#$0 C(Bxy = 0;Bcxy) = 0.57 ;$ +:-*/0 Bcxy(T =

65 mK) ≈ 618 < *0' Bcxy(T = 400 mK) ≈ 1600 <7 =+. )+45*./(+0> 3$ #*8$ 5$.,+.4$'

-#$ (*4$ $?5$./4$0- /0 * 0+0 4*20$-/) @2 3/.$> *0' -#$ '$)+..$&*-/+0 %$&' /( *&(+ '$5$0'9

/02 +0 -$45$.*-6.$ /0 * (/4/&*. 3*17 @( * )+0)&6(/+0> 3#$0 (3$$5/02 -#$ 5*.*&&$& 4*20$-/)

%$&'> +.:/-*& $A$)-( 5.$8*/& +0 -#$ (5/0 $A$)-( BBcCBsD /0 +6. @2E0 3/.$> *0' -#$ +:($.8$'

.$8$.(/:/&/-1 +, -#$ 4*20$-+%02$.5./0-( /( *--./:6-$' -+ +.:/-*& $A$)-(7

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

F0 +.'$. -+ )/.)648$0- -#$ 5.$8/+6( /((6$> 3$ 5.+5+($ -+ ($5*.*-$ +6- -#$ +.:/-*& *0' 4*29

0$-/) )+0-./:6-/+0( -+ -#$ GH=7 "#/( )*0 :$ *)#/$8$' 6(/02 -#$ I0(*2$. (144$-./$(> *( '$9

()./:$' /0 )#*5-$. !7 I0$ 4$*(6.$( -#$ 4*20$-+%02$.5./0-( /0 -3+ )+0%26.*-/+0(> :$-3$$0

3#/)# +0$ #*( 5$.46-$' -#$ I−V )6..$0-98+&-*2$ )+0-*)-(7 I0$ )*0 -#6( )+0(-.6)- * J6*0-/-1

3#/)# /( +0&1 '$5$0'/02 +0 -#$ 4*20$-/) 5*.- +, -#$ GH=

∆RM =
∆RIV (B)−∆RV I(−B)

2
B 7!7KD

F0 5./0)/5&$> -#/( 4*20$-/) )+0-./:6-/+0 (#+6&' '/.$)-&1 .$L$)- (5/0 $A$)-( /0 -#$ (*45&$7

M+-$ -#*- /0 +.'$. -+ 5$.,+.4 -#/( )+0(-.6)-/+0> 3$ #*8$ -3+ .$J6/.$4$0-( -+ ,6&%&&7 =/.(-> LΦ

#*( -+ :$ &*.2$. -#*0 L> (+ -#*- 3$ 5$.,+.4 * .$*& ,+6.95.+:$ 4$*(6.$4$0-7 N$)+0'> Lm ≪ L

/( 0$)$((*.1 -+ +:-*/0 * 2++' ($0(/-/8/-1 +, -#$ 4*20$-+%02$.5./0-( -+ -#$ (5/0 )+0%26.*-/+0(7

@( * )+0)&6(/+0> 3$ $?5$./4$0-*&&1 0$$' * (1(-$4 3#$.$ Lm ≪ L < LΦ7 @( Lm '$5$0'(

+0 -#$ $?)#*02$ )+65&/02 J > +. -#$ /456./-1 )+0)$0-.*-/+0> /- 4*1 $8$0-6*&&1 :$ -60$' /0

,6-6.$ $?5$./4$0-(> /0 +.'$. -+ *&&+3 ,+. * '/.$)- $?-.*)-/+0 +, ∆RM 7 E$*(6./02 -#/( 4*20$-/)

)+45+0$0- 4*1 :./02 0$3 /0(/2#- +0 -#$ /0L6$0)$ +, * 4*20$-/) %$&'> *0' /0 5*.-/)6&*. -#$

5#1(/)( &1/02 :$#/0' -#$ +:($.8$' .+:6(-0$(( 65+0 %$&' )1)&/027

O+3 )*0 3$ /0-$.5.$- -#/( .+:6(-0$(( 3/-# -#$ 4*20$-/) %$&'P Q$- 6( '/()6(( -#$ %$&'9

-$45$.*-6.$ B4$*09%$&'D 5#*($ '/*2.*4 +, +6. (5/0 2&*((7 F0 @2E0 *&&+1(> -#$ 5.$($0)$ +,

.*0'+4 *0/(+-.+51 (#+6&' *A$)- -#/( 5#*($ '/*2.*4 RS!>  ST7 F0 5*.-/)6&*.> /- $0#*0)$( -#$ %$&'

8*&6$ .$J6/.$' -+ '$(-.+1 -#$ (5/0 2&*(( +.'$.7 "#$+.$-/)*& )*&)6&*-/+0( -#6( 2/8$ * )./-/)*& %$&'

3#/)# /( *:+6- 5 Bg *- &+3 -$45$.*-6.$ BT ≤ 0.1TgD> -#*- /( * %$&' *:+6- 1 " /0 +6. (*45&$(7

U?5$./4$0-*&&1> +0$ 6(6*&&1 4$*(6.$( -#$ /..$8$.(/:/&/-1 &/0$> -#*- /( -#$ &/0$ :$&+3 3#/)#

-#$ .$(5+0($ +, -#$ (1(-$4 /( '/A$.$0- :$-3$$0 =/$&'9)++&$' B=HD *0' V$.+9%$&'9)++&$' BV=HD

5.+-+)+&(7 I0$ -#6( %0'( * %$&' &/0$ 3#/)# 8$.1 .*5/'&1 /0).$*($( /0 -#$ 8/)/0/-1 +, Tg RSW> SXT

,+. H6E0 *0' @2E0 (1(-$4(7

I6. $?5$./4$0- :./02( 0$3 /45+.-*0- /0,+.4*-/+07 ;$ +:($.8$ *0 /0).$*($ /0 -#$ *45&/-6'$

+, -#$ )+0'6)-*0)$ L6)-6*-/+0( *( * ,60)-/+0 +, 4*20$-/) %$&'> 3#/)# /( * )+0($J6$0)$ +,

-#$ 5+&*./Y*-/+0 +, -#$ (5/0(7 F- (622$(-( -#*- -#$ (5/0 )+0%26.*-/+0  ! "#$%&$' Z (5/0( *.$

[60&+)\$'[> -#$1 *.$ 0+- ,.+Y$0 *014+.$7 "#/( 5+&*./Y*-/+0 (-*.-( *- * %$&' *:+6- B1 ≃ 2 "

B($$ )#*5-$. ]D7



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

"# $%%&'&(#) (*+ ,-.,+&/,#' +,0,$12 '3$' '3, 2.&# 4(#56*+$'&(# 3$2 #(' 43$#6,% $7',+ $ 5,1%

4841, $' 8 9: 93, 5,1% ,;,4' '3*2 $..,$+2 $2 +,0,+2&<1,= >3,# $..18&#6 $ /$6#,'&4 5,1%) '3,

282',/ ,0(10,2 &# '3, .3$2, 2.$4, $1(#6 $ 4,+'$&# .$'3) $#% >3,# >, %,4+,$2, '3, /$6#,'&4

5,1%) '3, 282',/ ,0(10,2 <$4? (# '3, 2$/, .$'3) 2( '3$' &' 4(/,2 <$4? '( &'2 (+&6&#$1 2'$',: @*43

$ <,3$0&(+ >(*1% &/.18 2(/, /,/(+8 7,$'*+,2 &# 2.&# 61$22 282',/2) %&+,4'18 $' '3, /&4+(24(.&4

1,0,1A ,$43 2.&# ,0(10,2 <$4? '( &'2 (+&6&#$1 (+&,#'$'&(#:

B2 $ 4(#41*2&(#) >, /$8 &#7,+ '3$' >, 3$0, '>( %&;,+,#' 5,1% 24$1,2 &# (*+ 282',/: B 5,1%

B > B1 ≃ 2 9 &2 2*C4&,#' '( D*#1(4?D '3, 2.&#2 $' 1(> ',/.,+$'*+,) $#% '( 2'$+' '( .(1$+&E,

'3,/: F(>,0,+) $ 5,1% (7 8 9 &2 #(' 2'+(#6 ,#(*63 '( $;,4' '3, 2.&# 4(#56*+$'&(#  ! "!

 ##$%$#& '($ )"* A '3, 282',/ ?,,.2 '3, /,/(+8 (7 &'2 (+&6&#$1 E,+(G5,1% 2'$',) $' $ /&4+(24(.&4

1,0,1:

 !" #$%&$'()*'$ $+$,)-. ( /$)$'%01()021 23 )4$ 25$'6(&-7

B #$'*+$1 $#% 2&/.1, >$8 '( 43$#6, 2.&# 4(#56*+$'&(#2 &# $ 2.&# 61$22 &2 '( 4841, '3, 2$/.1,

'( ',/.,+$'*+,2 $<(0, Tg:

93, 2$/.1, &2 3,$',% $#% H*,#43,% <8 *2&#6 $ IJ 4*++,#' $2 %,24+&<,% &# 43$.',+ K:

L&6*+,  :K 23(>2 '3, 4$1&<+$'&(# ,-.,+&/,#'$118 (<'$&#,% 7(+ $ 1(#6 >&+, (7 B6M#ANOO ../: "'

$11(>2 '( 4(#0,+' +,1&$<18 '3, 3,$'&#6 4*++,#' I &# $# ,;,4'&0, ',/.,+$'*+, T 7(+ '3, 2$/.1,:

 !"#$% &'()  !"#$%!&!'( )* (+! %!#,#("'-! ."%,"(,)'# ∆R(T ) "'/ ∆Rd(I)0 1)(()& "2,#3 4)5 #-"4! )*

T ,' 60 7)8 "2,#3 4)5 #-"4! )* I ,' µ90 7+! %!#,#("'-! ."%,"(,)'# "%! 84)((!/ )' (+! #"&! #-"4! "'/

+".! :!!' #+,*(!/ *)% -4"%,(;0 7+! (<) -$%.!# #+)< " 5))/ "5%!!&!'(= "'/ "44)< *)% " /!(!%&,'"(,)' )*

T *)% " 5,.!' I "884,!/0



 !  !"! #$%&$'()*'$ $+$,)-. ( /$)$'%01()021 23 )4$ 25$'6(&-7

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

+*# %,(7 &-7892'/+(-7%: ;.. +*# 6/97#+-879#','(7+% /'# +/<#7 /+ +*# %/6# .-0 +#6,#'/+2'#

Tmeas = 50 6=> %- +*/+ +*# $37/6(&% (% 5'-?#7 -7 +*# +(6# %&/.# -5 +*# 6#/%2'#6#7+

 

: @'-6

.-0 +#6,#'/+2'#> 0# /,,.3 / &2''#7+ I0 (7 -'$#' +- *#/+ +*# %/6,.# /+ / +#6,#'/+2'# T0 $2'(79

/ +(6# τ : A*# %3%+#6 (% +*#7 B2#7&*#$ $-07 +- Tmeas < Tg> +*# 6#/%2'#6#7+ +#6,#'/+2'#:

A*(% +*#'6/. &3&.# &/7 #1#7+2/..3 )# '#/.(?#$ (7 +*# ,'#%#7&# -5 / 6/97#+(& 8#.$ B0: ;+

.-0 +#6,#'/+2'#> 0# 6#/%2'# +*# 6/97#+-879#','(7+ -5 +*# %,(7 &-7892'/+(-7 (n): "# &/7

'#,#/+ +*(% /77#/.(79> B2#7&*> 6#/%2'#6#7+ ,'-&#$2'# (7 -'$#' +- -)+/(7 +*# 6/97#+-879#','(7+

(n+ 1): A*(% ,'-+-&-. (% %<#+&*#$ -7 892'#  :C:

 !"#$% &'()  !" #"$%"&'#(&" )* #!" +,+#"$ -+ &'-+". #) T0 *)& ' #-$" τ '# /"&) $'01"#-2 3"4.5  !"

+,+#"$ -+ #!"1 6("12!".7 '1. #!" $'01"#)310"&%&-1# -+ #'8"15  !" )%"&'#-)1 2'1 9" &"%"'#".7 +) #!'#

:" 2'1 2)$%'&" #!" +(22"++-;" $'01"#)310"&%&-1#+5  !-+ %&)#)2)4 2'1 9" %"&*)&$". *)& .-<"&"1# ;'4("+

)* T07 τ )& B05

"# */1# ,#'5-'6#$ +*(% #D,#'(6#7+ (7 / .-79 ;9E7F!GG ,,6 0('# HL ≈ 17 µ6I: "# #D,#&+

+*/+ +*# #1-.2+(-7 -5 +*# %,(7 &-7892'/+(-7 /+ *(9* +#6,#'/+2'# $#,#7$% -7F +*# /77#/.(79

+#6,#'/+2'# T0> +*# +(6# τ %,#7+> /7$ +*# 6/97#+(& 8#.$ B0: J(4#'#7+ 6/97#+-879#','(7+%

-)+/(7#$ /5+#' /7 /77#/.(79 -5 +*# %/6,.# /+ T0 ≫ Tg /'# ,'#%#7+#$ -7 892'#  :K:

"# -)%#'1# +*/+ 0(+*(7 +*(% ,'-+-&-. +*# 6/97#+-879#','(7+% #1-.1# +-0/'$% / $(4#'#7+

+'/&#> +*/+ (% (7 /7  !!"#"!$ %&" 0/3: A*(% )#*/1(-' (% &-7+'/%+(79 0(+* +*# (7L2#7&# -5 +*# 6/9M

7#+(& 8#.$ 0*(&* 6-$(8#% '#1#'%().3 +*# %,(7 &-7892'/+(-7: N2&* /7 #1-.2+(-7 -5 +*# +'/&#% &/7

)# &*/'/&+#'(?#$ )3 &/.&2./+(79 +*# &-''#./+(-7 Cn,n+1 )#+0##7 %2&&#%%(1# 6/97#+-879#','(7+%>

/% / 527&+(-7 -5 +*# (7+#'6#$(/+# /77#/.(79 +#6,#'/+2'# T0: A*# '#%2.+%> -)+/(7#$ 5-' τ = 5 6(7

/7$ B0 = 0 8D#$> /'# %*-07 -7 892'#  : :

"# -)%#'1# +*/+ +*# #D,#'(6#7+/. &-''#./+(-7 )#+0##7 6/97#+-879#','(7+% $#&'#/%#% 1#'3

%.-0.3 0(+* T0> /7$ '#6/(7% B2(+# ./'9# HC > 0.5I: N2','(7%(79.3> (+ /,,#/'% +*/+ +*# %/6,.#

*/% +- )# *#/+#$ +- +#6,#'/+2'#% T0 ≫ Tg (7 -'$#' +- -)+/(7 0#/<.3 &-''#./+#$ +'/&#%:

 

 ! "#$! %"!%&!' ("#( #( )*%" (!+,!-#(*-!). ("! +#/0!(120/!-,-30( 3) 01( %"#0/30/. *, (1 )!$!-#4 '#5)6



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

 !"#$% &'()  !"#"$%&'! ()'$)%$#*&" %" % +)&'$#*& *+ ,%-&!$#' .!/0 +*1 % 2-3&4566 77, %//*8 9L ≈
17 µ,:; 2 1!+!1!&'! ,%-&!$*.&-!171#&$ 91!0 ')1<!: #" $%=!&; >?! "%,7/! #" $?!& %&&!%/!0 %$ T0 = 9 @A

%&0 $?! ,%-&!$*.&-!171#&$ #" ,!%")1!0 9B/)! ')1<!:; >?! "%,7/! #" %&&!%/!0 %-%#& %$ T0 = 14 @A %&0

$?! ,%-&!$*.&-!171#&$ *B$%#&!0 9-1!!& ')1<!:; >?! $?1!! $1%'!" ?%<! B!!& "?#+$!0 +*1 '/%1#$8;

 !"#$% &'&) C*11!/%$#*& '*!D'#!&$ *+ ")''!""#<! ,%-&!$*.&-!171#&$" Cn,n+1A %" % +)&'$#*& *+ $?!

%&&!%/#&- $!,7!1%$)1! T0; >?#" '*11!/%$#*& #" 0!'%8#&- "/*E/8 %" T0 #&'1!%"!"; F*1 '*,7%1#"*&A $?!

-1!!& 7*#&$ 1!71!"!&$" $?! '*11!/%$#*& #& $?! 7)1! 2- "%,7/!; >?! 0%"?!0 /#&!" %1! % -)#0! $* $?! !8!;

"# #$%& '(%)#* %# %& +,-+%./ #( .&0 .1(-# #$2 &2)&%#%3%#4 (5 (-, #2+$)%6-27 82 $.32 ',2&2)#29

%) +$.'#2, : #$2 #$2(,2#%+./ /%)0 #$.# $.& 122) 2&#.1/%&$29 12#;22) #$2 +(,,2/.#%() +(2<+%2)#



 !  !"! #$%&$'()*'$ $+$,)-. ( /$)$'%01()021 23 )4$ 25$'6(&-7

C12 "#$ %&' ()*# +,'-.") q12/ C12 *( +0%"*#'$ '1)'-*2'#%"..3 4-+2 %&' 2"5#'%+6#5'-)-*#%(7 "#$

q12 -')-'('#%( %&' +,'-.") 0'%8''# ()*# 9+#65:-"%*+#(/ ;&' -'."%*+# C12(q12) (%-+#5.3 $')'#$(

+# %&' -"%*+ L/Lm/ <# )"-%*9:."-7 %&' 9+--'."%*+# "% ='-+ +,'-.") q12 = 0 *( #+% ='-+7 "#$ 2"3

*#$''$ 0' >:*%' ."-5'7 $')'#$*#5 +# %&' ,".:' +4 L/Lm/ ;&*( $')'#$'#9' +4 C(q = 0) "( "

4:#9%*+# +4 %&' -"%*+ L/Lm *( )-'('#%'$ +# 65:-'  /? @%+)A/

 !"#$% &'()  !"# $%&!'&$()*+ )!''&+*$(!, )!&-)(&,$ *$ .&'! !/&'+*" C(q = 0) *0 * 12,)$(!, !1 L/Lm3

 %& 4(,(424 &5"&'(4&,$*+ 6&)!''&+*$(!, C = 0.42 *++!70 $! 6&$&'4(,& * '*$(! L/Lm = 7.53 8!$$!4#

$%& 0"(, !/&'+*" q &5$'*)$&6 1'!4 $%& &5"&'(4&,$*+ 6*$* 20(,9 L/Lm = 7.5: *0 * 12,)$(!, !1 T0 $%&

*,,&*+(,9 $&4"&'*$2'&3  %& 6*0%&6 +(,& (0 * 92(6& $! $%& &;&3

B' &",' %&:( %-*'$ %+ '1%-"9% %&' ()*# +,'-.") q 4-+2 %&' 2'"(:-'$ 9+--'."%*+# C "% '"9&

%'2)'-"%:-' T0/ B' 9"# -+:5&.3 '(%*2"%' %&' -"%*+ L/Lm 03 9+#(*$'-*#5 %&' .+8'(% 9+--'."%*+#

4+:#$ '1)'-*2'#%"..3 C ≈ 0.427 %&"% 8' *$'#%*43 "( %&' 2*#*2:2 9+--'."%*+#7 %&"% *( 8&'# "..



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

"#$ %&'(% #)*$ +,")"$- .q = 0/0 1#$ 23+*$ &4,""$- '( 563+$  07 )44,8% ", 6+)&#'2)449 -$"$+:'($

L/Lm; )%%3:'(6 "#)" '( ,3+ 2)%$ C(q = 0) = 0.420 <,(%$=3$("49; 8$ 2)( -'+$2"49 2,(*$+" "#$

$>&$+':$(")4 -)") C(T0) '( q(T0); 8#'2# '% &+$%$("$- ,( 563+$  07 .?,"",:/0

1#$ +$%34"'(6 -$2)9 ,@ q(T0) '% *$+9 %#)+&; )(- %3+&+'%'(649 "#$ "$:&$+)"3+$ @,+ 8#'2# '"

:)'(49 -$2+$)%$% '% :32# 4)+6$+ "#)( Tg0 1#'% %366$%"% "#)" ,($ ($$-% ", #$)" "#$ %):&4$

3& ", *$+9 #'6# "$:&$+)"3+$ '( ,+-$+ ", ,?")'( ) 4,8 %&'( ,*$+4)&0 A" '% 8,+"#9 ", -'%23%%

"#$ $>"+)2"',( &+,2$-3+$; 8#'2# -$&$(-% 2+32')449 ,( L/Lm0 A( ,+-$+ ", -$"$+:'($ "#'% +)"',

:,+$ &+$2'%$49; ,($ 2)( "+9 ", )(($)4 "#$ %):&4$ )" 4)+6$+ T0; 4,,B'(6 @,+ ) %)"3+)"',( ,@ "#$

2,++$4)"',( C0 C32# %)"3+)"',( 8,34- 6'*$ "#$ ?)%$ 4'($ C(q = 0) @,+ "#$ $>&$+':$("0 D+,:

"#'% 4'($; '" '% "#3% &,%%'?4$ ", $>"+)2" 3('*,2)449 L/Lm0 E 2+,%% 2#$2B $>&$+':$(" 8,34- ?$

", :$)%3+$ C )" ) 2,(%")(" *)43$ ,@ T0 ."#)" '% ) 2,(%")(" q/ )(- )% ) @3(2"',( ,@ "#$ 4$(6"#

L0 1#$ %2)4'(6 @3(2"',( ,?")'($- :)9 ?$ 2,:&)+$- ", "#$,+$"'2)4 &+$-'2"',(%; 4$)*'(6 Lm )% )

5""'(6 &)+):$"$+0 1#$%$ $>&$+':$("% :)9 ?$ &$+@,+:$- '( @3"3+$ 8,+B%0

D+,: "#$ $>&$+':$(")4 5(-'(6%; '" +$:)'(% "#)" "#$ "$:&$+)"3+$ ($$-$- ", )&&+$2')?49

2#)(6$ "#$ 2,++$4)"',( '% :32# 4)+6$+ "#)( Tg0 D+,: 563+$  07; 8$ 2)( '(@$+ "#)" 80% ,@ "#$

%&'(% ($$- )( )(($)4'(6 "$:&$+)"3+$ ,@ T0 ≈ 15 F ", +,")"$0 1#'% %366$%"% "#)" 8$ :)9 #)*$

 !"#$%& '$ & '#%&()#(' %!%&*+ )' ,% '( "#$ %9%"$:; 8#'2# 6,*$+(% "#$ G3(4,2B'(6G ,@ "#$ %&'(

2,(563+)"',( )" "#$ :'2+,%2,&'2 4$*$40 D,+ $>):&4$; '" 2,34- ?$ )""+'?3"$- ", -9():'2)4 $H$2"%I

'( ,3+ $>&$+':$(" 8$ ,?%$+*$ "#$ %&'(% "#)" +$4)> ,( ) "':$ %#,+"$+ "#)( τ ; "#$ )(($)4'(6 "':$0

1#'% %3+&+'%'(6 +$%34" 24$)+49 -$%$+*$ @3+"#$+ '(*$%"'6)"',(%0

A( "#'% $>&$+':$("; 8$ #)*$ 3%$- "#$ 2,++$4)"',( ?$"8$$( -'%,+-$+ :)6($",5(6$+&+'("% )% )

($8 ",,4 ", "+)2$ ?)2B "#$ %&'( ,*$+4)&0 C32# ) -'+$2" -$"$+:'()"',( ,@ q(T ) )44,8% '( &+'(2'&4$
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