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#$%34 !"#  !" # $ %&'
)*+ ,&-./* 0123.-/4'* 5 GS
2 *. &6./0123.-/4'* *6 
)&2, 2&%63./4'* 5

GAS
2 7* 8& 
967'
.&6
* 696 8/63&/-* 7:9-7-* " G2! ;9.*< 4'* GAS

2 *0. 89/6 7:=.-* 63%8/%*&>8*7*?&6. GS
2 ! $ 7-9/.*+ -&,,9-. 7* 8:&2,8/.'7* .1,/4'* 7* GAS

2 0'- 8:&2,8/.'7* .1,/4'* 7* GS
2*6 @96
./96 7* 8& 
967'
.&6
* &7/2*60/9663* g! ;9.*< 8* >96 &

9-7 *6.-* 8*0 ,*6.&%96*0A*. 8:3.9/8* ,9'- 8:&66*&' BC 4'/ 
9--*0,967*6. &'D 79663*0 *D,3-/2*6.&8*0 *. 8*0 7/&2&6.0,8*/60 4'/ 
9--*0,967*6. E 8:&F'0.*2*6. &?*
 '6 0*'8 ,&-&2G.-* 7* 8& .)39-/*!096. @9-.*0 7&60 8:3
)&6./8896 *. *60'/.*+ 8& 
)'.* 7* ,9.*6./*8 & ,-/6
/,&8*2*6. 8/*' &'D
96.&
.0+ 
* 4'/ 6:3.&/. ,&0 3?/7*6. & ,-/9-/! H6 & 3%&8*2*6. -*2&-4'3 4'* 8& 
96.-/>'./967*0 /6.*-@3-*6
*0 *6.-* " .-&F*
.9/-*0 896%'*0 3.&/. ,8'0 /2,9-.&6.* 0'- G2 4'* 0'- G1! !"!" #$%&'()*
), -./0), 1'&2/)*
),I&60 8* -3%/2* 7*0 )&'.*0 @-34'*6
*0 f ≈ E !/h+ 8* ,9.*6./*8 38*
.-/4'* /6.*-6* 7*8:3
)&6./8896 6* ,*'. ,8'0 =.-* 
960/73-3 
922* 0.&./4'*! J6 *K*.+ E 
&'0* 7' 
)&2, *D.3L-/*'-+ 8:38*
.-96 4'/ .-&?*-0* 8:3
)&6./8896 6* -*00*6. ,&0 8* 2=2* ,9.*6./*8 &' 73,&-. *. E8:&--/?3*! M8 *6 -30'8.* '6 73,)&0&%* *. '6* 
96.-/>'./96 0',,832*6.&/-* E GAS

2 ! N* ,-/6
/,*7* 8& 2*0'-* *0. 73
-/. 7&60 8& O%'-* A ! C+ *6 >&0! H6 /--&7/* 8:3
)&6./8896 &?*
 '6 
)&2,-&7/9L@-34'*6
* f = 2 − 18PQ< 4'/ 
-3* '6 
9'-&6. -*
./O3 IR 4':96 &,,*88* 
9'-&6.,)9.9?98.&S4'* ATUC! H6 2*0'-* *60'/.* 8& .*60/96 IR &'D >9-6*0 7* 8:3
)&6./8896 &,-G0&2,8/O
&./96! $'
'6 
9'-&6. 6:*0. 7/-*
.*2*6. /6F*
.3 ,*67&6. 8:*D,3-/*6
*!N:*K*. 7' 
)&2, -&7/9 @-34'*6
* E GAS
2 *0. ?/0/>8* 0'- 8& O%'-* A !BC ,&-
* 4'* ,9'-

f > E !/h ⇔ ωτD > 1+ 8:*D.-*2'2 7*0 90
/88&./960 7* G2 6:& ,8'0 8/*' E 
)&2, 6'8+2&/0 *0. 83%G-*2*6. 73
&83! H6 & 3%&8*2*6. -*2&-4'3 4'* 8*0 
96.-/>'./960 7*0 .-&F*
.9/-*0896%'*0 3.&/*6. ,8'0 /2,9-.&6.*0 0'- GAS
2 4'* 0'- GS

2 ! H6 & *6O6 9>0*-?3 7*0 ,/
0 7&608& 73,*67&6
* *6 @-34'*6
* 7* 8:*K*. ,)9.9?98.&S4'*! H6 8*0 &..-/>'* E 7*0 010.G2*0 E "6/?*&'D 
9)3-*6.0 *6 -3096&6
* &?*
 8* 
)&2, -&7/9@-34'*6
*! B



 ! "#$%&# !"#  !" # $%&'()& *+),)-).,/012% %& 3)&
,()& 52 
+/6* 6/7&8,(12% *)29 *.2'(%29' 398:12%&
%'! ;%' 
)29<%' )&, 8,8 ,9/&'./,8%' -%9,(
/.%6%&, *)29 *.2' 5% 
./9,8! ;/ .(7&% -%9,(:
/.% 
)99%'*)&5 /2 0 52 
+/6* 6/7&8,(12%! =),%> 12?@ 7/2
+% *)29 ωτD ≤ 1 A)B τD %',.% ,%6*' 5% ,9/-%9'8% 5% .?8
+/&,(..)&C )& / f = 1/(2πτD) ≈ 3.5DE>FC (. G / 2& %H,9%6265%' )'
(../,()&' @ 0D %, 12?(. %', .87I9%6%&, 58
/.8 @ 59)(,% *)29 ωτD > 1! !" #$%&'()* 
),-&*'./0&1$ 2&*1 %$1 3)*
'()*1 045-(2$167879;%' %J%,' *98
85%&,' ')&, 9%.(8' /2H *+8&)6I&%' 5% 
)+89%&
% 5% *+/'%C 12( 
)&
%9&%&,.%' 8,/,' @ 2& 8.%
,9)&! K/&' 2& '2*9/
)&52
,%29C 
?%', 2&% /2,9% 3)96% 5% 
)+89%&
% 5%*+/'% 12( %H(',% *2('12% 
%..%:
( %', 6/
9)'
)*(12% %, 12?%..% 
)&
%9&% 5%' 8,/,' 5% */(9%'8.%
,9)&(12%' /**%.8%' */(9%' 5% L))*%9!M& '?%', */9,(
2.(I9%6%&, (&,89%''8 @ ./ 9%./,()& '2*%9
)29/&,:*+/'% N Isu(ϕ)! K/&' .%'O)&
,()&' APQPFC %..% *9%&5 ./ 3)96% 5% ./ 3/6%2'% 9%./,()& R)'%*+')& Isu(ϕ) = Ic sin(ϕ))B Ic %', .% '2*%9
)29/&, 6/H(626C /**%.8 
)29/&, 
9(,(12%! ;?8
/9, @ ./ 9%./,()& R)'%*+:')& *%2, &)2' 5)&&%9 5%' (&3)96/,()&' '29 .% ,9/&'*)9, 5/&' .% 68,/. &)96/.! S& %J%,C.%' +/96)&(12%' 5?)959% & 5/&' 
%,,% 9%./,()& 
)99%'*)&5%&, /2H */(9%' 12( 3)&, & ,)29'5% .?/&&%/2 A)2 & /..%9:9%,)29 5/&' .% 68,/. &)96/.FC 
?%',:@:5(9% 12( */''%&, 2& ,%6*'
n2τD 5/&' .?8
+/&,(..)&! S..%' 5)(-%&, T,9% /6)9,(%' '( )& .%' %H
(,% /-%
 2&% 39812%&
%'2*89(%29% @ 1/(n22πτD)! M& %'*I9% 87/.%6%&, )<'%9-%9 5/&' &)' 6%'29%'C 5%' ,9/
%' 5%'(&,%9/
,()&' 5/&' .% 68,/. &)96/.! L%*%&5/&,C *)29 .?(&',/&, @ &),9% 
)&&/(''/&
%C /2
2&,9/-/(. ,+8)9(12% &% .%' *9%&5 %& 
)6*,% %& O)&
,()& .)&72% %, 5(J2'(-%!M& 2,(.('% %&
)9% 2&% 3)(' ./ 78)68,9(% /&&2./(9% 12( &)2' *%96%, 5% 3/(9% -/9(%9 ./5(J89%&
% 5% *+/'% (6*)'8% */9 .%' 
)&,/
,' '2*9/
)&52
,%29' A%, &)& ./ *+/'% 5%' 8.%
,9)&'5% 
)&52
,()& 
)66% 5/&' .%' %H*89(%&
%' *98
85%&,%'F! U2 .%' 5(V
2.,8' 5% 3/<9(
/,()&9%&
)&,98%'C )& / 5?/<)95 8,25(8 5%' O)&
,()&' AP=PF 
)&&%
,8%' %& 78)68,9(% W. )2 PXYQKKL A
3! Z(7!  ![!/F! ;% 68,/. &)96/. / ,)2O)29' 8,8 5% .?)9 A\:]C  !"! *29 @ 99.9999%F %,.% '2*9/
)&52
,%29 8,/(, ')(, 52 =()<(26C ')(, 5% .?^.26(&(26! ^ </''% ,%6*89/,29% A5% [
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(a) (b) !"#  !" # $%& '(%)* +,-. /
1%.23445. 6789-867 :;3<* %- =3
;5<
5:* /4*
2;5.3>-* ? 7%@4%A%)*! $7& BC*(:4* +* 
%;%
2/;3<23>-* D$'& :5-; 4,/
1%.23445. *. $%&!&4,5;+;* +* 1E&F 5. % 57<*;G/ -. <-:*;
5-;%.2 :5-; 25-< 4*< /
1%.23445.<F 
* >-3 (5.2;* >-*4*< 
5.2%
2< 68H $65;(%48H-:;%
5.+-
2*-;& <5.2 75.<!I* :;3.
3:* +* 4,*C:/;3*.
* *<2 4* <-3G%.2 J 5. :54%;3<* 4,/
1%.23445. %G*
 -. 
5-;%.2 KL(5+-4/ 5- .5. :%; -. 
5-;%.2 9L $+* >-*4>-*< +3M%3.*< +* N*;2M&F 5. (*<-;* 4% 2*.<35. ?<*< 75;.*< *2 4% 
5.+-
2%.
* +3O/;*.23*44*! B. :;%23>-*F 5. %-)(*.2* 4* 
5-;%.2 KL P-<>-,?
* >-,-.* +3O/;*.
* +* :52*.23*4 %::%;%3<<* %-C 75;.*< +* 4% P5.
235. $
Q! R3)!  !"!7&! S.%::*44* 
5-;%.2 +* 2;%.<3235. *2 5. .52* Is 4% G%4*-; +- 
5-;%.2 
5;;*<:5.+%.2*! T-%.+ 5.+3(3.-* *.<-32* 4* 
5-;%.2 KLF 4% 2;%.<3235. <-:;%
5.+-
2;3
* %::%;%U2 ? -.* %-2;* G%4*-;
Ir %::*4/* 
5-;%.2 +* ;*:3/)*%)*! I*< P5.
235.< :;/<*.2*.2 -.* 1A<2/;/<3< 3(:5;2%.2*! S.% /2-+3/ Is *2 Ir *. Q5.
235. +* 4% 2*(:/;%2-;* *2 +- 
1%(: (%)./23>-*!B. )/5(/2;3* HTV'K KLF 5. 57<*;G* -.* 5<
344%235. +- 
5-;%.2 +* 2;%.<3235. +* :/;35+*
5;;*<:5.+%.2 ? h/(2e) +%.< 4% <-;Q%
* +* 4,%..*%- $
Q! R3)!  !W&! L*4% :;5-G* >-,34 A% +*< 3.2*;Q/;*.
*< *.2;* 4*< <-:*;
5-;%.2< :%<<%.2 :%; 4*< X 7;%< +* 4,%..*%-! 9 .52;*
5..%3<<%.
*F 
*4% .,% P%(%3< /2/ G- +%.< -.* 2*44* )/5(/2;3* %G*
 +*< (/2%-C .5;(%-C *.P5.
235. 45.)-*! I,*.G*45::* +*< 5<
344%235.< +3(3.-* +* Q%Y5. )%-<<3*..* ? Q5;2 
1%(:F +*(Z(* >-* Is +%.< 4*< [4<! L*4% <23(-4* \ 2;%G%-C 21/5;3>-*< +3O/;*.2<! B.[.F 5. % 57<*;G/+%.< 
*;2%3.< /
1%.23445.< 9489-894F -. 
5-;%.2 +* 2;%.<3235. >-3 %-)(*.2%32 ? 7%< 
1%(:%G%.2 +* +3(3.-*; ? :4-< Q5;2 
1%(: $
Q! R3)!  !]&!=%41*-;*-<*(*.2F +%.< -.* )/5(/2;3* +* 2A:* HTV'K KLF 34 <,*<2 %G/;/ +3^
34* +,57@<*;G*; 4*< 1%;(5.3>-*< <-:/;3*-;< +%.< 4% ;*4%235. 
5-;%.2@:1%<* +* 
1%>-* P5.
235. $H6H&!L,*<2 :5-;>-53F .5-< %G5.< ;/%43</ +*< P5.
235.< $H6H& *. )/5(/2;3* +* 2A:* HTV'K 9L
5-:4/*< 3.+-
23G*(*.2 ? -. ;/<5.%2*-; (3
;5@5.+* (-423(5+*! K%.< 
*22* )/5(/2;3*F4,%G%.2%)* *<2 >-,5. (*<-;* +3;*
2*(*.2 4* <-:*;
5-;%.2 *2 .5. 4* 
5-;%.2 +* 2;%.<3235.!_;`
* %- ;/<5.%2*-; (-423(5+*F 5. +*G;%32 /)%4*(*.2 :5-G53; *C:45;*; 4*< X ;/)3(*< ?7%<<* Q;/>-*.
* *2 ? 2;a< 1%-2* Q;/>-*.
* +*G%.2 1/(2πτD)! K*< *C:/;3*.
*< ? 
* <-P*2 <5.2*. 
5-;<!  ! "#$%&' () !$ '*$+"&'&,+ (#-+ .'$' "-/*$
,+(-
')-* 1 -+ .'$' +,*2$!3 4$+" !$ "-&')5 
) ')*2) *.67*)*$',-8,-*" 1 
)'') '*$+"&'&,+3  W
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F(:2G 3, 
%&'()* +, *'()-.*.%) (&B:,)*, (>,
 3, 
F(:2! H4,I,* 2,&* (**,.)+', 20%+()- 
,'*(.)- 
(-!  C



 !"#$%&' ()*%&+,-
%$+* /0*0&"1' ! 
#$%! $! 
!&&! &'()! !)& *+,&-$! $- &%#.)/0%& ,*!
&%0.12-! 3 *+,
'!**! 4,)0)
0/12-!56+!)&737$1%! 2-! *!) ,
'#.&1**0.) )0.& $! &#1**! L8 )-9)#44!.& /!&1&! /0-% 2-+1*) )01!.&)!.)1:*!) 3 $!) !;!&) 2-#.&12-!) !& )-9)#44!.& <%#.$! /0-% /%!.$%! !. 
04/&! *# 
0.&%17:-&10. $! /*-)1!-%) ,*!
&%0.) =>8 ?℄5 A. /%#&12-!8 0. # L . Lφ 0B *# *0.<-!-% $! 
0',%!.
!$! /'#)! Lφ !)& $,&!%41.#.&!8 /-1)2-+!**! 
#%#
&,%1)! *# *0.<-!-% )-% *#2-!**! *!) ,*!
&%0.)<#%$!.& -.! 4,401%! $! /'#)!5 Lφ #-<4!.&! 2-#.$ *# &!4/,%#&-%! $141.-! C&D/12-!4!.&8
Lφ & 1µ4 /0-% T . 1004EF8 
+!)& /0-%2-01 0. ,&-$1!%# $!) ,
'#.&1**0.) &!*) 2-! L ≈ 1µ4)-% -. 1.&!%G#**! $! &!4/,%#&-%! #**#.& $! 154E 3 ≈ 1E5 H#.) 
!) 
0.$1&10.)8 *! 
#%#
7&(%! 0.$-*#&01%! $!) ,*!
&%0.) !)& 14/0%&#.& !& $!) !;!&) $+1.&!%I,%!.
! ,*!
&%0.12-! )0.&)-)
!/&1:*!) $! )! /%0$-1%!5 !) /%0/%1,&,) $! &%#.)/0%& $+-. 4,&#* 4#
%0)
0/12-! )0.& 2-#.& 3 !**!) $,
%1&!) !.:0..! #//%0J14#&10. /#% -.! #//%0
'! 
*#))12-! $- 40-G!4!.& ,*!
&%0.12-!5 6!&&! $!)7
%1/&10. I#1& 1.&!%G!.1% -.! #-&%! *0.<-!-% K le8 *! *1:%! /#%
0-%) 40D!. ,*#)&12-! 2-1 
#%#
7&,%1)! *# $1)&#.
! 40D!..! /#%
0-%-! /#% -. ,*!
&%0. !.&%! ? 
0**1)10.) ,*#)&12-!)5 6044!)!-*) *!) ,*!
&%0.) 3 *# )-%I#
! $! L!%41 
0.&%1:-!.& #- &%#.)/0%&8 0. /!-& %!*1!% le #- &!4/)
τe = le/vF &D/12-! !.&%! ? 
'0
) C0B vF !)& *# G1&!))! $! L!%41F5  # 
0.$-
&1G1&, !)& #*0%)$0..,! /#% *# I0%4-*! $! H%-$! K

σD =
ne2τe
m

C?5>F#G!
 m *# 4#))! !;!
&1G! $! *+,*!
&%0. !& n *# $!.)1&, ,*!
&%0.12-!5 MG#.& *!) #..,!) NO8 0./!.)#1& 2-! &0-&!) *!) <%#.$!-%) /'D)12-!) )! 40D!..#1!.& 3 -.! ,
'!**! $! *+0%$%! $! le5 P*.+!. !)& %1!.8 0. G!%%# 2-+!. I#1& *# <%#.$!-% 14/0%&#.&! !)& Lφ5  ! $,)0%$%! )&#&12-! !)&$Q /#% !J!4/*! 3 $!) *#
-.!) 0- $!) 14/-%!&,) $! )-:)&1&-&10.5 6044! !**!) .! /0)),$!.&/#) $! $,<%,) $! *1:!%&, 1.&!%.!8 !**!) .! /!-G!.& /#) $,/'#)!% *!) ,*!
&%0.) $! 
0.$-
&10.5A. !;!&8 1* .! /!-& /#) D #G01% $+,
'#.<! $+,.!%<1! *0%) $+-.! 
0**1)10.8 *! 
'0
 !)& ,*#)&12-!!& )!-*! *# $1%!
&10. $- G!
&!-% $+0.$! !)& 40$1R,!5 H0.
8 
! $,)0%$%! .! $,&%-1& /#) *#
0',%!.
! $! /'#)! !& .+1.&%0$-1& #-
-.! 1%%,G!%)1:1*1&,5 # )-//%!))10. $! *# 
0',%!.
! 2-#.&12-! %,)-*&! $! /',.04(.!) *1,) 3 *+!J1)&!.
! $!/%0
!))-) 1.
0',%!.&) !& 1%%,G!%)1:*!) /%0G!.#.& $- 
0-/*#<! $+-. ,*!
&%0. #G!
 )0. !.G1%0.7.!4!.&5 6!*-17
1 !)& 
0.)&1&-, $! $!<%,) $! *1:!%&, 1.&!%.!) #G!
 *!)2-!*) *!) ,*!
&%0.) )0.&!. 1.&!%#
&10. K !J
1&#&10.) &'!%412-!) $- %,)!#- #&0412-! C/'0.0.)F8 14/-%!&,) #D#.& $!)$!<%,) $! *1:!%&, C14/-%!&,) 4#<.,&12-!) .0&#44!.&F8 1.&!%#
&10.) #G!
 *!) #-&%!) ,*!
7&%0.)555  0%) $+-.! 
0**1)10. 1.,*#)&12-! $! 
! <!.%!8 *+,.!%<1! $! *+,*!
&%0. !)& 40$1R,! !&)# /'#)! G#%1! #*,#&01%!4!.&5 S. G01& 2-! le C*0.<-!-% #-7$!*3 $! *#2-!**! 0. /!%$ *!)>T



 ! "#$%&'(
$*&# +,#,%-./ !"#$%&' '$ (' )*+ +*")%' ,-.+$&,-' / '$ Lφ 0(*+1-'-% .-23'(4 3' (.,-'((' *+ 5'%3(. 
*7#%'+
' 3' 57. '/  *+$ 8 1%.+3'-% 9*+3."'+$.('"'+$ 3&:#%'+$' '$ 4  -; .""'+$).  ' $'"5#%.$-%'< '((' 5'-='+$ 3&:#%'% 3' 5(- &'-% *%3%' 3' 1%.+3'-% 0le ≈ ,,10+"5*-% -+ "#$.( '$ Lφ & 1µ" 5*-% T < 1>/? @*+$%.&%'"'+$ 4 
' ,-' (A*+ 5'+ .&$ .=.+$ (' .++#' BC< (' 3# *%3%' +A' $ 5.  -; .+$ 5*-% #(&"&+'% $*-$ ':'$ 3A&+$'%9#%'+
'?D(- &'-% %#1&"' 5'-='+$ .55.%.E$%'  -&=.+$ (. $.&((' 3' (A#
7.+$&((*+? F& L < le< (A#
7.+2$&((*+ ' $ 0-.*1$*2(/ '$ (A#('
$%*+ +'  -)&$ .-
-+' 
*((& &*+ (*% 3' (. $%.='% #' 3' (A#
7.+2$&((*+? F& .- 
*+$%.&%' L ≫ le< (A#('
$%*+ ':'
$-'%. )'.-
*-5 3' 
7*
 #(. $&,-' '$ ('"*-='"'+$  '%. '*3(1*4? F*&$ τD = L2/D .='
 D 
*';
&'+$ 3' 3&:- &*+ 0D = vF le/d*G d ' $ (. 3&"'+ &*+/< (' $'"5 $!5&,-' ,-' "'$ -+ #('
$%*+ 4 $%.='% '% (A#
7.+$&((*+? H.
*+3&$&*+ L ≫ le ' $ #,-&=.('+$' 4 τD ≫ τe? HA#+'%1&' .  *
&#' 4 τD ' $ .55'(#' #+'%1&'3' I7*-('  '$ =.-$ E ! = ~/τD?J+  ' 5(.
'%. $*-K*-% .-  & 3.+ (' %#1&"' 3&$ 3' L9.&)(' 3# *%3%'L *G kF le ≫ 10.='
 kF (' ='
$'-% 3A*+3' 3' M'%"&/? N+ 5%.$&,-' 5*-% -+ "#$.( O le ' $ 3' (A*%3%' 3'(. 3&P.&+' 3' +" 0'+ 
*-
7' "&+
' 
A' $ 3' (A*%3%' 3' (A#5.&  '-% 3' (. 
*-
7' 3&=& #' 5.%8/ '$ λF = 2π/kF 3' (A*%3%' 3- +"<  !"! 10 < kF le < 100? D*-% (' 1.P )&3&"'+ &*++'( 3A#('
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>.**.6 .3 &%-&33,. 6&3+ -)C,%.3+.6!D()'*.! E3 F( F&)% G/. -(36 /3 6H6+57. -)C/6)D I 
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&/%+6 &3+ 4*/6 -. 4&)-6! @*&%6 G/. *.6+%(K.
+&)%.6 
&3+%)'/(3+ (/9 &6
)**(+)&36 @A &3+ D()+ /3 +&/% -. *1(33.(/ =*.6 ,*.
+%&36 &3+4(%
&/%/ /3. -)6+(3
. L? .+ &3+ /3. 4%&'(')*)+, -. %.+&/% 0 * 1&%)2)3. O

PAB(τ) ∝ 1

(πDτ)(d/2)
e−

L2

4Dτ = ! P?G/) .6+ 7(9)7/7 (/+&/% -. τ = L2/(2D) = τD/2 .+ G/) -,
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Anneau 2DEG

V1(f) !"#  !" # $
&'() *+ *,-./-,0,1 23.'4,(250)6 7+8/5 +0,6,-2 ./+4 +52 ./6)4,-)0,/5 25 
/+4)50!9/+4 6823
,0)0,/5 20 6) (2-+42: /5 +0,6,-2 +52 *'02
0,/5 -;5
&4/52 <$0)51/4* = >?! !"!" #$%&'()&*($+ ,+ *,+)($+@6 2-0 'A)62(250 ./--,B62 *2 ./6)4,-24 68'
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HB62- *2 6) *,6+0,/5 <)+0/+4 *2 100Ω?! I5 C244) 7+8/5 .2+0 +0,6,-24 
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/* +* 92.-, 84% ,A*'8*9B,* *. 0' +&8804. ,- %28&'* %*8.-'.* :,A-
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30Z[ *. ,*8 
04%-'.8 2.-&*'. 10)5 )04% ,* 
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COOCH3 !"#  !" # $%&'()* 
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9&%65 )%&5 /* )>-65%)49-%6 =)*
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&B)49* D
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âα,n(ǫ)- b̂†α,n(ǫ) &( b̂α,n(ǫ) 7#* 
$+&%( &( )%%*8*.&%( .&1 +.&
($"%1 39+%&$,*& ǫ 3)%1 .& n !"# 
)%).3# /. α :.1 
"$$&10"%3&%( ; 3&1 )<0.*(#3&1 3& 
"#$)%( =7#* &%($& 3)%1 .9+
8)%(*.."% 0"#$
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%4@+,-./$%*0 '( ,-,$1.0 2 3&#$%*4($*&# 
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 !" #$%&'(%) *% +',-,$*) ./ %'0$)1+'% $+$ 2,$&0,'* 34
Modèle I

Modèle II

Modèle III

Configuration Potentiel

eU

eU

eU !"#  !"# $ %&'()*+,-.&'/ )0&10-+.2*3/ 3- 
5*-3/ 63 7&-3'-.38 ,//&
.03/ 7&*+ 83/ 1&6983/:; :: 3- :::! <.)*+3 -.+03 63 8, +0=0+3'
3 >??℄!8A02!BC!D"E 2*3 F
IL =

e

h

∫ ∞

0

6ǫ T (ǫ) {f (ǫ− [ǫF + αeV ])− f (ǫ− [ǫF − (1− α) eV ])} B !G?EH&'
 83/ 0-,-/ 2*,'-.2*3/ 083
-+&'.2*3/ 
&'-+.I*,'- ,* -+,'/7&+- /&'- 6,'/ 8, =3'J-+36A0'3+).3 [ǫF − (1− α) eV ; ǫF + αeV ] 3- '3 /&'- 7,/ 83/ 1J13/ /*.K,'- 83 /.)'3 63 8,-3'/.&'!
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5,'-.88&'! M883 73*- J-+3 6*3 7,+3N31783 O 63/ 
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,8
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5,'-.88&' B1&6983 ::E 3- 3'(' .8/ &'- 7+./ 63/ 
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3 63+'.3+ 1&6983; 8, /&*+
3 6A,/L10-+.3 3/- 63 ',-*+3 )0&10-+.2*3 !!S3*+/ 
,8
*8/ &'- 1&'-+0 2*3 8A,/L10-+.3 3' V/ − V 6.1.'*,.- 2*,'-.-,-.K313'- ,* =*+3- O 13/*+3 2*A&' +3-.+,.- 83/ /&*+
3/ 6A,/L10-+.3; 1,./ 2*A.8 /*V/,.- 6A*'3 ,/L10-+.3)0&10-+.2*3 7&*+ 2*A3883 /*I/./-3!%3/ ,/L10-+.3/ '3 
&'-+.I*3'- 2*A,K3
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5,17 1,)'0-.2*3 B
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)*+,/1 9#,-*'&*./%' "/ 0*G/'*3'; -, 
"!0/
&*>*&: 6%/& %!6+*!
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→
B) 9C<LN;O*PP%!  ! "#$ BCD℄ "!& %!'/*&% 
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→
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→
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B
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"!&+*#/&*"! 0/&I6% χ →
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(→
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"!&,
&'< F%& %G%&5 :8,-%4%!& 6/+%4%!& 
-,''*./%5%'& ,66%-: ,!*'"&+"6*% 4,8!:&":-%
&+*./%< Y%' 
),46' →
E0 %& →

B0 6%/>%!& V&+% ,66-*./:' ! ! " # $% &'()' *#%+ !# 
-%+&#%&' *./!'
&(.0$' *1$% ).!.'$ 
2.(#! 3(-3-(&.-%%'! 4 →

k .
→

B -5 →

k '+& !'6'
&'$( *1-%*' *' !# !$).7(' '& →B !' 
2#)3 )#8%/&.0$' '9&'(%': ;'& '<'& */3'%* *$ +.8%' *' !# 
2.(#!.&/*$ ).!.'$ '& '+& .%*/3'%*#%& *' !# 3-!#(.+#&.-% *' !# !$).7(':L2
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G(E)

E
µ0

EF eV
dµ

ETh= hD/L2

e2/h !"#  !"# $ %& 
()*+
,&)
- ).-/, 0&/ /123,456+- -) V/−V &+,(+4 *- 7.3)-485- *- 9-425 :
&+/- *-/ ;+
,+&,5()/ *- 7& *-)/5,3 *.3,&,/ *+-/ &+< 5),-4=34-)
-/ 6+&),56+-/! %-/ 3
>-77-/,1056+-/ *-/ ;+
,+&,5()/ *- 7& 
()*+
,&)
- -, *- 7.3)-485- /(), e2/h -, E ! 4-/0-
,5?-2-),!-<,345-+4-2-), (+ 0-+?-), @,4- *+/ : *-/ 0(7&45/&,5()/ 37-
,456+-/ -, 2&8)3,56+-/ 4-/0-
A,5?-2-), *+ 2&,345&+! B-, -C-, & 3,3 (D/-4?3 -<03452-),&7-2-), *&)/ *-/ ,4&)/5/,(4/ :-C-, *- 
>&20 EF#℄!45*%) .*) ,$%*'6&'*$
*) 8/0$%,8/*) .0$) /$ &
90$%,22+$ :&)+)
+1,8/* )0$) ,$;%*'0
%,+$ &2*
%'+$;&2*
%'+$ ; <+$%',=/%,+$ > GS
2B()/5*34()/ : 043/-),H *-/ 3
>&),577()/ 6+&),56+-2-), 
(>34-),/H *3/(4*())3/H /&)//123,45-/ 83(23,456+-/ 0&4,5
+75I4-/! J&)/ 
-/ 
()*5,5()/H 7-/ 04(0453,3/ *- ,4&)/0(4, /(),*3,-425)3-/ 0&4 7-/ 5),-4=34-)
-/ 6+&),56+-/! K) & ?+ &+ 
>&05,4- L 6+- /5 () 
>&)8-&5,7& ,-)/5() &+< D(4)-/ *.+) 3
>&),577() 
(>34-),H () 
>&)8-&5, 7-/ M8+4-/ *.5),-4=34-)
- *+/1/,I2- 0+5/6+- 
-77-/A
5 /(), ,4I/ /-)/5D7-/ &+< *3,&57/ *+ 0(,-),5-7 37-
,456+- : 7.5),345-+4*- 7.3
>&),577()! B-,,- 2(*5M
&,5() -/, 4-04(*+
,5D7- -, )- 04(?(6+- 0&/ *- D45/+4- *- 
(A>34-)
- *- 0>&/-! J&)/ 7-/ 43=34-)
-/ E LH  N℄H +)- ,>3(45- *5&84&22&,56+- /&)/ 5),-4&
,5()-/, *3?-7(003- 0(+4 *-/ 3
>&),577()/ 23/(/
(056+-/ *5C+/5=/! O77- 043*5, 6+- 7& 
&4&
,3A45/,56+- PQARS ).-/, 0&/ 75)3&54- : 
&+/- *-/ 5),-4=34-)
-/ 6+&),56+-/! B-7& /58)5M- 6+- 7&
()*+
,&)
- ).-/, 0&/ 
()/,&),- 2&5/ ;+
,+- &?-
 +)- 3
>-77- 
&4&
,345/,56+- *- 7.(4*4-*- V ! = hD/eL2 P
=! 958!  !"#S! %-/ ;+
,+&,5()/ /(), 2&<52&7-/ 0(+4 V *- 7.(4*4- *-

V ! -, ?&7-), δg = g − 〈g〉 ≈ 1! O) (+,4-H 57/ 043?(5-), 6+- 
(22- 
-/ 3
>&),577()/ /(),)() 
-),4(A/123,456+-/H 7& 
(+4D- *(5, @,4- &/123,456+- -) ,-)/5() &?-
 0(+4 V < V ! T
δG =

√〈
[G(V )−G(−V )]2

〉 ∼= e2

h
eV
ETh

(U 7& 2(1-))- -/, 43&75/3- 
(22- *.>&D5,+*- /+4 7&
()M8+4&,5() &73&,(54- *+ 0(,-),5-7 *- *3/(4*4-!O//&1()/ *- 25-+< 
(204-)*4- 
-,,- &/123,45- PRVAR 0&4 4&00(4, &+ )5?-&+ *- 9-425SWN
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$*&# !" #!$ %!
'!#'()*+, -.#/)*+0*)!+  #*+ ." 
#+ +(12." )3 ')!'"+ ."+ (12!4"'5+ +)*' 4"064)!25"+ 247+  8!* 
)*'#
', 9# 
:!'"  " 2)'"*'(". # #.)4+ .("! #!$ 
)*'#
'+ "'  " ;#/)* (++<15'4(=!" !, >
4(?)*+ G(V ) +)!+ .# ;)41" @
G(V ) =

∂

∂V

[∫ αV

−(1−α)V

G(ǫ)dǫ

] AB,CDE#?"
 αV A0 ≤ α ≤ 1E .# 
:!'"  " 2)'"*'(". #! 
)*'#
'  " 6#!
:"F "' −(1−α)V .# 
:!'"  "2)'"*'(". #! 
)*'#
'  "  4)('"F =!#* .85
:#*'(..)* "+' +)!1(+ G !*"  (H54"*
"  " 2)'"*'(".
V , >* +!22)+#*' =!" G ∝ ν(ǫ) A " ;#/)* #*#.)6!" G .# 4".#'()*  8>(*+'"(*F 1#(+ 2)!4 ." 
#+I#.(+'(=!"EF )3 ν(ǫ) "+' .#  "*+('5  85'#'+ 2#4 !*('5  " +!4;#
", >* *)'#*' N(ǫ) ." *)1I4" 85'#'+  (+2)*(I."+ G .85*"46(" ǫF (. ?("*' @

G(V ) ∝ ∂

∂V
[N(αV )−N(−(1− α)V )] ∝ [αν(αV ) + (1− α)ν(−(1− α)V )] AB,JKEL" 1M1" 2)!4 G(−V ) "' N*#."1"*' @

G(V )−G(−V ) ∝ α [ν(αV )− ν(−αV )] + (1− α) [ν(−(1− α)V )− ν((1− α)V )] AB,JOEP* ?)(' =!" 2)!4 =!" 
"' "H"' 
)*'4(I!" G .# 
)* !
'#*
" *)* .(*5#(4"  8)4 4" QF (. ;#!'G .# ;)(+ !*" #+<15'4("  #*+ .# 
:!'"  " 2)'"*'(". A2#4 "$"12." #!$ 
)*'#
'+ α 6= 1/2E "'!*" #+<15'4("  " .#  "*+('5  85'#'+ "* 5*"46(" #!')!4  ! *(?"#!  " R"41( Aν(ǫ) 6= ν(−ǫ)E
#!+5" 2#4 ."+ (*'"4;54"*
"+ =!#*'(=!"+,P* +8#''"* G 
" =!" 
"+ %!
'!#'()*+ +)("*' 2#(4"+ "* 
:#12 1#6*5'(=!", >* "H"'F
G(ǫ, B) ∝ ν(ǫ, B) "' .#  "*+('5  85'#'+ "+' 2#(4" "* 
:#12 1#6*5'(=!" 2#4
" =!" ."+ *(0?"#!$  85*"46(" ." +)*', L)*
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'4)* "+' I("*2#(4" "* 
:#12 1#6*5'(=!" "' ?#!' δGS

2
∼= e2

h
eV
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, P* ?"44# =!" =!#* ".." "+' 245+"*'"F".."  )1(*" .# 
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'()* 5."
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)*'4(I!"*' G GS
2 F 1#(+ #!++( G GAS
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+. /(0#$*/(+. +$ 
&#$%*1($*&# '+ 23*#$+%0
$*&# -2+
$%&#4-2+
$%&# 5 GAS
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:"4
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:#12 1#6*5'(=!"  " .# ;)41" @

I = αV 2B, S)11" →B "+' !* ?"
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'"!4 2).#(4"F ." 
)";0N
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'10-
02C ;&/2+ -3 =/
&'2
';+ ';0/>3+ +20 &+;&)2+10)+ *-12 @- PB3&+ 5 !"W9! H+2 -11+-34T +0 " 2'10 /*+10/>3+2 E @- @-&B+3& ;&X2! H<-11+-3 S >3/ 2<+20 -D)&) +1 ,-/0C -D'/& 31 P@ 
-22)+20 &+;&)2+10) 23& @- PB3&+ 5 !"Y9! F@ +20 .+-3
'3; ;@32 -1
/+1 >3+ @+2 " -30&+2! ! !" #$%$
'(%)*$')+,Z'32 -D'12 *)0+&=/1) @- *+12/0) )@+
0&'1/>3+ ;-& +[+0 QA3.1/\'D *+ ]--2 ^TU℄! Z'32-D'12 0&'3D) 31+ *+12/0) /*+10/>3+ E 
+@@+ *+ *);-&0 # ne = 3.8 × 1015m−2! 7123/0+C @-;)&/'*+ *+2 '2
/@@-0/'12 ?G 
'&&+2;'1*-10 E 31 Φ0 *-12 @- 23&,-
+ L2 *+ @<-11+-3 *'11+ @-@'1B3+3& L = 1.2µ= *+2 
�0)2 *+ @<-11+-3 
-&&)! `+@- 
'&&+2;'1* ./+1 E @- D-@+3& =+23&)+-3 =/
&'2
';+ ';0/>3+! 6+ ;@32C @- @-&B+3& *3 ;/
 +1 Φ0 *+ @- 0&-12,'&=)+ *+ N'3&/+&;+&=+0 *+ &+='10+& E W$% 'a W$% = W
√
3W/(9.5le)! F@ 2+=.@+ >3+ @+2 &)b+4/'12 2'/+10;@30�0 2;)
3@-/&+2 *-12 
+ 0M;+ *+ c'1
0/'1 ^WW℄! %'3& '.0+1/& @- 
'1*3
0-1
+ G = 1/R*<31 
'0) *+ @<-11+-3C '1 ;&'
X*+ 
'==+ 23/0! :1 
'=;0+ @+ 1'=.&+ *+ 
-&&)2 *-12 @+2P@2 +0 2-
A-10 @- &)2/20-1
+ ;-& 
-&&) *3 B-R "6C '1 +20/=+ @- &)2/20-1
+ *+ 
'10-
0 E 1kΩ! ! !" #$%$&'(%!" )! *%$+,%! -($.!/( )! 50001 10&21 PAr = 2 10−4&3$% " !" $//!$,4 $##!5-! 617 !( 8 9/( -(- &9./" *%$+-" :,! 5;$//!$, )!"(./- $,4 &!",%!" <$,(! =%-:,!/
!? #@/ =$.(1 
9&&! 5$ &!",%! )! %-"."($/
! !"( "!,5!&!/( 7 
9/($
("1 9/ "9/)! #$% 
!((! &-(<9)! !""!/(.!5A5!&!/( 5$ )!/".(- -5!
(%9/.:,! )$/" 5!" B5" $%%.+$/( C 5;-
<$/(.559/ !( /9/ 5;-
<$/(.559/ 5,. &D&!? E9&&!
!" B5" "9/( (%'" 5$%*!"1 .5 !"( /$(,%!5 :,! 5$ )!/".(- /;$.( #$" -(- 3!$,
9,# &9).B-! #$% 5$ *%$+,%! )$/"
!" )!%/.!%"? F$/" 5$ ",.(!1 9/ ",##9"!%$ :,! 5$ )!/".(- -5!
(%9/.:,! )$/" 5;$//!$, !"( 5$ &D&! :,;$.55!,%"?Y 



 ! "
$%&'())*&+ ,- !"#  !"# $ %&'(')*+,&-. ,*-/. +0 1-
*'/
',. ',(-30. 4. 567
&+8(-55'8 
'8(.8+8(  +88.+094'8( 56+88.+0 : ; )+0
&.! < )+0
&.= +)*+84-//.1.8( .( ; 4*'-(. >0. )5'?+5.! @./ /(*0
(0*./.8 &+0( ; 4*'-(. .( .8 ?+/ ; )+0
&. /'8( 4./ 
*'-9 ,'0* 56+5-)8.1.8( )*'//-.*! @./  +0(*./,.(-(./ 
*'-9 /'8( 4./(-87./ ; 56+5-)8.1.8( A8! !"#  !"B $ C1+). ,*-/. +0 1-
*'/
',. 75.
(*'8-30. ; ?+5+D+). 4. 56+88.+0 E! C5 /6./( +>7*730. 5608 4./ ?*+/ 7(+-( 
+//7! BF



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

2R

2R !"#  !"# $ %
'()*+,-*+,./ 01 2* 3(-,-+*/
1 01- *//1*45 6 1+ " 1+ 01- 72- 21- 
.//1
+*/+ *43(-138.,3! R 
.331-9./0 : 2* 3(-,-+*/
1 0;4/ 
�+( 01 2;*//1*4 01 2./=4143 L!
ne 3.8 1015 1/)2

λF 40 /)
vF 2.3 105 )/-
EF ≈ 100 >?�+( 01 2;*//1*4 L 1.2 µ)

W @ 0(91/0 01- (
'*/+,22./- 0.3− 0.45± 0.05 µ)
le@ 0(91/0 01- (
'*/+,22./- 1− 2 µ)A8*/+ =3*8431 le 6 µ)

E ! = ~D/L2 ≈ 200 )>B
*3+ ).C1/ 1/+31 /,81*4 ∆ = 2π~
2/(mS) 100 )>D.)E31 0;(21
+3./- 0*/- 2;*//1*4 Ne ≈ 1000D.)E31 01 
*/*45@ 0(91/0 01- (
'*/+,22./- g 1− 21$%&#  !6 $ ?*3*
+(3,-+,F41- 01- *//1*45 6 1+ "! ne 1-+ 0(04,+ 01- )1-431- 01 2;1G1+ %'4EH/,I.8 01 J**-! L@ W 1+ le -./+ 
*2
42(- : 9*3+,3 01- .-
,22*+,./- AK 1+ 01 2* )1-431 01 2*
./04
+*/
1! L1- *4+31- 9*3*)M+31- -./+ 0(04,+- 01 
1- 8*2143-!?;1-+ *993.5,)*+,81)1/+ 2* 8*2143 .E+1/41 0*/- 01- -C-+M)1- */*2.=41- 1/ 
.)9*3*/+ 21-)1-431- 2 1+ 4 
./+*
+-! ?.))1 2* 3(-,-+*/
1 )1-43(1 1-+ 2* 3(-,-+*/
1 01 
./+*
+ 1/ -(3,1*81
 3R N
O! P,=!  !"#Q@ ./ 914+ 
*2
4213 G = 1/R! B/-4,+1@ 01- O.3)421- 01 W"# 1+ 01

G = (e2/h)(kFWle/L) = (e2/h)g@ ./ +,31 W 1+ le! L1- 
*3*
+(3,-+,F41- -./+ 31=3.49(1-0*/- 21 +*E21*4 N !6Q!L1- 9*3+,1- 93.+(=(1- O./+ *993.5,)*+,81)1/+ 0.5µ) 1+ 0.7µ) 01 2*3=1@ 
;1-+H:H0,31 4/914 924- F41 
1 F4, 1-+ 0(04,+ 01- )1-431- 01 +3*/-9.3+! ?1
, 1-+ /.3)*2 9*3
1 F41 2* =3*H8431 
3(1 4/1 91+,+1 R./1 01 0(92(+,./ -.4- 21 )*-F41 0;A24),/,4)$%! ?./+3*,31)1/+ *45159(3,1/
1- 93(
(01/+1- -43 21 )S)1 -4T1+ UVW@ XW@ XV℄@ ,2 /;C * 9*- 01 =3,221- (21
+3.-+*+,F41-*4 01--4- 04 "ZB[!L1- (
'*/+,22./- (+40,(- 0*/- 2* 9*3+,1 AC -./+ 
./-+,+4(- 0;*//1*45 
*33(- N1.5µ) 01
�+(Q =3*8(- 01 )S)1 F41 21- (
'*/+,22./- 93(
(01/+- 0*/- 4/ =*R E,0,)1/-,.//12 0;(21
+3./-N
O! P,=!  !"\Q! ?1- *//1*45 -./+ 0*/- 21 3(=,)1 0,G4-,O 1+ /1 
./+,1//1/+ F41 F412F41-
*/*45 01 
./04
+,./ *81
 4/1 
./04
+*/
1 -*/- 0,)1/-,./ 8*3,*/+ 01 " : V! Z1 )S)1F41 9.43 21- *4+31- (
'*/+,22./-@ 01- )1-431- 01 )*=/(+.
./04
+*/
1 2,/(*,31 : +3M- E*--1+1)9(3*+431 ./ 914+ 0(04,31 21- 9*3*)M+31- 
*3*
+(3,-+,F41- 01- *//1*45 F4, -./+ 0(+*,22(- ! !"#$%&'() *# +,-) () (./*.&%,- )0& *.123)4)-& /*'0 13#-()5 4#%0 *# (%6.3)-
) 8%)-& /)'& 9&3) (' :#%&;') *!,- # &320 /)' 13#8. *)0 #--)#'< %
%= WX



 ! "
$%&'())*&+ ,, !"#  !"# $ %&'(')*+,&-. /. 01+22.+3 4(3/-4 /+25 0+ ,+*(-. AC ,*-5. +3 6-
*'5
',. ',(-83.!/+25 0. (+90.+3  !"! :0 21; + ,+5 2'2 ,035 /. )*-00. 40.
(*'5(+(-83. 53* 
.5 4
&+2(-00'25! ! ! "#$%&
()%#* $+ ,( 
#*$-
)(*
+%'3* +

*'<(*. 0+ 
'2/3
(+2
.= '2 + 4
0+-*4 014
&+2(-00'2 > 01+-/. /132. /-'/. 40.
(*'?036-2.5
.2(. 5-(34. ,*@5 /. 
. /.*2-.*! A.0+ + ,'3* .B.( ,*-2
-,+0 /1+3)6.2(.* 0+ 0+*).3*/.5 9*+5 /.5 +22.+3C! D.5 6.53*.5 ,*4
4/.2(.5 '2( 6'2(*4 83. 
.0+ +3)6.2(+-( 4)+0.6.2(0+ /.25-(4 40.
(*'2-83. E
F! G-)!  !HIJ .( /-6-23+-( 0. 0-9*. ,+*
'3*5 6';.2 KLM℄!O2 + ,3 +355- /-6-23.* 0+ 
'2/3
(+2
. .( 
&+2).* 0+ 
'2P)3*+(-'2 /3 /45'*/*. .2+,,0-83+2( /.5 -6,305-'25 /. 
'3*+2( .2(*. 10 .( 50µQ 
'66. 
.0+ +R+-( 4(4 F+-( +3,+*+R+2(KL#℄! %4*-6@(*. 6';.2 2L L µ6S+*).3* T 0.2 µ6S+*).3* .B.
(-R. W ! = 0.6W (W/le)
1/2 I!IU µ6

le 2 µ6
D = vF le/2 0.2 m2s−1

τD = L2/D 0.45 10−10 5
fc = 1/(2πτD) 3.5 VWX
ETh = ~D/L2 170 6Y$%&#  !" $ A+*+
(4*-5(-83.5 /. 01+22.+3 4(3/-4 /+25 0+ ,+*(-. QA! W = le 5'2( /4/3-(5 /.6.53*.5 /. 0'
+0-5+(-'2 F+-90. 53* /.5 P05 )*+R45 /+25 0+ 6Z6. &4(4*'['2
(-'2 .( +;+2( 0+6Z6. 0+*).3*! UU
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Diode électro-luminescente !"#  !"# $ %&'()*+ ,-+*.*( &' /0'
*)0' ,& 2. ,)(*.'
& 3 2. (45/.
&! 6' 4*)2)(& 2. ,)0,&+2&
*507248)'&(
&'*& 9045 .4:8&'*&5 2. 
0',4
*.'
& ,& 2-+
;.'*)220'! <.=)*4&22&8&'*> 
&2.(& 950,4)* :5?
& 3 4' .

50)((&8&'* 2. ,&'()*+ ,& 905*&45( +2&
*50')@4&(> ,.'( '0*5& 
.(
-+*.)* &((&'*)&22&8&'* 9.5 4' +2.5:)((&8&'* ,&( =5.( ,& 2-.''&.4!AB



 !"#$%&' ()*#+&$',
'. %&/. 0"..'. 1&+23',
'. !" #$%&'%$($) *+&,-$.*/(01 ! "#$%&$#'#( !)%*+#,!-'./ 0
(2 3#42 5267 !$' !).
'!,!-' /! ,8,! 9:! %&:+ /. ,!$:+!"! /. 
&-":
'.-
! /#-*.#+! 0
(2 3#42 ;26;72  . $!:/! "#<*+!-
! !$' 9:=.: /#!: "! ,!$:+!+ /!$#4-./ > f 0#2!2 /=?.+,&-#9:! 6 @ V1 cos(2πft)7A &- /! ,!$:+! > 2f 0#2!2 /=?.+,&-#9:! B @
V2 cos(4πft)72  . "*'!
'#&- $C-
?+&-! %!+,!' '+D$ (.
#/!,!-' "! (.#+! 
!/.2E&:+ 8'+! $F+ "! -! ,!$:+!+ 9:! /=?.+,&-#9:! B !' G#!- 
&:%!+ /=?.+,&-#9:! 6A &- H*+#I!9:! /. 
&-$'.-'! "! '!,%$ "=#-'*4+.'#&- τ ": /&
JK#- !$' G#!- $:%*+#!:+! > 1/2πf ≈ 5,$2L! 9:# !$' /.+4!,!-' +*./#$* %:#$9:=&- . %+#$ τ = 1$2 M- . .:$$# +!,.+9:* 9:! '&:' /!$#4-./ > 2f *'.#' !- 9:."+.':+! %.+ +.%%&+' > /=!)
#'.'#&-2 N/ $!,G/!+.#' 9:! 
! -! $&#' "F9:=> /=*/!
'+&-#9:! ": /&
JK#- OPQRS %:#$9:! T. -! "*%!-" %.$ "! /=*
?.-'#//&-2 U- !<!'A&- . H*+#I* 9:! /=?.+,&-#9:! B %&:+ :-! "#&"! ,.
+&$
&%#9:! *'.#' .:$$# !- 9:."+.':+!%.+ +.%%&+' > /=?.+,&-#9:! 6 "=:-! +*$#$'.-
! ,.
+&$
&%#9:!2 !"#$ %& '()*+'#,-%& %& '(&$
#,),#"/V&:W&:+$ > 
?.,% -:/A &- . (.#' H.+#!+ /=.,%/#':"! ": 
&:+.-' "! ,&":/.'#&- W:$9:=>
100-X 0
(2 3#42 52B72  !$ 
&:+G!$ $&-' #-"*%!-".-'!$ "! /. (+*9:!-
! W:$9:=> 9:!/9:!$JYZ2 M- $! %/.
! ".-$ 
!''! %.+'#! .:'&:+ "! f = 30 !" #$ 
&'()*+ ) ,+, 
-&./. 0$ 1)2&* 34)5.4./$( 6$ /.7*)6 0$ 68-)(4&*.9'$ :; +&'+ $* ($/+)*+ 0)*/ 6$ (,7.4$ 9')0()+.9'$ <V2 ∝ I2=">.; &* ?) )' 0$63; 0$/ +$(4$/ 08&(0($ /'@,(.$'( )@@)().//$*+; (,0'./)*+ 08)'+)*+ 6$/ :@($4.A($/ -)(4&*.9'$/" B8$/+ 6$ 
)/; @)( $5$4@6$ 0$ 68-)(4&*.9'$ C 9'. $/+ /$*/.D6$ )'
-)'E)7$" F* $E$+ G

V = R1I +R2I
2 +R3I

3 + ... <H"I=J(; /. 6$ 
-)'E)7$ $/+ .4@&(+)*+; R1 $/+ 4&0.K,$ +$66$ 9'$ G
R1 = R0

1 +Rchauf
1 <H":=&LMHN℄ G Rchauf

1 $/+ @).($ $* V $+ &/
.66$ 3 2ω" P&*
 Rchauf
1 I 
&*+(.D'$ 3 68-)(4&*.9'$ C 9'.*8$/+ )6&(/ @6'/ *,76.7$)D6$ "  !"# $%& '#()*+(& $% #,(*% -%&"*% %&( ."&(%-%#( /"!%00% #!%&( &%#&'10% /"!2 0!34*-,#'/"% 5 670"& 7*)8
'&)-%#( /"!4": 34*-,#'/"%& 74'*&; -4'& ,# 
,#&'$<*% /"% $4#& 0% $,-4'#% ,= 0!,# &% 704
% 6
>? @'A? B?5C;0%& 34*-,#'/"%& &"7)*'%"*& ," )A40& 2 D &,#( #)A0'A%410%&C? E% #!%&( 74& 0% 
4& 74* %:%-70% $!"#% -)(3,$%QR



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

R=10MΩ

Vac

f~33Hz

Anneau 2DEG

V2(2f) !"#  !" # $
&'() *+ *,-./-,0,1 23.'4,(250)6 ./+4 6) (2-+42 *2 6) -2
/5*2 &)4(/5,7+2 V2!85 42()47+2 7+2 ./+4 62- 9)62+4- *2 
/+4)50 
&/,-,: /5 ) ; eV . Ec <
/5*,0,/5 5'
2--),42*'926/..24 6) 
/5*+
0)5
2 25 .+,--)5
2- *2 V =! >5 2?20 *)5- 6) -2
0,/5 <@!@!A=: /5 ) 
)6
+6'
Ec ≈ 200(B ≈ 20µC! 84 V = RI ≈ 2DΩ ∗ 155E ≈ 30µC! 85 2-0 6'FG42(250 )+ *2--+-*2 
2002 
/5*,0,/5: (),- 6) HF+42< !I= .4/+92 7+2 5/+- -/((2- 0/+J/+4- *)5- 62 4'F,(27+)*4)0,7+2!3/4
24 5( G2 6 $/&,'& 5( V1 (, 5( V2K2- 1/4(+62- <@!LM= */55250 +5 
/+4)50 20 5/5 +52 025-,/5: 7+, 2-0 
2 7+2 6N/5 (2-+4225 .4)0,7+2! G1 20 G2 -2 *'*+,-250 04G- -,(.62(250 O .)40,4 *2- */55'2- 23.'4,(250)62-
V1: V2 20 P *2 6) 1)Q/5 -+,9)502 ;

G1 =
V1

I
G2 = −

2V2I

V 3
1

< !A=R+,-7+2 ;
V = R1I +R2I

2 + ... I = G1V +G2V
2 + ... < !@=20 7+N/5 ) -+../-' 7+2 ; V1 ≫ V2 
2 7+, 2-0 0/+J/+4- 62 
)- 23.'4,(250)62(250 ;

R1I ≈ 2kΩ ∗ 155E ≈ 30µC≫ 2005C <
1! S,F!  !I=!K2 1)
02+4 2 *2 6N'7+)0,/5 < !A= 9,250 *2 ;
V = R1I +R2I

2 = R1Imax cos(2πft) +R2I
2
max

1 + cos (2π (2f) t)

2
< ! =84 
2 7+, 2-0 (2-+4' 2-0 T,25 6N)(.6,0+*2 *+ 024(2 O 2f ;

V2 =
R2I

2
max

2
*N/U R2 = 2

V2

I2
max

< !V=WX
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(#$ !"#  !" # $%&'()*+,- " -) .()
0*() 1- 23%'42*0,1- 1, 
(,&%)0 13-5
*0%0*() 4(,& 23%)6)-%, " 7 8%,
9- -0 23%))-%, : 7 1&(*0-! ;% 4-)0- -<0 4&(
9- 1- 2! ;-< =>
9-< *)1*+,-)02-< %'42*0,1-< 1-< 
(,&%)0< 13-5
*0%0*() +,* ()0 ?0? 
9(*<*-< 4(,& '%5*'*<-& 2- <*8)%2 1-239%&'()*+,- " 0(,0 -) &-<0%)0 1%)< 2- &?8*'- +,%1&%0*+,- 4(,& 
9%+,- ?
9%)0*22()!
B0

BupBdn

G

B !"#  !@ # A5-'42- 1- 
(,&B-< 1- '%8)?0(6
()1,
0%)
-! C-22- 1()0 2- '*)*',' -<0 Bup-<0 4&*<- -) B%2%D%)0 2- 
9%'4 1- .%E() 
&(*<<%)0-F 
-22- 1()0 2- '*)*',' -<0 Bdn -<0 4&*<--) B%2%D%)0 2- 
9%'4 1- .%E() 1?
&(*<<%)0-! ;-< " 
(,&B-< <()0 1?
%2?-< G1- 23(&1&- 1-+,-2+,-< H%,<<I! J:
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(+ ,&-+ ./++(+ 0&%12()
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,-./01 !"#  !" # $%&'() *+,-'&(./) GS
1 )' %0'(*+,-'&(./) GAS

1 1) 2% 
401/
'%0
) 2(0-%(&) G1 54/&26%00)%/ 7 g = 5.3! 84')9 ./) GS
1 )*' 2%&:),)0' 0-:2(:)%;2) 1)<%0' GAS

1 ! =% 
4/&;) 1) GS
1% -'- 1-
%2-) 54/& ,()/> 2% 
4,5%&)& ? *40 @4,424:/) %0'(*+,-'&(./)!3&/',(4(), 5(+ 56))%(+ () 06)
,'6) 52 
7/4$ 4/8)%,'12(=) *
@-,% 1) 2% A:/&) B !CD (22/*'&) 2) E%(' ./) 2)* 
4/&;)* )0 
@%,5 ,%:0-'(./) *40'2-:F&),)0' 1-
%2-)* )0 
@%,5 B1) 264&1&) 1) ./)2./)* G%/**D */(<%0' ./640 ;%2%+) 1%0*2) *)0* 1)* 
@%,5* 
&4(**%0'* B
4/&;)* ./640 %55)22)&% H/5HD 4/ 1%0* 2) *)0* 1)* 
@%,5*1-
&4(**%0'* B
4/&;)* ./640 04,,)&% H10HD! I0 5)/' )>52(./)& 
)2% ? 
%/*) 1) 26@+*'-&-*(*1)* *4/1/&)* )0 -'%(0 1) 2% 1(2/'(40! $4/& 5%22()& ? 
) 5&4;2F,)J 40 '&%(') 2)* 1400-)* 1)2% E%K40 1-
&(') 1%0* 26%00)>) BLD! M)'') ,-'@41) )*' <%2(1-) 5%&
) ./) 2% 
401/
'%0
)2(0-%(&) G1 4;')0/) )*' 5%(&) ? ,()/> ./) 2 54/& ,(22) 5&F* B
E! N(:!  !"D! !" #$%&'$ ($ )* 
,-(&
.*-
$ -,- )/-0*/'$ (1,'('$ " G2$. 
,23*'*/%,- *4$
 G1L%0* 2% A:/&) B !"DJ 40 % 1-
4,54*- 0/,-&(./),)0' G1J )0 *% 5%&'() 5%(&) )' (,5%(&)*)240 O GS,AS

1 = (G1(B)±G1(−B))/2! L) ,P,) 54/& G2 1%0* 2% A:/&) B ! D! I0 
40*'%')16%;4&1 ./) G2 = GS
2 + GAS

2 *) 
4,54&') 1) E%K40 %0%24:/) ? G1! Q0 )R)'J )22) )*' %/**( !" 
$%&"&'( ) *('"*(* +, -,*'"( +"%.,"*( /! &"0%,+1 2% (3('4 
(''( /(*%"5*( (&' (% -,*'"
!+"(* ,!&&" &(%&"6+(,!7 8,*9$%" !(& "9-,"*&  !" /.-(%/(%' /! 
8,!3,0( :;<℄1ST
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$ -,- )/-0*/'$ (1,'('$ " G2 $. 
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?#!.*881!&
1!/.*.$," 2>1/
*88#.*1!/ -#7*2"/ ". 7,-*12*9$"/ "! h/e< 
1--"/71!2#!. @ $! φ0 2#!/ 8# /$-:=#
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$ g5 ," '$8',.%$ )$* -H-$* %7)$.'* #$ δG1 $8 δGS,AS

2 1 @$)7 *(A"(!$ <.$ *,(8 G1 $8
GS,AS

2 "$ #&;$"#$"8 <.$ #$ A /$8 ;7* #$ kF , le ,. W 4 *,(8 <.$ )$* (-;.)*(,"* #$ 
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9'
*'>, E&9=)(= +, 'D9(=, +,/ &(
/ +, '9 )=9:/@5=%>, +, 25*=(,=! C,/ +=5(),/ /5:) +,/ B*(+,/ &5*= ',/-,*<! C,/ F >)5(',/ 
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  !"#$%&'(
'* +%,* -.**'* /%$01'(
'* !"#$%&'( $)# *+, 
")
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.23+,3 3#, 
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3? C3# *#
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 ∆ =

2π~
2
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W x? S) >$3+, P
E ! ∝ g
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*+,9"$93 23 le? X+ 3+ 2.2!$,  !3 le 2$0$+!3 1)!#  !3 kF +/"!;03+,3? X+ +3 13!, 1"#
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3  !$ #3 1"##3 1*!9 δG1 1"9 )" )*
")$#",$*+( 1*!9 δG2 1"9 )/$))!0$+",$*+ !$ 
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$,.# .)3
,9*%
8$0$ !3 3, ;.*0.,9$ !3 23 )/.
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2 +.".0%! 3 5, / 
)#"( +D%0 5#
/!% ≈ 36 K!'# !*/ $%#'./#/.C!"!0/ !0 #

, + #C!
 '!*( &C.*.,0* /)&, .$%!* +! =,'.#0*c. !/ 2g//.c! $%. ( &C,.!0/ %0! +.".0%/.,0 +D%0 5#
/!% 2L_J℄6 =# 
,0/ !> *% '# A8% ! 96JN> ,0 C,./ $%! GAS

2 # ('%/�/ /!0+#0
! 3 #%8"!0/! #C!
'! 
)#"( *#0* *#/% ! 6 K! 0D!*/ (#* '! 
,"(, /!"!0/ #//!0+% (# =,'.#0*c. !/ 2g//.c! 6W0 (!0*! $%! 
!'# (,%  #./ C!0. +! 'D!X!/ d#'' 4
56 7.86 ;6JN<6 [0 !X!/> 3 / F* 5, / 
)#"('# 5, 
! +! Z, !0/h q →v ∧ →
B 0D!*/ ('%* 0&8'.8!#R'! !/ (!%/ +&C.! '!* &'!
/ ,0*!! +! 5#?,0
,0*&$%!0/!6 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+562+(-
(. 89,-0189(.i,%* ( ,(,*,0* .
. %0 ",+F'! *!".T
'#**.$%! *."('! $%. +,00! %0! !B('.
#/.,0 +! 'D!BT/.0
/.,0 '.0&#. ! +!* ,*
.''#/.,0* 12 3 R#* 
)#"( (,% GAS

2 4
56 7.86 96:9 !/ A86 96JJ<6 S'  ! "#$% #&"'()$#* )$# '# +,&(+$+ !# -.(% ",- ",*/,(%#+#!% 0 B = 0G 12$!# ",*% 0 
,$-# 1# '2(!%#*4,''##!%*# '#- ".(!%- 1# +#-$*# )$( #-% 121G ".$* 1#- *,(-.!- 1# %#+"- #% 12,$%*# ",*% 0 
,$-# 12$! %#*+# )$2.!#&"'()$#*, 1,!- ', -#
%(.! 567879:!";, /.!
%(.! 12,$%.
.**<',%(.! -$* G1 -# 
.+".*%# 1# ', +=+# /,>.!7!!?! 
,'
$' 12.*1*# 1# @*,!1#$* !.$- 1(% )$2$! <'#
%*.! ,'',!% 0 ', 4(%#--# 1# A#*+( 1<
*(% $!# B.$
'# 1#*,C.! r0 = vF m∗
eB 
# )$( 1.!!# 0 1DE r0 = 2,5.1050,07.10−30

1,6.10−19 ≈ 0, 1µ+ )$( #-% ,""*.&(+,%(4#+#!% ', ',*@#$*12$! B*,- 1# '2,!!#,$7 f9
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*5% &324 &529 )' 
5*4/%:! <'9 
3248'9 3(/ %/% =5/4%'9 &*99'>,*2/739
055*/03(9 4*&0)'9: '/ &*99'>8*9 7'( 432.' 924 ?'4903( 
325'24:! <'9 )430/'9 -'//'(/ '(?*5'24 5* 
43099*(
' 50(%*04' )'9 39
055*/03(9 @A B 8*9 
,*-&! C6'9/ 5' -D-' 'E'/ 12' )*(95* =.24' 7 !"F:! GH
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/%&' !"#  !"# $ %&' (&)*+,-./0 1 0, 2+,
4-+, 5/ 
+/)&,4 5607
-4&4-+, 8+/) 96&,,0&/ :! ;, &/4-9-<= 10,>! %?' @+,
4-+, 56&/4+
+))=9&4-+, 0, 
A&*8 *&B,=4-./0 50 GAS
2 ! C& 9&)B0/) D*- A&/40/) 50 9& 89/8&)4 50< 
+/)?0< 
+))0<8+,5 D /, 
A&*8 E Bc ≈ 2000G!)09-0 
09& D 96&*89-4/50 89/< B)&,50 50< +<
-99&4-+,< >FG )09&4-H0*0,4 &/7 IJ@G </) G2 ./0</) G1 %
2! @-B!  !K'! L9 80)*04 &/<<- 50 )04)+/H0) 90< 2+)*/90< 50 9& )=2=)0,
0 M:1℄ 5&,< 90<1 
&< 9-*-40< γ !" << 1 04 γ !" ≈ 1! !"!# $%& '()*%
',-(%& .,/01%& 
,/'(-21%/' 3.1& 4 G2 5164 G1O&)4+,< 50 96078)0<<-+, 50 9& *&B,=4+P
+,5/
4&,
0 1 
+,4&
4<G D T = 0Q 04 D 96=./-9-?)0G+?40,/0 5&,< 9& <0
4-+, %R!1!1'G &8)S< &H+-) /4-9-<= 90< )SB90< 50 <T*=4)-0 56;,<&B0) %2+)*/90R! U'!

∆G =
∑

i,j

AiAj cos(φ
0
ij) cos(2πBSij/Φ0) % !"R';, 89&
0 96=
A&,4-99+, A+)< =./-9-?)0 0, 90 8+9&)-<&,4 &H0
 /,0 40,<-+, V ! C0 
+/)&,4&<<+
-= D 
0440 5-V=)0,
0 50 8+40,4-09 8)+H+./0 /,0 )05-<4)-?/4-+, 50< =90
4)+,< &/4+/) 50<-*8/)04=< %
2! @-B! R!R'! L9 0, )=</940 /,0 H&)-&4-+, 5/ 8+40,4-09 =90
4)-./0 -,40),0 &H0
 /,40)*0 50 9& 2+)*0 50 dU#$%(→r , V ) ./- 0,B0,5)0 /, 5=8A&<&B0 dφij E

dφij =
1

~

[∫

i

dU#$%( →r(t))dt− ∫
j

dU#$%( →r(t))dt] = 1

~

[∫

i

−
∫

j

dU#$%( →r(t))dt] % !" '
∆G 50H-0,4 &9+)< E

∆G ∼=
∑

i,j

AiAj cos(φ
0
ij + dφij) cos(2πBSij/Φ0) % !"#'WU
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%&'( !"#  !"# $ %&'()* + !,-. /( 
/))1 2(&3 4&331* 3() ≈ 100005.! 678*9 4/ 
)7&33/:
* *8 4/ :7:3/8()/8&7: ;*3 
7()<*3 = >7)8 
?/@2!A( 2)*@&*) 7);)* *: V B dφij ∝ V τij
 ! 7C τij = τD(i)− τD(j)! D: ;1E*4722/:8 4* 
73&:(3/( 2)*@&*) 7);)*B 7: E7&8 F(* 4G(: ;*3 8*)@*3 " *38 ;&)*
8*@*:8 )*4&1 = 
* 
?/:'*@*:8 ;*2?/3*! H* F(& ;7::*B 27() G2 = (dG(V )/dV )(V =0)B 4/ F(/:8&81 F(& :7(3 &:81)*33* I

G2
∼=
∑

i,j

(dφij/dV )(V =0)AiAj sin(φ
0
ij) cos(2πBSij/Φ0) + !,J.*8 ;7:
 # I

G2 ∝
∑

i,j

τijAiAj sin(φ
0
ij) cos(2πBSij/Φ0) + !,K.H*88* >7)@(4* *L24&F(* 27()F(7& 4/ ;12*:;/:
* *: 
?/@2 ;* G2 
7@27)8* ;*3 73
&44/M8&7:3 AN *8 OH% /(L @P@*3 1
?*44*3 ;* 
?/@2 F(* G1! Q* >/
8*() τij = τi− τj 2*)@*8 ;*
7@2)*:;)* F(* 4*3 &:8*)>1)*:
*3 *:8)* ;*3 8)/R*
87&)*3 8)S3 ;&T1)*:8*3 7:8 (:* 
7:8)&<(8&7:24(3 &@27)8/:8* ;/:3 G2 F(* ;/:3 G1! D: @7U*::*B 4/ ;&T1)*:
* ;* 8*@23 ;* 2/)
7()3*:8)* 4*3 8)/R*
87&)*3 2/33/:8 2/) 4*3 ;*(L <)/3 ;* 4G/::*/( +>7)@/:8 4*3 73
&44/8&7:3 AN.*38 <*/(
7(2 24(3 ')/:;* F(G*:8)* ;*3 8)/R*
87&)*3 2/33/:8 2/) 4* @P@* <)/3 ;* 4G/::*/(+OH%.! D: *T*8B &4 2*(8 /))&E*) +
>! 3
?1@/ ;* 4/ V'!  !",. F(* 
*3 ;*):&S)*3 37&*:8 3(M2*)2731*3 3() (:* ;&38/:
* /33*9 ')/:;* 27() /E7&) τij << τD! H*4/ *L24&F(* 4G/@24&8(;*24(3 4/)'* ;*3 OH%3 3() G1 F(* 3() G2B = /@24&8(;* ;*3 73
&44/8&7:3 AN 1'/4*3 +
>! %&'!  !K.! ! ! " #$%&'"
) *"!+ ',-!.)/#"'$ dU"#$ &"# '" 
01.$ *$ &2.$!.-$' %23$! '$ '2!/ *$ ',)
0"!.-''2! 〈dU"#$〉 ≈

eV 4 52%%$ 2! '$ 6$##" &'1+ '2-! *"!+ 
$..$ &"#.-$7 *"!+ '$ 
"+ *,1!$ 
"6-.) 
0"2.-81$ 9"'-+.-81$ "6$
 *$+:2#.$+ -!.$#"
.-2!+ +$1' '$ :"
.$1# *$ &#2&2#.-2!!"'-.) 
0"!/$#"4 ;' :"1*#" "&&#2<-%$# dU"#$ !2! &"+ &"#
〈dU"#$〉7 %"-+ &'1.�. &"# (dU !")typ  !"#$%&'( %)"$*&( '(+ ,&
%& %$./+ '& ".%(/%$(# 0#(
%1$*&( $/%(1/(2#$34 &%1( %(1!( '& '05(#.""(!(/% 
.11(+"./' 6 G1 *&$ 6 #4.1'1( #( "#&+ 7 + 8(/ 9 $% #4.1'1( : (/ ;< (+%0= #( 6 G(V = 0)2#%>(%%( 9.1!&#( (+%  &++$ 5 # 7#( ".&1 '( 9.1%(+ $/%(1 
%$./+? +(&# #( 9 
%(&1 '( "1.".1%$.// #$%0 
@ /=(2 !!



 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+52+(-
(. 78,-0178(. 9:9
(a) (b)

i i

j

j !"#  !"# $ %&'()*' +,-./'0120'.
' './0' +'4 2*'
/05.4 )6446./ +6.4 *' (7(' 8064 +'*,6..'69 :6; 59 +6.4 *' 8064 5))542 :8;! <5/'= >9,-* )'9/ 600-?'0 +6.4 *' 
64 :6; >9' *'4/06@'
/5-0'4 2*'
/05.->9'4 0'4/'./ 49)'0)542'4 490 9.' +-4/6.
' 644'= A06.+' )590 6?5-0
τij = τi − τj << τD!
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)& !"#  !"" $ B06.4150(2' +' C590-'0 +' G1 '/ G2 '. 9.-/2 608-/06-0'! D6 
5908' +' G1 6 2/2(9*/-)*-2' +' 16E5. F 
' >9' 45. )-
 '. Φ0 4' 49)'0)54' 6?'
 
'*9- +' G2! <5/'= >9' *' )-
GHC '4/ (5-.4 -()50/6./ 490 G2 >9' 490 G1 '/ >9' 
,'4/ *,-.?'04' )590 *' )-
 '. Φ0/2! :I.6 8-'. 4J0 0'/06.
K2 69& " 
5908'4 *'90 ?6*'90 (5L'..'M 
' >9- 16-/ >9,-* L 6 9. )5-./M .5.?-4-8*' -
- F N F 
K6() .9*;! #N#



 !" #$%&'()*
), -'., /0,,), 1'&23)*
), !
# $!%& '&(! )%*+&#,- !+ 
*.
%.*+& .* &(*+/01(2-! 3! 41%(#!( /%( G1 !& /%( G25 6*
1%(7! 3! G1 * !+/%#&! -&- (!+1(2*.#/-! 3! 0*81+ 9 
! )%! /1+ $#
 !+ Φ0 /! /%$!($1/!*:!
 
!.%# 3! G2 ;
05 4#<5 =5>>?5 @+ +1&! )%! .A*2$.#&%3! 3!/ B 4/ !/& $.%/ .*(<! /%(
G1 )%! /%( G2C 9 *2$.#&%3! 3!/ 1/
#..*&#1+/ DE -<*.!/C !& )%! 
A!/& .! 
1+&(*#(! $1%( .!$#
 !+ φ0/25 69 !+
1(! 
!.* $!%& /A!F$.#)%!( $*( .! 0*
&!%( τij5 G.%/ .!/ &(*H!
&1#(!/ /1+&.1+<%!/C $.%/ .* 3#I-(!+
! 3! &!2$/ !+&(! > &(*H!
&1#(!/ )%# #+&!(0J(!+& * 3! 
K*+
! 3A'&(!.1+<%!5  !.* /#<+#,! )%!C $*( (*$$1(& 9 G1C 3*+/ G2 .!/ #+&!(0-(!+
!/ !+&(! .!/ &(*H!
&1#(!/.1+<%!/ ;$#
/ !+ Φ0 !& Φ0L>? /1+& 0*:1(#/-!/C *.1(/ )%! 
!..!/ !+&(! .!/ &(*H!
&1#(!/ 
1%(&!//1+& 3-0*:1(#/-!/ ;$#
 B 4?5 M11#H  ! "#$ NOP℄ 1+& 0*#& %+! -&%3! 3-&*#..-! 3!/ *2$.#&%3!/3!/ B 4/ !& 3! 1/
#..*&#1+/ DE /%( .* 
1+3%
&*+
! .#+-*#(! !& +1+ .#+-*#(! 3A*++!*%F !&3! ,./ 2-&*..#)%!/ #+&!((12$%/ $*( 3!/ H1+
&#1+/ &%++!.5 R./ &(1%:!+& 3!/ 1/
#..*&#1+/ DE)%# /1+& *$$(1F#2*&#:!2!+& 
1+/&*+&!/ $1%( .!/ &!(2!/ .#+-*#(!/ !& +1+ .#+-*#(!/C *.1(/)%! .A*2$.#&%3! 3!/ B 4/ 3-
(1#& *:!
 .A1(3(! 3! .* +1+ .#+-*(#&-5 R./ !F$.#)%!+& 
!.* $*(3!/ $(17*7#.#&-/ 3#I-(!+&!/ /%#:*+& )%! .!/ &(*H!
&1#(!/ -.!
&(1+#)%!/ 01+& 1% +1+ %+ &1%(3! .A*++!*% *:*+& 3! (!&1%(+!( 9 .!%( $1#+& 3A1(#<#+! ;
05 /!
&#1+ ;>5=5S??5 T+ %&#.#/*+& .*01(2%.! ;=5OP?C $%#/ .! 0*#& )%! δτij < δτ̃ij ;
05 /!
&#1+ ;>5=5S?? !& )%! δG1 > δG̃1 ;
05 4#<5=5P?C 1+ 17&#!+& U

δG1δτij ∝ δG2
∼= δG̃2 ∝ δG̃1δτ̃ij ;=5OV?T+ !I!&C /%( .* ,<%(! ;=5P?C 1+ :1#& )%! δG2
∼= δG̃25 !"!# $%&
(& )* &+%,-&./()* /0-.1(* )* G2 2 345/ 
6%,-@+ $!%& 2*#+&!+*+& !//*W!( 3! (!2$.*
!( dU !" !& τij $*( .!%( :*.!%( 21W!++! !& &W$#)%!(!/$!
&#:!2!+& 3*+/ ;=5OX?5 G1%( %+ /W/&J2! 3#I%/#0 1% 
K*1&#)%! 7*.#/&#)%!C !+ 3!K1(/ 3%
*/ )%*/# 1D 1+ $!%& 21+&(!( )%!C (τij)#$% ≈ τD ;
05 /!
&#1+ ;>5=5S? !& NOX℄?5 T+ !I!&C .!/-.!
&(1+/ !F$.1(!+& %+! <(*+3! $*(&#! 3! .A-
K*+&#..1+5  122! 1+ .A* :% 3*+/ .* /!
&#1+;Y5S5S?C 〈dU !"〉→r ;.* 
K%&! 3! $1&!+&#!. 21W!++! .! .1+< 3! .A-
K*+&#..1+? :*%& /#2$.!2!+&

eV $1%( %+ -
K*+&#..1+ 1%:!(& !& 3#I%/#0 1% %+! 
*:#&- 
K*1&#)%! 7*.#/&#)%! 31+& .!/ 1%:!(Z&%(!/ /1+& -&(1#&!/ !& .!/ #+&!(*
&#1+/ 0*#7.!/C #5!5 %+ -
K*+&#..1+ 1[ .* 
K%&! 3! $1&!+&#!. /!O\>



 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+52+(-
(. 78,-0178(. 9:; !"# $ %&"'#()"*+) ,
 . /"0. 1.2 *# /"0.1.345. 6*%! '7+8 97''* 9!'8 
* 
!8 :7+) dφij
 ! ;

dφij
∼= eV τD

~

∼= eV

E"# ,<.=>5*# :7+) G2 ;
G2
∼= e

E"# ∑i,j AiAj sin(φ
0
ij) cos(2πBSij/Φ0) ,<.=15?+" '7+8  !"# :*'8*) ,$ +'  !
#*+) 9* :@!8* 9* π/2 :)A8 8+) %*8 φ0

ij5 $ G(V = 0) . B"'8"C9* DED* ?+* :7+) G1C 8" 7' 
!%
+%* %*8 F+
#+!#"7'8 9* G2C 7' 7G#"*'# %&*H:)*88"7' δGS
2 9*8 7)D+%*8 ,<.45 ;

δG2
∼= e2

h

e

E"# δG1 ,<.=<5I' )*#)7+J* !+88" %!  7)D+%*,<.335 9* K7%"!'8L" 9!'8 %! %"D"#*  !"G%*8 "'#*)!
#"7'8 ,
!%
+%(*:7+) +'* 
!J"#( 
@!7#"?+* G!%"8#"?+* 97'# %*8 7+J*)#+)*8 87'# (#)7"#*85. M!'8 '7#)* 
!%
+%C!+
+'* 87+)
* 9&!8ND(#)"* *' B '&*8# *'
7)* "'#*)J*'+*C 
&*8# :7+) 
*%! ?+* %* G2 
!%
+%(*8# *'  !"# :7+) %&"'8#!'# GS
2 *# ?+&7' )*#)7+J* G"*' %! :)*D"A)* *H:)*88"7' 9* ,<.45.K!) 
7'#)*C :7+) +'* 
!J"#( 
@!7#"?+* G!%"8#"?+* 97'# %*8 7+J*)#+)*8 87'# (#)7"#*8 *#%*8 "'#*)!
#"7'8  7)#*8 
7DD* 
*%%* 9(
)"#* 9!'8 O>=℄C 
&*8#Q$Q9")* ?+* %! :%+8 0)!'9* :!)#"*9* %! 
@+#* 9* :7#*'#"*% ! %"*+ !+ 
7'#!
#C 〈dU$%&〉→r *8# '+%. I' '* :*+# !%7)8 :%+8 (
)")*?+* dφij

∼= eV τij/~C 9* :%+8 %* #*)D* 8!'8 "'#*)!
#"7' ?+" 97D"'!"# 9!'8 δGS
2 9*J"*'# '+%(0!%*D*'# ,
 . 8*
#"7' ,1.>.>5C /"0.1.345.M!'8 #7+8 %*8 
!8C :7+)  !")* !::!)!R#)* +'* !8ND(#)"* *' 
@!D:C "% *8# '(
*88!")* 9&!%%*)+' 
)!' :%+8 %7"' 9!'8 '7#)* D79(%"8!#"7' *# 9* :)*'9)* *' 
7D:#* %*8 F+
#+!#"7'8 D(87Q8
7:"?+*8 ; δdU$%&(→r ,Φ) 9+ :7#*'#"*% (%*
#)"?+* "'#*)'* ,
 . /"0. 1.45. 6*8 9*)'"A)*8 87'#'7' %7
!%*8C 9(:*'9*'# 9+ F+H D!0'(#"?+*C D!"8 '&7'# :!8 9* :!)"#( :!)#"
+%"A)* ,
 . OS℄5.T%%*8 87'# 9+*8 $ %&"'#*)!
#"7' (%*
#)7'Q(%*
#)7' *# !+H "'#*) ()*'
*8 ?+!'#"?+*8.67DD* '7+8 %&!J7'8 J+ ,9!'8 %! 8*
#"7' ,1.3.155C ?+!'9 7' !::%"?+* +'* 9"U()*'
* 9*:7#*'#"*% !+H G7)'*8 9&+' (
@!'#"%%7'C %*8 (%*
#)7'8 8* )(!))!'0*'# ,'7#!DD*'# !+#7+) 9*8"D:+)*#(85. V*8 (%*
#)7'8 9* 
7'9+
#"7' 87'# 8*'8"G%*8 $ 
*##* )*9"8#)"G+#"7' (%*
#)7'"?+*:!) %&"'#*)!
#"7' 9* 67+%7DG. W% *' )(8+%#* +' 
@!'0*D*'# 9!'8 %* :7#*'#"*% (%*
#)"?+* ! ! "#$% &#%&'$(#& 
# &*+$,%-% . ,/-01# 1#+ 10"�,#+ 1# 3-!1-$#&4 5! #6#%7 +0 ,/'! 8-0% ,/9:"'%9;+# <$# ,#1*"9-+-=# +$"",*>#!%-0&# ?"-& &-""'&% -$ 
-+ ,0!*-0&#@ 1#+ *,#
%&'!+ 1# 
'!1$
%0'! !/- ,0#$ <$/-$ !0(#-$1#+ 0>"$&#%*+ #% <$# 
#$A 
0 !# ,# &#++#!%#!% <$/#!%&# B 
',,0+0'!+7 '! "#$% *
&0&# <$# C

dφi =
1

~

[∫

i

dU"#$( →r(t))dt

]
=

1

~

∑

i

U(
→
ri)τe ?D4BE@ &7 0, : - N = τD/τe 
',,0+0'!+ +$& $!# %&-F#
%'0&# 1/$!# *,#
%&'1# . $!# -$%&#4 5% 
'>># ,/'!% >'!%&*G"0(-HIJ:$K0! LBM℄ ,#+ 
'&&*,-%0'!+ 1#+ (-&0-%0'!+ 1# 1#!+0%* *,#
%&'!0<$# #% 1# "'%#!%0#, *,#
%&0<$# 0!%#&!#+'!% ,'!=$# "'&%*#7 1'!
 #,,#+ +# +'>>#!% 1# 8-O'! 
'9*&#!%#4 P, (0#!% C

dφi
∼= 1

~

〈
U(
→
ri)
〉

τeN ∼= eV

~
τDi

∼= eV

ETh
?D4BQ@#% C

dφij
∼= eV

~
(τDi − τDj) ∼=

eV

~
τD
∼= eV

ETh
?D4BB@3X>



 !" #$%&'()*
), -'., /0,,), 1'&23)*
), !"#$!# %& '($ )#* +)#
"$-!* .# 
-!.&
" -!/ 01(2') "&.# "3' 4&# .#* 5&
"&(" -!* 6)# )-!7.1&! 
8#2 ! 9 C .1&!# +)#
"$-.# : )1(&"$#; .# 
#""# %($ (" -! #*" δCdU !"(Φ) #" %(&"#$ 9
δCdU !"(Φ) ∼= δdU !"(Φ) 6</=>;?-&$ .# @( A)#*  !"#$(
" -!*B 
-22# -! )1( %& .(!* )( *#
" -! 6C/D/D;B -! '#&" +
$ $# )-
(E)#2#!"#% 9

δdU !"(→r ,Φ) ∼= γ&'(
ν
δdn(

→
r ,Φ) ∼= γ&'(eδdV (→r ,Φ) 6</=F;G" #!H!B &!# 83'-"8I*# .1#$7-. 
 "+ 6%()(A)# '-&$ )#* +
8(!" ))-!* . J&* @* -& 
8(-" 4&#*A() *" 4&#*; !-&* .-!!##) 9

γ&'(eδdV (Φ) ∼= γ&'(eδΦV (Φ) 6</=K;-L δΦV (Φ) #*" )1(2') "&.# "3' 4&# .# )( . J+$#!
# .# '-"#!" #) !-! )-
()# "#))# 4&1-! )( 2#E*&$#$( " : ')&* .# = 
-!"(
"* *&$ &!  !"#$%())# .# 5&M ())(!" .# N : Φ/ O-22# !-&* )1(%-!*%& .(!* )( '($" # 6</P/C;B 
#""# .#$! I$# '#&" Q"$# !&))# #! 2-3#!!# *&$ "-&" )1+
8(!" ))-!B2( * #))# 5&
"&# .(!* )1#*'(
# 6!-"(22#!" '$I* .#*  2'&$#"+* -&R#" : 
(&*# .#*  !"#$@+E$#!
#* 4&(!" 4&#*;/ G))# !1( '(* .# '($ "+ '($" 
&) I$# #! 
8(2' 2(7!+" 4&#B ()-$* 4&# )(. J+$#!
# .# '-"#!" #) 2#*&$+# #! = 
-!"(
"* #*" @-$
+2#!" '( $#/
δΦV (Φ) '#&" *# 
()
&)#$ 
-22# *& "#* 9

δΦV (Φ)

〈V 〉 =
δΦR(Φ)

〈R〉 =
δΦG(Φ)

〈G〉 =
δΦG(+'&(!  , e2/h)

g
6</=S;G! *+'($(!" )#* 
-!"$ A&" -!* -*
 ))(!" )#!"#2#!" #" )#* 
-!"$ A&" -!* -*
 ))(!" $(' E.#2#!" .(!* δΦG(+'&(!  , e2/h) 6
1#*" 
# 4&1-! (%( " @( " (& '($(%(!" '-&$ G2 7$T
# : )("$(!*@-$2+# .# U-&$ #$; 9

δΦG
S,AS(Φ) = δG1@S,AS(Φ/Φc) + δG̃1̃@ S,AS

(Φ/Φ0) 6</DN;-L 9 '-&$ Φ ≫ Φc 6⇔ B ≫ Bc '-&$ !-"$# #M'+$ #!
#;B @S,AS(Φ/Φc) = 1/ 0#* @-!
" -!*@S(Φ) #" @AS(Φ) -!" +"+ 
()
&)+#* '($ ?-) (!*V WD=℄ #" *-!" $#'$+*#!"+#* *&$ )( H7&$# 6</=D;/ ! !"#"$!% & δCdU"#$' () * +$,%$-) "!./!.0+ 1.) 
3)+" .%) 4#0$#"$!% )% 056!%+) 7 8# *$950)%
) *) 6!")%"$)8#668$1.5): 8) δC 4)." *$0) #;68$".*) "<6$1.) *)+ =.
".#"$!%+ >!% *$" #.++$ 4#0$#%
) *) 8# 1.#%"$"5 
!%+$*505)?8) 8!%, *. 
@);$% C' () δ *. +)
!%* ;);A0) 4)." *$0) #;68$".*) "<6$1.) *)+ =.
".#"$!%+ ;5+!+
!6$1.)++.0 8) *5+!0*0)' B% # #A#%*!%%5 8# %!"#"$!% 〈〉→
r
*) 8# +)
"$!% >C'D'D? )% $%*$
) 6!.0 *$0) 1.3.%) ;!<)%%)+6#"$#8) # 5"5 5,#8);)%" )9)
".5)' E!.0 5
0$0) 
)"") F!0;.8): !% # F#$" 83@<6!"@G+) 1.) 83#;68$".*) "<6$1.)*)+ =.
".#"$!%+ δCdU"#$(Φ) )+" $%*56)%*#%") *. 
@);$% )H#
" 6#0
!.0.' I)
$ )+" 40#$+);A8#A8) >
F' JK℄ &

δG1 )+" $%*56)%*#%" *) 83)%*0!$" !M 83!% 68#
) 8)+ +!%*)+ *) ")%+$!% "#%" 1.3)88)+ +!%" )+6#
5)+ *3.%)8!%,.).0 . LΦ?' %N6$4#O )" P<.Q$% F!%" 
) ,)%0) *3#660!H$;#"$!% 6!.0 .% 5
@#%"$88!% *$9.+$F JRS℄: ;#$+ )% 05#8$"5 
)8#*!$" T"0) 4#8#A8) 6!.0 "!." "<6) *35
@#%"$88!%: "#%" 1.3$8 < # *)+ $%")0F50)%
)+ 1.#%"$1.)+ &(3)0,!*$
$"5 %!.+ 6)0;)" *) *$0) 1.3$8 )+" 51.$4#8)%" *) 
!%+$*50)0 *)+ =.
".#"$!%+ +.0 8) *5+!0*0) !.+.0 8) =.H' U"")%"$!% "!.")F!$+: )88) %3)+" 4#8#A8) )% "@5!0$) 1.) "#%" 1.) Φ ≫ ΦC >⇔ B ≫ Bc 6!.0 %!"0))H650$)%
)?' (!0+ *) 
)+ !650#"$!%+ +.

)++$4)+: !% # 0);68#
5 *)+ =.
".#"$!%+ 8) 8!%, *3.%) "0#/)
"!$0) 7
Φ *!%%5 6#0 *)+ =.
".#"$!%+ #. %$4)#. *)+ +!%*)+ *) ")%+$!% +.0 .% $%")04#88) *) =.H #88#%" *) 0 7 Φ' B%%3# 6#+ 40#$;)%" ). 8) 
@!$H 6.$+1.) 
3)+" 8# +).8) 1.#%"$"5 1.) 83!% 6)." ;)+.0)0 #4)
 %!"0) *$+6!+$"$F'V% )9)": !% %3# 6#+ #

G+ 7 
@#1.) "0#/)
"!$0): ;#$+ 7 8# -,.0) *3$%")0F50)%
)+ 05+.8"#%" *) "!.")+ 8)+"0#/)
"!$0)+ 6!++$A8)+ )" !% %) *$+6!+) 6#+ *) ,0$88) 6!.0 F#$0) 4#0$)0 8) 6!")%"$)8 *) *5+!0*0)' '(# %!"#"$!% δΦ +.$4$) *) W: X !. Y )+" ."$8$+5) 1.#%* $8 +3#,$" *3.%) *3.%) 1.#%"$"5 %!% 8!
#8) 1.) 83!%;)+.0)0#$" 7 68.+ *) R 
!%"#
"+' E!.0 8# ;)+.0) R 
!%"#
"+: !% %3."$8$+)0# "!./!.0+ δ'PNC



 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+52+(-
(. 78,-0178(. 9: 
f

AS

S
f !"#  !"# $ %&'
)'*)+,-. /0. 1*2)+0. .345)2+6'0. 0) *-)+.345)2+6'0. 7S(Φ/Φc) 0) 7AS(Φ/Φc)8
,220.1,-/*-) 9 δGS

2 0) δGAS
2 : /0 &* 
,-/'
)*-
0 -,- &+-5*+20 /;,2/20 " 1,'2 '- 1,+-)6'*-)+6'0 
,<520-) 0- 7,-
)+,- /0 Φ/Φc! =0 
<*->040-) /0 
,41,2)040-) *11*2*?) 9

Φ = Φc!@- 2*110&&0 6'0 &;0A1,.*-)˜0.) ')+&+.5 1,'2 &0. ,.
+&&*)+,-. BC 0) 6'0 δG1 .+>-+D0 *41&+)'/0)31+6'0 /0. EF%.!%+-*&040-)G ,- ,H)+0-) 6'0 I
δCdU !"(Φ) ∼= γ#$%eV δΦG(Φ)

g
8 !#J:@- K,+) *&,2. 6'0 &0. L'
)'*)+,-. 0- L'A /0 dU !" ,-) &0. 4M40. 
*2*
)52+.)+6'0. 6'0 
0&&0./0 G1& '
)$%*
%"! 
;0.)N9N/+20 6';0&&0. ,-) &0. 4M40. 5
<0&&0. /0 K*2+*)+,- 8Φ0 0) Φc: 0) &0.4M40. ,2/20. /0 >2*-/0'2! F;0.) -,24*& 
*2 0&&0. ,-) &* 4M40 ,2+>+-0 I &0. +-)027520-
0.6'*-)+6'0.!O- ,')20G ,- 20)2,'K0 &0 25.'&)*) /0 P1+K*QNR3'S+- T"U℄ 1,'2 &* 
,41,.*-)0 EF% /'.+>-*& I

δCdU !"(Φ) ∼= γ#$%eV δG1

g
7AS(B/Bc) 8 !#":W0K0-,-. 9 125.0-)G 9 G2 /,--50 1*2 &* 7,24'&0 8 !JX:

G2
∼=
∑

i,j

(dφij/dV )(V =0)AiAj sin(φ
0
ij) cos(2πBSij/Φ0) 8 !##:F,440 &0. 
,225&*)+,-. /0 &* K*2+*)+,- 8/'0 9 &* /+Y520-
0 /0 1,)0-)+0& *11&+6'50: /01,)0-)+0& 5&0
)2+6'0 +-)02-0 .,-) '$-;8( /$+02( T"U℄G /*-. dφij ,- 10') *112,A+402 &0JZ 



 !" #$%&'()*
), -'., /0,,), 1'&23)*
),
dU !"( →r(t),Φ)  !" !#$ %"&'$
%)*"$ +&" δCdU !"(Φ), -# ).%*$#% &/)" 0!$ 1

dφij =
1

~

[∫

i

−
∫

j

dU !"( →r(t),Φ)dt] ∼= 1

~

[∫

i

−
∫

j

δCdU !"(Φ)dt] 23,456
∼= 1

~
(δCdU !"τij) ∼= 1

~

(
γ#$%eV δΦG(Φ)

g

)
τij 23,43678)9&' 1

G2
∼= e

~

γ#$%δΦG(Φ)
g

∑

i,j

τijAiAj sin(φ
0
ij) cos(2πBSij/Φ0) 23,4:6;#  <+&"&#% =&# /&  )>>$ /$ %$">$ ) 
*//&#% "&+*=$>$#% $% /$ %$">$ ) 
*//&#% /$#%$?>$#%@ */ A*$#% 1

G2
∼= e

~

γ#$%δΦG(Φ)
g

∑

i,j
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&@"/)/'*# P 
#**# -#*0#K#% Y&+#"H+&! 45\57 C8D]℄I 1 %(%)# -# 
&@"/)/(+&!: &! )#").+#!%# -/!+ */ G<$)# 4EIW7: */)#*/%(&! 
&$)/!%>"H/+# -# */ 3&!
%(&! '/*(+%(;$# 
&$)%# #% -# */ 3&!
%(&! %$!!#* C88D℄IJ!G!: &! !&%#)/ $!# <)/!-# +(@(*(%$-# #!%)# *# +$"#)
&$)/!% 4Φ0/2 ".)(&-(;$#7: -0$!#3&!
%(&! 45657 89: *&!<$# #% '/*(+%(;$#: "&)%. "/) *#+ .%/%+ -01!-)##2 #% *# 
&$)/!% "#)>@/!#!% @&L#! 4Φ0 ".)(&-(;$#7 -/!+ $! /!!#/$ !&)@/* $!(-(@#!+(&!!#* 4
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 14. 
')&-$%. 84&/-$4$%.S0/!/*&<(# #!%)# *# 
&$)/!% "#)@/!#!% @&L#! -/!+ $! /!!#/$ !&)@/* #% *# 
&$)/!% "&)%."/) *#+ .%/%+ -01!-)##2 / .%. @(+ #! .2(-#!
# "/) =^%%(B#): \@)L #% S/!-/$#) C888℄I J!%#)@#+ -# ;$/+("/)%(
$*#+: *# "H.!&@_!# "HL+(;$# #+% *# @`@# -/!+ *#+ a +L+%_@#+I \* +0/<(%-$ @/<!.%(+@# &)'(%/* 
/$+. "/) */ -."#!-/!
# #! M$N -# *0.!#)<(# #% /$++( -#+ R&!
%(&!+-0&!-# -#+ ;$/+("/)%(
$*#+I V0#+% */ !/%$)# -#+ ;$/+("/)%(
$*#+ ;$( -(K_)#I 9/!+ $! /!!#/$!&)@/*: 
#**#+ 
( +&!% -#+ .*#
%)&!+ 4&$ -#+ %)&$+7 (!-."#!-/!%+I J! )#2/!
H#: -/!+ */ "/)%(#!&)@/*# -0$!# 3&!
%(&! 45657: *#+ ;$/+("/)%(
$*#+ +&!% 
&$"*.#+ "/) *#+ ).M#N(&!+ -01!-)##2  !!"#!$%#& '("
 
"!!" 
%#("#!$%# "! "# '#!$
$*'#! +,- .' +,$!" ϕ = ϕ1 − ϕ2 = −4πΦ/Φ0/ 01"+! .'232" 
%#("#!$%# *%,- ."+ -".'!$%#+ 
%,-'#!4*5'+" 6"+ 78,-"+ 9/:/;& 9/<& 9/= "! 9/>/ ?'#+ .1';+%.,& ."+,*-'
%#6,
!",- "+! ;$"# +@- 6$'2'8#A!$B,"/8Wa
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(a)

(b)

ε(ϕ)

I(ϕ)

ϕϕ
π− π2π−2π !"#  !" # $%& '()
+,) -). /01)%23 -45/-,))1 (62, 2/) 76/
+06/ 8%90.+0:2) 96/;2) )+ <=!

ϕ ).+ 9% -0>?,)/
) -) (@%.) )/+,) 9). A .2(,%
6/-2
+)2,. $ϕ = ϕ1 − ϕ2 = −4πΦ/Φ0 .2,9). B;2,).&! $8& C62,%/+. (6,+?. (%, 9). /01)%23 -45/-,))1! D6+)E :2) 9). .()
+,). .6/+0-)/+0:2). (62, 2/) 76/
+06/ $'D'& 8%90.+0:2) 96/;2) <= )+ 2/ %//)%2 /6,F%9 G<H℄ J 9%-0>?,)/
) (,K. $)+ )99) ).+ -) +%099)& :2) -%/. 9) (,)F0), 
%. 9). /01)%23 .6/+M L60. -?;?/?,?.$M ).+ 9) /6F8,) -) 
%/%23&! <H"
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1

1 !"#  !" # $%&'()*+ 
*-.'+(/01'2% 34-+% 5*+
()*+ 6'&)2()7-% 89 
*-.(% %( 34-+% 5*+
()*+(-++%& : T = 0;! G %2( &' 
*+3-
('+
% 3% &' 5*+
()*+!2-. &%2 6*.32 2-0.'
*+3-
(%-.2! <+% '-(.% 3)=>.%+
% %2( 7-% &%2 
*-.'+(2 0%.?'+%+(2 2*+(0'.'?'@+>()7-%2 %+ ?*A%++% %( 7-% &% 2-0%.
*-.'+( %2( (*-5*-.2 3)'?'@+>()7-%!B' 3>0%+3'+
% 3- 
*-.'+( 
.)()7-% %( 3%2 
*-.'+(2 0%.?'+%+(2 C)2/:/C)2 3- +*?6.% 3%
'+'-D 3% 
*+3-
()*+ M %2( >@'&%?%+( E*.( 3)=>.%+(%! F+ %=%(G 2'+2 3>2*.3.% &% 
*-.'+(0%.?'+%+( ?*A%+ 0*.(> 0'. -+ 
'+'& %2( evF/L = δ/Φ0 *H δ %2( &4>
'.( ?*A%+ %+(.%&%2 +)C%'-D IJ8G 8"℄! L-'+3 )& A ' M 
'+'-DG %( %+ &4'62%+
% 3% 3>2*.3.%G &4'?0&)(-3% 3-
*-.'+( 0%.?'+%+( ?*A%+ %2( 0%- '=%
(>%! M%&' 0%-( 24%D0&)7-%. 0'. &% E')( 7-% &%2 
*-.'+(20*.(>2 0'. &%2 +)C%'-D 0').2 %( )?0').2 2% 
*?0%+2%+( 0.'()7-%?%+(G %( 7-4)& +% .%2(% 0*-.&% 
*-.'+( ?*A%+ 7-4-+% 
*+(.)6-()*+ 7-) >7-)C'-( : -+ 2%-& >&%
(.*+ '- +)C%'- 3% N%.?)!O'. 
*+(.%G &% 
*-.'+( (A0)7-% C'-( P δI = √MevF/L!Q- 
*+(.').%G &% 
*-.'+( 
.)()7-% '-@?%+(% 'C%
 &% +*?6.% 3% 
'+'-D 3% 
*+3-
()*+!M%
) %2( 3R '- E')( 7-% &' .>S%D)*+ 34Q+3.%%C +% ?*3)T% 0'2 &%2 
*?0*2'+(%2 (.'+2C%.2%2U0'.'&&V&%2 : &4)+(%.E'
%W 3% &4)?0-&2)*+ 3% &' 7-'2)0'.()
-&% U
E! N)@!  !XW! B%2 >+%.@)%2 +%3>0%+3%+( 7-% 3% &4)?0-&2)*+ &*+@)(-3)+'&% q! 9'+2 -+% 5*+
()*+ 6'&)2()7-%G &%2 +)C%'-D34Q+3.%%C 2*+( 3*+
M E*)2 3>@>+>.>2G 
% 7-) +4%2( 0'2 &% 
'2 3'+2 -+ '++%'- +*.?'&! 9'+2&%2 5*+
()*+2 
*-.(%2 ULN ≪ ξ *- E ! ≫ ∆W Y%%+'Z%. %( ['+ \*-(%+ I88X℄ 0.>3)2%+( 7-%&% 
*-.'+( 
.)()7-% %2( 7-'+()T> %+ -+)(> 3% e∆/~ %( 0.*0*.()*++%& '- +*?6.% 3% 
'+'-D!M% 01>+*?V+% *62%.C> 0'. ]'Z'A'+'@)  ! "#$ I88^℄ %2( &4'+'&*@-% 3% &' 7-'+()T
'()*+ 3% &'
*+3-
('+
% 0*-. -+ 0*)+( 7-'+()7-%! M%((% 0.*0.)>(> 3>
*-&% 3- E')( 7-4)& %2( 0*22)6&% 3%.>2*-3.% &%2 >7-'()*+2 3% Y*@*&)-6*C/3% _%++%2 
'+'& 0'. 
'+'&! B% 
*-.'+( 
.)()7-% (*('&%2( '&*.2 &' 2*??% 3%2 
*-.'+(2 
.)()7-%2 3% 
1'
-+ 3%2 
'+'-D! O*-. &%2 5*+
()*+2 &*+@-%2GN-.-2'Z)  ! "#$ I88"℄ *+( ?*+(.> 3'+2 &% 
'2 3% 5*+
()*+2 6)3)?%+2)*++%&&%2 `-0.'
*+3-
(%-./ `%?)
*+3-
(%-. / `-0.'
*+3-
(%-. 7-% &% 
*-.'+( 
.)()7-% 
.*)22')( &)+>').%?%+( 'C%
 &'&'.@%-. 3% &' a*+% +*.?'&%! ]*-(%E*)2G 
%((% 
.*)22'+
% +4%2( 0'2 -+)C%.2%&&% 
'. %&&% 3>0%+38""



 !" #$%&'()* 
),-&*'./0&1$ /),- %$1 2)*
'()*1 34546 $' 34746 89:
 !

 "

#

"

!

 !""#$!"

%&'#()

*#++,-

.

%

%

/
,
0
1
2
3
1
4

2

56--!$)!7#,

%%%&'#() !"#  !" # $%&'()*+ 
*-.'+(/01'2% 34-+% 5*+
()*+ 67 8'&)2()9-% 
*-.(%: 34-+% 5*+
()*+ 673);-2)<% 
*-.(% %( 34-+% 5*+
()*+ (-++%& = T = 0>! ?%2 
*@0*2'+(%2 3% A*-.)%. 2*+( %+ 1/n20*-. &' 5*+
()*+ 67 3);-2)<% 
*-.(%! B*-. &' 5*+
()*+ (-++%& 2%-&% &' 0.%@)C.% 1'.@*+)9-%+4%2( 0'2 +-&&%!3%2 
'.'
(D.)2()9-%2 3% &' 5*+
()*+ %( %+ 0'.()
-&)%. 3% 2' E*.@%!;&1 <, =>'&% <(?,1(@?' 2)(-'()*+ 2% 
*@0&)9-% 3'+2 -+% 5*+
()*+ FGHGI 3);-2)<% 0'.
% 9-% &%2 +)<%'-J34D+%.K)% 2*+( %+
1%<L(.D2! M& 3%<)%+( )@0*22)8&% 34'<*). -+% %J0.%22)*+ '+'&N()9-% 3%2
*-.'+(2 0*.(D2 0'. &%2 +)<%'-J! O-22) 3D
*@0*2%/(/*+ &' .%&'()*+ 
*-.'+(/01'2% %+ 2D.)%3% A*-.)%. P
Isu(ϕ) =

∞∑

n=1

In
c sin(nϕ) F !"IM& +4N ' 9-% 3'+2 &' &)@)(% 3%2 (.C2 E')8&%2 (.'+2@)22)*+2: 
*@@% 0'. %J%@0&% 0*-. -+%5*+
()*+ (-++%&: 9-% ∀n > 1, In

c = 0 %( 9-4*+ .%(.*-<% &' .%&'()*+ 3% Q*2%012*+! B*-. &'0&-0'.( 3%2 '-(.%2 &)%+2 E')8&%2: &%2 In
c +% 2*+( 0'2 +-&&%2! B'. %J%@0&%: 0*-. &' 5*+
()*+8'&)2()9-% &*+K-% %( 67: *+ ' In

c ∝ −(−1)n/n R66"℄ @%+'+( = -+ 
*-.'+( %+ 3%+( 3%2
)%! T-'+3 &%2 
*%U
)%+(2 3% (.'+2@)22)*+ +% 2*+( 0'2 (.C2 )+ED.)%-.2 = 1: &%2 0').%2 3%V**0%. (.'+2ED.D%2 = (.'<%.2 &' 5*+
()*+ 0%-<%+( L(.% 
*..D&D%2! ?4'00'.)()*+ 341'.@*+)9-%22-0D.)%-.%2 0%-( L(.% )+(%.0.D(D% 
*@@% &% (.'+2E%.( 
*..D&D 3% n 0').%2 3% V**0%. = (.'<%.2&' 5*+
()*+ <)' 3%2 .DW%J)*+2 34O+3.%%< @-&()0&%2! B'. %J%@0&%: &% 9-'+(-@ 3% W-J 0*-.&' n!"#$ 1'.@*+)9-% %2( h/(2ne): 
% 9-) 
*..%20*+3 = -+% 
1'.K% 2ne!  ! "#$ % &'( )(* *+"'* ,%-
( &'( 
/%"0(- !% ,/%*( ϕ → −ϕ -(1+("2 3 -("1(-*(- *,%2+%!(4("2 !#5
/%"2+!!6",%- -%,,6-2 3 !#%7( ,(-,(")+
'!%+-( 3 !% 86"
2+6"9 
( &'+ (*2 5&'+1%!("2 3 
/%"0(- !( *("* )' 
6'-%"2:6X"



 !" #$%&'()
%+'$ !"#$"%  ! "#$ &''(℄ *+, 
."
/"0 "$1 
*$2
!$+,1 In
c 3.+1 "$ 
.1 3$ 4*+
,!*+1 56768 "*+9/$13!:/1!;$1 < "=.!3$ 3$1 0>/.,!*+1 3=?1.3$" &''@℄A B$1 3$C+!DC$1 1*+, !11/$1 3$1 0>/.,!*+1 3$E*C=F*; &''G℄ .HCD1 %*I$++.9$ 1/C "$ 301*C3C$A J*/C 3$1 4*+
,!*+1 
*/C,$1 LN ≪ ξK !"1*+, *L,$+/ < T = 0M 5
NA O!9A @AP H*/C /+$ 
*%H.C.!1*+ .;$
 "$1 4*+
,!*+1 L."!1,!>/$1
*/C,$18 Q

In
c = − 2π(−1)n∆

eRN(2n+ 1)(2n− 1)
5@A(8J*/C "$1 4*+
,!*+1 !+R+!%$+, "*+9/$1 < T = 0MK !"1 *+, ,C*/;0 H.C .+."*9!$ /+$ .HHC*S!T%.,!*+ +/%0C!>/$ >/! .4/1,.!, L!$+ "$1 3*++0$1 Q

In
c ≈ −

(−1)n 33 E!"
eRN(2n+ 1)(2n− 1)

5@A@8U" 1$%L"$ 3*+
 >/$ "$ 
*+,$+/ $+ #.C%*+!>/$ 1*!, "$ %V%$ $+ 4*+
,!*+ 3!:/1!;$ 
*/C,$ $,"*+9/$ 5
NA O!9A @A(8A W.!1 /+$ HC$/;$ C!9*/C$/1$ +=$S!1,$ H.1 $+
*C$ < +*,C$ 
*++.!11.+
$AX+ H.C,!
/"!$CK *+ . H*/C ". HC$%!DC$ #.C%*+!>/$ eRNI
1
c ≈ 11E!" < T = 0MAY$/C1 HC03!
,!*+1 H*/C ". C$".,!*+ 
*/C.+,TH#.1$ 3=/+$ 4*+
,!*+ ,CD1 "*+9/$ 5∆/E!" =

1068 1*+, 3*++0$1 3.+1 ". C0N0C$+
$ &''Z℄A U"1 HC0;*!$+, /+ %.S!%/% 1!,/0 < ϕ = 1.28π/2K
ϕ = 1.2π/2 $, ϕ ≈ π/2 H*/C 3$1 ,$%H0C.,/C$1 3$ kBT/E!" = 0.02K kBT/E!" = 1 $,
kBT/E!" = 5 C$1H$
,!;$%$+,A J*/C kBT/E!" = 0 $, kBT/E!" = 1K ". C$".,!*+ 
*/C.+,TH#.1$ H$/, V,C$ .HHC*S!%0$ H.C Q

eRNIc(ϕ) = 11E!" [sin(ϕ)− 0.2 sin(2ϕ) + 0.09 sin(3ϕ)− 0.05 sin(4ϕ)] 5@AG8$, C$1H$
,!;$%$+, H.C Q
eRNIc(ϕ) = 10.1E!" [sin(ϕ)− 0.16 sin(2ϕ) + 0.04 sin(3ϕ)− 0.01 sin(4ϕ)] 5@AZ8H/!1K $""$ HC$+3 C.H!3$%$+, ". N*C%$ 3=/+$ 1!+/1*[3$ 5< kBT/E!" = 5K "$ 1$
*+3 #.C%*+!>/$+=.,,$!+, >/$ 2% 3$ "=.%H"!,/3$ 3/ N*+3.%$+,."8A !"!# $%&'
&)* +* ,- .*/0%*\.+1 
$,,$ H.C,!$K *+ $SH"!>/$ 3=.L*C3 
*%%$+, $+ /,!"!1.+, /+$ 4*+
,!*+ 56768 $+90*%0,C!$ 3$ ,IH$ 6]?U\ ^BK *+ H$/, N.!C$ ;.C!$C 1!%H"$%$+, ". 3!:0C$+
$ 3$ H#.1$ ϕ./S L*C+$1 3$ ". 4*+
,!*+ 9C_
$ ./ 
#.%H %.9+0,!>/$K .R+ 3=0,/3!$C ". C$".,!*+ 
*/C.+,TH#.1$A B*%%$ !" +*/1 $1, .HH.C/ 4/3!
!$/S 3.+1 /+ HC$%!$C ,$%H1 3$ ,C.;.!""$C .;$
 /+$90*%0,C!$ 3$ ,IH$ 6]?U\ \B 
*++$
,0K *+ 1=!+,0C$11$C. $+1/!,$ < 
$,,$ 90*%0,C!$A ^ +*,C$
*++.!11.+
$K $""$ +=. 4.%.!1 0,0 0,/3!0$ .;$
 /+ %0,." 3!:/1!N $+ 4*+
,!*+ "*+9/$ $, $""$+*/1 H$C%$,,C. 09."$%$+, 3$ N.!C$ ;.C!$C ϕA `+ 1=!+1H!C$ 3$1 C0N0C$+
$1 &'abK 'aP℄A,'$
%+'$ -$ ./'0/%&+- 123#4 56Y. 90*%0,C!$ 6]?U\ ^B 56/H$C
*+3/
,!+9 ]/.+,/% U+,$CN$C$+
$ \$;!
$8 $1, /+$L*/
"$ 1/HC.
*+3/
,C!
$ 5
NA O!9A @A@8 !+,$CC*%H/$ H.C /+ "!$+ N.!L"$ 5"$ 6]?U\ ^B $1,90+0C."$%$+, 
*+1,!,/0 3=/+$ R+$ 
*/
#$ !1*".+,$K %.!1 "$1 C01/",.,1 1*+, ./11! ;.".L"$1  ! "#$%&' &$ (#
*'&+ 2π ,#$- !'&+ #+*.
!'/'b(
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 !7" !"#  !" # $%&'()*+ 
*-.'+(/01'2% 34-+% 5*+
()*+ 67 3)8-2)9% &*+:-%; 
*-.(% <(.'
=% >0'.(). 3% &' .=?=.%+
% @66"℄B %( 34-+% 5*+
()*+ (-++%& > T = 0C! D((%+()*+; &%2 
*-.E%2 0*-.&%2 5*+
()*+2 3)8-2)9%2 %+ :=*F=(.)% 
*-.(% %( &*+:-% *+( =(= 2-0%.0*2=%2 0*-. )+2)2(%. 2-.&% ?')( G-4%&&%2 *+( &% FHF% 
*+(%+- %+ 1'.F*+)G-%; F')2 &%-. 'F0&)(-3% <)+3)G-=% > :'-
1%%( > 3.*)(% .%20%
()9%F%+(B 2*+( 3)8=.%+(%2!
JJ

(a) (b)

ϕ1

Φ

Φ

ϕ2

ϕ1
up

ϕ1
dn

ϕ2
up

ϕ2
dn

IDC

isu2isu1

i1 i2

iec

isu !"#  ! # $%0.=2%+('()*+ 2
1=F'()G-% 3% IJKL72! <'B M% IJKL7 DN %2( 
*+2()(-= 34-+%E*-
&% 2-0.'
*+3-
(.)
% )+(%..*F0-% 0'. -+% 5*+
()*+ O*2%012*+! M% P-Q )+
&-2 3'+2 &'2-.?'
% 3- IJKL7 0%.F%( 3% ?').% 9'.)%. 
*+()+RF%+( &' 3)8=.%+
% 3% 01'2% '-Q E*.+%23% &' 5*+
()*+! <EB M% IJKL7 7N %2( 
*+2()(-= 34-+% E*-
&% 2-0.'
*+3-
(.)
% 
*F0*.('+(-+% 5*+
()*+ O*2%012*+ 3'+2 
1'G-% E.'2 3% &4'++%'-!6S 



 !" #$%&'()
%+'$ !"# $% 
!#  '("% )*"
+,*" -./.001 2!  %"#,+3  % 
*(4!"+ 
!$
($3% 5 6!4+,4  % $! 7*"
+,*" '*" %  % $'3+!+ 7*" !8%"+!$  ( #(64!
*" (
+%(4 ψ =
√
neiϕ9 %#+ :

~j = 2e
(
ψ†~vψ

)
=
2ne

m

(
~~∇ϕ− 2e ~A

) -;1<=0., *" ,"+>?4% 
%++% 4%$!+,*" #(4 (" 
@%8," #(A#!88%"+ 3$*,?"3  %# B*4 #  % $'!""%!( 6*(4C(% $% 
@!86 8!?"3+,C(% "% 63">+4% 6!#9 *" ! ~j = ~0 %+  *"
 :
~~∇ϕ = 2e ~A -;1<<0D*88% $'36!,##%(4  % $! )*"
+,*" %#+ 7!,B$%9 *" 6%(+ "3?$,?%4 $% E(F  !"# $! 6!4+,% ,#*$!"+%1G" ,"+3?4!"+9 *" *B+,%"+ :

∫ 2

1

~A.~dl ≈
∮

~A.~dl ≈ ~B.~S ≈ Φ %+ : ∫ 2

1

~∇ϕ~dl = ϕ2 − ϕ1 -;1<H0I'*J :
ϕ2 − ϕ1 = ϕ = 4π

Φ

Φ0

-;1<K0I*"
 ?4L
% !( 
@!86 8!?"3+,C(%9 *" 6%(+ 7!,4% M!4,%4 
*"+,"N8%"+ $!  ,O34%"
%  % 6@!#%!(F B*4"%#  % $! )*"
+,*" P*#%6@#*"1 Q$ "% 4%#+%4! 6$(# C('5 8%#(4%4 $% #(6%4
*(4!"+ C(,
,4
($%  !"# $! B*(
$% 6*(4 3+( ,%4 $! 4%$!+,*" 
*(4!"+R6@!#%  % $! )*"
+,*"1 S" 
*86+%9 5+%48%9 8%#(4%4 
% 
*(4!"+ 6!4 ("% 8%#(4%  '!,8!"+!+,*" M = IsuS1 2'!M!"+!?%  % 
%++%83+@* % %#+ C('*" %#+ #%"#,B$%  ,4%
+%8%"+ !( #(6%4
*(4!"+ %+ "*" !( 
*(4!"+  % +4!"#,+,*" '(" 3+!+ #(64!
*" (
+%(4 M%4# (" 3+!+ "*48!$ -
71 $! ?3*83+4,% .TUQI ID01I!"# $% 
!#  % $! )*"
+,*" -.Q.09 6*(4 *B+%",4 $% 
*(4!"+  !"# $% .TUQI *" 6%(+43,")%
+%4 $'3C1-;1<K0  !"# $! 4%$!+,*" P*#%6@#*" :
Isu = Ic sin(ϕ) = Ic sin(4π

Φ

Φ0

) -;1<V0W*(+%7*,#9  !"# 
%++% 4%$!+,*" ,$ 7!(+ 64%" 4% %" 
*86+% $% 7!,+ C(% $% E(F Φ  !"# $! B*(
$%"'%#+ 6!# 7*4
38%"+ $% E(F !66$,C(3 Φ !"9 $'," (
+!"
%  % $'!""%!( L#$% ,"+%4M,%"+1 X,"#,9*" ! :
Φ = Φ !" − L#$%Isu -;1<Y0W!"+ C(% $% 
*(4!"+ 4%#+% ,"734,%(4 !( 
*(4!"+ 
4,+,C(%9 *" 6%(+ (+,$,#%4 $! 4%$!+,*" -;1<V0-#,"*"9 (" C(!"+(8  % E(F 63">+4%  !"# $'!""%!( %+ Isu  3
4*Z+  % 7![*" !B4(6+%  %

Φ0/L#$%0 %+ ,$ M,%"+ :
4πΦ !"
Φ0

=
4πΦ

Φ0

+
4πL#$%Ic

Φ0

sin

(
4πΦ

Φ0

) -;1<\02% 
*86*4+%8%"+  % Φ/Φ0 %" 7*"
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NbCourt NbLong Al13sqb Al13sqc Al13filc Al17ah Al17b Al17ch

Largeur Au W(µm) 0.4 0.4 0.125 0.125 0.125 0.13 0.15 0.2

Epaisseur Au t(µm) 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

LN(µm) 0.75 1.2 0.9 1.3 1.25 0.9 1.5 1.9

ETh tirée de l'ajustement haute T (K) 0.14 0.05 0.033 0.036 0.044 0.047 0.03 0.026

∆ (K) 16.3 16.3 2.07 2.07 2.07 2.07 2.07 2.07

∆/Eth 116 326 63 58 47 44 69 80

RN tirée de l'ajustement haute T  (Ω) 0.26 0.46 3.0 3.7 4.6 1.5 2.4 2.7

R(Ω) tirée de dVdI 0.39 0.70 5.0 5.0 6.0 2.6 3.3 3.0

Ic(µA) 332 68 12.5 3.7 4.3 17.0 7.6 4.6

RndVdI x Ic /Eth 10.7 11.0 22.0 6.0 6.8 10.9 9.7 6.2

D(m²/s) 0.011 0.010 0.004 0.008 0.009 0.005 0.009 0.013

le(nm) 23 21 8 18 20 11 20 28

Ir(µA) 75 16 1.0 0.5 0.6 1.3 1.0 0.5

Ismax/Ir 4 4 13 7 7 13 8 10

Ismax(B) en µA 320 73.5 / / / 16.5 8.4 4.8

Ismin(B) en µA 174 24.5 / / / 9 1.97 0.58

ras=(max-min)/max 0.46 0.67 / / / 0.45 0.77 0.88

surface N in µm² 0.3 0.48 0.11 0.16 0.16 0.12 0.23 0.38

Bc=Φ0/(2WL) 67 42 178 123 128 171 89 53

Bc' tiré du fit Ic=exp(-0.5(B/Bc'))² 58 31 127 113 141 219 158 99

S=Φ0/Bc' 0.34 0.65 0.16 0.18 0.14 0.09 0.13 0.20 !"#  !" # $%&%
()&*+(*,-.+ /.+ /*0)&.1(+ )
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,& -'.%/,*(',00,&[* 0&'(')*+
- .(/&0-+)(-11- -') 0-<0&'-+)&- -+ 23+
)(3+ .4 
340*+) '40 1* aB40- = !"#?<340 1-' &
A*+)(113+' .- 89:;4:89! 5*+' 17&)*) +30>*1 '* N*1-40 +- N*0(- C4- .- C4-1C4-'

%M *130' C4- <340 1-' &
A*+)(113+' .7;1:;4:;1M -11- N*0(- 9(-+ <14'! 6-
( -') .b *4] (+A3c"UU



 !" #$%& '% () &%*+,-)&.-% /01 !"#$#%&#' ()' *+' (,-+. %$%. /.% 0).1)$& "#$#2)2 ()' '-.&' () 03-') (-$' +) '.02-
!$5(.
&).267) 8-9!$ 0+.' /.-$&%&-&%1): %+ $,)'& ;- -%' 8-
%+) (-$' 
) ")$2) ()  )'.2) () (#&)2 %$)20-28-%&) )$& +- 1-+).2 () RN < 
-.') () +,)=)& () 02!>% %&# /.% (% %$.) +- 2#'%'&-$
) ')+!$
R !" = RN(1 − 2LT/LN) ?
86 @AAB℄D6 E 3-.&) &) 0#2-&.2) kBT > 20E#$: !$ &2!.1) .$)(% %$.&%!$ %$8#2%).2) < 25%6 F$ 0).& -.''% -1!%2 ()'  -.1-%' 
!$&-
&' < +,%$&)28-
) /.% -.
!$&2-%2) -." )$&)$& +- 2#'%'&-$
)6 G$ 8-%&: %+ ')2-%& H!$ () 2#-+%')2 )$  I ) &) 0' /.)0+.'%).2' ;!$
&%!$' ?JKJD $) (%=#2-$& /.) 0-2 LN : .$ *+ (.  I )  #&-+ $!2 -+ 2)+%# < L
!$&-
&' $!2 -.>6 M) ()2$%)2 $!.' (!$$)2-%& +)' 
-2-
&#2%'&%/.)' (.  #&-+ le, D6 N-  )'.2)()' 2#'%'&-$
)' ?RN+R
&'()
(D ()' ;!$
&%!$' ?JKJD () (%=#2)$&)' +!$".).2 $!.' 0)2 )&&2-%&(,-1!%2 +- 2#'%'&-$
) () 
!$&-
& )$&2) +)  #&-+ )& +) '.02-
!$(.
&).2: 0.%' () 2) !$&)2 <+- 2#'%'&-$
) () +- 0-2&%) $!2 -+) ').+) ?< +-  -$%O2) () @APQ℄D6 F$ 0!.22-%& 
! 0-2)2+- 1-+).2 &2!.1#) -1)
 
)++) /.,!$ -&&)$(2-%& )$ .&%+%'-$& +)' 
-2-
&#2%'&%/.)' (. $!2 -+6R-+3).2).') )$&: 
)+- $,- 0-' #&# 8-%&6 K#-$ !%$': 
) /.,!$ 0).& (%2) 
,)'& /.) 0!.2 +)K%!H%. : +)'  )'.2)' () RN ?)$ 2)82!%(%''-$&: )$ .&%+%'-$& +-  -2
3) () +- 
-2-
&#2%'&%/.)S?TD: !. H%)$ -1)
 +- 1-+).2 () +- 2#'%'&-$
) (%=#2)$&%)++) (. 0+-&)-.D '!$& )$ -

!2( )$&2))++)'6 M)' 1-+).2' '!$& -002!>% -&%1) )$& 1.5 8!%' 0+.' 0)&%&)' /.) +- 2#'%'&-$
) /.,!$-&&)$(2-%& )$ %$;)
&-$& le: !H&)$. 1%- E#$ (. *& 3-.&) &) 0#2-&.2) () Is: (-$' +- 2#'%'&-$
)() 72.()*: 
) /.% )'& )$ -

!2( 2-%'!$$-H+): 
! 0&) &)$. ()' %$
)2&%&.()' '.2 RN 6 T+ )'&)$
!2) 0+.' (%U
%+) () (#&)2 %$)2 RN 0!.2 +)' #
3-$&%++!$' E+VE.VE+ < 
-.') () +,-H')$
)() 0+-&)-. (-$' +- 
!.2H) R(T )6 !"!# $%&'()*+,,-& ./ 
(/*+1' .- '*+1&%'%(1G$*$: .$ )>) 0+) (,3%'&!"2-  ): !H&)$. 0!.2 .$ (#03-'-")  .+&%0+) () π [2π] )$&2)+)' H2-' () +,-$$)-.: )'& 2)02#')$&# '.2 +- *".2) ?W6AXD6 T+ - #&# !H&)$. )$ -." )$&-$&+%$#-%2) )$& +) 
!.2-$& () 0!+-2%'-&%!$ < .$) 82#/.)$
) () 65YZ: < 0-2&%2 (,.$) 1-+).2+#"O2) )$& $#"-&%1) ;.'/.,< .$) 1-+).2 I )+ > Ic6 [)$(-$& 
) &) 0' +<: !$ )$2)"%'&2-%& +-1-+).2 < +-/.)++) -00-2-%''-%& .$) (%=#2)$
) () &)$'%!$6 N- 8!2 ) () +,3%'&!"2-  ) 0).&I&2) 2)+%#) < +,)$1%2!$$) )$& #+)
&2! -"$#&%/.) () +- ;!$
&%!$6 F$ 0).& -%$'% (#*$%2 ?()8-9!$ 02)'/.) #/.%1-+)$&)D +) 
!.2-$& () &2-$'%&%!$ 
!  ) +- 1-+).2 +- 0+.' 02!H-H+) !.H%)$ +- 1-+).2  !\)$$) () +,3%'&!"2-  )6 !" #$%& '% () &%*+,-)&.-%F$ #&.(%) 0-2 +- '.%&) +,%$].)$
) () +- &# 0#2-&.2) '.2 +)' 
!.2-$&' () &2-$'%&%!$ )&() 2)0%#")-") ?
86 ^%"6 W6AQ 0!.2 +) K%!H%. )& ^%"6 W6A_ 0!.2 +,E+. %$%. D6 K!' (!$$#)'
!  ) 
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- -1 '-,75*+'/*-F$ - (#;- (!$$# (-$' +- ')
&%!$ ?_6a6LD: +)' 2#'.+&-&' -&&)$(.' 0!.2 0+.'%).2' '!2&)'() ;!$
&%!$ ?JKJD < T = 0c6 G>0!'!$' +)' 02#(%
&%!$' () `%+3)+  ! "#$ @AaQ℄ < &!.&)  !"# 
% 
&'
"'( !) & *+%) ,-# .%)" 
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!" #$ !"#  !"# $ %&'()*+,--. /0 
)0+,2( /. (+,2'&(&)2 /. 34,22.,0 /. 56780756 3. 930'
)0+( :LN = 0.75µ-; 9)0+ Φ = (2n + 1)Φ0/4 /,2' 3, '0+<,
. /. 34,22.,0! 5)(.= 3,<)+-. ,'>-?(+&@0.! A. 6+0&( /,2' 3, B)2
(&)2 3, <,&( (+,2'&(.+ 930' ')0C.2( ,C,2( 3, C,3.0+/0 
)0+,2( /. (+,2'&(&)2 Is @04,9+D'! Is .'( /?E2& 
)--. 3, C,3.0+ 3, 930' 9+)6,63. /.34F&'()*+,--. )0 /. <,G)2 @0,'&H?@0&C,3.2(. 
)--. ', C,3.0+ -)>.22.!
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-.#**5(0 !"#  !"I $ J)0+,2( /. (+,2'&(&)2 .( /. +.9&?*.,*. .2 <)2
(&)2 /. K 9)0+ 3.' L ,22.,0M/. 56780756! A.' 9)&2(' ')2( &''0' /.' -.'0+.' .M9?+&-.2(,3.' .( 3.' (+,&(' 
)2(&20'
)++.'9)2/.2( N 34,B0'(.-.2( F,0(. (.-9?+,(0+. ,C.
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(µ
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T(mK)

13Sqc !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,- 2 3&'( 4-. 5
6)*+/44&*. ,- 7487'874!+-935()+'(- 3&'( '*- :&*
+/&* 4&*;'- ,/<'./=-! >)*. 4) 4/9/+- 2)33% &%*+,-)&.-% kBT <
2.5E ! -+ ?'-4?'- .&/+ 4- ()33&(+ ∆/E ! > 20@ '*- )33(&A/9)+/&* BC 9/-'A ?'- 1% 3(D.E,-. 
)4
'4. *'95(/?'-. 3-'+ F+(- ,&**5- 3)( 4) 4&/ G

eRNIc = bE !(1− 1.3e
− bE !

3.2kBT

) B !HE&I b -.+ 4) =)4-'( ,' 
&'()*+ 
(/+/?'- eRNIc/E ! C T = 0J@ ?'/ ,53-*, ,' ()33&(+ ∆/E !!K&'( ∆/E ! = ∞@ b = 10.82 L 3&'( ∆/E ! = 100@ b = 10 L -+ 4) =)4-'( +&9M- C b < 6.23&'( ∆/E ! < 10 B
0! N""O℄ 3&'( ,Q)'+(-. =)4-'(.E!>)*. 4) 4/9/+- 4).&% &%*+,-)&.-% kBT > 5E !@ '*- )33(&A/9)+/&* ?'/ .&'. -.+/9-,Q-*=/(&* 3% 4- (5.'4+)+ -A)
+@ -.+ G
eRNIc = 64πkBT

L

LT

∆2e−LN/LT

[
πkBT +∆+

√
2Ω0 (Ω0 + πkBT )

]2 B !#E&I G Ω0 =
√
∆2 + (πkBT )2!K&'( '*- :&*
+/&* /*R*/9-*+ 4&*;'- -+ 3&'( πkBT = 12.9E !@ 
-++- 0&*
+/&* 3-'+ F+(-)33(&A/95- 3)( '*- -A3&*-*+/-44- ,5
(&/..)*+- ,- 4) 0&(9- exp(−πkBT/(11.4E !))! !"!# $%&'()(*+%, -./%)*0102'/)*0,
0%- ?'/ 0&*
+/&**- +(D. M/-* -.+ 4Q):'.+-9-*+ ,- Is C 6)'+- +-935()+'(- )=-
 4) 0&(S9'4- B !#E! T-. 3)()9D+(-. ):'.+)M4-. .&*+ 4Q5*-(;/- ,- 26&'4-.. -+ 4) (5./.+)*
- ,)*. 4Q5+)+"HO
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Experiment

Theory (∆/E
Th

 = 115.942)

Nb short junction !"#  !" # $%&'()* +, *'()-.*.%) ,) /%)
*.%) +, 1( *,234'(*&', 3%&' 15()),(& +,6789&867 :LN = 0.75µ2; < Φ = (2n)Φ0/4! =,- 3%.)*- )%.'- 3'%>.,)),)* +, )%- 2,?-&',-@ 1,- 
(''4- '%&A,- 3'%>.,)),)* +& 2%+B1, +, $&,>(- C"D"℄! F%) (G&-*,2,)* (>,
 +,-
%)*(
*- 3('/(.*- +%)), 1( 2H2, >(1,&' 3%&' ∆/E ! I&5(>,
 1( /%'2&1, : !J;! =( KA&',)%&- ( 4*4 /%&')., 3(' L!$! $&,>(-!)%'2(1 RN ! M(' (.11,&'-@ 1( /%'2&1, : !N; (G&-*, 4A(1,2,)* 7.,) 1,- +%))4,- < 7(--, *,2?34'(*&',@ 2(.- ,11, ), /%&').* 3(- 1,- 2H2,- >(1,&'- 3%&' E ! ,* RN :3(' ,O,231, 3%&' 1(G%)
*.%) 1%)A&, +, 6.%7.&2 P 15(G&-*,2,)* Q(&*, *,234'(*&', /%&').* RN ≈ 0.46Ω ,* E ! ≈
502R (1%'- I&, 15(G&-*,2,)* 7(--, *,234'(*&', /%&').* RN ≈ 0.78Ω ,* E ! ≈ 672R;! S)/(.*@ 1, 2%+B1, )5(''.>, 3(- < (G&-*,' < 1( /%.- 1,- Q(&*,- ,* 1,- 7(--,- *,234'(*&',-! T1 ,),-* +, 2H2, 3%&' 1, 2%+B1, +, $&,>(- C"D"℄ :
/! U.A!  !" ; I&. 3(' (.11,&'- /%&').* 1( 2H2,>(1,&' 3%&' ∆/E ! I&, 1( /%'2&1, : !J;! VH2, -. 
, 2%+B1, 3,&* 3',)+', ,) 
%23*, +,-.)*,'/(
,- .23('/(.*,- ,)*', 1, -&3'(
%)+&
*,&' ,* 1, 24*(1 )%'2(1@ .1 )5(''.>, 3(- )%) 31&-< (G&-*,' 1,- +%))4,- ,O34'.2,)*(1,- -&' *%&*, 1( A(22, +, *,234'(*&',-! $,1( ',-*, +%)
< 
%23',)+',!W%&G%&'- ,-* .1 I&, )%&- /(.-%)- 
%)K()
, < 1( >(1,&' +, E ! *.'4, +, 15(G&-*,2,)* +, Is< Q(&*, *,234'(*&', 3&.-I&, 
,11, 
. .)*,'>.,)* ,) ,O3%),)*.,11, ,* 15(G&-*,2,)* ,-* *'B- 7%)-&' &) A'()+ .)*,'>(11, +, *,234'(*&', :0.2−2R;! T1 ,-* 31&- +.X
.1, +, /(.', 
%)K()
, < RNI&. )5.)*,'>.,)* I&5,) 3'4/(
*,&'! F. 15%) 3',)+ 1, RN %7*,)& 3(' 
, 2H2, (G&-*,2,)* ,)*,234'(*&',@ %) (''.>, < &), >(1,&' +, b .)/4'.,&', < 10.8 I&. ,-* 1( >(1,&' (**,)+&,! F. 15%)3',)+ 1, RN %7*,)& 3(' 15(G&-*,2,)* 7(--, *,234'(*&', :.1 .)*,'>.,)* (&--. ,) 3'4/(
*,&';@%) -&',-*.2, b! S)K) -. %) &*.1.-, 1( >(1,&' +, RN 2,-&'4, +()- 154*(* )%'2(1@ %) %7*.,)* &)2,.11,&' '4-&1*(* 3%&' b :< 3('* 3%&' 154
Q()*.11%) 91"Y-I7@ )%&- -%22,- < 2%.)- +, 50%+, 1( >(1,&' < T = 0R@ 
/! *(71,(& +, 1( KA&', : !N;;@ >%.', ,O
,11,)* 3%&' 1,- 4
Q()*.11%)-6789&867! V(.-@ )%&- ), -(>%)- 3(- -. 1, RN I&, 15%) ( 2,-&'4 ,-* 7.,) 1( >'(., >(1,&':
/! +.-
&--.%) +, 1( -,
*.%) : !Y!D;;! =5(G&-*,2,)* Q(&*, *,234'(*&', ,-* 2%.)- -(*.-/(.-()*3%&' 1,- 4
Q()*.11%)- +59189&891 :
/! U.A!  !"J; 3('
, I&, 15.)*,'>(11, +, *,234'(*&', ,)*',
5E ! ,* Tc ,-* &) %'+', +, A'()+,&' 31&- 3,*.*!"JZ
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!"!# !"#  !"# $ %&'()(*+*,- .'/& +) 0'1
,*'1 34)5'*& ,&)16*,- 71 8'1
,*'1 3/ 
'/&)1, 37 .'+)&*6)9,*'1 1'&:)+*6- ; Is .'/& 3*<-&71,76 ,7:.-&),/&76 =37 >)/
?7 ; 3&'*,7 71 ?)/, 3/ >&).?*@/7
T = 65, 250, 580, 790:AB! C',7D +) 3*<-&71
7 376 .71,76E *13*@/)1, /1 ,)/F 34-
?)..7:71,@/* )/>:71,7 )57
 +) ,7:.-&),/&7! !"!# $%&'()*(
' '( ,'-&%.*,/.' )'0 120,34.*--'0G)16 +) H>/&7 = !"#B 76, &7.&-671,-7 +) .&'()(*+*,- 34)5'*& ,&)16*,- 71 8'1
,*'1 3/ 
'/9&)1, 37 .'+)&*6),*'1 1'&:)+*6-7 ; Is .'/& 3*<-&71,76 ,7:.-&),/&76! I+ 64)>*, 6*:.+7:71, 37+4*1,->&)+7 37 +) H>/&7 = !"JB 1'&:)+*6-7 ; "! K76 5)+7/&6 3*<-&71,76 376 .71,76 *13*@/71,/1 ,)/F 34-
?)..7:71, @/* )/>:71,7 )57
 +) ,7:.-&),/&7! K7 ,)/F 34-
?)..7:71, .)&)
,*5),*'1 ,?7&:*@/7 Γ 76, 3-H1* 3)16 +7 
)3&7 3/ :'3L+7 MNO 3)16 +) &-8-&71
7 P"QR℄ T

Γ(I) = a
(ωp

2π

)
e
−
 

∆U
kBT

!  !"!#$% I &'( )& 
$+,-.( /& 0$)-,1'-(1$.2 ωp = (4πIc/Φ0C)
1/2 (1− I2/I2

c )
1/4 &'( )- 3,45+&.
&0)-'6-2 ∆U =

(
4
√
2/3

)
(IcΦ0/4π) (1− I/Ic)

3/2 &'( )- 7-+(&+, /& )- 8-,,19,& /& 0$(&.(1&)&( )& 0,43-
(&+, a &'( 0,$
7& /& ):+.1(4" ;. - &''-<4 0$+, .$' =$.
(1$.'  >?>#2 /& 3-1,&+. (,-1(&6&.( /&' 71'($@,-66&' ! 
$60-,-8)& A 
&)+1 &B&
(+4 /-.' )- ,434,&.
& CDEF℄ 0$+,/&' =$.
(1$.' (+..&)2 6-1' ):-

$,/ -H&
 
&((& (74$,1& .:&'( 0-' '-(1'3-1'-.(  
3" I1@" !"FJ2$. -+,-1( /K (,$+H&, +.& /,$1(& A 3$,( 
$+,-.( /& 0$)-,1'-(1$.#" L&)- '1@.1M& 5+:$. .&0&+( 0-' /4
,1,& )& (-+N /:4
7-00&6&.( 0-, +.& )$1 /:O,,7&.1+' '160)& /+ (<0&  !"!#" ;.0&.'& 5+& 
:&'( /K A )- 
$60)&N1(4 /+ '0&
(,& /&' .1H&-+N /:O./,&&H /-.' +.& =$.
(1$.)$.@+& /1B+'1H& 0-, ,-00$,( -+N =$.
(1$.' (+..&)  D '&+) .1H&-+# &( -+N =$.
(1$.' 
$+,(&' F .1H&-+N#" P$+, )- '+1(&2 $. - '&+)&6&.( ,&)&H4 )- )-,@&+, A 61Q7-+(&+, /& ):71'($@,-66&"R- )-,@&+, A 61Q7-+(&+, /& ):71'($@,-66& &. 3$.
(1$. /& )- (&604,-(+,& 0$+, ):4
7-.Q(1))$. /& ?1$81+6 )& 0)+' 
$+,( &'( ,&0,4'&.(4& /-.' )- M@+,&  !"FD#" L&' 71'($@,-66&' '$.(&N(,S6&6&.( 4(,$1(' T &.H1,$. 1 0$+, 61))& &. H-)&+, ,&)-(1H&  
:&'( &.H1,$. E 3$1' 6$1.'5+& )&' H-)&+,' ,&)-(1H&' $8(&.+&' 0-, U+8$'  !"#$" CDDV℄ /-.' /&' =$.
(1$.' ?8WL+W?8 &( ! !"# $! %&'&%("
( *+,-℄ $( /%!0/(1("/ "2(#/ 3!# $( 141(5 (##("/0($$(1("/ 3!%
( 67( $! '!89" :( 1(#7%(%(#/ :0;&%("/(< DXD



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

!

%

&

 

$

#

'

(

)

*

 

 

!
"
#

!

$

%
&

'
'

&
%
(

!" #$ !"#  !"# $ %&'()* +* {ln [ωp/ (2πΓ)]}2/3 *, -&,
/0&, +' 
&'(1,/ +* 2&31(041/0&, I 5
T = 6567! 81 /9:&(0* 2(:;&0/ ',* +:2*,+1,
* 30,:10(* 5 -&(/ 
&'(1,/ +* 2&31(041/0&,<,&/*= >'* 
* ,?*4/ 214 3* 
14 @03 A 1 23'40*'(4 2&0,/4 4&'4 31 
&'()* *, 2&0,/033:4B!C# -&04 6&0,4 >'* 
*33*4 &)/*,'*4 21( D&E61,  !"#$" FCGH℄ 2&'( +*4 
&,/1
/4 1/&60>'*4B!J, &'/(*< 13&(4 >'?5 /(K4 )144* /*62:(1/'(* 31 31(L*'( +*4 904/&L(166*4 ,* ;1(0* 2(1/0>'*M6*,/ 214< *33* 4* 6*/ 5 
9'/*( ;*(4 0.77! N0 3?&, /(1
* 3* (122&(/ SD/Is *, -&,
/0&, +* 31/*62:(1/'(*  @
-! O0L!  !""B< &, ;&0/ >'?03 (*4/* 
&,4/1,/ 2&'( T < 0.27 */ >'?1' +*35< 03*4/ 2(&2&(/0&,,*3 5 T ! 8?1'/(* :
91,/033&, +* P)QR'QP) 4* 
&62&(/* +* 31 6S6* -1T&,!P&'4 
9*(
9&,4 *,
&(* ',* 0,/*(2(:/1/0&, 
310(* 5 
* 4'U*/! !" #$%& '( 
*+,- ,+./0&12(%81 ;1(01/0&, +' 
&'(1,/ +* /(1,40/0&, *, -&,
/0&, +?', 
9162 2*(2*,+0
'310(* 
&,4/0/'*3?142*
/ 3* 23'4 &(0L0,13 +* ,&/(* :/'+* +*4 :
91,/033&,4 @NPNB *, L:&6:/(0*4 V3 */ NWXYZZ%! [&'( 3*4 NWXYZ4 Z%< &, &)4*(;* +?1)&(+ +*4 &4
0331/0&,4 
&((*42&,+1,/ 5 Φ0/2 = h/2e+1,4 31 4'(-1
* +* 3?1,,*1'! %*4 &4
0331/0&,4 4&,/ 16&(/0*4 5 ', 
9162 23'4 -&(/ +&,/3?&(+(* +* L(1,+*'( *4/ Φ0/2 +1,4 31 4'(-1
* +' ,&(613< 
*31 4* 2(&+'0/ :L13*6*,/ 2&'( 3*4V34! R2(K4 1;&0( *\230>': 3*4 &4
0331/0&,4 (120+*4< &, +04
'/*(1 +* 
*//* (:+'
/0&, +1,4 ',4*
&,+ /*624< */ *,V, +?', *E*/ 23'4 0,1//*,+' +?1'L6*,/1/0&, +* Is 5 )14 
9162 2&'(3*4 :
91,/033&,4 R3QR'QR3! C]"
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/-0,12 *( 20,13424/1 (1 5/1
24/1 *( ), 2(6780,2-0( 7/-0)9,11(,- *( :;<=-<:; >LN = 0.75µ6? @ Φ = (2n)Φ0/4! %
'())( *( *0/42(. ),0+(-0 @ 64A',-2(-0 *(3 '432/+0,66(3 >BC D EB2,1*,0* C(F4,24/1E?! G(3 " 8
'())(3 (1 /0*/118( 3/12)/+,042'64H-(3!
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!"#$ !"#  !"" $ I,77/02 *( ), ),0+(-0 @ 64A',-2(-0 *(3 '432/+0,66(3 3-0 )( 
/-0,12 *( 20,1A3424/1 (1 5/1
24/1 *( ), 2(6780,2-0( 7/-0 )9,11(,- *( :;<=-<:; >LN = 0.75µ6? @
Φ = (2n)Φ0/4! :/2(J H-( )( 0,77/02 1( F,04( 70,24H-(6(12 7,3 (1 *(33/-3 *( 0.2K (2H-9,- *()@. 4) 3(6;)( L20( 70/7/024/11() @ T ! #MN
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$ !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,' 
2)34 3)5*6+/7'- 4&'( 89)**-)' ,-:;<='<:; >LN = 0.75µ3?! @) 46(/&,- ,-. &.
/88)+/&*. 
&((-.4&*, A Φ0/2 ,)*. 8) .'(0)
-,- 89)**-)'! @- +)'B ,- 3&,'8)+/&* (Ismax− Ismin)/Ismax -.+ /
/ ,- 45%! @-. 4&/*+. 
&((-.C4&*,-*+ )'B 3-.'(-. -B46(/3-*+)8-. -+ 8-. +()/+. A 89)D'.+-3-*+ -* *- 4(-*)*+ -* 
&34+-7'- 89/*,'
+)*
- ,- 89)**-)' >
0! .-
+/&* >E!"!#??! :&+-F 7'- 8) 
&'(;- *9-.+ 4). .G36+(/7'-4)( ()44&(+ )' 
2)34 7'/ 
&((-.4&*, A Ismin! %-8) .-3;8- /*,/7'-( '*- ).G36+(/- >,-
&'()*+ &' ,9/*,'
+)*
-H 
0! I/5! E! ,- 8) .-
+/&* >E!"!#?? .'44863-*+)/(-! !"!# $%&'()*+%, - .)/ 
1)23J* .9/*+6(-..- ,)*. 
-++- .-
+/&* .-'8-3-*+ A 8) 56&36+(/- KLMNO O%! %&33- ,)*.8- 
). ,- 8) D&*
+/&* >KNK? >
0! .-
+/&* >E!"!#??H *&'. &;.-(P&*. ,-. &.
/88)+/&*. 46(/&,/7'-.,' 
&'()*+ ,- +()*./+/&* ,- 46(/&,- 
&((-.4&*,)*+ A -*P/(&* Φ0/2 ,)*. 8) .'(0)
- ,- 89)*C*-)'! Q)( -B-348-H 4&'( 8- KLMNO 
&'(+ :;<='<:;H &* &;.-(P- '*- 46(/&,- ,- 3.6R >
0!I/5!  !"#? 7'/ 
&((-.4&*, A '*- .'(0)
- ,- 5.6µm2H -* )

&(, )P-
 8) .'(0)
- 3-.'(6- ,-

2.2 × 2.5 = 5.5µm2!@- +)'B ,- 3&,'8)+/&* (
I !"s − I #$s

)
/I !"s P)(/- -*+(- 45% -+ 90%! N8 -.+ ,9)'+)*+ 48'.0)/;8- 7'- 8-. 
&'()*+. .&*+ /34&(+)*+.H 
-8) 4-'+ S+(- -B48/7'6 4)( ,-. ).G36+(/-. -*+(- 8-." ;(). ,- 89)**-)' -+ 4)( '*- /*,'
+)*
- +&+)8- /34&(+)*+-! Q&'( 89=8'3/*/'3H 8) 4(/*
/4)8-
)'.- ,- 89)'53-*+)+/&* ,- I #$ -.+ 89).G36+(/- -*+(- 8-. 
&'()*+. 
(/+/7'-. Ic1 6= Ic2! =/*./H,)*. 8) T5'(- > !"U?H &* ) (-4(6.-*+6 8-. ,&**6-. -B46(/3-*+)8-. -+ 89)D'.+-3-*+ )P-
 8)0&(3'8- >E!"V? 7'/ *- 4(-*, -* 
&34+- 7'- 89).G36+(/- ,-. 
&'()*+. 
(/+/7'-.!Q)( 
&*+(-H 4&'( 8-. KLMNO. :;<='<:;H 89).G36+(/- ,-. 
&'()*+. 
(/+/7'-. *9-B48/7'-4). A -88- .-'8-H 8) 0&(3- ,- 8) 3&,'8)+/&* >
0! I/5!  !"W?! M* 3-/88-'( )D'.+-3-*+ ,-. ,&*C*6-. -.+ &;+-*' -* 4(-*)*+ -* 
&34+- 89/*,'
+)*
- +&+)8- >
0! I/5! E! ,- 8) .-
+/&* >E!"!#??!%-8) *9-.+ 4). +(X. 6+&**)*+ 
)( 
-88- 
/ ,-P/-*+ *&* *658/5-);8- ,X. 7'- L#$%Ic ≈ Φ0/4πH -+   !"# $%!&# $"##' ()$
+ ,&!& )-.)+#-&(+ '
'/ 0- )$..!)( SD/Is -& 1!&
('!& 2- (

kBT/EJ(T=0)

)(2/3) !3
EJ(T=0) = Φ0IC(T=0)/(4π)4  !"# &- .!"%!&# .$# 
!5.06(-5-&( -7
0")- 8"9: ;$"(- (-5.+)$(")- !& ."'##-$<"#(-) 
-((- 
!")=- .$) "&- 2)!'(- 2- .-&(- 2- 09!)2)- >4 ?-0$ #-)$'( 
!5.$('=0- $%-
 "& 5!260- @?AB ,
14#-
('!& ,C4D4E// !3 0$ ;$"(-") 2- 0$ =$))'6)- 2- .!(-&('-0 #-)$'( EJ 4VEU
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&#'% !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,' 
2)34 3)5*6+/7'- 4&'( '* )**-)' ,-89:8':89 ; 89<=
2 > T = 163?! @- +)'A ,- 3&,'9)+/&* -.+ /
/ 4(&
2- ,- 90%! @-. 4&/*+.
&((-.4&*,-*+ )'A 3-.'(-. -A46(/3-*+)9-. -+ 9-. +()/+. > 9B)C'.+-3-*+ -* *- 4(-*)*+ -*
&34+- 7'- 9B).D36+(/- ,-. 
&'()*+.!&* .- ()44(&
2- ,B)'+)*+ 49'. ,- 
-++- E)9-'( 7'- 9- 
&'()*+ ,- +()*./+/&* -.+ 5()*,! F)*.*&. -A46(/-*
-.G &* ) L !"Ic ≈ 10−6 ∗ 10−5 ∗ 70 ∗ 10−6 ≈ 0.7 10−15 ≈ 2Φ0/4π 4&'( 9- H/&IJ/'3G )9&(. 7'- 4&'( 9B89'3/*/'3G &* )E)/+ L !"Ic ≈ 10−6 ∗7∗10−6 ∗5∗10−6 ≈ 0.4 10−16 ≈
0.1Φ0/4π! @-. ,&**6-. .-3J9-*+ ,/.+&(,'-. 4)( ()44&(+ > 9B)C'.+-3-*+! %-9) ./5*/K- C'.+-7'B/9 -.+ *6
-..)/(- ,- 4(-*,(- -* 
&34+- )'../ 9B).D36+(/- .&/+ ,- 9B/*,'
+)*
- .&/+ ,-.
&'()*+. 
(/+/7'-.! L)/.G > 
- */E-)' &* *- 4-'+ 4). ,/(- ,)*. 7'-99- 4(&4&(+/&* -A)
+-
2)
'* /*+-(E/-*+G 
)( /9. &*+ 9-. 3M3-. -N-+.! H6)*3&/*.G &* 4-'+ ,/(- 7'- 9-. E)9-'(.,B/*,'
+)*
- +(&'E6-. 4)( 9B)C'.+-3-*+ O64P 4)( -A-349- 4&'( 9B6
2)*+/99&* ,- HJ:8':HJ9&*5Q .&*+ ,' 3M3- &(,(- ,- 5()*,-'( 7'- 9-. /*,'
+)*
-. 56&36+(/7'-. )++-*,'-. O104P4)( -A-349- 4&'( 
- 3M3- 6
2)*+/99&*Q!R*K*G /9 -.+ )'../ 4&../J9- 7'B'*- 4)(+/- ,- 9) ,/.+&(+/&* &J.-(E6- .&/+ ,'- > 9B)*2)(3&I*/
/+6 /*+(/*.S7'- ,- 9) (-9)+/&* 
&'()*+I42).- ,B'*- C&*
+/&* OTHTQ 7'/ *&'. /*+6(-..- +&'+4)(+/
'9/S(-3-*+! R* -N-+G 9B)349/+',- ,- 9) n #$% 2)(3&*/7'- ,)*. 9) (-9)+/&* 
&'()*+I42).-G Φ0/2 46(/&,/7'- ,-E()/+ E)(/-( 
&33- 1/n2 O
0! .-
+/&* O=!"!"QQG )/*./ &* ,-E()/+0)
/9-3-*+ ,6+-
+-( )' 3&/*. 9-. " 4(-3/S(-. 2)(3&*/7'-.! R* 0)/+G &* ) E' ,)*. 9) .-
+/&*O=!"!UQ 7'B-* 56&36+(/- TVWXF F%G &* *B-.+ 4). .-*./J9- )'A 2)(3&*/7'-. 4)/(-.! Y* *-3-.'(-()/+ 6E-*+'-99-3-*+ ,&*
 7'- 9) +(&/./S3- 2)(3&*/7'-! F- 49'.G ,)*. 9) 56&36+(/-TVWXF F%G ,-. ).D36+(/-. O,- 
&'()*+ 
(/+/7'- &' ,B/*,'
+)*
-Q -*+(- 9-. " J(). 4-'E-*+/*+-(E-*/( -+ 3).7'-( 9B-N-+ (-
2-(
26! T/ J/-* 7'- 9) 3-/99-'(- 0)Z&* ,- 3-.'(-( 9-. 2)(I3&*/7'-. ,B&(,(- .'46(/-'(-. ,)*. 9) (-9)+/&* 
&'()*+I42).-G -.+ ,- 3-.'(-( ,/(-
+-3-*+9) (64&*.- &(J/+)9- ,B'* )**-)' OTHTQ -* 56&36+(/- ,- TVWXF 8%! %B-.+ 
- 7'- ,-. -A46I(/-*
-. -* 
&'(. -..)/-*+ ,- (6)9/.-(! F-. 4(-3/-(. (6.'9+)+. &*+ 6+6 +(&'E6. > 
- .'C-+ 4)(T+('*[  ! "#$ )E-
 ,-. J)((-. ,- P)99 O*&* 4'J9/6 4&'( 9B/*.+)*+Q!Y* (-3)(7'- 65)9-3-*+ 7'- 9-. 
&'(J-. *- .&*+ 4). 4)(0)/+-3-*+ .D36+(/7'-. -* 
&'()*+<=\
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$ !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,' 
2)34 3)5*6+/7'- 4&'( 89 )**-)' ,-:;<='<:; >LN = 1.2µ3?! @-. 4&/*+. 
&((-.4&*,-*+ )'A 3-.'(-. -A46(/3-*+)8-. -+ 8-.+()/+. B ,-. )C'.+-3-*+.! @) 
&'(;- /*06(/-'(- *- 4(-*, -* 
&34+- )'
'*- ).D36+(/-E 
-88-7'/ -.+ )' ,-..'. *9/*
8'+ 7'- 89).D36+(/- -* 
&'()*+ -+ 
-88- ,' 3/8/-' >-*+(- 4.5 -+ 7F?*- 4(-*, -* 
&34+- 7'- 89/*,'
+)*
- >89)C'.+-3-*+ ,&**- 64G?!

 !  "  # $ # " !

 %&'

 %&$
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'
$ !"#  !"H $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,' 
2)34 3)5*6+/7'- 4&'( 89 )**-)' I7'/,JK)2! @-. 
&'(;-. 64)/..-. 
&((-.4&*,-*+ )'A ,&**6-. -A46(/3-*+)8-. 4(/.-. -* ;)8)D)*+8- 
&'()*+ ,- 4&8)(/.)+/&* 4)( L)8-'(. 
(&/..)*+-. >-* 2)'+? -+ ,6
(&/..)*+-. >-* ;).?! M* )/*
8' 8- ,6
)8)5- ,' N6(& ,' 
2)34 3)5*6+/7'-! @-. 4&/*+. O*. 
&((-.4&*,-*+ B 8) 
&'(;- ,';). 4&'( 8)7'-88- &* ) 
2)*56 I -* −I -+ B -* −B! :&+-N 7'9/8. .- .'4-(4&.-*+ -A+(P3-3-*+;/-* )L-
 8) 4(-3/Q(- 
&'(;-! JKH
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() !"#  !"# $ %
'())( *( +,-
'(. 
/-0,12 *( 20,13424/1 (1 5/1
24/1 *( 6 7/-0 )8 ,11(,- *(9:;<-;9: =LN = 0.75µ>? @ Φ = (2n)Φ0/4! %
'())( *( *0/42(. ),0+(-0 @ >4A',-2(-0 *(3'432/+0,>>(3!
 !" " !" #"" #!"

"

#""

$""

%""
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&#'% !"#  !" $ B/-0,12 *( 20,13424/1 (1 5/1
24/1 *( 6 7/-0 )8,11(,- *( 9:;<-;9: =LN =
0.75µ>? 3-0 -1( 7)-3 ),0+( C
'())( *( 
',>7 >,+1C24D-(! 9/2(E D-( )8(1F()/77( 7(-2 G20(,770/H4>C( 7,0 -1( +,-334(11( exp [−1/2(B/Bc)

2] ,F(
 Bc *( )8/0*0( *8-1 Φ0/2 *,13 ),3-05,
( *- 1/0>,)!=
5! I4+!  !"J?. 
( D-4 7(-2 7,0,K20( 3-070(1,12! L,43. (1 5,42 4) 1( 5,-2 7,3 /-:)4(0 D-(0(1F(03(0 )( 3(13 *- 2(>73 0(F4(12 @ 
',1+(0 IDC (1 −IDC . >,43 ,-334 B (1 −B! %1 (M(2./1 7(-2 ,F/40 N
Is(B, IDC) 6= Is(B,−IDC) . >,43 ), 3O>C204( 4>7/3( Is(B, IDC) = Is(−B,−IDC)= !P?%1Q1 *,13 ), Q+-0( = !"#?. /1 0(70C3(12( )( 
/-0,12 *( 20,13424/1 ,4134 D-( ), ),0+(-0*(3 '432/+0,>>(3 
/00(37/1*,12! B(22( *(014R0( 3(>:)( G20( 0(),24F(>(12 70/7/024/11())(,- 
/-0,12 *( 20,13424/1! S/-0 )84132,12 4) 18(H432( 7,3. @ 1/20( 
/11,433,1
(. *( 2'C/04(7(0>(22,12 *8(H7)4D-(0 
( 7'C1/>R1(! T##
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!"#$ !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,- 2 3&'( 45 )**-)' ,- 6476'764 89):! !"!# $%&'(
&'*( + ,*-& 
./01;*+<(-..&*. *&'. =)/*+-*)*+ > 
- ?'/ .- 3(&,'/+ > 
:)=3 34'. 0&(+ @
0! A/B!  !" -+ A/B! !"#C! D5)E&(,F &* (-=)(?'- ?'5/4 *5G ) 3). ,- =&,'4)+/&* ,5)=34/+',- ,)*. 4) (-4)+/&*
&'()*+H3:).- @3). ,5&.
/44)+/&*. )3<(/&,/?'-. 
&=3)()E4-. )'I J%A.C ,-. K&*
+/&*. @LMLC!%-4) -.+ -* )

&(, )N-
 4- 0)/+ ?'- 4) ,/O<(-*
- ,- 3:).- -*+(- 4-. <4-
+(&*. -+ 4-. +(&'.,5'*- 3)/(- ,56*,(--N -.+ +(P. /*0<(/-'(- > 8 @
0! 3)(+/- @9!8CC! Q*.'/+-F &* &E.-(N- ?'- 4-
&'()*+ ,- +()*./+/&* ,)*. 4-. R4. @LMLC &' ,- 0)S&* <?'/N)4-*+- 45-*N-4&33- ,-. &.
/44)+/&*.,' LTJ;D ,/=/*'-*+! %-. ,<
(&/..)*
-. .&*+ E/-* )K'.+<-. 3)( '*- B)'../-**- ,- 4) 0&(=- U
Is(H) = Is(0) exp

[
−1
2

(
B

Bc

)2
] @ !8VC&W U Bc ≈ Φ0/(2WL) 
&((-.3&*, > -*N/(&* Φ0/2 = h/2e ,)*. 4) 3)(+/- *&(=)4- ,- 4)K&*
+/&* @LMLC! Q* -O-+F 3)( -I-=34- 3&'( 4-. <
:)*+/44&*. ME76'7ME 
&'(+ -+ 4&*BF &*+(&'N- U Bc ≈ 58X -+ Bc ≈ 31X (-.3-
+/N-=-*+F > 
&=3)(-( > Φ0/(2WLN) ≈ 66X -+

Φ0/2WL ≈ 42X (-.3-
+/N-=-*+ @
0! +)E4-  !YC! %-4) 
&((-.3&*, > '*- .'(0)
- 34'. B()*,-?'- 
-44- ?'5&* ) (<-44-=-*+F )4&(. ?'- 3&'( 4-. <
:)*+/44&*. 6476'764F 
5-.+ 34'+�+ 45/*HN-(.-! L-()/+ 
- 4) =)(?'- ,5'* -O-+ [-/..*-( ,)*. '*- .'3()
&*,'
+/N/+< /*,'/+- 3)(-O-+ ,- 3(&I/=/+< \ D-. ./='4)+/&*. *'=<(/?'-. (<)4/.<-. 3)( %'-N). ]8^8℄ &*+ )'../ +-*H,)*
- > .&'.H-.+/=-( 4) .'(0)
- @
0! .&'.H.-
+/&* .'( 4-. 3(<,/
+/&*. +:<&(/?'-. E).<-. .'(4-. <?')+/&*. ,5J.),-4C! Q* +&'+ 
). 
-++- 0&(=- B)'../-**- ,- 4) (-4)+/&* 
&'()*+H3:).-> 0&(+ 
:)=3 .+/='4- ,- *&=E(-'I +()N)'I +:<&(/?'-.! 6N)*+ ,5-* -I3&.-( E(/PN-=-*+ 4-3(/*
/3-F ()33-4&*. 
- ?'/ -.+ )++-*,' ,)*. 4- 
). ,5'*- K&*
+/&* `&.-3:.&*!45*
-(5* 45,)%6,5* )* %'&,)*
) 783* 
609% 90:*&-(23)D)*. 
-++- .-
+/&* *&'. 
)4
'4&*. 4-. -O-+. E/-* 
&**'. ,- 4) 3<*<+()+/&* ,' 
:)=3,)*. 4) 
&'
:- /.&4)*+- ,5'*- K&*
+/&* @L;LC @
0! A/B!  !aV 3&'( 4-. ,/=-*./&*.F =b=- ./
-4) *- 
&((-.3&*, 3). +&'+ > 0)/+ > *&+(- B<&=<+(/-C! M&'. *&'. /*.3/(&*. ,- 4) (<0<(-*
-89 
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Uz

I SS !"#  !"# $ %&'
)*&' %&+,-.+&' ,' -/0+,'
, 123' 
.45- 546'0)*73, L≪ W ! 8,+ 
&3/4')++, 
/0,') 9 :4 +3/;4
, 13 <3-/4
&'13
),3/ -&3/ 0
/4'),/ :, 
.45- 546'0)*73,! =: ,' /0+3:),73, :4 1,'+*)0 1, 
&3/4') '24 -4+ :4 5>5, -.4+, +3*?4') :4 -&+*)*&' +,:&' ~Uy!@A#B℄! D, 
.45- 546'0)*73, E ~B = B~UzF ', -0'G)/, 14'+ :, +3-/4
&'13
),3/ 73, +3/ :4:&'63,3/ 1, D&'1&' H λLo,s = λLo

√
ξ/le  ! "#$#% &'" ( )* λLo =

√
m/(µ0ns(2e)2)+ ," !- !%. /)!
 /'!& "' 1)!
%#)! 23 &3. 3! ")!43 3. Lp = L + λLo,s+ 5 6)% !%# " 7 
% 3. & $ %&)3& "' 8).$ 9 ~A = −By ~Ux( 
 23# /)!! 3! /:6;'&'4 9

4π

Φ0

∫ L+λLo,s

−λLo,s

Axdx =
4π

Φ0

ByLp <=+>>?5 $@$ .'#&)!! $ !% 23 6)3. " & 
'"
3"& 6.:
:/ !%& <
8+ & 
%#)! <A+B+C?? 
)!/3#% D 9
j = jc sin

(
ϕ+

4πByLp

Φ0

) <=+>B?E! #!%:4.'!% &3. "' & 
%#)! / "' 1)!
%#)!( )! )F%# !% 9
I = i
 &#!
(2πBWLp

Φ0

)
sin

(
ϕ+

2πBWLp

Φ0

) <=+>C?5 
)3.'!% 
.#%#23 Ic )F% !3  ! $'G#$#&'!% I 6'. .'66).% D ϕ(  &% /)!
 9
Ic = i
 &#!
(2πBWLp

Φ0

) <=+>H?5' 
)3.F 
).. &6)!/'!%  &% . 6.:& !%: &3. "' I43. <=+C>?+ J'!& "' "#$#% / 
;'$6 !3"()! . %.)37 "' . "'%#)! K)& 6;&)!+ L;M&#23 $ !%( / & 
)3.'!%& & 
.: !% D "' &3.8'
 / &&36.'
)!/3
% 3.& 6)3. :
.'!% . " 
;'$6 $'4!:%#23 /'!& "' 1)!
%#)!+ ,"  ! .:&3"% 3!/:6;'&'4  !%. " & B &36.'
)!/3
% 3.& 23# /:6 !/ / "' 6)&#%#)! &3#7'!% ~Uy+ ," M '  !
). 3! 8)#& 3! '!'")4# 8).% '7 
 "-)6%#23 63#&23-)! . %.)37 
 %% 8)!
%#)! &#!3& 
'./#!'">AN
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∆φ =

4π
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~A.~dl =

4π

Φ0
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Bydx =
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&(/*-+ 
/,+,9(. 5 
*(4. '. )* 26-6+/*+,&- '( 
3*72 '*-4 )* 2*/+,. -&/7*).H*A.
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)*&' +,-,. /&01*/2 3 0' 
4516 157'8)*902 LN >> W ! :5 65;)*2 '&;15<28)5') 0' 18)5< =*>0/*?@ <2 
&0;5') ;8/0<)2 =2 <5 /&112 =2/ *')2;?8;2'
2/ 2');2 =2/ 65*;2/ =2A&&62; 5<<5') =B0' 
�)8 =2 <5 D&'
)*&' E2;/ <B50);2 
�)8!=5'/ <5 D&'
)*&' !! ,&*) 0' 
4516 ~B = B ~Uz &;)4&7&'5< 3 <5 D&'
)*&' +,-,.! A4&*/*//&'/<5 D5072 
&;;2/6&'=5')2 ~A = By ~Ux &F y ∈ [−W/2;W/2]! ,8<2
)*&''&'/ <2/ );5D2
)&*;2/90* E&') =B0' 6&*') * =B0' 
&')5
) 3 0' 6&*') D /0; <B50);2 
&')5
) +
?! G*7!  !"#.! A&1126&0; <5 D&'
)*&' +,H,.@ 
45902 );5D2
)&*;2 5
90*2;) 0'2 645/2 IθC"# + ϕC"# &F I
ϕC"# = 4π

Φ0

∫ j

i

~A.~dl + !JK.&F &' ;5662<<2 902 Φ0 = h/e! H< E*2') 2'/0*)2 =2 ?5L&' 5//2M 78'8;5<2@ 6&0; <2 
&0;5') I
I = I0 〈sin (θC"# + ϕC"#)〉C"# + !JN.&F 〈〉C"# =8/*7'2 0'2 1&O2''2 /0; )&0)2/ <2/ );5D2
)&*;2/ 6&//*P<2/ =B0' 
&')5
) /06;5
&'Q=0
)20; 3 <B50);2!R;@ <5 
*;
0<5)*&' =2 ~A <2 <&'7 =2/ 
421*'/ i− 1 2) 2− j 8)5') '0<<2 <5 645/2 '2 =862'=65/ =2 <5 6&/*)*&' =2/ 6&*')/ i 2) j =2 
45902 
&)8 =2 <5 D&'
)*&'! S<<2 '2 =862'= 902 =2/*')2;?8;2'
2/ 2');2 <2/ );5D2
)&*;2/ +'&)82/ C. 65;)5') =B0' 6&*') i 902<
&'902 =B0' 
�)8 =2<5 D&'
)*&' 2) 5<<5') 3 0' 6&*') j 902<
&'902 =2 <B50);2 
�)8 =2 <5 D&'
)*&'! R' 620) 5<&;/8
;*;2 I
I = I0 〈sin (θ0 + ϕC)〉C + !J .T0*/@ 2' 15U*1*/5') H@ &' &P)*2') I
Ic = ic

∣∣∣
〈
e
−i 4π

Φ0

 
C

~A.~dl
〉
C

∣∣∣ + !JV.&0 /&0/ 0'2 ?&;12 *'E5;*5')2 =2 %5072 I
Ic = ic

∣∣∣
〈
e
−i

4πΦ(C)
Φ0

〉
C

∣∣∣ + !#W. ! ! 
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1.2µ:;! <4,)=,3%22, +,- %-
.33(*.%)- ,-* (>&-*?, -%.* 2(' &), @(&--.,)), 9,) *'(.* 23,.);A-%.* 2(' 3( /%':&3,  !BC 9,) *'(.*- 2%.)*.33?-;!D) 2,&* '(.-%))(63,:,)* 2,)-,' E&, 3( +.-*'.6&*.%) +,- 
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*.3.@), 2('*()* +4&) 2%.)* i E&,3
%)E&, +4&) 
�*? +, 3( >%)
*.%) ,* (33()* H &) 2%.)*
j E&,3
%)E&, +, 34(&*', 
�*? +, 3( >%)
*.%) ,-* @(&--.,)),! D) 2%&''(.* (3%'- )(I=,:,)*(**,)+', &), ',3(*.%) 
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, )4,-* 2(- *%&* H /(.* 3, 
(- 
('3,- *'(>,
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F(:2 
('(
*?'.-*.E&, +.N?',)*! K) 2',)()* ,) 
%:2*, 3, /(.* E&, 
,-*'(>,
*%.',- -%)* +.N&-.=,- ,* E&4,33,- ), +&',)* 2(- 3, :L:, *,:2-A O! P%)*(:6(&Q RCST℄( '?
,::,)* *'%&=? 34,Q2',--.%) -&.=()*, 2%&' 3, 
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'.*.E&, H &), +.:,)-.%) V

Ic = ic

4π√
3

Φ
Φ0

sinh
(

4π√
3

Φ
Φ0

) 9 !BC;%W Φ = BWL ,-* 3, X&Q H *'(=,'- 3( >%)
*.%)! $,**, /%)
*.%) 2,&* L*', (22'%Q.:?, 2(' &),@(&--.,)), H 6(- X&QA :(.- +?
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LN ≫ W ! ]( 2'.)
.2(3, /(.63,--, ,-* E&4.3 ), 2',)+ 2(- ,) 
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*.%)-+.N&-.=,- 9]5]; 2%&' &), 3%)@&,&' +, )%':(3 LN E&,3
%)E&,! ^3- %)* %6*,)& &) :.).@(2+()- 3( +,)-.*? +4?*(*- .)+?2,)+()* +, 3( 2%-.*.%) +()- 3, )%':(3 E&. -, ',/,':, E&()+
LN (&@:,)*,! K)-&.*,A $&,=(- RCSC℄ ( ?*&+.? 34.)X&,)
, +, 3( '?-.-*()
, +, 
%)*(
*A +,C B



 !" #$%& '( 
*+,- ,+./0&12(% 3 4 ! "#$%&'!"('# #" )( 
+!$% $!,-&"./(# )!-0  # $&"! -1'$! 0('  ! )#-0."& )2&"!"0 #"  #0(%#'
1('!-"3 4# 1- 5363 6(#7!08 0.  ! %!'".# -1'$! # #0" (- 9 9- )1-"  !  !',#(' W < ξ :
#0#'!  # 
!0 %1('  #0 4;<=>0 ? ($.-.($ #" (- %#( $1.-0 %1(' 
#(@ #- A.1B.($333C8  2#D#")( 
+!$% $!,-&"./(# B %#(" E"'# )&
'." %!'  ! /(!-"."& Γsf = ~/τsf = D(eBW )2/(6~)FGHI℄ /(2. !%%#  # "!(@ )# 0%.-KL.%3 M- %'&0#-
# )# 
+!$% $!,-&"./(#8 τsf 
1''#0%1-)!( "#$%0 /(2. N!(" %1(' /(#  #0 O & #
"'1-0 
1(% &0 %!' '#-7#'0#$#-" )( 0#-0 )( "#$%0!
/(.P'#-" (-# ).D&'#-
# )# %+!0# '# !".7# )#  21')'# )# G FGQH℄3 ?("'#$#-" )."8  # 
+!$%$!,-&"./(# '#-)  ! ).D&'#-
# )# %+!0# ! &!"1.'# !( B1(" )# τsf 8 
# /(. ! %1(' #D#" )#
!00#'  ! %!.'# :1- %!' # )# R%!.'KB'#!S.-, #D#
"R #- !-, !.0C3 M00#-".#  #$#-"8  2!',($#-")# 5363 6(#7!0 #0" /(2! 1'0 /(# )!-0  # 0(%'!
1-)(
"#('  2&-#',.# /(2. N!(" %1(' 
!00#'(-# %!.'# #0"  .&# !( ,!% 0(%'!
1-)(
"#('8 #- 0(%'!
1-)(
".7."& )# %'1@.$."& #  # )&%#-))( $.-.,!%3 = ! !.-0. $1-"'& /(# T
•  # $.-.,!% 0# '#N#'$# !7#
  ! "#$%&'!"('#8  # 
+!$% $!,-&"./(# #"  ! '&0.0"!-
# )#
1-"!
"8 $!.0 #0" .-0#-0.B # !( 
1#U
.#-" )# "'!-0$.00.1- )#0 
!-!(@ )# 
1-)(
".1-)!-0  # -1'$! 3 V1(' )#0 W1-
".1-0  1-,(#0 L ≫ ξ #" )#0 .-"#'N!
#0 %!'N!."#08 . "'1(7# /(#  # $.-.,!% 0# '#N#'$# %1(' Γsf ≈ 5E !3 = ! !(00. '#$!'/(& /(# /(!-) ! "#$%&'!"('# !(,$#-"!."8 . %#(" 0(B0.0"#' (- 0(%#'
1('!-" ! 1'0 /(#  # $.-.,!% !).0%!'(3
•  ! '# !".1- 
1('!-"K%+!0# &"!." )&N1'$&# %!' '!%%1'" X (-# 0.-(01Y)#8 !7#
 (- $!@.K$($ )# 0(%#'
1('!-" 0."(& X ϕ ≈ 1.27π/2 :X T = 0 #" LN = 8ξC .-)&%#-)!-" )#  !'&0.0"!-
# )# 
1-"!
"3
•  ! )&%#-)!-
# #- "#$%&'!"('# &"!." N1'"#$#-" '&)(."# !7#
  ! '&0.0"!-
# )# 
1-"!
"
• %1(' )#0 
1-"!
"0 %!'N!."0 #" X T = 08  !  1-,(#(' )#  ! W1-
".1- -# 
+!-,# %!0 ! N1'$# )# Ic(B)8 #  # -# N!." /(# '&)(.'#  ! 7! #(' )( 
1('!-" 
'."./(#3 Z! 
1('B#%#(" E"'# !%%'1@.$&# -($&'./(#$#-" %!' (-# ,!(00.#--#8 ? T = 0 #" L = 10ξ8  !,!(00.#--# 0# '&"'&
." /(!-)  ! '&0.0"!-
# )# 
1-"!
" !(,$#-"#8 #" #  # 02& !',." /(!-) ! "#$%&'!"('# !(,$#-"#3
• )# N![1- ,&-&'! # X '&0.0"!-
# )# 
1-"!
" -1- -(  #8  2&
+#  # )2&-#',.# /(. 
1-"'� ##- %!'".
( .#'  2!$% ."()# #"  ! )&%#-)!-
# #- "#$%&'!"('# )( 
1('!-" 
'."./(# #0" # $.-.,!% /(. #0" (-# N'!
".1- )#  2&-#',.# )# ]+1( #003 V1(' )#0 
1-"!
"0 %!'N!."08
#""# &
+#  # )2&-#',.# #0" '#$% !
&# %!'  2&-#',.# )# ]+1( #00 E !36# $1)P # !  2!7!-"!,# )# N1('-.' (-# N1'$( # )( 
1('!-" 
'."./(# #- N1-
".1- )( L(@$!,-&"./(# Ic(Φ) /(. %#(" E"'# !%%'1@.$&# %!' (-# ,!(00.#--#3 ]1("#N1.08  2!

1') -2#0"%!0 /(!-"."!".N %1('  !  !',#(' X $.K+!("#('3 6# $1)P # -2#0" #- %'.-
.%# 7! !B # /(# %1('

W < ξ8 
# /(. #0" %'#0/(#  # 
!0 %1('  #0 &
+!-".  1-0 !7#
  2? ($.-.($8 $!.0 %!0 %1('
#(@ !7#
  # A.1B.($3= '#0"# #-
1'# X 
1$%'#-)'# )!-0 /(#  # $#0('#  #0 O $1)P #0 #@%10&0 %'&
&)#$$#-" 0#
1$B.-#-" #" 02. 0 01-" 7'!.$#-" ).D&'#-"03 Z# %'#$.#' %'#-) #- 
1$%"#  # )&%+!0!,# 0(B.%!'  #0 %!.'#0 )2?-)'##7 X 
!(0# )( 
+!$% $!,-&"./(#8  # 0#
1-) 02.-"&'#00#'!." % ("�" X 2!D!.B .00#$#-" )#  ! 0(%'!
1-)(
".7."& )# %'1@.$."& %!'  # 
+!$% $!,-&"./(#3 V1(' )#0.-"#'N!
#0 %!'N!."#0 #" X N1'" 
+!$%8  #0 O $1)P #0 0# '#W1.,-#-" %(.0/(2. 0 %'&71.#-" "1(0 #0 O (- 
1('!-" 
'."./(# )( "^%# Ic(Φ) ∝ Φ
Φ0
exp

(
− 4π√

3
Φ
Φ0

)3GI_



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

 

!

"

#

$

 !"#$%&'

 !"#()&

'

'

*

(

+
 
,

-+.,

 !"#()/ !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,- 2 3&'( 4-. 54. ,- 6476'764! 8* ) (-3(9:.-*+9 ; <-.'(-. 3&'( 4=9
>)*+/44&* 64?".@
! A) 
&'(B- 64?".@B ) 9+9 ,/C/.9- 3)( #!;D 3&'(34'. ,- 
4)(+9! E&+-F @'=G B). 
>)<3H 4- 
&'()*+ ,- +()*./+/&* )'I<-*+- )C-
 4- 
>)<3!A=-J-+ 3-'+ )++-/*,(- 20% ,)*. 
-(+)/*. 
).!
 !  "  #  $  

 

"

$

%

&

 

 

 

 

!"#$

%

&

"
'

$ !"#  !"D $ %&'()*+ ,- +()*./+/&* -* 0&*
+/&* ,- 2 3&'( 4=)**-)' ,- 6476'764 ?KB>! A)(9-*+()*
- )33)()L+ )'../ .'( 4-. MNOPQ.!? #



 !" #$%
'()*$%) +, -+.)-+
,*/+) 0 1 !"!# $%&'()*'
& !"# 
%#&'()* +
,')&(--!)* .
/0 1(20 3045 %& 1(20 304678 !) ' !9*%#:+ ")% 
#!(**')
% ();'&&%)<"% <" 
!"#')& <% &#')*(&(!) = 9'* 
,'>?8 %) <%**!"* <% 30@ = <%* &%>?+#'&"#%*()/+#(%"#%* = 100>A0 B) %C%& *(>(-'(#%8 >'(* = ")% +
,%--% 9(%) <(C+#%)&% ':'(& <+D' +&+!9*%#:+ *"# <%* D!)
&(!)* #+'-(*+%* %) E->* '>!#?,%* <% F!-G9<H)% IJ5K℄0 M- ':'(& +&+ '&&#(;9"+ = -' 9#(*"#% <% ?'(#%* <% N!!?%# = 
'"*% <%* 
!--(*(!)* ':%
 #%):%#*%>%)& <" *?() <%*+-%
&#!)* *"# <%* (>?"#%&+* >'2)+&(O"%*0 N%* +:+)%>%)&* O"( 9#(*%)& -' 
!,+#%)
% <% ?,'*%<!(:%)& <(*?'#'P&#% O"')< -%* >!>%)&* >'2)+&(O"%* <%* (>?"#%&+* *!)& 2%-+*8 
Q%*&;=;<(#%O"')< -% 
,'>? >'2)+&(O"% <+?'**% <%* :'-%"#* &%--%* O"% 2µBB = kBT 0 N%-' 
!##%*?!);<#'(& = B > 150@ ?!"# T > 20>A ?#%*O"% ") !#<#% <% 2#')<%"# '" <%-' <" >'R(>"> <%
Is0 S% ?(+2%'2% <Q") T"R <')* -%* E-* *"?#'
!)<"
&%"#* ?%)<')& -% #%/#!(<(**%>%)& <%-Q+
,')&(--!) )% *%>9-% ?'* U&#% ")% 9!))% %R?-(
'&(!) )!) ?-"* ?"(*O"Q(- )QG ' '"
")%(##+:%#*(9(-(&+ !" ,G*&+#+*(* '**!
(+% = 
%&&% <+?%)<')
% %) 
,'>? (),'9(&"%--%0V%* ()&%#/+#%)
%* O"')&(O"%* <')* -' ?'#&(% )!#>'-% <% -' D!)
&(!) *!)& +2'-%>%)& *%);*+%* <!))%# -(%" = <%* 
!##%
&(!)* <% -!
'-(*'&(!) /'(9-% <% -' 
!)<"
&')
%0 W+')>!()*8-Q'>?-(&"<% #%-'&(:% <% -Q'"2>%)&'&(!) <% Is !9*%#:+% .<% -Q!#<#% <% 20%7 %*& 9(%) &#!?2#')<% ?!"# U&#% %R?-(O"+% ?'# -' ?,G*(O"% <% -' -!
'-(*'&(!) /'(9-%0 X) %C%&8 !) *Q'&&%)<= 
% O"% -' 
!##%
&(!) = -' #+*(*&')
% <%* E-* )!#>'"R *!(& <% -Q!#<#% <% δR = R2δg ≈
R2e2/h ≈ 0.1 10−4Ω0 Y) ?!"##'(& '"**( ?%)*%# = ")% '>?-(E
'&(!) <" ?,+)!>H)% ?'#-' 
!,+#%)
% <" *"?#'
!)<"
&%"# 
!>>% -Q':'(& *"22+#+  %&#'*,!:  ! "#$ ?!"# %R?-(O"%#
%#&'()%* <% *%* %R?+#(%)
%*8 >'(* 
%& %C%& )Q' D'>'(* #%Z" <% D"*&(E
'&(!) &,+!#(O"% .
/0()&#!<"
&(!) <" 
,'?(&#% 370  '# '(--%"#*8 -%* %R?+#(%)
%* <%  %&#'*,!: !)& +&+ #+'-(*+%*= <%* &%>?+#'&"#%* *"?+#(%"#%* = -Q+)%#2(% <% [,!"-%**0 \-!#* O"% ?!"# )!* +
,')&(--!)*'" 
!)&#'(#%8 -Q%C%& <(*?'#'P& = <%* &%>?+#'&"#%* <% -Q!#<#% <% E !8 +)%#2(% = -'O"%--% -'-!
'-(*'&(!) /'(9-% )Q%*& ?'* *%)*(9-%0S% /'(9-% 
,'>? (
(8 *%>9-% ?-"&�& *"22+#%# ") %C%& !#9(&'-0 Y) *%#'(& ?-"* &%)&+ <Q'**!;
(%# 
% ?,+)!>H)% <% #+%)&#')
% = <%* 
!"#')&* ?%#>')%)&* O"( <!))%)& -(%" = ")% 
!)&#(;9"&(!) !#9(&'-% ?'#'>'2)+&(O"% (>?!#&')&% 
!>>% 
%-' ' +&+ !9*%#:+ <')* <%* 
G-()<#%*,G9#(<%* W^_ = &#H* 9'**% &%>?+#'&"#% IJ6`℄0 ?-"*(%"#* &,+!#(%* IJ6J℄8 '()*( O"% IJ6a8 J64℄&%)&%)& <Q%R?-(O"%# 
%* #+*"-&'&*8 >'(* '"
")% )Q%*& :#'(>%)& *'&(*/'(*')&%0M- %*& +2'-%>%)& = )!&%# O"% 
%&&% #+%)&#')
% <% Is(B) )Q' +&+ !9*%#:+% O"% <')* -%*D!)
&(!)* %& -%* _bBMV* \-^\"^\- !c -Q()&%#/'
% %)&#% >+&'- )!#>'- %& *"?#'
!)<"
&%"# %*&'9#"?&% %& )Q' D'>'(* +&+ :"% <')* -%* +
,')&(--!)* W9^\"^W9 !c -Q!# %*& &!"D!"#* ?#+*%)&*!"* -' *"#/'
% <" )(!9(">0 X) !"&#%8 
%& %C%& )Q' +&+ :(*(9-% O"% ?!"# <%* +
,')&(--!)*<!)& -' -!)2"%"# <% )!#>'- %*& 
!>?#(*% %)&#% 1.2µ> %& 1.5µ> %& )Q' D'>'(* +&+ <+&%
&+?!"# <%* D!)
&(!)* ?-"* -!)2"%* !" ?-"* 
!"#&%*0 M- %*& ?#+:" <% /'(#% ?#!
,'()%>%)& ")%+&"<% *G*&+>'&(O"% <% 
% ?,+)!>H)%0 !" #$%
'()*$%) +, -+.)-+
,*/+) !,!- ./'
0123/'2W!"* ':!)* +&"<(+ <%* %
,')&(--!)* ._W_7 %) -(>(&% <% D!)
&(!) -!)2"%8 /'9#(O"+* ?'#a >+&,!<%* <(C+#%)&%*0 @#d
% = <%* 9!))%* ()&%#/'
%* %)&#% -%* >+&'"R8 ") *"?%#
!"#')&?%"& &#':%#*%# -%* D!)
&(!)* ?'# %C%& <% ?#!R(>(&+0 S%* <+?%)<')
%* %) &%>?+#'&"#% *!)&J36



 !" #$%&'()*
), -'., /0,,), 1'&23)*
), !"#$%&!'!($ )%!( *+
 %$!- .# "!- -%'/"#$%0(- (/'+ %1/!- *! 2%"3!"'  ! "#$ 4567℄ 0/ *!9/!&#- 45:5℄ ; .# $% *!- +1/#$%0(- *<=-#*!"> ?+#('0%(- .0/ "<%(-$#($@ "!- 6 '0*A"!-(<#  %&!($ .#- ; #B/-$! "!- *0((+!- -/ $0/$! "# C#''! *! $!'.+ #$/ !> D!- +
3#($%""0(-. +-!($!($ /(! 3E-$+ +-%- %'.0 $#($! !( 
0/ #($ 1/<0( 
0'. !(* !(  !'."#F#($ *#(- "!'0*A"! G9HI@ "! $!'.- RC .# /( $!'.- #--0
%+ #/ $!'.- *! *%J/-%0( ; $ #&! - "# B0(
$%0(1/% "/% !-$ )%!( -/.+ %!/ > K( C+0'+$ %! HL=MN N9@ "! 
0/ #($ *! $ #(-%$%0( 0-
%""! #&!
/(! .+ %0*! 
0  !-.0(*#($ ; h/2e *#(- "# -/ O#
! *! "<#((!#/> P( !Q."%1/! 1/! "! $#/Q*! '0*/"#$%0( (! -0%$ .#- *! 100%@ .# /(! *%--E'+$ %! *! 
0/ #($ 
 %$%1/! !($ ! "!-6 B0(
$%0(- .0/ "!- #((!#/Q R"SR/SR"> T0/ "!- #((!#/Q ?)SR/S?) ."/- "# C!-@ "!-
0/ #($- 
 %$%1/!- -0($ ."/- %'.0 $#($- !$ "! . 0*/%$ L !"Ic (<!-$ ."/- (+C"%C!#)"! *!&#($
Φ0> R O0 $ 
3#'.@ 0( $ 0/&! 1/! "! 
0/ #($ *! $ #(-%$%0( *%'%(/! *! O#F0( C#/--%!((!#&!
 /( 
3#'. $E.%1/! 
0  !-.0(*#($ ; !(&% 0( ; h/2e *#(- "# -/ O#
! */ (0 '#"> 9!"# #-$%'/"+ *!- $ #&#/Q $3+0 %1/!-> K( 0/$ !@ *! O#F0( ."/- -/ . !(#($!@ *#(- "!- +
3#($%""0(-R"SR/SR"@ 0(  !'# 1/! 1/<%" #/C'!($! ; )#- 
3#'. U K(V(@ 0( # +$/*%+ "# "# C!/ SD *!-3%-$0C #''!- !( O0(
$%0( *! "# $!'.+ #$/ ! !$ */ 
3#'.> R"0 - 1/! SD(B) ∝ Is(B)@ %"#..# #W$ /(! *+.!(*#(
! !( $!'.+ #$/ ! SD(T ) *%J+ !($! *! Is(T ) 1/%  !-$! ; !Q."%1/! > !"!# $%&'(%
*+,%'P( 
3! 
3! ; +$/*%! "!- 3# '0(%1/!- -/.+ %!/ !- *#(- "#  !"#$%0( 
0/ #($X.3#-! *</(!B0(
$%0( YH?HZ> 90''! 0( # &/ 1/<!( C+0'+$ %! HL=MN N9@ 0( +$#%$ '#-1/+ .# "<#-EX'+$ %! !($ ! "!- 6 ) #- *! "<#((!#/@ 0( #  +#"%-+ *!- #((!#/Q (0( 
0((!
$+- !( C+0'+$ %!HL=MN R9 Y#&!
 /(! -!/"! B0(
$%0( YH?HZZ> P( &0/* #%$ 
0/."! 
!- *! (%! - ; /(  +-0X(#$!/ '%
 0X0(*! '/"$%'0*!@ -!')"#)"! ; 
!/Q 1/% 0($ *+B; +$+ /$%"%-+- #&!
 -/

A- #/-!%( */ C 0/.! 45[:℄> \ ]
! #/  +-0(#$!/ 0( .0/  #%$ !Q
%$! "<+
3#($%""0( !$ +$/*%! -# +.0(-! 3#/$! O +1/!(
! Y-/.+ %!/ ! ; 300^_`Z ; /( a/Q> T"/- . +
%-+'!($@ 0( -<#$$!(*; 
! 1/! "<3# '0(%1/! ( */ -/.! 
0/ #($@ 1/% 
0  !-.0(* #/Q .#% !- $ #&! -#($ n O0%- "#.# $%! (0 '#"! 
<!-$X;X*% ! .#--#($ /( $!'.-#$ nτD *#(- 
!""!X
%@ -0%$ #'0 $%! .0/ *!-O +1/!(
!- -/.+ %!/ !- ; 1/(nτD)> N! O#F0( 
0  +"+!@ .# "!-  !"#$%0(- *! b #'! -Xb 0(%C@0( . +&0%$ /(!  +.0(-! *%--%.#$%&! *#(- "# 'c'! C#''! *! O +1/!(
!> 9!- '!-/ !- -0($!( 
0/ ->T# #%""!/ -@ 0( &0/* #%$ +$/*%! "<!J!$ *! "<!Q
%$#$%0( 3#/$! O +1/!(
! -/ "# 
03+ !(
!*! .3#-! !$ -/ τφ (0$#''!($> K( !J!$@ *#(- "!  +C%'! *! . 0Q%'%$+ *</(! B0(
$%0( "0(C/!@0( # &/ Y
O> -!
$%0( Yd>[>6ZZ 1/</( e'%(%XC#.e *! "# C!/ ≈ E%& .0/&#%$ -<0/& % *#(- "#*!(-%$+ *<+$#$- */ (0 '#"> M" (<E #/ #%$ #"0 - ."/- *! 1/#-%.# $%
/"!- *! )#--! +(! C%! *#(-"! (0 '#"@ *0(
 '0%(- *<+(! C%! +
3#(C+! !$ .# ";X'c'! '0%(- *! ) %-/ ! *! 
03+ !(
! *!.3#-!> R%(-%@ 0( .!(-! 1/</(! O0%- 1/! τφ !-$ #--!` C #(* .0/ +$#)"% "<!J!$ *! . 0Q%'%$+@ %".!/$ c$ ! #/C'!($+ +(0 '+'!($ .# "# O0 '#$%0( */ e'%(%XC#.e> D!- '!-/ !- *! τφ 1/<0(-! . 0.0-! *!  +#"%-! .0/  0($ c$ ! 
0  +"+!- #&!
 *!- '!-/ !- *! *!(-%$+ *<+$#$- Y*/ $E.!*! 
!""!- *! "#  +O+ !(
! 45[[℄Z *#(- /(  +C%'! #""#($ *</( !J!$ *! . 0Q%'%$+ 
0'."A$!'!($%(-$#/ + ; #/
/( !J!$ *! . 0Q%'%$+>9!- !Q.+ %!(
!- . 0
3!- *! "<+1/%"%) ! -0($ 
0'."+'!($#% !- *!- !Q.+ %!(
!- 30 - +1/%X"%) ! *+
 %$!- . +
+*!''!($ 0f "!- B0(
$%0(- H?H +$#%!($ (0( .#- .0"# %-+!- !( a/Q@ '#%-!( 
0/ #($> ! ! "#$%%&'( !&)*+,+!( 
%#'%+ .$/$!+ "&'%+ .$' 0'1$2+ 2$% $!+ 0'2(&!
+ nL 3+ 4&'( +! $! (+,"2 n2τD5 %6 
/+2( #$73'+% .$+ 3+2 "&'%+2 0/8!0%++* %9:9
;'+2 "&%
#$%+!( +<&
(+,+!( (#$(+26 3& ,=,+ (%&>+
(#'%+55d7



 !" #$%
'()*$%) +, -+.)-+
,*/+) 0 1 !"#$ %&' ()&'*$+,' ()$ "&'*&,* +)-&"*&'. +, !$#&"!$* ), /+)" 0+)-+$" "10+,2"& 3 
&%%&
$ 5 6'* 
& ()& %! 
+71"&,
& 2& 07!'& #!
"+'
+0$()& 2) ')0"!
+,2)
*&)" 0&)* !#0%$8&" 2&'071,+#9,&' 2)' 3 %! 
+71"&,
& 2& 07!'& #1'+'
+0$()& 
+##& %! %+
!%$'!*$+, :!$;%& <=>?



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



 !!"#"   !!$%&'()! *$ +$# %),- *"- ,.+"
'()!--$, %"- 0),*- *1$! 2% 3$&!'(3$" !"# 
%&&% !""%'% (" )("&*% +,-,"% &*!.%
&(/*% 0%*)1% +,/ "-%2%
&,% +,% 3%# 
(44/#/("##,* 4%# 5(*3# 3-," 64 %"74(5% ," 8,' ",4 9
0: ;/7: <:=>: ?% 
!4
,4 %#& &/*1 3% 4! *101*%"
%@=AB℄: !"# <:= D E*!.%
&(/*% 14%
&*("/+,% #% *181
F/##!"& ,"/+,%)%"& #,* 4%# 5(*3# 3, 64:G(,* ," 
F!)H )!7"1&/+,% H%*H%"3/
,4!/*% !, 64 9#,/I!"& J> (" H%,& 
F(/#/* ," H(&%"&/%4I%
&%,* ~A = (0, Bx)  !"#$%& '( )"*(
&",% (x, y)- .,% ")/*,% '$ &*$0(
&,"*( *(
&"'"1%( $''$%&)( 1 2 2 (& 
$'
!',% '$ 
"*
!'$&",% )( ~A '( ',%1 )( '$ '"1%( 3
φ1,2 =

∫
~A.d~l =

∫
Ay(x)dy 45-67.,88( '$ &*$0(
&,"*( )( '9/'(
&*,% ( & 3

y = W
x− x1

x2 − x1

45-:7,% $ $',* 3
dy =

W

x2 − x1

dx 45-;76<=



 !" #$$%&'()*$ +% ,%- &*./ +0/ .1,0
()*$/ /%. &0/ 3*.+/ +4%$ 5& 6%'$()6%0 ! "#$%!&'()" * +$ %! ,
φ1,2 =

BW

x2 − x1

∫ x2

x1

xdx = BW
x2 + x1

2
-./0123(4 * ") !()5 
!3$( * x2 + (4 x37 "#3($ %!)!$3% *8 93! %!$ " + 
! 8(  4! 39934& )8*&9")
 : %! dy  ! 3% 3;!$ %! ,

φ2,3 = −BW
x3 + x2

2
-./<12 =8> )

8:8"& 9)( 
 4 * 8> !()5 
!3$( 4  4! *3%
 ,

φ1,3 = BW
x1 − x3

2
-./?1@% +3$! *3%
 ;$ % A8 " =8>  %'"3;& % *&9 %* A8 * ") *$4!)%
  %!( " 93$%! * *&9)(! ! " 93$%! *#)(($+& 48( " :B: ;3(* *8 C"/ D$ "#&" 
!(3% 9)(! * x1  ! ( +$ %!  % x1 " =8> %'"3;&  4! %8"/ EFG



 !!"#" $%&'()*+,(" -" .)!-)/"'0$122+3"' !"# 
%&&% !""%'%( )" *%+,*-.% 
)/012&%/%"& 0!* 1% 3)*/!1-#/% +% 4!"+!5%*( 1! 3)*/51%67897: +)"",% +!"# 
% /!"5#
*-&8 ;% /<-"#0-*% 1!*=%/%"& +% 1! *,3,*%"
% >?7℄ %& +% 
%*&!-"%#-/!=%# +5 
)5*# +% A8 B1!&&1- >9CD℄8 !"#$%&'(' !"# #! 3)*/% 
)5*!"&%( 1<!00*)
E% +% 4!"+!5%* #<!001-F5% G +%# ,
E!"&-11)"# /,#)#
)H0-F5%# ')*' +*$(,)
$+#* %" *,=-/% '$)$+#**)+,( 6
38 I-=8 J89:8 K1# #)"& %"&*% ? 
)"&!
&#0!*3!-&#( #500)#,# !##%L =*!"+# 0)5* "% 0!# M&*% 0%*&5*N,# 0!* 1<,
E!"&-11)" %& M&*% 
!H*!
&,*-#,# 0!* 5"% &%/0,*!&5*% T1,2 %& 5" 0)&%"&-%1 
E-/-F5% µ1,2 = EF + eV1,2 6)O V1,2%#& 1! +-P,*%"
% +% 0)&%"&-%1 !001-F5,% #5* 1% 
)"&!
& 1, 2 G =!5
E% %& G +*)-&% +% 1<,
E!"H&-11)" *%#0%
&-.%/%"&:8 4% #Q#&2/% 0%5& M&*% #)-& G ./012+.+3,(( #)-& %#,'4012+.+3,( R 
%&&%-"3)*/!&-)" %#& -"&*)+5-&% 0!* 1! 3)"
&-)" +% +-#&*-N5&-)" +%# 
)"&!
&# +% 1<,
E!"&-11)"84%# *,#%*.)-*# #% 
)/0)*&%"& +% 1! 3!S)" #5-.!"&% T
• A% #)"& +%# 
)*0# ")-*# #)5*
% +<,1%
&*)"#
• K1# ,/%&&%"& +%# ,1%
&*)"# #%1)" 1! +-#&*-N5&-)" +% I%*/- T fα(ǫ) = f(ǫ − µα) )O
f(ǫ) =

[
e

ǫ
kBT + 1

]−1

, α = 1, 28
• K1# !N#)*N%"& 0!*3!-&%/%"& 1%# ,1%
&*)"# G &)5&%# 1%# ,"%*=-%#4<,
E!"&-11)" %#& #500)#, 
)E,*%"& 6L < Lφ:( +% 3!S)" G 
% F5<)" 05-##% 
)"#-+,*%* 1%#,1%
&*)"# 
)//% +%# )"+%# 601!"%# %" 0*%/-2*% !00*)'-/!&-)": F5- #%*)"& &*!"#/-#%# )5*%U,
E-%# F5!"+ %11%# !**-.%"& #5* 5" 
%"&*% +-P5#%5*85+. +60). 73).+'$+12(8 9: 4 9 
)*). 4 ; 
#*$)
$' 7
<= 5+>= ?=;8A)//% 1<,
E!"&-11)" %#& )5.%*&( 1% ")/N*% +% 0!*&-
51%# "<%#& 0!# V',( 1% 3)*/!1-#/%+% 1! #%
)"+% F5!"&-V
!&-)" %#& 0!*3!-&%/%"& !+!0&, 0)5* +,
*-*% 
%1!8 W" -"&*)+5-& 1%#)0,*!&%5*# â†1,2(ǫ) %& â1,2(ǫ) F5- 
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â1e

ik1(ǫ)x + b̂1e
−ik1(ǫ)x

] B !'8C
ψ̂†1(x, t) =

∫ 1ǫ eiǫt/~

√
2π~ v1(ǫ)

[
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∑

i,j

AiAj(cos(φj − φi) + cos(φ−j − φ−i)) 9F;K> !"# 
%&&% %'12%##*("? (" #(,,% #)2 &()&%# +%# &2!L%
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1

~

∫

i

L(~r(τ), ~v(τ), τ)dτ 9F;8>
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1

~

∫

i

(
mv2(τ)

2
− e ~A(~r(τ), τ) . ~v(t) + eV (τ)

)
dτ 9F;P>%& J

φ−i =
1

~

∫

i
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rot (
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rot (
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2
)1 2$#  *+#$# #3%. '3%%"$# +! 4

φi = φi,0 + αiB, φ−i = φi,0 − αiB 567893: 4 φi,0 = 1
~

∫
i

mv2(τ)
2

dτ $. αi =
e
2~

∫
i
~v(τ) × ~r(τ)dτ 7 ;% /%#"!+%. 
$# $< !$##/3%# '+%#2("07567=91 3% 3>./$%. 2+ ?3!,)2$ 5@78A9 4

∆G = 2
∑

i,j

AiAj cos(φ
0
ij) cos(αijB) 567B9+C$
 4φ0

ij = φ0
i − φ0

j ≈ kF (Li − Lj) $. αij = αi − αj ≈ 2πSij/Φ07 !" #$%
'% () * $+)
 
,$-. /$(0123/45')6
);%  !"#$%
$ '()% 
*+, "2$
.!/0)$ *+).$ ?!"0)$%
$ ωτD . 1 $. .!D# *+).$ ?!"0)$%
$
ωτD ≫ 11 2$# C+2$)!# '$#  *+#$# #3%. ,3'/E"$# '$ δφi(t) $. δφ−i(t) 4

φi = φi,0 + αiB + δφi(t) 567A9
φ−i = φi,0 − αiB + δφ−i(t) 567F9;% -"%"!+21 2$# '" *+#+-$# δφi $. δφ−i #3%. '/G"!$%.#1 
$ 0)/ '3%%$ %+/##+%
$ H '$#.$!,$# 0)/ %$ #3%.  +# /%C+!/+%.#  +! !$%C$!#$,$%. ') #$%# ') .$, # 4

Ghf,thf
2 = GS

2 +GAS
2 =

∑

i,j

AiAj (cos(φij,0 + δφij) + cos(φij,0 + δφ−i−j)) cos(αijB) 567I9
− (sin(φij,0 + δφij)− sin(φij,0 + δφ−i−j)) sin(αijB) 567=J93: 4 δφij = δφi−δφj $. δφ−i−j = δφ−i−δφ−j7 K..$%./3%1 $%  !"#$%
$ '(/%.$!+
./3% "2$
.!3%L"2$
.!3%1 /2 M + )%$  *+#$ $%  2)# '+%# GS

2 0)/ '" $%' '$ B1 '3%
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*+, '+%# GS
2 #$ !+N3).$7O(+>3!'1 3% C+ $#./,$! 2(+, 2/.)'$ ') 
3)!+%.  *3.3C32.+P0)$ IpvS  +/! $% 
*+, ,+L-%"./0)$7 O+%# 2+ 2/,/.$ '$#  $./.# '" *+#+-$# 4 δφi1 δφ−i 3% + 52$# +).!$# .$!,$# #$ ,3M$%L%+%. H 09 4
IpvS =< GS

2V cos(ωt) >τ

∼= −2V <
∑

i,j

AiAj sin(φij,0)(δφi(t) + δφ−i(t)) cos(αijB) cos(ωt) >τ52$ ?+
.$)! Q C/$%. ') ?+/. 0)(/2 M +C+/. '$# .$!,$# $% −(δφj(t) + δφ−j(t)) 0)(3% !$.!3)C$'+%# 2+ #3,,$ $% 
3,,).+%. i $. j97R$ '" *+#+-$ ,3M$%%" '+%# 2$ .$, # H 
+)#$ ') 
*+, Ex cos(ωt) $#. 4
< δφi(t) cos(ωt) >τ

∼= − <
e

~

∫ t+τi

t

Ex cos(ωτ)xi(τ)dτ cos(ωt) >τ 567==9
∼= − e

2~

∫ τi

0

Ex cos(ωτ)xi(τ)dτ 567=Q9
∼= −eV

2~

sin(ωτi)

ω
567=S9QJF
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IpvS
∼= 2eV 2

~

∑

i,j

AiAj sin(φij,0) cos(αijB)
sin(ωτi)

ω
?@9ABCD'/# %" ,6.*4" 0"# $,<# E'+$"# F,6;+"/
"# ωτD ≫ 13 sin(ωτi) ' "##"/$*"%%"4"/$ +/" 5E'#"'%6'$2*,"3 "$ 4</" ?0" 4G4" ;+" cos(αijB)C = 0"# H+
$+'$*2/# 0" 
2/0+
$'/
" 0" %&2,0,"0" δG1(ω) ∼= δG1(ω=0)√

ωτD

∼= e2

h
√

ωτD
IJB℄9 D&2! >
I thf
pvS ∝

e3V 2

~2ω
√
ωτD

(ωτD ≫ 1) ?@9ALCD'/# %" ,6.*4" E'+$" F,6;+"/
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2 "#$ /+% = ω = 03 "/ "Q"$ >
sin(φ0

ij + δφij)− sin(φ0
ij + δφ−i−j) = 2 cos(φ0

ij) sin(
δφij − δφ−i−j

2
) ?@9ARC , >

δφij − δφ−i−j = δφi − δφ−i − (δφj − δφ−j) ?@9ASC;+* "#$ /+% #'/# T@ 
', δφi−i = 09D'/# %' %*4*$" 0"# 5"$*$# 065E'#'."# >
GAS

2
∼= −

∑

i,j

AiAj cos(φ
0
ij) sin(αijB) (δφij − δφ−i−j) ?@9AJC

GAS
2
∼= −2

∑

i,j

AiAj cos(φ
0
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〈
GAS

2 V cos(ωt)
〉

τ
∼= −2V

〈
∑

i,j

AiAj cos(φj,i,0) sin(αj,iB)(δφi − δφ−i) cos(ωt)

〉

τ?@9UACW+*# >
< (δφi − δφ−i) cos(ωt) >τ ?@9UUC
∼= −eEx

~

∫ τi

0

dτx(τ) < (cos(ωτ + ωt)− cos(ω(τi − τ) + ωt)) cos(ωt) >τ ?@9UXC
∼= eEx

~
sin(ωτi/2)
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0
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√
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2
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0
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0
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=
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2D

~2

2ωt(2 + cos(2ωt))− 3 sin(2ωt)
2ω3
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< (δφ)2 > ∝ (eExω)

2Dτ 5
D
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, ωτD . 1 289@=3

< (δφ)2 > ∝ (eEx)
2DτD
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√
(eV ω)2τ 4

D
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√
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I thf
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√
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√
(eV )2

ω2~2
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√
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