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= G2V

2
0 (1 + cos(2π2ft)) /2% &' "($ )*+,-.'"!$ /" 0"(+1"1 '. 3043(.!$" 5
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#$%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* gf ≈ 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$167879;%' %J%,' *9885%&,' ')&, 9%.(8' /2H *+8&)6I&%' 5% )+89%&% 5% *+/'%C 12( )&%9&%&,.%' 8,/,' @ 2& 8.%,9)&! K/&' 2& '2*9/)&52,%29C ?%', 2&% /2,9% 3)96% 5% )+89%&% 5%*+/'% 12( %H(',% *2('12% %..%:( %', 6/9)')*(12% %, 12?%..% )&%9&% 5%' 8,/,' 5% */(9%'8.%,9)&(12%' /**%.8%' */(9%' 5% L))*%9!M& '?%', */9,(2.(I9%6%&, (&,89%''8 @ ./ 9%./,()& '2*%9)29/&,:*+/'% N Isu(ϕ)! K/&' .%'O)&,()&' APQPFC %..% *9%&5 ./ 3)96% 5% ./ 3/6%2'% 9%./,()& R)'%*+')& Isu(ϕ) = Ic sin(ϕ))B Ic %', .% '2*%9)29/&, 6/H(626C /**%.8 )29/&, 9(,(12%! ;?8/9, @ ./ 9%./,()& R)'%*+:')& *%2, &)2' 5)&&%9 5%' (&3)96/,()&' '29 .% ,9/&'*)9, 5/&' .% 68,/. &)96/.! S& %J%,C.%' +/96)&(12%' 5?)959% & 5/&' %,,% 9%./,()& )99%'*)&5%&, /2H */(9%' 12( 3)&, & ,)29'5% .?/&&%/2 A)2 & /..%9:9%,)29 5/&' .% 68,/. &)96/.FC ?%',:@:5(9% 12( */''%&, 2& ,%6*'
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 !"#$%&' ()*%&+,-%$+* /0*0&"1' ! #$%! $! !&&! &'()! !)& *+,&-$! $- &%#.)/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%&#.&! !)& Lφle 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#('$%*+ < *+ . O le = 0.1 − 10µ" '$ λF = 10 − 100+"? N+Q+< *+ .-%. $*-K*-% L ≫ ζ(*+1-'-% 3' (*.(& .$&*+? !" #$%&'( )(*+,'.))+/0(H. 5%'"&R%' $7#*%&' ,-& . %#-  & 4 3#%&%' (' $%.+ 5*%$ *7#%'+$ 3.+ -+ 5*$'+$&'( 3# *%23*++# ' $ '((' ,-& ' $ ). #'  -% (' 9*%".(& "' 3' 9*+$&*+ 3' S%''+? N+ TUBV< F? @7.2W%.=.%$! '$ X? F7"&3 YZ℄ *+$ 5%*5* # -+' $7#*%&' 5(- &+$-&$&=' ). #'  -% (. $7#*%&'  '"&2(.  &,-'? \(  *+$ 5.%$& 3' (A."5(&$-3' 3' 5%*).)&(&$# 3A.(('% 3' →ri 4 →
rf < #%&$' *""' -+'&+$#1%.(' 3' 7'"&+ O

A(
→
rf ,

→
ri, tf , ti) =

∫
d
[→
r
]
exp

(
i

~
S
[→
r
]) 08?8/*G (A&+$#1%.(' 9*+$&*++'((' &23'  - 5*%$'  -% $*- (' 7'"&+ ,-& 5.%$'+$ 3' →ri '$ .%%&='+$4 →

rf ? HA.$&*+ F ' $ 3*++#' 5.% O
S
[→
r
]
=

∫ tf

ti

dt L(
→
r(t),

→
ṙ(t)) 08?Z/*G H ' $ (' H.1%.+1&'+ 3-  ! $R"'? ].+ (A&+$#1%.(' 3' 7'"&+< (' $'%"' 3*"&+.+$  *+$'-^ 3*+$ (A.$&*+ ' $  $.$&*++.&%'? X&+ &<  '-(' (' $%.K'$*&%' (.  &,-' C =*+$ 3*++'%-+' *+$%&)-$&*+ &"5*%$.+$' O

A
(→
rf ,

→
ri

)
=

∑

C

A(C) exp

(
i

~
S [C]

)
=

∑

i

Ai exp (iφi) 08?_/M&+.('"'+$ (A."5(&$-3' 3' 5%*).)&(&$# 3A.(('% 3A-+ 5*&+$ 4 -+ .-$%' +A' $ .-$%' ,-' (. *""' 3' ."5(&$-3' 3' 5%*).)&(&$# .  *&#' 4 7.,-' $%.K'$*&%' (.  &,-' 3A#+'%1&' ǫF ?H' .%.$R%' ,-.+$&,-' +A&+$'%=&'+$ ,-' 3.+ (. 57. ' ,-&  A#%&$ O
φi =

∫

i

(→
k −

e

~

→
A
)
.
→
dl=

∫

i

(
→
k −

2π

Φ0

→
A

)
.
→
dl 08?`/TB
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δSij !"#  !" # $%&'()*('%', '%&('  &(-.'&/0(', i '& j 120 &(-3'(,'%& 45-%%'-2! 6-7 8(-.'&/0(',9-,,-%& 9-( 4' :;:' <(-, =' 45-%%'-2 '& '%,'((-%& 2%' ,2()-' δSij! 6<7 8(-.'&/0(', 9-,,-%&=-%, =', <(-, =0>*('%&, '& '%,'((-%& 2%' ,2()-' S !"+δSij /? S !" ',& 4- ,2()-' :/@'%%'=' 45-%%'-2! A' ,/%& '44',B 120 /%&(0<2'%& C 45'>'& DE-(/%/3FG/E:!/? Φ0 = h/e '& →A ',& 4' 9/&'%&0'4 3'&'2(B /2 =' )-H/% *1203-4'%&'# I
φi =

1

~

∫

i

U$%& (→r (t)) dt− e

~

∫

i

~A.~dl 6 !J7K0 45/% )-0& 45E@9/&EL,' 12' 4', *4'&(/%, (',&'%& C 45*%'(M0' =' N'(:0'B /% - ∣∣∣
→
k
∣∣∣ = kF ! O-9(/<-<040&* =5-44'( =' →ri C →

rf ',& &/2& ,0:94':'%& P (→
rf ,

→
ri

)
=

∣∣∣A
(→
rf ,

→
ri

)∣∣∣
2! O- /%=2&-%'',& =0('&':'%& ('40*' C '&&' M(-%='2(!P% 3/0& 12' 45/% =0,9/,' =52% 0%,&(2:'%& )/(:0=-<4'B 4' 9/&'%&0'4 3'&'2( →AB 9/2( :/F=0Q'( 4- 9E-,' ('4-&03' -,,/0*' -2R =0>*('%&', &(-.'&/0(', *4'&(/%012',! P% 9'2& )-0(' 2%'-%-4/M0' -3' 2%' 'R9*(0'%' =50%&'()*(/:*&(0' /9&012'! O- /%=2&-%' ./2-%& 4' (��4' =52% &(/2 *&-%& ./2* 9-( 2% <(-, =' 45-%%'-2! O-/%=2&-%'B ('40*' C 4- 9(/<-<040&* 1252% *4'&(/% =0>2,' =52% �&* C 45-2&(' =' 45-%%'-2B,5*(0& ,/2, 4- )/(:' I

G =

∣∣∣∣∣
∑

i

Aie
iφi

∣∣∣∣∣

2

=
∑

i,j

AiAje
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 ! "#$%&'($*&# +,#,%-./ ! "# $ % &&' %() "'% *)+,'* .)'% i '* j /(. .$*')01)'$*23$ + 4
φi − φj =

∫

i

~k.~dl −
∫

j

~k.~dl +
2π

Φ0

∫

i

~A.~dl − 2π

Φ0

∫

j

~A.~dl 56278
= kF (Li − Lj) +

2π

Φ0

∮
~A.~dl 56298

=

[
kF (Li − Lj) + 2π

Φij

Φ0

] 562:;8 ! Φij = ~B. ~Sij '%* "' <(= .$"(% >+$% "+ %()0+' >?".&.*?' @+) "'% 6 *)+,'* .)'% i '* j 502A.B2 62:8 '* Li '%* "+ >.%*+$' * *+"' @+) ()(' @+) "#?"'*) $ %() "+ *)+,'* .)' i2 C+$% "'+% >#($ >?% )>)' .&@ )*+$*D Li '%* *)1% B)+$> >'E+$* L2 F( G$+"D  $  H*.'$* 4
G = Gcl +G !" +GAB cos(

2πΦ

Φ0

+ φ !") + ... 562::8 ! "' @)'&.') *')&'  ))'%@ $> I "+  $>(*+$' "+%%./('D "' %' $> *')&' >?@'$> >' "+)?+".%+*. $ @+)*.(".1)' >( >?% )>)' * (*  &&' φ ! '* "' >')$.') *')&' 5)'@)?%'$*? >+$%"+ GB()'562688 '%* )'%@ $%+H"' >' "#'J'* FK+) $ ELM K& 5 $>(*+$'  %.""+$* +E' ($'@?). >'  ))'%@ $>+$* I ($ Φ0 >+$% "+ %()0+' & N'$$' >' "#+$$'+(82 Φ ?*+$* "' <(= >+$%"+ %()0+' & N'$$' >' "#+$$'+(2 F +(%' >' φ !"D '* 'J'* $' )?%.%*' @+% I "+ & N'$$' %() "'>?% )>)'2 O ()  H*'$.) "#?/(+*. $ 562::8D  $ + $?B".B? "+ @?$?*)+*. $ >( K+&@ &+B$?*./('>+$% "'% H)+% >' "#+$$'+(#2 P' >')$.') '$B'$>)' ($' & >("+*. $ +@?). >./('D I "+ 0 .%>#+&@".*(>' '* >' @K+%' >'%  %.""+*. $% FM 502 A.B2 6268D > $* "#?K'""' +)+*?).%*./(' '%*($ Φ0 >+$% "+ %()0+' >#($ H)+% >' "#+$$'+($2Q" '=.%*' ?B+"'&'$* ($ 'J'* FK+) $ ELM K& ?"'*) %*+*./(' &.% '$ ?E.>'$' @+) E+$3(>'$++)>'$  ! "#$ RS℄ >+$% ($ +$$'+( &?*+""./(' .$*')) &@( @+) 6 @+)*.'% .% "+$*'%2 U'%.$*')0?)'$'%  $* ".'( '$*)' >'% ?"'*) $% '* >'% *) (% > $* "+ >.J?)'$' >#?$')B.' eV '%* $*) "?' @+) "+ *'$%. $ V +@@"./(?' +(= H )$'% >' "#+$$'+(2 P'**' *'$%. $ '$B'$>)' ($  ! "# %&'( '&)*+,!-.# #/, &//#0 1&!2"# (3.4 -.# "& 3.42.4# 5#/ ,4&6#,3!4#/ 5.# 7 "& 134# 5# 834#*,0(.!//# 9,4# *+)"!)+# #, -.:!" *:; &!, (&/ 5# 5+(%&/&)# #*,4# 5#/ ,4&6#,3!4#/ 5&*/ .* '9'# 24&/ 5# ":&**#&.<&"34/ #* #=#, ":#=#, 5. %&'( (#., 9,4# *+)"!)+ (3.4 *# )&45#4 -.# #".! 5. >.?@ A* (&4"# 5# >.? B%&43*3CDE3%'@ F* (4&,!-.#< 3* ,4&C&!""#4& &C# 5#/ %&'(/ 5# ":3454# 5# -.#"-.#/ #*,&!*#/ 5# G&.// H1G = 10−4IJ@K3.4 #/ %&'(/< 3* (#., #=#,!C#'#*, *+)"!)#4 "& 3.42.4# 5#/ ,4&6#,3!4#/< '&!/ "#/ L"/ *# /3*, (&/ &//#0L*/ (3.4 *+)"!)#4 "& (+*+,4&,!3* 5. %&'( 5&*/ #.?D!@!K"./ (4+!/+'#*,< "#/ 5+(%&/&)#/ #*,4# 5#/ ,4&6#,3!4#/ (&//&*, 5&*/ "# '9'# 24&/ 5# ":&**#&. H1@ M!)@N@O@&J /3*, &"34/ 5# "& 134'# P
φi − φj = kF (Li − Lj) +

2πBδSij

Φ0
HN@ONJ3Q δSij #/, "& (#,!,# /.41&# #*,4# "#/ N ,4&6#,3!4#/@ F""# #/, ,;(!-.#'#*, 5# ":3454# 5# WL /! L < Lφ #,

WLφ /! L > Lφ H'&!/ !*1+4!#.4# 7 #/ C&"#.4/J@ R#/ 5+(%&/&)#/ '35."#*, (".,�, ":&'("!,.5# 5#/ 3/!""&,!3*/BE@ 8#/ 5+(%&/&)#/ #*,4# 5#/ ,4&6#,3!4#/ (&//&*, 5&*/ 5#/ 24&/ 5!=+4#*,/ H1@ M!)@ N@O@2J /3*, P
φi − φj = kF (Li − Lj) +

2πBδSij

Φ0
+

2πBS"#$
Φ0

HN@OTJ3Q S !"  !" #$ !%&'$ )*+ ,, - #.$,, $%  " δSij  !" #./$&" - #$ !%&'$ Sij 0 S !"1 2 " /$&"  !" $%!!3-.*&-& WL !3 L < Lφ  " WLφ !3 L > Lφ 4)$3! 3,'/&3 %& 0  ! 5$# %&!61 2 ! -/78$!$9 ! )*-%# ," 7#%"�"#$ 78$! - ! *!3##$"3*,! ;<1  !



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

 "(&

 "('

"("

"('

 

!

"
#
!
$

%
"
&

"

%
!

'

(# ' !"#  ! " #$%&'(% )% +,-.%/ 0,% (1+2 3 +.4%2,%/ %2 &%/,-324 G1 %2 5+246+2 ), 73&'&3829460,% : T = 50&; <4-364 9'36/=! >%44% +,-.% %/4 ?(4-9% '3//%@73,4 '+,- 2% +2/%-A%-0,% (3 +&'+/324% BC )% (3 5+-&,(% < !DD=! E+4%F 0,% G1 %/4 &+),(9% %2 3&'(64,)% 3A%'+,- 73&' 3-349-6/460,% Bc +--%/'+2)324 : ,2 Φ0 )32/ (3 /,-53% )1,2 .-3/ )% (1322%3,!#((% %/4 983(%&%24 &+),(9% %2 '73/% 3A% (% &G&% 73&' 4H'60,% Bc! #2 %I%4J -%&3-0,%F0,% G1 %/4 4324�4 %2 3A32%J 4324�4 %2 -%43-) /,- (3 /62,/+L)% 0,6 3 (3 &G&% '9-6+)% <%24-364 ?2=! M%/ NO7%/ /+,(682%24 (%/ %2)-+64/ +P (3 +,-.% %$'9-6&%243(% 94364 %2 3A32% )%'73/% /,- (3 /62,/+L)% %4 )%A6%24 %2 -%43-)!  D



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

rjW δSij

i

j !"#  !" # $%&'()*('%', '%&('  &(-.'&/0(', i '& j 120 &(-3'(,'%& 4' 54! δSij ',& 4- ,2()-''%,'((*' '%&(' 4',  &(-.'&/0(',!6*78-,-9' *4'&(/,&-&012' ∆φ = eV t/~ 6' 4- 7-0(' *4'&(/%:&(/2 /; ti /((',7/%6 2% 6*78-,-9'
≈ kFLi 120 6*7'%6 6' 4- /%592(-&0/% 7-(&0240L(' 62 6*,/(6(' C)! M09!  !"E! $4 '% (*,24&'2%' 592(' 6=0%&'()*('%' K 4- ,2()-' 6', /%&-&, -%-4/92' -2@ &-3'42(', CN,7'O4'N '%-%94-0,E '% /7&012'! P@7*(0<'%&-4'<'%&A /% %=- -L, 12=K 4- 3-4'2( 6' 4- /%62&-%' 120/((',7/%6 K '&&' 592(' 6=0%&'()*('%' </D'%%*' ,2( 4- ,2()-' 6', /%&-&,! Q/2& /<<''% /7&012'A 04 ,2R& 12=2% ,'24 '%&(' 60B2,'2( >/29' 6=2%' 60,&-%' ,27*(0'2(' K λF C/212=04 8-%9' %/&->4'<'%& 6=*&-&E 7/2( 12' &/2&' 4- 592(' 6=0%&'()*('%' ,/0& </605*' '&6/% 4- 3-4'2( 6' 4- /%62&-%' ,/0& 60B*('%&' C)! ST℄E! V-( /%,*12'%&A K W /2  JA >/29'(2%' 0<72('&* /2 8-%9'( &/2& 4=*8-%&044/% - 4' <X<' 'B'& ,2( 4', G2&2-&0/%, 6' /%62:&-%'A 6/%& 4=-<740&26' 3-2& δG ≈ cte e2/h! Y', G2&2-&0/%, ,/%& '")/.$0.--.0 -2 ,'%,/; 6' )-Z/% ('<-(12->4'A 4'2( -<740&26' %' 6*7'%6 %0 62 <-&*(0-2A %0 62 40>(' 7-(/2(,</D'% leA %0 6' 4- &-044' 6' 4=*8-%&044/%! F- ,'24' /%60&0/% 7/2( 4='@0,&'%' 6' ', [YM,',& 4- /8*('%' ,2( 4- &/&-40&* 6' 4=*8-%&044/%CL < LφE! F' 7(*)-&'2( %2<*(012' 7(*0, %'6*7'%6 12' )-0>4'<'%& 6' 4- 9*/<*&(0' '& 6' 4- 60<'%,0/% S\A ]℄!P@7*(0<'%&-4'<'%&A ' 78*%/<L%' 7'2& X&(' (*3*4* 7-( 4=-7740-&0/% 6=2% 8-<7 <-:9%*&012'! ^0 4=/% 7('%6 '% /<7&' 4- 7*%*&(-&0/% 62 8-<7A 04 -77-(-_& 2%' 60B*('%'6' 78-,' ,2774*<'%&-0(' '%&(' 4', &(-.'&/0(', *4'&(/%012', 120 6*7'%6 6' 4- (*-40,-&0/%7-(&0240L(' 62 6*,/(6(' `

φi − φj = kF (Li − Lj) +
2πBδSij

Φ0

C !WaE/; δSij ',& 4- 7'&0&' ,2()-' '%&(' 4',  &(-.'&/0(', C)! M09!  !"E! V/2( 2% 54 &'4 12' 4-  



 !" #$%'%(')*+, %+)-./,.$$., 0. *+0%'(+. 123#4  " !"#$%" W $&' ()*+"($%"$ , L $' Lφ- δSij .$%' ."$)/"$ )0(1.2"'$ 3%$  $ 4! $%" $)'"$ 5 $'
WL &( L < Lφ 2% WLφ &( L > Lφ6 7 $) "+&% '$ %)$ 2)/%'!)$ 3%( 9%'%$ !%'2%" /$&! 4! $%"  !&&(3%$ $) *2)'(2) /% :!1. 1!#)+'(3%$6 ;$& 9%'%!'(2)& &2)' !.+"(2/(3%$&-1!(&  0+:$  $ /$ :!1. '<.(3%$ Bc 2""$&.2)/ , %) Φ0 = h/e /!)&  ! &%"*!$ /% = 6 ;$&9%'%!'(2)& &2)' "$."2/%'(> $&- $  $& /+.$)/$)' /$  ! 2)=#%"!'(2) /% /+&2"/"$ ."2."$ , 0+:!)'(  2)- 2)  $& !..$  $ .56/.)+'., 5(7+8')9%., ?@1!#)$'2=)#$"."()'&@ $) !)# !(&A6B2%' 211$ .2%"  $ &.$C $ $) 2.'(3%$- $  $& .$"1$''$)' $) ."()(.$ /$ !"!'+"(&$" /$1!)(D"$ %)(3%$  ! 2)=#%"!'(2) /% /+&2"/"$6 E0!1. ('%/$ /$ $& 9%'%!'(2)& $&' !%&&( /$ 02"/"$ /$ e2/h .2%" L < Lφ6F) .$%' +#! $1$)' 12/(=$"  ! =#%"$ /0()'$"*+"$)$ $) :!)#$!)'  0+)$"#($ /$& + $'"2)&/$ 2)/%'(2) ?!4$ %)$ #"(  $ + $'"2&'!'(3%$ .!" $G$1. $ 2% $) !.. (3%!)' %)$ /(H+"$)$/$ .2'$)'($ 211$ /!)&  0$G.+"($)$ /$ 4!) F%/$)!!"/$)  ! "#$ IJ℄A /0%)$ 3%!)'('+ '$  $3%$  $ /+.:!&!#$ !&&2(+ , %)$ .!("$ /$ '"!L$'2("$& &2(' ∆φ = ǫτD/~ = ǫ/E ! ≈ 16M) "+&%1+- .2%" :!)#$"  ! =#%"$ /0()'$"*+"$)$- ( $&' +3%(4! $)' /$ :!)#$"  $ /+&2"/"$?&2(' $) :!)#$!)' /0+:!)'(  2)- &2(' $)  %( *!(&!)' &%>(" %) < $ ':$"1(3%$ N "+:!%H$1$)'O"$*"2(/(&&$1$)'- &2(' $)  %( ()L$'!)' %) *2"' 2%"!)'- &2(' $) >2%#$!)' %) $)'"$ /(H%&$%"2% $) 12/(=!)' &2) +'!'A- /$ 4!"($"  $ :!1. 1!#)+'(3%$ /0%)$ 4! $%" &%.+"($%"$ , Bc 2%/$ :!)#$"  0+)$"#($ /$& + $'"2)& /$ 2)/%'(2) /0%)$ 4! $%" &%.+"($%"$ , E ! IP- Q℄6R)$ !%'"$ *!S2) /02>&$"4$" $G.+"(1$)'! $1$)' %)$ 4!"(!'(2) /% /+&2"/"$ $&' &(1. $O1$)' /$ 1$&%"$"  ! 2)/%'!)$ /0%) +:!)'(  2) 2:+"$)' !% 2%"& /% '$1.&6 M) $H$' /!)&$'!()& !&-  ! 2)/%'!)$ .$%' ."+&$)'$" /$& &!%'& >!&&$ *"+3%$)$ $)'"$ T 2% . %&($%"&4! $%"& ?*6 IU℄ .!" $G$1. $A6 F) !..$  $ $ !  $ :/%)' '8$87/(6;)9%.6 ;$& &!%'& 2)' +'+!''"(>%+& , /$& /+*!%'& ()/(4(/%$ & 9%'%!)' $)'"$ /$& 2)=#%"!'(2)& 1+'!&'!> $&6 ;211$.2%"  $& R;V&- ( &%W' /$  ! 4!"(!'(2) /0%)$ (1.%"$'+ .2%" :!)#$" $)'(D"$1$)'  ! =#%"$/0()'$"*+"$)$ $' /2)  ! 4! $%" /$  ! 2)/%'!)$6 F) .$%' /0!(  $%"& 12)'"$" ?*6 IX℄ .!"$G$1. $A 3%$  $& &<&'D1$& , T )(4$!%G 3%$ 2)&'('%$)' $& /+*!%'& .$%4$)' Y'"$ ,  ! &2%"$/% >"%(' $) 1/f /!)& /$& +:!)'(  2)& '2'! $1$)' 2:+"$)'&6 Z!)&  ! .!"'($ (6.5)- 2) 4$""!3%02) .$%' $G('$" /$& &<&'D1$& , T )(4$!%G !4$ %) :!1. "!/(2O*"+3%$)$ $' 2>&$"4$" $%" &(#)! &%"  ! '$)&(2) .:2'242 '![3%$6;('2)& , ."+&$)' %)$ $G.+"($)$ (  %&'"!)'  $ !"!'D"$ )2)  2! /0%)$ 1$&%"$ /$ '"!)&O.2"' &%" %) +:!)'(  2) 2:+"$)'6 \C2.2  ! "#$ I]℄ 2)' 12)'"+ 3%$ .2%" %)$ 1$&%"$ /$"+&(&'!)$ J = & !4$ /$& &2)/$& /$ '$)&(2) $&.!+$& /$ L12 < Lφ-  ! :%'$ /$ .2'$)'($ 12<$))$ V12 $&' ."2.2"'(2))$  $ , L12- ! 2"& 3%$  0!1. ('%/$ 12<$))$ /$& 9%'%!'(2)& $&'()/+.$)/!)'$ /$ $  $ (6 ;$''$ !1. ('%/$ $&'  ! 1Y1$ 3%$  $& 9%'%!'(2)& /$ '$)&(2)-.2%" /$& &2)/$& $&.!+$& /0$)4("2) Lφ- 3%( 2""$&.2)/$)' !%G 9%'%!'(2)& %)(4$"&$  $& /$2)/%'!)$ /0!1. ('%/$ e2/h6 ^!" 2)'"$-  0!1. ('%/$ 12<$))$ /$& 9%'%!'(2)& !%#1$)'$.2%" L12 > Lφ6 ;$ ! 4$%' /("$ 3%$ .2%" %)$ 1$&%"$ /$ 2)/%'!)$ J = &- 3%!)/ %) 2%"!)'
I /(H%&$ $)'"$ T 2)'!'&-  $& 2%"!)'& 1("2&2.(3%$& /("(#+& ! +!'2("$1$)' !H$'$)'  $&"+#(2)& /$ '!(  $ Lφ () %!)'  $& &2)/$& /$ '$)&(2)6 R12 $' G12 &2)' /2) /$& 3%!)'('+& )2) 2! $& 3%( &2)' !H$'+$& .!" $ 3%( &$ .!&&$ /!)& %) 42 %1$ Ld

φ 2_ / $&'  ! /(1$)&(2) /%&<&'D1$6 M  $& /+.$)/$)' /% /(&.2&('(* $)'($" ?+:!)'(  2) ` = & /$ 2)'!'A- .!& &$% $1$)'/$  0+:!)'(  2)6 ;$ ! $&' 2)*2"1$ !4$  $ *!(' 3%02) )$ .%(&&$ .!& 1$&%"$" ,  0()'+"($%"/0%) &<&'D1$ 3%!)'(3%$- &!)& !H$'$"  ! 1$&%"$ /$ *!S2) (1.2"'!)'$6Ta



 ! "#$%&'($*&# +,#,%-./ !" #$%&''& ()* +& ,-($*,*& !" # !$!%" &'((*!+%" ,-. !% /012 *(&!+*!+% *! 34 '(435"4%56+ &4'%57358'! *7 *("6'*'!*7 965+" %4+% :7! 3;(<4+%5336+ '!"%! 6<('!+% *4+" "6+ !+"!9=3!> ?3" +! '("5"%!+% *6+ &4"@ 7+! 96A!++! "7' 3! *("6'*'! !% *5"&4'45""!+% &67' *!" (<4+%5336+" 94'6"6&5:7!"> B+!$!%C 699! 3!" (3!%'6+" *! 6+*7%56+ &!'*!+% 3!7' 9(965'! *! &<4"! 47 =67% *! LφC6+ &!7% *(69&6"!' 7+ (<4+%5336+ 94'6"6&5:7! 7=5:7! *! %4533! Ld !+ N = (L/Lφ)
d"67"D"A"%89!" *5$('!+%" *! %4533! Ld

φ> 0<4:7! "67"D"A"%89! 4 7+! 6+EF7'4%56+ *! *("6'*'!=5!+ *(E+5!C 945" 477+! 6''(34%56+ +;!G5"%! !+%'! 3!" "67"D"A"%89!"> /+! 6="!'H4=3! 94D'6"6&5:7! *(E+5! &67' <4:7! "67" "A"%89! &'!+* *6+ I H43!7'" 43(4%65'!">  4 365 *!"F'4+*" +69='!" +67" 4""7'! :7! 34 F'4+*!7' 94'6"6&5:7! *! 3;!+"!9=3! !"% (F43! @ 34H43!7' 96A!++!> J4' 6+"(:7!+%C %67% "A"%89! *("6'*6++( *! %4533! L ≫ Lφ '(435"! &67'<4:7! F'4+*!7' 7+! 96A!++! "7' 3! *("6'*'!> J4' 6+%'!C 6+ 6="!'H! *!" *(H54%56+" @ !'("73%4% &67' *!" "A"%89!" *! %4533! 5+K('5!7'! @ Lφ>06+"5*('6+" 3!" L7%74%56+" '!34%5H!" *! 34 6+*7%4+!> B33! "6+% *5H5"(!" &4' 7+ K4%!7'√
N = (L/Lφ)

(d/2)C ! :75 *6++! M
√
(δGAB,UCF )

2

G
≈ 1√

N
≈

(
Lφ

L

)d/2 ,#>NO26P δG = G−G>  4 6+*7%4+! 96A!++! G !"% 34 6+*7%4+! 34""5:7! Gcl *6++(! &4'34 365 *;Q<9 M Gcl = σLd−2 6P σ !"% 34 6+*7%5H5%( (3!%'5:7!> R! 34 '!34%56+ ,#>NO2C 6+*(*75% M (δGAB,UCF )
2 ∝ Ld−4> J67' d ≤ 3C 3!" L7%74%56+" %!+*!+% =5!+ H!'" 0 *4+" 343595%! *!" F'4+*!" %4533!"> Q+ *5% :7! 3! "A"%89! !"% 47%6D96A!++4+%> !. /$1+2(132$' 4125+&Q+ 4 H7 :7! 3!" 6"5334%56+" -. !% 3!" /01" +! '("5"%!+% &4" @ 7+! 96A!++! "7' 3!*("6'*'!> S!"%!D%D53 %67% *! 9T9! 7+! %'4! *! 34 6<('!+! *! &<4"! :74+* 6+ 96A!++! "7'3! *("6'*'! U R!" !G&('5!+!" 6+% '(&6+*7 4V'94%5H!9!+% @ !%%! :7!"%56+ &4' !G!9&3! "7'*!" A35+*'!" 9(%4335:7!" *6+% 34 <47%!7' (%45% "7&('5!7'! @ Lφ &67' !$!%7!' 7+! 96A!++!"7' 3! *("6'*'! WNX℄C 67 "7' *!" '("!47G *! 2.7×106 =673!" <!G4F6+43!" 9(%4335:7!" WNNC N#℄67 =5!+ &37" '(!99!+%C "7' *!" '("!47G *! 106 4++!47G '(435"(" *4+" 7+ F4Z =5*59!+"56++!3*;(3!%'6+" WN[℄> 0!34 4 (%( 47""5 H7 !+ 6&%5:7!> -&'8" 96A!++4F! *;7+! EF7'! *! "&!\3! "7'*5$('!+%!" '(435"4%56+" *7 *("6'*'!C 53 "7="5"%! 7+ !$!% +6+ +73 "7' 34 *(&!+*4+! 4+F7345'!*! 3;5+%!+"5%( 3795+!7"!> !"!# $%&'()**',-)%'. /*01)12. ,%'0 -' 34S!&4'%6+" *! 3;(:74%56+ ,#>]2 !% 96A!++6+" "7' 3! *("6'*'!>

G =

∣∣∣∣∣
∑

i

Aieiφi

∣∣∣∣∣

2

=
∑

i,j

AiAjei(φi−φj) ,#>N^2J67' 3;5+"%4+% 6+"5*('6+" :7;53 +;A 4 &4" *! <49& 94F+(%5:7! M
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W

min(L,Lφ) min(L,Lφ)

min(L,Lφ)

(a)

(b) !"#  !" # $%& '%() *( +,-  '. ,% )*/0%2 3* 45562/5( 2)7 ,8-8792 )587 6%/ ,% 7%8,,2 3* +,-
L. )587 6%/ ,% ,5(:*2*/ 32 5;9/2(2 32 6;%)2 Lφ! '%() *( +, 32 ,%/:2*/ W < min(L,Lφ)$<&. ,% )*/0%2 3* 45562/5( 2)7 ,8-8792 7/%()=2/)%,2-2(7 6%/ W 27 2)7 35( 8(09/82*/2 >
W ×min(L,Lφ)!785( 0%8<,2 2)7 3?%*7%(7 6,*) 8-65/7%(72 @*2 Lφ 2)7 :/%(3! A% 3962(3%(2 32 ,% ,5%,8)%785(0%8<,2 %=2 ,% 5;9/2(2 32 6;%)2 2)7 3?%8,,2*/) *( 32) -5B2() 32 -2)*/2/ Lφ!C( 6/9)2(2 32 ;%-6 -%:(978@*2. *( D*E )?8()/87 3%() ,% )*/0%2 Si 32 ,% <5*,2 27/92 *( 396;%)%:2 )*66,9-2(7%8/2!

φi − φ−i =
2π

Φ0

[∫

i

~A.~dl −
∫

−i

~A.~dl

]
=
2π

Φ0

2BSi $ !FG&H8 ,2 ;%-6 -%:(978@*2 2)7 )*I)%--2(7 8-65/7%(7 65*/ @*2 2π
Φ0
2BSi ≈ 2π. ,2) 2J27) 325;9/2(2 32 6;%)2 (2 )5(7 6,*) =8)8<,2)! '%() *( +, $32 ,%/:2*/ W < L,Lφ& ,2 ;%-6%/%79/8)78@*2 Bc @*8 8(72/=82(7 5//2)65(3 > *( Φ0 3%() WL )8 L < Lφ 5* 3%() WLφ )8

L > Lφ $0! K8:!  !"!<&! 4?2)7 ,% -L-2 9;2,,2 32 ;%-6 @*2 65*/ ,2) M4K)! H8 B > Bc.,2) 2J27) 32) 8(72/09/2(2) )*/ ,% 5(3*7%(2 )5(7 %((*,9) 27 2,,2N8 /27/5*=2 )% =%,2*/,%))8@*2! O( 6%/,2 32 0-+#,$&1&#'($-#/ 2&3*$*4/!C( 0%87. )8 W ≪ le $/9:8-2 )2-8N38J*)80&. 8, 0%*7 /2-6,%2/ W 6%/ Weff PF"℄ 5R Weff =

W
√
(3W )/(Crle)! C( 2J27. 5( 62*7 -5(7/2/ $0! %((2E2 $S&& @*?*(2 7/%T2758/2 02/-92@*8 (2 5(782(7 @*2 32) /9D2E85() )*/ ,2) <5/3) (?2()2//2 6%) 32 D*E! '5( *(2 7/%T2758/202/-92 32 )*/0%2 S @*8 5(782(7 *( :/%(3 (5-</2 32 /9D2E85() )*/ ,2) <5/3) 2(:,5<2 *( D*E

Φ < BS! A2 52I82(7 Cr 3962(3 32 ,% /*:5)879 32) <5/3)! U*%(3 ,% /9D2E85( 2)7 38J*)8=2.
Cr = 4π! 42,% 5//2)65(3 > ,% ,8-872 5R ,% ,5(:*2*/ 3?5(32 32 K2/-8 2)7 8(09/82*/2 > ,%/*:5)879 32) <5/3) 27 35( ,?9,27/5( 62*7 L7/2 /9D9;8 %=2 ,% -L-2 6/5<%<8,879 3%() 75*72),2) 38/2785()! '%() ,% ,8-872 5665)92. ,?9,27/5( 2)7 /9D9;8 )*8=%(7 ,2) ,58) 32 ,?5678@*2:95-97/8@*2! O( 387 @*2 ,% /9D2E85( 2)7 )69*,%8/2 27 %,5/) Cr = 9.5! !"! #$&''()&*+$ ,,- .(+$ /+ (++0(/'%() *(2 :95-97/82 %((*,%8/2. ,2) <5*,2) 32 ,5%,8)%785( 0%8<,2 5(3*8)2(7 > 32) 5)8,N,%785() Φ0/2N69/8538@*2 3%() ,% 5(3*7%(2 $%662,92) 5)8,,%785() SSH 2( ;5--%:2 %*E V
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Φ !"#  !" # $%&'()& *& +,-.&+01,&2 341 05+,164&5+ -4% 021))-+1052 778 *& )- 05*4+-5&9*& (:,10*& 0,,&2(05*-5+ ; Φ0/2 *-52 )- 24,<-& *& )=-55&-4! >&2 +&,'&2 ,:212+&5+ ; )-'0?&55& 24, )& *:20,*,&!-4+&4,2 *& )=-,+1)& *=0,1@15&A 341 24,B1B&5+ ; )- '0?&55& 24, )& *:20,*,& CD"℄! $5 &F&+905+,-1,&'&5+ -4 G)9 45 H4% -,-+:,12+134& (&4+ ,&220,+1, *-52 )- *1F:,&5& *&2 (I-2&2 J(04, *&2 +,-.&+01,&2 <-12-5+ 5 +04,2 K

φi − φ−i =
2π

Φ0

[∫

i

~A.~dl −
∫

−i

~A.~dl

]
=
2π

Φ0

2nB(S !" + δSi) L !DMA0N δSi &2+ )=:-,+ *& )- 24,<-& *:)1'1+:& (-, )- +,-.&+01,& ; )- 24,<-& '0?&55& *& )=-55&-4
S !" L<! O1@!  !"A!>&)- *055& 45& 05+,164+105 24(():'&5+-1,& ; )- 05*4+-5& 2042 )- <0,'& K

GAAS ∝
∞∑

n=1

∑

i

cos

[
4πn

Φ0

(Φ !" + δΦi)

] L ! PA81 )=05 0521*Q,& *&2 -55&-4% -22&R G52 04 *&2 I-'(2 -22&R <-16)&29 05 (&4+ 5:@)1@&, )&+&,'& *:(&5*-5+ *4 *:20,*,& δΦi *-52 )& 021542! S5 06+1&5+ -)0,2 *&2 021))-+1052 *05+ )&2I-,'05134&2 Φ0/(2n) ,:212+&5+ ; )- '0?&55& 24, )& *:20,*,&#9 0''& 062&,B: &%(:,1'&5T+-)&'&5+ L<! CDP℄9 CDU℄ !" #$%& '&()& *$ +,-. /0!.1 !. -3/"! +4 /5.5"04"$-. 16 743/8 !9-9$++4"$-.9 9,4""5.6!." 960 +4 3:3! 57!++! 1! 743/ ;6! +4 34%.5"--.16"4.! 16 <+& !"!# $%&'(')*)+, -. %.+&/% 0 *1&%)2)3.=4 /0->4>$+$"5 1! 0!"-60 ? +,-0$%$.! !9" 6.! %04.1!60 $3/-0"4."! !. /7@9$;6! 359-9-A/$;6!8 !. /40"$6+$!0 -33! -. +,4 B6 14.9 +!9 ' 9!"$-.9 /0551!."!98 /-60 +4 +-4+$94"$-.  ! "#$%&'()* +(# ,) +&-!$, #.),* /! !) 0/&% +/(0)!% '() ,1/#2#) 3* $# ,)+ /!%#&5(%&/!+ 2)+ %#$6)%/&#)+%),,)+ '() L > Lφ +/!% )7"/!)!%&),,)8)!% #.2(&%)+9 :$# /!%#)* +(# ,$ %#$!+;/#8.) 2) </(#&)#* /! 0/&% (!)/( 2)(7 =$#8/!&'()+ +("",.8)!%$&#)+9 '(
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τ
D

τ/

P(L,τ)
UCF

0
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0

AB

τ
D

τ/

P(L,τ) !"#  !" # $%&'(')*)+, -. %.+&/% 0 *1&%)2)3. (4%56 /3 +.746 τ -.6 ,*.+%&36 &3+%)'/(3+ (/9:;<6 =0 2(/>.? .+ (/9 &6)**(+)&36 @A =0 -%&)+.?! B.6 ,>.**.6 .3 &%-&33,. 6&3+ -)C,%.3+.6!D()'*.! E3 F( F&)% G/. -(36 /3 6H6+57. -)C/6)D I .++. 4%&'(')*)+, 31.6+ 4(6 *( 7J7. 6/)F(3+G/. *.6 +%(K.+&)%.6 ,*.+%&3)G/.6 D&3+ &/ 3&3 /3 +&/% -. *1(33.(/ (F(3+ -. %.+&/%3.% 0 *./%4&)3+ -1&%)2)3.!B.6 +%(K.+&)%.6 G/) &3+%)'/.3+ (/9 :;<6 &3+ /3. 4%&'(')*)+, -. %.+&/% 0 * 1&%)2)3. =D!.94*)(+)&3 -. F(3 E/-.3((%-.3  ! "#$ LM"℄? O
PUCF (τ) ∝ 1

(πDτ)(d/2)
= !  ?)3-)G/(3+ G/. *.6 +%(K.+&)%.6 G/) &3+ -.6 +.746 &/%+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/) -,%&)+ *.3+.7.3+! ;.6 4%&'(')*)+,66&3+ %.4%,6.3+,.6 6/% *( Q2/%. = !"?!E3 -.F%()+ .3 4%)3)4. 4&/F&)% (*/*.% *.6 -)6+%)'/+)&36 -. +.746 -. 4(%&/%6 -.6-)C,%.3+.6 +%(K.+&)%.6 6/)F(3+ *( -)6+(3. 4(%&/%/.! R()6I .*( .6+ -,*)(+ .+ -(36 /34%.7).% +.746 )* 6.7'*. 3(+/%.* =D! <)2!  !"? -. 4.36.% G/. *( F(%)(3. δτij -.6 -)6+%)'/+)&364&/% *.6 :;<6 .6+ 4*/6 D()'*. G/. .**. -.6 -)6+%)'/+)&36 4&/% *.6 &6)**(+)&36 @A δτ̃ij .+G/. δτij ≈ τD
!! S(36 *./% .94,%).3.I F(3 E/-.3((%-.3  ! "#$ &3+ 7&3+%, G/. *. &3+.3/  ! "#$%!&#'! "( )* "#&+,#-.+#'! "% )* "#&+*!% 0 1*,'.,.% 1*, .! 2)%+,'! %! .! +%$1& τ 342 %&+"'!!2% 1*, 567℄ 9

P (L, τ) =
1

(4πDτ)(d/2)
e−

L
2

4Dτ :;<;6=>%++% "#&+,#-.+#'! %&+ $*4#$*)% %! L =
√

2Dτ < 0* "#&+*!% +?1#@.% *++%#!+% 1*, "#A.&#'! *1,B& .! +%$1&
τ %! "#$%!&#'! d %&+ 〈R2(τ)

〉
= 2Ddτ <!C! * %&&*?2 "% $'!+,%, %& ,2&.)+*+& D 1*,+#, "%& 1,'-*-#)#+2& "% ,%+'., D )E',#F#!%( $*#& !'.& !E?&'$$%& 1*& 1*,G%!.& 1'., )E#!&+*!+( !'+*$$%!+ D *.&% "% )* "#G%,F%!% "% )E#!+2F,*)% D F,*!" +%$1& @.#1'&% )* "2)#*+% @.%&+#'! "% )* '.1.,%<  T
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R ≫ R$&!'()**+'B !"( 2+*)! !' ")%,! *8! +<)9*'(,++&'3 P' * "&$8!'( 2%," $'! %)",(*'!
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 ! "#%&'()#* #+,-.'/#&012#*
~

R=10MΩ

Vac

f~33Hz

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 *'020,/5 -;5&4/52 <$0)51/4* = >?! !"!" #$%&'()&*($+ ,+ *,+)($+@6 2-0 'A)62(250 ./--,B62 *2 ./6)4,-24 68'&)50,66/5 25 025-,/5 -+,C)50 62 (/50)A2 *2 6)DA+42 < !E?! 9/+4 2 (/50)A2: ,6 1)+0 7+2 R "#$%&''($ ≫ R&)*&% )D5 7+2 0/+02 6) &+02*2 ./0250,26 ),0 B,25 6,2+ *)5- 68'&)50,66/5: /5 ) )6/4- +52 -/+42 ,*')62 *2 025-,/5! F)5-
R&)*&% ,5024C,250 6) 4'-,-0)52 *2 68)(.G42(G042 <25 A'5'4)6 < 100Ω? 20 )+--, 6) 4'-,-0)52*2- HB62- *2 6) *,6+0,/5 <)+0/+4 *2 100Ω?! I5 C244) 7+8/5 .2+0 +0,6,-24 2002 ('0&/*2 ./+462- )552)+3 EFJK <R ≈ 5LΩ?: (),- .)- ./+4 62- )552)+3 &;B4,*2- <R < 1Ω?! M8,50'4N0*2 2 (/50)A2 2-0 7+8/5 .2+0 -8)O4)5&,4 *2- ).),0'- .)4)-,02- <*2- HB62- 5/0)((250?!J5 2O20: 0)50 7+2 1/Cp1ω ≫ R#+,: 0/+0 62 /+4)50 7+, .)--2 *)5- 68'&)50,66/5 2-0 B,25(2-+4' *)5- 68)(.G42(G042! I5 ) C'4,D' A4H2 P +5 )(.6,D)02+4 ,5025-,0'Q025-,/5: 7+26/4-7+8/5 ./6)4,-),0 68'&)50,66/5 25 025-,/5 20 7+8/5 (2-+4),0 68,5025-,0': /5 /B025),0 B,25<25 +0,6,-)50 6) 1/4(+62 R! ? 62- (N(2- 4'-+60)0- 7+2 ./+4 6) ./6)4,-)0,/5 25 /+4)50!I5 .4'1G42 ./6)4,-24 68'&)50,66/5 25 /+4)50 20 (2-+424 +52 025-,/5 P 6) *'020,/5-;5&4/52 .)42 7+2 82-0 .6+- -,(.62 23.'4,(250)62(250 <*/5 25 .4)0,7+2 /5 (2-+42.6+0�0 *2- 4'-,-0)52-?! J5 2O20: ,6 2-0 .6+- 1),62 <A4H2 P 6) 6/, *2- 5T+*-? *8)U/+024*2- /+4)50- 7+2 *2- 025-,/5-! M2- 0&'/4,,25- .4'1G4250 7+)50 P 2+3: 04)C),6624 -+4 *2-/5*+0)52- .6+0�0 7+2 -+4 *2- 4'-,-0)52- )4 2662- -823.4,(250 .6+- 1),62(250 P 68),*2*2- 1/50,/5- *2 K4225! !"! -,).', " $. / $+*&*)9/+4 (2-+424 +52 1),B62 C)4,)0,/5 *2 4'-,-0)52: ,6 C)+0 (,2+3 4')6,-24 +52 (2-+42 *24'-,-0)52 VW /50)0-V <1! X,A!  ! ?! 9)4 232(.62: ./+4 62- '&)50,66/5- <$Y$?: 6/4-7+26) -+.4)/5*+0,C,0' 2-0 ,5*+,02 .)4 2O20 *2 .4/3,(,0': 6) 4'-,-0)52 *2 68'&)50,66/5 -2+62.)--2 *2 ≈ 1Ω P 0Ω: 2 7+, 1),0 +52 C)4,)0,/5 426)0,C2 (2-+4)B62 ∆R/R ≈ 1! Z6/4- 7+8)C2+52 (2-+42 *2 4'-,-0)52 VE /50)0-V: /5 (2-+42 6) 4'-,-0)52 *2- D6- 25 -'4,2 <≈ 70Ω? -/,0+52 C)4,)0,/5 426)0,C2 ∆R/R ≈ 1/140 ≈ 7 10−3! F2 .6+-: )C2 +52 (2-+42 *2 4'-,-0)52 VW/50)0-V: /5 -8)O4)5&,0 *2- 4'-,-0)52- *2 /50)0 <1! -20,/5 <W!"!E?? .+,-7+8/5 (2-+426) *,O'4252 *2 ./0250,26 )+ .6+- .4G- *2 68'&)50,66/5! E



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

A

V

Cp1

Cp2Echantillon

Rcircuit !"#  !" # $&'() *+ *,-./-,0,1 23.'4,(250)6 7+8/5 +0,6,-2 ./+4 +52 ./6)4,-)0,/5 25 025-,/5!
~

V

~

V

cryostat

(a) (b) !"#  ! # $&'() *+ *,-./-,0,1 *2 (2-+42 *2 4'-,-0)52 9 :" /50)0-: ;)< 20 := /50)0-:;><! ?2 2462 42.4'-2502 62 4@/-0)0 9 68,50'4,2+4 *+7+26 2-0 68'&)50,66/5! ?2- 4'-,-0)52- 968,50'4,2+4 *+ 2462 20 62- ).),0'- -/50 2662- *2- A>62- *2 6) *,6+0,/5! B5 C/,0 7+8)C2+52 (2-+42 := /50)0-:D /5 -8)E4)5&,0 *2- 4'-,-0)52- *2 /50)0 20 *2- F6- *2 6) *,6+0,/5.)42 7+8/5 (2-+42 6) *,E'4252 *2 ./0250,26 *,4202(250 )+ 5,C2)+ *2 68'&)50,66/5!  



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

PMMA/MAA

Si

Insolation

1-

2-

3- Développement

faible 

dose

4- dépôt

métallique

5- lift-off

à l’acétone

4a4b

forte 

dose

forte 

dose !"#  !" # $%&'&)* +* ,- ,&./01%-)/&* 2,*.%0'&34*! 5 1-4/*6 27-)0%-.&0' 8&9),* +4 92.-,: .%-7*%8 4' 9-834* 848)*'+4 +* %28&'*! 5 +%0&.*6 27-)0%-.&0' 8048 ; -'1,*8 +&<2%*'.8!=.-)* > ? +2)�. +A4'* B&04/* $CC5DC55 )4&8 $CC5! =.-)* ; ? &'80,-.&0' -7* 4'9&%080)* 2,*.%0'&34* : B-,-E-1* FC=GH +*8 )-%.&*8 0I ,A0' 7*4. +2)08*% ,* 92.-,! =.-)* ? +27*,0))*9*'. -4 CJGK! =.-)* " ? L2)�
30Z[ *. ,*8 04%-'.8 2.-&*'. 10)5 )04% ,* /-9) -4 ),48 N0%. 1%088&88*9*'. F×1000H *. 30'5)04% ,* /-9) -4 ),48 N-&B,* 1%088&88*9*'. F×30H! L*8 .*8.8 +* +08* 0'. 2.2 %2-,&828 : /-34*N0&8 )04% -70&% ,- ,-%1*4% +28&%2*! M*8 S,8 ,*8 ),48 S'8 34* ,A0' - %2-,&828 -7* * C=G 0'. "



 ! "#%&'()#* +# ,-./'-0'1&  2
CH2

C

CH3

COOCH3 !"#  !" # $%&'()* ,-'-.(* /( 0112! 34 )-4-5%6 74-8)* *69&* )*5 '%6%':&*5 *;<)-.(* )47%&9* 5*65-8-)-9= /* )4 &=5-6* 4(; =)*9&%65 )%&5 /* )>-65%)49-%6 =)*9&%6-.(*!(6* )4&?*(& />4<<&%;-'49-@*'*69 606'! 3*5 &=5-6*5 =94-*69 5%-9 /( 0112 A <%)B'*9,B)C'*94C4&B)49* D7! $-?!  !" <%(& )4 7%&'()* ,-'-.(* /( '%6%':&*EF 5%-9 /( 0112G122 A<%)B'*9,B)C'*94C4&B)49*G4-/* '*94C4&B)49*! 34 )-4-5%6 *69&* )*5 '%6%':&*5 *59 8&-5=*<4& )*5 =)*9&%65 )%&5 /* )>-65%)49-%6 4( 1HI! 34 )-4-5%6 *69&* )*5 /-':&*5 *59 *6%&* <)(55*65-8)*F * .(- *;<)-.(* .(>J %(&469 -/*69-.(*F )* 74-5*4( =)*9&%6-.(* /=?&4/* <)(5 )*%'<%5= .(* )* 0112 5*()! 3* '%/* %<=&49%-&* *59 )* 5(-@469 A
• 0%(& (6* '%6%%(,*F %6 (9-)-5* /( 0112 2K! 2<&:5 )>4@%-& /=<%5= 4@* (6* 9%(&C6*99* DL"MM9<' <*6/469 KM5 <%(& ≈ 5006'EF %6 )* 74-9 (-&* DN '-6(9*5 J 160◦OE!P6* 7%-5 -65%)=F %6 )* /=@*)%<<* 4@* /( '*9,B)C-5%8(9B) Q=9%6* D1RISE /-)(= /465)>-5%<&%<46%) *6 <&%<%&9-%6 T A <*6/469 ≈ 455 *9 %6 )* &-6* J )>-5%<&%<46%)! 3*)-79C%U *59 &=4)-5= J )>4=9%6* )=?:&*'*69 ,4(/ A ≈ 65◦O <%(& =@-9*& )4 &*/=<%5-9-%6 !
• 0%(& (6* 8-%(,*F %6 (9-)-5* />48%&/ /( 0112G122 .(* )>%6 /=<%5* 4@* )49%(&6*99* DL"MM9<' <*6/469 KM5 <%(& ≈ 5006'EF <(-5 .(* )>%6 74-9 (-&* D905 J
160◦OE! V6 /=<%5* <4& /*55(5 )* 0112 2 D<)(5 /-)(= .(* )* 2KE 4@* )4 9%(&6*99*DNWMM9<' <*6/469 KM5 <%(& ≈ 1006'E *9 )>%6 74-9 (-&* )* 9%(9 DLM '-6(9*5 J 160◦OE!P6* 7%-5 -65%)=F 9%(9 *59 /=@*)%<<= *6 'X'* 9*'<5 <4& )* 1RIS! P9-)-5*& (6* 8-%(,*/* &=5-6* *59 9&:5 (9-)* 4@* (6* =@4<%&49-%6 5%(5 46?)* <%(& =@-9*& )* /=<�9 5(& )*58%&/5 /( 0112G122! H6 <&49-.(*F ,4.(* 7%-5 .(* )>%6 74-54-9 (6 /=<%9 '=94))-.(*F%6 (9-)-54-9 (6* 8-%(,*! ! !" #$%�' ($')**+,-.3*5 /=<�95 />%&F />4&?*69F />4)('-6-(' %69 =9= &=4)-5=5 <4& =@4<%&49-%6 Z%()* /465 (6*,4'8&* %[ 4((6 '49=&-4( '4?6=9-.(* 6>*59 4(9%&-5= <%(& =@-9*& (6* =@*69(*))* <%))(9-%6!3* <%&9* =,469-))%6 <*(9 X9&* 9%(&6= 5(-@469 (6 4;* ,%&-\%694) <*&'*99469 />499*-6/&*/*5 46?)*5 @4&-469 *69&* −15◦ *9 15◦! 34 @-9*55* /* /=<%5-9-%6 9B<-.(* 0.1 − 16'G5 *59'*5(&=* *6 9*'<5 &=*) <4& )4 7&=.(*6* /* &=5%646* />(6 &-594)F )4 <&*55-%6 )%&5 /( /=<�9*59 /* )>%&/&* /* 10−6'84&! 3*5 /=<�95 /* ]-%8-(' %( /* 0)49-6* 5%69 &=4)-5=5 /465 (6*,4'8&* /* <()@=&-549-%6 <4& <)45'4! O%''* )* 8^9- /%69 6%(5 /-5<%5%65 <%55:/* (6*,4'8&* />=@4<%&49-%6 Z%()* *9 (6* ,4'8&* /* <()@=&-549-%6F -) *59 <%55-8)* /* 9&4657=&*&)*5 =,469-))%65 />(6* ,4'8&* J )>4(9&* 5465 455*& )* @-/*! O*)4 6%(5 <*&'*9 />%89*6-& /*5-69*&74*5 9&:5 <&%<&*5 D/465 )* 45 <4& *;*'<)* /*5 =,469-))%65 2(G]8E!  !!"#!$%# !%&!"'%$() #" *+( !,%* -.*+((", "!!" !"0*.,+!&," 1 "



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



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





 !"#$%&' ()*%&+,-%$+* !" #$%!&'(&!$!" *+,$%#*+!" -!+.!$% "! /,$#'!"%!& -&#$#-,0!/!$% 1,$" 2 &(3#/!" 1!%&,$"-4&% 5
•  ! &(3#/! 0#$(,#&! 14$% 4$ , 1(6, -,&0( 1,$" 0! 7,-#%&! 8 49 "! /,$#'!"%!$% $4%,//!$%0!" :;<"= 0>!?!% @A !% 0, 04,0#",%#4$ ',#B0!C
•  ! &(3#/! $4$ 0#$(,#&! D B,""! '&(*+!$! ω ≪ 1/τD   !"! f < E !/h ≈!"#$!"#% &'()*"+ ,*% -,,#-"./ *0 $#% 1,2#+-21*,% #4# #2 $#% 5"2"-21*,% 6" )*2#,21#$ 7$#2+1!"#1,2#+,# 8*"#,2 ", +�$# )+76*:1,-,2; <, 72"61#+- # +7=1:#> #, :#%"+-,2 $- +7)*,%#? 2ω ? ", *"+-,2 6@#.12-21*, 6*,2 $- )"$%-21*, #%2 ω ≪ 1/τD> 6-,% $# A-)12+# B;
• C# +7=1:# ,*, $1,7-1+# ? A-"2# D+7!"#,# ω > 1/τǫ 6# $@7$#2+*, )#"2 %# 67*:)*%#+ #, ",# 7,#+=1# $*,=12"61,-$#

ǫL = ~
2k2

L/2m #2 ",# 7,#+=1# 2+-,%G#+%# ǫT  *0 m #%2 $- :-%%# #L#21G#/ -G# ǫ = ǫL+ǫT ; K-"%# 6" *,N,#:#,2> ǫT #%2 !"-,21N7# ǫT = ~
2

2m

[(
πMx(ǫ)

W

)2

+
(

πMy(ǫ)

t

)2
]  *0 W #2 t %*,2$- $-+=#"+ #2 $@7)-1%%#"+ 6" N$ +#%)#21G#:#,2> Mx(ǫ) #2 My(ǫ) %*,2 6#% #,21#+% ,-2"+#$%/;I*::# ǫL 6*12 E2+# )*%121D> )*"+ ",# 7,#+=1# ǫ 6*,,7#> $# N$ ,# )*%%O6# !"@", ,*:P+# N,1

M =Mx(ǫ)My(ǫ) 6# :*6#% 2+-,%G#+%#% *0 Mx(ǫ) #2 My(ǫ) G7+1N#,2 $- +#$-21*, %"1G-,2# Q
(
Mx(ǫ)

W

)2

+

(
My(ǫ)

t

)2

≤ 1

π2

[
2m

~2
(ǫ− ǫL)

]  R;S/TU



 ! "#$%&'($*&# !"#  !" # $%&'()* (++,-,./ 0 &) 1)+1-2.1 34/.1*'%)+ 1) -%&61-1)* -%3/.,+/+ 7(' 31+7(8&1*+ 34%)31!9) 71&* (&++, -%)*'1' 8&1 .1 )%-2'1 *%*(. 31 -%31+ *'()+61'+1+: 8&4%) (771.1'( (&++,()(&; 31 %)3&*,%) <(3%7*()* .0 &)1 6,+,%) =*'()+7%'*=>: M 71&* +1 -1**'1 +%&+ .(?%'-1 @" ℄ B
M =

πS

λ2
F

(3D) 1* M =
W

λF

(2D) < !C> !"!# $% &'()*'+ ,% .),'*()%9) 6( -%)*'1' +,-7.1-1)* 8&4&) D. "EF"()(. +()+ 3/+%'3'1: 1)*'1 C %)*(*+ 7('?(,*+:( &)1 %)3&*()1 2,1) 3/*1'-,)/1 GQ = e2

h
! G%,* 3%) &) D. 2(.,+*,8&1 "EF"()(. 31.%)H&1&' L 1)*'1 C '/+1'6%,'+ +%&-,+ 0 &)1 3,I/'1)1 31 7%*1)*,1. V 0 JKLM ! N1 %&'()*8&, ,'&.1 1+* B

I = IL − IR =

∫ ǫF +eV

0

dǫ ν(ǫ)I(ǫ)−
∫ ǫF

0

dǫ ν(ǫ)I(ǫ) =

∫ ǫF +eV

ǫF

dǫ ν(ǫ)I(ǫ) < !O>%P ν(ǫ) 1+* .( 31)+,*/ 34/*(*+: I(ǫ) 1+* .1 %&'()* 7%'*/ 7(' &) /*(* 0 .4/)1'H,1 ǫ 1* %) (&*,.,+/ .( ?%)*,%) 31 3,+*',2&*,%) 31 Q1'-,FE,'( 0 T = 0M! R) 7ST+,8&1 -/+%+%7,8&1: %)+1 +,*&1 3()+ 31+ H(--1+ 34/)1'H,1 ǫ, eV ≪ ǫF ! 9) ( (.%'+ ν(ǫ) = 2L/hvF <.1 ?(*1&' 27'1)3 1) %-7*1 .1 +7,) 31 .4/.1*'%)> 1* I(ǫ) = evF/L @"U: CL℄! E4%P B
I =

∫ ǫF +eV

ǫF

dǫ
2L

hvF

evF

L
=
2e2

h
V = 2GQV < ! >

GQ 1+* 1 8&4%) (771..1 .1 8&()*&- 31 %)3&*()1! V. 1+* ,)3/71)3()* 31 .( *1)+,%): 31.( *1-7/'(*&'1 1* 3& -(*/',(& W 9) )%--1 (&++, RQ = h
e2 ≈ 25.8XΩ .( '/+,+*()1 34(Y+%& 31 %)*(* 8&, 1+* *%&Z%&'+ 7'/+1)*1: -[-1 +, .1 %)*(* 1+* 7('?(,*! \ST+,8&1-1)*: 1.(+4,)*1'7'Y*1 %--1 &)1 '/3&*,%) ,-7%'*()*1 3& )%-2'1 31 ()(&; 31 %)3&*,%) 1)*'1.1+ '/+1'6%,'+ <)%-2'1 ,)D),> 1* .1 D. <&) +1&. ()(.>! \%&' &) D. 2(.,+*,8&1 .( %)3&*()11+* 8&()*,D/1 ] +4,. ( M ()(&; 31 %)3&*,%): %) 71&* -%)*'1' 8&1 +( %)3&*()1 1+*

G = M e2

h
! $1.( ( /*/ -,+ 1) /6,31)1 1;7/',-1)*(.1-1)* 3()+ 31+ %)+*',*,%)+ 31 H(^34/.1*'%)+ 7(' _() 1̀1+  ! "#$ @C"℄!  ! "#$!% &$ '(%)&$ &$ "&*+ +,'"&$ -*, +(,./ 0,2 (! 3$#3$ +$*&$'$!. 4 56,#$ ('"#$!%#$ &$ (!$"./7!$ %8'(!+.#6.,(! #,9(*#$*+$ 4 .$'"8#6.*#$ $. %,:8#$!$ %$ "(.$!.,$& -*$&(!-*$+ +$#6 %8;$&(""8$ %6!+&6 "6#.,$ </=/>  L



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

V=0

0 L

Potentiel

- V/2 !"#  !" # $%&'( )( *+'(,'-(. .( .+,/ )0&, 1%3,'-..+, 43.-5'-6&( *+&7 )(5 +,'3'5 5891:'7-6&(5!;,( 3&'7( <3=+, )03**71%(,)(7 .( 6&3,'&9 )( +,)&'3,( (5' > .03-)( )& *7-,-*()0(?.&5-+, )( @3&.- (' )& *7-,-*( )0-,(7'-'&)( )0A(-5(,4(7/! B, (C('D +, *(&' 9+)1.-5(7.( +&73,' *37 &, (,5(94.( )( *36&('5 )0+,)( (, 9+&E(9(,'F<! G-/!  !HI! $%36&( *36&(')0+,)( ,( *(&' *+7'(7 6&0&,( %37/( −e F6&3,'-J3'-+, )( .3 %37/( (' *7-,-*( )( @3&.-I!K 3&5( )& *7-,-*( )0A(-5(,4(7/D .(5 *36&('5 )0+,)( ,( *(&E(,' *35 5( 5&1)(7 > 9+-,5)( τ = ~

eV
! L. (, 715&.'( &, +&73,' 93?-9&9 )( I ≈ e2

h
V !M+'+,5 6&( ( 6&0+, 3 3.&.1 *711)(99(,' (5' .3 +,)&'3,( )& 585'N9( J.O+,'3'5)3,5 5+, (,5(94.(! P- +, 9(5&7( F>  +,'3'5I .3 )-C17(,( )( *+'(,'-(. 3& 5(-, )0&,1%3,'-..+, +%17(,' FL < LφI 53,5 )15+7)7(D +, .3 '7+&E( ,&..( Q .3 %&'( )( '(,5-+, 5(<3-' > .0-,'(7<3( J.:+,'3' F<! G-/!  !"I! $(.3 3 1'1 +,J791 (?*17-9(,'3.(9(,' *37 .(59(5&7(5 )( R( @--+''+  ! "#$ S""℄! !"!# $%&'()*&,(% )* )-.(')'/U&56&0> *715(,' ,+&5 ,03E+,5 +,5-)171 6&( )(5 585'N9(5 53,5 )15+7)7( *+&7 .(56&(.5.3 '73,59-55-+, *37 3,3. 1'3-' )( 1! R3,5 .(5 585'N9(5 )15+7)+,,15D +, )+-' '(,-7 +9*'()& <3-' 6&( .3 '73,59-55-+, ,0(5' *35 .3 9V9( *+&7 '+&5 .(5 3,3&? )( +,)&'-+,! R3,5( 35 F(, 3,'--*3,' &, *(& 5&7 .3 5('-+,  !"!H '73-'3,' )& <+793.-59( )( W3,)3&(7ID .3+,)&'3,( 50(?*7-9( (, <+,'-+, )( .3 93'7-( )( '73,59-55-+, t̂ )& 585'N9( S"XD " ℄ Q

G =
e2

h
Tr

(
t̂t̂†

)
=
e2

h

∑

λ

|Tλ|2 F !YI+Z .(5 Tλ 5+,' .(5 E3.(&75 *7+*7(5 )( .3 93'7-( t̂t̂†! L.5 5+,' +9*7-5 (,'7( 0 (' 1 (' *(&E(,'V'7( 9-5 5+&5 .3 <+79( Tλ = exp(−L/ζλ)! W3 .+,/&(&7 )( .+3.-53'-+, (5' ζ = Max(ζλ)! L.8 3 M 3,3&? )( +,)&'-+, 3& '+'3.! W3 +,)&'3,( (5' 3.+75 )1'(79-,1( *37 .( ,+947()( 3,3&? (C('-<5 M !! $0(5' .( ,+947( )( 3,3&? )+,' .3 '73,59-55-+, (5' *7+%( )(
1 F%$ $ '(. 6&( L < ζλID 6&- (5' )( .0+7)7( )( M ! = Mle/L S"Y℄! K-,5-D .3 +,)&'3,(9+8(,,( )& 585'N9( (5' )+,,1( *37 G =M ! e2/h! W(5 [&'&3'-+,5 3&'+&7 )( (''( E3.(&7+77(5*+,)(,' > .03\+&' +& 3& 7('73-' )0&, 3,3. (C('-< )( +,)&'-+, (' 5+,' )( .0+7)7( )(
e2/h!  H



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

Seff

B

C

A

l e !"#  !" # $%&'(% )*+,-%,( )% -%'*/& %01% )% )*+,-*/& S !! 2%- 34%'(/&- %' 4%- '(/,-)*+,-3- -5%& 34/*6&%&' )% le 171&' )% -,8*( ,&% 1,'(% /44*-*/& 9,* 4%- %&7/*% )1&- ,&%)*(%'*/& 1431'/*(%! !"! #$%$&' ($*&%&+$,-. /- 0*1'%+&*0 21%%$,-.:/,( 1;;(3<%&)%( 4%- &/'*/&- )% )3-/()(% %' )% <,'% )% ;/'%&'*%4 4/14*-3%= &/,- &/,-;41>/&- ? 453<%44% )5,&% *@;,(%'3! A/,- &/,- -%(7*(/&- )% %''% *@16% /@@% ,& -,;;/(',& ;%, ;4,- *&',*'*B 1,C @/)D4%- '<3/(*9,%- )% E! F;*71G= H! IJ,K*& )5,&% ;1(' LMN℄ %'P! F1&<%K= Q! ER''*G%( )51,'(% ;1(' LMS℄! $%''% *@16% B/&)3% -,( 4%- )*;�4%- )% (3-*-'*7*'3(3-*),%44% /, )*;�4%- )% 21&)1,%( %-' '(1*'3% )1&- 41 (3B3(%&% LMU℄ %' )% B1>/& ;4,- )3'1*443%@1*- @/*&- *&',*'*7% )1&- 41 (3B3(%&% LMV℄!P1&- %''% -/,-W-%'*/&= &/,- @/&'(/&- 9,% 4% /,(1&' 1, &*7%1, )5,&% *@;,(%'3 (3% ,&)*;�4% (%-;/&-184% )5,& <1@; 34%'(*9,% /&%&'(3 1, 7/*-*&16% )% 45/8-'14%! 21 @/J%&&%-;1'*14% )% '/,- %- <1@;- )% (3-*-'*7*'3 (3-*),%44% X*!%! 4% <1@; -,;;43@%&'1*(% (33;1( 45*&'(/),'*/& )5,& %&'(% )% )*+,-*/&Y )*7*-3% ;1( 41 )%&-*'3 )% /,(1&' 7/4,@*9,%(%)/&&% 41 (3-*-'*7*'3 )% 41 4/* )5Z<@ 4/14% →
E=

→
j /σ X/[ σ %-' 41 /&),'*7*'3 34%'(*9,%Y? 419,%44% /& 1 1D- %C;3(*@%&'14%@%&'! \&]&= /& ;1(4%(1 )% <,'% )% ;/'%&'*%4 1, -%*& )%453<1&'*44/&!F/*' ,& %&'(% )*+,-%,( )% -%'*/& %01% )% )*+,-*/& S ! XB! ^*6!  !"Y! :/,( -*@;4*]%(4% 14,4 X8*%& 9,% % &% -/*' ;1- *&)*-;%&-184% LMU℄Y ;(%&/&-W4% -;<3(*9,% %' *@;3&3'(184%!F/*' j∞ 41 )%&-*'3 )% /,(1&' 4/*& )% 45*@;,(%'3!$/&-*)3(/&- 4%- 34%'(/&- 9,* 7/&' )1&- 4% -%&- ;/-*'*B! $%- 34%'(/&- ;/('%&' 41 @/*'*3), /,(1&'! $%,C 9,* 1((*7%&' -,( 4% %&'(% )*+,-%,( )/&&%&' 4*%, ? ,& /,(1&' )*+,-3 X%&@/J%&&% 7%(- 451((*D(%Y S !j∞/2! P% @_@% ;/,( 4%- '(/,- 1441&' )1&- 451,'(% -%&- %' ;/('1&'451,'(% @/*'*3 ), /,(1&'! 2%- 34%'(/&- %' 4%- '(/,- )*+,-3- -534/*6&%&' `,-9,5? ,&% )*-'1&%

le /[ *4- -,8*--%&' ,&% 1,'(% /44*-*/& %' -,*7%&' ,&% )*(%'*/& 1431'/*(% XB! ^*6!  !"Y!21 ]6,(% X ! Y ;(3-%&'% 41 )%&-*'3 34%'(/&*9,% 1,'/,( )5,&% *@;,(%'3 ? 4539,*4*8(% %'</(- )539,*4*8(% XI 6= 0Y! $%''% ]6,(% %-' *--,% )5,&% -*@,41'*/& &,@3(*9,% (314*-3% ? ;1('*()%- (3B3(%&%- XL"a℄ %' L"b℄Y! c/,' /@@% 45%1, )5,&% (*7*D(% 1, 7/*-*&16% )5,& (/<%(= *4 J 1,& %CD- )534%'(/&- %& 1@/&' )% 45*@;,(%'3 %' ,& )3]*' %& 1714! $%41 (3% ,& )*;�4% XXB!^*6!  !dYY %' *4 %& (3-,4'% ,& ;/'%&'*%4 )*;/41*(% p cos θ/r2 /[ θ %-' 451&64% 17% 41 )*(%'*/&
z %' r 41 )*-'1&% 1, %&'(% )*+,-%,(!  M



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

I=0

λλλλF

Dipôles de Landauer

Densité

électronique

+δq

-δq

I=0 !"#  ! " #$%&'() )*$(,-%'./$ 0/(-/, 12/%$ '34/,$() 5 *2)./'*'6,$ 75 80/9$:; $( 9-,&12)./'*'6,$ 75 1,-'($:! <$& 0=$& &-%( 8,01/)& $% /%'() 0,6'(,0',$! <20/3/*0('-% $( *0 1)>4*$('-% 1$& )*$(,-%& $% 03-%( $( $% 0?0* 1$ *2'34/,$() @-,3$%( /% 1'4�*$ 044$*) 1'4�*$ 1$<0%10/$,!
E

E !"#  !B " <20/3/*0('-% 1$ 90,8$ $% 03-%( $( *0 1)4*)('-% $% 0?0* ,)$ /% 1'4�*$; &-/,$12/% 9034 )*$(,'./$ →
E!  C



  !"#$%&'#)%" ! "#$%&' ()*)%+!!*%"', -' /*&0 1%0+-*%"' 0"+12%) (23(*&&'!) 1' +2"*!) 0+2" '&405/'" 16*2)"'( *2&2-*)%+!( 1' /*"$'7 8200+(+!( 926'! 1'/+"( 1' -* (0/:"' 1' "*;+!
le, -' /*&0 1%0+-*%"' <*"%' (23(*&&'!) -'!)'&'!) 0+2" 0+2<+%" 2)%-%('" →j= σ

→
E += σ '()-* +!12)%<%)# #-')"%92' 12 &%-%'2 '!<%"+!!*!)7 >' /*&0 0+")' *-+"( 2! +2"*!) σ2πp/l162! /#&%(0/:"' ? -6*2)"'7 8200+(+!( #$*-'&'!) 92' -'( /*"$'( ? -* (+2"' 12 1%0�-' (+!)(%)2#'( ? -* (2"A*' 1' -* (0/:"'7 B! 0'2) *-+"( &+!)"'" 92' -' /*&0 '!)"' -' '!)"' 1%C24('2" ') -* (2"A*' 1' -* (0/:"' D1' "*;+! leE <*"%' "*0%1'&'!) ') * 2!' &+;'!!' !2--'7 F*"+!('"<*)%+! 12 +2"*!), -' +2"*!) 1%C2(# 1+%) 1+! 5)"' +&0'!(# 0*" -' +2"*!) %((2 12/*&0 1%0+-*%"' G

S !j∞
2

=
2πσp

l
' 92% %&0-%92' G p =

S !j∞l
4πσ

DH7IE ! 2)%-%(*!) -* "'-*)%+! 16 %!()'%! G
σ = e2Dν(ǫF ) DH7JE+= D '() -' +'3%'!) 1' 1%C2(%+! ') ν(ǫF ) -* 1'!(%)# 16#)*)( *2 !%<'*2 1' K'"&%, +! )"+2<'92' G
σ

le
=
e2k2

F

3π2~
DH7LEM' 92% 1+!!' 0+2" -' &+&'!) 1%0+-*%"' $#!#"# 0*" -* 0"#('!' 12 '!)"' 1%C2('2"" G

p =
3πS !j∞~

4e2k2
F

DH7NEM+!(%1#"+!( &*%!)'!*!) N '!)"'( 1%C2('2" 0*" 2!%)# 1' <+-2&'7 O-( "#'!) 1'( 1%0�-'(92% (+!) ? -'2"( )+2"( (+2"'( 162! /*&0 #-')"%92' 1+!) -* <*-'2" &+;'!!' '() "'-%#' ? -*0+-*"%(*)%+! P 0*" G
E = −P

ǫ0
= −N p

ǫ0
=
−3π2S !j∞~N

e2k2
F

DH7PQE ! 2)%-%(*!) -'( "'-*)%+!( (2%<*!)'( G
n =

k3
F

3π2
, U =

~
2k2

F

2m
, v =

1

~

dU

dk
, τe =

1

Snv
DH7PPE+= n '() -* 1'!(%)# #-')"+!%92' ? -6#92%-%R"', U -6#!'"$%' ? -* (2"A*' 1' K'"&%, v -* <%)'(('1' K'"&%7 K%!*-'&'!), +! "')"+2<' -* <*-'2" 1' -* +!12)%<%)# -*((%92' G

σ =
j∞
E

=
ne2τe
m

DH7PSET%!(%, 1*!( 2! #/*!)%--+! 1%C2(%A 0*"+2"2 0*" 2! +2"*!), -* /2)' 1' 0+)'!)%'- !6* -%'2926*2 !%<'*2 1'( '!)"'( 1%C2('2"( D'--' '() !#$-%$'*R-' *2U +!)*)(E 92% 1'<%'!!'!) 1'(1%0�-'( -+*-%(#( DA7 K%$7 H7IE7 >* &+;'!!' (0*)%*-' 1' )+2)'( -'2"( +!)"%R2)%+!( "'1+!!'-* -+% 16B/&7  !"#$ %& '('" )*+',%" -," "%%" $+*,/0" 1&2# %" $+&3$"'"2$ 4%,# 10$&3%%0 1" %& +0)0+"2" 567℄9 :*$*2# -,"%& 2&$,+" 1, "2$+" 13;,#",+ 2!& 4&# 0$0 32/*-,0"< 3% 4",$ #!&=3+ 1!,2 10)&,$ 1" +3#$&%%323$0 1, *21,$",+*, ,2" 3'4,+"$09 HH



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

Potentiel

V/2

- V/2

le 0 L

Potentiel

V/2

le .*32*1- .* ,<06.6* .* %6&1.*'6 .* ,& ,01%'*'6 .<76&1-&%*+ -0'- *1 7-&1- 21G762*'6* ?
Lφ+ ,*9 .2/�,*9 1* /*'3*1- /,'9 A-6* 0192.7679 055* 21.7/*1.&1-9 KHL℄δdU !" ∝ δRI ∝ (δG/G)V G! 9*-201 T!"!HC&'E P'-'&-2019 .* 01.'-&1* B0' .* .*192-7 .<7-&-9C *1 G01-201 .* ,& -*19201 &//,24'7*+-:/24'*5*1- ? ,<7)*,,* .* E#$/e *-U0' *1 G01-201 .* B+ -:/24'*5*1- ? ,<7)*,,* .* Bc BG!/&6-2* BH!VCC! !" #$%&')*%+ ,-%.*-/+$/689 &3026 &//67)*1.7 ,*9 01*/-9 .* =&9* .' -6&19/06-+ G&52,2&629019 10'9 &3* ,*G065&,295* .2- .* W&1.&'*6IXY--2Z*6 B0' .* [9&--*621%[ KHL℄C! S*,& 10'9 9*6& '-2,* .&19,& 9*-201 B !V!VC+ /0'6 05/6*1.6* ,*9 /67.2-2019 -)70624'*9 .* XY--2Z*6 *- F0,2&19Z2 KVH℄10-&55*1-! W<&//,2&-201 .* *--* &//60)* .&19 .*9 &9 925/,*9 10'9 /*65*--6& 7%&,*5*1-.<&3026 '1* 329201 /,'9 21-'2-23* .*9 68%,*9 .* 9:57-62* .<@19&%*6! W* ,*-*'6 /*' G&52,2*6&3* * G065&,295* /0'66& -60'3*6 .&19 ,<&11*E* BXC+ ,*9 ):/0-)89*9 &2192 4'<'1* .7623&-201925/,* *- 05/,8-* .* ,& G065',* B !\ C! ]* 5<219/26* .* ,& 67G76*1* KH ℄! T



 ! "#$%&'($*&#
0 L

Potentiel

V/2

℄φ= +,()(0 .)1 -/3 T%3 *-0)&F7 -/3 103/1M+*13 6)12&03 .)1 &, *,-*/ α :8! $*<!  !U=! S, ,+(/ fα(ǫ) %) -*3(1*C&(*+, -/$/16* -& +,()( α )& .+(/,(*/% 5*6*2&/ µα = EF +Vα +K Vα /3( %) -*>01/,/ -/ .+(/,(*/%)..%*2&0/ )& +,()( α! S, ) V fα(ǫ) = f(ǫ−µα) +K f(ǫ) = [
e

ǫ
kBT + 1

]−1 !"#$ #%& &$()*%&+%&$,*& ǫ- .& /. α 0"1123& Nα(ǫ) )%)#4 ($)%15&$1&1 6% *%($"3#*( .&1 "0+$)(&#$1 â†α,n(ǫ)-
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"#$
â &( 7#* &% 1"$( 0"#$ b̂> :.1 1"%( $&.*+1 &%($& &#4 0)$ .)  !"#$& '& '$()*$+, ? =0"#$ .&)1 1*<0.& 3& @ "%()(1 &( A )%).- 5"*$ B*, C D> 1&."% E

b̂α,m(ǫ) =
∑

βn

Sαβ;mn(ǫ)âβ,n(ǫ) =C AF>CG



 !" #$%&')*%+ ,-%.*-/+  0
Potentiel électro-chimique des contacts: µα=EF+eVα

x1
0

x
3

0

x 2

0 !"#  !" # $%& '%()*%+ ,-&%. /0, '-* 1&* %'.0)2 /3**.'045 Nα 040)2 '- 34')5%34 7 '-*,.*-,83%,* α!
1

1

2

2 !"#  !9 # :05,%- '- '%()*%34 ,-&%045 &-* 0;/&%5)'-* '- 3),045 7 &<-45,.- -5 7 &0 *3,5%- ')1& '04* &- 0* *%;/&- '- = 34505* -5 > 040&!  ?



 ! "#$%&'($*&# ! "#"$ %$&!'()* $+(,'$ -).% S†/ â† $' b̂†0  ! )*,$%2!'()* 3. ).%!*' ("-&(4.$ 4.$ &!"!'%($ S ,)(' .*('!(%$0 5!% $+$"-&$ -).% 6 )*'!',/ &! "!'%($ 3$ 3(7.,()* ! &! 8)%"$,.(2!*'$ 9
S =




(S11) (S12) (S13)
(S21) (S22) (S23)
(S31) (S32) (S33)


 $, ,)., "!'%($, Sαα ,)*' 3$ 3("$*,()* Nα × Nα/ &$.%, :&:"$*', (Sαα,nn′) 3:%(2$*' &!%:;$+()* < -!%'(% 3=.* !*!& n′ 2$%, &$ !*!& n0  $, ,)., "!'%($, Sαβ ,)*' 3$ 3("$*,()*

Nα × Nβ $' &$.%, :&:"$*', (Sαβ,nm′) ,$ %!--)%'$*' < &! '%!*,"(,,()* < -!%'(% 3=.* !*!&
m′ 3=.* )*'!' β 2$%, &$ !*!& n 3. )*'!' α0  $ ).%!*' ")>$* ?)"-': -),('(2$"$*'4.!*3 (& -!%' 3. %:,$%2)(% $* 3(%$'()* 3$ &=:@!*'(&&)*A 3$2($*' !&)%, 9

Iα =
e

h

∫ 3ǫ Nα∑

n=1


fα(ǫ)− fα(ǫ)

Nα∑

n′=1

|Sαα,nn′ |2 −
∑

β 6=α

fβ(ǫ)

Nβ∑

m′=1

|Sαβ,nm′ |2

 ?B0CBA $ -%$"($% '$%"$ )%%$,-)*3 !.+ :&$'%)*, :"(, -!% &$ )*'!' α !&&!*' 2$%, &=:@!*'(&&)*/ &$,$)*3 !.+ :&$'%)*, :"(, -!% &$ )*'!' α $' ,$ %:;:@(,,!*' ,.% &=:@!*'(&&)*/ &$ '%)(,(D"$!.+ :&$'%)*, :"(, -!% &$, )*'!', β 6= α $' '%!*,"(, < '%!2$%, &=:@!*'(&&)* 2$%, α0 E*-$.' %::%(%$ &! 8)%".&$ -%::3$*'$ ,)., &! 8)%"$ )*3$*,:$ 9

Iα =
e

h

∑

β

∫ 3ǫ fβ(ǫ)Tαβ(ǫ) ?B0CFA!2$ &$, )$G($*', Tαβ(ǫ) !--$&:$, 8)*'()*, 3$ '%!*,"(,,()* :%!*':$, 9
Tαβ(ǫ) = Tr

[
111αδαβ − S†αβ(ǫ)Sαβ(ǫ)

] ?B0CHAI( )* .'(&(,$ µα = EF + eVα/ )* )J'($*' 3!*, &$ %:K("$ &(*:!(%$ 9
Iα =

e2

h

∑

β

Vβ

∫ 3ǫ (−∂f
∂ǫ

)
Tαβ ?B0CLA)M &! '%!$ $,' -%(,$ ,.% &$, (*3($, 3$, !*!.+ 3. N& α0 E* 3:N*(' )""$ ').O).%, &! "!'%($)*3.'!*$ Gαβ -!% Gαβ =

(
∂Iα

∂Vβ

)

(Vβ=0)
0 P$&! 3)**$ &! &)( 3$ Q(%@@)7 4.!*'(4.$ 4.$&=)* !--$&&$ !.,,( +&%,(-. '. /0#'0(.%123$$*4.% 9

Iα =
∑

β

GαβVβ ?B0CRA!2$ 9
Gαα =

e2

h

∫ 3ǫ (−∂f
∂ǫ

)[
Nα − Tr

(
S†ααSαα

)]
=
e2

h

∫ 3ǫ (−∂f
∂ǫ

)
Tαα ?B0CSA$' ,( β 6= α 9

Gαβ = −
e2

h

∫ 3ǫ (−∂f
∂ǫ

)
Tr

(
S†αβSαβ

)
=
e2

h

∫ 3ǫ (−∂f
∂ǫ

)
Tαβ ?B0TUA)M &=)* 2)(' 4.$ &$, )$G($*', Nα−Tαα $' Tαβ ,)*' !*!&)K.$, < 3$, )$G($*', 3$ %:;$+()*$' 3$ '%!*,"(,,()*05 678 9/ $&! 3)**$ 9

Gαβ =
e2

h
(Tαβ)(ǫ=ǫF ) ?B0TCABR



 !" #$%&')*%+ ,-%.*-/+  0
I3=0

1 2* 1 2*

3

I1 I2 I1 I2

V3

V1 V2V1 V2 !"#  !"# $ %&' ()*),*,' ,-. /* .*01. 2&3/4./1! 5 6,/7.8 &' .40 9',: .*01. ; )*0,04!5 21)&0.8 &' .40 )**.0: < = )*0,048 (,&4 ,//* )/1,*0 *. &1/'. 2,*4 '. 3 !"!#$%1+/2*)-$% &' $'/*%) +) -%2*/-*%+ &+ 3*'4+>, )*4.1-,0&)* 2/ )/1,*0 2)&0 ?01. -:1&@:. < 0)/0 &*40,*08 . A/& 2)**. .* 1:6&(.40,0&)**,&1. B ∑

α

Îα(t) = 0 C !;;D>E&*-,1&,*. 2. F,/6. 4&6*&@. A/E,//* )/1,*0 *E,99,1,G0 4& 'E)* ,99'&A/. 4&(/'0,*:(.*0', (?(. 0.*4&)* ,/H I)1*.4 2. 0)/4 '.4 1:4.1-)&14 C.0 9,4 2. 61,2&.*0 2. 0.(9:1,0/1.D!J.4 ; 91)91&:0:4 &(9)4.*0 2.4 1K6'.4 4/1 ', (,01&. 2. )*2/0,*. B
∑

α

Gαβ =
∑

β

Gαβ = 0 C !;=DJ.4 1K6'.4 4)*0 :A/&-,'.*0.4 < ', )*4.1-,0&)* 2. 'E:*.16&. B
Tr

(
S†ααSαα

)
+

∑

β 6=α

Tr
(
S†αβSαβ

)
= Nα C !; DL''.4 &(9'&A/.*0 .* 9,10&/'&.1 9)/1 ; )*0,04 A/. B

G12 = G21 = −G11 = −G22 = G2contacts C !;MDN* , ()*01: 'E:6,'&0: 91::2.*0. 4./'.(.*0 < 7,(9 */' 9)/1 ; )*0,04! L* O,&08 %&47.1.0 >.. P= ℄ )*0 91)/-:8 .* O,&4,*0 '. '&.* .*01. '. O)1(,'&4(. 2. >,*2,/.1 ; )*0,04 .0 ',O)1(/'. 2. R/I)8 A/E< ; )*0,04 )* ,-,&0 9)/1 0)/0 7,(9 (,6*:0&A/. B B G12(B) =
G21(B)! S,&48 .', 2.-&.*0 O,/H < 9'/4 2. ; )*0,04 #!567/+11-$% &+ ,* $%&')*%+ " $%)*)1 8 9*:7 :*4%.)-;'+ %',J)*4&2:1)*4 /* @' ()*),*,' ,-. /* .*01. 2&3/4./1 .*01. ; )*0,04 9,1O,&04 CO! %&6! !"#D! L1&-)*4 '.4 ')&4 2. R&177)3 .0 ', )*4.1-,0&)* 2/ )/1,*0 .* /0&'&4,*0 '. O)1(,'&4(.2. >,*2,/.1 B

I1 = G11V1 +G12V2 C !;TD
I2 = G21V1 +G22V2 C !;UD
I = I1 = −I2 C !;VD  ! "#"$% &' ()*( +'$,-" /" /-#*(-)! Sαβ /01"!/ /" $)*( &"( )!$'$(2  ! 1',$-*&-",% &"( )"3-"!$( T12!" ()!$ 1'( &"( +4+"( 5 1&*( /" 6 )!$'$( 7*" &"( )"3-"!$( T12 5 6 )!$'$(2 8"&' 1,)9-"!$ (-+1&"+"!$/" &' )!(",9'$-)! /* )*,'!$2 : ; )!$'$( 1', "<"+1&"% )! ' T12(B) 6= T21(B) "$ /)! G12(B) 6= G21(B)2 W



 ! "#$%&'($*&# ! "#$%&'(&)*+, -. /$/012 %0! 3 G11 = −G21 !2 G22 = −G12& 4. 5-"6718! 89:$271%0!:!.2"#$<6.21""-. 3 V1 = −V/2 !2 V2 = V/2& =. 021"186.2 "#$%&'(&)>+ -0 "#$%&'(&)?+ , 1" @1!.2 3
I =

−G11 +G12

2
V =

G21 +G12

2
V =

e2

h

(
T21 + T12

2

)
V '(&)A+ #-B 3

G2contacts =
e2

h

(
T21 + T12

2

t → −t !2 B → −B& E!889:$271!8 /! "6 :6271! /! /1R081-. 1:5-8!.2 %0! 3
S(−B) = St(B) !2 !. 567210"1!7 Sαβ(−B) = St

βα(B) '(&CH+-B St !82 "6 276.85-8$! /! "6 :6271! S& =. 021"186.2 "!8 57-571$2$8 /! "6 :6271! /! /1R081-.!2 /! "6 276!, 1" @1!.2 !.8012! %0! 3
Tβα(−B) = −Tr

(
S†βα(−B).Sβα(−B)

)
= −Tr

(
S∗tβα(−B).Sβα(−B)

) '(&C)+
= −Tr

(
S∗αβ(B).S

t
αβ(B)

)
= −Tr

((
Sαβ(B).S

∗t
αβ(B)

)t
) '(&CC+

= −Tr
((

Sαβ(B).S
†
αβ(B)

)t
)
= −Tr

(
Sαβ(B).S

†
αβ(B)

) '(&C(+
= −Tr

(
S†αβ(B).Sαβ(B)

)
= Tαβ(B) '(&CS+ #-B 3

Gβα(−B) = Gαβ(B) '(&C>+4. 655!""! !22! T-7:0"! %./0$*&# '. 351-$%*. '67#308.%  !!"# #$%& '()*+,!"%&"# - ,)#" /" !, $%#"0+,&*$% /) $)0,%&1!2* $% 0"3,*& !" ,!)! ,+" )%" 4$!,0*#,&*$% /) &54" V1 = 0 "& V2 = V 6 $% ,7$)&*& -G2contacts = G121 8"!,%9"#& 4,# '&$%%,%& ,0 - : $%&,&#6 ;*#<"0 "& ="" >?@℄ $%& B$%&0' ()" 4$)0 &$)& <,B4 B,C%'&*()" T12(B) =
T21(B)6 /9$D G2contacts(B) = (G12(B)+G21(B))/2 = G12(B) = G21(B)1 E,%# !, #)*&"6 $% C,0/"0, !, 3$0B"
G2contacts(B) = (G12(B)+G21(B))/2 4)*#()" !, 3$0B" /" /'4,0& "#& 7"! "& 7*"% #5B'&0*()"1  % 4,0&*)!*"064$)0 ,!)!"0 !, $%/)&,%" : $%&,&#6 !"# &0,F"&$*0"# ,!!,%& /" G +"0# : *%&"0+*"%%"%&6 B,*# ,)##* "!!"#,!!,%& /" : +"0# G H31 #$)#I#"&*$% #)0 !" B$/J!" #"B*I!,##*()" - !, K% /" "&&" #"&*$%L1SD



 !" #$%&')*%+ ,-%.*-/+ 01234.)/-+ &+ ,* $%&')*%+ " $%)*)5 +% 6*47 4*8%.)-9'+ !"#$%& '" $('")*+, #$--/(,)(0 #+1$ 2 +,)")&0 +, " (, #"$)*1'*($ 3
T12(−B) = T21(B) 456789() /+, 3

G(−B) = T12(−B) + T21(−B)
2

=
T21(B) + T12(B)

2
= G(B) 4567:9:;$<= ,* $%&')*%+ ,-%.*-/+ 7$'/ '%+ 4+5'/+ " $%)*)5 +5) 7*-/+ +% 6*474*8%.)-9'+! ;('" <*(,) &1$)+1) /1 ="*) >1( '(& &*)1")*+,& +? '!-'()$+, <*(,) /( '" @"1A(+1 /( '" /$+*)( &+,) ->1*<"'(,)(&6 ;( >1* $(,/ '" +,/1)",( *,<"$*",)( #"$ $(,<($&(B(,) /1&(,& /1 )(B#&6 C1 +,)$"*$(0 '" +,/1)",( 7 +,)")& 4+1 #'1&9 ,( &!(D#$*B( #"& +BB('" &+BB( /( )($B(& $(,<($&-& #"$ '( &(,& /1 )(B#&6 ;+BB( (, #'1& Tαβ(B) 6= Tβα(B)0 *'(&) ,+$B"' >1!(''( ,( &+*) #"& *,<"$*",)( #"$ $(,<($&(B(,) /1 &(,& /1 )(B#&6>534.)/-+ &+ ,* $%&')*%+ ? $%)*)5 +% 6*47 4*8%.)-9'+;+,&*/-$+,& 1, E' B+,+","' /*F1&*= (,)$( 7 +,)")& #"$="*)& 4=6 G*@6 56HI96 J1##+&+,&>1!"11, +1$",) ,( *$1'( /",& '( E' 3 3 I3 = 06 K$*<+,& '(& '+*& /( L*$AA+F >1",)*>1(& 3

I = I1 = G11V1 +G12V2 +G13V3 4567M9
−I = I2 = G21V1 +G22V2 +G23V3 4565I9
I3 = 0 = G31V1 +G32V2 +G33V3 4565H9N$(,+,& B"*,)(,",) #"$ (D(B#'( 3 V1 = V () V2 = 06 O(& ->1")*+,& 4567M9 () 4565H9/+,,(,) 3

I = G11V +G13V3 456529
0 = G31V +G33V3 456579 !+? '!+, )*$( E,"'(B(,) 3

I =

[
G11 −

G13G31

G33

]
V = GV 456559 !"#$%& '!->1")*+, 4567P90 +, " Q*(, G(−B) = G(B)6 ;!(&) ,+$B"' #1*&>1( ('" $(<*(,) R1,( B(&1$( 2 +,)")& )",) >1( '!+, ,( &!*,)-$(&&( #"& R V36K, (F() 3

V3 = −
G31

G33

V 4565S9T$ 3
V3(−B) = −

G13(B)

G33(B)
V 6= V3(B) 4565P9;!(&) &*B#'(B(,) /U "1 ="*) >1( G31(B) 6= G13(B)0 !(&) 'R >1!(&) Q$*&-( '!*,<"$*",( #"$$(,<($&(B(,) /1 )(B#& R #'1& /( 2 +,)")&6 ;(* (&) <$"* BVB( (, $-@*B( )1,,(' >1",/'(& )$",&B*&&*+,& )(,/(,) <($& 06 SH
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i -i

j -j

1 2 !"#  !"# $ %&'( *+'+,( +* &-.'/*-, # &-/*/0 .1'- 23*-/4++&- 520&0&647',8 4+ ,0/456&(/*-/ ., 6(,-.(, ,- &56/, +,0 /(*9,/&4(,0 7'4 :&-/ ., +* ;*'3, :,(0 +* .(&4/, 8 5*40*'004 +,0 /(*9,/&4(,0 7'4 :&-/ ., +* .(&4/, :,(0 +* ;*'3, !<#!#=8 +* 6*(/4, 7'*-/47', ., +* &-.'/*-, # &-/*/0 6,'/ >/(, 540, 0&'0 +* ?&(5, @
∆G =

∣∣∣∣∣
∑

i

Aie
iφi

∣∣∣∣∣

2

=
∑

i,j

AiAje
iφij < ! A=B(8 -&'0 *:&-0 :' .*-0 +* 0,/4&- 6(22.,-/, +127!< !CD= @

G "#$%$& = e2

h

(
T21 + T12

2

) < ! E=7'4 0';;F(, 7'14+ ?*'/ 0&55,( +,0 &-/(4G'/4&-0 .,0 /(*9,/&4(,0 *++*-/ ., +* ;*'3, :,(0 +*.(&4/, @ i  ! j" #$%& $'&&% $(($)! * ($ *+,%! - +& ($ .$'0 −i  ! −j 12 3%.4 5467  ! 895℄;4<( -% )! =
∆G =

1

2

∑

i,j

AiAje
iφij +

1

2

∑

i,j

A−iA−je
iφ−i−j 154>?;$-  ( & $#@(%!'* & * @+,A$A%(%!B %)*B@ )*$)! & *' & )& *' @$+,'+& = A−i = Ai 1& '( ($@0$&  ) *B@ )*;4 C+

φij = φi − φj et φi =

∫ 2

1

~k.~dl +
2π

Φ0

∫ 2

1

~A.~dl 154>6;D-  = ∫ 2

1

~k.~dl =

∫ 2

1

kFdl = kFLi 154>7;E! = ∫ 1

2

~k.~dl =

∫ 1

2

−kFdl = kFL−i = kFLi 154>9;F,) =
φij = kF (Li−Lj)+

2π

Φ0

∮
~A.~dl = φ0

ij+
2π

Φ0

∫

Sij

~B. ~dS = φ0
ij+

2π

Φ0

~B. ~Sij = φ0
ij+

2πBSij

Φ0

154>5;,G φ0
ij = kF (Li − Lj) = kF (L−i − L−j) = φ0

−i−j4 C) $ $'&&% 124 3%.4 5469;
φ−i−j = kF (L−i − L−j) +

2π

Φ0

~B.~S−i−j = φ0
−i−j −

2πBS−i−j

Φ0

= φ0
ij −

2πBSij

Φ0

154>>;>9
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Sij
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j

S-i-j

-i

-j
B !"#  !"# $ %& '&(' )* +&-&*. '*./0& →
Sij (1&'- 20' 3& 454& '*6+0(- 7*& 3&' 6(-&./8.&(&'9(- 36&* &(-.& )&' 83&-.9(' 7*6 +6&((&(- )& 30 :0*;& 9* )&' 83&-.9(' 7*6 +6&((&(- )& 30).96-&!<& 7*6 )9((& =(03&4&(- 29*. 30 9()*-0(& >

∆G =
∑

i,j

AiAj cos(φ
0
ij + 2πBSij/Φ0) +

∑

i,j

AiAj cos(φ
0
ij − 2πBSij/Φ0) ? !@AB&- &( )8+&39220(- 3&' C 9'6(*' >

∆G = 2
∑

i,j

AiAj cos(φ
0
ij) cos(2πBSij/Φ0) ? !@DBE( .&-.9*+& 7*& 29*. *(& 4&'*.& C 9(-0-'F 30 9()*-0(& &'- 206.& &( ;042 40G:(8-67*& ! <& 03*3 &'- .8036'8 )& 40(6H.& *( 2&* 23*' /9.4&33& )0(' 30 2.&46H.& 20.-6& )&310((&I& ?JB! %0 /9.4*3& ? !@DB (9*' '&.+6.0 )& 296(- )& )820.- 29*. 3& 49)H3& )& 30 '&-69(?@!AB! K9-9(' -9*-&/96' 7*1L ;042 (*3F 3& -&.4& L 316(-8.6&*. )* '&9() 9'6(*' ?&3*6 7*6)8.6- 3&' 9'6330-69(' &( Φ0B &'- (*3! E( 0 )9( *( &I-.&4*4 )&' 9'6330-69(' MN L ;042(*3 ?0. 3& 2.&46&. 9'6(*' 2&*- 5-.& 3*6F 29'6-6/ 9* (8:0-6/B! K9*' )6.9(' 7*& +, -.,/0 '0/&/*++,$*&#/ 12 0/$ 3+&4(50 6 0 &( π 6 .,7- #(+ ?/! '&-69( @!@B!O(-.9)*6'9(' L 2.8'&(- *( ;042 83&-.940:(8-67*& .,($0 8%54(0#0F 1&'-GLG)6.& -&33&7*& f & 1/τD! M39.'F 3& 29-&(-6&3 83&-.67*& 6(-&.(& +0.6& 0* 9*.' )& 30 -.0+&.'8& )&318;0(-6339( 20. *( 83&-.9( )& 9()*-69(! O3 &( .8'*3-& *( )82;0'0:& '*22384&(-06.&! P&23*'F 3183&-.9( i &- '9( .&(+&.'8 20. 3& '&(' )* -&42' −i (& .&''&(-&(- 20' 3& 454& ;042F& 7*6 )9((& (06''0(& L *(& Q.6'*.& '*22384&(-06.& )& 30 'R48-.6& 20. .&(+&.'&4&(- )*'&(' )* -&42' ?/! ;026-.& "# )& S" ℄B >

dφi,−i(t) =
e

h

∫ t+τi

t

dτ
[
V

(→
r (τ), τ

)
− V

(→
r (τi − τ), τ

)] ? !@UBO3 &( .8'*3-&.0 ?/! ;026-.& AB *( -&.4& )& 9()*-0(& )19.).& C )* -R2& > (∂(dG)
∂φ

)
δφ! !"!# $%&'&() *)+,%-.*/0&() +%,,2*/03 3(% 4& 5/2(0&/* 4-6/,&-%*%& ';840 )& 31&I28.6&(& )1*(& 4&'*.& )& 9()*-0(& C 9(-0-' &'- &3*6 )& 30 =:*.&? !" B! E( 2930.6'& 318;0(-6339( &( 9*.0(- ?0+& *(& .8'6'-0(& R = 10VΩ ≫ 5WΩ /!@ 
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Anneau 2DEG

V1(f) !"#  !" # $&'() *+ *,-./-,0,1 23.'4,(250)6 ./+4 6) (2-+42 *2 6) .42(,742 &)4(/5,8+2
V1 = R1I1!-20,/5 9:!;!"<<! =5 (2-+42 25-+,02 6) 025-,/5 )+3 >/452- *2 6?'&)50,66/5 @ 6) 14'8+252*?23,0)0,/5!A) /5*+0)52 6,5'),42 2-0 />025+2 .)4 B G1 = I/V ! C52 /+4>2 *2 ()D5'0//5*+E0)52 0F.,8+2 2-0 42.4'-250'2 -+4 6) GD+429 !"H<! =+042 62- /-,66)0,/5- IJ 20 62- CKL- */50/5 ) *'M) .)46'2- *)5- 62 &).,042 ;N /5 5/02 8+2 G1 2-0 .)41),02(250 .),42 25 &)(. ()ED5'0,8+2 9)+3 ,5240,0+*2- 23.'4,(250)62- .47-<! =5 O244) *)5- 6) GD+42 9H! < .)4 232(.628+2 6) .)40,2 )50,-F('04,8+2 GAS

1 925 &)(. ()D5'0,8+2< *2 G1 2-0 5'D6,D2)>62 *2O)50 -).)40,2 -F('04,8+2 GS
1 ! K?2-0 >,25 2 8+2 .4'*,-250 62- 426)0,/5- *?=5-)D24!A) 426)0,/5 *?=5-)D24  /50)0- 28!9 !""< ) '0' O'4,G'2 23.'4,(250)62(250 .)4 J25/,0 ! "#$ 25 '0+*,)50 62- /-,66)0,/5- *2 6) /5*+0)52 *?)552)+3 ('-/-/.,8+2- P:Q℄!ST+--624  ! "#$ P:U℄ 8+)50 @ 2+3N /50 (/*+6' 6) .&)-2 *2- /-,66)0,/5- I&)4/5/OEJ/&(*)5- *2- )552)+3 ('0)66,8+2-N *,V+-,1- 20 ('-/-/.,8+2- .)4 6?)..6,)0,/5 *?+5 /+4)50WK IDC ! X/+4 +52 (2-+42 *2 /5*+0)52 ; /50)0-N ,6- /50 04/+O' 9/((2 .4'*,0 .)462- 426)0,/5- *?=5-)D24< 8+2 6) .&)-2 D6/>)62 *2- /-,66)0,/5- 42-0),0 4,D,*2 925 .)40,+6,24 @

0YN 2662 O)+0 0/+M/+4- 0 /+ π<! X/+4 +52 (2-+42 *2 /5*+0)52  /50)0- N ,6- /50 04/+O'8+2 6) .&)-2 D6/>)62 *2- /-,66)0,/5- O)4,),0 /50,5Z(250 25042 0 20 π !! [5 2V20N *)5- 2)-N 62- 426)0,/5- *?=5-)D24 5?,(./-250 .6+- 6) .)4,0' *2 6) /5*+0)52N (),- .4255250 +521/4(2 *,V'42502 91! -20,/5 9 !;!;<<!  !"# $%!&' (#& )'*$$#$'+ $*,& )'-*$& (#.'-& /%,$! 0*.1! &21)'.-3,! #, /)(#.'4!5#&67,.$ !' 5!77 89:℄ &%)'#-!$' /)<# -$').!&&)& = "# (6#&! /!& *&-""#'-*$& ?@ &,. ,$! 1!&,.! 9*$'#'& /! G1 = 6#1( $,"4 A"& #B#-!$' '.*,B) 3,! !''! (6#&! /)(!$/#-' /!& )6#$'-""*$& !' (*,B#-'(.!$/.! $%-1(*.'! 3,!""! B#"!,. !$'.! 0 !' π4" !"##$%& %' ($) *$' #,&&- )',/-) ,$ #$$!#, #B! "!& 9 C"& 3,- 7-0,.3,#-!$' $*$ (#& #, $-B!#, /! "%)6#$D'-""*$+ 1#-& = ,$! /-&'#$! d = 500$1 < Lφ = "%-$').-!,. /! "# .)E-*$ *6).!$'!4 A"& *$' 1*$'.) 3,! "%#$$!#,#B#-' ,$ *1(*.'!1!$' -$'!.1)/-#-.! !$'.! !",- /!& )6#$'-""*$& F !' 9 *$'#'&4 G# 1#E$)'**$/,'#$!!' "!& H I& $! &*$' (#& &21)'.-3,!& !$ 6#1( 1#E$)'-3,!+ 1#-& "# (6#&! E"*7#"! /! "# *$/,'#$! !&'3,#$'-C)!4 HH
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I = G1V +G2V

2 + ... F !GHI
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G2(B) = G2(−B) F?! >-4!  !"#I 7R7) 8,2& 20) 7)32&) 2 ,0+'+3! S/ 8)2+ )K-3+)& 5,020) 8'&+-) '0+-3<7.+&-12) )0 6'78 7'40.+-12) 5) G2: 12;,0 0,+)&' GAS

2 )+ 12;,0 .+25-)&'8'&+-2/-J&)7)0+! T,2& ) ?'-&): ,0 )K+&'-+ /)3 ,78,3'0+)3 3<7.+&-12)3 )+ '0+-3<7.+&-12)35) G2 32-='0+ E
GS

2 (B) =
G2(B) +G2(−B)

2
: GAS

2 (B) =
G2(B)−G2(−B)

2
F !#UI

GAS
2 8)2+ )K-3+)& 5'03 5)3 .6'0+-//,03 7'&,3,8-12)3 F?! 5-,5) )+ @ V℄I 7'-3 ,0 3)/-7-+)&' Q 5)3 .6'0+-//,03 7.3,3,8-12)3! L//) )3+ +&J3 -0+.&)33'0+) '& )//) 0.)33-+) /'8&.3)0) 3-72/+'0.) 5) 8/23-)2&3 -04&.5-)0+3 ! @ H℄:@C#℄ )+ @CA℄ E
• W0) X&-32&) 5) /' 3<7.+&-) 8'& &)0=)&3)7)0+ 52 +)783 F,8.&.) 8'& →BI
• W0) X&-32&) 5) /' 3<7.+&-) 8'& -0=)&3-,0 38'+-'/) F→r→ − →

r I 5) /;.6'0+-//,0 F8,2&20 .6'0+-//,0 7.3,3,8-12) 5-M23-? ;)3+ 8&'+-12)7)0+ +,2(,2&3 /) '3 Q '23) 525.3,&5&)I!
• O' 8&-3) )0 ,78+) 5) /;-0+)&'+-,0 ./)+&,0Y./)+&,0!L0 )M)+: -/ )3+ 8,33-X/) 5) 7,0+&)& 12) 3'03 -0+)&'+-,0 ./)+&,0Y./)+&,0 GAS

2 = 0! O)3-0+)&'+-,03 ,0+&-X2)0+ '2 8&)7-)& ,&5&) Q GAS
2 8,2& 20 .6'0+-//,0 7.3,3,8-12) F)+)0+&'Z0)0+ 5,0 12) /)3 &)/'+-,03 5;P03'4)& 0) 3;'88/-12)0+ 8/23 '2 +&'038,&+ 0,0 /-0.'-&)I!

GAS
2 8)&7)+ 5,0 5) 3,05)& /;-0+)&'+-,0 ./)+&,0Y./)+&,0! [;'-//)2&3: 20) +,2+) &.)0+) ! !"# "$ %&'&(" *&#+' !" '!#,-"( '(, *+%., →E (/ →B ,!$/ #!&,0,1 '2&$/(#+/&!$ 0'(/#!$30'(/#!$ $2(,/.+, $0(,,+&#( .!"# 4!$$(# "$( !$/#&5"/&!$ 6 GAS

2 7 GA



 ! "#$%&'($*&# !"! #$# &'(℄ *+$, # -.# /#0 +$, 12.,1+$0 -.3$,1-.#0 4# /51$,# 3,1+$ !/#, +$6!/#, +$0+$, 43$0 # ,31$0 307 21#$ 8/.0 1*8+ ,3$,#0 43$0 /# , 3$08+ , $+$ /1$!31 # 943$0 /3 /1*1,#
eV < E !: -.# 43$0 /# , 3$08+ , /1$!31 #;<$ +., #7 4#0 *#0. #0 &'=℄ #, &'>℄ +$, 8# *10 4# *+$, # -.51/ $5? 3 830 4# +  !/3,1+$0#$, # G1 #, G2; @#0 > -.3$,1,!0 0+$, 4+$ 0#$012/#0 A 4#0 8 +8 1!,!0 8B?01-.#0 41C! #$,#0;D$ E#  3 #$ 83 ,1./1# 43$0 /3 0#,1+$ 9F;G;G: /#0 0+. #0 8+0012/#0 4# $+$6/1$!3 1,! #, +$*+$, # 3 -.5#$ # -.1 +$# $# $+, # #H8! 1#$#7 /#0 + 1I1$#0 4# /5#H10,#$# 4# GAS

2 0+$, /#01$,# "! #$#0 -.3$,1-.#0 #, /51$,# 3,1+$ !/#, +$6!/#, +$; <$J$7 +$ #H8/1-.# 3 +**#$, /# 388+ , 4# /53*8/1,.4# *+?#$$# 4#0 K.,.3,1+$0 δGAS
2 /δGS

leλ
H#$% = ∑

i,j ninjV
(→
ri −

→
rj

) +` V #0, /# 8+,#$,1#/ 451$,# 3,1+$ #$, # .$ !/#, +$ 0. /#01,# i #, .$ !/#, +$ 0. /# 01,# j; P3$0 /# *+4M/# 4# _.223 47 /# ,# *# 451$,# 3,1+$ #0,B+101 +. ,# 8+ ,!# U (→
ri −

→
rj

)
= Uδ

(→
ri −

→
rj

) 8+.  #$4 # +*8,# 4# /5! 3$,3I# 4#01$,# 3,1+$0 4# @+./+*2 -.1 $+ *3/#*#$, 0+$, /+$I.# 8+ ,!#; <$ 8 #$3$, #$ +*8,# /#   !"# % &!"'#()*+ ,!-'% ./)# -'% "/'# 0!(1/"# 2341%*(/"# %* 2% *(/'#+ )1 #3!5)* %" .!)* 2% -'!#)0!(6*)'1%# 2% *70% 41%*(/" %* 2% -'!#)0!(*)'1%# 2% *70% *(/'8'a



 !" #$%&'(%) *% +',-,$*) ./ %'0$)1+'% $+$ 2,$&0,'* 34 !"# $% &'%)*+# , '-./0"')+#"%# $% .122/*$  -&*") %#  %+#$% 31/#)"4/)"+# 5
H = −t

∑

〈i,j〉,σ
(c†i,σcj,σ + c†j,σci,σ) + U

∑

i

ni,↑ni,↓ 6789:;+< i, j  +#) '% "#$"% $%  ")% , 〈. . .〉 "#$"31% 31% '-+#  +00%  1* '% !'1 !*+=% >+" "# ,
σ =↑, ↓ *%!*& %#)% '%  !"# $-1# &'%)*+#, t0% 1*% '/ '/*?%1* $% 2/#$%, U 0% 1*% '/ *&!1' "+# 1*  ")%, c† % ) '-+!&*/)%1* $% *&/)"+# !+1* 1# &'%)*+#, c % ) '-+!&*/)%1* $-/##"="'/)"+#8@# >+") A/"'%0%#) 31% '% )%*0% %# tc†j,σci,σ /##"="'% 1# &'%)*+# $%  !"# σ  1* '%  ")% i %) '%*%*&%  1* '%  ")% !*%0"%* >+" "# j8 B% #+02*% )+)/' $-&'%)*+# % ) $+# +# %*>&8 B% )%*0%%# U #-% ) $"C&*%#) $% D&*+ 31%  " $%1E &'%)*+# $%  !"# +!!+ &  % )*+1>%#)  1* '% 0%0% ")%8 F+1* U = 0, '% ./0"')+#"%# $% .122/*$  % *&$1") G %'1" $1 0+$H'% $% '"/" +# A+*)% 8F'1 !*&" &0%#) !+1* $&*"*% '-"#)%*/)"+# &'%)*+#I&'%)*+# $/# '/  1")% $% % 0/#1 I*"), +# 1)"'" %*/ 1#% +# )/#)% γ !" $&4#"% $% A/J+# $"C&*%#)% !/* K!">/L %) MN1D"# OP9℄$-1#% !/*) %) !/* K/#=%D %) RS))"L%* OPT℄ $-/1)*% !/*)8K!">/L %) MN1D"# +#) $&4#" γ !" !/* 5

H !" = γ !"
ν

∫
d~r n2(~r) 6789P;+< ν % ) '/ $%# ")& $-&)/) , n '/ $%# ")& &'%)*+#"31%8 U-% ) '/ 0V0% $&4#")"+# 31% $/# '%0+$H'% $% .122/*$ 6%# #&?'"?%/#) '% %C%) $%  !"#; !1" 31% '% "#)%*/)"+#  +#)  1!!+ &% )*H 2"%# &*/#)&% 8 U+00% +# '% >%**/ !'1 )/*$ 6A8  +1  %)"+# &=%''% 0& + +!"31% I/!!*+=% !%*)1*2/)">% $% K!">/L %) MN1D"#;, '/ $"C&*%#% % ) 31-"' 1)"'" %#) 1#% /!!*+=%!%*)1*2/)">% !+1* '-"#)%*/)"+# &'%)*+#I&'%)*+# %) $+# "'  % !'/%#) $/# '/ '"0")% $%A/"2'% "#)%*/)"+#8K/#=%D %) RS))"L%* +#) $&4#" γ !" !/* 5

γ !" = Cµ

C
=

1

1 + C∆/2e2
6789W;U-% ) '% */!!+*) $% /!/")& &'%)*+="0"31% %) ?&+0&)*"31% 8 B/ /!/")& &'%)*+I="0"31%% ) $&4#"% *"?+1*%1 %0%#) $/# '/ *&A&*%#% OPT℄, %''% /!!/*/X) +00% '/ /!/")& ?&+0&I)*"31% %#  &*"% />% 1#% /!/")& '"&% G '/ +0!*%  "2"'")& &'%)*+#"31% 1/Cµ = 1/C+∆/2e28

∆ % ) '-&/*) 0+N%# %#)*% '% #">%/1E $-&#%*?"%8 U-% ) $+# '-&#%*?"% 31-"' A/1) A+1*#"* !+1**/Y+1)%* 1# &'%)*+# /1  N )H0%8 K" +# &*") %))% &#%*?"%  +1 '/ A+*0% $-1#% &#%*?"% $%=/*?%, %'/ $&4#") '/ /!/")& '"&% G '/ +0!*%  "2"'")& &'%)*+#"31% 31" >/1) 2e2/∆8 K%'+#K/#=%D %) RS))"L%*, γ !" /*/)&*" % '-&*/#)/?%8 Z''% >/1) 0 !+1* 1# &*/#)/?% #1' %) 1!+1* 1# )*H 2+# &*/#)/?%8[' #-% ) !/ &>"$%#) $% A/"*% '% '"%# %#)*% % $%1E $&4#")"+# 8 U% 31-+# !%1) $"*% -% )31% '% γ !" $% K/#=%D %) RS))"L%* % ) $&4#" $% A/J+# /1)++=&*%#)% 31%'31%  +") '/ A+*%$% '-"#)%*/)"+# &'%)*+#I&'%)*+#8 \ A/"2'% "#)%*/)"+# 6 !"! A/"2'% &#%*?"% $% =/*?%,  !"!
C ≫ 1;, '% P $&4#")"+#  % *%Y+"?#%#) !1" 31% $/# %))% '"0")% 5

γ !" = 1

1 + C∆/2e2
≈ 2e2

C∆
⇔ γ !"

2ν
≈ e2

C
67897;6+< e2/C % ) '-&#%*?"% $% =/*?%8; ]^



 ! "#$%&'($*&# !"#$%&'$")# *+%$&)#,*+%$&)# -).% .# &�+% "01)&$'#$ %# 0)2"3'#$ +' 2%#4"$* 2!*$'$4'. #"5%'. 2% 6%&0" %$ %# +"0"$'#$ +' +)#7.%.& 2% )8*&%#% 2% 18'4% Lφ 9 $&:4 ;'44% $%0,1*&'$.&% <=>℄@ A# 5' 5)"& 2'#4 +' 4%$")# 4."5'#$% B.!%++% )#$&";.% *7'+%0%#$ '. $&'#41)&$#)# +"#*'"&% %$ 4).5%#$ ;"%# 1+.4 B.% 2'#4 +% $&'#41)&$ +"#*'"&%@ !"!" #$%&() *% +&,-).$&+ -$- /0-1,0&(
G2 #!%C"4$% 1'4 1).& 2%4 *8'#$"++)#4 0'&)4)1"B.%4D "4)$&)1%4 %$ 8)0)7:#%4@ E.'#2 +'2"0%#4")# 2% +!*8'#$"++)# L '11&)8% 2% +' +)#7.%.& 2% )8*&%#% 2% 18'4% LφD +% $&'#41)&$2%5"%#$ #)# +)'+ %$ 4%#4";+% 9 +' F)"4 9 +' )#37.&'$")# 2%4 "01.&%$*4 %$ 2%4 3+4 2% 0%4.&%GF@ <>HD I℄J@  !*8'#$"++)# #% 1%.$ 1+.4 K$&% )#4"2*&* )00% 8)0)7:#% %$ "4)$&)1%D % B."2)##% +"%. 9 .#% )#2.$'#% #)# +"#*'"&% 2!)&2&% L G2 #)# #.++%@ "#M%  ! "#$ )#$ 0)#$&* %C1*&"0%#$'+%0%#$D '5% 2%4 0%4.&%4 2% )#2.$'#% L )#$'$44.& 2%4 1)"#$4 B.'#$"B.%4 ;'+"4$"B.%4D B.% 2%4 4N0*$&"%4 2. $&'#41)&$ #)# +"#*'"&% 4)#$&%+"*%4 '.C 4N0*$&"%4 7*)0*$&"B.%4 2% +!*8'#$"++)# 0*4)4)1"B.% <>O℄ %$ <PQ℄@  %.& %R%$%4$ +"* 9 +' ).&;.&% 2%4 $&'-%$)"&%4 *+%$&)#"B.%4 9 8'01 F)&$D "+ %4$ 1.&%0%#$ +'44"B.%@S).$%F)"4D "+4 )#$ *$* 7."2*4 1'& 2%4 '&7.0%#$4 F)#2'0%#$'.C %$ 7*#*&'.C 2% 4N0*$&"% B."2)"5%#$ '.44" K$&% 5&'"4 %# &*7"0% B.'#$"B.%@ T)# 4%+)# %.CD 0K0% 1).& 2%4 *8'#$"++)#4;'+"4$"B.%4 4'#4 '..#% 4N0*$&"% G!%4$ 1&'$"B.%0%#$ $).-).&4 +% '4 1).& 2%4 *8'#$"++)#40*4)4)1"B.%4 2"R.4"F4JD +!%C"4$%#% 2% G2 %$ 1'&$".+":&%0%#$ GAS

2 %4$ ' 1&")&" 1%&0"4%@T'#4 +' 4."$%D #).4 1&*4%#$)#4 +%4 4).&%4 1)44";+%4 2% )#2.$'#% #)# +"#*'"&%@ U).4'++)#4 5)"& B.% V
• W 8'01 0'7#*$"B.% #.+D G2 %4$ #)# #.++% 2:4 B.% +' 4N0*$&"% 1'& "#5%&4")# 41'$"'+%%4$ ;&"4*%@
• E.'#2 +% 8'01 %4$ 1&*4%#$ V 4" +!*8'#$"++)# %4$ 8"&'+ ). +%4 8'014 →E %$ →B &)"4*4D)# 1%.$ '5)"& GAS

2 6= 0 '5% GS
2 = 0@

• S).-).&4 9 8'01 #)# #.+D 1).& +%4 *8'#$"++)#4 #)# %#$&),4N0*$&"B.%4 +%4 "#$%&F*,&%#%4 B.'#$"B.%4 )#$&";.%#$ 9 GS
2 %$ 4" )# 1&%#2 %# )01$% +!"#$%&'$")# *+%$&)#,*+%$&)#D %++%4 )#$&";.%#$ '.44" 9 GAS

2 @X'"4 2!';)&2 &%0'&B.)#4 B.%D )00% +% 8'.R'7% %4$ 1'"& %# V <P>℄D "+ #% ;&"4% 1'4 +'4N0*$&"% V/− V 2% +' )#2.$'#%@ Y+ #% )#$&";.% 2)# 1'4 9 G2 %$ "+ #% 1%.$ "#$%&5%#"&B.% 4.& +%4 )#2.$'#%4 #)# +"#*'"&%4 2!)&2&% "01'"&@ T% 1+.4D )# 5%&&' G2'#4 +' 1'&$"%GP@=JJ B.!)# #!%4$ 1'4 4%#4";+% 9 .# $%+ $%&0% 2'#4 #)4 %C1*&"%#%4@+,-./$%*0 '( ,-,$1.0 2 3&#$%*4($*&# 56,,*7(0 8 GS
2 % 2"41)4"$"F 2% 0%4.&% %$ +' 7*)0*$&"% 2% +!*8'#$"++)# -).%#$ .# &�+% "01)&$'#$ 2'#4.#% 0%4.&% 2% $&'#41)&$ #)# +"#*'"&%@  "#M%  ! "#$ )#$ *$.2"* % 18*#)0:#% %# 2*$'"+ 9+' F)"4 %C1*&"0%#$'+%0%#$ 2'#4 2%4 ;)"$%4 B.'#$"B.%4 ;'+"4$"B.%4 %$ $8*)&"B.%0%#$ 9 +!'"2%2. F)&0'+"40% 2%  '#2'.%& %$ 2% +' 0'$&"% 2% 2"R.4")# <PP℄@  %.&4 '+.+4 4)#$ %# ')&2B.'+"$'$"F '5% +!%C1*&"%#%@ Y+4 )#$ $&).5* Q 4).&%4 G1+.4 ). 0)"#4 "0;&"B.*%4J 2% #)#+"#*'&"$* 2!)&2&% L@ Y+ 4!'7"$ 2% V

• +!'4N0*$&"% 2%4 )#$'$4@ Z# %R%$D 4)"$ V +' 2"R*&%#% 2% 1)$%#$"%+ '11+"B.*% 9 +!*8'#,$"++)#@ E.'#2 +%4 )#$'$4 4)#$ 2"R*&%#$4D +' 8.$% 2% 1)$%#$"%+ %4$ 2"R*&%#$% 9 7'.8%G#)$)#4 +' αV J %$ 9 2&)"$% G#)$)#4,+' (1 − α)V J '5% α 6= 1/2@ A&D )# ' 5. 2!'1&:4[H
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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'/.&'!
• 8A,/L10-+.3 63 8, 5*-3 63 7&-3'-.38 83 8&') 63 8A05,'-.88&'! M883 73*- J-+3 6*3 7,+3N31783 O 63/ 3'-+3/ 6.P*/3*+/ ,/L10-+.2*3/!
• 8A,/L10-+.3 )0&10-+.2*3! %3--3 63+'.9+3 3'-+,Q'3 =&+013'- *' 7&-3'-.38 63 &'('3R13'- 6.P0+3'- 3- 6&' *'3 ,/L10-+.3 6* 7&-3'-.38 083-+.2*3 .'-3+'3!S.'T3  ! "#$ &'- *-.8./0 U &'()*+,-.&'/ 7&*+ 83*+/ ,8*8/ B !"#E! HA,I&+6; .8/ &'- &'/.60+0-&*-3/ 83/ /&*+3/ 7&//.I83/ 6A,/L10-+.3 B1&6983 :E; 3'/*.-3; .8/ &'- '0)8.)0 8, 5*-3 637&-3'-.38 83 8&') 63 8A05,'-.88&' B1&6983 ::E 3- 3'(' .8/ &'- 7+./ 63/ &'-,-/ /L10-+.2*3/B1&6983 :::E! H,'/ 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 63/ -3+13/ 7,.+3/ 3' 5,17 1,)'0-.2*3 B=! >?G℄E! ! ! "#$%&! '(!)* +,) -.,&/),0&! !1+.-/"!'*,&!"!'* +2/)32(2'! ,)4".*-/! 5.#".*-/32! !'*-,6'! 7#-.9"!'* 2'! ,)4".*-/! $,') &, :2*! $! +#*!'*/!& G"



 ! "#$%&'($*&#+,-#$*..&#/ ,*%-(0 1$ 2,-34/ + 1$ 5 %&*/6/ 7 2&#$%*8($*&# .-//*9(1 : GAS
2 ! "#$%& %'& )*+,- ./,!0 *- %1*'&% '"/' 2 3"+4%'5 !"! '/6%+6"',#-%'5 0"!& -7/!% %'&-7*4,8% 0% -7,/&+% 0,!' /! 4*+"*+ 96,+ %1%46-% /!% 4,*! "/ /!% ):-*% '"!& )*+,-%';< =!>, >"*+ ./% 0,!' 0%' "!0/&%/+' )*+,/15 *- 6%/& ,66,+,?&+% /!% "!&+*#/&*"! @ GAS

2 %!6+:'%!% 0% ),46 4,8!:&*./%5 #*%! ./7*-' !% +%&*A%!& 6,' -% "/+,!& 9G2 = 0; @ ),46!/- BCD℄< F%& %G%& %'& -7,!,-"8/% :-%&+*./% 0% -7%G%& 4,8!:&")*+,- ! "!!/ %! "6&*./%<H! %G%&5 0,!' -%' 'I'&J4%' )*+,/1 9#,-*'&*./%' "/ 0*G/'*3'; -, "!0/&*>*&: 6%/& %!6+*!*6% ,>"*+ /!% 'I4:&+*% *46,*+% %! →
k 9% ./* !7%'& 6,' -% ,' 6"/+ /! :),!&*--"! !"!)*+,-;< H& "44% -% >%&%/+ 07"!0% %'& ,/''* *46,*+ 6,+ +%!>%+'%4%!& 0/ '%!' 0/ &%46'5-% &):"+J4% 0% +:*6+"*&: 07=!',8%+ 0"!!% 6"/+ 0%' "!&,&' %! α %& β K

σαβ(
→
k,

→
B) = σβα

(
−
→
k,−

→
B
) 9C<LL;M- >*%!& ,-"+' %! /&*-*',!& ./% →k *!0*./% -, 0*+%&*"! 0% 6+"6,8,&*"! 0%' :-%&+"!' %& ./%〈→

k
〉
∝
→
J -, 0%!'*&: 0% "/+,!& K

σαβ(
→
J .

→
B) = σβα

((
−

→
J
)
.
(
−

→
B
))

= σβα(
→
J .

→
B) 9C<LN;O*PP%!  ! "#$ BCD℄ "!& %!'/*&% "!$%&/+: ./% -, +:'*'&,!% 2 "!&,&' 07/! "!0/&%/+)*+,- 6"/>,*& '% 4%&&+% '"/' -, 3"+4% K

RD/L(
→
J ,

→
B) = R0

[
1 + βB2 + χD/L

→
J .

→
B
] 9C<LD;"Q -, 'I4:&+*% 0% 6,+*&: *46"'% ./% χD = −χL< β 0:+*& -, 4,8!:&"R+:'*'&,!% !"+4,-% ./*%'& 6%+4*'% 0,!' &"/' -%' "!0/&%/+'< S"&%T ./% -%' &%+4%' 07"+0+%' '/6:+*%/+' 0/ &I6%(→

J
)2p+1

.
(→
B
)2q℄ %& BXN℄<U"/+ 0%' "!0/&%/+' 0*G/'*3' ./%-"!./%' 94V4% 4,+"'"6*./%'; '"/4*' @ 0%' ),46'

→
E0 %& →

B0 +"*':'5 GAS
2 6%/& V&+% !"! !/--%< H! %G%&5 &"/$"/+' 6,+ ,!,-"8*% ,>% -7"6R&*./%5 -% 4V4% 8%!+% 07,+8/4%!&' 8:!:+,/1 0% 'I4:&+*% 6+:0*'%!& /!% "!&+*#/&*"! 0/&I6% χ →

J .
(→
E0 ×

→
B0

) @ -, +:'*&,!% 2 "!&,&'< 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



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



 ! "#$%&'($*&# !" #!$ %!'!#'()*+, -.#/)*+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)* "''" )*'4(I!'()* +#*+ (*'"4#'()* 5."'4)*05."'4)* "+' I("*2#(4" "* :#12 1#6*5'(=!" "' ?#!' δGS

2
∼= e2

h
eV
ETh


2 F 1#(+ #!++( G GAS

2 ,"#$+%,-%+#+. /(0#$*/(+. +$ &#$%*1($*&# '+ 23*#$+%0$*&# -2+$%&#4-2+$%&# 5 GAS
298#'(?('5  " 4":"4:"  #*+ ." '4#*+2)4' *)* .(*5#(4" # 5'5 4".#*5" "* QKKB 2#4 ."+'4#?#!$  " V, W2(?#XF Y, Z<![(*  8!*" 2#4' \QC℄ "' L, W#*:"[F ^, V_''(X"4  8#!'4" 2#4'\QJ℄, `.+ )*' 245 (' !*" )*'4(I!'()* #! )!4#*'F .(*5#(4" "* :#12 1#6*5'(=!"  " .# ;)41" @

I = αV 2B, S)11" →B "+' !* ?"'"!4 #$(#. "' =!" ." )!4#*' "+' !* ?"'"!4 2).#(4"F ." )";0N("*' α *" 2"!' M'4" *)* *!. =!" +( ." 1(.("! )*+( 545 "+' *)* "*'4)+<15'4(=!", L" 2.!+F(.+ )*' 1)*'45 =!" +#*+ (*'"4#'()* 5."'4)*05."'4)*F α = 0  )* α  )(' M'4"F #! 24"1("4)4 4"F 24)2)4'()**". G .# )*+'#*'"  8(*'"4#'()* γ"#$ A 5N*("  #*+ .# +)!+0+"'()* B,a,QE,CB
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dn(
→
r ) = h(

→
r )I F !OPH6K h 1;+ 051 B65+.65 6)-3./0(1! L5 6)-7152 ;65 67.A.51 C 34*.21 21 34.)*A1 21; 2.-�31;21 E*52*017> )*.; 05 *303 7.A60710@ 51 -10+ ;1 B*.71 /04C 34*.21 21 3* +'(67.1 2.*A7*)=)*+./01!M1++1 8*7.*+.65 21 215;.+( (31+765./01 36*31 .520.+> A7Q1 C 2=,$%*'0%,+$ &2*%'+$?&2*%'+$> 051 )62.R*+.65 36*31 dU"#$ 2*5; 31 -6+15+.13 (31+7./01 .5+1751 21 34('*5+.3365F*0;;. *--13( -6+15+.13 21 2.:0;.65 -*7 %-.8*9 1+ S,0T.5 UPV℄ 60 -*,;*A1 21 -6+15+.13 -*7%*5'1T 1+ XY++.917 UPO℄ 60 -6+15+.13 21 2(;67271 UZ#℄H! [0 -71).17 67271 15 .5+17*+.65 1+-607 21; .5+17*+.65; +7\; 607+1 -67+(1> 65 -10+ (7.71 N

dU"#$(→r ) = γ%&'
2ν

dn(
→
r ) F !O]H6K γ%&' 1;+ 3* 65;+*5+1 24.5+17*+.65 2(R5.1 *0 ;15; 21 %-.8*9 1+ S,0T.5 2*5; 3* ;1+.65F !]!PH!6̂0; 31; (31+765; -*;;*5+ *0 86.;.5*A1 21 1++1 .)-071+( UZ℄ 71;;15+15+ 1++1 8*7.*+.6520 -6+15+.13 (31+7./01 .5+1751 1+ ;65+ 2(-'*;(; 24051 /0*5+.+( N

dφ =

∫
dU"#$( →

r (t))dt F !O H ! ! #$ !$% &!' ()#*+$%!, -#+$ ./ 0!(0! $!'*!-!/% 1 #2.+( '/! 2+$+./ &*'$ +/%'+%+2! 3' ()$'*%#% &())3!/%45.'( #**!( &*'$ *.+/, ./ #'(# 6!$.+/ 3! *# %0).(+! $!-+7*#$$+8'!4 "*! d !$% &()$!/% &.'( 3+(! 8'9+* $9#:+% 39'/! 2#(+#%+./ &#( (#&&.(% 1 *9)8'+*+6(!, i.e. '/! ;.+$ *# 3+<)(!/!3! &.%!/%+!* #&&*+8')!4 =/ *9.'(!/! dn = n(V )− n(V = 0)4VZ



  !"#$%&'#)%"
B BB = 0I=0 I=0 I=0

Dipôle
G = G

[
U(

→
r )

] /. U(
→
r ) = U !(→r ) + dU" # (γ$%&, h(→r) , V ) ; !JK>%/''( I

G = G
[
U !(→r )]+ dG

[
dU" # (γ$%&, h(→r) , V )] ; !JL>M:& I

G1 = G
[
U !(→r )] &* G2 =

(
∂dG [dU" #, V, γ$%&]

∂V

)

(V =0)

; !JJ>H2. /'(+01&'*? ), N 2 1'& /'*.)91*)/' 3&( )'*&.2*)/'( 32'( G2!O2)'*&'2'*? %" *$+",- .- ,+/0 /+1"2#)3'- B! @&( *.2D&*/).&( :/'* G*.& *.E(,+=E.&5&'* 3+:)+&(? ,42151,2*)/' &* ,2 3+6,+*)/' 3& 72.=&( '& :/'* 6,1( G*.& 32'( ,42P&3& ,4+72'*),,/' &* ,&( 3)6�,&( :/'* */1.'&. ;A! R)=!  !"#>! @& (&'( 3& ,2 ./*2*)/' '& :262( G*.& ,& 5G5& (1):2'* ,& ()='& 31 7256 52='+*)01&? 3/' dn(−B) 6= dn(B) &* dn 21' *&.5& )562). &' B! S, &' .+(1,*& 1' 72'=&5&'* 32'( ,& 6/*&'*)&, )'*&.'& ,/2, 01) :25/3)T&. ,2 672(& 2151,+& 62. ,&( +,&*./'( ,& ,/'= 3& ,&1. *.2D&*/).&! B&,2 :2 /'*.)91&.< .+&. GAS
2 ? 1' *&.5& 3& ,2 /'31*2'& '/' ,)'+2).& )562). &' B 01) '4&P)(*2)* 62( (2'()'*&.2*)/'! B&* &C&* )'*&.:)&'* 21(() 32'( GS

2 /55& 1'& /..&*)/' < ,2 /'*.)91*)/' (2'()'*&.2*)/' :1& 32'( ,2 (/1( (&*)/' 6.++3&'*&!4-/+$3'- 5 S)? /' &(* 2,,+ 6,1( ,/)' 32'( ,& 5/3E,& 3&( 3)6�,&( 3& @2'321&.! H/1. .&8*./1:&. GDrude? /' (4+*2)* /'*&'*+ 3& (/55&. ,&( 7256( +,&*.)01&( ,/21P! @&( 3)6�,&( 3&@2'321&. '& D/12)&'* 01& (1. ,& 7256 +,&*.)01& 62. ,&1. 5/N&''& (62*)2,&! S)? /' 2 6.)(&' /56*& ,&1. )'U1&'& (1. ,2 /'31*2'& 62. ,4)'*&.5+3)2).& 3& ,2 /7+.&'& 3& 672(&!V' 2 +*+ *&'*+ 3& 6./,/'=&. & 5/3E,& 6/1. G*.& 012'*)*2*)A &* 2,1,&. GAS
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→
r ,
→
B)IB!I2 ?)+;/+) .)5)+ +6 /6-+)&-/.6J .6 ?+2- :)/)+ X
dU !"(→r , →B) = γ#$%

2ν
dn(

→
r ,
→
B) % !YZ'.[ γ#$% +4- 3& .64-&6-+ 5=/6-+)&-/.6 5:\6/+ &2 4+64 5+ 9?/8&T +- VW2B/6 E"F℄ 5&64 3& 4+-/.6% !]!"'!9+3.6 +2QJ 3& ?)/6/?&3+ .6-)/72-/.6 N 3& 8&)/&-/.6 5+ G2 8/+6- 5+ 3& ;.W+66+ 4?&-/&3+52 ?.-+6-/+3 :3+-)/12+ /6-+)6+! L+/ +4- )+3/: &2 &)&-M)+ 3.6<2+ ?.)-:+ 5+ 3& >.6-/.6 5+.)):3&-/.6 〈

dn(
→
r )dn(~r′)

〉&'! L+ 12/ 5.66+ N "S &( X
〈dU !"〉→r = γ#$%

νS

∫
d
→
r

[
dn(

→
r , V,

→
B)− dn(

→
r , V,

→
0)

] % !Y^'I?)M4 ;.W+66&<+ 42) 3+ 5:4.)5)+J 3+4 &2-+2)4 -).28+6- N 3=&/5+ 5+ 3& -0:.)/+ 5/&<)&;;&U-/12+ ?.2) 3=&;?3/-25+ -W?/12+ %42) 3+ 5:4.)5)+&)' 5+4 O2-2&-/.64 52 ?.-+6-/+3 :3+-)/12+ ! !!"#!$%# &' (%#!$%# *" %++,&'!$%# *"#-$!,.*"#-$!, / &0,12$&$3+" "-! %2+!" 4%+!," 5 5 5 6 !℄# $&' &( )*+,&-./ (+ 0+1&+-&23 ./ ./3)&-4 5+1 1+5521- 6 (*478&(&91/ : !〈〉→
r
)&,3&;/ <2=/33/ )5+-&+(/ "δ )&,3&;/ +<5(&-8./ <2=/33/ ./) >8-8+-&23) )81 (/ .4)21.1/' 23 5+1(/1+ +8))& .*+<5(&-8./ -=5&78/ 28./ 1+&3/ +114/ ./ (+ 0+1&+3/ )81 (/ .4)21.1/  !
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≅2Puis: !"#  !"" # $%&'(% )*& +,-*./-+1,& ('-'*22*& *,-.* 3/.+/-+1, )* )*,&+-% %2*-.1,+4'* *-51-*,-+*2 %2*-.+4'* +,-*.,*! 6*2/ *752+4'* 28+,-%.9- )8', -./+-*(*,- /'-1:1;%.*,- 51'./2'2*. 2/ 1,)'-/,* ,1, 2+,%/+.*!+,-*.,* <

δ 〈dU !"〉→r = γ#$%
g
f

(
B

Bc

)
eV = !>?@1A Bc 1..*&51,) B 28%;*22* -C5+4'* )*& D'-'/-+1,& )* 1,)'-/,*E  !"! B ', 4'/,-'( )*D'7 Φ0 )/,& ',* -./F*-1+.* -C5+4'* )*& %2*-.1,& B 28+,-%.+*'. )* 28%;/,-+221, =G! &*-+1,="!H!I@@ *- 1A f *&- ',* G1,-+1, -*22* 4'* f(x) = x 51'. x ≪ 1 *- f(x) = 1 51'. x > 1!J- *, '-+2+&/,- 4'* <

δG2
∼=

(
dG

〈dU !"〉→r ) δ 〈dU !"〉→r
V

= !>I@*- 4'* K "℄ <
δ

(
dG

〈dU !"〉→r ) =
e2

h

1

E&' = !>"@1, 1M-+*,- 2* .%&'2-/- N,/2 <
δGAS

2
∼= e2

h

γ#$%
g
f

(
B

Bc

)
e

E&' = !>O@+,,%&-. /($&0&-1%.#$. '. 23$$*4.%05/#-.6 789℄ ; <=1-.<<. >1?&?&0,*@(.P* .%&'2-/- )* Q5+3/R:SC'T+, K"U℄ *&- /' 5.*(+*. 1.).* *, +,-*./-+1, =-1'- *, 1,&+:)%./,- ', G1.- %./,-/V*E * 4'+ *&- ', 5*' 5/./)17/2@! W, 3/ 31+. 4'* )X& 4'* 2*& +,:-*./-+1,& &1,- ', 5*' 52'& G1.-*&E +2 G/'- -.1'3*. 2* 51-*,-+*2 %2*-.+4'* +,-*.,* )* G/Y1,/'-1:1;%.*,-*! Z1'& ,1'& +,&5+.*.1,& 51'. *2/ /&&*T 2/.V*(*,- )* 2/ .%G%.*,* KU"℄! P/(%-;1)* 4'* ,1'& /221,& )%.+.* .*&&*(M2* B 2/ $[\ 51'. ', &C&-X(* ;1.& )8%4'+2+M.*! J,*]*-E 1, / 3' 4'* 2/ ,1, 2+,%/.+-% %-/+- )%-*.(+,%* 5/. 2* 51-*,-+*2 %2*-.+4'* +,-*.,* V%,%.%U>



 !" #$%&'(%) *% +',-,$*) ./ %'0$)1+'% $+$ 2,$&0,'* 34
N1

N2

B !"#  !"# $ %'()* +,-./01 23041 *5.+( '*6+./01 20 +,-1 21 17718 /030+.7.814+ 9:++.;1< ! "#$ -60< 710<8 *7078!-*< 718 5*<.*+.648 76*718 21 7* 2148.+( 21 '*<=1! >*.8? @ 864 +60< 71 46051*0 -6+14+.17(71+<./01 .4+1<41 A*.+ 5*<.1< 76*71)14+ 7* 2148.+( 21 '*<=1 1+ *.48. 21 80.+1!!! BA! C.=! !""D%6.+ 041 *5.+( '*6+./01 ! BA! C.=!  !"#D 2*48 71 <(=.)1 04.51<817 *51 041 A6<1 23.4E+1<*+.64 *<F.+<*.<1! G771 18+ 6441+(1 @ N <(81<56.<8 (71+<64./018 " -*< 73.4+1<)(2.*.<121 64+*+8 H α = 1, ..., N ! I* 8+*+.8+./01 20 +<*48-6<+ 2*48 04 +17 ('*4+.7764 18+ F.14 2(E<.+1 -*< 7* +'(6<.1 218 )*+<.18 *7(*+6.<18 H J>K  BA! *441L1 BMD 1+ 7* <(A(<141 N##℄ -*<1L1)-71 -60< 041 <1501D! I* +'(6<.1 -<(814+(1 6481<51 718 '*<=18 1+ 71 60<*4+ +6+*7? 177118+ *088. .45*<.*4+1 -*< 5*<.*+.64 =76F*71 21 7* +148.64 B.45*<.*41 21 P*0=1D #! Q4 0+.7.817* )*+<.1 21 2.R08.64 Sαβ,nm 2(S4.1 2*48 7* 81+.64 B !"!TD! G771 2(-142 21 73(41<=.1 E21 736421 (71+<64./01 1+ 20 -6+14+.17 (71+<./01 .4+1<41 U$%& [x, Vα] *0 81.4 20 6420+10<!%0--68*4+ 7* )*+<.1 21 2.R08.64 64401? 4608 *5.648 +<605( 7* A6<)071  !TU /0. -10+ 81)1++<1 8608 7* A6<)1 H
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∑
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)
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[
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∑
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√
nt+99%$?+&, * 8*:? ) '"# <* ! ,*&$ #* *E"!( ?+ 9 ,(?8*$%9 #'(#%!9+& ,% 2π #% #+&= ,% $*!9*F%!+"9%. c& E+"! *"&$" ) % ?+ 9  & $O$!^:% + E%9!> +::% τdw = τ*+,> +& * Φc = Φ0.-+ 9 &+$ %R?(9"%&%$> +& * (=*#%:%&! nt ≈ 1 1<. *&&%R% 1/55 %! ,+& Φ/Φc ≈ B/Bc. ! ! δ "! !$$! %&'() ! *+,-+.! /(0 +$)"! (&1!--! "!* 2)$)/$+&-* *)'  ! "3*&'"'! &) *)' "+43'!-$*35/-$+  &-* ! 6)+ '!7+!-$ /) (8(!9 ]_



 ! "#$%&'($*&# !"# #$%"&'#( )'% *+,$#'-.'% ./$!#+'% 0#$*+%'-. 10!"# δGS
2 2!+# 345( 46℄ 8 0!"# δGAS

2*9-% )' 9% *;"- $/9-.+))!- *+,"%+< '- <9+=)' +-.'#9.+!- 2!+# 35>℄( *9-% )' 9% *;"-' 92+.$/9!.+?"' 2!+# 35@℄A B
δGS

2
∼= e2

h

e

ETh

, δGAS
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Réalignement + 

faisceau électronique

Dissolution de 

la résine 

impressionnée

Métallisation

Dissolution 

de la résine

Gaz 2D

IBE

Gaz 2D

Gravure 

chimique du 

masque d’Alu !"#  !"# $ %&')*) *+ ,-.&/-0/'1 *+2 -11+-34 5"6789! :1 *);'2+ *<-.'&* 31 =-2>3+*<?@3=/1/3= ;-& @/0A'B&-;A/+ )@+0&'1/>3+C ;3/2 '1 B&-D+ -3 -1'1 E ?&B'1 5FG79 0'30 +>3/ 1<+20 ;-2 ;&'0)B)! H+2 )@+0&'12 1+ &+20+10 >3<-34 +1*&'/02 1'1 B&-D)2! 71 &)-@/0)C '130/@/2-/0 ;@30��0+& @+ =-2>3+ *<?@3=/1/3= -D+ 31+ 2'@30/'1 .-2/>3+ '1+10&)+ 52'3*+C;'0-22+ '3 -30&+!!! :1 - 30/@/2) @+ JNSTU >3/ +20 31 *)D+@';;+3& ';0/>3+ ≈ 302 ;'3& 501=*<?@3=/1/3=9! V1+ ;A'0'B&-;A/+ B@'.-@+ -/12/ >3<31 -B&-1*/22+=+10 *+ @<)A-10/@@'1 +0 *+2+2 '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$% = W
√
3W/(9.5le)! F@ 2+=.@+ >3+ @+2 &)b+4/'12 2'/+10;@30�0 2;)3@-/&+2 *-12 + 0M;+ *+ c'10/'1 ^WW℄! %'3& '.0+1/& @- '1*30-1+ G = 1/R*<31 '0) *+ @<-11+-3C '1 ;&'X*+ '==+ 23/0! :1 '=;0+ @+ 1'=.&+ *+ -&&)2 *-12 @+2P@2 +0 2-A-10 @- &)2/20-1+ ;-& -&&) *3 B-R "6C '1 +20/=+ @- &)2/20-1+ *+ '10-0 E 1kΩ! ! !" #$%$&'(%!" )! *%$+,%! -($.!/( )! 50001 10&21 PAr = 2 10−



 ! "$%&'())*&+ ,- !"#  !"# $ %&'(')*+,&-. ,*-/. +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 -./+ *242(- : 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 NO! P,=!  !"#Q@ ./ 914+ *24213 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*31 F41 2* =3*H8431 3(1 4/1 91+,+1 R./1 01 0(92(+,./ -.4- 21 )*-F41 0;A24),/,4)$%! ?./+3*,31)1/+ *45159(3,1/1- 93((01/+1- -43 21 )S)1 -4T1+ UVW@ XW@ XV℄@ ,2 /;C * 9*- 01 =3,221- (21+3.-+*+,F41-*4 01--4- 04 "ZB[!L1- ('*/+,22./- (+40,(- 0*/- 2* 9*3+,1 AC -./+ ./-+,+4(- 0;*//1*45 *33(- N1.5µ) 01�+(Q =3*8(- 01 )S)1 F41 21- ('*/+,22./- 93((01/+- 0*/- 4/ =*R E,0,)1/-,.//12 0;(21+3./-NO! P,=!  !"\Q! ?1- *//1*45 -./+ 0*/- 21 3(=,)1 0,G4-,O 1+ /1 ./+,1//1/+ F41 F412F41-*/*45 01 ./04+,./ *81 4/1 ./04+*/1 -*/- 0,)1/-,./ 8*3,*/+ 01 " : V! Z1 )S)1F41 9.43 21- *4+31- ('*/+,22./-@ 01- )1-431- 01 )*=/(+../04+*/1 2,/(*,31 : +3M- E*--1+1)9(3*+431 ./ 914+ 0(04,31 21- 9*3*)M+31- *3*+(3,-+,F41- 01- *//1*45 F4, -./+ 0(+*,22(- ! !"#$%&'() *# +,-) () (./*.&%,- )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 + 40+-*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 ,*44/.2(.5 '2( 6'2(*4 83. .0+ +3)6.2(+-( 4)+0.6.2(0+ /.25-(4 40.(*'2-83. EF! 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)52 25 .+,--)52- *2 V =! >5 2?20 *)5- 6) -20,/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!3/424 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:



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



 !" #$%&'$ ($ )* ,-(&.*-$ -,- )/-0*/'$ (1,'('$ " G2 $. ,23*'*/%,- *4$ G1 56
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"
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'
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$ !"#  ! " #$%&'( )*+,&%'-.( GS
2 (& $/&')*+,&%'-.( GAS

2 0( 1$ 3/0.&$/( /3/ 1'/,$'%(043%0%( 5 G2 63.% 14$//($. 7 g = 5.3! 83&(9 -.( GAS
2 : 3/&%$'%(+(/& ; GAS

1 : ()& 13'/ 04<&%(/,=1'=($>1( 0(?$/& )3/ @3+313=.( )*+,&%'-.(! AB



 ! "#$%&'()(+ ,&-+ ./++(+ 0&%12()(+ !!"#$ 1  !!"#$ 2
g = 5.3 g = 13.5
g = 0.0 g = 12.0
g = 0.0 g = 10.5
g = 0.0 g = 11.1
g = 1.2 g = 13.0
g = 2.5 g = 18.5
g = 4.2 g = 17.1
g = 6.7 g = 21.4 !"# %&' ( )*+,-"!."/ 1!2$.#!"/ 2"/ #!!"#$3 ' ". 4& 51$/ #61!/ #778*9$, /$"//*6":;"!. 4 *;7$8/*1!/ 2" 1$-#!.< 7$*/ 1! # ,8#*-, % =1*/ 8>,?#!.*881!&1!/.*.$," 2>1/*88#.*1!/ -#7*2"/ ". 7,-*12*9$"/ "! h/e< 1--"/71!2#!. @ $! φ0 2#!/ 8# /$-:=#" 2" 8>#!!"#$ A >"/. 8>"+".  ?#-1!16:B1?; C BD& E"/ 1/*88#.*1!/ /1!. ;12$8,"/ 7#- 2"/6#-*#.*1!/ 8"!."/ 21!. 8>,?"88" #-#.,-*/.*9$" "/. A Bc 1F Bc 9$* "/. 2,G!*" 2#!/ 8# /".*1!C4&%&'D 1--"/71!2 @ $! Φh/e9$* 21!!" 8>#;78*.$2" .P7*9$" 2"/ 1/*88#.*1!/  B !1.," δG̃S,AS

1,2 ". 8>#*-" 2$ 7* @ L#//"=-,9$"!" 9$* =1$-!*. 8>#;78*.$2" .P7*9$" 2"/ IEJ/ !1., δGS,AS
1,2 & E"/ ;1P"!!"/< -,#8*/,"//$- $!" ,?"88" L*"! 78$/ M-#!2" 9$" Bc< !" 2,7"!2"!. 7#/ 2" ".." ,?"88"& T"/ 7-,2*.*1!/.?,1-*9$"/ />*!.,-"//"!. /$-.1$. @ 8>#;78*.$2" .P7*9$" 2"/ IEJ/< 2$ =#*. 2" !1.-" M,1;,:.-*" #!!$8#*-" !1$/ #61!/ ,M#8";"!. $!" 1!.-*L$.*1!  B& K! # 2>#*88"$-/ 1L/"-6, 9$" 8"/1/*88#.*1!/  B 2" GAS
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 ! "#$%&'()(+ ,&-+ ./++(+ 0&%12()(+ !" #$%&')*&$+ %, -) $+%.*)+, / 01*,23&+)*&$+ %,-) $+4*)+*, %5&+*,2)*&$+ !" #$ %&'(!$' )$* +,'-.)$* /01234 5 ," *,.67(8$ +7('$ %7'($' )7 ,"#.87"$1 :,.' $)75",.* 7%,"* 7;;)(<.& *.$**(%$-$"8 = (-;.)*(,"* #$ ,.'7"8 10µ ;.(* 50µ 5 ;.(* ",.*7%,"* &)7('& > +,(* )?&67"8())," /+1 *$8(," /01010441 @$ <.( ",.* +7(8 ."$ A7--$ #$ ,"#.B87"$ g
le $8 D($" *K' ;7* )7 -H-$ ,"!A.'78(," #. #&*,'#'$1 @$)7 ",.* 7 ,"+,'8& #7"* )?(#&$<.$ )?$L$8 #&;$"#7(8 #$ )7 ,"#.87"$ $8 ;7* #$ )?&67"8()),"1 M" $L$85 )$* (-;.)*(,"* #$,.'7"8 $8 )?&)7('$-$"8 -,#(!$"8 ;).*($.'* ;7'7-G8'$* $" -H-$ 8$-;* N kF , le,W $8 #$+7O," #(L&'$"8$ /;).8�8 le ;,.' )$* (-;.)*(,"* $8 ;).8�8 kF $8 W ;,.' )$* &)7('$-$"8* D($"<.?," "$ ;.(**$ ;7* )$ %&'(!$' 7%$ $Q78(8.#$41 R'5 $" #(-(".7"85 ;.(* $" 7.A-$"87"8 )7,"#.87"$ 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 <.$ )$* (-;.)*(,"* #$ ,.'7"8 $8)?&)7('$-$"8 +,"8 %7'($' kF , le $8 W $Q78$-$"8 #$ )7 -H-$ +7O," /$ <.( $*8 ;$. ;',D7D)$;.(*<.$ $ "$ *,"8 ;7* )$* -H-$* ;',$**.* ;6S*(<.$* <.( *,"8 -(* $" T$.41:7' ,"8'$5 δGS
2 $8 δGAS

2 "?,"8 ;7* )7 #&;$"#7"$ 788$"#.$ #?7;'G* )7 +,'-.)$ /012341UH-$ δG1 "?$*8 ;7* ,"*87"8 $" +,"8(," #$ )7 ,"#.87"$1 @$)7 %$.8 #('$ <.?," "?$*8;7* #7"* )$ '&A(-$ ."(%$'*$) #$ ,"#.87"$ ;,.' )$<.$) ," #$%'7(8 7%,(' δG1 ≈ e2/h("#&;$"#7"8 #$ g VW5 3℄1 F?$Q;)(78(," $*8 <.$ )$ '&A(-$ ."(%$'*$) ,''$*;,"# Y g ≫ 157),'* <.$ <.7"# g *$ '7;;',6$ #$ E5 ," 8$"# %$'* )$ '&A(-$ ),7)(*& ;,.' )$<.$) δG1#&;$"# #$ g *$)," δG1 ≈ e2

h
g | ln(g)| V3Z℄1 @$)7 ",.* '$"#7(8 7**$[ ;$**(-(*8$ <.7"8 Y)?("8$';'&878(," #$ ",* $Q;&'($"$*1 \$.'$.*$-$"85 ," %$''7 <.?," 7''(%$ Y $Q;)(<.$' ",*'&*.)878* $" ("8',#.(*7"8 $Q;)((8$-$"8 #7"* )$* +,'-.)$* )7 %7)$.' 8S;(<.$ #$* ]@ *̂ N δG1$" ."(8&! e2/h1 C,.8 *$ ;7**$ 7),'* ,--$ *( ," '$%$"7(8 #7"* )$ '&A(-$ ."(%$'*$) ,_ )$*;'&#(8(,"* 86&,'(<.$* #$%($"#'7($"8 N

δGS
2
∼= δG1

e2

h

e

E"# , δGAS
2
∼= γ$%& δG1

g
f(

Φ

Φc

)δGS
2 />134,_ + $*8 )7 -H-$ +,"8(," <.$ #7"* )7 *$8(," /01J1J4 8$))$ <.$ f(x) = x ;,.' x << 1 $8

f(x) = 1 ;,.' x > 11M"*.(8$5 )$ '7;;,'8 $"8'$ δG1 $8 δG̃1 #$ )?,'#'$ #$ 5 $*8 $" 7,'# <.7)(878(+ D($" <.?.";$. ;).* A'7"# <.$ $).( ;'&#(8 ;7' F.#`(A $8 U(')(" V3E℄1 M" $L$85 #7"* ." 7""$7. #(L.*(+  ! "#$$%&&% %( )*"+,&%( -
δGS

2
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E!" , δGAS
2
∼= γ#$%
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f(

Φ

Φc
)δGS
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* !"#  !" # $%&'()*+, )-&(.*, +,/ 012/ 3/-%45',/ 6(+,/7 ,) +,/ 5/(''9)(5:/ $; 3/-%45',/&',(:/ ,) ,<&5/9:) ˜ &5*= G17 &5*= G1 ,: *:()> +, e2/h? GS
2 ,) GAS

2 ,: (Ω.V )−1 ,: @5:)(5:+, '9 5:+*)9:, 9+(%,:/(5::>, g ,: >A,'', '5B9=()A%(.*,! CD9%&'()*+, 9 >)> 9'*'>, E&9=)(= +, 'D9(=, +,/ &(/ +, '9 )=9:/@5=%>, +, 25*=(,=! C,/ +=5(),/ /5:) +,/ B*(+,/ &5*= ',/-,*<! C,/ F >)5(',/ 5==,/&5:+,:) E 'D9::,9* G! H5),I .*, ',/ +5::>,/ &5*= ',/ G >A9:)(''5://D9'(B:,:) =,%9=.*94',%,:) 4(,: 9'5=/ .*D('/ /5:) +(J>=,:)/! 1,'9 /*BBK=, *: 9=9)K=,*:(6,=/,'! L,%9=.*,I 9*//( .*, δG̃2 = δG2? 9'5=/ .*, δG̃1 ≈ 0.2δG1!"M



  !"#$%&'('* +%,* -.**'* /%$01'('* !"#$%&'( $)# *+, ")!). )/"01)$,!23 ,41$ !3 23# 567# 3, 23# 8"90*+$ !3# 23# *#$))",$*+#3+ :*+,$*+ 23 )" )*+;!3!9 23# <)# 23 *++3,$*+ "!= 9.#3>*$9#? 6*01,3 ,3+! 23 +*,93;.*0.,9$3 @ T = 0A 3, #"+# $+,39",$*+ .)3,9*+%.)3,9*+( $)# 19.2$#3+, !+ :",3!9 3 3+>$9*+?B+ *!,93( 3  !/*+ ">"$, 930"9 !. 2"+# )" 1"9,$3 19..23+,3 3#, *+<90. 1*!9 )3# "!,93#>")3!9# 23 )" *+2!,"+3? C3# *#$))",$*+# DE 93)",$>303+, "!= 567# #*+, 1)!# 19*+*+.3##!9 GS,AS
2  !3 #!9 G1? B+ 3F3,( δG̃2 = δG2( ")*9#  !3 δG̃1 ≈ 0.2δG1? G*!# 4 93>$3+29*+#2"+# )" #3,$*+ HI?J?&K?'3 1)!#( *+ >*$,  !3 δGS,AS

2 2.9*L, 1)!# >$,3  !3 δG1  !"+2 ; 2$0$+!3? '/"19M# )":*90!)3 HI?NK( 3)" >3!, 2$93  !3 E ! 2$0$+!3  !"+2 g "!;03+,3? 63$ #30O)3 #!9193+"+,"9 P
E ! = g∆ ">3 ∆ =

2π~
2

m∗WL
HI?QKC" *+2!,"+3 2.13+2 .>$23003+, 23 )" )"9;3!9? R!11*#*+#  !/$) 3=$#,3 x ,3)  !3 P g =

W x? S) >$3+, P
E ! ∝ g

W
∝ g1−x 3, 2*+ P x > 1 HI?TK*9 @ U' P
g =

σW

L
∝ kF leW

L
HI?&VK63  !$ >3!, 2$93  !/3+ 8"+;3"+, )" *+2!,"+3( *+ +3 8"+;3 1"# #3!)303+, )" )"9;3!923# <)#( 0"$# "!##$ )" 23+#$,. .)3,9*+$ !3 3, )3 )$O93 1"9*!9# 0*43+? D U'( kF .,"+, 93)$. @)" 23+#$,. .)3,9*+$ !3 1"9 k2

F = 2πns( $) " 1)!,�, ,3+2"+3 @ "!;03+,39 "19M# .)"$9303+,"! *+,9"$93 23 le? X+ 3+ 2.2!$,  !3 le 2$0$+!3 1)!#  !3 kF +/"!;03+,3? X+ +3 13!, 1"#*++"L,93 ">3 19.$#$*+ 3# 1"9"0M,93# 1!$# !3( *003 *+ )/" >! 2"+# )" #3,$*+ HY?Y?ZK()/3F3, R8!O+$[*> 23 \""# #*+23 3##3+,$3))303+, )" 23+#$,. .)3,9*+$ !3 2"+# )3# <)# "99$>"+,@ )/.8"+,$))*+ 3, +*+ 2"+# 3 239+$39?]"$# 2"+# )" <;!93 HI?QK( 3  !$ :9"113 $00.2$",303+, "19M# )/")$;+303+, 23# 1*$+,#( 3#*+, )3# #$;+3# 23# 13+,3# 23 δG1( δGS
2 3, #!9,*!, δGAS

2 3+ :*+,$*+ 23 )" *+2!,"+3? 63+/3#, 1"# 2! ,*!, 3!=  !$ .,"$3+, ",,3+2!# 2/"19M# )" :*90!)3 HI?NK? 6*003 +*!# >3+*+# 23)3 >*$9( *+ 3=1)$ !3 3  !$ #3 1"##3 1*!9 δG1 1"9 )" )*")$#",$*+( 1*!9 δG2 1"9 )/$))!0$+",$*+ !$ 8"+;3 "!##$ )3 )$O93 1"9*!9# 0*43+ H !3 )/*+ +3 13!, *++"L,93 ">3 19.$#$*+K( 0"$#
δGAS

2 3#, 1)!# *01)$ !.? D<+ 23 #/"F9"+8$9 23 3# 2$F.93+,# 19*O)M03# 3=1.9$03+,"!=H)*")$#",$*+ ^ $019.$#$*+ #!9 W ( kF 3, leK *+ ")!)3 )3 9"11*9, δGAS
2 /δGS

2  !$ 2/"19M# )":*90!)3 HI?NK +3 2*$, 2.13+293  !3 23 U 1"9"0M,93# P γ"#$ H9"11*9, 3+,93 )3# "1"$,.# .)3,9*%8$0$ !3 3, ;.*0.,9$ !3 23 )/.8"+,$))*+  !$ 2"+# )" )$0$,3 :"$O)3 $+,39",$*+ *993#1*+2@ )" *+#,"+,3 2/$+,39",$*+ 2.<+$, 1"9 R1$>"[ _UJ℄K 3, g H*+2!,"+3 "2$03+#$*++.3K?6*003 *+ 13!, 03#!939 ">3 19.$#$*+ 3 9"11*9,( *+ >" 1*!>*$9 ")!)39 )" *+#,"+,32/$+,39",$*+? '"+# )3!9 ,*!,3 9.3+,3 1!O)$",$*+ _IV℄( a*)$"+#[$ 3, Eb,,$[39 3=1)$ !3+, !3 )3 9"11*9, δGAS
2 /δGS

2 +3 2.13+2"+, 1"# 23# c!,!",$*+# 23 )" 23+#$,. 2/.,",#( $) #*+23)3# $+,39",$*+# 1)!# 2$93,303+,  !3 δGAS
2 ?2.##3%+ δGAS

2
/δGS

2C@ 3+*93( +*!# ">*+# .,. #!919$# 3+ ,9"d"+, 3 9"11*9, 3+ :*+,$*+ 23 g H: <;? I?TK? B+3F3,( 2/"19M# )" :*90!)3 HI?NK( *+ ",,3+2"$, !+3 2.13+2"+3 3+ γ"#$/g? X9( *+ *+#,",3  !33 9"11*9, 3#, 19",$ !303+, $+2.13+2"+, 23 g 3, >"!, 0.3±0.2? G*!# #*003# ")*9# 93>3+!##!9 )3# 841*,8M#3# 23 )" :*90!)3 HI?NK? B+ 3F3,( 3,,3 :*90!)3 1*!9 δGS
2 +/3#, >")"O)3  !31*!9 23# .8"+,$))*+# 2$F!#$:# *e )" 8!,3 23 1*,3+,$3) " )$3! )3 )*+; 23 )/.8"+,$))*+ _UJ℄ *!QQ
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Anneau1 Anneau2 !"#  !" # $%&&'() δGAS
2 /δGS

2 *+ ,'+).'+ /* 0% '+/1)%+* %/.2*+3.'++4* g! 5*3 ('+/36(*3&! %((437 '((*3&'+/*+) 8 09%2&0.)1/* ):&.;1* /*3 '3.00%).'+3 <= 6(*3&! /*3 >?@7!A')*B ;1* *0% +* '((*3&'+/ &%3 8 0% ,'(2* *+ γ !"/g %))*+/1*!C.*+ &'1( /*3 %D.)43 C%0.3).;1*3 /'+) 0*3 '1D*()1(*3 3'+) 4)('.)*3 *) 094(%+)%E* ,%.C0* FGH℄!<1 /4&%()J '+ (':%.) ;1* +'3 4K%+).00'+3 3* '2&'()%.*+) %.+3.! L%.3 *))* ,'(210* +9*3)*+ &%().10.*( &%3 D%0%C0* &'1( /*3 %D.)43 K%').;1*3 C%0.3).;1*3 /'+) 0*3 '1D*()1(*3 3'+)4)('.)*3 *) 094(%+)%E* *3) ,'() F M℄! N+ *O*)J /%+3 0* %3 'P )'1)* 0% K1)* /* &')*+).*0 % 0.*1%1Q '+)%)3 0* )*(2* /'2.+%+) 63%+3 .+)*(%).'+7 /R 8 0% D%(.%).'+ 2':*++* /1 &')*+).*040*)(.;1* .+)*(+* /.3&%(%S) 6,! 3*).'+ 6T!U!U77 *) L! V'0.%+3W. +'13 % ,%.) (*2%(;1*( ;1*
δGS

2 /4&*+/%.) %0'(3 ,'()*2*+) /* γ !"! V'1( *0%J .0 % %0104 δGS
2 /%+3 1+* %D.)4 K%').;1*C%0.3).;1* /'+) 0*3 '1D*()1(*3 3'+) 31X3%22*+) 4)('.)*3 &'1( 31&&'3*( 0% $LY %&&0.%C0**) &'1( 1+* ,'(* /9.+)*(%).'+ ;1*0'+;1*# F M℄ Z
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)2(
1

γ !" − 1)2 6 ![[75% 0.2.)* ,%.C0* 4(%+)%E* 6γ !" << 17 (*/'++* 0% D%0*1( 3%+3 .+)*(%).'+ 40*)('+\40*)('+
δGS

2 =
e2

h
e

ETh
69*3) +'(2%0J '+ D*((% ;1* 0*3 /4]+.).'+3 /* γ !" /* ^&.D%W *) _:1B.+ /91+*&%() FG`℄ *) /* ^%+K*B *) =a)).W*( /9%1)(* &%() FGH℄ 3* (*b'.E+*+) %0'(37! 5% 0.2.)* ,'()4(%+)%E* 6γ !" = 17 /'++* Z δGS

2 =
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h
e

ETh
γ !" δG1

g
!c%+3 *))* '+]E1(%).'+ *) /%+3 0% 0.2.)* 'P Φ ≫ Φc 6⇔ B ≫ Bc &'1( +')(*  !"# $%&'(%)*#+ !, - $"''!$. /"* (0.2-,3%((!, .3-%3 $4&.3#%/"* 5(* ,!&6#* 7* -,-"8 *$3 (* &9&* 7-,$(*$ !,3-3$ 7* :-"2* *3 7* 7#!%3* N2;< =*(- $0-''(%/"* 6%*, > ,!3#* .2-,3%((!,+ !&&* !, (* ?*##- 7-,$(- $"%3* '-#* /"0%( - .3. 7*$$%,. -%,$%< d"
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#$%34 !"#  !"# $ %&''()* δGAS
2 /δGS

2 +, -(,*/(, 0+ 1& (,02*&,+ &0/3+,4/(,,5+ g! 6+4 '+,*&78(,+4 9+* 1:5*(/1+ '(2) 1:&,,+&2 ;< ())+4'(,0+,* &2 )&''()* 0+4 0(,,5+4 +='5)/3+,*&1+4!>&) )&''()* ? 1& @82)+ 9 !A<B (, & �*5 1+4 '(/,*4 ())+4'(,0&,* &2= (4/11&*/(,4 DE +* (, &)&F(2*5 1+4 0/&3&,*4 ())+4'(,0&,* ? 1:&F24*+3+,* '&) 1& -()321+ 9 !G<B &H+ 2, 4+21 '&)&73I*)+ γ !"! J, *)(2H+ γ !" = 0.94±0.02 '(2) 1:&,,+&2 K 9W = 0.45µ3< +* γ !" = 0.85±0.02'(2) 1:&,,+&2 " 9W = 0.3µ3<!+='5)/+,+<B 1+ )&''()* 0+H/+,*# L
δGAS

2

δGS
2

=
1√

1 + 2( g
δG1

)2( 1
γ !" − 1)2

9 !"K<J, H(/* /3350/&*+3+,* M2+ '(2) γ !" ≈ 1B 1+ )&''()* δGAS
2 /δGS

2 +4* ')&*/M2+3+,*/,05'+,0&,* 0+ 8! N+**+ -()321+ &F24*+ )+3&)M2&O1+3+,* 1+4 0(,,5+4 0+ 1& @82)+ 9 !"#< &H+2, 4+21 '&)&3I*)+ 1/O)+$! J, (O*/+,* γ !" = 0.94±0.02 '(2) 1:&,,+&2 K +* γ !" = 0.85±0.02  !"# $! %&'&%("( *+,℄. $( %!//0%1 2(# 3!%4!"(# (1 $! 3!%4!"( 25 %!//0%1 #0"1 !$5$&#6 7" 8&"&%!$.(# 9 :5!"141&# "( #0"1 /!# &8!$(#6 7" (;(1. !$0%# :5<(" /%4"4/( 105# $(# 5=5$!"1# 〈δGS
n

〉 (1 〈δGAS
n

〉/(53("1 >1%( !$5$&#. ($! (#1 /$5# 24?4$( /05% $(# 5=5$!"1# 25 %!//0%1 @ !5#( 2(# 0%%&$!140"# ("1%( $("5=&%!1(5% (1 $( 2&"0=4"!1(5%6 A(5%(5#(=("1. (# 0%%&$!140"# #0"1 (" 1/N 0B N (#1 $( "0=C%( 2( !"!5D2( 0"25140" (1 <(#1 2!"# $! $4=41( 0B N ≫ 1 :5( $! 3!%4!"( 25 %!//0%1 ! &1& !$5$&(6!E" /05%%!41 !%85(% :5<0" 1%053( 5" %!//0%1 0"#1!"1 /!%( :5( $! 2&%04##!"( (" 1/g (#1 0=/("#&(/!% $( '!41 :5( δG1 !58=("1( !3( 8 F(" '!41 (D/&%4=("1!$(=("1 0" ! G δG1 = g0.85H6 I4 0" 514$4#( $! '0%=5$(/05% 5" &J!"14$$0" 24;5#4' G
δGAS

2

δGS
2 δG1

=
γ"#$√

2g
F+6KLH/05% !M5#1(% "0# 20""&(#. 0" 1%053( γ"#$ = 6 05 15. ( :54 (#1 !C#5%2( !% /!% 2&N"4140" γ"#$ (#1 4"'&%4(5%@ K6 A#



 !" #$%& '% () &%*+,-)&.-% /0 !"# $%&''(&" ) *!'+ $& $&#,("# (-+  $"- .&/0$(1 2' (-+ +!"+  #3- *( $& 4&$("# γ !" ≈ 0.99(-+/56( 7  &#+/# *(-  &#&53+#(- ,6!56+#/8"(- 9.1 &''(;( 9<==1 >& */?6#('( 4/('+ *" .&/+8"( $& & &/+6 ,6!56+#/8"( '%(-+  &- *6@'/(  #6/-65('+A 5&/- 7 '!+#( !''&/--&'(A %(-+$& 4&$("# *( γ !" $&  $"-  #!B( *( 1 8"/ &/+ C&5&/- 6+6 +#!"46( (; 6#/5('+&$(5('+#1>%&C"-+(5('+ +('* 7 4&$/*(# $%BD !+B3-( 8"( $& EFG (-+ &  $/&0$( *&'- '!- 6B&'+/$$!'-(+ $& 4&$("#  #!B( *( ) *( γ !" 5!'+#( 8"( *&'- '!- 6B&'+/$$!'- $& B"+( *(  !+('+/($ &$/(" &"; !'+&+-A '!+&55('+ 7 &"-( *" ,#&'* $/0#(  &#!"#- 5!D(' 9!' #&  ($$( 8"(
le ≈ 1 7 2µ5 !5 &#6 7 $& *(5/ /#!'.6#('( *( $%&''(&" L ≈ 2.4µ5=1 H( '%6+&/+  &-64/*('+ &  #/!#/ &# E$% ≈ ωesc 9!I ωesc (-+ $( +&"; *%6B&  (5('+ .1 &''(;( 9H==A 5&/-($& #(-+( !5 &+/0$( &4( $& '&+"#( *(- 6B&'+/$$!'-1 !" #$%& '% () &%*+,-)&.-%>%6+"*( *(- 4&#/&+/!'- *( $%&5 $/+"*( +D /8"( *(- !-/$$&+/!'- JK 5(-"#6( ('+#( −100L(+ +100L (' .!'+/!' *( $& +(5 6#&+"#(  !"# δG̃1A δG̃S

2 (+ δG̃AS
2 (-+ #( #6-('+6( @,"#(9M1))=1 F&$B("#("-(5('+A '!"- '%&4!'-  &-  " 9 !"# *(- #&/-!'- *( +(5 - *( 5(-"#(=6+"*/(# &4( &"+&'+ *(  #6/-/!' $& 4&#/&'( *(- NHO-12' !0-(#4( P *!5&/'(- *( +(5 6#&+"#( Q

• kBT < E$% ≈ 150mK 9)= !I δG̃1 4&#/( .&/0$(5('+ &4( $& +(5 6#&+"#(A !55( /$ &*6C& 6+6 4" (; 6#/5('+&$(5('+ 9.1 RST℄ (+ O/,1 V1S +/#6( *( RWX℄=1 <' (?(+ 7 GYTZA 7"'( !'@,"#&+/!' *%/5 "#(+6- *!''6( !##(- !'* "'( (#+&/'( @,"#( *%/'+(#.6#('(&  &#&/--&'+ *&'- $& !"#0( *( 5&,'6+![#6-/-+&'( G(B)1 >(- '/4(&"; *%6'(#,/( *&'-"' /'+(#4&$$( /'.6#/("# 7 E$% !'-(#4('+ *(- !##6$&+/!'- - &+/&$(- (+ *!' ,6'3#('+ $&5\5( @,"#( *%/'+(#.6#('( *&'- G(B)1
• kBT ≫ E$%A 5&/- L << Lφ 9X= !I δG̃1 4&#/( (' T−1/21 <' (?(+A /$ D & &$!#-
N = kBT/E$% 0&'*(- *%6'(#,/( 8"/ ,6'3#('+ B&"'( $("#  #! #( @,"#( *%/'+(#.6#('(*&'- G(B)1 H(- @,"#(- !'+#/0"('+ +!"+(- *( .&]!' /'!B6#('+( 7 $& !"#0( @'&$( (+*!' $%&5 $/+"*( *(- !-/$$&+/!'- (' h/e (-+ #6*"/+( *%"' .&+("# N−1/2 ∝ T−1/2 9.1RSTA WX℄  !"# $%(; 6#/('( (+ RWP℄  !"# $& +B6!#/(=1

• kBT ≫ E$%A (+ L > Lφ 9P= !I δG̃1 4&#/( (' exp(−L/Lφ) &4( Lφ 8"/ *6#!^+ ('
T−1/2 *&'- $( &- */?"-/. 9RSTA )P℄  !"# $%(; 6#/('( (+ RWSA WMA W)℄  !"# $& +B6!#/(=1<' (?(+A 8"&'* L > LφA $( '!50#( *%6$(+#!'- 8"/ &##/4('+ 7 $%&"+#( 0!"+ *( $%&''(&"*( .&]!' !B6#('+( (-+ #6*"/+ (; !'('+/($$(5('+1 G!"+(.!/-A (+ &C"-+(5('+ '(  (#5(+ &- *( *6+(#5/'(# Lφ  #6/-65('+1 <' (?(+A "' &C"-+(5('+ (' exp(−L/Lφ) &4( Lφ8"/ *6#!^+ (' 1/T (-+ &"--/  !--/0$(1 H($& !##(- !'*#&/+ 7 "' #6,/5( 0&$/-+/8"(& 9.1RWVA WW℄  !"# $%(; 6#/('( (+ RW_℄  !"# $& +B6!#/(=1 `!"# #6-"56A (+ &C"-+(5('+ '('!"-  (#5(+  &- *( !'@#5(# -/ '!- 6B&'+/$$!'- -!'+ *&'- $& $/5/+( 0&$/-+/8"(1 <'+!"+ &-A !55( !' $(  ('-&/+ *6C&A /$- -!'+ 4#&/-(50$&0$(5('+  #!B( *( $& .#!'+/3#(0&$/-+/8"(a*/?"-/.1`!"# δG̃S,AS

2 A !' */-+/',"( $(- 5\5(- *!5&/'(- *( +(5 6#&+"#(A 5&/- δG̃S,AS
2 -( !5 !#+(!55( (δG̃1)

2 9.1 O/,1 M1))=1 <' (?(+A  !"# $( *!5&/'( 9X=A !' & 0/(' "'( *6 ('*&'( ('  !"#!$%  ! "#$ &'( ()&!*+ δα′ = 1.1 ,! %-.! /. π/2 0&!) !' +),'(,2. 0,)3,-( 0,). 4!. %.!) δα′.5( /+6'- &"". 5!-( 7δα′ = γ!"#π/2 89:℄< =,-5 %.!) ".5!). .5( "&-'5 0)+-5. 0!-54!>-%5 (-).'( %.!) *,%.!)5.!%.".'( /. %>,',%?5. /. %, 0,)(-. @ #,5 $,"0 /. δGAS
2 A .( 0,5 /! ),00&)( δGAS

2 /δGS
2 8BC℄<$=,-5 @ . "&".'( %@A /,'5 %, D&'. EFGA &' /.*),-( ,*&-) !'. /+0.'/,'. .' 1/T 0&!) δG̃1< H) %>,I!5J(.".'( .' 1/T .5( "&-'5 #&' 4!>.' T−1/2< b)
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  !"#  !"" # $%&'()*(' )' ,-*.&,/01)' 02&/31' )'4 54/,,*0/5(4 67 )' ,-*(('*1 8 &519
G1 : GS

2 '0 GAS
2 '( ;5(0/5( )' ,* 0'.&%9*019'! <'4 )5((%'4 45(0 ,'4 *99%4: ,'4 &5/(0/,,%4599'4&5()'(0 = (δG̃1)

2: 31-5( * 09*(4,*0% >'94 ,' ?*4 &519 &,14 )' ,*90%! <'4 09*/04 5(0/(14599'4&5()'(0 = )'4 *@140'.'(04 )*(4 A )5.*/('4 )' 0'.&%9*019' )/B%9'(04 C D"E kBT <
E ! F D8E kBT ≫ E ! '0 L << Lφ F DAE kBT ≫ E ! '0 L > Lφ! <* ,/./0' )'4 G5('4 D8E '0DAE (-'40 &*4 )%H(/' ,*/9'.'(0!
T−1 5..' &9%>1 &*9 ,'4 9%;%9'('4 I8J℄ '0 IA8℄ '0 &519 ,* 9%L/5( D"E 5( * 1(' )%&'()*('&,14 )51' '( √1− 8(kBT

E ! )2  !"℄$ %& (&)* (+ ),&- ,../0,1 23/4&.-,1 5/ )/1-6, 789 2, δG̃1)/1 √1− 4(kBT
E ! )2 ,- (+ :(6- ;&, ,5/ <(+-6(++,$ =,. :/16/-6(+. ,+ -,>)?1/-&1, +, .(+-2(+ )/. .&1)1,+/+-,.$ @--,+-6(+ -(&-,<(6.* )(&1 5, 2(>/6+, 2,. )5&. A/..,. -,>)?1/-&1,.*5/ 2?),+2/+, ,.- -,55,>,+- </6A5, ;&3&+ /4&.-,>,+- 2& -0), 1/√T <(+-6(++/6- /&..6 )(&1

δG1$%,. :/16/-6(+. 2, G1 ,- 2, G2 .(+- 1,)1?.,+-?,. .&1 5/ BC&1, D$8" )(&1 26E?1,+-,. :/5,&1.2, F/>) >/C+?-6;&, ,+-1, −900 ,- 900 G ,+ <(+-6(+ 2, 5/ -,>)?1/-&1,$ H+ :(6- ;&, G1:/16, 2, </I(+ +(+ >(+(-(+, /:, &+, ?F,55, /1/-?16.-6;&, 2, 53(121, 2, E ! ,+:61(+*,- 26E?1,>>,+- .&6:/+- 5, F/>) >/C+?-6;&, J (>>, ,5/ / 2?4/ ?-? (A.,1:?  KL℄$ H+1,>/1;&, /&..6 ;&, G2 ., (>)(1-, (>>, G1* /& .,+. (M 65 :/16, ?C/5,>,+- 2, </I(+ +(+>(+(-(+, /:, &+, ?F,55, /1/-?16.-6;&, 2, 53(121, 2, E !$ ! "#$% &' )*+, +*-./%01'$=,. -F?(16,. ,N6.-/+-,. (+,1+/+- 5, -1/+.)(1- +(+ 56+?/61, )1?:(6,+- 2,. 1?.&5-/-. .&15,. OPQ.$ %& </6- 2, 5/ C?(>?-16, /++&5/61, 2, +(. ?F/+-655(+.* +(&. /:(+. ,+ )5&. &+,>(2&5/-6(+ 1/)62, 2, 5/ (+2&-/+, )/1 53,E,- @F/1(+(:RS(F> 7<$ Q6C$ D$8!9$ H+ /L"
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!#$% !"#  !"# $ %&'()*' +', +-)'.+/.', +' G1 '1 +' G2 '. 23.143. +' */ 1'()-5/165' )365*7/..'/6 # '1 )365 +48-5'.1', 9/*'65, +' :/() (/;.-14<6'! =31'> <67'**', 9/54'.1 1361',# +' 2/?3. .3. (3.313.' /9' 6.' -:'**' /5/1-54,14<6' +' *735+5' +' E ! '.9453.!
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*+, ) !"#  !"# $ %&'()*+)( () -+. /+0' 0+1)&2345( *( G2 '657 89+))(+5 " : *3;&7()2(.2(0'&7+257(. <(72+3)(. 657-(. 6)2 &2& *&+8&(. '657 '85. *( 8+72&=! >62(? 45( 8+ '/+.(*(. 6.388+236). @A 7(.2( 265B657. CD&( : 0 65 : π : /+0' )58 <+5D 3)(72325*(. *( 0(.57('7E.=! F( '+..+1( *( 0 : π .( G+32 '+7 89+''+73236) *95)( .(6)*( /+706)345( +5 )3H(+5 *(8+ 5 !" 657-( () '+72+)2 *5 /+52! I#



 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+52+(-(. 78,-0178(. 9  !"# $%& $%! '# ()#*! +!* ,*.''#/.,0* 12 +! G2 +&(!0+#./ +! '# /!"(& #/% ! 3 )#"(0,0 0%' 456 7.86 96:;<6 =# ,0/ !> +! 5#?,0 *% ( !0#0/!> !''!  !*/! /,%@,% * AB&! 3 0 ,% 3
π 3 )#"( 0%' 4.6!6 ,0 #C#./ /,%@,% * %0 !B/ !"%" +! 'D,*.''#/.,0 3 0E  < #%B .0! /./%+!*+! "!*% ! ( F*6 G#0* ! /#.0* #*> '# ()#*! (#**! +! 0 3 π +! "#0.F ! +.* F/!6 H%#0+D!*/ '# #*> .' I # #((# ./.,0 +D%0! *!,0+! )# ",0.$%! 4,*.''#/.,0* J 5,.* ('%*  #(.+!*<+#0* '#  &8.,0 +! / #0*./.,06 K!'# 0,%*  #((!''! '!* !B(& .!0!* +! 2#*!'"#0* LMN℄ +#0* %0!@,0/.,0 P,*!()*,0 ,0/ �'#R'!6 S' # ",0/ & $%D#%/,% +! '# / #0*./.,0 +! 0 3 π> .' I # %0+,%R'!"!0/ +! '# 5 &$%!0! +!* )# ",0.$%!* +#0* '#  !'#/.,0 ,% #0/T()#*!6 K!//! +! 0.F !(#**! +! Isu ≈ Ic sin(φ) 3 Isu ≈ Ic sin(2φ)6U,%/!5,.*> 3 ('%* 5, / )#"(> '# ()#*! (!%/ C# .! ,0/.0V"!0/ +! 0 3 π> ,""! ,0 '!C,./ (,% B > 20E *% '# A8% ! 456 7.86 96:;<6 W0 ,R*! C! #%**. !/ !X!/ *% G16 K!'# !*/+V 3 '# ",+%'#/.,0 +!* ,*.''#/.,0* 12 (# '!* YK76 Z# +.X& !0! !*/ $%! !//! ",+%'#/.,0!*/ (#. ! (,% G1 !/ 0D# (#* +! (# ./& (# /.%'.F ! (,% G26[0 +D#%/ !* /! "!*> !'# C!%/ +. ! $%! 'D!0C!',((! +!* ,*.''#/.,0* 12 +! GAS

2 *D#00%''! 3
0E6 ZD#*I"&/ .! +!* ,*.''#/.,0* +! G2 0D#((# #\/ $%D3 ('%* 5, / )#"(6 W0 '! C,./ '#. !T"!0/ +#0* '# A8% ! 96:9 ,] 'D#"('./%+! +!* ,*.''#/.,0* 12 +! GAS

2 C# .! '.0&#. !"!0/ 3R#* )#"(6[0A0> ,0 # "!*% & %0 / ,.*.F"! &)#0/.'',0 ^ #00!#% _ $%. !*/ %0 #00!#% ,%(&6 K,""!'D.0+.$%! '# A8% ! 496:` 4#<<> ,0 # %/.'.*& %0 ,% #0/ +! 10016 Z# '# 8!% 3 ".T)#%/!% +! '# 5,0/.,0 +D#%/,,  &'#/.,0 !0 )#"( "#80&/.$%! +! GAS
2

!" 496:` 4R<< +,00! %0)#"( /I(.$%! (,% '!* YK7* Bc ≈ 2000G> !0 #, + #C! '!* # #/& .*#/.,0* !X!/%&!*#0/& .!% !"!0/6 =,% !/ &)#0/.'',0> ,0 # (% %/.'.*! +!* )#"(* ('%* 8 #0+* (# ! $%D,00D&/#./ (#* 8a0& (# 'D!X!/ b)%R0.c,CT+!Td##*6Z# A8% ! 496:e< 4 !*(6 496:f<< ( &*!0/! '!* +&(!0+#0!* !0 )#"( "#80&/.$%! +! GS
24 !*(6 GAS

2 < (,% 'D#00!#% _ 3 +.X& !0/!* /!"(& #/% !*6 b% '# A8% ! 496:M<> ,0  !"# $%!$%! GS
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*! $%! !'# (,%  #./ C!0. +! 'D!X!/ d#'' 456 7.86 ;6JN<6 [0 !X!/> 3 / F* 5, / )#"('# 5, ! +! Z, !0/h q →v ∧ →
B 0D!*/ ('%* 0&8'.8!#R'! !/ (!%/ +&C.! '!* &'!/ ,0*!! +! 5#?,0,0*&$%!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

2 456 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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! !"#  !" # $%&'()*(' '( ,*-& -*.(%/012' )' GAS
2 &324 56*(('*2 " 7'( 8*9: '/ &32456*(('*2 ; 7'( ,*2/ '/ )%*5% &324 &529 )' 5*4/%:! <'9 3248'9 3(/ %/% =5/4%'9 &*99'>,*2/739055*/03(9 4*&0)'9: '/ &*99'>8*9 7'( 432.' 924 ?'4903( 325'24:! <'9 )430/'9 -'//'(/ '(?*5'24 5* 43099*(' 50(%*04' )'9 39055*/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& <04-+, %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< =904)+,< &/4+/) 50<-*8/)04=< %2! @-B! R!R'! L9 0, )=</940 /,0 H&)-&4-+, 5/ 8+40,4-09 =904)-./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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2 '435 67+))(+3 8 9 *1:&5()0(; 0(.'&<5+035(;!
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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℄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(87Q87:"?+*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&" -!* -* ))(!" $(' E.#2#!" .(!* δΦG(+'&(!  , e2/h) 61#*" # 4&1-! (%( " @( " (& '($(%(!" '-&$ 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 50$0) )"") F!0;.8): !% # F#$" 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

τ̃ijÃiÃj sin(φ
0
ij) cos (2πB (S()* + δSij) /Φ0)

+
e

~

γ#$%δΦG(Φ)
g

∑

i,j

τijAiAj sin(φ
0
ij) cos (2πBδSij/Φ0) 23,4B6)9 1 δSij $ %  )*% /8<&"% =$ /&  !"C&$ $# $""<$ +&" /$ %"&'$%)*"$ i $% j D /&  !"C&$ >)E$##$=$ /8&##$&! =&# /$ +"$>*$" %$">$ )!  )*% /&  !"C&$ $# $""<$ +&" /$ %"&'$%)*"$ i $% j 0!*A)#% =&# /$ >F>$ ."& =$ /8&##$&! =&# /$  $)#= %$">$,;# +"$#&#% /& /*>*%$ D C)"% G!H 2Φ≫ Φc6@ $% $# #$  8*#%<"$  &#% 0!8&!H %$">$ )#%"*?.!&#% &!H IJK 28$ %?D?=*"$ ) *//&#% /$#%$>$#%6@ )# ).%*$#% +)!" /8&>+/*%!=$ %E+*0!$ =$ G!%!&%*)# &+ 1

δGS,AS
2

∼= e

~

γ#$%δG1

g
δ

[
∑

i,j

τijAiAj sin(φ
0
ij) cos (2πBδSij/Φ0)

] 23,4L6M* )#  !++) $ 0!$ /$ τij $% 0!$ /$ AiAj sin(φ
0
ij) cos (2πBδSij/Φ0)  )#% =$ 0!&#%*%< G!?%!&#% *#=<+$#=&>>$#%@ )# ).%*$#% 1

δ
[
τijAiAj sin(φ

0
ij) cos (2πBδSij/Φ0)

]
= δτijδ

[
AiAj sin(φ

0
ij) cos (2πBδSij/Φ0)

]
=
e2

h
δG1δτij23,4N6-" )# & δτij ≈ τD 2C,  $%*)# 2O,3,466, 78)9 1

δGS,AS
2

∼= e2

h

e

~

γ#$%
g
δG1τDδG1

∼= e2

h

e

E,- γ#$%g (δG1)
2 23,5P6Q$ "< !/%&% ).%$#! +&" #)%"$ >)=R/$ +)!" $ 0!* $ % =$ /8&>+/*%!=$ =$ IJK  )#%"< !>< =&# /$ %&./$&! 23,O6 &&, -# "&++$//$ 0!$ $ >)=R/$ #8$ % A&/&./$ 0!8D C&*./$ *#%$"? ! !"# $%#&% &'()**&+"! , (-$.)&- #.! "!* 0&(�"!* 0! 2#30#4!-5 63 !7!%8 &"* 3! (-!33!3% 3& !3 )'(%! "!*&3%!-9$-!3!* :4#3%&:4!*8 3& ";&3%!-#%&)3 $"!%-)3<$"!%-)35 "=3 # #4**& 3$>"&>$ δG̃1 0!.#3% δG1 0#3* ";!?(-!**&)3 0! δΦG(Φ)5  !"# !*% -#&*)33#+"! @95 A&>5 B5CD5   ! !"# $%&'&() *+$, δGS

2 -&.$(&/ 0$1 '1 %1,21 #31 &!%1,#%&+! 5"1(%676-&,1 -$ *,12&1, +,-,18
e2

h
e

E ! γ"#$
g (δG1)

29 )%#&% !):'&:1#;'1 -13#!% '1 %1,21 (#!( &!%1,#%&+! 5"1(%676-&,1 7 '"+,-,1 <8 e2

h
e

E ! δG1=>! 1.1%9 +! # ;&1! %+$?+$,( γ!"# δG1

g << 1= @#, +!%,19 0$#!- '1 %1,21 (#!( &!%1,#%&+! !"1A&(%1 *#( 57#$(1 -"$! *+%1!%&1' )'1%,&0$1 &!%1,!1 2+B1! *'#% +221 -#!( '1 #( ;#'&(%&0$189 +! -+&% *,1!-,1 1!+2*%1 '1 %1,21 -"+,-,1 C 1! &!%1,#%&+! 0$& 1(% '1 *,12&1, %1,21 !+! !$'= !"
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δGS

2 δGAS
2

δGAS
2

δGS
2 !"#$%#&'( 0 + e2

h
e

E ! γ"#$
g
(δG1)

2 e2

h
e

E ! γ"#$
g
(δG1)

2 1)#*'$#+ e2

h
e

E ! δG1 + ... e2

h
e

E ! γ"#$
g
(δG1)

2 γ"#$
g
δG1 !"# ,-. / 01$'21 3($ +452'"($ 4 %(6'($ 74'5 "8!27"#%'3( 3($ 9:;$ 7!5 64%5( 243<"( (6+!# "($ #6%(5!%#46$!%#46$ >7'#$&'846 ! '%#"#$1 &'( δCdU !"(Φ) ∝ γ"#$

g
eV ? 2!#$ 74'5 %4'% %@7( 381A!6%#""46$>3#*'$#+$ 4B "! A'%( 3( 74%(6%#(" ! "#(' "( "46C 3( "81A!6%#""46 4'  !"#$%#&'($ 4B "! A'%(3( 74%(6%#(" ! "#(' !'D 46%!%$?-E($ 51$'"%!%$ 4 %(6'$ 7!5 F4"#!6$G# H,I℄ 74'5 '6( !K#%1 A!4%#&'(  !"#$%#&'( $46% 51$'L21$ 3!6$ "( %! "(!' >,-M?-

δGS
2 δGAS

2
δGAS

2

δGS
2;45% 15!6%!C( e2

h
e

E ! γ"#$
g
(δG1)

2 e2

h
e

E ! γ"#$
g
(δG1)

2 1;!# "( 15!6%!C( e2

h
e

E ! δG1
e2

h
e

E ! γ"#$
g
(δG1)

2 γ"#$
g
δG1 !"# ,-M / 01$'21 3($ +452'"($ 4 %(6'($ 74'5 "8!27"#%'3( 3($ 9:;$ 7!5 F4"#!6$G# H,I℄74'5 '6( !K#%1 A!4%#&'(  !"#$%#&'(N" $(2 "( 346 &'( $# 46 754"46C(!#% 64%5( 243<"( (6 '%#"#$!6% "! 31O6#%#46 3( PQ%%#G(5 ! "#$ 3( γ#$% = 1

1+C∆/2e2 (6 +45%( #6%(5!%#46R 46 4 %#(635!#% '6( 455($7463!6( S +45(38#6%(5!%#46 &'("46&'( (6%5( 64$ 51$'"%!%$ >(D#$%(6( 4' 646 38'6( A'%( 3( 74%(6%#(" "("46C 3( "81A!6%#""46? (% ('D 3( F4"#!6$G# >"#2#%( +!# "( 4' +45% 15!6%!C(? K!"! "($ 3!6$'6( !K#%1 A!4%#&'(  !"#$%#&'(&'- :("! $(2 "( 5!#$466! "(- T6 (*(%R $# "815!6%!C( ($% +45%3!6$ '6( !K#%1 A!4%#&'(  !"#$%#&'( $4'2#$( S '6( 3#*15(6( 3( 74%(6%#("R "($ A!5C($ K46%$8!'2'"(5 !' 6#K(!' 3($ 4'K(5%'5($ 1%54#%($ 3( "81A!6%#""46 (% K46% 15!6%(5 "( A!27-E816(5C#( 3( A!5C( $(5! !"45$ C5!63( >3(K!6% "81!5% (6%5( "($ 6#K(!'D? (% "( 74%(6%#("1"(%5#&'( #6%(56( 3( "81A!6%#""46 $(5! !"45$ 7"!% (6 24@(66( 422( 74'5 '6 1A!6%#""46 !"#$%#&'(- U' 46%5!#5(R $# "815!6%!C( ($% +!# "(R "( 7(' 3( A!5C($ &'# K46% $8!'2'"(5$'5 "($  453$ 3( "81A!6%#""46 6( K46% 7!$ $'V5 S 15!6%(5 "( A!27 (% "! A'%( 3( 74%(6%#("!'5! 7"'%�% "#(' "( "46C 3( "81A!6%#""46 422( 74'5 '6 1A!6%#""46 3#*'$#+-X4%46$ 1C!"(2(6% &'( $# "846 !"'"( 3!6$ "! "#2#%( 38'6 15!6%!C( +!# "( >16(5C#( 3(A!5C( +!# "( L : C5!63?R γ#$% 31O6# !' $(6$ 3( PQ%%#G(5  ! "#$ 46 ! Y
γ#$% = 1

1 + C∆/2e2
≈ 2e2

C∆
>,-Z[?:( &'# 5(K#(6% S Y e2

C
≈ ∆γ#$%/2 ≈ γ"#$

2ν
- \5R "816(5C#( 3( A!5C( ($% "816(5C#( &'8#" +!'%7!@(5 74'5 5!]4'%(5 '6 1"(%546 3!6$ "! !K#%1- ^'!63 46 5!]4'%( dn 1"(%546$ 7!5 '6#%1 ! !"#$%!&'( )*)$ '& !+ !,#&$+# -$' )*)$' ./'"-#0#'( -0 !..$'2!+30+$ $# -$ 2.!-!+4$)$+# 3$' !+$2#')&' $+ 5$" '!+# -!&+ 36*#.$ #.&7&0"8999 [I_



 !" #$%&'()*), -'., /0,,), 1'&23)*), ! "#$%&!' $! (#)!*)+!$ ,$!).+/%! +*)!.*! 01*2!  ! dUdis ≈ γ !"
2ν
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2 !) /%6#* $1 .,+*>L!)!  1*4 $6!V(.!44+#*  ! δGAS

2 ' #* #9)+!*) 9+!* $6!V(.!44+#* O7C (#%. δGAS
2 ' T 5#.) 01&( ]

δGAS
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∼= γ"#$

g
δG1δG

S
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Φ
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2πΦ

Φ0
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i,j
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+
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Φ

Φc
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)
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) NO7^`R#3 $61&($+)% ! )F(+/%!  !4 a%)%1)+#*4  ! α !) β 4#*) .!4(!)+"!&!*)() (* ]
δα ∼= e2
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e
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 !" #$%&'( ) *+,-./$+0 -$- '1-2,1+( %3$+%+( 4 (0 1-0(+52+(-(. 78,-0178(. 9:;
 !"""  #"" " #"" !"""

 $"

 %"

"

%"

$"

 

!
"

#

$
%
&
!
&
'

($ ' !"#  !"# $ %&'()* +,-./'* 0* G̃AS
2 1+*(2* 34+.5,26+(./'* *4 832- 23946+./'* 0* :3-3(+.* ;< 0* G2 = &)+*4'* > -3(+.( 0* :3 ?&(2':* 1 !#@= *+ 0*5 &(0(*5 0* 9(340*'(5 *A-6(.B2*4+3'A 1δα ≈ 0.2δβ=! C::* *5+ > &2-3(*( > :3 D9'(* 1 !E =!

δβ ∼= e2
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δG1δG̃2 1 !# =F3 &'()* +,-./'* 0* G̃AS
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δG̃1 = 0.2δG1 *+ δG2 = δG̃2 1?! I.9!  !J=! K: L.*4+ 3:&(5 0345 4&+(* 35 H

δα =
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δG1

δβ = 0.2δβ 1 !#M=%*:3 0&44* '4* *A-:.3+.&4 0* :3 (&.5534* :.463.(*#$ 0* :N32-:.+'0* 0*5 &5.::3+.&45;< > )35 832- 5'( GAS
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1+∆C/2e2 9N/+- &./++!7! ?OB; +#2- /0#+- /&2&) 82! H γ !" = 1
1+∆/UC

= 1
1+a0/2W
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1 + ∆/UC
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ǫp
ǫF

=
e2/(ǫ0ǫrλF )

~2(2π)2/(2mλ2
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=
2λF

πa0
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γ !" = 1

1 + rs
πa2

0

4λF W
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2 /δGS
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2 ,-! 6)&!"%*#!' %' $% *#44)*' 6%E!%"6*#!' W δGAS
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g
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  ! "#$%&'()(+ ,&-+ ./++(+ 0&%12()(+
g
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2

δ
δ

γγγγint

0.999
0.995
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0.98

0.96

0.9 0.8 0.70.6 0.50.25

for 

g>>1 !"#  !" # $%&'()*%+, -' .)//+.* δGAS
2 /δGS

2 0, 1+,*%+, -0 () +,-'*),0 )-%&0,3%+,,40
g /+'. /('3%0'.3 5)(0'.3 -0 γ !"! 6, ) '*%(%34 () 1+.&'(0 7 !8"9 0, 3'//+3),* :';+, )..%5)%*< =*.0 -),3 (0 .4>%&0 ',%50.30( 7;03*?<?-%.0 g ≫ 1 0* -+, δG1 ≈ 19! @+*0A :';< g ≈ 40B(0 .)//+.* 03* -4C) .4-'%* < 0.9 /+'. γ !" = 0.99!

(a) (b) !"#  !"D # 7)9 $E4&) -03 ),,0)'F &03'.43! 7G9 H4+&4*.%0 :';+, /+'..)%* '*%(%30. /+'.5+%. ',0 -4.+%33),0 0, 1/g -' .)//+.* δGAS
2 /δGS

2 !88"



 !" #$%'()*$%) +, -+.)-+,*/+) 001 ! "#$%&' (& !*%" & !* ∆ > UC + "$ %,& (! ' $ -.! #,//" "0 /! .$#& (& 1"#& #,&/! /,&$ 2 /3, #-*,&$* &#  " !$4 " #!#'5 6! ' & !'+ " 1"$**!,# 7&'$*&* /! " '#! #&(3, #&*!#," !8& 1*-,'," ', " -#!,# !1!%/& (& 9!,*& 8!*,&* /3!':7-#*,& (&' " #!#'5 ; &<&#+ (! ' /& !' (3$ & #&//& !':7-#*,& = "7%*& (& ! !$4 (& " ($#," (,<-*& # 2 >!$.&
N1 &# 2 (*",#& N2?+ /! 9"*7$/& =@5AB? (&8,& # C@D℄ F

δGAS
2

δGS
2

=
1√

1 + 2( g
δG1

)2( 1
γ !" − 2N1

N1+N2
)2

=@5@D?G& *!11"*# &'# 7!4,7!/ H$! ( /& '&" ( #&*7& ($ (- "7, !#&$* &'#  $/+ 3&'#I2I(,*& H$! (
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2 /δGS
2 & 9" #," (& /! " ($#! &? (& /! 9"*7$/&1*--(& #&5 AAN
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  ! "#$%&'()(+ ,-./(+ 0&%1.()(+ !"#$"%#& V (t) = V cos(ωt) ' (#( )!*$#(+ ,* (% &-!$ .*%" I(t) = G1V (t)+G2V
2(t)0 %& 1%#$" 2

I(t) = G1(ω)V cos(ωt)+G2(ω)V
2 cos2(ωt) = G2(ω)

V 2

2
+G1(ω)V cos(ωt)+G2(ω)

V 2 cos(2ωt)

234+567!$" &8  8*"%# DC #(" G2
V 2

2
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G

+ U8$( &8 &%>%"# 7#("*D( :8;"#( <*.=;#$#( ωτD ≫ 10 &#( .&#"*!$( (!$" #?%".( (;* ;$# B8>># 7-.$#*B%# B*8$7#7#18$" &-.$#*B%# 7# !**.&8"%!$ E$%+ ,$ 18 7!$ 7#1!%* (!>>#* &#( n = ωτD !$"*%);"%!$(8; !;*8$" JK 7# <8V!$ %$!:.*#$"# 2
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n

∼= e
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√
ωτD(
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~ω
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ij) cos(2πBSij/Φ0) ]W2T^%B* -*+ .8(%&#!$+ ]J2`J^ *& ]J2``^ a
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2π

Φ0

→
B .

→
Sij= φ0

ij +
2πBSij
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ij + φ⊘ij ]W2J^

φ−i−j = kF (L−i − L−j) +
2π
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→
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→
S−i−j= φ0

−i−j −
2πBSij
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~
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∫
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→
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~
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i

−
∫
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→
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ij %.##*)/!* !*# ,*%)*# ,*!# 0"* 1 φ0

ij = (φi − φj + φ−i − φ−j)/2 *, φ⊘ij %.##*)/!*!*# ,*%)*# ,*!# 0"* φ⊘ij = (φi − φj − (φ−i − φ−j))/2 234 5(64 7489:dd@



  ! "#$%&'()(+ ,-./(+ 0&%1.()(+ ! "#$%&!& ()*! $2/()/'(3 %3(/&'1.( (#/%&'(.& V (t) = V cos(ωt) +& ",-&!-.&+ $+&/-#.0*& .!-&#!& &%- 1,(.2$ 3 dU !"( →r(t)) &- .+ &! #$%*+-& *! ($"45%56& 78 %&-.,! 79:9:;<< 3
dφ0

ij =
1

~

[∫

i

−
∫

j

dU !"( →r(t))dt] 79:=<>,*# *! $45!-.++,! (.?*%.8@ ,! #5""&++& 0*),! 5 〈dU !"( →r(t))〉
→
r

= eV cos(ωt) ,A B&%- +5 4*-& (& ",-&!-.&+ 1,C&!!& +& +,!6 (& +)$45!-.++,!: D5!% +5 +.1.-& 4(+ 5-++(+0&%1.()(+ ωτD ≪ 1 7& 0*. &%- $0*.E5+&!- F f < E#$/h ≈0*&+0*&% GHI ",*# !,%5!!&5*J<@ ,! "&*- !$6+.6&# +5 ($"&!(5!& -&1",#&++& F +)$4&++& (&% -#5K&-,.#&% (.?*%.E&%:L! #&-#,*E& 5+,#% +& #$%*+-5- %-5-.0*& 3
dφ0

ij
∼= eV cos(ωt)

~
[τi − τj] ∼=

eV τD
~

cos(ωt) 79:M<0*. &%- *!& (.?$#&!& (& "45%& .!E5#.5!-& "5# #&!E&#%&1&!- (* %&!% (* -&1"%: D& 1N1&0*& (5!% +5 %&-.,! 7O:9:P<@ &! #$.!K&-5!- (5!% +5 ,!(*-5!&@ ,! ,Q-.&!- +)&J"#&%%.,! (&
δG2  !"#$ $% '!( (!)%*+",-$ .$/ 01#(-2$/ 34567 8

δG2
∼= e

E ! δG1 395:7;$ ,-" .1%%$ -% 1-#!%+  '1+1<12+!=,-$ >!//$ 0#*,-$%$  !"# $% '!( 8
Ibf
pv = Ipv(ωτD ≪ 1) ∼= e2

h

eV 2

E ! ∼= e

τD

(
eV τD

~

)2 395?@7*,-"<!2$%+ !- +$#($ .1("%!%+ 3$%  #*/$%$ .A-%$ '-+$ .$  1+$%+"$2 B 2A"%+*#"$-# .$ 2A*'!%C+"221%7 .- 1-#!%+ B ω = 05D- 1%+#!"#$E .!%/ 2! 2"("+$ .$/ '!-+$/ 0#*,-$%$/ 8 ωτD . 1 3A$/+ B ."#$ 2*)F#$($%+"%0*#"$-# 1- .$ 2A1#.#$ .$ ?7 $+ +#F/ '!-+$/ 0#*,-$%$/ 8 ωτD ≫ 1E 1% %$  $-+  !/ %*)2"C)$# 2! .* $%.!%$ +$( 1#$22$ .-  1+$%+"$2 *2$+#",-$ "%+$#%$ !- 1-#/ .$ 2! +#!<$#/*$ .$2A*'!%+"221%  !# -% *2$+#1% .$ 1%.-+"1%5 G2 $% #*/-2+$ -% .* '!/!)$ /-  2*($%+!"#$ ,-"'!%)$  !# #$%<$#/$($%+ .- /$%/ .- +$( /5 H% $I$+E 2A*2$+#1% /-# 2! +#!J$+1"#$ i $+ $2-"/-# 2! +#!J$+1"#$ −i 1>+$%-$  !# #$%<$#/$($%+ .- /$%/ .- +$( / 305 K")5 L5?M7 %$ <1%+ !/ #$//$%+"# 2$ (N($ '!(  -"/,-$ $ .$#%"$# !-#! <!#"* 305 O:?℄ 1- '! "+#$ ?Q .$ O?L℄75R2-/  #*"/*($%+E 1% ! 8
dφi,−i(t) =

e

h

∫ t+τi

t

dτ
[
V
(→
r (τ), τ

)
− V

(→
r (τi − τ), τ

)] 395??7;!2-21%/ B  #*/$%+ 2! 1##$+"1% d∆G(t) B ∆G 3 !#+"$ ,-!%+",-$ .$ 2! 1%.-+!%$7.-$ B $/ (1."S!+"1%/ .$  '!/$5
∆G = 2

∑

i,j

AiAj cos(φ
0
ij + dφ0

ij(t)) cos(φ
⊘
ij + dφ⊘ij(t)) 395?M7D >!//$ 0#*,-$%$E 1% !<!"+ dφ⊘ij(t) = 0  !#$ ,-$ dφ⊘ij(t) = (dφi − dφ−i − (dφj − dφ−j))/2$+ ,-$ dφi−i = 05 T!%+ ,-$ eV < E !E dφ0

ij(t) $+ dφ⊘ij(t) < 1E .1% 1%  $-+ .*<$21  $# 2$/1/"%-/ /$21% 8
d∆G(t) = 2

∑

i,j

AiAj

[
cos(φ0

ij)− sin(φ0
ij)dφ

0
ij(t)

] [
cos(φ⊘ij)− sin(φ⊘ij)dφ

⊘
ij(t)

] 395?Q7??U



 !" #$%&'(%&$)* +% ,-./&%&$)* %1.$-&23+* ""4 !"# $%&'$( '% *'+#%( , #--!". *'+#%( -/*(*0*"(#12'! 3
Ipv = 〈d∆G(t)V (t)〉t 456789:% # ;*<!%%. ='+ "! (!;-=6  >!=( ! 2'! ?#$( %*(+! &$=-*=$($? &! ;!='+! 2'$ !=( $%#-#@"! &!='$0+! &! (!""!= ?+.2'!%!= A  *;;! "!= &.-/#=#B!= &.-!%&!%( "$%.#$+!;!%( &! "# &$C.+!%!&! -*(!%($!" V (t)D $" %! +!=(! -"'= 2'! E (!+;!= 3

IpvS
∼= −2

∑

i,j

AiAj sin(φ
0
ij) cos(

2πBSij

Φ0

)dφ0
ij(t)V (t) 4567F9!( 3

IpvAS
∼= −2

∑

i,j

AiAj cos(φ
0
ij) sin(

2πBSij

Φ0

)dφ⊘ij(t)V (t) 456759G! -+!;$!+ (!+;! .(#$( &.H# -+.=!%( I @#==! ?+.2'!%!D &#%= "# "$;$(! &!= 1(3%+* 5-.623+)+* 3 ωτD . 1D $" !=( I +#--+*/!+ &' (!+;! *@(!%' I -#+($+ &! ">.2'#($*% 4567J96  >!=('% *'+#%( -#$+ !% /#;- ;#B%.($2'! (<-$2'!;!%( &>#;-"$('&! 3
Ihf
pvS
∼= Ibf

pvS
∼= e

τD

(
eV τD

~

)2 4567K9G! =!*%& (!+;! %>!L$=(! -#= =$ *% # $%0#+$#%! -#+ +!%0!+=!;!%( &' =!%= &' (!;-=6 M%!C!(D *% +#--!""! 2'! 3 dφ⊘ij(t) = [dφi(t)− dφ−i(t)− (dφj(t)− dφ−j(t))] /2 4?6 N$B6 867E96,! -"'=D $" !=( $;-#$+ !% /#;- ;#B%.($2'!6 ,O= 2'>$" =!+# &! ">*+&+! &! B+#%&!'+ &' (!+;!@#==! ?+.2'!%! 4(<-$2'!;!%( 2'#%& ωτD ≈ 19D $" 0# @+$=!+ "# +$B$&$(. &! "# -/#=! I /#;-%'"6  !""!P$ %! =!+# -"'= @"*2'.! I 0 *' πD ;#$= -*'++# 0#+$!+ *%($%Q;!%( !%(+! != 0#"!'+=4*;;! *% "! 0!++# &#%= "# -#+($! 4568996 R<-$2'!;!%(D ">#;-"$('&! &! ! *'+#%( ST /#'(!?+.2'!%! !=( 4?6#%%!L! 4N99 3
Ihf
pvAS

∼= Ibf
pvS(ωτD)

2 4567U9M""! !=( ;#L$;#"! -*'+ ωτD ≈ 1 !( &.+*V( !%='$(! I #'=! &!= &.-/#=#B!= (+*- $;-*+(#%(=!%(+! "!= E (+#H!(*$+!= +!%0!+=.!= -#+ "! =!%= &' (!;-=6 M% -+$%$-!D $" ?#'( -+!%&+! !%*;-(! '%! #'(+! *;-*=#%(! &' ;W;! (<-! I Ihf
pvAS 2'$ ?#$( #--!" I "# -#+($! $;#B$%#$+!&! "# *%&'(#%! 6M%X%D &#%= "# "$;$(! /+* %-7* 1(3%+* 5-.23+)+* ωτD ≫ 1D (<-$2'!;!%( "!= &$C.P+!%!= &! -/#=! dφij !( dφ−i−j &!0$!%%!%( &! ">*+&+! &! eV/~ω !( *% (+*'0! 4?6 #%%!L! 4N99 3

I thf
pvAS

∼= e

τD

(
eV τD

~

)(
eV

~ω

)(
δG1(ω)

e2/h

) 456EJ9  ! "#"$% &'!( )' )*+*$" &"( ,"$*$( &-,.'('/"(% 0! ,"1$ -3*3" 4 Ipv = V
(

∂G
∂φ

)typ

dφtyp
i−i5 63 &'!( )" 3-/*+".'1$" 73-81"!" 4 ωτD . 1% dφtyp

i−i ' -$- "($*+- &'!( )' 3-7-3"!" 9:;℄ =$3" &" )>03&3" &" eV (t)(ωτD)/E!" "$"! 81'&3'$13" '?" )" .'+, "@$-3*"135 A>"($ &0! )' ,'3$*" *+'/*!'*3" &" )' 0!&1$'!" 81'!$*81" 81*?' *!$"3?"!*35 A"$$" &"3!*B3" ' -$- ,3-&*$" "! ;:CD 9:E℄ "$ 0F("3?-" "@,-3*+"!$')"+"!$ G .'1$" 73-81"!""! ;::H 9:I℄5 J0! '+,)*$1&" "($ $"))" 81" 4I+(G) ∼= (ωτD)R"(G)% )>'+,)*$1&" +0K"!!" &" ("( L1$1'$*0!("($ &0! 4 (∂I#(G)
∂φ

)typ ∼= (ωτD) e2

h 5 A0++" )' ,'3$*" 3-"))"% )' ,'3$*" *+'/*!'*3" "($ ,'*3" "! .'+,% ('&-3*?-" ,'3 3',,03$ '1 L1@ "($ &0! *+,'*3"5 M1 N!')% 0! 0F$*"!$ '1((* 4
Ihf
pvAS

∼= e2

h

eV 2

E!" (ωτD)2 ∼= Ibf
pvS(ωτD)2 OP5;:Q77Y



 !" #$%&'()*), -./0), 1'&2/)*),
ω

thfthf

hf

I
pvS

=I
pvAS

I
pvS

I
pvAS

Ip
v

1/τD

hf

( )( )2

ThE
eVe

Dτ !"#  !" # $%&'%()*&*+) ,-.&')%)/01* 2*- %&'%-,+)*- ',/(*- *) /&',/(*- 2* Ipv 2,+- 4*(56/&* 2*- 7,1)*- 8(501*+*- 9 ωτD . 1 *) )(:- 7,1)*- 8(501*+*- 9 ωτD ≫ 1!%; 4<%+ , ,1--/ '(/- *+ %&')* 4, (521)/%+ 2*- =1)1,)/%+- 2* %+21),+* > )(:- 7,1)*8(501*+* 9δG1(ω) = δG1(ω = 0)/
√
ωτD = (e2/h)/

√
ωτD ?@A℄! C+ (*)(%1D* 4<*E'(*--/%+%F)*+1* (/6%1(*1-*&*+) ',( 4* 8%(&,4/-&* 2* G*42.-7 '%1( 4* )(,+-'%() +%+ 4/+5,/(* 7%(-H501/4/F(* ?IJ℄ 9

I thf
pvS
∼= I thf

pvAS
∼= e

τD

√
ωτD(

eV

~ω
)2 K !L"M$* (5-14),) +<*-)N *+%(* 1+* 8%/-N D,4,F4* 01* '%1( eV < E ! > ,1-* 2* 4, F(/-1(* 2*%75(*+* 2* '7,-* *) 2*- *O*)- 2* 7,1O,6* > 8%()* *E/),)/%+ ?@"℄N ?I@℄N ?IA℄ *) ?@P℄! C+-<,))*+2 > * 01* 4, %&'%-,+)* ,+)/-.&5)(/01* *+ B 21 %1(,+) '7%)%D%4),Q01* -%/) 21&R&* %(2(* 2* 6(,+2*1(! C+ (5-1&* 4*- *E'(*--/%+- 21 %1(,+) '7%)%D%4),Q01* -1/D,+) 4*(56/&* 2* 8(501*+* 2,+- 4, S61(* K !"M!T/ &,/+)*+,+)N %+ '(*+2 *+ %&')* 34(*0)'.0(5* &3)0'5*6&3)0'5*N /4 ,'',(,U) 2,+-4* IpvS 1+* %&'%-,+)* /&',/(* *+ 7,&' &,6+5)/01* 01/ 25'*+2 2* γ"#$! $%&&* %+ 4<,D1 2,+- 4, -*)/%+ KJ! !LMN φ0

ij , 1+ )*(&* -1''45&*+),/(* 2* 4, 8%(&* γ !"eV
E#$ δΦG(Φ)

g
Ω! X* %1'4,6* *+)(* 4* 7,&' 54*H)(%&,6+5)/01* 7,1)* 8(501*+* *) 4<57,+)/44%+N 2,+- * 2/-'%-/)/8N 25'*+2 2* 4, 8(501*+*!X*- '(/+/',4*- (,/-%+- *+ -%+) 4<,))5+1,)/%+ 2*- ,F4*-N 4, '(5-*+* 2* (5-%+,+*- 4,(6*-"LP



 !" #$%&'%$( $)(*+,-,( %./)$'&%0,-*. 121
HF modulée 

en amplitude

Amplificateur bas bruit

Détection synchrone

Anneau AB

~f !" 25042 37 20 500NO! Q) 025-,/5 42*42--'2 )+3 B/452- *2 67'&)50,66/52-0 )(.6,F'2 .)4 +5 )(.6,F)02+4 B)-@B4+,0 20 (2-+4'2 .)4 +52 *'020,/5 -K5&4/52 E 6)14';+252 *2 6723,0)0,/5! R/+0 -2 .)--2 /((2 -, 6) (2-+42 '0),0 ST! Q) (/*+6)0,/5 E
f !" ≪ E#$ 52 -240 ;+7E )4/U042 6) .4',-,/5 *+ -,C5)6! G5 -/+6,C52 ;+2 *)5- 2002 23.'@4,252D )++5 /+4)50 572-0 ,5V20' *)5- 67'&)50,66/5! A6 57K ) .)- *2 C4,662 '6204/-0)0,;+2-+4 67'&)50,66/5! W,5-,D 0/+0 2820 *2 ./(.)C2 C'5'4' .)4 62 &)(. IJ .2+0 X042 5'C6,C'YZ[℄! !" #$%&'%$( $)(*+,-,( %./)$'&%0,-*.T240),5- *2- 4'-+60)0- 23.'4,(250)+3 .4'-250'- *)5- 2002 -20,/5 /50 '0' /B025+- )5@0'4,2+42(250 .25*)50 6) 0&L-2 *2 I! S2B6/]D (),- 57)9),250 .)- 0/+- '0' /(.4,- E 2(/(250 6E! Q72820 .&/0/9/60):;+2 (2-+4' -+4 +5 )552)+ ,5*,9,*+26 E .6+-,2+4- 14';+252-20 E 30(^ 2-0 42.4'-250' -+4 6) FC+42 < !_?! Q2 -,C5)6 9)4,2 *2 1)`/5 ,(./40)502 E 6) 1/,-25 )(.6,0+*2 20 25 -,C52D )+0/+4 *2 0 25 (/K2552! R/+02- 2- /+4B2- -/50 42.4/*+0,B62-./+4 +52 14';+252 */55'2D (),- 2662- -/50 04L- *,8'42502- 67+52 *2 67)+042! T2 ;+, 2-0 0/+0a"a



 !! "#$%&'()(+ ,-./(+ 0&%1.()(+ !"#  !" # $%&' () &* +,*'.,* /0 1234 325*6'.70& 8 3039 4,0: 4;0<.&0:< +:670&*&<70. ,::&<4,*/&*' 8 /&< :6<,*2*&< /0 /.<4,<.'.+ &=46:.3&*'2;! >2 40.<<2*& ?@ .*A&'6&20 *.B&20 /0 56*6:2'&0: &<' /& −30/C D !"! 1µEF &' ,::&<4,*/ 8 0*& 40.<<2*& .*A&'6&/G&*B.:,* 1*E 20 *.B&20 /& ;G2**&20! >G2=& /& 5201& /,**& ;2 '&*<.,* () &* µ) &' ;G2=&/& /:,.'& ;& ,0:2*' () &* 0*.'6 /& e/τD 2B& R ;2 :6<.<'2*& /& ;G612*'.;;,* /& ;G,:/:& /&
2HΩ! I,'&J ;2 :&<&3K;2*& 2B& ;&< ,0:K&< /& 325*6',L:6<.<'2*&! >&< /.%6:&*'&< ,0:K&<,*' 6'6 ':2*<;2'6&< B&:'.2;&3&*' &' 2:K.':2.:&3&*' 4,0: 4;0< /& ;2:'6!MNN
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 !" #$%&'()*), -./0), 1'&2/)*), !"#  !" # $%&'()*(' '( ,'-&%.*,/.' )' 01*-&02,/)' -34'((' )'5 6789 )'5 35200*,23(5'( Φ0 ', '( Φ0/2 : 3.84;<=! >( &.'-2?.' *&&.3@2-*,23(9 0'5 3/.A'5 &'/B'(, C,.' )%.2,'5&*. /(' )%.3255*(' '@&3('(,2'00' *B' /(' ,'-&%.*,/.' ,4&2D/' )' 013.).' )' 200-E!)' 5/2,' F.*&&*(,9 1'5, 0* .'5'-A0*(' *B' )'5 3/.A'5 )' -*G(%,3H.%525,*(' IF! 82G! !J ! "# $%$&' (# ()*$+,$ -$* (*/001&/(#* +12/-$* 345 67/ (++$*2(#-$#& 8 Φ0 -1#* 01*7+91$ -$ 0:1##$17 $& -$* (*/001&/(#* 12;+/(-/67$* -(#& 0:;<$00$ &=2/67$ -$ ,1+/1&/(# $*& >
Bc = Φ0/W !Lφ (++$*2(#-1#& 8 Φ0 -1#* 7# )+1* -$ 0:1##$17! ?# +122$00$ 39! *$&/(#3@!A!B $& CBA℄ 67$ W ! = W 2(7+ W > le $& W ! = CW

√
W/le -1#* 0$ 1* -7 +;E/F$*$F/G-/%7*/9' 1,$ C ≈ 0.6 -1#* 0$ 1* -$ +;H$I/(# *2;701/+$ *7+ 0$ )(+- -$* J0*! K:1FG20/&7-$ -7 */E#10 $*& $#,/+(# 100 9(/* *72;+/$7+$ 8 $ 67/ 1 ;&; ()*$+,; -1#* -$* 1##$17IF;&100/67$* CLM℄! N$01 2$7& *:$I20/67$+ */F20$F$#& 21+ 0$* ,10$7+* -$ +;*/*&1#$ 67/ *(#&-$ 0:(+-+$ -$ 2OΩ -1#* 0:4*P1 $& -$ 67$067$* -/Q1/#$* -:?<F* 2(7+ 0$* F;&17I! R(7+ 7#$27/**1#$ ST -(##;$' 0:1F20/&7-$ -$* 2/* -$ +;*(#1#$ RU -/F/#7$ 91/)0$F$#& 1,$ 01 9+;G67$#$! N$&&$ 91/)0$ -;2$#-1#$ $# 9+;67$#$ 2(7+ ω > 1/τD 39! T/E! V!BB $*& (F21&/)0$1,$ 0$* 2+;-/&/(#* &<;(+/67$* -$ 0:;671&/(# 3V!@B 67/ *(#& $# 1/ω3/2!K$* 1F20/&7-$* F(=$##$*' $# 9(#&/(# -$ 01 &$F2;+1&7+$' -$* WNT*' -$* (*/001&/(#* $#

Φ0 $& $# Φ0/2 *(#& +$2+;*$#&;$* *7+ 01 JE7+$ 3V!A ! ?# ,(/& 67:$00$* 2$7,$#& &(7&$* X&+$-;+/&$* $# 2+$F/Y+$ 122+(I/F1&/(# 21+ 7#$ -;+(/**1#$ $I2(#$#&/$00$ 1,$ 2(7+ &$F2;+1G&7+$ &=2/67$ 200FZ! N$01 #$ (++$*2(#- 21* ,+1/F$#& 8 $ 67/ $*& 1&&$#-7 &<;(+/67$F$#&2(7+ 0$* WNT* CLM℄! R1+ 1/00$7+*' (# *:1&&$#- 8 $ 67$ 0$* (*/001&/(#* 45 -;+(/**$#& 207*,/&$ 1,$ Lφ 67$ 0$* WNT* 21+$ 67$ 0$* ;0$&+(#* -(/,$#& 91/+$ 7# &(7+ (F20$& -$ 0:1##$17*1#* 2$+-+$ 0$7+ (<;+$#$! [/ )/$# 67:(# 2+;,(/& 7#$ 1F20/&7-$ -$* (*/001&/(#* 45 -$ 019(+F$ > exp(−πr/Lφ) -1#* 0$ 1* -:7#$ 91/)0$ 27/**1#$ ST' 1,$ Lφ ∝ T−p (\ p #:$*& 21*B@]
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V (~mV) !"#  ! " #$%%& '( )$ *(+,-.+ /0.*.1.)*$234( (+ 5.+*-.+ '( )7$8/)-*4'( '4 0$8/ 9:-%%$'-$+* )7&0$+*-)).+ ; 3.84<=>! ?(, .4%@(, ,.+* *%$+,)$*&(, 1(%*-$)(8(+* /.4% /)4, '()$%*&!(+.%( @-(+ '&*(%8-+& *0&.%-34(8(+*A 8$-, /.4% 4+ %&B-8( '-C4,-5 p ≤ 1/2 DEFA EGA EH℄!J+ $**(+'%$-* '.+ 4+( '&%.-,,$+( (K/.+(+*-())( (+ L exp(−(T/T0)
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 !" #$%&'()*), -./0), 1'&2/)*), !"#  !" # $%&'()& *+),)-).,/012% %& 3)&,()& 52 +/6* 6/7&8,(12% *)29 *.2'(%29' 398:12%&%'! ;%' )29<%' )&, 8,8 ,9/&'./,8%' -%9,(/.%6%&, *)29 *.2' 5% ./9,8! ;/ .(7&% -%9,(/.%)99%'*)&5 /2 0 52 +/6* 6/7&8,(12%! =),%> 12?@ 7/2+% *)29 ωτD ≤ 1A ./ *+/'% 5%' )':(../,()&' BC 9%',% <.)128% @ 0 )2 π D /.)9' 12?@ 59)(,% *)29 ωτD > 1A %..% *%2, *9%&59%&?(6*)9,% 12%..% -/.%29 %&,9% 0 %, π!EFG℄I! !" #$%&'()*+ , -./(+/0 +/ 12)&./*30+J/**%.)&' 12% ./ )&52,/&% .(&8/(9% K )&,/,' L3! M(7!  !NI %', */(9% %& +/6* 6/:7&8,(12% @ /2'% 5%' 9O7.%' 5% 'P68,9(% 5?Q&'/7%9! R/('A (. &?%& %', 9(%& *)29 ./ )&52,/&%&)& .(&8/(9%! =)2' /-)&' 58S/ */9.8 5?2&% ,%..% /'P68,9(% @ </''% 39812%&% Lω ≪ 1/τDI5/&' ./ */9,(% LT!TI '29 5%' 8+/&,(..)&' '(6(./(9%'! Q& / -2 /2''(A 5/&' ./ '%,()& L !U!GIA12?@ %,,% )&,9(<2,()& (6*/(9% %& +/6* 6/7&8,(12% 52% /2V (&,%9/,()&' '?/S)2,/(, 2&,%96% +/2,% 39812%&% 5W @ ./ <9('29% 5% ./ 'P68,9(% */9 9%&-%9'%6%&, 52 '%&' 52 ,%6*'!X/&' ./ */9,(% LT!TI @ </''% 39812%&%A )& / 6)&,98 12% ./ *+/'% 5%' )'(../,()&' BC 5% ./)&52,/&% &)& .(&8/(9% 8,/(, <.)128% @ 0 )2 π @ +/6* &2. @ /2'% 5?2&% 3)9,% 6)52./,()&.(&8/(9% 5%' )'(../,()&' 5% GAS
2 */9 .%' YZM'! Q& &?/,,%&5 */' 2&% ,%..% 6)52./,()& @ +/2,%39812%&%A ./ )&,9(<2,()& +/2,% 39812%&% 5%-9/(, 5)& 3/(9% -/9(%9 )&,(&W6%&, ./ *+/'%5%' )'(../,()&' BC @ +/6* &2.! X/&' ./ [729% L !"IA )& *%2, -)(9 12% *)29 f < 3\]>L% 12( )99%'*)&5 @ ωτD < 1IA ./ *+/'% 5%' )'(../,()&' BC %', %&)9% <.)128% @ 0 )2 π %,12?@ *.2' +/2,% 39812%&% %..% *%2, *9%&59% &?(6*)9,% 12%..% -/.%29A )66% /,,%&52! X/&'.% 987(6% 5% 39812%&% /2,)29 5% 3\]>A )& -)(, /2''( 12% L)66% @ </''% 39812%&%I .%*/''/7% 5?2&% -/.%29 5% *+/'% 5('9O,% @ .?/2,9% *%2, '% *9)52(9% /-% ./ &/(''/&% 5?2&%+/96)&(12% %& Φ0/2A L&),8% H2A */9 )**)'(,()& @ .?+/96)&(12% %& Φ0A &),8% H1I!Q& '?%', (&,89%''8 5% *.2' *9O' @ %,,% +/96)&(12% H2! Z)66% &)2' .?/-)&' -2 5/&'.% +/*(,9% KA %..% )99%'*)&5 /2V ,9/S%,)(9%' 8.%,9)&(12%' %&%9./&, K 3)(' .?/&&%/2! ;%,%6*' 5% 5(^2'()& ,P*(12% 5% %' ,9/S%,)(9%' %', τD(2,)29') = (2L)2/D = 4τD(1,)29)! Q& /UK 



 !" #$%&'()*+ , -./(+/0 +/ 12)&./*30+ 456 !"#  !" # $%&' ( )*%+,-.*/01 21 3.&*41* 21 5% '1+,4.+ 67.'.8.5'%9:&1 ; 30/< 6.&*65&,41&*, -*0:&1+1,! >%, ( ?%66.*' 21 5@7%*/.+4:&1 A 1+ 7%/6 /%B+0'4:&1 H2 ,&* 5@7%*C/.+4:&1 D H1 1+ -.+'4.+ 21 5% -*0:&1+1! E1 6.4+' ; -*0:&1+1 +&551 % 0'0 '4*0 21 5% *06.+,1; 2- 2@&+ ,4B+%5 F%,,1 -*0:&1+1 G30$HI G-! ,1'4.+ GJ! !DI .& KJL℄I!20N% 8& 2%+, 5% ,1'4.+ GJ! !DI G; F%,,1 -*0:&1+1I :&1 51, 4+'1*-0*1+1, 1+'*1 21, '*%N1'.4*1,5.+B&1, .+'*4F&%41+' 65&, %& '*%+,6.*' +.+ 54+0%4*1 :&1 51, 4+'1*-0*1+1, 1+'*1 '*%N1'.4*1,.&*'1,! O5 1+ *0,&5'%4' &+ .+'1+& 1+ 7%*/.+4:&1 21 P&Q 65&, *471 6.&* 5% .+2&'%+1+.+ 54+0%4*1 G6%4*1 .& 4/6%4*1I :&1 6.&* 5% .+2&'%+1 54+0%4*1! R1' 1S1' 1,' %&,,4 6*0,1+'; 7%&'1 -*0:&1+1 G-! 34B!  !"I! O5 21841+' 4/6.*'%+' :&%+2 ωτD(2'.&*,) ≈ 1 G1 :&4.**1,6.+2 ; f ≈ 1T$HI! R@1,' ; 1 /./1+' :&1 51 '1*/1 1+ Φ0/2 21 5@0:&%'4.+ G !DLI:&4 1,' 4/6%4* 1+ 7%/6 /%B+0'4:&1 1' :&4 %&B/1+'1 .//1 (ωτD(2'.&*,))2 1,' /%Q4/%5!U+ ./6*1+2 6.&*:&.4 51 *%66.*' H2/H1 6%,,1 6%* &+ /%Q4/&/ 1' 24/4+&1 ; 65&, 7%&'1-*0:&1+1! V+ 1S1'W HS
1,2 ,.+' 4+2061+2%+', 21 5% -*0:&1+1 6.&* ωτD . 1W %5.*, :&1 HAS

1*.X' .//1 (ωτD(1'.&*))2 1' HAS
2 *.X' .//1 (ωτD(2'.&*,))2 6&4, 45, 20*.4,,1+' %&215; 21 ωτD(1'.&*) 1' ωτD(2'.&*,) *1,61'481/1+' G-! 34B!  !LI! R1 ,0+%*4. 1,' .**.F.*06%* 5% YB&*1 G !DZI .[ 5@.+ 1,' 6*.71 21 ωτD(2'.&*,) ≈ 1! \ 1''1 -*0:&1+1 HAS

2 6%,,16%* &+ /%Q4/&/ 1' HAS
1 .+'4+&1 2@%&B/1+'1*! U+ 8.4' :&1 6.&* 21, 7%*/.+4:&1, H1*1+.*/%54,0,W 51, 7%*/.+4:&1, H2 1+ Φ0/2 +1 ,.+' 84,4F51, :&1 ,&* 5% 6%*'41 4/6%4*1 1+7%/6 /%B+0'4:&1 2& ,4B+%5!R15% 6*.&81 :&1 5@1S1' ]^ -.&*+4' 21, 4+-.*/%'4.+, ,&* 51 /.&81/1+' 24S&,4- 21, 051C'*.+, 2%+, 5@%++1%& :&4 +1 ,.+' 6%, 6*0,1+'1, 2%+, 5% *06.+,1 54+0%4*1! V+ 1S1'W 51 *%66.*'  ! "##$!%&"'# $ )"*')+) , ωτD(2# +&-) ≈ 1. /$-#0,0%'&$ , 1123. )"'- '4 " 54+#�# 4'$+ "+ %$4,78/$*54'"#' ! !/$-# 9+$ 9+"4'#"#':$ , $ !':$"+ 4,7 DA_
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ri  %', *:'4!2! ')+"+%), &2 "-*2!% "02--*),5  !" "!,2"))%- E →

Eω5 :'3")  %', *-'-%! E -3*2&% &%0 4:'*,2")0&% J-"$ %, :'3")  %', +%,,!% 0"'0 -* ("!+% ;(. C"+ -4+%), F4 %, B13 &% -* !4(4!%)%>FN℄= O
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p (

→
ri, ω) = ǫ0α0(T )

→
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ωi − ω + 1γi

;P.FQ="I O α0(T ) = p2
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∣∣∣d

→
p (

→
ri, ωi)

∣∣∣ = p2
0

kBT
Eω100 ≈

p010
−1910−8

10−2310−2

10−6

10−6
100 ≈ p0 ;P.FZ="I ") *  !20 ')% ,%)02") &% -3"!&!% &% 1µ[ *'G 8"!)%0 &3') 4$*),2--") &% 1µ+ &% -")7. /- %)!40'-,% ')% "),!28',2") "02--*),% *'  ",%),2%- 4-%,!2:'% 2),%!)% dU !"(→ri, ω) ∝

∣∣∣d
→
p (

→
ri, ω)

∣∣∣:'2 %),!% *'002 E !40")*)% E ω = ωi. \%0 4-%,!")0 :'2 "), ')% ,!*6%,"2!% j  *00*),  !<0&' T\]#5 *'  "2), →ri5 1"), *'002 9,!% &4 $*040 &% dφj =
1
~

∫
j
dU !"( →r(t), ω)dt :'2  %', 9,!%&% -3"!&!% &% ^. \* _7'!% &32),%!(4!%)% 1* 03%) ,!"'1%! "+ -<,%+%), +"&2_4% >`℄. \* ,%)a02") b[ "),2%)&!* &%0 ,%!+%0 Vpv ∝

〈∑
j dφj(t)Eω(t)

〉 !40")*),0 %, &") %--% *c$%!*&%0  20  !")")40 *'G (!4:'%)%0 &% !40")*)% ωi &%0 0D0,<+%0 E F )21%*'G5  20 :'2 )%0"),  *0 &4,%,*8-%0 %) ,!*)0 "!, -2)4*2!%. \3*+ -2,'&%5 -% 027)% %, -* -*!7%'! &% %0  20&4 %)&%), &' "' -*7% %),!% -%0 T\] %, -%0 4-%,!")0 &% ")&',2"). C%0 &%!)2%!0 4,*),0%)028-%05 12* -%'!  $*0%5 *' $*+ +*7)4,2:'%5 ") 03*,,%)& E % :'% -%0  20 &% -* ,%)02")b[ 0"2%), +"&'-40 %) 027)% %, %) 2),%)02,4 *1% -% $*+ +*7)4,2:'%5 % :'2 %0, -% *0%G 4!2+%),*-%+%),.M) !40'+45 ")  %', !4*-20%! ')% 0 %,!"0" 2% &%0 0D0,<+%0 E F )21%*'G &% -34$*),2--").d4*)+"2)05 -* &20,!28',2") %) (!4:'%)% &% %0 T\] %0, )"!+*-%+%), ')2("!+% >^℄. e!5 %)% 0%+8-%  *0 9,!% -% *0 &*)0 )"0 %G 4!2%)%0. \*  !%+2<!% !*20") %0, 02+ -%+%), :'% -%$*+ !*&2"a(!4:'%)% )3%0, ,!*)0+20 :'%  "'! %!,*2)%0 (!4:'%)%0 ;12028-%0 0'! -% 027)*-&% !4020,*)%=. \* 0%")&% !*20") %0, :'3") )% &4,%,% :'% -%0 0D0,<+%0 E F )21%*'G :'20"), 0'c0*++%), "' -40 *'G 4-%,!")0 &% ")&',2")5 +*20  *0 ,!"  "'! :'% -%'! ,*'G&% &4"$4!%)% 0"2, ,!<0 2)(4!2%'! E -%'! (!4:'%)% &% !40")*)%.  ! "#$%& ' #)*+ ,+* +-+%* !.! /.#)0& $/ *)1% +! 23$!$2+ 4)+ /+* 5/+%3.!* 2#**+!% ' 6.$!* ,+ Lφ ,)789 2.)3 *+!%$3 *.! $!:)+!+; ^QQ
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 !" #$%&'()%+'$ !" !# $% '()#!*! +! ,(%"! +-.* %**!%. *'#/%$ !* /'+01%* $!" '*+0 0'*" %.2 $0/0 !",'.# $!" 3'* 0'*" +-'*+! )$! #'*04.!" 5#6! 7 .* 8.2 /%5*) 04.!9 :$%!# $! '*+. !.#*'#/%$ !* #! ; '* % " ".,#%'*+. !.#" 0/,'"! +! *'.<!$$!" '*+0 0'*" %.2 $0/0 !" ! !$% '*" 0 .! .* %. #! !2!$$!*  !" +! $% '()#!*! +! ,(%"!9='." . 0$0"!#'*" '//! $0!* 3%0>$! .* /) %$ *'>$! +0?."03 @$-'# !* $-'.#!*!A9 ='."*'." ,$%!#'*" +%*" $% $0/0 ! +! $% B'* 0'* $'*5.! LN ≫ ξ @ξ ≈ 70*/ ,'.# $! =0'>0./! ξ ≈ 170*/ ,'.# $-C$./0*0./ . 0$0")AD -!" E7E+0#! ~D/L2
N = E ! ≪ ∆ = ~D/ξ2@∆ ≈ 16.3F ,'.# $! =0'>0./ ! ∆ ≈ 2.1F ,'.# $-C$./0*0./D %$'#" 4.-'* <!##% 4.!

E ! ≈ 50/FA9 G%*" ! #)50/!D $!" ,#',#0) )" +! $% B'* 0'* *! "'* +) !#/0*)!" 4.! ,%#$! /) %$ *'#/%$ @!* B'* 0'* '.# !D -!" $! ".,#%'*+. !.# 4.0 !" +) !#/0*%* A9 H*!?! D ,'.# +!" B'* 0'*" $'*5.!"D -!" $-)*!#50! +! I('.$!"" 4.0 0* !#<0!* ! *'* $! 5%, +.".,#%'*+. !.#9 H* !?! D $-)$! #'* ! $!  #'. *-) %* ,%" !2% !/!* 7 $% /J/! )*!#50!@ǫF + ǫ ,'.# $-.* ! ǫF − ǫ ,'.# $-%. #!AD 0$" <'* %4.)#0# %. '.#" +.  !/," .*! +0?)#!*!+! ,(%"! ϕ(t) = 2ǫt/~9 K* % +'* .* +),(%"%5! '/,$! @ϕ = 2πA !* .*  !/," t = ~π/ǫ9L% $'*5.!.# ".# $%4.!$$! ! +),(%"%5! % $0!. !" %$'#" +! $-'#+#! +! Lǫ = ~vF/ǫ +%*" $! %">%$0" 04.! ! Lǫ =
√

~D/ǫ +%*" $! %" +0?."039 M!$% <!. +0#! 4.! "0 LN > Lǫ '. ǫ > E !D$-)$! #'* ! $!  #'. %4.0N#!* .*! +0?)#!*! +! ,(%"! %$)% '0#! +! $-'#+#! '. ".,)#0!.#!7 2π9 K#D -!" $% "'//! +!  '. !" !" ,%0#!" 4.0 '* #0>.!* %. ".,!#'.#%* 9 O0 (%4.! !#/! % .*! ,(%"! %$)% '0#! !* #! 0 ! πD $% "'//! "! /'P!**! 7 0 ! 0$ *-P % ,%" +!".,!#'.#%* 9:%# '* #! "0 ǫ ≪ E !D $% +0?)#!*! +! ,(%"! !* #! $!" )$! #'*" ! $!"  #'." !"  #N"0*3)#0!.#! 7 .* ! $!" 0* !#3)#!*!" !* #! ,%0#!" +-C*+#!!< "'* '*" #. 0<!" 7 (%/, /%E5*) 04.! *.$9 M! *-!" ,%" $! %" ,'.# +!" %**!%.2 *'#/%.2 'Q 7 B = 0 $% +0?)#!*! +!,(%"! ∫
i
~k.~dl −

∫
j
~k.~dl !* #! ;  #%B! '0#!" i ! j 0* !#3)#%* ,!. J #!  #N" 5#%*+! +!<%* R9 M!$% !2,$04.! @39 (%,0 #! ;A ,'.#4.'0 $!" '##! 0'*" 4.%* 04.!" 7 $% '*+. %*! "'* "0 #)+.0 !" +%*" $!" %**!%.2 *'#/%.2 ! "! /'P!**!* 7 S ".# $! +)"'#+#!9 K* '/,#!*+%.""0 ,'.#4.'0 +%*" $!" %**!%.2 *'#/%.2 $!" 8. .% 0'*" +! '.#%* "'* +. /J/! '#+#!+! 5#%*+!.# 4.! $% <%$!.# /'P!**!D %$'#" 4.! $!" 8. .% 0'*" +! ".,!#'.#%* "'* >0!*,$." 3%0>$!" #!$% 0<!/!* %. ".,!#'.#%* TRSS℄ !  #N" +0V0$!" 7 +) ! !#"9M-!" W'"!,("'* TRSR℄ $! ,#!/0!# 4.0 % ,#)+0 $-!20" !*! +-.* ".,!#'.#%* Isu !* #!; ".,#%'*+. !.#" @+! ,%#%/N #! +-'#+#! ∆1e

iϕφ1 ! ∆2e
iϕφ2 #!",! 0<!/!* A "),%#)" ,%#.*! '.(!  #N" 1*! 0"'$%* !9 L% $'0 4.0 #!$0! ! ".,!#'.#%* 7 $% +0?)#!*! +! ,(%"!

ϕ = ϕ1 − ϕ2 +!" ; ".,#%'*+. !.#"
Isu = Ic sin(ϕ) @X9RA!" %,,!$)! #!$% 0'* W'"!,("'*9 L! '.#%* /%20/./ Ic !" $! '.#%* #0 04.!9 G-%. #!") .+!" TRS;℄ '* !*".0 ! /'* #) 4.! $-!?! W'"!,("'* ,'.<%0 %.""0 !20" !# "0 ; ".,#%'*+.E !.#" "'* '**! )" ,%# .* Y$0!* 3%0>$!YD ,!. 0/,'# ! "% *% .#! @1$ '. ,$%*D /) %$ *'#/%$D3!##'/%5*) 04.!D "!/0'*+. !.#D '* % % '/04.!D *%*' .>!D /'$).$!D ".,#%'*+. !.#%<! .* ) #%*5$!/!* 5)'/) #04.!D '. .*!  !/,)#% .#! #0 04.! ,$." 3%0>$!999A9 L% #!$% 0'*'.#%* E,(%"! I#$(ϕ) !" .*! %#% )#0" 04.! 0/,'# %* ! +! $% B'* 0'* W'"!,("'* ! +%*">0!* +!" %" !$$! *-!" ,%" ,%#3%0 !/!* "0*."'Z+%$!9 L-)%# 7 .*! "0*."'Z+! ,!. +'**!#  !""# $#% #&#'% "(%!%!*+,-#% %!.' #. 1/g/ *!-0 1 2'0# %#.%+3$# +$ 45-605+' -.# *50'+# .!0"5$# *$-%0(%+%'+7#/ *50 #8#"*$# 9 -. :5; 3+6+"#.%+!..#$ 6<($#'0!.% !- "2"# 6#% .5.!'-3#%=R[\
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ε−εF

∆−∆ 0

n(ε)
ε−εF

∆

−∆

0 !"#  !" # $ %&')*+ ,*-./01 ,210&0. ,2'- .'34&5-,'0*'4 5-6*-0/5--*7 ,* %&3 ∆! 8*&. ,' 910&7 -549&7 544*.35-,4&/0 : n(ǫ) = n(ǫF ) = cte! ;- '0/7/.*4& 37'. .5'6*-0 7&4*341.*-0&0/5- ,* ,45/0* 5< 7& 3&40/* =5-1* 4*341.*-0* 7*. 10&0. 17*045-/>'*. 5'331.!,*. /-=549&0/5-. .'4 7* .3*04* ,21-*4%/* ,' 5-,'0*'4 -549&7 ?=! .*0/5- ? !@!@A 35'4 '-B7 75-% "C *0 D&7/.0/>'*A 5' .'4 7*. /-0*4&0/5-. ?=! 7& 41=14*-* E"FG℄℄! M7 -* 3*'0 3&. V &65/4+,&-. 7*. .'34&5-,'0*'4. ,* 0V3* . ?%&3 /.50453*A+ ,2*Q/0&0/5- ,* 0V3* 17*045- 5' 045'/-,/6/,'*7 ,&-. '-* %&99* ,21-*4%/* 2∆ &'05'4 ,' -/6*&' ,* W*49/! ∆ *.0 7* %&3 ,' .'I"GX



 !" #$%&'()%+'$ !"$%&'()'!* !)+,- . +/-%)!0,) &) +,",1$% &)1  ",!)1 &) 2$$ )!3 4+ %/)1( &$%  "1  $11,5+)*&"%1 '% 1' !"$%&'()'!* &/,%6)()! ,%&,7,&')++)8)%( '% -+)(!$% $' '% (!$' "9"%( '%)-%)!0,) ,%:-!,)'!) "' 0" 3 2)(() "!"(-!,1(,;') !)11$!( %)(()8)%( 1'! +" :$!8) &) +" &)%1,(-&/-("(1 . '%)  "!(,'+) ()++) ;') &-&',()  "! +" (<-$!,) =2> ?@@℄ B:3 C,03 D3EF3 G)7)%$%1 .+" 6$%(,$% B>4>F* H$1) <1$% "  !-&,( +/)I,1()%) &/'% $'!"%( %$% &,11, "(,: &)  ",!)1 &)2$$ )! (!"7)!1"%( '%) J%) 5"!!,K!) ,1$+"%()3 2) $'!"%( %/)1(  "1 +) 8L8) 1',7"%( ;'/'%)&,M-!)%) &)  $()%(,)+ V )1( "  +,;'-) $' %$% "'I 5$!%)1 &) +" 6$%(,$% N
• >, V = 0* Isu(ϕ) = Ic sin(ϕ0)* $O ϕ0 )1( +" &,M-!)%) &)  <"1) )%(!) +)1 P 1' !"$%Q&'()'!13 2/)1( +/,-,% .'/,01/'$ /%2%+'$$2+&,3
• >, V 6= 0* +" 1)$%&) !)+"(,$% H$1) <1$% N

dϕ

dt
=
2eV

~
,8 $1) ;') N ϕ = ϕ0 +

4πV t

Φ0

BD3PF$O $% "  $1- Φ0 = h/e  3 R% " &$% N Isu(ϕ) = Ic sin(ϕ0 +
4πV t
Φ0

)3 S) $'!"%( $1,++))I(!L8)8)%( !" ,&)8)%( . 2e/h = 483.6TUV  $'! 18W3 2/)1( +/,-,% .'/,01/'$23%,&$2%+43 !"!" #$%&'()* +,-*+.&&/ +0*1 2*& 3)*5()* 67879>, +/$% !)8 +") +" $'<) 8,%) ,1$+"%() B4F  "! '% 8-("+ %$!8"+ BXF* $% $5(,)%( '%)M)( 1,8,+",!) . +/)M)( H$1) <1$% B>4>F* 8L8)  $'! &)1  !"#$%$&' (% )*+, "!&), LN ≫ ξ32)( Y)M)( H$1) <1$% >X>Y* 1/,%()! !K() . +/",&) &)1  !$ !,-(-1 &)1 ;'"1, "!(,'+)13Z% )M)(*  +"[$%1 %$'1 &/"5$!& . +/,%()!:") X>3 \%) )I,("(,$% &) (9 ) -+)(!$%,;')"7) '%) -%)!0,) ǫ+ ǫF +-0K!)8)%( 1' -!,)'!) . +/-%)!0,) &) C)!8, B0 < ǫ < ∆F )1( !-]-<,))% '%) )I,("(,$% &) (9 ) (!$' &/-%)!0,) ,%:-!,)'!) . +/-%)!0,) &) C)!8,3 S/)IK1 &) <"!0)
−2e )( &/,8 '+1,$% 2q = 2ǫ/(~vF cos(α)) )1( )8 $!(-  "! '%)  ",!) &) 2$$ )! &"%1 +)1' !"$%&'()'! B:3 C,03 D3PF3 2)  !$)11'1 )1( "  )+- &56,7+'$ (89$(&,,: ?E^_℄3 4+ )!8)( +"  -%-(!"(,$% &)1 $!!-+"(,$%1 1' !"$%&'(!,)1 &"%1 +) 8-("+ %$!8"+3 S/,8 '+1,$%&' (!$' !-]-<, )1( ;'"1,8)%( +/$  $1-) B+"  !$6)(,$% 1'! BR9F )1( )I"()8)%( +/$  $1-)F&) +/,8 '+1,$% &' (!$' ,%,&)%(3 `$'! '%) ,%()!:")  "!:",() +) $)a,)%( )% "8 +,('&) &) +"!-])I,$% )1( reh = e−i(ϕ1−arccos(ǫ/∆1))3 b'(!)8)%( &,(*  , &*-%./!" %'+ +!+, % %+  % +&!$ &*-*1/2!&+%  3/"4!&),+/!" (%  , 21,'% ($ '$2&,!"($+%$& ϕ13 Z% $'(!)* +/-("( &' (!$' )1( $!!-+-. )+', &) +/-+)(!$% ,%,&)%( 1, 5,)% ;') +/$% $51)!7) '%) 8$&,J"(,$% &)1 "!"(-!,1(,;')1&' 8-("+ %$!8"+ "' 7$,1,%"0) &) +/,%()!:") "7) +) 1' !"$%&'()'! N /)1( +/,-,% (,0&'7+;+%53G)7)%$%1 .  !-1)%( . +" 6$%(,$% B>X>F3 S)  !$)11'1 %) 1/"!!L()  "1 +.* '%) )I,("(,$%&) (9 ) (!$' )1( !-]-<,) . 1$% ($'! )% '%) )I,("(,$% &) (9 ) -+)(!$%* &-(!',1"%( '%) ",!) &) 2$$ )! &"%1 +/"'(!) 1' !"$%&'()'!3 >, +" +$%0')'! &' 8-("+ %$!8"+ LN )1(1'a1"88)%( :",5+)  $'! ;') +)1  ",!)1 -+)(!$%Q(!$' !)1()%( $!!-+-)1 1'! '% "++)!Q!)($'!B%$'1 !)7,)%&!$%1 )% &-(",+ 1'! )(() $%&,(,$% &"%1 +" 1)(,$% BD3P3cFF* +) !-1'+("( &) )9+) )1( ;'/'%)  ",!) &) 2$$ )! )1( (!"%1:-!-) &/'% 1' !"$%&'()'! . +/"'(!)* !-"%( '%1' )!$'!"%( . (!"7)!1 +" 6$%(,$% >X>3 b "'1) &)1 ,%()!:-!)%)1 -+)(!$%Q(!$' &"%1 +)  ',()%(!) +)1 P 1' !"$%&'()'!1* &)1 -("(1 $%1(,('-1 &/'%) 1' )! $1,(,$% $<-!)%() &/'% -("(&) (9 ) -+)(!$% )( &/'% -("( &) (9 ) (!$'  )'7)%( )I,1()!3 2) 1$%( +)1 -("(1 +,-1 &/b%&!))73  !"# $! $%&&'(!&)(* #)( $! #)+(!-".)&%/%&'0 %$ *#& .1)#!2* .* +-#*( 2e/h = Φ00 3!%# !4" .* 2!(.*()"* "-&!&%-" -5'(*"&* !/* $*# 5!+%&(*# +(''.*"&#0 -" 2!(.*(! $! 363* .'4"%&%-" +-)( Φ0 &-)& !) $-"2.* * 3!")#(%&7 Ec^
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2q

Paire de Cooper

N S(∆,ϕ1)

électron

εe = ε+εF, ke = k+q

trou

εt = εF−ε, kt = k-q

α

ϕe= ϕ i

ϕt=ϕ i+ϕ1-arccos(ε/∆)

Uy

εt = εF −ε

εe = ε+εF
εF !"#  !" # $%&'()*+ ,-.+,/''0 1 2-)+3'/45' 7*/8529:;</5*+,;3';/! =-%2'3/*+ ,-%+'/>)'

ǫ + ǫF ? ,-)8<;2@)*+ →
k +

→
q @' /%&%A)3 '+ ;+ 3/*; ,-%+'/>)' ǫ − ǫF '3 ,-)8<;2@)*+ →

k

−
→
q ? 50' ∣∣∣→k ∣∣∣ = kF ! =-'(B@ ,' A5/>' −2e '3 ,-)8<;2@)*+ 2

→
q '@3 '8<*/3% ,5+@ 2':;</5*+,;3';/ @*;@ 25 4*/8' ,-;+' <5)/' ,' C**<'/! ='@ </*D'3)*+@ ,' →k + →

q '3 →k − →
q@;/ 2-)+3'/45' @*+3 ),'+3)E;'@! 7*3'F 5;@@) E;' 25 <A5@' ,; 3/*; *+3)'+3 ,'@ )+4*/853)*+@@;/ 2' @;</5*+,;3';/! GHG



 !" #$%&'()%+'$,-. () /0%-1 2-1+.%+3)4 ! "#$% &'%#!() *# +"#%)# -#+ .%/%+ *(.+ -01!-)##2 -/!+ *# /+ -0$!# 3&!%(&! 45657 89:'/*(+%(;$# #% *&!<$#: +&(% #! ).+&*2/!% *#+ .;$/%(&!+ -# =&<&*($'&2>-# ?#!!#+ #! +$(2/!% *#%)/(%#@#!% -# A$*(B C8DE℄: +&(% #! )#</)-/!% */ &!-(%(&! -# ;$/!%(G/%(&! -# */ "H/+# -#+"/()#+ -01!-)##2I J! #K#%: $! .%/% -# %L"# .*#%)&! -0.!#)<(# ǫ+ ǫF : -# 2#%#$) -0&!-# ke"/)% -# *0.*#%)&-# -# </$H#: %)/2#)+# *# @.%/* !&)@/* -# *&!<$#$) LN #% +$'(% $!# ).M#N(&!-01!-)##2 #! ")#!/!% */ "H/+# ϕ2 − arccos(ǫ/∆2) O *# %)&$ ).M.H( -# 2#%#$) -0&!-# kh%)/2#)+# *# @.%/* !&)@/* 3$+;$0P *0.*#%)&-# -# </$H# &Q (* #+% G!/*#@#!% %)/!+R&)@.#! .*#%)&! #! ")#!/!% */ "H/+# −ϕ1 − arccos(ǫ/∆1) 4&! ")#!-)/ *#+ +$")/&!-$%#$)+(-#!%(;$#+ P </$H# #% P -)&(%# ∆1 = ∆2 = ∆7I S/ &!-(%(&! -# ;$/!%(G/%(&! +0.)(% T
(ke − kh)LN + ϕ2 − ϕ1 − 2 arccos

( ǫ
∆

)
= 2πn 4EIU7&Q n #+% $! #!%(#) )#*/%(RI V#*/ &!-$(% /$ +"#%)# +$(2/!% T

ǫ±(n, ϕ) =
hvF

2LN

[
n± ϕ1 − ϕ2

2π
+
1

π
arccos

( ǫ
∆

)] 4EIW7S#+ .%/%+ -01!-)##2 2.H($*#!% $! &$)/!% !&! -(++("/%(R T I = dǫ
dϕ
I X! #N#@"*# -$ +"#%)#-01!-)##2 #% -$ &$)/!% /++&(. #+% )#").+#!%. +$) */ G<$)# 4EIU7I V#"#!-/!%: (* !# R/$% "/+&$'*(#) ;$# *#+ .!#)<(#+ -#+ .%/%+ -$ &!%(!$$@ ǫ > ∆ -."#!-#!% .</*#@#!% -# ϕ #% -&!"&)%#!% /$++( $!# "/)%(# -$ &$)/!% Y&+#"H+&!I 1 ")(&)(: *# &$)/!% Y&+#"H+&! #+% "&)%. P */R&(+ "/) *#+ !(2#/$N -01!-)##2 #% "/) *#+ !(2#/$N -$ &!%(!$$@I J! #K#%: 0#+% $!# ;$/!%(%.%H#)@&-L!/@(;$# ;$( (@"*(;$# *0#!+#@'*# -$ +"#%)# -0#N(%/%(&! P */ -(K.)#!# -# */&!-$%/!# 65I S# +$"#)&$)/!% #+% /*$*. )(<&$)#$+#@#!% -/!+ */ ).R.)#!# C8DZ℄I S/)#*/%(&! &$)/!%>"H/+# ").+#!%# -#+ +/$%+ -# "H/+# ;$/!- $! !(2#/$ -01!-)##2 %)/2#)+# *#!(2#/$ -# [#)@(: 0#+%>P>-()# "&$) ϕ = (2n+1)πI X!# %#**# /!H/)@&!((%. "#$% +$)")#!-)#IJ! R/(%: *&)+;$0&! /$<@#!%# */ %#@".)/%$)#: &$ *&)+;$0&! (!%)&-$(% -$ -.+&)-)#: #+ +/$%++&!% #K/.+ #% *0/!H/)@&!((%. */(++# "*/# P $!# -."#!-/!# #! ϕ &@"/)/'*# P #**# -#*0#K#% Y&+#"H+&! 45\57 C8D]℄I 1 %(%)# -# &@"/)/(+&!: &! )#").+#!%# -/!+ */ G<$)# 4EIW7: */)#*/%(&! &$)/!%>"H/+# -# */ 3&!%(&! '/*(+%(;$# &$)%# #% -# */ 3&!%(&! %$!!#* C88D℄IJ!G!: &! !&%#)/ $!# <)/!-# +(@(*(%$-# #!%)# *# +$"#)&$)/!% 4Φ0/2 ".)(&-(;$#7: -0$!#3&!%(&! 45657 89: *&!<$# #% '/*(+%(;$#: "&)%. "/) *#+ .%/%+ -01!-)##2 #% *# &$)/!% "#)>@/!#!% @&L#! 4Φ0 ".)(&-(;$#7 -/!+ $! /!!#/$ !&)@/* $!(-(@#!+(&!!#* 4RI CZ8℄7I5$-1'6+4 -74 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 !"#  !" # $%&'()*+ *-.'+(/01'2% 34-+% 5*+()*+ 6'&)2()7-% 89 *-.(% %( 34-+% 5*+()*+(-++%& : T = 0;! G %2( &' *+3-('+% 3% &' 5*+()*+!2-. &%2 6*.32 2-0.'*+3-(%-.2! <+% '-(.% 3)=>.%+% %2( 7-% &%2 *-.'+(2 0%.?'+%+(2 2*+(0'.'?'@+>()7-%2 %+ ?*A%++% %( 7-% &% 2-0%.*-.'+( %2( (*-5*-.2 3)'?'@+>()7-%!B' 3>0%+3'+% 3- *-.'+( .)()7-% %( 3%2 *-.'+(2 0%.?'+%+(2 C)2/:/C)2 3- +*?6.% 3%'+'-D 3% *+3-()*+ M %2( >@'&%?%+( E*.( 3)=>.%+(%! F+ %=%(G 2'+2 3>2*.3.% &% *-.'+(0%.?'+%+( ?*A%+ 0*.(> 0'. -+ '+'& %2( evF/L = δ/Φ0 *H δ %2( &4>'.( ?*A%+ %+(.%&%2 +)C%'-D IJ8G 8"℄! L-'+3 )& A ' M '+'-DG %( %+ &4'62%+% 3% 3>2*.3.%G &4'?0&)(-3% 3-*-.'+( 0%.?'+%+( ?*A%+ %2( 0%- '=%(>%! M%&' 0%-( 24%D0&)7-%. 0'. &% E')( 7-% &%2 *-.'+(20*.(>2 0'. &%2 +)C%'-D 0').2 %( )?0').2 2% *?0%+2%+( 0.'()7-%?%+(G %( 7-4)& +% .%2(% 0*-.&% *-.'+( ?*A%+ 7-4-+% *+(.)6-()*+ 7-) >7-)C'-( : -+ 2%-& >&%(.*+ '- +)C%'- 3% N%.?)!O'. *+(.%G &% *-.'+( (A0)7-% C'-( P δI = √MevF/L!Q- *+(.').%G &% *-.'+( .)()7-% '-@?%+(% 'C% &% +*?6.% 3% '+'-D 3% *+3-()*+!M%) %2( 3R '- E')( 7-% &' .>S%D)*+ 34Q+3.%%C +% ?*3)T% 0'2 &%2 *?0*2'+(%2 (.'+2C%.2%2U0'.'&&V&%2 : &4)+(%.E'%W 3% &4)?0-&2)*+ 3% &' 7-'2)0'.()-&% UE! N)@!  !XW! B%2 >+%.@)%2 +%3>0%+3%+( 7-% 3% &4)?0-&2)*+ &*+@)(-3)+'&% q! 9'+2 -+% 5*+()*+ 6'&)2()7-%G &%2 +)C%'-D34Q+3.%%C 2*+( 3*+M E*)2 3>@>+>.>2G % 7-) +4%2( 0'2 &% '2 3'+2 -+ '++%'- +*.?'&! 9'+2&%2 5*+()*+2 *-.(%2 ULN ≪ ξ *- E ! ≫ ∆W Y%%+'Z%. %( ['+ \*-(%+ I88X℄ 0.>3)2%+( 7-%&% *-.'+( .)()7-% %2( 7-'+()T> %+ -+)(> 3% e∆/~ %( 0.*0*.()*++%& '- +*?6.% 3% '+'-D!M% 01>+*?V+% *62%.C> 0'. ]'Z'A'+'@)  ! "#$ 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""
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%%%&'#() !"#  !" # $%&'()*+ *-.'+(/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 5NA 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,$ $,"*+9/$ 5NA 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!$ 5NA 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%+('()*+ 21=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
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• G "!.;#/,"$/! ('( ($**! *!) #",") !=&"#) %$ )-">.! )'(" ;!$;*#) )$/ $(! 5,..!%+#(!/5&! kBT 3 :+,5&","&'( "?!/.&<$! %#A(&" %'( $(! *'(5$!$/ LT = ~vF/(kBT );'$/ *! ,) 8,*&)"&<$! !" LT =

√
~D/(kBT ) ;'$/ *! ,) %&K$)&23 L'$/ *+'/ <$! *+'( ,$"&*&)# LT ≈ 2µ. B 15.M3
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γ = α = 0@ % ?-) *..%20*+8 A L1 = L2 %( ic1 = ic2 = ic0 = 70µB! 596 γ 6= 0 ?-'+()C%&7'2>3<(.)% 8% &7)+8-('+% 8% 1'?-% 9.'2! :%2 D'&%-.2 .%(%+-%2 0*-. &' CE-.% 2*+( L !" =
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�/* @K8@9?.0.9?3HZ6 */ .@ 0* %*1/* =@91 <9KW ?*19%*%! A0 =*9/ C&.% @* %(19@/,/ )9 =%&()( )* +,-%.,/.&0),01 @*1 =D&/&1 )* @, ;B9%* 3 !S6 !"!# $%&%()&*+(*,-.+ !" $%$&'%("&()*!" +!" ',$-&(../-" "/-& %!0%/*1'!" +$-" .! &$2.!$* 345675 8/*" .!"',$-&(../-" "/-& +$-" .$ .(9(&! +! :/-&(/- ./-0*!; <!"&=>=+(%! )*! .$ ./-0*!*% +! .$ 1$%&(!-/%9$.! !"& &%?" 0%$-+! +!@$-& .$ ./-0*!*% +! /,'%!-! +* "*1%$/-+*&!*% LN >> ξ$@! ξ =√~D/∆5  !" @$.!*%" "/-& 1/%&'!" +$-" .! &$2.!$*; /- $ &/*:/*%" ξ < 60-9 !& LN@$%($-& !-&%! 0.75 !& 1.9µ9  !"! &/*:/*%" *- %$11/%& ∆/E ! >> 15 A$-" !&&! .(9(&!; .<!B!&+! 1%/C(9(&' !"& +'&!%9(-' 1$% .!" 1%/1%('&'" +* 9'&$. -/%9$. !& -/- +!" /-&$&" "*1%$=/-+*&!*%"5 LN !& W /-& '&' 9!"*%'!" $* DEF !- *.&%$=,$*&!=%'"/.*&(/- !& > .<GHD"5 <'1$(""!*% !"& +/--'! 1$% +!" $.(2%$&(/-" $-&'%(!*%!"5 E ! 1%/@(!-& +!" $:*"&!9!-&" ,$*&!&!91'%$&*%! +! Is(T )5 I- !- &(%! D !& le5 RN ; Ismax !& Ir "/-& /2&!-*" +(%!&!9!-& > 1$%&(%  ! "#$%&#' ()*#+# ,-./(#, 0'1 %'!23#'1 !(#4.0'1 '3 '!1)+3' ,$5!+# 0'1 .)3#'1 13#)3)#'1 ".#' 7)' 0'1501 5!1 ,-80)4+!+)4 !' #$1+13.+'!3 ".1 9 0. :#.*)#' ;+4+7)' 424' 1-+01 $3.+'!3 0(+! ,' 0-()*'#3)#' ,)<==8> ?0 '13 /'.)()" "0)1 %.+0' ,-()*#+# ,' "'3+3'1 %'!23#'1 ,.!1 )!' :#.!,' 1)#%.' ,-80)4+!+)4 7)'1)# ,'1 501 5!1>!<#($,$ @AB C30DE 304F(##G ,) H<I>"<()# 0-$;.!3+00(! JI/H(!:JE 0' !(#4.0 %.+3 1.8µ4 '! 3()3E 4.+1 +0 #'13' ,'1 4.#;'1 ,' I+(/+)41)# 0'1 /(#,1> ?0 '! #'13' 1)K1.44'!3 "()# 7)' 3()3 1' ".11' (44' 1+ '33' ".#3+' $3.+3 (4"0&3'4'!31)"#.(!,)3#+'> H'1 4.#;'1 1(!3 ,+13.!3'1 ,' 1.2µ4 ' 7)+ '13 '! .(#, .*' 3()3'1 0'1 .)3#'1 *.0')#1
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 !" #$%&'()*), -'., /0,,), 1'&23)*),
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(+ )2%1(*3341+! LN 5 W .( t +41( &.+6.(*7.8.1(3% 3419-.-&5 3% 3%&9.-& .( 3:)6%*++.-& /. 3% 6%&(*. 14&8%3.! le .+( 3. 3*;&. 6%&4-&+ 84<.1)3%+(*,-.5 D .+( 3. 4.=*.1( /. /*0-+*41 .( E ! = ~D/L2
N .+( 3:)1.&9*. /. >24-3.++!

RN 5 Ismax .( Ir +41( &.+6.(*7.8.1( 3% &)+*+(%1. /- 14&8%35 3. 8%?*8-8 /- 4-&%1( /.(&%1+*(*41 .( 3. 4-&%1( /. &.6*)9.%9.!@A 
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1.8µµµµm0.75µµµµm′c *+0G,(43 ?( 2I&W-)3(%(43 ?( Isπ ),3-1) (4 3Q3( ?(?,2-3,04 6 =&-3( 3(%*1+&3-+(K ?() \72() 0&A,&-A +80'14,5-() ]F&,3) %&,)04] %(4&43 63+N) 7&))( 3(%*1+&3-+(! Z() &*&,31) ?( 150*Y )043 1'&2(%(43 *2&1() (4 *&+&22N2(K )-+ 2(*0+3(>1=&43,2204! E() W043,04) 043 131 *02&+,)1() *&+ -4 0-+&43 Z[ 9W-)5-I6 400µD< (3-4 0-+&43 D[ ?( 5-(25-() 4D 6 5-(25-() (43&,4() ?( ^(+3_! E& 04?-3&4( ?,T1+(43,(22(()3 %()-+1( *&+ 2& ?13(3,04 )84=+04( (3 2& 3(4),04 &-A 70+4() ?( 2I1=&43,2204 ()3 073(4-(6 2& )0+3,( ?- M23+( *&))(>7&) 9F! Y,'!  !J<! !" #$%&'()*+($ ,$ *()-./*/0-E& +1),)3&4( ?() 1=&43,2204) ?( B7CD-CB7 *(4?&43 2( +(F+0,?,))(%(43 ()3 +(*+1)(431()-+ 2& M'-+( 9 !X`<! :22( )-7,3 -4( =-3( 7+-3&2( (3 4(33( G(+) 9.5a 5-, 0++()*04? 6  ! "#$%& '(% )(+!$ ,#(-.+/ 0"$ -(!$0/ ,$ &$1'2/(&0/$ '!0% '/2+%$ '(/$ 30$ !$ &4$/1.15&/$ "#$%& '!0%&/5% 6+$" (!+6/2 7 ,$ &$!!$% &$1'2/(&0/$8 XbJ
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13AlSq c !"#  !"" # $%&'&()*, -, . /0& 10213210 ,* 45*('5* -, 0) (,67%8)(38, 7,*-)*( 0, 8,485'9-'&&,6,*( :3&;3<= 206>! ?<%@)*('005* ".10/ ,&( 5**,(% = A 5*()(&B )058& ;3, 0,& C)3(8,&B ".10&; ,( ".10&;".DB *, &5*( 8,0'%& ;3<= . 5*()(&! ?) 8%&'&()*, -, 79 ,( 72ΩB588,&75*-)*( = 0) 8%&'&()*, -<3* )D0,B ) %(% 8,(8)*@%, 8,&7,('E,6,*( = ,& C -,8*',8&%@)*('005*&! ?) -53D0, (8)*&'('5* = 1.6 ,( 1> ,&( -3, = 0) F%56%(8', -,& %@)*('005*& 10&;!G*, 7)8(', -3 /0 &378)5*-3(,38 ,&( 4)'( -<1036'6'36 738, -, (,67%8)(38, 8'(';3, 1.6>,( 3*, 7)8(', ,&( 3*, D'53@, 10213 -5*( 0) (,67%8)(38, 8'(';3, ,&( 1>!0) (,67%8)(38, 8'(';3, -3 H'5D'36 738 ITc = 9.25>J! K* -,&&53& -, 9.5>B '0 L ) 3*70)(,)3 5M 0) 8%&'&()*, E)8', -, 65'*& -, 10% 73'& 3*, @3(, /*)0, :3&;3<= 0Ω! N,((,@3(, ) 0',3 )3 656,*( 5M 0,& 588%0)('5*& &378)5*-3(8',& 7%*O(8,*( )3 65'*& :3&;3<=0) 65'('% -3 6%()0 *586)0 7)8 ,P,( -, 785Q'6'(% ,( -5* 3* &37,8538)*( '830, -)*&0<58! H)RE,6,*(B 5* 75388)'( 7,*&,8 ;3<,00, &, 785-3'&, = 0<'*&()*( 5M 0<%@)*('005* -,E',*((5()0,6,*( 5@%8,*( -, 7@)&,B <,&(9=9-'8, ;3)*- 6'*(LT , Lφ) = LN/2 53 kBT ≈ 4E !!S8 ,0) *<,&( 7)& 0, )&B 73'&;3, 0) (8)*&'('5* )88'E, 7538 kBT E)8')*( ,*(8, 20 ,( 30E !!T0 ,* ,&( -, 6U6, 7538 -,& :5*('5*& HD2N32HD 8%)0'&%,& 78%%-,66,*( V""WB ".X℄B 0)8%&'&()*, *300, %()'( 5D(,*3, %F)0,6,*( E,8& 15E !! N,0) 7,3( U(8, 5678'& 7)8 0, 65-O0,-, Z'0@,06  ! "#$ V"CX℄ ;3, *53& ,Q75&,85*& 7)8 0) &3'(, I4! &,('5* I !A!"JJ! K* ,P,(B ,65-O0, 78%E5'( ,*58, 0<,Q'&(,*, -<3* &37,8538)*( 7538 kBT ≈ 20E !! [538 ,& E)0,38&B0, &37,8538)*( &,8)'( 8%-3'( -<3* 4)(,38 )7785Q'6)('E6,*( 100 7)8 8)7758( = &) E)0,38 =
T = 0>! [538 8%&36,8B , ;3' &,6D0, F53E,8*,8 0<)77)8'('5* -, 0<,P,( -, 785Q'6'(%B <,&(703(�( 10E ! ;3, E ! I%@,00, -<%*,8F', ;3' )77)8)]( )3&&' -)*& 0, 538)*( 8'(';3,JB )E,
E ! = ~D/L2![538 0,& %@)*('005*& 10213210B 0) -%7,*-)*, ,* (,67%8)(38, -, 0) 8%&'&()*, ,&(3* 7,3 -'P%8,*(, I4! ^'F!  !""J! K* ,P,(B '0 *<L ) 7)& -, 70)(,)3 )78O& 0) (8)*&'('5* -,&5*()(& &378)5*-3(,38& 566, 78%%-,66,*(! K* 4)'(B 0<,P,( -, 785Q'6'(% '*(,8E',*(-O& ;3, 0,& 5*()(& &5*( -,E,*3& &378)5*-3(,38&! N,0) 7,3( &<,Q70';3,8 7)8 0, 4)'( ;3, 0)(,67%8)(38, -, (8)*&'('5* -, 0<)036'*'36 ,&( D',* 703& D)&&, ;3, ,00, -3 H'5D'36! _' D',*;3<= T = Tc("#$)B 0) :5*('5* ,&( -%:) (5()0,6,*( 5@%8,*(, -, 7@)&, )8 5* ) LT , Lφ > LN/2!_' 0,& 538D,& -, 0) /F38, I !""J &5*( -'P%8,*(,& ,*(8, ,00,&B <,&( &,30,6,*( 7)8, ;3, 0,&"XC
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!" #$ !"#  !"# $ %&'&)*'+,)+-./ 0123 4/ 56&77/&. 4/ 89:;.:89 5/ <5., =.') 1LN = 0.75µ>3<=.' # ?&><, >&@7*)+-./, =''/,<=74&7) A Φ = (2n)Φ0/4 /) Φ = (2n + 1)Φ0/4 4&7, 5&,.'B&/ 4/ 56&77/&.! 8=)/C 56?D,)*'*,+, +><=')&7)/ &'&)*'+,*/ <&' .7 '&<<=') Is/Ir > 3!<&')+/, 46&5.>+7+.> '/=.E/')/, 46=' )'&7,+)/7) A <5., 9&,,/ )/><*'&).'/ -./ 56&5.>+7+.><.'F /G<5+-.&7) 5/, # >&'?/, 4/, *?&7)+55=7, "H;5,- /) "H;5,-"H9! !" #$%$'(%)*')+,-* ./01 -' %(*)*'$2-* 3)4(%-2')-55-* !"!# $%&%()&*+(*,-.+ /012I/, &'&)*'+,)+-./, 0123 )D<+-./, <=.' 5/, *?&7)+55=7, 4/ 89:;.:89 ,=7) '/<'*,/7)*/,,.' 5& J@.'/ 1 !"#3 <=.' # ?&><, >&@7*)+-./, K 56.7 =''/,<=74&7) A .7 L.G Φ = (2n)Φ0/44&7, 5& ,.'B&/ 4/ 56&77/&.F 4=7 4/, +7)/'B*'/7/, =7,)'.)+E/, /) 56&.)'/ =''/,<=74&7) A.7 L.G Φ = (2n+1)Φ0/4 ,=+) 4/, +7)/'B*'/7/, 4/,)'.)+E/, ! I/, &'&)*'+,)+-./, ,+>+5&+'/,,=7) =9)/7./, ,.' 5/, MNO2I, /) 5/, J5, 46;5:;.:;5! N.&74 =7 &.@>/7)/ 5/ =.'&7) I%F.7 ,.</'=.'&7) )'&E/',/ 56*?&7)+55=7 P.,-.6A .7/ /')&+7/ E&5/.' -.6=7 &<</55/ =.'&7)4/ )'&7,+)+=7! /) -.6=7 7=)/'& Is! Q=.' 4/, /G+)&)+=7, ,.<*'+/.'/, A IsF =7 )./ 56/R/) 4/<'=G+>+)* /) 5& P=7)+=7 )'&7,+)/ 9'.)&5/>/7) E/', .7 *)&) 7='>&5 =S .7/ 4+R*'/7/ 4/<=)/7)+/5 &<<&'&T) &.G 9='7/, 4/ 56*?&7)+55=7! U7 /,) &5=', ,.' 5& 9'&7?/ 4+,,+<&)+E/ 4/ 5&&'&)*'+,)+-./! N.&74 =7 '/4+>+7./ 5/ =.'&7) 4/ <=5&'+,&)+=7F 5& P=7)+=7 7/ )'&7,+)/ <&,A IsF >&+, A .7/ E&5/.' 9+/7 <5., 9&,,/ -.6=7 &<</55/ =.'&7) 4/ '/<+*@/&@/ 1V'/)'&<<+7@V/7 &7@5&+,3 /) -.6=7 7=)/'& Ir! W& P=7)+=7 <'*,/7)/ &+7,+ 4/ 56?D,)*'*,+, =>>/ 46&.)'/,P=7)+=7, &.<&'&E&7) 1B! X"HY℄ <=.' 5& )=.)/ <'/>+['/ =9,/'E&)+=7 46?D,)*'*,+, 4&7, 4/,P=7)+=7, 1M\'*)'*+,,/>/7)\M33! W& E&5/.' 4. =.'&7) 4/ '/<+*@/&@/ 7/ 4*</74 <&, 4.=.'&7) 4/ <=5&'+,&)+=7 >&G+>.> -.6=7 .)+5+,/F 7+ 4/ 5& )/><*'&).'/ P.,-.6A .7/ E&5/.' 4/  ! "#$%#!&"' ('" )' *+%,# *+" )# -'%, .+# )# 0+"'!, &# ,"'!*%,%0! !# *1'!!+))# ('* (0+" Φ = (2n+1)Φ0/42!3'" )' *+%,#4 5'.+# -0%* .+# !0+* ('")#"0!* &# 0+"'!, &# ,"'!*%,%0!4 %) *1'6%"' &# )' ,"'!*%,%0! &1+!7,', !0"8') $#"* +! 7,', *+("'0!&+,#+" 9:*;%,5%!6 +""#!,: #! '!6)'%*<2"]H
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Pente en -IDC !"#  !"# $ %&'( )* &,-* ,. /0,1)* 23456 7-.78 9)*8-7:.* 9:.7;&)*'8 < .'* =0'870'50(*>?(0' < @&.?*! A&-87.)* B87;* *8 (0' >08*'87*) &((079 -*>-9(*'8&'8 )& ,C'&/7:.* ,*)& =0'870' 50(*>?(0' < ,-078*!)D0-,-* ,* 10E !! !"!# $%&'() *+,- .*)/0/102)(3 45& +4640102)(3 ,8951)& -%5:10%5;E' *F>0(* < >-9(*'86 )* /0,1)* 2345 :.7 ;& '0.( >*-/*88-* ,D*F>)7:.*- )& G0-/* ,*(&-&89-7(87:.*( HIJK *8 '08&//*'8 )& ;&)*.- ,. -&>>0-8 Is/Ir! 3* /0,1)* ,9-78 )& ,CL'&/7:.* ,* )& >?&(* ,D.'* =0'870' 50(*>?(0'! E' >*.8 /0,9)7(*- .'* 8*))* =0'870' >&-.' 7-.78 9)*8-7:.* 0'8*'&'8 .'* =0'870' 50(*>?(0' *' >&-&))1)* &;* .'* -9(7(8&'* R*8 .'* &>&789 C I;07- >&- *F*/>)* M"NO℄K! Q& -9(7(8&'* 87*'8 0/>8* ,* )& 0'8-7R.870',7((7>&87;* ,*( :.&(7>&-87.)*( &. 0.-&'8 S )& &>&7896 ,. 0T8 9)*8-0(8&87:.* ,. >&((&@*,D.'* >&7-* ,* 300>*- < 8-&;*-( )& 0.?* 7(0)&'8*!U' .87)7(&'8 )& )07 ,*( 'V.,(6 '0.( >0.;0'( 98&R)7- )D9:.&870' :.7 -9@78 )& ,C'&/7:.*)&((7:.* ,* )& >?&(* ϕ ,* )& =0'870'! 4078 IDC )* 0.-&'8 ,* >0)&-7(&870' IG! W7@!  !"#K X
IDC = ICa + IR + Isu = C

dV

dt
+
V

R
+ Ic sin(ϕ) I !"KU' .87)7(&'8 )& (*0',* -*)&870' 50(*>?(0'6 0' 0R87*'8 X

IDC = C

(
Φ0

4π

)
ϕ̈+

1

R

(
Φ0

4π

)
ϕ̇+ Ic sin(ϕ) I !YK3* :.7 ,0''* X

C

(
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4π

)2

ϕ̈+
1

R

(
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dU(ϕ)

ϕ
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 !" #$%$'(%)*')+,-* ./01 -' %(*)*'$2-* 3)4(%-2')-55-* 678 !" $
U(ϕ) = −EJ

(
cos(ϕ) +

IDC

Ic
ϕ

)
et EJ =

Φ0Ic
4π

%&'()
EJ "*+  ,,"-." ./"012" 34*",5*4/ 6" - 74/+24/ "+  0 +.02*" -82/+"/*2+. 69 49,- 1" "/+0"-"* : *9,0 4/69+"90*' ;8.<9 +24/  2/*2 4=+"/9" "*+  / -419" > -8.<9 +24/ 689/" , 0+29-"?+2!" "+ - **2<9"@ 6" ,4*2+24/ ϕ@ 6" A **" C (

Φ0

4π

)2 *49A2*" > 9/" B40" 6" B04++"A"/+
1
R

(
Φ0

4π

)2 6 /* 9/ ,4+"/+2"- U(ϕ) %B' C21' &'DE)' ; ,"/+" 6" " ,4+"/+2"- "*+ 149!"0/.", 0 -" 490 /+ 6" ,4- 02* +24/ IDC ' ;40*<9" IDC < Ic@ " ,4+"/+2"- ,0.*"/+" 6"* A2/2A -4 9F 0.19-2G0"A"/+ "*, .* 6" 2π <92 ,"9!"/+ ,2.1"0 - , 0+29-"' ;40*<9" IDC > Ic@"* A2/2A 62*, 0 2**"/+' H490 9/ 490 /+ 6" ,4- 02* +24/ -.1G0"A"/+ 2/B.02"90 > Ic@ - , 0+29-" ?+2!" ,"9+ 4*2--"0 > -82/+.02"90 69 ,92+* > - ,9-* +24/ ,- *A ωp =
√

2eIc

~C
%6 /*-85I,4+5G*" 4J -" A46G-" *8 ,,-2<9"0 2+ ,490 /4* 74/+24/* %KLK)@ /49* /49* *2+9"024/* 9+490 6" ωp ≈ 70000MNO 4J 4/  ,02* C ≈ 0.1BC <92 "*+ -84060" 6" 10 /6"90 6" -  , 2+.689/ ?- 6" 1µA)@ 49 =2"/ *8.5 ,,"0 69 ,92+* 6" 5 9+"90 ?/2" *42+ , 0 "P"+ +9//"- %0.12A"+9//"- A 04*4,2<9") <9 /6 2kBT ≪ ~ωp %"F,.02A"/+ -"A"/+@ 4/ *" *2+9"0 <9 *2A"/++497490* 6 /* " 0.12A")@ *42+ , 0  +2! +24/ +5"0A2<9" *2 2kBT >> ~ωp' Q/" B42* - , 0+29-" .5 ,,."@ *92! /+ -" B +"90 6" <9 -2+. Q = ωpRC = R

√
2eCIc/~@ : 0.12A"* *4/+,4**2=-"* $

• Q≪ 1 !"#$%& '(!)*%+!,$ -* .!$,$+0 &', '$ #!*01& 2(& -* 3*!,$(-& &', !&3$"#"& 1*0'-& 3($,' '($4*0,5 6*0' & *' +0 '7*,,&01 8 & 2(& V = R
√
I2 − I2

c 9:;<℄5
• Q >> 1 !"#$%& '+(')*%+!,$ -* .!$,$+0 &', ,!+3 .*$>-& 3+(! &%3?@&! -* 3*!,$(-& 1&1"4*-&! -* 3&0,& -* A+0,$+0 1"4&-+33& (0& ,&0'$+0 &, 1"!$, -* >!*0@& 2(*'$3*!,$(-&1& -* *!*,"!$',$2(& BCD5 E0 .*$, 2(*01 IDC '& !*33!+@& 1& Ic 3*! 4*-&(! $0."!$&(!& -* %+$01!& 3&!,(!>*,$+0 .*$, ,!*0'$,&! -* A+0,$+05 B- &0 !"'(-,& 2(7$- &', >&*(+(3 3-('!*!& 1& ,!*0'$,&! *3!F' Ic 2(7*4*0,5 G7&', &, &H&, 2($ 1".+!%& -&' @$',+#!*%%&' 1&,!*0'$,$+0 I0+(' J !&4$&01!+0' 3*! -* '($,& 1*0' -* '&,$+0 IK5L5MNN5 6*0' & !"#$%& 2($ +!!&'3+01 8 C >> 1/(Rωp) -* *!*,"!$',$2(& BCD 1&4$&0, @J',"!",$2(&5 O*,!*0'$,$+0 P+!%*- 4&!' Q(3!*+01(,&(! *33*!*R, 3+(! (0 +(!*0, 1& 3+-*!$'*,$+0
IDC = Ir I+(!*0, 1& !&3$"#&*#&N 1$H"!&0, 1& Is I+(!*0, 1& ,!*0'$,$+0N5 S0 3&(,%+0,!&! 2(7+0 * -* !&-*,$+0 Q = 4Is/πIr I67*3!F' Is/Ir %&'(!" &-* 1+00&!*$, 3+(!0+' A+0,$+0' IQPQN Q ≈ 6− 175 Q$ +0 4+(-*$, *33-$2(&! 1$!&,&%&0, -* ,@"+!$& TGQU*(V A+0,$+0' P>CW(CP> 3*! &V&%3-& +0 ,!+(4&!*$, Q ≈ 0.005 *4& R ≈ 0.5Ω &,
C ≈ 0.1.X5 G&-* &', $0+%3*,$>-& *4& -* ,!*0'$,$+0 '(3!*+01(,&(! 0+!%*-& !*$1&1*0' -&' *!*,"!$',$2(&' V (I) 1& 0+' A+0,$+0'5N5E0Y0 0+,+0' 2(& & %+1F-& &', >$&0 *1*3," 3+(! (0& A+0,$+0 IQBQN 3*!& 2(& -& 0$4&*('($4*0, 1( 3+,&0,$&- U(ϕ) &', ,!F' -+$0 &0 "0&!#$&5 W-+!' 2(& 3+(! -&' A+0,$+0' IQPQN 2($ 3-(' &', *4& (0 %",*- 3+(! 3*!,$& 0+!%*- $- J * (0 +0,$0((% 1& 0$4&*(V 1*0' -&3+,&0,$&- & 2($ +%3-$2(& 0&,,&%&0, -& %+(4&%&0, 1& -* 3*!,$(-&5 S0 4* 4+$! 1*0' -*'&,$+0 '($4*0,& 2(7+0 3&(, !*Z0&! -& %+1F-& TGQU5 !"!" #$%&'(')*$+ ,-.$()/0/1&.()/+/[0& 4*-&(! 1& Ir '$ 1$H"!&0,& 1& Is 07&', 3*' .*$-& 8 &V3-$2(&!5 G&3&01*0, +0 3&(,17+!&' &, 1"A* &V-(!& 1&' &H&,' 1& @*(H*#&5 E0 &H&, \+H%*00  ! "#$ 9:LK℄ +0, ",(1$"-& >!($, &0 +(!*0, 1*0' 1&' A+0,$+0' P>CG(CP> -+0#(&' &, 1$H('$4&' ξ ≪ LN ≪ Lφ5B-' +0, 3( *A(',&! -&(!' 1+00"&' 8 T = 100%] *4& (0 %+1F-& 8 ,&%3"!*,(!& 0(--&5 O&':^M
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Q = 4Is/(πIr) =

√
2eRNIcτR

~
=

√
2eRNIc
E ! =

√
2b = !Y?*N- eRNIc = bE !! 5*+' 1- *' .-' I3+)(3+' )0H' 13+B4-' ∆ >> E !M b +- .&<-+. C4- .-1* )-><&0*)40- -) N*4) 10.82 D T = 0^! _+ *))-+. .3+ 4+ 2*)-40 .- C4*1()& Q .- 1730.0-.- √(2 ∗ 10.82) ≈ 4.5M - C4( -') -]*)->-+) - C4- +34' )034N3+' -]<&0(>-+)*1->-+) =2!)*91-  !U? *(+'( C4- 1-' B034<-' <0&&.->>-+) ()&' <340 1-' I3+)(3+' -+ 8(39(4>! F1 -')0->*0C4*91- C4- .*+' - 0&B(>- =2*(1->-+) *))-(+) <340 1- 8(39(4> ∆ ≈ 16^ >> E !?M1- 0*<<30) Is/Ir '3() 4+(N-0'-1 -) C4- -1* 300-'<3+.- *4''( 9(-+ *4] .3++&-'! 6- 0*<<30)+- .&<-+. +( .4 >&)*1 +30>*1M +( .4 '4<0*3+.4)-40M '-41->-+) .- 1* )-><&0*)40- ` !"!# $%&'&()*,& -'.%/,*(',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
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13Sqc !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 0&*+/&* ,- 2 3&'( 4-. 56)*+/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 B0! 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



 !" #$%&'()*), -'., /0,,), 1'&23)*),
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2

T (K)

0

100

200

300

400

500

I 
(µ

A
)

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%&' 154Q()*.11%) 91"Y-I7@ )%&- -%22,- < 2%.)- +, 50%+, 1( >(1,&' < T = 0R@ /! *(71,(& +, 1( KA&', : !N;;@ >%.', ,O,11,)* 3%&' 1,- 4Q()*.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,- 4Q()*.11%)- +59189&891 :/! U.A!  !"J; 3(', I&, 15.)*,'>(11, +, *,234'(*&', ,)*',
5E ! ,* Tc ,-* &) %'+', +, A'()+,&' 31&- 3,*.*!"JZ



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

 ! 

 !%

 !&

 !'

 !#

$! 

 

 

!
"
#

$
%

$
&
'
&
(
)

 
*

+
)

,
-

%
.

.
/

0
/

1
(

!"!# !"#  !"# $ %&'()(*+*,- .'/& +) 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*<-&717 376 .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-&717 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&' ! $60-,-8)& A &)+1 &B&(+4 /-.' )- ,434,&.& CDEF℄℄ /-.' /&' =$.(1$.' ?8WL+W?8 &( ! !"# $! %&'&%("( *+,-℄ $( /%!0/(1("/ "2(#/ 3!# $( 141(5 (##("/0($$(1("/ 3!%( 67( $! '!89" :( 1(#7%(%(#/ :0;&%("/(< DXD
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!" #$ !"#  !"# $ %&'()* +* {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/IsΦ0/2 = h/2e+1,4 31 4'(-1* +* 3?1,,*1'! %*4 &40331/0&,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 &40331/0&,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 5/124/1 *( ), 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!
 !  !"  !#  !$  !% &! 

 ! 

 !'

&! 

&!'

 

 

!
"

#

$
%

&
'
(

)
*
+
,

!"#$ !"#  !"" $ I,77/02 *( ), ),0+(-0 @ 64A',-2(-0 *(3 '432/+0,66(3 3-0 )( /-0,12 *( 20,1A3424/1 (1 5/124/1 *( ), 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= Icc ≈ Φ0/4πH -+   !"# $%!&# $"##' ()$+ ,&!& )-.)+#-&(+ ''/ 0- )$..!)( SD/Is -& 1!&('!& 2- (

kBT/EJ(T=0)

)(2/3) !3
EJ(T=0) = Φ0IC(T=0)/(4π)4  !"# &- .!"%!&# .$# !5.06(-5-&( -70")- 8"9: ;$"(- (-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 ≈
0.1Φ0/4πn #$% 2)(3&*/7'- ,)*. 9) (-9)+/&* &'()*+I42).-G Φ0/2 46(/&,/7'- ,-E()/+ E)(/-( &33- 1/n



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

&

'&

(&

 &

!&

"&

#&

$&

 

!"#$

 

 

%
&
"

'
$ !"#  !"# $ %&'()*+ ,- +()*./+/&* -* 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 5/124/1 *( 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 5/124/1 *( 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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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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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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&

&

%#$ !"#  !"# $ %&'()*+,&- '. )* /.)*+,&- &(/*-+123*4. 5 *(4. '. )* 26-6+/*+,&- '( 3*727*8-6+,9(. '*-4 )* :&-+,&- ;&4.234&- <Φ0 = h/e=! >&+.? )* /.44.7@)*-. *A. )* B8(/.'. ',C/*+,&- 'D(-. E.-+. 6+/&,+. .- &2+,9(.!'*-4 )* ',C/*+,&- 2*/ (-. E.-+. 6+/&,+.! FG.2+6 9(. . 9(, 2/&A&9(. ). '623*4*8. ,,H .-D.4+ 2*4 )* ',C6/.-. '. 3.7,- &2+,9(.H 7*,4 ). 3*72 7*8-6+,9(.! I,-4, *1+1&- J
∆φ =

4π

Φ0

∫
~A.~dl =

4π

Φ0

∫ Lp

0

Bydx =
4π

Φ0

ByLp < !#K=L.++. *-*)&8,. -&(4 2./7.+ '. A&,/ 9(. 2&(/ (-. :&-+,&- <M>M=H ,) .4+ 2/&@*@). 9(D&--D&@+,.--. 2*4 +&(+ 5 E*,+ ). 7N7. /64()+*+! F- .C.+H ).4 +/*:.+&,/.4 -. 4&-+ 2)(4 /.+,),8-.4H.)).4 4&-+ 2)(+�+ ',C(4,A.4 5 *(4. '( '64&/'/.! P. *)() 4D.- +/&(A./* -.++.7.-+ &72),9(6<E! 4&(414.+,&- 4(,A*-+. 4(/ ). 7&'Q). 4.7,1)*44,9(.=! %*,4H 8)&@*).7.-+ &- 4D*++.-' 5 (-.7&'()*+,&- '( &(/*-+ /,+,9(. 5 *(4. '. )* 26-6+/*+,&- '( 3*72 '*-4 )* 2*/+,. -&/7*).H*A. (-. 63.)). '. )D&/'/. '. Φ0/(2WLN)! F- E*,+H '.4 .G26/,.-.4 '*-4 2)(4,.(/4 4&/+.4'. :&-+,&-4 &-+ '6:* &@+.-( (-. '62.-'*-. '( &(/*-+ /,+,9(. .- E&-+,&- '( 3*727*8-6+,9(. '. +R2. S/*(-3&E./ T#UUH #UK℄! W) 4.7@)./*,+ 9(. . 4&,+ 2)(4 )* 86&76+/,. '. )*:&-+,&- 9(, :&(. 9(. 4&- */*+Q/. -&/7*) ',C(4,EH -&/7*) @*),4+,9(. &( 7N7. ,4&)*-+! F-.C.+H ).4 .G26/,.-.4 2/66'.77.-+ ,+6.4 6+*,.-+ '*-4 )* ),7,+. ξ, LN ≪ W ≪ Lφ, LT !456.7) ,)8(970,,(23)X- 2/64.-+. 7*,-+.-*-+H (- 7&'Q). 4.7,1)*44,9(. 4,72). 4(/ )* '6/&,44*-. '. )*&(/@. Is(B) 5 E&/+ 3*72! W) 4D,-42,/. '( 7&'Q). '. )* 4&(414.+,&- 2/66'.-+. 4(/ )* :&-1+,&- ;&4.234&- 4*(E 9(. ).4 +/*:.+&,/.4 -. 4&-+ 2)(4 2./2.-',()*,/.4 5 )D,-+./E*.H 7*,4 .)).44&-+ ',C(4,A.4 5 *(4. '( '64&/'/.! X- 4. 2)*. '*-4 )* 86&76+/,. ξ,W ≪ LN ≪ Lφ, LT !W) 2/.-' .44.-+,.)).7.-+ .- &72+. ). '623*4*8. 4(@,+ 2*/ (-. 2*,/. 'DI-'/..A 2&(/ *))./'D(- &-+*+ 4(2/*&-'(+.(/ 5 )D*(+/.H 5 *(4. '. )* 26-6+/*+,&- '( 3*72 7*8-6+,9(.# Y
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S SN

Ux

Uy

0

W/2

-W/2

i

j

B

1 2 !"#  !"# $ %&')*&' +,-,. /&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)&*;2 590*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. ! ! #$%$ &!''!()$! #% #$%$ *! $# $+#$,'#-,+. /#,)$!0 '#%/ 1%! 2+%& !--! *!&.,3&! $# (+4!..! '! /#,-'%& $!' -&#5!-+,&!' 1%, +.-,!..!.- %.! )+%$!6 J J
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'
$ !"#  !"" # $%&'()* +, *'()-.*.%) ,) /%)*.%) +, 1 2%&' 34 ()),(& +, 5678&756 9LN =

1.2µ:;! <4,)=,3%22, +,- %-.33(*.%)- ,-* (>&-*?, -%.* 2(' &), @(&--.,)), 9,) *'(.* 23,.);A-%.* 2(' 3( /%':&3,  !BC 9,) *'(.*- 2%.)*.33?-;!D) 2,&* '(.-%))(63,:,)* 2,)-,' E&, 3( +.-*'.6&*.%) +,- F,:.)- (&*%&' +, 3( *'(>,*%.',',*.3.@), 2('*()* +4&) 2%.)* i E&,3%)E&, +4&) �*? +, 3( >%)*.%) ,* (33()* H &) 2%.)*
j E&,3%)E&, +, 34(&*', �*? +, 3( >%)*.%) ,-* @(&--.,)),! D) 2%&''(.* (3%'- )(I=,:,)*(**,)+', &), ',3(*.%) %&'()*J2F(-, @(&--.,)),! K) /(.*A , )4,-* 2(- *%&* H /(.* 3, (- ('3,- *'(>,*%.',- ), +&',)* 2(- *%&*,- 3, :L:, *,:2-! <, '?-&3*(* M)(3 ,-* 23&*�* &), -%::,+, @(&--.,)),- +, 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, %&'()* '.*.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 :(.- +?'%Y* :%.)- =.*, E&4&), @(&--.,)), H /%'* X&Q! <4(>&-*,:,)*+, )%- +%))?,- ,-* :%.)- 6%) E&, 2%&' &), /%':, @(&--.,)), 9/! Z.@!  !"";! [%&'*()*A, :%+\3, ( 34(=()*(@, +4L*', =(3(63, E&,3E&, -%.* 3( 3('@,&' +, 3( >%)*.%) +()- 3( 3.:.*,
LN ≫ W ! ]( 2'.).2(3, /(.63,--, ,-* E&4.3 ), 2',)+ 2(- ,) %:2*, +,- '?X,Q.%)- +48)+',,=:&3*.23,-! ^3 ,-* +%) :%.)- '%6&-*, H 6(- F(:2!4'&5(-(6*, -7&6'(23), /0,&), ,3' 8), &230-(6*, 59:,05)8K) '?-%3=()* )&:?'.E&,:,)* 3,- ?E&(*.%)- +4_-(+,3A $&,=(-  ! "#$ RCS`℄ %)* ?*&+.?3, 3.,) ,)*', 34,N,* +, 2'%Q.:.*? ,* 3,- '?X,Q.%)- :&3*.23,- +48)+',,= +()- 3,- >%)*.%)-+.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 !"!# $%&'()*'& !"# %#&'()* +,')&(--!)* ./0 1(20 3045 %& 1(20 304678 !) ' !9*%#:+ ")% #!(**')% ();'&&%)<"% <" !"#')& <% &#')*(&(!) = 9'* ,'>?8 %) <%**!"* <% 30@ = <%* &%>?+#'&"#%*()/+#(%"#%* = 100>A0 B) %C%& *(>(-'(#%8 >'(* = ")% +,%--% 9(%) <(C+#%)&% ':'(& <+D' +&+!9*%#:+ *"# <%* D!)&(!)* #+'-(*+%* %) E->* '>!#?,%* <% F!-G9<H)% IJ5K℄0 M- ':'(& +&+ '&&#(;9"+ = -' 9#(*"#% <% ?'(#%* <% N!!?%# = '"*% <%* !--(*(!)* ':% #%):%#*%>%)& <" *?() <%*+-%&#!)* *"# <%* (>?"#%&+* >'2)+&(O"%*0 N%* +:+)%>%)&* O"( 9#(*%)& -' !,+#%)% <% ?,'*%<!(:%)& <(*?'#'P&#% O"')< -%* >!>%)&* >'2)+&(O"%* <%* (>?"#%&+* *!)& 2%-+*8 Q%*&;=;<(#%O"')< -% ,'>? >'2)+&(O"% <+?'**% <%* :'-%"#* &%--%* O"% 2µBB = kBT 0 N%-' !##%*?!);<#'(& = B > 150@ ?!"# T > 20>A ?#%*O"% ") !#<#% <% 2#')<%"# '" <%-' <" >'R(>"> <%
Is0 S% ?(+2%'2% <Q") T"R <')* -%* E-* *"?#'!)<"&%"#* ?%)<')& -% #%/#!(<(**%>%)& <%-Q+,')&(--!) )% *%>9-% ?'* U&#% ")% 9!))% %R?-('&(!) )!) ?-"* ?"(*O"Q(- )QG ' '"")%(##+:%#*(9(-(&+ !" ,G*&+#+*(* '**!(+% = %&&% <+?%)<')% %) ,'>? (),'9(&"%--%0V%* ()&%#/+#%)%* O"')&(O"%* <')* -' ?'#&(% )!#>'-% <% -' D!)&(!) *!)& +2'-%>%)& *%);*+%* <!))%# -(%" = <%* !##%&(!)* <% -!'-(*'&(!) /'(9-% <% -' !)<"&')%0 W+')>!()*8-Q'>?-(&"<% #%-'&(:% <% -Q'"2>%)&'&(!) <% Is !9*%#:+% .<% -Q!#<#% <% 20%7 %*& 9(%) &#!?2#')<% ?!"# U&#% %R?-(O"+% ?'# -' ?,G*(O"% <% -' -!'-(*'&(!) /'(9-%0 X) %C%&8 !) *Q'&&%)<= % O"% -' !##%&(!) = -' #+*(*&')% <%* E-* )!#>'"R *!(& <% -Q!#<#% <% δR = R2δg ≈
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 !!"#"   !!$%&'()! *$ +$# %),- *"- ,.+"'()!--$, %"- 0),*- *1$! 2% 3$&!'(3$" !"# %&&% !""%'% (" )("&*% +,-,"% &*!.%&(/*% 0%*)1% +,/ "-%2%&,% +,% 3%# (44/#/("##,* 4%# 5(*3# 3-," 64 %"74(5% ," 8,' ",4 90: ;/7: <:=>: ?% !4,4 %#& &/*1 3% 4! *101*%"%@=AB℄: !"# <:= D E*!.%&(/*% 14%&*("/+,% #% *181F/##!"& ,"/+,%)%"& #,* 4%# 5(*3# 3, 64:G(,* ," F!)H )!7"1&/+,% H%*H%"3/,4!/*% !, 64 9#,/I!"& J> (" H%,& F(/#/* ," H(&%"&/%4I%&%,* ~A = (0, Bx)  !"#$%& '( )"*(&",% (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%# ')*' +*$(,)$+#* %" *,=-/% '$)$+#**)+,( 638 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 =!5E% %& 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- *,%"& %& !""-E-1%"& 1%# ,1%&*)"# +<,"%*=-% ǫ +!"# 1% *,#%*.)-*+% =!5E% 6)5 +% +*)-&%:( 05-# F5- #% +,01!%"& %" +-*%&-)" +% 1<,E!"&-11)"8 A%# )0,*!&%5*##!&-#3)"& !5' *%1!&-)"# +<!"&-)//5&!&-)"# #5-.!"&%# 61%# ,1%&*)"# ,&!"& +%# 3%*/-)"#: T

{
âβ(ǫ

′), â†α(ǫ)
}

= δαβδ(ǫ− ǫ′) 6J89:
{âβ(ǫ

′), âα(ǫ)} = 0 6J8?:W" +,V"-& 1%# )0,*!&%5*# E!/0 ψ̂1 %& ψ̂2 F5- *%0*,#%"&%"& 1%# )"+%# ,/-#%# 0!* 1%9X9
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Réservoir 

d’électrons

Réservoir 

d’électrons

TL TR

µL

µR !"#  !" # $&'()*++,( -./,/,0*123 45'+*/)*123 ,2 6*72/*89 3():3 ; :./3:<,*:/ .+3):,(*123/!
( Longueur

réservoir réservoir

1

1

1

1

2

2

2

2 !"#  !; # =*+ 5'+*/)*123 "> ? " '('+ 3():3 ; ,()')/! @3/ .+3):,(/ /,() '//*-*+./ A 63/,(63/ 0+'(3/! "B;



 !" !"# $%& '# ()*,# -#. '# ' %&.#/ 0
ψ̂1(x, t) =

∫ 'ǫ e−iǫt/~
â1(ǫ)√
2π~ v1(ǫ)

eik1(ǫ)x -123/
ψ̂2(x, t) =

∫ 'ǫ e−iǫt/~
â2(ǫ)√
2π~ v2(ǫ)

e−ik2(ǫ)x -124/%5 0 ν(ǫ) = 1
2π~v1,2(ǫ)

#". 6) '#7"&.! '8!.)." 9) *7&.! '8!7# (&# #. 9) *7&.! '# 6%7(*#* 2:7 *.&6&"# #7"*&.# 68%9! ).#* %* )7. -6%&7 '# 68!,)7.&66%7/ )66)7. '*  !"# $%& '# ()*,#; 68!,)7.&66%7 0
Î1(x, t) =

e~

2im

[
ψ̂†1(x, t)

∂ψ̂1(x, t)

∂x
− ∂ψ̂†1(x, t)

∂x
ψ̂1(x, t)

] -12</=9 >" *7 9#.&. 9#* '8)6(>? #@ %7 %?.&#7. 0
Î1(x, t) =

e

h

∫ 'ǫ 'ǫ′ei(ǫ′−ǫ)t/~
v1(ǫ) + v1(ǫ

′)

2
√
v1(ǫ) ∗ v1(ǫ′)

â†1(ǫ
′)â1(ǫ)e

i(k1(ǫ)−k1(ǫ′))x -12A/B7 *.&6&")7. 0 〈
â†1(ǫ)â1(ǫ

′)
〉
= δ(ǫ− ǫ′)f1(ǫ) -12C/%5 〈〉 "&(7&D# E%F#77# ".).&".&G*# #. G*)7.&G*# 9%* *7 !,)7.&66%7 ; 68!G*&6&? # .,# E&G*#@&6 $&#7. 0

I1 = 〈I1(x, t)〉 =
e

h

∫ 'ǫ f1(ǫ) -12H/I# EJE# 9%* I22 K*&" 0
I = I1 − I2 =

e

h

∫ ∞

0

'ǫ (f1(ǫ)− f2(ǫ)) -12L/B7D7@ )$# µ1 = µ2 + eV 0
I =

e2

h
V ∀V, T -12MN/:7 %?.&#7. 0

G = lim
V→0

∂I

∂V
=
e2

h
≈ 1

25.8OΩ -12MM/:7  #. %*$# 6# G*)7.*E '# %7'*.)7# GQ2#$%  '('% ')*  +,-$.( /* /$012$.( *3 *(3+* 4 .(3'32:7 %7"&'> # ; 9 !"#7. *7 D6 &'!)6 ')7" 6#G*#6 "# . %*$# *7 #7. # '&P*"#* 9%7.*#6@%7.).! 9) '#" D6" &'!)*Q ; R  !"# $%& " -S T&(2 123/2 U%&#7. b̂†1,2(ǫ) #. b̂1,2(ǫ) 6#" %9! ).#* "G*&  !#7. #. )77&,&6#7. 6#" !6#. %7" ')7" 6#  !"# $%& '# ()*,# -%* '# ' %&.#/@ #. #7. )7.')7" #6*&V&2 W6" %?!&""#7. )*Q EJE#"  #6).&%7" '8)7.&V%EE*.).&%7 G*# 6#" %9! ).#* " â†#. â2 ML3



 !" #$%&'()*&+ ,+ -'.,'/+%01233)4+%
Réservoir Réservoir

Région de    

diffusion

1
2

1 2 !"#  !" # $%& ' )*)& )+, ' -./%0* 1, 1%234%0* ,5 ,* 0*5)5 6)-7)%5 )+, 8 -.4,-+0%-4!
1

1

2

2 !"#  !9 # :)5-%, 1, 1%234%0* -,&%)*5 &,4 );6&%531,4 1, 03-)*5 < &=,*5-., ,5 < &) 40-5%,13 >&!?,4 06.-)5,3-4 @);6 ψ̂1 ,5 ψ̂†1 A3% -,6-.4,*5,*5 &=0*1, 505)&, < /)3@, Bx1 < 0C 1,D+%,**,*5 E
ψ̂1(x, t) =

∫ 1ǫ e−iǫt/~

√
2π~ v1(ǫ)

[
â1e

ik1(ǫ)x + b̂1e
−ik1(ǫ)x

] B !'8C
ψ̂†1(x, t) =

∫ 1ǫ eiǫt/~

√
2π~ v1(ǫ)

[
â†1e

−ik1(ǫ)x + b̂†1e
ik1(ǫ)x

] B !'"CF* %*5-013%5 &) &'3%)+ ,+ ,)6/*)$. S! G&&, -,&%, &,4 );6&%531,4 1, 03-)*5H *0* &,4);6&%531,4 1,4 70*5%0*4 1=0*1, B7! $%/!  !9C 6)- E
(
b̂1
b̂2

)
= S

(
â1

â2

) I+, E S =

(
S11 S12

S21 S22

)
=

(
r t′

t r′

)?,4 .&.;,*54 1%)/0*)3J S11 ,5 S22 1.-%+,*5 &) -.K,J%0* 1,4 .&,5-0*4 +,-4 &, -.4,-+0%-1, /)3@, 03 1, 1-0%5,! ?,4 .&.;,*54 *0* 1%)/0*)3J S21 ,5 S12 -,6-.4,*5,*5 &) 5-)*4;%44%0*1,4 .&,5-0*4 < 5-)+,-4 &=.@)*5%&&0*! ?) 0*4,-+)5%0* 13 03-)*5 %;6&%A3, A3, &) ;)5-%,
S 40%5 3*%5)%-,! L,&) %;604, 1,4 0*1%5%0*4 43- &,4 6-0M)M%&%5.4 1, 5-)*4;%44%0* T (ǫ) ,5 1,-.K,J%0* R(ǫ) E

|S12|2 (ǫ) = T12(ǫ) = |S21|2 (ǫ) = T21(ǫ) = T (ǫ) B !'9C
|S11|2 (ǫ) = |S22|2 (ǫ) = R(ǫ) = 1− T (ǫ) B !'NCO, ;P;, 603- S†! O=)35-, 6)-5H ,* 6-.4,*, 1, 4Q;.5-%, 6)- -,*+,-4,;,*5 13 4,*4 135,;64H &) ;)5-%, 1, 1%234%0* ,45 4Q;.5-%A3, -.,&&, B6-%*%6, 1, -.+,-4%M%&%5. ;%-0406%A3,C!'R9



 !" !"#$%&'()% ")%&+' ,)- -%).( /&+0 .( %$0(%1"-% /( 2&)3( 4."-+ /( .!$3&+'-.."+5 0!(67#%-8( 9
Î1(t) =

e

h

∫ /ǫ/ǫ′ ei(ǫ′−ǫ)t/~ ei(k1(ǫ′)−k1(ǫ))x
v1(ǫ) + v1(ǫ

′)

2
√
v1(ǫ)× v1(ǫ′)

[
â†1(ǫ

′)â1(ǫ)− b̂†1(ǫ
′)b̂1(ǫ)

]4:;<=5>+ )'-.-0&+' .& /$?+-'-"+ /( .& 8&'%-( /( /-@)0-"+A "+ #()' (6#%-8(% .( ")%&+' (+'(%8( /!"#$%&'()%0 â (' â† 0().(8(+' 9
Î1(t) =

e

h

∑

αβ

∫ /ǫ /ǫ′ ei(ǫ′−ǫ)t/~â†α(ǫ)Tαβ(1; ǫ, ǫ
′)âβ(ǫ

′) 4:;<B5"C .(0 -+/-(0 α (' β 0( %&##"%'(+' &)6 %$0(%1"-%0 (' 0"+' 0"-' 1 0"-' 2;  & 8&'%-( A (0'/$?+-( #&% 9
Tαβ(1; ǫ, ǫ

′) = δα1δβ1 − S†1α(ǫ)S1β(ǫ
′) 4:;<D5>+ #"0&+' 9 E ′ = E + ~ω (' (+ -+'$2%&+' 0)% ωA "+ "E'-(+' 9

Î1 =
e

h

∑

αβ

∫ /ǫâ†α(ǫ)Tαβ(1; ǫ, ǫ)âβ(ǫ) 4:;<F5G+'$%(00"+07+")0 8&-+'(+&+' H .& 1&.()% 8"I(++( /( I1; >+ )'-.-0&+' .(0 $,)&'-"+0 4:;<B5(' 4:;B5A "+ "E'-(+' 9
I1 =

〈
Î1

〉
=
e

h

∫ /ǫ [f1(ǫ)− |S11|2 f1(ǫ)− |S12|2 f2(ǫ)
] 4:;JK5 ( #%(8-(% '(%8( "%%(0#"+/ &)6 $.('%"+0 $8-0 #&% .( "+'&' 1 &..&+' 1(%0 .!$3&+'-.."+A.( 0("+/ &)6 $.('%"+0 $8-0 #&% .( "+'&' 1 (' 0( %$L$3-00&+' 0)% .!$3&+'-.."+A .( '%"-0-M8(&)6 $.('%"+0 $8-0 #&% .( "+'&' 2 (' $'&+' '%&+08-0 H '%&1(%0 .!$3&+'-.."+; N1( .(0O"%8).(0 4:;<P5A "+ &%%-1( H .& #$%&'() *) +,-*,')% 9

I1 =
e

h

∫ /ǫ T (ǫ) [f1(ǫ)− f2(ǫ)] 4:;J<5Q+ & /"+ 9 I1 = −I2 = I; R)-0A (+ )'-.-0&+' ,)( µ1 = µ2 + eV 9
G =

e2

h

∫ /ǫ T (ǫ)(−∂f
∂ǫ

) 4:;JJ5Q%A H ./01 .& /$%-1$( /( .& O"+'-"+ /( /-0'%-E)'-"+ /( S(%8- /(1-(+' .& O"+'-"+ /(T-%&A 0- E-(+ ,)( .& "+/)'&+( .-+$&-%( 0( %&8M+( H .!(6#%(00-"+ (6'%U8(8(+' 0-8#.(0)-1&+'( 9
G =

e2

h
T (ǫ = ǫF ) 4:;JV523( *34'53# 6 78-8%,(35,93$- & $-9,95 ; - ,-,'<Q+ "+0-/M%( H #%$0(+' )+ $3&+'-.."+ "+'&'$ #&% /(0 ?.0 -/$&)6 H /(0 %$0(%1"-%0 8&%7,)$0 #&% )+ -+/-( α 4O; S-2; :;P5; R")% )+( (%'&-+( $+(%2-( ǫA .( ?. α #"00M/( Nα(ǫ) &+&)6  ! "#$% &'!%(#( )$# *#+ ,-%#++#+ ,.(-#!% /'$#&#!% .,# *12!#(3-#4 %5"-)$#&#!% 6 *127#**# /# *12!#(3-#/# 8#(&-9 <FP



 !" #$%&'()*&+ ,+ -'.,'/+%01233)4+%
Potentiel électro-chimique des contacts: µα=EF+eVα

x1
0

x
3

0

x 2

0 !"#  !" # $%& '%()*%+ ,-&%./ 01, '-* 2&* %'.1)3 04**.'156 Nα 151)3 '- 45')6%45/ 8 '-*,.*-,94%,* α!6,15*9-,*-*! :- ;<;- =)- 0,..'-;;-56/ 45 %56,4')%6 &-* 40.,16-),* â†α,n(ǫ)/ âα,n(ǫ)/ b̂†α,n(ǫ)-6 b̂α,n(ǫ) *- ,.+.,156 1) n !"# 151& ') 2& α -6 ,-&%.* -56,- -)3 01, &1 ;16,%- '- '%()*%45> *-&45 ?
b̂α,m(ǫ) =

∑

βn

Sαβ;mn(ǫ)âβ,n(ǫ) @ !ABC:- ;<;- 04), S†!D5 40.,156 4;;- 0,..'-;;-56/ 45 E.5.,1&%*- &1 +4,;)&- @ !FGC 04), &- 4),156 86,19-,* &- 2& α ?
Îα(t) =

e

h

∑

βγ

∑

mn

∫ 'ǫ 'ǫ′ ei(ǫ′−ǫ)t/~â†βm(ǫ)T mn
βγ (α; ǫ, ǫ′)âγn(ǫ

′) @ !A"C19- &-* 4-H%-56* '- &1 ;16,%- T ?
T mn

βγ (α; ǫ, ǫ′) = δmnδαβδαγ −
∑

k

S†αβ;mk(ǫ)Sαγ;kn(ǫ
′) @ !AICJ-* *%E5-* ') 4),156 *456 0,%* 04*%6%+* =)15' %&* 1,,%9-56 *), &K.L156%&&45! M1, -3-;0&-04), N ,.*-,94%,*/ &1 ;16,%- '- '%()*%45 1 &1 +4,;- *)%9156- ?

S =




(S11) (S12) (S13)
(S21) (S22) (S23)
(S31) (S32) (S33)


J-* *4)* ;16,%-* Sαα = (Sαα,nn′) '%1E451&-* '- '%;-5*%45 Nα ∗ Nα *- ,1004,6-56 8 &1,.O.3%45 8 01,6%, 'K)5 151& n′ 9-,* &- 151& n -6 &-* *4)* ;16,%-* Sαβ = (Sαβ,nm′) '%1E451&-*FPI



 !" !  "#!$%"&$ Nα ∗ Nβ %! '())&'*!$* + ,( *'($%#"%%"&$ + )('*"'  - ($(, m′  - &$*(* β/!'% ,! ($(, n  - &$*(* α0 1! &-'($* #&2!$  !/"!$* (,&'% 3
Iα =

e

h

∫  ǫ Nα∑

n=1


fα(ǫ)− fα(ǫ)

Nα∑

n′=1

|Sαα,nn′ |2 −
∑

β 6=α

fβ(ǫ)

Nβ∑

m′=1

|Sαβ,nm′ |2

 4506789-" !%* ,( :&'#-,! 4;0<;8  !  =)('*  ! ,( %!*"&$ 4;060<80 1! )'!#"!' *!'#! &''!%)&$ (->=,!*'&$% =#"% )(' ,! &$*(* α (,,($* /!'% ,?=@($*",,&$A ,! %!&$ (-> =,!*'&$% =#"% )(',! &$*(* α !* %! '=B=@"%%($* %-' ,?=@($*",,&$A ,! *'&"%"C#! (-> =,!*'&$% =#"% )(' ,!%&$*(*% β 6= α !* *'($%#"% + *'(/!'% ,?=@($*",,&$ /!'% α0<D7
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 !!"#" $ %%&')*'&'+, -" &) +.,/0'" -"1 2)+0'"1)&,)+/'0"1 345 ! "#$ %! !$$! '((!)! !*$ %! %+((!, #(! +(%-$-+( *#, ./'00.-'"-.-$1 %! .' 2345461+,-! %!* 3'$,-!* '.1'$+-,!*7 0+#, (+* '((!'#) 86',+(+9:;+6<=>( ,'00!..! ?#! .' 234 !*$ '00.-'".! *- ./1(!,@-! %! 46+#.!** %! .' '9-$1 !*$ .' 0.#*@,'(%! %!* 1(!,@-!*= A+<0',+(*:.' '# $'#) %/16'00!<!($ 0,1*!($ B '#*! %! ./+#9!,$#,!%! ./16'($-..+( '# <+(%! !)$1,-!#, 9-' C '('#)= >( ' 0', %1D(-$-+( E
ωesc =

N∆

2π
5A=F7>, E

N =
2W

λF/2
, ∆ =

2π~
2

mLW
5A=G7'9! L %!<-! -,+(H1,!(! %! ./'((!'#= I/+J E

ωesc =
2~2kF

mπL
5A=K7I! 0.#*L $'($ ?#!W ≪ R 5'9! R ,'M+( %! ./'((!'#7L ./1(!,@-! %! 46+#.!** +,,!*0+(%B E

E ! = ~
2kF le
2mL2

5A=N7I+( E
E !
ωesc

=
πle
4L

5A=O7P+#, (+* 16'($-..+(*L le ≈  ! " µ# $% L ≈ 2, 4µ#& '$( )*%$,-( 2π .$,/$0% 10%$-/$01-23*4$#$0%5 $0 $6$% $-%*10( %728-11$0( 92:01(($0% E ! .*- E ! = ~
2kF le(2π)2

2mL2 5 $ ;,1 *,3<#$0%$ 4$ -*..8-% E !
ωesc

& =0 /81% ;,$ 08,( (8##$( ! 4* 41#1%$ 9$ 4>*..41*?141%2 9$ 4* @AB*- E ! ≈ ωesc& '805 9*0( ,0 .-$#1$- %$#.(5 80 .8,--* )*1-$ 4>7C.8%7D($ ;,$ 4$( .-291<%180( %728-1;,$( 8?%$0,$( .8,- ,0$ */1%2 7*8%1;,$ (80% /*4*?4$( E#F#$ (1 08( 27*0%14480(2%*1$0% 916,(1)( le < LG& H10(15 80 .8,--* (,..8($- ;,$ 4* 7,%$ 9$ .8%$0%1$4 * 41$, *,I80%*%( $% ;,$ 4$ .8%$0%1$4 24$%-1;,$ 10%$-0$ 9$ 4>*00$*, $(% ,01)8-#$& A*1( 4>$I.2-1$0$($,4$ /*419$-* $%%$ 7C.8%7D($&  JJ
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 !!"#" $%&'()"*"!) +", +-!!.", "! /-!)(-! +12'*3 *'4!.)(51" !"# %& !""%'%( )" *+&!,--% -% &.!,&%/%"& *%# *)""+%# %" 0)"&,)" *1 2!/3 /!4"+5&,61%7 8!9).*( )" .%3:.% -8%'&.%/1/ -)!- *% -! )"*1&!"% -,"+!,.% -% 3-1# 3.)2% *% ;<,- "8= %" ! 6181" #%1- %& 8%#& -! 3-13!.& *1 &%/3# 1" /,",/1/ !. )" ! 1"% /!4"+&)5)"*1&!"% 3)#,&,>%?7 @),& Bup %& Bdn -%# >!-%1.# *% %# %'&.%/1/# <,-# >!-%"& #%1-%/%"&61%-61%# A!1##? 3)1. -%# )1.9%# B13B %& B*"B .%#3%&,>%/%"& <07 C,47 <D7E??7  % 0!F)"( G#13%.3)#%. -%# H )1.9%# G 0G( )" .+!-,#% -%# )3+.!&,)"# #1,>!"&%# I G1up(B) ← G1up(B −
Bup) %& G1dn(B) ← G1dn(B − Bdn)7 J% ; *1 2!/3 *% ")&.% %'3+.,%"% #% #,&1% *)"%" B0 = (Bup + Bdn)/27 K)//% -%# H )1.9%# "% #% #13%.3)#%"& 3-1# 3!.0!,&%/%"& !19)1& *% 61%-61%# *,L!,"%# *% A!1##( )" 3.%"* -! >!-%1. /)=%""%7 M" .%4!.*% %"#1,&% *%61%- 2!/3 B3 #)"& #+3!.+%# -%# H )1.9%# *% -! )"*1&!"% ")" -,"+!,.% G27 N" )1&.%(3)1. 61% -%# H )1.9%# #),%"& #13%.3)#+%# !1 ; *1 2!/3 *% ")&.% %'3+.,%"%( )" )3:.% I
G2up(B) ← G2up(B − B3/2) %& G2dn(B) ← G2dn(B − B3/2)7 N& )" .!/:"% -% &)1& !1; *1 4.!32,61% 3!.! I G2up(B) ← G2up(B − B0) %& G2dn(B) ← G2dn(B −up = B0 + B3/2 )&+# 9/# 0#* !/+:#* */+ G1 #' */+ G2 !$' -'- "#*/+-#* #$";"# '#")* &<# = 0!>?,$ (,@-+#$'* 9/, $%!$' )&* 0# ";"# '#")* (# +-)!$*#7H;S
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 !!"#" $%&')' *" '& +!,-&!-" *./!-"0&-/+! ! "#$ %! !$$! '((!)! !*$ %! '+#+!, +' -'+!#, .#/0( '$$!(% 10#, γ !" 2%34(5 %'(* +'*!$50( 67879 '# *!(* %! :;$$5<!,  ! "#$= !$ +! ,'110,$ δGAS
2 /δGS

2 7>0??!(@0(* 1', γ !" A
γ !" = Cµ

C
=

2e2/C

2e2/C +∆
=

1

1 + C∆/2e2
2B7C=0D ∆ !*$ +/3',$ !($,! (5-!'#) !$ C !*$ +' '1'5$3 %! +/'((!'#7 E+ !*$ 5?10,$'($ %! 0?F1,!(%,! .#! +/'((!'# *! 0?10,$! 0??! #(! '-5$3 G'0$5.#! 1,'$5.#!?!($ H!,?3! 2H71',$5! 2I78==7 J0#, #( *K*$L?! 0#-!,$M +/3',$ !($,! (5-!'#) *!,'5$ (#+7N0$0(* 1', 0??0%5$3 UC M +/3(!,O5! %! G',O! 2e2/C7 E+ -5!($ A

γ !" = 1

1 + ∆/UC

2B79=P,M Q 9 %5?!(*50(* A
∆ =

2π~
2

mS
≈ 30?R 2B78=0D m !*$ +' ?'**! !S!$5-! %! +/3+!$,0( %'(* +/T*U' !$ 0D 0( ' 1,5* S = 2µ?2 10#,+/'((!'# 97>'+#+0(* ?'5($!('($ +' '1'5$3 O30?3$,5.#! %! +/'((!'# C7 B( 0(*5%3,'($ +/'((!'#0??! #(5H0,?3?!($ G',O3M (0$0(* σ = Q/S *' %!(*5$3 #(5H0,?! %! G',O! 1', #(5$3 %!*#,H'!7 V30?10*0(* (0$,! '((!'# !( 9 %5*.#!* !($,3* '# ?W?! !(%,05$M +/#( %! ,'K0(

R +W G',O3 #(5H0,?3?!($ σM +/'#$,! %! ,'K0( R G',O3 #(5H0,?3?!($ −σ 2H *G3?'B7C=7 >0??! +!* *#,H'!* %!* 9 %5*.#!* *0($ 3.#510$!($5!++!*M +! 10$!($5!+ $0$'+ 1!#$ W$,!$,0#-3 !( '+#+'($ +! 10$!($5!+ '# !($,!7 >! .#5 %0((! 10#, +! 1,!?5!, %5*.#! A
V (0) =

∫ R+W

0

σ2πr

4πǫ0ǫrr
dr 2B76=P( '11+5.#! !(*#5$! +! 1,5(51! %! *#1!,10*5$50( 10#, $,0#-!, +! 10$!($5!+ %! +/'((!'# A

V (0) =

∫ R+W

R

σ2πr

4πǫ0ǫrr
dr =

σW

2ǫ0ǫr
=

QW

2ǫ0ǫrS
2B7I=!$ +' '1'5$3 !*$ A

C =
Q

V
=
2ǫ0ǫrS

W
2B7X=9Y8



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

-σ !"#  !" # $%'()'*+,+'- ./ 012--/23 '-*+.%4% '((/ 3-+5'4(%(/-, 6247% /- 8 .+*93/*/-,4%* 23 (:(/ /-.4'+,; 013- ./ 42<'- R+W 6247% 3-+5'4(%(/-, σ; 0123,4/ ./ 42<'- R6247% 3-+5'4(%(/-, −σ !2=/ S = 2πRW ; '- 4/,4'3=/ C = 2ǫ0ǫrL >'? L /*, 0/ )%4+(@,4/A 93+ /*, 01'4.4/ ./ 742-./34./ 02 2)2+,% .13- B0 ./ 0'-73/34 L!C2030'-* D )4%*/-, 0/ 42))'4, ∆/UC 93+ +-,/4=+/-, .2-* γ !" E
∆

UC

=
2π~

2

mS

2e2 W
2ǫ0ǫrS

=
a0

2W
> !FA'? a0 /*, ,'3, *+()0/(/-, 0/ 42<'- ./ G'64 .2-* 01H*I2 E

a0 =
~

24πǫ0ǫr
me2

≈ 7-( > !JAK0 /*, 4/(24932L0/ 93/ 0/ 42))'4, ./ /* 8 %-/47+/* /, .'- γ !" *1/M)4+(/-, *+ *+()0/(/-,/- 5'-,+'- .13-/ '-*,2-,/ 3-+=/4*/00/ a0 /, ./ 02 0247/34 W ./* L4+-* ./ 012--/23 NC/02 -'3* .'--/ )'34 012--/23 8 E
γ !" = 1

1 + a0/2W
≈ 1

1 + 7/900
≈ 0.99 > !OAP2 =20/34 'L,/-3/ 2)4@* 2Q3*,/(/-, ./ 02 '34L/ /M)%4+(/-,20/ /*, )03,�, )'34 012-S-/23 8 E γ !" = 0.94 ± 0.02! P2 .+T%4/-/ =+/-, .3 52+, 93/ 02 2)2+,% 931'- 2 2030%/ -/'44/*)'-. )2* D 02 2)2+,% ./ 01/M)%4+/-/! C/,,/ 2)2+,% /*, 2**/U .+V+0/ D .%,/4(+-/4)3+*931+0 -1< 2 )2* ./ =%4+,2L0/ )02- ./ (2**/ )4'6/ ./ 012--/23! **2<'-* D )4%*/-, ./ 2030/4 02 =20/34 /*'(),%/ )'34 0/ 42))'4, E δGAS

2 /δGS
2 ! W2))/S0'-* .12L'4. *'- /M)4/**+'- )'34 3-/ 5'4/ .1+-,/42,+'- 93/0'-93/ >5! 5'4(30/ >X!"8AA E

δGAS
2

δGS
2

=
1√

1 + 2
(

g
δG1

)2

(1/γ !" − 1)2 > !"YAC'((/-Z'-* )24 -'3* +-,%4/**/4 D E
1

γ !" − 1 = 1 +
∆

UC

− 1 = ∆

UC

=
a0

2W
> !""A8Y[



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

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

2

δGS
2

=
1√

1 + 2
(

g
δG1

)2

(a0/2W )2
9:;<3=>&," !-2' 1-!!&#"$. *-2# ,?"!!&"2 3 &. g ≈ 21 6

δGAS
2

δGS
2

≈ 1√
1 + 2 ∗ (21/0.7)2 ∗ (7/900)2

≈ 0.95 9:;<@=-#A -! .#-2%& &)*5#$+&!.",&+&!. 6 0.3± 0.2 ; B" 1$C5#&!& %$&!. 12 /"$. D2?-! " 2.$,$'5 ,"%",&2# 1& γ !" ",2,5& D2$ !?&'. *"' ," %",&2# &)*5#$+&!.",& ( "2'& 1?2!& "*"$.5 1$E$,&( 15.&#+$!&#; 3FG
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 !!"#" $%&')'* +&)," -./0)"!" !"# %&&% !""%'% (" )&*+*#% +% ,(-.+% #%,*/+!##*0)% 1()2 %'1+**&%2 -% 3!4(" )" 1%)1+)# 2*5()2%)#% +! ("-)&!"% ,%#)26% !7% 8 ("&!&# 93(2,)+% :;<=>? 2%&2()7%2 +@!,1+*/&)-% &A1*0)% -% +! 1!2&*% !"&*#A,6&2*0)% -) ()2!"& 1B(&(7(+&!C0)%? !+)+%2 +% -61B!#!5%D B!)&% 9ωτD . 1> %& &2.# B!)&% 3260)%"% 9ωτD ≫ 1> !)#6 1!2 +! EF; G" "65+*5%2!+@*"&%2!&*(" 6+%&2("/6+%&2("; !" #$%'% () * +$,+ -$./ 0$(1234056'),)G" 1!2& -% +! 3(2,)+% :;<H 0)* 1%)& I&2% ,*#% #()# +! 3(2,% J
G =

∑

i,j

AiAj(cos(φj − φi) + cos(φ−j − φ−i)) 9F;K> !"# %&&% %'12%##*("? (" #(,,% #)2 &()&%# +%# &2!L%&(*2%# 1(##*M+%# -) ("&!& -% 5!)B%
1 !) ("&!& -% -2(*&% 2; G" 2!11%++% 0)% +! &2!L%&(*2% −i %#& (M&%")% %" 1!2()2!"& +!&2!L%&(*2% i -!"# +% #%"# (11(#6; N%# 1B!#%# 1%)7%"& !)##* I&2% -6O"*%# (,,% +%# *"&652!+%#-) N!52!"5*%" -) #A#&.,% L(→r ,→v , τ) J

φi =
1

~

∫

i

L(~r(τ), ~v(τ), τ)dτ 9F;8>
φi =

1

~

∫

i

(
mv2(τ)

2
− e ~A(~r(τ), τ) . ~v(t) + eV (τ)

)
dτ 9F;P>%& J

φ−i =
1

~

∫

i

L(~r(τi − τ),−~v(τi − τ), τ)dτ
ǫ1 ≈ ǫ2 ≈ ǫF ; U%&&% BA1(&B.#% %#& #!"# -()&% 3!)##% D &2.# B!)&% 3260)%"% ωτD ≫ 1; V"8H=



 !" #$%'%( )$'*+ ,-./'+0+ !"#$%$ '()% *+, ,+-%"./0)$ #.+./0)$ →B= →
rot (

→
A) =

→
rot (

→

B×
→
r

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% )% .$!,$ /, +/! $% *+, '+%# GS
2 #$ !+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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δφ−i 4</" = >

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'+$" F,6;+"/" ωτD . 13 %' ;+'/$*$6 sin(ωτi)/ω ∼= τi ' 0"# H+$+'$*2/#0" %&2,0," 0" τD '+$2+, 0" #' -'%"+, 42M"//" "$ %"# H+$+'$*2/# 0" 2/0+$'/" #2/$ 0"%&2,0," 0" δG1(ω) ∼= δG1(ω = 0) ∼= e2

~
3 #* (*"/ ;+" >

Ihf
pvS ∝

e3V 2τD
~2

(ωτD . 1) ?@9ANC;+* "#$ 6;+*-'%"/$ = Ibf
pv 3 %" 2+,'/$ 5E2$2-2%$'O;+" = ωτD ≪ 19P" $",4" '/$*#M46$,*;+" "/ E'45 4'./6$*;+" GAS

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
ij) sin(αijB) (δφi − δφ−i) ?@9UVC?%" $",4" U */$",-*"/$ 52+, %"# 4G4"# ,'*#2/# ;+" 5,660"44"/$C8"%' 02//" 52+, %' 5',$*" '/$*#M46$,*;+" 0+ 2+,'/$ 5E2$2-2%$'O;+" "/ 42M"//'/$ #+,%" $"45# >

IpvAS
∼=
〈
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)

∫ τi

0

dτx(τ) sin(ω(τ − τi/2)) ?@9UBC
∼= sin(ωτi/2)

√
(δφ)2 ?@9ULCUVJ
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< (δφ)2 > =

(eEx)
2

~2

∫ τi

0

∫ τi

0

dτ1dτ2 sin(ω(τ1 − τi/2)) sin(ω(τ2 − τi/2)) < x(τ1)x(τ2) >289@A3
=
(eEx)

2

~2

∫ τi

0

∫ τi

0

dτ1dτ2 sin(ω(τ1 − τi/2)) sin(ω(τ2 − τi/2))Dmin(τ1, τ2)289@B3
=
(eEx)

2D

~2

2ωt(2 + cos(2ωt))− 3 sin(2ωt)
2ω3

289@C3D" (E%&&!"&F +%# 5!&%,)# ",E-)'6,%# %& %" !..)(G'E!"& τi 1 τD H
< (δφ)2 > ∝ (eExω)

2Dτ 5
D

~2
, ωτD . 1 289@=3

< (δφ)2 > ∝ (eEx)
2DτD

ω2~2
, ωτD ≫ 1 289IJ3*!"# +! +'E'&% /!,&% 5)-6,%"% H ωτD . 1F (" )%&)(,K% +% )-#,+&!& *% +! )-5-)%"% <=>℄9

Ihf
pvAS ∝ V

e2

~
ωτD

√
(eV ω)2τ 4

D

~2
∝ e3V 2

~2
ω2τ 3

D
∼= Ihf

pvS(ωτD)
2 289I>3*!"# +! +'E'&% &)4# /!,&% 5)-6,%"% H ωτD ≫ 1F (" (L&'%"& H √〈δφ2〉 ∝ 1/ω %& %" ,&'+'#!"&1 "(,K%!, 6,% sin(ωτi/2) ! ,"% ./!#% !+-!&(')% E%"!"& 1 δG1(ω) ∼= δG1(ω=0)√
ωτD

∼= e2

h
√

ωτD
F '+K'%"& H

I thf
pvAS ∝ V

e2

~
√
ωτD

√
(eV )2

ω2~2
∝ e3V 2

~2ω
√
ωτD

∼= I thf
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