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 !" #"$"%&'(")* &+ ),)&-./0"# #/1"2* 2311")* 4#25 .3'"12&)#32*/)6 73,)*3( /)-

*"1+"1")2" #"$/2". 489:;<.5 /. ,) /)*")./$" ="%# &+ 1".",12!> #1/$") ?@ *!" )""# +&1

.")./*/$" (",.31"(")* *"2!)/73". +&1 *!" /)$".*/6,*/&) &+ .(,%% .'/) .@.*"(. 1,)6/)6

+1&( *!" ( ".%, 3' *& *!"  ".%, 1,)6"A  !/. B&1C 6/$". , 2&)*1/?3*/&) *& *!/. ="%#A

D&*! %&B-Tc 4Tc /. *!" *1,)./*/&) *"('"1,*31"5 89:;<. ,)# 61,#/&("*"1. ?,."# &)

E?FG+ /FE? .3'"12&)#32*&1F )&1(,% ("*,%F .3'"12&)#32*&1 48E85 *@'" H&."'!.&)

I3)2*/&). ,)# !/6!-Tc #2 89:;<. ?,."# &) YBa2Cu3O7 4JDKL5 61,/) ?&3)#,1@

I3)2*/&). 4MDH.5 !,$" ?"") /)$".*/6,*"#A 8/)2" *!" 1(. .'/) .")./*/$/*@ S
1/2
µ 2,) ?"

&'*/(/0"# ?@ ),)&-',**"1)/)6 &+ *!" 89:;<.> ,#$,)2"# ',**"1)/)6 *"2!)/73".> /A"A>

"%"2*1&)-?",( %/*!&61,'!@ ,)# +&23."# /&) ?",( (/%%/)6 !,$" ?"") 3."# /) &1#"1 *&

1"#32" *!" ./0" &+ *!" 89:;<.> @/"%#/)6 %/)"B/#*!. B"%% ?"%&B 1µmA N&1 ?&*! *@'".
&+ 89:;<. B" /('%"(")*"# , 6,%$,)/2,%%@ 2&3'%"# 2&/%> B!"1" ',1* &+ *!" 89:;<

%&&' /. 3."# *& ,''%@ , (,6)"*/2 O3P B/*!&3* *!" )""# &+ ,) "P*"1),% 2&/%A

 !" 89:;<. !,$" ?"") 2!,1,2*"1/0"# B/*! 1".'"2* *& *!"/1 *1,).'&1* ,)# )&/."

2!,1,2*"1/.*/2. ,* *"('"1,*31" T = 4.2KA ;) %&B (,6)"*/2 ="%#. 4≤ 1mT5> +&1 *!"

8E8 *@'" 89:;<.> , O3P )&/." S
1/2
Φ = 250 nΦ0/Hz

1/2
/) *!" B!/*" )&/." 1"6/("

,)# , (,P/(3( 2&3'%/)6 +,2*&1 φµ ∼ 8.5 nΦ0/µB> 2,%23%,*"# ?@ , )"B ("*!&#

#"$"%&'"# /) *!/. B&1C> @/"%#/)6 , .'/) .")./*/$/*@ S
1/2
µ = 29µB/Hz

1/2
> B,. ,2!/"$"#A

Q" #"(&).*1,*"# *!" 1"%/,?%" &'"1,*/&) &+ .32! 89:;<. /) (,6)"*/2 ="%#. 3' *&

∼ 50mTA N&1 !/6!"1 ="%#. B" &?."1$"# I3('. /) *!" $&%*,6" ,21&.. *!" 89:;<>
B!/2! '1"$")*"# , 1"%/,?%" &'"1,*/&)A D@ 2&(?/)/)6 *!" ),)&89:;< B/*! , %&B-

*"('"1,*31" (,6)"*/2 +&12" (/21&.2&'" 4R SNS5> B" B"1" ,?%" *& 2&11"%,*" *!"

I3('. B/*! *!" ")*1,)2" &+ T?1/C&.&$ $&1*/2". /)*& *!" .3'"12&)#32*/)6 %",#. &+ *!"

89:;<A Q/*! *!/. 2&(?/)"# ."*3' &+ , R SNS ,)# *!" ),)&89:;<> +&1 *!" =1.*

*/(" B" B"1" ,?%" *& (",.31" *!" (,6)"*/2 2&3'%/)6 Φµ(~r) ?"*B"") *!" (,6)"*/2
(&(")* ~µ &+ , ),)&-(,6)"*> /A"A , E/ ),)&-*3?"> ,)# *!" 89:;< %&&' ,. , +3)2*/&)
&+ *!" '&./*/&) ~r &+ *!" ),)&-*3?"A  !" 1".3%*. &+ *!/. "P'"1/(")* B"1" /) 6&&#
,61""(")* B/*! *!" )3("1/2,% 2,%23%,*/&). &+ Φ(~r) ?,."# &) *!" R&)#&) "73,*/&).A

N&1 *!" JDKL ),)&89:;<. B" #"$"%&'"# , +,?1/2,*/&) *"2!)/73" ?,."# +&23."#

/&) ?",( (/%%/)6> 2,',?%" *& ',**"1) MDH. B/*! , B/#*! ?"%&B 100 nm B/*!&3* ./6-

)/=2,)* #"61,#,*/&) &+ *!" 21/*/2,% 2311")* #")./*@ jcA  !" =1.* 6")"1,*/&) &+ .32!
),)&89:;<. !,# , 6&&# S
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Φ = 4µΦ0/Hz
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,)# (,P/(3( φµ ≈ 10 nΦ0/µB> @/"%#-
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,* %&B (,6)"*/2 ="%#.A 83?."73")*%@

/('1&$"# 89:;<. B/*! ,) 6,%$,)/2,%%@ 2&3'%"# 2&/% @/"%#"# S
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1/2
µ = 110µB/Hz

1/2
'2'& $( /)%/

#$%&'()* +' ,- 13 (! µ0H = 1T4

5& 3$0$  ' (! (/' )&2'-()%$()!& !6 &$&!7895:-; $ -'*!&, $330!$*/ )& !0,'0 (! )#<

30!2' (/' -'&-)()2)(. !6 7895:- /$- =''& )&2'-()%$(',4 >1#'0)*$ -)#1 $()!&- 0'<

2'$ ', (/$( $ -)%&)+*$&( )#30!2'#'&( !6 S
1/2
Φ 13 (! $ 6$*(!0 !6 ? *$& =' $*/)'2', =.

-(0!&% $-.##'(0)'- )& (/' 0'-)-($&*' !6 (/' ("! @!-'3/-!& A1&*()!&- !6 $ ,* 7895:4

B/' (/'!0'()*$ 30',)*()!&- /$2' =''& )&2'-()%$(', 'C3'0)#'&($  . ")(/ 7895:-

=$-', !& $ >=DE <E FxD>= (0) $.'0 6$=0)*$()!& 30!*'-- 1-)&% $ *!#=)&$()!& !6 3/!<

(! )(/!%0$3/. $&, E0 )!& '(*/)&%4 E& $-.##'(0)* 7895: "/'0' !&' A1&*()!& "$-

-/1&(', ")(/ $& 'C('0&$ 0'-)-(!0 Rshunt $&, (/' !(/'0 A1&*()!& "$- 1&-/1&(', $&,

$ *!00'-3!&,)&% -.##'(0)* 7895: /$2' =''& #'$-10', ")(/ 0'-3'*( (! (/')0 (0$&-<

3!0( $&, &!)-' 30!3'0()'- $( T = 4.2K4 B/' 0'-1 (- !6 (/'-' #'$-10'#'&(- "'0'

)& 2'0. %!!, $%0''#'&( ")(/ &1#'0)*$ -)#1 $()!&; *!&+0#)&% $& )#30!2'#'&( !6

S
1/2
Φ =. $ 6$*(!0 !6 ∼ 3 ,1' (! (/' 0'-)-($&*' $-.##'(0.4 G!0 &$&!7895:-; (/)- $3<

30!$*/ *!1 , 610(/'0 )#30!2' (/' -3)& -'&-)()2)(. ='.!&, ('*/&! !%)*$ $&, 3/.-)*$ 
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 !" #$%&!'()*$+ ,-$ .' /012 3 4!% 564"33*$+"$ 7*8 ."9 $7$-4"%"9 /(7)7 !3% "!$

7(%!,"3 :"). ."9 :-93';*$+< +"%9!"6"$ .*9'; .!" =-%&"$.!+("!% 3"$3!%!,"9 >"334"%;-?

."$ 8@9 .!" 1$%"93*';*$+ ,-$ ()"!$"$ /A!$3B3%"4"$ !$ $!".9!+"$ *$. ;-;"$ >7+$"%?

8")."9$ !4 C"9"!'; ,-$ 4D"3)7 6!3 D"3)7E  !"3" 596"!% )"!3%"% "!$"$ C"!%97+ F* .!"3"4

:").E =!"."9%"4A"97%*9 .' /012 3 *$. G97.!-4"%"9< 673!"9"$. 7*8 =6HI8D!H=6

/*A97)"!%"9H$-947) )"!%"$."3 >"%7))H/*A97)"!%"9 J/=/K L-3"A;3-$ M-$%7(%"$ *$.

I-';%"4A"97%*9 /012 3 4!% NC72O*3P7 JNCOPK M-9$+9"$F"$(-$%7(%"$ &*9."$

*$%"93*';%E  7 .!" /A!$3"$3!%!,!%Q% S
1/2
µ .*9'; >!(9-? *$. =7$-3%9*(%*9!"9*$+ ."9

/012 3 -A%!4!"9% &"9."$ (7$$< &*9."$ 7$3A9*';3,-))" /%9*(%*9!"9*$+34"%;-."$

&!" #)"(%9-$"$3%97;) R!%;-+97A;!" *$. 8-(*33!"9%"3 2-$"$3%97;) Q%F"$ ,"9&"$."%<

*4 .!" R!$!"$69"!%"$ ."9 /012 3 *$%"9 1µ4 F* 9".*F!"9"$E :@9 6"!." 59%"$ ,-$

/012 3 (-$$%" "!$" +7),7$!3'; +"(-AA")%" /A*)" !4A)"4"$%!"9% &"9."$< 8@9 .!" "!$

D"!) ."3 /012 S!$+3 8@9 .73 5$)"+"$ "!$"3 47+$"%!3';"$ :)*33"3 ,"9&"$."% &!9.<

&-.*9'; "!$" "T%"9$" /A*)" "!$+"3A79% &"9."$ (7$$E

 !" /012 3 &*9."$ 6"F@+)!'; !;9"9 D97$3A-9%? *$. S7*3';"!+"$3';78%"$ 6"! "!$"9

D"4A"97%*9 ,-$ 4.2M *$%"93*';%E 2$ $!".9!+"$ >7+$"%8")."9$ J≤ 1mTK &*9."

8@9 .!" /=/ /012 3 "!$ :)*3397*3';"$ S
1/2
Φ = 250 nΦ0/Hz

1/2
!4 C"9"!'; &"!U"$

S7*3';"$3< "!$ 4!% "!$"9 !4 S7;4"$ .!"3"9 596"!% "$%&!'(")%"$ >"%;-." 6"9"';?

$"%"9 47T!47)"9 M-AA)*$+387(%-9 φµ ∼ 8.5 nΦ0/µB *$. "!$" .797*3 9"3*)%!"9"$. 943

/A!$3"$3!%!,!%Q% ,-$ S
1/2
µ = 29µB/Hz

1/2
"99"!';%E  !" /012 3 &*9."$ !$ >7+$"%?

8")."9$ 6!3 F* ∼ 504D 6"%9!"6"$E :@9 ;V;"9" :")."9 %97%"$ /A9@$+" !$ ."9 /A7$?
$*$+ @6"9 .73 /012 7*8< &-.*9'; "!$" F*,"9)Q33!+" :*$(%!-$3&"!3" $!';% 4";9

+"+"6"$ &79E  *9'; .!" M-46!$7%!-$ "!$"3 $7$-/012 3 *$. "!$"3 D!"8%"4A"97%*9?

>7+$"%!3';"$?M978%?>!(9-3(-A3 JDD>M>K (-$$%"$ .!"3" /A9@$+" 4!% ."4 #!$?

.9!$+"$ ,-$ 569!(-3-, W-9%!'"3 !$ .!" 3*A97)"!%"$."$ X*)"!%*$+"$ ."3 /012 3 (-99"?

)!"9% &"9."$E 2$ .!"3"4 (-46!$!"9%"$ /B3%"4 6"3%";"$. 7*3 DD>M> *$. $7$-/012 

(-$$%"$ &!9 "93%47)!+ .!" 47+$"%!3';" M-AA)*$+ Φµ(~r) F&!3';"$ ."4 47+$"%!3';"$
>-4"$% ~µ "!$"3 =7$-47+$"%"$< !$ *$3"9"4 :7)) "!$ =! =7$-9V;9';"$< *$. ."3

/012 S!$+3 !$ 56;Q$+!+("!% ,-$ ."9 Y-3!%!-$ ~r ."3 =7$-9V;9';"$3 ,"94"33"$E
 !" #9+"6$!33" .!"3"3 #TA"9!4"$%3 &79"$ !$ +*%"9 Z6"9"!$3%!44*$+ 4!% ."$ $*?

4"9!3';"$ C"9"';$*$+"$ ,-$ Φµ(~r)< ."$"$ .!" R-$.-$ G)"!';*$+"$ F*+9*$." )!"+"$E

:@9 NCOP $7$-/012 3 "$%&!'(")%"$ &!9 "!$" :769!(7%!-$34"%;-."< .!" "3 "9?

4V+)!';% M-9$+9"$F"$(-$%7(%" 4!% "!$"9 C9"!%" ()"!$"9 7)3 100 $4 -;$" 3!+$![(7$%"

 "+97.7%!-$ ."9 (9!%!3';"$ /%9-4.!';%" jc ;"9F*3%"))"$E  !" "93%" G"$"97%!-$ 3-)';"9
$7$-/012 3 F"!+%" "!$ +*%"3 :)*3397*3';"$ S

1/2
Φ = 4µΦ0/Hz

1/2
!$ $!"."9"$ >7+?



 !"#!$%!& ' % !( )*+()*$!, φµ ≈ 10 nΦ0/µB- ./&*', ,(01 !( ! 23( ,! ,("(4("5"

S
1/2
µ = 390µB/Hz

1/2
!&6*78 9:&  *01#/$6! %!- 4!&7!,,!&"! 2;<=>, 7!( %! ! !( !

6*$4* (,01 6!?/33!$"! 23'$! ( "!6&(!&" .'&%!- !&6*7 ,(01 S
1/2
µ = 62µB/Hz

1/2
( 

 (!%!&! @*6 !"#!$%!& ' % ( @*6 !"#!$%!& 7(, µ0H = 1A !(  '& $!(01" %!B

6&*%(!&"!, S
1/2
µ = 110µB/Hz

1/2
8

C*&*$$!$ D' %! < "!&,'01' 6! *  * /2;<=>, .'&%! !( D.!("!& E ,*"D D'&

F!&7!,,!&' 6 %!& 2! ,("(4("5" 4/ 2;<=>, ' "!&,'01"8 G')!&(,01! 2()'$*"(/ ! 

1*7! 6!D!(6"- %*,, !( ! ,(6 (H?* "! F!&7!,,!&' 6 ') !( ! 9*?"/& I %!, &), 9$',,B

&*',01! , S
1/2
Φ %'&01 ,"*&?! E,J))!"&(! ( %! K(%!&,"5 %! %!& L/,!31,/ M/ B

"*?"! !( !, %0 2;<=>, !&&!(01" .!&%! ?*  8 >(!,! "1!/&!"(,01! F/&1!&,*6! .'&B

%! !+3!&()! "!$$ * 2;<=>, ' "!&,'01"- %(! 7*,(!&! % *'# !( !& G7NE$BE$OxNG7

A&($*6! BA!01 /$/6(! )(""!$, !( !& M/)7( *"(/ 4/ C1/"/$("1/6&*31(! ' % E&6/ 

=/ ! 5"D! 1!&6!,"!$$" .'&%! 8 P, .'&%! @!,,' 6! 7!D:6$(01 %!& A&* ,3/"B

' % Q*',01!(6! ,01*#"! * !( !) *,J))!"&(,01! 2;<=> R7!( %!)  '& !( !&

%!& L/,!31,/ M/ "*?"! )(" !( !) !+"!& ! K(%!&,"* % Rshunt 3*&*$$!$ 6!,01*$B

"!" .'&%!S ' % %!) ! ",3&!01! %! ,J))!"&(,01! 2;<=> 7!( !( !& A!)3!&*"'&

4/ T = 4.2M %'&016!#:1&"8 >(! P&6!7 (,,! %(!,!& @!,,' 6! .*&! ( ,!1&

6'"!& T7!&!( ,"())' 6! )(" %!  ')!&(,01! 2()'$*"(/ ! ' % 7!,"5"(6"! !( !

F!&7!,,!&' 6 4/ S
1/2
Φ ') !( ! 9*?"/& ∼ 3 *'#6&' % %!& E,J))!"&(! () K(%!&B

,"* %8 9:&  * /2;<=>, ?U  "! %*%'&01 !( ! .!("!&! F!&7!,,!&' 6 %!& 23( ,! ,("(4B

("5" !&&!(01" .!&%! - %(! :7!& %(! "!01 /$/6(,01! ' % 31J,(?*$(,01! P( ,01&5 ?' B

6! %!& @( (*"'&(,(!&' 6 1( *',6!1"8
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)**)(!"2 )* *!" 0"15 ",2 +. *!" *!"-'-4 6$%&'()*'+,- 789 )1" -$//)1':"2 ', (!)#*"1
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 !"#$%&'()

 !"#$*+,$-. / 01 2+3'#< ?4@4 ?+,+0)&",A+< B4 ?"//&"1< B4  $1)2< C4

D"1,"1< E4 ?&"'-:< F4 B",:"&< C4 ?&',G"&"1< @4 @H(!,"1< C4

?&"',"1< ),2 I4 ?+"&&"<

 !"#"$#%!&' "()*$!+ ,-.2/)307 12.#* 34)*+.2' 5)*6$#4*" .*+

&478*4#"! 9:;<=" >.$$!2*!+ 3' . ?46)"!+ #4* 3!.@ +47* $4

AB *@ &#*!7#+$(<

F$#"1(+,24 F('4  "(!,+&4 45< J79J79< ;J77

 !"#$*+,$-. 4 01 2+3'#< K4L4 ?'"&"1<  4 D"'/),,< C4 DM&%',G< N4?+!&/),,<

O4@4 P+1',< C4 ?&"',"1< I4 ?+"&&"< ),2 B4 ?"//&"1<

9)>!264*+)6$#*1 C).*$)@ #*$!2?!2!*6! +!%#6!" 7#$( ")3@#624*

D3EF?G#ED3 5)*6$#4*" ?42 #*%!"$#1.$#4* 4? "@.&& @.1*!$#6 >.28

$#6&!"<

O##&4 6!5-4 Q"**4 66< JR;9J=< ;J77

 !"#$*+,$-. 7 B4 C$2+&#!< 01 2+3'#< N4B4 B"(A%)(!< B4 ?"//&"1< B4 F'"G"&<

?4S&',< I4 ?+"&&"< ),2 C4 ?&"',"1<

=#2!6$ 6)22!*$ ")>!264*+)6$#*1 C).*$)@ #*$!2?!24@!$!2" 7#$(

."'@@!$2#6 "()*$ 2!"#"$42"<

O##&4 6!5-4 Q"**4 /8/< J9;=J;< ;J7;
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,&'!)-.%)"* / 01 2.3$! !" #$%&'() *" +$( ,"*" -.(/() 0" 1(.2344 5"

-6&/2344 !" #" 76).4 8" 9:;() <" 9$==6>!?()%&. 9" @$A() 

B" #()A().%& !" *64'%$A()'3 . C6))3/ 8" D)$4E/() 9" -/(.4() 

8" -6(//( C" B6FF.6 34E C" -(22/() 

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

! $%!""+"1  / "!"#23456 

$4G$A/.=&(E HIJH

,&'!)-.%)"* 4 0" K%&L3)M 01 2.3$! 9" 1N/A.4F 9" -/(.4() 8" -6(//( 34E

C" -(22/() 

7#89"#+$' "!"#23456$ #:'-!*+"1 +" ;'$&! (!1"'*+% <'&.$ =

*#8!-.$ .'*'%*+#" #, $(!&& $:+" $0$*'($ 8+*> $+"1&'9$:+" -'$#&)9

*+#" 

$4G$A/.=&(E HIJH

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

,&'!)-.%)"* 5 5" 0623=%&O6 P" Q(%3 01 2.3$! 0" K(/.=')6?=O. 9" -/(.4() 

34E 8" -6(//( 

?>!$'9$'"$+*+@' '@+.'"%' ,#- .x2
−y29:!+-+"1 $0(('*-0 +" *>'

:!-'"*9$*-)%*)-' >+1>9Tc %):-!*' $):'-%#".)%*#- 2-1−x7!xA)B2 

=$A2.''(E '6 B&R=" 9(?" Q(''" 3)+.?SJHIT"UHTV HIJH

,&'!)-.%)"* 6 B" #$=&(? 8" #6'&4() 01 2.3$! C" -(22/() -"#" -646>

?3/(4O6 !" QN).4%M -" W/.4 C" K.(F(/ 8" -6(//( 9" -/(.4() 

34E *" K%&2.E'>-3/() 

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

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

5 6&../#7 $8 ,&90('/"($!3 ):

4! ;&90('/"($! )7

8#%+%*+9#,: %5&)*#2 ;<$2=&3>7 /'$+) ?-&)2$': @&)0*+-)% $)2 ,-.A

)-+%# BCDEF% G$**#')#2 ?: $ H-0&%#2 +-) ?#$( 2-.) *- 80 nm ,+)#.+2*5  I

4!4 ;&90('/"($! 57

B&G#'0-)2&0*+)/ J&$)*&( +)*#'H#'#)0# 2#9+0#% .+*5 %&?(+0'-) K?LMHN+L

K? @&)0*+-)% H-' +)9#%*+/$*+-) -H %($,, ($/)#*+0 G$'*+0,#% ! ! ! ! ! ! !  O

4!P ;&90('/"($! <7

F+'#0* 0&''#)* %&G#'0-)2&0*+)/ J&$)*&( +)*#'H#'-(#*#'% .+*5 $%:(A

(#*'+0 %5&)* '#%+%*-'% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 46

4!Q ;&90('/"($! =7

K$)-%0$,# (&,*+H&)0*+-)$, %#)%-' H-'(#2 ?: $ K+ )$)-*&?# $)2 $

%0$))+)/ K? )$)-BCDEF ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 44

4!I B&(($': -H ;&90('/"($! :7

R-.A)-+%# )$)-BCDEF% -G#'$*+)/ +) N#%,$ ($/)#*+0 1#,2% S *-.$'2%

2#*#0*+-) -H %($,, %G+) %:%*#(% .+*5 %+)/,#A%G+) '#%-,&*+-) ! ! ! ! ! ! 4Q

6&../#7 /!% $&"0$$> 54

?,,-!%(+ ?@ 6AB C /.,0(D-# <)

?,,-!%(+ E@ F(3" $8 /'#$!7.3 <<

E(90($G#/,17 <=

?,,-!%-% ,&90('/"($!3 =)





 !"#$%&'"($!

 !"# $%&'" ()" *%+&""#%&, -+#. +/ 0#"&."1 2&3 4+#/52& %& 6789 :6; *#"3%'(%&, 2 $%&,1"

3+52%& <")2!%+=# +/ $5211 /"##+52,&"(%' $25*1"$ 2&3 ()" 5+#" 3"(2%1"3 2&21>$%$ +/

?(+&"# 2&3 @+)1/2#() %& 67AB :C; 2&3 D""1 %& 67A7 :8;E ()"#" )2$ <""& 2 '+&(%&=+=$

%&("#"$( %& ()" "F*"#%5"&(21 %&!"$(%,2(%+& +/ $5211 52,&"(%' *2#(%'1"$ G?HI$JK H+#L

#%$) 2&3 M= '+&N#5"3 ()"$" ()"+#%"$ %& 67OP <> 3%#"'( 5"2$=#"5"&( +/ $%&,1" 3+52%&

$-%(')%&, %& 2 5%'#+&L$%Q"3 γ − Fe2O3 $25*1" =$%&, 2 R=2#(QLN<"# (+#$%+& <212&'"

:A;K S)" )=," %&T="&'" +/ ()"$" ()"+#%"$ /+# (+32>$ =&3"#$(2&3%&, +/ 52,&"(%$5 "5L

*)2$%Q"$ ()" %5*+#(2&'" +/ "F*"#%5"&($ (+ '+&N#5 $=') ()"+#%"$K ?%&'" ()2( (%5"E

'+&(%&=+=$ *#+,#"$$ +/ ()"+#"(%'21 '+&'"*($E ()" 3%$'+!"#> +/ &"- 52("#%21$ 2$ -"11

2$ %5*#+!"3 /2<#%'2(%+& ("')&%R="$ /+# ?HI$ 3"52&3 /+# '+&$(2&( %5*#+!"5"&($ +/

()" $"&$%(%!%(> +/ $=') 5"2$=#"5"&($K U '=##"&(1> !"#> 2'(%!" N"13 +/ #"$"2#') /+#

%&$(2&'" %$ ()" %&!"$(%,2(%+& +/ $%&,1"L5+1"'=1" +# $%&,1" ')2%& 52,&"($ :OE PE V;K  !"&

52'#+$'+*%' $%Q"3 '#>$(21$ 523" +/ $=') 5+1"'=1"$ $)+- 2( 1+- ("5*"#2(=#"$ ≤ 5K
2&3 52,&"(%' N"13$ +/ ≈ 1T R=2&(=5 (=&&"1%&, +/ ()" 52,&"(%Q2(%+&K S)%$ #"52#.L

2<1" *#+*"#(> )2$ /+# %&$(2&'" <""& *#+*+$"3 (+ +W"# 2& +**+#(=&%(> (+ ("$( ()"

X+*"&)2,"& %&("#*#"(2(%+& +/ R=2&(=5 5"')2&%'$ <> %&!"$(%,2(%+& +/ ()" (#2&$%(%+&

<"(-""& $5211 *2#(%'1"$ 3"$'#%<"3 +&1> <> R=2&(=5 5"')2&%'$ (+ 52'#+$'+*%' +<L

Y"'($ -%() *=#"1> '12$$%'21 *#+*"#(%"$ :P;K Z"$%3"$ $=') /=&325"&(21 #"$"2#')E 52&>

2**1%'2(%+&$ /+# ?HI$ )2!" <""& *#+*+$"3 1%." R=2&(=5 '+5*=(%&,E $*%&(#+&%' 3"L

!%'"$ +# )%,) 3"&$%(> $(+#2," 3"!%'"$K

D+-232>$ <"$%3"$ !2#%+=$ (>*"$ +/ 3"("'(%+& 5"()+3$ 1%." ["## "W"'( :B;E \+#"&(Q

5%'#+$'+*> :7;E 52,&"(+L+*(%' $*%& 3"("'(%+& :69E 66; +# $'2&&%&,L(=&&"1%&,L5%'#+$'+*>L

2$$%$("3 "1"'(#+&L$*%& #"$+&2&'" :6CE 68;E 5+$( /#"R="&(1> 52,&"(%' G#"$+&2&'"J /+#'"

5%'#+$'+*> GHG]J0HJ :6AE 6OE 6P; %$ =$"3 /+# ()" %&!"$(%,2(%+& +/ ?HI$K 4"$*%("

()" $(#%.%&, $"&$%(%!%(> 2&3 $*2(%21 #"$+1=(%+& +/ H]0H G"!"& $%&,1" $*%& 3"("'L

(%+& )2$ <""& 3"5+&$(#2("3 :6P;JE -%() ()%$ $*"'(#+$'+*%' 5"2$=#"5"&( ("')&%R="

&+ )>$("#"$%$ '=#!"$ +/ ()" 52,&"(%Q2(%+& +/ ?HI$ '2& <" <"2$=#"3K 0+# $=') 5"2L

$=#"5"&($E (-+ -"11 .&+-& 52,&"(%' N"13 $"&$+# (>*"$ &25"1> ^211 <2#$ :6VE 6BE 67;

2&3 $=*"#'+&3='(%&, R=2&(=5 %&("#/"#"&'" 3"!%'"$ G?_`a4$J :C9E C6E CCE C8; )2!"

<""& 232*("3K  !"& ()+=,) <+() $"&$+# (>*"$ )2!" <""& =$"3 /+# 5"2$=#"5"&($ +/

?HI$E =* (+ &+- ()" =1(%52(" ,+21 +/ $%&,1" $*%& 3"("'(%+& )2$ &+( <""& 3"5+&L

$(#2("3K S)" 2%5 +/ ()%$ -+#. -2$ ()" %&!"$(%,2(%+& 2&3 +*(%5%Q2(%+& +/ 3%#"'(

'=##"&( G3'J &2&+?_`a4$ %& +#3"# (+ %5*#+!" ()"%# 5%&%5=5 $*%& #"$+1=(%+& =&3"#

()" #"$(#%'(%+& +/ +*"#2(%+& %& )%,) 52,&"(%' N"13$K `* (+ &+-E 5+$( +/ ()" ?_`a4$

)2!" <""& +*(%5%Q"3 /+# ()" 3"("'(%+& +/ )+5+,"&"+=$ 52,&"(%' N"13$E =$=211> %&

2 52,&"(%'211> 2&3 "1"'(#%'211> $)%"13"3 "&!%#+&5"&( -%() #"$%3=21 N"13$ -"11 <"1+-



  !"#$%&'"($!

!"# #$%!" &$'(#!)* +#,-. /( *0(!%$1!2 !"# (03#, $44,)*$!)0( 05 &#$16%#&#(!1 0( 789

05!#( -#&$(-1 50% ")'",: 1#(1)!)3# 1#(10%12 *$4$;,# !0 -#!#*! !"# 14$!)$,,: *0(+(#-

-)40,# +#,- 05 $ 3#%: 1&$,, (6&;#% 05 14)(1 )( "6'# &$'(#!)* +#,-1 64 !0 !"# <#1,$

%$('#. <"#1# ")'",: 6(5$30%$;,# *0(-)!)0(1 401# $ &$=0% *"$,,#('# 50% !"# -#1)'(2

!"# 5$;%)*$!)0( 4%0*#11 $(- !"# &$!#%)$,1 61#- 50% !")1 (#> 14#*)#1 05 7?@/A1. /(

!"# 50,,0>)('2 !"# &$)( %#B6)%#&#(!1 $(- 06% $44%0$*"#1 "0> !0 $**06(! 50% !"#&

$%# 16&&$%)C#-.

 !"#$% &'()  !" #$%&'!()$ *+!,)-. /0 ! *$ #12345 6/7&8%7/- 9:-$()/-7 !+& )-*)$!(&*

;< /+!-.& 7(+:$(:+&7=  ;" >?:)@!A&-( $)+$:)( /0 ! *$ #1234  $+/77&7 )-*)$!(& (%& (:--&A

9:-$()/-7" ,)(% R1(2) (%& +&7)7(!-$&B C1(2) (%& $!8!$)(!-$&B I0,1(2) (%& $+)()$!A $:++&-( !-*

IN,1(2) (%& -/)7& $:++&-( /0 6/7&8%7/- 9:-$()/- C D"= L1(2) )7 (%& )-*:$(!-$& /0 (%& #1234

!+'7=

D -* 7?@/A *0(1)1!1 05 !>0 E01#4"10( =6(*!)0(1 FEE1G H IJ #&;#--#- )(!0 $

164#%*0(-6*!)(' %)(' F1## K)'. L.MF$GG. 7)(*# !"# 30,!$'# -%04 $*%011 16*" $ -#3)*#

-#4#(-1 1!%0(',: 0( !"# $&06(! 05 &$'(#!)* N6O )(1)-# !"# %)('2 7?@/A1 $%# >#,,

16)!#- 50% !"# -#!#*!)0( 05 &$'(#!)* +#,-1. /( 5$*! !"#: $%# !"# &01! 1#(1)!)3# 1#(10%1

50% *"$('#1 05 &$'(#!)* N6O $3$),$;,# $! !"# !)&# 05 >%)!)('. /( 4%)(*)4,#2 7?@/A1

$%# *$4$;,# !0 -#!#*! $(: B6$(!)!:2 !"$! *$( ;# !%$(150%&#- )(!0 &$'(#!)* N6O2

>")*" )1 >": !"# &01! *0&&0( $44,)*$!)0( 50% 7?@/A1 F;#1)-#1 &#$16%#&#(! 05

&$'(#!)* +#,-1G )1 ,0>P(0)1# $&4,)+*$!)0( 05 1&$,, 30,!$'#1. <"# 1#(1)!)3)!: 05 $

7?@/A )1 ')3#( ;: !"# %00! &#$( 1B6$%# F%&1G N6O (0)1# S
1/2
Φ >")*" ,)&)!1 !"#

&)()&6& -#!#*!$;,# *"$('# 05 N6O )(1)-# !"# 7?@/A ,004 50% 1 1 05 &#$16%#&#(!

!)&#. 7!$!# 05 !"# $%! 50% $ *0&&#%*)$,,: $3$),$;,# 7?@/A )1 S
1/2
Φ ≈ 1µΦ0/Hz

1/2
2

>)!" Φ0 ≈ 2.07 × 10−15Tm2
!"# &$'(#!)* N6O B6$(!6& H QJ. 7)(*# !"# B6$(!)!:

!0 ;# &#$16%#- >)!" $ ($(07?@/A )1 (0 ,0('#% $ "0&0'#(#061 &$'(#!)* +#,- ;6!

$ -)40,# +#,- 05 $ ($(0&#!#% 1)C#- &$'(#!)* 1$&4,#2 !"# 1#(1)!)3)!: )1 (0! 0(,:

,)&)!#- ;: S
1/2
Φ 0(,:2 ;6! $,10 ;: !"# $&06(! 05 N6O Φ *064,#- !0 !"# ($(07?@/A

,004 ;: $ 789 H RJ2 >")*" )1 ')3#( ;: !"# *064,)(' 5$*!0% φµ = Φ/µ2 >)!" µ !"#

&$'(#!)* &0&#(! 05 $ 40)(!P,)S# &$'(#!)* &0&#(!. <"#%#50%# !"# +'6%# 05 &#%)!

50% ($(07?@/A1 )1 !"# 14)( 1#(1)!)3)!: S
1/2
µ = S

1/2
Φ /φµ2 616$,,: ')3#( )( 6()!1 05



 !"#$%&'"($!  

µB/Hz
1/2

! "#$% µB = 9.274 × 10−24 J/T $%& '(%) *+,-&$(-. /- ()0&) $( #*1)(2&

S
1/2
µ (-& %+3 $( (1$#*#4& 5($%! S

1/2
Φ  !" φµ.

6#$%#- $%& )&3#$#2&78 +-0 9+1+9&$#2&78 3%:-$&0 ;:-9$#(- <=>?@A *(0&7 BCDE <3&&

F#,. G.H<5AA! $%& 0&1&-0&-9& (I S
1/2
Φ (- $%& &7&9$)#9+7 +-0 ,&(*&$)#9+7 1)(1&)$#&3

(I + 38**&$)#9 ?JK/L <I0,1 = I0,2 = I0! R1 = R2 = R! C1 = C2 = C +-0 L1 =
L2 = L/2A #- $%& 7#*#$ (I 3*+77 $%&)*+7 M:9$:+$#(-3 Γ ≡ 2πkBT/I0Φ0 ≪ 1 <#.&. %#,%

9)#$#9+7 9:))&-$ I0! 7(" $&*1&)+$:)& T +-0 3*+77 #-0:9$+-9& L! kB ≈ 1.38×10−23 J/K
#3 $%& '(7$4*+-- 9(-3$+-$A #3 "&77 0&39)#5&0 58 BCDEN

S
1/2
Φ = (4(1 + 2I0L/Φ0)kBTLΦ0/(I0R))1/2. <G.HA

O99()0#-, $( PQ. G.H! S
1/2
Φ 9+- 5& )&0:9&0 58 *#-#*#4#-, L! 58 7("&)#-, T ! +-0

58 *+R#*#4#-, $%& 9%+)+9$&)#3$#9 2(7$+,& Vc = I0R. 6%#7& $%& (1$#*#4+$#(- (I Vc

9+- 5& 0(-& I() 2#)$:+778 +-8 ?JK/L 58 (1$#*#4#-, $%& ;:-9$#(- 1)(1&)$#&3 <I0!
RA! $%& *#-#*#4+$#(- (I L 0&*+-03 I() -+-(S1+$$&)-#-, (I $%& ?JK/L 7((1 +-0

$%&)&I()& I() -+-(?JK/L3. P2&- $%(:,% $%& )&0:9$#(- (I $%& ?JK/L #-0:9$+-9&

#3 2&)8 &T&9$#2& I() $%& (1$#*#4+$#(- (I S
1/2
Φ ! $%&)& +)& $"( 7#*#$+$#(-3 "%#9% %+2&

$( 5& 9(-3#0&)&0. F#)3$! 0:& $( $(1(7(,#9+7 )&+3(-3! $%& ;:-9$#(- 3#4& 7#*#$3 $%&

7#-&"#0$% (I $%& 7((1 +$ $%& 1(3#$#(- (I $%& @@3. /- ()0&) $( 1)(2#0& 3:U9#&-$78 %#,%

9)#$#9+7 9:))&-$3 (I $%& ?JK/L! %#,% 9:))&-$ 0&-3#$#&3 (I $%& @@3 +)& -&&0&0. ?&9(-0!

5&3#0&3 $&9%-(7(,#9+7 7#*#$+$#(-3! "#$% + )&0:9$#(- (I $%& 7#-&"#0$% (I $%& 7((1 5&7("

$%& V(-0(- 1&-&$)+$#(- 0&1$% λL $%& ,+#- #- )&0:9&0 ,&(*&$)#9 #-0:9$+-9& "#77 5&

0&3$)(8&0 58 + 3#,-#W9+-$ #-9)&+3& (I $%& X#-&$#9 #-0:9$+-9& Lkin = µ0λ
2
Ll/wt <"#$%

µ0 = 4π × 10−7 Vs/Am! w $%& "#0$%! t $%& W7* $%#9X-&33 +-0 l $%& 7&-,$% (I $%&

7((1A BCYE.

Z( (2&)9(*& $%&3& 1($&-$#+7 7#*#$+$#(-3! + 3&9(-0 +11)(+9% #- ()0&) $( (1$#*#4&

S
1/2
Φ "+3 #-2&3$#,+$&0 "#$%#- $%#3 $%&3#3. L&$+#7&0 -:*&)#9+7 3$:0#&3 (I 09 ?JK/L3

)&2&+7&0 $%+$ "&77S9%(3&- +38**&$)#&3 #- L! C! I0 +-0 #- 1+)$#9:7+) R *+8 #*1)(2&

S
1/2
Φ BC[!  G!  HE. Z%& $&9%-(7(,#9+778 *(3$ 3#*17& 3(7:$#(- I() + :7$)+S%#,% +38*S

*&$)8 (I R #3 $( :3& 3$)(-,78 :-0&)0+*1&0 $:--&7 ;:-9$#(-3 +-0 $( 3%:-$ (-78 (-&

(I $%& $"( @(3&1%3(- ;:-9$#(-3. Z%& +38**&$)8 #- R I() 3:9% + ?JK/L #3 $%&-

7#*#$&0 (-78 58 $%& )&3#0:+7 )&3#3$+-9& (I $%& Q:+3#1+)$#97&3 (I $%& :-3%:-$&0 $:--&7

;:-9$#(- <"%#9% #3 0&$&)*#-&0 58 $%& Q:+7#$8 (I $%& $:--&7 5+))#&)A! 8#&70#-, + )+$#(

R1/R2 = 1/10000 +-0 +5(2&. P2&- $%(:,%! $%&)& 3&&*3 $( 5& + $)&-0 #- $%& -:*&)S

#9+7 3#*:7+$#(-3 $%+$ $%& 3&-3#$#2#$8 (I ?JK/L3 #*1)(2&3 "#$% #-9)&+3#-, +38**&$)8

(I R! I() -:*&)#9+7 )&+3(-3! $%& 7#*#$ (I :7$)+S%#,% R +38**&$)8 9+- -($ 5& +-+784&0.

Z%&)&I()&! $%& Q:&3$#(- "%&$%&) () -($ $%& #0&+ (I 7&+2#-, (-& ;:-9$#(- :-3%:-$&0

#*1)(2&3 $%& -(#3& W,:)&3 (I 09 ?JK/L3 %+3 $( 5& +-3"&)&0 58 &R1&)#*&-$3. /I $%#3

#3 $%& 9+3&! $%#3 3#*17& \$)#9X\ 9(:70 5& +117#&0 "%&-&2&) $%& -(#3& 1&)I()*+-9& (I

+ 38**&$)#9 ?JK/L %+3 $( 5& #*1)(2&0. F() $%& -+-(?JK/L3! I() #-3$+-9&! +-

#*1)(2&*&-$ (I SΦ *#,%$ 5& 1(33#57& 5&8(-0 $%& 7#*#$3 (I *#-#+$:)#4+$#(-.

K1 $( -("! $%& +11)(+9%&3 I() $%& #*1)(2&*&-$ (I $%& -(#3& 1&)I()*+-9& (I +

?JK/L %+2& 5&&- 9(-3#0&)&0. O3 +7)&+08 *&-$#(-&0! #- ()0&) $( #*1)(2& $%& 31#-

3&-3#$#2#$8! (-& %+3 #- +00#$#(- $( 9(-3#0&) $%& *+,-&$#9 9(:17#-, 5&$"&&- + 0#1(7&

W&70 +-0 $%& ?JK/L 7((1. >(-3#0&)#-, $%& $"( 3#$:+$#(-3 17($$&0 #- F#,. G.C! $%&



  !"#$%&'"($!

!"#$%&'( φµ )*+,**' - ./0 -'1 +2* .3456 !-' )* 7-8&7&9*1 ): 7&'&7&9&'( *&+2*;

+2* -;*- "< +2* .3456 %""$ =<"; +2* )%#* ./0 -+ +2* !*'+*; "< +2* %""$> "; +2* -;*-

!;"??@?*!+&"' S = wt "< +2* ?#$*;!"'1#!+&'( %&'* =<"; +2* (;**' ./0 "' +"$ "< +2*

%""$>A .&'!* +2* &'1#!+-'!* "< +2* .3456 1*$*'1? ?+;"'(%: "' +2* (*"7*+;&!-%

$;"$*;+&*? "< +2* .3456 %""$B +2* "$+&7&9-+&"' "< φµ -'1 S
1/2
Φ !-' '"+ )* ?"%C*1

&'1*$*'1*'+%:A D2&%* +2* ;*1#!+&"' "< S ,"#%1 *'2-'!* φµB <"; %&'*,&1+2? )*%", +2*

E"'1"' $*'*+;-+&"' 1*$+2 λL - ?&('&F!-'+ -7"#'+ "< G&'*+&! &'1#!+-'!* Lkin ,&%% )*

-11*1 +" +2* +"+-% &'1#!+-'!* "< +2* .3456 -'1 +2*;*<";* ,";?*' S
1/2
Φ A

 !"#$% &'()  !"#$%&'!( !) *+, -!.#/&(0 !) $ 123 $* *+, -,(*,% 45/.,6 $(7 !( *!# 40%,,(6

!) *+, 189:; /!!# <=>?

H2&? "$+&7&9-+&"' $;"!*1#;* (*+? *C*' 7";* !"7$%&!-+*1 &< "'* !"'?&1*;? +2* +:$@

&!-% !"*;!&C* F*%1? "< ./0? ,2&!2 -;* "' +2* ";1*; "< ?"7* 100mT #$ +" T IJJKA H"

$;*C*'+ L);&G"?"C C";+&!*? <;"7 *'+*;&'( +2* ?#$*;!"'1#!+&'( %*-1? "< +2* .3456B

-(-&' +2* 7&'&-+#;&9-+&"' "< +2* ?#$*;!"'1#!+&'( ;&'( &? &'*C&+-)%* IMMB M KA N"; +2*

"$+&7&9-+&"' "< - '-'".3456 -%% +2*?* <-!+";? 2-C* +" )* !"'?&1*;*1 -'1 +2* "$+&@

7#7 (*"7*+;: ?+;"'(%: 1*$*'1? "' +2* #?*1 7-+*;&-%?B O#'!+&"' +*!2'"%"(&*? -'1

7-('*+&! F*%1 ;-'(*? -+ ,2&!2 +2* ?*'?"; ,&%% )* "$*;-+*1A

H2*;* 2-C* )**' 7-': ;*-%&9-+&"'? "< '-'".3456? #?&'( 1&P*;*'+ +:$*? "< '-'"@

$-++*;'&'( 7*+2"1?B *A(AB *%*!+;"'@)*-7 %&+2"(;-$2: IJQB MRKB <"!#?*1 &"' )*-7

7&%%&'( IMSB JMKB -+"7&! <";!* 7&!;"?!"$: -'"1&9-+&"' IMTB MUKB ?*%<@-%&('*1 ?2-1",

*C-$";-+&"'IMVKB !;"?? +:$* O#'!+&"'? I QK "; *C*' !-;)"' '-'"+#)* )-?*1 O#'!+&"'?

I WKA /"?+ "< +2*?* .3456? -;* )-?*1 "' !"'?+;&!+&"' +:$* X"?*$2?"' O#'!+&"'?

=!XX?> I JKA H2* 7-&' -1C-'+-(* "< #?&'( !XX? <"; '-'".3456? &? +2* 2&(2 !"#$%&'(

-+ +2* $"?&+&"' "< +2* !XX -'1 ;-+2*; *-?: <-);&!-+&"' +*!2'&Y#*? 1#* +" +2* ?&'(%*

%-:*; $;"!*??A ZC*' +2"#(2 ?"7* "< +2*?* '-'".3456? 2-1 &7$;*??&C* [#8 '"&?*

$;"$*;+&*? =0.2µΦ0/Hz
1/2

2-C* )**' ;*$";+*1 IJMK>B +2* %", ;*$;"1#!&)&%&+: "< +2*

!XX $;"$*;+&*? -'1 +2* %&7&+*1 +*7$*;-+#;* ;-'(* "< "$*;-+&"' -;* 7-O"; 1;-,)-!G?

"< !XX +:$* .3456?A N#;+2*;7";*B +2* ?+;"'( &'+*;!"''*!+&"' )*+,**' φµ -'1 +2*

,&1+2 "< +2* O#'!+&"' 1"*? '"+ -%%", <"; -' &'1*$*'1*'+ "$+&7&9-+&"' "< +2* O#'!@

+&"' $;"$*;+&*? -'1 φµB -'1 +2* %&7&+-+&"' +" - ?&'(%* ?#$*;!"'1#!+&'( %-:*; $;"2&)&+?

7";* !"7$%*8 .3456 1*?&('? (;-1&"7*+;&! .3456?A

H" "C*;!"7* +2* 1&?-1C-'+-(*? "< !XX +:$* .3456?B &' +2&? +2&? ,";G ,* &'C*?@

+&(-+* +2* ?#&+-)&%&+: "< '-'".3456? )-?*1 "' !"'C*'+&"'-% XX?B &A*A %",@Tc ?#@
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YBa2Cu3O7 !"#$%& '()*+ ,-.+/)(0 1.+23*-+4 !5#64&7 #-38 1.+23*-+ 309:4 0*:;/

<:(0 8*'8 2(*3*2); 2.((:+3 /:+4*3*:4 jc > 105 A/cm2
!)3 T = 4.2K&= 9(-<*/*+' 4.>?

2*:+3;0 8*'8 2(*3*2); 2.((:+34 :<:+ @-( 1.+23*-+ 4*A:4 B:;; ,:;-B 1µm7 C8*;: DED 309:

1.+23*-+4 )(: );(:)/0 *+3(*+4*2);;0 48.+3:/= @-( 38: "#$% 5#64 ) 38*+ F. ;)0:( -+

3-9 -@ 38: 5# 9(-<*/:4 +-+?8043:(:3*2 2.((:+3 <-;3)': 28)()23:(*43*24 !GH$&7 I8:(:?

@-(:= @-( ,-38 3:28+-;-'*:4 +- )//*3*-+);= 49)2: 2-+4.J*+' :K3:(+); 48.+3 *4 +::/:/7

L-( 38: DED 309: 1.+23*-+4 ) (:;*),;: @),(*2)3*-+ 9(-2:44 @-( 1.+23*-+ B*/384 /-B+

3- 40 nm 8)4 ,::+ /:<:;-9:/ ,0 38: M804*N);*428 I:28+*428: #.+/:4)+43);3 !MI#&

*+ #().+428B:*' OPQ= PPR )+/ 4:(*:4 )(()04 -@ .9 3- ∼ 10000 1.+23*-+4 8)<: ,::+

@),(*2)3:/ )+/ )(: .4:/ )4 6-4:984-+ )(,*3()(0 B)<:@-(J 40+38:4*A:(4 B8*28 4:(<:

)4 );3:(+)3*+' 2.((:+3 <-;3)': 43)+/)(/4 OP = PSR D*+2: 38*4 @),(*2)3*-+ 9(-2:44 J::34

);; 38: ),-<: J:+3*-+:/ (:T.*(:J:+34= ) 2-;;),-()3*-+ B*38 38: MI# B)4 43)(3:/

*+ -(/:( 3- )/)93 38*4 3:28+-;-'0 @-( 38: (:);*A)3*-+ -@ 49*+ 4:+4*3*<: +)+-DUVGW47

I8: Q /*J:+4*-+); 43(.23.(: -@ 4.28 6-4:984-+ 1.+23*-+4 )+/ 3B- 49)3*);;0 4:9)()3:/

E, ;)0:(4 -X:(4 ) 8*'8 /:'(:: -@ @(::/-J *+ 38: /:4*'+ ;)0-.3 -@ 38: DUVGW47 W.:

3- 38: ()38:( ;-B .99:( 2(*3*2); Y:;/ Bc2 < 1T -@ E, !)4 2-J9)(:/ 3- 38: 8*'8?Tc

DUVGW4& 38: Y:;/ ()+': -@ 38:4: DUVGW4 B*;; ,: ;*J*3:/ 3- *+3:(J:/*)3: Y:;/4 -@

4-J: 100mT7

I8: 4:2-+/ )99(-)28 @-( +)+-DUVGW4 *4 ,)4:/ -+ "#$% '()*+ ,-.+/)(0 1.+2?

3*-+4= I8: "#$% 5#6 +)+-DUVGW4 )(: 43*;; ,)4:/ -+ ) 4*+';: 4.9:(2-+/.23*+'

;)0:(= )+/ 38:(:@-(: /- +-3 );;-B @-( 2-J9;:K DUVGW /:4*'+4= ,.3 38: 8*'8 .99:(

2(*3*2); Y:;/ Bc2 > 30T J)N:4 38:J 9(-J*4*+' 2)+/*/)3:4 @-( 8*'8 Y:;/ )99;*2)?

3*-+4 *+ 38: I:4;) ()+':7 L.(38:(J-(:= *3 *4 9-44*,;: 3- *J9;:J:+3 )+ )//*3*-+);

2-+43(*23*-+ *+ 38: ,.;N "#$% DUVGW ;--9 B8*28 );;-B4 @-( 38: 4:9)()3*-+ )+/

*+/:9:+/:+3 -93*J*A)3*-+ -@ 2-.9;*+' )+/ 38: 1.+23*-+ 9(-9:(3*:47

I8*4 38:4*4 4.JJ)(*A:4 38: B-(N -+ ,-38 "#$% )+/ DED 309: +)+-DUVGW4= )4

B:;; )4 38: (:4.;34 -@ J:)4.(:J:+34 -+ )40JJ:3(*2 /2 DUVGW4 ,)4:/ -+ E,ZF;?

F;%xZE, 1.+23*-+47 I8*4 B-(N *4 -(')+*A:/ *+ Q 28)93:(4[  !"#$%& ' 4.JJ)(*A:4

38: :K9:(*J:+3); 3:28+*T.:4 B8*28 8)<: ,::+ .4:/ *+ -(/:( 3- 9:(@-(J 38: 9(:4:+3:/

J:)4.(:J:+347  !"#$%& ( ,(*:\0 4.JJ)(*A:4 38: 9.,;*2)3*-+4 -+ J:)4.(:J:+34

-@ 38: "#$% !)*+,-."$-/0 '= )*+,-."$-/0 1&= 38: DED 309: !)*+,-."$-/0 (=

)*+,-."$-/0 2& )+/ )40JJ:3(*2 !)*+,-."$-/0 3& DUVGW4 *+ ;-B J)'+:3*2 Y:;/47

L.(38:(J-(:= J:)4.(:J:+34 -@ 38: 8*'8 Y:;/ 9(-9:(3*:4 -@ 38: "#$% !)*+,-."$-/0

1& 309: DUVGW4 )(: 4.JJ)(*A:/ *+ 38*4 28)93:(7 I8: 9.,;*2)3*-+4 )(: )33)28:/ *+

38: <:(0 :+/ -@ 38*4 2.J.;)3*<: 38:4*47
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56789*: +"'0(+"+ 4-% !&;!3< *-$!&*)&10)"+ '"0*2%"'"() )"1!(&=2"*> ,!&1! 0%"

*2''0%&?"+ &( )!&* 1!0$)"%@

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

 !" 3-, '0;(")&1 A"3+ '"0*2%"'"() *")2$ "(0B3"* 0 1!0%01)"%&?0)&-( -4 )!" *0'$3"*

2(+"% !&;!3< &+"03&?"+ 1-(+&)&-(*> &@"@ *!&"3+&(; -4 "#)"%(03 "3"1)%-C'0;(")&1 ,0D"*

0(+ '0;(")&1 A"3+*@ E0*"+ -( )!" '"0*2%"'"()* $"%4-%'"+ &( )!&* *")2$> ," 0%"

0B3" )- +")"%'&(" )!" *"(*&)&D&)< -4 )!" 56789* ,&)!-2) 0(< "#)"%(03 &(F2"(1"*> 0(

&'$-%)0() %"=2&%"'"() 4-% )!" -$)&'&?0)&-( -4 )!" +"D&1"*@

 !"#$% &'&(  !"#$%&'! () &"# *(+,$%-.#&'!,/#*0 1#&23 )(4 .('1# $#%124#$#.&15 6"#

7(*&%-# +%1 %$3*'/#0 #'&"#4 %& 4(($ &#$3#4%&24# +'&" % "'-" '.32& '$3#0%.!# %$3*'/#4

(4 +'&" %  89:; %$3*'/#4 %& T = 4.2K5

G&;@ H@H *!-,* 0 *1!"'0)&1 -4 )!" 3-,CA"3+ '"0*2%"'"() *")2$@ I %0+&- 4%"=2"(1<

/%4: *1%""(&(; %--' *!&"3+* )!" *0'$3" 4%-' "#)"%(03 "3"1)%-C'0;(")&1 %0+&0)&-(@  !"

*0'$3" &* '-2()"+ -( 0 +&$*)&1. 0(+ 1--3"+ )- T = 4.2K &(*&+" 0 3&=2&+ J" +",0%@ I
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!"# $%&' () *+,(#'+$

r
-. /"++("0&/ 12' /%$#3' %0& /'+4'/ %/ $%50'16! /26'3&6057

12' +'/6&"%3 $%50'16! 8'3& 6/ (0 12' (+&'+ () Bres ≈ 100 nT9 :0 ';1'+0%3 $%50'16!

8'3& "# 1( Ba ≈ 1mT !%0 <' %##36'& <, % !(63 #'+#'0&6!"3%+ 1( 12' #3%0' () 12'

=>?@A9 :33 !"++'01/ %+' %##36'& <, <%11'+, #(B'+'&C 3(BD0(6/' !"++'01 /("+!'/9 E(+

$'%/"+'$'01/ () 12' &! #+(#'+16'/ () 12' &'46!'/C % 2652 60#"1 6$#'&%0!' %$#368'+

%1 +(($ 1'$#'+%1"+' FGH:I B612 % +$/ 'J"64%3'01 60#"1 4(31%5' 0(6/' () S
1/2
V,RTA =

6nV/Hz1/2 6/ "/'&9 K4'0 12("52 12' GH: 6/ % +'36%<3'C '%/, 1( "/' 1((3 )(+ 4(31%5'

$'%/"+'$'01/C 61 6/ 0(1 !%#%<3' 1( &'1'!1 12' 4'+, /$%33 +$/ 4(31%5' 0(6/' (0 12'

(+&'+ S
1/2
V,SQUID ≈ 100 pV/Hz1/2 %0& <'3(B () 12' =>?@A/ 12%1 %+' 604'/165%1'&

60 126/ B(+L9 @0 (+&'+ 1( (4'+!($' 12' 36$61%16(0/ () % GH:C % !+,(5'06! 4(31%5'

%$#368'+C 69' % =>?@A %$#368'+ 6/ "/'& )(+ 12' 0(6/' $'%/"+'$'01/9 @0 12' )(33(B605

12' #+(#'+16'/C %&4%01%5'/ %0& &6/%&4%01%5'/ () /"!2 %0 %$#368'+ %+' &6/!"//'&C

&'1%63'& !%3!"3%16(0/ !%0 <' )("0& 60  !!"#$%&  () 126/ 12'/6/ 9

 !"#$% &'()  !" #$%&'!()$ *+ (%& '*,( $*''*- .,&/ #0123 !'45)6$!()*- ,$%&'&,  7&/

/!,%&/ 5)-&8 9::; <7&&- /*((&/ 5)-&8 =::">  ?" V @,> Φa $%!7!$(&7),()$, *+ ! #0123 !(

$*-,(!-( I; A)(% A*7B)-< 4*)-( W CDEF>

@0 (+&'+ 1( %$#36), 12' 4(31%5' V () % &'46!' "0&'+ 1'/1 FA?HI B612 % =>?@A (0'

8+/1 2%/ 1( 1+%0/)(+$ 12' 4(31%5' 601( % $%50'16! M";9 H26/ 6/ &(0' 46% %0 60#"1 !(63

60 #%+%33'3 1( 12' A?H9 :0 60#"1 +'/6/1(+ Ri 60 /'+6'/ 1( 12' 60#"1 !(63 1+%0/)(+$/

V 601( % !"++'01 12+("52 12' 60#"1 !(63 F/'' E659 -9NF%II9 H2' 60#"1 !(63 6/ !("#3'&

1( % =>?@A 46% 12' $"1"%3 60&"!1%0!' Mi %0& 12'+')(+' %##36'/ % $%50'16! M";

Φa 1( 12' =>?@A 12%1 6/ #+(#(+16(0%3 1( V 9 E(+ % =>?@A (#'+%1'& %1 12' (#16$%3

B(+L605 #(601 W F/'' E659 -9NF<IIC % /$%33 !2%05' δΦa 3'%&/ 1( % 360'%+ !2%05' δV
() 12' =>?@A 4(31%5'9 E(+ 60#"1 4(31%5'/ 12%1 &( 0(1 ';!''& 12' 360'%+ +%05' () 12'

V 4/9 Φa !"+4'C 126/ /( !%33'& (#'0 3((# FOPI !(085"+%16(0 %3+'%&, %!1/ %/ % +%12'+

/6$#3' !+,(5'06! %$#368'+9 E(+ 1,#6!%3 4%3"'/ () % !($$'+!6%33, %4%63%<3' =>?@A

%$#368'+ QNRS 36L' Mi = 1Φ0/µAC % 1+%0/)'+ )"0!16(0 F69'9 12' /3(#' () 12' V 4/9 Φa

!"+4'IC VΦ = 100µV/Φ0 %0& Ri = 1Ω 126/ B("3& 3'%& 1( % 4(31%5' 5%60

G = Vout/V = VΦMi/Ri F-9-I

() -..9 H2' 'J"64%3'01 +$/ 60#"1 4(31%5' 0(6/' () /"!2 %0 %$#368'+ F%//"$605 % +$/

M"; 0(6/' () 12' =>?@A S
1/2
Φ = 1µΦ0/Hz

1/2
%0& T = 4.2KI 6/

S
1/2
V,amp = (4kBTRi + SΦV

2
Φ/G

2)1/2 ≈ 15 pV/Hz1/2, F-9NI
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!"#$%& %$"'"( ")#)&'* +( Ri, - #!.$/ */!0+!12 $3 %415 67 !#8")91!&)$: )% &5' "$0

):84& /'%)%&!:1' ;3$/ "$0 3/'<4':1)'% *'&'/#):'* +( Ri=> 05)15 "'!*% &$ ! "$0'/ +)!%

14//':& I $3 &5' ?@A &5!: &5' !88")'* 14//':& Ics> *4' &$ &5' 14//':& *)B)*'/ I/Ii,

C$/ #!:( !88")1!&)$:% ;")2' ): &5)% 0$/2= !: 'D&':*'* "):'!/ /!:E' $3 &5' !#8")9'/

!% 0'"" !% ! 5)E5'/ B$"&!E' E!): )% :''*'*, A5' #$%& 1$##$: %$"4&)$: 3$/ &5)% &!%2

)% &5' 4%' $3 !: '"'1&/$:)1 3''*+!12 &'15:)<4', C)E, F,G;!= %5$0% ! %15'#!&)1 $3 &5'

&0$ #$%& 1$##$:"( 4%'* 1$:9E4/!&)$:%> ),' H4D "$12'* "$$8 ;C77= ;/'* *!%5'* "):'=

!:* B$"&!E' "$12'* "$$8 ;I77= ;E/'': *$&&'* "):'=, J: &5' C77 1$:9E4/!&)$:> &5'

B$"&!E' $3 &5' KL@J? )% 3'* &$ !: $8'/!&)$:!" !#8")9'/> ):&'E/!&'*> !:* ! 14//':&

&5/$4E5 &5' 3''*+!12 1$)" 05)15 )% 1$48"'* B)! &5' #4&4!" ):*41&!:1' Mf &$ &5'

KL@J? )% 3'* +!12 ): $/*'/ &$ 1$#8':%!&' &5' H4D 8/$*41'* +( &5' B$"&!E' $3 &5'

?@A, A5)% 3''*+!12 2''8% &5' KL@J? !"0!(% !& &5' 0$/2):E 8$):& W !:* &5'/'3$/'

"):'!/)M'% &5' $4&84& %)E:!" 'B': 3$/ ):84& %)E:!"% #415 5)E5'/ &5!: &5' "):'!/ /!:E'

$3 &5' V B%, Φa 15!/!1&'/)%&)1%,

A5' E!): $3 &5' C77 )%

G = RfMi/(RiMf ), ;F,N=

05)15 )% G = 105 3$/ &(8)1!" B!"4'% Rf = 10 kΩ> Ri = 1Ω> Mi = 1Φ0/µA !:*

Mf = 10Φ0/µA, A5' '<4)B!"':& /#% ):84& B$"&!E' :$)%' 3$/ ! C77 )%

S
1/2
V,amp = (4kBTRi +R2

i /M
2
i SΦ)

1/2, ;F,O=

")#)&'* &$ S
1/2
V,amp ≈ 15 pV 3$/ RDUT = 0, A5' ):84& )#8'*!:1' $3 &5' C77 )% ;%!#'

!% 3$/ 67= *'&'/#):'* +( Ri !:* &5'/'3$/' /!&5'/ "$0, J:  !"#$%&'$() * 0' 8/'%':&

! &'15:)<4' ): $/*'/ &$ 1$#8':%!&' &5' "$0 ):84& )#8'*!:1' $3 &5' C77,

J: &5' I77 1$:9E4/!&)$:> &5' 3''*+!12 14//':& )% !88")'* &$ &5' ):84& /'%)%&$/

Ri ): $/*'/ &$ 1$#8':%!&' &5' B$"&!E' $3 &5' ?@A, -% ! 1$:%'<4':1'> &5' 14//':&

&5/$4E5 &5' ):84& 1$)" '<4!"% P !:* Φa )% 1$:%&!:& 3$/ !"" 3/'<4':1)'% &5' KL@J?

'"'1&/$:)1 )% !+"' &$ 1$:&/$", A5)% "'!*% &$ ! 5)E5 ):84& )#8'*!:1' $3 &5' I77, A5'

B$"&!E' E!): 1!: +' 1!"14"!&'* &$

G = −Rf/Ri, ;F,Q=

05)15 )% G = 104 3$/ ! &(8)1!" 3''*+!12 /'%)%&!:1' Rf = 10 kΩ !:* ):84& /'%)%&!:1'

Ri = 1Ω, A5' '<4)B!"':& /#% ):84& :$)%' $3 ! I77 )%

S
1/2
V,amp = (4kBTRi + (Ri +RDUT)

2/M2
i S

2
Φ)

1/2. ;F,R=

SB': &5$4E5 &5' 5)E5 ):84& )#8'*!:1' $3 &5' I77 )% ! #!.$/ !*B!:&!E' $B'/ &5'

C77> S<, F,R /'B'!"% ! %'B'/' 8/$+"'# 3$/ :$)%' #'!%4/'#':&% 0)&5 ! I77, J: 1$:T

&/!%& &$ &5' :$)%' $3 &5' C77> 3$/ &5' I77 &5' :$)%' 8/$*41'* +( &5' KL@J? *'8':*%

$: RDUT ;%'1$:* &'/# $3 S<, F,R=, C$/ &5)% /'!%$:> &5' #'!%4/'#':& $3 *'B)1'% 0)&5

! :$:"):'!/ /'%)%&!:1' !:* ! B'/( "$0 B$"&!E' :$)%' $: &5' $/*'/ $3 SV,AMP> E'&%

1$#8")1!&'* %):1' ! %)#8"' %4+&/!1&)$: $3 ! 1$:%&!:& !#8")9'/ :$)%' )% :$& 8$%%)+"',

K):1' &5)% )% 'D!1&"( &5' 1!%' 3$/ &5' :$)%' #'!%4/'#':&% 8/'%':&'* ): &5)% 0$/2>

!"" :$)%' #'!%4/'#':&% 0'/' 8'/3$/#'* ): &5' C77, - %'1$:* */!0+!12 $3 &5' I77
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 !" #$%&'()*'+, -). /+," ', (+&&)%+0)*'+, -'*! *!" 10+$# +2 Q4 9+!&K),, ),/

O4:4 R+0', )* *!" M!L.'@)&'.(!  "(!,'.(!" :$,/".),.*)&* DM :E ', :0)$,=

.(!-"'14 I4?4 9'"&"0 D3('",*'.*E ),/  4 B"'K),, D3('",*'.*E 2)%0'()*"/ *!"

,),+3ST>F.4 84 BA&%',1 DF'#&+K) *!".'.E )..'.*"/ %L *!" *0),.#+0* K")=

.$0"K",*.4 54 9"KK&"0 )..'.*"/ -'*! *!" *0),.#+0* ),/ ,+'." K").$0"K",*.

),/ *!" ',*"0#0"*)*'+, +2 *!" 0".$&*. ),/ *!" .)K#&" /".'1,4 > -). ', (!)01"

+2 *!" .)K#&" /".'1,7 *0),.#+0* ),/ ,+'." K").$0"K",*.7 *!" ),)&L.'. ),/

',*"0#0"*)*'+, +2 *!" 0".$&*.7 ),/ *!" *!"+0"*'()& ()&($&)*'+, +2 *!" (+$#&',1

2)(*+04

•  !"#$%&'$() -+

 !'. -+0@ -). /+," ', (+&&)%+0)*'+, -'*! *!" 10+$# +2 94 >&', ),/ 54 3'"1"&

)* *!" 9)0&.0$!" ',.*'*$*" +2 *"(!,+&+1L D9> E ', 9)0&.0$!"4 Q454 5"(@%)(!

DM!F=.*$/",*E 2)%0'()*"/ *!" .LKK"*0'( ),/ ).LKK"*0'( 3ST>F.4 54 8$/+&#!

DF'#&+K) *!".'.E #"02+0K"/ *!" *0),.#+0* ),/ ,+'." K").$0"K",*. $,/"0 KL

.$#"0N'.'+,4 54 9"KK&"0 )..'.*"/ -'*! *!" ',*"0#0"*)*'+, ), #&),',1 +2 *!"

"U#"0'K",*.4 5L (+,*0'%$*'+, -). *!" #&),',1 +2 *!" "U#"0'K",*7 *!" .)K#&"

/".'1,7 )..'.*),(" 2+0 *!" ,+'." K").$0"K",*.7 /)*) ),)&L.'. ),/ ',*"0#0"*)=

*'+,4

•  !"#$%&'$() .+

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

 4 3(!-)06 DM!F=.*$/",*E4 84 BA&%',1 #"02+0K"/ *!" ,$K"0'()& .'K$&)*'+,.



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

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

"# $%& )(5*+'.$+",6 76 8&11*&/ .44+4$&0 9+$% $%& )*.,+,- "# $%& &:)&/+1&,$4;

$%& 4.1)*& 0&4+-, .,0 $%& +,$&/)/&$.$+", "# $%& /&4(*$46 73 '",$/+5($+", 9.4

$%& 5(+*0+,- "# $%& 1&.4(/&1&,$ 4&$(); $%& 4.1)*& 0&4+-,; $%& +,$&/)/&$.$+",

"# $%& /&4(*$4 .,0 .44+4$.,'& 0(/+,- $%& $/.,4)"/$ .,0 ,"+4& 1&.4(/&1&,$46

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

<%+4 9"/= 9.4 0",& +, '"**.5"/.$+", 9+$% $%& >&)./$1&,$ "# ?%34+'4 .$ $%&

(,+@&/4+$3 "# A.4&*; $%& ?<A +, A/.(,4'%9&+-; $%& B.5"/.$"+/& 0&4 7.$C/+.(:

D&1+'",0('$&(/4 "# $%& E'"*& ?"*3$&'%,+F(& GC0C/.*& +, B.(4.,,& HE?GBI;

$%& ?%34+=J>&)./$1&,$ E  .$ $%& <&'%,+4'%& K,+@&/4+$L$ +, 7M,'%&, H<K7I

.,0 $%& G.'(*$C D'+&,'&4 &$ <&'%,+F(& 0& *NO,-C,+&(/ +, B.(4.,,& HD<OI6 <%&

'",$/+5($+",4 0+4)&/4&0 .4 #"**"94P

, Q6 A('%$&/; G6 R(&; 76 ?"--+"P

?*.,,+,- "# $%& &:)&/+1&,$ .,0 .** 7G7 /&*.$&0 1&.4(/&1&,$46

, S6G6 8+&*&/; <6 T&+1.,,; U6 8"%*1.,,; Q6A6 V"/+, H?<AIP

G.5/+'.$+", "# $%& ,.,"DWKO>6

, >6 XMY&/; E6 X(44"JQ@&/'%+; Q6 G",$'(5&/$. + 7"//.* HE?GBIP

G.5/+'.$+", "# $%& Z+ ,.,"$(5&6

, X6 [(5&/; ?6 A&/5&/+'%; >6 \/(,0*&/P

G.5/+'.$+", "# $%& Z+ ,.,"$(5&6

76 8&11*&/ 1.0& ,(1&/+'.* 4+1(*.$+",4 "# $%& '"()*+,- 5&$9&&, $%& Z+ ,.,"$(5&

.,0 $%& DWKO>6 73 '",$/+5($+", 9.4 $%& )*.,,+,- .,0 $%& "/-.,+2.$+", "# $%&

&:)&/+1&,$6 Q** DWKO> /&*.$&0 1&.4(/&1&,$4 %.@& 5&&, )&/#"/1&0 53 76 8&11*&/

.,0 1& 6 <%& .,.*34+4 .,0 $%& +,$&/)/&$.$+", "# $%& /&4(*$4 9&/& 0",& 53 1&6



 !"#$%& '

()**"&+ ,- #)./01"$0,23

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

./0'0*'1/&2 03$,*/4 56)27$387 9:)', %+$,4):2

;$,(*'+,0 ),4 &+<=,+'0/ >?@AB0 C)**/:,/4 %2 )

D+($0/4 '+, %/)E 4+<, *+ 80 nm &',/<'4*3

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

&' 4567 859) #1: (!" +"#0$3#($&1 #1: (!" ;!#+#;("+$3#($&1 &' <+)( 1#1&=>?@A)

;&1)$)($1B &' )2;! C21;($&1)D

E( # <+)( B0#1;"F :; =>?@A) -#)": &1 !$B!GTc )2/"+;&1:2;(&+) %$B!( )""% (& -"

$1#//+&/+$#(" '&+ (!" #%-$($&2) B&#0 &' 20(+#G)"1)$($H" %"#)2+"%"1() &1 )%#00 )/$1

)I)("%)F -";#2)" %"#)2+"%"1() /"+'&+%": -I H#+$&2) B+&2/) &1 :$J"+"1( !$B!GTc :;

=>?@A) ;&1)$)("1(0I )!&*": # %2;! !$B!"+ *!$(" 1&$)" 0"H"0 $1 (!" "./"+$%"1( #)

;&%/#+": (& (!"&+"($;#0 )$%20#($&1) KLMND O&)( /+&-#-0" +"#)&1) '&+ (!$) &-)"+H#($&1

%$B!( -" #1 21:"+")($%#(" &' (!" $1:2;(#1;" :2" (& # !$B! ;&1(+$-2($&1 &' (!"

,$1"($; $1:2;(#1;" LkinF (!" /+")"1;" &' +")&1#1;") ;#2)": -I /#+#)$($; ;#/#;$(#1;")

#1: $1:2;(#1;")F +#1:&% ("0"B+#/! 1&$)" "$(!"+ :2" (& ;+$($;#0 ;2++"1( P2;(2#($&1)F

;#2)": -I :"'";() $1 (!" (211"00$1B -#++$"+ &+ (!" %&($&1 &' E-+$,&)&H H&+($;")F

#( '+"Q2"1;$") %2;! !$B!"+ (!#1 (!" -#1:*$:(! &' (!" %"#)2+"%"1( )I)("%) &+ #

1&1G)$12)&$:#0 ;2++"1(G/!#)" +"0#($&1 &' (!" B+#$1 -&21:#+I C21;($&1)D

 !")" )&2+;") '&+ # :"B+#:": )"1)$($H$(I %$B!( -" /#+(0I &+ ;&%/0"("0I -" "0$%G

$1#(": -I # %$1$#(2+$3#($&1 &' (!" =>?@A)D E )%#00"+ =>?@A 0&&/ +":2;") (!"

B"&%"(+$; $1:2;(#1;" &' (!" =>?@A #1: (!"+"'&+" ;&21("+#;() Lkin #) 0&1B #) (!"

R&1:&1 /"1"(+#($&1 :"/(! $) 1&( 21:"+;2(D  !" )%#00"+ $1:2;(#1;" $1 #::$($&1 (&

)%#00"+ )(+#I ;#/#;$(#1;") &' 1#1&G)$3": C21;($&1 $1;+"#)" (!" '+"Q2"1;I &' /#+#)$($;

+")&1#1;")F $D"D # )!$'( (&*#+:) !$B!"+ H&0(#B") $1 (!" ;2++"1( H&0(#B" ;!#+#;("+$)($;)D

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

+")&1#1;")F 1& "1!#1;"%"1( &' (!" 1&$)" 0"H"0 $) "./";(":D S2+(!"+%&+"F (!" 12%-"+

&' :"'";() $1 # (211"00$1B -#++$"+ $) /+&/&+($&1#0 (& $() #+"#D T"1;"F # )%#00"+ *$:(! &'

(!" 859 +":2;") (!" /+&-#-$0$(I &' P2;(2#($&1) *$(! # !$B! ;!#+#;("+$)($; '+"Q2"1;I



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

"#$%&' () # '&*&"+, -./$0+#1&2$%0)3 +4& 1$/(&5 2* 625+."&% .1 +4& %$7&5"21'$"+.18

#5&#% .% 5&'$"&' () +4& /.1.#+$5.9#+.21, : '&6.#+.21 2* +4& %.1$%2.'#0 "$55&1+;74#%&

5&0#+.21 2* #1 .'&#0 <2%&74%21 =$1"+.21 "#1 (& &>70#.1&' () +4& dx2
−y2;?#6& %)/;

/&+5) 2* +4& 25'&5 7#5#/&+&5 .1 @ABC #1' *#"&+.18 2* +4& 85#.1 (2$1'#5) DEF3 E G,

H25 =$1"+.21% ?4&5& +4& ?.'+4 .% 21 +4& 25'&5 2* 10− 100 1/3 .,&, (&02? +4& +)7."#0

0&18+4 2* # *#"&+ DEI3 EJ3 EKG3 +4& "$55&1+;74#%& 5&0#+.21 .% &>7&"+&' +2 (& %.1$%2.'#0

#8#.1, L4&5&*25& .+ .% 12+ "0&#5 ?4&+4&5 @ABC  ! "-MNOP% %+.00 &>4.(.+ &14#1"&'

12.%& Q8$5&%, R6&1 .* .+ +$51% 2$+ +4#+ +4& %&1%.+.6.+) 2* +4& 4.84;Tc 1#12-MNOP%

.1 #"$ /#81&+." Q&0'% .% 12+ #% 822' #% "2/7#5&' +2 02?;Tc 1#12-MNOP%3 +4& 4$8&

$77&5 "5.+."#0 Q&0' > 30L 2* @ABC &1#(0&% &>7&5./&1+% .1 /#81&+." Q&0'%3 ?4&5&

+4& %$7&5"21'$"+.6.+) .1 02?;Tc %$7&5"21'$"+25% (5&#S% '2?1,

T5&6.2$% #++&/7+% *25 +4& 5&'$"+.21 2* +4& ?.'+4 2* @ABC UA<% +2 +4& %$(;µ/
5#18& 5&6&#0&' # %+5218 '&85#'#+.21 2* +4& "5.+."#0 "$55&1+ '&1%.+) jc *25 =$1"+.21

?.'+4% w (&02? 500 nm DEE3 E!G, O1 +4&%& ?25S% # "2/(.1#+.21 2* &0&"+521 (&#/

0.+4285#74) #1' .21 (&#/ &+"4.18 ?#% $%&' *25 +4& 7#++&51.18 2* +4& UA<%, L4&

/2%+ 752(#(0& &>70#1#+.21 *25 +4& '&85#'#+.21 2* jc .% +4& "5&#+.21 2* '&*&"+% .1 +4&

"5)%+#00285#74." 25'&5 2* +4& @ABC #1' 02%% 2* 2>)8&1 #+ +4& (25'&5 2* +4& UA<%

'$& +2 +4& .21 /.00.18, O1 7#5+."$0#5 .1 +4& 6.".1.+) 2* +4& 85#.1 (2$1'#5)3 ?4&5& +4&

"5)%+#00285#74." 25'&5 .% #05&#') '.%+$5(&'3 +4&%& &V&"+% #5& 6&5) %&6&5&,

O1 +4& Q5%+ 7#5+ 2* +4& 7$(0."#+.21 ?& '&/21%+5#+& # 1&? 7#++&51.18 +&"41.W$&

?4&5& +4& "5$".#0 Q1#0 1#12;7#++&51.18 %+&7 2* +4& =$1"+.21% .% 7&5*25/&' () 27+.;

/.9&' X%2*+X *2"$%&' .21 (&#/ YHOAZ /.00.18, O1 (5.&*3 +4& *#(5."#+.21 752"&%% .% #%

*2002?%, -+#5+.18 ?.+4 # SrTiO3 %)//&+5." DFF G +.0+ (."5)%+#0 %$(%+5#+& ?& '&72%.+&'

# 50 nm +4."S c;#>.% 25.&1+#+&' &7.+#>.#00) 852?1 @ABC Q0/ $%.18 7$0%&' 0#%&5 '&;

72%.+.213 *2002?&' () .1;%.+$ &6#725#+.21 2* # :$ +4.1 Q0/, L4& :$ Q0/ %&56&' #%

# 752+&"+.21 0#)&5 '$5.18 +4& Q1#0 HOA /.00.18 #1' 0#+&5 21 #% # 5&%.%+.6& %4$1+ *25

+4& UA<% .1 25'&5 +2 7526.'& # 1214)%+&5&+." "$55&1+;620+#8& "4#5#"+&5.%+."% YO[BZ,

N%.18 742+20.+4285#74) #1' :5 .21 &+"4.183 ?& +4&1 7#++&51&' 8µm ?.'& (5.'8&%

%+5#''0.18 +4& 85#.1 (2$1'#5), O1 # Q1#0 7#++&51.18 %+&7 ?& $%&' HOA /.00.18 .1

25'&5 +2 *$5+4&5 5&'$"& +4& ?.'+4 w 2* +4& UA<%, H25 +4& HOA /.00.18 ?& "#5&*$00)

/.1./.9&' +4& .21 &>72%$5& +./& #1' #62.'&' '.5&"+ .21 .55#'.#+.21 2* +4& 7#5+ 2*

+4& 85#.1 (2$1'#5) 12+ +2 (& "$+,

\.+4 +4.% *#(5."#+.21 752"&%%3 # %&5.&% 2* UA<% .1 +4& 5#18& 80 nm ≤ w ≤ 7.8µm
?#% 7#++&51&', :00 2* +4&%& =$1"+.21% %42?&' 5&%.%+.6&0);#1';"#7#".+.6&0);%4$1+&'

=$1"+.21Y]B-<Z;0.S& O[B% #1' ).&0'&' 4.84 "5.+."#0 "$55&1+ '&1%.+.&% jc ?&00 #(26&

105 Acm−2
Y#+ T = 4.2KZ &6&1 *25 +4& %/#00&%+ =$1"+.21% ?.+4 w = 80 nm,

O1 +4& %&"21' 7#5+ 2* +4& 7$(0."#+.21 ?& 75&%&1+ /&#%$5&/&1+% 2* Q5%+ 1#12-MNOP%

*#(5."#+&' ?.+4 +4& 1&? 7#++&51.18 %"4&/&, L4& -MNOP% ?&5& "4#5#"+&5.9&' ?.+4

5&%7&"+ +2 +4&.5 +5#1%725+ #1' 12.%& 7527&5+.&% #+ T = 4.2K .1 # /#81&+."#00) #1'

&0&"+5."#00) %4.&0'&' &16.521/&1+, \4.0& *25 +4& +5#1%725+ /&#%$5&/&1+% # %./70&

*2$5 72.1+ /&#%$5&/&1+ #55#18&/&1+ ?.+4 620+#8& #/70.Q&5% #+ 522/ +&/7&5#+$5&

"2$0' (& $%&'3 +4& %/#00 5/% 620+#8& 12.%& 2* +4& 1#12-MNOP% '&/#1'&' *25 # /25&

%274.%+."#+&' 5&#'2$+ %"4&/&, L4&5&*25& ?& $%&' # '" -MNOP #/70.Q&5 .1 25'&5 +2



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

"#$%&'( )*+ ,-%)".+ /-&0+ -' )*+ /"/-123450 60++ 7*"$)+8  9 '-8 :+)"&%0;9 3/:+8

)*+0+ 7-/:&)&-/0< )*+ /"/-123450 0*-=+: " %-= 8#0 >?@ /-&0+ -' 4µΦ0/Hz
1/2

9

4/ )*+ %"0) $"8) -' )*+ $?A%&7")&-/ < =+ :+8&,+ " .+/+8"% +@$8+00&-/ -' )*+ #"./+)&7

7-?$%&/. φµ(êµ, ~r) A+)=++/ " $-&/)B%&C+ #"./+)&7 #-#+/) ~µ $-&/)&/. &/ êµB:&8+7)&-/
") $-0&)&-/ ~r "/: " 12345 A( 0&#$%+ +/+8.( "8.?#+/)09 4/ 7-/)8"0) )- $8+,&-?0

)*+-8+)&7"% #-:+%0 DEF< G!H< =*+8+ )*+ 12345 &0 "$$8-@&#")+: A( " I%"#+/)"8(

7&87?%"8 7?88+/) :&0)8&A?)&-/< )*+ :+8&,+: +@$8+00&-/ "%%-=0 '-8 )*+ 7"%7?%")&-/ -' )*+

7-?$%&/. '"7)-8 '-8 "/( .&,+/ 7?88+/) :&0)8&A?)&-/ -' )*+ 7&87?%")&/. 7?88+/) I &/ "

123459 J*&0 +/"A%+0 ?0 )- :+)+8#&/+ φµ< )"C&/. )*+ 8+"% 12345 .+-#+)8( "/: )*+

0?$+87-/:?7)&,&)( &/)- "77-?/) A( 7"%7?%")&/. )*+ EB:&#+/0&-/"% 7?88+/) :&0)8&A?)&-/

-' I =&)* " 0&#?%")&-/ 0-')="8+ A"0+: -/ K"@=+%% "/: L-/:-/ +M?")&-/0 DGNH9 J*+

#+"0?8+: S
1/2
Φ )-.+)*+8 =&)* )*+ 7"%7?%")+: φµ (&+%: " #&/&#?# 0$&/ 0+/0&)&,&)(

S
1/2
µ = 390µB/Hz

1/2
=*&7* )- -?8 C/-=%+:.+ &0 )*+ A+0) ,"%?+ "7*&+,+: 0- '"8 ?0&/.

*&.*BTc 1234509



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

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

-#./0'*+1#')&+2 3#(+)#4 &+)/05/0/+'/ 1/6&'/7

8&)9 7#$4&'0*+ :$;<5=&; :$ >#+')&*+7 5*0 &+?

6/7)&2()&*+ *5 74(%% 4(2+/)&' .(0)&'%/7

"#$% #& %'( )*)+,)-,( ,#./Tc 01 23456$ )7( -)$(0 #8 9- .+%' 9-:;,/;,<x:9-

$=>(71#80=1%#7: +8$=,)%#7: $=>(71#80=1%#7 ?252@ %A>( %7+,)A(7 B#$(>'$#8 C=81%+#8$D

$'=8%(0 .+%' )8 (E%(78), F(%), 7($+$%#7G H'+$ %(1'8#,#IA ),,#.$ &#7 ) 7(,+)-,( 0($+I8

#& %'( 23456 >)7)F(%(7$D +G(G %'( 17+%+1), 1=77(8% I0D %'( 7($+$%)81( RD %'( 1)>)1+/

%)81( C )80 %'( +80=1%)81( LG H'( %.# $(>)7)%(0 9- ,)A(7$ #J(7 ) '+I' 0(I7(( #&

&7((0#F +8 %'( ,)A#=% )80 1#F>,(E 0(*+1($ ,+K( I7)0+#F(%7+1 23456$ #7 $(7+($ )77)A$

#& 23456$ 1)8 ()$+,A -( 7(),+L(0G 58 1#8%7)$% %# 23456$ -)$(0 #8 '+I'/Tc $=>(7/

1#80=1%#7$D %'( %7)8$>#7% )80 8#+$( >(7&#7F)81( #& 9- 23456$ )7( .(,, 0($17+-(0

-A 8=F(7+1), $+F=,)%+#8$ -)$(0 #8 %'( M)8I(*+8 (N=)%+#8$G 48&#7%=8)%(,AD &#7 %'(

7(),+L)%+#8 #& 8)8#23456$D %'+$ C=81%+#8 %(1'8#,#IA ')$ $#F( $(*(7( 07).-)1K$G

O+7$%D %'( 1=77(8% 0(8$+%A #& $%)80)70 252 %A>( C=81%+#8$ +$ $F),,(7 %')8 ≈ 20 kA
PQRSD .'+1' +$ N=+%( ,#. &#7 $=-/F+17#8 C=81%+#8$G O#7 '+I'(7 1=77(8% 0(8$+%+($D %'(

>7#-)-+,+%A #& $=>(71#80=1%+8I $'#7%$ +8 %'( +8$=,)%+8I ,)A(7 +817()$($G 2(1#80D %'(

(E%(78), $'=8% 7($+$%#7 %')% +$ 8((0(0 %# >7#*+0( 8#8'A$%(7(%+1 5TU$ +$ *(7A $>)1(

1#8$=F+8I )80 .#=,0 $%7#8I,A ,+F+% %'( F+8+)%=7+L)%+#8G O#7 %'($( 7()$#8$D %'( ),/

F#$% $#,(,A =$(0 )>>7#)1' +8 #70(7 %# &)-7+1)%( 8)8#23456$ )7( 23456$ -)$(0 #8

1#8$%7+1%+#8 %A>( C=81%+#8$G ; -+I )0*)8%)I( #& %'+$ %A>( #& C=81%+#8$ +$ %'( '+I'

1#=>,+8I &)1%#7 φµ -(%.((8 ) F)I8(%+1 0+>#,( )80 %'( 23456 ,##> )% %'( >#$+%+#8

#& %'( C=81%+#8G O=7%'(7F#7(D %'( &)-7+1)%+#8 >7#1($$ +$ N=+%( $+F>,(D 0=( %# %'(

$+8I,( $=>(71#80=1%+8I ,)A(7G V#.(*(7D +8 >7)1%+1( +% %=78$ #=%D %')% ) 7(>7#0=1+-,(

)0C=$%F(8% #& %'( >)7)F(%(7$ I0D RD C #& $=1' C=81%+#8$ +$ *(7A 0+W1=,%G O#7 %'+$

7()$#8D #&%(8 %'( %(F>(7)%=7( +$ =$(0 +8 #70(7 %# #>%+F+L( I0D .'+1' $%7#8I,A ,+F+%$

%'( %(F>(7)%=7( 7)8I( )% .'+1' $=1' 8)8#23456$ )7( F#$% $(8$+%+*(G

58 %'+$ F)8=$17+>% .( 0(F#8$%7)%( ) 0+J(7(8% )>>7#)1' -)$(0 #8 F#7( 1#8*(8/

%+#8), 9-:V&H+:9- 292 %A>( %7+,)A(7 C=81%+#8$ %')% $%+,, A+(,0 ),, %'( )0*)8%)I($

#& %'( )-#*( F(8%+#8(0 252 >7#1($$ -=% 1+71=F*(8%$ %'( 07).-)1K$ #& %'( 9-:;,/

;,<x:9- %(1'8#,#IAG

H'( &)-7+1)%+#8 #& %'( 8)8#23456$ .)$ 0#8( -A %'( XHY +8 Y7)=8$1'.(+I -A

F()8$ #& ) 7(,+)-,( )80 7(>7#0=1+-,( %7+,)A(7 &)-7+1)%+#8 >7#1($$ -)$(0 #8 (,(1%7#8

-()F ,+%'#I7)>'A )80 ;7 +#8 (%1'+8I PZ[D ZZSD ),,#.+8I &#7 292 %A>( BB$ .+%' .+0%'$

.(,, -(,#. 1µmG H'( 8#7F), F(%), +8%(7,)A(7 >7#*+0($ *(7A '+I' 17+%+1), 1=77(8% 0(8/

$+%+($ jc = 200−300 kA/cm2
)% %(F>(7)%=7( T = 4.2K O=7%'(7F#7(D %'($( C=81%+#8$

0# 8#% 8((0 )8 (E%(78), $'=8% 7($+$%#7D $+81( %'( 8#7F), F(%), +8%(7,)A(7 +8%7+8$+1),,A

$'=8%$ %'( C=81%+#8$D >7#*+0+8I 8#8'A$%(7(%+1 1=77(8%/*#,%)I( 1')7)1%(7+$%+1$G

"()$=7(F(8%$ #& %'7(( 8)8#23456$ .+%' 0+J(7(8% ,)A#=%$D #8( .+%' ) I7)0+#/

F(%7+1 0($+I8 ?$(( O+IG \G ?-@@ )80 %.# F)I8(%#F(%(7/%A>( ?$(( O+IG \G ?)@@ .+%'



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

 !"#$% &'()  !"#$%&'! ('#) *+ &"# $%,-#&*$#&#. /%0 %-1 ,.%1'*$#&.'!  2345 /60 7.#8

9#-&#1 '- *#+,!-./!01 &: ;#<<*) %.#%9 '-1'!%&# &"# =+>' '-&#.<%?#.@ 6<A# '-1'!%&#9 &"# B6

&*7 %-1 6*&&*$ #<#!&.*1#9:

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

 

. "-, /-,+,#',$0 1(, 2))/ $&"3,',- )4 '(, 56789+ %"+ )#

'(, )-$,- )4 1µm. '(, ::+ ("$ "# "-," )4 200 × 200 nm0 1(, 8;< )4 "22 56789+

%"+ #)#=(>+',-,'&? %&'( ?-&'&?"2 ?*--,#'+ I0 ≈ 180µA. -,+&+'"#?,+ R ≈ 230mΩ.
>&,2$&#@ " ?("-"?',-&+'&? A)2'"@,+ Vc ≈ 40µV0 B-)3 #*3,-&?"2 +&3*2"'&)#+ C"+,$

)# '(, D<5: 3)$,2 %, $,',-3&#,$ '(, +?-,,#&#@ /"-"3,',- βL = 2I0L/Φ0 ≈ 0.2.
>&,2$&#@ " A,-> +3"22 56789 &#$*?'"#?, )4 L ≈ 2 pH0 B)- "22 56789+ %, 4)*#$ "

A,-> 2)% -3+ E*F #)&+, 250 nΦ0/Hz
1/2 < S

1/2
Φ < 300 nΦ0/Hz

1/2
&# '(, %(&', #)&+,

2&3&'0 B-)3 '(, 3,"+*-,$ S
1/2
Φ "#$ #*3,-&?"2 ?"2?*2"'&)#+ )4 '(, 3"@#,'&? ?)*/2&#@

C,'%,,# " /)&#'=2&G, 3"@#,'&? 3)3,#' "#$ '(, 56789 %, ,+'&3"', " -3+ +/&# +,#=

+&'&A&'> S
1/2
µ = 44µB/Hz

1/2
4)- '(, @-"$&)3,'-&?. "#$ S

1/2
µ = 29µB/Hz

1/2
4)- '(,

3"@#,')3,',- '>/, #"#)567890 H&'( '(, -,+*2'+ )4 '(,+, I-+' 56789+. '(, "2=

-,"$> &3/-,++&A, +/&# +,#+&'&A&'> ?"# C, 4*-'(,- &3/-)A,$. ,0@0 C> 3&#&"'*-&J"'&)#

)4 C)'(. '(, +&J, )4 '(, K*#?'&)#+ "#$ '(, 56789 2))/0 8# "$$&'&)#. " ?)#+'-&?'&)#

&# '(, +*/,-?)#$*?'&#@ 2,"$+ )4 '(, 56789 2))/ ?)*2$ 4*-'(,- &#?-,"+, φµ0 LA,#

'()*@( " 4"?')- )4 MN 2)%,- +/&# +,#+&'&A&'> &+ +'&22 " O*&', ?("22,#@&#@ '"+G. %, $,3)#=

+'-"',$ '(, (*@, /)',#'&"2 )4 '(&+ #,% "//-)"?( )4 *+&#@ " 3)-, ?)#A,#'&)#"2 '>/,

)4 K*#?'&)#+ '("# ?)#+'-&?'&)# '>/, K*#?'&)#+ &# )-$,- ') -,"?( '(, @)"2 )4 +&#@2, +/&#

-,+)2*'&)#0

 

 !"#$%& '# " ()&(*#%+, %-.%/0%0 +'/%!'0.$ *1 .$% 23456 +**( '/ *&0%& .* '/7&%"#% .$% 8%+0

#%/#'.'9'., *1 " 23456



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

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

.'/0(* ($//0,* 1$20/(+,3$(*',4 5$),*$6 ',*0/7

80/+60*0/1 9'*: )1;660*/'( 1:$,* /01'1*+/1

"#$ %#$& '()* +! ,&)$-. /0 12345- 0#*-6-'6*7 #8 ) -9:&$0#*/90'6*7 $6*7 -&:)$)'&/

;, '<# =#-&:(-#* >9*0'6#*- ()?& ;&&* 6*?&-'67)'&/ )*/ #:'6%6@&/ <6'( $&-:&0' '#

'(&6$ *#6-& :&$8#$%)*0&A B?&* '(#97( '(&$& )$& 6*/60)'#$-. '()' )-,%%&'$6&- 6* '(&

>9*0'6#*- :$#:&$'6&- %67(' &*()*0& '(& *#6-& :&$8#$%)*0& )' C&)-' 8#$ ) *#' #:'6%6@&/

-,%%&'$60 12345 DE!. EFG. 6' 6- 0#%%#*C, ;&C6&?&/ '()' 9C'$)HC#< -&*-6'6?6', 0)*

#*C, ;& )0(6&?&/ ;, )* #:'6%6@&/ 12345 <6'( -,%%&'$60 >9*0'6#*-A I#<&?&$. 9:

'# *#< '(6- #:6*6#* 6- %#$& #$ C&-- ;)-&/ #* 79' 6*-'6*0'. -6*0& *&6'(&$ ) /&')6C&/

*9%&$60 )*)C,-6- 6*0C9/6*7 )CC :#--6;C& )-,%%&'$6&- #8 ) 12345 *#$ )* &J:&$6%&*')C

0#%:)$6-#* #8 #:'6%6@&/ /&?60&- <6'( )*/ <6'(#9' )-,%%&'$6&- ()- ;&&* :&$8#$%&/A

4* '(& K$-' :)$' #8 '(& %)*9-0$6:' <& -(#< &J'&*-6?& *9%&$60)C -6%9C)'6#*- ;)-&/

#* '(& L)*7&?6* &M9)'6#*- <(60( $&C6);C, /&-0$6;& '(& 12345 /,*)%60-A N(& -6%H

9C)'6#*- 0#*-6/&$&/ )-,%%&'$6&- 6* '(& 0$6'60)C 09$$&*'. '(& 0):)06')*0& )*/ 6* '(&

$&-6-')*0& #8 '(& '<# >9*0'6#*-A "9$'(&$%#$&. <& )00#9*'&/ 8#$ )* )-,%%&'$, 6* '(&

6*/90')*0& #8 '(& '<# 12345 )$%-A "#$ ) 76?&* )-,%%&'$,. '(& &*&$7, $&-#C9'6#*

ǫ = SΦ/2L. <(&$& SΦ 6- '(& O9J *#6-& )*/ L 6- '(& 6*/90')*0& #8 '(& 12345 ()-

;&&* #:'6%6@&/ <6'( $&-:&0' '# '(& ;6)- 09$$&*' I )*/ &J'&$*)C O9J ΦaA N(6- <)-

/#*& 8#$ ) -&$6&- #8 )CC :#--6;C& )-,%%&'$6&- P)*/ 0#%;6*)'6#*- #8 /6Q&$&*' )-,%H

%&'$6&-R $)*76*7 8$#% ) -,%%&'$60 '# ) (67(C, )-,%%&'$60 /&?60&A 19$:$6-6*7C,. '(&

$&-9C'- #8 '(6- )*)C,-6- <&$& 0#*'$)/60'#$, '# '(& -')'&%&*' '()' )-,%%&'$6&- <#$-&*

'(& -&*-6'6?6', #8 12345-A 4* :)$'609C)$ 8#$ ) (67( )-,%%&'$, 6* '(& $&-6-')*0& #8

'(& '<# >9*0'6#*- <& 8#9*/ ) $&/90'6#* #8 ǫ ;, ) 8)0'#$ #8 + 8#$ '(& )-,%%&'$60

12345 )- 0#%:)$&/ '# '(& -,%%&'$60 #*&A

 !"#$% &'&(  !"#$%& #'%() *+ ,%- % ./'')"0#$ 12345 %67 ,8- %6 %./'')"0#$ 123459

:;)0) *6&/ *6) *+ ";) ":* <=6$"#*6. #. .;=6")7 8/ % >7 &%/)0 ,/)&&*:-? @;) "*! ,8&=)- %67

8*""*' ,0)7- )&)$"0*7) %0) .)!%0%")7 8/ ":* $#0$=&%0 <=6$"#*6. %67 % 1# x ,(0))6- &%/)0?
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"#$ %&'( $)'* +)* (& ,$)-./$ '01# ) #.2# ,$'.'()31$ )'*%%$(,* .' (& '#03( &3-*

&3$ &4 (#$ (+& (033$- 5031(.&3'6 +#.-$ -$)7.32 (#$ &(#$, 5031(.&3 03'#03($8 9'$$

:.2;  ; <; "#$ ,$'.'()31$ &4 (#$ 03'#03($8 5031(.&3 .' (#$3 8$($,%.3$8 =* (#$ ,$'.80)-

,$'.'()31$ &4 (#$ (033$-.32 =),,.$, +#.1# 8$>$38' &3 (#$ ?0)-.(* &4 (#$ .3'0-)(.32

-)*$,; @.(# (#.' '.%>-$6 *$( 3&7$- .8$) ) #.2# ,)(.&3 R1/R2 = 1/10000 1)3 $)'.-* =$

,$)-./$8;

A3 (#$ '$1&38 >),( &4 (#$ %)30'1,.>( (,)3'>&,( )38 3&.'$ %$)'0,$%$3(' &4 )3

)'*%%$(,.1 )38 (#$ 1&,,$'>&38.32 9.;$; '.%.-), 1,.(.1)- 10,,$3( I06 ,$'.'()31$ R )38

.3801()31$ L< '*%%$(,.1 BCDAE )( T = 4.2K .3 ) %)23$(.1)--* )38 $-$1(,.1)--*

'#.$-8$8 $37.,&3%$3( ),$ >,$'$3($8; "#$ BCDAE' ),$ =)'$8 &3 '()38),8 F=GH-I

H-JxGF= (,.-)*$, K&'$>#'&3 5031(.&3' +.(# ) L8 -)*$, '$,7.32 )' $M($,3)- '#03(

,$'.'(&, )38 #)7$ =$$3 4)=,.1)($8 )( (#$ N),-',0#$ .3'(.(0($ &4 ($1#3&-&2* 9NA"< =*

) 1&%=.3)(.&3 &4 '()38),8 >#&(&-.(#&2,)>#*6 ,$)1(.7$ .&3 $(1#.32 )38 H, .&3 $(1#.32;

@$ '#&+ (#)( =&(#6 81 >,&>$,(.$' )' +$-- )' 3&.'$ O20,$' &4 (#$ )'*%%$(,.1 BCDAE

),$ .3 7$,* 2&&8 )2,$$%$3( +.(# (#$ 30%$,.1)- '.%0-)(.&3'; :&, (#$ >,$'$3($8

BCDAE' +$ )1#.$7$8 ǫ = 32 ~ 4&, (#$ )'*%%$(,.1 BCDAE )38 ǫ = 110 ~ 4&, (#$

1&,,$'>&38.32 '*%%$(,.1 BCDAE 9~ .' L-)31PQ' 1&3'()3( 8.7.8$8 =* 2π<6 .;$; )

4)1(&, &4 R;S .%>,&7$%$3( &4 ǫ 80$ (& (#$ ,$'.'()31$ )'*%%$(,*; @#.-$ (#$ )='&-0($

7)-0$ &4 (#$ $3$,2* ,$'&-0(.&3 ǫ &4 )3 )'*%%$(,.1 BCDAE 1)3 '(.-- =$ &>(.%./$8 =* )

'%)--$, BCDAE .3801()31$6 .3 3&,%)-./$8 03.(' (#.' .' (#$ =$'( 7)-0$ $7$, %$)'0,$8

4&, ) 81 BCDAE;
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 !" #$%&'()*'+, "-

.),+/()&0 1$&*'2$,(*'+,)& /0,/+3 2+3104 %5 )

.' ,),+*$%0 ),4 ) /(),,',6 .% ,),+789:;

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

/+&04 -$2),% φµ ,- $ 565 )7/( 12 0$0,589:;< =*&+( )*( #($!"%(#(0) ,- )*( 589:;

!(0!&)&>&)7? &<(< )*( %#! @". 0,&!( S
1/2
Φ A$! /(%-,%#(1 -,% !,#( 0$0,589:;!? "/ ),

0,A )*( 2,"/+&04 -$2),% φµ A$! 1()(%#&0(1 B7 0"#(%&2$+ ,% $0$+7)&2$+ 2$+2"+$)&,0!

,0+7< :0 ,%1(% ), >$+&1$)( )*(!( 2$+2"+$)&,0! A( 2,#B&0(1 $ +,A3)(#/(%$)"%( #$43

0()&2 -,%2( #&2%,!2,/( CDEFGFH A&)* ,0( ,- ,"% 6BIJ-E&I6B 0$0,589:;!< E*(

0$0,589:; *$1 $ !$01A&2*3)7/( 4(,#()%7? &<(< )*( ),/ 6B +&0( A$! 1&%(2)+7 ,0 ),/

,- )*( B,)),# 6B +&0(? !(/$%$)(1 B7 )*( )A, J-E& &0)(%+$7(%! C2<-< G&4<  <KH< L11&3

)&,0$+ +($1! &0 )*( B,)),# 6B +&0( $++,A(1 -,% )*( ,0 2*&/ #,1"+$)&,0 ,- )*( 589:;

>&$ $ 2"%%(0) Imod C!(( G&4<  <KH< M%(+&#&0$%7 #($!"%(#(0)! 1()(%#&0(1 )*( %#! @".

0,&!( ,- )*( 589:; CA&)*,") (.)(%0$+ #$40()&2 N(+1!H ), S
1/2
Φ = 220 nΦ0/Hz

1/2
<

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

+#-1#-!# () &"# $%3-#&'! !(0+.'-3 4#&5##- % -%-(2&04# 63,##-7 %&&%!"#1 &( %  ' !%-&'.#8#,

61%,9 3,#:7 %-1 % -%-( ;<=> 64.0#7? @"# !%-&'.#8#, $(&'(- '/ 1#&#!&#1 8'% % AB CD

4#%$ 6,#17 %-1 %- (+&'!%. '-&#,)#,($#&#, 6-(& /"(5-7?

 !"#$% &'( )*+,) - ).*%/-0!. +1 0*% %23%$!/%40' 5 6! 4-4+70#8% 9"$%%4: ,-) ;2%<

0+ - =! .-40!>%?%$ 9<-$@ "$%A: +1 - BCD D' C*% /+0!+4 +1 0*% .-40!>%?%$ ,-) <%0%.0%<

8A - B5=EF !40%$1%$+/%0%$ GH&I' C*% 4-4+=JKLM 98>#%: ,-) /+#40%< !4 ?-.##/ +4

0+3 +1 - (M 3!%N+7%>%.0$!. 3+)!0!+4!4" )0-"% -0 0*% 8+00+/ +1 - .+40!4#+#)7O+,

3
P%

.$A+)0-0' D-"4%0!. ;%><) ,%$% -33>!%< ?!- - )#3%$.+4<#.0!4" .+!> !4 z−<!$%.0!+4'

L4 3$%?!+#) /%-)#$%/%40) +1 0*% =JKLM !4 *!"* /-"4%0!. ;%><)Q ,% +8)%$?%< -

>-$"% R#/3 !4 0*% ?+>0-"% -.$+)) 0*% =JKLM -0 *+/+"%4%+#) /-"4%0!. ;%><) µ0Hz ≈

50mT' L4 0*% ;$)0 3-$0 +1 0*% /-4#).$!30 ,% 3$%)%40 D D !/-"%) +1 0*% =JKLM



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

"#$ Hz = 0 %&' µ0Hz ≥ 50mT( )*+* ,+"#$+ %&' %"-+$ -.+ /012 )& -.+ 3#4-%5+*

6.+7+ )1%5+7 $+4%-+' -.+ /012 -# -.+ +&-$%&8+ #" % 7)&54+ 9,$):#7#3 3#$-+; )& -.+

702+$8#&'08-)&5 4+%'7( 3+$< 84#7+ -# -.+ =>?@A 4##2* 6.)7 )7 % 3+$< )12#$-%&-

)&"#$1%-)#& "#$ "0$-.+$ )12$#3+1+&- #" -.+ .)5. B+4' 70)-%,)4)-< #" -.+ &%&#=>?@A7*

C+"#$+ -.+ 1+%70$+1+&- #" -.+ 72%-)%4 '+2+&'+&8+ #" -.+ D0; Φ 8#024+' -# -.+

=>?@A 4##2 ,< -.+ &%&#E-0,+ %- 2#7)-)#& ~r( -.+ 1%5&+-)F%-)#& #" -.+ &%&#E-0,+

G%7 7%-0$%-+' )& z−')$+8-)#& ,< % .#1#5+&+#07 1%5&+-)8 B+4' µ0Hz = −150mT*
@& #$'+$ -# 2$+3+&- 9,$):#7#3 3#$-)8+7 "$#1 +&-+$)&5 -.+ 702+$8#&'08-)&5 4+%'7 #"

-.+ =>?@A( -.)7 G%7 '#&+ %- T = 14K* 9"-+$ 8##4)&5 -.+ =>?@A -# T = 4.3K
%- Hz = 0( G+ %224)+' % ,)%7 80$$+&- I %&' % 80$$+&- Imod %8$#77 -.+ 1#'04%-)#&

4)&+ H8*"* I)5*  *!J #" -.+ =>?@A )& #$'+$ -# #2+$%-+ -.+ =>?@A %- )-7 #2-)101

G#$:)&5 2#)&-* K.)4+ 1#3)&5 -.+ &%&#E-0,+ G)-. $+72+8- -# -.+ =>?@A( Imod G%7

%'/07-+' ,< % 7#"-G%$+ 8#&-$#44+' "++',%8: 2$#8+'0$+ )& #$'+$ -# :++2 -.+ =>?@A

%- % 8#&7-%&- 3#4-%5+( )*+* )& % D0;E4#8:+' 4##2* @& -.)7 G%<( G+ '+-+$1)&+' Φ(~r) "#$
% 4%$5+ 7+8-)#& #" -.+ ! ')1+&7)#&%4 .%4"E72%8+ %,#3+ -.+ =>?@A*

K+ 8#12%$+ -.+ 1+%70$+1+&-7 -# 7)104%-)#&7 ,%7+' #& #0$ 8%4804%-)#& 1+-.#' #"

φµ(~r) H8*"*  !"#$%&'$() *J %&' -%:)&5 -.+ 5+#1+-$< #" -.+ &%&#E-0,+ )&-# %88#0&-*

6.+ 8%4804%-+' Φ(~r) G+$+ )& 5##' L0%4)-%-)3+ %5$++1+&- G)-. -.+ +;2+$)1+&-%4 '%-%(

.#G+3+$( "#$ %,7#40-+ %5$++1+&- G+ .%' -# %7701+ % ,< % "%8-#$ #"  *M 4#G+$ 1%5E

&+-)8 1#1+&- m = MsV HMs )7 -.+ 7%-0$%-)#& 1%5&+-)F%-)#&( V -.+ N) O#401+J #"

-.+ -0,+ -.%& +;2+8-+'* C+7)'+7 -.)7 '+3)%-)#&( G.)8. 1)5.- ,+ $+4%-+' -# 71%44+$

+P+8-)3+ N) 3#401+ H'0+ -# 1%5&+-)8%44< '+%' 4%<+$7 #$ 3#)'7 )& -.+ N) 4%<+$J #$ %

4#G+$ 7%-0$%-)#& 1%5&+-)F%-)#& #" -.+ N)( -.+ 1+%70$+1+&-7 8#&B$1+' #0$ 8%4804%E

-)#& 1+-.#' #" φµ(~r)*



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

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

3)451).67 1&1)#89:;6 )<7'&0.1= .1 >76-& %&=5

170./ ?7-@6 A 0)4&'@6 @707/0.)1 )* 6%&-- 6<.1

6(607%6 4.0B 6.1=-756<.1 '76)-$0.)1

"#$ %&'()(*+ ,'+-.$*& /0' &#$ -%$ 0/ #(+#1Tc %-2$'30*4-3&0'% /0' *,*056789% (% &#$

:$'; #(+# -22$' 3'(&(3,< =$<4 &#,& (% *$$4$4 (* 0'4$' &0 %-2'$%% &#$(' %-2$'30*4-3&(*+

2'02$'&($%> 8* &#(% .,*-%3'(2&? /0' &#$ ='%& &(.$ @$ 2'$%$*& A-B *0(%$ .$,%-'$.$*&%

0/ , 56789 02$',&$4 ,& , .,+*$&(3 =$<4 0/ 1T>

"#(% @0') (% &#$ 30*&(*-,&(0* 0/  !"#$%&'$() *> "#$ *,*056789% #,:$ C$$*

/,C'(3,&$4 C; &#$ %,.$ 2'03$%% ,% 4$%3'(C$4 (* &#$ %-..,'; 0/  !"#$%&'$() *>

 !

"

#

$

%$"

&'(

"

&'(

"

#

)*+&

,-*+&

,-*+&

./0 .#0

 !"#$% &'()  !" #$%&'( )* +,' -%-) ./012 3,' &4%#- 5)6-7%48 #( #-7#9%+'7 58 +,'

7%(,'7 8'::); :#-'2 0- <%= +,' 7#4'9+#)- )* +,' $)76:%+#)- %-7 5#%( 9644'-+( Imod %-7

Ib %4' #-7#9%+'7 58 %44);(2 0- <5= +,' 7#$'-(#)-( )* +,' $)(+ -%44); ('9+#)-( )* +,'

-%-) ./01 %4' #-7#9%+'72 >?@A

"#$ .,(* 4(D$'$*3$ C$&@$$* &#$ *,*056789% 0/ &#(% @0') ,*4 &#0%$ 0/  !"#$%&+

'$() * (% ,* ,44(&(0*,< 30*%&'(3&(0* 0/ ≈ 90 nm @(4&# (* &#$ %-2$'30*4-3&(*+ 2,'& 0/

&#$ 56789 <002 E3>/> F(+>  >!G> "#$ 2-'20%$ 0/ &#(% 30*%&'(3&(0* (% &@0/0<4> F('%&? (&

$*,C<$% -% &0 ,22<; , A-B &0 &#$ 56789 C; %$*4(*+ , 3-''$*& Imod &#'0-+# &#$ 30*1

%&'(3&(0* @(&#0-& &#$ *$$4 0/ ,* $B&$'*,< 30(<> 5$30*4? , .,+*$&(3 2,'&(3<$ 2<,3$4 0*

&02 0/ &#(% 30*%&'(3&(0* @(<< %&'0*+<; 30-2<$ &0 &#$ 56789> "#$'$/0'$? &#$ 30-2<(*+

(% %$2,',&$4 /'0. &#$ H0%$2#%0* I-*3&(0*% @(&#0-& , %(+*(=3,*& 3#,*+$ 0/ &#$ 4$:(3$

2'02$'&($%> "#(% %$2,',&(0* (% 0*<; 20%%(C<$ 4-$ &0 &#$ 30*:$*&(0*,< I-*3&(0* &;2$

,*4 3,* *0& C$ 40*$ /0' 30*%&'(3&(0* &;2$ I-*3&(0*%? %(*3$ ,* ,44(&(0*,< 30*%&'(3&(0*

@0-<4 %$':$ ,% , &#('4 I-*3&(0* ,*4 &#$'$/0'$ %&'0*+<; (*A-$*3$ &#$ 3#,',3&$'(%&(3%

0/ &#$ 56789>

8* &#$ ='%& 2,'& 0/ &#$ 2-C<(3,&(0*? @$ 2'$%$*& &',*%20'& ,*4 *0(%$ .$,%-'$.$*&%

0/ &#$ 56789> J; 30.2,'(%0* 0/ &#$ .$,%-'$4 ,*4 &#$ *-.$'(3,<<; %(.-<,&$4 3'(&(3,<

3-''$*& :%> A-B 4$2$*4$*3$ @$ 2'00/? &#,& &#$ ,44(&(0*,< 30*%&'(3&(0* 40$% *0& ,3&

,% , H0%$2#%0* I-*3&(0*> "#$ '.% %2$3&',< A-B *0(%$ 4$*%(&; S
1/2
Φ .$,%-'$4 @(&#0-&

$B&$'*,< .,+*$&(3 =$<4 %#0@$4 , 2'0*0-*3$4 1/f 4$2$*4$*3$ -2 &0 , /'$K-$*3; 0/

f ∼ 3 )LM E%$$ F(+>  >NG> F0' #(+#$' /'$K-$*3($% @$ 4$&$'.(*$4 &#$ @#(&$ *0(%$ <$:$<

S
1/2
Φ (0T) = 1.3µ/Φ0/Hz

1/2
E%$$ F(+>  >NE,GG> "#(% (% , /,3&0' 0/ O <0@$' &#,* /0' &#$

56789 2'$%$*&$4 (*  !"#$%&'$() * ,*4 3,* C$ ,&&'(C-&$4 &0 , #(+#$' 3#,',3&$'(%&(3
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 !"#$% &'()  !"#$ #%$&'() !* '+$

,),!-./01 )' !%'"232 4!(5",6 %!",'7

8+$ 9:3$ :",$ ",;"&)'$# '+$ 4+"'$ ,!"#$

:$<$: =)> )' B = 08 =S
1/2
Φ =

1.3µΦ0/Hz
1/2
> ),; =9> )' B = 18

=S
1/2
Φ = 2.3µΦ0/Hz

1/2
>7 ?@AB

"#$%&'( Vc = 130µ) *+( %# & %,-..(/ 0+ $&1(/ &.* & 23&$$(/ 45678 -.*+9%&.9(

L = 36 :; *+( %# & 23&$$(/ $##: 2-<(= 7. #/*(/ %# *(%(/3-.( %,( .#-2( :(/>#/3&.9( -.

,-',(/ 3&'.(%-9 ?($*2@ A( &::$-(* & ,#3#'(.(#+2 3&'.(%-9 ?($* µ0H = 1B :&/&$$($

%# %,( 45678 $##:= C"(. &% %,-2 D&9E'/#+.* ?($*@ %,( 9/-%-9&$ 9+//(.% #> %,( 45678

A&2 #.$1 2$-',%$1 /(*+9(* D1 & >&9%#/ #> F=G= H( 3(&2+/(* & "(/1 $#A S
1/2
Φ (1T) =

2.3µ/Φ0/Hz
1/2

I2(( J-'=  =!IDKK@ -=(= $(22 %,&. %A-9( %,( "&$+( &% <(/# ?($*= H-%,

%,( 9&$9+$&%(* 9#+:$-.' >&9%#/ φµ = 9.2 nΦ0/µB >#/ & 3&'.(%-9 :&/%-9$( :$&9(* #. %#:

#> %,( 9#.2%/-9%-#.@ A( '(% & /32 2:-. 2(.2-%-"-%1 S
1/2
µ (0T) = 141µB/Hz

1/2
&% <(/#

?($* &.* & 2$-',%$1 A#/2( D+% 2%-$$ (L9($$(.% S
1/2
µ (1T) = 250µB/Hz

1/2
&% & 3&'.(%-9

?($* #> 1B= C"(. %,#+', .&.#456782 ,&"( D((. #:(/&%(* -. 3&'.(%-9 ?($*2 +:

%# 7B MNOP %,-2 -2 & /(3&/E&D$( /(2+$%@ 2-.9( -. 9#.%/&2% %# %,( 9-%(* :+D$-9&%-#.

A( *(3#.2%/&%( D(2-*(2 & ,-', /(3&-.-.' 9/-%-9&$ 9+//(.% & ,-', 2(.2-%-"-%1 #> %,(

.&.#45678 &% ,-', 3&'.(%-9 ?($*2=

7. %,( 2(9#.* :&/% #> %,( :&:(/@ A( :/(2(.% & *(%&-$(* 2%+*1 #. ,#A %# #:%-3-<( %,(

'(#3(%/1 #> %,( QRST 456782 >#/ D(2% 2:-. 2(.2-%-"-%1= B,-2 &.&$12-2 -2 D&2(* #.

(L:(/-3(.%&$ /(2+$%2 #> %,( :/(2(.%(* 456782@ .+3(/-9&$ 2-3+$&%-#.2 #> %,( 45678

-.*+9%&.9( &.* .+3(/-9&$ 2-3+$&%-#.2 #> %,( .#-2( :(/>#/3&.9(= B,( /(2+$%2 #>

%,-2 &.&$12-2 2,#A@ %,&% >#/ &. #:%-3-<(* .&.#45678 D&2(* #. QRST 2-.'$( 2:-.

*(%(9%-#. 2((32 %# D( >(&2-D$(=



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



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

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

34567) '&2 %"#)82"%"+() &' )%#99 %#-+"($: /#2($:9") $+ 9&* #+. !$-! %#-+"($:

;"9.)<  !"2"'&2"= (*& #//2&#:!")= $<"<= 34567) >#)". &+ !$-!1Tc ?@AB -2#$+

>&8+.#2C D8+:($&+) #+. &+ 3E3 (C/" E>FG' $FE> D8+:($&+) !#," >""+ $+,")($1

-#(".< H&2 >&(! (C/") &' 34567)= (2#+)/&2( #+. +&$)" %"#)82"%"+() #( 9&* #+.

!$-! %#-+"($: ;"9.) #+. ("%/"2#(82" T = 4.2K !#," >""+ /"2'&2%".<

H&2 (!" ?@AB 34567) *" ;2)( !#. (& .","9&/ # 2"9$#>9" '#>2$:#($&+ /2&:")) '&2

I@J) *$(! *$.(!) &+ (!" &2."2 &' 100 nm<  !$) *#) #:!$",". >C # '&:8)". $&+ >"#%
>#)". /#(("2+$+- /2&:"))= *!"2" # (!$+ K8 ;9% /2&(":(". (!" )8>D#:"+( ?@AB $+ (!"

8+:8( 2"-$&+)< L$(! (!$) '#>2$:#($&+ /2&:")) D8+:($&+) *$(! *$.(!) .&*+ (& 80 nm
*"2" 2"#9$0". *$(!&8( )$-+$;:#+( 9&)) &' (!" :2$($:#9 :822"+( ."+)$(C jc<  !" 2"%#$+$+-
K8 &+ (&/ &' (!" I@ )"2,". #) # 2")$)($," )!8+( '&2 (!" D8+:($&+ $+ &2."2 (& /2")"2,"

#+ &,"2.#%/". 6MA #( T = 4.2K<  !" ;2)( 34567) '#>2$:#(". *$(! (!$) /#(("2+$+-
/2&:")) !#. # 9&* 2%) N8O +&$)" S

1/2
Φ = 4µΦ0/Hz

1/2
#+. *" :#9:89#(". # :&8/9$+-

'#:(&2 φµ ≈ 10 nΦ0/µB= C$"9.$+- # -&&. 2%) )/$+ )"+)$($,$(C S
1/2
µ = 390µB/Hz

1/2
<

@#)". &+ (!")" ;2)( 2")89()= *" &/($%$0". (!" .")$-+ &' (!" 34567)= $<"<= !$-!"2

:!#2#:("2$)($: ,&9(#-" Vc .8" (& !$-!"2 2")$)(#+:" &' (!" K8 9#C"2 #+. $%/9"%"+(#($&+

&' #+ #..$($&+#9 :&+)(2$:($&+ $+ (!" >89P ?@AB *!$:! )"2,". #) Q&+ :!$/Q %&.89#1

($&+ :&$9 #+. '&2 (!" )"/#2#($&+ &' (!" /&)$($&+ *$(! !$-!")( :&8/9$+- #+. (!" I@J<

5+."2 $."#9$0". :&+.$($&+) R"9":(2&+$:#99C #+. %#-+"($:#99C )!$"9.". "+,$2&+%"+(S=

(!" &/($%$0#($&+ &' (!" 34567) 2".8:". S
1/2
Φ >C # '#:(&2 &' T (& 1.3µΦ0/Hz

1/2
*$(!1

&8( 2".8:($&+ &' φµ= 2")89($+- $+ #+ $%/2&,". S
1/2
µ = 110µB/Hz

1/2
R#) :&%/#2". (&

(!" /2",$&8) 34567)S< L" ."%&+)(2#(". (!" &/"2#($&+ &' )8:! 34567) #( !&%&-"1

+"&8) %#-+"($: ;"9.) 8/ (& 1T *$(! )9$-!(9C $+:2"#)". S
1/2
Φ = 2.3µΦ0/Hz

1/2
.8" (&

)(2&+-"2 1/f N8:(8#($&+)= *!$:! #2" /2&>#>9C :#8)". >C (!" "+(2#+:" &' K>2$P&)&,
,&2($:") $+(& (!" )8/"2:&+.8:($+- 9"#.)<

H&2 (!" ;2)( -"+"2#($&+ &' 9&*1Tc +#+&34567) >#)". &+ E>FG' $FE> 3E3 (C/"

J&)"/!)&+ D8+:($&+) *" 2"#9$0". >&(! %#-+"(&%"("2) #+. -2#.$&%"(2$: 34567)

*$(! D8+:($&+ )$0") >"9&* 200 × 200 nm2
< @&(! (C/") &' .",$:") !#. # ,"2C 9&*

250 nΦ0/Hz
1/2 ≤ S

1/2
Φ ≤ 300 nΦ0/Hz

1/2
$+ #+ "9":(2$:#99C #+. %#-+"($:#99C )!$"9.".

"+,$2&+%"+(< L" :#9:89#(". # %#O$%8% φµ = 8.5 nΦ0/µB= *!$:! (&-"(!"2 *$(! S
1/2
Φ

2")89() $+ # )/$+ )"+)$($,$(C S
1/2
µ ≥ 29µB/Hz

1/2
'&2 (!" %#-+"(&%"("2) #+. S

1/2
µ ≥

44µB/Hz
1/2

'&2 (!" -2#.$&%"(2$: 34567)< K )":&+. -"+"2#($&+ &' +#+&34567)=

&/($%$0". '&2 #//9$:#($&+) $+ !$-!"2 %#-+"($: ;"9.) #+. *$(! #+ $%/9"%"+(". :&$9



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

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

S
1/2
Φ = 220nΦ0/Hz

1/2
() ,"- .%+ 5(7#+."5+.+-) ", .%+ 9-). 7+#+-(.&"#0 :+ /+5"#;

).-(.+/ ( -+2&(*2+ "'+-(.&"# 6' ." 5(7#+.&$ 9+2/) ", Bmax = 60mT0 <"- %&7%+-

5(7#+.&$ 9+2/)3 4+ "*)+-=+/ >65') &# .%+ ="2.(7+ ($-")) .%+ ?@1AB)0 :+ &/+#.&9+/

.%+ "-&7&# ", .%+)+ >65') 4&.% .%+ +#.-(#$+ ", C*-&D")"= ="-.&$+) &# .%+ )6'+-$"#;

/6$.&#7 2+(/) #+(- .%+ ?@1AB 2""' *8 2"4;.+5'+-(.6-+ 5(7#+.&$ ,"-$+ 5&$-")$"'80

E+)&/+) .%+ F6G &5(7&#73 4+ 6)+/ .%+ $"5*&#+/ )8).+5 ", .%+ HIJ<J (#/ .%+

#(#"?@1AB ,"- 9-). 5+()6-+5+#.) ", ( #(#";5(7#+. K( L& #(#";.6*+M 6#/+- NO-+(2NP

$"#/&.&"#)0 A# .%&) )+.6'3 4+ +G'+-&5+#.(228 /+.+-5&#+/ .%+ F6G Φ(~r) $"6'2+/ &#."

.%+ ?@1AB 2""' () ( ,6#$.&"# ", .%+ '(-.&$2+ '")&.&"# ~r3 /+5"#).-(.&#7 ( F+G&*2+ (#/

#"#;/+).-6$.&=+  ! " #$ .""2 ,"- .%+ $%(22+#7&#7 .()D ", '2($&#7 ( )5(22 '(-.&$2+ ." .%+

'")&.&"# ", %&7%+). $"6'2&#70 Q"5'(-&)"# ", .%+ 5+()6-+/ Φ(~r) 4&.% "6- )&562(.&"#)

(-+ &# 7""/ (7-++5+#.3 $"#9-5&#7 .%+ =(2&/&.8 ", "6- #65+-&$(2 $(2$62(.&"#) ", .%+

$"6'2&#7 ,($."- φµ0

A# '(-(22+2 ." .%+ &#=+).&7(.&"# ", #(#"?@1AB) ( ,6#/(5+#.(2 (#(28)&) *()+/ "#

.%+ H(#7+=&# +R6(.&"#) K&#$26/&#7 ()855+.-&+) &# .%+ ?@1AB '(-(5+.+-)M &# "-/+-

." &5'-"=+ .%+ )+#)&.&=&.8 ", /$ ?@1AB) 4() '+-,"-5+/0 I%+)+ )&562(.&"#) )%"4+/

.%(. &# '(-.&$62(- ( ).-"#7 ()855+.-8 ", .%+ )%6#. -+)&)."-) ", .%+ .4" S")+'%)"#

>6#$.&"#) &5'-"=+) .%+ #"&)+ 976-+) ", ( /$ ?@1AB () $"5'(-+/ ." &.) )855+.-&$

$"6#.+-'(-.0 A# "-/+- ." /+5"#).-(.+ .%+ =(2&/&.8 ", "6- (#(28)&)3 4+ '+-,"-5+/

.-(#)'"-. (#/ #"&)+ 5+()6-+5+#.) "# ( L*TC2;C2UxTL* /$ ?@1AB 4%+-+ "#28

"#+ ", .%+ .4" S")+'%)"# >6#$.&"#) 4() )%6#.+/ V .%&) &) ( #"=+2 (''-"($% ,"-

7+#+-(.&#7 ( 5(G&565 -+)&).(#$+ ()855+.-8 &# ( /$ ?@1AB 4%&2+ ).&22 -+.(&#&#7

#"#%8).+-+.&$ $6--+#. ="2.(7+ $%(-($.+-&).&$)0 <"- $"5'(-&)"# 4+ (2)" &#=+).&7(.+/ (

)855+.-&$ ?@1AB 4&.% .%+ )(5+ .".(2 -+)&).(#$+0 <"- .%+)+ /+=&$+) 4+ 9#/ ( ,($."-

> 3 &5'-"=+/ +#+-78 -+)"26.&"# ,"- .%+ ()855+.-&$ ?@1AB () $"5'(-+/ 4&.% .%+

)855+.-&$ /+=&$+3 &# =+-8 7""/ (7-++5+#. 4&.% .%+ #65+-&$(2 )&562(.&"#)0

W=+# .%"67% .%+ ?L? (#/ .%+ XEQU .8'+ #(#"?@1AB) 8&+2/+/ +G$+22+#. #"&)+

976-+) (#/ $"62/ (2-+(/8 *+ 6)+/ () )+#)&.&=+ )+#)"-) &# +G$&.&#7 +G'+-&5+#.) 4&.%

#(#";5(7#+.)3 ,6-.%+- &5'-"=+5+#.) &# "-/+- ." +#%(#$+ .%+ )'&# )+#)&.&=&.8 (#/

.%+ %&7%;9+2/ )6&.(*&2&.8 (-+ '"))&*2+0 <"- .%+ ?L? .8'+ ?@1AB)3 ,"- &#).(#$+3 .%+

$%(-($.+-&).&$ ="2.(7+ Vc ≈ 50µV 4() -(.%+- 2"43 /6+ ." .%+ )5(22 -+)&).(#$+ ", .%+

Y,I& &#.+-2(8+-0 A. %() *++# )%"4# Z[\3 [[] .%(. ^ /+'+#/+#. "# .%+ /"'&#7 2+=+2 x
(#/ .%+ 925 .%&$D#+)) ^ L*x?&1−x "_+-) ( 2&.+-(228 6#2&5&.+/ /+7-++ ", ,-++/"5 ,"-

.%+ (/>6).5+#. ", Vc0 I%+-+,"-+3 &. )%"62/ *+ '"))&*2+ ." "'.&5&`+ Vc *8 +G$%(#7&#7

", .%+ Y,I& *8 L*x?&1−x () &#.+-2(8+-3 8&+2/&#7 ).-"#7 &5'-"=+5+#.) ", .%+ -5)

F6G #"&)+ S
1/2
Φ 0 ?&#$+ .%+ 2&#+4&/.% ", .%+ ?L? .8'+ ?@1AB) w = 250 nm 4()

4+22 (*"=+ .%+ H"#/"# '+#+.-(.&"# /+'.% ", L* λL = 90 nm3 ,6-.%+- -+/6$.&"# ",

w 4"62/ &5'-"=+ *".% .%+ %&7% 9+2/ )6&.(*&2&.8 () 4+22 () .%+ $"6'2&#7 ,($."- φµ0

<"- .%+ XEQU ?@1AB) .%+ 925 .%&$D#+)) 4() *+2"4 λL 4%&$% (//) ( )&7#&9$(#.

(5"6#. ", D&#+.&$ &#/6$.(#$+ ." .%+ ?@1AB .".(2 &#/6$.(#$+0 A#  !"#$%&'$() *

4+ '-+)+#. ( /+.(&2+/ (#(28)&) ", .%+ ?@1AB '(-(5+.+-) ,"- (# "'.&5&`(.&"# ", S
1/2
µ

4&.% .%+ -+)62. .%(. ,"- .%+ '-+)+#.+/ 7+"5+.-8 ( XEQU 925 .%&$D#+)) t ≈ 2λL

4"62/ +#%(#$+ S
1/2
µ $2")+ ." )&#72+ )'&# -+)"26.&"#0 :%+.%+- XEQU #(#"?@1AB)

4&.% )6$% .%&$D 925) 4"62/ *+ )6&.(*2+ ,"- %&7%;9+2/ (''2&$(.&"#) -+5(&#) () (#



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

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

.7 3$4"/*%0 )-$ (-'%)*%0 8' 964 "% )"# ": "%$ 03+*% ."'%,+37 ;'%5)*"%< =-*5- >

,'$ )" )-$ 3$(*()+%5$ +(744$)37 > 5"'6, 6"=$3 S
1/2
Φ +%, )-$3$:"3$ S

1/2
µ .7 + :+5)"3

∼ 3< +( =$ (-"=$, *%  !"#$%&'$() *1



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



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

 ! "#$% &''(!)$*+ "#( (,-."$/!% 0/1 "#( 2.$! .!) "#( 13% $!'-" 4/5".6( !/$%( /0

)$7(1(!" 89: ; .3'5$<(1 =/!!(="$/! %=#(3(% .1( )(1$4()> ?(0(1 "/ @$6> A>BC.D 0/1

!/"."$/!%>

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

E#( $!'-" 4/5".6( /0 "#( ;:E $%

Vin = IRDUT. C&>AD

E#( /-"'-" 4/5".6( /0 "#( .3'5$<(1 $%

Vout = IfRf . C&>BD

E#( =-11(!" .=1/%% "#( ;:E I $%

I =
Ri

RDUT +Ri

Ics C&>FD

.!) "#( $!'-" =-11(!" Ii $%

Ii =
RDUT

RDUT +Ri

Ics =
RDUT

Ri

I. C&>GD

8".1"$!6 H$"# "#( =/!)$"$/! 0/1 "#( @II

Φi = Φf , C&>JD

.!) -%$!6 "#( 1(5."$/! Φ = MI+ H( =.5=-5."( "#( 2.$! /0 "#( @IIK

MiIi = MfIf

RfMi
RDUT

Ri

I = RfIfMf

Rf

Ri

VinMi = VoutMf

→ G =
Vout

Vin

=
RfMi

RiMf

. C&>LD



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

"#$ $%&'()*$+, '+-&, (.*,)/$ +.'0$ .1 ,#$ )2-*'3$4 5.+0'0,0 .1 ,6. 5.2-.+$+,07

,#$ 8.#+0.+ +.'0$ .1 ,#$ '+-&, 4$0'0,.4 SV,i = 4kBTRi )+9 ,#$ +.'0$ -4.9&5$9 :; ,#$

<=>?@ SV,SQUIDA <,)4,'+/ 6',# B%A7 CAD )+9 4$-*)5'+/ E&F :; 420 E&F +.'0$G (.*,)/$

:; 420 (.*,)/$ +.'0$ )+9 9'('9'+/ ,#$ 4$0&*, :; ,#$ H)'+G 6$ 5)*5&*),$ S
1/2
V,SQUID7

Φi = IfMf

RfΦi = VoutMf

→ S
1/2
V,SQUID =

Ri

Mi

S
1/2
Φ . ICAJK

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

<$$ 0$5,'.+ !AD 1.4 9$3+','.+ .1 VoutG I )+9 IiL 0'+5$ '+ MNN ,#$ 5&44$+, Ii '0 5.2O

-$+0),$9 :; ,#$ <=>?@ $*$5,4.+'50 I = Ics )+9 ,#$4$1.4$ Vin = IcsRDUTA <,)4,'+/

6',# ,#$ 5.+9','.+ 1.4 ,#$ MNN

Ii = −If,i, ICAPK

6$ 5)*5&*),$ ,#$ /)'+ .1 ,#$ MNN7

Rf
RDUT

Ri +RDUT

Ics = −Rf
Ri

Ri +RDUT

If

RfVin = −RiVout

→ G = −
Rf

Ri

. ICAQK

<,)4,'+/ 6',# B%A7 CAP )+9 4$-*)5'+/ E&F :; 420 E&F +.'0$G (.*,)/$ :; 420 (.*,)/$

+.'0$ )+9 9'('9'+/ ,#$ 4$0&*, :; ,#$ H)'+G 6$ 5)*5&*),$ S
1/2
V,SQUID7

MiIi = −MiIf,i

Φi = −Mi
Ri

RDUT +Ri

If

RfΦi = −Mi
Ri

RDUT +Ri

Vout

→ S
1/2
V,SQUID =

RDUT +Ri

Mi

S
1/2
Φ . ICARSK



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

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

YBa2Cu3O7 24
◦ (30◦) bicrystal grain boundary junctions (GBJs), shunted with 60 nm (20 nm)

thick Au, were fabricated by focused ion beam milling with widths 80 nm ! w ! 7.8 µm. At

4.2 K we find critical current densities jc in the 10
5 A cm−2 range (without a clear dependence

on w) and an increase in resistance times junction area ρn with an approximate scaling

ρn ∝ w1/2. For the narrowest GBJs jcρn = IcRn ≈ 100 µV (with critical current Ic and

junction resistance Rn), which is promising for the realization of sensitive nanoSQUIDs for the

detection of small spin systems. We demonstrate that our fabrication process allows the

realization of sensitive nanoscale dc SQUIDs; for a SQUID with w ≈ 100 nm wide GBJs we

find an rms magnetic flux noise spectral density of S
1/2
8 ≈ 4 µ80 Hz

−1/2 in the white noise
limit. We also derive an expression for the spin sensitivity S

1/2
µ , which depends on S

1/2
8 , on the

location and orientation of the magnetic moment of a magnetic particle to be detected by the

SQUID, and on the SQUID geometry. For the unoptimized SQUIDs presented here, we estimate

S
1/2
µ = 390µB Hz

−1/2, which could be further improved by at least an order of magnitude.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

There is a growing interest in developing sensitiveminiaturized

superconducting quantum interference devices (SQUIDs) for

the investigation of small spin systems and scanning SQUID

microscopy with sub-µm spatial resolution [1–3]. A main

motivation is measurements on single nanomagnetic particles,

and the ultimate goal is the direct detection of switching of

a single electronic spin with various potential applications

in spintronics, quantum computing and on biomolecules.

Although sensitive spectroscopic techniques for single spin

detection, such as magnetic resonance force microscopy, have

been developed [4, 5], sensors for the direct detection of

the switching of magnetization of small spin systems still

have to be improved significantly. Using SQUIDs for this

application requires the realization of sub-µm Josephson

junctions and SQUID loops, both for optimum inductive

coupling to nanosized objects and for improving the SQUID

sensitivity for operation at switching fields of the magnetic

particles up to the Tesla range at temperatures of T ≈ 4 K

and well below (see the pioneering work by Voss et al [6] and

more recent work, e.g. [2, 7–12] and references therein). Here,

we note that one of the main motivations in the field of direct

detection of magnetization reversal of small spin systems is

0953-2048/11/015015+08$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1
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the investigation of tunneling of magnetization, which however

typically can be only observed at temperatures well below

4 K. This means that in this case the envisaged operation

temperature for miniaturized SQUIDs is at several 100 mK or

even further below [12].

Most frequently used techniques for creating supercon-

ducting sub-µm thin film structures are based on electron

beam lithography, or on focused ion beam (FIB) patterning.

While patterning of sub-µm SQUID loops poses no particular

problems, the properties of sub-µm Josephson junctions

embedded in the SQUID loop have to be carefully optimized

in order to realize low-noise SQUIDs. Here, an important

figure of merit is the rms spectral density of flux noise

S
1/2
8 , which for optimized SQUIDs based on the standard

Nb/AlOx /Nb technology for µm-sized junctions is in the

range of µ80 Hz
−1/2 (80 is the magnetic flux quantum).

However, critical current densities jc > 1 kA cm−2 are hard
to achieve reliably with this technology, yielding too small

critical currents Ic = jcAJ for junction areas AJ in the

(100 nm)2 range. Therefore, research focused on Nb or

Al thin film constriction type junctions (with widths w "

50 nm), sometimes shunted with a thin film normal metal

layer (e. g. Au, or W) to ensure non-hysteretic current–voltage-

characteristics (I VCs) [3, 6]. This approach often produced

SQUIDs with S
1/2
8 " 1 m80 Hz

−1/2, with a few exceptions
like the early results by Voss et al [6], or the recent work by

Hao et al [13] who reported on highly sensitive Nb SQUIDs

with S
1/2
8 ≈ 0.2 µ80 Hz

−1/2. These encouraging results

have been obtained with FIB patterned constriction junctions

at T = 6.8 K.

For operation in high magnetic fields B a small junction

size (⊥ EB) is required due to the suppression of Ic with

increasing magnetic flux in the junction above several 80,

which demands a particularly large jc. Furthermore, the

maximum field of operation is limited by the upper critical

field Bc2, e.g. to #1 T for typical Nb thin film based

SQUIDs. Here, high-transition-temperature (high-Tc) SQUIDs

offer three advantages: (i) very high Bc2 in the tens of Tesla

regime or even more, (ii) high jc > 105 A cm−2 for grain
boundary junctions (GBJs) operating at T = 4.2 K and well

below and (iii) a GBJ geometry with the junction barrier

perpendicular to the thin film SQUID loop; this allows the

application of very large in-plane fields (for switching the

magnetization of nanoparticles) which do not couple to the

SQUID and which do not reduce Ic. Here, the challenge is

to produce sub-µm GBJs with high quality, in particular with

high jc and ρn = Rn AJ , where Rn is the junction resistance,

i.e. with high jcρn = IcRn .

At this point, we should mention that, in principle, also

constriction type junctions based on HTS, or MgB2 thin films

may fulfill the above mentioned requirements, and in fact such

junctions and SQUIDs based on them have been patterned by

FIB [14–18]. However, these junctions typically show flux-

flow type or hysteretic I VCs at low T , such that their operation

temperature is often limited to a narrow T range well above

4 K, and their performance with respect to flux noise so far

has never reached the performance of high-Tc low-noise GBJ

SQUIDs [19]. Furthermore, we note that due to the small lower

critical fields Bc1, HTS thin film SQUIDs will be in the mixed

state, and strong pinning of vortices will be important, in order

to keep low-frequency noise due to vortex motion as small as

possible. However, the same applies to, e.g., Nb SQUIDs if

they are operated above Bc1; this issue has not been studied so

far, since SQUIDs usually are operated at the magnetic field of

the earth or well below.

Already in the 1990s thin film high-TcYBa2Cu3O7
(YBCO) sub-µm GBJs and SQUIDs have been fabricated

using e-beam lithography [20, 21]. However, oxygen

loss during processing, in particular for very thin films,

may require post-deposition annealing to improve junction

characteristics [22]. More recently, sub-µm YBCO GBJs

have also been fabricated by FIB [23], and both technologies

enabled fundamental studies on transport and noise in high-Tc
sub-µmGBJs [22, 24–26]. Still, a significant degradation of jc
for w # 500 nm was found [20, 21, 23], and the use of deep

sub-µm GBJs for the realization of nanoSQUIDs has not been

explored yet. The motivation for the realization of sub-µm

GBJs with widths well below 500 nm is based on the following

considerations: first of all, operation in high magnetic fields in

the Tesla range, as mentioned above, requires very accurate

alignment of the applied magnetic field in the thin film plane in

order to reduce coupling of the applied out-of-field component

to the GBJ. This requires as small as possible GBJ widths.

Furthermore, as will be shown below, the spin sensitivity

scales linearly with the rms flux noise S
1/2
8 of the SQUID.

Optimization of S
1/2
8 requires an as small as possible SQUID

loop inductance L [27], i.e. minimization of the dimensions

of the SQUID loop, which for topological reasons has to be

intersected by the grain boundary. Here, SQUID loop sizes

of the order of 100 nm seem to be feasible, according to

our experience on FIB patterning of our devices as described

below. In order to ensure optimum SQUID performance, one

should achieve at least a few SQUID modulations within the

Fraunhofer-like Ic(B) modulation of the single GBJs. This in

turn requires also shrinking the GBJ widths down to the size

of the SQUID loop. Hence, our goal is to demonstrate the

feasibility of FIB patterning YBCO GBJs down to junction

widths of the order of 100 nm. In order to accomplish this,

we investigated the scaling behavior of YBCO GBJ properties

with linewidths ranging over two orders of magnitude, from

∼8 µm down to 80 nm, and we investigated the electric

transport and noise properties of YBCO GBJ dc SQUIDs with

the smallest linewidths achieved within this study. We note that

we performed so far only investigations on low-field properties

of the fabricated GBJs and SQUIDs, as we are at this stage

interested in clarifying the intrinsic scaling properties of our

devices with GBJ width, although the ultimate goal of this

work is to operate such SQUIDs in high magnetic fields in the

Tesla range at T = 4.2 K and well below.

The remainder of this paper is organized as follows.

Section 2 very briefly addresses sample fabrication and layout,

including some information on the quality of our YBCO

thin films. In section 3 we first describe and discuss the

results of electric transport properties of our shunted GBJs,

with focus on their dependence on junction width, which was

varied over two orders of magnitude (3.1). The second part

2
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5.86 µm 2.13 µm 0.19 µm

(a) (b) (c)

(d) (e) (f)

GB GB GB

Au Au Au

YBCO YBCO YBCO

STO STO STOGB GB GB

Figure 1. Upper row: schematic illustration of the steps used for fabricating YBCO grain boundary junctions (GBJs). (a) In situ deposition of
a YBCO/Au bilayer on a bicrystal STO substrate; (b) patterning of 8 µm wide bridges straddling the grain boundary (GB) (by
photolithography and Ar ion milling); (c) patterning of a narrow GBJ by FIB. The location of the GB is indicated by dashed lines. The bottom
row (d)–(f) shows scanning electron microscopy images of three single junction devices (from chip-1) with different widths (indicated on the
graphs).

140 nm

80 nm

105 nm

80 nm

230 nm

160 nm

(a) (b) (c)

SQUID-1 SQUID-2 SQUID-3

Figure 2. SEM images of the three SQUIDs (loop size 1.0× 1.2 µm2) fabricated on chip-2. Labels in black boxes give junction widths.

(3.2) of this section describes the results obtained for our

SQUIDs, with focus on electric transport and noise properties

of the SQUID with the smallest GBJ width used in this study

(SQUID-2). Having characterized our SQUIDs, we discuss

in section 4 the important relation between the flux noise

S
1/2
8 of the SQUIDs and the spin sensitivity S

1/2
µ , which

is the important figure of merit for detection of small spin

particles. Here, we provide a solution for calculating the

spin sensitivity for any arbitrary geometry of the SQUID loop

as a function of position and orientation of the magnetic

moment of a small particle to be detected. We then apply

this solution to the particular geometry of SQUID-2 and finally

discuss perspectives for further optimization of S
1/2
µ . Section 5

contains our conclusions.

2. Sample fabrication

We fabricated devices on SrTiO3 (STO) symmetric [001] tilt

bicrystal substrates with misorientation angle θ = 30◦ (chip-

1) and 24◦ (chip-2). Figures 1(a)–(c) illustrate the fabrication

steps. We deposited dY = 50 nm thick c-axis oriented

epitaxially grown YBCO by pulsed laser deposition (PLD),

followed by in situ evaporation of Au (at room temperature)

with thickness dAu = 20 nm (chip-1) and 60 nm (chip-2),

serving as a resistive shunt and protection layer during FIB

milling. For details on PLD growth of our YBCO films on STO

substrates, and their structural and electric transport properties,

see [28]. In brief, our 50 nm thick YBCO films typically

yield 0.1◦ full width half maximum of the rocking curve at the
(005) x-ray diffraction peak, have Tc = 91 K with a transition

width ∼0.5 K and normal state resistivity ρ ≈ 50 µ� cm at

T = 100 K. On both chips, 8 µm wide bridges straddling

the grain boundary were fabricated by photolithography and

Ar ion milling and then patterned by FIB with Ga ions (50 pA,

30 kV) to make junctions and dc SQUIDs with junction widths

80 nm ! w ! 7.8 µm. FIB patterning was performed with

a dual beam 1540 XB cross beam (Zeiss). This allowed us to

apply an optimized FIB cut procedure (soft FIB procedure),

with small ion current density and minimum ion exposure

time of non-milled areas, i.e. only very brief snapshot imaging

prior to milling. Even for imaging by the electron beam,

we minimized the exposure time in order to avoid damage of

our FIB cut bridges. Figures 1(d)–(f) show scanning electron

microscopy (SEM) images of three GBJs fabricated on chip-1.

In total, we investigated 22 single GBJs and three dc SQUIDs

(on chip-2; hole size 1.0× 1.2 µm2). SEM images of the three

SQUIDs are shown in figure 2.

3. Experiments

We characterized our devices at T = 4.2 K in a magnetically

shielded environment. All results shown below have been

3
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obtained under these conditions. For measurements of I VCs,

Ic(B) and V (B) we used a four-point arrangement with

a room temperature voltage amplifier. For SQUID noise

measurements we preamplified the output signal with a Nb dc

SQUID amplifier with 0.1 nV Hz−1/2 resolution. For noise
measurements, the YBCO SQUID was operated open-loop,

i.e. we applied a constant bias current and constant flux bias,

and we detected the voltage across the SQUID by connecting

voltage leads to the input coil which was inductively coupled

to a Nb dc SQUID; a 10 � resistor (also at 4.2 K) was

in series with the input coil. The Nb SQUID was read

out in a flux-locked loop with ac flux bias at modulation

frequency fmod = 256 kHz (PC-1000 Multi-Channel dc

SQUID Electronics System with SQ100 SQUID-Sensor from

STAR Cryoelectronics).

3.1. Transport properties versus junction width

All devices showed resistively-and-capacitively-shunted-

junction (RCSJ)-type I VCs, which for some of the sub-µm

junctions on chip-1 (thinner Au shunt) had a small hysteresis.

Therefore, for chip-2, we increased dAu by a factor of three,

yielding non-hysteretic I VCs, except for the 530 nm wide

junction, which has an exceptionally high jcρn . From the

I VCs we determined Ic, and Rn , and calculated jc and ρn ,

using dY = 50 nm and w as obtained from SEM images.

The results of these measurements are summarized in figure 3,

plotted versus w which spans two orders of magnitude.

The full symbols in figure 3 show data obtained after FIB

patterning; the open symbols show data (for chip-2) from the

8 µm wide bridges prior to FIB patterning.

Figure 3(a) shows jc(w), which is well above 105 A cm−2

over the entire range of w. The jc values shown are typical

for θ = 24◦ and 30◦ YBCO GBJs at 4.2 K and w "

2 µm [19]; however, such high jc values have not been

previously observed for widths down to 80 nm. We do find a

significant scattering of jc(w), however without a clear width

dependence. The average jc for chip-2 is 1.5 times the one

for chip-1, as expected from the scaling jc(θ) of GBJs [29].

The comparison of jc of the same bridges before and after

FIB patterning shows that for most devices jc even slightly

increased after FIB patterning. The positions of the devices on

chip-2 (along the GB of the substrate) are ordered according to

their device number (1–15) (cf top axis of figure 3(a)) from

the left to the right edge of the substrate. There is a clear

trend of increasing jc by about a factor of two (for the 8 µm

wide bridges) along the entire substrate. The origin of this

gradient in jc has not been clarified; however we can rule out a

corresponding variation in the YBCO film thickness across the

substrate. A possible explanation for the observed gradient in

jc of the 8 µm wide GBJs along chip-2 could be a gradient in

the quality of the GB in the bicrystal substrate, which in turn

can cause a gradient in the barrier thickness of the GBJs along

the chip.

Figure 3(b) shows an approximate scaling ρn ∝ √
w of

unclear origin. We note that the lines shown in figures 3(b)

and (c) are not fits to our data. These lines are just drawn to

illustrate the trend of decreasing resistivity ρn with decreasing

Figure 3. Transport data of YBCO GBJs and SQUIDs versus
junction width w (solid symbols): (a) critical current density jc(w);
(b) junction resistance times area ρn(w); (c) jcρn(w). Dashed (solid)
lines indicate average jc values (in (a)) and approximate scaling of
ρn(w) (in (b)) and jcρn(w) (in (c)) for chip-1 (chip-2). Open squares
are data for the same GBJs on chip-2, measured prior to FIB
patterning (i.e. w = 8 µm). The numbers on the top axis in (a) label
the device numbers on chip-2.

junction width w. Before FIB patterning, the 8 µm wide

GBJs on chip-2 all had ρn ≈ 0.17� µm2, which falls onto

the observed ρn(w) dependence, indicating that this scaling

is not specific to FIB patterned GBJs. Furthermore, ρn ≈
0.17� µm2 is an order of magnitude below typical values for

unshunted GBJs [29], which we attribute to the Au shunt, and

which is also consistent with the larger ρn of GBJs on chip-1

with thinner Au. For chip-1, dAu = 20 nm is close to the 15 nm

implantation depth of 30 keV Ga ions in Au [30]. Hence one

might expect that FIB induces an increase in the Au resistivity

via Ga implantation. This effect should be suppressed for chip-

2 with three times thicker Au. In any case, it is hard to explain

why Ga implantation should increase ρn for wider junctions.

Certainly, Ga implantation is not the only detrimental effect of

FIB patterning. In particular, the Ga beam might destroy the

crystalline order close to the patterned edges. However, our
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Figure 4. Transport and noise characteristics of SQUID-2. (a) I VC at B = 0; the inset shows Ic(B). (b) V (B) for I = −70.8 to −12.3 and
10.0–68.5 µA (in 3.9 µA steps). (c) Spectral density of rms flux noise S

1/2
8 ( f ); inset: SEM image of the SQUID. (d) V (8) and S

1/2
8 (8)

(averaged from f = 5 to 6 kHz).

experimental observation of almost constant jc for GBJ widths

down to 80 nm rules out severe edge damage effects on a length

scale of several tens of nm. This observation also rules out

such effects as a possible explanation for the observed scaling

behavior of ρn(w). Certainly, the optimization of the transport

properties of our shunted YBCO GBJs needs further detailed

analysis, such as, e.g., shown in [31].

Figure 3(c) shows jcρn(w) ≈ 0.1–1 mV, i.e. at least one

order of magnitude below the values for unshunted YBCO

GBJs of comparable jc. This is certainly due to the suppression

of jcρn by the Au shunt required to ensure non-hysteretic I VCs

at 4.2 K. The decrease of jcρn with decreasing w is due to the

scaling of ρn(w) mentioned above. Still, even for the 80 nm

wide GBJs we find reasonable values of jcρn around 100 µV,

which are certainly quite suitable for the realization of sensitive

SQUIDs.

3.2. SQUID parameters, transport characteristics and noise

performance

The results of transport measurements on all three SQUIDs (on

chip-2) are summarized in table 1. The SQUID inductance

L was calculated with the numerical simulation software 3D-

MLSI [32], which is based on a finite element method to

solve the London equations for a given film thickness and

London penetration depth (dY = 50 nm and λL = 140 nm,

respectively, in our case). As dY ≪ λL , the kinetic inductance

contributes significantly to L. For SQUID-1 and SQUID-2, the

Table 1. Parameters of YBCO GBJ dc SQUIDs.

#
w1

(nm)
w2

(nm)
Ic
(µA)

Rn

(�)
IcRn

(µV)
L
(pH) βL

V8

(mV/80)

1 80 140 44 1.7 73 15 0.31 0.08
2 80 105 49 1.9 94 16 0.38 0.11
3 160 230 139 1.3 185 10 0.66 0.13

GBJ widthswi (i = 1, 2) are below λL , which increases L over

that of SQUID-3 with wider junctions. From the calculated L

and measured Ic we obtain βL ≡ L Ic/80 ≈ 0.3–0.7, i.e. not

far from the optimum value βL ≈ 1 [33]. The transfer function

V8, i.e. the slope of the V (8) curves at optimum bias current

and applied flux 8 = ± 1
4
80, is around 0.1 mV/80, and the

effective area Aeff = 8/B ≈ 8 µm2 for all three SQUIDs.

Figure 4 shows electric transport and noise data obtained

for SQUID-2 (the device with smallest w; see inset in (c)).

Figure 4(a) shows an I VC for an applied field B = 0

corresponding to a maximum in Ic. The small jump at Ic to

V 6= 0 indicates that the junctions are at the transition to the

underdamped regime. The inset in figure 4(a) shows Ic(B)

with 40% modulation. Figure 4(b) shows V (B) for various

bias currents I . The small shift in the minima of V (B) upon

reversing I is in accordance with the Ic asymmetry of the two

GBJs due to their different widths.

Finally, graphs (c) and (d) in figure 4 show the results

of noise measurements on SQUID-2. Figure 4(c) shows the

rms spectral density of flux noise S
1/2
8 ( f ) ∝ f −x for optimum

5



Supercond. Sci. Technol. 24 (2011) 015015 J Nagel et al

flux bias 8 = −0.28680 with x ≈ 0.8 for frequencies f #
100 Hz. The relatively small width (8 µm) of the structures

adjacent to the SQUID (cooled and operated in magnetically

shielded environment) makes it quite unlikely that Abrikosov

vortices are trapped there and cause excess low-frequency

noise due to vortex hopping. Instead, it is much more likely

that the excess low-frequency noise is due to Ic fluctuations

in the GBJs [19]. For larger f we find a white flux noise

level S
1/2
8,w ≈ 4 µ80 Hz

−1/2, which to our knowledge is the

lowest value of S
1/2
8 obtained for a YBCO dc SQUID with sub-

µm GBJs so far. Figure 4(d) shows the rms flux noise S
1/2
8

(averaged from f = 5 to 6 kHz) and the SQUID voltage V

versus applied flux 8. We find a rather shallow minimum in

S
1/2
8 (8) for an applied flux where the slope of the V (8) curve

(also shown in graph (d)) is close to its maximum. We note that

the need to resistively shunt the junctions for low-T operation

leads to a reduction in IcRn , which in turn reduces the transfer

function V8 ∝ Rn and also increases the flux noise S8 ∝ 1/R

of the SQUIDs. On the other hand, operation at lower T will

reduce the Nyquist noise from the shunt resistors and hence

improve S8 [34]. Certainly, the optimization of the flux noise

of the SQUIDs will require further analysis, e.g. by comparing

experimental results with numerical simulations based on the

RCSJ model [19, 34].

4. Spin sensitivity

Coming back to the main motivation of this work, i.e. the

development of nanoSQUIDs for the detection of small spin

systems, we derive an expression for the spin sensitivity S
1/2
µ ,

which we then use to calculate S
1/2
µ for the particular geometry

and flux noise of SQUID-2 as a function of the position of

a magnetic particle for a given orientation of its magnetic

moment. Sµ is the spectral density of spin noise, which

depends on the spectral density of flux noise S8 of the SQUID

and on the coupling between a magnetic particle with magnetic

moment Eµ = µ · êµ and the SQUID via the relation Sµ =
S8/φ2µ. Here, φµ(êµ, Erµ) ≡ 8µ(Eµ, Erµ)/µ is the magnetic

flux 8µ per magnetic moment µ coupled into the SQUID loop

by the magnetic particle, which is located at the position Erµ

and which is oriented along êµ. This means that, in order to

determine S
1/2
µ for a given S

1/2
8 , one needs to calculate the

coupling function φµ(êµ, Erµ), which will also depend on the

SQUID geometry.

To determine φµ, we assume that the magnetic moment Eµ
is moved from a distance far away to a position Er = Erµ close

to the SQUID loop. When the magnetic moment approaches

Erµ, a circulating current Iµ(Eµ, Erµ) is induced in the SQUID

loop, which compensates the coupled flux 8µ, due to the

diamagnetic response of the SQUID loop. The magnetic field

energy stored in the loop of inductance L is Wloop = 1
2

L I 2µ.

The work required to place the particle in the magnetic field
EBµ(Er) produced by the circulating current Iµ is Wµ = − 1

2
Eµ ·

EBµ(Iµ, Erµ). We note that Wµ > 0, due to the diamagnetic

response of the SQUID loop. Hence, the total work required to

bring the magnetic particle to the position Erµ is

W1 = Wloop + Wµ = 1
2

L I 2µ − 1
2
Eµ · EBµ(Iµ, Erµ). (1)

On the other hand, instead of the SQUID, we may consider

a fixed current system producing the same field EBµ(Iµ, Erµ) as

the SQUID, when the particle is in its final position rµ. In this

case, the particle has a (positive) energy

W2 = −Eµ · EBµ(Iµ, Erµ). (2)

From W1 = W2 we obtain I 2µ = −Eµ · EBµ/L. With 8µ = L Iµ

and with EBµ/Iµ = EB/I ≡ Eb one thus obtains

8µ(Eµ, Erµ)

µ
≡ φµ(êµ, Erµ) = −êµ · Eb(Erµ), (3)

where I is an arbitrary current circulating in the SQUID loop,

which generates the magnetic field EB(I ) at the position Erµ of

the magnetic particle.

Equation (3) reproduces the results of [8, 10, 35], derived

for a circular filamentary SQUID loop. Moreover, equation (3)

provides a solution of the problem, valid for any arbitrary

geometry of the superconducting loop, if one can find the

normalized magnetic field distribution Eb(Er) outside the SQUID

loop. For a given Eb(Er) (determined by the SQUID geometry

only) and given flux noise, one can use equation (3) to

easily calculate the spin sensitivity S
1/2
µ = S

1/2
8 /φµ for any

orientation êµ and location of the magnetic particle.

For the geometry of SQUID-2, we calculated the spatial

distribution of the current density in the SQUID loop and the

corresponding three-dimensional magnetic field distribution
Eb(Er) outside the SQUID loop with 3D-MLSI [32]. Figure 5

shows the resulting spin sensitivity of SQUID-2 (with S
1/2
8 =

4µ80 Hz
−1/2) for the detection of a magnetic particle located

in the (x, z) plane (at y = 0) with its magnetic moment

pointing along the x direction, i.e. êµ = êx . That is, the

magnetic moment of the particle is aligned parallel to the thin

film plane of the SQUID, and perpendicular to the current

through the GBJs.

The contour plot of the spin sensitivity shows clear

minima right above the superconducting bridges straddling the

grain boundary. The upper graph shows a line scan S
1/2
µ (x) of

the spin sensitivity at a height z = dAu + dY/2 = 85 nm above

the ring (i.e. for our SQUID the minimum vertical distance due

to the Au layer on top of the YBCO film). The lowest value

of the spin sensitivity along this line scan is 390 µB Hz
−1/2,

which could be further improved by reducing the thickness of

the Au layer. This can be done even without affecting the GBJ

properties if the Au layer is not removed right above the GBJ.

Removing the gold layer (and placing the magnetic particle

at z = dY/2 = 25 nm) would improve S
1/2
µ by more than

a factor of two down to 180 µB Hz
−1/2, as can be seen in

the right graph, which shows the vertical dependence S
1/2
µ (z)

at x = 0.63 µm, i.e. right above the center of the YBCO

bridge. Moreover, further improvements in S
1/2
µ are feasible

by improving S
1/2
8 , which is by no means optimized for the

SQUIDs presented here. For example, our FIB technology

allows for a reduction in the size of the SQUID loop down to

∼100 nm and a concomitant reduction in SQUID inductance
L down to ∼1 pH. This, in turn, can lead to a significant
improvement in S

1/2
8 by at least an order of magnitude, which

would bring S
1/2
µ down to ≈20 µB Hz

−1/2.
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Figure 5. Calculated spin sensitivity S1/2µ for SQUID-2 with S
1/2
8 = 4 µ80 Hz

−1/2 for the detection of the magnetic moment of a small spin
particle aligned along the x axis in the (x, y) plane of the SQUID loop (cf inset in main graph). The main graph shows a contour plot of S1/2µ

as a function of the position of the particle in the (x, z) plane at y = 0. The location of the YBCO bridges is indicated by the black rectangles;
the rectangles (yellow lines) on top of them indicate the position of the Au layer. The line scan above the main graph shows S1/2µ (x) for

z = 85 nm, and the line scan to the right of the main graph shows S1/2µ (z) for x = 0.63 µm. The locations of these line scans are indicated by
the dashed (red) lines in the main graph.

5. Conclusions

In conclusion, we have fabricated YBCO grain boundary

junctions and dc SQUIDs by FIB patterning with junction

widths ranging from 7.8 µm down to 80 nm. Using an

Au thin film shunt on top of the junctions, we achieved

non-hysteretic current–voltage-characteristics for operation of

YBCO dc SQUIDs at 4.2 K and below. We demonstrated

that FIB pattering enables the fabrication of deep sub-µm

GBJs without degradation of critical current densities, and

comparable to GBJs with widths above 1 µm. We do find a

systematic dependence of the resistance times area ρn of our

GBJs, which scales approximately with the junction width w

as ρn ∝ √
w. The origin of this scaling could not be resolved

and requires further studies. Still, we obtain values of IcRn

for our GBJs around 100 µV for junctions on the 100 nm

scale, which is promising for the fabrication of sensitive

nanoSQUIDs. We demonstrated low-noise performance for

such devices in the µ80 Hz
−1/2 range, which still can be

improved significantly, in particular by reducing the size of

the SQUID loop and hence the SQUID inductance, and which

makes them promising candidates for applications in magnetic

nanoparticle detection and measurements at high magnetic

fields. Certainly, the next step will be to investigate the

electric transport and noise properties of optimized YBCO

nanoSQUIDs in strong magnetic fields, up to above 1 T.

Several issues may play an important role here, like low-

frequency excess noise due to motion of Abrikosov vortices,

or proper alignment of the large applied (in-plane) magnetic

field, which should be perpendicular to the plane of the grain

boundary in order to avoid suppression of the critical current.

In the latter case, the impact of faceting of the GBJs [29] may

also become important, which has to be studied in high fields.

Our very preliminary studies of high-field operation of YBCO

GBJ SQUIDs with 2 µm wide junctions demonstrate that

such devices can operate in large in-plane fields of 1 T [36].

The presented solution for calculating the spin sensitivity for

arbitrary SQUID geometries—as a function of position and

orientation of the magnetization of small spin particles—

provides an important tool for the systematic optimization of

the spin sensitivity using nanoSQUIDs as sensitive devices

for direct detection of magnetization switching of small spin

particles. If the expected spin sensitivity for optimized YBCO

GBJ SQUIDs can be reached at strong magnetic fields, these

sensors should be clearly superior to commonly used Hall

sensors [5].
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We investigated, at temperature 4.2 K, electric transport, flux noise, and resulting spin sensitivity

of miniaturized Nb direct current superconducting quantum interference devices (SQUIDs) based

on submicron Josephson junctions with HfTi barriers. The SQUIDs are either of the magnetometer-

type or gradiometric in layout. In the white noise regime, for the best magnetometer we obtain a

flux noise S
1=2
U

¼ 250 nU0=Hz
1=2, corresponding to a spin sensitivity S1=2l � 29 lB=Hz

1=2. For the

gradiometer we find S
1=2
U

¼ 300 nU0=Hz
1=2 and S1=2l � 44 lB=Hz

1=2. The devices can still be

optimized with respect to flux noise and coupling between a magnetic particle and the SQUID,

leaving room for further improvement towards single spin resolution.VC 2011 American Institute of

Physics. [doi:10.1063/1.3614437]

Growing interest in the investigation of small spin sys-

tems like molecular magnets,1–3 single electrons,4 or cold

atom clouds5 demands for proper detection schemes. Com-

pared to, e.g., magnetic resonance force microscopy6 or

magneto-optic spin detection,7,8 superconducting quantum

interference devices (SQUIDs) offer the advantage of direct

measurement of changes of the magnetization in small spin

systems.1,9 High spin sensitivity requires SQUIDs with low

flux noise and strong magnetic coupling between particle(s)

and SQUID loop. These needs can be met by nano-scaling

the devices,10–12 e.g., by focused ion beam milling,13,14 elec-

tron-beam lithography,15 atomic force microscopy anodiza-

tion,16,17 shadow evaporation18 or by coupling small pickup

loops to larger SQUIDs.19 While nanopatterning of the

SQUID loop yields no basic technical difficulties, the crea-

tion of overdamped Josephson junctions (JJs), as required for

direct current (dc) SQUIDs, with submicron dimensions is

more challenging.

A widely used approach is to use constriction JJs. In

some cases this yielded dc SQUIDs14,15 with root mean square

(rms) flux noise S
1=2
U

down to 0.2 lU0/Hz
1/2 (U0 is the mag-

netic flux quantum), which, however, are suitable only for

operation in a limited range of temperature T. Even smaller

S
1=2
U

¼ 17 nU0=Hz
1=2 has been reported for larger SQUIDs

based on superconductor-insulator-superconductor (SIS) tun-

nel JJs with external resistive shunts.20 In this Letter, we

report on the realization of small and sensitive dc SQUIDs

based on superconductor-normal conductor-superconductor

(SNS) sandwich-type JJs, without resistive shunts, which sim-

plifies SQUID miniaturization.

Our JJs are based on a Nb/HfTi/Nb trilayer process,21

which was developed for the fabrication of submicron SNS

junctions.22 All JJs are square shaped with lateral dimensions

200� 200 nm2. The JJs with barrier thickness dHfTi¼ 24 nm

have a critical current density jc� 200–300 kA/cm2 at T¼ 4.2

K and a resistance times junction area qn� 14–19 mXlm2,

leading to a characteristic voltage Vc¼ jcqn� 40 lV. The three

SQUIDs presented in this paper have different layouts. G1 [see

Fig. 1(a)] has a gradiometric design. The gradiometer line in

the top Nb layer carries the bias current I (flowing through the

junctions to the bottom Nb layer) and in addition allows for the

(on-chip) application of magnetic flux U to the gradiometer

(referred to one loop) via a current Imod without the need of

external coils. M1 [see Fig. 1(b)] is of the magnetometer-type.

M2 [see inset of Fig. 1(b)], which is similar to M1, has a

washer, allowing flux modulation with relatively small external

magnetic fields (B/U¼ 0.5 mT/U0).

All measurements were performed at T¼ 4.2 K in a high-

frequency shielding chamber with the sample mounted inside

a magnetic shield. All currents were applied by battery pow-

ered low-noise current sources. For the noise measurements

we used a commercial Nb dc SQUID amplifier surrounded by

a superconducting Nb shield.23 The SQUID is connected in

parallel to the input coil of the SQUID amplifier, with an input

resistor Rin connected in series with the coil. A separate

FIG. 1. (Color online) Scanning electron microscopy (SEM) images of the

SQUIDs. The JJs with size 200� 200 nm2 are indicated as dotted lines in

the top Nb layer. (a) Gradiometer G1 with line width 250 nm and outer loop

size 1.5� 1.5 lm2; arrows indicate scheme of current flow. (b) Magnetome-

ter M1 with line width 250 nm and SQUID hole 500� 500 nm2. Inset:

washer-type magnetometer M2 with washer area 10� 10 lm2 and SQUID

hole 500� 500 nm2.a)Electronic mail: matthias.kemmler@uni-tuebingen.de.
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feedback (and modulation) coil of the SQUID amplifier allows

for a flux locked loop operation of the SQUID amplifier with

a sensitivity S
1=2
V;amp � 40 pV=Hz1=2 for Rin¼ 3.3 X at T¼ 4.2

K. The typical bandwidth of the amplifier is of the order of

few tens of kHz. To determine the rms flux noise of our

SQUIDs we measured the voltage noise at the output of the

amplifier. After subtracting the noise contribution from the

amplifier, we obtain the spectral density of voltage noise

SV,SQUID for the SQUID and calculate the corresponding rms

flux noise S
1=2
U

¼ S
1=2
V;SQUID=j@V=@Uj. Here, V is the voltage

across the SQUID and @V/@U is the transfer coefficient.

Figure 2(a) shows the current voltage characteristic

(IVC) of G1 measured at Imod¼ 0. The IVC is resistively

shunted junction (RSJ)-like, with a critical current Ic¼ 178

lA and resistance R¼ 233 mX, yielding Vc¼ 41.5 lV. The

inset of Fig. 2(a) shows Ic(Imod) together with a simulated

curve based on the RSJ model (including thermal noise and

inductance asymmetry), which yields bL: 2I0L/U0¼ 0.18.

Here, I0 is the average maximum critical current of the two

JJs and L is the inductance of the gradiometric SQUID, i.e.,

half the inductance of one loop of the gradiometer. With

2I0¼ 178 lA we obtain L¼ 2.1 pH. From the measured pe-

riod of Ic(Imod) we obtain U/Imod¼ 227 mU0/mA. The small

but finite shift DImod¼ 95 lA of the maxima in Ic(Imod) for

opposite polarity can be solely attributed to an inductance

asymmetry due to the asymmetric current bias, i.e., the asym-

metry in the critical currents of the JJs is negligibly small.

Figure 2(b) shows V(Imod) for different values of I. For

I� 185 lA we obtain a maximum transfer coefficient

VU� 100 lV/U0. The inset of Fig. 2(c) shows V(Imod) and

S
1=2
U;wðImodÞ in the white noise regime (determined by averag-

ing the spectra from f¼ 2 to 3 kHz) for I¼ 185 lA. This

yields minima in S
1=2
U;wðImodÞ at the optimum flux bias point

(indicated by the dashed line), for which the main graph of

Fig. 2(c) shows S
1=2
U

vs frequency f. For low frequencies

f� 10 Hz we find SUðf Þ / 1=f 2, which can be attributed to a

single fluctuator (flux or Ic) producing random telegraph noise

in the time trace V(t). For higher frequencies 10 Hz� f� 1

kHz the frequency dependence is more 1/f like, which might

be caused by an admixture of noise from a few additional

fluctuators with higher characteristic frequencies. The peak in

SU(f) near f¼ 12 Hz presumably results from mechanical

vibrations. The spectrum in the white noise limit above 1 kHz

yields S
1=2
U;w � 300 nU0=Hz

1=2, with a cutoff at f� 2� 104 Hz

due to the SQUID amplifier electronics. The magnetometer-

type devices M1 and M2 had similar characteristics, with

S
1=2
U;w � 250 nU0=Hz

1=2 and � 270 nU0/Hz
1/2, respectively.

Finally, we turn to the spin sensitivity S1=2l ¼ S
1=2
U

=/l of

our devices which, besides the flux noise, depends on the cou-

pling factor /l, i.e., the amount of flux coupled into the

SQUID by a magnetic particle is divided by the modulus j l! j

FIG. 2. Transport and noise characteristics of G1 at T¼ 4.2 K: (a) IVC at

Imod¼ 0; inset shows measured Ic(Imod) (solid line) and simulated curve

(dashed line). (b) V(Imod) for I¼ÿ 297…300 lA (in 20.1 lA steps). (c)

Spectral density of rms flux noise S
1=2
U

ðf Þ at optimal working point (cf.,

dashed line in inset); dashed line indicates 300 nU0/Hz
1/2. Inset: V(Imod)

(solid line) and S
1=2
U;wðImodÞ (open circles; averaged from f¼ 2–3 kHz).

FIG. 3. (Color online) Calculated coupling factor /l vs particle position.

Main graphs: contour plots /l(x,z) for (a) magnetometer M1 and (b) gradi-

ometer G1; Nb structures are indicated by black rectangles. Insets: SEM

images of the SQUIDs. Dashed lines indicate position of linescans /l(x)

[above (a)] and /l(z) [to the right of (a) and (b)].
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of its magnetic moment. Taking into account the SQUID ge-

ometry, Fig. 3 shows the calculated coupling factor of M1 and

G1 vs. the position r! of a point-like magnetic particle with its

magnetic moment l! pointing in-plane of the SQUID loop. A

detailed description of the calculation procedure for non-gra-

diometric SQUIDs can be found in Ref. 12. For the gradiomet-

ric SQUID G1 one has to consider the magnetic field

distribution B
!
ðr!Þ created by two circular currents I1,2¼6 IB

in each loop. In this case the coupling factor /l is given by

B
!
ðr!Þ=2IB. For an in-plane magnetization of the particle, lay-

out M1 provides the highest coupling factor if the particle is

placed directly on top of the SQUID loop. For G1 the opti-

mum coupling can be achieved if the particle is placed on the

center conductor line. At this position the particle couples flux

of opposite sign into both loops of the gradiometric SQUID,

which leads to an approximately twice as large coupling factor

as compared to placing the particle on the outer conductors.

For a particle with 10 nm diameter, placed directly on top of

the SQUID, we take a vertical distance z¼ 5 nm from the

SQUID surface, which yields /l¼ 8.5 nU0/lB (lB is the Bohr

magneton) forM1 and 6.8 nU0/lB for G1 at the center conduc-

tor. With S
1=2
U

� 250 nU0=Hz
1=2 we calculate the spin sensi-

tivity of M1 to S1=2l ¼ 29lB=Hz
1=2. For the gradiometric

SQUID we calculate S1=2l ¼ 44 lB=Hz
1=2.

In conclusion, we have shown that miniaturized dc

SQUIDs based on sandwich-type overdamped SNS Josephson

junctions have a compact design and can be operated with

very promising values of flux noise and spin sensitivity.

Although our devices are not optimized, flux noise values

down to 250 nU0/Hz
1/2 have been achieved, yielding an esti-

mated spin sensitivity as low as 29 lB/Hz
1/2. Further improve-

ments are feasible; e.g., placing the two SQUID arms on top

of each other20 reduces the SQUID inductance and hence the

flux noise. Furthermore, the coupling can be improved by pat-

terning an additional constriction within the SQUID loop.
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We have investigated asymmetrically shunted Nb/Al-AlOx/Nb direct current (dc)

superconducting quantum interference devices (SQUIDs). While keeping the total resistance R

identical to a comparable symmetric SQUID with Rÿ1 ¼ Rÿ1
1 þ Rÿ1

2 , we shunted only one of the

two Josephson junctions with R ¼ R1;2=2. Simulations predict that the optimum energy

resolution � and thus also the noise performance of such an asymmetric SQUID can be 3–4

times better than that of its symmetric counterpart. Experiments at a temperature of 4.2K

yielded � � 32 �h for an asymmetric SQUID with an inductance of 22 pH. For a comparable

symmetric device, � ¼ 110 �h was achieved, confirming our simulation results. VC 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4739850]

The transport characteristics and noise performance of

direct current (dc) superconducting quantum interference

devices superconducting quantum interference devices

(SQUIDs) having symmetric Josephson junctions have been

intensively studied from the 1970s. Numerical simulations of

the Langevin equations describing the SQUID dynamics reli-

ably helped to understand the modulation patterns VðUa; IÞ
and the low-frequency voltage noise power SVðUa; IÞ, where
V is the dc voltage across the SQUID, I is the bias current,

and Ua is the applied flux. With the flux-to-voltage transfer

function VU ¼ jdV=dUaj, one obtains the flux noise power

SU ¼ SV=V
2
U
or energy resolution � ¼ SU=2L, where L is the

SQUID inductance. For an optimized device, one obtains in

the limit of small thermal fluctuations an energy resolution

� ¼ ð8ÿ 9ÞkBTL=R for an inductance parameter bL ¼
2I0L=U0 somewhat below 1.1,2 Here, I0 and R, respectively,

denote the junction critical current and resistance. U0 is the

flux quantum. Although � can be very low—for example, in

Ref. 3 a value of �3�h has been reported at 4.2K for a 2 pH

device—one may ask whether or not it still can be improved

by introducing asymmetries in the junction parameters or

perhaps by adding new elements to the SQUID. Early simu-

lations have shown that asymmetries in the junction critical

currents and resistances can enhance VU, although for the

prize of asymmetric VðUaÞ patterns.1 It has also been pre-

dicted that an additional damping resistor can enhance VU.
4,5

Several works addressed junction asymmetries and addi-

tional damping resistors in more detail,6–11 with the result

that the transfer function can be increased and flux noise be

decreased. The above investigations, however, explored

only a very limited range of parameters and often addressed

devices where the symmetric counterpart was far from

optimum.

Let us start with a theoretical analysis, using the stand-

ard Langevin equations1 where the Josephson junctions are

described by the resistively and capacitively shunted junc-

tion model.12,13 With i ¼ I=I0 the normalized currents

through the junctions k¼ 1, 2 are given by

i

2
6j¼bcð16acÞ€dk þð16arÞ _dk þð16aiÞsinðdkÞþ iN;k; (1)

where ac; ar , and ai denote the asymmetries in capacitance,

resistance, and critical current, respectively. The junction

critical currents are I0;k ¼ I0ð16aiÞ, their resistances

R=ð16arÞ and their capacitances Ck ¼ Cð16acÞ. “6” refers

to junctions 1 and 2, respectively. dk denotes the phase of

junction k, j ¼ J=I0 is the normalized circulating current in

the SQUID loop and bc ¼ 2pI0R
2C=U0 is the Stewart-

McCumber parameter. Dots denote derivative with respect to

normalized time s ¼ U0=2pI0R. The normalized noise cur-

rent iN;k has a spectral power density 4C, with

C ¼ 2pkBT=I0U0. The dk are related by

d2 ÿ d1 ¼ 2pU=U0 þ pbL jþ
aL

2
i

� �

; (2)

where U is the total flux through the SQUID. L ¼ L1 þ L2,

where L1 and L2 are the inductances of the two SQUID arms,

related to the inductance asymmetry aL via Lk ¼ Lð16aLÞ=2.
From Eqs. (1) and (2), one obtains the normalized dc

voltage v ¼ V=I0R, and thus the current voltage characteristic

(IVC) by taking the time average of u ¼ ð _d1 þ _d2Þ=2. From a

Fourier transform of u, one obtains the normalized correlation

functions sv ¼ SV2pI0R=U
3
0, s/ ¼ SUI0R=ð2U0kBTÞ, and

e ¼ s/=2CbL.
The quantity we are interested in most is the optimized

normalized energy resolution eopt, where optimization is

done for some or even all SQUID parameters. Recently, we

have performed a systematic optimization of the noise per-

formance of the rf SQUID, optimizing all of its parame-

ters.14,15 We now apply the same procedure to fully optimize

e of the dc SQUID, with respect to i;/a ¼ Ua=U0; bL;a)Electronic mail: kleiner@uni-tuebingen.de.
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bc; ai; ac, and ar, i.e., for a given value of one or some of

these parameters we find all others so that eopt is minimized.

The inductance asymmetry aL does not appear in the above

list, since, for a given bias current, it only causes a phase

shift in vð/aÞ and also the noise correlation functions. Since

in practice the junction capacitance is always nonzero, the

McCumber parameter bc should be as large as possible to

obtain large values of I0R. It turns out that bc values below

0.8 are uncritical in the sense that the other parameters can

be tuned so that eopt attains its minimum value irrespective

of bc.

Fig. 1(a) shows eopt vs. ar for ai ¼ ac ¼ 0 (full circles)

and for variable ai ¼ ac (open circles). Fixed parameters are

bc ¼ 0:7 and C ¼ 0:01. The parameters i, /a, and bL have

been varied to minimize e. We have used ai ¼ ac, having in

mind junctions where both I0 and C scale with the junction

area and R can be chosen independently by shunting. The

value for C was chosen as typical for operation at 4.2K. For

ai ¼ 0; eopt vs. ar decreases from �1:6 to 0.7 for ar ! 1. In

case of variable ai the minimum eopt is about 0.4, i.e., a fac-

tor of 4 lower than the energy resolution of a comparable

symmetric SQUID. Note that each point in the graph corre-

sponds to different values of i, /a; bL. We do not list the

value of these parameters explicitly but note that in all cases

bL was in the range 0.4–0.5. ai ¼ ac � 0:3ÿ0:5 was found

in case these parameters were varied.

In Fig. 1(b), we show eopt vs. ai ¼ ac for variable bL and

fixed bc ¼ 0:7 and C ¼ 0:01 and ar ¼ 0:99. The lowest val-

ues of eopt are achieved for ai near 0.5. For lower values

of ai; eopt monotonically increases. In particular, eopt is

achieved when ai and ar have the same sign, i.e., the junction

having the lower resistance should have the higher I0. We

have obtained similar results, giving almost the same lowest

values for eopt, also for higher values of C (up to 0.1). eopt is

thus a robust quantity.

In dimensioned units � ¼ e � 2U0kBT=I0R. To maximize

I0 for bL � 0:5, L should be as small as possible. Then, to

maximize R and keep bc below 1, C should be as small as

possible, which for a given capacitance per area means to

keep the junction area as small. If junction asymmetries are

considered, given a constant critical current density, the size

of the weaker junction is presumably limited by the fabrica-

tion process and, to obtain an ai of, e.g., 0.3, the average

junction area is increased by about 40% from its minimum

value. This basically compensates the gain in eopt. Asymme-

tries in ai are thus not necessarily helpful. Thus, below we

discuss an experimental design having ai ¼ ac ¼ 0.

We also note that for ar very close to 1, eopt increases

slightly again with increasing ar for ai ¼ ac ¼ 0. This is

related to chaotic dynamics which appears in some ranges of

i and /a. Below, we will address this issue in comparison to

experimental data. Nonetheless, if small values of eopt can be

retained for ar ! 1, the easiest way to realize the corre-

sponding SQUID experimentally is to “move” the shunt

from junction 1 to junction 2, leaving junction 1 unshunted

and junction 2 shunted with a resistance R/2. In the follow-

ing, we discuss the performance of such a Nb/Al-AlOx/Nb

SQUID and compare it to simulations, as well as to the per-

formance of a corresponding symmetric SQUID.

Figs. 2(a) and 2(b) show optical images of an asymmet-

ric and a symmetric SQUID. The SQUIDs have been fabri-

cated using a Nb/Al-AlOx/Nb technology based on optical

photolithography. By a combination of reactive ion etching

(RIE) employing CF4 and O2 and ion beam etching (IBE),

the ground-electrode was defined. The subsequent definition

of the junction area was done by RIE and anodic oxidation

in an aqueous solution of ðNH4ÞB5O8 and C2H6O2. Before

the definition of the vias (RIE-IBE), the connecting bridges

for the anodization between the individual SQUIDs were

removed. The following definitions of the resistor, insulation

layer, and wiring layer were all done using a lift-off tech-

nique. For the resistor material, a 76 nm thick Palladium

layer was deposited, resulting in a sheet resistance of 1 X/sq

FIG. 1. Optimized normalized energy resolution eopt vs. (a) resistance asymme-

try ar and (b) junction critical current and capacitance asymmetry ai ¼ ac. Fixed

parameters are C ¼ 0:01 and bc ¼ 0:7. For all data points, bL has been varied.

FIG. 2. Optical image of the (a) asymmetric and (b) symmetric SQUID.

The Josephson junctions are labeled by “JJ” and the shunt resistors by R and

R/2. (c) Readout scheme of the asymmetric SQUID using a SQUID ampli-

fier operated in flux-locked loop.
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at T¼ 4.2K. The �300 nm thick SiO insulation layer was

deposited using thermal evaporation, while the samples were

mounted on a water cooled copper plate (Tprocess � 26 �C).

After in-situ pre-cleaning, the final Nb wiring layer connect-

ing the junctions, vias, and shunt-resistors was dc-magnetron

sputtered at room temperature.

Transport and noise measurements were performed at

T¼ 4.2K in a magnetically and electrically shielded environ-

ment. Dc characteristics (IVC, VðUaÞ, critical current

IcðUaÞ) were measured in a standard four-point configura-

tion, using low noise current sources and a high impedance

room temperature voltage amplifier (RTA). For the noise

measurements, the RTA was not sensitive enough. Thus, V

was preamplified with a commercial SQUID amplifier16 hav-

ing a 60 pV=Hz1=2 resolution, operated in a flux-locked loop

with ac flux bias at modulation frequency fmod ¼ 256 kHz.

The SQUIDs were operated open loop at fixed I and Ua. V

was measured by connecting the input coil of the SQUID

amplifier in parallel to the SQUID. A 5 X resistor Ri was in

series to the input coil, as shown in Fig. 2(c). Due to the low

input impedance of the amplifier, the current Ics from the

current source divides into I and the current Ii through the

input coil. At given Ics, I varies when changing Ua, affecting

VU and thus the determination of the energy resolution.

Using Kirchhoff’s laws and the condition for flux-locked

loop operation, IiMi ¼ IfMf , with Mi ðMfÞ being the mutual

inductance between the amplifier SQUID and the input

(feedback) coil, one obtains Ii ¼ ðMf=MiÞðVf=Rf Þ. Since

Mi;Mf , and Rf are constants, Ii can be determined by meas-

uring Vf . To determine VðUaÞ for constant I, a software

control-loop was implemented adjusting Ics such that, for

each value of Ua; I ¼ Ics ÿ Ii was fixed. The ratio ðMf=MiÞ
slightly differed for different samples and was adjusted for

each device until the bias corrected VðUaÞ curve measured

with the SQUID amplifier fitted the corresponding VðUaÞ
curve measured with the RTA; all other measurements for a

given device were then performed with fixed ðMf=MiÞ.
Fig. 3(a) shows IVCs of the asymmetric SQUID. Solid

black line is for Ua ¼ 0, solid gray line for Ua ¼ 0:5U0. The

critical current is Ic � 2I0 ¼ I01 þ I02 ¼ 62:0 lA and for R/2

we obtain 0:57X, yielding IcR ¼ 35:3lV. One notes that, in
contrast to IVCs of symmetric devices, the IVC of the asym-

metric SQUID exhibits several structures, including regions

of negative differential resistance. These structures are

reproduced in simulations, cf. dashed lines. The negative dif-

ferential resistance in fact separates a high-current regime

having chaotic dynamics from a more stable low-current

regime. For the simulation, we have used parameters

bL ¼ 0:675; bc ¼ 0:27; C¼ 0:0065, ar ¼ 0:999; ai ¼ ac ¼ 0.

These parameters have been inferred partly by fitting the

IVC but also by fitting IcðUaÞ. The corresponding data for

IcðUaÞ are shown by solid black lines in the lower right inset

of Fig. 3(a). The dashed line in this graph shows the calcu-

lated curve. Finally, from bL and I0, we obtain L¼ 21:7pH,
which is close to the design value of 23.9 pH. The upper left

inset of Fig. 3(a) shows by solid black line the IVC taken at

Ua ¼ 0:843U0. For this particular flux value, the best energy

resolution was found at the voltage indicated by the arrow.

The dashed line is a calculated curve, using the parameters

given above. A family of curves VðUaÞ for variable I is

shown in Fig. 3(b). Experimental data for different I are

shown by solid black lines. The corresponding calculated

curves, shown by dashed lines, fit the data reasonably well,

showing that the dc characteristics of our device can be

understood by the SQUID Langevin equations. In the VðUaÞ
curves, one notes that the slope dV=dUa is very steep for

Ua � 0:5U0, in fact reaching maximum values of about

1:2 mV=U0 near I¼ 56lA.

Our central results are shown in Fig. 4. Figure 4(a)

shows VðUaÞ for the optimum bias current of 56 lA. Dots

represent the experimental data, as taken by the SQUID am-

plifier. For comparison, the solid black line represents the

corresponding data taken by the RTA. The two curves are

well on top of each other, justifying our method of correcting

the bias current in measurements using the SQUID amplifier.

The line with symbols is the theoretical curve obtained from

numerical simulations, which agrees well with the experi-

mental curves. Figures 4(b) and 4(c), respectively, show by

dots the experimental VU and the white voltage noise S
1=2
V ,

and in comparison the corresponding calculated curves (lines

plus symbols). For experimental data, S
1=2
V has been averaged

between 100Hz � f � 3 kHz. The voltage noise of the

SQUID amplifier has been subtracted. Figure 4(d) displays �
and e, calculated from the graphs shown in (b) and (c). For

this device, the optimum energy resolution is 32�h; in normal-

ized units, eopt ¼ 0:52. While Ua has to be carefully adjusted

for minimum �, the dependence on I was less critical. Similar

FIG. 3. Dc characteristics of the asymmetric SQUID: (a) IVCs at Ua ¼ 0

(solid black line) and at Ua ¼ 0:5U0 (solid gray line). Lower right inset:

IcðUaÞ. Upper left inset: IVC at Ua ¼ 0:843U0. The arrow indicates the

voltage for the lowest energy resolution. Theoretical curves are shown by

dashed lines. (b) VðUaÞ (solid black line), for I ¼ ÿ76:4 lAÿ 75:9 lA (in

4:9 lA steps). Corresponding theoretical curves are shown by dashed lines.
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results with eopt � 0:55 were measured for

52 lA � I � 56 lA. Surprisingly, the theoretical value for

eopt ¼ 0:85 is higher. The reason for this is an instability in

the calculations, appearing as a chaotic switching between

two nearby voltage states.17 This seems to be absent in the

experimental device. The minimum rms flux noise was

133 nU0=Hz
1=2 which is also quite low. For comparison, for

the symmetric SQUID having parameters I0R¼ 37:07lV;
bL ¼ 0:74; bc ¼ 0:18, and C¼ 0:00526, we obtained �opt ¼
110�h ðeopt ¼ 1:79Þ and S

1=2
U

¼ 361 nU0=Hz
1=2, i.e., a factor

of 3.4 higher eopt than for our asymmetric device. Further

note that for the asymmetric SQUID, bc was only 0.27,

allowing in principle to increase R by a factor of �1:5,
potentially decreasing � to �20�h.

In conclusion, we have shown that asymmetries in the

junction parameters of a dc SQUID can help to significantly

improve its noise performance over a SQUID with symmet-

ric junctions. The most practical way to achieve this is to

leave one junction unshunted, while the other junction is

shunted by half of the resistance of the shunts of a symmetric

device. Experimentally, we have found a factor of 3.4

improvement of the SQUID energy resolution over a sym-

metric device with comparable parameters. At least in simu-

lations the drawback of the asymmetric shunt is to introduce

chaotic behavior of the SQUID for certain regimes of bias

current and applied flux. Our experimental device seems to

be less sensitive to chaos. Thus, the asymmetrically shunted

SQUID may be useful for applications where ultra-low val-

ues of energy resolutions are desired.
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(c) Voltage noise S
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resolution. In (c) and (d), the noise of the SQUID amplifier has been sub-

tracted; within the shaded area the SQUID amplifier noise was above the

noise of the asymmetric SQUID, resulting in large errors when calculating �
and e. The vertical dotted line indicates the position of minimum �.
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We report on measurements using a multifunctional combination of a scanning Nb nanoSQUID
and a Ni nanotube attached to an ultrasoft cantilever as a magnetic tip. Using the functionality of
the Ni cantilever beam, we demonstrate imaging of an Abrikosov vortex trapped in the Nb structure.
With the SQUID as a sensor for magnetic flux Φ induced by the Ni tip at position ~r, we determine
the magnetic coupling Φ(~r) for a large section of the 3D half-space above the nanoSQUID. These
results are in good agreement with numerical calculations based on London theory, which take
into account the geometry of the nanoSQUID. Furthermore, we find that the nanoSQUID can be
used as a highly sensitive detector of displacement of the Ni nanotube, with an estimated optimum

displacement sensitivity S
1/2
r = 110 fm/

√
Hz. This value can be further improved by reducing the

linewidth of the nanoSQUID loop and by using a magnetic tip material with larger magnetization
and more strongly confined geometry.

PACS numbers: 85.25.Dq, 74.78.Na, 68.37.Rt 75.75.+a

There is a growing interest in the investigation of
small spin systems, such as molecular magnets,[1–3] sin-
gle chain magnets,[4] single electrons,[5] or cold atom
clouds.[6] Various detection schemes, e.g., magneto-
optical spin detection,[7, 8] magnetic resonance force
microscopy,[9] or scanning-tunneling-microscopy assisted
electron spin resonance,[10, 11] have been developed in
order to detect such systems. In contrast to these tech-
niques, superconducting quantum interference devices
(SQUIDs) offer the advantage of direct measurement of
magnetic hysteresis curves of a small magnetic particle
(SMP) with a large bandwidth.[12, 13] Hence, many ef-
forts have focused on the optimization of SQUIDs for
SMP detection. A direct current (dc) SQUID is a su-
perconducting loop, intersected by two Josephson junc-
tions, and works as a flux-to-voltage transducer, i.e., the
magnetic flux Φ threading the loop is converted into a
voltage V across the junctions, yielding a periodic V (Φ)
characteristics with a period of one magnetic flux quan-
tum Φ0 = h/2e.[14] Since the magnetic field distribution
of a SMP is very close to that of a magnetic dipole, the
figure of merit for such SQUIDs is the spin sensitivity
Sµ = SΦ/φ

2
µ, where SΦ is the spectral density of flux

noise power and φµ ≡ Φ/µ is the coupling factor, i.e.,
the amount of magnetic flux coupled into the SQUID
loop per magnetic moment µ ≡ |~µ| of the SMP. Both, SΦ

and φµ can be optimized by scaling the SQUID down to
nanometer dimensions.[15–18] Various fabrication tech-
niques, e.g. electron-beam lithography,[19, 20] focused

ion beam milling,[18, 21, 22] atomic force microscopy
anodization,[23, 24] self-aligned shadow evaporation,[25]
or a combination of electron-beam lithography with the
use of carbon nanotube junctions,[26] have been used to
realize nanoSQUIDs.

The experimental determination of SΦ poses no basic
difficulties and was performed for various nanoSQUIDs
that were fabricated, in some cases yielding very low

values for S
1/2
Φ ≈ 0.2 − 0.3µΦ0/

√
Hz.[19, 20, 22]. In

contrast, the determination of φµ is not straightforward,
as it depends on the position ~rp and orientation êµ of
the magnetic moment of a SMP relative to the SQUID
loop and on the geometry of the SQUID. Up to now,
φµ has been determined only by numerical or analytical
calculations, which often rely on strongly simplifying as-
sumptions (e.g. on the SQUID geometry or position and
orientation of the SMP), restricting the validity of such
approaches.[16, 17, 27] Recently, we proposed a routine
for calculating φµ(êµ, ~rp), for a point-like particle in the
3-dimensional (3D) space above the SQUID loop.[18, 20]
This routine takes explicitly into account the geometry
in the plane of the SQUID loop, and is based on the nu-
merical simulation of the 2-dimensional (2D) sheet cur-
rent density in the SQUID loop, using London theory.[28]
Still, this approach neglects the finite size of a SMP and
the full 3D geometry of a SQUID. Altogether, the de-
termination of the spin sensitivity Sµ of nanoSQUIDs,
as a figure of merit for SMP detection, requires the re-
liable determination of the coupling factor φµ. Hence,
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the experimental determination of φµ could serve as an
important step forward, in order to test the theoretical
approaches described above.
Here, we present a multifunctional sensor system, con-
sisting of a combination of a low-temperature mag-
netic force microscope (LTMFM) with a nanoSQUID.
This system allows for magnetization measurements of
nanoscaled magnetic samples using very different mea-
suring principles, as presented elsewhere.[29] In the case
of LTMFM, forces acting on the magnetic tip are de-
tected, e.g. allowing for the imaging of Abrikosov vor-
tices in superconductors[30, 31]. In the first part of the
manuscript, with this technique we identify the posi-
tion of trapped flux in the superconducting lead of the
nanoSQUID operated in high magnetic fields. In contrast
to the LTMFM, the nanoSQUID directly measures the
stray flux from the magnetic tip coupled to the SQUID
loop. Therefore, in the second part, we present measure-
ments of Φ(~r) for the half space above a nanoSQUID
by scanning a LTMFM with a Ni nanotube at position
~r as a magnetic tip. Furthermore, we show that the
nanoSQUID can be used as a highly sensitive detector
of displacement of the Ni nanotube.
For the experiments presented here, we use a dc SQUID
which has a sandwich-like geometry (see Fig. 1), i.e., the
two arms of the SQUID loop lie directly on top of each
other, and are connected via two 200 × 200 nm2 planar
Nb/HfTi/Nb Josephson junctions.[32, 33] For this geom-
etry, the size of the SQUID loop (in the x − z plane)
is given by the gap (∼ 225 nm) between top and bottom
Nb layers and the lateral distance (∼ 1.8µm) between the
two junctions. Using such a geometry, a very small loop
size, and hence a small loop inductance of a few pH or
even lower can be achieved, which is essential for obtain-

1 µm

z

x

y

I

Imod

LASER
cantilever

Ni tube

Josephson junctions

Nb

FIG. 1. (Color online) Schematic view (not to scale) of the
nanoSQUID and Ni nanotube geometry, indicating x, y, z di-
rections as used below, with the origin centered on the surface
of the upper Nb layer. Thick arrows indicate flow of applied
bias current I and modulation current Imod. Inset shows scan-
ning electron microscopy (SEM) image of the Nb nanoSQUID;
dotted lines indicate the two Josephson junctions.

ing very low values for SΦ.[34] The rms flux noise for the

SQUID used here is S
1/2
Φ ≈ 220 nΦ0/

√
Hz (in the white

noise limit above ∼ 1 kHz). This value was measured in
a separate, magnetically and electrically shielded setup,
using a sensitive cryogenic amplifier for SQUID readout.
Details on the transport and noise properties on our Nb
nanoSQUIDs will be given elsewhere.[35]

The nanoSQUID is mounted in a vacuum chamber (pres-
sure ≤ 1 × 10−6mbar) at the bottom of a continuous-
flow 3He cryostat. The SQUID is biased at a current I
slightly above its critical current and at a magnetic flux
Φmod ∝ Imod coupled via the modulation current Imod

to the loop (cf. Fig. 1). In order to maintain operation
of the SQUID at its optimum working point, i.e., at the
maximum slope of its V (Φ) curve, we use a flux-locked
loop (FLL) with a room-temperature voltage preampli-
fier. The FLL couples a feedback flux Φf = −Φ in or-
der to compensate for any flux signal Φ. Using such a
scheme, the output voltage Vout ∝ Imod provided by the
feedback loop is directly proportional to Φ; in our case
Vout/Φ = 2.55V/Φ0.

The magnetic tip used in our LTMFM setup is a ℓ =
6µm long Ni nanotube with Da ≈ 175 nm outer di-
ameter and t ≈ 40 nm thickness, yielding a volume
VNi = πt(Da − t)ℓ ≈ 0.10µm3. It is fabricated by atomic
layer deposition of Ni and a ∼ 10 nm thick AlOx inter-
layer on a 75 nm diameter GaAs nanowire.[36] The Ni
nanotube is affixed parallel to the cantilever axis (z-axis)
such that it protrudes from the cantilever end by 4µm.
We define the position ~r = (x, y, z) of the Ni tip (relative
to the SQUID) as the intersection point of its cylindrical
axis with the bottom end of the tube. The cantilever
hangs above the SQUID in the pendulum geometry, i.e.,
perpendicular to the scanned surface (in the x-y plane;
cf. Fig. 1).[37] A 3D piezo-electric positioning stage (At-
tocube Systems AG) moves the SQUID relative to the Ni
nano-magnet. In non-contact scanning force microscopy,
the above described configuration prevents the tip of the
cantilever from snapping into contact with the sample
surface and thus allows for the use of particularly soft
– and therefore sensitive – cantilevers (spring constant
≤ 1mN/m). The single-crystal Si cantilever used here
is 90µm long, 4µm wide, and 0.1µm thick and includes
a 15µm long, 1µm thick mass on its end.[38] The os-
cillation of the lever along y-direction is detected using
laser light focused onto a 10µm wide paddle near the
mass-loaded end and reflected back into an optical fiber
interferometer.[39] 100 nW of light are incident on the
paddle from a temperature-tuned 1550 nm distributed
feedback laser diode.

At temperature T = 4.3K and applied magnetic field
H = 0, the nano-magnet-loaded cantilever has a reso-
nance frequency fres = 3413Hz and an intrinsic quality
factor Q0 = 3.4× 104. Its spring constant is determined
to be k = 90µN/m through measurements of its thermal
noise spectrum at several different temperatures. As a
result, far from the SQUID, where surface interactions
do not play a role,[40, 41] the cantilever has a thermally
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FIG. 2. MFM imaging of trapped flux: (a) V (H) for a sin-
gle sweep from 0 to 56mT; labels c, d indicate field values
for LTMFM images shown in (c) and (d). (b) SEM image
of the nanoSQUID. (c,d) LTMFM images fres(x, y), without
trapped vortices at H = 0 (c) and with a trapped vortex (in-
dicated by dotted circle) at µ0H = 56mT (d). (e) linescans
along dashed line in (c) (dashed curve) and solid line in (d)
(solid curve).

limited force sensitivity of 10 aN/
√
Hz. The interferomet-

ric cantilever deflection signal is fed through a field pro-
grammable gate array (FPGA) (National Instruments)
circuit back to a piezoelectric element which is mechani-
cally coupled to the cantilever. In this way, it is possible
to self-oscillate the cantilever at its fundamental reso-
nance frequency and at a desired amplitude.

We produce non-contact force microscopy images by
scanning (in the x-y plane for fixed z) the position of
the nanomagnet-tipped cantilever over the SQUID and
simultaneously measuring the cantilever resonance fre-
quency fres(x, y), which is proportional to the force gra-
dient ∂F/∂y acting on the nanomagnet-tipped cantilever.
From such images we can identify the topography of the
nanoSQUID, allowing us to precisely position the Ni nan-
otube with respect to the nanoSQUID. At the same time,
due to the magnetization of the Ni nanotube tip, the im-
ages show features produced by the diamagnetic response
of the superconductor.

Prior to the measurements of the magnetic flux coupled
by the Ni tip to the SQUID, we investigate a possible
impact of an applied magnetic field on the nanoSQUID,
since Abrikosov vortices may enter the superconducting
areas, degrading its performance. H is aligned along z
direction, with a possible tilt of a few degrees. The trap-
ping of a vortex appears as a voltage jump in the peri-
odic V (H) characteristics, when the SQUID voltage is
measured directly, rather than using the FLL readout.
Note that the SQUID voltage oscillates with increasing
H , due to the non-perfect alignment of H along the z
direction, i.e., H has a finite in-plane component, which
induces magnetic flux threading the SQUID loop. From

the effective area of the SQUID and the oscillation pe-
riod of V (H), we estimate a tilt of the applied field of
∼ 2 ◦ with respect to the z axis. An example for a vor-
tex trapping process is shown in Fig. 2(a), where a huge
jump in V (H) occurs near µ0H = 50mT. We note that
during the field sweep, the Ni tip was retracted from the
SQUID. For further improvement of the SQUID layout
the knowledge of the position of trapped vortices is in-
dispensable. The ability of the LTMFM setup to image
stray fields can be used to image vortices in the super-
conductors as well as the magnetic field of the screening
currents of the nanoSQUID itself. In Fig. 2(d), taken at
a magnetic field above the jump in V (H), such a vor-
tex is visible in the superconducting lead (top Nb layer)
of the nanoSQUID. The vortex appears as a distortion
in the otherwise flat resonance frequency fres distribu-
tion along the Nb-line (cf. linescans in Fig. 2(e)). In the
given setup ∆fres ∝ ∂2Bz/∂y

2, a tripolar response is ex-
pected, which might be distorted due to the influence
of the screening currents in the SQUID or a remaining
magnetization of the Ni nanotube in the x-y-plane. In
contrast, at fields below the jump the trapped vortex is
absent [see Fig. 2(c)]. For the subsequent investigations,
we operate the SQUID in nominally zero field only, i.e.,
trapped vortices do not play a role.

In order to determine Φ(~r) we measure the nanoSQUID
signal, i.e., the magnetic flux Φ through the SQUID loop
as a function of the Ni nanotube position (x, y) for fixed
z. Such measurements produce images Φ(x, y) of the spa-
tially dependent magnetic coupling of the Ni nanotube to
the nanoSQUID. The experiment was performed in the
following way: First, we bring the Ni nanotube into a
well-defined saturated magnetic state along its easy axis.
This is done by a half magnetization cycle, i.e., a sweep
of H (aligned along z direction, as above) from zero to
µ0Hmax = −150mT and back to H = 0. From previ-
ous experiments, we know that Hmax is strong enough to
saturate the magnetization of the Ni nanotube.[36, 42] In
order to avoid trapped flux in the SQUID, the magneti-
zation cycle is performed at T = 14K, i.e., significantly
above the transition temperature Tc ∼ 9K of the Nb
SQUID. Subsequently, we zero-field cool the SQUID to
its operation temperature T = 4.3K, and then set up
the FLL readout for the SQUID. For various distances z
between the tip and the top Nb layer of the SQUID we
make scans in the x-y plane with a scan range of about
6 × 7µm2 corresponding to 81 × 81 pixels. The scans
start at the largest distance of z ≈ 700 nm. In steps of
50 nm the distance is subsequently reduced until the tip
touches the top Nb layer of the SQUID (at z = 0), which
is detected as a loss of the oscillation of the cantilever.
The touchpoint is also necessary for the calibration of the
z = 0 position.

Figure 3(a,b) shows two representative Φ(x, y) images
taken at z = 100 nm (a) and z = 710 nm (b). The
images show a bipolar flux response, i.e., when the tip
crosses the SQUID loop the flux signal is inverted. For
the closer distance [Fig. 3(a)] the induced flux is stronger
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FIG. 3. Magnetic flux Φ generated in the SQUID vs x-y position of the Ni nanotube (magnetized along z-axis). In (c) and (d),
solid rectangle and dotted squares indicate position of the SQUID and the two junctions, respectively. Vertical dashed lines
indicate position of linescans Φ(y) to the right of each image. Upper graphs (a, b) show experimental results and lower graphs
(c, d) show corresponding simulation results for z = 100 nm (left graphs) and z = 710 nm (right graphs). For the simulation
we assumed Ms = 1.9× 105 A/m. Linescans in (a,b) also include calculated linescans from (c,d).

and spatially more confined as compared with the larger
distance [Fig. 3(b)]. At z = 100 nm, we obtain ∆Φ =
Φmax − Φmin ≈ 0.26Φ0, with the positions of the maxi-
mum Φmax and minimum Φmin in the linescan Φ(y) (at
x = 0) being separated by ∆y = 370 nm. For z = 710 nm,
we find ∆Φ ≈ 0.06Φ0 and ∆y = 750 nm.
In order to analyze the measured flux signals, we start
from numerical simulations of φµ(~rp) for a point-like SMP
at position ~rp. Figure 4 shows the calculated coupling
factor φµ in the y-z plane, with the SQUID loop in the
x-z plane and the magnetic moment pointing along the
−z-direction. φµ decreases with increasing distance from
the SQUID loop and inverts when crossing the SQUID
loop. This spatial dependence has a strong impact on
the magnetic flux Φ(~r) which is coupled by a Ni nan-
otube (at position ~r) with finite size into the SQUID.
For the calculation of Φ(~r) we integrate φµ over the vol-
ume VNi of the Ni nanotube at position ~r and multi-
ply this with the Ni saturation magnetization Ms, i.e.,
Φ(~r) = Ms

∫
VNi(~r)

φµ(~rp)dV , assuming a homogeneous

Ms over the entire volume of the Ni nanotube.
Figure 3 (c) and (d) show calculated flux images Φ(x, y)
for z = 100 and 710nm, respectively, of a tube with
the above mentioned geometric dimensions and a satu-
ration magnetization Ms along −z-direction [cf. Fig.4].
The bipolar flux response and the positions of the min-

ima Φmin and maxima Φmax in Φ(y) (for x = 0) are
reproduced well by the simulations.

40 nm
M = -M ês z

N
i 
tu

b
e175 nm

-

-

FIG. 4. (color online) Calculated coupling factor φµ in the y-z
plane (x = 0) for a point-like magnetic particle with magnetic
moment ~µ along −êz. Black rectangles indicate position of
the Nb top and bottom layer; dotted lines include regions
for which the simulations produce unphysical results.[43] A
sketch of the bottom part of the Ni nanotube (drawn to scale)
is shown within the coupling map in order to illustrate the
spatial dependence of the coupling factor within the volume
of the tube. Upper left inset schematically shows a zoomed
cross-section of the Ni nanotube.
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FIG. 5. Experimental and simulated minimum and maximum
flux signals, Φmin and Φmax, versus distance z. For the simu-
lation we assumed Ms = 1.9× 105 A/m.

For a quantitative analysis, Fig. 5 compares experimen-
tally obtained Φmin and Φmax for all investigated dis-
tances to the simulated ones. For the best quantitative
agreement we assume a homogeneous saturation magne-
tization Ms = 1.9 × 105 A/m of the Ni nanotube. This
is a factor of 2.1 less than the value 4 × 105A/m from
literature.[44] This could be due to e.g. different geo-
metrical dimensions of the Ni nanotube, voids in the Ni
layer,[36] magnetically dead layers (e.g. due to surface ox-
idation) or a multi-domain state. We note, however, that
the formation of a multidomain state close to the bottom
of the Ni is unlikely, as hysteresis curvesM(H) measured
both with SQUID and cantilever magnetometry indicate
no reduction of magnetic signal upon sweeping H from
±Hmax back to zero.[29] In the experiment we also find
an asymmetry in Φ(y), i.e. Φmax ≥ |Φmin|. This effect
is most likely caused by flux focusing effects of the feed
lines in the top and bottom Nb layers, which are not
considered in the simulations. The flux focusing effects
are also visible in the distorted flux image (broken hori-
zontal symmetry) in Fig.3(a). An additional asymmetry
may be caused by a slightly tilted tube with respect to
the SQUID plane. In our case however, this effect is con-
sidered to be small, since the tilt angle is measured to be
less than 5◦.
Finally, we discuss the sensitivity of our setup for the de-
tection of the oscillatory motion of the cantilever by the
SQUID.[45, 46] While the absolute flux signal from the Ni
nanotube is optimally detected at the positions yielding
Φmax and Φmin, for the cantilever displacement detec-
tion, a large gradient ∂Φ/∂y is required. The linescans
in Fig. 3 clearly show that the optimum position for dis-

placement detection is directly above the SQUID. For our
device, we find for z = 50 nm a gradient Φy ≡ ∂Φ/∂y =

2× 106Φ0/m. With the flux noise S
1/2
Φ = 220 nΦ0/

√
Hz,

this yields an extremely low value for the predicted dis-

placement sensitivity S
1/2
r = S

1/2
Φ /Φy = 110 fm/

√
Hz,

which is already more than one order of magnitude be-
low the values found in literature.[45, 46] Still, Sr is by
far not optimized and could be further improved by us-
ing a reduced linewidth for the SQUID arm in the top
Nb layer and by increasing the number of spins in the
magnet.

In conclusion, we experimentally determined the spatial
dependence of the magnetic coupling between a Ni nan-
otube and a Nb nanoSQUID. Operating the nanoSQUID
in a flux locked loop, we measured the flux through the
SQUID loop Φ(~r) generated by the Ni nanotube during
the scan of the tip in 3D space above the nanoSQUID.
Our results are in good agreement with a recently de-
veloped routine for numerical calculation of the cou-
pling factor between a small magnetic particle and a
nanoSQUID. This provides an important step toward the
development of optimized nanoSQUIDs for the investi-
gation of small magnetic particles. With the presented
measurement system, we demonstrate a reliable and non-
destructive in situ tool for the challenging task of posi-
tioning a nano-scaled magnet to the position of highest
coupling of a nanoSQUID. Furthermore, with a proper
readout technique, our highly flux-sensitive nanoSQUID
can be used for displacement detection of the cantilever
in an MFM with extremely good displacement sensitivity,
which still can be further improved. Finally, by using an
MFM imaging mode, we also demonstrate the imaging of
Abrikosov vortices, which are trapped at high magnetic
fields in the superconducting leads of the nanoSQUID.
This technique is useful for the improvement of the high-
field suitability of nanoSQUIDs.
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Low-noise nanoSQUIDs operating in Tesla magnetic fields – towards

detection of small spin systems with single-spin resolution
T. Schwarz, J. Nagel, R. Wölbing, R. Kleiner,a) D. Koelle, and M. Kemmler
Physikalisches Institut – Experimentalphysik II and Center for Collective Quantum Phenomena in LISA+,

Universität Tübingen, Auf der Morgenstelle 14, D-72076 Tübingen, Germany

We investigate the noise performance of a YBa2Cu3O7 nanoSQUID in magnetic fields up to B = 1T. The dc
SQUID incorporates two grain boundary Josephson junctions and a 90 nm wide constriction which is used to
modulate the flux through the SQUID loop. The white flux noise of the device increases only slightly from

1.3µΦ0/Hz
1/2 at B=0 to 2.3µΦ0/Hz

1/2 at 1T. Assuming that a small particle is placed directly on top of the

YBCO film at the constriction, we calculate a spin sensitivity S
1/2
µ =62µB/Hz

1/2 at B = 0 and 110µB/Hz
1/2

at 1T. We also present a systematic optimization study of this type of device; this shows that S
1/2
µ of a few

µB/Hz
1/2 should be feasible for optimized geometrical and electrical parameters.

PACS numbers: 85.25.CP, 85.25.Dq, 74.78.Na, 74.72.-h 74.25.F- 74.40.De

Growing interest in the detection and investiga-
tion of small spin systems like single-molecular/single
chain magnets1,2, cold atom clouds3 or even single
electrons/atoms4 demands for sensors that are sensitive
to very small changes of the magnetization of small par-
ticles with the ultimate goal of single spin detection.
The interest for the investigation of such particles af-
fects many fields of research such as material science,
information technology, medical and biological science or
studies of quantum effects in mesoscopic matter. In or-
der to meet the challenge of detecting a single spin, vari-
ous types of detection techniques like magnetic resonance
force microscopy5, magneto-optic spin detection6,7, Hall
voltage measurements8,9 and SQUID magnetometry10–25

have been adapted. A crucial point is that in many
cases very large magnetic fields in the Tesla range need
to be applied to the sample. At the same time one
would like to operate the magnetometer continuously,
allowing, e.g. to record flux noise spectra of the sam-
ple under investigation. Miniaturized nanoSQUIDs have
been operated in impressive background fields of up to
7T26. These SQUIDs were made of dF ∼ 5.5 nm thin Nb
films and incorporated nanobridges as Josephson junc-
tions. However, there are two drawbacks in this design.
First, the very low thickness of the Nb films causes the
(kinetic) SQUID inductance L(∝ d−1

F ) and consequently
the SQUID flux noise power Sφ (∝ L) to be large, i.e.,
typically about six orders of magnitude above the values
obtained for sensitive state-of-the-art SQUIDs27 (with

S
1/2
Φ ∼ 1µΦ0/Hz

1/2) optimized for operation in magnetic
fields well below the earth’s field. Second, the Josephson
junctions have a hysteretic current voltage characteristic
(IVC), preventing continuous measurements while hav-
ing the SQUIDs biased at a small voltage slightly above
the critical current Ic.

There is thus a clear need to develop “conventional”

a)Electronic mail: kleiner@uni-tuebingen.de

SQUIDs that can be operated at high background fields.
The Josephson junctions should have nonhysteretic IVCs
and the thickness of the SQUID should not be too low
to allow for a small value of L. As for the ultrathin Nb
SQUIDs26 the “conventional” SQUID should incorporate
at least one very thin and narrow section where the mag-
netic particle is placed, allowing for a good coupling of
the magnetic flux of the particle to the SQUID. This all
calls for a superconductor which has a very high critical
field and allows for patterning nanosized structures and
not too large Josephson junctions. The high-transition
temperature superconductor YBa2Cu3O7 (YBCO) ful-
fills these requirements. Compared to Nb, YBCO is not
a mature material and grain-boundary type Josephson
junctions exhibit a large 1/f noise as well as an appre-
ciable scatter in their electrical parameters. Nonetheless,
single SQUIDs with high spin sensitivity can be fabri-
cated reproducibly. YBCO SQUIDs have already been
used to measure magnetization curves of microscale mag-
nets in fields above 0.1T28. Below we show that this field
scale can be extended to above 1T and, as we will see
below, allow, at least in principle, for a continuous detec-
tion of magnetic moments down to a few Bohr magnetons
in high fields.

The YBCO nanoSQUIDs were made in a similar way,
as described in Ref. 29. First, using pulsed laser de-
position, epitaxial c-axis oriented YBCO thin films of
thickness dF = 50nm were grown on SrTiO3 (STO) [001]
bicrystal substrates with misorientation angle Θ = 24◦.
Subsequently, a 60 nm thick Au layer was evaporated
in-situ, serving as shunt resistance for the YBCO grain
boundary junctions (providing nonhysteretic IVCs) and
also acting as a protection layer during focused ion beam
(FIB) milling. The critical temperature Tc of the YBCO
film, measured inductively, was about 91K. To obtain
the nanoSQUID, structures with linewidths down to 1µm
(at the region of the grain boundary) were prepatterned
by photolithography and Ar ion milling. Subsequently,
two nanoscaled Josephson junctions and a constriction
next to the SQUID loop, that permits modulation of the
SQUID by applying an additional current Imod, were pat-
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terned by FIB using a FEI Dualbeam Strata 235. Param-
eters for FIB milling needed to be chosen carefully, as this
patterning step can suppress superconductivity of YBCO
even in regions outside the lateral penetration depth of
the ions due to heating or electric charging. In the cut-
ting scheme which finally permitted the fabrication of
nanoscaled Josephson junctions with no significant re-
duction of the critical current density jc, Ga ion currents
where adjusted to 30 pA at an acceleration voltage of
30 kV. Four rectangular patterns cut line-by line (clean-
ing cross section cut), with cutting directions pointing
away from the Josephson junctions, were placed at the
grain boundary to form the final SQUID layout. Cut-
ting deep into the STO substrate results in sloped junc-
tion edges due to redeposition of amorphous YBCO and
STO which prevents oxygen outdiffusion from the YBCO
film. With this procedure we could fabricate high per-
formance SQUIDs with junction widths down to 80 nm.
The SQUIDs had almost identical transport and noise
characteristics. Below we discuss data of one device.

Fig. 1 shows a scanning electron microscope (SEM)
image of the nanoSQUID. The grain boundary is in-
dicated by the dashed line. The SQUID hole size is
300 nm × 400 nm. The junctions have a width wJ ≈
130 nm. The lengths of the SQUID arms containing the
junctions are lJ ≈ 400 nm. The constriction has a length
lc = 300nm and a width wc ≈ 90 nm. A bias current
Ib flowing across the junctions, as well as a modulation
current Imod flowing across the constriction are applied
as indicated by arrows in the graph.

The transport and noise measurements were performed
at T = 4.2K in an electrically shielded environment. We
used a four terminal configuration with filtered lines to
measure IVCs, Ic vs Imod and V vs. Imod. For transport
measurements, the voltage V across the SQUID was am-
plified using a room temperature amplifier. All currents
were applied by battery powered current sources. Mag-
netic fields up to 7T could be applied by a split coil super-
conducting magnet. As magnetic fields that couple into
the Josephson junctions of the SQUID suppress their crit-
ical current and hence the modulation amplitude of the
SQUID, the SQUID loop needed to be aligned with high
accuracy parallel to the magnetic field and the in-plane
field was aligned perpendicular to the grain boundary.
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FIG. 1. (Color online) SEM images of the nanoSQUID. The
grain boundary (GB) is indicated by the vertical dashed (yel-
low) line. In (a) the direction of the modulation and bias cur-
rents Imod and Ib are indicated by arrows. In (b) the widths
of the most narrow sections of the nanoSQUID are indicated.

To do so the sample was mounted on two goniometers
with perpendicular tilt axes (minimum step size 10−4

deg.) and a rotator (minimum step size 10−4 deg.).
Alignment was done by monitoring and maximizing Ic
in a ∼ 1T background field. For noise measurements
the voltage drop across the nanoSQUID was preamplified

by a dc SQUID amplifier30 with 0.1 nV/Hz1/2 resolution
and ∼ 30 kHz bandwidth. To minimize stray fields the
SQUID amplifier was placed inside a Nb shield mounted
inside the cryostat at a position of minimum magnetic
field. Still, for applied magnetic fields of about 1.5T the
SQUID amplifier trapped flux preventing noise measure-
ments at higher fields.

Figure 2(a) shows the IVC of the nanoSQUID at zero
applied field B and Imod = 0. The resistance of the
device is R/2 = 3.5Ω (with R referring to the average
junction resistance) and the critical current Ic ≈ 37µA.
Very slightly above Ic the voltage across the SQUID
increases continuously from zero but then the IVC de-
velops a small hysteresis between 15 and 70µV. This
is presumably caused by some Fiske or LC type reso-
nance but prevented to accurately fit the resistive part
of this IVC to a resistively and capacitively shunted
junction (RCSJ) model31,32. Simulations using Langevin
equations33 were still possible for Ic vs applied field (or,
respectively, Ic vs. Imod). The inset of 2(a) shows
by the solid black line the measured Ic vs Imod at B
= 0. The data are fitted well by the Langevin simula-
tions. For the simulations we have used a noise param-
eter Γ = 2πkBT/I0R = 0.01, where I0 = 18.5µA is the
average junction critical current. We further used an in-
ductance asymmetry αL = (L2 −L1)/(L1 +L2) = 0.175;
L1 and L2 are the inductance of, respectively, the left and
right arm of the SQUID, caused by asymmetric biasing of
the device (cf. Fig. 1). We also used a junction critical
current asymmetry αi = (I02 − I01)/(I01 + I02) = 0.22
and further obtain I0R = 130µV. For the inductance
parameter we obtain βL = 2I0L/Φ0 = 0.65 and from
here L = 36pH. From the modulation period of Ic vs
Imod of 3.1mΦ0/µA we find for the inductance Lc of
the constriction a value of 6.4 pH. Using L2 − L1 ≈ Lc

we obtain αL ≈ 0.18 in agreement with the value found
independently by fitting Ic vs. Imod. The final param-
eter to be determined is the Stewart-McCumber param-
eter βC ≡ 2πI0R

2/Φ0. Since we cannot fit the experi-
mental IVC accurately we cannot infer a precise number
here, but the fact that small hysteresis show up in lim-
ited ranges of bias current and applied flux we assume
that βC is of the order of 1. Fig. 2(b) shows the V vs
Φ characteristics of the device, plotted for bias currents
ranging from−49.5µA to 49.5µA. Near I = Ic the curves
are hysteretic. The maximum transfer function, i.e. the
maximum slope of the V (Φ) curves at B = 0 determined
for the nonhysteretic curves is VΦ = 500µV/Φ0.

For further measurements the nanoSQUID was
shunted by the input circuit of the SQUID amplifier with
an input resistance Rinp = 10Ω. The additional shunt
resistance reduces βC yielding nonhysteretic IVCs and V
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FIG. 2. (Color online) Transport characteristics of the
nanoSQUID: (a) IVC at Imod = 0µA and zero applied field,
B = 0. Inset shows measurement (black line) and numerical
simulation (red squares) of the Ic vs Imod characteristics for
B = 0. Blue dashed line shows Ic vs. Imod characteristics for
B = 1T. (b) V vs Imod at B = 0 for I = −49.5 ... 49.5µA
(in 1.5µA steps.)

vs Imod characteristics. In this case the transfer func-
tion |VΦ| is about 450µV/Φ0. At B = 1T (cf. dashed
blue line in the inset of Fig. 2(a)) the Ic vs Imod char-
acteristics shows a slightly suppressed maximum critical
current Ic(1T) = 30µA. This pattern is shifted in com-
parison to the B = 0 data, as the SQUID is not perfectly
aligned to the magnetic field and flux couples into the
Josephson junctions and the SQUID loop. In addition,
when sweeping Imod back and forth, a hysteresis becomes
visible in a small interval of Imod, presumably caused by
Abrikosov vortices trapped in the bias leads. Flux jumps
caused by Abrikosov vortices also affect the modulation
period, reducing it by about 5% in the interval plotted
in Fig. 2(a). Magnetic fields were increased up to 3T
and still Ic vs Imod characteristics with only a slightly
suppressed maximum critical current Ic = 24µA could
be measured. But as mentioned before, noise measure-
ments could not be performed for fields much higher than
1T since the amplifier trapped flux.
Figure 3 summarizes the flux noise spectra of the

nanoSQUID at B = 0 and B = 1T at the optimum
working point. As measurements were performed with-
out magnetic shielding noise spikes occur on both spec-
tra. The noise measurements were corrected for the noise
contribution of the amplifier. In both cases S

1/2
Φ in-

creases for frequencies below ∼3 kHz, a behavior which
at least for B = 0 is known to arise from critical current
fluctuations of the junctions. This contribution can in
principle be eliminated by proper modulation techniques
(bias reversal)34. At B = 1T there are presumably ad-
ditional contributions due to fluctuating Abrikosov vor-
tices. Note, however, that between ∼300Hz and 3 kHz
the noise level is less than a factor of 2 higher at B = 1T

compared to B = 0. The decrease in S
1/2
Φ above 10 kHz

is caused by the limited bandwidth of our measurement
setup. At B = 0 the white noise level averaged between 6

and 7 kHz is 1.3µΦ0/Hz
1/2. For B = 1T we determine a

rms flux noise of 2.3µΦ0/Hz
1/2 averaged between 6 and

7 kHz.
These numbers may be compared to the theoretical

expression obtained from Langevin simulations,

SΦ ≈ f(βL)Φ0kBTL/I0R, (1)

which is valid for βC < 135. For βL > 0.4, f(βL) ≈
4(1 + βL). For lower values of βL, SΦ increases. For

the parameter of our device one obtains for S
1/2
Φ a value

of 0.23µΦ0/Hz
1/2, i.e. a factor of almost 6 less than the

experimental value at B = 0. Such an excess noise is not
unusual for YBCO SQUIDs34.

In order to estimate the spin sensitivity S
1/2
µ of the

nanoSQUID we numerically calculated the coupling fac-
tor φµ, i.e. the flux coupled into the SQUID loop by one
Bohr magneton µB using 3DMLSI36. Details about the
calculation procedure can be found in Ref. 29. In brief,
one calculates the magnetic field distribution B(~r) gener-
ated by a current I circulating around the SQUID hole.
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FIG. 3. (Color Line) Noise spectra of the nanoSQUID at
optimum working points (a) at B = 0T and (b) at B = 1T.
The horizontal (blue) lines indicate the white noise levels.
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FIG. 4. (Color online) (a) Coupling factor φµ vs position of
a magnetic moment pointing in x-direction. (b) horizontal
linescan of φµ in a distance of 10 nm above the Au layer. (c)
vertical linescan of φµ at the center of the constriction.

The coupling factor is obtained from φµ = −êµB(~r)/I.
Here, êµ is the direction of the magnetic moment at posi-
tion ~r. The results of these calculations are summarized
in Fig. 4. The contour plot (a) shows φµ for a plane
perpendicular to the nanoSQUID loop, indicated by the
dotted line in the inset. The magnetic moment is as-
sumed to point in x-direction. Figure 4(b) shows a lines-
can through this plane, as indicated by the horizontal
line in (a). The linescan is taken at a distance of 10 nm
above the Au layer. φµ has a maximum of 9.2 nΦ0/µB

at the position of the constriction at x ≈ 0.64µm. Fig-
ure 4(c) shows a linescan taken along the vertical line in
graph (a). φµ decreases strongly with increasing z. Cal-

culating the spin sensitivity S
1/2
µ = S

1/2
Φ /φµ at B = 0 we

obtain 141µB/Hz
1/2. For B = 1T the spin sensitivity

is 250µB/Hz
1/2. In principle the Au layer could be re-

moved above the constriction and a particle could indeed
be positioned here. In this case φµ = 21 nΦ0/µB and

S
1/2
µ = 62µB/Hz

1/2 at B = 0 and S
1/2
µ = 110µB/Hz

1/2

at B = 1T.
Optimizing the SQUID for spin sensitivity means to

minimize the ratio SΦ/φ
2
µ. The maximum value for φµ is

essentially determined by the geometry of the constric-
tion, i.e., its length lc, width wc and thickness dc. SΦ

depends on the inductance of the SQUID, as well as on
the junction parameters I0, R and C. If the constric-
tion could be made not only arbitrarily thin and narrow,
but also arbitrarily short, one could envision a scenario,
where φµ reaches a value around 0.5Φ0/µB,

13 while, at
the same time, the inductance of the constriction remains
small. Then, SΦ could be optimized independently by
proper choice of the SQUID size and the junction prop-
erties. For the type of device we discuss here, this is
certainly not the case and we thus look for an optimiza-
tion, which is compatible with technological limitations.
We will assume, that the film thickness dF is the same
everywhere, and in particular we will use dc = dF . We
will further assume a minimum, technologically limited
length lc = 200nm for the constriction. A large coupling
φµ demands as narrow as possible constrictions. On the

other hand, for too narrow constrictions, given a fixed
value of dF , its inductance Lc and thus also the total in-
ductance L of the SQUID may become too large, possibly
degrading the flux noise. This may be counterbalanced
by choosing a different film thickness and changing, e.g.,
the junction width wJ .
To quantify all this we start from Sµ = SΦ/φ

2
µ and

use Eq. (1) to calculate SΦ. I0R cannot be arbitrarily
large, since βC < 1 is required for keeping the junc-
tions nonhysteretic. In a first step we will fix βC at
some value βC0(∼ 0.7) by choosing a proper value for
R. To some extent, R can be controlled by the thick-
ness of the Au layer covering the junctions. It is nat-
ural to assume that C ∝ wJ . Further, if the stray ca-
pacitance between the junction and the substrate dom-
inates, C will be independent of dF , i.e. C = C′wJ ,
where C′ is the junction capacitance per length (50–
70 aF/nm)37. For a given junction critical current den-
sity j0=I0/(wJdF ) (below we use 2×105A/cm2) we have
βC0=

2π
Φ0

j0C
′·w2

JdFR
2 and thus R ∝ (wJ

√
dF )

−1 and

I0R= c0
√
dF , with c0 ≡ (Φ0

2π
j0βC0

C′
)1/2. We next fix βL

to some value βL0, to be calculated later. We achieve
this for given L and dF by changing I0 via wJ , i.e., we
use wJ = Φ0βL0/2j0dFL. Then, the quantity to be min-

imized is sµ = f(βL0)Ld
−1/2
F /φ2

µ. Sµ is obtained via
Sµ = sµkBTΦ0/c0.
Varying wJ also changes L, which we thus will have

to find self-consistently. We write L = Lc + 2LJ + Lr,
where Lc and LJ , respectively, denote the inductance
of the constriction and one of the SQUID arms contain-
ing a junction. We assume that these SQUID arms are
symmetric. Lr denotes all other contributions to L. We
should find Lc (Lr) as functions of constriction (junc-
tion arm) thickness wc (wJ ) and length lc (lJ), and
as a function of dF . Trivially, lc and lJ should be as
small as possible. Below we use lc= 200nm and lJ =
400nm. From simulations, using 3DMLSI with λL =
350nm38, we find the parametrization Lc(wc, dF , lc) ≈
L′·lc/(wcdF ), where L

′= 155pH·nm. This expression fits
the simulated Lc well in the range 40 nm < wc < 200 nm,
40 nm < dF < 500nm. We use the same functional de-
pendencies for the SQUID arms containing a junction,
and further Lr = Lr0/(dF /50 nm). Below, we use Lr0 =
1pH. Then L = Lc(wc, dF , lc)+2Lc(wJ , dF , lJ)+Lr(dF ),
which can be solved self-consistently, yielding values for
L and wJ .
With 3DMLSI we further calculated φµ at a distance

of 10 nm above the constriction (without an Au layer)
in the range 40nm < wc , dF < 200 nm and find the
dependence φµ ≈ γµ(w0/wc)

0.7 · (12.3 + d0/dF ), with d0
= 320nm, w0 = 1nm and γµ = 23nΦ0/µB.
Figure 5 shows sµ vs βL0 for various values of dF . All

curves exhibit a shallow minimum near βL0 = 0.78. Fur-
ther, in the range shown sµ simply decreases with in-
creasing dF . In other words, one should make dF as
large as possible, respecting technological constraints. A
value around 300nm may be reasonable. Then, for dF =
300nm, lJ = 400nm, wc = 50nm, lc = 200nm we obtain
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FIG. 5. Reduced spin sensitivity sµ, used for optimizing the
YBCO nanoSQUID, as a function of βL0 for 10 values of film
thickness dF , with ∆dF = 50nm. The width of the constric-
tion was set to 50 nm. Other parameters are λL = 350 nm, lc
= 200 nm, lJ = 400 nm.

wJ = 417nm, L = 3.22pH, Lc = 2.07pH, LJ = 0.49 pH,
Lr = 0.17 pH and sµ = 3.3·10−3 pHnm−1/2(nΦ0/µB)

−2.

We further obtain I0 = 250µA and estimate C ≈ 25 fF.
Then, with βC0 = 0.7, we find R ≈ 6Ω and I0R ≈
1.5mV. At T = 4.2K this would correspond to S

1/2
Φ ≈ 21

nΦ0/Hz
1/2. For φµ one obtains 19.9 nΦ0/µB and, finally,

S
1/2
µ ≈ 1µB/Hz

1/2.

This is a drastic improvement, compared to S
1/2
µ of

our (non-optimized) experimental device. Let us thus
investigate and discuss the main factors entering the spin
sensitivity.
Let us first look at φµ. Note that due to the counterbal-

ancing effects of a 2 times smaller constriction width wc

and a 6 times higher film thickness dF on the coupling
factor φµ the values obtained for our experimental de-
vice and our optimized sample are almost identical. We
should also note here, that some uncertainty determining
φµ arises from the fact, that dF = 6wc in our calculations.
3DMLSI uses supercurrents that flow only within a 2D
layer. We have chosen a film thickness comparable to λL,
so that this restriction will have no drastic consequences
in the SQUID regions that have a large width e.g. for the
SQUID arms containing the junctions). However, in the
constriction region there may be a nontrivial 3D current
flow. 3DMLSI predicts a saturation of φµ, which may not
be correct – in other words we would not be surprised if
the real φµ is different by a factor of 2 or so for the aspect
ratio chosen. On the other hand, it is possible to thin the
YBCO film in the region of the constriction.

The main improvement of S
1/2
µ comes from S

1/2
Φ . Be-

fore discussing the various factors improving this quan-
tity, we should say, however, that even the best YBCO
SQUIDs are known to have a SΦ, which is a factor of 2 or
so higher than the theoretical predictions34 (for the ex-

perimental device discussed above SΦ was even a factor
6 higher than predicted by Eq.1). In this respect we ex-

pect the theoretical S
1/2
Φ to be by a factor ∼ 2–10 too low,

even if all factors entering S
1/2
Φ are feasible. One major

improvement of S
1/2
Φ arises from the total SQUID induc-

tance L, which is an order of magnitude lower than the
inductance of our experimental device. This is because
of the much larger value of dF , but also because we have
made the lengths of the constriction and junction arms
smaller. The low value of L seems realistic, provided that
300nm thick YBCO films can be patterned properly. In
terms of geometrical factors, wc = 50nm and lengths lc
and lJ of the constrictions and the SQUID arms contain-
ing the junctions are chosen sportive, but not impossible.

Another big improvement of S
1/2
Φ comes from the opti-

mized value of I0R, which is by a factor of 11 higher
than that of our experimental device. For narrow (wJ ∼
100nm) and thin (dF ∼ 50 nm) junctions this would be
impossible to achieve. However, the optimization yielded
wide (wJ ∼ 500nm) and thick (dF ∼ 300 nm) junctions,
where we indeed expect, that large values of I0R are fea-
sible. YBCO grain boundary junctions not shunted by
gold layers are hysteretic at low temperatures (i.e., βC >
1). Thus, moderate shunting should allow for the value
βC = 0.7 used for the optimization and also should allow
for an I0R product of 1.5mV.
Finally, we note that, if we take more easily achievable

values dF = 200nm and wc = 100nm (other input pa-
rameters are the same as for the initial optimization), we

still get S
1/2
µ = 1.6 µB/Hz

1/2, and the parameter values
wJ = 777nm, L= 1.6 pH, I0R = 1.2mV, R = 4.0Ω. The

resulting S
1/2
µ is less than a factor of 2 different from the

value obtained for the initial input parameters, so that
we are optimistic that the design discussed in this paper
is indeed capable to obtain a spin sensitivity in the range
of a few µB/Hz

−1/2.
In summary we have investigated the noise perfor-

mance of a YBCO nanoSQUID in magnetic fields up
to 1T. The design incorporates a 90 nm wide constric-
tion which was used to modulate the flux through the
SQUID loop. At zero applied field the white flux noise

of the device at 7 kHz was 1.3µΦ0/Hz
1/2, increasing to

2.3µΦ0/Hz
1/2 at 1T. For the spin sensitivity, assuming

that a small particle is placed onto the constriction di-
rectly on top of the YBCO film, we calculated values of
62µB/Hz

1/2 at B = 0 and of 110µB/Hz
1/2 at 1T. The

device investigated experimentally was not optimized yet
in terms of its geometrical and electrical parameters.
Such an optimization predicts a spin sensitivity of a few
µB/Hz

1/2. It remains to be shown whether or not such
values can be achieved in high fields.
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3J. Fortágh and C. Zimmermann, Science 307, 860 (2005).
4P. Bushev, D. Bothner, J. Nagel, M. Kemmler, K. B. Kono-
valenko, A. Loerincz, K. Ilin, M. Siegel, D. Koelle, R. Kleiner,
and F. Schmidt-Kaler, Eur. Phys. J. D 63, 9 (2011).

5D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui, Nature
430, 329 (2004).

6J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M. Taylor,
P. Cappellaro, L. Jiang, M. V. Gurudev Dutt, E. Togan, A. S.
Zibrov, A. Yacoby, R. L. Walsworth, and M. D. Lukin, Nature
455, 644 (2008).

7G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud,
J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger,
T. Hanke, A. Leitenstorfer, R. Bratschitsch, F. Jelezko, and
J. Wrachtrup, Nature 455, 648 (2008).

8L. T. Kuhn, A. K. Geim, J. G. S. Lok, P. Hedeg̊ard, K. Ylänen,
J. B. Jensen, E. Johnson, and P. E. Lindelof, Eur. Phys. J. D 10,
259 (2000).

9O. Kazakova, V. Panchal, J. Gallop, P. See, D. C. Cox,
M. Spasova, and L. F. Cohen, J. Appl. Phys. 107, 09E708 (2010).

10W. Wernsdorfer, Adv. Chem. Phys. 118, 99 (2001).
11L. Hao, C. Aßmann, J. C. Gallop, D. Cox, F. Ruede, O. Kaza-
kova, P. Josephs-Franks, D. Drung, and T. Schurig, Appl. Phys.
Lett. 98, 092504 (2011).

12S. K. H. Lam, J. R. Clem, and W. Yang, Nanotechnol. 22, 455501
(2011).

13V. Bouchiat, Supercond. Sci. Technol. 22, 064002 (2009).
14M. Faucher, P.-O. Jubert, O. Fruchart, W. Wernsdorfer, and
V. Bouchiat, Supercond. Sci. Technol. 22, 064010 (2009).

15M. E. Huber, N. C. Koshnick, H. Bluhm, L. J. Archuleta,
T. Azua, P. G. Björnsson, B. W. Gardner, S. T. Halloran, E. A.
Lucero, and K. A. Moler, Rev. Sci. Instr. 79, 053704 (2008).

16J.-P. Cleuziou, W. Wernsdorfer, V. Bouchiat, T. Ondarçuhu, and
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