
!"#$%&#'( )(*+,&()(-! #- * .,*-!,) "/&(0 1/2,&( 3' +4#"+ !4(
4/24$.,*5/!67 .,*-!/8(9 :#-9,:!*-:( +!(%+ !4*! *&( #'+(&;(9 /-
+,:4 * +%(:/)(- *+ +,::(++/;( #-($9/)(-+/#-*5 +,'$'*-9+ *&(
9(%#%,5*!(90
<# :&(*!( !4()#&( :#)%5(= :#-!*:!/-2 2(#)(!&6 >#& * >#,&$%&#'(

)(*+,&()(-!7 "( ,+( * %*!!(&- #> !4&(( +,::(++/;( (5(:!&#9(+
?-,)'(&+ 3@A /- 1/20 3*B0 <4/+ :#-C2,&*!/#- (+!*'5/+4(+ !"#
-*&&#" DEFG +!&/%+ ?H *-9 IB7 !4*! +(&;( *+ ;#5!*2( !*%+ /-!# !4(
:(-!&*5 %#&!/#- #> !4( "/&(0 <4( "/9( DEFG &(2/#-+ !# !4( >*& &/24!
*-9 >*& 5(>! +(&;( *+ +#,&:( *-9 9&*/- :#-!*:!+ >#& !4( :,&&(-!7 *+ /-
!4( !"#$%&#'( :*+(0 <4/+ 2*!( :#-C2,&*!/#- #>>(&+ ,-/.,( J(=/'/5/!60
H:!/;*!/-2 #-56 (5(:!&#9( D %&#;/9(+ * !"#$!(&)/-*5 )(*+,&()(-!
#- !4( :(-!&*5 +(:!/#- #> !4( "/&(0 I/*+/-2 *55 !4&(( (5(:!&#9(+ :&(*!(+
*- (=!(-9(9 .,*-!,) "/&( *5#-2 !4( (92( *-9 +(%*&*!(+ ;#5!*2(
%&#'(+ H *-9 I >&#) !4( +#,&:( *-9 9&*/- &(+%(:!/;(560 <4/+ *55#"+
,+ !# %(&>#&) * >#,&$%&#'( )(*+,&()(-! #- !4( +*)( :(-!&*5
+(:!/#- #> !4( "/&(0 K,:4 * +)*55 :4*-2( /- !4( '/*+/-2 +:4()( #>
#,& LFM +*)%5( +"/!:4(+ 9/&(:!56 >&#) !"#$%&#'( !# >#,&$%&#'(
2(#)(!&6 "/!4 )*&N(9 :#-+(.,(-:(+0
1/2,&( D +4#"+ !4( &(+,5! #> * !"#$%&#'( *-9 * >#,&$%&#'(

)(*+,&()(-! #- !4( +*)( LFM .,*-!,) "/&(0 <4( "/9!4 #> (*:4

2*!( (5(:!&#9( /+ !O D!)0 <4( 2*!(+ *&( +(%*&*!(9 '6 DEFG +!&/%+ #>
"/9!4"O D!)(*:40 1#& !4( >#,&$%&#'()(*+,&()(-! (5(:!&#9(+ 3
*-9 A *&( +(! !# )*/-!*/- * +/-25( !&*-+;(&+( )#9( /- !4( &(+%(:!/;(
"/&( +(:!/#-+7 "4(&(*+ !4(+( 2*!(+ *&( -#! *:!/;*!(9 /- !4( !"#$%&#'(
:*+(0 P- '#!4 )(*+,&()(-!+ !4( '/*+ !# !4( :(-!&*5 (5(:!&#9( /+
+:*--(97 9(%#%,5*!/-2 +,::(++/;( #-($9/)(-+/#-*5 +,'$'*-9+0 H+ /+
(;/9(-! >&#) 1/20 D7 !4( !"#$!(&)/-*5 &(+/+!*-:( )#;(+ !4&#,24 !4(
:4*&*:!(&/+!/: .,*-!/8(9 &(+/+!*-:( +!(%+7 "4(&(*+ !4( >#,&$!(&)/-*5
&(+/+!*-:( 4#;(&+ *&#,-9 8(&# &(+/+!*-:(7 "/!4 +)*55 )(+#+:#%/:
J,:!,*!/#-+ +,%(&/)%#+(90 <4/+ /+ !4( :(-!&*5 &(+,5! #> #,& (=%(&/$
)(-!*5 "#&NQ !4( /-4(&(-! &(+/+!*-:( #> * :5(*- #-($9/)(-+/#-*5
"/&( /+ ;*-/+4/-256 +)*550
P! 9()#-+!&*!(+ (=%(&/)(-!*556 !4*! !4( +%(:/C: !"#$!(&)/-*5

&(+/+!*-:( ;*5,( +!()+ >&#) *- (=/+!/-2 R:#-!*:! &(+/+!*-:(S '(!"((-
!4( "/&( *-9 !4( !"# )*:&#+:#%/: (5(:!&#- &(+(&;#/&+ *! (/!4(& (-90
P- * !"#$!(&)/-*5 &(+/+!*-:( )(*+,&()(-! !4/+ /-4(&(-! :#-!*:!
&(+/+!*-:( *99+ !# !4( /-!&/-+/: &(+/+!*-:( #> !4( "/&( *-9 4(-:(7 (;(-
>#& * %(&>(:! "/&(7 !4( !"#$!(&)/-*5 &(+/+!*-:( /+ *! 5(*+! #T %(&
)#9(3A0 U( "/55 -#" 9/+:,++ /- 9(!*/5 !4( %46+/:+ #> !"#$%&#'(
;(&+,+ >#,&$%&#'( )(*+,&()(-!+ #- * .,*-!,) "/&(0
H >#,&$!(&)/-*5 2(#)(!&6 /+ * :#))#- )(!4#9 ,+(9 !# :/&:,)$

;(-! :#-!&/',!/#-+ >&#) !4( :#-!*:!+ !# !4( )(*+,&(9 &(+/+!*-:(0
<6%/:*5567 * :,&&(-! /+ 9&/;(- '6 !"# :#-!*:!+ *! !4( >*& (-9+ #> * 5#-2
&(:!*-2,5*& +%(:/)(-0 <4( (5(:!&#:4()/:*5 %#!(-!/*5 9&#% *5#-2 !4(
:,&&(-! %*!4 /+ 9(!(&)/-(9 '6 !"# +(%*&*!( ;#5!*2( %&#'(+7 5#:*!(9
-(*& !4( :(-!&( #> !4( +%(:/)(-7 >*& *"*6 >&#) !4( :,&&(-! :#-!*:!+0
<# 9(9,:( !4( /-!&/-+/: &(+/+!/;/!67 /! /+ (++(-!/*5 !4*! !4( ;#5!*2(
%&#'(+ 9# -#! 9/+!,&' !4( :,&&(-! J#"0 P- !"# #& !4&(( 9/)(-+/#-+7
!4/+ /+ &(*9/56 *::#)%5/+4(9 '6 ,+/-2 +)*55 ;#5!*2( %&#'(+ !4*! 5(*;(
:#-!/2,#,+ &(2/#-+ #> !4( +%(:/)(- /-!*:!0 P- #-( 9/)(-+/#- !4/+
:*--#! '( *::#)%5/+4(9 >#& #';/#,+ 2(#)(!&/:*5 &(*+#-+ *-9
;#5!*2( %&#'(+ *&( *5"*6+ R/-;*+/;(S0 <4/+ /-;*+/;(-(++ #> * ;#5!*2(
%&#'( /+ /-!/)*!(56 &(5*!(9 !# !4( %&#'*'/5/!6 !4*! *- (5(:!&#- %*++/-2
!4( %&#'( "/55 +:*!!(& /-!# /!3V@3W0 P- 2(-(&*57 !4( !&*-+)/++/#-
%&#'*'/5/!6 #> 5(>! )#;(&+7 $57 *-9 &/24! )#;(&+7 $& 7 )*6 9/>>(&0

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

*+ XH<YZF [ \M] ^33 [ A _H` DTT3 [ """0-*!,&(0:#)

20

15

10

5

0

D    B   A   S

3     2    1

3     2    1

D              S

0     0.2   0.4   0.6   0.8   1.0

1

0.8

0.6

0.4

0.2

0

R
es

is
ta

nc
e 

ra
tio

Transmission

–5               –4               –3               –2              –1                0

R
es

is
ta

nc
e 

(k
Ω

)

Gate voltage (V)

!"#$%& ' !"#$ %&' (#)*$+,*-.&%/ *,0.0+%&1,0 #( % 2%//.0+.1 3)%&+)- ".*,4 !5, '%05,' /.&,

05#"0 +5, +"#$+,*-.&%/ *,0.0+%&1, #( +5, 6$!-$/#&7 1,&+*%/ 0,1+.#& #( +5, ".*, 8,*0)0 +5,
8#/+%7, %99/.,' +# +5, %00#1.%+,' 7%+, 64 :%+,0 ; %&' < %*, &#+ %1+.8%+,'4 !5, 0#/.' /.&,

05#"0 +5, (#)*$+,*-.&%/ *,0.0+%&1,= >!? ! !@AB"= 8,*0)0 +5, 8#/+%7, %99/.,' +# 7%+, 64 C,*,

!? %&' D@ %*, +5, 8#/+%7,0 %+ 9*#2,0 ? %&' @ *,09,1+.8,/E %&' " .0 +5, 1)**,&+ '*.8,& (*#-

0#)*1, +# '*%.&4 F#* +5.0 -,%0)*,-,&+= +5, 8#/+%7,0 %99/.,' +# 7%+,0 ; %&' < 1#**,09#&'

+# % 0.&7/, -#', .& +5, ".*, 0,1+.#&0 .& (*#&+ #( +5,0, 7%+,04 G,%0)*,-,&+0 ",*,

9,*(#*-,' %+ % +,-9,*%+)*,#( ! ! <HH-I ".+5 %& ,J1.+%+.#& 1)**,&+ 0-%//,* +5%& ; &?4

K5./, +5, +"#$+,*-.&%/ *,0.0+%&1, -#8,0 +5*#)75 +5, 15%*%1+,*.0+.1 3)%&+.L,' *,0.0+%&1,

0+,90= +5, (#)*$+,*-.&%/ *,0.0+%&1, M)1+)%+,0 %*#)&' L,*# .&'.1%+.&7 +5%+ +5, .&5,*,&+

*,0.0+%&1, #( % 1/,%& #&,$'.-,&0.#&%/ ".*, .0 8%&.05.&7/E 0-%//4 !5, 0-%// #01.//%+.#&0

%*#)&' L,*# *,0.0+%&1, >(*#- !<4ND +# !O4PDA 0)77,0+ +5%+ -,0#01#9.1 8%*.%+.#& #( +5,
8%*.#)0 +*%&0-.00.#& %-9/.+)',0 ".+5 +5, #&,$'.-,&0.#&%/ ',&0.+E '#-.&%+, +5, *,0.0$

+%&1, .& +5.0 *,7.-,4 Q&',,' % 0.-./%*= %/+5#)75 &#+ .',&+.1%/= 9%++,*& .0 #20,*8,' )9#&

0)11,00.8, 1##/$'#"&0 #( +5, 0%-, ',8.1,4 ?0 ,J9,1+,'= 0.-./%* -,0#01#9.1 8%*.%+.#&0

%*, #20,*8,' "5,& % -%7&,+.1 R,/' .0 %99/.,' >0,, F.74 <A4 Q&0,+= 9*#2, .&8%0.8,&,00 .& %

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

*,0.0+%&1,0 8,*0)0 +5, .&8%0.8,&,00 #( +5, 8#/+%7, 9*#2,0 >0,, +,J+A4 T#/.' /.&,= +5,#*,+.1%/

9*,'.1+.#& #( +5, U%&'%),*V@)++.W,* -#',/;X >0,, +,J+A4 ?// -,%0)*,-,&+0 %*, (#* 0.&7/,$

-#', ".*,04

D    B   A    S

(VA – VB)/I

VA /I

VB /I

Vs /I

3     2     1

–2 –1 0 1 2

Magnetic field (T)

20

15

10

5

0

R
es

is
ta

nc
e 

(k
Ω

)

!"#$%& (G%7&,+.1 R,/' ',9,&',&1, #( 9*#2, 1#)9/.&74 G%7&,+.1 R,/' ',9,&',&1, #( +5,
+"#$+,*-.&%/ >!TB" A= +5*,,$+,*-.&%/ >!?B" %&' !@B" A %&' (#)*$+,*-.&%/ >"! # " ! @#!" A

*,0.0+%&1,04 !5, 0,1+.#&0 #( +5, ".*, .& (*#&+ #( %// +5*,, 7%+,0 0)99#*+ % 0.&7/, -#',4 !5,

.&8%0.8,&,00 #( 2#+5 9*#2,0 .0 %2#)+ OY4 !5, 8#/+%7,0 %+ 2#+5 +%90 8%*E (*#- ! ! !T
>8#/+%7, %+ 0#)*1,A %+ /%*7, 9#0.+.8, R,/' +# !! !S Z H >8#/+%7, %+ '*%.&A %+ /%*7, &,7%+.8,

R,/'4

© 2001 Macmillan Magazines Ltd

!"#$%&#'( )(*+,&()(-! #- * .,*-!,) "/&(0 1/2,&( 3' +4#"+ !4(
4/24$.,*5/!67 .,*-!/8(9 :#-9,:!*-:( +!(%+ !4*! *&( #'+(&;(9 /-
+,:4 * +%(:/)(- *+ +,::(++/;( #-($9/)(-+/#-*5 +,'$'*-9+ *&(
9(%#%,5*!(90
<# :&(*!( !4()#&( :#)%5(= :#-!*:!/-2 2(#)(!&6 >#& * >#,&$%&#'(

)(*+,&()(-!7 "( ,+( * %*!!(&- #> !4&(( +,::(++/;( (5(:!&#9(+
?-,)'(&+ 3@A /- 1/20 3*B0 <4/+ :#-C2,&*!/#- (+!*'5/+4(+ !"#
-*&&#" DEFG +!&/%+ ?H *-9 IB7 !4*! +(&;( *+ ;#5!*2( !*%+ /-!# !4(
:(-!&*5 %#&!/#- #> !4( "/&(0 <4( "/9( DEFG &(2/#-+ !# !4( >*& &/24!
*-9 >*& 5(>! +(&;( *+ +#,&:( *-9 9&*/- :#-!*:!+ >#& !4( :,&&(-!7 *+ /-
!4( !"#$%&#'( :*+(0 <4/+ 2*!( :#-C2,&*!/#- #>>(&+ ,-/.,( J(=/'/5/!60
H:!/;*!/-2 #-56 (5(:!&#9( D %&#;/9(+ * !"#$!(&)/-*5 )(*+,&()(-!
#- !4( :(-!&*5 +(:!/#- #> !4( "/&(0 I/*+/-2 *55 !4&(( (5(:!&#9(+ :&(*!(+
*- (=!(-9(9 .,*-!,) "/&( *5#-2 !4( (92( *-9 +(%*&*!(+ ;#5!*2(
%&#'(+ H *-9 I >&#) !4( +#,&:( *-9 9&*/- &(+%(:!/;(560 <4/+ *55#"+
,+ !# %(&>#&) * >#,&$%&#'( )(*+,&()(-! #- !4( +*)( :(-!&*5
+(:!/#- #> !4( "/&(0 K,:4 * +)*55 :4*-2( /- !4( '/*+/-2 +:4()( #>
#,& LFM +*)%5( +"/!:4(+ 9/&(:!56 >&#) !"#$%&#'( !# >#,&$%&#'(
2(#)(!&6 "/!4 )*&N(9 :#-+(.,(-:(+0
1/2,&( D +4#"+ !4( &(+,5! #> * !"#$%&#'( *-9 * >#,&$%&#'(

)(*+,&()(-! #- !4( +*)( LFM .,*-!,) "/&(0 <4( "/9!4 #> (*:4

2*!( (5(:!&#9( /+ !O D!)0 <4( 2*!(+ *&( +(%*&*!(9 '6 DEFG +!&/%+ #>
"/9!4"O D!)(*:40 1#& !4( >#,&$%&#'()(*+,&()(-! (5(:!&#9(+ 3
*-9 A *&( +(! !# )*/-!*/- * +/-25( !&*-+;(&+( )#9( /- !4( &(+%(:!/;(
"/&( +(:!/#-+7 "4(&(*+ !4(+( 2*!(+ *&( -#! *:!/;*!(9 /- !4( !"#$%&#'(
:*+(0 P- '#!4 )(*+,&()(-!+ !4( '/*+ !# !4( :(-!&*5 (5(:!&#9( /+
+:*--(97 9(%#%,5*!/-2 +,::(++/;( #-($9/)(-+/#-*5 +,'$'*-9+0 H+ /+
(;/9(-! >&#) 1/20 D7 !4( !"#$!(&)/-*5 &(+/+!*-:( )#;(+ !4&#,24 !4(
:4*&*:!(&/+!/: .,*-!/8(9 &(+/+!*-:( +!(%+7 "4(&(*+ !4( >#,&$!(&)/-*5
&(+/+!*-:( 4#;(&+ *&#,-9 8(&# &(+/+!*-:(7 "/!4 +)*55 )(+#+:#%/:
J,:!,*!/#-+ +,%(&/)%#+(90 <4/+ /+ !4( :(-!&*5 &(+,5! #> #,& (=%(&/$
)(-!*5 "#&NQ !4( /-4(&(-! &(+/+!*-:( #> * :5(*- #-($9/)(-+/#-*5
"/&( /+ ;*-/+4/-256 +)*550
P! 9()#-+!&*!(+ (=%(&/)(-!*556 !4*! !4( +%(:/C: !"#$!(&)/-*5

&(+/+!*-:( ;*5,( +!()+ >&#) *- (=/+!/-2 R:#-!*:! &(+/+!*-:(S '(!"((-
!4( "/&( *-9 !4( !"# )*:&#+:#%/: (5(:!&#- &(+(&;#/&+ *! (/!4(& (-90
P- * !"#$!(&)/-*5 &(+/+!*-:( )(*+,&()(-! !4/+ /-4(&(-! :#-!*:!
&(+/+!*-:( *99+ !# !4( /-!&/-+/: &(+/+!*-:( #> !4( "/&( *-9 4(-:(7 (;(-
>#& * %(&>(:! "/&(7 !4( !"#$!(&)/-*5 &(+/+!*-:( /+ *! 5(*+! #T %(&
)#9(3A0 U( "/55 -#" 9/+:,++ /- 9(!*/5 !4( %46+/:+ #> !"#$%&#'(
;(&+,+ >#,&$%&#'( )(*+,&()(-!+ #- * .,*-!,) "/&(0
H >#,&$!(&)/-*5 2(#)(!&6 /+ * :#))#- )(!4#9 ,+(9 !# :/&:,)$

;(-! :#-!&/',!/#-+ >&#) !4( :#-!*:!+ !# !4( )(*+,&(9 &(+/+!*-:(0
<6%/:*5567 * :,&&(-! /+ 9&/;(- '6 !"# :#-!*:!+ *! !4( >*& (-9+ #> * 5#-2
&(:!*-2,5*& +%(:/)(-0 <4( (5(:!&#:4()/:*5 %#!(-!/*5 9&#% *5#-2 !4(
:,&&(-! %*!4 /+ 9(!(&)/-(9 '6 !"# +(%*&*!( ;#5!*2( %&#'(+7 5#:*!(9
-(*& !4( :(-!&( #> !4( +%(:/)(-7 >*& *"*6 >&#) !4( :,&&(-! :#-!*:!+0
<# 9(9,:( !4( /-!&/-+/: &(+/+!/;/!67 /! /+ (++(-!/*5 !4*! !4( ;#5!*2(
%&#'(+ 9# -#! 9/+!,&' !4( :,&&(-! J#"0 P- !"# #& !4&(( 9/)(-+/#-+7
!4/+ /+ &(*9/56 *::#)%5/+4(9 '6 ,+/-2 +)*55 ;#5!*2( %&#'(+ !4*! 5(*;(
:#-!/2,#,+ &(2/#-+ #> !4( +%(:/)(- /-!*:!0 P- #-( 9/)(-+/#- !4/+
:*--#! '( *::#)%5/+4(9 >#& #';/#,+ 2(#)(!&/:*5 &(*+#-+ *-9
;#5!*2( %&#'(+ *&( *5"*6+ R/-;*+/;(S0 <4/+ /-;*+/;(-(++ #> * ;#5!*2(
%&#'( /+ /-!/)*!(56 &(5*!(9 !# !4( %&#'*'/5/!6 !4*! *- (5(:!&#- %*++/-2
!4( %&#'( "/55 +:*!!(& /-!# /!3V@3W0 P- 2(-(&*57 !4( !&*-+)/++/#-
%&#'*'/5/!6 #> 5(>! )#;(&+7 $57 *-9 &/24! )#;(&+7 $& 7 )*6 9/>>(&0

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

*+ XH<YZF [ \M] ^33 [ A _H` DTT3 [ """0-*!,&(0:#)

20

15

10

5

0

D    B   A   S

3     2    1

3     2    1

D              S

0     0.2   0.4   0.6   0.8   1.0

1

0.8

0.6

0.4

0.2

0

R
es

is
ta

nc
e 

ra
tio

Transmission

–5               –4               –3               –2              –1                0

R
es

is
ta

nc
e 

(k
Ω

)

Gate voltage (V)

!"#$%& ' !"#$ %&' (#)*$+,*-.&%/ *,0.0+%&1,0 #( % 2%//.0+.1 3)%&+)- ".*,4 !5, '%05,' /.&,

05#"0 +5, +"#$+,*-.&%/ *,0.0+%&1, #( +5, 6$!-$/#&7 1,&+*%/ 0,1+.#& #( +5, ".*, 8,*0)0 +5,
8#/+%7, %99/.,' +# +5, %00#1.%+,' 7%+, 64 :%+,0 ; %&' < %*, &#+ %1+.8%+,'4 !5, 0#/.' /.&,

05#"0 +5, (#)*$+,*-.&%/ *,0.0+%&1,= >!? ! !@AB"= 8,*0)0 +5, 8#/+%7, %99/.,' +# 7%+, 64 C,*,

!? %&' D@ %*, +5, 8#/+%7,0 %+ 9*#2,0 ? %&' @ *,09,1+.8,/E %&' " .0 +5, 1)**,&+ '*.8,& (*#-

0#)*1, +# '*%.&4 F#* +5.0 -,%0)*,-,&+= +5, 8#/+%7,0 %99/.,' +# 7%+,0 ; %&' < 1#**,09#&'

+# % 0.&7/, -#', .& +5, ".*, 0,1+.#&0 .& (*#&+ #( +5,0, 7%+,04 G,%0)*,-,&+0 ",*,

9,*(#*-,' %+ % +,-9,*%+)*,#( ! ! <HH-I ".+5 %& ,J1.+%+.#& 1)**,&+ 0-%//,* +5%& ; &?4

K5./, +5, +"#$+,*-.&%/ *,0.0+%&1, -#8,0 +5*#)75 +5, 15%*%1+,*.0+.1 3)%&+.L,' *,0.0+%&1,

0+,90= +5, (#)*$+,*-.&%/ *,0.0+%&1, M)1+)%+,0 %*#)&' L,*# .&'.1%+.&7 +5%+ +5, .&5,*,&+

*,0.0+%&1, #( % 1/,%& #&,$'.-,&0.#&%/ ".*, .0 8%&.05.&7/E 0-%//4 !5, 0-%// #01.//%+.#&0

%*#)&' L,*# *,0.0+%&1, >(*#- !<4ND +# !O4PDA 0)77,0+ +5%+ -,0#01#9.1 8%*.%+.#& #( +5,
8%*.#)0 +*%&0-.00.#& %-9/.+)',0 ".+5 +5, #&,$'.-,&0.#&%/ ',&0.+E '#-.&%+, +5, *,0.0$

+%&1, .& +5.0 *,7.-,4 Q&',,' % 0.-./%*= %/+5#)75 &#+ .',&+.1%/= 9%++,*& .0 #20,*8,' )9#&

0)11,00.8, 1##/$'#"&0 #( +5, 0%-, ',8.1,4 ?0 ,J9,1+,'= 0.-./%* -,0#01#9.1 8%*.%+.#&0

%*, #20,*8,' "5,& % -%7&,+.1 R,/' .0 %99/.,' >0,, F.74 <A4 Q&0,+= 9*#2, .&8%0.8,&,00 .& %

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

*,0.0+%&1,0 8,*0)0 +5, .&8%0.8,&,00 #( +5, 8#/+%7, 9*#2,0 >0,, +,J+A4 T#/.' /.&,= +5,#*,+.1%/

9*,'.1+.#& #( +5, U%&'%),*V@)++.W,* -#',/;X >0,, +,J+A4 ?// -,%0)*,-,&+0 %*, (#* 0.&7/,$

-#', ".*,04

D    B   A    S

(VA – VB)/I

VA /I

VB /I

Vs /I

3     2     1

–2 –1 0 1 2

Magnetic field (T)

20

15

10

5

0

R
es

is
ta

nc
e 

(k
Ω

)

!"#$%& (G%7&,+.1 R,/' ',9,&',&1, #( 9*#2, 1#)9/.&74 G%7&,+.1 R,/' ',9,&',&1, #( +5,
+"#$+,*-.&%/ >!TB" A= +5*,,$+,*-.&%/ >!?B" %&' !@B" A %&' (#)*$+,*-.&%/ >"! # " ! @#!" A

*,0.0+%&1,04 !5, 0,1+.#&0 #( +5, ".*, .& (*#&+ #( %// +5*,, 7%+,0 0)99#*+ % 0.&7/, -#',4 !5,

.&8%0.8,&,00 #( 2#+5 9*#2,0 .0 %2#)+ OY4 !5, 8#/+%7,0 %+ 2#+5 +%90 8%*E (*#- ! ! !T
>8#/+%7, %+ 0#)*1,A %+ /%*7, 9#0.+.8, R,/' +# !! !S Z H >8#/+%7, %+ '*%.&A %+ /%*7, &,7%+.8,

R,/'4

© 2001 Macmillan Magazines Ltd

Four-terminal measurement on a quasi 1D channel
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temperature [4]. Following this work, it has been argued
that the observed saturation is indeed universal and
intrinsic, and due to electron–electron interactions in the
ground state of the Fermi liquid [5,6]. More recent studies
of the phase coherence time in metallic silver quantum
wires [7], on the other hand, show a relatively good
agreement with the standard theory [2,3]. In these
measurements, only small deviations of tf compared with
the standard theory have been observed at the lowest
temperatures, which have been argued to be due to the
presence of a very small amount of magnetic impurities.

In order to attribute the saturation of tf in very clean
metallic quantum wires to the presence of such a small
amount of magnetic impurities, it is important to have an
adequate theory which describes the underlying physics
and enables a quantitative comparison with the experi-
mental data. Quite recently, there has been tremendous
progress in the understanding of the influence of magnetic
impurities on the phase coherence time, both experimen-
tally [8–11] and theoretically [12,13]. This new under-
standing raises the question: is it possible to reanalyse the
temperature dependence of tf in very clean metallic wires
to determine whether the experimentally observed devia-
tions from the standard theory can be explained within this
picture of magnetic impurities.

The main purpose of this article is to review various
experiments which have addressed the influence of mag-
netic scattering on electron coherence in metallic quantum
wires. In the first part, we briefly review the pioneering
experiments which studied electron coherence determined
by magnetic scattering [14–17].

We then review recent measurements of electron
coherence under high-magnetic fields ðmBbkBTÞ where
the magnetic impurities are polarised and therefore should
not contribute to dephasing [16–19].

In the last section, we present new data for the phase
coherence time in ultra-clean gold and silver quantum
wires, and compare them to presently existing data on
equally clean samples from other groups. We then analyse
the saturation observed in these samples assuming that the
apparent saturation of tf is due to magnetic impurities.

Our conclusion of this analysis is that, based on all
presently available measurements of the phase coherence
time in very clean metallic wires, it is hard to conceive that
the apparent saturation of tf is solely due to the presence
of an extremely small amount of magnetic impurities.

2. Review of earlier experiments on magnetic impurities

As mentioned above, recent experiments invoke the
presence of a small amount of magnetic impurities as a
possible source of the frequently observed low-temperature
saturation of the phase coherence time [7]. It is well known
that the coupling of magnetic impurities to the conduction
electrons gives rise to the well-known Kondo effect [20,21].
At temperatures above the Kondo temperature TK, the
magnetic scattering due to Kondo impurities leads to a

very slow and an almost temperature-independent con-
tribution to the dephasing time [22]. The magnetic
contribution is maximal around the Kondo temperature
[14,15] and decreases rapidly at lower temperatures [8,9].
Consequently, if a metallic sample contains a small amount
of magnetic impurities with a very low Kondo temperature,
the observed temperature dependence of tf would show
saturation at temperatures above TK.
Already in the early days of weak localization, many

experimentalists have observed a systematic saturation of
the electron phase coherence at low temperatures, when
extracted from low-field magnetoresistance [23,24]. This
saturation has often been attributed to the presence of
some residual magnetic impurities [25], however, without
any experimental verification.
To the best of our knowledge, the first experiment which

clearly demonstrated the strong influence of magnetic
impurities on electron coherence on the level of a few parts-
per-million (ppm) in very clean metallic samples has been
carried out by Pannetier and coworkers in 1985 [26]. The
need for very long phase coherence times in order to
measure AAS oscillations in two-dimensional networks
[27,28] pushed the authors to seek extremely clean metals
to obtain very large values for the phase coherence length.
The solution to the problem was to thermally anneal the
samples. The annealing process oxidizes magnetic impu-
rities, suppressing decoherence due to the Kondo effect,
and therefore leads to an increase of the phase coherence
length Lf. The phase coherence length of two gold samples
(before and after annealing) is shown in Fig. 1. One clearly
sees the enhancement of the phase coherence length due to
the annealing process [29].
These experiments therefore clearly show that the

presence of an extremely small amount of magnetic

ARTICLE IN PRESS

Fig. 1. Phase coherence length as a function of temperature for an ultra-
pure gold sample before ð#Þ and after ð$Þ annealing. The solid line
corresponds to the theoretical expectation within the AAK picture [30].
Data are taken from Ref. [26].
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the two samples. A possible explanation of this
result is that increasing the randomness causes
an increasing breakdown of the conservation of
wave-vector requirement in electron-phonon
scattering. 4' Because of this complication, we
have not attempted to extract a value of the inelas-
tic-scattering times from these results. '4

B. Thin wires

The current voltage (I V) chara-cteristics of
several wires were studied at various tempera-
tures. In all cases the I-V curves were linear
at low currents while at high currents Joule heat-
ing was clearly evident. The wires thus behaved
as ordinary Ohmic resistors. All of the results
given below were, unless explicitly noted other-
wise, obtained at currents sufficiently small that
Joule heating was negligible.

1%'e will first consider the results for the dirt
wires. Typical results for the resistance over a

FIG. 8. Resistance as a function of temperature for
several dirty wires. The ~A of each wire is indicated
m the figure. For purposes of comparison, the results
for each sample are normalized by the value of R at
12 K. R(12 K)=380 kQ for the 450-A wire, 200 kQ for
the 570-A wire, 78 kQ for the 910-A wire, and 32 kQ
for the 1900-A sample. The results for a dirty film are
also shown for comparison.

Q5
I.OI5-

I I I I I ~ I I I ~

wide temperature range are shown in Fig. 7.
sve yAbove about j.5 K the behavior is quantitativel

similar to that found in the dirty films (Fig. 6).
At 1ower temperatures the resistance of the wire
increases much more rapidly than that of the film,
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FIG. 7. Resistance as a function of temperature for a
dirty wire with M= 890 A.. R(12 K) =58 kQ

FIG. 9.
the

Resistance as a function of the logarithm f
he temperature for several dirty wires. The data are
the same as that shown in Fig. 8. Typical error bars
are shown at selected points. Note that the uncertainty
increases as the temperature decreases since lower
currents must then be used to avoid significant Joule
heating.
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FIG. 10. Resistance as a function of T for several
dirty wires. The data are the same as that shown in
Fig. 8. For the sake of clarity some overlapping points
have been omitted.

and we attribute this to the effect of localization
in one dimension.
The results for several other wires are shown

in Fig. 8, where for comparison we also show the
behavior of a thin film. The resistance rise is
seen to increase as the cross-sectional area of
the wires is decreased, and for the wire with
vX=450A the rise at 0.3 K is nearly ten times
larger than that observed in the film. In Fig. 9
we show the same results plotted against a
logarithmic temperature scale. It is clear that
for the wires the temperature dependence is
definitely faster than logarithmic and is thus dif-
ferent from that observed in the thin films. Fig-
ure 10 shows the same results plotted against
7 '+. Below about 5 K the results are consistent
with a T '~ dependence, while at higher tempera-
tures there is a small deviation towards lower
values of the resistance. " Figure 11 shows a plot
of the fractional resistance rise at a constant
temperature as a function of A '. The data at
A. ' =0 are the thin-film results and we see that
the results for the wires extrapolate smoothly
to the thin-film behavior as A '-0. This is to be
expected for the following reason. The dirty
wires were all made from AuPd films which were
between 400 and 800 A thick. The cross sections
of wires with WA greater than about 1000A were,
therefore, similar to Fig. 3(d}, i.e., the effective
width was much greater than the thickness and
hence as A- the "wires" essentially become
thin films. " We interpret the amount by which the
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FIG. 11. The fractional resistance rise at 4.0, 1.5,
and 0.3 K as a function of A ~ for the dirty wires.

resistance rise of the wires exceeds that of the
films as being due to one-dimensional localization.
From Fig. 11, we see that this "one-dimensional"
contribution to the resistance rise varies as A '.
We should note that the lengths of our wires

varied from approximately 90 to 300 pm. Since
there was no correlation between the cross-sec-
tional area and the length, the results in Fig. 11
indicate that the resistance rise is independent
of the length of the wire. In particular, two wires
with nearly identical areas (3.5&10 "and
3.3 X10 "cm'} but lengths differing by nearly a
factor of two (90 and 160 p, m, respectively), ex-
hibited the same resistance rise to within Z/0,
well within the experimental error. ' While the
theory does predict that the resistance will, at
low temperatures, vary exponentially with the
length of the wire, this behavior should be ob-
servable only when the length is comparable to
the inelastic mean free path. We will see below
that this mean free path is much less than 1 p.m
in our wires, so the absence of a length depen-
dence is consistent with the theory.
The principal results from the experiments on

the dirty wires are the T '~ variation of the re-
sistance at low temperatures and the A ' depen-
dence of the overall effect. These results are
consistent with the theory of localization only if
the inelastic scattering time is proportional to
7 ' and is independent of the size of the wire.
The only known scattering mechanism which is
consistent with this behavior is electron-tun-
neling-level scattering. If we use the electron-

Weak localisation in a Cr wire
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FIG. 2. (a) Magnetoresistance data from the ring in Fig. I
at several temperatures. (b) The Fourier transform of the
data in (a). The data at 0.199 and 0.698 K have been offset
for clarity of display. The markers at the top of the figure
indicate the bounds for the flux periods h/e and h/2e based
on the measured inside and outside diameters of the loop.
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FIG. 1. (a) Magnetoresistance of the ring measured at
T=0.01 K. (b) Fourier power spectrum in arbitrary units
containing peaks at h/e and h/2e. The inset is a photograph
of the larger ring. The inside diameter of the loop is 784
nm, and the width of the wires is 41 nm.

rings (average diameters 825 and 245 nm) and a lone
wire (length 300 nm). The samples were cooled in the
mixing chamber of a dilution refrigerator, and the
resistance was measured with a four-probe bridge
operated at 205 Hz and 200 nA (rms).
Typical magnetoresistance data from the larger-

diameter ring are displayed in Fig. 1(a). Periodic oscil-
lations are clearly visible superimposed on a more
slowly varying background. The period of the high-
frequency oscillations is AH = 0.007 59 T. This period
corresponds to the addition of the flux 4p = h/e to the
area of the hole. From the average area (one half of
the sum of the area from the inside diameter and that
from the outside diameter) measured with the STEM,
4p =0.007 80 T. The area measurement is accurate to
within = 10'/o. As a result of the large aspect ratio, we
can say unequivocally that the periodic oscillations are
not consistent with h/2e. They are certainly the
single-electron process predicted recently. 2 4 In the
Fourier power spectrum [Fig. 1(b)] of these data, two
peaks are visible at I/AH=131 and 260 T ' corre-
sponding respectively to h/e and h/2e. (Since the h/e
oscillations are not strictly sinusoidal, we cannot be
certain whether the h/2e peak is the self-interference
process or harmonic content in the 4&p oscillations. )
That the h/2e period is less significant than the h/e
period is consistent with the theory for rings which are
moderately resistive. We note that the amplitude of
the h/e oscillations at the lowest temperatures is about
0.1% of the resistance at H= 0, at least a factor of 10

larger than the oscillations observed in normal-metal
cylinders and networks of loops. s'p "
Figure 2(a) contains resistance data for three tem-

peratures over a larger range of magnetic field.
Surprisingly, the oscillations persist to rather higher
magnetic field [H ) 8 T (our largest available field) or
over 1000 periods] than expected from estimates
which assumed that the phase difference between the
inside edge of the ring and the outside edge should
completely destroy the periodic effects. The argument
that the flux in the metal should destroy the oscilla-
tions relies on the simple assumption that the wire
consists of parallel but noninteracting conduction
paths. If instead the electron path in the wire is suffi-
ciently erratic to "cover" the whole area of the wire,
then no phase difference exists between the inside di-
ameter and the outside diameter. '
Figure 2(b) contains the Fourier spectra of the data

in Fig. 2(a). Again, the fundamental h/e period ap-
pears as the large peak at I/b, H=131 T ', and near
I/AH=260 T ' there is a small feature in the spec-
trum. There is also a peak near 5 T ' which is the
average field scale of the aperiodic fluctuations. '4 The
detailed structure of the h/e peak in the power spec-
trum is probably the results of mixing of the field
scales corresponding to the area of the hole in the ring
and the area of the arms of the ring. ts (The simple
difference between inside and outside area implies a
splitting of more than 20 T ', whereas the observed
splitting in the peak structure has never been more
than 7 T '.) A simple extension of the multichannel
Landauer formula for a ring with flux piercing the
arms implies that the Arharonov-Bohm oscillations
will be modulated by an aperiodic function. ' Roughly
speaking, the field scale in which the aperiodic func-
tion fluctuates is that for the addition of another flux
quantum to the arms of the ring. The field scale of the
modulating function mixes with the Aharonov-Bohm
period to give structure to the peak. As seen in Fig.
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FIG. 1. (a) Magnetoresistance of the ring measured at
T=0.01 K. (b) Fourier power spectrum in arbitrary units
containing peaks at h/e and h/2e. The inset is a photograph
of the larger ring. The inside diameter of the loop is 784
nm, and the width of the wires is 41 nm.
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corresponds to the addition of the flux 4p = h/e to the
area of the hole. From the average area (one half of
the sum of the area from the inside diameter and that
from the outside diameter) measured with the STEM,
4p =0.007 80 T. The area measurement is accurate to
within = 10'/o. As a result of the large aspect ratio, we
can say unequivocally that the periodic oscillations are
not consistent with h/2e. They are certainly the
single-electron process predicted recently. 2 4 In the
Fourier power spectrum [Fig. 1(b)] of these data, two
peaks are visible at I/AH=131 and 260 T ' corre-
sponding respectively to h/e and h/2e. (Since the h/e
oscillations are not strictly sinusoidal, we cannot be
certain whether the h/2e peak is the self-interference
process or harmonic content in the 4&p oscillations. )
That the h/2e period is less significant than the h/e
period is consistent with the theory for rings which are
moderately resistive. We note that the amplitude of
the h/e oscillations at the lowest temperatures is about
0.1% of the resistance at H= 0, at least a factor of 10
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over 1000 periods] than expected from estimates
which assumed that the phase difference between the
inside edge of the ring and the outside edge should
completely destroy the periodic effects. The argument
that the flux in the metal should destroy the oscilla-
tions relies on the simple assumption that the wire
consists of parallel but noninteracting conduction
paths. If instead the electron path in the wire is suffi-
ciently erratic to "cover" the whole area of the wire,
then no phase difference exists between the inside di-
ameter and the outside diameter. '
Figure 2(b) contains the Fourier spectra of the data

in Fig. 2(a). Again, the fundamental h/e period ap-
pears as the large peak at I/b, H=131 T ', and near
I/AH=260 T ' there is a small feature in the spec-
trum. There is also a peak near 5 T ' which is the
average field scale of the aperiodic fluctuations. '4 The
detailed structure of the h/e peak in the power spec-
trum is probably the results of mixing of the field
scales corresponding to the area of the hole in the ring
and the area of the arms of the ring. ts (The simple
difference between inside and outside area implies a
splitting of more than 20 T ', whereas the observed
splitting in the peak structure has never been more
than 7 T '.) A simple extension of the multichannel
Landauer formula for a ring with flux piercing the
arms implies that the Arharonov-Bohm oscillations
will be modulated by an aperiodic function. ' Roughly
speaking, the field scale in which the aperiodic func-
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