Y-123 C1 7k >= D6 EA F3 BN $N %T!< %/ 8z 2L P eak E�ect in Detwinned Sup erconducting Y-123 Single Crystal 6e =# 9) 6H Bg 3X >p Js 9) 3X It EE ;R >p Js 9) 3X 2J ;3 :j 1G ?M , >> 2< >H CK D6 EE F3 9) 3X 8& 5f =j A. I. Ryko v, ED Eg @a ;R , 9x DM D> 8J Departmen t of Computer Science and Electronics, Kyushu Institute of T ec hnology Akihito Y amasaki, T eruo Matsushita Superconductivity Research Lab oratory , In ternational Sup erconductivit y T ec hnology Cen ter A. I. Ryko v, Setuko T a jima and Naoki Koshizuk a Broad double p eaks were observed for the critical curren t densit y vs magnetic �eld curv e in an unt winned Y-123 single crystal. The mechanism of the p eak e�ect has b een discussed and the �eld-induced pinning is a candidate for the resp onsible pinning mechanism. But it was found that the p eak e�ect at a low magnetic �eld in the unt winned Y-123 single crystal could not b e explained by suc h a �eld-induced pinning. In this rep ort the force- displacemen t c harasteristic of ux lines was measured using the Campb ell metho d at lo w and high magnetic �elds where the p eak e�ect of the critical curren t densit y w as observ ed. The mechanism of the p eak e�ect in the unt winned Y-123 single crystal is discussed. 1. $O $8 $a $K Y-123 C1 7k >= D6 EA F3 BN $K $* $$ $F 9b <’ 3& NN 0h $G %V %m!< %I $G $+ $D 29 EY $K Bg $- $/ 0M B8 $9 $k NW 3& EE N. L) EY $N %T!< %/ $, 4Q B, $5 $l $k $,!" FC $K AP >= LL $r 4^ $^ $J $$ C1 7k >= ;n NA $G $O %T!< %/ $, 2 $D $" $k $H $$ $& Js 9p $, $5 $l $F $$ $k 1) !# $3 $N Y-123 D6 EA F3 BN $N %T!< %/ 8z 2L $N 5! 9= $K $D $$ $F $O 8= :_ $^ $G $$ $m $$ $m $H 5D O@ $5 $l $F $- $F $* $j!" $= $N 86 0x $H $7 $F <’ 3& $, A} 2C $9 $k $K $D $l $F %T %s %K %s %0 5! 9= $, JQ 2= $9 $k $3 $H $H <’ B+ @~ $N FC @- $, JQ 2= $9 $k $3 $H $, 9M $( $i $l $k!# A0 <T $N 0l $D $H $7 $F D6 EA F3 BN Fb $N ;@ AG 7g B; $N $h $& $J <e $$ D6 EA F3 Aj $K $h $k <’ 3& M6 5/ 7? $N %T %s %K %s %0 $, 5s $2 $i $l $F $$ $k!# $9 $J $o $A <e $$ D6 EA F3 Aj $, >o EA F3 $K E> 0\ $9 $k <’ 3& $K $* $$ $F 7g B; It J, $, %T %s $H $7 $F 6/ $/ F/ $/ $H $$ $& $b $N $G $" $k!# $7 $+ $7 $3 $l $^ $G $K AP >= LL $r $b $? $: 2 $D $N %T!< %/ $r <( $9 Y-123 D6 EA F3 BN $N C1 7k >= ;n NA $K $* $1 $k Dc <’ 3& B& $N %T!< %/ 8z 2L $O $= $N $h $& $J <’ 3& M6 5/ 7? $N %T %s %K %s %0 $G $O @b L@ $G $- $J $$ $3 $H $, L@ $i $+ $K $J$C $? 2) !# $9 $J $o $A!" Dc <’ 3& B& $N %T!< %/ 8z 2L $b <’ B+ @~ $N FC @- $N JQ 2= $, 4X 78 $7 $F $$ $k $b $N $H 9M $( $i $l $k!# :# 2s $O 9b <’ 3& B& $r 4^ $a $? 2 $D $N %T!< %/ <’ 3& 6a K5 $N <’ B+ @~ $N JQ 0L - I| 85 NO FC @- $N B, Dj $r 9T $$!" $= $l $i $N %T!< %/ 8z 2L $N 86 0x $r L@ $i $+ $K $9 $k!#

2. <B 83 ;n NA $O 0z $- >e $2 K! $K $h $j :n @= $5 $l $? Y-123 C1 7k >= D6 EA F3 BN $G $" $k!# $^ $? F@ $i $l $? 7k >= $r 1 <4 05 NO 2< $G G. =h M} $9 $k $3 $H $K $h $j AP >= LL $r <h $j =| $$ $F $$ $k!# ;n NA $N %5 %$ %: $O $* $h $= 1.2 mm ( w ) � 1.2 mm ( t ) � 0.7 mm ( d ) $G c <4 $O ;n NA $N 9- $$ LL $K ?b D> $K G[ 8~ $7 $F $$ $k!# NW 3& 29 EY T c $O 93 : 5 K $G $"$C $?!# <B 83 $O %T!< %/ 8z 2L $, 4Q B, $5 $l $? <’ 3& 6a K5 $G Campbell K! $r MQ $$ $F B, Dj $r 9T$C $?!# ;n NA $H 2C $( $? <’ 3& $N J} 8~ $r Fig. 1 $K <( $9!# $^ $?!" ;n NA $O H? <’ 3& 78 ?t $N 1F 6A $r 7Z 8: $9 $k $? $a $K c <4 J} 8~ $K F1 MM $J ;n NA $r 2 $D @Q $_ =E $M $?!# D> N. <’ 3& $r c <4 $H J? 9T $K 2C $(!" 8r N. <’ 3& $b c <4 $H J? 9T $K 2C $( $?!# 8r N. <’ 3& $N <~ GH ?t $O 35 Hz $G $"$C $?!# B, Dj $5 $l $? 8r N. <’ B+ $N ?6 I} � $H Hy >. 8r N. <’ 3& $N ?6 I} b 0 $N 4X 78 $+ $i � 0 = w + t 4 2 4 1 � 1 � 4 ( w + t ) 2 d� d b 0 ! 1 = 2 3 5 (1) $K $h $j 8r N. <’ 3& $N ?/ F~ $N ?< $5 � 0 $r I> 2A $9 $k!# :# 2s $N >l 9g $O w = t = 1.2 mm $G $" $k!# $= $7 $F � 0 - b 0 6J @~ $N @~ 7A It J, $N 8{ G[ $, 1 =� 0 J c $K Ey $7 $$ $3 $H $+ $i!" $3 $l $h $j NW 3& EE N. L) EY J c $, F@ $i $l $k!# $^ $? <’ B+ @~ $N O" B3 $N <0 $h $j!" D6 EA F3 BN I= LL $K $* $1 $k <’ B+ @~ $N JQ 0L NL $O u = � B ( w + t ) (2) $G M? $( $i $l $k!# $? $@ $7 $3 $N <0 $O <’ 3& $N ?/ F~ $, >/ $J $$ $H $- $K $N $_ 6a ;w E* $K @. N) $9 $k!# $3 $l $K H< $& <’ B+ @~ $K F/ $/ %T %s NO L) EY $N JQ 2= $O Loren tz NO $H $N D‘ $j 9g $$ $h $j F = 2 B b 0 � 0 � 0 (3) $G M? $( $i $l $k!# $3 $N 7k 2L $h $j JQ 0L - %T %s NO L) EY FC @- $, F@ $i $l!" Labusch %Q %i %a!< %?!< $H Aj 8_ :n MQ 5w N% $, 5a $^ $k!# Fig. 1: Schematic view of direction of magnetic �elds.

$^ $? SQUID $K $h $k <’ 2= B, Dj $b 9T$C $?!# 2r @O $K MQ $$ $k D> N. <’ 2= $N %R %9 %F %j %7 %9 � M [T] $O!" SQUID <’ NO 7W $K $h $j <B :] $K B, Dj $5 $l $k <’ 5$ %b!< %a %s %H $N %R %9 %F %j %7 %9 � m [emu] $r � M [T] = 4 � � 10 � 4 � � m [emu] V (4) $K Be F~ $9 $k $3 $H $K $h $j 5a $a $i $l $k!# $3 $3 $G V $O ;n NA $N BN @Q $G $" $k!# J c $, M? $( $i $l $l $P � M $O 7W ;; $G $-!" � M = J c t 6 w (3 w � t ) (5) $H $J $k!# $3 $3 $G ;n NA $N %5 %$ %: $O 1.44 mm ( w ) � 0.8 mm ( t ) � 0.36 mm ( d ) $G $" $k!# <’ 3& $N J} 8~ $O 8| $_ d $N J} 8~ $K 2C $( $?!# $7 $? $,$C $F (4) <0 $N � M $K <B 83 CM $r Be F~ $7 $F NW 3& EE N. L) EY J c $, 5a $a $i $l $k!# 3. 7k 2L 5Z $S 8! F$ Fig. 2 $K SQUID $K $h $j F@ $i $l $? 70-82 K $N 3F 29 EY $G $N <’ 2= 6J @~ $r <( $9!# $3 $N <’ 2= 6J @~ $+ $i J c $r I> 2A $7 $? 7k 2L $r Fig. 3 $K <( $9!# $3 $N ?^ $h $j 70 K $G $O J c $N %T!< %/ $, $R $H $D $@ $1 $@ $, 72 K $G >/ $7 JQ 2= $, $" $j!" 74 K 0J 9_ $G $O $O$C $- $j $H 2 $D $N %T!< %/ $K J, $+ $l $k!# $^ $? Dc <’ 3& B& $N %T!< %/ <’ 3& $O 9b 29 $K $J $k $K $D $l Dc <’ 3& B& $K!" 9b <’ 3& B& $N %T!< %/ <’ 3& $O 9b <’ 3& B& $K %7 %U %H $7 $F $$ $/ $3 $H $, $o $+ $k!# Fig. 4 $O Campb ell K! $K $h $j F@ $i $l $? 77 K, 0.5 T $K $* $1 $k � 0 - b 0 6J @~ $r <( $9!# $3 $N � 0 - b 0 6J @~ $N 79 $- $+ $i I> 2A $7 $? NW 3& EE N. L) EY J c $r Fig. 5 $K <( $9!# $3 $3 $G p $* $h $S m $O NW 3& EE N. L) EY $, $= $l $> $l 6K Bg $H 6K >. $r <h $k <’ 3& $r I= $9!# <’ 2= 6J @~ $+ $i I> 2A $7 $? J c $H F1 MM $K Dc <’ 3& B& $N %T!< %/ <’ 3& $O 9b 29 $K $J $k $K $D $l Dc <’ 3& B& $K!" 9b <’ 3& B& $N %T!< %/ <’ 3& $O 9b <’ 3& B& $K %7 %U %H $7 $F $$ $/ $3 $H $, $o $+ $k!# $^ $? Fig. 6 $O 77 K, 0.1 T $K $* $1 $k JQ 0L!< I| 85 NO FC @- $r <( $9!# $3 $N ?^ $G 6J @~ $N 79 $- $+ $i 86 E@ $r DL $k D> @~ $r 0z $-!" $= $N D> @~ $, 2 J c B $H 8r $o $k E@ $r 2 d i $H $7 $F Aj 8_ :n MQ 5w N% d i Fig. 2: Magnetization curv es at 70-82 K. Fig. 3: Observ ed critical curren t density using a SQUID magnetometer.

Fig. 4: � 0 - b 0 curve at 77 K and 0.5 T. Fig. 5: Estimated critical current densit y using the Campb ell metho d. $r I> 2A $7!" $^ $? D> @~ $N 79 $- $+ $i Labusch %Q %i %a!< %?!< � L $r I> 2A $9 $k!# $= $N I> 2A $7 $? Labusc h %Q %i %a!< %?!< � L $H Aj 8_ :n MQ 5w N% d i $N 7k 2L $N 75 K $K $* $1 $k Nc $r $= $l $> $l Fig. 7 !" Fig. 8 $K <( $9!# $3 $3 $G %T!< %/ 8z 2L $, $J $$ 0l HL E* $J >l 9g $N %T %s %K %s %0 FC @- $r 9M $( $k!# Y-123 C1 7k >= ;n NA $G $O <g MW $J %T %s $O ;@ AG 7g B; $d 3J ;R 7g 4Y $J $I $N E@ >u $N %T %s $G $" $k $H 9M $( $i $l $k!# $= $N $h $& $J $b $N $, %T %s $H $7 $F F/ $/ >l 9g $K $O Aj 8_ :n MQ 5w N% d i $O <’ B+ @~ 3J ;R 4V 3V a f $K Hf Nc $7!" d i / a f / B � 1 = 2 (6) $N $h $& $K $J $k $H M= A[ $5 $l $k!# 0l J} d i $H Labusc h %Q %i %a!< %?!< � L $N 4V $K $O!" 0J 2< $N $h $& $J 4X 78 $, $" $k!# � L d i = J c B (7) $7 $? $,$C $F J c $N <’ 3& 0M B8 @- $r J c / B � 1 (8) $N $h $& $K 2> Dj $9 $k $H (6){(8) <0 $h $j � L / B +1 = 2 (9) $H $J $k!# $3 $N 29 EY $K $* $1 $k J c $N <’ 3& 0M B8 @- $r Fig. 9 $K <( $9 $,!" = 0.9 $H $9 $k $3 $H $K $h $j %T!< %/ IU 6a $r =| $$ $F Bg BN @b L@ $G $- $k $3 $N $N CM $r MQ $$ $?!# F@ $i $l $? (6) !" (9) <0 $r $= $l $> $l Fig. 8 !" 7 $K <B @~ $G <( $7!" <B 83 7k 2L $H Hf 3S $9 $k!# Fig. 7 $K $* $$ $F � L $O J c $N %T!< %/ <’ 3& 6a K5 $G $d $d Bg $- $/ $J$C $F $$ $k $3 $H $, $o $+ $k!# $3 $N $3 $H $O %T %s $, 6/ $/ $J$C $? $3 $H $r <( $7 $F $$ $k!# $h$C $F %T!< %/ 8z 2L $N 86 0x $H $7 $F %T %s %K %s %0 5! 9= $N JQ 2= $, 9M $( $i $l $k!#$^ $? Fig. 8 $K $* $$ $F J c $N %T!< %/ <’ 3& 6a K5 $K $* $$ $F d i $, Bg $- $/ $J$C $F $* $j!" $= $N 79 8~ $O FC

Fig. 6: F orce-displacemen t c harasteristic at 77 K and 1.0 T. Fig. 7: Magnetic �eld dep endence of the Labusch parameter at 75 K. The solid line represents Eq.(9). $K 9b <’ 3& B& $N %T!< %/ <’ 3& $G $O 82 Cx $K 8+ $i $l $k!# $3 $N $3 $H $O <’ B+ @~ $, JQ 7A $7 $d $9 $/ $J $j %T %s $K ;_ $a $i $l $d $9 $/ $J$C $? $3 $H $r <( $7 $F $$ $k!# $3 $l $K $h $j %T!< %/ 8z 2L $N 86 0x $H $7 $F <’ B+ @~ 3J ;R $N >u BV $N JQ 2= $b $^ $? 9M $( $i $l $k!# 0J >e $N $3 $H $+ $i!" Y-123 C1 7k >= D6 EA F3 BN $N %T!< %/ 8z 2L $N 86 0x $H $7 $F Dc <’ 3& B&!" 9b <’ 3& B& $H $b $K %T %s %K %s %0 $N JQ 2= $H <’ B+ @~ 3J ;R $N >u BV $N JQ 2= $N N> J} $, 4X 78 $7 $F $$ $k $H 9M $( $i $l $k $,!" %T %s %K %s %0 $N JQ 2= $, 5/ $3$C $F $$ $k $H 9M $( $? $H $7 $F $b ;@ AG 7g B; ( <’ 3& M6 5/ 7? %T %s %K %s %0 ) $K $7 $F $O %T!< %/ 8z 2L $N 5/ $3 $k 29 EY $, 9b $9 $. $k $? $a @b L@ $, $D $+ $:!" $^ $? <’ B+ @~ 3J ;R $N JQ 2= $, 5/ $3$C $F $$ $k $H 9M $( $F $b 3D $+ $i 2D $X $N %/ %m %9 %*!< %P!< $K $7 $F $O <’ 3& $, Dc $9 $. $k $? $a $K $3 $l $G $b @b L@ $, $D $+ $J $$!#<! $K Fig. 10 $K %T!< %/ $H %G%#%C %W $N 5/ $3 $k <’ 3& $N 29 EY 0M B8 @- $r <( $9!# $3 Fig. 8: Magnetic �eld dep endence of in- teraction distance at 75 K. The solid line represen ts Eq.(6). Fig. 9: Magnetic �eld dep endence of crit- ical current density . The solid lines rep- resent Eq.(8) with =0.5, 0.7 and 0.9.

Fig. 10: T emparature dep endences of c harasteristic �elds at p eaks and minima of J c . Fig. 11: Phase diagram of ux lines in unt winned YBCO by Nishizaki et . al : 3) $3 $G m 1 0 $O 0J A0 $N <B 83 $K $h $k 7k 2L 2) $r <( $9!# $^ $? Fig. 11 $K Nishizaki $i $K $h $k <B 83 7k 2L 3) $r <( $9!# $3 $N <B 83 $G MQ $$ $i $l $? ;n NA $O Hs AP >= $N Y-123 C1 7k >= D6 EA F3 BN $G!" %T!< %/ $, 1 $D 4Q B, $5 $l $F $$ $k!# $3 $N ?^ $G H p $N @~ $, %T!< %/ <’ 3& $r <( $7 $F $$ $k!# $3 $N %T!< %/ <’ 3& $O 29 EY $, 9b $/ $J $k $K $D $l!" 9b <’ 3& B& $X %7 %U %H $7 $F $$ $/ $N $, $o $+ $k!# $3 $l $O :# 2s $N <B 83 7k 2L $G 9b <’ 3& B& $N %T!< %/ <’ 3& $N JQ 2= $H 79 8~ $, F1 $8 $G $" $k!# Nishizaki $i $K $h $k <B 83 7k 2L $G $O %T!< %/ 8z 2L $N 86 0x $H $7 $F <’ B+ >u BV $, <’ 3& $N A} 2C $K H< $$ <’ B+ 3J ;R >u BV $+ $i <’ B+ %0 %i %9 >u BV $X E> 0\ $9 $k $H $9 $k disorder transition 4, 5) $, 86 0x $G $" $k $H $5 $l $F $$ $k!# <’ B+ 3J ;R >u BV ( <e $$ %T %s %K %s %0 ) $+ $i <’ B+ %0 %i %9 >u BV ( 6/ $$ %T %s %K %s %0 ) $X E> 0\ $9 $k $3 $H $K $h $j <’ B+ @~ 4V $N CF @- Aj 8_ :n MQ $, <e $^ $j!" <’ B+ @~ 3J ;R $N D9 5w N% Ca =x $, <: $o $l $k $H $H $b $K <’ B+ @~ $N A: @- JQ 7A $r H< $&!# $3 $N $h $& $K %T %s $K BP $7 $F $h $j E, $7 $? 7A $K JQ 7A $7 $d $9 $/ $J $k $3 $H $+ $i Aj 8_ :n MQ 5w N% $, A} 2C $9 $k $H 9M $( $i $l $k!# $5 $i $K JQ 7A $7 $d $9 $/ $J$C $? $3 $H $+ $i <’ B+ @~ $, %T %s $H =P 2q $& 3N N( $, A} $( <’ B+ @~ $, %T %s $K ;_ $a $i $l $d $9 $/ $J $k!# $h$C $F!" Labusch %Q %i %a!< %?!< $b A} 2C $9 $k!# $3 $N $h $& $K $3 $& $7 $? E> 0\ $K $h $j � L $H d i $N A} 2C $, F1 ;~ $K @b L@ $, $G $- $k $3 $H $+ $i!" :# 2s $N 9b <’ 3& B& $N %T!< %/ 8z 2L $N 86 0x $K disorder transition $, 9M $( $i $l $k!# 4. 7k O@ NW 3& EE N. L) EY $K 2 $D $N %T!< %/ $, 4Q B, $5 $l!" 9b 29 $K $J $k $K $D $l Dc <’ 3& B& $N %T!< %/ <’ 3& $O Dc <’ 3& B& $K!" 9b <’ 3& B& $N %T!< %/ <’ 3& $O 9b <’ 3& B& $K %7 %U %H $7 $?!# $^ $? � L !" d i $H $b $K J c $N %T!< %/ <’ 3& $N 6a K5 $G $d $d Bg $- $/ $J $j!" FC $K 9b <’ 3& B& $N d i $N JQ 2= $K $D $$ $F $O $+ $J $j 82 Cx $K 8+ $i $l $k!# $7 $? $,$C $F %T %s %K %s %0 5! 9= $N JQ 2= $N $_ $G $O @b L@ $G $- $:!" <’ B+ @~ 3J ;R $N >u BV $N JQ 2= $b 4X 78 $7 $F $$ $k $H 9M $( $i $l $k!# 0J >e $N $3 $H $K $h $j 9b <’ 3& B& $N %T!< %/ 8z 2L $N 86 0x $H $7 $F!" � L !" d i $N A} 2C $, F1 ;~ $K @b L@ $9 $k $3 $H $, $G $- $k disorder transition $, 9M $( $i $l $k!#

5. <U <- K\ 8& 5f $O 0l It %( %M %k %.!<!& ;: 6H 5; =Q Am 9g 3+ H/ 5! 9= (NEDO) $+ $i $N 0Q Bw $K $h$C $F 9T $o $l $? $b $N $G!" $3 $3 $K 46 <U $N 0U $r I= $7 $^ $9!# ;2 9M J8 8% 1) A. I. Ryko v, W. J. Jang, H. Unoki and S. T a jima: A dv . Sup er c ond . VIII (Springer- V erlag, T oky o, 1996) p. 341. 2) T. Matsushita, H. Y amato, K.Y oshimitsu, K. Kiuchi, A. I. Ryko v, S. T a jima and N. Koshizuk a: Sup ercond. Sci. T ec hnol. 11 (1998) 1173 3) T. Nishizaki, T. Naito, N. Kobay ashi: Phys. Rev. B 58 (17) (1998) 4) T. Giamarchi, P . Le Doussal: Phys. Rev. Lett. 72 (1994) 1530. 5) D. Ertas and D. R. Nelson: Physica C 272 (1996) 79.