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Composition and Temperature Dependence of Structure and Piezoelectricity
in (1 ±x)(K1 ±yNay)NbO3-x(Bi1/2Na1/2)ZrO3 Lead-Free Ceramics
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Function of Temperature
84$ 6$1A$2"6.2$ <$A$'<$'D$ 5B <%$:$D62%D A$21%66%G%6+ "'<
:5// B52 3L+LWUNL; #%64 <%d$2$'6 NL; D5'D$'62"6%5' "'<
3`L" 2"6%5 %/ (%G$' %' *%(? _? =6 %/ #$::Wc'5#' 64"6 3LL
$U4%S%6/ 6#5 <%$:$D62%D A$"c/ "S5G$ 2551 6$1A$2"6.2$) D522$W
/A5'<%'( 65 64$ B$225$:$D62%D TW8 A4"/$ 62"'/%6%5' "6~I_] "M
Z7TW8[ "'< 64$ 8WD.S%D ZM[ A4"/$ 62"'/%6%5' "6~JbI "M ZM.2%$
6$1A$2"6.2$)7M[? &%64 %'D2$"/%'( NL; D5'D$'62"6%5') 64$

1"U%1.1 e2 "6 7M Ze1"U [ %'D2$"/$< "'< 7M <$D2$"/$< D5'6%'W
.5./:+) 1$"'#4%:$) 7TW8 <$D2$"/$< "'< 1$2($< #%64 64$ B$2W
25$:$D62%D @WT A4"/$ 62"'/%6%5' Z7@WT[) 2$/.:6%'( %'
D5$U%/6$'D$ 5B @ "'< 8 A4"/$/ "6 2551 6$1A$2"6.2$)
*%(? _Z")D[) #4%D4 %/ D5'/%/6$'6 #%64 64$ n@! 2$/.:6/ Z*%(? I[
"'< A2$G%5./ 2$A526/?QJ±\P -5#$G$2) 7M 2$1"%'$< "6~JIP"M
"'< 7@W8%'D2$"/$< #%64 %'D2$"/%'( L" D5'D$'62"6%5') /.(W
($/6%'( 64$ 3`L" 2"6%5 4"< :%66:$ $d$D6 5' 64$ B$225$:$D62%DW
A"2"$:$D62%D A4"/$ 62"'/%6%5' 5B 3L+LWUNL; "'< 64"6 %6/
1"O52 %'r.$'D$ %/ 5' :5#$2 6$1A$2"6.2$ 62"'/%6%5'/? &$ '56$
":/5 64"6 S25"< 2$:"U52W:%c$ A$"c/ "2$ 5S/$2G$< %' ":: D51A5W
/%6%5'/ %B 64$ NL; D5'D$'62"6%5'/ $UD$$</)9 = P?Pb? @$:"U52
S$4"G%52) 45#$G$2) %/ '56 64$ B5D./ 5B 64%/ /6.<+ "'< #$ '56$
5':+ 64"6 3L+LWUNL; B5::5#/ 62$'</ 6+A%D"::+ 5S/$2G$< %'
B$225$:$D62%D 65 2$:"U52 D51A5/%6%5'": 62"'/%6%5'/ #%64 "
62"'/B521"6%5' B251 " D:$"2:+ <$a'$< 1"D25/D5A%D /+11$62+

])BE ^E N3 +*026$1A$2"6.2$ <$A$'<$'D$ 5B n@! A"66$2'/ B52 3LP?]LWP?PQ\NL; Z"[ Yh = YP"m_P") ZS[ Yh = QQ"mQ_"j /%1.:"6%5'/ 5B /A:%66%'( 5B
64${ YPP} A$"c/ #%64 <%d$2$'6 6$1A$2"6.2$/ ZD[ JP"M) Z<[ \P"M) Z$[ _P"M) ZB[ IPP"M) Z([ I\P"M) Z4[ YPP"M) Z%[ Y\P"M) ZO[ JPP"M) "'< Zc[ J\P "M?

] ;/2'3$" /& 0@# =)#'*($3 >#'$)*( 8/(*#0:FG$3H #0 $"<



Z9 = P[ 65 A/$.<5/+11$62+ Z9 > P?Pb[ 64"6 %/ "//5D%"6$< #%64
:5// 5B :5'( 2"'($ B$225$:$D62%D 52<$2 6425.(4 D4$1%D": <%/52W
<$2 64"6 %'<.D$/ :5D": D51A$6%6%5'`B2./62"6%5' S$6#$$' A4"/$/
5B /%1%:"2 B2$$ $'$2(+?

85 D:"2%B+ 64$ /62.D6.2": $G5:.6%5' 5B 3L+LWUNL; "/ "
B.'D6%5' 5B 6$1A$2"6.2$)*3 +*026$1A$2"6.2$ <$A$'<$'D$ 5B
@"1"' "'< n@! 1$"/.2$1$'6/ B52 64$ /$:$D6$< >VN D51W
A5/%6%5' 3LP?]LWP?PQ\NL; #$2$ A$2B521$<) 64$ 2$/.:6/
B251 #4%D4 "2$ A:566$< %' *%(/? b "'< ^? 0/ /45#' %' *%(? b)
64$ ($'$2": 62$'< %/ 64"6 64$mI A$"c /4%B6$< 65 :5#$2 #"G$
'.1S$2 "'< S25"<$'/) "DD51A"'%$< S+ " (2"<.": B"<%'( 5B
64$mY A$"c? >52$ /A$D%aD"::+) 64$mI A$"c o*%(? bZD[p 2$G$":$<
" (2"<.": /4%B6 %' B2$X.$'D+ Z#"G$ '.1S$2[ .A 65 _P"M±
IPP"M "B6$2 #4%D4 64$2$ #"/ " /4"2A D4"'($ %' B2$X.$'D+)
D5%'D%<$'6 #%64 64$ S25"< A$"c/ %'e2 "6 64$ /"1$ 6$1A$2"W
6.2$ 2"'($ %' *%(? _?

N3 +*024%(4W6$1A$2"6.2$ n@! <"6" B52 3LP?]LW
P?PQ\NL; %/ /45#' %' *%(? ^ #4%D4 B5D./$< 5' $G5:.6%5' 5B
/A:%66%'( 5B 64${ YPP} A$"c/? V4"/$ D5$U%/6$'D$ #"/ "AA"2$'6
"6 2551 6$1A$2"6.2$ "/ /45#' S+ S25"< 1.:6%A:$ A$"c/ 64"6
(2"<."::+ <%/"AA$"2$< 65 S$D51$ " /%'(:$ A$"c "6 4%(4 6$1W
A$2"6.2$/ %' 64$ D.S%D A4"/$? 85 D5'a21 64$ A4"/$ $G5:.6%5'
"/ " B.'D6%5' 5B 6$1A$2"6.2$) /%1.:"6%5'/ #$2$ A$2B521$<)
*%(? ^ZD±c[? 0/ 6$1A$2"6.2$ %'D2$"/$<) 64$ D5$U%/6$'D$ 5B @W8
A4"/$/ 2$1"%'$< .A 65 _P"M±IPP"M) "B6$2 #4%D4 64$ A4"/$
/62.D6.2$ 656": 62"'/B521$< 65 " 8 "'< 64$' M A4"/$ "S5G$
7M) D5'/%/6$'6 #%64 $UA$2%1$'6":e2 "'< @"1"' /A$D625/D5A+
<"6" "/ B.'D6%5' 5B 6$1A$2"6.2$?

84$ *3 +*026$1A$2"6.2$ <$A$'<$'D$ 5B 4%(4 $:$D62%D a$:<
S%A5:"2 A5:"2%,"6%5' 4+/6$2$/%/ "'< /62"%' :55A/ B52 6#5 >VN
D51A5/%6%5'/ Z3LP?Q^LWP?PQ\NL; "'< 3LP?]LWP?PQ\NL;[
"2$ /45#' %' *%(? IP) B251 #4%D4 64$D2 "'< ! "

JJ "/ " B.'DW
6%5' 5B 6$1A$2"6.2$ #$2$ 5S6"%'$<) *%(? II? 0/ 6$1A$2"6.2$
%'D2$"/$<)D2 "'< ! "

JJ B52 S564 >VN D51A5/%6%5'/ <$D2$"/$<
:%'$"2:+) D5%'D%<$'6 #%64 " /%1%:"2 6$1A$2"6.2$ <$A$'<$'D$ 5B
AA) "/ /45#' %' 64$ %'/$6 5B *%(? II? 84$ A%$,5$:$D62%D $d$D6
%' B$225$:$D62%D D$2"1%D/ %/ "662%S.6$< 65 S564 %'62%'/%D Z:"66%D$
<$B521"6%5'[ "'< $U62%'/%D Z<51"%' #":: 156%5'[ D5'62%S.W
6%5'/? L521"::+) D2 2$r$D6/ %'62%'/%D D5'62%S.6%5') "'<! "

JJ
"'< AA D5'6"%' S564 D51A5'$'6/?QP)Qb -5#$G$2) <$6"%:$<
c'5#:$<($ 5B 64$ <51"%' 152A45:5(+ %/ 2$X.%2$< 65 B.::+
"AA2$D%"6$ 45# 64$ $U62%'/%D D5'62%S.6%5'/ %/ :%c$:+ 65 G"2+ "/
" B.'D6%5' 5B 6$1A$2"6.2$ "'< D51A5/%6%5' "'< $U6$'/%G$
62"'/1%//%5' $:$D625' 52 A%$,5B52D$ 1%D25/D5A+ %/ 2$X.%2$<?
L5'$64$:$//) 64$ <"6" A2$/$'6$< %' 64%/ D5'62%S.6%5' D:$"2:+
%::./62"6$/ 64"6 3LLWNL; /.d$2/ B251 $U62$1$ 6$1A$2"6.2$

])BE 4REN3 +*026$1A$2"6.2$ <$A$'<$'D$ 5B 4%(4 $:$D62%D a$:< S%A5:"2 A5:"2%,"6%5' 4+/6$2$/%/ "'< /62"%' :55A/ B52 6#5 >VN D51A5/%6%5'/ Z"[
3LP?Q^LWP?PQ\NL; "'< ZS[ 3LP?]LWP?PQ\NL;?

])BE 44E D2 "'< ! "
JJ "/ " B.'D6%5' 5B 6$1A$2"6.2$ B52 3LP?Q^LW

P?PQ\NL; "'< 3LP?]LWP?PQ\NL;) %'/$6 /45#/ 64$ 6$1A$2"6.2$
<$A$'<$'D$ 5BAA?

566%J6K L#$!%M'## >#'$)*(+ _



<$A$'<$'D$ #4%D4 1"+ %'4%S%6 %6/ ./"($ %' 4%(4 <2%G$ "AA:%D"W
6%5'/ "'< 4%(4W6$1A$2"6.2$ "AA:%D"6%5'/ <$/A%6$ 64$ "662"D6%G$
G":.$/ 5BAA "'< ! JJ "6 2551 6$1A$2"6.2$?

[SE P+2,DA.)+2

=' 64%/ #52c) 3LL S"/$< :$"<WB2$$ D$2"1%D/ #%64 64$ D51A5/%W
6%5' ZI$ U[Z3I $ +L" +[LST JWUZN%I`YL" I`Y[;2T J #$2$ /.DD$//W
B.::+ A2$A"2$< S+ " D5'G$'6%5'": /5:%<W/6"6$ 25.6$? &%64 64$
%'D2$"/$ %' NL; D5'6$'6) 64$ A4"/$ /62.D6.2$ 5B 3LL (2"<.W
"::+ 62"'/B521$< B251 T 65 1%U$< @W8 "'< 64$' @ A4"/$)
%'<%D"6%G$ 5B 64$ D5'/62.D6%5' 5B "' @W8 S"/$< >VN #%64
P?PQ\! NL; ! P?P\ "'< P?Q! L" ! P?_? TA6%1.1 B$225$:$DW
62%D) A%$,5$:$D62%D) "'< /62"%' A25A$26%$/ #$2$ 5S6"%'$< B52 64$
>VN D51A5/%6%5'/ #%64D2) ! JJ) AA) 8?"'< ! "

JJ 5B YQl M`D1Y)
JYP AM`L) Qbe) P?I]be) "'< QYP A1`f) 2$/A$D6%G$:+? -5#W
$G$2) <$/A%6$ 64$/$ "662"D6%G$ 2551W6$1A$2"6.2$ G":.$/ "6 64$
>VN) 64$2$ %/ " <2"1"6%D <$D2$"/$ %' A25A$26%$/ #%64 6$1A$2"W
6.2$ %'<%D"6%'( 64$ >VN %/ '56 6$1A$2"6.2$ %'<$A$'<$'6 .':%c$
%' V;8? -$'D$ 64$2$ "2$ D5'D$2'/ "S5.6 64$ G%"S%:%6+ 5B 64$/$
D51A5/%6%5'/ B52 4%(4W6$1A$2"6.2$ 52 4%(4 a$:< "AA:%D"6%5'/?

_,`2+/D"$B-"20.

84$ ".6452/ 64"'c !2? -"%U.$ 7"' B251 9.$$' >"2+ F'%G$2/%6+ 5B R5'<5'
B52 64$ 4$:AB.: <%/D.//%5'? &$ "Dc'5#:$<($ 64$ C./6"%'"S%:%6+ "'< C.S/6%6.6%5'
5B *.'D6%5'": >"6$2%":/ "'< !$G%D$/ EVC@M ZEV`RPI_\]J`I[ "'< 64$ L"6%5'":
L"6.2": CD%$'D$ *5.'<"6%5' 5B M4%'" Z\IQPYPP\[ B52 B.'<%'( "'< /.AA526%'(
64%/ #52c? 03 "'< *- "Dc'5#:$<($ 0S<.: &":% 34"' F'%G$2/%6+ >"2<"' u
LE! F'%G$2/%6+ 5B E'(%'$$2%'( "'< 8$D4'5:5(+ B52 B.'<%'( 2$/A$D6%G$:+?

I"&"'"2,".
I N? K"d$) &? @? M55c) "'< -? K"d$)D*#./#"#(0'*( >#'$)*(+ ? 0D"<$1%D V2$//)

R5'<5') L$# 752c M%6+) L$# 752c) I^_I?
Yg? -? -"$26:%'() s*$225$:$D62%D M$2"1%D/k -%/652+ "'< 8$D4'5:5(+)t;< =)<

>#'$)< 8/(< ) T?) _^_±bIb ZI^^^[?
J!? !"1O"'5G%D) s*$225$:$D62%D) !%$:$D62%D "'< V%$,5$:$D62%D V25A$26%$/ 5B

*$225$:$D62%D 84%' *%:1/ "'< M$2"1%D/)tB#-< D'/H< D@:+<) V4) IY]_ ±JYQ
ZI^^b[?

Q8? @? C425.6 "'< C? ;4"'() sR$"<W*2$$ V%$,5$:$D62%D M$2"1%D/k 0:6$2'"6%G$/
B52 V;8)t ;< I"#(0'/(#'$)< ) 4^) IIJ ±Y] ZYPP_[?

\ @? g.5) R? E? M25//) C? WE? V"2c) N? L54$<") !? E? M5U) "'< g? C4%2"'$)
sT2%(%' 5B 64$ -%(4 V%$,5$:$D62%D @$/A5'/$ %' VS;2IWU8%UT J)t D@:+< B#O< L#00<)
TO) \QYJ±] ZYPPP[?

] EFW!%2$D6%G$ YPPY`^]`EM) s&"/6$ E:$D62%D": "'< E:$D625'%D EX.%A1$'6
Z&EEE[)t PQ< ;< I2'< R3*/3) OV) YQ±Jb ZYPPJ[?

_EFW!%2$D6%G$ YPPY`^\`EM) s@$/62%D6%5' 5B 64$ F/$ 5B M$26"%' -","2<5./
C.S/6"'D$/ %' E:$D62%D": "'< E:$D625'%D EX.%A1$'6 Z@5-C[)tPQ< ;< I2'<
R3*/3) OV) I^ ±YJ ZYPPJ[?

bK? @!5<$:) 3? g? &$SS$2) @? !%661$2) &? K5) >? 3%1.2") "'< !? !"1W
O"'5G%D) s82"'/B$22%'( R$"<W*2$$ V%$,5$:$D62%D M$2"1%D/ ='65 0AA:%D"6%5')t;<
I2'< >#'$)< 8/(< ) <Y) I]\^ ±bI ZYPI\[?

^>? !? >"$<$2) !? !"1O"'5G%D) "'< L? C$66$2) sR$"< *2$$ V%$,5$:$D62%D
>"6$2%":/)t ;< I"#(0'/(#'$)< ) 4<) Jb\±^Y ZYPPQ[?

IPK? @5<$:) &? K5) 3? 8? V? C$%B$26) E? >? 0'65') 8? g2"',5#) "'< !? !"1W
O"'5G%D) sV$2/A$D6%G$ 5' 64$ !$G$:5A1$'6 5B R$"<W*2$$ V%$,5D$2"1%D/)t;<
=)< >#'$)< 8/(< ) ^?) II\J ±__ ZYPP^[?

II 0? C"B"2% "'< >? 0S","2%) sR$"<W*2$$ V%$,5$:$D62%D M$2"1%D/ "'< 84%'
*%:1/)t NIII 7'$3+< R"0'$+/3< M#''/#"#(0'< M'#S< >/30'/") YX) YI]\ ±_]
ZYPIP[?

IY8? 8"c$'"c" "'< -? L"("6") sM.22$'6 C6"6./ "'< V25/A$D6/ 5B R$"<W*2$$
V%$,5$:$D62%D M$2"1%D/)t;< I2'< >#'$)< 8/(< ) ?Y) Y]^J±_PP ZYPP\[?

IJ !? 9? n%"5) K? g? &.) R? &.) K? g? ;4.) V? 7.) $6 ":?) s='G$/6%("6%5' 5'
64$ M51A5/%6%5' !$/%(' "'< V25A$26%$/ C6.<+ 5B V$25G/c%6$ R$"< *2$$ V%$,5W
$:$D62%D M$2"1%D/)t;< T$0#'< 8(*<) 4^) \QPb±I^ ZYPP^[?

IQV? 3? V"'<") s@$G%$#k E'G%25'1$'6": *2%$'<:+ R$"<W*2$$ V%$,5$:$D62%D
>"6$2%":/)t ;< T$0#'< 8(*<) OO) \PQ ±̂]Y ZYPP^[?

I\ K? g? &.) !? 9? n%"5) "'< K? g? ;4.) sV56"//%.1WC5<%.1 L%5S"6$ R$"<W
*2$$ V%$,5$:$D62%D >"6$2%":/k V"/6) V2$/$'6) "'< *.6.2$ 5B V4"/$ N5.'<"2%$/)t
>@#)< B#O<) 44Y) Y\\^ ±^\ ZYPI\[?

I] K? *? R%) 3? &"'() *? 7? ;4.) R? 9? M4$'() "'< *? ;? 7"5) sZ3)L"[
LST JWN"/$< R$"<W*2$$ V%$,5D$2"1%D/k *.'<"1$'6": 0/A$D6/) V25D$//%'( 8$D4W
'5:5(%$/) "'< @$1"%'%'( M4"::$'($/)t ;< =)< >#'$)< 8/(< ) ^V) J]__±^] ZYPIJ[?

I_ R? E($265' "'< !? >? !%::5') sV%$,5$:$D62%D "'< !%$:$D62%D V25A$26%$/ 5B
M$2"1%D/ %' 64$ C+/6$1 V56"//%.1 C5<%.1 L%5S"6$)t;< =)< >#'$)< 8/(< ) O?)
QJb±QY ZI^\^[?

Ib 7? C"%65) -? 8"c"5) 8? 8"1%) 8? L5'5+"1") 3? 8"c"652%) $6 ":?) sR$"<W
*2$$ V%$,5D$2"1%D/)t6$02'#) O<?) bQ±_ ZYPPQ[?

I^ E? M25//) sR$"<W*2$$ "6 R"/6)t6$02'#) O<?) YQ±\ ZYPPQ[?
YPE? @%'(""2< "'< 8? &.2:%6,$2) sR$"<W*2$$ V%$,5D$2"1%D/ N"/$< 5' 0:c":%

L%5S"6$/)t;< I2'< >#'$)< 8/(< ) ?Y) Y_PI±_ ZYPP\[?

YI3? &"'( "'< K? *? R%) sR5#W8$1A$2"6.2$ C%'6$2%'( 5B R%W>5<%a$< Z3)
L"[LST J R$"<W*2$$ M$2"1%D/k C%'6$2%'( N$4"G%52) >%D25/62.D6.2$) "'< E:$DW
62%D": V25A$26%$/)t;< =)< >#'$)< 8/(< ) ^<) IIPI ±_ ZYPIP[?

YY7? R? &"'() !? !"1O"'5G%D) L? 3:$%') "'< L? C$66$2) s-%(4W8$1A$2"6.2$
='/6"S%:%6+ 5B R%W "'< 8"W>5<%a$< Z3) L"[LSTJ V%$,5D$2"1%D/)t;< =)<
>#'$)< 8/(< ) ^4) I^]Y ±_P ZYPPb[?

YJ8? 0? Cc%<152$ "'< C? K? >%:'$) sV4"/$ !$G$:5A1$'6 !.2%'( >%U$<W
TU%<$ V25D$//%'( 5B " oL"P?\3 P?\LST JpIWUWoR%8"TJpU V5#<$2)t ;< T$0#'< B#+<)
??) YY]\±JJ] ZYPP_[?

YQC? ;4"'() -? K? R$$) M? >") "'< n? 8"') sC%'6$2%'( Ed$D6 5' >%D25/62.DW
6.2$ "'< V25A$26%$/ 5B Z3)L"[LSTJ M$2"1%D/)t;< =)< >#'$)< 8/(< ) ^O) J]\^ ±
]\ ZYPII[?

Y\7? g.5) 3? 3"c%1565) "'< -? T4/"65) sV4"/$ 82"'/%6%5'": N$4"G%52 "'<
V%$,5$:$D62%D V25A$26%$/ 5B L"P?\3 P?\LST JWR%LSTJ M$2"1%D/)t=--"< D@:+<
L#00<) TY) QIYI±J ZYPPQ[?

Y]>? >"6/.S"2") 8? 7"1"(.D4%) 3? 3%c.6") "'< C? -%2"'5) sEd$D6 5B R%
C.S/6%6.6%5' 5' 64$ V%$,5$:$D62%D V25A$26%$/ 5B V56"//%.1 C5<%.1 L%5S"6$
M$2"1%D/)t;-3< ;< =--"< D@:+<) OO) ]IJ] ±QY ZYPP\[?

Y_C? ;4"'() @? n%") "'< 8? @? C425.6) s>5<%a$< L"P?\3 P?\LST J N"/$<
R$"<W*2$$ V%$,5$:$D62%D/ &%64 N25"< 8$1A$2"6.2$ F/"($ @"'($)t=--"< D@:+<
L#00<) ^4) IJY^IJ) JAA ZYPP_[?

YbE? 3? 0c<5("') 3? 3$21"') >? 0S","2%) "'< 0? C"B"2%) sT2%(%' 5B -%(4
V%$,5$:$D62%D 0D6%G%6+ %' *$225$:$D62%D Z3P?QQL" P?\YR%P?PQ[WZLSP?bQ8" P?ICSP?P][T J

M$2"1%D/)t=--"< D@:+< L#00<) ^?) IIY^Pb) JAA ZYPPb[?
Y^;? V? 7"'() 7? *? M4"'() "'< R? R? &$%) sV4"/$ 82"'/%6%5'": N$4"G%52

"'< E:$D62%D": V25A$26%$/ 5B R$"<W*2$$ Z3P?QQL" P?\YR%P?PQ[ZLSP?^]WU8" UCSP?PQ[T J

V%$,5$:$D62%D M$2"1%D/)t=--"< D@:+< L#00<) ^R) PQY^II) JAA ZYPP_[?
JP3? &"'() "'< K? *? R%) s!51"%' E'(%'$$2%'( 5B R$"<W*2$$ R%W>5<%a$<

Z3)L"[LST J V5:+D2+/6":/ &%64 -%(4:+ E'4"'D$< V%$,5$:$D62%D%6+)t=!O< M23(0<
T$0#'<) ?R) I^YQ±̂ ZYPIP[?

JI V? ;4"5) N? V? ;4"'() "'< K? *? R%) s-%(4 V%$,5$:$D62%D <JJ M5$HD%$'6 %'
R%W>5<%a$< R$"<W*2$$ ZL")3[LSTJ M$2"1%D/ C%'6$2$< "6 TA6%1": 8$1A$2"W
6.2$)t =--"< D@:+< L#00<) ^R) YQY^P^) JAA ZYPP_[?

JY!? >? R%') 3? &? 3#5c) 3? -? R"1) "'< -? R? & M4"') sC62.D6.2$ "'<
E:$D62%D": V25A$26%$/ 5B L"P?\3 P?\LST JWR%CSTJ R$"<W*2$$ V%$,5$:$D62%D M$2"1W
%D/)t;< =--"< D@:+<) 4R4) P_QIII) ]AA ZYPP_[?

JJ@? V? &"'() -? N"'<5) 8? 3"6/.1"6") 7? ='"(.1") -? 8"'%(.D4%) "'< >?
=654) s8.'%'( 64$ T26452451S%DW@451S54$<2": V4"/$ 82"'/%6%5' 8$1A$2"W
6.2$ %' C5<%.1 V56"//%.1 L%5S"6$ S+ ='D52A52"6%'( N"2%.1 ;%2D5'"6$)tD@:+<
80$02+ 8/"*!* BBL) <) IQY±Q ZYPP^[?

JQN? 7? ;4"'() K? g? &.) n? V? &"'() n? K? M4$'() K? g? ;4.) "'< !? 9?
n%"5) s@451S54$<2":WT26452451S%D V4"/$ M5$U%/6$'D$ "'< E:$D62%D": V25A$2W
6%$/ 5B 8" "'< N";2TJ M5W>5<%a$< Z3) L"[LSTJ R$"<W*2$$ M$2"1%D/)t>2''<
=--"< D@:+<) 4<) I]Q_±\P ZYPIJ[?

J\ @? ;.5) !? RG) K? *.) 7? R%.) "'< R? R%) sV4"/$ 82"'/%6%5' "'< E:$D62%D":
V25A$26%$/ 5B R$"< *2$$ ZL"P?\3 P?\[LST JWN%0:TJ M$2"1%D/)t;< =""/:+ >/)-! )
OXV) bJ]±^ ZYPP^[?

J] -? !.) &? ;45.) *? R.5) !? ;4.) C? 9.) $6 ":?) s!$/%(' "'< E:$D62%D":
V25A$26%$/ ='G$/6%("6%5' 5B ZL"P?\3 P?\[LST JWN%>$TJ R$"<W*2$$ V%$,5$:$D62%D
M$2"1%D/)t;< =--"< D@:+<) 4RO) PJQIPQ) _AA ZYPPb[?

J_M? ;4"'() ;? M4$') &? K%") R? &"'() 7? N? M4$') $6 ":?) sM2+/6": C62.DW
6.2$/ "'< E:$D62%D": V25A$26%$/ 5B ZIWU[L"P?\3 P?\LST JWnN%P?bR"P?Y*$T J R$"<W
*2$$ M$2"1%D/)t;< =""/:+ >/)-! ) YR)̂ YQY\±^ ZYPII[?

Jb&? *? R%"'() &? K? &.) !? 9? n%"5) K? >? ;4.) K? g? ;4.) "'< K? g? &.)
sL$# M2+/6"::5(2"A4%D !%$:$D62%D V4"/$ N5.'<"2+ %' L"P?\3 P?\LST JWN"/$<
R$"<W*2$$ M$2"1%D/)tD@:+< 80$02+ 8/"*!* BBL) Y) YYP±Y ZYPII[?

J^@? ;? ;.5) "'< K? *.) s@451S54$<2":W@$62"(5'": V4"/$ M5$U%/6$'D$ "'<
V%$,5$:$D62%D V25A$26%$/ 5B ZL"3[ZLSCS[TJWR%8"TJWN";2TJ R$"<W*2$$ M$2"1W
%D/)t;< =)< >#'$)< 8/(< ) ^O) IQ]_±_P ZYPII[?

QP@? ;? ;.5) K? *.) C? N? R.) "'< ;? 3? n.) sL521": 65 @$:"U52 *$225$:$DW
62%D 82"'/%6%5' "'< !51"%' >52A45:5(+ EG5:.6%5' %' Z3)L"[ZLS)CS[TJW
R%8"TJWN";2TJ R$"<W*2$$ M$2"1%D/)t;< =)< >#'$)< 8/(< ) ^O) QJ\Y±_ ZYPII[?

QIK? *.) @? ;? ;.5) C? M? &.) K? ;? K%"'() R? R%) $6 ":?) sE:$D62%D *%$:<
='<.D$< ='6$21$<%"6$ V4"/$ "'< V5:"2%,"6%5' @56"6%5' V"64 %' 0:c":%'$ L%5W
S"6$ N"/$< V%$,5D$2"1%D/ M:5/$ 65 64$ @451S54$<2": "'< 8$62"(5'": V4"/$
N5.'<"2+)t =--"< D@:+< L#00<) 4RR) IYY^PY) \AA ZYPIY[?

QYN? 7? ;4"'() K? g? &.) n? K? M4$'() n? V? &"'() !? 9? n%"5) $6 ":?)
sR$"<W*2$$ V%$,5$:$D62%D/ N"/$< 5' V56"//%.1 C5<%.1 L%5S"6$ &%64 g%"'6
<JJ)t =>8 =--"< T$0#'< N30#'&$(#+) Y) __Ib±Y\ ZYPIJ[?

QJM? R%.) !? 9? n%"5) 8? -."'() K? g? &.) *? n? R%) $6 ":?) sM51A5/%6%5' ='<.D$<
@451S54$<2":W8$62"(5'": V4"/$ N5.'<"2+ %' N";2T J >5<%a$<
Z3P?QQ\L" P?\PR%P?P\\[LST J R$"<W*2$$ M$2"1%D/)tT$0#'< L#00<) 4?R) Y_\±b ZYPIQ[?

QQn? V? &"'() K? g? &.) !? 9? n%"5) K? g? ;4.) n? K? M4$'() $6 ":?) sg%"'6
V%$,5$:$D62%D%6+ %' V56"//%.1WC5<%.1 L%5S"6$ R$"<W*2$$ M$2"1%D/)t;< =)<
>@#)< 8/(<) 4<V) Y^P\±IP ZYPIQ[?

Q\n? V? &"'() 8? ;4$'() K? g? &.) !? 9? n%"5) K? g? ;4.) $6 ":?) sM4"2"DW
6$2%/6%D/ 5B g%"'6 V%$,5$:$D62%D%6+ 025.'< 64$ @451S54$<2":W8$62"(5'": V4"/$
N5.'<"2+ %' Z3)L"[LST JWN"/$< M$2"1%D/ &%64 !%d$2$'6 0<<%6%G$/)t;<
T$0#'< >@#)< =) <) I\^\I ±]I ZYPI\[?

Q]8? ;4$'() K? g? &.) !? 9? n%"5) "'< K? g? ;4.) sC625'( V%$,5$:$D62%D%6+
%' ZIWU[Z3P?QL" P?][ZLSP?^]CSP?PQ[T J$ nN%P?\3 P?\;2 I $ +C' +T J R$"<W*2$$ N%'"2+
C+/6$1k =<$'6%aD"6%5' "'< @5:$ 5B >.:6%A4"/$ M5$U%/6$'D$)t=>8 =--"<
T$0#'< N30#'&$(#+) X) \^Y_±J_ ZYPI\[?

Q_8? ;4$'() K? g? &.) !? 9? n%"5) K? g? ;4.) n? K? &"'() "'< n? K? R5.)
sV56"//%.1WC5<%.1 L%5S"6$ R$"<W*2$$ M$2"1%D/k >5<%a$< C62"%' "/ &$:: "/
V%$,5$:$D62%D%6+)t;< T$0#'< >@#)< =) <) Ib]b ±_Q ZYPI\[?

QbK? C? ;45.) 3? &"'() *? ;? 7"5) 8? ;4$'() K? g? &.) $6 ":?) s>.:6%WCD":$
84$21": C6"S%:%6+ 5B L%5S"6$WN"/$< R$"<W*2$$ V%$,5D$2"1%D/ &%64 R"2($
V%$,5$:$D62%D%6+)t;< T$0#'< >@#)< >) <) b_bP±_ ZYPI\[?

b ;/2'3$" /& 0@# =)#'*($3 >#'$)*( 8/(*#0:FG$3H #0 $"<



Q^7? 7? &"'() R? -.) 9? R? ;4"'() "'< -? 7"'() sV4"/$ 82"'/%6%5' M4"2W
"D6$2%/6%D/ "'< 0//5D%"6$< V%$,5$:$D62%D%6+ 5B V56"//%.1WC5<%.1 L%5S"6$ R$"<W
*2$$ M$2"1%D/)tU$"0/3 7'$3+<) OO) IJ]bb ±̂ ^ ZYPI\[?

\P;? &"'() !? 9? n%"5) K? g? &.) >? n%"5) *? n? R%) "'< K? g? ;4.) sL$#
R$"<W*2$$ ZL"P?\3 P?\[LST J±nZN%P?\L" P?\[;2T J M$2"1%D/ &%64 -%(4 V%$,5$:$DW
62%D%6+)t;< =)< >#'$)< 8/(< ) ^X) ]bb±̂ P ZYPIQ[?

\I C6"'<"2</ M511%66$$ 5B 64$ =EEE F:62"/5'%D/)M#''/#"#(0'*(+ $3! M'#%
S2#3(: >/30'/" 8/(*#0:? VNIII 80$3!$'! /3 D*#./#"#(0'*(*0:W ? 01$2%D"'
L"6%5'": C6"'<"2</ ='/6%6.6$) L$# 752c M%6+) L$# 752c) I^b_?

\YC? ;4"'() E? *? 0:S$26") @? E? E%6$:) M? 0? @"'<"::) "'< 8? @? C425.6)
sE:"/6%D) V%$,5$:$D62%D) "'< !%$:$D62%D M4"2"D6$2%,"6%5' 5B >5<%a$< N%CDTJW
VS8%TJ M$2"1%D/)tNIII 7'$3+< R"0'$+/3*(+? M#''/#"#(0'< M'#S< >/30'/") Y?)
YIJI ±^ ZYPP\[?

\J M? R"2/5' "'< @? N? f5' !2$$:$) sg$'$2": C62.D6.2$ 0'":+/%/ C+/6$1
ZgC0C[)t L/+ ="$)/+ 6$0*/3$" L$4/'$0/': B#-/'0 L=RB ) R5/ 0:"15/) YPPQ?

\Q-? 85S+) sEnVgF=) " g2"A4%D": F/$2 ='6$2B"D$ B52 gC0C)t;< =--"<
>':+0 ) <O) YIP±J ZYPPI[?

\\ 3? 3"c%1565) 3? 0c"5) 7? g.5) "'< -? T4/"65) s@"1"' CD"66$2%'(
C6.<+ 5B V%$,5$:$D62%D ZL"P?\3 P?\[LST JWR%LSTJ M$2"1%D/)t;-3< ;< =--"<
D@:+<) OO) _P]Q±_ ZYPP\[?

\] ;? 7? R%.) -? 9? *"') "'< >? >? R%) s-%(4 8$1A$2"6.2$ C6"S:$ !%$:$D62%D
V25A$26%$/ 5B Z3P?\L" P?\[P?^b\N%P?PI\LS P?^M̂. P?PIT J M$2"1%D/ &%64 M52$WC4$::
>%D25/62.D6.2$/)t;< T$0#'< >@#)< >) <) \b\I ±b ZYPI\[?

\_ 0? 34$/25) @? N5/65') =? C6$2%"'5.) !? M? C%'D:"%2) "'< =? >? @$"'$+)
sV4"/$ 82"'/%6%5'/) !51"%' C62.D6.2$) "'< V/$.<5/+11$62+ %' R"W "'< 8%W
!5A$< N%*$TJ)t ;< =--"< D@:+<) 44 )̂ P\QIPI) bAA ZYPI][?

\b =? R$G%') "'< =? >? @$"'$+) sL"'5W "'< >$/5/D":$ C62.D6.2$ 5B L"I`YN%I`
Y8%TJk 0 8E> V$2/A$D6%G$)t=!O< M23(0< T$0#'<) ??) JQQ\±\Y ZYPIY[?

\^ =? R$G%') =? >? @$"'$+) E? W>? 0'65') &? K5) K? @5<$:) $6 ":?) sR5D":
C62.D6.2$) V/$.<5/+11$62+) "'< V4"/$ 82"'/%6%5'/ %' L"I`YN%I`Y8%TJW3I`YN%I`
Y8%TJ M$2"1%D/)tD@:+< B#O< J) TX) PYQIIJ) IIAA ZYPIJ[?

]PM? 0? @"'<"::) L? 3%1) K? 3.D$2") &? M"5) "'< 8? @? C425.6) s='62%'/%D
"'< EU62%'/%D C%,$ Ed$D6/ %' *%'$Wg2"%'$< >52A45625A%DWV4"/$WN5.'<"2+
R$"< ;%2D5'"6$ 8%6"'"6$ M$2"1%D/)t;< =)< >#'$)< 8/(< ) T4) ]__±bb ZI^^b[?

]I !? &"'() >? M"5) "'< C? ;4"'() s='G$/6%("6%5' 5B 8$2'"2+ C+/6$1
VS-BT JWVS8%TJWVSZ>(I`J LS Y`J[T J &%64 >52A45625A%D V4"/$ N5.'<"2+ M51W
A5/%6%5'/)t;< =)< >#'$)< 8/(< ) ^Y) JYYP±b ZYPIY[?

]Y*? M4$') 7? -? R%) g? 7? g"5) *? ;? 7"5) 3? &"'() $6 ":?) s='6$2(2"'.:"2
C62$// ='<.D$< V4"/$ 82"'/%6%5' %' M";2TJ >5<%a$< 3LLWN"/$< R$"<W*2$$
V%$,5$:$D62%D/)t;< =)< >#'$)< 8/(< ) ^T) IJ_Y±] ZYPI\[?

]J 7? 9%') K? ;4"'() 7? 8"') &? 7"5) M? &"'() "'< C? ;4"'() s!51"%'
M5'a(.2"6%5' "'< V%$,5$:$D62%D V25A$26%$/ 5B Z3P?\PL" P?\P[IWUR%UZLSP?bP8" P?YP[
T J M$2"1%D/)t;< I2'< >#'$)< 8/(< ) <O) QI__±bQ ZYPIQ[?

]QC? ;4"'() @? n%") R? R$S2.') !? 0'<$2/5') "'< 8? @? C425.6) sV%$,5$:$DW
62%D >"6$2%":/ B52 -%(4 V5#$2) -%(4 8$1A$2"6.2$ 0AA:%D"6%5'/)tT$0#'< L#00<)
Y )̂ JQ_I±\ ZYPP\[? h

566%J6K L#$!%M'## >#'$)*(+ ^


