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

23'4)-),*$15'(3'6#70/185'93':"5'93';")5'(3'<8"5'=3'>/5'
43'?#@185'(3'4)@%)-$A5'>3':),B#%8)B#5'?3'C*,/#$5'D3'9%/185''''''
'''''''''''''''''''''''''''''''
'''''''''''''''''''''''''''''''''>"E)@'(/%#@
'''''''''''''''F),%8'+#,)-/$#'9%#%*'G$/B*,@/%A

!!!!!!!!!!!!!!!!!!!!!

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

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

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%34+#11,!+25!67869:!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7$;)!<=:)!<=<!



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

!

''''''''''''''''''''''''''''''''(*%8)05'/$'#'$"%@8*--'



'H,)7*1%')"%'%8*'I,)"$0'@%#%*'J'
/&#I/$#,A'%/&*'918,)0/$I*,'*K3'LM*,&/'NOPPQ

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

R,)7*1%),'/$'
R#,#&*%*,'!

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

$
"!#

%,/#-'S#B*
T"$1%/)$

I,)"$0'@%#%*
)T'I/B*$'@A&&3

!!!!!!!!"#$%&'()$*+&,$-.()$*!&/.0()$*!!!!1.'-)2)0*+)304)*0#5!()3&!6'78!&/8

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

#''''''J''/$%*,#1%/$I'K"#$%"&'R#,%/1-*@5'*I5''*-*1%,)$@'U'/)$@

!$""
!
! "
"
! %%% ! "

#
#'J''PFV0/&3'1)$%/$")"@'@R#1*

%-
"
!"! ! " #$# !"! ! " #

9#&&*:;!T"$1%/)$'''''''''''''''''''''''''''''''''''''''''''''''''''''''J'%,#$@/%/)$'R,)E#E/-/%A'% "! !! & !+#$.!/!"#"%+ # #/! & 0



'9%)18#@%/1'&*%8)0'T),'@)-B/$I'%8*'*B)-"%/)$'

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

!!

'''''''''''''''(#R'/%')$%)'#$'*K"/B#-*$%'@%)18#@%/1'R,)1*@@.'

'W#-"*')T'%8*'S#B*T"$1%/)$'X'0*$@/%A')T'@#&R-/$I'R)/$%@'/$'PFV@R#1*
'''''
''''
'''@#&R-/$I'R)/$%@'J'YS#-Z*,@['J'*/I*$@%#%*@')T'R)@/%/)$')R*,#%),
'''''''

'''''9)-"%/)$.'%#Z*'@8),%V%/&*'#RR,)\3'%)''''''''''''''''''''''#$0'/%*,#%*

'''''''''''']@@*$%/#--A.'M*A$&#$'R#%8'/$%*I,#-@'/$']"1-/0*#$'%/&*'

! "! ! " # $ '()* 12
+

,-./(0*

3 "!%!
$
"" ##4*5

*"-"+*"+1-.

% "! !! & !+#

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



^)A'&)0*-.'NC'8#,&)$/1')@1/--#%),

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

H,)R#I#%),

% "2 ! 2 & !+#

+

"

!0/TT"@/)$'

!
+)+"

"2#

3 (
%"2%2 & #&6&+7(

%"4 "2#%5
$
#+

!
6078)'

"2#

#$$*4 "2 #

S*/I8%

4 "2#$2&



9/I$'R,)E-*&.'T*,&/)$/1'S#B*'T"$1%/)$@'#,*'E)%8'U'#$0'V

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

!F#_B*'#RR,)#18.'0*1)&R)@*'%)'U'#$0'V

:)S*B*,5''U'#$0'V'1)&R)$*$%@'#,*'/$0*R*$0*$%'L-/$*#,/%A')T'9183'*K3Q'J''
E)%8'1)&R)$*$%@'1)$B*,I*'%)'%8*'-)S*@%'*$*,IA'@)-"%/)$'J'E)@)$/1'`

!
$
"!#$!

$

9"!#%!
$

: "!#

%-
"
!9"! ! " #$# !9"! ! " #

!M*,&/)$/1'a@/I$#-a'0*1#A@'*\R)$*$%/#--A'K"/1Z-A'/$%)'#'E)@)$/1'a$)/@*a'

.+;
"&'

!9"! ! " #% < .+;
"&'

! :"! ! " # <( <!"# 1%"5
=(0;+7)+1

%5
>7*7)+1

# " 4

%-
"
! : "! ! " #$# ! : "! ! " #

!<!!!!!=



9)-"%/)$.'/&R)@*'#'1)$@%,#/$%'J''T/\*0V$)0*'
#RR,)\/&#%/)$'0/TT"@/)$'()$%*'+#,-)'LMFC(+Q'

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

? "! ! "*+#$,%@ "! !! & !+# ? "! & ! " #' ! &

M/\*0V$)0*'LMFQ'#RR,)\/&#%/)$.'

''''''''''''''''''''''''''''''''''''''''''''''''''''''
''''''''''

^8*$'%8*'R,)0"1%'/@'$)$$*I#%/B*.''''''''''''

)""
!
! "
"
! %%% ! "

#
#$$

8
$
9!:;9! ! ":$ ? 9! ! ":<$

()0/TA'%8*'918,3'*K3'#11),0/$I-A.

^8*'R,)7*1%/)$'''''''''''''''''''''''''''''''''''''''''''''''''''''''$)S'0*R*$0@')$'

%8*'T*,&/)$'$)0*.'LPFVNQV0/&3'8AR*,@",T#1*'0*T/$*0'#@'

+-*#,-A5'%8*'$)0*'0/B/0*@'%8*'1)$T/I",#%/)$'@R#1*'/$%)'U'#$0'b'0)&#/$@3''

*+6) 1;9! ! " :4 $ *+6) 18
$
9!:4

? 9! ! "=': <( <8
$
9!:;

6078)'
9!:

A



M*,&/)$'$)0*'%)A'&)0*-.'*\1/%*0'@%#%*')T'8#,&)$/1'
)@1/--#%),

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

"#$>040($#

% "2 ! 2 & !+#

+

"

!
+)+"

"2#

!
(21+"

"2 #

#$$*4 "2 #
4 "2#$2&

U'$)0*'LE)"$0#,A'1)$03Q
$)0*

!0/TT"@/)$'

3 (
%"2% 2 & #&6&+7(

%"4 "2#%5
$
#+

,*$),&



M/\*0V$)0*'#RR,)\/&#%/)$'#$0'T*,&/)$'$)0*@

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

V'#$%/@A&&*%,A'L$)$-)1#-Q',*R-#1*0'EA'#'E)"$0#,A'L-)1#-Q'J'E)"$0#,/*@
''#,*'*#@A'%)'*$T),1*
'
V'*\#1%'$)0*'/&R-/*@',*1)B*,/$I'*\#1%'*$*,IA'L/$'R)-A$)&/#-'%/&*Q

V'*\#1%'$)0*@'I*$*,#--A'"$Z$)S$5'8)S*B*,5'#RR,)\/&#%*'$)0*@'
''@"R,/@/$I-A'#11",#%*'L#$0'@A@%*&#%/1#--A'/&R,)B#E-*Q
''
'''''''''''

PC'@"E@*%')T'cOV0/&3'$)0*

S#B*'T"$1%/)$'B#-"*



!(+'1#-1"-#%/)$@.'E#@/1'@%*R@'

':#&/-%)$/#$.''V')T%*$'B#-*$1*'*V')$-A5'"@/$I'R@*"0)R)%@d]+H@
'''''''''''''''''''''''''V'*\R-/1/%'*V*'/$%*,#1%/)$@5'T"--'&#$AV&#$A'E)0A

'^,/#-'S#B*'T"$1%/)$@.
''''''''''''''''''''
'''''''''''''''''''''''''V'1),,*1%'@A&&*%,/*@
'''''''''''''''''''''''''V'@#&R-/$I'*TT/1/*$1A
'''''''''''''''''''''''''V'1#R%",*'%8*'R8A@/1@
'''''''''''''''''''''''

+)&&)$-A'"@*0'1),,*-#%*0'9-#%*,V2#@%,)S'%AR*.

),
8
$0+-.

$'(" > 1?;
@
A4'(" B 1?;

C
A4!"#1B

1700
4

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

8
$0+-.

$2
/
1
/
'("

/

> 1?;
@
A4'("

/

B 1?;
C
A4!"#1B

1700
4



!(+'1#-1"-#%/)$@.'E#@/1'@%*R@'DD'

''e,E/%#-@'''''''''''''''T,)&'.''V':#,%,**VM)1Z5'R)@%V:M'
'''''''''''''''''''''''''''''''''''''''''''V'C*$@/%A'M"$1%/)$#-'^8*),A5'8AE,/0'CM^'
'''''''''''''''''''''''''''''''''''''''''''V'R)@@/E-A'+D'L$#%",#-'),E/%#-@Q5'*%1

''''''''''''''''''''''''''''''''''''''J'!(+'/$%*,T#1*0'S/%8')%8*,'1)0*@

'']\R-/1/%'1),,*-#%/)$@.''

'''''''''''''''''''''''''''''''''''''''''''V'')R%/&/f*0'B#,/#%/)$#--A'
''

'''S8*,*'%8*'@#&R-*@'#,*'0/@%,/E"%*0'#@'

B
1700

$2
+ ! C

?
(%(

90
+C
:D2

+ ! D

?
(%+7)

90
+D
:D%%%

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

?;
@
A !?;

C
A

5
4E3
<$<

,8
$

& 1# 8
$
68

$
4' !

,8&
' !

<$ <
'

E
2
*-;F.(

E # 8
$
9!

*-;F.(
:

8
$
9!

*-;F.(
:

DE
*"-"

9' 6F9E ::

!
$

& "!#



!(+'1#-1"-#%/)$@.'E#@/1'@%*R@'DDD'

''!"#$%/%/*@'S8/18'0)'$)%'1)&&"%*'S/%8':#&/-%)$/#$'#,*
''&),*'1)&R-/1#%*0'J'C(+'R,)0"1*@')$-A'&/\*0'*@%/&#%),@''
'''''''''
'''''''''''''''''''''''''''''''''''''''''''

''+),,*1%/)$.''

'''''''''''''''''''''''''''''''''''''''''''
''

'(*%8)0@'@"18'#@',*R%#%/)$'(+'@#&R-*'%8*'@K"#,*')T'%8*'S#B*'
'T"$1%/)$'E"%'@/I$/T/1#$%-A'&),*'*\R*$@/B*

.G0
HE3

$.8
$
/G/8

HE3
0

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

.G0 G & . 8
$
/G/8

HE3
0 %. 8

$
/G/8

$
0



!(+'1#-1"-#%/)$@')T'@)-/0@'

''''''''''''''''
'''9)-/0@.'R*,/)0/1'@"R*,1*--@

'''V'+)"-)&E'R)%*$%/#-'*$*,IA'J']S#-0'@"&@

'''V'Z/$*%/1'*$*,IA.'@#&R-/$I')T'ZVR)/$%@')T'%8*'
'''''@"R*,1*--'6,/--)"/$'f)$*''J'%S/@%'#B*,#I*@
'''''''''''''''''''''''''
'''V'%S/@%'#B*,#I*'@%#%*@'#,*'$)%'$*1*@@#,/-A'R*,/)0/1'S/%8'%8*'
'''''@"R*,1*--5'$*/%8*,'$*1*@@#,/-A',*#-'LT/\*0V$)0*'1#$'E*'
'''''I*$*,#-/f*0'%)'T/\*0VR8#@*5'&),*')$'%8*'T/\*0VR8#@*'-#%*,Q
'''''''''''''''''''''''''
'''V'%8*,&)0A$#&/1'-/&/%.'T/$/%*'@/f*'1),,*1%/)$@'
'''''LT),'&*%#-@'%8/@'1)"-0'E*'#'18#--*$I*5'*I5'T),'#'1)&R-/1#%*0'M*,&/
'''''''@",T#1*Q'

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



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

!

'''''''''''''''''''''''''''''''':)S'0)*@'/%'S),Z'g'

''''''''''''''''''''>*%'"@'-))Z'#%'#'T*S'#RR-/1#%/)$@



9)&*'8/@%),A.'S8#%'/@'%8*'-)S*@%'*$*,IA'/@)&*,')T')T'
+hi'ggg

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

''''''''''''''',/$I''''''''''''''''''''''''''''''''''''E)S-''''''''''''''''''''''''''''''''''''1#I*

J.C. Grossman, LM, K. Raghavachari, PRL 75, 3870 (1995)



!(+'S#@'%8*'T/,@%'&*%8)0'%)'R,*0/1%'%8/@'
L-#%*,'1)$T/,&*0'EA'/$0*R*$0*$%'&*%8)0@Q

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

!!!

J.C. Grossman, LM, K. Raghavachari, PRL 75, 3870 (1995)



jf)E*$f*$*.')R%/1#--A'#1%/B*'&)-*1"-*'S/%8'
R8)%)/@)&*,/f#%/)$

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

!!!

M. Kostolny, R. Derian, I. Stich, L.M.  2010



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

!!!

M. Kostolny, R. Derian, I. Stich, L.M,  2010

;,)"$0'#$0'*\1/%*0'@%#%*@')T'#f)E*$f*$*.
k'i3il'*W'#11",#1A'S/%8'MFC(+d&"-%/V0*%3'

]\R*,/&*$%
$)%')Z'LgQ'

M. Kostolny, R. Derian,
 I. Stich, L.M.  JCP '10



D$'@)&*'1#@*@5'*\1*R%/)$#-'#11",#1A.
'@)-/0'9/'L@V1*--'"R'%)'hNl'#%)&@Q

MFC(+d@/$I-*V0*%dH6]'$)0*@''k'Om'n')T'1),,*-#%/)$`

'''''''''''j%)&'''''''''''''''''''''''''''''''''''''''''''''''''''''''9)-/0dR*,'#%)&

'

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

MFC(+''''N0*%

]\#1%'LC(+d+D5'++Q
'''''''''''k'i3iP'*W
'''''''''T/\*0V$)0*
'''''''''''''*,,),@

MFC(+'''''N0*%

]\#1%'#%)&U]\R3'1)8*@/)$'

+)8*@/)$.''''V'MFC(+'L*,,),'1#$13Q''''''''J''l3cOLhQ'*W
''''''''''''''''''''''V'*\R*,/&*$%'''''''''''''''''''''''J''l3ohLmQ'*W'

''k'Nii'*W
''LP@5'PR'B#-3
''''@%#%*@Q

^
)
%3
'*
$
*
,I
A



(),*',*1*$%'18#--*$I*.'M*e'@)-/0'#%'8/I8'R,*@@",*@

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

!!!'''V'-#,I*'*V*'1),,*-#%/)$@5'0/TT/1"-%.'1)&R*%/%/)$')T'+)"-)&E5'

'''''''''*\18#$I*5'1),,*-#%/)$'#$0'1,A@%#-VT/*-0'*TT*1%@p')R*$'0V@8*--p

'''''''''/&R),%#$%'8/I8VR,*@@",*'R8A@/1@'L]#,%8'/$%*,/),5'T),'*\#&R-*Q''

'''''''V'&#/$@%,*#&'C*$@/%A'M"$1%/)$#-'^8*),/*@'LCM^Q'R,*0/1%.''

'''''''''''V'&*%#-'/$@%*#0')T'#'-#,I*VI#R'/$@"-#%),'

'''''''''''V'S,)$I'*K"/-/E,/"&'#%)&/1'@%,"1%",*

''''''''''6N'LF#+-Q'jMDD'L%,"*'*K"/-3Q''''''''''''''''''''''/6m'LF/j@Q'jM'L8/I8'R,*@@3Q



H-#/$'B#$/--#'T/\*0V$)0*'C(+'T),'%8*'M*e'@)-/0'

'
''''''''''''''''''''''
''''''''''V'F*V1),*5'@1#-#,',*-#%/B/@%/1'R@*"0)R)%*$%/#-@')$'M*
'''''''
''''''''''V'm'@"R*,1*--@'LNqo'B#-*$1*'*VQ')T'M*e'/$'C(+5'-#,I*,'
''''''''''''@"R*,1*--@'/$'W(+

''''''''''V'%)%#-'*$*,IA'#E)"%'liii'*W5'%,A/$I'T),'#11",#1A'i3N'*W

''''''''''V'9-#%*,V2#@%,)S'ST

''''''''''V')$*VR#,%/1-*'),E/%#-@'T,)&'8AE,/0'CM^'L&),*')$'%8#%'-#%*,Q'
''''''''
''

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

8
$0+-.

$'(" > 1;
@
4'(" B 1;

C
4!"# 1B

1700
4



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

+)&R#,/@)$@')T'%8*'M*e'@)-/0'*K"/-/E,/"&'R#,#&*%*,@'

'''''''''''''''''''''''''''''''''''CM^dH6]''''''''''''''MFC(+'''''']\R3LM*e
NV\
Q

''''''''

'/6mV6NdjM(DD'r*Ws'''''''V'i3h''''''''''''''''''''i3c'LNQ''''''''''''''ti'''''''''''''

'''''

'+)8*@/)$'r*Ws''''''''''''k'NN'''''''''''''''''''''O3qLNQ''''''''''''''O3qLhQ

'#ui'rjs''''''''''''''''''''''''''l3hm'''''''''''''''''''l3PhLNQ''''''''l3PNV'l3PP

'4ui'r;H#s'''''''''''''''''''''NON''''''''''''''''''''NqiLNiQ'''''''Nli'V'Nmi''''''''''''''''''''''''''

';#R'r*Ws'''''''''''''''''''''k'i'L&*%#-Q'''''''''''h3mLlQ''''''''''''k'h3l

!!!!!!!!!!!!!!!!!!!!!23'4)-),*$1'v'>(5'H8A@3'?*B3'>*%%3''wim''

!!!

!!!



';#R'#$0'*\1/%#%/)$@'/$'!(+

!!!!!!!!!!!!!!!

'''''''''''
'''''''''

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''

''''''''''
'''''''''''''''''''''''

j@@"&*'#$'/$@"-#%),.
'''

NQ']\1/%*'#'B#-*$1*'@%#%*'
''''/$%)'#'1)$0"1%/)$'@%#%*

]uI#R'k']u*\1/%'b']uI,)"$0

'''V'1#,,A')"%'@*B*,#-')T'%8*@*'
'''''J'YE#$0'@%,"1%",*'@1#$[

hQ'j00'#$'*-*1%,)$'
''''L%*18$/1#--A'&),*'
'''''1)&R-/1#%*05'E"%'0)#E-*Q



]\1/%#%/)$@'g'^8*A'#,*'$)%'%8*'I,)"$0'@%#%*@'333

!!!!!!!!!!!!!!!

'''''''''''
'''''''''

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''

''''''''''
'''''''''''''''''''''''

9%/--5'*\1/%#%/)$@'1#$'E*'1#-1"-#%*0'L#T%*,'#--5'*B*$'%8*'T*,&/)$/1'
I,)"$0'@%#%*'/@'#$'*\1/%*0'@%#%*`Q

6#@/1'R)@@/E/-/%/*@.'''

NQ']\1/%#%/)$'/@')T'#'0/TT*,*$%'@A&&*%,A'J'@)5'%8*'I,)"$0'@%#%*')T'
''''%8*'I/B*$'@A&&*%,A

hQ']\1/%#%/)$'/@')T'%8*'@#&*'@A&&*%,A'J'@"R,/@/$I-A5'/%')T%*$'S),Z@'
''''@/&/-#,-A'#@'%8*'I,)"$0'@%#%*'1#-1"-#%/)$3'
''''L:)S'1)&*'g'^8*',*#@)$'/@'%8#%'%8*')B*,-#R'S/%8'%8*'I,)"$0'@%#%*'
'''''/@'%AR/1#--A'&"185'&"18'@&#--*,'%8#$'%8*'T/\*0V$)0*'*,,),3Q''
''''

PQ'^8*',*#@)$/$I'/$'hQ'0)*@'$)%'#RR-A'L/%'1#$'8#RR*$Q3'^8*$'*\R-/1/%-A'
''''),%8)I)$#-/f*'L%8#%'/@'&),*'1)&R-/1#%*0'E"%'$)%'/&R)@@/E-*Q3



'M/$/%*'@/f*'1),,*1%/)$@'J'S),Z@',*#@)$#E-A'S*--'T),'
/$@"-#%),@

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

!!]\%,#R)-#%/)$'%)'%8*'%8*,&)0A$#&/1'-/&/%'#%'%S)'0/TT*,*$%'B)-"&*@.''k'NdF

'''9LZQ'/$1-"0*@'1),,*1%/)$@'E)%8'T),'R)%*$%/#-'#$0'Z/$*%/1'*$*,I/*@

'

'''''+)&R-/1#%*0'%)'7"@%/TA'%8*'Y1),,*1%['S*/I8%5'$)$VB#,/#%/)$#-5'333

'''''''''

!!!!!!!!!!!!!!!!



'M*e'@)-/0'#%'8/I8'R,*@@",*@'/$'CM .̂'8AE,/0@'S/%8'
S*/I8%*0'*\#1%'*\18#$I*'L),'CM^UGQ

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

!!!'D$'),0*,'%)',*1)$1/-*'CM^'S/%8'*\R*,/&*$%')$*'$**0@'%)'*&R-)A'&/\/$I

''''')T'%8*'*\#1%'*\18#$I*.'%,#$@/%/)$'R,*@@",*'R,)R),%/)$#-'%)'&/\/$I'x

'''''),'%)'%8*':"EE#,0'G'L*I5'M#$I5^*,#Z",#5'9#S#0#5'(/A#f#Z/5'9)-)BA*B5'wOmQ

'''''+)&R-/1#%*0'%)'7"@%/TA'%8*'Y1),,*1%['S*/I8%'),'G5'$)$VB#,/#%/)$#-5'333

'''''''''

!!!!!!!!!!!!!!!!



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

]K"#%/)$')T'@%#%*')T'M*e'@)-/0'#%'8/I8'R,*@@",*@.'
!(+'@8)S@'%,#$@/%/)$'#%''k'oc';H#'L]\R*,3'qiVNiiQ

'''''''23'4)-),*$1'v'>(5'H?>''wim''!!



'e,E/%#-@.'8AE,/0'T"$1%/)$#-'S/%8'B#,A/$I'S*/I8%')T'
*\#1%dM)1Z'*\18#$I*

y*/I8%')R%/&/f*0'EA'MFC(+.'1-*#,'&/$/&"&`

':M'S*/I8%'J'0VR'8AE,/0/f#%/)$.':M'Y/)$/1[''B@''CM^'Y1)B#-*$%[
'''''''''''''

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

8
$0+-.

$'(" > 1?;
@

I>5J
, A4'(" B 1?;

C

I>5J
, A4!"#1B

1700
4



!(+'EAR,)0"1%.'1)$@%,"1%/)$')T')R%/&#-'*TT*1%/B*'
:#&/-%)$/#$@'L)$*VE)0A'),'E*A)$0Q

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

^8*'&/\/$I')T'*\#1%'*\18#$I*'/$%)'%8*'*TT*1%/B*')$*VR#,%/1-*
LCM^Q':#&/-%)$/#$'/@'1-*#,-A'7"@%/T/*0.
'
V'B#,/#%/)$#--A')R%/&/f*0'T/\*0V$)0*'C(+'*$*,IA

V'),E/%#-@'E*A)$0':#,%,**VM)1Z'J'1),,*-#%*0'L%8*'&)@%'#RR,)R,/#%*'' '
''),E/%#-@'$**0'$)%'%)'$*1*@@#,/-A'&/$/&/f*'%8*':M'*$*,IAQ'''

V'R)/$%@')"%'%)S#,0@'#'&),*'I*$*,#-'/0*#d%))-.'B#,/#%/)$#-'@R#1*
''/$1-"0*@'$)%')$-A'%8*'S#B*'T"$1%/)$'E"%'#-@)')R%/&#-'*TT*1%/B*'
'':#&/-%)$/#$'LR)@@/E-A'&),*'*TT/1/*$%'#$0'T#@%*,'I*$*,#%/)$')T''
''#11",#%*'$)0*@Q

'''''''''MFC(+'"@*0'#@'#'B#,/#%/)$#-'%8*),A'J'
'''''''''''''''''''''''''''''''''''''''''''''''''''''23'4)-),*$15'93':"5'>('''H?6'mh'NNcNim'LwNiQ''



]$#E-*@'%)'-))Z'LYE#1Z[Q'#%'%8*')R%/&#-')$*VR#,%/1-*'
R/1%",*'S/%8/$'%8*'*TT*1%/B*':#&/-%)$/#$5'0*$@/%A')T'

@%#%*@5'I#R5'*%1

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



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

!

''''''''''''''''6*A)$0'9-#%*,V2#@%,)S'S#B*'T"$1%/)$@.'

'''''''''''''''''''''''''''''''''6+9'#$0'RT#TT/#$@



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

y8A'E*A)$0'9-#%*,V2#@%,)S'g'

!

)7'($9)7'(>:79)7'(B:

''''9-#%*,V2#@%,)S.'

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

''9%,/1%-A'@R*#Z/$I5'$)0*@'8#B*'@"18'R,)0"1%'T),&')$-A'/$
''$)$V/$%*,#1%/$I'@A@%*&@'J'%8*'$)0#-'0)&#/$@'1)"$%'/@
''8/I8*,'%8#$'/%'@8)"-0'E*''J''@)&*%/&*@'%8/@'@%/--'#$'*\1*--*$%'
''#RR,)\/&#%/)$'S8/-*'/$')%8*,'1#@*@'/%'0)*@'&#%%*,

''H)@@/E/-/%/*@'%)'%#Z*'"$-/Z*'@R/$'1),,*-#%/)$@'/$%)'#11)"$%.

''NQ'-/$*#,'1)&E/$#%/)$')T'0*%*,&/$#$%@'L+DQ
''
''hQ'&),*'I*$*,#-'#$%/@A&&*%,/1'T),&@'

8
$0+-.

$'(" > 1;
@
47'(" B 1;

C
4!"#1B

1700
4



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

H)@@/E-*'#$%/@A&&*%,/1'T),&@'LR)-A$)&/#-'1)&R-*\/%AQ'

!

8
>3K

$'(" 1;> B9+ ! C:4 + ! C$'(%%% ! L

''''9-#%*,''0*%*,&/$#$%.'

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''@/$I-*VR#,%/1-*'),E/%#-@

''''6+9'S#B*'T"$1%/)$'L@R/$'@/$I-*%5'T/\*0V$"&E*,')T'R#/,@5
'''''/$'T/,@%'K"#$%/f#%/)$Q.

''''''''''''''''''''''''''''''R#/,'),E/%#-

''HT#TT/#$.'L#$A'@R/$'@%#%*5'#$%/@A&&*%,/f*0'R#/,@')T'#$A'@R/$Q

'''''''''''''''''''''''''''
''''''''''''''''''''''''''''''R#/,'@R/$),E/%#-

8
#=

9'(&( %%% ! L :$GH
+
;
+
9 C:$'(" 1;

+
9 C:4

8
I=

$G1;9'(&:;9)(*:%%%4$ F? 1;9+ ! C :4 + ! C$'(% %% !&+



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

!

F? 1-
+C
4$2

I
9%':I -

+
'
C
'

%%%-
+
&+
C
&+

! +
/
I C

/
! /$'(% %% !&+

''''''''''''''''@A&&*%,/1d@/$I-*%''''''''''''#$%/@A&&*%,/1d%,/R-*%

J!0*%*,&/$#$%'/@'#'@R*1/#-'1#@*')T'RT#TT/#$'LRT#TT/#$'/@'&),*'I*$*,#-Q

J'RT#TT/#$'#-I*E,#'@/&/-#,'%)'0*%*,&/$#$%@'L&/$),@5'*%1Q'J'T#@%'
'*B#-"#%/)$5'eLFzPQ
''

J''''''''''''''''''''@R*1/#-'1#@*@')T'!8
#=
!8

>3K
8
I=

)"2
+
! 2

C
#$)K L "0

+
! 0

C
#"K L%L K#*MK K "0

+
! 0

C
#"K K#*ML L "0

+
! 0

C
#"L L#*M KL "0

+
! 0

C
#"K L*L K#

HT#TT/#$.'@/I$*0'@"&')T'#--'0/@%/$1%'R#/,'R#,%/%/)$@')T'
R*,&"%#%/)$@'LHT#TT5'+#A-*A'k'NmciQ'J'R)-A$)&/#-'

1)&R-*\/%A



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

HT#TT/#$'S#B*T"$1%/)$@'S/%8'E)%8'@/$I-*%'#$0'%,/R-*%'
R#/,@'LE*A)$0'6+9`Q'J'#--'@R/$'@%#%*@'%,*#%*0'

1)$@/@%*$%-A.'@/&R-*5'*-*I#$%

'''

V''R#/,/$I'),E/%#-@'LI*&/$#-@Q'*\R#$0*0'/$')$*VR#,%/1-*'E#@/@'
'

''''V'"$R#/,*0
''''''''

6+9'ST3'T),'hFVR#,%/1-*'@/$I-*%'/@'#'@R*1/#-'1#@*.''
'

''''''''''''''''''''''''''''L(3'6#70/18'*%'#-5'H?>'wiop'H?6'wimQ

!
I=

$ F? 1 MK K )K L !K

%)K L$ ML L !L

%!K$ %!L$
$

4N !"# 1B 1700
4

)"+ ! C #$2OPQ
-

OQ
1M

O
"+#M

Q
" C #*M

Q
"+ #M

O
" C #4

! "+ #$2O
1

O
M

O
"+ #

M "+ ! C #$2ORQ
N

OQ
1M

O
"+ #M

Q
" C #%M

Q
"+ #M

O
" C #4

!
>3K

$'(" 1)K L4



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

'C(+'1),,*-#%/)$'*$*,I/*@')T'#%)&@5'0/&*,@''
HT#TT/#$@.'&),*'#11",#%*'#$0'@A@%*&#%/1'%8#$':M'

S8/-*'@1#-#E-*'L"$-/Z*'+DQ



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

]\R#$@/)$@'/$'&#$A'RT#TT/#$@'T),'T/,@%',)S'#%)&@.'
MFC(+'k'Om'n')T'1),,*-#%/)$'S/%8'#'T*S'RT#TT/#$@

^#E-*')T'1),,*-#%/)$'*$*,I/*@'rns',*1)B*,*0.'(HM'B@'+D'$)0*@

'''''''''''''''''''''''''''''''''''''''''''$''{''|')T'RT@d0*%@

yM'''''''''''''''''''''''''$''''''''''+'''''''''''$''''''''''F''''''''''$''''''''''''e''''''

C(+d(HM''''''''''''''P''''''''Om3O'''''''''c''''''''Om3l'''''''NN''''''''Oq3h

C(+d+D'''''''''''''''''Om'''''''OO3P''''''''mc'''''''Om3O'''''NPo''''''''Om3l
'''
V'T",%8*,'I*$*,#-/f#%/)$@.'R#/,/$I'S/%8'E#1ZT-)S'1)),0/$#%*@5
''/$0*R*$0*$%'R#/,@5'*%1'L(3'6#70/18'*%'#-5'H?>'Oo5'NPihiN'LhiioQQ
'
''''''''''''''''HT#TT/#$@'0*@1,/E*'$)0*@'&),*'*TT/1/*$%-A



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

F)0*@')T'0/TT*,*$%'ST@'Ln]u1),,'/$'C(+Q.'
#%)&'ST'@1#$$*0'EA'h*V'@/$I-*%'LPC'$)0*'@"E@*%Q'J'

1),,*-#%/)$'-*#0@'%)'0/TT*,*$%'%)R)-)I/*@'

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



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

!

''''''''9)&*%8/$I'0/TT*,*$%'T,)&'*-*1%,)$V/)$':#&/-%)$/#$@.'

'''''''''''''''''''''''''''''G$/%#,A'"-%,#1)-0'#%)&@



G-%,#1)-0'T*,&/)$@'@A@%*&'#$0'/$%*,#1%/)$@

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

''''

''''''''''''V'R*,/)0/1'E)"$0#,A'1)$0/%/)$@
'

''''''''''''V'/$%*,#1%/)$'%"$*0'%)'"$/%#,/%A''

''''''''''''
''''''''''''V'*\%,#R)-#%*0'%)'?u*TT'J'i

''''''''''''V'%,/#-'T"$1%/)$

''''''''''''V'R#/,/$I'),E/%#-'E"/-%'T,)&'@"R*,R)@/%/)$')T'I#"@@/#$@U$*/I8E3'1*--@

''''

4 90
+C
: $ %&

9&6O
(??

:&

,-./
&9&0

+C
6O

(??
:

8
$
$8

>3K
$'(" 1;> B4

;> B90
+C
:$2

- ! N ! 1
2

/
1
/

-N1
!"#1%@

/

-N19"
+C
%- %

2
%N %

P
%1 %

Q
:&4



G-%,#1)-0'T*,&/)$@'/$'#'@R*1/#-'@%#%*.'"$/%#,A'I#@
L%)%#-'*$*,IA'T/,@%'1#-1"-#%*0'EA'!(+Q

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

'''']TT*1%/B*5'@8),%V,#$I*'#%%,#1%/B*'/$%*,#1%/)$''''''''91#%%*,/$I'-*$I%8.''#'

''''''''''''Nd#''''}'i'''''''''''''''''''6+95'S*#Z-A'R#/,*0'@"R*,1)$0"1%),

''''''''''''Nd#''''t'i'''''''''''''''''''6]+')T'1)B#-*$%-A'E)$0*0'&)-*1"-*@

''''''''''''Nd#'''J'i'''''''''''''''''''"$/%#,A'-/&/%'J'''
'''''''''''''''''''''''''
''''D$%*,#1%/)$'/@'%"$*05'@)'%8#%'#'R#/,'/@')$'%8*'B*,I*')T'T),&/$I'#'E)"$0'@%#%*5
''''L/*5']{iQ

'''''''''''^)%#-'*$*,IA.' 5
"7"

8)+"-0P$ S 5
"7"

?0((
! S T >(0"*1M F-0-;("(0

0
+)"
U0

*
U- !



'''''''''''''6+9'''J''''''"$/%#,A'J''''''''6]+''''1,)@@)B*,'

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



6*$18&#,Z/$I')$'#'@&#--'@A@%*&.'l'"$/%#,A'T*,&/)$@'
!(+'B@'%S)'/$0*R*$0*$%'-#%%/1*'&#$AVE)0A'&*%8)0@

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

'''''''''''''''''!(+''''''''''''''''''''''''''''''''''''''C/,*1%'0/#I3'''''''''''''''''''''']"1-/03'>#%%/1*'(+

''''''''''''''''i3hNhLhQ'''''''''''''''''''''''''''''''''''''i3hNNLhQ'''''''''''''''''''''''''''''''''''i3hioLOQS



6*,%@18'R#,#&*%*,'T),'L/$T/$/%*Q'"$/%#,A'T*,&/)$@.
/&R,)B/$I'S#B*'T"$1%/)$@''

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

S
=LHE3

6#= )7'(* $ $%1$9':

S
=LHE3

6>3K )7'(* $ $%**9': RS3-0.*7) (" -. ! & $)

S
(2-1"

6>3K )7'(* V $%)2)9&: TS U+ ! USES ! IO>&$''

''''']$*,IA'I#/$'T,)&'%8*'6+9'$)0*@'0,#&#%/1.'t'hin')T'%8*'%)%#-'*$*,IA'`

'''''L/$'*-*1%,)$/1'@%,"1%",*'R,)E-*&@'/%'/@')$-A'k'i3iPn')T'%8*'%)%#-'*$*,IAQ

'''''?*1*$%-A5'*B*$'@-/I8%-A'E*%%*,'*$*,I/*@'S*,*')E%#/$*05'23'+#,-@)$5'
'''''93'<8#$I5'93';#$0)-T/'#$0'1)S),Z*,@'hiNN



G$/%#,A'-/&/%.'B*,A',)E"@%'1)$0*$@#%*'k'cPn')T'
R#,%/1-*@

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

''''''M/$0''%8*'#&)"$%')T'%8*'1)$0*$@#%*'0/,*1%-A.'#B*,#I*0'%S)VE)0A'
'''''''''''''''''0*$@/%A'&#%,/\'#%'-)$IV,#$I*'#$0',*#0')TT'%8*'B#-"*'''''

''



C,#&#%/1'18#$I*'#-@)'/$'%8*'$)0*@

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

''''''''''''''''''PC'@1#$'S/%8'%8*'@R/$V"R'#$0'V0)S$'R#,%/1-*'R#/,''

''''''''''''''''':MdT,**'R#,%/1-*'$)0*@'''''''''''''''''6+9d"$/%#,A''$)0*@



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

+),,*-#%*0'$)0*@'/$'#'T*,&/)$'I#@.'@/$I-*%'R#/,')T'*V'
S/$0@'#,)"$0'%8*'E)\'S/%8)"%'1,)@@/$I'%8*'$)0*

0
+
K$0

+*1
L*7??*(" ! +$'(% %% !1

+),,*-3
''''

'''''''''''':M

:M'1,)@@*@'%8*'$)0*5'6+9dRT#TT/#$'0)*@'$)%'L@"R*,1)$03Q'

y#B*T"$1%/)$'#-)$I'%8*'S/$0/$I
''''''''''''''''''''''R#%8'



M)",'R#,%/1-*'*\18#$I*.'R#/,'%S)VR#,%/1-*'@/&"-%#$*)"@'
*\18#$I*@'S/%8)"%'$)0*'1,)@@/$I

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

!''''''''']\18#$I*'/$'*#18'@R/$'18#$$*-'@*R#,#%*-A'8#@'%)'1,)@@'%8*'$)0*5

''''''''''1)$1*,%*0'E)%8'@R/$'18#$$*-@'*\18#$I*'1#$'#B)/0'%8*'$)0*

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''L=3'>/5'>(5wiOQ'
''''''''''''''
''
'''''''''''



G-%,#1)-0'"$/%#,A'T*,&/)$@.'8#-T')T'%8*'R#,%/1-*@'/$'%/I8%'
E"%'Y0A$#&/1#-['R#/,@5'#$)%8*,'8#-T'*@@*$%/#--A'T,**

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

''''

'''''''''''''''''''''''''''''''

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

'''''''



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

!

''''''''''''''''''j'T*S'@"&&#,/*@'#$0'1)&&*$%@



'j'T*S'Z*A'R)/$%@'#E)"%'!(+'

H,#1%/1#-.'
V'@A@%*&@'S/%8'8"$0,*0@')T'*-*1%,)$@'#,*'T*#@/E-*'
V'#I,**&*$%'S/%8'*\R*,/&*$%'S/%8/$'T*S'n'LR,)E-*&'1),$*,*0Q'
V'@)&*%/&*@'YR-#/$'B#$/--#['@/$I-*V0*%*,&/$#$%'$)0*@'B*,A'#11",#%*

M"$0#&*$%#-.
V'$)%*.'$)'#0'8)1'R#,#&*%*,@5'$)':"EE#,0'G'),'9%)$*,'25'*%1.
''#RR-/1#E-*'%)'@)-/0@5'$#$)@A@%*&@5'6]+V6+9'1)$0*$@#%*@'333'

V'OiVOc'n')T'1),,*-#%/)$'/@'YE)@)$/1[V-/Z*'LS/%8/$'$)0#-'0)&#/$@Q5
''*TT/1/*$%-A'1#R%",*0'EA'#-I*E,#/1#--A'@1#-/$I'&*%8)0@

V'T/\*0V$)0*'#RR,)\3'/@'%8*')$-A'Z*A'/@@"*.'cVNin')T'1),,*-#%/)$'J
''*$)"I8'#11",#1A'T),'1)8*@/)$5'I#R@5')R%/1#-'*\1/%#%/)$@5'*%1

V'cVNin'@%/--'/&R),%#$%.'&#I$*%/1'*TT*1%@5'@"R*,1)$0"1%/B/%A5'*%1'

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



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

!(+'#$0'/%@',)-*'/$'*-*1%,)$/1'@%,"1%",*')T'&#%*,/#-@
L#$0'1)&R"%#%/)$#-'@1/*$1*Q'

'U'Q'8/@%),A')T'/&R),%#$%'E*$18&#,Z@'L*I5'1),,*-#%/)$'*$*,IA
'''''')T'8)&)I3'*-3'I#@Qp'"$/B*,@#--A'#RR-/1#E-*'J'"-%,#1)-0'#%)&/1
''''''1)$0*$@#%*@'S/%8'@8),%',#$I*'#%%,#1%/B*'/$%*,#1%/)$5'&)0*-@5'*%1

'V'dUQ'@)'T#,'1)&R"%#%/)$#--A'NiiVNiii'%/&*@'@-)S*,'%8#$'&#/$@%,*#&'
''''''''J'8*-R*0'EA'*#@/*,'R#,#--*-/f#%/)$'#$0'T#B),#E-*'@1#-/$I'/$'|')T'*V

'V'Q'8/00*$'1)@%')$'8"&#$'%/&*'L$**0'%)'8#B*'$)%')$-A'%8*'1)0*
'''''E"%'T",%8*,'/$T,#@%,"1%",*'%)'&#Z*'1)$@%,"1%/)$')T'&#$AVE)0A'
'''''R8A@/1@'*TT/1/*$%'J'#-&)@%'$)E)0A'S),Z@'/$'@"18'0*%#/-Q

'UUUQ'!(+'R,)0"1*@'$)%')$-A'$"&E*,@'E"%'#-@)'"$0*,@%#$0/$I
''''''''''L"$/%#,A'T*,&/)$@'/$@/I8%@5'@)&*'&),*')$'T,/0#A'%#-ZQ''''''''''''



'+8#--*$I*@'/$'!(+'

9R*1%,#.'
V'@%#%*'EA'@%#%*'1#-1"-#%/)$@'LE#$0'*0I*@5'E#$0'@%,"1%",*'@1#$Q
V'@"E%-*'T*#%",*@'L@#%*-/%*@5'*%15'0/TT/1"-%5'1)@%-AQ
V'&"-%/V@%#%*'1#-1"-#%/)$@'L*I5'@)'T#,'*\R)$*$%/#-'@1#-/$IQ

y*#Z-A'E)$0*0'@A@%*&@.''0/TT/1"-%5'*$*,IA',*@)-"%/)$'/@'#'R,)E-*&

D)$/1'T),1*@.''V'$)/@*'/@'#'R,)E-*&'J'R)@@/E-*'E"%'1)@%-A')R%/)$@.
''''''V'T/$/%*'0/TT*,*$1*@'S/%8'1),,*-#%*0'@#&R-/$I'
''''''V':*--&#$VM*A$&#$5'#--')R%/)$@'1)@%-A
''''''''LE"%'jD(CdCM^'S/%8'!(+'1),,*1%/)$'S/%8'*B)-B/$I'S#B*
''''''''T"$1%/)$'#-)$I'%8*'/)$/1'R#%8'/@'@",R,/@/$I-A'*TT/1/*$%5'T#1%),
'''''''')T'hVP')$'%8*'%)R')T'jD(C`';,)@@&#$'v'(/%#@'H?>'wicQ

9R/$@.'E*A)$0'1)--/$*#,'@R/$'@%#%*@5'@R/$V),E/%'/$%*,#1%/)$@'
''''''''''''L@A&R)@/"&'%#-ZQ

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



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

eR*$'9)",1*'!(+'1)0*'!y#-Z'LY!"#$%"&'y#-Z[Q'
SSS3KS#-Z3),I

!V'&)-*1"-*@'#$0'@)-/0@'LPC'R*,/)0/1/%AQ5'NC',/$I@5')%8*,'@A@%*&@

'''L*TT*1%/B*'/$%*,#1%/)$@5'&)0*-'@A@%*&@5'*%1Q5'%*@%*0')$'^(e@

'V'B#,/*%A')T'E#@/@'LI#"@@/#$5'9-#%*,5'Hy5'$"&*,/1#-5'*%1Q'),'1)&E/$#%/)$

'V'@*B*,#-'%AR*@')T'1),,*-#%*0'S#B*T"$1%/)$@'L+D5'RT#TT/#$@Q
'
'V'B#,/*%A')T'&*%8)0@'LB#,/#%/)$#-5'T/\*0V$)0*'C(+5',*R%#%/)$5'"RR*,
'''E)"$0'T),'$)$-)1#-')R*,#%),@5')R%/&/f#%/)$@5'*%1Q

'V')E7*1%V),/*$%*0'1)0*5'+UU5'ci5iiiU'-/$*@.';H>')R*$'@)",1*5
'''1)&&"$/%A'L>3'y#I$*,5'(3'6#70/185'23'4)-),*$15'>3(3')%8*,@Q
'
'V'/$%*,T#1*@'#$0'1)$B*,%*,@'T,)&';j(]995'+?~9^j>5';#"@@/#$5
'''9D]9^j5'L!*@R,*@@)'/$'R,)I,*@@Q'



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

!

'''''?*B/*S'R#R*,@.

'''''?(H5'qP5'PP'LwiNQ'''''

'''''j1%#'H8A@/1#'9-)B#1#'cO5'mN'LwiOQ

'''''?*R3'H,)I3'H8A@3'ql5'ihocih'LwNNQ


