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1.75 < x < 2)

x x < 2 n
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µ ∼ 100 cm−2.V −1.s−1

µ ∼ 0, 3 cm−2.V −1.s−1
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)2+ 0",$2&: ;%--% U!!TH!! V +"8E IHLN
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,' +%.2 &12#* 6.# '# *#&/#K#&2 /# *32*1/,4.$,1& #$2 )*1)1*2,1&&#' < '% $#-2,1& #[-%-# /,43*#&2,#''# /#$ 3'3K#&2$> C'

$0%:,2 /# '% )*1O%O,',23 6.0.&# )%*2,-.'# $1,2 *32*1/,4.$3# )%* .& %21K# /# '% -,O'#> R#22# $#-2,1& #[-%-# /3)#&/
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"#$%&' ()*+ ,-./#0#1/ 2'3 4/$5'3 24/3 5' 61/04$' 2' 7&4$$87&'/04/1 2#0 θ − 2θ

94 :&'6#;&' $-16-0&#' :'&6'0 2<4=1#& 4>>;3 4%? :#>3 2' 2#@&4>0#1/ 2<%/ .56 >&#30455#/ '0A1% B 31/ 1&#'/040#1/

:&-C-&'/0#'55') D# 5' /16E&' 2' :#>3 '30 3%F34/0G 54 >16:4&4#31/ 2'3 :13#0#1/3 2θ 0H-1&#I%'3 2'3 .>H'3 JKL,D 2'3

:15M61&:H'3 N#O

 

4='> 5'3 :13#0#1/3 2θ '?:-&#6'/045'3 :'&6'0 2' &'61/0'& B 54 30&%>0%&' >&#30455#/' P:H43' 2%

640-&#4%Q) 9'3 .$%&'3 ()!4 '0 ()!E &':&-3'/0'/0 5'3 2'%? 0M:'3 2' 2#4$&466' 3%3>':0#E5'3 2<R0&' &'/>1/0&-3 24/3 >'

64/%3>&#0) 9<%/ >1&&'3:1/2 B %/ .56 :15M>&#30455#/ P>16:13- 2' :5%3#'%&3 :#>3Q 04/2#3 I%' 5<4%0&' .56 '30 1&#'/0-

P>16:13- 2<%/ %/#I%' :#>Q) K'3 .563 6#/>'3 31/0 >1/30#0%-3 2' 54 6R6' :H43'G 5' .56 :15M>&#30455#/ '30 >16:13-

2' >&#30455#0'3 2' &%0#5' 21/0 54 >&1#334/>' 3<'30 1&$4/#3-' 45-401#&'6'/0G 451&3 I%' 54 >&1#334/>' 2% .56 1&#'/0- 3<'30

1&$4/#3-' 3'51/ %/' 2#&'>0#1/ :&-C-&'/0#'55'G >'55' 2% :54/ 2% &%0#5' P(SSQ) TR6' 3# 5' :#> 2' &%0#5' P(SSQ 2% .56

1&#'/0- '30 3#0%- B 5<4/$5' 2θ = 39, 19 G 54 2-0'&6#/40#1/ 2' 54 :H43' B :4&0#& 2<%/ 3'%5 :#> '30 &#3I%-') 94 30&%>0%&'

2<%/ .56 1&#'/0- '30 >1/.&6-' B :4&0#& 2' 5<'/&'$#30&'6'/0 2' .$%&'3 2' :U5'3)
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91&3 2' 54 >&1#334/>' 3%& 2'3 3%E30&403 61/1>&#30455#/3G 5'3 >&#30455#0'3 2' 54 >1%>H' 6#/>' :'%='/0 >&1Z0&' 3'51/

%/' >'&04#/' 1&#'/040#1/G 1/ 2#0 I%' 54 >1%>H' :&-3'/0' %/' 0'?0%&') ,' :5%3G 51&3I%' 5'3 4?'3 2'3 >&#30455#0'3 31/0
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"#$ %&#$ '# "% $()*+(*)# '# "% +,*+-# ./0+# #( +#*& '* $*1$()%(2 34/'#0(/5+%(/,0 '# "% (#&(*)# '4*0 5". ./0+# #$(

)6%"/$6# #0 '/7)%+(/,0 %$8.6()/9*# :;6,.6()/# <)%;;=<)#0(%0,>2 ?%0$ +#((# +,05;*)%(/,0@ "#$ %0;"#$ θ − 2θ $,0(

5&6$ A,*) *0 A"%0 :-B"> +%)%+(6)/$(/9*# '# "% A-%$# $*AA,$6# )#$A#+(%0( "#$ +,0'/(/,0$ '# '/7)%+(/,02 3% 5;*)# '#

AC"#$ )#A)6$#0(# "4,)/#0(%(/,0 '#$ +)/$(%""/(#$ '%0$ "4#$A%+# :ϕ@ ψ> A,*) *0 %0;"# '# '/7)%+(/,0 θ ',0062 34%0;"# ϕ

#$( "4%0;"# '# ),(%(/,0 %*(,*) '# "% 0,).%"# D "46+-%0(/"",0 #( "4%0;"# ψ #$( "4%0;"# '# '6+"/0%/$,0 '# "46+-%0(/"",02

E/ *0# F%./""# '# A"%0$ :-B"> #$( A"%+6# %* +#0()# G '4*0# $A-H)# :5;*)# I2!>@ %",)$ "% 0,).%"# D +#((# F%./""# '#

A"%0$ A%$$%0( A%) G +,*A# "% $A-H)# %* A,/0( J #( "% A),K#+(/,0 $(6)6,;)%A-/9*# '# +# A,/0( $*) "# A"%0 69*%(,)/%"

',00# "# A,/0( J2 3% 5;*)# '# AC"#$ #$( )#+,0$(/(*6# #0 /0+)6.#0(%0( "4%0;"# '# '6+"/0%/$,0 ψ :#0()# L #( MN > '4*0#

+#)(%/0# O%"#*) '# A%$ #( A%) *0# ),(%(/,0 +,.A"H(# : PL > '# "46+-%0(/"",0 '# "4%0;"# ϕ A,*) +-%9*# O%"#*) '# ψ2

Q/;*)# I2!R J),K#+(/,0 $(6)6,;)%A-/9*# *(/"/$6# A,*) "% +,0$()*+(/,0 '#$ 5;*)#$ '# AC"#$

?%0$ "# +%$ '4*0 5". (#&(*)6@ /" 8 % '/7)%+(/,0 A,*) *0 %0;"# ψ ',006 9*#""# 9*# $,/( "% O%"#*) '# ϕ A*/$9*# "#$

+)/$(%""/(#$ $,0( ,)/#0(6#$ %"6%(,/)#.#0( #0 ϕ :5;*)# I2SL>2 3% 5;*)# '# AC"#$ A)6$#0(# ',0+ *0 %00#%* ',0( "# )%8,0

#$( "4%0;"# ψ2 ?%0$ "# +%$ '4*0 5". 6A/(%&/6@ /" 8 % '/7)%+(/,0 A,*) *0 $#*" %0;"# ψ #( A,*) '#$ %0;"#$ ϕ A%)(/+*"/#)$

"/6$ %*& ,)/#0(%(/,0$ '#$ %&#$ '* 5". A%) )%AA,)( D +#*& '* $*1$()%(2 T0 #&#.A"# $/.A"# '4*0# $/(*%(/,0 '46A/(%&/#

#0()# *0 5". '# $()*+(*)# +*1/9*# $*) *0 $*1$()%( '# $()*+(*)# +*1/9*# '%0$ "# +%$ ,U "#$ %&#$ '* $*1$()%( #( '*

5". $,0( A%)%""H"#$ :+),/$$%0+# V +*1# $*) +*1# W> #$( A)6$#0(6 $*) "% 5;*)# I2SL2

Q/;*)# I2SLR X#A)6$#0(%(/,0 '#$ 5;*)#$ '# AC"#$ '# 5".$ :%> (#&(*)6 #( :1> 6A/(%&/6
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"# $%&'(#)(* + ),)%( -.(/(0$1(* 12 345%( -( $61( -.5# &782#),119# %5),1( 9%,(#)& '(19# 1( $12# :;!!<= >.2#41( -(

-&71,#2,'9# )8&9%,?5( (#)%( 1( $12# -( )(/)5%( :;!!< 2θ = 39, 18 () 1( $12# :@@!< ',)5& (# 2θ = 27, 45 * 721751& +

1.2,-( -5 194,7,(1 A2%,#(! (# %(#)%2#) 1(' $2%20B)%(' -( 02,11( 72%27)&%,'),?5(' -( 12 $82'(* (') &421 + ψthéo = 45 =

>.(#%(4,')%(0(#) -( 12 345%( -( $61( + 1.2#41( 2θ = 27, 45 %&CB1( 12 $%&'(#7( -( ',/ $61(' ',)5&' + 5# 2#41( -(

-&71,#2,'9# ψ = 43, 4 = >2 $%9/,0,)& -(' C21(5%' -(' 2#41(' ψthéo () ψexp 79#3%0( 12 $%&'(#7( -.5# 310 -( %5),1(

&$,)2/,& 790$9'& -( 7%,')211,)(' :;!!<=

D,45%( ;=@@E D,45%( -( $61( -.5# &782#),119# %5),1( 9%,(#)& '(19# 1( $12# :;!!< $95% 5# 2#41( 2θ = 27, 5 

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

>2 $%&'(#7( $9'',F1( -.5#( $82'( G,"

 

,#79##5( 2 ,0$1,?5& 5#( 2$$%978( -( -&)(%0,#2),9# ')%57)5%21(= A() (''2,

2 &)& %&21,'& 2C(7 1.2,-( -( H2)821,( I5-(F%2#- :J#,C(%',)& -( K(##(' @ L M7,(#7(' 78,0,?5(' -( K(##('NJOK P;;P<=

Q1 (') $9'',F1( -( -&)(%0,#(% 12 ')%57)5%( -5 02)&%,25 + 1.2,-( -.5#( 0&)89-( -.,#-(/2),9# 25)902),?5( :$%94%200('

-,7C91* ,)9* )%(9%===< + $2%),% -.5# -,24%200( RKS 790$1() 95 -( %2,(' ,#-,C,-5(11('= >2 $(%),#(#7( -(' '915),9#'

(') T9%)(0(#) %(1,&( + 12 $%&7,',9# -(' -9##&(' () $15' '$&7,3?5(0(#) + 1.(%%(5% '5% 12 $9',),9# 2#4512,%( 2θ -(' %2,('

-( -,U%27),9#= J#( (%%(5% -( 09,#' -( !*!; '5% 12 $9',),9# 2#4512,%( 2θ (') 79#'(,11&( $95% 9F)(#,% -(' %&'51)2)'

-( F9##( ?521,)&= H95' C(%%9#' (# -&)2,1 -2#' 1( 782$,)%( Croissance de film mince T iOx (1.45 < x < 1.95) 1('

$%9F1B0(' %(#79#)%&' $95% 7())( -&)(%0,#2),9# ')%57)5%21(=

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

>2 -&)(%0,#2),9# -(' $%9$%,&)&' &1(7)%,?5(' -( 782?5( 310 2 &)& 9F)(#5( $%,#7,$21(0(#) + 1.2,-( -( -(5/ 0&)89-('

-( 0('5%('= >2 0('5%( -( %&','),C,)& (# T9#7),9# -( 12 )(0$&%2)5%( 2$$9%)( -(' ,#T9%02),9#' '5% 12 #2)5%( -(

12 79#-57),9# -(' 310' 0,#7(' :0&)211,?5(* '(0,L79#-57)(5%* ,'912#)<= >(' 0('5%(' -.(U() V211 $(%0())(#) -(

-&)(%0,#(% 1(' C21(5%' -( %&','),C,)& ρ (/$%,0&( (# Ω.cm :95 σ (# S.cm−1
<* 12 79#7(#)%2),9# (# $9%)(5%' ne (/$%,0&(

(# cm−3
* 12 09F,1,)& -(' $9%)(5%' µ (/$%,0&( (# cm2.V −1.s−1

= >(' 8909W9#7),9#' p−n &12F9%&(' + $2%),% -( 79578('

,#-,C,-5(11(' -( G,"

 

-9$&' () #9# -9$&' 9#) &)& 72%27)&%,'&(' + $2%),% -( 795%F( I − V =

 ! !2!" #)3/4)3 () 4$3+3%+5+%$ ), 6',7%+', () 8. %)09$4.%/4) :ρ = f(T );

>2 %&','),C,)& -(' 79578(' 0,#7(' (') 0('5%&( (# T9#7),9# -( 12 )(0$&%2)5%( $2% 12 0&)89-( -(' ?52)%( $9,#)('=

>(' 02#,$512),9#' 9#) &)& (U(7)5&(' + 1.QHMX $2% Y27?5(' X(%%,B%( () A8%,'),2# V&F(%)= Z52)%( $,')(' (# 9% %&21,'&('
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"#$ %&#"'$#()'* +',+ &)-. ".$/.((.*( -0)*1.2(.$ ,* 2',$#*( 2'*+(#*( 345! µA6 .*($. 7.+ %7.2($'-.+ .8(%$).,$.+9 :#

-);%$.*2. -. "'(.*().7 .+( /.+,$%. .*($. 7.+ %7.2($'-.+ )*(%$).,$.+ 3+2<%/# =>,$.?9!?#69 :# -.+2.*(. .* (./"%$#(,$.

-. 70%2<#*()77'* .+( '@(.*,. .* 70)//.$>.#*( -#*+ ,*. @',(.)77. -0<%7),/ 7)A,)-. 3 B? C D E D FGG C69 :. /'*(#>.

.+( +2<%/#()+% +,$ 7# =>,$. ?9!?# .( ,* .8./"7. -. /.+,$. "',$ ,*. 2',2<. /)*2. .+( $."$%+.*(% +,$ 7# =>,$. ?9!?@9
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/#(%$)#, *. "$%+.*(. "#+ 7.+ /R/.+ &#$)#()'*+ #&.2 7# (./"%$#(,$.9 J#$ .8./"7.B 7# $%+)+()&)(% -0,*. %2<#*()77'*
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"#$ %&'%&()*)$ '%*(+,#$ #* $%#-*&'$-'%(+,#$ .#$ -',-/#$ 0(1-#$ 2(34 .'%)$ #* 1'1 .'%)$ $'1* .5,1# 6&71.#

(0%'&*71-# .71$ -#**# */8$#9 ., :7(* .#$ %'*#1*(#;;#$ 7%%;(-7*('1$ %',& ;5);#-*&'1(+,# *&71$%7&#1*# #* .# ;5(1*)6&7*('1

.#$ -',-/#$ 0(1-#$ $,& .#$ -#;;,;#$ $';7(&#$ $(;(-(,0< "#$ %&'%&()*)$ '%*(+,#$ .# *&71$0($$('1 '1* )*) #1&#6($*&)#$ =

%7&*(& .# 0#$,&# .# *&71$0($$('1 .71$ ;5>?@A($(B;# #* ;# %&'-/# (1:&7&',6# #* ;#$ A7;#,&$ .# 67% '1* )*) .)*#&0(1)#$

%7& ;5,*(;($7*('1 .# ;7 0)*/'.# .# .(76&700# .# 2C>D<

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

122&%0*//&30 04 )0(5%0

"#$ 0#$,&#$ .# *&71$0($$('1 >?@?($(B;#@%&'-/# (1:&7&',6# EFGHI '1* )*) &)7;($)#$ = ;5(1$*(*,* FHGJKL = "5G>2

.# D/7&*&#$ 7A#- ;57(.# .# M7.(7 JB7N #* 3;(A(#& ?)&'1< "7 *&71$0($$('1 .#$ O;0$ 0(1-#$ 2(3

 

7 )*) )A7;,)# $,& .#$

$,B$*&7*$ .# $7%/(& #* .# "7C;3

!

%';( P :7-#$< "# %&(1-(%# .# -#**# *#-/1(+,# .# -7&7-*)&($7*('1 -'1$($*# = 0#$,&#&

;5(1*#1$(*) G *&71$0($# = *&7A#&$ ;7 -',-/# 0(1-# %',& *',*# ,1# 6700# .# ;'16,#,&$ .5'1.# λ< "# 0'1*76# #$*

$-/)07*($) $,& ;7 O6,&# P<QR<

S(6,&# P<QRT F&(1-(%# .#$ 0#$,&#$ .# *&71$0($$('1 >?@A($(B;#

F;,$(#,&$ ;70%#$ $%#-*&7;#$9 )0#**71* .71$ ;5>?9 ;# A($(B;# #* ;# %&'-/# GH9 $'1* %;7-)#$ $,--#$$(A#0#1* =

;5#1*&)# .5,1 0'1'-/&'07*#,& .'1* ;# B,* #$* .# $);#-*('11#& ,1# ;'16,#,& .5'1.#< U ;7 $'&*(# ., 0'1'-/&'@

07*#,&9 ;5)-/71*(;;'1 #$* )-;7(&) %7& -#**# ;'16,#,& .5'1.# #* G EλI #$* 0#$,&)# 7%&8$ ;5)-/71*(;;'1< >1 #4#0%;# .#

0#$,&# #$* &#%'&*) $,& ;7 O6,&# P<QV< "#$ A7;#,&$ $'1* -'&&(6)#$ .# ;57B$'&%*('1 ., $,B$*&7*< "7 *#-/1(+,# %#&0#*

.# +,71*(O#& ;7 *&71$%7&#1-# .#$ )-/71*(;;'1$ .71$ ;# A($(B;#9 #* ;7 :'&*# .)-&'($$71-# .# ;7 *&71$0($$('1 7,4 -',&*#$

;'16,#,&$ .5'1.# #$* 7$$'-()# 7,4 *&71$(*('1$ #1*&# ;7 B71.# .# A7;#1-# #* ;7 B71.# .# -'1.,-*('1 .71$ ;#$ $#0(@

-'1.,-*#,&$< "#$ (1:'&07*('1$ #$$#1*(#;;#$ +,5(; #$* %'$$(B;# .5'B*#1(& $'1*9 .5,1# %7&* ;7 A7;#,& ., 67% %',& ,1

$#0(-'1.,-*#,&9 #* .57,*&# %7&* .# $7A'(& $( ;# B7$ .# ;7 B71.# .# -'1.,-*('1 #$* #1 -'N1-(.#1-# 7A#- ;# /7,* .# ;7

B71.# .# A7;#1-# E67% .(&#-*I ', 1'1 E67% (1.(&#-*I< F7& 7(;;#,&$9 ;#$ '$-(;;7*('1$ %&)$#1*#$ .71$ ;# A($(B;# #* %&'-/#

GH $'1* &#;()#$ = ;5)%7($$#,& ., O;09 07($ 1# $# A'(#1* +,# ;'&$+,# ;# O;0 #$* &#;7*(A#0#1* )%7($ E%;,$(#,&$ -#1*7(1#$
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!"#$%& '()*+ ,-&./0& 1& 2/&34%& 1& 4%562."22"76 18$6& 37$39& ."63& %$4"0& :";

 

7<4&6$ /5% PLD 2$% $6 2$<24%54

1& 25/9"%

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

= /5%4"% 1& 3&2 1766>&2? "0 &24 /722"<0& 18&-4%5"%& 0& 37&@3"&64 185<27%/4"76 α &4? 185/%A2 0& .71A0& 1& :=BC?

05 D5%"54"76 1$ 37&@3"&64 185<27%/4"76 /&$4 2& 1"D"2&% &6 4%7"2 %>#"762+

E B6& %>#"76 1& F7%4& 5<27%/4"76 Gα > 104 cm−1
H( C&44& %>#"76 37%%&2/761 5$- 4%562"4"762 7/4"I$&2 &64%& 05

<561& 1& D50&63& &4 05 <561& 1& 3761$34"76( C&2 4%562"4"762 2764 %&2/7625<0&2 1$ F%764 185<27%/4"76 D&%2

λ = 375nm(

E B6& %>#"76 1562 05I$&00& 05 D5%"54"76 1& 085<27%/4"76 &24 1$& 5$- >4542 1562 05 I$&$& 1& <561&? /7$% 1 cm−1 <

α < 104 cm−1

E B6& %>#"76 1& F5"<0& 5<27%/4"76 Gα < 1 cm−1
H 1562 05I$&00& 085<27%/4"76 &24 1$& 5$- 1>F5$42 &4 "./$%&4>2

/%>2&642 1562 0& J0.(

K562 05 %>#"76 1& F7%4& 5<27%/4"76? 0&2 D5%"54"762 1& α 2764 %&0">&2 5$ #5/ 1$ .54>%"5$ /5% 05 %&054"76

α = B × (hc
λ
−Eg)

m

E

K562 3&44& F7%.$0&? L &24 $6& 37624564&? &4 . &24 $6 37&@3"&64 I$" 1>/&61 1$ 4M/& 1& 4%562"4"76 &64%& 05 <561&

1& D50&63& &4 05 <561& 1& 3761$34"76( N&2 D50&$%2 1& . /&%."2&2 2764 1/2 /7$% $6& 4%562"4"76 1"%&34& 5$47%"2>&? '

/7$% $6& 4%562"4"76 "61"%&34& 5$47%"2>& ? 3/2 /7$% $6& 4%562"4"76 1"%&34& "64&%1"4& &4 O /7$% $6& 4%562"4"76 "61"%&34&

"64&%1"4&( K85/%A2 0&2 3503$02 1& 24%$34$%& >0&34%76"I$&? 0&2 24%$34$%&2 %$4"0& &4 565452& /722A1&64 $6 #5/ "61"%&34

5$47%"2> 1& O?P &Q &4 O?' &Q? %&2/&34"D&.&64 R*OS? 3& I$" 37%%&2/761 T m = 1/2( ,6 4%5U564 (αE)1/2 &6 F7634"76 1&

,? 05 37$%<& 17"4 1763 /%>2&64&% $6& /5%4"& 0"6>5"%&? &4 08&-4%5/7054"76 1& 3&44& 2&34"76 1& 1%7"4& /7$% α = 0 1766&

05 D50&$% 1$ #5/ 7/4"I$& 1$ .54>%"5$(

1212321 4#5-$# *# /6)")+-%&'#57#'7#

8//($#&++(.# #" %#5-$#

N&2 .&2$%&2 1& /97470$."6&23&63& GVNH 764 >4> %>50"2>&2 2$% 08>I$"/&.&64 1$ C,WX:Y? 5D&3 08&6351%&.&64 1&

X5Z". L59.56 &4 ,2"17% [427&6\7Z( N& 239>.5 F7634"766&0 1$ 1"2/72"4"F 1& /97470$."6&23&63& &24 "00$24%> J#$%&

'()](
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/01234/452'42640(7/('42/(064/(

 %"

"#$%&' ()*+, -./'&0#12/#31 4% $25 35/#6%' 47%1 890 4' :;<#=

 

53%& 4#>.&'1/'? @A53/@B?'? 4' /&21?#/#31?



λ = 392 nm

λ = 351, 1 nm

λ = 363, 8 nm



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

"#$% &' (#% )' $*+,' -+.)'/ %'.&' &# ,#0' %0+.-' 1 232/4 $5 # -+- .+0&0%-' 6*., '7(0+', &# 5#+,0(' )8*79)' )' +0+#$' '+

-:#&.', &# (*$:',%0*$ )' 6;*+*$% )'% -(;#$+0&&*$%< =$ >&+,' 0$+',?-,'$+0'& @AB2CD23 $ECF ('$+,- '$ λ = 364nm±2nm

6',5'+ )8-&050$', &'% ,#0'% $*$ )-%0,-'% ). &#%', #,G*$< =$' ?*0% &# &*$G.'., )8*$)' %-&'(+0*$$-'/ &' ?#0%('#. &#%', '%+

?*(#&0%- %., &' >&5 50$(' 6#, .$' &'$+0&&' (9&0$),0H.'< B8-(;#$+0&&*$ '%+ 6&#(- %., .$ %.66*,+ '$ (.0:,' 1 )'.7 )'G,-%

)' &0E',+-% 7/9 6',5'++#$+ &' )-6&#('5'$+ )' &8-(;#$+0&&*$ :0# )'% :0% 50(,*5-+,0H.'%< B8#$G&' )80$(0)'$(' '$+,' &'

?#0%('#. &#%', 0$(0)'$+ '+ &8-(;#$+0&&*$ 6'.+ I+,' 5*).&- '$+,' J '+ KJ / %.0:#$+ &'% E'%*0$% )' &8-+.)'< B' )0%6*%0+0? )'

6;*+*&.50$'%('$(' '%+ -G#&'5'$+ (*56*%- )8.$ %9%+L5' )' ,'?,*0)0%%'5'$+ 1 (9(&' ?',5- .+0&0%#$+ &8;-&0.5 G#M'.7

(*55' %.E%+#$(' ,-?,0G-,#$+'/ #.+*,0%#$+ )'% 5'%.,'% )' NB )' &# +'56-,#+.,' #5E0#$+' 1  O'&:0$< B' )0%6*%0+0?

#9#$+ .$ %9%+L5' )' (*$+,P&' '$ +'56-,#+.,'/ 0& '%+ 6*%%0E&' )' ,-#&0%', )'% 5'%.,'% '$ ?*$(+0*$ )' &# +'56-,#+.,'

'$+,'  O '+ 2JJ O<
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Q0G.,' C<CJR S6'(+,'% )' NB *E+'$.% 6*., .$ -(;#$+0&&*$ T0U

 

RV.

!"

@#F %#$% '+ @EF #:'( >&+,' 6#%%' ;#.+

B' %0G$#& -50% '%+ (*&&'(+- 6#, .$ %9%+L5' )' ?*(#&0%#+0*$ H.0 6',5'+ )' ,-(*&+', &8'$%'5E&' )' &# NB -50%' 6#,

&8-(;#$+0&&*$< =$ >&+,' 6#%%' ;#.+/ %0+.- '$+,' &' %9%+L5' )' ?*(#&0%#+0*$ '+ &' %9%+L5' )' )0W,#(+0*$/ -&050$' &#

&*$G.'., )8*$)' 6,0$(06#&' ). &#%', %0+.- 232/4 $5< X' >&+,' '%+ #E%*&.5'$+ $-('%%#0,' 6*., $' 6#% *E+'$0, )'% ,#0'%

1 n× 363.8 nm @ λ = 727.4 nm '+ λ = 1091.4 nmF H.0 6'.:'$+ :'$0, %' %.6',6*%', 1 )8#.+,'% ,#0'% @>G< C<CJ#F<

B' %0G$#& &.50$'.7 -50% '%+ '$%.0+' #$#&9%- 6#, &' %6'(+,*5L+,' 0YZ2CJ @[*E0$D\:*$F (*56*%- )8.$ 5*$*(;,*D

5#+'.,/ )8.$ 6;*+*5.&+06&0(#+'., @N]TF '+ )8.$ )-+'(+'., ^$_#`%< =$ 5*$*(;,*5#+'., )' +96' aX$',M9DT.,$',a

'%+ .+0&0%- 6*., %-6#,', &' b.7 &.50$'%('$+ *E+'$. '$ .$ ?#0%('#. 5*$*(;,*5#+0H.' #>$ )8*E+'$0, .$ %6'(+,' )'

6;*+*&.50$'%('$(' )' &80$+'$%0+- '$ ?*$(+0*$ )' &# &*$G.'., )8*$)'< "'.7 ,-%'#.7 1 6#% (*$%+#$+ %*$+ )0%6*$0E&'%<

B' ,-%'#./ )*$+ &# ,-6*$%' 5#705#&' '%+ ('$+,-' '$ cJJ $5 @dCJJ +,#0+%<55

#$

F/ '%+ .+0&0%- 6*., &'% 5'%.,'% )#$% &'

:0%0E&' +#$)0% H.' &' ,-%'#. ('$+,- '$ dCJJ $5 @KJJ +,#0+%<55

#$

F '%+ .+0&0%- 6*., &'% #(H.0%0+0*$% '$+,' KJJ '+ dcJJ

$5<

"'.7 )-+'(+'.,% %*$+ )0%6*$0E&'% 6*., '$,'G0%+,', &'% %6'(+,'% )' NBR &'@N]TF )*$+ &# G#55' )' 5'%.,' '%+

%0+.-' '$+,' 2KJ '+ 4JJ $5/ '+ &8^$_#`% )*$+ &# G#55' )' 5'%.,' '%+ %0+.-' '$+,' 4JJ '+ dcJJ $5< B' )0%6*%0+0?

'76-,05'$+#&/ 50% 1 $*+,' )0%6*%0+0*$ 6#, &' XV]TY^ 6*., $*% 5'%.,'% )' 6;*+*&.50$'%('$('/ '%+ %.e%#$+ 6*.,

-:#&.', &' +,#$%?',+ )8-$',G0' )' &# 5#+,0(' T0U

 

:',% &'% 0*$% +',,'% ,#,'%< V$ 'W'+/ &# &*$G.'., )8*$)' )8'7(0+#+0*$



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

"# $%&'( %()*+ ",&-*+,.$' /λ = 363.8 nm0 '&1 %"%-12' -*#( '34,1'( $'& 5%1(,4'& 678,9

 

/λ = 392 nm0 '1 :78,9

 

/λ = 413nm0; <'& 5'&#('& =#%$,1%1,>'& 4*+4'(+%+1 $% -?*1*$#5,+'&4'+4' "'& ,*+& 1'(('& (%('& -*#((*+1 @1(' (2%$,&2'&

'+1(' ABC '1 DECC +5F )(G4' %#3 "21'41'#(& HI8 '1 J+K%6&;

<% 4*5-%(%,&*+ "' $L,+1'+&,12 "'& &-'41('& "' H< "*,1 @1(' 'M'41#2' %>'4 -(24%#1,*+; N+ 'M'1F $' &,)+%$ '+('),&1(2

"2-'+" "# -*&,1,*++'5'+1 "' $L24?%+1,$$*+ '1 "' $L%+)$' "L,+4,"'+4' "# O%,&4'%#; <'& 4*+",1,*+& "L%4=#,&,1,*+ >%(,%+1

"L#+' 4%5-%)+' "L'3-2(,'+4'& P $L%#1('F ,$ 4*+>,'+"(% "L@1(' -(#"'+1 "%+& $% 4*5-%(%,&*+ =#%+1,1%1,>' "'& &-'41('&

"' -?*1*$#5,+'&4'+4'; Q+' 2>%$#%1,*+ =#%+1,1%1,>' '+1(' +*& R$5& 5,+4'& '&1 4'-'+"%+1 -*&&,.$' &, $% -*&,1,*+

"# -*(1'724?%+1,$$*+ '&1 5%,+1'+#' R3'; N+ 'M'1F "'& %4=#,&,1,*+& 'M'41#2'& P -$#&,'#(& S*#(& "L,+1'(>%$$' &#( "'&

24?%+1,$$*+& "' 8,9

 

TU"

!"

*+1 5*+1(2 #+' ('-(*"#41,.,$,12 "'& (2&#$1%1& $*(&=#' $% )2*521(,' +L'&1 -%& 5*",R2'; J$

'&1 "*+4 -*&&,.$' "' 4*5-%('( $L,+1'+&,12 "'& (%,'& "' H< "' ",>'(& 24?%+1,$$*+&; H*#( -$#& "' (,)#'#( '1 -*#( $,5,1'(

$'& '(('#(& "' 5'&#('&F $L2>%$#%1,*+ "' $% =#%+1,12 "' H< 25,&' -%( $'& 4*#4?'& 5,+4'& "' 8,9

 

T<+

!"

-(2&'+12'&

"%+& $' 4?%-,1(' couche de conversion UV → NIR % 212 'M'41#2' &#( "'& %4=#,&,1,*+& (2%$,&2'& -*#( #+' 5@5'

)2*521(,' '1 "%+& $% 5@5' S*#(+2'; 6,+&,F $' -*(1'724?%+1,$$*+ % 212 5%,+1'+# R3' '1 $'& 4*+",1,*+& '3-2(,5'+1%$'&

*+1 -# @1(' 4*+&'(>2'& 4*+&1%+1'& -*#( 1*#1' 4'11' 4%5-%)+' "' 5'&#(';

V*+4'(+%+1 $'& %#1('& 5'&#('&F +*#& +' +*#& (,&=#'(*+& -%& P O%,(' "'& 4*5-%(%,&*+& =#%+1,1%1,>'&F $'& -%(%5W1('&

%X%+1 212 5*",R2& -*#( 4?%=#' &-'41(' "' H< %R+ "L*.1'+,( #+' (2&*$#1,*+ '1 #+' ,+1'+&,12 *-1,5#5 "'& (%,'& "'

H<; <% $#5,W(' 25,& 21%+1 -(*-*(1,*++'$$' P $% =#%+1,12 "' 5%1,W('F $'& &-'41('& "' H< *+1 1*#& 212 +*(5%$,&2& -%(

$L2-%,&&'#( "'& R$5& 5,+4'&; 6#4#+' 5'&#(' "' "#(2' "' >,' +L% -# @1(' '+('),&1(2' "# O%,1 "' $% $,5,1%1,*+ "'

$L%--%(',$;

 !"#$%&'!"

J$ '&1 '+1'+"# =#' $'& 1'4?+,=#'& "' 4%(%412(,&%1,*+ #1,$,&2'& "%+& $' 4%"(' "' 4'& 1(%>%#3 "' 1?W&'& -(2&'+1'+1

#+ 4'(1%,+ +*5.(' "' $,5,1%1,*+&; <'& (2&#$1%1& *.1'+#& *+1 212 +#%+42& '1 4(,1,=#2& '+ O*+41,*+ "' 4'& $,5,1'&

-*#( 4?%=#' 521?*"' "' 5'&#('; <L'+&'5.$' "'& "*++2'& %4=#,&'& )(G4' P 4'& 1'4?+,=#'& "' 4%(%412(,&%1,*+& >*+1

-'(5'11(' "' (2%$,&'( #+' 4*((2$%1,*+ '+1(' $% &1(#41#(' '1 $% 4*5-*&,1,*+F '1F $'& -(*-(,212& 2$'41(**-1,=#'& '1

&-'41(*&4*-,=#'& "'& R$5& &X+1?21,&2&;

<% 4*5-(2?'+&,*+ '1 $% 4%(%412(,&%1,*+ "'& -?2+*5W+'& (2),&&%+1 $'& -(*-(,212& 4?,5,=#'& '1 &1(#41#(%$'& "'&

R$5& "L*3X"' "' 1,1%+' &'(*+1 21#",2'& "%+& $' 4?%-,1(' Croissance de film mince T iOx (1.45 < x < 1.95) '1 +*#&

,"'+1,R'(*+& $'& 'M'1& "'& &#.&1(%1& '1 "' $% -('&&,*+ -%(1,'$$' "L*3X)W+' &#( $% &1(#41#('; Q+' )(%+"' -%(1,' "' 4'

4?%-,1(' &'(% 4*+&%4(2' P $L,"'+1,R4%1,*+ "L#+' -?%&' "' 4*5-*&,1,*+ 8,9

#$%&

;

<% "'&4(,-1,*+ "# 4*5-*(1'5'+1 "' 4*+"#41,*+ 521%$$,=#'F &'5,74*+"#41'#( '1 "'& 1(%+&,1,*+ 521%$7&'5,4*+"#41'#(

"'& R$5& 8,9

'

+*+ "*-2& '1 "*-2& -%( $L2$25'+1& +,*.,#5 &'(% '+&#,1' 21#",2' "%+& $' 4?%-,1(' Couches minces pour

l′électronique transparente; <% "24*#>'(1' "L#+ 5%12(,%# "' 1X-' p P -%(1,( "# &X&1W5' 8,79 5W+'(% P $% (2%$,&%1,*+

"L#+' ?*5*S*+41,*+p− n 1(%+&-%('+1';

N+R+F $% 5%1(,4' "L*3X"' "' 1,1%+' &'(% 2>%$#2' '+ 1%+1 =#' 5%1(,4' ?Y1' -*#( $L%44'#,$ "L,*+& 1'(('& (%('& <+

!"

F

'1 -$#& -%(1,4#$,W('5'+1 &*#& $L%&-'41 "' $% 4*+>'(&,*+ "' -?*1*+ QZ '+ -?*1*+ UJ:;



 !"#$%&' (

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

/1, 45 < x < 20 1%! PLD !2%'3#4(

 !



X 1, 45 < X < 2 PLD

Contexte et état de l′art

µm

x 1, 45 < x < 2

PO2

2 PO2

PO2

x PO2

1.45

x



 !"! #$%#$&'(') )($*+(*$,-.) /.) +%*+0.) 1&2+.) (&%X 31, 45 < X < 24  !

"#$%&'()*&+ ,( -.)*& /012/3*1 4+ 5&+6)*&+ ,4 '. PO2
74) 4+ $%*,4+64 (+4 %.-*.)*&+ ,4 6&78&9*)*&+ 3*01.95 :

3*01.45 ;<=>?>@A> B&(- '. =.774 ,4 PO2
!C

 !

D !C

 "

7E.-F '4 -.)*& /012/3*1 8-$94+)4 (+4 $%&'()*&+ '*+$-.*-4 ,4

3*01.95 : 3*01.75F 9*7*'.*-4 : 64''4 -4+6&+)-$4 ,.+9 +&9 8-$6$,4+)9 )-.%.(G /?!1> B&(- '49 PO2
8'(9 E.994F '4 -.)*&

/012/3*1 49) ,*7*+($ 4) 7H+4 : ,49 <'79 ,4 6&78&9*)*&+ 3*01.45 8&(- (+4 PO2
= 5.10−7mbar> "#4--4(- 9(- '.

6&78&9*)*&+ 4+ &GI=H+4 ,49 <'79 3*0x 49) ,4 @ JF 9&*) (+4 4--4(- ,4 ±0, 03> B&(- 8'(9 ,4 '*9*E*)$ 4) .<+ ,4

,*9)*+=(4- '49 <'79 4+)-4 4(GF &+ 8&(--. +&)4- '49 <'79 8.- '4(- 9)K6L*&7$)-*4 3*0x ;4G M &+ +&)4-. 3*02 '49 <'79

-$.'*9$9 : !C

 !

7E.- 4) 3*01.45 '49 <'79 &E)4+(9  >!C

 #

7E.-A

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

 )&

 )%
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 !"##$%&'()!*$"++"',-%./01&"

 !"#$% ?>@ N O%&'()*&+ ,( -.)*& /012/3*1 4+ 5&+6)*&+ ,4 '. 8-499*&+ 4+ &GI=H+4 ;PO2
A

 !" #$%&$'()(* *)$+,)+$-./* 0/* ,%+,1/* 2'3,/* 4'5x 61, 45 < x < 27

P.+9 '4 6L.8*)-4 6&+64-+.+) '49 6&(6L49 ,4 6&+%4-9*&+ ,4 8L&)&+9 QR %4-9 '4 8-&6L4 STF '49 8&'I7&-8L49 UD3*0

$

4) TD3*0

$

94-%*-&+) ,4 7.)-*64 ,#.66(4*' 8&(- '49 *&+9 "+

%&

> B&(- 74+4- 64))4 $)(,4F '49 8-&8-*$)$9 9)-(6)(-.'49 &+)

E49&*+ ,#V)-4 9)-*6)474+) 6&+)-W'$49> B&(- ,49 7V749 6&+,*)*&+9 ,4 ,$8W)F *' 49) 8&99*E'4 ,#&E)4+*- ,49 <'79 ,#&GI,4

,4 )*).+4 ,4 9)K6L*&7$)-*4 3*0

$

6&+9)*)($9 ,4 -()*'4F ,#.+.).94 &( ,4 7$'.+=4 ,49 ,4(G 8L.949F '49 <'79 8&(%.+)

V)-4 8&'I6-*9).''*+9 ;9.+9 &-*4+).)*&+ 8-$5$-4+)*4''4A &( $8*).G*$9> "4 ).E'4.( ?>!F )*-$ ,4 '#.-)*6'4 ,4 X.7.7&)& /Y?1F

4G8&94 '#*+Z(4+64 ,49 9(E)-.)9 9(- '. +.)(-4 4) '#&-*4+).)*&+ ,4 '. 8L.94 8&(- ,49 ,$8W)9 -$.'*9$9 :  >!C

 $

7E.-

4) :  CC  [> B&(- ,49 7V749 6&+,*)*&+9 ,4 ,$8W)F *' 49) 8&99*E'4 ,4 5.*-4 6-&\)-4 ,49 <'79 ,#.+.).94 6&78&9$9 ,4

6-*9).''*)49 ;CC]A 9(- '49 9(E9)-.)9 ,4 ".U'0

%

F ,4 ^-3*0

%

F ;".F^-A;U'F3.A03F _=0 4) X^`F 4) ,49 <'79 ,4 -()*'4

6&78&9$9 ,4 6-*9).''*)49 ;!!CA &( ;!CCA 9(- '49 9(E9)-.)9 ,4 U'

$

0

%

&-*4+)$9 ;!D!C@A ;!!D@CA ;!CD!CA 4) ;CCC!A> ".

6-&*99.+64 ,4 3*0

$

9(- (+ 9(E9)-.) ,4 9*'*6*(7 8&(- (+4 )478$-.)(-4 ,4 Y C [F (+4 BO2
,4 !C

 !

7E.- 4) (+4 Z(4+64

,4 ] a>67

 $

F 4+=4+,-4 '. 5&-7.)*&+ ,#(+ <'7 8&'I6-*9).''*+ .%46 (+4 6-&*99.+64 8-$5$-4+)*4''4 94'&+ '4 8'.+ ,4+94

;!!CA -()*'4 /!??1> ". 6-&*99.+64 ,4 <'79 ,#&GI,4 ,4 )*).+4 9(- ,49 9(E9)-.)9 ,4 U'

$

0

%

;CCC!A 4) U'

$

0

%

;!CD!CA 4)

,4 ".U'0

%

;!CCA . ,$b: $)$ $)(,*$4 8.- +&)-4 $c(*84 /?CF ?!1F 7.*9 9(- (+ .()-4 Ed)* 4G8$-*74+).'>



 !  !"#$%&' ()  &*$++", ' -'  *. !'+ /$, '+ -' %$*X 01, 45 < X < 21 #"& PLD &2" %$3'
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 ! !" !! #" #! $"

 !"

#

$

%

&'()*+, +-./

 ! !" !! #" #! $"

!"$

012%

3&)

,

$

#

+-4440/

 #" 2θ = 45− 70 

 !"#$% ?6@A P Q)#(!"!$')< /&' ($5' /& /$M"!5-$)< /& %! (+!'& γ12$
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!

!F&5 5&.= /. >%# 2$3

"#$!

RS%

%

3

 

CGGGOE

 !"#$ %&' ()%*#)"(+&' 2$3

&

$/&<-$>,' /!<' %! %$--,"!-."&0 %! (+!'& γ12$
 

3

!

&'- %! '&.%& T 5)""&'()</"& T %!

'-".5-."& /. >%# 2$3

"#$!

)K-&<. '." S%

%

3

 

CGGGOE 6 L< &M&-0 %! (%.(!"- /&' ($5' /& /$M"!5-$)< )K-&<.' ()." %& >%#

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

.<& /$'(&"'$)< J!$K%& ()." %&' (&-$-' !<8%&' C∆2θ = ±0, 1 E &- .< (&. (%.' $#()"-!<-& ()." %&' 8"!</' !<8%&'

C∆2θ = ±0, 35 E C>86 ?6@UE6 3< ! (. F)$"0 %)"' /& <)-"& ,-./& '." %&' >%#' /B!<!-!'& &- /& ".-$%&0 /&' /$'(&"'$)<'
∆2θ = ±0, 15 ,4.$F!%&<-&' &=(%$5!K%&' (!" %! J)"-& 4.!<-$-, /& /,J!.-' 5",,' (!" %! ').'1'-V5+$)#,-"$&6 W5$0 %!
/$M,"&<5& /& 5)#()'$-$)< &<-"& γ12$

 

3

!

C2$3

"'()

E &- %& >%# 2$3

"'$!

&'- /& #X#& )"/"& /& 8"!</&." 4.& 5&%%& &<-"&

2$3

%

&- 2$3

"#)!

6 7&' F!"$!-$)<' <,8!-$F&' ). ()'$-$F&' #&'.",&' (&.F&<- X-"& &=(%$4.,&' (!" %! #)/$>5!-$)< /&'

(!"!#Y-"&' /& #!$%%& a0 b, c &- β /& %! (+!'& γ12$
 

3

!

4.$ (&.F&<- !((!"!Z-"& /. J!$- /& %! ').' '-V5+$)#,-"$& /.

>%# '*<-+,-$',6



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

 !"#

&1'%#2'& (+$ #,

$

)

%

344456  !

 ! "! #! $! %! &!

'!(#

'!( 

!(!

!( 

!(#

 
!

"
#
$

 !"#$%& %'()

 !"#$% "#$! % &'()*+(',- ∆2θ .*( /-01*( 2θ 234,+'56*( .* 1/ )3/(* γ78'
 

9

!

)/+ +/)),+2 /6: 2θ *:)4+';*-2/6: .6

<1; 8'9

"#$!

=*( .,--4*( >+'(2/11,0+/)3'56*( *:)4+';*-2/1*( 2θ? ψ *2 ϕ >,11*>24*( (6+ 1* <1; 8'9

"#$!

./-( 1* )/+/0+/)3* "#"#@

A,-2 B2+* 62'1'(4*( ),6+ A/1'.*+ ,6 '-<+;*+ 1/ >,++*(),-./->* /A*> 1/ )3/(* γ78'
 

9

!

#

&'()% "#@C % D,;)/+/'(,- .*( ),('2',-( 2θ .* 1/ )3/(* 8'9

"%$!

/A*> 1*( ),('2',-( 2θ .* 1/ <>3* EDF&G γ78'
 

9

!

*2 .* 1*6+( '-2*-('24( +*1/2'A*(#

 !"# 2θ 2θ ∆2θ I I

TiO1.45 γ−Ti3O5 TiO1.45 γ−Ti3O5

$ % ! & ' & ' & ' &(' &('

) * * +,-./ +,0.1 *-*1 1, 11

+ + * +.-,* +.0,, 2 *-*, +3 +)

* * ) )/-14 )/-1, 2 *-*4 35 //

2) * ) )/-/5 )/-55 2 *-+ +/ ++

2+ + ) 1*-1, 1*-4, 2 *-+ /) /)

1 + * 11-/+ 11-/4 2 *-*1 +** +**

* ) * 6 13-13 6 6 4)

+ + ) 13-.3 13-,) *-+1 5 ++

21 + ) 6 1/-4) 6 6 3,

) * ) 1,-*/ 15-5) *-14 5 /

6 6 6 1,-3* 6 6 6 6

+ ) + 6 4*-)1 6 6 /1

24 + + 6 4*-). 6 6 /1

2) + 1 6 4)-/1 6 6 11

* ) ) 6 44-/1 6 6 )4

 !"# 2θ 2θ ∆2θ I I

TiO1.45 γ−Ti3O5 TiO1.45 γ−Ti3O5

$ % ! & ' & ' & ' &(' &('

3 + * 3)-) 3+-.4 *-1/ )* 3+

) ) ) 6 3)-/3 6 6 3/

4 ) * 31-** 31-+/ 2 *-+/ 4, +)

2+ + 4 34-.) 34-,. *-*1 +4 5/

2+ + 4 33-*4 34-,. *-+3 4, 5/

2+ + 4 33-+4 34-,. *-)3 +* 5/

2/ * ) 33-41 33-54 2 *-1+ +. ),

2+ 1 ) /*-3* /*-43 *-*3 4 ,

1 1 * /)-)* /)-1/ *-+/ +, +/

21 1 ) 6 /4-+4 6 6 /5

) * 4 6 /4-/5 6 6 +*

2/ * 4 6 //-)+ 6 6 +,

24 ) 4 6 /5-)) 6 6 15

3 + ) /5-3) /5-13 *-+5 )4 15

6 6 6 /5-/. 6 6 6 6



 !  !"#$%&' ()  &*$++", ' -'  *. !'+ /$, '+ -' %$*X 01, 45 < X < 21 #"& PLD &2" %$3'

 ! ! "#$%&'&()#* +,-&(..,/ +/) +#**,/) 0'()-&..#1'&%2(34/) /5%,'($/*-&./) 2θ6 ψ /-

ϕ +/ .& %2&)/ 7(8

 !"#

&9/0 γ:7(
$

8

#

 ! ! !" #$%&'()$*+ ,& ,$(-.(%%/ 012 )*)(' ,/ '( 34(5/ γ67$
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!

"# $%&&$'()#*#+, -#. %+/0#. -# -1(02+%2.'+ ψthéo -# 0% &)%.# γ342
 

5

!

#, ψexp -# 0% &)%.# 425

"#$!

&#6, &#$*#,,$#

-7%8$*#$ '6 -72+9$*#$ 0#. .2*202,6-#. ('+.,%,1#. 0'$. -# 0% ('*&%$%2.'+ -#. %+/0#. 2θ #, -#. 2+,#+.2,1. $#0%,2:#.;

<'6$ (# (%0(60= 0# -2%/$%**# >?@ -# 0% &)%.# γ342
 

5

!

ABC<>D + !!3!E!3! !FG % 1,1 .2*601 H &%$,2$ -#. &'.2,2'+.

%,'*2I6#. -# 0% .,$6(,6$#= -7%&$J. 0% &6K02(%,2'+ -7L.K$2+M NOEPQ; C'**# 20 % 1,1 1+'+(1 &$1(1-#**#+,= 0% 9()#

BC<>D .# $1RJ$# H -#. ,$%:%6S %+(2#+.; >%+. (# (%.= 0% 02*2,# -# -1,#(,2'+ -#. $%2#. 0#. &06. R%2K0#. #+ 2+,#+.2,1 &#6,

T,$# -'**%/#%K0#; U+ #V#,= (#$,%2+. &0%+. A)M0G -# R%2K0# 2+,#+.2,1 '+, &6 T,$# '*2. 0'$. -# 0% -1,#$*2+%,2'+ -# 0%

.,$6(,6$#; ># R%2,= 0% ($'2..%+(# -6 90* 425

"#$!

&#6, T,$# $1%02.1# .#0'+ 6+ &0%+ -# R%2K0# 2+,#+.2,1= ('**# (7#., 0#

(%. &'6$ 07%+%,%.# A!!EGW"L5 AO!!G &62.I6# 0# &0%+ A!!EG &'..J-# 6+# 2+,#+.2,1 $#0%,2:# -# XY &'6$ 6+ .Z.,J*#

&'0Z($2.,%002+; "% .2*60%,2'+ -#. &'.2,2'+. 2θ #, -# 072+,#+.2,1 -#. &0%+. A)M0G -# 0% &)%.# γ342
 

5

!

#., ('*&%$1# %6S

$%2#. -# -2V$%(,2'+ -# 0% 9()# BC<>D + !!3!E!3! !F #, -# 0% &)%.# 425

"#$!

A9/; P;P!G; 5+ 'K,2#+, 6+ +'*K$# &06.

10#:1 -# &2(. -# -2V$%(,2'+ %:#( 0% .2*60%,2'+= #, 0#. %+/0#. 2θ .2*601. ('$$#.&'+-#+, %6S %+/0#. 2θ ,)1'$2I6#.;

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

 !"

#

$

%

&'()*+

,-./0&1 &234

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

 !"

#

$

%

&+"56/7

!"$

89:%

;,/

1

$

#

&2<<984

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

 !" 2θ = 15− 45 

 ! !" !! #" #! $"

 !"

#

$

%

&'()*+

,-./0&1 &234

 ! !" !! #" #! $"

 !"

#

$

%

&+"56/7

!"$

89:%

;,/

1

$

#

&2<<984

 ! !" !! #" #! $"

 #" 2θ = 45− 70 

 !"#$% P;P! [ C'*&%$%2.'+ -#. -2%/$%**#. -# >?@ -6 90* 425

"#$!

1&2,%S21 %:#( γ342
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!

ABC<>D !!3!E!3! !FG

#, 0# -2%/$%**# >?@ -# γ342
 

5

!

.2*601

 ! ! !9 :*%3(.($5*+ ,/5 (+-'/5 ψthéo /) ψexp

;</%3'/5 ,=$,/+)$>?()$*+5 /) 3.@?$5$*+ ,/ '( %@)4*,/

5+ &$'&'.# 2(2 -# ('*&%$#$ 0#. %+/0#. -# -1(02+%2.'+ ψthéo -# 0% &)%.# γ342
 

5

!

3 H 07%2-# -6 0'/2(2#0 CL?\]U!

#, -# 0% .,$6(,6$# ('*&0J,# -# 0% &)%.# γ342
 

5

!

NOEPQ3 %:#( 0#. %+/0#. ψexp -6 90* 425

"#$!

; C#&#+-%+,= 20 ('+:2#+,

-# :1$29#$ 0% &$1(2.2'+ #, 0#. 02*2,#. -# (#,,# ,#()+2I6# %:%+, -# 07%&&02I6#$ H 6+# &)%.# 2+('++6#; D6$ 0# 90* 425

"#$!

&'0Z&)%.1= +'6. %:'+. &6 *#,,$# #+ 1:2-#+(# 0% &$1.#+(# -76+# &)%.# 42

%

5

 

1&2,%S21 .#0'+ 0# &0%+ -# ,#S,6$# A!!FG;

D2S ^><. '+, 1,1 #+$#/2.,$1#. &'6$ 0#. %+/0#. 2θ (%$%(,1$2.,2I6#. -# 0% &)%.# 42

%

5

 

%9+ -7'K,#+2$ 0#. %+/0#. ψexp;



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

 !"#

&1'%#2'& (+$ #,

$

)

%

344456  !

"#$ ψthéo %&' ('( )*+),+($ -%,. $/0 -+*&$ 123+4 -*. .*--%.' *, -+*& 5# '#0',.# 16674 8 +9*/5# 5, +%:/)/#+ ;*./&#< "#$

5/=(.#&)#$ ∆ψ %>'#&,#$ ? )%@-./$#$ #&'.# 6 #' 6ABC ? -.%,D#&' E,# )#''# '#)2&/E,# #$' .#+*'/D#@#&' -.()/$# 5*&$ +#

)*$ 5# +* -2*$# F/

 

G

!

< "#$ 5%&&(#$ .#+*'/D#$ 8 )#''# (',5# $%&' .#:.%,-(#$ 5*&$ +# '*>+#*, H<!I<

 !"#$ H<!I J K('#.@/&*'/%& 5, 5()*+*:# 5# +9*&:+# ∆ψ -%,. +* $'.,)',.# F/

 

G

!

-*. .*--%.' *, -+*& 5# '#0',.#

16674

L+*& 2θ ψexp ψthéo ∆ψ L+*& 2θ ψexp ψthéo ∆ψ
2 3 + 1 4 1 4 1 4 1 4 2 3 + 1 4 1 4 1 4 1 4

! 6 M MHAN C7AHC C7A 6 ? 6ABC M 6 M B A IMA66 I!ANC O 6A6C

! 6 B HMA HIA!7 HIAB ? 6AHM M 6 B BNA6 C7AHC C7A 6 ? 6ABC

! ! H B6AH 76AC6 76AC6 6 ! ! 7 CHA! B!A76 B!AC6 O 6A!6

L.#&%&$ (:*+#@#&' +9#0#@-+# 5# +* -2*$# P?F/G

"#$%

1M664 (-/'*0/(# $,. Q+

 

G

!

1666!4< "9*&:+# ψexp 5, -+*&

1!!64 -*. .*--%.' *, -+*& 5# '#0',.# 1M664 #$' @#$,.( 8 ψ = 43, 4 1R:< H<H!4A *+%.$ E,# +9*&:+# '2(%./E,# 5(R&/

-*. +* $/@,+*'/%& #$' 5# ψthéo = 45 )# E,/ )%..#$-%&5 8 ,& ()*.' ∆ψ 5# !A7 < S,. )#''# @T@# R:,.# H<H!A %&

5/$'/&:,# E,# +# -/) 5# 5/=.*)'/%& #$' ('*+( $,. -+,$/#,.$ 5#:.($ #& ψ #' #& ϕ< "9/&'#&$/'( @*0/@,@ 5, -/) -#,' T'.#

5('#.@/&(# -%,. -+,$/#,.$ )%,-+#$ 59*&:+# ψ−ϕ )%@-./$ #&'.# BMAC #' BBA6 < L%,. +# -U+# 5# .,'/+#A %& -#,' #$'/@#.

+9#..#,. $,. +9*&:+# ψ -*. .*--%.' 8 +9/&'#&$/'( @*0/@,@ #$' (:*+# 8 ∆ψerreur±1, 25 < S/ +9%& $%@@# )#$ 5#,0 ()*.'$

∆ψ+∆ψerreur A )9#$' ,& 5()*+*:# @*0/@,@ ∆ψtotal 5# MA C -*. .*--%.' 8 +9*&:+# 5# 5()+/&*/$%& ψthéo E,/ -%,..*/'

T'.# @#$,.(< V&# 5/=(.#&)# *$$#W /@-%.'*&'# #&'.# ψexp #' ψtheo &9#$' 5%&) -*$ $,X$*&'# -%,. #0)+,.# ,&# -2*$#<

%&'()$ H<H! J K/=.*)'/%& *$Y@('./E,# 59,& R+@ )%@-%$( 5# )./$'*++/'#$ 5# .,'/+# %./#&'#($ 1M664 $Y&'2('/$( 8 I66  ;

$%,$ ,&# -.#$$/%& -*.'/#++# 59%0Y:Z&# 5# !6

& 

@>*. [ $)*& 5, -U+# 5, -+*& .,'/+# 1!!64 $#+%& 5#,0 *0#$ 1ψ, ϕ4 \H6]

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

 !"#

!%/ /%!!'/& 3 γ41#
$

2

#

K*&$ ,& -.#@/#. '#@-$A &%,$ 5#D%&$ ^*/.# ,&# 2Y-%'2Z$# $,. +# -+*& 5# '#0',.# -,/$E,# -+,$/#,.$ -+*&$ 123+4 $%&'



 !  !"#$%&' ()  &*$++", ' -'  *. !'+ /$, '+ -' %$*X 01, 45 < X < 21 #"& PLD &2" %$3'

"#$%&" '()" *+ ,- '."#$#./ 2θ = 38, 06 0 1# ,2./ '(+/* +/ 3./"#*&(-$#./ ,+" (-#+" *+ *#4(-3$#./ .5$+/%" '.%( ,+" 6,7"

8#9

 !"#

'.,:3(#"$-,,#/"; ,- '."#$#./ 2θ *% ',-/ <=>,? +"$ ,&@)(+7+/$ *#4&(+/$+ +$ '.%((-#$ 3.((+"'./*(+ -%A ',-/"

<BCD!? .% <BCC? ,.3-,#"&" +/ 2θ = 38, 37 +$ 2θ = 38, 57 ; (+"'+3$#E+7+/$0

F-(7# 3+" *+%A ',-/"; ,+ ',-/ <BCD!? "#$%& +/ 2θ = 38, 57 *.//+ *+" (&"%,$-$" 3./E+/-5,+"0 G+ $-5,+-% H0I 

3.7'-(+ ,- '."#$#./ *+" -/@,+" 2θ *+ ,- '=-"+ γD8#
$

9

#

"#7%,&+; ,+" -/@,+" ψ +/$(+ ,+" ',-/" <=>,? $=&.(#J%+" +$ ,+

',-/ <BCD!? +$ ,+" ∆ϕ +/$(+ ,+" 'K,+" $=&.(#J%+" +$ ,+" 'K,+" +A'&(#7+/$-%A0 G+" -/@,+" 2θ .5$+/%" +A'&(#7+/$-,+7+/$

"./$ -""+L '(.3=+" *+ 3+%A *+ ,- '=-"+ '.%( ,+" '+$#$" -/@,+" <7-A C;I ? '%#" -%@7+/$+/$ 5(%"J%+7+/$ M '-($#( *+

2θ = 35 0 G+" E-,+%(" ψexp "./$ -""+L &,.#@/&+" *+" E-,+%(" ψtheo 3-,3%,&+" '-( (-''.($ -% ',-/ *+ $+A$%(+ <BCD!?

<+/$(+ DB +$ B ?0

 !"#$ H0I N O&$+(7#/-$#./ *% *&3-,-@+ *+ ,2-/@,+ ψ '.%( ,- "$(%3$%(+ γD8#
$

9

#

'-( (-''.($ -% ',-/ *+ $+A$%(+

<BCD!?

F,-/ 2θTiO1.45
2θγ−Ti3O5

∆2θ ψTiO1.45
ψγ−Ti3O5

∆ψ ∆ϕTiO1.45
∆ϕγ−Ti3O5

= > , < ? < ? < ? < ? < ? < ? < ? < ?

I C C I ;PQ I ;P! C;CB HQ; BC0R D H0S QC QC

I I C IP; C IP; P D C;CP QQ;R Q 0 D !0H !!DH !IDHP

C C D! !Q;HB !Q;H D C;CB SI;H QP0B T I0P QC QC

! C D! !Q;QS !Q;SQ D C;CP !P;! !S0R T I0S QC QC

I I D! HC;H HC;B D C;IC R ;B RS0I T I0H !SDHH !SDHH

H I C HH;QI HH;QQ D C;CR BS0! BP0S D I0R !SDHH !QDHB

C ! C U HR;HR U U PC U U U

I I ! U HR; ! U U PH0B U U U

H I D! HR;PR HQ;BI D C;BQ HI0C HI0! D C0! IHDBS !!DH 

! C ! U HS;S! U U  !0C U U U

B C C H ;HS H ;HS D C;CC HQ0 C BC0RC D H0S QC QC

B C D! H ;CQ H ;RS D C;RI C C C U U

B ! D! RH;CC RH;HH C;HH B!0S B!0Q T C0I QC QC

B C ! RB;PI RB;QP C;H! S!;! Q 0B T H0 QC QC

H I DB RR;CB RR;H! D C;! BH; BI0B T !0B QC QC

Q C D! RR;BH RR;SB D C;!I QR;! QI0I T B0! QC QC

I H D! QC;RC QC;RC C SH0P SH0R T C0B !CDBC !CDBC

H H C Q!;!C Q!;B! C;!! QS0B Q 0 D I0B I DB! IQDBB

R I ! QS;R! QS; S C;HR QP; QR0H T B0R !!DH !IDHP

S I D! QS;QP Q ;RC C; P !I;C !H0I D!0I ! DH! !SDHH

V+$$+ *#4&(+/3+ +"$ #7'.($-/$+ "# ./ ,- 3.7'-(+ -%A 7+"%(+" +4+3$%&+" "%( ,- '=-"+ 8#

%

9

$

0 V+'+/*-/$; ,-

7+"%(+ (&-,#"&+ "%( ,+ 6,7 *+ (%$#,+ &'#$-A#& '+(7+$ *+ /%-/3+( ,- '(&3#"#./ *+ ,- 7&$=.*+ '.%( ,- *&$+(7#/-$#./

*+ ,- '=-"+; "%($.%$ ,.("J%+ 3+,,+D3# +"$ *+ ":7&$(#+ ',%" 5-""+ J%+ 3+,,+ 3./"#*&(&+ W%"J%2M '(&"+/$0 G- *#"'+("#./

∆ψ = ψthéo − ψexp +"$ (+'(&"+/$&+ 6@%(+ H0H!0



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

 !"#

&1'%#2'& (+$ #,

$

)

%

344456  !

 !"#$% !"!# $ %&'()*+,- .- /' .*0(-&0*12 ∆ψ .- /' ()'0- γ34*
 

5

!

('& &'((1&6 ', 7/8 4*5

"#$!

 ! ! ! "#$%&'(#)* +( ,)$-'.'#/)* 0+/ 12%.+/ 0+ -3&+/ (45).#6%+/ 0+ &' -4'/+ γ78#
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!

9*2'/-8-26: /-0 9;<0 .-0 (/'20 (&1=)-0 .-0 '2>/-0 2θ = 19 , 33 -6 55 126 ?6? 0*8,/?-0 -6 =18('&?-0 ',@ 7>,&-0

.- (A/-0 -@(?&*8-26'/-0" B-0 (A/-0 .-0 (/'20 CDEEF -6 CDDEF 6)?1&*+,-0 126 ?6? 0,(-&(10?0 0,& /' 9;< -2&->*06&?- G

2θ = 19 " B-0 (A/-0 0*8,/?0 =12=1&.-26 'H-= /-0 (A/-0 -2&->*06&?0" 52 (-,6 ?>'/-8-26 216-& +,- /-0 '2>/-0 'I*8,6',@

6)?1&*+,-0 ϕthéo .-0 (/'20 CDEEF C∆ϕexp = 18 F -6 CDDEF =1&&-0(12.-26 ',@ ϕexpC∆ϕexp = 19 F" B' 8J8- 1(?&'6*12

' ?6? &?'/*0?- (1,& /-0 (/'20 C!DEF: CK#3#F: CKE#F -6 C!E3DF 0,& /-0 9;<0 -2&->*06&?-0 G 2θ = 33 -6 2θ = 55 " 41,0

/-0 (A/-0 .-0 (/'20 =*6?0 =12=1&.-26 'H-= /-0 (A/-0 .-0 (/'20 -@(?&*8-26',@" L-(-2.'26: /' 0*8,/'6*12 .122- M N1*0

81*20 .- (A/-0 +,- /O-@(?&*8-26'6*12" 52 (-,6 2?'281*20 &-=1206*6,-& /-0 9;<0 -@(?&*8-26'/-0 -2 &?'/*0'26 =*2+

&16'6*120 .- ME " L-/' =120*06- G ?8-66&- /O)P(16)Q0- +,- /- (/'2 CKE3#F (&?0-26- M 1&*-26'6*120 .- =&1*00'2=- G ME  

('& &'((1&6 ', 0,R06&'6" 9*2'/-8-26: /' 7>,&- !"!!. &?,2*6 /-0 (A/-0 6)?1&*+,-0 .-0 (/'20 C)S/F 7>,&'26 0,& /-0

7>,&-0 !"!!': !"!!R -6 !"!!=" L-66- &-(&?0-26'6*12 ' (1,& ,2*+,- R,6 .- 8126&-& /' (10*6*12 -6 /O?='&6 .-0 (A/-0" 52

(-,6 H1*& +,- /' (10*6*12 .-0 (A/-0 6)?1&*+,-0 ('& &'((1&6 ',@ (A/-0 -@(?&*8-26',@ -06 T,06- (1,& /O-20-8R/- .-0

(A/-0 0'20 +,O',=,2- =1&&-=6*12 2O'*6 ?6? -U-=6,?- 0,& /-0 9;<0 C&16'6*12 .-0 (A/-0 .O,2 '2>/- ϕF" B-0 .-,@ ∆ϕ

6)?1&*+,-0 C∆ϕ = 19 (1,& /- (/'2 DDE -6 ∆ϕ = 93 F =1&&-0(12.-26 ',@ ∆ϕ -@(?&*8-26',@ 1R6-2,-0 C∆ϕexp = 18 

(1,& /- (/'2 CDDEF -6 ∆ϕexp = 94 (1,& /- (/'2 C!DEFF" L-66- =12=1&.'2=- -26&- /' (10*6*12 .-0 (A/-0 -6 /-0 ?='&60

.-0 '2>/-0 'I*8,6',@ &-2N1&=- 216&- )P(16)Q0-" V2 -U-6: /- N'*6 +,- (/,0*-,&0 '2>/-0 'I*8,6',@ -@(?&*8-26',@

=1&&-0(12.-26 'H-= /-0 '2>/-0 'I*8,6',@ 6)?1&*+,-0 =1&&1R1&-26 /-0 &?0,/6'60 (&?=?.-260 -6 H126 .'20 /- 0-20 .O,2-

&-/'6*12 .O?(*6'@*- -26&- ,2- .*&-=6*12 W,HXY ., 4*5

"#$!

-6 WDDEY ., 0,R06&'6 Z/

%

5

 

CEEEDF"

W,HXY

&'(

 !"#

[[ WDDEY

)*+



X 1, 45 < X < 2 PLD

2θ = 19 2θ = 33 2θ = 55

2θ = 19 2θ = 33 2θ = 55



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

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

"#$ %&'($ )*+,-.&$ ($ -/0#1'$#)$ ($2 2'32&45&2 60 7899:; 60<

 

=60; >-

 

<

!

79998: $& 788?@9:; A5>-<

!

7899: $&

64B0<

!

7899: $& ($ -/0#1'$#)$ ($ -5 PO2
,*'4 -5 C5++$ ($ ,4$220*# 89

"#

?!D89

"$

+354 2'4 -$2 ,4*,40%&%2 2&4')&'45-$2

($2 E-+2 ($ )*+,*20&0*# B0<

%

78;F!GHG@: 5 %&% +$#%$ ,*'4 '#$ &$+,%45&'4$ ($ I99 JD A/0#1'$#)$ (' )K*0H ('

2'32&45& 2'4 -5 2&4')&'4$ $& -/*40$#&5&0*# ($2 E-+2 5 %&% +02$ $# %L0($#)$ ,*'4 '#$ ,4$220*# ($ 89

"#

+354D A$ &53-$5'

MD8N 4%'#0& -$ &O,$ ($ 2&4')&'4$ $& -/*40$#&5&*# *3&$#'$ $# P*#)&0*# (' 2'32&45&D Q*'2 ,*'44*#2 )K*0204 ($ P504$

)4*R&4$ ($2 E-+2 (/5#5&52$ *40$#&%2 799F: $& ($ 4'&0-$ *40$#&%2 7@99:; 7898: $& ,*-O)402&5--0#2 ($ 2&S)K0*+%&40$ B0<

 

$# 2%-$)&0*##5#& -$ 2'32&45& 5(%T'5&D

 !"#$ MD8N U B53-$5' 4%)5,0&'-5&0P ($ -/*40$#&5&0*# ($2 E-+2 +0#)$2 (/*HO($ ($ &0&5#$ B0<

 

2$-*# -5 #5&'4$ ('

2'32&45& ,*'4 -$2 )*#(0&0*#2 ($ (%,V& (' &53-$5' @DF

6'32&45& W0-+ B$H&'4$ fwhm7 :

60<

 

78;@µm:=60 7899: X ,*-O)402&5--0# 9;FI

60 7899: X ,*-O)402&5--0# 9;FY

A5>-<3 7899: > 799F: 9;M9

>-2<3 78?8@9: X 7898: 9; M

>-2<3 79998: X 7@99: 9;MM

A$ )K*0H ($ -5 ,4$220*# (/*HOC.#$ -*42 ($ -5 )4*0225#)$ (' E-+ $#&45R#$ '#$ +*(0E)5&0*# ($ -5 )*+,*20&0*# $#&4$

B0<

 

$& B0<

#&'(

7EC MDMF: $& ($2 ,4*,40%&%2 2&4')&'45-$2 ($2 E-+2D A$ &53-$5' MD@9 ,4%2$#&$ '# 4%)5,0&'-5&0P ($2

,K52$2 *3&$#'$2 $# P*#)&0*# (' 2'32&45& $& ($ -5 PO2
D

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

 )&

 )%

 )$

 )#

 )*

 )+

,)(

 
!
"
#
$
%
&
'

(
)
&
*
#
(

 !"##$%&'()!*$"++"',-%./01&"

%&'()$ MDMF U ZL*-'&0*# (' 45&0* [<\=[B0\ $# P*#)&0*# ($ -5 ,4$220*# ,54&0$--$ $# *HOC.#$

]5#2 -5 C5++$ ($ PO2
89

"#

^ 89

"(

+354; -5 PO2
#/5 ,52 (/0#1'$#)$ 2'4 -5 2&4')&'4$ ($2 E-+2 4%5-02%2 2'4 >-

 

<

!

79998:D _54 )*#&4$; '#$ &45#20&0*# ($ ,K52$ 5#5&52$!4'&0-$ $2& 4$+54T'%$ 2'4 -$2 2'32&45&2 ($ A5>-<

!

7899:D > 89

"(

+354; *# *32$4L$ %C5-$+$#& -5 )4*0225#)$ (' ,-5# ($#2$ 7889: ($ )402&5--0&$ ($ 4'&0-$D



X 1, 45 < X < 2 PLD

PO2
< 10−5 mbar

2θ = 23, 90 2θ = 26, 50

γ



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

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

 !"

#

$

%

&'()*+, +-./

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

!"$

012%

3&)

,

$

#

++-4440/

 !" 2θ = 15− 45 

 ! !" !! #" #! $"

 !"

#

$

%

&'()*+, +-./

 ! !" !! #" #! $"

!"$

012%

3&)

,

$

#

+-4440/

 #" 2θ = 45− 70 

 !"#$% "#"$ % &'()*+*,-'. /0- ),1- /0 /,2+*13,'. /0 4* )5*-0 γ67,
 

8

!

*901 10:; /: <4( 7,8

"#$!

=>4

%

8

 

?@@@AB

C0- +04*3,'.- 1'.-3*3D0- 0.3+0 40- 7,8

"#$!

03 4* )5*-0 γ67,
 

8

!

/',90.3 .D*.(',.- E3+0 1'.<+(D0- )*+ /0- *.*4F-0-

-3+:13:+*40- -:))4D(0.3*,+0- 30440 G:H:.0 *.*4F-0 7IJ# CH*11K- L :. /,-)'-,3,M /0 /,2+*13,'. /0- +*F'.- N O*--0

30()D+*3:+0 )0+(033+*,3 /0 /,-1+,(,.0+ +*),/0(0.3 4* 9*4,/,3D /0- 3+*9*:; )+D-0.3D- /*.- 10 15*),3+0P ):,-G:0 4*

)5*-0 γ67,
 

8

!

)+D-0.30 :. 15*.Q0(0.3 -3+:13:+*4 L R"$ S# C* /D30+(,.*3,'. -3+:13:+*40 /H:. (*3D+,*: 0-3 DQ*40(0.3

*110--,O40P L )*+3,+ /H:. 0.-0(O40 /0 ),1- /0 /,2+*13,'.P )*+ :.0 (D35'/0 /H,./0;*3,'. *:3'(*3,G:0 L 4H*,/0 /0-

)+'Q+*((0- TU&V8CP 7WI8W ': U78# &0)0./*.3P 40- /'..D0- 0;)D+,(0.3*40- -:+ 4* )'-,3,'. *.Q:4*,+0 2θP /',90.3

E3+0 3+K- )+D1,-0- )':+ 'O30.,+ /0- -3+:13:+0- )'30.3,0440- 1'5D+0.30-# X':+ 0;0()40P 4HD1*+3 /0 )'-,3,'. -:+ 4* (0-:+0

/0 4H*.Q40 2θ /',3 E3+0 ,.MD+,0:+ L @#@R # CHD1*+3 /0 )'-,3,'. 2θ 0.3+0 40- /'..D0- 0;)D+,(0.3*40- 03 35D'+,G:0- 'O30.:0-

)':+ 40- <4(- /0 +:3,40 )'4F1+,-3*44,. -:+ :. -:O-3+*3 /0 Y, ?A@@BP 0-3 )4:- D409D )':+ 4H0.-0(O40 /0- ),1- 'O30.:-#

C* )+D1,-,'. /0- (0-:+0- 0;)D+,(0.3*40- 0-3 /'.1 3+') M*,O40 )':+ 02013:0+ 10 3F)0 /0 /D30+(,.*3,'. -3+:13:+*40#

&'..*,--*.3 10- 4,(,30-P .':- *9'.- .D*.(',.- 30.3D /0 /D30+(,.0+ 4* -3+:13:+0 /: <4( 7,8

"#$!

L )*+3,+ /0- *.Q40-

2θ /D30+(,.D- /*.- 40 )*+*Q+*)50 "#R#"#"# Z. .'(O+0 4,(,3D /0 A@ -3+:13:+0- * D3D 1*41:4D )*+ 40 )+'Q+*((0P (*,-

40- <Q:+0- /0 (D+,30 /0- -3+:13:+0- 1*41:4D0- -'.3 ,.MD+,0:+0- L A" ?4* <Q:+0 /0 (D+,30 (*;,(:( D3*.3 /0 A@@B# 8+P

40- -3+:13:+0- -,(:4D0- -'.3 1'((:.D(0.3 /D<.,0- 1'((0 *110)3*O40- )':+ /0- <Q:+0- /0 (D+,30 -:)D+,0:+0- L R@#

C* 1'()'-,3,'. 03 40- )+')+,D3D- -3+:13:+*40- /D<.,--0.3 40- )+')+,D3D- D4013+,G:0- 03 ')3,G:0- /0- <4(- 7,8

&

# T*.-

4* -:,30 /0 10 (*.:-1+,3P 40- <4(- 9'.3 E3+0 /')D- )*+ /0- D4D(0.3- (D3*44,G:0- ?[O

!'

B 0. 9:0 /H:.0 *))4,1*3,'. )':+

4HD4013+'.,G:0 3+*.-)*+0.30# C0- )+')+,D3D- D4013+'')3,G:0- /0- <4(- (,.10- 9'.3 E3+0 D9*4:D0- L )*+3,+ /0 (0-:+0-

/0 3+*.-(,--,'. ZV6V,-,O40 03 L 4H*,/0 /0 (0-:+0- /0 +D-,-3,9,3D 03 /H0203 \*44# &0+3*,.- )5D.'(K.0- )5F-,G:0- 03

)+')+,D3D- '+,Q,.*40- /0- <4(- 6 1'((0 40- 3+*.-,3,'.- (D3*46-0(,1'./:130:+- ': 4* 1'.10)3,'. /H5'(']'.13,'. p−n
6 -0+'.3 /D1+,3- /*.- 40 15*),3+0 Couches minces pour l′électronique transparente##

I.<.P /0- 1':150- (,.10- 7,8

%

/')D0- )*+ /0- D4D(0.3- 30++0- +*+0- ?C.

 '

B -0+'.3 1'.^:0- )':+ D9*4:0+ 40

)'30.3,04 /0- (*3+,10- 7,8

%

)':+ 4H*11:0,4 /0 /')*Q0 03 1'/')*Q0 /H,'.- C.

 '

0. 9:0 /H:.0 1'.90+-,'. /0 )5'3'.-

ZV 90+- 40 )+'150 UW# T*.- 40 15*),3+0 1'.-*1+D L 4* 1'.90+-,'. /0 )5'3'.-P .':- *:+'.- *,.-, 4* )'--,O,4,3D /HD9*4:0+

4H,._:0.10 /0 4* -3+:13:+0 /0 4* (*3+,10 /H*11:0,4 -:+ 40- )+')+,D3D- ')3,G:0-P 40 3+*.-M0+3 /HD.0+Q,0 (*3+,106/')*.3

03 4* 4:(,.0-10.10 /0- <4(- 7,8

%

`C.

 '

#





 !"#$%&' (

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

/+1)&*1+%)/%

 !



 !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

"#$ %&'%&()*)$ $*&+,*+&-.#$ /#$ 0.1$ 1(2,#$ /# 3(4

 

2'2 /'%)$5 %'+& /#$ %&#$$('2$ %-&*(#..#$ /6'789:2# #2*&#

;!

!"

#* <=;!

!#

1>-& #* +2# *#1%)&-*+&# /# ?!!  @5 '2* )*) )*+/()#$ $+& .#$ $+$>*&-*$ /# "-A.4

$

B;!!C5 D&3(4

$

B;!!C5

A.

%

4

$

B!!!;C #* B;;EF!C5 D( B;!!C #* D(4

%

B;5F µmCGD( /-2$ .# ,H-%(*&# %&),)/#2*= "- 1-(*&($# /# .- ,&'($$-2,# %-&

PLD 2'+$ %#&1#* /6'>*#2(& /#$ 0.1$ /# &+*(.# 3(4

 

)%(*-7()$ BF!!C %'+& /#$ PO2
,'1%&($#$ #2*&# ;!

!"

#* ;!

!&

1>-&5

/#$ 0.1$ /6-2-*-$# %'+& /#$ pO2
;!

!"

#* ;!

!%

1>-&= I2025 .6)*+/# $*&+,*+&-.# %-& .- JKL -$81)*&(M+# - &)N).) .-

,&'($$-2,# /6+2# %H-$# /# ,'1%'$(*('2 3(4

"'(&

%'+& +2# pO2
= 8.10−7 mbar =

@# ,H-%(*&# #$* /#$*(2) O /)*#&1(2#& .6(2P+#2,# /# .- $'+$ $*Q'#,H('1)*&(# #2 '789:2# #* /+ 2('>(+1 $+& .#$

%&'%&()*)$ $*&+,*+&-.#$5 ).#,*&(M+#$ #* '%*(M+#$ /#$ 0.1$ 1(2,#$ '>*#2+$ $+& .#$ $+>$*&-*$ /# "-A.4

$

B;!!C5 D&3(4

$

B;!!C #* A.

%

4

$

B!!!;C= I2 #R#*5 .- .(**)&-*+&# %&S*# %#+ -**#2*('2 O .6(2P+#2,# /# .- $'+$E$*Q,H('1)*&(# #2 '789:2#

$+& .#$ %&'%&()*)$ '%*(M+#$ #* ).#,*&(M+#$ /#$ 0.1$ /6'78/# /# *(*-2# /'%) 2('>(+1 B2'*) 3T4

 

C= "#$ %&'%&()*)$

'%*(M+#$ #* ).#,*&(M+#$ $'2* /)%#2/-2*#$ /# .- $*&+,*+&# ,&($*-..(2# /+ 0.15 2'+$ %&)$#2*#&'2$ /-2$ +2# %&#1(#&

*#1%$ .6(2P+#2,# /# .6(2$#&*('2 /+ 2('>(+1 $+& .#$ %&'%&()*)$ $*&+,*+&-.#$ /#$ 0.1$ 3T4

 

= "#$ %&'%&()*)$ ).#,*&(M+#$

/#$ 0.1$ 3(4

 

#* 3T4

 

5 *#..#$ M+# .- 2-*+&# /# .- ,'2/+,*('2 B1)*-..(M+# '+G#* $#1(,'2/+,*#+&C #* .- &)$($*(N(*)

ρ5 .- 1'>(.(*) /# U-.. µ5 .- ,'2,#2*&-*('2 /#$ %'&*#+&$ n #* .# *8%# /# %'&*#+&$ 1-V'&(*-(&#$ B).#,*&'2$ '+ *&'+$C5

$#&'2* )*+/()#$ O .6-(/# /# 1#$+&# /# &)$($*(N(*) #* /6#R#* U-..= "#$ N-.#+&$ /# 9-% '%*(M+# #* /# *&-2$1($$('2

/-2$ .# N($(>.# N(#2/'2* ,'1%.)*#& .#$ %&'%&()*)$ /#$ 0.1$ 3(4

 

#* 3T4

 

= "#$ 1'/:.#$ /# ,'&&#,*('2$ M+-2*(M+#$

/# .- ,'2/+,*(N(*) #* /# W+&$*#(2EX'$$ $#&'2* -%%.(M+)$ %'+& /),&(&# .# ,'1%'&*#1#2* /# .- *&-2$(*('2 1)*-.E

$#1(,'2/+,*#+& '>*#2+ $+& +2 0.1 3T4

"')*

>(%H-$) &+*(.#G-2-*-$#= "#$ '78/#$ *&-2$%-&#2*$ ,'2/+,*#+&$ B3@4$C

'>*#2+$ -8-2* /#$ ,-&-,*)&($*(M+#$ ).#,*&'2(M+#$ /# *8%# p #* n #* +2# *&-2$%-&#2,# /# %.+$ /# <!Y /-2$ .# N($(>.#5

2'+$ &)-.($#&'2$ +2 /($%'$(*(Z -,*(Z %'+& .6).#,*&'2(M+# *&-2$%-&#2*#5 +2# H'1'V'2,*('2 p− n *&-2$%-&#2*#5 O %-&*(&

/#$ 0.1$ /# 3(4

 

#* 3T4

 

=

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

 

+$&1 *($2(3%

"#$ 1#(..#+&$ ,'1%&'1($ &)$($*(N(*)G*&-2$1($$('2 /-2$ .# N($(>.# BT400−800C '2* )*) '>*#2+$ %'+& /#$ /'%-9#$

,'2*#2-2* [ O \ Y -*'1(M+# /# 2('>(+1= "- %.+%-&* /#$ )*+/#$ &#%#&*'&()#$ /-2$ .- .(**)&-*+&# '2* )*) &)-.($)#$ %'+&

/#$ M+-2*(*)$ /# 2('>(+1 /# <Y -*'1(M+# ]<5 ^F5 FF_= "- ,(>.# /6'78/# /# *(*-2# /'%) 2('>(+1 +*(.($)# %'+& &)-.($#&

.#$ /)%`*$ ,'2*(#2* *H)'&(M+#1#2* <Y /# 2('>(+1= "#$ 1#$+&#$ /# ,'1%'$(*('25 &)-.($)#$ %-& KWD $+& .#$ 0.1$ /#

3T4

 

B09= [=;C5 1'2*&#2* M+# .# *-+7 /# 2('>(+1 (2$)&) #$* .)9:&#1#2* %.+$ Z-(>.# M+# ,#.+( /# .- ,(>.# /6'78/# /#

*(*-2# /'%) 2('>(+1 +*(.($)#= I2 #R#*5 *'+$ .#$ 0.1$ $82*H)*($)$ '2* +2 *-+7 /# 2('>(+1 /# ^5<Y -*'1(M+#=

a-& -(..#+&$5 %'+& %.+$ /# %&),($('25 .#$ 1#$+&#$ /# ,'1%'$(*('2 #2 '789:2# /#$ 0.1$ 3T4

 

'2* )*) &)-.($)#$

%'+& .#$ 0.1$ '>*#2+$ $+& .#$ $+>$*&-*$ /# $(.(,(+1= I2 #R#*5 .#$ $+>$*&-*$ /# "A4 B;!!C5 D34 B;!!C #* A.

%

4

$

B!!!;C

,'2*(#22#2* /# .6'789:2#5 ,# M+( ,'1%.(M+# .- /)*#&1(2-*('2 /# .- ,'1%'$(*('2 #2 '789:2# /+ 0.1 3T4

 

= "# %(,

,-&-,*)&($*(M+# /# .6'789:2# %'+& +2 0.1 /# 3T4

 

$+& $(.(,(+1 #$* Z-,(.#1#2* (/#2*(0->.# B09 [=;-C5 *-2/($ M+#

.6(2Z'&1-*('2 #$* 2'8)# /-2$ .# ,-$ /+ $+>$*&-* /# A.

%

4

$

B!!!;C B09[=;>C= "#$ ,'1%'$(*('2$ #2 '789:2# /#$ 0.1$

3(4

 

#* 3T4

 

&)-.($)$ #2*&# ;!

!"

#* <=;!

!#

1>-& $'2* &)%#&*'&()#$ /-2$ .# *->.#-+ [=;= J-2$ .- $+(*# /# ,# ,H-%(*&#5

2'+$ 2'11#&'2$ .#$ ),H-2*(..'2$ 3(4

 

#* 3T4

 

%-& .#+& ,'1%'$(*('2 B+2 0.1 /6'78/# /# *(*-2# /'%) 2('>(+1

&)-.($) O ;!

!(

1>-& $#&- 2'*) 3T4

"')*

C=

 !"#$ [=; b @'1%'$(*('2 #2 '789:2# /#$ 0.1$ /6'78/# /# *(*-2# /'%) #* 2'2 /'%) #2 Z'2,*('2 /# .- %&#$$('2

%-&*(#..# /6'789:2# $+& $(.(,(+1

a&#$$('2 %-&*(#..# /6'789:2# B1>-&C

;!

!"

;!

!%

;!

!$

;!

!(

;!

!&

<=;!

!#

@'1%'$(*('2 3(4

 

3(4

"'+&

3(4

"'+*

3(4

"')&

3(4

"')*

3(4

"'#&

3(4

"'(&

@'1%'$(*('2 3(

*'+,&

T>

*'*$&

4

 

3T4

"'+&

3T4

"'+*

3T4

"')&

3T4

"')*

3T4

"'#&

3T4

"'(&



PO2

PO2
= 10−1 − 10−2 mbar PO2

= 10−5 − 5.10−6 mbar

PO2
= 10−3 − 10−4 mbar

2θ fwhm

2θ fwhm PO2

2θ 2θ fwhm 2θ fwhm



 !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

 ! "# "! $# $!

#

!##

%###

 !"##$%

 !"&&'%

(!"###%

(!"##&%

(!"$&&%

 )*+,!$

 ! "# "! $# $!

#

!##

%###

#&

 !

"#$%&

'(

 )

"#$%&

 
!
"
#
$
%
&
'
(
)
$
*

 ! "# "! $# $!

#

 ###

$###

%###

'(

 '

"#$%&

 ! "# "! $# $!

#

 ####

$####

 !"#

$%

&'()*

"#

$+

&'()*

,-##+.

/&-""#.

/&-0##.

,1234&0

/-""".

 ! "# "! $# $!

#

%####

 ####

"#

$ 

&'()*

 
!
"
#
$
%
&
'
(
)
$
*

 ! "# "! $# $!

#

!###

 !"#$%  !" # $%&'()*&+ ,- '. /)0(1)(0- ,-/ 2'3/ 456

 

&7)-+(/ /(0 8.9'6

!

:;<<= -+ >&+1)*&+ ,- '. ?0-//*&+

,@&ABCD+- :PO2
= 10−1 − 5.10−6 mbar =

8-/ 2'3/ 456

"#$%

-) 456

"#$&

/&+) 7*?E./F/ .+.)./- -) 0()*'-! 6+ &7/-0%- (+- .(C3-+).)*&+ ,- '. G(.+)*)F ,-

'. ?E./- 0()*'- ?.0 0.??&0) H '. ?E./- .+.)./-I -) '@.??.0*)*&+ ,( ?*1 :;;"= ,- '. ?E./- .+.)./-! J&(0 456

"#$%

I &+

&7/-0%- (+ ,F1.'.C- ∆2θ 1&3?0*/ -+)0- <I<" -) <I;K .%-1 '@.L&() ,- '@F'F3-+) +*&7*(3! J.0 .*''-(0/I '. fwhm ,-/

?*1/ 0()*'- 0-/)- 1&+/).+)- &( ,*3*+(- 'FCD0-3-+)I ).+,*/ G(- 1-''- ,- '. 0.*- .+.)./- :<< = .(C3-+)- ,- M" N!

8. 10&*//.+1- ,- 2'3/ 456

"#'%

-) 456

"#(%

,&++- '-/ 3O3-/ 0F/(').)/ G(- ?&(0 '-/ 2'3/ 4*6

 

I 1@-/) H ,*0- (+-

?E./- 0()*'- &0*-+)F- :"<<= -) :;;<=! 6+ 1&+/).)- 1-?-+,.+) G(- '. ?0&?&0)*&+ ,- 10*/).''*)-/ 0()*'- :"<<= -/) ?'(/

*3?&0).+)- ,.+/ '-/ 2'3/ ,&?F/ +*&7*(3! $+ 0F/(3FI '- ).7'-.(  !P ?-03-) ,- 3&+)0-0 G(- '. /)0(1)(0- ,-/ 1&(1E-/

3*+1-/ 4*6

 

-) 456

 

(1.75 < x < 2) ?0F/-+)- '. 3O3- F%&'()*&+ -+ >&+1)*&+ ,- '. PO2
Q 3O3- /* '. ?0&?&0)*&+ ,-

0()*'- -/) ?'(/ F'-%F- ,.+/ '-/ 2'3/ ,&?F/ :'@*+)-+/*)F 0-'.)*%- -A?F0*3-+).'- ,( ?*1 ,- '@.+.)./- ,*3*+(- ,- M" N

?&(0 '- 2'3 H PO2
= 10−3 mbar =!

&'()%  !P # RF/(3F ,-/ ?&/*)*&+/ .+C('.*0-/ 2θI ,-/ '.0C-(0/ H 3*SE.()-(0 fwhm -) ,-/ *+)-+/*)F/ 0-'.)*%-/

&7)-+(-/ ?&(0 '-/ 2'3/ 4*6

 

-) 456

 

H (+- PO2
,- ;<

)!

H ;<

)%

37.0

T+,*1- 4*6

 

456

 

U.'-(0 2θ JE./- E V ' 2θ Iexp fwhm ∆2θ ∆fwhm 2θ Iexp fwhm
,- x : = : = : = : = :N= : = : =

"WI M R()*'- ; ; < "WI M X <IPP S <I<M S P "WI < "P <IP"

PWIY< 9+.)./- < <  PWIW" Y <IMK S<I<" Z M" PWIW< PM <IYM

;IYM 9+.)./- ; ; " [ [ [ [ [ PYI < ;Y <I"M

PXI;X R()*'- " < < PXI;K ;<< <IPM S <I;< S K PXI<K ;<< <IPP

 ;I"" R()*'- ; ; ;  ;I"X P <I M S <I;K S ;Y  ;I;P ;X <IPW

"WI M R()*'- ; ; < [ [ [ [ [ "WI Y X <IP"

;IY< PWIY< 9+.)./- < <  [ [ [ [ [ PWIYP ;<< <IPM

PXI;X R()*'- " < < [ [ [ [ [ PYIXY M< <IPY

 ;I"" R()*'- ; ; ; [ [ [ [ [  ;IP;  < <IM<

"WI M R()*'- ; ; < "WIPM K <IMP Z <I;M S ;< "WIM< "P <I Y

;IWM PXI;X R()*'- " < < PXI< ;<< <IMK Z <I<M Z M PXI<X ;<< <IMX

 ;I"" R()*'- ; ; ;  ;I;M ; <IMY [ [ [ [ [



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

 !"#$

01

 ! %$

%

&

2(0%

&

3  !

"#$ %&$'()*)$ $+,) #, -+,)%*./-)/+, *0#- (* (/))&%*)'%#1 2'/$3'# (#$ 4(5$ %&*(/$&$ 2*% 67*,8 #) *( 2+'% .#$ PO2

-+52%/$#$ #,)%# 10−3
#) 10−5 mbar1 .*,$ (* 8*55# .# )#52&%*)'%# !9:;<9: "1 *=+')/$$#,) > (* -%+/$$*,-# .# (*

27*$# *,*)*$# &2/)*?/&# @::AB C!DEF G*% %*22+%) > (* (/))&%*)'%#1 +, *'%*/) 2' 2#,$#% 3'# (# .+2*8# ,/+=/'5 $)*=/(/$#

(* 27*$# *,*)*$# 2*% %*22+%) > (* 27*$# %')/(#F H%1 (# -+,)%*/%# #$) +=$#%0& .*,$ -#))# &)'.#F I, #J#)1 (K/,$#%)/+, .#

,/+=/'5 * 2+'% #J#) .K*'85#,)#% (* 2%+2+%)/+, .# %')/(# 2*% %*22+%) > (K*,*)*$# .*,$ (#$ 4(5$ LMH

 !"#

#) LMH

 !"$

F

N( $#5=(#%*/) .+,- 3'# (K&(&5#,) ,/+=/'5 O*0+%/$# (* -%+/$$*,-# .# (* 27*$# %')/(# 2+'% (#$ O*/=(#$ 2%#$$/+,$F

 !"!" #$%

 

&'( )*

!

%

"

+,,,-.

A* $)%'-)'%# .#$ 4(5$ LMH

%

@48FPF!= B #$) #?*-)#5#,) (* 5Q5# 3'# 2+'% (#$ 4(5$ L/H

%

@48FPF!*BF

 !  " #! #" $!

!

"!!!

%!!!!

 !

"#

$%&'(

 
!
"
#
$
%
&
'
(
)
$
*

)*+,-$. $/01

 !  " #! #" $!

 "!!

"!!!

2$/.!!1

 !  " #! #" $!

"!!

%!!!

 !

".

$%&'(

 !  " #! #" $!

!

 "!!

"!!!

 !

"3

$%&'(

 !  " #! #" $!

 !

" 

$%&'(

 !" #$%

 

&'(

!

%

"

 )))*"

 !  " #! #" $!

!

"!!

%!!!

%"!!

 !

"#

$%&'(

)*+,-$. $/01

2$/.!!1

 !  " #! #" $!

!

"!!

%!!!

%"!!

 !

"3

$%&'(

 !  " #! #" $!

!

%"!!

#!!!

 !

".

$%&'(

 !  " #! #" $!

!

"!!

%!!!

%"!!

 !

" 

$%&'(

 
!
"
#
$
%
&
'
(
)
$
*

 +" #,%

 

&'(

!

%

"

 )))*"

 !"#$% PF! R I0+(')/+, .# (* $)%'-)'%# #, O+,-)/+, .# (* 2%#$$/+, .K+?S8T,# @PO2
= 10−1 − 10−5 mbar B 2+'% .#$

4(5$ @*B L/H

%

#) @=B LMH

%

+=)#,'$ $'% U(

&

H

'

@:::VB

A* $)%'-)'%# .#$ 4(5$ L/H

%

(1.75 < x < 2) %&*(/$&$ $'% U(

&

H

'

@:::VB ,K#$) 2*$ 5+./4&# 2*% (K/,$#%)/+, .#

,/+=/'5F A# 4(5 LMH

 !(#

#$) -+52+$& ',/3'#5#,) .# %')/(#1 -+55# (# 4(5 L/H

 !(#

1 -# 3'/ -+,4%5# (* ./J&%#,-#

+=$#%0&# 2*% %*22+%) > (* 2'=(/-*)/+, .# ,+)%# 8%+'2# C!:EF G*% */((#'%$1 (#$ 0*(#'%$ .#$ %*S+,$ /+,/3'#$ .#$ &(&5#,)$

M=

#)

@:1W< XB #) L/

*)

@:1W9 XB $/)'&$ #, -++%./,*)/+, +-)*&.%/3'# $+,) 2%+-7#$1 -# 3'/ /,Y'#,-# 2#' (* 2+$/)/+, 2θ

#) (# fwhm .#$ 4(5$ LMH

%

@)*=(#*' PFPB C!DEF

&'()% PFP R G+$/)/+, .# (K*,8(# 2θ #) fwhm +=)#,'#$ 2+'% (#$ 4(5$ L/H

%

#) LMH

%

> ',# PO2
.# V:

+ 

> V:

+#

5=*%

Z*(#'% N,./-# L/H

%

LMH

%

.# x 2θ @ B G7*$# 7 [ ( 2θ @ B fwhm @ B ∆2θ @ B ∆fwhm @ B 2θ @ B fwhm @ B

V1 9 ! 1V< \')/(# D : : ! 1D: :1D] :1:D VV ! 1V< :1D 

V1 : ! 1V< \')/(# D : : ! 1VW :1D< : WV ! 1VW :1P<

V1<9 ! 1V< \')/(# D : : ! 1V9 :19D :1:< W ! 1:W :19]

V1W9 ! 1V< \')/(# D : : ! 1VD :19P : VV ! 1VD :1]:



 !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

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

 

#- ()*.,

 

/0- 1-1 /2-#03$ 4/35 30 -637 8# 0+/2+3' %71 9 :;<= #- 30 56-+/ 8# >/0>#0-56-+/0

?,@A?*+@ $+-31 #0-5# B; < #- B;C<D E 465-+5 8#$ '#$35#$ 8# F6&& #G#>-31#$ $35 &#$ %&'$ 8/41$ #- 0/0 8/41$; 0/3$

4/355/0$ 81>/551&#5 &H+0I3#0># 8#$ &6>30#$ 8H/7JKL0# $35 &6 51$+$-+M+-1 #- &#$ >656>-15+$-+N3#$ 1&#>-5+N3#$ 8#$ %&'$

53-+&#; >/''# >#&9 6 43 O-5# 81'/0-51 $35 &#$ %&'$ 606-6$# 8/41 0+/2+3' ?:P@D

 !"!# $%&

 

'() *)$+&

!

,-../

"H+0I3#0># 8# &H1&1'#0- 0+/2+3' $35 &6 $-53>-35# 8# %&' *+,

 

Q7RB;ST)B;C<U 6 1-1 1-38+1# 4/35 &# $32$-56-

8# V*, QBTTUD "#$ 8+6K56''#$ 8# 8+G56>-+/0 W 8#$ %&'$ *+,

 

#- *.,

 

$/0- 451$#0-1$ $35 &6 %K35# !D!D ,0 4#3-

>/0$-6-#5; #0 >/'46560- &#$ %K35#$ !D!6 #- !D!2 N3# &6 4X6$# 606-6$#; '6Y/5+-6+5# 860$ &#$ %&'$ 8# *+,

 

8#M+#0-

'+0/5+-6+5# 860$ &# %&' *.,

!"#$

#- 8+$4656Z- #0-+L5#'#0- 860$ &# %&' *.,

!"%&

D ,0 M/+- &H64465+-+/0 #0 N360-+-1

+'4/5-60-# 8# >5+$-6&&+-#$ 53-+&# QBBBU 860$ &# %&' *.,

!"#$

#- 30# 63K'#0-6-+/0 860$ &# %&' *.,

!"%&

D

 !"#  $"! %#"# % "! %!"# %$"! &#"# & "! &!"#

#

'###

 ###

 !

"#

$%&'(

)$*   +

)$*, !+

)$*  !+

 !

"-

$%&'(

./012$, $*3+

.$*!!#+

)$*,!!+

 !"#  $"! %#"# % "! %!"# %$"! &#"# & "! &!"#

#

 ###

&###

(###

)$*  !+

 
!
"
#
$
%
&
'
(
)
$
*

 !" #$%

 

&'( )#%

 ! "# "! $#

#

%####

 ####

 
!
"
#
$
%
&
'
(
)
$
*

 !"#$%& '()

 &  ' "# " "$ "& "' $# $ $$

#

%####

 ####

"####

$####

*'+++)

*'&,,)

 %',,-)

*'++,)

 *" #+%

 

&'( )#%

 !"#$% !D! [ \M/&3-+/0 8# &6 $-53>-35# #0 ]/0>-+/0 8# &6 45#$$+/0 465-+#&&# 8H/7JKL0# QPO2
= 10−4 − 10−5 mbar U

4/35 8#$ %&'$ Q6U *+,

 

#- Q2U *.,

 

/2-#03$ $35 V5*+,

'

QBTTU

"H+0$#5-+/0 8# 0+/2+3' 860$ &#$ %&'$ *+,

 

45/83+- 30# '/8+%>6-+/0 8# &6 4/$+-+/0 8#$ 60K&#$ 2θ #- 8# &6 fwhm

4/35 -/3$ &#$ 4+>$ 514#5-/5+1$ 860$ &# -62&#63 !D<D E -+-5# 8H#7#'4&#; &H+0$#5-+/0 8# 0+/2+3' 860$ &#$ %&'$ *.,$

45/83+- 30 81>6&6K# ∆2θ 83 4+> QPTTU 8# T;BC #- T;BS M#5$ &#$ 4#-+-$ 60K&#$ 465 5644/5- 637 4+>$ 8#$ %&'$ 8#

*+,

!"#$

#- *+,

!"%&

D "# 'O'# >/0$-6- #$- /2-#03 4/35 &# 4+> QBBTU; $/+- 30# 8+'+03-+/0 8# T;BC #- T;BS D "H+0$#5-+/0

83 0+/2+3' >/0-5+23# 9 &H1&65K+$$#'#0- 8#$ 4+>$; &6 &65K#35 9 '+)X63-#35 8#$ 4+>$ 63K'#0-# 8# T;:  ) $/+- 30#

63K'#0-6-+/0 >/'45+$# #0-5# ^T #-  C = ) 4/35 -/3$ &#$ 4+>$; 9 &H#7>#4-+/0 83 4+> 8# 53-+&# QBBBU 8/0- &6 &65K#35 9

'+)X63-#35 8+'+03# 8# PT =D "H6Y/3- 8# 0+/2+3' >/0-5+23# 9 &6 $-62+&+$6-+/0 &6 4X6$# 53-+&# 465 5644/5- 9 &6 4X6$#

606-6$#; #- ]6M/5+$# &H64465+-+/0 8# >5+$-6&&+-#$ 8# 53-+&# /5+#0-1#$ QBBBUD



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

 !"#$

01

 ! %$

%

&

2(0%

&

3  !

 !"#$ "#! $ %&'()(&* +, -./*0-, 2θ1 (*),*'()2 3,-/)(4, ,) -/30,53 6 7(89/5),53 &:),*5,' ;&53 -,' <-7' =(>

 

'?*)92)('2'

6 5*, ;3,''(&* ;/3)(,--, +.&@?0A*, +, BC

!"

,) BC

!#

7:/3 '53 D3=(>

$

EBCCF

G*+(H, =(>

 

=I>

 

J/-,53 2θ %9/', 9 K - 2θ Iexp fwhm ∆2θ ∆fwhm 2θ E F Iexp fwhm
+, x E F E F E F E F ELF E F

MN1"! O5)(-, B B C MN1"" ! C1PM 8 C1BN Q RB MN1MN S C1!R

PS1CR O5)(-, B C B PS1CS T B U U U U U U

=(>

%&'(

PN1RC V*/)/', C C " PN1RM BCC C1!C Q C1C! Q SS PN1RN MM C1RP

P 1B O5)(-, M C C P 1BM "P C1P" 8 C1BN Q  B PR1 ! S" C1SP

"B1MM O5)(-, B B B "B1MB T B U C1CC U "B1MB BCC C1"S

MN1"! O5)(-, B B C MN1"S P C1P! 8 C1BR Q  N MN1MR M C1S 

PS1CR O5)(-, B C B PS1CS ! C1PC U U U U U

=(>

%&)#

PN1RC V*/)/', C C " PN1 ! BCC C1!R U U U U U

P 1B O5)(-, M C C P 1BS " C1PR 8 C1BR Q SC PR1 R BCC C1SB

"B1MM O5)(-, B B B "B1MP N C1PN C1CC 8 BS "B1MP PN C1PB

W.&:),*)(&* +.5*, ;9/', /*/)/', ;53, ;&53 5*, ;3,''(&* +, BC

!#

7:/3 *.,') ;/' ;&''(:-, ;&53 -,' H&*+()(&*' +,

H3&(''/*H, 5)(-('2'# D( -.&* H&7;/3, /4,H -,' H&*+()(&*' +, H3&(''/*H, ,@;&'2,' +/*' -/ -())23/)53,1 &* ;,5) ,@;-(X5,3 -/

;32',*H, +, 35)(-, +/*' *&' <-7' =(>

 

,) =I>

 

;/3 -/ ),7;23/)53, ;-5' 2-,42,# W/ ),7;23/)53, +, NCC Y H&7:(*2,

6 -/ Z5,*H, +, " [#H7

!*

(*+5() 5*, ;3&;&3)(&* +, ;9/', 35)(-, *&* *20-(0,/:-, +/*' -,' <-7' '?*)92)('2' '53 -,'

'5:')3/)' +, D=> EBCCF ,) WV> EBCCF#

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

\,' <-7' 7&*&;9/'2' O8=(>

 

,) O8=I>

 

&*) 2)2 &:),*5' ;&53 5*, H&7;&'()(&* ,* &@?0A*, x H&7;3(',

,*)3, B1 ! ,) B1N!# ]^7, '( -, 7/)23(/5 *./ ;/' -,' H/3/H)23(')(X5,' 2-,H)3&&;)(X5,' '5_'/*),' ;&53 5*, /;;-(H/)(&*

,* )/*) X5, =Y>1 -.(*Z5,*H, +, -/ '&5' ')`&,H9(&72)3(, ;&53 5* )/5@ +, *(&:(57 H&*')/*) ;&533/ ^)3, 24/-52, ;&53

-/ 7/)3(H, 35)(-,# a*, 2)5+, '(7(-/(3, '53 -/ ;9/', /*/)/', /53/() 2)2 '&59/()/:-,1 7/(' -,' H&*+()(&*' +, H3&(''/*H, *,

;,37,)),*) ;/' +.&:),*(3 +,' <-7' V8=(>

 

;&53 )&5), -/ 0/77, +, PO2
# b* ,c,)1 -,' <-7' 32/-('2' '53 -,' '5:')3/)'

+, D=> EBCCF 6 NCC Y '&*) :(;9/'2' /*/)/', ,) 35)(-,# b* 32'5721 -, )/:-,/5 "#S ;32',*), -,' ;9/',' &:),*5,' ,*

d&*H)(&* +5 '5:')3/) ,) +, -/ ;3,''(&* +.&@?0A*,#

 !"#$ "#S $ O2H/;()5-/)(d +,' ;9/',' ,) &3(,*)/)(&*' &:),*5,' ;&53 -,' <-7' +, =I>

 

'53 +,' '5:')3/)' +, V-

*

>

$

ECCCBF1 W/V->

$

EBCCF ,) D3=(>

$

EBCCF ,* d&*H)(&* +, -/ PO2

%3,''(&* ;/3)(,--, +.&@?0A*, E7:/3F

BC

!%

BC

!*

BC

!$

BC

!"

BC

!#

Y&7;&'()(&* =I>

%&+#

=I>

%&+(

=I>

%&'#

=I>

%&'(

=I>

%&)#

V-

*

>

$

ECCCBF O EMCCF O EMCCF U O EMCCF O EMCCF

W/V->

$

EBCCF V ECC"F V ECC"F V ECC"F eEBBMF V ECC"F

O EMCCF O EMCCF e EBBBF O EMCCF e EBBCF

D3=(>

$

EBCCF U U U V ECC"F V ECC"F

U U U O EBBBF e EMCCF e EBBCF O EBBBF e EMCCF e EBBCF



 !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

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

 

,) 465

 

(1.45 < x < 1.90)

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

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

 

./001 23 *+,4-

 

./001 (1.75 < x < 1.90) )56 7'
!

-

"

.000$1

"#$ %#$&'#$ ()#*#+ ,-.. / +#%01'-+&'# -%23-4+# 54+ 0#'%3$ (# (1+#'%34#' .#$ 6-'-6+1'3$+37&#$ 1.#6+'37&#$

(#$ 8.%$9 +#..#$ 7&# .- '1$3$+3:3+1 ρ9 .- %523.3+1 (#$ 05'+#&'$ µ9 .- 6546#4+'-+354 (#$ 05'+#&'$ (# 6;-'<#$ n #+ .#

+=0# (# 05'+#&' %->5'3+-3'# ?p 5& n@ (#$ 8.%$ ABC3D

 

#+ ABCED

 

(1, 75 < x < 1, 90) ?+-2.#-& FGH@G I#$ %#$&'#$

#*#6+&1#$ 0'1$#4+#4+ (#$ -45%-.3#$9 $&'+5&+ (-4$ .- (1+#'%34-+354 (& +=0# (# 05'+#&' %->5'3+-3'#G J4 #*#+9 .# +=0#

(# 05'+#&' %->5'3+-3'# #$+ (1+#'%341 0-' .# $3<4# (# .- +#4$354 (# ,-.. V
!

G K# $3<4# L&6+&# $&3:-4+ .#$ %#$&'#$

#*#6+&1#$ 05&' 6#'+-34$ 16;-4+3..54$G D4 0#&+ #M0.37&#' 6#++# L&6+&-+354 0-' .- N-32.# :-.#&' (# %523.3+1 (# .- 0;-$#

'&+3.#9 5& #465'# 0-' .- 7&-.3+1 (#$ 654+-6+$G J4 #*#+9 .#$ %#$&'#$ 1.#6+'37&#$ $54+ (10#4(-4+#$ (& %-+1'3-& &+3.3$1

05&' '1-.3$#' .#$ 654+-6+$G O3#4 7&# +5&+#$ .#$ 0'16-&+354$ -3#4+ 1+1 0'3$#$ 05&' 52+#43' (#$ 654+-6+$ .341-3'#$ ?0-$

(# 2-''3P'# Q6;5++R=@9 .# +=0# (# 05'+#&' %->5'3+-3'# #$+ 0-'N53$ L&6+&-4+ ?n 5& p@G

S3$ / 0-'+ 6#++# L&6+&-+3549 .#$ :-.#&'$ (# '1$3$+3:3+1 (#$ 8.%$ (# ABC3D

"#$%

ρ = 6.10−1 Ω.cm #+ ABCED

"#$%

ρ = 1, 6.10−2 Ω.cm 52+#4&#$ $54+ (& %T%# 5'('# (# <'-4(#&'$ 7&# 6#..#$ '-005'+1#$ (-4$ .- .3++1'-+&'# 05&' &4 8.%

ABC3D

"#$%

ρ = 4.10−1 Ω.cm UVWX #+ ABCED

"#$%

ρ = 8.10−2 Ω.cm UYFFXG E5&$ 05&:54$ (546 +3'#' (#$ 6546.&$354$ $&'

.#$ 0'50'31+1$ 1.#6+'37&#$ (#$ 8.%$9 $-4$ 0'#4('# #4 65%0+# .# +=0# (# 05'+#&' %->5'3+-3'#G J4 6# 7&3 6546#'4# .#$

8.%$ ABC3D

 

9 .#$ :-.#&'$ µ #4'#<3$+'1#$ %54+'#4+ &4# N-32.# %523.3+1 (#$ 05'+#&'$ (# 6;-'<#$ (# W9ZBW9[ 6%

&

G\

'"

G$

'"

9

6-'-6+1'3$7&# (#$ :-.#&'$ (# %523.3+1 52$#':1 $&' .#$ 16;-4+3..54$ (# '&+3.# U[WXG

I# 8.% ABC3D

"#()

- &4# '1$3$+3:3+1 $&01'3#&'# / YW

* Ω.cmG D4 52$#':# &4# 6;&+# (# '1$3$+3:3+1 (# +'53$ (16-(#$

#4+'# .# 8.% ABC3D

"#()

?> 10−3 Ω.cm@ #+ .# 8.% ABC3D

"#+%

?V9Y Ω.cm@G I- '1$3$+3:3+1 (16'5]+ #4$&3+# .1<P'#%#4+ 05&'

ABC3D

"#+)

#+ ABC3D

"#$%

#+ -++#34+ .#$ :-.#&'$ 10−1 Ω.cmG I- %T%# +#4(-46# #$+ '#%-'7&1# 05&' .#$ 8.%$ ABCED

 

G

J4 #*#+9 .- '1$3$+3:3+1 0-$$# (# V9YGYW

& Ω.cm 05&' .# 8.% ABCED

"#()

/ 2, 1.10−2 Ω.cm 05&' .# 8.% ABCED

"#+%

G

 !"#$ FGH ^ _'50'31+1$ 1.#6+'37&#$ (#$ 8.%$ (# ABC3D

 

#+ ABCED

 

(1.75 < x < 1, 90) $&' `.

&

D

*

?WWWY@

"50-<# ?a -+@ \-.#&' (# x C3D

"#()

C3D

"#+%

C3D

"#+)

C3D

"#$%

ρRT ?Ω.cm@ bYW

*

V9Y F9ZGYW

'"

!GYW

'"

ABC3D

 

nRT ?6%

'*

@ c YW

"(

[GYW

"(

ZGYW

"(

454 (501 µRT ?6%

&

G\

'"

G$

'"

@ c W9Z W9V W9[

C=0# (# 05'+#&'$ c n/p n/p n

ρRT ?Ω.cm@ V9YGYW

&

Z9YGYW

'&

Y9YGYW

'&

Y9!GYW

'&

ABC3D

 

nRT ?6%

'*

@ YW

"$

YW

&)

ZGYW

&)

ZGYW

&)

E2 V9[ a -+ µRT ?6%

&

G\

'"

G$

'"

@ W9Z V Z Z

C=0# (# 05'+#&'$ n/p n n/p n

I#$ 6-'-6+1'3$+37&#$ 1.#6+'37&#$ (# '1$3$+3:3+1 ρ9 .- %523.3+1 (#$ 05'+#&'$ µ #+ .- 6546#4+'-+354 n (#$ 8.%$ (#

ABC3D

 

#+ ABCED

 

$54+ 0'1$#4+1#$ $&' .- 8<&'# FG[G D4 0#&+ :53' $&' .- 8<&'# FG[- &4# 6;&+# (# '1$3$+3:3+1 (#

0.&$3#&'$ (16-(#$ #4+'# .#$ 16;-4+3..54$ (# '-+35 UDXdUC3X Y9 W #+ Y9e[G f. $#%2.#'-3+ 7&# .- 654(&6+354 (& 8.% ABC3D

 

#+ ABCED

 

$53+ -6+3:1# / 0-'+3' ()&4# 6546#4+'-+354 #4 .-6&4# ()5M=<P4# #+ (1N-&+$9 65''#$054(-4+ -& '-+35 UDXdUC3X

(# Y9e[G ` 0-'+3' (# 6# '-+359 .- (3%34&+354 (# .- 7&-4+3+1 ()5M=<P4# - 0#& ()#*#+ $&' .- '1$3$+3:3+1 (#$ 8.%$G I#

%T%# +=0# (# +#4(-46# - 1+1 '#%-'7&1 (-4$ .)-4-+-$# 0-' .)17&30# (# \#4R-+#$-4 #+ -. UVZXG I- 2-3$$# 3%05'+-4+#

(# .- (#4$3+1 (# 05'+#&'$ #$+ #M0.37&1# 0-' .- N5'%-+354 ()&4 <'-4( 45%2'# (# (1N-&+$ 4-+3N$ (# +=0# p ?65%%#

VTi9 OiGGG@ 7&3 1.3%34#4+ .#$ 1.#6+'54$ 0'5(&3+$ 0-' .# 43523&%G D&+'# 6#++# -6+3:-+354 (# 654(&6+3549 54 52$#':# &4#

(3%34&+354 (# .- '1$3$+3:3+1 (#$ 8.%$ ABCED

 

(# 0.&$ ()&4 5'('# (# <'-4(#&' 0-' '-005'+ -&M 8.%$ ABC3D

 

G K#++#



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

 

+( (-%

 

(1.45 < X < 1.90)  !

"#$#%&'#(% )*&' +',* ,*-#.* / -01&2$*%'1'#(% 3(%4(#%'* "* -1 3(%3*%',1'#(% *% )(,'*&,5 672 89:;< *' "* -1 $(;#-#'.

672 89:3<9

 !"#  !$%  !$#  !&%

%!% 

%! 

 

 %

 %%

 %%%

 !"#

$

 !%#

$

 
!

"
#
$

%
&

'

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

-"."(/ 0/ 12'33'4/"1

 !"

 !"#  !$%  !$#  !&%

 ' (

 ' "

 ' $

 ' &

 ')%

 ') 

 !"#

$

 !%#

$

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

/
0

1

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

 #"

 !"#  !$%  !$#  !&%

%

 

'

(

)

#

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

/

0
1

2
3

0
4

2
3

5

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

%+#(

&

%+,(

&

 $"

 !"#$% 89: = >,(),#.'.5 .-*3',#?&*5 "*5 7-$5 @AB#C

 

631,,.< *' @ABDC

 

63*,3-*< 61< "* ,.5#5'#E#'. ρ 6;< "* 3(%3*%A

',1'#(% *% )(,'*&,5 n *' 63< "* $(;#-#'. µ *% F(%3'#(% "& ,1'#( x GCHIGB#H

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

 !"#

+,'-+./012 )&*

 !"#

1+&3/4&1 53 )6*

 !"#

1+&3/4&1 078 9'

$

*

%

:;;;#<

J*5 ),*$#K,*5 $*5&,*5 "0*L*' M1-- ,.1-#5.*5 5&, -* 7-$ B#C

!"#$

)(-N)O15. (%' $(%',.P E#1 -1 5'1'#5'#?&* "*5

$*5&,*5P &% 31,13'K,* "* 'N)* p )-&5 ),(%(%3.9 J0(;'*%'#(% "0&% 7-$ B#C

!"#$

$(%()O15. *' .)#'1Q#. 1 )*,$#5 "*

,.1-#5*, "*5 $*5&,*5 )-&5 71;-*5 *' ,*),.5*%'1'#E*5 "& $1'.,#1&9 R#%5#P 5&#E1%' -*5 3(%"#'#(%5 "* $*5&,*5P -* $1'.,#1&

1 ),.5*%'. &% 31,13'K,* "* 'N)* p *Q3-&5#FP *'P "1%5 -* )-&5 $1&E1#5 315P &% 31,13'K,* "* 'N)* p 5'1'#5'#?&*$*%'

;*1&3(&) )-&5 .-*E.9 J1 ".'*,$#%1'#(% "& 'N)* "* )(,'*&, $14(,#'1#,* 1 .'. ',K5 3($)-#?&.* *' #- *5' "#S3#-* "* 5*

),(%(%3*, "* $1%#K,* ".7%#'#E* 5&, -* 'N)* "* )(,'*&, $14(,#'1#,* ,*5)(%51;-* "* -1 3(%"&3'#E#'.9 J*5 E1-*&,5 "*



 !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

"#$%$&%'%&# ρRT (& )( *+,%-%&# µRT +,&(./($ 0+/" -( 1-* #0%&23%# $+.& 4"2.)(*(.& 2*#-%+"#($ 02" "200+"& 2/3 1-*$

0+-5062$#$7 02$$2.& )( 879:;<

 !

= !7>:;<

 "Ω.cm (& )( <7?@<7A = 8<@>< B*

#

:C

 $

:$

 $

:

D2" 2%--(/"$7 -( )+024( .%+,%/* )/ 1-* E%F

$%"&

#0%&23%# *+)%1( -( &50( )( 0+"&(/" *2G+"%&2%"( 0"#$(.& )2.$ -(

1-*: H( 1-* EIF

$%"&

0"#$(.&( /. B2"2B&J"( (3B-/$%K )( &50( n:

 !"#$ 9:! L D"+0"%#&#$ #-(B&"%M/($ )($ 1-*$ *%.B($ )N+35)( )( &%&2.( E%F

$%"&

0+-5062$#7 E%F

$%"&

#0%&23%# (& EIF

$%"&

#0%&23%# $/" O-

#

F

!

P<<<;Q

R+*0+$%&%+. )/ 1-* ρRT PΩ.cmQ nRT PB*

 !

Q µRT PB*

#

:C

 $

:$

 $

Q E50( )( 0+"&(/"$

E%F

$%"&

0+-5062$# 879:;<

 !

;<

#$

@;<

##

<7?@<7A p/n
E%F

$%"&

#0%&23%# !7>:;<

 "

;<

#$

@;<

##

8<@>< p
E%

'%()&

I,

'%'!&

F

$%"&

;:8S;<

 !

;<

#$

@;<

##

<7?@<7> n

H2 )#&("*%.2&%+. )/ &50( )( 0+"&(/" *2G+"%&2%"( ($& 4#.#"2-(*(.& B+.1"*#( )2.$ -2 -%&&#"2&/"( 02" )($ *($/"($

)( B+(TB%(.& U((,(BV W8 7 ! 7  <7  8X: Y2-6(/"(/$(*(.&7 .+/$ .( )%$0+$+.$ 02$ )/ )%$0+$%&%K (30#"%*(.&2- 0+/"

(Z(B&/(" B(&&( '#"%1B2&%+.: H($ *($/"($ )N(Z(& [2-- (Z(B&/#($ $/" -($ 1-*$ \@E%F

*

(& E%F

$%"&

+.& *%$ (. #'%)(.B( -2

0+$$%,%-%&# )N#-2,+"(" )($ 1-*$ )+.& -($ 0+"&(/"$ *2G+"%&2%"($ $(*,-(.& ]&"( )( &50( )( n +/ )( &50( p: H2 '#"%1B2&%+.

)/ B2"2B&J"( )( &50( p )/ 1-* E%F

$%"&

0(/& .#2.*+%.$ ]&"( +,&(./( )( *2.%J"( )#&+/".#(7 02" -2 B+.B(0&%+. )N/.

)%$0+$%&%K #-(B&"+.%M/( 2B&%K7 /.( 6+*+G+.B&%+. p− n7 = 02"&%" )($ 1-*$ %.)%'%)/(-$ )( \@E%F

*

(&^+/ )( E%F

$%"&

:

 !"!# $%&'(% )% (*&+&,+-+,* %. /0.1,+0. )% 23 ,%45*(3,'(%

 !"!#!$ %&'()*+,'-)& .+/ 01,.&-2032 *3 ,)&*+,'-)& 230-,)&*+,'3+( 3' 01'.44-5+3

_( .+*,"(/3 *#B2.%$*($ )( B+.)/B&%+. 0(/'(.& %.&("'(.%" 2/ $(%. )N/. *2&#"%2/ $(*%B+.)/B&(/" +/ *#@

&2--%M/(: R($ *#B2.%$*($ 0(/'(.& ]&"( B2"2B&#"%$#$ = 02"&%" )( *($/"($ )( "#$%$%&%'%&# (. &(*0#"2&/"(: HN/. )($

*#B2.%$*($ -($ 0-/$ B+../$7 ($& )#B"%& 02" -2 -+% )NO""6(.%/$ `

ρ = ρ0 exp
(

Ea

kT

)

+a Ea ($& -N#.("4%( )N2B&%'2&%+.7 T ($& -2 &(*0#"2&/"(7 k -2 B+.$&2.&( )( b+-&c*2.. (& ρ0 /.( B+.$&2.&(: HN#.("4%(

200+"&#( 02" -N24%&2&%+. &6("*%M/( 0"+'+M/( -N%+.%$2&%+. )($ %*0/"(&#$: d--( 0("*(& )( K2%"( 02$$(" -($ #-(B&"+.$ )N/.

.%'(2/ )+..(/" $%&/# )2.$ -2 ,2.)( )N#.("4%( %.&(")%&( '("$ -2 ,2.)( )( B+.)/B&%+. )/ $(*%B+.)/B&(/": R( *#B2.%$*(

($& )#B-(.B6# = 02"&%" )N/.( B("&2%.( &(*0#"2&/"(:

O ,2$$( &(*0#"2&/"(7 -2 0-/02"& )($ #-(B&"+.$ -%,"($ )( -2 ,2.)( )( B+.)/B&%+. $+.& "(B20&/"#$ 02" -($ )+..(/"$

*2%$ %-$ .N+.& 02$ 2$$(c )N#.("4%( 0+/" 02$$(" )( -(/" .%'(2/ )N#.("4%( )+..(/" '("$ -2 ,2.)( )( B+.)/B&%+.: R(

B+*0+"&(*(.& 0(/& $N(30-%M/(" )2.$ -( B2)"( )/ *+)J-( )( B+.)/B&%+. 02" $2/& P6+00%.4 B+.)/B&%+. (. 2.4-2%$Q:

_2.$ B( *+)J-(7 -2 B+.)/B&%+. ($& 2$$/"#( 02" -($ #-(B&"+.$ M/% 02$$(.& )( .%'(2/3 )N#.("4%( (. .%'(2/3 )N#.("4%(

)2.$ -2 ,2.)( )N%*0/"(&#: R($ .%'(2/3 $+.& &"J$ 0"+B6($ -($ /.$ )($ 2/&"($7 02" B+.$#M/(.& -($ #-(B&"+.$ +.& 2$$(c

)N#.("4%( 0+/" -($ K"2.B6%" *]*( = ,2$$( &(*0#"2&/"(: _(/3 B2$ $+.& (.'%$24(2,-($ 0+/" (30-%M/(" -2 "#$%$&%'%&#

= ,2$$( &(*0#"2&/"(: U+%& -($ #-(B&"+.$ $2/&(.& '("$ -N%*0/"(&# -2 0-/$ 0"+B6(7 BN($& /.( B+.)/B&%+. )( &50( II[

P)( -N2.4-2%$ .(2"($& .(%46,+" 6+00%.4Q7 $+%& -2 B+.)/B&%+. ($& )( &50( C\[ P)( -N2.4-2%$ '2"%2,-( "2.4( 6+00%.4Q:

_2.$ B( )(".%(" B2$7 -2 -+.4/(/" )/ $2/& )( -N#-(B&"+. ($& '2"%2,-( P(& 0(/& ]&"( 4"2.)(Q7 )( *2.%J"( = *%.%*%$(" (&

-2 )%$&2.B( )/ ,+.) (& -N#B2"& (.&"( -($ .%'(2/3 )N#.("4%( W;9>X: _2.$ -( *+)J-( )( B+.)/B&%+. II[7 -($ #-(B&"+.$

$2/&(.& '("$ -( $%&( '+%$%. '%)( -( 0-/$ 0"+B6(: R( 4(."( )( *#B2.%$*( .#B($$%&( /.( #.("4%( )N2B&%'2&%+. ,(2/B+/0

0-/$ K2%,-( M/( $% -2 B+.)/B&%+. ($& 2B&%'#( &6("*%M/(*(.&: R( *+)J-( %.%&%2-(*(.& )#'(-+00# 02" Y+&& W;9>X 0+/" -($



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

 

+( (-%

 

(1.45 < X < 1.90)   

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

!"#$%&'()%*")+! %+$!*,00$'! &) -&05%+$!*,00$'!6 7, +/!$!*$8$*/ "!* (/%+$*" -,+ 09/1),*$&' :6; <

ρV RH = ρ0 × exp

[

T0
T

]1/4

=:6;>

&? 0" @,%*")+ ρ0 "* T0 !&'* ("! %&'!*,'*"!6

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

 !"#

-#../ 01 )*+2,

 !"#

-#../ (34 5&

$

,

%

-...6/

A,'! 0, 0$**/+,*)+"B 0, +/!$!*$8$*/ ("! C0#! (" +)*$0" !&)! !*D%.$&#/*+$1)"! "' &45EF'" -+/!"'*" )' %&#-&+*"G

#"'* !"#$%&'()%*")+B 0" #/%,'$!#" (" %&'()%*$&' /*,'* ,%*$8/ *."+#$1)"#"'*6 79/'"+E$" (9,%*$8,*$&' &3*"')" -&)+

%"! C0#! '&' !*D%.$&#/*+$1)"! "!* (" HI #"J KLIM "* NL #"J K;:HM6 O0 "!* ,(#$! 1)" 0, %&'()%*$&' (" 09&45(" ("

*$*,'" !&)! !*D%.$&#/*+$1)" "!* ,%%&#-0$" -,+ )' #/0,'E" (" -&+*")+! -+&8"','* ("! 0,%)'"! (9&45EF'" "* ("! $&'!

P$

 !

K;:NM6

7, CE)+" :6H -+/!"'*" )' *"0 E+,-.$1)" -&)+ )' C0# (" QGP$R

"#$%

=SII>TU0

&

R

 

=III;> #&'&-.,!/ "* /-$*,4$/6

V"**" CE)+" #&'*+" 1)" 0, +/!$!*$8$*/ '" !)$* -,! 0" %&#-&+*"#"'* (9)'" !$#-0" ,%*$8,*$&' *."+#$1)" -)$!1)" 0,

%&)+3" (9U++."'$)! !9/%,+*" 0,+E"#"'* (9)'" (+&$*"B -,+*$%)0$F+"#"'* -&)+ ("! *"#-/+,*)+"! W SII X6 O0 "4$!*"

%"-"'(,'* )' $'*"+8,00" (" *"#-/+,*)+" ="'*+" ;NI X "* YII X> &? 0" %&#-&+*"#"'* "!* 0$'/,$+"6 7, 8,+$,*$&' ("

ln ρ = f ( 1

T ) #"* "' /8$("'%" )'" 0&$ (9U++."'$)! "' @&'%*$&' (" 0, *"#-/+,*)+" (,'! 0, +/E$&' YIIG;NIX =I6IIYYG

I6IIH X

'"

>6 79/'"+E$" (9,%*$8,*$&' "!*$#/" 2 -,+*$+ (" 0, -"'*" () E+,-.$1)" ln ρ = f ( 1

T ) "!* (" LY #"J6 7, 8,0")+

(/*"+#$'/" "!* () #Z#" &+(+" (" E+,'(")+ 1)" %"00" &3*"')" -&)+ )' #Z#" C0# (" QGP$R

"#$%

=SII> !5'*./*$!/ !)+

)' !)3!*+,* (" 7,U0R

 

=;II> KY;M6

 !  "  !  #  !  $  !  %  ! &  ! &"

'"

'&

 

&

"

 !&(  !"  !"(  !) 

'&

 

&

"

 !"#$

 !"#%

 
!

"
"
#
$

%
"
#

&
'

(
%

&

' 

()*

' 

+

 
!

"
"
#
$

%
"
#

&
'

(
%

&

'"

()*

'"

+

,

-

!(.%(/01

 !"#$%  !" # $%&'(% )% (%&*&+*,*+- %. /0.1+*0. )% 23 +%45-(3+'(% 50'( 26-173.+*220. 89:*;

 !"#

<=>>?@A2

$

;

%

<>>>B?

C. (%D3()3.+ 2% D(357*E'% )6A((7%.*'& )3.& 23 53(+*% F3&&% +%45-(3+'(% <GD'(% !"?H 3'1'.% )(0*+% .% 5%'+

10((%1+%4%.+ 3I'&+%( 1%& )0..-%&! J%23 &'DDK(% E'% 1% 4-13.*&4% .6%&+ 53& 5(-50.)-(3.+ 50'( 23 10.)'1+*0. )'

89:*;

 !"#

L F3&&% +%45-(3+'(%! J%1* &6%M52*E'% 53( 26%&531%4%.+ +(05 *450(+3.+ %.+(% 2%& *45'(%+-& )' G24 E'* (%.)

2% &3'+ )% 26-2%1+(0. +(05 10N+%'M %. -.%(D*%! O'3.) 23 +%45-(3+'(% %&+ *./-(*%'(% L BP> Q %.,*(0.H 23 10.)'1+*0.



 !!  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

"# $#%& '&(# )*+(,&# )-". /# +-)(# )% 01)2/# )34((5#",%. #& #.& $/%. +#(&-,"#0#"& )# &6$# 789: ;#. )*<,-&,1". )#

ln ρ $-( (-$$1(& = %"# )(1,&# .1"& &(1$ ,0$1(&-"&#.:

>1%( ?@ A!BC %"# +1%(D%(# #.& 1D.#(<*# )-". /- (#$(*.#"&-&,1" )34((5#",%.: E# +10$1(&#0#"& $#%& '&(# #FG

$/,H%* $-( /# 0*+-",.0# )# +1")%+&,1" 789 I)# /3-"J/-,. 3<-(,-D/# (-"J# 51$$,"J3K #& #.& L(*H%#00#"& 1D.#(<* )-".

/#. .#0,+1")%+&#%(.: M-". +# +-.C ln ρ(T ) .%,& %"# )*$#")-"+# /,"*-,(# #" T−1/3
#& T−1/4

C $1%( %" 01)2/# )# 51$$,"J

)# )#%F #& &(1,. ),0#".,1".C (#.$#+&,<#0#"&: ;- <-(,-&,1" )# ln ρ #.& (#$(*.#"&*# #" L1"+&,1" )# T−1/3
#& T−1/4

C $1%(

/# N/0 8G?,O

 !"#

INJ: P:QK: R" +10$1(&#0#"& /,"*-,(# #.& 1D.#(<* )-". /# )10-,"# )# &#0$*(-&%(# #"&(# S!A B #&

TU B $1%( ln ρ #" L1"+&,1" )# T−1/3
C #& )# S!! = TA B $1%( ln ρ #" L1"+&,1" )# T−1/4

: ;- ),0#".,1" )% $(1+#..%.

)# 51$$,"J "3#.& $-. ),.+#("-D/#C *&-"& )1""* /#. +10$1(&#0#"&. 1D.#(<*.: >1%( +# N/0 )# 8G?,O

 !"#

IS!!KC %"

0*+-",.0# )# .-%& )3*/#+&(1". #"&(# /#. ,1". ?,

$%

#& ?,

&%

)-". )#%F 1% &(1,. ),0#".,1". $#%& '&(# )10,"-"& )-".

+#&&# J-00# )# &#0$*(-&%(# VU W:

;- .%$#($1.,&,1" )#. +1%(D#. ln ρ(T ) .%( /- NJ%(# P:X 0#& #" *<,)#"+# /3,"Y%#"+# )% )1$-J# ",1D,%0 .%( /#.

$(1$(,*&*. */#+&(,H%#. )% N/0 8G?ZO

 !"#

IS!!K: M-". %" $(#0,#( &#0$.C 1" (#0-(H%# H%# /# ",1D,%0 ),0,"%# /-

(*.,.&,<,&* )% N/0 )3%" 1()(# )# J(-")#%( = &#0$*(-&%(# -0D,-"&#C )# ρ = 1, 3.10−1 Ω.cm = ρ = 1, 8.10−2 Ω.cm:

[, /31" +10$-(# /# +10$1(&#0#"& )#. )#%F N/0.C 1" 1D.#(<# %"# <-(,-&,1" )# (*.,.&,<,&* &(2. */#<*# #"&(# I!C! !

#& !C!!X B

' 

K $1%( /# N/0 8G?ZO

 !"#

&-"),. H%# /- (*.,.&,<,&* )% N/0 8G?,O

 !"#

*<1/%# $#%: O" $#%& -&&(,D%#( +#

+5-"J#0#"& )# (*.,.&,<,&* = /3-+&,<-&,1" )#. ,1". ",1D,%0: >1%( /#. D-..#. &#0$*(-&%(# I!C! S = !C!UA B

' 

KC /3,1"

",1D,%0 .#0D/# D/1H%#( /- +1")%+&,1" $%,.H%# /- (*.,.&,<,&* )% N/0 ",1D,%0 #.& )# ρ = 400 Ω.cm $1%( 8G?ZO

 !"#

#& )# ρ = 40 Ω.cm $1%( 8G?,O

 !"#

C .1,& %"# (*.,.&,<,&* .%$*(,#%(# )3%" 1()(# )# J(-")#%(:

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

&'

&$

 

$

'

(

)

 
!

"
#

$
%

&
'

 !"#$%

& 

'

#(&")*

 +,-

#(&")*

 +,-

./0

-1

#2+-3#45

 !"#$% P:X \ E10$-(-,.1" )% +10$1(&#0#"& (*.,.&,L )3%" *+5-"&,//1" 8G?,O

 !"#

IS!!K "1" )1$* I+#(+/#K #& )1$*

",1D,%0 UCA] -& I+-((*K #" L1"+&,1" )# /3,"<#(.# )# /- &#0$*(-&%(#

 !"!#!" $%& '%()*+,-*.( /, 0-1 234

 !"#

5*'6%&7 %8%)%&. .) (,)*-.

9(7&.8)%)*:8 ;787(%-. /, 0-1 234

 !"#

5*'6%&7 %8%)%&. .) (,)*-.

M#. N/0. 0,"+#. $(*.#"&#"& $-(L1,. )#. +-(-+&*(,.&,H%#. #F+#$&,1""#//#. #" L1"+&,1" )# /- &#0$*(-&%(#: ;#.

+1%(D#. 8I?K #"(#J,.&(*#. $1%( /#. N/0. D,$5-.* ?ZO

 !()

#& 01"1$5-.* 8G?ZO

 !"#

.%( [(?,O

$

I !!KC (#$(*.#"&*#.

.%( /- NJ%(# P:^C 01"&(#"& )#%F +10$1(&#0#"&. (*.,.&,L. +10$/2&#0#"& ),_*(#"&. #" L1"+&,1" )# /- &#0$*(-&%(#: 4/1(.



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

 

+( (-%

 

(1.45 < X < 1.90)  ! 

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

 !"#

-./0$12$ #1 34'-4.2$'$12 0$'53416#32$#. 3%7005"#$ 0#. 24#2$ %7 87''$ 6$ 2$'-/.72#.$09 %$

&%' -4%:-;70/ *+,

 !$%

-./0$12$ 2.450 2.710525410 0#33$005<$0 $1 =4132541 6$ %7 2$'-/.72#.$> ? 3$ 0276$ 6$ %@/2#6$9

41 -$#2 6/AB $025'$. "#$ %@7--4.2 6$ %7 -;70$ 717270$ 1@$02 -70 1/8%58$7C%$> D@$1.$8502.$'$12 4C2$1# -4#. %$ &%'

*+,

 !$%

C5-;70/ 717270$ $2 .#25%$ -./0$12$ -%#05$#.0 2.710525410 052#/$0 <$.0   9E F 9 GH F $2 IE! F J&8> K>HCL>

 ! "  "! #  #! $  

 

!    

"     

"!    

#     

#!    

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

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

 !" #$%

 !"#

&'(#)%

$

 ! "  "! #  #! $  

"$! 

"%  

"%! 

"!  

"!! 

"&  

"&! 

"'  

"'! 

"(  

 

 

!
"
#
$
#
%
&
'
(
)
 
*

+

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

 *" #$%

 !%&

+,( '(#)%

$

 !"#$% K>H M ($-./0$1272541 6$ %7 ./0502713$ $1 =4132541 6$ %7 2$'-/.72#.$ -4#. %$0 /3;7125%%410 J7L ()*+,

 !"#

$2

JCL *+,

 !$%

-4%:-;70/ 717270$N.#25%$

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

D7 -.$'5O.$ 2.71052541 052#/$ <$.0   9E F9 -$#2 P2.$ 56$125&/$ 34''$ %7 2.71052541 0#-.73416#32.53$ 6$ %@/%/)

'$12 154C5#'9 6412 %7 2$'-/.72#.$ 3.525"#$ 0$ 052#$ B Q9IE F R KHS> D@7..P2 -.48.$005= 6# 37.732O.$ 0#-.73416#32$#.

6$ %@/%/'$12 154C5#' 0$ 2.76#52 -7. #1$ 7#8'$1272541 6$ %7 ./05025<52/ J&8 K>QL>

 !" ! #"

"$"%" 

"$"%!"

"$"%! 

"$"%#"

"$"%# 

"$"%&"

 
!
"
#

$

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

 

-

.//01)+

 !"#$% K>Q M *.71052541 0#-$.3416#32.53$ 6# 154C5#'



 !"  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

 !"#$%&' !'$(! "# ()*%*$%+%$) !$ "# $!,-)(#$.(! T
1

2
/ T

3

2
!$ T 2

#$ %&'()*& +,$)%-+-(). %-+/0& 1 23 4. &%+ '$,$'+0,-%+-5/& *6/)& +,$)%-+-() 70+$89%&7-'()*/'+&/, :;<=>? @)&

+&88& ;<= A&/+ B+,& -)+&,A,0+0& *$)% 8& '$*,& */ 7(*C8& *& '()*/'+-D-+0 $AA8-5/0 1 8$ 7$+-C,& *0%(,*())0& E FGH? #$

A,0%&)'& *6/) 7-)-7/7 *$)% 8$ '(/,I& ρ = f (T ) &%+ &JA8-5/0&. *$)% '& 7(*C8&. 1 86$-*& *& 86$AA,('K& %&7-9'8$%%-5/&

*& L(8+M7$)). $AA&80& '(,,&'+-() 5/$)+-5/& *& 8$ '()*/'+-D-+0 :&) $)N8$-% O5/$)+/7 '(,,&'+-()% +( '()*/'+-D-+PO>Q&

7(*C8& A,&)* &) '(7A+& 8&% &R&+% *6/)& 8('$8-%$+-() S$-I8& *&% A(,+&/,% &+ *&% -)+0,$'+-()% *& Q(/8(7I. ,&8-0% $/

*0%(,*,& %+,/'+/,$8 E FGH? Q& 7(*C8& *& '()*/'+-D-+0 $ *0T1 0+0 &JA8(-+0 A(/, &JA8-5/&, 8&% ;<=% (I%&,D0% *$)%

*-D&,% (JP*&% +&8% 5/& U/V

 

E"!H. #$W-V

!

E"!.  GH &+ *&% X87% *& Y)V )() *(A0% &+ *(A0% L &+ Z$ E [!.  [ .  3H?

#$ 8-++0,$+/,& )& ,$AA(,+& A$% '& +PA& *& +,$)%-+-() 70+$8 %&7-'()*/'+&/, A(/, 86(JP*& *& +-+$)& *(A0 )-(I-/7?

 ! " # $%

"&#'$%

( 

"&)'$%

( 

*&%'$%

( 

*&$'$%

( 

*& '$%

( 

*&+'$%

( 

 
!

"
#
$

%

 

!"#$

%&

!"#

'

 !" ρ = f (T 1/2)  #" ρ = f (T 3/2)

 !    "    #    $    

%&'(! 

)"

*& (! 

)"

*&'(! 

)"

+& (! 

)"

+&'(! 

)"

,& (! 

)"

 
!
"
#

$

 

!

"#$

!

%

 $" ρ = f (T 2)

 !"#$% F? ! \ U&A,0%&)+$+-() *& 8$ ,0%-%+-D-+0 */ X87 ;WV

"#$%

A(8PAK$%0 $)$+$%&],/+-8& &) S()'+-() *& 8$ +&7A0,$9

+/,& :$>T
1

2
:I> T 3/2

&+ :'>T 2

^)+,&  _ &+ F 4. 8$ ,0%-%+-D-+0 %/-+ *&% 8(-% 8-)0$-,&% &) S()'+-() *& T
1

2
:'S XN? F? !$> &+ T

3

2
:'S XN? F? !I>?

#& '(7A(,+&7&)+ %&7-'()*/'+&/, */ X87 &%+ *&%',-A+-I8& A$, 8& 7(*C8& I$%0 %/, 8&% O5/$)+/7 '(,,&'+-()% +(



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

 

+( (-%

 

(1.45 < X < 1.90)  !"

#$%&'#()*)(+, #$--./0$%&1%( 2 '%. 3$#13)/1()$% 41)53. &./ 0$-(.'-/6 1'7 )%(8-1#()$%/ 83.#(-$%/983.#(-$%/ .( 83.#(-$%/9

0:$%$%/; <./ #$--831()$%/ 3)%81)-./ ρ = f (T 1/2) .( ρ = f (T 3/2) )%&)='.%( ='. 31 #$%(-)5'()$% &. 31 -8/)/()*)(8 ./( &'.

2 31 4$)/ 1'7 )%(8-1#()$%/ 83.#(-$%/983.#(-$%/ .( 83.#(-$%/90:$%$%/6 -./0.#()*.>.%(; <?8*$3'()$% 3)%81)-. &. ρ = f (T 2)

>.( .% 8*)&.%#. 3. #$>0$-(.>.%( >8(133)='. &' @3> .%(-.    .(  A B C#4 @D; E;F G; <. @3> ./( 13$-/ #$%&'#(.'-

H'/='?2 II! B6 0-$5153.>.%( &J 1'7 %$>5-./ 83.*8/ Cne = 1, 5.1020 cm−3
G &. 0$-(.'-/; K%@%6 3. >1(8-)1' -.0-.%&

'% #$>0$-(.>.%( /.>)#$%&'#(.'- 10-L/ II! B;

 !"#$%&'(%!) "* $' (+')&%(%!) ,#('$-&*,%.!)"/.(*/+ 0 1'+(%+ "/ ,!"2$* 34/')(/, .!++*.(%!) (! .!)-

"/.(%5%(63

M 01-()- &. #./ :+0$(:L/./6 0$'- 31 D1>>. &. (.>08-1('-.  N9 O! B6 )3 ./( 0$//)53. &. >$&83)/.- 3. #$>9

0$-(.>.%( &. 31 -8/)/()*)(8 &' @3> PQR

 !"#

.% 4$%#()$% &. 31 (.>08-1('-. 2 01-()- 3?.70-.//)$% /')*1%(. S

ρ(T ) = 1

σ0+a1Tp/2+a2T 1/2 + bT 2

$T σ0 ./( 3)8 2 31 -8/)/()*)(8 -8/)&'.33. ρ0Cσ0 = 1/ρ0 G U a1T
p/2

&8#-)( 31 3$#13)/1()$% 41)53. &./ 0$-(.'-/ &'. 1'7

)%(.-48-.%#./ &./ 4$%#()$%/ &?$%&./ ='1%()='./ -.(-$&)V'/8./ /'- 3./ )>0'-.(8/6 &1%/ 3.='.3 p &80.%& &. 31 %1('-. &./

)%(8-1#()$%/6 .( p = 2ou3 0$'- &./ )%(8-1#()$%/ 83.#(-$%983.#(-$% $' 83.#(-$%90:$%$%6 .( 3. (.->. a2T
1/2

#$--./0$%&

1'7 )%(8-1#()$%/ &. W$'3$>5 .%(-. 83.#(-$%/6 -.%$->13)/8./ 01- 3./ .V.(/ &?1'($9)%(.-48-.%#./ XI!6  F6  AY; K% 03'/

&. #./ #$--.#()$%/6 3. (.->. bT 2
./( )%#3'/ 0$'- (.%)- #$>0(. &. 31 #$%(-)5'()$% &. 31 &)V'/)$% :1'(. (.>08-1('-.;

<1 >$&83)/1()$% /.3$% 3?8='1()$% E;";I;" 1 8(8 1003)='8. 0$'- &8#-)-. 31 PZ[ /)('8. .%(-.  N .(  O! B; <./ *13.'-/

#$--./0$%&1%( 1'7 01-1>L(-./ &. 31 >$&83)/1()$% /$%( &$%%8./ &1%/ 3. (153.1' E;F;

 !"#$ E;F \ ]13.'-/ #$--./0$%&1%( 1'7 01-1>L(-./ &. 31 >$&83)/1()$%

^1-1>L(-./ &. 31 >$&83)/1()$% &. 3?8='1()$% E;";I;"

1/ρ0 a1 p a2 b
 I6A!  6 O; !

$%

"6!! !6I_  !; !

$&

<1 >.)33.'-. >$&83)/1()$% 1 8(8 $5(.%'. 0$'- '% 01-1>L(-. p @78 2 "6 #$--./0$%&1%( 1'7 )%(8-1#()$%/ 83.#(-$%9

0:$%$%; <./ (.->./ a1T
p/2

.( a2T
1/2

#$%(-)5'.%( ($'/ 3./ &.'7 2 31 #$--.#()$% ='1%()='. &. 31 #$%&'#()*)(86 #$>>.

$%( 0' 3. &8>$%(-.- 3./ #$>0$-(.>.%(/ 3)%81)-./ &. ρ = f (T 1/2) .( ρ = f (T 3/2) C@D'-./ E; !1 .( E; !5G; [.3$%

#.((. &./#-)0()$%6 3./ ,='1%('> #$--.#()$%/ ($ #$%&'#()*)(+, >L%.%( 2 '%. *13.'- &. (.>08-1('-. 0$'- 31='.33. 31

-8/)/()*)(8 ./( >)%)>'> *.-/ _A B; <1 @D'-. E;  >$%(-. 31 /'0.-0$/)()$% &. 31 #$'-5. ρ = f (T ) 0$'- 3. @3>

PQR

 !"#

0$3+0:1/8 1%1(1/.`-'()3. $5(.%' /'- [PR C !!G6 .( &. 31 >$&83)/1()$% $5(.%'. 01- 3?8='1()$% E;";I;";



 !"  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

 ! !" #! $"" $ ! $!"

"%"#""

"%"# !

"%"#!"

"%"##!

"%"&""

 
!

"
#
$

%

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

 !"#$% "#  $ %&'()* +* ,- (./0/10201. *3 4&3510&3 +* ,- 1*67.(-1'(* 7&'( ,* 8,6 9:;

 !"#

7&,<7=-/. -3-1-/*>('10,*

&)1*3' /'( ?9; @ !!A# B- 5&'()* *3 7&0310,,. 3&0(* (*7(./*31* ,- 6&+.,0/-10&3 &)1*3'* C ,D-0+* +* ,D.E'-10&3 "#F#G#F

%* 1<7* +* 9H? 3D- *35&(* I-6-0/ .1. (.7*(1&(0. +-3/ ,- ,011.(-1'(* 7&'( '3 .5=-310,,&3 +D&J<+* +* 101-3*

+&7. 30&)0'6# K*/ 9H?/ /'7.(0*'(*/ C  !! L &31 +.IC .1. (.7*(1&(0.*/ *1 031*(7(.1.*/ 7-( ,* 6&+M,* +* NE'-31'6

5&((*510&3/ 1& 5&3+'510201<N /'( +*/ 8,6/ +D&J<+* OG!P  QP  RS# %*11* -77(&5=* */1 5&3/0+.(.* 5&66* 2-,0+* C 7-(10(

+' 6&6*31 &T ,*/ 5&((*510&3/ E'-310E'*/ /&31 1(M/ 034.(0*'(*/ C ,- 5&3+'510201. +* U&,1V6-33 σ0 P 5D*/1 C +0(* W

δσ = a1T
p/2 + a2T

p/2 ≪ σ0

K-3/ ,- X-66*  YZ[! LP ,*/ 2-,*'(/ +.+'01*/ +* ,- 6&+.,0/-10&3 +&33*31 '3 (-10& δσ/σ0 1&'I&'(/ 034.(0*'( C

!P Y# %* (-10& */1 4-0),* *3 5&67-(-0/&3 +* ,- 5&3+'510201. +* U&,1V6-33P 6-0/ 7,'/ .,*2.* E'* +-3/ ,- ,011.(-1'(*

OG!S#

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

B*/ 9H?/ 7*'2*31 .X-,*6*31 \1(* *J7,0E'.*/ *3 7(*3-31 *3 5&671* ,- 1(-3/010&3 +* H&11 +-3/ ,* 5-+(* +D*]*1

+* ,&5-,0/-10&3 +^ C +*/ +.4-'1/ /1('51'(-'J# B- 5&67.1010&3 *31(* ,*/ 7&(1*'(/ -5102./ 1=*(60E'*6*31 *1 ,D*]*1 +*

+0]'/0&3 +*/ 7&(1*'(/ ,0)(*/ +-3/ ,*/ /*605&3+'51*'(/ +.X.3.(./ 5&31(0)'*31 C 5*11* 1(-3/010&3# K-3/ 5* 6&+M,*P

,&(/E'* ,*/ .,*51(&3/ ,0)(*/ /&31 /106',./ +-3/ ,- )-3+* +* 5&3+'510&3P ,- (./0/10201. +.5(&_1 -2*5 ,- 1*67.(-1'(*#

%*7*3+-31P ,- 5&35*31(-10&3 *3 7&(1*'(/ */1 /'77&/.* +0603'*( 7&'( '3* 1*67.(-1'(* +&33.* +'* C ,D*]*1 U'(/1*03Z

H&//P +&33-31 ,0*' C 5* 1<7* +* 9H?# `3 /'02-31 5*11* -77(&5=*P ,- 2-(0-10&3 +* ,- 5&3+'510201. +-3/ ,* +&6-03*

+*/ 4-0),*/ 1*67.(-1'(*/ +*2(-01 /'02(* ,- ,&0 O "YS W

σ = A exp(−B/T 1/4) @"#GA

B- (*7(./*31-10&3 lnσ = f(T 1/4) @8X "# GA 7(./*31* '3* 7-(10* ,03.-0(* *31(* G! *1 "[ L# ;3 3* 7*'1 +&35 7-/

*J5,'(* ,- 5&31(0)'10&3 +D'3 *]*1 U'(/1*03ZH&// /'( ,- 5&3+'510201. +' 8,6# %*11* 5&31(0)'10&3 /'77,.6*31-0(*

*J7,0E'*(-01 ,* (-10& δσ/σ0 '3 7*' .,*2. +.1*(603. 7&'( ,* 6&+M,* NE'-31'6 5&((*510&3/ 1& 5&3+'510201<N# %*11*

-77(&5=* */1 )-/.* /'( '3* +0603'10&3 +* ,- +*3/01. +* 7&(1*'( C ,- 1*67.(-1'(* +* 1(-3/010&3 Tm = 68K# K*/



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

 

+( (-%

 

(1.45 < X < 1.90)  !"

#$%&'$% ($ )* ($+%,-. ($ /0'-$&'% $+ 10+2-,0+ ($ )* -$#/.'*-&'$ /$'#$--'0+- ($ 20+3'#$' %, &+ $4$- 5&'%-$,+670%%

$%- /'.%$+- (*+% 2$ 3)#8

 !"# $!%% $!$# $!#% $!"# &!%%

$!'$

$!'(

$!''

$!')

 !"#

 
!

"
"
#

$
%

&
'

$

%&'

(#

%&'

)

%%"#

 !"#$% 98 : ; <$/'.%$+-*-,0+ (& 20#/0'-$#$+- ($ )* 20+(&2-,=,-. lnσ $+ 10+2-,0+ ($ T 1/4
/0&' )$ 3)# >?@

 !"#

A,/B*%. *+*-*%$C'&-,)$ 0A-$+& %&' D>@ E !!F /0&' )* /*'-,$ A*%%$ -$#/.'*-&'$ ($ )* 20&'A$

 !"#$%&'!"&

G* '.%,%-,=,-. $+ 10+2-,0+ ($ )* -$#/.'*-&'$ H .-. #0(.),%.$ *=$2 %&22I% H )J*,($ (& #0(I)$ ($ KL&*+-&#

20''$2-,0+% -0 20+(&2-,=,-MK (*+% &+ 0NM($ 20+(&2-$&' (.%0'(0++.8 7O#$ %, L&$)L&$% '.%$'=$% /$&=$+- O-'$ .#,%$%

(& 1*,- (& '*-,0 δσ/σ0 &+ /$& .)$=. (*+% )$ 2*% ($ 2$--$ .-&($P 2$ #0(I)$ $%- *(*/-. /0&' #0(.),%$' )* >7D (& 3)#

>?@

 !"#

8 Q+ $4$-P )$% 20+(,-,0+% R.+.'*)$% %0+- '.&+,$% /0&' &-,),%$' 2$--$ *//'02B$8 S$ 1*,-P )* ($+%,-. ($ /0'-$&'%

#$%&'.$ /*' $4$- T*)) 6 ne = 1, 5.1020 cm−3
6 $%- %&U%*+-$ /0&' 0A-$+,' &+ %$#,20+(&2-$&' (.R.+.'.P $- )$ (.%0'('$

%-'&2-&'*) (& 3)# /$&- ,+(&,'$ ($% $4$-% ($ )02*),%*-,0+ 1*,A)$ $- ($% ,+-.'*2-,0+% ($ V0&)0#A $+-'$ )$% /0'-$&'%8

S$% >7D% %,#,)*,'$% 0+- .-. 0A-$+&$% (*+% ($% 0NM($% ($ W,+2 (0/.% $- +0+ (0/.% X "!P  " P  YZP $- .R*)$#$+- (*+%

)$% #*-.',*&N <&@

$

X:!ZP G*?,@

%

X:!P  [Z \>@ $- D'>,@

%

/0&' ($% 20+(,-,0+% ($ 2'0,%%*+2$ 0& /0&' ($% -'*,-$#$+-%

-B$'#,L&$% #$+*+- H ($% 3)#% 20#/0%.% ($ )*2&+$% (J0NMRI+$8 G$% #$%&'$% ($ '.%,%-,=,-. '.*),%.$% %&' )$% 3)#% ($

>?@ *+*-*%$ 0& '&-,)$ +$ /'.%$+-$+- /*% 2$ -M/$ ($ -'*+%,-,0+ X 99P "Z8 @+ /$&- -$+-$' (J$N/),L&$' )J*//*',-,0+ ($

2$--$ -'*+%,-,0+ /*' )* /'.%$+2$ ($% ($&N /B*%$% (*+% )$ 3)# >?@

 !"#

8 G$% 20+-',A&-,0+% (& (0/*+- +,0A,&# $- ($%

/B*%$% *+*-*%$C'&-,)$ %&' )* >7D /0&''*,$+- O-'$ (.20''.).$% H /*'-,' (J&+$ #$%&'$ .L&,=*)$+-$ %&' )J.2B*+-,))0+

/0)M/B*%. *+*-*%$C'&-,)$ >,@

 !"#

8



 !"  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

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

 !"#

*+%,-.%* /01 2&

$

)

%

344456

#$ %&'(')$*+, -. /01 2(3

 !"#

&4()$5(& '.% 60

$

3

%

7!!! 8 ,*%,9(')%&, ,* :;*+)(;* -, 0$ ),14&%$).%, ,') -;**&,

'.% 0$ /9.%, <= >$= #$ %&'(')$*+, -. /01 -(1(*., ,* :;*+)(;* -, 0$ ),14&%$).%,? 0, /01 $ -;*+ 0, +;14;%),1,*)

&0,+)%(@., -A.* ',1(+;*-.+),.%=

 ! "  "! #  #! 

"

" 

"  

"   

"    

"     

 
!
"
#
$
 
!
%
&
&
'
#

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

 !"

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

&'

&(

&)

&$

 

$

)

(

'

# 

 !  )  !  "  !  (

&(!'

&(!(

&(!)

&(!$

&(! 

 !"#

$%&'

 ()!"#

$%*'

 
!

"
"
#

$
%

&
'

$+! ,-

)$

.

 #"

 !"#$% <= > B 7$8 C728 -. /01 2(3

 !"#

7D8 E;14$%$(';* -. +;14;%),1,*) %&'(')(: -A.* &+F$*)(00;* CG2(3

 !&#

7H!!8 *;* -;4& 7+$%%& I(-,8 ,) 2(3

 !"#

7%;*- I(-,8 ,* :;*+)(;* -, 0A(*I,%', -, 0$ ),14&%$).%,

6 ),14&%$).%, $1D($*),? ;* ,*%,9(')%, .*, -(J&%,*+, -, %&'(')(I()& -, -,.5 ;%-%,' -, 9%$*-,.% ,*)%, 0, /01

CG2(3

 !&#

7ρ = 1, 3.10−1 Ω.cm8 ,) 0, /01 2(3

 !"#

7ρ = 1, 2.10−3 Ω.cm8= K.% 0$ /9.%, <= >D? ;* 4,.) %,1$%@.,% -,.5

+F$*9,1,*)' -, %&'(')(I()& 1$%@.&' 4$% -,.5 4;(*)' -A(*L,5(;*= M* 4%,1(,% +F$*9,1,*) -, %&'('()(I()& 'A&)$0$*) '.%

-,.5 ;%-%,' -, 9%$*-,.% 7-, ρ = 3, 7.10−1 Ω.cm N ρ = 3.10−3 Ω.cm8 ,') ;D',%I& ,*)%, !?! ! ,) !?!!O P

' 

7,*)%,

 !! ,)  <H P8= #, -,.5(Q1, +F$*9,1,*) -, %&'(')(I()& ,') 1;(*' 1$%@.& 1$(' (-,*)(/$D0, 7-, ρ = 3.10−3 Ω.cm N

ρ = 1, 2.10−3 Ω.cm8 7(*',%) /9=<= >D8? ,*)%, !?!!O ,) !?!!>< P

' 

7,*)%,  <H ,) HR< P8= #$ 0())&%$).%, 4%&',*), -,'

1,'.%,' -, +;*-.+)(I()& ,* :;*+)(;* -, 0$ ),14&%$).%, 4;.% -,' 1;*;+%(')$.5 -, 4F$', -, S$9*&0( 2(

(

3

$(' 

7<T*TU8

,) 4;.% 0,' 4F$',' αG2(
%

3

#

↔βG2(
%

3

#

= #$ +;14$%$(';* -,' +;.%D,' log10σ = f(1000/T) -. /01 2(3

 !"#

$I,+ +,00,'

4.D0(&' 4$% V$%)F;0;1,W X YHZ ;.I%, .*, *;.I,00, I;(, 4;.% 0$ -&),%1(*$)(;* -, 0$ ')%.+).%, -. /01 2(3

 !"#

=

#,' 1,'.%,' log10σ = f(1000/T) -,' 4F$',' 2(

%

3

#

? 2(

"

3

&

,) 2(

)

3

 #

';*) +;14$%&,' $I,+ +,00, -. /01 2(3

 !"#

'.% 0$ /9.%, <= <$= 3* 4,.) $('&1,*) &0(1(*,% +,' 4F$',' 4.('@., 0,.% 1;-, -, +;*-.+)(;* ,* :;*+)(;* -, 0$

),14&%$).%, ,') );)$0,1,*) -(J&%,*) -, +,0.( ;D',%I& '.% 0, /01 2(3

 !"#

= #, log10σ = f(1000/T) -, 2(

%

3

#

,) 2(

)

3

 #

I$%(, 4%,'@., 0(*&$(%,1,*)? '$*' 1;-(/+$)(;* D%.)$0, -, +;*-.+)(I()&? )$*-(' @., 2(

"

3

&

4%&',*), .*, )%$*'()(;*

1&)$0G',1(+;*-.+),.% 4;.% .*, ),14&%$).%, -,  <R P? *;* ;D',%I&, '.% *;)%, ,*%,9(')%,1,*)= #A&I;0.)(;* -,

log10σ = f(1000/T) 4;.% 2(
#

3

*

,) 2(

+

3

  

4%&',*), -,' )%$*'()(;*' $D%.4),' -, 1[1, ;%-%, -, 9%$*-,.% $.5 $0,*);.%'

-,  HYP= E,)), )%$*'()(;* ,') 4%;+F, -, +,00, ;D',%I&, -$*' 0$ 4F$', 2(3

 !"#

1$(' ;* *, 4,.) 4$' ', 4%;*;*+,% '.%

.*, 1;-(/+$)(;* -, 0$ +;*-.+)(I()& ,*)%, H!! ,) >!! P? -. :$() -. :$(D0, *;1D%, -, 4;(*)'=



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

 

+' '0$

 

 !"

 ! " # $% $ $!

&"

&'

&!

&(

& 

&$

%

$

 

(

!

 
!

"

#
$

%
&

'
#

(
)

*

'
#

+

 !!!"#$%&

' 

(

$#)

*

+

,

$#)

-

+

.

$#)

/

+

 ,

$#)+

 0-,

 !"

 ! " #$ #%

&'

&%

&#

$

#

%

'

 

 
!

"

#
$

%
&

'
#

(
)

*

'
#

+

 !!!"#$%&

' 

(

$#)

*

+

  

$#)

,

+

-

$#)+

 ./,

 #"

 !"#$% #$ # % &'()*+*,-'. /0 1* 2'./324,5,46 0. 7'.24,'. /0 18,.50+-0 /0 1* 40()6+*43+0 )'3+ 10- )9*-0- /0 :*;.61,

04 <,

 

=

!

*502 10 >1( <,=

"#$!

? @AB

&0440 2'()*+*,-'. 2'.>+(0 10- 2'.213-,'.- *))'+460- )*+ 18643/0 -4+3243+*10 -3+ 10- )9*-0- /0 :*;.61, <,

$

=

%

C/,-D30

.',+E 04 <,

&

=

"!

C4+,*.;10 .',+E 04 -3+ 1* )9*-0 αF<,
 

=

!

↔βF<,
 

=

!

C2*++6 .',+E$ G0- 2'3+H0- log10σ = f(1000/T) /0-

)9*-0- <,

!

=

'

04 <,

(

=

""

-'.4 4+I- )+'290- /0 20110 /3 >1( <,=

"#$!

$ &0)0./*.4J 20- /03K )9*-0- )0350.4 6;*10(0.4

L4+0 62*+460- 2*+ 10- 4+*.-,4,'.- 'H-0+560- -'.4 )13- *H+3)40- 04 -3)6+,03+0- M 1* 40()6+*43+0 /0 4+*.-,4,'. /3 >1(

<,=

"#$!

$ N*+ *,1103+-J 3.0 *.*1';,0 )034 L4+0 7*,40 0.4+0 1* ('/,>2*4,'. /0 2'./324,5,46 'H-0+560 50+- AA! O 04 1*

('/,>2*4,'. -4+3243+*10 'H-0+560 )'3+ 1* 5*+,646 *11'4+'),D30 γF<,
 

=

!

↔δF<,
 

=

!

M APQ O ? #PJ  @PB$ G* +6-,-4,5,46

/3 >1( 0-4 6;*10 M 1, 2.10−3 Ω.cm M 40()6+*43+0 *(H,*.40$

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

 

,( 132

 

G* 1,446+*43+0 * ('.4+6 D30 1* -'3- -4R'029,'(64+,0 /0- >1(- <,=

)

)034 ,./3,+0 /0- 29*.;0(0.4- /0 )+'F

)+,646- ')4,D30- /3 7*,4 /0- /67*34- 04 /0 1* 2+6*4,'. /83. .'(H+0 /0 )'+403+- 61056-$ G0- )+')+,646- /0 4+*.-)*+0.20

04 1* 5*103+ /3 ;*) ')4,D30 '.4 646 /640+(,.60- )'3+ /0- >1(- 'H40.3- M /,S6+0.40- pO2
J /')6- 04 .'. /')6-$

 ! !" #$%&'(% )% '(*+,-.,,./+ )% 012.3

 

4 512.3

 

%' 2.3

!"#$

G* >;3+0 #$ @ +0)+6-0.40 10- -)024+0- /0 4+*.-(,--,'. TUFU,-,H10 /0- >1(- /0 VF<,=

*

CA!!EJ WF<,=

*

C!!#E

04 <,=

"#$!

$ G* 4+*.-(,--,'. /3 >1( <,=

"#$!

/*.- 10 5,-,H10 0-4 /0 18'+/+0 /0 @! XJ 04 /0 P@ X /*.- 1* +6;,'. /0 Y!!

M  !!! .($ G* /,(,.34,'. /0 1* 4+*.-(,--,'. /*.- 10 )+'290 ,.7+*+'3;0 0-4 +01*4,50 M 1* 2'.20.4+*4,'. 0. 61024+'.-

)+6-0.4- /*.- 10 >1($ G0 7+'.4 /8*H-'+)4,'. /3 >1( <,=

"#$!

0-4 H,0. ,.76+,03+ *3 7+'.4 /8*H-'+)4,'. /0- )9*-0-

*.*4*-0 04 +34,10$



 !"  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

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

!

 !

"!

#!

$!

%!!

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

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

'-./01

2

'*233,

'4./01

2

'*335,

'/01

6758

'9:0;<=09

 !"#$%  !"# $ %&'()*+ ,* -(./+01++1&/ 23431+ ,*+ 54617

 

89::; 8<1=/* =(1+* >&1/-1<<?;@ A4617

 

8:: ; 8<1=/* =(1+*

>&1/-1<<?4>&1/-; *- 617

!"#$

8<1=/* /&1(*;

B*+ >(&>(1?-?+ &>-1C'*+ ,* <. >D.+* 617

!"#$

+&/- 1/E&//'*+@ +1 )1*/ C'F&/ /* E&//.1- >.+ <. /.-'(* ,* <. -(./+1-1&/

&>-1C'* ,' 0.-?(1.'! B*+ ,1.=(.00*+ ,* 6.'E &/- /?./0&1/+ ?-? ,?-*(01/?+ >&'( -&'+ <*+ -G>*+ ,* -(./+1-1&/

>&++1)<* 8H=! !"I;! B. J.<*'( ,' =.>@ +'1J./- <. -(./+1-1&/ &>-1C'* ,' 0.-?(1.'@ +*(. ?=.<* K <F'/* ,*+  J.<*'(+

,?-*(01/?*+@ +&1- L@:M *3 N L@#M *3 N L@M# *3 &'  @" *3!

 !""  !#$  !$"  !%$ &!"" &!#$ &!$" &!%$

"!"

"!#

"!&

"!'

"!(

)!"

)!#

)!&

)!'

)!(

#!"

 
!

"

#

 !"#$

$
%
&

%
&

%&'()*+*,(-.*&/0+/-

'1+,&*)2/

3

4

!56"5-/7

 !""  !#$  !$"  !%$ &!"" &!#$ &!$" &!%$

"

$""

)"""

)$""

 !$

%&'()*+*,(-*(.*&/0+/-

'1+,&*)2/

3

4

!869:-/7

 !""  !#$  !$"  !%$ &!"" &!#$ &!$" &!%$

"

$"""

)""""

)$"""

#""""

 !8#$

%&'()*+*,(-.*&/0+/-

;(+/&.*+/

3

4

!86:9-/7

#!$" #!%$  !""  !#$  !$"  !%$ &!"" &!#$ &!$" &!%$

"

#"

&"

'"

("

)""

)#"

)&"

)'"

3-</7=

 !8

%&'()*+*,(-*(.*&/0+/-

;(+/&.*+/

3

4

!86>:-/7

 !"#$%  !"I $ O1.=(.00* ,* 6.'E ,F'/ *ED./-1<<&/ ,* 617

!"#$

*/ P&/E-1&/ ,* <. /.-'(* ,* <. -(./+1-1&/ &>-1C'*



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

 

+' '0$

 

 !"

 ! !" #$%&' () *+,-,%.%,& /)0,&1/)% %& 2)3'&%1,45+''

#$ %&'()*&+) %(* ,-$&)* .+)*/&/0$)/ 1(* 21'* 3(0/ 4+0(- 0) -51( &'3+-/$)/ %$)* 1(* 3-+3-&6/6* +3/&70(*8

*0-/+0/ 3+0- %(* %&'()*&+)* %( .-&*/$11&/(* %( '+&)* %( 9! )': ;)( 6/0%( -6$1&*6( 3$- <$), (/ $1 =99>8 %6'+)/-( 1(

1&() ()/-( 1?63$&**(0- %(* 21'* (/ 1$ /$&11( %(* .-&*/$11&/(*: #$ 2,0-( @: A$ -(3-6*()/( 1$ /$&11( %(* .-&*/$11&/(* () B+)./&+)

%( 1?63$&**(0- %( 21'* CDE&F

 

(/ CDEGF

 

+H/()0* *0- #CF I !!J: F) 3(0/ +H*(-K(- 0)( $0,'()/$/&+) 1&)6$&-( %(

1$ /$&11( %(* ,-$&)* () B+)./&+) %( 1?63$&**(0- %(* 21'* 40*70?L 0)( 63$&**(0- %( M! )': N( '$)&O-( ,6)6-$1(8 310* 1(

21' (*/ '&).(8 310* 1$ %&'()*&+) %(* ,-$&)* (*/ B$&H1(: #$ %&'&)0/&+) %( 1$ /$&11( %(* ,-$&)* $0,'()/( 1$ K$1(0- %0

,$3 +3/&70(8 .?(*/ 1?(P(/ %0 .+)2)('()/ 70$)/&70(: Q(/ (P(/ (*/ /-O* '$-706 3+0- 1(* B$&H1(* /$&11(* %( .-&*/$11&/(*:

#?(R3-(**&+) %( 1$ K$1(0- %0 ,$3 +3/&70( 3(0/ $1+-* S/-( (*/&'6( 3$- 1?670$/&+) *0&K$)/( T

Eg = E0
g +

h2π2

2d2g

[

1

m∗e
+

1

m∗h

]

+ d

[

p− 1.8e2

ε

]

I@:UJ

+V E0
g (*/ 1?6)(-,&( %0 ,$3 +3/&70( %0 '$/6-&$0 '$**&B8 (/ 1(* /(-'(* m∗ .+--(*3+)%()/ $0R '$**(* (P(./&K(*

%( 1?61(./-+) (/ %(* /-+0*8 e (*/ 1$ .W$-,( %( 1?61(./-+) (/ p -(3-6*()/( 1( /(-'( %( 3+1$-&*$/&+): #$ 2,0-( @: AH

-(3-6*()/( 1?6)(-,&( %0 ,$3 () B+)./&+) %( 1$ /$&11( %(* .-&*/$11&/(* 3+0- %(* K$1(0-* (R36-&'()/$1(* %(* 21'* CDE&F

 

(/ CDEGF

 

: #(* K$1(0-* %( ,$3 +3/&70( +H/()0(* 3+0- 1(* 21'* CDE&F

 

(/ 3+0- CDEGF

 

I3+0- 1(* /$&11(* %(* ,-$&)*

&)B6-&(0-(* L  M )'J *+)/ 3$-B$&/('()/ '+%61&*6(* 3$- 1?670$/&+) Eg = 3, 22 + 2, 4/d2 .+--(*3+)%$)/ $0 '+%O1( %(

.+)2)('()/ 70$)/&70(:

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

 

% 

! 

& 

" 

' 

# 

( 

 !"#$%

&

 !"#'%

&

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

()*$++,-. /,+ 0$12+ 3425

 !"

 ! " # $ % & 

#'" 

#'"%

#'# 

#'#%

#'$ 

#'$%

#'% 

#'%%

 
!
"
#
$
%
&

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

% ".

/

% 0.

/

%1(234//5/467&

/

 #"

 !"#$% @: A X I$J E$&11( '+Y())( %(* ,-$&)* () B+)./&+) %( 1?63$&**(0- %(* 21'* CDE&F

 

I-+)% )+&-J (/ 3+0- CD

E&F

 

TGH I.$--6 K&%(J (/ IHJZ$1(0- %0 ,$3 +3/&70( () B+)./&+) %( 1$ /$&11( %(* ,-$&)* 3+0- CDE&F

 

I.$--6 )+&-J (/

3+0- CDE&F

 

TGH I-+)% K&%(J =99>

Q(3()%$)/8 1(* K$1(0-* %( ,$3 +3/&70( %(* 21'* CDEGF

 

.+)*/&/06* %( ,-$&)* 310* 1$-,(* 70(  M )'8 *?6.$-/()/

3$- -$33+-/ $0 '+%O1( %( .+)2)('()/ 70$)/&70(: #( H10(*W&B/ +H*(-K6 (*/ $//-&H06 L 1?(P(/ [0-*/(&)D\+** =]@8 ]M>:



  !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

"#$%$& '()*&$+,-./** $*& ,012+1$342$ 5/() &/(* 2$* 627* 3,3&3*$ 8/,& 23 9/,9$,&)3&+/, $, 5/)&$()* $*& +,:0)+$()$ ;

 !

 !

97

"#

<==>?

@$ &A5$ 8#$%$& 3 0132$7$,& 0&0 /4*$)B0 5/() 8$* 627* C-DEF? "$ ∆Eg 7$*()0 $,&)$ 2$* 627* 8$ D+F

$

$& DEF

)(&+2$ $*& 8$ !G!H $I? "#3752+&(8$ 8$ 9$ 8093231$ 3 0&0 /4&$,($ 5/() (,$ 8$,*+&0 8$ 5/)&$() 8$ =GJ? !

$%

97

"#

G B32$()

9/,*+80)0$ 9/77$ :3+42$ 8$ 23 53)& 8$* 3(&$()*? "$ 9329(2 8$ 23 73**$ $%$9&+B$G *() 23 43*$ 8#(,$ *+752$ 43,8$ 8$

9/,8(9&+/, 53)34/2+K($G 8/,,$ 2+$( ; (,$ B32$() 8$ 73**$ $%$9&+B$ m∗ ∼ 1, 5m0 &)L* :3+42$ $& ,/, 3&&$,8($? M,

$%$&G 23 73**$ $%$9&+B$ 8$* 02$9&)/,* 8( )(&+2$ D+F

$

$*& N34+&($22$7$,& 8#$,B+)/, 8− 20m0 <J!>G 8( :3+& 8$ 23 :3+42$

7/4+2+&0 8$ O322 8$* 5/)&$()* 8$ 9N3)1$* 83,* 23 5N3*$ )(&+2$ < PP>?

 ! !" #$%&'$(' )' *+ ,+-**' )'. (/-.,+**-,'. 012+-..'&/ )'. 3*4.5

Q3,* (, 5)$7+$) &$75*G ,/(* 3B/,* 80&$)7+,0 2#+,R($,9$ 8$ 2#053+**$() *() 23 &)3,*53)$,9$ $& *() 23 B32$()

8( 135? "3 61()$ P? S 5)0*$,&$ 2$* 7$*()$* 8$ &)3,*7+**+/, $& 2$* 8+31)377$* 8$ D3(9 8$ 8$(T 627* 8$ C-D+F

$

U=!!V

8#053+**$() 0132$ ; W! ,7 $& S!! ,7? "$ 627 8#053+**$() 23 52(* 02$B0$G 8/,9 9/,*&+&(0 8$ 1)3+,* 8$ &3+22$ 52(* 02$B0$G

; (, 135 /5&+K($ 8$ XG!J $IG 9$ K(+ *$ )355)/9N$ 8$ 23 B32$() &N0/)+K($ $& 8$* 1)3,8$()* $T50)+7$,&32$* /4&$,($*

83,* 23 2+&&0)3&()$ UM1YXG!!$IV <J!>? "$ 627 8$ :3+42$ 053+**$() 3 (,$ B32$() 8$ 135 0132$ ; XG S $I *(50)+$()$ 8$

!G X $I 53) )355/)& 3( 627 8$ 1)3,8$ 053+**$()? @$&&$ 8+%0)$,9$ 5$(& Z&)$ $T52+K(0$ 53) 2#$%$& 8( 9/,6,$7$,&

K(3,&+K($?[3) 3+22$()*G 2$* 5)/5)+0&0* 8$ &)3,*53)$,9$ ,$ */,& 53* +,R($,90$* 53) 2#053+**$() 8( 627?

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

!

 !

"!

#!

$!

%!!

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

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

'-./01

2

*233,'%'4'533'"+

'-./01

2

*233,'%4'63'"+

72

"+

 !"

 !"  !# $!% $! $!& $!" $!# &!%

%

'%%

 %%

$%%

&%%

(%%

 !"#$%&

 
!

"

#

'(%&)

$*+,-.

/

$%$0$1""$23

$*+,-.

/

$%$0$4"$23

 !51$%&

 #"

 !"#$% P? S \ U3V ]5$9&)$ 8$ &)3,*7+**+/, ^I-I+*+42$ 8$ 627 C-D+F

$

U=!!V 8#053+**$() W! ,7 U2+1,$ 5/+,&+220$V

$& S!! ,7 U2+1,$ 52$+,$V U4V Q+31)377$ 8$ D3(9 8$* 627* C-D+F

$

U=!!V 8#053+**$() W! ,7 U)/,8 B+8$V $& S!! ,7

U)/,8 ,/+)V

"3 &3+22$ 8$* 9)+*&322+&$*G )$2+0$ ; 2#053+**$() 8$* 627*G $*& 8/,9 (, 53)37L&)$ ; 5)$,8)$ $, 9/75&$ 2/)* 8$ ,/*

7$*()$* 8$ &)3,*7+**+/, /5&+K($ 5/() 23 80&$)7+,3&+/, 8$ 23 B32$() 8( 135 /5&+K($? [/() 0B+&$) 2#$%$& 8( 9/,6,$7$,&

K(3,&+K($G 2$* 627* K($ ,/(* 3B/,* )032+*0 5/() 2#0&(8$ *(+B3,&$ /,& &/(* (,$ 053+**$() 7+,+7(7 8$ =!! ,7?

 ! ! #$%&'$(' )' *+ .,6(7-841,/-' '$ 89:;<$'

F, 3 B( K($ 23 9)03&+/, 8$ 5/)&$()* 8$ 9N3)1$* 83,* 2$ 73&0)+3( 5$(& +,R($,9$) 23 B32$() 8( 135 /5&+K($

8( 73&0)+3(G 8( :3+& 8$ 2#+,*$)&+/, 8#02$9&)/,* 83,* 2$ 43* 8$ 23 43,8$ 8$ 9/,8(9&+/,? F) 2$* 627* 8$ C-D+F

 &'%

$&

C-D+F

 &()

/,& (,$ 9/,9$,&)3&+/, $, 5/)&$()* 8$ 9N3)1$* ne 8$ J? !
 !

$& =? !

 !

97

"#

G *(*9$5&+42$ 8$ 9)0$) (, 8093231$



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

 

+' '0$

 

   

!" #$%&' !()*+%$,'-%& ./0/' 1"$+'/-&23%++45 6) 78"$/ 95 : ,$;+/&'/ </+ =/+"$/+ !/ '$)&+=-++-%& /' </+ !-)8$)==/+ !/

>)"? !/ 7<=+ =-&?/+ !/ @2>-A

 

B @2>-A

!"#$

/' @2>-A

!"%&

5 6/+ %+?-<<)'-%&+ ,$;+/&'/+ +"$ </+ +,/?'$/+ !/ '$)&+=-++-%&

/' </+ !-)8$)==/+ !/ >)"? +%&' !"/+ )"C ,D;&%=E&/+ %,'-F"/+ !(-&'/$#;$/&?/+5

6) '$)&+=-++-%& /&'$/ 9GG /' HGG &= !/+ 7<=+ !/ $"'-</ !-=-&"/ !/ HG I J KG I /' LM I ,%"$ </+ 7<=+ =-&?/+ !/

@2>-A

 

B @2>-A

!"#$

/' @2>-A

!"%&

B $/+,/?'-N/=/&'5 O"$ </ 7<= !/ @2>-A

!"%&

B <) *)-++/ !/ '$)&+=-++-%& /+' "& ,/" ,<"+

;</N;/ !)&+ <) ,)$'-/ 9GG2MGG &=5 P<</ /+' ?/$')-&/=/&' !"/ J <()*+%$,'-%& !/+ <)?"&/+ !(%CQ8E&/+ !%&' </+ &-N/)"C

!/ !;#)"'+ +%&' +-'";+ <;8E$/=/&' /& !/++%"+ !/ <) *)&!/ !/ ?%&!"?'-%& .78595 :)4 R M9S5 T/''/ )*+%$,'-%& ) ,%"$

/0/' !/ !-=-&"/$ <) N)</"$ !" 8), %,'-F"/ !/ UBGM /V ,%"$ </+ 7<=+ @2>-A

 

J WB:M /V J >-A

!"%&

.78595 :45 X<%$+ F"/

<(%& )''/&!)-' "&/ )"8=/&')'-%& !/ 8),B !" #)-' !/ <) ?%&?/&'$)'-%& /& ,%$'/"$+B %& %*+/$N/ </ ?%&'$)-$/B J +)N%-$

"&/ !-=-&"'-%& !/ GB G /V5 T/''/ !-=-&"'-%& !" 8), ,/"' Y'$/ /C,<-F";/ ,)$ <) ?$;)'-%& !/ &-N/)" !%&&/"$ !" #)-'

!/+ <)?"&/+ !(%CQ8E&/B !)&+ </ *)+ !/ <) *)&!/ !/ ?%&!"?'-%&R M9S5

 !! "!! #!! $!!!

!

%!

 !

"!

#!

$!!

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

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

'-./01

2

*233,

'-./01

4563

*233,'43

.7

'+89&

'-./01

45:;

*233,'43

.;

'+89&

 !"

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

#

 ##

&##

 !"#$%&

'!(#$%&

 
!

"

#

)*%&+

$,-./0

 

$%$1$2(($34

$,-./0

562(

$5(

-#

$4789

$,-./0

56:#

$5(

-#

$4789

 #"

 !"#$% 95 : Z .)4 O,/?'$/+ !/ '$)&+=-++-%& [V2V-+-*</ !/+ 7<=+ @2>-A

 

.<-8&/ ,%-&'-<<;/ 8$-+/4B @2>-A

!"#$

.<-8&/

,</-&/4 /' @2>-A

!"%&

.<-8&/ ,%-&'-<<;/ &%-$/4 .*4 \-)8$)==/+ !/ >)"? !/+ 7<=+ @2>-A

 

.$%&! &%-$4B @2>-A

!"#$

.$%&!

N-!/4 /' @2>-A

!"%&

.$%&! ]4

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

 !

6) 78"$/ 95WG ,$;+/&'/ </+ =/+"$/+ !/ '$)&+=-++-%& /' </+ !-)8$)==/+ !/ >)"? !/+ 7<=+ =-&?/+ !/ @2>^A

 

B

@2>^A

!"#$

/' @2>^A

!"%&

5 6) '$)&+=-++-%& !/+ 7<=+ $"'-</ !-=-&"/ !/ HG I J KM I /' LG I ,%"$ </+ 7<=+ =-&?/+ !/

@2>^A

 

B@2>^A

!"#$

/' @2>^A

!"%&

B $/+,/?'-N/=/&' .78595WG)45 6) ?$;)'-%& !/ ,%$'/"$+ !/ ?D)$8/+ !)&+ </ =)';$-)"

,/"' -&_"/&?/$ <) N)</"$ !" 8), %,'-F"/ !" =)';$-)"5 6/+ N)</"$+ !/ 8), %&' ;'; ;N)<";/+ J UBGM /V ,%"$ </+ 7<=+

@2>^A

 

/' @2>^A

!"%&

B /' J UB W /V ,%"$ </ 7<= @2>^A

!"#$

.78595WG*45



  !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

 !! "!! #!! $!!!

!

%!

 !

"!

#!

$!!

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

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

'-./01

2

*233,'%'4'533'"+

'-./61

7853

*233,'73

.9

'+:;&

'-./61

78<=

*233,'73

.=

'+:;&

 !"

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

#

 ##

&##

'##

 !"#$%&

 !'($%&

 
!

"

#

)*%&+

$,-./0

(

$%$1$2""$34

$,-./0

'52"

$'"

-6

$4789

$,-./0

'5:#

$'"

-#

$4789

 #"

 !"#$% "#!$ % &'( )*+,-.+/ 0+ -.'1/23//341 56763/389+ 0+/ :92/ ;7<=>

 

&93?1+ *431-399@+ ?.3/+(A ;7<=>

!"#$

&93?1+

*431-399@+ 143.+( +- ;7<3>

!"%&

&93?1+ *9+31+( &8( B3'?.'22+/ 0+ <'C, 0+/ :92/ ;7<=>

 

&03/DC+ 143.(A ;7<=>

!"#$

&,+.,9+ E30+( +- ;7<=>

!"%&

&,+.,9+ ,41-+1'1- 9+ /3?1+ F(

G+ -'89+'C "# $ .@,'*3-C9+ 9+/ E'9+C./ 0+ ?'* 4*-3DC+ 0+/ :92/ ;7<3>

'

+- ;7<=>

'

@-C03@/# G' ,42*'.'3/41 0+/

E'9+C./ 0+ ?'* 4*-3DC+ 241-.+ DC+ 9+ 04*'1- 13483C2 ' C1+ .@+99+ 31HC+1,+ /C. ,+--+ E'9+C.# I1 +J+-A 9' E'9+C. 0C ?'*

4*-3DC+ 'C?2+1-+ 0+ $A$K +- $A $ +6 'E+, 9L'M4C- 0C 13483C2 *4C. 9+/ /-N4+,O342@-.3+/ +1 4PQ?R1+ x = 1, 80−1, 75A

.+/*+,-3E+2+1-A /43- C1 89C+/O3S- /3239'3.+ T ,+9C3 48/+.E@ 0'1/ 9+/ -.'E'CP UO'1? +- '9 V ""W# G+ 89C+/O3S- *+C- X-.+

+P*93DC@ *'. 9L+J+- YC./-+317Z4//A *C3/DC+ 9L31/+.-341 0+ 13483C2 S'3- *'//+. 9' ,41,+1-.'-341 +1 *4.-+C. 0L+1E3.41

 $

!(

T  $

 $

,2

)*

# >1 48/+.E+ @?'9+2+1- C1+ 'C?2+1-'-341 0+ 9' 248393-@ 0+ ['99 µ 0+ $A\ T \ ,2

 

#6

)!

#/

)!

&E43. /4C/

*'.'?.'*O+ "#\# # ( 0'1/ 9+/ :92/ ;7<=>A ,+ DC3 *+.2+--.'3- 0L+P*93DC+. 9' S'389+ 2'//+ +J+,-3E+ 48-+1C+ 0'1/ 9+/

-.'E'CP 0+ UO'1? V ""W#

&'()% "# $ % 6'9+C./ 0+ ?'* 4*-3DC+ 0+/ :92/ ;7<3>

'

+- ;7<=>

'

*4C. P]! ^  A_$ +-  AK`

<3>

'

<=>

'

T400−800 &a(

6'9+C. 0+ x 1

+,

&,2

)*

( Eg &+6( 1

+,

&,2

)*

( Eg &+6( ∆Eg &+6( <3>

'

<=>

'

! b \A$` b \A$` $ _$ _$

 A_$ `# $

!(

\A$` !# $

 $

\A ! F $A$K K$ K`

 AK` !# $

!(

!Ac` "# $

 $

\A$` F $A $ d` d$

 !" #$%&'()*$% +,-$.$/$%&)*$% p− n 0 (12)*2 +' 34.5 6*7

 

') 687

 

G+/ ,'.',-@.3/-3DC+/ @9+,-.44*-3DC+/ 0+/ :92/ 0+ p7<3>
!"-&

A n7<=>

!"-&

A n7;7<3>
!"%&

+- n7;7<=>

!"%&

/41-

0C 2X2+ 4.0.+ 0+ ?.'10+C. DC+ 9+/ ,'.',-@.3/-3DC+/ 0+/ <e>/ 0+ -Q*+ p +- n C-393/@+/ *4C. 9' ,41,+*-341 0+

0LO424M41,-341 p− n &E43. 9+ -'89+'C "#  (# G+ -'89+'C "#  .@C13- 9+/ *.4*.3@-@/ 4*-4@9+,-.413DC+/ 0+/ *7<e>/ +-

0C :92 <3>

!"-&

#



 !"! #$%#&'()$% *+,$-$.$%#()$% P −N / '01()1 *& 2)3-4 ()$

 

&( (%$

 

  !

 !"#$ "#  $ %&'&()*'+,)+-./, *0/()'112)+-./, 3/, (1.(4/, 5+6(/, 3/ 278%9, 3/0&:1,,+)/

 !"#$%!& '()!*" + ,- .)!%//-&$ 0(1-**- 2 .34,%$-5" σRT 6

 !

7-8/

,()!*" ,& 9:0 ;*0< ;+< ;-=< ;6>50

"#

< ;µ=>?"#<

p42%@
#$%&

4 4 ABB CB D>E FBBB 4

G&H:@

'

4 4 ADB IB D>C B>DJ K AFJ LMMN

G&O!@

'

4 4 CBB MB D>E B>BED K CEB LMPN

G&O!

#"(

Q-

(

@

'

Q- B>C FCB EB D>J F>B K CBB LAJN

G&R*

#"(

G!

(

@

'

G! B>BI FIB IB D>P B>BAM K JMB LPBN

G&G$@

'

4 4 ACB JB D>F AAB 4 LPFN

G&G$

#"(

 3

(

@

'

 3 B>C AIB CB D>F B>BAC K FCB LPFS PAN

G&T@

'

4 4 ABB EB D>C F>BC 4 LPAS PDN

G&T

#"(

G!

(

@

'

G! B>BF4B>BA AJB CB D>C DB>B K AIC LPAS PDN

H3G(@

'

4 4 FCB CB J>A B>A K AAB LAJN

;/, 5/,.'/, 3</=/) >&00 16) 5+, /6 *?+3/6(/ 0& 21,,+@+0+)* 3/ 513+A/' 0& 24&,/ p78+9
 !"#

/6 24&,/ n78+9
 !"#

2&'

&B1.) 3/ 0<*0*5/6) 6+1@+.5# C1.' 3/, 5D5/, (163+)+16, 3/ 3*2E) FPO2
= 6.10−7 mbar /) GHH %IJ +0 /,) 21,,+@0/ 3/

(16)'E0/' 0/ )K2/ 3/ 21')/.', 5&B1'+)&+'/, 3. A05 8+9

 !"#

# ;& (16(/2)+16 3<.6 3+,21,+)+: *0/()'16+-./ )'&6,2&'/6)

&()+:J )/00/ -.<.6/ 4151B16()+16 p− nJ /,) 316( &((/,,+@0/ L 2&')+' 3/ A05, 5+6(/, 3/ 8+9

 !"#

/) 21.''&+) (16A'5/'

0/, 3166*/, /6'/M+,)'*/, 2&' /=/) >&00# ;/, 2'12'+*)*, *0/()'112)+-./, 3/, A05, 5+6(/, n /) p .)+0+,*, 21.' '*&0+,/'

(/))/ 4151B16()+16 p− n ,16) '*2/')1'+*/, 3&6, 0/ )&@0/&. "# N#

 !"#$ "# N $ C'12'+*)*, *0/()'112)+-./, 3/, A05, 5+6(/, 3<1OK3/ 3/ )+)&6/ 8+9

 !"#

312* /) 616 312* .)+0+,*, 21.'

0& (16(/2)+16 3<.6/ 4151B16()+16 p− n )'&6,2&'/6)/#

%1521,+)+16 3. A05 ρRT FΩ.cmI nRT F(5

$%

I µRT F(5

&

#P

$ 

#,

$ 

I 8K2/ 3/ 21')/.', 8

"''()''

FQI

p78+9
 !"#

*2+)&O+* RJS# H

$"

 H

& 

7 H

&&

NH7SH p TH

U78+9

 !*#

T# H

$ 

N# H

 +

HJS n RH

U78V9

 !*#

 JT# H

$&

N# H

&'

N n RS

n78V9

 !"#

 JN# H

$%

 H

& 

7 H

&&

HJ!7HJS n SS

 !"!# $%&%'()&*+%(*,- ./ 01/23*0/2/-( p45*6
 !"#

7n 845*6

 !$#

+9& :0

%

6

&

;<<<#=

;& 2'/5+W'/ ,)'.().'/ 3/ B16()+16 p − n & *)* *0&@1'*/ L 2&')+' 3/, A05, 5+6(/, U78+9

 !*#

/) 278+9

 !"#

#

%/ 2'/5+/' /52+0/5/6) ,/5@0&+) 0/ 20., &3&2)* 21.' 0<*0&@1'&)+16 3<.6/ 4151B16()+16 p− n 3/ 4&.)/ )'&6,2&'/6)/

/) 3/ @166/ -.&0+)*# X6 /=/)J L (/ ,)&3/ 3. 2'1B/)J 61., 5&+)'+,+16, 0& ('1+,,&6(/ 3. A05 U78+9

 !*#

J )&63+, -./

(/00/ 3. A05 8+9

 !"#

5/6&+) L .6 A05 3/ 51+63'/ -.&0+)*# ;/, 2'12'+*)*, 3/ (/ 2'/5+/' /52+0/5/6) 16) *)* 3166*/,

/6 3*)&+0 3&6, 0/ (4&2+)'/ ! ,1., 2&'&M'&24/ !#N#!#!I# %/ 2'/5+/' /52+0/5/6) & 5/6* L 0& ('1+,,&6(/ 3<.6 A05 3/

8+9

 !"#

*2+)&O+* 3/ )'W, @166/ -.&0+)* ('+,)&00+6/ /) 516124&,*# ;</52+0/5/6) A6&0 (1''/,2163 L .6/ B16()+16 p−n
3&6, 0/ ,/6, )'&6,?/',&0# %/) /52+0/5/6) /,) 1'+M+6&0J (/2/63&6)J 0& ,.':&(/ 3<*(4&6M/ 21.' ('*/' 0& Y16/ 3/ (4&'M/

3</,2&(/ /6)'/ 0/, 3/.O A05, *)&6) 3/ N# H

$#

(5

$&

J 0& (&'&()*'+,)+-./ Z7P 6<& 2&, *)* 5/,.'*/#

 !"!> $%&%'()&*+%(*,- ./ 01/23*0/2/-( -45*6

 !"#

7345*6

 !"#

+9& :0

%

6

&

;<<<#= %?/' 0%

',9'@/ (%23,- 845*6

 !$#

[6/ 241)1 3/ 0<4151B16()+16 p − n ,.' ,.@,)'&) 3/ ,&24+' FAM "#N &I 5/) /6 *?+3/6(/ 0& )'&6,2&'/6(/ /)

0& 3+=*'/6(/ 3/ (1.0/.' /6)'/ 0/, 3/.O 2&')+/, 3/ 0<4151B16()+16 Fn /) pI# ;& 513+A(&)+16 3/ 0& )/+6)/ 2/'5/) 3/



p− n p− n

p p+ n

p p + n

p n p



 !"! #$%#&'()$% *+,$-$.$%#()$% P −N / '01()1 *& 2)3-4 ()$

 

&( (%$

 

  !

"#$ %&'()'**#$ +,- ./(0 1023'4 5#)*#66#76 %# 89)&/#) :' $6);<6;)# %#$ /:*$ #6 %# :=#*5&:#*#76 "#$ 5>$&6&>7$

'7(;:'&)#$ %#$ 5&<$ %#$ <>;<?#$ *&7<#$ &7%&8&%;#::#$ %# @&A

 !"#

#6 @BA

 !"#

$>76 $&6;9#$ ';C '7(:#$ 2θ = 38, 13 #6

2θ = 38, 06 0 "# 5&< %# :=#*5&:#*#76 .'55#:9 D>7<6&>7 $;) :' /(;)# 1023'4 )98E:# :' 5)9$#7<# %# /:*$ >)&#769$ $#:>7

:# 5:'7 5)9F9)#76&#: %# :' 5?'$# @&A

 !"#

0 G7/7H :=#*5&:#*#76 5)9$#76# ;7# 6)'7$*&$$&>7 >56&I;# %'7$ :# 8&$&J:# %#

!KL .<F /(0102 J4 9I;&8':#76# M <#::# >J6#7;# $;) :#$ /:*$ @&A

 !"#

#6 @BA

 !"#

0 "' 6)'7$*&$$&>7 %# <#6 #*5&:#*#76

#$6 <#5#7%'76 5:;$ F'&J:# I;# <#::# >J6#7;# 5>;) :#$ ?>*>D>7<6&>7$ p− n <>*5>$9#$ %# /:* %# N7A >; %# O;P:A

$

%>76 :' 6)'7$*&$$&>7 #$6 %=#78&)>7 QKRSKL T K2H 2SH 2UH  KKV0

 ! "# "! $#

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

 !"#$%

&'(()

*#+

,-./

*0+

,-./

 

1234"#23

536"67%

&((.)

5$

'

+

8

&((($)

*#+

9

*#+

9

:0;

 

53<$%=' =&>)

1234"#23

 !"

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

!

)!

 !

"!

#!

$!

%!

&!

'!

(!

)!!

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

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

 #"

 !"#$% 1023 W .'4 +&'()'**# +,- %#$ <>;<?#$ &7%&8&%;#::#$ nR@BA

 !"#

#6 pR@&A
 !"#

'&7$& I;# %# :' D>7<6&>7

<>*5:E6# #6 .J4 @)'7$*&$$&>7 >56&I;# %# :=#*5&:#*#76 nR@BA

 !"#

.3KK 7*4Xp@&A
 !"#

.3KK 7*4 $;) P:

$

A

%

.KKK 4

B>;$ '8>7$ >J6#7; ;7 #*5&:#*#76 %# <>;<?#$ *&7<#$ %# <>*5>$&6&>7$ %&$6&7<6#$H %>76 :' $6);<6;)# #$6 <>7F>)*#

';C /:*$ @&A

 !"#

'8#< ;7# 6)'7$*&$$&>7 6>6':# !K L %'7$ :# 8&$&J:#0 O#$ 89)&/<'6&>7$ 5#)*#66#76 %=#78&$'(#) :'

*#$;)# %#$ <')'<69)&$6&I;#$ I − V %# <#66# ?>*>D>7<6&>70

 !"!# $%&%'()&*+(*,-. I − V /. 01.23*0.2.4( n5678

 !"#

9p56*8
 !"#

+-& :0

$

8

%

;<<<=>

P8'76 %# )9':&$#) ;7# *#$;)# %# <')'<69)&$6&I;# I − V H &: #$6 &7%&$5#7$'J:# %# 89)&/#) :' :&79')&69 #76)#

:#$ <>76'<6$ .<=#$6 M %&)# #76)# :#$ 5>&76#$ #6 :#$ /:*$ *&7<#$ p #6 n40 G7 #Y#6H :# <>76'<6 %=;7 *96': '8#< ;7

$#*&<>7%;<6#;) 5#;6 %>77#) :&#; M :' <)9'6&>7 %=;7# %&>%# Z<?>66[\0 "#$ *#$;)#$ I − V )9':&$9#$ $;) :' 5')6&# 7

#6 :' 5')6&# 5 %# :' D>7<6&>7 *>76)#76 ;7 <>*5>)6#*#76 :&79'&)#H $&(7&/<'6&F %=;7 <>76'<6 >?*&I;# #76)# :# /:* #6

:#$ 5>&76#$ ./( 1021'40 O#66# 89)&/<'6&>7 5#)*#6 %='])*#) I;# :' )#<6&/<'6&>7 I − V 5)9$#769# $;) :' /(;)# 1021J

5)>8&#76 %# :=?>*>D>7<6&>7 p−n )9':&$9# M 5')6&) %#$ %#;C <>;<?#$ *&7<#$ @&A

 !"#

#6 @BA

 !"#

#6 5'$ %# :='$$><&'6&>7

%# 5:;$&#;)$ D>7<6&>7$ Z<?>66[\0 "' 6#7$&>7 $#;&: %# :' %&>%# #$6 %# 2H1! ^0 _: #$6 %&]<&:# %# <>**#76#) <#66# 8':#;)0

G7 #Y#6H <#66# 8':#;) #$6 %95#7%'76# %# :' 8':#;) %; ('5 >56&I;# #6 %#$ 7&8#';C %>77#;) #6 '<<#56#;) %; *'69)&';0

A7 5#;6 9(':#*#76 <':<;:#) :# F'<6#;) %=&%9':&69 %# :' %&>%#H %9/7& M :='&%# :=9I;'6&>7 101 `

I = I0

(

exp
qV
nkT −1

)

.1014



  !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

 !"# k $ #%&'( &(" )" *%$(+, &&- T $ (",./0 (10" "& 2"$!3& "( q $ #4 05" /$/,"&( 30" )" $ #4 05" /$"#(0361"7

8 0 0 ..%0( 9 $ ! $"10 %:("&1" ;&<=>- &%(0" 4%,%?%&#(3%& &" .0/'"&(" . ' 1&" # 0 #(/03'(361" @AB )C1&" )3%)"

3)/ $" # 0 #(/03'/" . 0 n = 1 .%10 $" #%10 &( )" )3D1'3%& 9 : ''" ("&'3%& %1 n = 2 .%10 $" #%10 &( )" 0"#%,:3& 3'%&

9 4 1(" ("&'3%& EF==G7 H1A)"$9 )" $ 61 $3(/ )" $C4%,%?%&#(3%& p − n .0%)13("- $ 0/ $3' (3%& )C1& ("$ )3'.%'3(3I

"J./03,"&( $ ."0,"( )" #%&K0,"0 61" $" K$, L3M

 !"#

/.3( J3/ "'( )" (N." p7

 !  " # " !

 #$#%

 #$#&

 #$#!

 #$#"

#$##

#$#"

#$#!

#$#&

#$#%

 
!

"
#

!
$
%
"
&
'
(
)

*

 !"#$%&'( )

' !"#$%'*+,

-./

012

'$!"#$%'*+,

-./

 !"

 !  "  # $ # " ! % & '

$($

$(#

$("

$(!

$(%

$(&

$('

 

!

"#$%&' 

 
!
"

#
$

()*!+,*'- .

 #"

 !"#$% O7PO Q ; > R"'10" )" $3&/ 03(/ )"' #%&( #(' '10 $"' #%1#4"' p "( n L3M

 !"#

;:> S 0 #(/03'(361" I − V )"

$C",.3$","&( LTM

 !"#

UL3M

 !"#

UH$

$

M

%

;VVVF>



 !"! #$%#&'()$% *+,$-$.$%#()$% P −N / '01()1 *& 2)3-4 ()$

 

&( (%$

 

  !

 !"#$%&'!"

"#$%&'( '() *+,*+-$%$) $.(/%+-0&() '() 1.2) 2-3/() 4-5

 

(% 465

 

7 2(3$ 8 '() *+,*+-$%$) -33,973%()

:727-) ,;)(+9$() )&+ '() 1.2) '#,<='( '( %-%73(> 4,&% '#7;,+'? .( 1.2 ;-*@7)$ 737%7)( (% +&%-.( 465

!"#$

*+$)(3%(

&3 /,2*,+%(2(3% $.(/%+-0&( &3-0&(? 79(/ %+,-) %+73)-%-,3) ,;)(+9$() )&+ .7 /,&+;( AB4C B1D> E>FG7C> "7 4HI '$%(/%$(

8 JK L 7 *& M%+( 2,'$.-)$( *7+ .( 2,'N.( '( O0&73%&2 /,++(/%-,3) %, /,3'&/%-9-%=O B1D> E>FG;C 8 *7+%-+ '( .#$0&7%-,3

)&-973%( P

ρ(T ) = 1

σ0+a1Tp/2+a2T 1/2 + bT 2

(% '() 97.(&+) '( *7+72N%+() '( 2,'$.-)7%-,3 +$*(+%,+-$() '73) .( %7;.(7& E> Q>

 !"#$ E> Q R S7.(&+) /,++()*,3'73%) 7&< *7+72N%+() '( .7 2,'$.-)7%-,3

T7+72N%+() '( .7 2,'$.-)7%-,3 '( .#$0&7%-,3 E>Q>F>Q

1/ρ0 a1 p a2 b
 F?KU  ? G> U

%&

Q?UU U?FJ  U> U

%'

 ! "  "! #  #! $  

"$! 

"%  

"%! 

"!  

"!! 

"&  

"&! 

"'  

"'! 

"(  

 

 

!
"
#
$
#
%
&
'
(
)
 
*

+

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

 !"

 ! !" #! $"" $ ! $!"

"%"#""

"%"# !

"%"#!"

"%"##!

"%"&""

 
!

"
#
$

%

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

 #"

%&'()$ E>FG R B7C A(*+$)(3%7%-,3 '( .7 +$)-)%73/( (3 V,3/%-,3 '( .7 %(2*$+7%&+( *,&+ .() $/@73%-..,3) 465

!"#$

;-*@7)$ 737%7)(W+&%-.( B;C X,&+;( '( .7 +$)-)%-9-%$ (3 V,3/%-,3 '( .7 %(2*$+7%&+( *,&+ .( 1.2 465

!"#$

;-;*@7)$

737%7)(W+&%-.( ,;%(3& )&+ I45 B UUC

"( 1.2 '( 4-5

!"()

7 &3 /,2*,+%(2(3% $.(/%+-0&( /7+7/%$+-)%-0&( '() )(2-/,3'&/%(&+)> "7 2,'-1/7%-,3 '( +$Y

)-)%-9-%$ +(*$+$( 9(+) FFU L '73) .7 /,&+;( log10σ = f(1000/T) *,&973% M%+( '&( 7& /@73D(2(3% '( *@7)( γ ←→ δ

4-

&

5

)

BFQJ LC? /,++,;,+( .() /,3/.&)-,3) 7973/$() .,+) '( .#-'(3%-1/7%-,3 )%+&/%&+7.( '& 1.2 4-5

!"()

$*-%7<-$> T7+

7-..(&+)? .() *+,*+-$%$) $.(/%+,,*%-0&() '& 1.2 4-5

!"()

$*-%7<-$ ),3% -33,973%() (% +(*,&))(3% .() .-2-%() '() pY4X5)>

Z3 ([(%? ,3 *(&% 9,-+? )&+ .7 1D&+( E>FJ; 0&- +(*+$)(3%( .7 /,3'&/%-9-%$ (3 V,3/%-,3 '( .7 %+73)*7+(3/( *,&+ .()

1.2) '(.7V,))-%() (% '( \35? 0&( .( 1.2 pY4-5
!"()

$*-%7<-$ 7 &3( /,3'&/%-9-%$ &3( 8 0&7%+( '$/7'() )&*$+-(&+() 8

/(..( '() 7&%+() pY4X5)> ]( *.&)? *,&+ &3( 2M2( %+73)*7+(3/(? .( 1.2 pY4-5
!"()

()%  UUU V,-) *.&) /,3'&/%(&+ 0&(



  !  !"#$%&' ()  *+ !', -$. ', #*+& /01/' %&*.$2+' %&".,#"&'.%'

"#$%&

 

'()* +,#- .,/.0#-)1 0% .,234/%45,/ 67#/) 8-%/59%-)/.) 6) :; < 6%/5 0) =45430) )8 67#/) .,/6#.84=48> 6)

90#5 6)  ;;; ?*.2

!"

@,/8 6) .) 2%8>-4%# 07#/ 6)5 2)400)#-5 pAB"&5 C%2%45 >0%3,->5 5,#5 @,-2) 6) .,#.D) 24/.)*

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

&'

&(

&)

&$

 

$

)

(

'

# 

 !  )  !  "  !  (

&(!'

&(!(

&(!)

&(!$

&(! 

 !"#

$%&'

 ()!"#

$%*'

 
!

"
"
#

$
%

&
'

$+! ,-

)$

.

 !"

 !" " " "  "   "    

# 

$ 

% 

& 

' 

 ! "#

$

 !%#

$

& '

 !('#

$

&)*

 !+,#

$

 !('#

$

-.#

/012

 

!
"
"
#
$
"
"

%
&
'
(

345067

8/

9

:;#&<

 #"

 !"#$% E*FG H I%J ",29%-%45,/ 6# .,29,-8)2)/8 ->54584@ 67#/ >.D%/8400,/ KAB4&

"#$%

IF;;J /,/ 6,9> I.%-->J )8

B4&

"#&%

I.)-.0)J )/ @,/.84,/ 6) 074/=)-5) 6) 0% 8)29>-%8#-) I3J $-%9D4L#) 6) 0% 8-%/59%-)/.) )/ @,/.84,/ 6) 0%

.,/6#.84=48> 9,#- 0)5 pAB"&5 6)0%@,5548)51 M/& )8 B4&

"#&%

N% 6>.,#=)-8) 6) .) /,#=)%# pAB"&5 % 9)-245 6) ->%045)- #/ 6459,5484@ >0).8-,/4L#) 8-%/59%-)/8 %.84@1 #/)

D,2,C,/.84,/ p − n * O 9%-84- 67#/ )2940)2)/8 6) .,#.D)5 24/.)5 nABP&

"#&%

QpAB4&
"#&%

5#- O0

 

&

'

I;;; J 6)

.,29,5484,/5 64584/.8)51 6,/8 0% 58-#.8#-) )58 .,/@,-2) %#R S025 B4&

"#&%

%=). #/) 8-%/524554,/ 8,8%0) 6) :; < 6%/5

0) =45430) IST*E*FU%J* N% 8)/54,/ 5)#40 6) 07D,2,C,/.84,/ ,38)/#) )58 6) F1E: V IST*E*FU3J*

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

!

)!

 !

"!

#!

$!

%!

&!

'!

(!

)!!

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

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

 !"

 !  "  # $ # " ! % & '

$($

$(#

$("

$(!

$(%

$(&

$('

 

!

"#$%&' 

 
!
"

#
$

()*!+,*'- .

 #"

 !"#$% E*FU H I%J B-%/524554,/ ,984L#) )8 I3J "%-%.8>-4584L#) I − V 6) 07D,2,C,/.84,/ p − n
BP&

"#&%

QB4&

"#&%

QO0

 

&

'

I;;; J



 !"#$%&' (

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

*$!0!)& 12 .%+& ,% *+!#$% 34

  !



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



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

 ! 



λ < 550 nm

λ > 1100 nm 550 < λ < 1100 nm

Contexte et état de l′art

λabs < 413 − 392 nm

̟c < 815 cm−1

cm−1



 !"! #$%#$&'(') )#*+($%)+%#&,-*) .*) /01(201&.*)  !"

#$%&'()*'+,)- .$/-0 1)/120 3,-10 .0 1)-40*5,)- -%1055,+0 &' .%+0*3,-'+,)- .05 6*)6*,%+%5 .0 &' 3'+*,10 27+0

86*)6*,%+%5 5+*/1+/*'&059 )6+,:/05 0+ 5601+*)51)6,:/05; ',-5, :/0 &$,-</0-10 .05 .)6'-+5 #-

 !

5/* 105 6*)6*,%+%5=

>)/5 6*)1?.0*)-5 +)/+ .$'()*. @ /- (*0A *'660& +2%)*,:/0 5/* &05 6*)6*,%+% .0 &/3,-0510-109 &05 3%1'-,5305 .0

+*'-5A0*+ 0+ .0 .%50B1,+'+,)- .05 %+'+5 0B1,+%5 .05 ,)-5 #-

 !

= CB6%*,30-+'&030-+9 )- 4%*,D0*' &' 1)36)5,+,)-9 &'

3)*62)&)E,0 0+ &05 6*)6*,%+%5 5+*/1+/*'&05 0+ )6+,:/05 .05 D&35 .)6%5 #-

 !

=

F-0 A),5 105 .)--%05 1)&&01+%059 )- 5$'++'*.0*' 5/* &05 -,40'/B .0 .%A'/+5 .05 3'+*,105 '-'+'50 0+ */+,&0 5/5106+,(&05

.0 G)/0* /- *7&0 .'-5 &0 6*)1055/5 .0 +*'-5A0*+ .$%-0*E,0= #$,-+%E*'+,)- 0+ &$%&'()*'+,)- .0 10++0 1)/120 .0 1)-40*5,)-

-%1055,+0 &' 4%*,D1'+,)- ./ +*'-5A0*+ .$%-0*E,0 3'+*,10  50-5,(,&,5'+0/* )/ 3'+*,10  '1+,4'+0/*= H0++0 4%*,D1'+,)-

50*' 0I01+/%0 ,-.%60-.'330-+ .'-5 &05 .0/B 6)&J3)*6205 KLM,N

"

0+ OLM,N

"

=

P,-'&030-+9 &05 .)6'-+5 '.'6+%5 6)/* *%'&,50* /-0 1)/120 .0 1)-40*5,)- FQ >RK 50*)-+ 5%&01+,)--%5= >)/5

%+/.,0*)-5 '&)*5 &' :/'-+,+% .0 S# %3,50 0- A)-1+,)- .0 &' 5+*/1+/*0 ./ 3'+%*,'/ 8)*,0-+'+,)- ./ D&39 -'+/*0 .0 &'

62'50; 0+ .0 &' :/'-+,+% .0 .)6'-+ ,-5%*% .'-5 &' 3'+*,10 27+0=

 !" #$%&$'()(* *&+,)$%*,%&'-.+* /+* 012)312'/+*

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

M)/5 &05 ,)-5 &'-+2'-,.059 0B106+%5 #' 0+ #/ 8.0 1)-DE/*'+,)-5 TA

#

0+ TA

$%

; 5)-+ &/3,-0510-+5 8</)*0510-+5

)/ 62)562)*0510-+5; 0+ &0/*5 %3,55,)-5 5$%+0-.0-+ .0 &$F&+*'LQ,)&0+ 8U.

 !

; '/ 6*)120 R-A*'LK)/E0 80=E >.

 !

9 C*

 !

9

V(

 !

;9 0- 6'55'-+ 6'* &0 4,5,(&0 80=E W3

 !

)*'-E09 C/

 !

*)/E0 9M(

 !

40*+ 0+ XJ

 !

G'/-0;=

H05 6*)6*,%+%5 5601+*)51)6,:/05 5)-+ .$'/+'-+ 6&/5 ,-+%*055'-+05 :/0 &05 %3,55,)-5 5)-+ :/'5,30-+ 3)-)12*)L

3'+,:/05 0+ ,-.%60-.'-+05 .0 &$0-4,*)--030-+ 12,3,:/0= #05 )*(,+'&05 4f )-+ /-0 A',(&0 0B+0-5,)- *'.,'&0 0+ 5)-+

6*)+%E%05 6'* &05 1)/1205 0B+0*-05 6s 0+ 5p .$0B+0-5,)-5 *'.,'&05 6&/5 E*'-.05= #05 %&01+*)-5 .0 4'&0-10 TA 5)-+ .)-1

6*)+%E%5 .05 60*+/*('+,)-5 0B+%*,0/*05 0+ 60/ 50-5,(&05 @ &0/* 0-4,*)--030-+ 12,3,:/0= #$%1*'-+'E0 .05 %&01+*)-5

4f 6'* &05 1)/1205 0B+0*-05 *0-. &05 -,40'/B %&01+*)-,:/05 .05 &'-+2'-,.05 :/'5,L,-50-5,(&05 5)/5 &$0I0+ .$/- 12'36

1*,5+'&&,- 812'36 %&01+*,:/0 6*)./,+ 6'* &$0-4,*)--030-+;= H)-+*',*030-+ '/B 3%+'/B .0 +*'-5,+,)- .)-+ &05 -,40'/B

%&01+*)-,:/05 5/(,550-+ .0 A)*+05 60*+/*('+,)-5 8YZZZ @ "ZZZZ 13

&$

;9 &05 -,40'/B .$%-0*E,0 .05 1)36&0B05 .0 #-8RRR;

5)-+ +*?5 6*)1205 .0 10/B .0 &$,)- &,(*0 8:/0&:/05 10-+',-05 .0 13

&$

;= #05 6*)6*,%+%5 5601+*)51)6,:/05 0+ 3'E-%+,:/05

.0 105 1)36)5%5 5)-+ .)-1 ,-.%60-.'-+05 8)/ 6*05:/0; .0 &$0-4,*)--030-+= #05 +*'-5,+,)-5 ,-+0*-05 50 A)-+ 0-+*0 &05

-,40'/B .$%-0*E,0 .0 &' 5)/5L1)/120 4f = H2':/0 -,40'/ .$%-0*E,0 *%5/&+0 .0 &' &04%0 .0 .%E%-%*0510-10 ./ -,40'/ TA

6'* &05 ,-+0*'1+,)-5 5/,4'-+05[

\ R-+0*'1+,)-5 1)/&)3(,0--05 *%5/&+'-+ .05 *%6/&5,)-5 0-+*0 &05 %&01+*)-5 4f = #05 3)30-+5 )*(,+'/B 5$'G)/+0-+

6)/* .)--0* &0 3)30-+ )*(,+'& *%5/&+'-+

~L =
∑~l9 .0 3]30 &05 3)30-+5 1,-%+,:/05 .0 56,- .)--0-+

~S =
∑

~s=

#' 1)-DE/*'+,)- 4f 05+ ',-5, .%1)36)5%0 0- .,I%*0-+5 +0*305 5601+*'/B

"'!$

#9 )^[

L #9 4'&0/* ./ 3)30-+ )*(,+'& +)+'&9 05+ /- -)3(*0 0-+,0* %E'& @ Z9  9 !9 "=== '/:/0& )- A',+ 1)**056)-.*0

*05601+,4030-+ &05 &0++*05 W9S9X9P===

L W9 4'&0/* .0 56,- +)+'&9 05+ /- -)3(*0 0-+,0* )/ .03,L0-+,0*= #0 -)3(*0 !W_ +*'./,+ &' 3/&+,6&,1,+% ./

+0*30

"'!$

#=

H2':/0 %+'+ 1'*'1+%*,5% 6'* # 0+ W 05+ 8!W_ ;8!#_ ; A),5 .%E%-%*%=

\ R-+%*'1+,)-5 56,-L)*(,+0 1'*'1+%*,5%05 6'* &0 3)30-+ '-E/&',*0 +)+'&

~J = ~L + ~S '401| L − S |< J <| L + S |=

H0 1)/6&'E0 .,+ #LW )/ .0 K/550&LW'/-.0*5 .%1)36)50 12':/0 +0*30 5601+*'& 0- !W_ )/ !#_ 850&)- :/0

W`# )/ #`W; -,40'/B -)+%5

"'!$

#

(

\ H2'36 1*,5+'&&,-= #05 -,40'/B

"'!$

#

(

5)-+ .%1)36)5%5 0- 5)/5 -,40'/B %-0*E%+,:/05 6'* &$0I0+ W+'*a= H0++0

.%1)36)5,+,)- .%60-. .0 &' 5J3%+*,0 ./ 12'36 1*,5+'&&,- :/, 05+ 5,3,&',*0 @ 10&&0 ./ 5,+0 )11/6% 6'* &$,)- #-

 !

.'-5 &0 1*,5+'&= R& J ' !b_ 1)36)5'-+05 W+'*a 5, - 05+ 6',*9 0+ b_ c! 1)36)5'-+05 5, - 05+ ,36',*= #05 &04%05

.0 .%E%-%*0510-10 5/11055,405 5)-+ 512%3'+,5%05 5/* &' DE/*0 Y=!



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

 !"#$

%&'()"**'+

,+)-&"%)'.+(/

($'+0.&1')2

345

6

%#

04

7894

:

;

7894

:

,+)-&"%)'.+(/

%.<*.#1'2++2(

 !

"

,+)-&"%)'.+(/

-*2%)&.+0+.="<>

345

?

%#

04

345

7

%#

04

#$%&'( )*!+ ,-./0(1(20 3(4 2$5(/&6 3782('%$( 3( ./ -92:%&'/0$92 4f 49&4 .7(;(0 3( 3$;8'(20(4 $20('/-0$924

<9&0(=9$4> 3& =/$0 3( .7(;(0 378-'/20/%( 3(4 8.(-0'924 4f ?/' .(4 -9&-@(4 5s (0 5p> ./ .(58( 3( 38%828'(4-(2-(

?/' .( -@/1? -'$40/..$2 '(40( =/$A.( B CD C

!

3/24 .(4 E&9'&'(4 F )GH>  C

!

D C

"

3/24 .(4 96I3(4 F )JHK* L(4 82('%$(4

3(4 0'/24$0$924 $20('2(4 4920 0'M4 ?(& 38?(23/20(4 3(4 1/08'$/&6 @N0(4 3/24 .(4O&(.4 .(4 $924 L2

"#

4920 $2-9'?9'84

-911( $924 39?/204* P$24$> &2 1Q1( 3$/%'/11( '(%'9&?/20 .(4 2$5(/&6 4f 3( L2

"#

?(&0 4('5$' 3( '8=8'(2-( (2

4?(-0'94-9?$( 3(4 0(''(4 '/'(4> O&(..( O&( 49$0 ./ 1/0'$-( @N0( B:%*)*RK

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

 !"!#!" $%&'() *( )+'(,-./0 *() -120).-./0) /3-.45()

L( '/I92 .&1$2(&6 80/20 &2( 923( 8.(-0'91/%280$O&( -91?948( 37&2 -@/1? 8.(-0'$O&( (0 37&2 -@/1?

1/%280$O&( 9'0@9%92/&6> .(4 0'/24$0$924 9?0$O&(4 4920> 49$0 3& 0I?( 3$?9./$'( 8.(-0'$O&( BS,K> 49$0 3& 0I?( 3$?9./$'(

1/%280$O&( BSTK* S/24 .( -/4 ?/'0$-&.$(' 3(4 $924 L2

"#

> .(4 0'/24$0$924 $20('2(4 4f → 4f 2( 47/--91?/%2(20 ?/4

3( -@/2%(1(20 3( ?/'$08 (20'( .(4 9'A$0/.(4 3( 38?/'0 (0 37/''$58( B.UCK* S7/?'M4 .(4 'M%.(4 3( L/?9'0(> 3/24 .( -/4

37&2 $92 .$A'(> 4(&.(4 .(4 0'/24$0$924 3$?9./$'(4 1/%280$O&(4 4920 ?('1$4(4> (0 .(4 0'/24$0$924 3$?9./$'(4 8.(-0'$O&(4 4920

$20('3$0(4* <9&0(=9$4> .9'4O&( .7$92 L2

"#

(40 $248'8 3/24 ./ 1/0'$-( <$V

!

> -(.&$D-$ 9--&?( &2 4$0( -'$40/..9%'/?@$O&(

292 -(20'94I180'$O&( B4I180'$( S

!$

9& S

!%

F )W>  !GHK* L7/-0$92 3& -@/1? -'$40/..$2 ?'959O&( /.9'4 &2 18./2%(

3(4 2$5(/&6 4f /5(- .(4 2$5(/&6 )3 (0 .M5( /$24$ ?/'0$(..(1(20 .7$20('3$-0$92* L(4 0'/24$0$924 3$?9./$'(4 8.(-0'$O&(4

4920 3$0(4 =9'-8(4* L(4 0'/24$0$924 9?0$O&(4 9A8$44(20 392- /&6 'M%.(4 39228(4 3/24 .( 0/A.(/& )* *

</A.( )* + XM%.(4 3( 48.(-0$92 3(4 0'/24$0$924 ?944$A.(4 ?9&' .7$92 L2

"#

9--&?/20 &2 4$0( 292 -(20'94I180'$O&(

<'/24$0$924 S, <'/24$0$924 ST

Y U  !>  ">  G Y U C>   

C ↔ C $20('3$0(> 1/$4 ?('1$4( 3/24 .(4 C ↔ C $20('3$0(

%'9&?(4 3( 4I180'$( Z4> Z2 (0 Z25





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

#$% &'('&)*(+%)+,-$% .$% */+%%+01% .*2$1.$1) .$ 3' %4/*)(+$ .- %+)$5 6+1%+7 .'1% 3$ &'% .$ 38$9+%)$1&$ .8-1 &$1)($

.$ %4/*)(+$7 3$% )('1%+)+01% f → f .+203'+($% *3$&)(+,-$% %01) %)(+&)$/$1) +1)$(.+)$%5 :33$% %01) )0-)$;0+% 0<%$(=*$%

.'1% &$()'+1% &'%7 >(?&$ '-9 '<'+%%$/$1)% .$ %4/*)(+$% 2(0=0,-*% 2'( 3$% /0.$% .$ =+<(')+01 .- (*%$'- @)('1%+)+01%

.+)$% =+<(01+,-$%A /'+% ($%)$1) .$ )(B% ;'+<3$ +1)$1%+)*5 C$-3$% 3$% )('1%+)+01% /'>1*)+,-$% %01) '-)0(+%*$%5

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

#0(%,-$ 38+01 $9&+)* %$ .*%$9&+)$ .$ /'1+B($ 101 ('.+')+=$7 %01 *1$(>+$ $%) &'2)*$7 %0+) 2'( -1 '-)($ +01

3-/+1$%&$1)7 %0+) 2'( -1 2+B>$ .$ 3-/+1$%&$1&$5 D0-( 3$% +01% 3'1)E'1+.$% +1&0(20(*% .'1% .$% /')(+&$% 094.$%7 +3

$9+%)$ .$-9 )42$% .$ 2+B>$% F

G D+B>$ $1 %-(;'&$5 D0-( 3$% +01% 3'1)E'1+.$% .'1% 3$% 094.$%7 +3 %8'>+) $1 2'()+&-3+$( .$% >(0-2$/$1)% E4.(0943$%

H "I7  " J5

G D+B>$ $1 =03-/$5 K$3' 2$-) L)($ .$% +/2-($)*% H "!J /'+% '-%%+ .$% .*;'-)% &(+%)'33+1% 0- 3$ (*%$'- 3-+G/L/$5

M1 =0+) +&+ 38+/20()'1&$ .$ 3' ,-'3+)* &(+%)'33+1$ .- /')*(+'-5 D3-% 3$ 10/<($ .$ .*;'-)% $%) +/20()'1)7 23-% 3'

2(0<'<+3+)* .$% )('1%+)+01% 101 ('.+')+=$% '->/$1)$5

 !"!/ 0.1&2&*)+' 341*)56+'+'(

#0(% .$ 3' .*%$9&+)')+01 .$ 38+01 #1

 !

7 &$3-+G&+ 2$-) )('1%;*($( .+($&)$/$1) %01 %-(23-% .8*1$(>+$ '- (*%$'-

&(+%)'33+1 2'( &(*')+01 .$ 2E0101%5 K8$%) 3$ 2E*10/B1$ .$ ($3'9')+01 /-3)+2E0101 H "N7  "OJ5 #8+01 #1

 !

$9&+)*

2'( 3$ )('1%;$() .8*1$(>+$ 2$-) '30(% ($=$1+( P %01 *)') ;01.'/$1)'3 2'( .*%$9&+)')+01 101G('.+')+=$ 4f → 4f 5

Q0-% 3$% 1+=$'-9 3'1)E'1+.$% 1$ %01) 2'% */$))$-(%5 #0(%,-8-1 1+=$'- 101 */$))$-( $%) $9&+)*7 +3 2$-) 4 '=0+(

.*%$9&+)')+01 101 ('.+')+=$ R-%,-8P &$ ,-8-1 1+=$'- 2$(/$))'1) 3' )('1%+)+01 ('.+')+=$ %0+) '))$+1)5 M1 0<%$(=$ '30(%

3' 3-/+1$%&$1&$ &'('&)*(+%)+,-$ .$% .+S*($1)$% )('1%+)+01% 4f → 4f .$ 38+01 #1

 !

-)+3+%*5

#' .*2$1.'1&$ .- )'-9 .$ ($3'9')+01 /-3)+2E01017 20-( -1$ .+S*($1&$ .8*1$(>+$ ∆E $1)($ .$% *)')% f −f 7 2$-)

L)($ .*&(+)$ 2'( 3' 30+ .- >'2 H "TJ5 #$ 10/<($ /+1+/-/ .$ 2E0101% .8*1$(>+$ /'9+/-/ ($,-+% 20-( -1$ )('1%+)+01

$1)($ *)')% 4f %*2'(*% 2'( -1$ .+S*($1&$ .8*1$(>+$ ∆E $%) .011* 2'( 38*,-')+01 %-+='1)$F

p = 2π×∆E
hνmax

#' (B>3$ $/2+(+,-$ 20-( 3$% %4%)B/$% 4f 7 *=0,-$ -1$ .0/+1')+01 .- 2(0&$%%-% .$ ($3'9')+01 /-3)+2E0101 R-%,-8P

2UTG" H ""7  "VJ5 W'1% 3$ &'% .$% 2E'%$% '1')'%$ $) (-)+3$7 38'223+&')+01 .$ 3' 30+ .- >'2 2(*=0+) -1$ .0/+1')+01 .-

2(0&$%%-% .$ ($3'9')+01 /-3)+2E0101 20-( )0-% 3$% ∆E ≤ 3600 cm−1
$) 5100 cm−1

7 ($%2$&)+=$/$1)5 #' 2(0<'<+3+)*

.8-1$ )('1%+)+01 ('.+')+=$ $%) .*2$1.'1)$ .$ 38*&'() ∆E $1)($ .$-9 1+=$'-97 $) .$ 3' ;(*,-$1&$ .$ &0-2-($ .$ 2E0101%

̟c .$ &E',-$ /')(+&$5 #' 1')-($ .$ 3' /')(+&$ R0-$ .01& -1 (X3$ )(B% +/20()'1) 20-( 3' ($3'9')+01 /-3)+2E0101

.$% *)')% $9&+)*% .$% +01% #1

 !

@)'<3$'- T5!A5

Q'<3$ T5!F Y'3$-(% .$ 38*1$(>+$ /'9+/'3$ .$% 2E0101% 20-( &$()'+1$% /')(+&$% H V7  !"J

Z')(+&$ hνmax @&/

"#

A

#'[(

 

 VT

\']^

$

N"I

6GQ+M

%

"II

_GQ+M

%

` T

a

%

M NTII



 !"! #$%#$&'(') )#*+($%)+%#&,-*) .*) /01(201&.*)  !"

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

#$ %&'() *) +'&$,-)'+ *./$)'01) *&$, 2$ ,3,+45) (6',72) (.&8,6'%+16$ )+ (./51,,16$ $) ,6$+ %&, '/&(1,/), %&'

() 595) 16$: ;) +'&$,-)'+ %)2+ &<61' (1)2 ,&$, &2=2$ +'&$,%6'+ *) =>&'0): #$ %)2+ *1,+1$02)' (), +'&$,-)'+, *./$)'01)

'&*1&+1-, )+ $6$ '&*1&+1-,? '/,6$$&$+, )+ &,,1,+/, %&' %>6$6$,: @), %'6=),,2, *) +'&$,-)'+ *./$)'01) )$+') *)2A 16$,

%)2<)$+ 9+') %'/,)$+/, =655) ,2' (& B02') C:D: E21<&$+ () <6=&82(&1') +'&*1+16$$)( *2 *65&1$) *), (251$6%>6'),?

() %')51)' 16$ *1')=+)5)$+ )A=1+/ ),+ &%%)(/ ,)$,181(1,&+)2' F$6+/ EG F62 *6$$)2'G: @.16$ <)', ()72)( (./$)'01) ),+

+'&$,-/'/) )+ 721 /5)+ () %>6+6$ ),+ &%%)(/ &=+1<&+)2' F$6+/ HG F62 &==)%+)2'G: I62' /<1+)' (.&58102J+/ &<)= ()

*65&1$) *), ,)51=6$*2=+)2',? () <6=&82(&1') &==)%+)2'K*6$$)2' $.),+ %&, ')+)$2 *&$, () ,21+) *) =) =>&%1+'): #$

*1,+1$02) ,62<)$+ () +'&$,-)'+ *./$)'01) '/,6$$&$+ '&*1&+1- FB0:C:D&G? () +'&$,-)'+ *./$)'01) '/,6$$&$+ $6$ '&*1&+1-

FB0:C:D8G )+ () +'&$,-)'+ *./$)'01) &,,1,+/ %&' 52(+1%>6$6$, FB0:C:D=G: E )+ H %)2<)$+ 9+') *), 16$, 1*)$+172),? )+

() +'&$,-)'+ $6$ '&*1&+1- %)2+ 5)$)' L 2$) &2+6K)A+1$=+16$ %&' ')(&A&+16$ ='61,/) FB0:C:D*G: M2&$* () +'&$,-)'+

*./$)'01) ),+ '&*1&+1-? 2$ <'&1 %>6+6$ ),+ /51, %&' (.16$ ,)$,181(1,&+)2' FEG )+ ),+ )$,21+) &8,6'8/ %&' $.15%6'+) 72)(

16$ &=+1<&+)2' FHG:

 

!

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

/

 !"

 

!

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

%,%-#$./$)/'

 #"

 

!

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

$&&.&)/*0$#*01+%+%&

 $"

 

!" 

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

$+(.$,1$2',)*+/,)1$+()32$/

 %"

N102') C:DO P)%'/,)$+&+16$ ,=>/5&+172) *), +'&$,-)'+, *./$)'01) F&G '/,6$$&$+ '&*1&+1- F8G '/,6$$&$+ $6$K'&*1&+1-

F=G $6$K'&*1&+1- &,,1,+/ %&' %>6$6$ )+ *G ')(&A&+16$ ='61,/) Q "R

E)(6$ (& *1,+&$=) P )$+') () ,)$,18(1,&+)2' E )+ (.&=+1<&+)2' H? () +'&$,-)'+ *./$)'01) ,.)S)=+2)? ,61+ %&' 1$+)'&=+16$,

52(+1%6(&1'),? ,61+ %&' /=>&$0): @) %')51)' =&, 1$+)'<1)$+ %62' *), 1$+)'&=+16$, (61$+&1$), F1:): !T UG &(6', 72) ()

*)2A145) =&, -&1+ ,)2()5)$+ 1$+)'<)$1' (), %'6=>), <61,1$, Q VWR: @.1$+/'&=+16$ %&' /=>&$0) & (1)2 (6',72.1( 3 &

')=62<')5)$+ *), 6'81+&(), *) E )+ H? 721 ,6$+ 15%(172/), *&$, () +'&$,-)'+:

 !"!0 12&3)&*$%*/2& +,)4*/&3*/2& +) 562*2789/&)'3)&3)

M2&$* (& =6$=)$+'&+16$ )$ 16$, *6%&$+, */%&,,) 2$) =)'+&1$) <&()2'? (./51,,16$ *2 5&+/'1&2 (251$),=)$+

*151$2) 0/$/'&()5)$+: ;)++) *151$2+16$ *2 ')$*)5)$+ *) (251$),=)$=) %62' *) -6'+), =6$=)$+'&+16$, )$ 16$, &=+1-,

),+ &%%)(/) X)A+1$=+16$ *) =6$=)$+'&+16$X F72)$=>1$0 )$ &$0(&1,G )+ '/,2(+) *.1$+)'&=+16$, )$+') (), 16$, (251$),=)$+,

,62, &2 561$, (.2$) *), +'61, -6'5), ,21<&$+), O

Y @./$)'01) )A=1+&+'1=) ),+ %)'*2) *)%21, () $1<)&2 /5)++)2' F8&$*) *) =6$*2=+16$ 62 $1<)&2A )A=1+/,G %&' *),

%>/$654$), *) ')(&A&+16$ ='61,/) )$+') (), 16$, ,)$,181(1,&+)2', F(& 5&+'1=) *&$, $6+') =&, 62 (), 16$, @$

 !

G



λexc = 363, 8 nm



µm



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

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

 

+%&(* 23

!"

423

!"

56+

!"

789

!"

:

#$%&'() *&+',&'+-.) /+%.0102-0+) 1)2%) *'+ .)* %,3-2&0..42* () 506

 

242 (4/%* - (%142&+% .- /4**070.0&% ()

,42&+8.)+ .- *&+',&'+) (' 9.1 /-+ .) ,340: ($'2 *'7*&+-& -(%;'-& /4'+ '2) /+)**042 /-+&0)..) ($4:<=>2) ()  "

!"

17-+?

#)* 4:<()* () &0&-2) -2-&-*) )& +'&0.) 42& ()* @-.)'+* () =-/ 4/&0;') )& ()* A+%;')2,)* () ,4'/'+)* () /34242*

(0B%+)2&)* *'*,)/&07.)* ($02C')2,)+ .)* ,-+-,&%+0*&0;')* ()* ,4',3)* () ,42@)+*042? D2 )B)&E .$-2-&-*) -7*4+7)+-

1402* () /34&42* ;') .) +'&0.) %&-2& (422% .)'+ (0B%+)2,) () @-.)'+ () =-/ 4/&0;')E ,) ;'0 /)'& F&+) /+%G'(0,0-7.)

/4'+ .- ,4..),&) ()* /34&42* () =+-2() %2)+=0)? H)/)2(-2&E .- A+%;')2,) () ,4'/'+) () /34242* ̟c )*& /.'* A-07.)

/4'+ .- /3-*) -2-&-*) /-+ +-//4+& I .- /3-*) +'&0.) )& .- +).-:-&042 1'.&0/34242 *)+- (42, A-@4+0*%) (-2* .) ,-* ()

.- /3-*) +'&0.)E (0102'-2& -02*0 .- /+47-70.0&% ()* &+-2*0&042* +-(0-&0@)*?

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

J4'+ ,)&&) %&'()E ()* 9.1* ($)2@0+42 '2 10,+41>&+) ($%/-0**)'+ 42& %&% *<2&3%&0*%* *'+ ()* *'7*&+-&* ()

*-/30+ K,L,'& )& +L,'&ME () *0.0,0'1 K ""ME N06

 

K ?OµmMPN0K ""M )& () #-Q.6

#

K ""M? #)* (0-=+-11)* () (0B+-,&042

R ()* 9.1* (4/%* )& 242 (4/%* 47&)2'* *'+ .)* *'7*&+-&* Q.

 

6

#

K""? M )& K  LO"ME #-Q.6

#

K ""ME N0 K ""M )& N06

 

K1.2µmMPN0 *42& ):/4*%* 9='+) S?T? N'+ Q.

 

6

#

K""? M K9=?S?T-M )& Q.

 

6

#

K  LO"M K9='+) S?T7ME ()* 9.1* UL506

 

4+0)2&%* KO""M )& K " M *42& 47&)2'*E &-2(0* ;') .) *'*7&+-& () N0 K ""M K9=?S?T(M 02('0& '2) ,+40**-2,) () +'&0.)

/4.<,+0*&-..02? D292 ()* 9.1* -2-&-*) 4+0)2&%* K""VM *42& 47&)2'* *'+ .)* *'7*&+-&* () #-Q.6

#

K ""M?

#)* /+4/+0%&%* *&+',&'+-.)* () ,3-;') 9.1 (4/% 42& %&% %&'(0%)* /-+ (0B+-,&042 ()* +-<42* R )& ,41/-+%)* I ,)..)*

()* 9.1* 242 (4/%*? #)* @-.)'+* ()* /4*0&042* -2='.-0+)* 2θE ()* .-+=)'+* I 10L3-'&)'+ fwhm )& ()* /-+-1>&+)* ()

1-0..) $-$ /4'+ UL506

 

KO""M )& $,$ /4'+ QL506

 

K""VM 42& %&% (%('0&)* ()* (0-=+-11)* WUR /+%*)2&%* *'+ .- 9='+)

S?T )& *42& +)/)+&4+0%)* (-2* .) &-7.)-' S?V /4'+ .)* 9.1* (4/%* X7

#$

)& Y(

#$

?

W-2* .)* 9.1* UL506

 

KO""ME .$02*)+&042 ($042* X7

#$

(-2* .- 1-&+0,) /+4@4;') '2) -'=1)2&-&042 (' /-+-1>&+)

() 1-0..) $-$ )& '2) -'=1)2&-&042 () .- fwhm (' /0,? H)&&) -'=1)2&-&042 () /-+-1>&+)* () 1-0..)E &4'& ,411)

.$-'=1)2&-&042 () .- fwhmE /)'@)2& *$):/.0;')+ /-+ .- (0*&4+&042 ()* 4,&->(+)* 506

%

K(0*&4+&042 () .- 1-0..)M .4+*

() .$02*)+&042 () .$042 X7

#$

L /.'* @4.'102)': K ZM L )2 .0)' )& /.-,) () .$042 50

&$

K"ETS ZMKrY b !> rTi"!M [ \]^?

#$02*)+&042 ($'2) ;'-2&0&% () (4/-2& X7

#$

I 3-'&)'+ () VES _ -'=1)2&) A4+&)1)2& .- fwhm? H42,)+2-2& .)* 9.1*

QL506

 

K""VM K9=?S?T,ME .)* /0,* *42& /)' /)+&'+7%* /-+ .$02*)+&042 ()* (4/-2&* X7

#$

)& Y(

#$

? 62 47*)+@) '2)

-'=1)2&-&042 (' /-+-1>&+) () 1-0..) $,$ (-2* .) ,-* ()* 042* Y(

#$

E &-2(0* ;') .) ,42&+-0+) )*& 47*)+@% (-2* .) ,-*

() .$042 X7

#$

? `2) (0102'&042 () .- fwhm )*& 47&)2') -@), .$02*)+&042 ($042 X7

#$

?

62 /)'& +-0*422-7.)1)2& /)2*)+E (' A-0& ()* A-07.)* /4'+,)2&-=)* () (4/-2& )& () .- 14(09,-&042 ()* /-+-1>&+)*

() 1-0..) ()* 1-&+0,)* QL506

 

)& UL506

 

E ;') .) (4/-2& )*& 02*%+% )2 *'7*&0&'&042 (-2* .- 1-&+0,)E )2 .0)' )& /.-,) ()

.$042 50

&$

? Y4'* *411)* (42, )2 /+%*)2,) ($'2) *4.'&042 *4.0() 50

"!'

#2

'

6

 

? H)&&) 3</4&3>*) /4'++- F&+) @%+09%)

.4+* ()* 1)*'+)* () J#? D2 )B)&E *0 .)* +-0)* ,-+-,&%+0*&0;')* ()* 042* &)++)* +-+)* *42& 92)* )& 70)2 (%920)*E 42

/4'++- ,42,.'+) ;') .)* (4/-2&* *42& 02*%+%* )2 *'7*&0&'&042 (-2* .- 1-&+0,)E ,-+ .)* +-0)* ()* 042* #2

#$

(-2* '2

)2@0+422)1)2& +%='.0)+ *42& 92)* [ T"E VV^ &-2(0* ;'$)..)* *42& .-+=)* )& 1-. (%920)* (-2* ()* 1-&+0,)* -14+/3)* 4'

2-24,+0*&-..02)* [VO^? Q','2) *%=+%=-&042 () (4/-2& #2

#$

2$)*& (%&),&%) /-+ WURE /'0*;'$-','2 /0, ,-+-,&%+0*&0;')

($'2) /3-*) 4:<() <&&)+70'1 4' 2%4(<1) 2$- %&% -/)+a' (-2* .)* (0-=+-11)* WUR? N0 .$42 ,42*0(>+) ;') .- fwhm

)*& *)'.)1)2& (') I .- &-0..) ()* (41-02)* ,+0*&-..02* ;'0 ,41/4*)2& .) 9.1E -.4+* 0. )*& /4**07.) ($)*&01)+ .- &-0..)

()* ,+0*&-..0&)* @0- .- A4+1'.) () N,3)++)+b

D = 0, 9× λ
FWHM×cos θ

 !" # $%&' () *%" +, -(. +) /01!2

 

34556789

!"

:;< = )' ()" -(." /01!2

 

3>5>6; ?@ ?9")&A) B,) (% '%!(() +)"

*&!"'%((!')" )"' +C)@A!&?@ 45 @. $?,& (C)@").9() +)" D*E%@'!((?@" %@%(F"D"G



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

 

*%#') -/

!"

0-/

!"

1/*

!"

234

!"

5  ! 

 !  "  #  $  % &'

 !

"#

$%&'$(

)*+,-.$/0112

345-.$0

 !  "  #  $  % &'

67

"#

$0$(

 
!
"
#
$
%
&
'
(
)
$
*

 !  "  #  $  % &'

484$789:

 !" #$

 

%

!

 &&'("

 !  "  #  $  %  & !'

 !

"#

$%&

'$()*)+

 
!
"
#
$
%
&
'
$
(
)
*

,-./0$%

12

"#

$)3"&$

 !  "  #  $  %  & !'

 !  "  #  $  %  & !'

-4-$!456

 )" #$

 

%

!

 (*('+"

 !  "  #  $  % &'

 !

"#

$%&'(

 
!
"
#
$
%
&
'
(
)
$
*

)*+,-$. $/01

)/22%1

 !  "  #  $  % &'

34

"#

$'(

 !  "  #  $  % &'

*5*$4567

 ," -!#$%

!

 (&&"

 ! "! #! $! %!

 !"#$%&

 !"''%&

 !"'$$&

 !"'$%&

 !"$$$&

 !"'%%&

 !"$%$&

 !"$$%&

 
!

"
#

!
$
%
"
&
'
(
)

*
+

,

()*+,!'

 ." /0  (&&"

"#$%&' ()*+ ,#-$&-..'/ 0' 0#1&-23#45 0'/ &-645/ 7 84%& 0'/ 9:./ 0;4<60' 0' 3#3-5' 048=/ '3 545 048=/ /653>=3#/=/

? *@@ AB 84%& %5' 8&'//#45 8-&3#'::' 0;4<6$C5' 0'  @

 !

.D-& /%& 0'/ /%D/3&-3/ 0' E-F G:

"

H

#

E@@) FI EDF G:

"

H

#

E  JK@FI

E2F L-G:H

#

E @@F '3 E0F M#E @@F



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

#$%&' ()*+ ,$&'-./ 0'/ 1$.$234.'/ 0' 2$5&&' '4 0'/ &$.6'-./ 7 2589$-4'-. 1:-. &'/ ;&2/ 0' <8#5=

 

>"??@ '4 A8

#5=

 

>??*@ 0:1B/ C%

!"

'4 D0

!"

)

E-%/4.$4 F:1$G4 >H@ 2θ > @ I9$/' $ >J@ K >J@ fwhm > @ F >G2@

8 !LM" <-45&' >"??@ *M(LNO 8 ?M!! "P

A&

 

=

!

>??) @ D0

!"

" H !LM"* <-45&' >"??@ *M(L N 8 ?M!* "(

C%

!"

*M( H !LM*L <-45&' >"??@ *M(P!O 8 ?M((  (

8 !PM P <-45&' > ? @ 8 8 ?MO!  ?

A&

 

=

!

>  8"?@ D0

!"

" H !PM?P <-45&' > ? @ 8 8 ?ML? L

C%

!"

 M! H !PM O <-45&' > ? @ 8 8 ?MON  ?

8 !NMN? AG$4$/' >??*@ 8 LM(**? ?M*! "?

Q$A&=

!

> ??@ D0

!"

( H !NM(L AG$4$/' >??*@ 8 LM(N ? ?M*" "?

C%

!"

"MP H !NMN( AG$4$/' >??*@ 8 LM(! L ?M!P "!

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

Q'/ 1.:1.5B4B/ :145R-'/ 0'/ ;&2/ 25GK'/ 0' .-45&' '4 $G$4$/' :G4 B4B :%4'G-'/ 6.SK' 7 0'/ 2'/-.'/ 0'

4.$G/25//5:G T,8U5/5%&') Q$ ;6-.' ()O 1.B/'G4' &'/ 2'/-.'/ 0' 4.$G/25//5:G 'G V:GK45:G 0' &$ &:G6-'-. 0W:G0'

'X'K4-B'/ /-. &'/ K:-K9'/ 25GK'/ <8#5=

 

>"??@ '4 A8#5=

 

>??*@ V:.2B'/ .'/1'K45U'2'G4 /-. 0'/ /-%/4.$4/ A&

 

=

!

>??) @ '4 Q$A&=

!

> ??@ 1:&5/ 0'-Y V$K'/)

 !! "!! #!! $!!!

!

%!

 !

"!

#!

$!!

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

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

'-./01

2

*233,

 !" #$%&'

 

 ())" *+, -.

 

'

!

 )))/"

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

!

)!

"!

$!

&!

(!!

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

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

'-./01

2

'*334,

 0" -$%&'

 

 ))1" *+, 2!-.'

!

 /))"

Z56-.' ()O+ E1'K4.' 0' 4.$G/25//5:G T,8,5/5%&'8D[< 1:-. -G ;&2 >$@ .-45&' '4 >%@ $G$4$/'

Q$ ;6-.' ()L 1.B/'G4' 0'-Y 05$6.$22'/ 0' #$-K 1:-. 0'/ ;&2/ <8#5=

 

>"??@ '4 A8#5=

 

>??*@ G:G 0:1B) Q'/

U$&'-./ 0' 6$1 :145R-' :%4'G-'/ 'Y1B.52'G4$&'2'G4 1$. K'44' 2B49:0'M !M?N ', '4 !M N ', /:G4 K:GV:.2'/ $-Y

U$&'-./ 'Y1B.52'G4$&'/ :%4'G-'/ /-. 0'/ ;&2/ 25GK'/ \(?])



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

 

*%#') -/

!"

0-/

!"

1/*

!"

234

!"

5  !!

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

"

#""

$""

 ""

%""

&""

 
!

"

#

 !"#$

%&'()*

+

,-./%"#

 !" #$%&'

 

 ())"

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

"

#""

$""

 ""

%""

 
!

"

#

 !"#$

%&'()*

+

%!,,-$

./01%"#

 *" +$%&'

 

 )),"

"#$%&' ()*+ ,#-$&-..' /' 0-%1 /'2 34.2 5-6 /' &%7#4' '7 586 /9-:-7-2'

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

!

 !

"!

#!

$!

%!!

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

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

'-./01

2

'-./01

2

34(

56

'78

'-./01

2

34(

56

'28

'-./01

2

34(

56

'98

 !" #$%&'

 

 ())"-./

!"

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

!

 !

"!

#!

$!

%!!

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

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

'-./01

2

'-./01

2

345

67

'89:;

'-./01

2

345

67

'<96;

'-./01

2

345

67

'=9>;

 *" #$%&'

 

 ())"-0*

!"

"#$%&' () ;+ <='17&'2 /' 7&-:2.#22#>: ?@A@#2#84'ABCD /'2 34.2 DA0#E

 

5F;;6 />=G2 5-6 :G>/H.' '7 586 H77'&8#%.

I'2 34.2 .#:1'2 DA0#E

 

5F;;6 '7 JA0#E

 

5;;K6 >:7 G7G />=G2 =-& /'2 #>:2 :G>/H.' '7 H77'&8#%.) I9#:L%':1' /%

/>=-$' 2%& 4- 7&-:2.#22#>: /'2 34.2 =>%& /'2 1>:1':7&-7#>:2 .>4-#&'2 ': :G>/H.' /'  M F '7 ( N '7 ': H77'&8#%. /'

;MONM  M!N '7 KM( N '27 &'=&G2':7G' 3$%&' () ; '7 ()  ) I- 7&-:2=-&':1' /-:2 4' P#2#84' '7 4' =&>1Q' CD '27 /' 49>&/&'

/' R;AR( N /-:2 4'2 34.2 /' &%7#4' '7 /' *;A*(N =>%& 4'2 34.2 /9-:-7-2') I9#:2'&7#>: /' />=-:7 /-:2 4- .-7&#1'

0#E

 

:' .>/#3' =-2 4- 7&-:2.#22#>: ':7&' K;; '7  ;;; :. /-:2 4' 1-2 /% />=-$' S8

!"

) T-& 1>:7&'M 49#:2'&7#>: /'2

#>:2 B/

!"

/-:2 4'2 34.2 DA0#E

 

5F;;6 #:/%#7 %:' 8-#22' /' 4- 7&-:2.#22#>:M U%# 2' /#27#:$%' =-& %: 1Q-:$'.':7 /%

=&>34 /9-82>&=7#>:M -P'1 49-==-&#7#>: /9%: G=-%4'.':7 ':7&' K;; '7 ((; :. 5=-&7#1%4#V&'.':7 P#2#84' =>%& 4' 34.



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

#$%& '( )#

 !

*+ ,-..- /$#0123.0$4 %-5. 6.7- #5- 358 93254-: #;$8<=>4- $5 ? 9;@<A70#3.0$4 #-: $7A0.39-:4f #- 9;0$4

)#

 !

3B-2 9-: $7A0.39-: 2p #- 9;$8<=>4- $5 3d #- 9;0$4 C0

 "!

#- 93 /3.702- 2$//- 9- :5==>7- 93 %5A9023.0$4 #- D$5

E F G+ H3 #-580>/- @<%$.@>:- :-/A9- 6.7- 93 %95: %7$A3A9-+ I4 -J-.K ? /6/- .358 #- #$%34.K $4 %-5. -:.0/-7 L5-

93 2$42-4.73.0$4 -4 93254- #;$8<=>4- :-73 &L50B39-4.- #34: 9-: 19/:+ M7K 35254 &%359-/-4. 4;-:. B0:0A9- #34: 9-:

:%-2.7-: #;3A:$7%.0$4 #-: 19/: #- NOC0M

#

#$%&: "K' ( PA

 !

+

Q37 3099-57:K 9- R7$4. #;3A:$7%.0$4 #-: 19/: /042-: :- #&239- :50B34. 93 L534.0.& #- #$%34. 04:&7&- #34: 93 /3.702-+

S04:0K 9- #$%3=- #- 93 /3.702- 75.09- %37 9;0$4 4&$#</- 3 %$57 -J-. 54 #&2393=- #- 9;3A:$7%.0$4 B-7: 9-: =734#-:

9$4=5-57 #;$4#- T7-#:@0R. -4 34=930:*+ S 9;04B-7:-K 9- #$%3=- #- 93 /3.702- 75.09- %37 9-: 0$4: <..-7A05/ 3 %$57 -J-.

54 #&2393=- #- 9;3A:$7%.0$4 B-7: 9-: R30A9-: 9$4=5-57: #;$4#-: TA95-:@0R. -4 34=930:*+ H3 #&.-7/043.0$4 #-: B39-57:

#- =3% $%.0L5- %-7/-. #- L534.01-7 9- #&2393=- %7$B$L5& %37 9;04:-7.0$4 #-: #$%34.: #34: 9-: /3.702-: NOC0M

#

TUVV*

-. SOC0M

#

TVV"*+

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

!

)!

"!

$!

&!

(!!

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

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

'-./01

2

'*334,

'-./01

2

'*334,56(

78

'9:

'-./01

2

'*334,56(

78

';:

 !" #$%&'

 

 (()"*+,

!"

 !! "!! #!! $!!!

!

%!

 !

"!

#!

$!!

 !"#$%

&

 '(()*

 !"#$%

&

 '(()*+,-

./

 01.2

 !"#$%

&

 '(()*+,-

./

 )132

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

4567898: ;<56;9 '6=*

 -" .$%&'

 

 /(("*0-

!"

W0=57- '+  X Y%-2.7-: #- .734:/0::0$4 Z[O[0:0A9-O%7$2@- \N #-: 19/: SOC0M

#

TVV"* #$%&: T3* 4&$#</- -. TA*

<..-7A05/

H;04:-7.0$4 #- #$%34.: H4

 !

3 %$57 -J-. #- /$#01-7 9-: B39-57: #- =3% $%.0L5- #-: 19/: NOC0M

#

-. SOC0M

#

#$%&:+ H-: B39-57: #- =3% $%.0L5- #&.-7/04&-: ? %37.07 #-: #03=73//-: #- C352 #-: 19/: NOC0M

#

-. SOC0M

#

T1=+'+ U -. 1=+'+ !* :$4. 7&%-7.$70&-: #34: 9- .3A9-35 '+'+ ,$42-7434. 93 /3.702- NOC0M

#

K 9-: 239259: #- B39-57: #-

=3% %-7/-..-4. #- 2$417/-7 93 .-4#342- $A:-7B&- :57 9-: :%-2.7-: #- .734:/0::0$4 Z[OB0:0A9-K ? :3B$07 54 7-#:@0R.

-. 54 A95-:@0R. #34: 9- 23: #5 #$%3=- #- 93 /3.702- NOC0M

#

%37 #-: 0$4: )#

 !

$5 PA

 !

K 7-:%-2.0B-/-4.+ S04:0K 93

B39-57 #5 =3% $%.0L5- -:. #0/045&- #- VKUV -[ #34: 9- 23: #;54 #$%3=- 3B-2 #-: 0$4: )#

 !

K 39$7: L5- 9- #$%3=-

PA

 !

35=/-4.- 93 B39-57 #5 =3% #- VKU' -[+ H3 .-4#342- -:. 04B-7:&- #34: 9- 23: #- 93 /3.702- SOC0M

#

K 9- #$%3=-

)#

 !

27&& 54 A95-:@0R. #- VKU! -[K 39$7: L5- 9- #$%3=- PA

 !

35=/-4.- 93 B39-57 #5 =3% $%.0L5- #- 93 /3.702- #-

VK V -[+



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

 

*%#') -/

!"

0-/

!"

1/*

!"

234

!"

5  !"

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

&

'&&

 &&

%&&

(&&

)&&

 
!

"

#

 !"#$

%&'()*

+

%&'()*

+

,-.

/0

%12

%&'()*

+

,-.

/0

%+2

%&'()*

+

,-.

/0

%32

 !" #$%&'

 

 ())"*+,

!"

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

"

#""

$""

 ""

%""

&""

 
!

"

#

 !"#$

%&'()*

+

%&'()*

+

,-.

/0

%1234

%&'()*

+

,-.

/0

%52/4

%&'()*

+

,-.

/0

%6274

 -" #$%&'

 

 ())"*.-

!"

#$%&'( ") *+ ,$-%'-..(/ 0( 1-&2 0(/ 34./ 561$7

 

8*99: 0;<=/ 8-: >=;0?.( (@ 8A: ?@@('A$&.

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

"

#""

$""

 ""

%""

 
!

"

#

 !"#$

%&'()*

+

%!,,-$

%&'()*

+

%!,,-$./0

12

%34

%&'()*

+

!,,-$./0

12

%54

 !" /$%&'

 

 ))0"*+,

!"

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

&

'&&

 &&

%&&

(&&

 
!

"

#

 !"#$

%&'()*

+

%!,,-$

%&'()*

+

%!,,-$./0

12

%3415

%&'()*

+

!,,-$./0

12

%-465

 -" /$%&'

 

 ))0"*.-

!"

#$%&'( ") !+ ,$-%'-..(/ 0( 1-&2 0(/ 34./ B61$7

 

899C: 0;<=/ 8-: >=;0?.( (@ 8A: ?@@('A$&.

1-A4( ")"+ D-4(&' 0( %-< ;<@$E&( 0=@('.$>=( <-' 4- .=@F;0( 0( 1-&2 <;&' &>( @'->/$@$;> $>0$'(2@( -&@;'$/=( (>

G;>2@$;> 0& @-&H 0( 0;<->@ >=;0?.( (@ ?@@('A$&. 0->/ 4(/ 34./ 561$7

 

8*99: (@ B61$7

 

899C:

1-&H 0( 0;<-%( 8I .;4: 9I 9JK6 I  J!6*I CJ"6"I 1

!""#$"""

8I:

L-< ;<@$E&( '&@$4( 0;<= M0

%&

8(D: !J9K !J 9 !J9* *JN" N96N"

L-< ;<@$E&( '&@$4( 0;<= OA

%&

8(D: !J9K !J9K !J** !J*P N96N"

L-< ;<@$E&( ->-@-/( 0;<= M0

%&

8(D: !J K !J*K QQQ !J!9 R96R"

L-< ;<@$E&( ->-@-/( 0;<= OA

%&

8(D: !J K QQQ !J9R !J9C R96R"



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

 !"#$%&'!"

#$% & '()* +,(''()$*$-. /,0. 1'(0+232.* %0) +( 4-0)52 /2 *)(.%3$%%$-. 2.*)2 677 2* 887 .3 /(.% +2% 9+3%

:;<$=

 

>?/

!"

@ +,$.%2)*$-. /2 /-'(.* .2 /$3$.02 '(% +( *)(.%'()2.42 /0 3(*1)$(0A B( *)(.%3$%%$-. <

#$$%&$$$

/2%

4-04C2% /2 4-.D2)%$-. 2%* /1*2)3$.(.*2 /(.% +2 4(/)2 /2 +,(''+$4(*$-. D$%12A E. 2F2*@ +2 )2./232.* /2 +( 42++0+2

%$+$4$03 %2)( /$3$.01 %$ +,(5%-)'*$-. /2 +( 4-04C2 /2 4-.D2)%$-. 2%* *)-' 1+2D12 /(.% +( G(332 <

#$$%&$$$

@ (..$C$+(.*

($.%$ +2 G($. '-*2.*$2+ (''-)*1 '() +( 4-04C2 /2 4-.D2)%$-. HI ?J:A B( *)(.%'()2.42 <

#$$%&$$$

/2% 9+3% /2 <$=

 

/-'1% 2%* /,2.D$)-. K7;K8 L '-0) +( 'C(%2 )0*$+2 2* /2 M7;M8 L '-0) +( 'C(%2 (.(*(%2A N 42 %*(/2 /2 +,1*0/2@ +(

3(*)$42 N;<$=

 

> O5

!"

2%* +( '+0% (/('*12@ '0$%P02 +( D(+20) /2 %-. G(' -'*$P02 '2)32* /,(5%-)52) +2% 'C-*-.%

/2 +-.G020) /,-./2 $.Q1)$20)2 & 67R .3 S!@78 2IT *-0* 2. G()/(.* 0.2 *)(.%3$%%$-. /2 M7;M8 L /0 %'24*)2 %-+($)2

$.4$/2.* D2)% +( 42++0+2 UIA V(.% 0.2 3-$./)2 32%0)2@ -. '20* 4-.%$/1)2) P02 +( 3(*)$42 :;<$=

 

>?/

!"

2%* 1G(+232.*

4-.Q-)32 '0$%P0,2++2 (5%-)52 +2% 'C-*-.% /2 +-.G020) /,-./2 $.Q1)$20)2 & 6!8 .3 SW@K8 2IT (D24 0.2 *)(.%3$%%$-.

/2 K7;K8 LA

 !" #$% &'()*+% &),% -$% .)+/01$% &2345&$ &$ +0+),$

B( 4-..($%%(.42 /2 +( .(*0)2 2* /2% .$D2(0X /,1.2)G$2 /2% /1Q(0*% ')1%2.*% /(.% +2% 3(*)$42% (.(*(%2 2*

)0*$+2 4-.%*$*02 0. '-$.* $3'-)*(.* '-0) +( 4-3')1C2.%$-. /2% 314(.$%32% /2 *)(.%Q2)* 2* /2% ')-5(5$+$*1% /2

*)(.%Q2)* .-. )(/$(*$QA E. 2F2*@ 4C(P02 /1Q(0* '20* & +( Q-$% Y*)2 4-.%$/1)1 4-332 0. .$D2(0 '2)*0)5(*20) -0

%2.%$5$+$%(*20)@ %0$D(.* +,(4*$-. P0,$+ (0)( %0) +2% *)(.%Q2)*% /,1.2)G$2A H.2 1*0/2 5$5+$-G)('C$P02 ( '2)3$% /2

4-++24*2) +2% $.Q-)3(*$-.% %0$D(.*2% %0) +2% /1Q(0*% /2% 3(*)$42% :;<$=

 

2* N;<$=

 

A

V(.% +2 4(% ')1%2.*@ +2% /20X 3(*)$42% .2 %-.* '(% %*)$4*232.* 1P0$D(+2.*2% 3($% %-.* 4-3'-%12% /2% 3Y32%

1+132.*% 4C$3$P02%A ZC(P02 /1Q(0* 2%* %0%42'*$5+2 /2 4)12) 0. .$D2(0 /,1.2)G$2 +-4(+$%1 /(.% +( 5(./2 $.*2)/$*2 /0

%23$4-./04*20)A Z2% .$D2(0X /2 /1Q(0* '20D2.* %2)D$) /2 '(%%2)2++2 2.*)2 +( 3(*)$42 2* +2% .$D2(0X 2X4$*1% /2% $-.%

B.

!"

$.%1)1% /(.% +( 3(*)$42 3($% '20D2.* (0%%$ 2.*)2) 2. 4-3'1*$*$-. (D24 42 *)(.%Q2)* /,1.2)G$2A

B2% /1Q(0*% %0$D(.*% -.* 1*1 )2+2D1% /(.% +2% 3(*)$42% :;<$=

 

2* N;<$=

 

[ 86@  RW\>

] B2% +(40.2% /,-X^G_.2A V2% .$D2(0X /-..20)% %-.* (%%-4$1% & +( ')1%2.42 /2 +(40.2% /,-X^G_.2 P0$ %-.* Q-)312%

/(.% +2% 4)$%*(0X /2 )0*$+2 -0 /(.% +2% 9+3% /2 <$=

 

[ R!\A B,1.2)G$2 /2 42% '$_G2% %2 %$*02 2.*)2 7@WR 2I 2*

7@KR 2I %-0% +( 5(./2 /2 4-./04*$-.A Z2% '$_G2% '20D2.* Y*)2 )(/$(*$Q% -0 .-.;)(/$(*$Q% 2. Q-.4*$-. /2 +20)

4C()G2 1+24*)-.$P02A `0(./ +,-X^G_.2 2%* (/%-)51 & +( %0)Q(42 /2 +,14C(.*$++-.@ +2% 1+24*)-.% %-.* '$1G1%@ 2*

+2% .$D2(0X /-..20)% (G$%%2.* (+-)% 4-332 /2% 42.*)2% )(/$(*$Q%@ /-.* +( UB ( +$20 2.*)2 W@R8 2I 2* W@ 8 2I

S451 > λ > 577 nmTA

] B2% $-.% <$

!"

A B( ')1%2.42 /2 +(40.2% /,-X^G_.2 2.*)(a.2 +( 4)1(*$-. /,$-.% <$

!"

2. '-%$*$-. $.*2)%*$*$2++2 2.

+$20 2* '+(42 /,0. $-. <$

#"

A B2% .$D2(0X /2 /1Q(0* (%%-4$1% (0X $-.% <$

!"

%-.* %$*01% /(.% +2 G(' & 7@R;7@K2I

%-0% +2 .$D2(0 /2 b2)3$ [ !W\A Z2% /1Q(0*% '20D2.* Y*)2 -5*2.0% (0%%$ 5$2. /(.% +2 D-+032 P0,& +( %0)Q(42@ 2.

2.+2D(.* 0. (*-32 /,-X^G_.2A N$.%$@ +( 'C-*-+03$.2%42.42 +$12 (0X $-.% <$

!"

( 1*1 -5%2)D12 D2)% K 8 .3 /(.%

0. 9+3 /2 :;<$=

 

>E0

!"

[6!\A

] B2% /1Q(0*% /2 %0)Q(42A H.2 1*0/2 %0) /2% 41)(3$P02% <$=

 

'-+^4)$%*(++$.2% ( 3-.*)1 0.2 13$%%$-. ?J: (%%-4$12

(0X $-.% <$

!"

&  @86 2I S W677 43

%&

T 2*  @8 2I S W "7 43

%&

T '-0) +( 'C(%2 )0*$+2 -0 (.(*(%2@ )2%'24*$D232.*

[ R6@  R8@  !W\A

] B2% '$_G2% 2X4$*-.$P02%A V(.% +,(.(*(%2@ 0.2 +()G2 5(./2 /,13$%%$-. 2%* -5%2)D12 (0X (+2.*-0)% /2 W@! 2I

/0 Q($* /,0. +()G2 /14(+(G2 /2 c*-d2% S @ ; @W 2IT /(.% +2% 3-.-4)$%*(0X [87@  R"\ 2* /(.% +2% 9+3% 3$.42%

[ RR\A Z2**2 13$%%$-. 2%* /02 & +( )24-35$.($%-. /,2X4$*-.% '$1G1%@ +-4(+$%1% (0 .$D2(0 /2% -4*(_/)2% <$=

'

S%2+Q

*)(''2/ 2X4$*-.%> STE 2. (.G+($%T[ RK@  RM\[ K7\A

ND(.* *-0*2 %1)$2 /2 32%0)2@ $+ 4-.D$2.* /2 4()(4*1)$%2) +( UB /2% %05%*)(*% 0*$+$%1%A B2% %'24*)2% /2 UB 32%0)1%

%0) +2% %05%*)(*% N+

 

=

!

S777 T 2* B(N+=

!

S 77T ')1%2.*2.* /2% '$4% '()(%$*2% /(.% +2 D$%$5+2 2.*)2 887 2* RM7 .3



 !"! #$% &'()*+% &),% #$% -)+./0$% &1234&$ &$ +/+),$  !"

#$%&'()* +,$ -./()*&++0)$1 2 3%& 4,%',)* 56),7 +( 8,$%7, 9, +( :; .(7(.*-7&$*&3%, 9,$ &0)$ ;)

 !

< =,4,)9()* +,$ 4&.$

$0)* 9, >(&?+, &)*,)$&*- 4(7 7(4407* (%@ 4&.$ :; 9,$ &0)$ ;)

 !

,* (44(7(&$$,)* $,%+,8,)* 9()$ +, .($ 9A%), 4%&$$().,

9A,@.&*(*&0) -+,'-, ,* 9A%), >(&?+, +%8&),$.,).,<

  ! "!! " ! #!! # !

 

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

 

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

 

1

!

 2223"

  ! "!! " ! #!! # !

 

 

 

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

 

 ." #$%&'(% )% *+ ), -,.-'(!' )% +!/01

!

 322"

B&5%7, C< DE F4,.*7, 9, 4/0*0+%8&),$.,)., 9,$ $%?$*7(*$ 9, G+

"

H

 

#III 1 ,* ;(G+H

 

# II1

 !"!# $%&'()& *& %+,(,-./01&2'&1'& *& 34506

 

7899:

;,$ 8,$%7,$ 9, 4/0*0+%8&),$.,)., ?($$, *,84-7(*%7, 7-(+&$-,$ $%7 %) J+8 KLM&H

"

#NII1 $%7 G+

"

H

 

#III 1

47-$,)*,)* 9, )08?7,%@ 4&.$ ,)*7, DII ,* OII )8 ,* ,)*7, "PI ,* QII )8 #.> J5<C< C1< ;( 9-.0)'0+%*&0) 9, .,$

$4,.*7,$ 4(7 9,$ 7(&,$ (% 470J+ 5(%$$&,) 7-'R+, 9,$ *7()$&*&0)$ .,)*7-,$ S D  2 D!D2 DOQ2 C C ,* C"I )8 ,* "QO2 P "2

PDO ,* P"Q )8<

 !!  "! "!! ""! #!! #"! $!!

 !"

 # 

$%&

$'$

 
!

"
#

!
$
%
"
&

'
(
)

*
+

,

()*+,-,./01)*0-/2*34

56789

:

/2:""4

-;<

='%$*3

#">

$##

 !" !"" !#" !$" !%" !!" &""

 !"

# !

#$ 

 
!

"
#

!
$
%
"
&

'
(
)

*
+

,

%&'()*)+,-.&'-*,/'01

23456

7

,/7881,

*9:

;<"='0

$8>

#="

B&5%7, C< CE F4,.*7, 9, 4/0*0+%8&),$.,)., 9A%) -./()*&++0) KLM&H

"

#NII1 S  I T $%7 G+

"

H

 

#III 1



λ = 515 nm λ = 480; 640 nm

T = 10− 50− 100K

λ = 525 nm





Contexte et état de l′art

cm

λexc = 482 nm

STE



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

 !

/"&

 !

012

 !

3 &*

 !

3 '#

 !

3 -4

 !

3 5$

 !

6  ! 

"#$%&' (% ()*&'+ ,'--.)/%"+&#0% -%'+ 1+0% 0%,-2",&3.% (4'"% (#5)0%"6% (&", .% /)6&"#,/% (% +0&",*%0+ (4)"%07#%8

9+&"+ (2"") :'% .42" -%'+ 6;2#,#0 .& ,+0'6+'0% (' <./ &"&+&,% %+ 0'+#.%= 2" ,% -02-2,% (% ,2"(%0 .% "#$%&' (4)%"07#%

0%,-2",&3.% (' +0&",*%0+ (4)"%07#% (&", 6;&:'% -;&,%8 >&0 &#..%'0,= 6% "#$%&' (4)"%07#% (' ()*&'+ ?@ AAA 6/

 !

B

 CAAA6/

 !

D 6200%,-2"( &'E "#$%&'E %E6#+), (%, #2", ,%",#3#.#,&+%'0, >0

"#

=F/

"#

%+ F3

"#

?@ GAAB@AHAA

 !

D %+ %,+ (%'E

*2#, ,'-)0#%'0 I 6%.'# (' "#$%&' (% .4#2" J3

"#

? AAAA 6/

 !

D8 >&0 &"&.27#% &$%6 .%, )+'(%, /%")%, ,'0 .%, 62(2-&7%,

K"

"#

LJ3

"#

= #. %,+ -023&3.% :'4'" +0&",*%0+ 622-)0&+#* &#+ .#%' %"+0% .& /&+0#6% %+ .% (2-&"+= .& /&+0#6% &'0&#+ &#",#

.% (2'3.% 0M.% (4&3,20-+#2" (%, -;2+2", NO %+ (% ,%",#3#.#,&+#2" (% .4#2" &6+#$&+%'08

K%, -0#"6#-&.%, 0&#%, (4)/#,,#2" (%, #2", +%00%, 0&0%, F/

"#

= >0

"#

= P(

"#

= 9'

"#

%+ J3

"#

%+ .%'0, "#$%&'E (4)/#,,#2",

,2"+ 0)-%0+20#), (&", .% +&3.%&' G8Q8

F&3.% G8QR >0#"6#-&.%, +0&",#+#2", (%, +%00%, 0&0%, )+'(#)%, %+ .%'0 .2"7'%'0 (42"(% &,,26#)%

S2-&"+ P#$%&'E (4)/#,,#2" P#$%&'E <"&. K2"7'%'0 (42"(% (4)/#,,#2" ?"/D

>0

"# "

>

$

?@ TAA 6/

 !

D

"

U

%

?VW!88QD

"

X

%

?VW@88!D !CA= G!A= QAA= QGA= HAG= HYA

P(

"# &

X

"'(

?  YAA 6/

 !

D

&

Z

%

?VWCL@88 YL@D CAA=  AQA=  YGA

9'

"# )

S

$

? H@QA 6/

 !

D

*

X

%

?VWA88QD GTA= GCA= Q G= QGA= H@A= HGA= T@A

F/

"# !

[

&

?@@AAA6/

 !

D

"

U

%

?VWQ88GD\

"

X

%

?VW!D !HA= HCA\ QGA

J3

"# (

X

)'(

? AAAA6/

 !

D

(

X

*'(

CTA

 ! !" #$%&'%( )* +,-./012()

K%, ,-%6+0%, (% >K $#,#3.%, (%, <./, ]BF#^

(

?@AAD %+ _BF#^

(

?AA!D (2-),  ` F/

"#

,2"+ -0),%"+), ,'0 .&

<7'0% G8@A8 S%'E 0&#%, ,#+')%, $%0, TAA "/ ,2"+ 23,%0$)%, %+ -%'$%"+ 1+0% &++0#3')%, I .& +0&",#+#2"

!

[

&

 

"

U

)

(2"+

.& +0&",#+#2" +;)20#:'% %,+ ,#+')% I HCA "/8

 !!  "! #!! #"! $!!

 

!

"

#

$

%

&

 

'()*+,+-./0()/,.1)23

 

 !" #$%&'

 

 ())" *+, -.

 

'

!

 )))/"

  ! "!! " ! #!! # ! $!!

 

 

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

 

 

.

/

0

1

2

3

 0" -$%&'

 

 ))1" *+, 2!-.'

!

 /))"

X#7'0% G8@AR a-%6+0% (% >K (% ?&D ]BF#^

(

?@AAD %+ ?3D _BF#^

(

?AA!D (2-) F/

"#



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

#$ %&'()*+* $'* ,-+*$-.( /(,'0($ +(1(-$ %+,$ 1+%+1*&%,'*,0($ -2+ &*& 34'$%5&$ /3(% 67

 !

.+-' )$' *%+5+(8 .$

9%,-.$)) $* +) :!";< +(1(- *%+-'=$%* .2&-$%>,$ .$ )+ 7+*%,1$ 5$%' )2,3- 67

 !

-2+?+-* &*& 7,' $- &5,.$-1$ )3%' .$

1$**$ &*(.$@ #$/$-.+-*< ,) $'* '(%/%$-+-* .$ -$ /+' .&*$1*$% )$' %+,$' .$' *%+-',*,3-'

"

A

#

 

 

B

$

$*

"

A

#

 

 

9

#

',*(&$'

*C&3%,0($7$-* $- λ = 470 nm $* λ = 650 nm@ D- $E$*< ', )$ *%+-'=$%* .2&-$%>,$ &*+,* ,-*$%5$-( .$ )+ 7+*%,1$ 5$%' )$

-,5$+( $81,*&

"

A

#

.$ )2,3- 67

 !

< )$' +(*%$' %+,$' .$ FG +(%+,$-* &*& .&*$1*&$'@ H) $'* .3-1 /%34+4)$ 0($ )$ *%+-'=$%*

.2&-$%>,$< .+-' )$ 1+' .$ )2,3- 67

 !

< '3,* .I J (- *%+-'=$%* .2&-$%>,$ %&'3--+-* %+.,+*,= 3( -3- %+.,+*,= J /+%*,%

.2(- -,5$+( .$ .&=+(* 1377(- +(8 7+*%,1$' 5$%' )+ *%+-',*,3-

"

A

#

 

 

B

%

< *$) 0($ )$ -,5$+( .$ .&=+(* .$ )2,3- 6,

 !

.3-* )$' %+,$' 3-* &*& .&*$1*&' 5$%' KLL -7@ F+% +,))$(%'< )$' '/$1*%$' .$ FG 5,',4)$' $-%$>,'*%&' /3(% )$' 7+*%,1$'

MN6,O

&

P"LLQ $* RN6,O

&

PLL!Q .3/&$'  S F%

 !

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

 !

@

 ! !" #$%&'($)

G$ '/$1*%$ .2&7,'',3- .$' T)7' MN6,O

&

P"LLQ $* RN6,O

&

PLL!Q .3/&'  S D(

 !

/3(% (-$ $81,*+*,3- UV

Pλexc = 364 nmQ $'* 137/3'& .$ /)(',$(%' %+,$' T-$' 13%%$'/3-.+-* +(8 *%+-',*,3-' 4f − 4f .$ )2,3- D(

 !

< )$' /)('

,-*$-'$' &*+-* ,''($' .( -,5$+(

%

W

'

: KX;@

  !  " #!! #$ # ! #" "!! "$ " !

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/

0

1

2

-

.

3

0

1

2

-

.

4

0

1

2

-

.

5

0

1

2

 !" #$%&'

 

 ())" *+, -.

 

'

!

 )))/"

  !  " #!! #$ # ! #" "!! "$ " !

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/

0

1

2

-

.

3

0

1

2

-

.

4

0

1

2

-

.

5

0

1

2

 0" -$%&'

 

 ))1" *+, 2!-.'

!

 /))"

9,>(%$ Y@" Z [/$1*%$ .$ FG .$ P+Q MN6,O

&

P"LLQ $* P4Q RN6,O

&

PLL!Q .3/& D(

 !

G$' -,5$+(8

%

W

"

$*

%

W

&

'$ .&'$81,*$-* $''$-*,$))$7$-* .$ 7+-,\%$ -3- %+.,+*,5$ 5$%' )$ -,5$+(

%

W

'

/+% %$)+8+*,3-

7()*,/C3-3- &*+-* .3--& 0($ )+ .,E&%$-1$ .2&-$%>,$ ∆E $'* *%\' ,-=&%,$(%$ J ] =3,' )+ =%&0($-1$ .$ 13(/(%$ .$

/C3-3-' .$ )+ 7+*%,1$ +-+*+'$ P^]LL 17

("

Q $* %(*,)$ PY"LL 17

("

Q P1=@ )3, .( >+/ /+%+>%+/C$ Y@ @!Q@ G$' 7+*%,1$' RN

6,O

&

PLL!Q $* MN6,O

&

P"LLQ -$ /3''&.+-* /+' .$ 1$-*%$ .2,-5$%',3- /3(% )$ ',*$ .$ )2,3- D(

 !

< )$' *%+-',*,3-' .,/3)+,%$'

&)$1*%,0($' -$ '3-* /+' '*%,1*$7$-* ,-*$%.,*$'@ G2&7,'',3- .$ )2,3- D(

 !

$'* 137/3'&$ .$ %+,$' T-$' +''31,&$' J (-$

.&'$81,*+*,3- %+.,+*,5$ .( -,5$+(

%

W

'

5$%' )$' -,5$+(8

)

9

*

< ,7/),0(+-* (- $-5,%3--$7$-* %&>(),$% +(*3(% .$ )2,3-

D(

 !

@ G$' '/$1*%$' .2&7,'',3- .$ MN6,O

&

PT>@Y@" +Q $* RN6,O

&

PT>@ Y@" 4Q .3/&' D(

 !

 S /%&'$-*$-* .$' %+,$'

.2&7,'',3- .$ )2$(%3/,(7 +(8 )3->($(%' .23-.$ YXY< YXK< ] _< ]"!< ]] < _ ]@ G$' &7,'',3-' ,-*$-'$' ',*(&$' J ] _

$* ]"! -7 '3-* +**%,4(&$' J )+ *%+-',*,3-

%

W

'

 

)

9

&

@ G$ .3(4)$7$-* .$ )+ %+,$ /%35,$-* /%34+4)$7$-* .( 13(/)+>$

'/,- 3%4,*$ P.$ )23%.%$ .$  L

&

N L

 

17

("

.+-' )$' 38?.$'Q@ G$' %+,$' ',*(&$' J YX"< ]] < $* _ ] -7 /%35,$--$-*



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

 !

/"&

 !

012

 !

3 &*

 !

3 '#

 !

3 -4

 !

3 5$

 !

6  !"

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

 

0

!

 

"

1

#

2

 

0

!

 

"

1

$

2

 

0

!

 

"

1

%

3 4. (#.,%)()/,

 

0

!

 

"

1

&

$%( -)&/5.)#$ +.6,7()89$

2 (.,-)% 89$ 5$% .9(#$% (#.,%)()/,% %/,( -)&/5.)#$% 75$'(#)89$%3 0.,% 5$ '.% -:9, %)($ ,/, '$,(#/;%<+7(#)89$2 5$%

(#.,%)()/,% -)&/5.)#$% 75$'(#)89$% %/,( &.#()$55$+$,( .9(/#)%7$% $9 76.#- = -$% ),($#.'()/,% $,(#$ /#>)(.5$% !? $( @-

AB<>#)-.()/,C3 0D% 5/#%2 (/9($% 5$% 7+)%%)/,%

 

0

!

 

"

1

'

-$ E9

$(

%/,( *)%)>5$%2 $( $, &.#()'95)$# 5. (#.,%)()/,

 

0

!

 

"

1

&

F GHI3 4$ +.(7#).9 &#7%$,($ .5/#% 9,$ J9/#$%'$,'$ #/96$ .5/#% 89$ '$55$;') ($,- *$#% 5:/#.,6$ -.,% 5$ '.% -:9, %)($

'$,(#/%<+7(#)89$3

 ! !" #$%&'()

4:7+)%%)/, -$ 5:)/, K-

$(

$%( '/+&/%7$ -$ #.)$% L,$%3 4$% %&$'(#$% -$ M4 ),?#.#/96$ -$% L5+% N;O)P

&

AQHHC

AL63@3QQ.C $( R;O)P

&

AHH!C AL63@3QQ>C -/&7%  S K-

$(

&#7%$,($,( 9, $,%$+>5$ -$ #.)$% -.,% 5$% #76)/,% -$ 5/,69$9#

-:/,-$ GHH2   HH $(  "@H ,+ .%%/')7$% = 9,$ -7%$T')(.()/, #.-).()*$ -9 ,)*$.9

%

1

$)&

*$#% 5$% ,)*$.9T

%

U

'

3 V$%

#.)$% -$ M4 &$9*$,( W(#$ .((#)>97$% .9T (#.,%)()/,%

%

1

$)&

 

%

U

*)&

2

%

1

$)&

 

%

U

##)&

$(

%

1

$)&

 

%

U

#$)&

-$ 5:)/, K-

$(

3 P,

#$+.#89$2 '/,(#.)#$+$,( .9 -/&.6$ .*$' 5$% )/,% E9

$(

2 89$ 5. &/%)()/, $( 5:),($,%)(7 #$5.()*$ -$% #.)$% -:7+)%%)/, ,$

%/,( &.% )-$,()89$% -.,% 5$% -$9T +.(#)'$% 7(9-)7$%3 V$(($ -)X7#$,'$ &$9( W(#$ $T&5)897$ &.# 5:$,*)#/,,$+$,( &#/'B$

-$ 5. ($##$ #.#$2 89) ,:$%( &.% '/+&5D($+$,( 789)*.5$,( -.,% 5$% +.(#)'$% .,.(.%$ $( #9()5$ F!!I3 Y) 5:/, #$6.#-$ 5$%

#.)$% 5$% &59% ),($,%$%2 -$% &)'% -:7+)%%)/, '$,(#7% $, GH! AGHZC2  HG A HG"C $(  "Z[ A "\QC ,+ %/,( />%$#*7% -.,%

N;O)P

&

AQHHC $( R;O)P

&

AHH!C2 #$%&$'()*$+$,(3

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

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/01

-

2

301

-

.

4401

-

2

301

-

.

4301

-

2

301

 !" #$%&'

 

 ())" *+, -.

 

'

!

 )))/"

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

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/01

-

2

301

-

.

4401

-

2

301

-

.

4301

-

2

301

 0" -$%&'

 

 ))1" *+, 2!-.'

!

 /))"

1)69#$ @3QQ] Y&$'(#$ -$ M4 -$ A.C N;O)P

&

AQHHC $( A>C R;O)P

&

AHH!C -/&7 K-

$(

 ! !* +,,)-./0(

4$% %&$'(#$% -$ M4 ),?#.#/96$ -$% L5+% N;O)P

&

AQHHC AL63@3Q".C $( R;O)P

&

AHH!C AL63@3Q">C -/&7% ^>

$(

 S

&#7%$,($,( 9, $,%$+>5$ -$ (#.,%)()/,% $,(#$ GZH $(   @H ,+3 4:<(($#>)9+ ,$ &/%%D-$ 89:9,$ %$95$ (#.,%)()/,

&

1

 )&

 

&

1

")&

'$,(#7$ $, λ = 980 nm3 4:$X$( -9 'B.+& '#)%(.55), -)*)%$ 5$% -$9T ,)*$.9T $, " $( ! ,)*$.9T -)%(),'(%2 '$ 89) &$#;

+$( -:$T&5)89$# 5:7&.95$+$,( %)(97 = 5. %9)($ -$ 5. (#.,%)()/, &#),')&.5$ = G\H ,+3 4$% -$9T %&$'(#$% -$ M4 %/,(



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

"#$%&'(#)#*& +')'$%'"#+, )'+ - .%"& $#+ '*&#*+'&/+ "#$%&'(#+ 0#+ "%'#+ #& $1%..%"'&'2* 324 $% 5"2'++%*5#6 014*# "%'#

+4..$/)#*&%'"# -  789 *) 0%*+ $# +.#5&"# 0# $% )%&"'5# %*%&%+#:

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

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/0-

-

.

10-

 !" #$%&'

 

 ())" *+, -.

 

'

!

 )))/"

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

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/0-

-

.

10-

 0" -$%&'

 

 ))1" *+, 2!-.'

!

 /))"

;'<4"# 9:=>? @.#5&"# 0# AB 0# 3%6 CDE'F

 

3=776 #&3G6 HDE'F

 

377!6 02./ IG

!"

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

J#&&# ."#)'K"# /&40# L4%$'&%&'(# % )'+ #* /('0#*5# $1%G+#*5# 0# &"%*+M#"& 01/*#"<'# (#"+ $#+ '2*+ +#*+'G'$D

'+%&#4"+ A"

!"

#& 4* M%'G$# &"%*+M#"& 01/*#"<'# "/+2**%*& "%0'%&'M 24 "/+2*%*& *2* "%0'%&'M - .%"&'" 014* *'(#%4 0#

0/M%4& 52))4* %4N )%&"'5#+ E'F

 

(#"+ $% &"%*+'&'2*

#

O

$

 

!

P

%

0# $1'2* E)

!"

: B#+ 5202.%<#+ - .%"&'" 0#+ '2*+

+#*+'G'$'+%&#4"+ A"

!"

, E)

!"

*# +#"2*& 02*5 .%+ #Q5%5#+ 4*# M2'+ '*+/"/+ 0%*+ $#+ )%&"'5#+ E'F

 

:

J#.#*0%*&, '$ #+& .2++'G$# 0# 52*(#"&'" 0#+ .R2&2*+ ST #* .R2&2*+ ('+'G$# 24 UVC %."K+ $1%G+2".&'2* 014*

"%W2**#)#*& ST 3λ = 364 nm6 .%" $% )%&"'5# E'F

 

3%*%&%+# 24 "4&'$#6 <"X5# %4 &"%*+M#"& 01/*#"<'# (#"+ $#+

/$/)#*&+ Y4

!"

, U0

!"

#& IG

!"

: B#+ /$/)#*&+ */20W)# #& W&&#"G'4) 2*& /&/ "#&#*4+ .24" $% +4'&# 0# 5#&&# /&40#, 5%"

'$ #+& .2++'G$# 012G&#*'" 4* YZY +4./"'#4" -  77 [, &%*0'+ L4# $1'2* Y4

!"

*# ."/+#*&#"% \%)%'+ 4* YZY +4./"'#4"

-  77 [ 04 M%'& 0#+ /*#"<'#+ 0#+ .R2&2*+ ST 04 +.#5&"# +2$%'"# '*5'0#*&:

B12G+#"(%&'2* 0# "%'#+ ]*#+ .#")#& 01%Q")#" L4# $#+ '2*+ B*

!"

+2*& 0%*+ 4* #*('"2**#)#*& "/<4$'#" #& .$4+

."/5'+/)#*& #* +4G+&'&4&'2* 0#+ '2*+ E'

$"

0%*+ $#+ )%&"'5#+ E'F

 

, 52))# 0%*+ 0# *2)G"#4N ]$)+ )'*5#+ E'F

 

^!>,  =_`: B1'*a4#*5# 0# $% )%&"'5# '*04'& 4* $/<#" 0/5%$%<# 0# $% .2+'&'2* &R/2"'L4# 0#+ .'5+ 0#+ &"%*+'&'2*+ 4f − 4f

#& $1#b#& 04 5R%). 5"'+&%$$'* % /&/ 2G+#"(/ 0%*+ $# 5%+ 0# $1'2* U0

!"

:

B% +4'&# 0# 5# 5R%.'&"# +#"% 52*+%5"/# - $1/&40# 0# $1#*('"2**#)#*& $25%$ #& 0# $1#b#& 04 5R%). 5"'+&%$$'* +4" $#+

"%'#+ 0# AB 0#+ /$/)#*&+ U0

!"

#& IG

!"

'*+/"/+ 0%*+ $# "4&'$# #& $1%*%&%+#: S*# /&40# L4%*&'&%(# % /&/ )#*/# .24"

0/&#")'*#" $1'*a4#*5# 0# $% .R%+# #& 0# $% L4%*&'&/ 0# 02.%*& +4" $1'*&#*+'&/ &2&%$# 0# AB:



 !"! #$%&'()*&&%+%&, #*-.# %, %//%, 01 -2.+3 -)(4,.##(&  !"

 !" #$%&'()*&&%+%&, -*./- %, %0%, 12 .3/+4 .)(5,/--(&

#$% &$''('$% ()*+,*-$% .$% /0,%$% -(+*'$ $+ ,),+,%$ %1)+ -$/-2%$)+2$% %(- ', 34(-$ "56!5 7,)% '$% .$(8 &,%9

&0,:($ &,+*1) ;*

 !

$%+ $)+1(-2 /,- %*8 *1)% 18<4=)$9 :(* >1-?$)+ .$% 1&+,=.-$% .2>1-?2%5 #$% .*%+,)&$% $)+-$ ;*

 !

$+ @

"#

%1)+ .$  9ABCA D E:(,+-$ '*,*%1)%F $+  9AG"G D E.$(8 '*,*%1)%F $+ '$% *1)% ;*

 !

%1)+ /1%*+*1))2% .,)% ()$

%<?2+-*$ +2+-,41),'$ 7

"$

.,)% 'H,),+,%$ I "AJ5 #$% *1)% ;*

 !

%*+(2% .,)% ', /0,%$ -(+*'$ %1)+ .,)% ()$ /1%*+*1) .$

%<?2+-*$ /'(% K,%%$ 7

"%

$+ '$% .*%+,)&$% $)+-$ ;*

 !

$+ @

"#

%1)+ .$  9A!C6 D E:(,+-$ '*,*%1)%F $+  9AL L D E.$(8

'*,*%1)%F5

 !" #$%&'

 

 (" )$%&'

 

M*4(-$ "56!N O$''('$ ()*+,*-$ .$ 'H,),+,%$ $+ .( -(+*'$5 #$% *1)% ;*

 !

%1)+ ,( &$)+-$ .$% 1&+,=.-$% .H18<4=)$ I 6GJ

P(*%:($ '$% *1)% #)

&!

%(K%+*+($)+ '$% *1)% ;*

 !

9 'H$)Q*-1))$?$)+ '1&,' .$% *1)% #)

&!

%$-, .*R2-$)+ %$'1) ',

?,+-*&$ E7

"$

1( 7

"%

F $+ ', /$-+(-K,+*1) .$% *1)% #)

&!

&0,)4$-, $) >1)&+*1) .$ ', %<?2+-*$ .( %*+$5 #, %<?2+-*$ .(

%*+$ &1)+$),)+ 'H*1) S.

&!

$+ TK

&!

$%+ %(%&$/+*K'$ .$ ?1.*3$- ', /1%*+*1) .$% -,*$% .$ P#5

@) , /( -$?,-:($-9 U +$?/2-,+(-$ ,?K*,)+$9 :($ '$% -,*$% .$ P# .$ 'H*1) S.

&!

1)+ .$% /1%*+*1)% .*R2-$)+$% %(*QV

,)+ ', ?,+-*&$ 0W+$5 O$/$).,)+9 U &$++$ +$?/2-,+(-$9 '$% -,*$% .$ P# %1)+ 2',-4*$% .( >,*+ .$ 'H,4*+,+*1) +0$-?*:($ $+

&$-+,*)$% -,*$% %$ &0$Q,(&0$)+5 #H,K,*%%$?$)+ .$ ', +$?/2-,+(-$ /$-?$+ .$ .*?*)($- 'H$R$+ .$ 'H,4*+,+*1) +0$-?*:($

$+ .*?*)($ ', >-2:($)&$ .$ Q*K-,+*1)% .( -2%$,(5 #, fwhm .$% /*&% $%+ .*?*)(2$ $+ *' $%+ /1%%*K'$ .$ .2+$-?*)$- ',

/1%*+*1) .$% /*&% ,Q$& /-2&*%*1)5 @) /$(+ ,'1-% -$?1)+$- U 'H$R$+ .( &0,?/ &-*%+,''*) :($ &0,:($ ?,+-*&$ $8$-&$ %(-

'H*1) S.

&!

$+ TK

&!

5 #H*)X($)&$ .$ ', K,*%%$ .$ +$?/2-,+(-$ %(- ', ',-4$(- .$% /*&% .$ P# /1(- .$% 3'?% .$ YV;*@

"

E6ZZF .1/2% S.

&!

$+ TK

&!

$%+ -$/-2%$)+2$ %(- ', 34(-$ "56"5



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

 !"!  !#"   !!   $"   "!

 
!
"
#
$
%
&
'
(
)
$
*

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

 !" #$%&'

 

 ())"* +,

!"

-. !/

 !" #""" #"!" ##""

 

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

'-.'/

'012'/

 0" #$%&'

 

 ())"*10

!"

)23 . !/

#$%&'( )*+), -.(/0'( 1( 23 4 0(5.6'70&'( 758$790( :0'7$0 .;$90$<<6= (0 4  > ? :0'7$0 .<($9= 1( @<5 5$9/( ABC$D

 

:+>>= 1;.6E 7= F1

!"

(0 8= G8

!"

 !"!# $%&'()*

HI7.'JE <7 EK560'$( <;/7<( 1(E 570'$/(E 79707E( (0 '&0$<(L <(E 5&<0$.<(0E

 #"$

3

%

1I&9 $;9 39

!"

/;90(9790

&9 9;58'( $5.7$' 1I6<(/0';9E E;90 1$M$E6E (9 NO P+ 9$M(7&Q -07'R S  )T* 3( 9$M(7&

&

#

!' 

E('7 1$M$E6 (9 + 9$M(7&Q

1I65$EE$;9 0791$E U&( <(E 9$M(7&Q

&

V

(' 

L

&

V

$$' 

(0

&

V

$!' 

E(';90 1$M$E6E (9 )L " (0 W 9$M(7&QL '(E.(/0$M(5(90* 37 @%&'(

)*+" .'6E(90( <7 16.(9179/( (9 0(5.6'70&'( 1(E E.(/0'(E 1I65$EE$;9 1( <I$;9 F1

!"

$9E6'6E 179E <(E 570'$/(E ABC$D

 

:)*+"7= (0 XBC$D

 

:)*+"8=*

 !""  !#$  !$"  !%$  &""  &#$  &$"  &%$  $""

"

#$

$"

%$

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

 "$"  "%$   ""   #$   $"

"

#$"

$""

%$"

'$" '%$ ("" (#$ ($" (%$  """

"

$"

 ""

 $"

 
!
"
#
$
%
&
'
(
)
$
*

'-.'/

'012'/

 !" #$%&'

 

 ())"*+,

!"

 !""  !#$  !$"  !%$  &""  &#$  &$"  &%$  $""

 
!
"
#
$
%
&
'
(
)
$
*

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

'-.'/

''012/

 "$"  "%$   ""   #$   $"

&

'$" '%$ ("" (#$ ($" (%$  """

 0" 4$%&'

 

 ))5"*+,

!"

#$%&'( )*+", Y;5.7'7$E;9 1(E E.(/0'(E 1( 23 (9'(%$E0'6E 4 0(5.6'70&'( 758$790( :0'7$0 .;$90$<<6= (0 4  > ? :0'7$0

.<($9= .;&' 1(E @<5E 5$9/(E 7= ABC$D

 

:+>>= (0 8= XBC$D

 

:>>!= 1;.6E F1

!"

 Z



 !"! #$%&'()*&&%+%&, #*-.# %, %//%, 01 -2.+3 -)(4,.##(&  !"

#$%& '()*$+', $- +./)+0%. %-. '1/1-%&1$- '. 2) 2)+3.%+ '. 45)0%. 614 )7.4 2) *)188. '. 2) &./69+)&%+., 1-'10%)-&

0%. 2(92)+3188./.-& '.8 +)1.8 .8& .88.-&1.22./.-& ': ; 2(.<.& &5.+/10%.= >. 62%8, 4.+&)1-.8 +)1.8 86.4&+)2.8 -. 8$-&

6)8 7181*2.8 ;  ?@ .& )66)+)188.-& 8.%2./.-& )7.4 2()%3/.-&)&1$- '. 2) &./69+)&%+. A1-'10%9. 6)+ '.8 BC45.8 ')-8

2) D3%+. E=FGH= I) /J/. $*8.+7)&1$- ) 9&9 +.6$+&9. 6$%+ 2(1$- K/

 !

')-8 %-. /)&+14. '()-)&)8.= I()66)+1&1$-

'. 4.&&. +)1. .8& .L6210%9. 6)+ 2) 896)+)&1$- '% /%2&162.& 9//.&.%+

"

M

#$%

N "?O= P- $*8.+7. )%881 2()66)+1&1$- $%

2()44+$188./.-& '. 62%81.%+8 6148 ')-8 2. 4)8 '. 2) 65)8. )-)&)8. 6$%+ &$%8 2.8 /%2&162.&8=

I) 4$/6)+)18$- '. 2) 896)+)&1$- '.8 /%2&162.&8

"

Q

&

ARSTUF,   UF,  VUFH ')-8 2. +%&12. .& 2()-)&)8. 8%33C+. 0%.

2(1$- W'

 !

8%*1& 2(.<.& '(%- 45)/6 4+18&)221- 62%8 X$+& ')-8 2. +%&12. AD3=E=F"H= Y- .<.&, %- 62%8 3+)-' -$/*+. '.

&+)-81&1$-8 .8& $*8.+79 ')-8 Z[#1P

%

AF??H 6)+ +)66$+& ; \[#1P

%

A??!H= ])+ )122.%+8, 2.8 +)1.8 '. ]I *)88. &./69+)&%+.

$*&.-%.8 6$%+ 2()-)&)8. .& 2. +%&12. '$69  ^ W'

 !

8$-& '94)29.8 '. 0%.20%.8 -/, 4$//. ')-8 2. 4)8 '% '$6)3. '.8

/)&+14.8 #1P

%

_ K/

 !

N FGO=

 !"!  !#!   !!    !

!

$%!

%!!

&%!

 !"#$%

&

 '&(()*+,

-.

 /0

 1"#$%

&

 '((2)*+,

-.

 /0

34567879 ,:45,8 '5;)

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

!

$%

%!

&%

""! "#! #!! # ! #$!

!

%!

 !!

 
!
"
#
$
%
&
'
(
)
$
*

 !"  #"

`13%+. E=F"_ a$/6)+)18$- '.8 86.4&+.8 '. ]I *)88. &./69+)&%+. A ? @H '.8 D2/8 /1-4.8 Z[#1P

%

AF??H A&+)1& 62.1-H

.& \[#1P

%

A??!H A&+)1& 6$1-&1229H '$69 W'

 !

 ^

I.8 /%2&162.&8 '. 2(1$- W'

 !

, 8$%8 2(.<.& '% 45)/6 4+18&)221-, 8$-& 896)+98 .- 62%8 3+)-' -$/*+. ')-8 2. 4)8

'. 2) 65)8. +%&12. 6)+ +)66$+& ; 2) 65)8. )-)&)8.= I()%3/.-&)&1$- '% -$/*+. '. -17.)%L )%L )2.-&$%+8 '% -17.)%

'. '9X)%&8 )b)-& %- +c2. '$/1-)-& ')-8 2. &+)-8X.+& '(9-.+31. /)&+14. '$6)-&8, 2) 6+$*)*121&9 '()7$1+ %- -17.)%

8.-81*1218)&.%+ 6+$45. '% -17.)% )4&17)&.%+ .8& 62%8 3+)-' ')-8 2. 4)8 '. 2) 65)8. +%&12.=

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

I(1$- b&&.+*1%/ .8& '. 4$-D3%+)&1$- !X

' 

.& ) %- -$/*+. 1/6)1+ '(92.4&+$-8= I.8 /%2&162.&8

%

`

#$%

.&

%

`

($%

8.+$-& '$-4 '171898 .- V .& ! -17.)%L '18&1-4&8 6)+ 2) 6.+&%+*)&1$- '% 45)/6 4+18&)221- '% X)1& '. 2) 8b/9&+1. '%

'$6)-& A>

%)

$% >

%*

H= a$//. ')-8 2. 4)8 '. 2(1$- W'

 !

, 2.8 +)1.8 '. ]I 8$-& 92)+31.8 2$+80%. 2) &./69+)&%+.

)%3/.-&. AD3=E=FdH=



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

 !" #""" #"!" ##""

 

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

'-.'/

'012'/

 !" #$%&'

 

 ())"*+,

!"

 !" #""" #"!" ##""

 

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

'-./

'012/

 ," -$%&'

 

 ))."*+,

!"

#$%&'( )*+", -./01'1$2.3 4(2 20(56'(2 4( 78 (3'(%$26'92 : 6(/09'16&'( 1/;$136( <6'1$6 0.$36$==9> (6 :  ? @ <6'1$6

0=($3> 0.&' 4(2 A=/2 /$35(2 1> BCD$E

 

<+??>,F;

!"

(6 ;> GCD$E

 

<??!>,F;

!"

8(2 20(56'(2 4( 78 4(2 /16'$5(2 BCD$E

 

<+??> (6 GCD$E

 

<??!> '(0'92(3692 2&' =1 A%&'( )*+H /.36'(36 =I(J$26(35(

4( 0=&2$(&'2 6'132$6$.32 1&J 1=(36.&'2 4(  ??? 3/* 81 0'$35$01=( 6'132$6$.3 2( 6'.&K( : HL) 3/M (6 =(2 1&6'(2 0$52

5.''(20.34(36 1&J 4$K('2(2 6'132$6$.32 5'99(2 01' =( 5N1/0 5'$261==$3* 81 '92.=&6$.3 4( =1 /(2&'( (26 6'.0 O1$;=( 0.&'

496('/$3(' =( 3./;'( (J156 4( 6'132$6$.32* 8(2 /P/(2 '1$(2 4( 78 2.36 .;2('K9(2 4132 =(2 /16'$5(2 4( BCD$E

 

<+??>

(6 GCD$E

 

<??!>* 8(2 3$K(1&J 4( =I$.3 F;

!"

2(/;=(36 P6'( /.$32 2(32$;=(2 : =I(3K$'.33(/(36 Q&( =I$.3 R4

!"

* S3

(T(6M =I(3K$'.33(/(36 =.51= 4( =1 6(''( '1'( 3( /.4$A( 012 =1 0.2$6$.3 4(2 '1$(2 4(2 6'132$6$.32

 

#

#$ 

 

 

#

%$ 

*

8I$36(32$69 '(=16$K( (36'( =( 0$5 0'$35$01= 2$6&9 : HL) 3/ (6 =(2 0$52 2(5.341$'(2 2$6&92 :  ??? (6  ?U? 3/ 3I(26 012

4& /P/( .'4'( 4( %'134(&' 2&$K136 =1 /16'$5( 5N.$2$(*

 !" #""" #"!" ##""

 

 !"#$

%

&''()

*+,-./.0123+,2/1&,4)

5!"#$

%

&%'')

6'7

#$%&'( )*+H, -./01'1$2.3 4(2 20(56'(2 4( 78 ;122( 6(/09'16&'( 4.09 F;

!"

0.&' BCD$E

 

<+??> (6 GCD$E

 

<??!>



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

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

#$%&'()* +* ,((-. / +%01234% &'* 5$*26(4122*0*23 517/5 +*- (12- 80

 !

+/2- 5*- 0/34(7*- +* 9(:

"

*-3

5%;<4*0*23 +(=%4*23 +/2- 5*- +*'> 0/34(7*- ? @ABC D/2- 5* 7/- +* 2134* %3'+*E 5$*=*3 +* 5$*26(4122*0*23 517/5 *-3

-*'5*0*23 6(-(F5* )1'4 5$(12 G+

 !

C H2 *=*3E '2 210F4* )5'- %5*6% +* )(7- +* I# *-3 1F-*46% +/2- 5/ )J/-* KL

9(:

"

M@NNO )/4 4/))143 P 5/ )J/-* QL9(:

"

MNN!OC #*- 2(6*/'> +$%2*4;(* +* 5$(12 2%1+R0* -123 )5'- )*43'4F%- )/4

5* 7J/0) 74(-3/55(2 +/2- 5/ )J/-* 4'3(5*C #/ 0'53()5(7(3% +*- 34/2-(3(12- 1F3*2'*- +/2- 5/ )J/-* 4'3(5* )*'3 S34*

712-(+%4%* 7100* '2 /31'3C H2 *=*3E 7*33* +(6(-(12 +*- 2(6*/'> +$%2*4;(* -* )41+'(3 )1'4 31'- 5*- 0'53()5*3- +*

5$(12 G+

 !

C D* 7* T/(3E 5/ )41F/F(5(3% +$/61(4 '2* 7144*-)12+/27* *234* '2 2(6*/' *>7(3% +* 5$(12 G+

 !

*3 '2 2(6*/'

+%T/'3 +* 5/ 0/34(7* *-3 0'53()5(%* )/4 7*3 *=*3C

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

G1'- /612- )' 71275'4*E /)4<- 5$%3'+* &'/5(3/3(6* -'4 5* 34/2-T*43 +$%2*4;(* 6*4- 5*- (12- #2

 !

E &'* 5/ 0/34(7*

9(:

"

2* )*'3 )/- /77'*(55(4 5*- 71+1)/;*- 712-3(3'%- +$(12- -*2-(F(5(-/3*'4- I4

 !

E 90

 !

*3 9F

 !

+' T/(3 +* 5$/F-*27*

+* 34/2-T*43 +$%2*4;(*C

I/4 /(55*'4-E 7*33* %3'+* / )*40(- +* 712U40*4 5/ )4%-*27* +$'2 +%T/'3 0/>(0'0 +$%2*4;(* +$*26(412 22000 −

19000 cm−1
C V* 2(6*/' +$%2*4;(* *-3 +*'> T1(- -')%4(*'4 7*5'( +*- 34/2-(3(12-

"

W

#$"

 

"

W

%$"

+* 5$(12 XF

 !

M∆E ≈

10000cm−1
O *3

&

W

 $"

 

&

Y

''$"

M∆E ≈ 9000cm−1
O +* 5$(12 G+

 !

C G1'- /612- )' 712-3/3*4E 514- +* 5$%3'+* &'/5(3/3(6*E

&'* 5*- +1)/23- XF

 !

*3 G+

 !

;%2<4*23 +*- 71'7J*- +* 7126*4-(12 +* )J1312 Z[ /+/)3%- /'> 7*55'5*- I[ P F/-*

+* -(5(7('0 )'(-&'* 5*'4- %0(--(12- 7/4/73%4(-3(&'*- -* -(3'*23 +/2- 5* )417J* YKE \'-3* /'L+*--'- +' ;/) +' -(5(7('0

MH;] E @ *[ L λ =  NN 20OC #$%&'()*0*23 +* I# +123 21'- +(-)1-12- 2* )*40*3 )/- +* 4%/5(-*4 +*- 0*-'4*-

&'/23(3/3(6*- )4%7(-*-E 0/(- (5 *-3 )1--(F5* +$%3/F5(4 '2 75/--*0*23 *234* 5*- +(=%4*23- U50- *2 (23%;4/23 5$/(4* 313/5*

+*- )(7- +* I#C :2 2* )1'44/ )/- 4*0123*4 P '2 H^H P )/43(4 +* 7*33* 0*-'4*E 0/(- 5$(23*2-(3% +* I# *-3 4*5(%* P 5/

&'/23(3% +* )J1312- %0(-C G1'- )1'4412- /(2-( 710)/4*4 5*- +(=%4*27*- +* 34/2-T*43 +$%2*4;(* 0/34(7* +1)/23 *3

+%3*40(2*4 5/ 0*(55*'4* 710F(2/(-12 0/34(7*L+1)/23 /6/23 +* +%0/44*4 +*- 0*-'4*- )5'- )1'--%*- 7100* 5/ 0*-'4*

+$'2 ;/(2 -'4 5* 4*2+*0*23 +$'2* 7*55'5* -15/(4* -(5(7('0C

#/ -'(3* +* 5$%3'+* 712-(-3*4/ *2 5$(+*23(U7/3(12 +*- )/4/0<34*- (2_'/23- -'4 5$/(4* 313/5* +* 5/ I# M7144*-)12+/23

P 5$(23*2-(3% +* 5/ I# (23%;4%* -'4 5/ )5/;* +* 512;'*'4- +$12+* `NNL  NN 20OC :2 %3'+(*4/ )4(27()/5*0*23E 5$(2_'*27*

+* 5/ -34'73'4*E +' 3/'> +* +1)/23 *3 +* 5$14(*23/3(12 +* 5/ 0/34(7* M)1'4 5* 4'3(5* -*'5*0*23O -'4 5$/(4* 313/5* +* 5/

I#C

 !,!- ./)01 2)3&/+/3/+41 01 (3 56 01* '%)7(1* 83/9+'1* :;<=+>

 

:??@A 1/ B<=+>

 

:C??AA

< 0%73&/* :D0

!"

< EF

!"

A

#/ U;'4* aCbN/ 01234* 4*-)*73(6*0*23 5*- -)*734*- +* I# +* QL9(:

"

MNN!O +1)% XF

 !

NEc d M;4(-O *3

G+

 !

 d M21(4OC #$/(4* 313/5* +* 5/ I# +*- +*'> U50- *-3 4*)4%-*23%* -1'- T140* +$J(-31;4/00* MU;CaCbNFOC V*33*

4*)4%-*23/3(12 )*40*3 +* 710)/4*4 5/ &'/23(3% +* )J1312- %0(- )/4 5*- 71'7J*- 0(27*- QL9(:

"

MNN!O +1)%- #2

 !

)1'4 '2* 0S0* (23*2-(3% +$*>7(3/3(12C #$(23*2-(3% +* I# *-3 +' 0S0* 14+4* +* ;4/2+*'4 )1'4 5*- +*'> +1)/23-C #/

710)/4/(-12 +*- /(4*- 313/5*- 0*3 *2 %6(+*27* '2 34/2-T*43 +$%2*4;(* 0/34(7*  +1)/23  Ea T1(- )5'- %5*6% +/2- 5*

7/- +* 5$(12 XF

 !

)/4 4/))143 P 5$(12 G+

 !

C



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

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

!

'

#!

#'

$!

$'

 !"

#$%&'(

)*$+

 
!
"
#
$
%
&
'
(
)
$
*

,-'./ /0123-'2 14'(5

16789:

)

14;;&5<=>

$?

1;@A1B1CD

16789:

)

14;;&5<E2

$?

1FB1CD

 !"

 

!  

"  

#  

$  

 

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

!"#$%

&

 '(()*

 +,

-. 

(/01 23

!"#$%

&

 '(()*

 45

-. 

61 23

 #"

#$%&'( !)*"+ ,- ./(01'(2 3( 45 6 1(7/8',1&'( ,79$,:1( 3(2 ;<72 =>?$@

 

A""B- 3C/82 D9

!"

"EF G A%'$2- (1 H3

!"

 

G A:C$'- 9- =$'( 1C1,<( 3( 45 3(2 ;<72 =>?$@

 

A""B- 3C/82 D9

!"

"EF G (1 H3

!"

 G

5(2 2/(01'(2 3( 45 3( I>?$@

 

AJ""- 3C/82 D9

!"

"EF G A%'$2 - (1 H3

!"

 G A:C$'- 2C:1 0C7/,'82 2&' <, ;%&'(

!)* ,) 5K$:1(:2$18 3& 2/(01'( 3( 45 3& ;<7 I>?$@

 

AJ""-+ H3

!"

 G , 818 3$L$28( /,' !" ,;: 3( /C&LC$' 0C7/,'(' <(2

/'C;<2 3( 45 3(2 3(&M ;<72) 5K,$'( 1C1,<( 3( <, 45 3(2 3(&M ;<72 A;%!)* 9- 7(1 (: 8L$3(:0( &: 1',:2N('1 3K8:('%$(

7,1'$0(  3C/,:1 O" NC$2 /<&2 8<(L8 3,:2 <( 0,2 3& 3C/,%( H3

!"

/,' ',//C'1 ,& 3C/,%( D9

!"

)

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

!

$

&

(

 

#!

#$

#&

#(

 !"

#$%&'(

)*$+

 
!
"
#
$
%
&
'
(
)
$
*

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

'-./01

2

'*233,45(

67

'89':;

'-./01

2

'*233,4<=

67

'3>?9':;

@8AB3

 !"

 

!  

"  

#  

$  

%   

%!  

%"  

%#  

 

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

!"#$%

&

 '&(()

 *+

,- 

(./0 12

!"#$%

&

 '&(()

 34

,- 

50 12

6575(

 #"

 !"#$% &'()* +, -.%/0$%1 2% 34 5 0%6.7$+0#$% +68!+90% 2%1 :;61 <=>!?

 

@ABB, 2C.71 .+$ BDEF 2G!C9 H8

!"

@"$!1, %0

)F 2G!C9 I2

!"

@9C!$, 8, J!$% 0C0+;% 2%1 :;61 <=>!?

 

@ABB, 2C.71 .+$ BDEF 2G!C9 H8

!"

%0 )F 2G!C9 I2

!"



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

"# $%&'#(#)*%+ ,-* #)(-* ,- ." ,- $/#01- #**%$)#2)%+ &#2()$-3,%'#+2 &%+2(- 01- 45#**%$)#2)%+ 678)9

 

:;<<=3>,

!"

 ? -*2 4# '41* '(%&-22-1*-@ A+ -B-2C 45#)(- 2%2#4- ,- ." D&)*- '%1( 1+- &E&- -F$)2#2)%+ -*2 #1 &)+)&1& ;< G%)*

'41* D4-HD- '%1( $- $%1'4- &#2()$-3,%'#+2 :IJ@!@K;=@ .#( #)44-1(*C 4-* (D*142#2* &%+2(-+2 01- 45-L$#$)2D ,- $%+H-(*)%+

-*2 J%1H-(+D- '#( 45#**%$)#2)%+ &#2()$-3,%'#+2 -2 '#* 1+)01-&-+2 '#( 4# &#2()$- %1 '#( 4- ,%'#+2@

 

!  

"  

#  

$  

%   

%!  

%"  

%#  

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

 !"#$

%

&'(()*

&+,

-.&

(/01&23

 !"#$

%

&'(()*

&45

-.&

61&23

7!"#$

%

&'%((*

&+,

-.&

(/01&23

7!"#$

%

&'%((*

&45

-.&

61&23

8696(

M)J1(- !@K;N O)(- 2%2#4- ,- ." ,-* I4&* 678)9

 

:;<<= -2 O78)9

 

:<<P= ,%'D* QR

!"

<CS? -2 >,

!"

 ?

 !"!# $%&'()*+,+ +-. /,+ 012345+0,+ 6, (.34+7,.( 6814,.95,

>%1* #H%+* '(D$D,-&&-+2 $%+*2#2D 01- 45-L$#$)2D ,- $%+H-(*)%+ +5D2#)2 '#* J1),D- -**-+2)-44-&-+2 '#( 4#

&#2()$- &#)* '#( 4-* $%1'4-* &#2()$-3,%'#+2@ "5D21,- ,-* +)H-#1F ,- ,DG#12* -B-$21D- ,#+* 4# '#(2)- K ,- $- $/#')2(-

-*2 12)4- '%1( 2-+2-( ,5-F'4)01-( 4-* -L$#$)2D* ,- 2(#+*G-(2 ,5D+-(J)- &#2()$-3,%'#+2@

 !"!#!$ %&'()*+', -. (/0+1. *'*0(. -. (0 23 ., 4',5*+', -. (0 *.67810*)1.

"5D21,- ,- 4# ." -+ G%+$2)%+ ,- 4# 2-&'D(#21(- '-12 ,%++-( 1+- )+,)$#2)%+ *1( 4-* &D$#+)*&-* ,- 2(#+*G-(2

,5D+-(J)-@ "5)+2-+*)2D ,-* ')$* ,- ." ,- >,

!"

$(%T2 #H-$ 45#1J&-+2#2)%+ ,- 4# 2-&'D(#21(- 01-44- 01- *%)2 4# &#2()$-C

$%&&- 45)441*2(- 4# (-'(D*-+2#2)%+ ,- 45)+2-+*)2D ,- 4# 2(#+*)2)%+

#

M

!$ 

 

#

U

%%$ 

,-* I4&* 678)9

 

:;<<= -2 O78)9

 

:<<P=

,%'D >,

!"

 ? *1( 4# IJ1(- !@KK@ V#+* 4-* ,-1F $#*C 4# +#21(- ,1 2(#+*G-(2 ,5D+-(J)- &#2()$-7,%'#+2 '-12 E2(-

#22()R1D- W 1+ 2(#+*G-(2 ,5D+-(J)- #**)*2D '#( '/%+%+ D2#+2 ,%++D 4# G#)R4- )+2-+*)2D ,- ." W  <X -2 45DH%412)%+ ,-

4# ." #H-$ 4# 2-&'D(#21(-@ Y- J-+(- ,- $%&'%(2-&-+2 -*2 )+/#R)21-4 $%&'#(D #1F #12(-* *-&)$%+,1$2-1(* W J(#+,

J#' :$%&&- Z#>NA1 [ \ ]=@ "- $%&'%(2-&-+2 ,- 4# &#2()$- 8)9

 

-*2 *)&)4#)(- W $-41) ,-* ,)D4-$2()01-* ,%'D* "+

!"

,%+2 45-L$#$)2D ,5-F$)2#2)%+ -*2 ,D'-+,#+2- ,- 4# 2-&'D(#21(- [ \;]@



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

 !"!  !#"   !!   $"   "!   #"

$$"

$!!

 #"

 "!

 $"

 !!

#"

"!

$"

 !

 

!

""#$

 

 

%&'()*)+,-.&'-*,/'01

 

2

3#$

4,/51

 !" #$%&'

 

 ())"*+,

!"

-.

 !"!  !#"   !!   $"   "!   #"

$"!

$!!

 #"

 "!

 $"

 !!

#"

 !

 

 

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

 

-'*.,

/

0

1123

/

4

523

 /" 0$%&'

 

 ))1"*+,

!"

-.

#$%&'( !)**+ ,-./&0$.1 2( /3$10(14$05 2(4 6$74 2( 89 2( /: 0':14$0$.1

 

#

!"#

 

 

;

$$"#

2( /3$.1 <2

!%

(1 =.170$.1 2( /:

0(>65':0&'( 6.&' /(4 >:0'$7(4 :? @AB$C

#

D"EE? (0 F? GAB$C

#

DEEH?

9(4 I%&'(4 !)*H (0 !)*! 6'54(10(10 /35-./&0$.1 2( /3:$'( 0.0:/( 2( /: 89 (1 =.170$.1 2( /: 0(>65':0&'( 2(4

7.&7J(4 >$17(4 :1:0:4( (0 '&0$/(K '(46(70$-(>(10) ;/ (40 6.44$F/( 2( 7.14$25'(' &1 6'.7(44&4 0J('>$L&(>(10 :70$-5

2.10 /351('%$( 23:70$-:0$.1 (40 2(  M >(N 2:14 /( 7:4 2( /3$.1 <2

!%

DI%)!)*H:? (0 2( O >(N 2:14 /( 7:4 2( /3$.1

PF

!%

DI%)!)*HF?

 ! "  "! #  #! 

 

#    

$    

%    

&    

"     

"#    

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

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

)-. /0

1

)*122,3)45

67

)89

:;!<#* =>? ,

=@8A)"!B

 !" #$%&'

 

 ())"*+,

!"

-.

 ! "  "! #  

!  

"   

"!  

#   

#!  

$   

$!  

 !"#$% &'()*

&+,-."/

-01)23

4-

%455*6-78

9:

-5;<=->?

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

)".$@A>?BA"-%C*

 /" #$%&'

 

 ())"*2/

!"

-.

#$%&'( !)*H+ ,-./&0$.1 2( /3:$'( 0.0:/( 2( /: 89 (1 =.170$.1 2( /: 0(>65':0&'( 6.&' @AB$C

#

D"EE? 2.65 :? <2

!%

(0

F? PF

!%

Q.17('1:10 /(4 I/>4 23:1:0:4(K /: /.$ 2( -:'$:0$.1 2( /: 7.&'F( 7.''(46.12 R &1 6'.7(44&4 :70$-5 0J('>$L&(>(10

S&4L&3(1-$'.1  "! T D'(6'54(105 (1 0':$0 6/($1 4&' /(4 I%&'(4 !)*!: (0 !)*!F?) G 6:'0$' 2( 7(00( 0(>65':0&'(K .1



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

#$%&'(& )*& +*,&-+#* .& /0 1#)'$& &2 /34(#/)2+#* .& /0 56 &%2 7#.+84& 92'0+2 :#+*2+//4;< =* :&)2 '&/+&' 1&22& '):2)'&

> /0 :'4%&*1& .) :+?@& .3&-1+2#* 9STE;< A* &B&2C /& 2'0*%D&'2 '0.+02+D .) :+?@& STE .+7+*)& &* D#*12+#* .& /0

2&7:4'02)'& E)%F)3> )*& &-2+*12+#* 1#7:/?2& .& 1& 2'0*%D&'2 .) D0+2 .) F)&*1G+*@C 1& :'#1&%%)% .&(&*0*2 70E#'+20+'&

(&'%  H! I< 6& 7024'+0) &%2 1#*%2+2)4 .3#120?.'&% J+=

 

&2 /0 :'#$0$+/+24 .30(#+' )*& .4%&-1+202+#* *#* '0.+02+(& :0'

1& 1&*2'& /)7+*&%1&*2 .&(+&*2 2'?% 4/&(4&< K&22& .+7+*)2+#* &%2 1#*%2024& 0/#'% F)& /& :+1 .& 56 .L 0)- &-1+2#*%

:+4@4% .0*% /&% #120?.'&% J+=

 

%342&+*2< =* :&)2 47&22'& /3GM:#2G?%& F)& 1&22& (#+& .& .4%&-1+202+#* %)::/47&*20+'&

9/& ')2+/& *30 :0% 1& *+(&0) .& .4D0)2;C 2+&*2 )* 'N/& *#* *4@/+@&0$/& .0*% /& 2'0*%D&'2 .34*&'@+& (&'% /&% +#*% 2&''&%

'0'&%< A* &B&2C > 1&22& 2&7:4'02)'&C /&% &-1+2#*% *347&22&*2 :/)% .& :G#2#*% &2 /0 .4%&-1+202+#* *#* '0.+02+(& .&(+&*2

/& :'#1&%%)% .#7+*0*2<

 ! "  "! #  #! 

$   

%   

!   

&   

'   

(   

)   

 !"#$%

&

 '(()*+ ,- ./

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

#0123456740 '8*

.&9 8

 !" #$%&'

 

 (()"*+,

!"

-.

 ! "  "! #  

"!   

#    

#!   

$    

$!   

%    

%!   

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

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

)-. /0

1

)*223,4)56

78

)29:;

 <=72)+

 /" #$%&'

 

 (()"*0/

!"

(12.

O+@)'& !<"!P A(#/)2+#* .& /30+'& 2#20/& .& /0 56 &* D#*12+#* .& /0 2&7:4'02)'& :#)' QRJ+=

!

9SST; .#:4 0; U.

"#

&2

$; V$

"#

 !"!#!# $%&'()*+, -, ./'(*0,/. -1%(,/2), 345/ 61)4( 7-

 !

60 8@)'& !<"W '&:'4%&*2& /&% 2M:&% .& 2'0*%D&'2% .34*&'@+& '0.+02+D% &2 *#* '0.+02+D% F)+ :#)''0+&*2 :'&*.'&

:/01& .0*% /&% 702'+1&% 0*020%& &2 ')2+/&< 6&% .+B4'&*1&% .& 2'0*%D&'2 .34*&'@+& .&% 702'+1&% QRJ+=

!

&2 XRJ+=

!

(&'% /&% *+(&0)- &-1+24% .& /3+#* U.

"#

:&)(&*2 2&*2&' .3Y2'& &-:/+F)4&% :0' /0 :'4%&*1& .3)* *+(&0) .& .4D0)2

%)::/47&*20+'& .0*% /0 702'+1& 0*020%&C > %0(#+' )* :+?@& .3&-1+2#* 9STE;< 60 :'4%&*1& .& 1& *+(&0) 1'4& )*& (#+&

.& .4%&-1+202+#* 1#7:42+2+(& > 1&//&% .&% 2'0*%D&'2% .34*&'@+&% (&'% /&% 4202% .34*&'@+&% &-1+24% .& /3+#* U.

"#

< Z&

1& D0+2C /&% &-1+2#*% .+%:#*+$/&% :#)' )*& '&1#7$+*0+%#* '0.+02+(& %&'0+&*2 &* :/)% D0+$/& F)0*2+24 .0*% /& 10% .& /0

:G0%& 0*020%&C 1& F)+ &-:/+F)&'0+2 /0 D0+$/& F)0*2+24 .& :G#2#*% 47+% :0' /30%%#1+02+#* QRJ+=

!

9SST;P U.

"#

 [ :0'

'0::#'2 > XRJ+=

!

9HSS;P U.

"#

 [< 50' 0+//&)'%C /0 7#.+8102+#* .30$%#':2+#* &*2'& TSS &2 !!S *7 #$%&'(4& .0*% /&

10% .&% 8/7% XRJ+=

!

PU.

"#

:&)2 Y2'& &-:/+F)4& :0' )*& GM$'+.02+#* .&% 1#)1G&% %):4'+&)'&% .&% +#*% U.

"#

0(&1 1&//&

.& /0 702'+1& XRJ+=

!

< 6& '&1#)('&7&*2 .&% #'$+20/&% :&'7&2 .3#$2&*+' )* 2'0*%D&'2 .34*&'@+& .& /0 702'+1& XRJ+=

!

(&'% /&% *+(&0)- .& /3+#* U.

"#

$&0)1#): :/)% &\101& F)& :#)' /30*020%&C #] 0)1)*& GM$'+.02+#* *3&%2 '&70'F)4&<



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

 ! 

 !"

#! 

#!"

$! 

$!"

%! 

%!"

&! 

 !"#$%&

'(

)*

+#,( %

-.

'/!$&0%/,1234$%/5(%

'/!$&0%/,1$6$1/!2(!,(0

'/!$&0%/,1/!2(!,(0

740!#,&

82

)*

-9

:$!,!&%

 
!
"
#
$
%
"
&
'
"
(
)

);<

=;<

>;<

?;<

@

A

@

B

C);<

C?;<

CC;<

=;<

D'E

'(

)*

'(

)*

'(

)*

 !"#$%&

#$%&'( !)*+, -(.'/0(1232$41 056/732$8&( 9(0 2'310:('20 9;/1('%$( (2 9(0 2'310:('20 '39$32$:0 (2 141 '39$32$:0 .4&<312

.'(19'( .=35( (12'( =(0 1$<(3&> (>5$2/0 9( =;$41 ?9

 !

(2 =(0 1$<(3&> 9( 9/:3&20 .'/0(120 9310 =(0 732'$5(0 @AB$C

"

DEE"F

(2 -AB$C

"

DGEEF

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

 !

H;(I535$2/ 9( 541<('0$41 9& 54&.=( @AB$C

"

DEE"F,JK

 !

ELM N (02 " :4$0 .=&0 /=(</( 8&( 5(==( 9( -AB$C

"

DGEEF,JK

 !

ELM N) C1 .(&2 /%3=(7(12 0&..40(' 8&( =( 1$<(3& 9( 9/:3&2 STE .'/0(12 9310 =3 .630( 313230( O4&(

&1 'P=( 9310 =;37/=$4'32$41 9( 5( 2'310:('2 9;/1('%$() H3 <4$( 9( 9/0(>5$232$41 '39$32$<( 9&( 3&> (>5$2410 .$/%/0 (02

5(12'/( Q !*E 17 3<(5 &1( fwhm 9(  EE 17 D19000 ± 3000 cm−1
FL 04$2 (1<$'41 9(&> :4$0 =;/1('%$( 9( 2'310$2$41

"

#

#$"

 

"

#

%$"

9( =;$41 JK

 !

0$2&/ (12'( RME (2  ESE 17 D10000± 400cm−1
FL 41 .(&2 :3$'( =;6T.426U0( 9;&1 2'310:('2

9;/1('%$( 544./'32$: Q .3'2$' 9( 5( 1$<(3& 9( 9/:3&2 <('0 9(&> $410 JK

 !

) H3 V%&'( !)*M 056/732$0( =( 2'310:('2

9;/1('%$( 544./'32$: Q .3'2$' 9& 1$<(3& 9;/1('%$( 9& .$U%( <('0 9(&> $410 JK

 !

) @.'U0 =;(>5$232$41 $12('K319( 9( =3

732'$5( 313230( DWX  WYFL =;(>5$241 (02 2'310:/'/ 9( 731$U'( 141A'39$32$<( <('0 =;/232 9;/1('%$( 9& .$U%( STE)

Y(22( /1('%$( (02 (10&$2( 2'310:/'/( <('0 9(&> $410 JK

 !

) Y( 2T.( 9( 2'310:('2 9;/1('%$(L 3..(=/ 2'310:('2 9;/1('%$(

544./'32$: L (02 %/1/'3=(7(12 4K2(1& Q .3'2$' 9(0 /2320 (>5$2/0 9;$410 H1

 !

.'/0(12312 &1( 2'310$2$41 '39$32$<( 9(&>

:4$0 0&./'$(&'( Q 5(==( 9& 1$<(3& 9;/1('%$(

"

#

#$"

 

"

#

%$"

9( =;$41 JK

 !

) Z310 =3 =$22/'32&'(L 5( 2T.( 9( 2'310:('2

9;/1('%$( 3 /2/ 4K0('</ Q .3'2$' 9(0 $410 0(10$K$=$032(&'0 ['

 !

\"EL *G]L Y(

 !

\*RL G!]L BK

 !

\"EL *G] (2 B7

 !

\"EL *G]

.3' (>5$232$41 9$'(52( 9(0 1$<(3&>

 

[

&

 

 

^

'

D"SG 17FL

#

Z

'

 

%

#

(

D"S* 17F (2

 

^

'

 

)

_

'

D"+M 17FL '(0.(52$<(7(12)

[3' '3..4'2 3&> 1$<(3&> 9;/1('%$(0 (>5$2/0 .4&' 4K2(1$' 5( 2T.( 9( 2'310:('2 D∼ 21000 cm−1
FL 41 .(&2 (02$7(' 8&(

=( 1$<(3& 9;/1('%$( 54''(0.419312 3&> (>5$2410 .$/%/0 .3' =(0 4523U9'(0 .(&2 3<4$' =( 7`7( 'P=( 8&( 5(=&$ 9(0 $410

0(10$K=$032(&'0 ['

 !

L BK

 !

L Y(

 !

(2 B7

 !

)



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

 ! 

 !"

#! 

#!"

$! 

$!"

%! 

%!"

&! 

 

!

"# 

 

!

$# 

 

!

"# 

%&

'(

)*

+,-./01,23456.1,781

+,-./01,23.9.3,-48-280

+,-./01,23,-48-280

:;<829./3=8676/34-./3+8>

?

%&

'(

)@

+8>

 

A.-2-/1

 

!

$# 

 
!
"
#
$
%
"
&
'
"
(
)

B

"#$%&' !()*+ ,-./0#12' 3' 4&/015'&4 .667-&/4#5 8 7/&4#& 3% 0#9'/% 3' 3-5/%4 STE 9'&1 3'%: #601 ;<

 !

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

 !

0)1 234.'&.04'5 (& 6/

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

 !

='1 17'.4&'1 3' >= 3'1 ?@21 3' ABC#D

"

EFGGH '4 IBC#D

"

EGGJH '0 560.4#60 3% 4/%: 3' 367/$' ;<

 !

1604

&'7&-1'04-1 ?$(!()K/ '4 ?$(!()K<L &'17'.4#9'2'04(

 !!  "! #!!! #!"! ##!! ##"! #$!!

 !"#

$!%#

&!'#

(!)#

 
!
"
#
$
%
&
'
$
(
)
*

*+,-./.0123+,2/14,56

$

7

)8$

$

7

"8$

 !" #$%&'

 

 ())"*+,

!"

 !!  "! #!!! #!"! ##!! ##"! #$!!

 
!
"
#
$
%
&
'
(
)
$
*

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

-

.

/0-

-

.

10-

2314

-354

6374

83/4

 ," -$%&'

 

 ))."*+,

!"

"#$%&' !()K+ M7'.4&'1 3' >= 3'1 ?@21 /H ABC#D

"

EFGGH '4 <H IBC#D

"

EGGJH 367-1 ;<

 !

GL*NO  L)N FLPN '4 JL!N



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

#$ %&'( )*+&,-&, ./$+ 0&+ .&'1 2/+ '$& /'34&$(/(5)$ .& 065$(&$+5(7 .&+ ,/5&+ /-&2 0& (/'1 .& .)%/$( %)',

.&+ 2)$2&$(,/(5)$+ 8/5*0&+ 9&$(,& :;< = &( >;" =?@ A6/'34&$(/(5)$ .' (/'1 .& .)%/$( B'+C'6D E;! = &$(,/5$& '$&

8/5*0& .545$'(5)$ .& 065$(&$+5(7 .&+ ,/5&+ %)', 0& F04 GHI5#

 

9>::? 9&$-5,)$  : =? (/$.5+ C'& 06)$ )*+&,-& '$&

C'/+5H&1(5$2(5)$ .' %52 .& JA %)', 0& F04 KHI5#

 

9::E? 9&$-5,)$ L:=?@

M0 &+( %)++5*0& .& ,&4)$(&, D 06&N2/25(7 .&+ 5)$+ A$

!"

C'5 2)4%)+&$( 0& F04 &$ $),4/05+/$( 06/5,& ()(/0& .& JA

%/, 0/ 2)$2&$(,/(5)$ &$ .)%/$(@ #$ )*(5&$( /5$+5 0/ 2)$(,5*'(5)$ .& JA %)', 2O/C'& 5)$ A$

!"

@ A6&N2/25(7 .& 0/ JA

-/,5& +&0)$ 0& (/'1 .& .)%/3& &$ 5)$ P*

!"

2)44& 065$.5C'&$( 0&+ F3',&+ !@QL/ &( !@QL*@ R&((& ,&%,7+&$(/(5)$ 4&(

&$ 7-5.&$2& '$& 5$5(5/(5)$ .& 06&1(5$2(5)$ .& JA .&+ 5)$+ P*

!"

D %/,(5, .6'$ (/'1 .& .)%/$( 2)4%,5+ &$(,& :;< = &(

>;" = ./$+ 06/$/(/+&@ S/$+ 0& 2/+ .& GHI5#

 

9>::?; 2& %O7$)4T$& &+( &U&2(58 &$(,& : = &( > =@ V5 06)$ 2)$+5.T,& 0&

+53$/0 .& JA %/, $)4*,& .6/()4&+ .6P*

!"

2)$(&$'+ ./$+ 0& F04; 0& F04 74&((/$( 0& %0'+ .& %O)()$+ %/, 5)$ P*

!"

&+( KHI5#

 

9>::?WP*

!"

 ;Q =@

 ! " # $ %

 

% 

!  

!% 

"  

"% 

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

 !"#$%&'(

#)*+,-

.

#$.//(

 !" #$%&'

 

 ())"

 ! " # $ %

 

"  

$  

&  

'  

!   

!"  

!$  

 !"#$%

&

 '(()*

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

+,- './0*

 *" +$%&'

 

 )),"

X53',& !@QLW YN2/25(7 .& 0/ JA &$ 8)$2(5)$ .& 0/ C'/$(5(7 .& .)%/$( P*

!"

./$+ 0&+ F04+ .& /? GHI5#

 

9>::? &( *?

KHI5#

 

9::E?

Z/03,7 '$ .7*'( .6&1(5$2(5)$ .& JA; C'5 2),,&+%)$. D '$& %&,(& .6&N2/25(7 .& JA .& 2O/C'& 5)$ A$

!"

; )$

2)$+(/(& '$& /'34&$(/(5)$ .& 06/5,& ()(/0& .& 0/ JA; .)$2 '$ %0'+ 3,/$. $)4*,& .& %O)()$+ 2)$-&,(5+; B'+C'6D

'$& 2)$2&$(,/(5)$ .& >;"= ./$+ GHI5#

 

9F3 !@E:/ &( F3 !@E:*?@ R&((& /'34&$(/(5)$ +'33T,& '$& /4705),/(5)$ .'

(,/$+8&,( .67$&,35& .& 0/ 4/(,52& -&,+ 0& .)%/$(@ A6/'34&$(/(5)$ .& 0/ 2)$2&$(,/(5)$ &$ 5)$+ (&,,&+ ,/,&+ D %)', &U&(

.& .545$'&, 0/ .5+(/$2& &$(,& 0&+ +5(&+ +&$+5*505+/(&',+ &( 0&+ 5)$+ (&,,&+ ,/,&+ /2(5-/(&',+@ [$ (/'1 .6/2(5-&', %0'+

70&-7 /'34&$(& 0/ %,)*/*505(7 .' (,/$+8&,( .67$&,35& V K %/, ,/%%),( /' (,/$+8&,( .67$&,35& V V@ R&((& /4705),/(5)$

.& JA &$ 8)$2(5)$ .& 0/ .545$'(5)$ .& 0/ .5+(/$2& %&,4&( .& 8/5,& '$& O\%)(OT+& +', 0/ $/(',& .' (,/$+8&,( .67$&,35&@

Y$ &U&(; 0& (,/$+8&,( .67$&,35& %/, 72O/$3& &+( /4705),7 0),+C'& 06)$ .545$'& 0/ .5+(/$2& &$(,& 0&+ 5)$+ V &( K /0),+

C'& 0& (,/$+8&,( .67$&,35& 4'0(5%)0/5,& &+( )*(&$' %)', .&+ .5+(/$2&+ %0'+ 54%),(/$(&+@ A6/'34&$(/(5)$ .& 0/ JA /-&2

0/ .545$'(5)$ .& 0/ .5+(/$2& V]K 9/'34&$(/(5)$ .& 0/ 2)$2&$(,/(5)$ &$ .)%/$( /2(5-/(&',? 5,/5( .)$2 ./$+ 0& +&$+

.6'$ (,/$+8&,( .67$&,35& %/, 72O/$3& 9,&2)'-,&4&$( .&+ ),*5(/0&+?@ R&((& 7('.& / %&,45+ .67-/0'&, 0& (/'1 .& .)%/$(

)U,/$( 0& 4&500&', 2)4%,)45+ &$(,& 06&N2/25(7 .6745++5)$ .' .)%/$( &( 0& (,/$+8&,( .67$&,35& 4/(,52& .)%/$(@ K5$+5;

2&+ %,&45&,+ ,7+'0(/(+ %&,4&((&$( .& 2)$20',& C'& 0/ 2)$-&,+5)$ .& %O)()$ [^ _MG &+( )%(54/0& 0),+C'& 0& (/'1

.& .)%/$( &+( +5('7 &$(,&  ;Q &( >;"= %)', 06KHI5#

 

9::E? &( &$(,&  ;Q &( E;!= %)', 0& GHI5#

 

9>::?@



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

 ! " # $ %

 

!  

"  

#  

$  

%  

 !"#$%

&

 '&(()

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

*+, '-./)

 !" #$%&'

 

 ())"*+,

!"

 ! " # $ %

 

"% 

%  

&% 

!   

!"% 

!%  

!&% 

"   

 !"#$%

&

 '(()*

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

+,- './0*

 ," -$%&'

 

 ))."*+,

!"

#$%&'( !)*+, -./0&1$/2 3( 045$'( 1/150( 3( 05 67 8/&' 0(9 :0;9 5< =>?$@

 

AB++< (1 C< D>?$@

 

A++*< (2 E/2F1$/2 3&

15&G 3( 3/8521 HC

!"

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

 !

7(9 98(F1'(9 3( 67 3(9 :0;9 3( =>?$@

 

AB++< (1 D>?$@

 

A++*< (2 E/2F1$/2 3& 15&G 3( 3/85%( I3

!"

9/21

'(8'J9(21J9 :%&'( !)* ) @2 8(&1 /C9('.(' 3529 0(9 3(&G F59 &2( 5&%;(2151$/2 3( 04$21(29$1J 3(9 '5$(9 5.(F 0( 15&G

3( 3/8521 A(21'(  K (1 !K<)

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

 

!

"#$

 

!

%%#$

 

!

%&#$

 

'

&#$

 

'

&#$

()*

$)*

 
!
"
#
$
%
&
'
(
)
$
*

+,-./0/1)23,-20)4-56

%)*

 

'

&#$

 !" #$%&'

 

 ())"*/0

!"

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

 

!

"#$

 

!

"#$

%&'

$&'

 
!
"
#
$
%
&
'
(
)
$
*

()*+,-,.&/0)*/-&1*23

 

4

5#$

 

4

66#$

 

4

6"#$

 

!

"#$

-78

9": *2

$5";

6&'

 ," -$%&'

 

 ))."*/0

!"

#$%&'( !)* , L8(F1'(9 3( 67 3(9 :0;9 A5< =>?$@

 

AB++< AC< D>?$@

 

A++*< (2 E/2F1$/2 3& 15&G 3( 3/85%( I3

!"



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

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

 !

1&+ &* (4,.&*2& 5*& .,1,*5+,-*

.& /0&62$2,+( .0(1,)),-* .&) .-'$*+) 7 '$%+,% .05* +$58 .& .-'$*+ ),+5( &*+%&  9:; &+ :9!; '-5% /&) '<$)&) =9

>,?

"

@:AAB @CDE!EF $B &+ G9>,?

"

@AAFB @CDE!EF HBI %&)'&2+,4&1&*+E #$ .,1,*5+,-* .& /0&62$2,+( .0(1,)),-* $ (+(

-H)&%4(& '$% #5- &+ $/ J KLM 7 '$%+,% .05*& 2-*2&*+%$+,-* &* ,-* 3.

 !

.& :;E #$ .,1,*5+,-* .& /0&62$2,+( .0(1,)),-*

&)+ '%()&*+& $4&2 /0$5D1&*+$+,-* .& /$ N5$*+,+( .& .-'$*+I 1$,) /$ .,1,*5+,-* .& /$ O# *0&)+ '$) $5)), 2-*),.(%$H/&

N5& 2&//& -H)&%4(& '$% #5- J KLME

 ! " # $ % &

 

"   

$   

&   

'   

!    

!"   

!$   

!&   

!'   

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

 !"#$%&'(

#)*+,-

.

#$.//(

 !" #$%&'

 

 ())"*+,

!"

 ! " # $ % &

 

"  

$  

&  

'  

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

 !"#$%&'(

#)*+,-

.

#$//0(

 -" .$%&'

 

 ))/"*+,

!"

P,D5%& !EF:Q R62$2,+( .& /$ O# .$*) /&) C/1) .& $B =9>,?

"

@:AAB &+ HB G9>,?

"

@AAFB &* S-*2+,-* .5 +$58 .& .-'$*+

3.

 !

T(*(%$/&1&*+I 20&)+ /& '%-2&))5) *-* %$.,$+,S .& %&/$8$+,-* 2%-,)(& &*+%& /&) '$,%&) .0,-* #*

 !

N5, &)+ &* D%$*.&

'$%+,& %&)'-*)$H/& .& /$ %(.52+,-* .5 +&1') .& 4,& .&) *,4&$58 .0(*&%D,& .& /$ +&%%& %$%& '-5% .&) 2-*2&*+%$+,-*)

,1'-%+$*+&)E #& +$58 .& %&/$8$+,-* 2%-,)(& .('&*. S-%+&1&*+ .& .,)+$*2& &*+%& /&) #*

 !

@2E7E. /$ 2-*2&*+%$+,-* &*

#*

 !

BE

 !

"#

$

%

&'()

$

%

&"()

$

%

&&()

$

%

*()

$

+

"()

$

%

&'()

$

%

&"()

$

%

&&()

$

%

*()

$

+

"()

$

%

&'()

$

%

&"()

$

%

&&()

$

%

*()

$

+

"()

$

%

&'()

$

%

&"()

$

%

&&()

$

%

*()

$

+

"()

 !

"#

P,D5%& !EFLQ O<(*-1U*& .& %&/$8$+,-* 2%-,)(& .& /0,-* 3.

 !

@.0$'%U) J KFMB



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

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

 !

. *' (/*)0( '1 0&1+)*0*$+ -*2$'1*&( )%*31+0( &()2$+)14'( -( '1 &('1/10*$+ 5&$*)6(7 '86+(&9*(

2&$-%*0( 21& '1 0&1+)*0*$+

"

:

 #$

 

"

;

%&#$

-8%+ *$+ ,-

 !

2(%0 <0&( 0&1+)=6&6( -( =1>$+ &6)$++1+0( 3(&) '1 0&1+)*0*$+

"

;

'#$

 

"

;

%&#$

-8%+ *$+ ,-

 !

3$*)*+ 51%)1+0 '8(/0*+50*$+ -( '1 #?@ A+)%*0(. '86'(50&$+ )*0%6 )%& '86010 (/5*06

"

;

%&#$

-(

'8*$+ ,-

 !

)( -6)(/5*0( +$+ &1-*10*3(B(+0 3(&) '86010 =$+-1B(+01'

"

;

'#$

C "DE FG9@!@DHI@ J(00( $4)(&310*$+ 2(&B(0 -(

-*&( K%( '( -$21+0 ()0 -*)0&*4%6 -( B1+*L&( M$B$9L+( -1+) '1 B10&*5( 2%*)K%( '1 &('1/10*$+ 5&$*)6( ()0 %+ 2M6+$BL+(

K%* -62(+- -( '1 -*)01+5( (+0&( '() *$+) ?+

 !

@ #$%& '() *$+) NB

 !

. '1 -*)01+5( 5&*0*K%( -( &('1/10*$+ 5&$*)6( 1 606

()0*B6( O B$*+) -(  +B -1+) '() B10&*5() 5&*)01''*+() $% 3*0&(%)()@

?O (+5$&(. B1'9&6 '1 -*B*+%0*$+ -( '8(P515*06 -86B*))*$+ -() -$21+0) 13(5 '81%9B(+010*$+ -( '1 5$+5(+0&10*$+.

'8(P515*06 -( 5$+3(&)*$+ -() 2M$0$+) QR (+ 2M$0$+) ,;S ()0 B(*''(%&( 2$%& '() G'B) 5$+0(+1+0 %+( 5$+5(+0&10*$+

(+ *$+ ,-

 !

6'(36( F3$*& G9@ !@DD1 (0 !@DD4I@ ?( 0&1+)=(&0 -86+(&9*( ()0 -$+5 1B6'*$&6 13(5 '81%9B(+010*$+ -(

'1 5$+5(+0&10*$+ (+ -$21+0 (0 5$B2(+)( '1 2(&0( -8(P515*06 -() -$21+0) $4)(&36(@ ?1 5$+3(&)*$+ QR ,;S ()0

$20*B1'( '$&)K%( '( 01%/ -( -$21+0 ()0 )*0%6 1%T-())%) -( ! U 2$%& '() G'B) VTW*X

$

FYYDI (0 STW*X

$

FZYYI@

 ! " # $ % &

 

%   

!    

!%   

"    

"%   

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

 !"#$%&'(

#)*+,-

.

#$.//(

 !" #$%&'

 

 ())"*+,

!"

 ! " # $ % &

 

%  

!   

!%  

"   

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

 !"#$%&'(

#)*+,-

.

#$//0(

 -" .$%&'

 

 ))/"*+,

!"

:*9%&( !@DD7 A3$'%0*$+ -( '81*&( 0$01'( -( '1 #? 2$%& '() G'B) 1I STW*X

$

FZYYI (0 4I VTW*X

$

FYYDI (+ =$+50*$+ -%

01%/ -( -$21+0 ,-

 !

X+ 2(%0 &6)%B(& '8([(0 -( '81%9B(+010*$+ -% 01%/ -( -$21+0 (+ -(%/ 2$*+0) 2&*+5*21%/ O )13$*&7

\ Q+( 2(&0( -8(P515*06 -() -$21+0) *+)6&6) -1+) '1 B10&*5(

\ Q+( 1%9B(+010*$+ -% 0&1+)=(&0 -86+(&9*( B10&*5( -$21+0

#$%& $40(+*& %+( 5$%5M( -( 5$+3(&)*$+ (P515(. *' =1%0 -$+5 0&$%3(& %+ 5$B2&$B*) (+0&( '8(P515*06 B1/*B%B -()

*$+) ?+

 !

(0 '( 0&1+)=(&0 -86+(&9*( B1/*B%B@



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

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

 ! "#!$%&' ()%*&!$$%+, -, $! .!&)%(, /0&, 1,#& !23%) #+ ,4,& *#) $! "#!+&%&' ,& $! +!&#), -, $! 5 '.%*,6 7+ *,

1)313*, -8'&#-%,) $8%+9#,+(, -, $! .%()3*&)#(&#), -,* :$.* )#&%$, ; 1!)&%) -,* :$.* <=>%7

 

?@AABC <=>%7

 

?DADB ,&

<=>%7

 

?13$E()%*&!$$%+B *#) $,* (!)!(&')%*&%"#,* ,& $8!%), &3&!$, -, $! 5 6

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

 !

>3#& -8!F3)-C 13#) $,* :$.* -31'* GF

!"

C $! .%()3*&)#(&#), -,* :$.* +, -'+!&#), 1!* $! 13*%&%3+ -,* )!%,* -, $!

&)!+*%&%3+

 

H

#$ 

 

 

H

%$ 

6  ,* )!%,* %+&,+*,* *%&#',* ; IJA ,& DADA +. ),*&,+& F%,+ -':+%,* ,& $,#)* )!113)&* -8%+&,+*%&'

*3+& '"#%2!$,+&* "#,$$, "#, *3%& $83)%,+&!&%3+ -, $! 1/!*, ?:KL6ML!B6  8%.1!(& -, $83)%,+&!&%3+ -, $! 1/!*, )#&%$, *#)

$8%+&,+*%&' -,* )!%,* ,*& 2%*%F$, ,& +3+ +'K$%K,!F$,6 N+ ,4,&C $8!%), &3&!$, -, 5 ,*& -,#O ,& /#%& P3%* 1$#* '$,2', -!+*

$, :$. <=>%7

 

?@AAB "#, -!+* $,* :$.* <=>%7

 

?DADB ,& $, <=>%7

 

?53$E()%*&!$$%+BC ),*1,(&%2,.,+& ?:K6L6MLFB6

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

 !"#$

%

&'()*

 !"#$

%

&'+,+*

 !"#$

%

'%,,*

 
!
"
#
$
%
&
'
(
)
$
*

-./01213&45./42&'/6*

%

7

89%

%

7

:9%

;<

=>

&,?8@

 !"

 

!   

"   

#   

$   

%   

 !"#$

%

&'()*

+,

-.

&/012

 !"#$

%

&'3/3*

+,

-.

&/012

 !"#$

%

&'%//*

+,

-.

&/012

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

 #"

H%K#), L6MLQ ?!B R1,(&),* -, 5 ,& ?FB S%), &3&!$, -, $! 5 -,* :$.* <=>%7

 

?@AABC <=>%7

 

?DADBC ,& <=>%7

 

?5TB

-31'* GF

!"

ACUV

 !"!#!/ %&'( )*+&, 01

 !

 ,* 13*%&%3+* -,* )!%,* -, 5 -, $8%3+ W-

!"

*3+& 'K!$,.,+& '"#%2!$,+&,* ?:K6L6MX!B6 53#) #+, .Y., ,O(%&!&%3+

,& $, .Y., &!#O -, -31!+& W-

!"

D VC $! "#!+&%&' -, 1/3&3+* '.%*, 1!) $, :$. <=>%7

 

?@AAB ,*& &)3%* P3%* 1$#*

%.13)&!+&, "#, -!+* $,* :$.* <=>%7

 

?DADB ,& $, <=>%7

 

?53$E()%*&!$$%+B6  8,4,& -, $83)%,+&!&%3+ -, $! 1/!*, )#&%$,

*#) $8!%), &3&!$, -, $! 5 .3+&), $8%+&')Y& -8#&%$%*,) #+ :$. '1%&!O%' ,& -, F3++, "#!$%&' ()%*&!$$%+,6 Z$ P!#-)! -3+(

1)Y&,) #+, !&&,+&%3+ 1!)&%(#$%[), ; $! "#!$%&' ()%*&!$$%+, -,* :$.* !:+ -8!23%) #+, (3+2,)*%3+ -, 1/3&3+ 31&%.!$,6



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

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

 !"#$

%

&'%(()

 !"#$

%

&'*(*)

 !"#$

%

&'+,)

-.

/0

&*1

 
!
"
#
$
%
&
'
(
)
$
*

23456768&.934.7&'4:)

;

<

=>%

;

?

/>%

;

<

**>%

;

?

/>%

;

<

*/>%

;

?

/>%

 !"

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

)

(.))

.)))

/.))

+))))

+(.))

+.)))

+/.))

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

 #"

"#$%&' ()*!+ ,-. /0'12&'3 4' 56 '2 ,7. 8#&' 292-:' 4' :- 56 4'3 ;:<3 =>?#@

 

,ABB.C =>?#@

 

, B .C '2 =>?#@

 

,5D.

490E3 F4

!"

 G



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

 !"#$%&'!"

#$% &'(()*+,-'$ .),+-**)% %$,(% *%/ 0('0(-),)/ /,(1&,1(+*%/ %, *%/ 0('0(-),)/ '0,-21%/ %, /0%&,('/&'0-21%/

.%/ 3*4/ 567-8

 

%, 967-8

 

.'0)/ 0+( .%/ -'$/ :$

!"

+ ),) ()+*-/)% .+$/ &% &;+0-,(%< ='1/ +>'$/ +-$/- )>+*1) *+

0',%$,-+*-,) .% &%/ 4+,)(-+1? 0'1( *+ &'$>%(/-'$ .% 0;','$ #@ %$ 0;','$ =A9< :%/ &'1&;%/ .% 7-8

 

.'0)%/ '$,

.%/ >+*%1(/ .% B+0 '0,-21% &'40(-/%/ %$,(% CDCE %@ %, "DFG %@ 0%(4%,,+$, *H+I/'(0,-'$ .%/ 0;','$/ #@ %, >-/-I*% .%

*'$B1%1( .H'$.% -$J)(-%1(% K LCG $4 M,+I*%+1 G<NO< P+( +-**%1(/D *%/ 3*4/ .% 567-8

 

MQE6QGRO ,(+$/4%,,%$, 4-%1?

21% *%/ 3*4/ .% 967-8

 

MFE6FGROD .'$& 0*1/ +.+0,)/ 0'1( 1$% 1,-*-/+,-'$ %$ ,+$, 21% &'1&;% .% &'$>%(/-'$ 0'1( *%/

&%**1*%/ P@ /-*-&-14< ='1/ .-/0'/'$/ .% 3*4/ +S+$, *%/ &+(+&,)(-/,-21%/ .H+I/'(0,-'$ .+$/ *H#@ %, .% ,(+$/0+(%$&%

.+$/ *% >-/-I*% %, *% =A9 .%4+$.)%/ 0'1( ()+*-/%( .%/ &'1&;%/ .% &'$>%(/-'$ 0'1( *% P@ /-*-&-14<

7+I*% G<NT @+*%1(/ .% B+0 '0,-21% .),%(4-$)%/ 0+( *+ 4),;'.% .% 7+1& 0'1( 1$% ,(+$/-,-'$ -$.-(%&,% +1,'(-/)% %$

J'$&,-'$ .1 ,+1? .% .'0+$, =.

!"

%, UI

!"

.+$/ *%/ 3*4/ 967-8

 

M"EEO %, 567-8

 

MEELO

7+1? .% .'0+B% MR 4'*O ER EDN6 R "6"D!R LDG6GR 7

#$$%&$$$

MRO

V+0 '0,-21% (1,-*% .'0) =.

!"

M%@O CDEN CD E CDE" "DFG FE6FG

V+0 '0,-21% (1,-*% .'0) UI

!"

M%@O CDEN CDEN CD"" CD"! FE6FG

V+0 '0,-21% +$+,+/% .'0) =.

!"

M%@O CD N CD"N WWW CDCE QE6QG

V+0 '0,-21% +$+,+/% .'0) UI

!"

M%@O CD N WWW CDEQ CDEL QE6QG

:%/ 4)&+$-/4%/ .% ,(+$/J%(, .H)$%(B-% >%(/ *%/ -'$/ :$

!"

'$, ),) ),1.-)/ .+$/ *%/ .%1? 0'*S4'(0;%/ 567-8

 

%,

967-8

 

< X$ %Y%,D $'1/ +>'$/ (%4+(21) 21% *%/ 4+,(-&%/ 567-8

 

%, 967-8

 

$% /'$, 0+/ )21->+*%$,%/ 01-/21% *%1(/

J()21%$&%/ .% &'101(% .% 0;'$'$/ /'$, .-Y)(%$,%/ M̟A−TiO2
= 600 cm−1

%, ̟R−TiO2
= 815 cm−1

O %, 1$ .)J+1,

/100*)4%$,+-(%D &+(+&,)(-/) 0+( 1$% )4-//-'$ &%$,()% %$ λ = 530 nm +00%*)% STE M3B<G<LNOD %/, 0()/%$, .+$/ *+

0;+/% 567-8

 

<

 !! "!! #!! $!! %!! &!!

'!!

'"!

 !!

 "!

"!!

""!

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

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

'-./

'0./

'-../

Z-B1(% G<LNT [0%&,(%/ .% 0;','*14-$%/&%$&% .H1$ )&;+$,-**'$ 567-8

 

MEELO %$ J'$&,-'$ .% *+ ,%40)(+,1(%



λ = 364 nm

> 27000 − 23000 cm−1
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A1.45 < x < 1.95B '$' )$14(& (0 )$14(& 1!# +-4+4,('0
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06+, 8- $8< =>?
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*50@(21 (3(4(2-A,+458- 6*4-3+ 2+, B=? # "")

C( 0,-<5D,- 4,(3254563 254+1- :-,2   EF G ( 141 57-345$1- 96<<- 8( 4,(3254563 2+0,(9637+94,59- 7- 8H181<-34

356*5+<& I32+54-E 8( 4,(3254563 <14(8J2-<59637+94-+, #=KB) 6*2-,:1- L MN G ( 141 <6718521- 0(, 8- <67D8- 7-

OP+(34+< 96,,-945632 46 9637+945:54QO #$%& '*) L 0(,45, 7- 8H1P+(4563 2+5:(34- .

ρ(T ) = 1

σ0+a1Tp/2+a2T 1/2 + bT 2
#-P&R)

-4 7-2 :(8-+,2 7- 0(,(<D4,-2 7- <671852(4563 ,10-,46,51-2 7(32 8- 4(*8-(+  & I3$3E 8( 4,6525D<- 4,(3254563E 254+1-

:-,2 SSN GE 0-+4 T4,- -U085P+1- 0(, +3- 4,(3254563 <(%3145P+- ;-,,6↔0(,(<(%3145P+-E P+H58 963:5-37,( 7H14+75-,

+841,5-+,-<-34&

=(*8-(+ V . W(8-+,2 96,,-20637(34-2 (+U 0(,(<D4,-2 7- 8( <671852(4563

X(,(<D4,-2 7- 8( <671852(4563 7- 8H1P+(4563 R

1/ρ0 a1 p a2 b

 SEN"  E F& "

$%

VE"" "ESM  "& "

$&

C-2 ,-9@-,9@-2 2+, 8-2 0,60,51412 24,+94+,(8-2 -4 18-94,66045P+-2 7-2 $8<2 14+7512 7-:,634 T4,- (00,63;6375-2&

Y8 963:5-37,( 7- 963$,<-, 6+ 7H53$,<-, 8H57-345$9(4563 24,+94+,(8- ,1(8521- 2+, 8- $8< =5?

 !'(

1054(U51 6*4-3+ 2+,

R8

)

?

%

#""" )& Z3- (3(8Q2- =IK 0-+4 T4,- -3:52(%1- 06+, 714-,<53-, 8( 24,+94+,- 7+ $8<& Z3- <-2+,- 7- 75[,(9J

4563 7-2 ,(Q632 \ -3 ;6394563 7- 8( 4-<01,(4+,- 0-,<-44,(54 7- 7529,5<53-, 8( :(857541 7-2 4,(:(+U 0,12-3412 7(32

8- 9@(054,- Croissance de films minces T iOx (1.45 < x < 1.95) 9(, 8( 0@(2- γJ=5
%

?

(

0,12-34- +3 9@(3%-<-34

24,+94+,(8 L SVM G&

X(, (588-+,2E 8- $8< =5?

 !'(

1054(U51 ( 141 6*4-3+ L 0(,45, 7H+3- 96+9@- 4(<063 7- /J=5?

 !&(

#S"")& ?3 0-+4

1<-44,- 8H@Q064@D2- 7H+3- <-588-+,- 96396,7(39- 7- <(588- -34,- 8( 0@(2- /J=5?

)

#S"") -4 8( 0@(2- =5?

 !'(

& Y8

06+,,(54 T4,- 5341,-22(34 7- ,1(852-, +3 $8< =5?

 !'(

2+, +3 2+*24,(4 7- /J=5?

)

#S"") -4 7- ,-9@-,9@-, 8-2 ,-8(45632
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9+..)*#+-5&-%* &:' ;<:.)* 5) #=()*> ?& 5"%).2

@$-&%$+- *%.:9%:.&() 5A:- @&%".$&: )*% "<&()@)-% &99)**$,() B #&.%$. 5A:- )-*)@,() 5) #$9* 5) 5$C.&9%$+-D #&. :-)

@"%E+5) 5A$-5)'&%$+- &:%+@&%$F:) B (A&$5) 5)* #.+<.&@@)* GHIJ7?D 68K78 +: H67> ?A&99L* B :- "F:$#)@)-%

5) 5$C.&9%$+- *#"9$&($*" #+:. (& 5"%).@$-&%$+- 5) #E&*) #+:..&$% "<&()@)-% #).@)%%.) 5) 5"%).@$-). ()* #&.&@L%.)*

*%.:9%:.&:' 5) (& #E&*) 6$7

#$%!

>

?)* #.+#.$"%"* "()9%.$F:)* 5) (& #E&*) 6$7

#$%!

+-% "%" 5"%).@$-")* #&. (& @"%E+5) 5) M&(( )% () %N#) 5) #+.%):.*

9+-;.@" #&. (& ."&($*&%$+- 5A:-) E+@+O+-9%$+- p−n %.&-*#&.)-%)> I)#)-5&-%D 5)* @)*:.)* 9+@#("@)-%&$.)* )% 9+-2

P)-%$+--)(()* %)(() F:) (& @)*:.) 5: 9+)Q9$)-% R)),)9S *+-% -"9)**&$.)* &;- 5) P&($5). 9+@#(L%)@)-% 9) @&%".$&:

)- %&-% F:) p − TCO> 7- #+:..& )-*:$%) 5+#). (& #E&*) 6$7

#$%!

&;- 5A&@"($+.). 9)* #.+#.$"%"* "()9%.++#%$F:)*>

?& 6TR +,%)-:) *:. () ;(@ ,$#E&*" &-&%&*)U.:%$() 6V7

#$&'

& "%" @+5"($*") #&. () @+5L() 5) WF:&-%:@ 9+..)9%$+-

%+ 9+-5:9%$P$%NW> I)#)-5&-%D ()* #&.&@L%.)* .)*#+-*&,()* 5) 9)%%) 6TR -A+-% #&* "%" "%:5$"*> G)* "%:5)* 9+@#("2

@)-%&$.)* *+-% B )C)9%:).D 9+@@) :-) @)*:.) 8/64 *:. :- ;(@ ,$#E&*" &-&%&*)U.:%$() 6$7

#$&'

&;- 5) 5"%).@$-).

(A$-X:)-9) 5: -$+,$:@ )% 5) (& @&%.$9)> 7- #+:..& "<&()@)-% ."&($*). :-) @)*:.) 5) (& 9+-9)-%.&%$+- )- #+.%):.*

&;- 5) P".$;). (A$-X:)-9) 5) (A)C)% Y:.*%)$-2T+** *:. ()* #.+#.$"%"* "()9%.$F:)* 5: ;(@ 6V7

#$&'

>

K-;-D () %.+$*$L@) %EL@) &,+.5" (+.* 5) 9)* %.&P&:' 5) %EL*) & @$* )- P&():. ()* &%+:%* )% $-9+-P"-$)-%* 5)

(& @&%.$9) E=%) 6$7

"

#+:. (A&99:)$( 5)* $+-* ?-

 (

> ?)* #.+#.$"%"* *%.:9%:.&()*D +#%$F:)* )% 5) #E+%+(:@$-)*9)-9)

."P"(")* +-% #).@$* 5) 5"%).@$-). ()* #&.&@L%.)* $-X:)-%* *:. (& 9+-P).*$+- 5) #E+%+-* ZJ [H8> K- )C)%D (&

@&$%.$*) 5) (& 9.+$**&-9) 5) ;(@ @$-9) &-&%&*) )% .:%$() & #).@$* 5) 5$**+9$). (A$-X:)-9) 5) 9E&F:) *%.:9%:.) *:. ()*

#.+#.$"%"* 5) %.&-*\).% 5A"-).<$) @&%.$9) 5+#&-%* ?-
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>

[&.@$ ()* %)..)* .&.)* *"()9%$+--")* #+:. 9)%%) "%:5)D &:9:- %.&-*\).% 5A"-).<$) -A& "%" +,*).P" #+:. (A$+- [.
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>

G&-* () 9&* 5) (A$+- 6@
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D (& \&$,() "@$**$+- 5) (& .&$) 5) #E+%+(:@$-)*9)-9) /[?4 9&.&9%".$*%$F:) 5) (& %.&-*$%$+-

#

]
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D

*$%:")* %E"+.$F:)@)-% )- λ = 470 nm )% λ = 650 nm -+:* #).@)% 5A&P&-9). (AEN#+%EL*) 5A:- %.&-*\).% 5A"-).<$) 5)

%N#) ."*+-&-% .&5$&%$\ +: -+- ."*+-&-% .&5$&%$\ B #&.%$. 5: -$P)&: 5) 5"\&:% 6$

 (

/λem ∼ 800 nm) 

!"# "$%%&'#() *+'( ",+*( -$( &* .,$/&*0& '*& 0+*,&#($+* /&( 12+3+*( 45 &* 12+3+*( ,$($6%& +' !78 9 1"#3$#

/& %:"6(+#13$+* /:'* #";+**&-&*3 45 <λ = 364 nm= 1"# %" -"3#$0& >$?

 

<"*"3"(& +' #'3$%&= &3 /' 3#"*(@&#3

/:.*&#A$& ,&#( %&( /+1"*3( B'

!"

) C/

!"

&3 D6

!"

 E&( $+*( C/

!"

&3 D6

!"

+*3 .3. #&3&*'( 0"# %&( 12+3+*( 45

"6(+#6.( <> 27000 − 23000 cm−1
= 1"# %&( -"3#$0&( >$?

 

(+*3 ('(0&13$6%&( /:F3#& 0+*,&#3$( &* /&'G 12+3+*( !78

1"# %&( 3#"*($3$+*(
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/& %:$+* D6

!"

($3'.&( &*3#& IJK &3 LKMK *- <10000 ± 400 cm−1
= &3 %&( 3#"*($3$+*(

&
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/& %:$+* C/

!"

($3'.&( ,&#( IKK &3 LLKK *- <11000 − 9000 cm−1
= N&( 2;1+32O(&( ('#

%&( -.0"*$(-&( /& 3#"*(@&#3 /:.*&#A$& "' (&$* /& %" -"3#$0& &3 ,&#( %&( $+*( E*

!"

+*3 .3. .-$(&( "P* /:&G1%$Q'&#

%&( /$R.#&*0&( /:"$#& 3+3"%& /& !E 0+*(3"3.&( 1+'# %&( S 0+-6$*"$(+*( -"3#$0&T/+1"*3 U&( 2;1+32O(&( ('AAO#&*3

Q'& %& 1$OA& 9 &G0$3+* STE 1#.(&*3 /"*( %:"*"3"(& " '* #V%& 1+($3$@ +' *.A"3$@ ('$,"*3 %& /+1"*3 0+*($/.#. N"*(

%& 0"( /' /+1"*3 C/

!"

) %& STE 1+'##"$3 &*3#&# &* 0+-1.3$3$+* ",&0 %& 3#"*(@&#3 /:.*&#A$& &3 /$-$*'&# %& *+-6#&

/:&G0$3+*( /$(1+*$6%&( <PA W"= 3"*/$( Q':$% 1+'##"$3 F3#& #&(1+*("6%& /:'* 3#"*(@&#3 /:.*&#A$& 0++1.#"3$@ /"*( %& 0"(

/& %:$+* D6

!"

<PA W6= E& -&$%%&'# 3#"*(@&#3 /:.*&#A$& +6(&#,. 1+'# %& 0+'1%& 8X>$?

 

TC/

!"

&(3 1#+6"6%&-&*3 /Y

"' #&0+',#&-&*3 /&( +#6$3"%&( 4f /&( *$,&"'G /& %:$+* C/

!"

",&0 %&( +#6$3"%&( 2p /& %:+G;AO*& &3T+' 3d /' 3$3"*& 
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#$% #&%

'()*+ ,- #$% .+/*01+23$3452 16708$349)+ :+1 3*$21;+*31 :<02+*(4+ +3 :+1 3*$21;+*31 *$:4$34;1 +3 252 *$:4$34;1

/5)=$23 /*+2:*+ />$6+ +23*+ >+1 24=+$)? +?64301 :+ ><452 @:

 !

+3 >+1 24=+$)? :+ :0;$)31 /*01+231 :$21 >+1 8$3*46+1

ABC4D

"

#EEF% +3 .BC4D

"

#"EE% #&% G06$2418+ :+ 3*$21;+*3 655/0*$34; H /$*34* :) 24=+$) :+ :0;$)3 STE =+*1 :+)?

4521 I&

 !

J

K$ 658/$*$4152 :+1 9)$234301 :+ LK 0841+1 /$* >+1 '>81 ABC4D

"

+3 .BC4D

"

:5/0 @:

 !

 M +3 I&

 !

EN!M $

/+*841 :+ 6>$11+* >+1 $11564$34521 8$3*46+O:5/$23 >+1 />)1 /*58+33+)1+1 /5)* >$ 652=+*1452 PQ LR.J K$ 65)67+ :+

652=+*1452 :+ /753521 PQ #λexc = 364nm) +2 /753521 LR. #SEEB  EE 28% >$ />)1 +T6$6+ $ 030 5&3+2)+ /5)* >+

'>8 .BC4D

"

:5/0 @:

 !

#'(J U$%J L$* $4>>+)*1N 25)1 $=521 841 +2 0=4:+26+ )2+ /+*3+ :<+T6$6430 :+ LK :+1 :5/$231

4210*01 :$21 >$ 8$3*46+ +3 )2+ $)(8+23$3452 :) 3*$21;+*3 :<02+*(4+ 8$3*46+ :5/$23 $=+6 ><0>0=$3452 :) 3$)? :+

:5/$23J K$ 652=+*1452 :+ /75352 PQ LR. 2+ /+)3 :526 /$1 V3*+ $80>45*0+ /$* >+ 148/>+ $W5)3 :+ :5/$23 $634;

+2 /*5/5*3452 />)1 0>+=0+J X42$>+8+23N 25)1 $=521 :03+*8420 ><42Y)+26+ :+ >$ 846*513*)63)*+ :+1 '>81 *)34>+ 1)* >$

652=+*1452 :+ /75352J Z+33+ 03):+ $ 8523*0 ><4230*V3 :<)34>41+* )2 '>8 0/43$?40 +3 :+ &522+ 9)$>430 6*413$>>42+ #'(J
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'()*+ U- #$% A4*+ 353$>+ :+ LK :+1 '>81 .BC4D

"

#"EE% +3 ABC4D

"

#EEF% :5/01 I&

 !

EN!M +3 @:

 !

 M +3 #&% A4*+

353$>+ :+ >$ LK :+1 '>81 .BC4D

"

#"EE%N .BC4D

"

# E %N +3 .BC4D

"

#LZ% :5/01 @:

 !

 M



PLD

2p
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 !"  !"#$ %$& '! ()*$&

 !!"#" $ % &'(')*+(,-*,./"- -*(/)*/('0"- "* 1)2"- 3&456 7"- 890:;9(%

82"- <,=

 

#$%&' ()*+ ,-&./-012'3 #456

 !"#$%&'(!)%* +$,-* .)&/0* +,),'1!)*- 2* ',%33* 45'6 7 8%#$* 9*:

2;*-0,#* , < # α β γ =>+? 

@5,!,-* ABCD,'2 4CBC7 EFGH HFIC JCKCJGJ LCHIM

N%O2 9/!%3* +BJD'5' 4CEP7 BFIH JFHP JCKCJGP LCHPM

Q)&&R%!* +<#, 4PC7 IFBP HFCS IFCB JHKCEPT

N%O2 β +<#5 BFIE IFIT BFHT JCKCJEP

U,/!* 0)*--%&5 Q,22*3*V%!* +JCD# BFPB BFGP BFSC HHFJ LCBJM

@5,-&W%!* EFGI HFBG HFGE

N%nO2n−1 N%4O7 AKC IFPT GFCJ CJFBP HIFTI HIFCS CTSFGG ITKTGSG LCHGM

N%5O9 AKC IFIG GFCJ SFSG HGFII CCJFEB CTSFIT CCKCHE LCHSM

γ >

 !"

HFHG IFTG GFCS CTHFSP BTKTSTP LCBEM

N%3O5 UN α >

 !#

HFSJ EFGG HFSH HCFCH

QN β >

 !#

HFGI EFST HFBE HEFCC

N%2O3 9KE# IFCE CEFPP CJT CTKTTPE

N%O +PD''' 4CHC7 BFHH JFSS CJT CJKTGIB

N%2O JFHP BFSI CJT CCKJCS LCBTM



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

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

"# $%&'()*+% ,% -%.+/%. 0#/ %1%$ '#22 0%/-%$ ,% ,3$%/-)(%/ 2# /3.).$)4)$35 2# -67)2)$3 %$ 2# &6(&%($/#$)6( ,%.

06/$%+/. 8 0#/$)/ ,% -%.+/%. 0#/ 2% 0/)(&)0% ,9%1%$ '#225 #)(.) *+% 2% $:0% ,% 06/$%+/ -#;6/)$#)/% ,% 2# &6+&'% <$:0%

p 6+ $:0% n= > ??@A

 !"#$% BABC D E%0/3.%($#$)6( .&'3-#$)*+% ,% 29%1%$ F#22 ,#(. +( 7#//%#+ .%-)G&6(,+&$%+/

H6(.),3/6(. +( 7#//%#+ .%-)G&6(,+&$%+/ +()I6/-3-%($ ,603 &6--% &%2+) 0/3.%($3 .+/ 2# JK+/% BABC ,#(. 2%

.:.$L-% ,% &66/,6(3%. )(,)*+3A M( &6+/#($ 32%&$/)*+% 06.)$)I N $/#4%/.% 2% 7#//%#+ ,% 2# K#+&'% 4%/. 2# ,/6)$%A M(

&'#-0 -#K(3$)*+% +()I6/-% Bz 4%/$)&#2 %$ 0%/0%(,)&+2#)/% #+ 7#//%#+ %.$ #26/. #002)*+3 O )2 %( /3.+2$% 29#00#/)$)6(

,9+(% I6/&% 32%&$/6-#K(3$)*+% FB = −eBzvx <I6/&% ,% "6/%($P= 6Q e %.$ 2# &'#/K% 32%&$/6()*+% %$ vx 2# 4)$%..%

,% ,3/)4% ,%. 06/$%+/.A H%$$% I6/&% K3(L/% +( ,302#&%-%($ ,932%&$/6(.5 )2 #00#/#R$ +(% &6(&%($/#$)6( ,% &'#/K%.

(3K#$)4%. .+/ 29+( ,%. &S$3. ,+ 7#//%#+ #)(.) *+9+( ,3J&)$ ,% &'#/K%. (3K#$)4%. ,+ &S$3 6006.3A H%$$% ,).$/)7+$)6(

,% &'#/K% ,6((% (#)..#(&% 8 +( &'#-0 32%&$/)*+% EyA H% ,%/()%/ %.$ /%.06(.#72% ,9+(% I6/&% 32%&$/)*+% *+) #K)$ .+/

2%. 32%&$/6(. FE = −eEy <I6/&% ,% H6+26-7=A "# -)K/#$)6( ,%. &'#/K%. .9#//T$% 26/.*+% 293*+)2)7/% %.$ #$$%)($5 &9%.$

8 ,)/% *+#(, 2# .6--% ,%. ,%+U I6/&%. %.$ (+22% <,%+U)L-% 26) ,% V%W$6(=

X( 67$)%($ #26/. O

Ey = −Bzvx <BA =

N2 /LK(% %($/% 2%. I#&%. 6006.3%. ,+ 7#//%#+ +(% $%(.)6( VH = Eyw #00%23% $%(.)6( ,% F#22A YL. 26/.5 8 0#/$)/ ,%

293*+#$)6( BA 5 6( 67$)%($ VH = −Bzvxw5 %$ &6--% 2# 4)$%..% ,%. 32%&$/6(. %.$ ,)/%&$%-%($ 2)3% #+ &6+/#($ 32%&$/)*+%

Ix 0#/ 2# /%2#$)6( Ix = eNSvx 6Q N %.$ 2% (6-7/% ,% 06/$%+/ ,% &'#/K% 0#/ -

 

%$ S 2# .%&$)6( ,+ 7#//%#+ <S = wd=5

6( 0%+$ #26/. ,3,+)/% 293*+#$)6( .+)4#($% O

VH = −IxBz

eNd
<BAZ=

"# $%(.)6( ,% F#22 VH 3$#($ 0/606/$)6((%22% 8 2# I6). #+ &6+/#($ 32%&$/)*+% Ix5 #+ &'#-0 -#K(3$)*+% Bz %$ 8

2930#)..%+/ ,+ 7#//%#+ d 5 6( )($/6,+)$ +( &6%[&)%($ RH #00%23 &6%[&)%($ ,% F#22 $%2 *+% O

RH = − 1

eN
<BAC=



ρ Ω.cm

RAB,CD VD − VC
RBC,DA

e−π d
ρRAB,CD + e−π d

ρRBC,DA = 1

ρ =
π.d

ln 2

RAB,CD +RBC,DA

2
f
(RAB,CD)

(RBC,DA)

RAB,CD = RBCDA = 1
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ρ =
π.d

ln 2
R #$%&'
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012-3$ -42 50,67%'428,,'3 89-7 :-$; 0%'-3282'034 5%<=<%-32'-,,-4 :032 ,-4 %8'-4

:- :'>%872'03 4'2$<-4 -3 2θ = 26, 39 -2 2θ = 38, 33 4032 3-22-/-32 5,$4 '32-34-4 ?$- ,-4 8$2%-4 ).@A BABB*A C3

70/58%8'403 89-7 ,- .,/ 4632D<2'4< 4$% #'(

%

)1, 2µm*E#'+ ,- 5'7 4'2$< -3 2θ = 38, 33 -42 ,- 5,$4 '32-34- 58% %8550%2

8$ 5'7 4'2$< -3 2θ = 26, 39 A F8 504'2'03 :-4 5'74 :- :'>%872'03 -42 5%07D- :- 7-$; 012-3$4 4$% ,- 4$142%82

#'(

%

)1, 2µm*E#' 5$'4?$- ,- △2θ -42 :- ±0, 1 50$% ,-4 5'74 ,-4 5,$4 '32-34-4 -2 :- ±0, 1− 0, 2 50$% ,-4 %8'-4 /0'34
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