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"G: 30(0 )&4 4.'>(%&4 ,-.' .6 %-$$(7& *J)'-,*!$& G G G G G G G G G G G G G G G G G "N

"GH S!(!4-6 *J)'-7?6& &60'& )&.T ;-$+%.$&4 )P&(. G G G G G G G G G G G G G G G G "9

"GN SP+6&'7!& )& %-$$(7& &0 $&4 )!U+'&60&4 $!(!4-64 %*!;!@.&4 ;!4&4 &6 /&.T &6

>-6%0!-6 )& $( 0&;,+'(0.'& )& ,-40V0'(!0&;&60 0*&';!@.& &0 ). 0J,& )&

%-$$(7& ,'(0!@.+ 8*J)'-,*-R& -. *J)'-,*!$&< W"XG G G G G G G G G G G G G G G G "9

"G9 S!(!4-6 %- ($&60& &60'& )&.T (0-;&4 G G G G G G G G G G G G G G G G G G G G G G "L

:G" O+>(.04 )& >-';& )&4 4.'>(%&4 G G G G G G G G G G G G G G G G G G G G G G G G G "Y

:G: O+>(.04 ).4 Z .6& ,('0!%.$& )& %-60(;!6(0!-6 G G G G G G G G G G G G G G G G :M

:GH Q-';(0!-6 )&4 7'-.,&;&604 4!$(6-$ G G G G G G G G G G G G G G G G G G G G G G :"

:GN A-;,-'0&;&60 )&4 4.'>(%&4 $-'4 )P.6 %-$$(7& Z 0&;,+'(0.'& (;R!(60& 8)P(,'?4

W:X< G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G :"

:G9 I'-,(7(0!-6 )P.6& -6)& )& %-$$(7& G G G G G G G G G G G G G G G G G G G G G G G ::

HG" #.R40'(0 &6 4!$!%!.; '&%-. &'0 )P.6& %-.%*& )P-TJ)& &0 )& 7'-.,&;&604

4!$(6-$ ,&6)(604 G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G :9

HG: Q-';(0!-6 )&4 %$.40&'4 )P&(. &6 4.'>(%& G G G G G G G G G G G G G G G G G G G G :L

HGH #.'>(%& (,'?4 $( ,'+,('(0!-6 %*!;!@.& )&4 4.'>(%&4 G G G G G G G G G G G G G G :L

HGN #%*+;( '&,'+4&60(60 $&4 $!(!4-64 *J)'-7?6& )P.6 %-$$(7& *J)'-,*!$& (,'?4

'&0'(!0 )&4 ;-$+%.$&4 )P&(. G G G G G G G G G G G G G G G G G G G G G G G G G G G :[

HG9 3 -$.0!-6 )& $P!60&'>(%& )& %-$$(7& &6 >-6%0!-6 )& $( 0&;,+'(0.'& )P(,'?4 $&

;-)?$& )& #0&67$ WHX G G G G G G G G G G G G G G G G G G G G G G G G G G G G G G :Y

HGL 3 -$.0!-6 )& $P!60&'>(%& )& %-$$(7& \ 8"< ).'(60 $( >&';&0.'& )& $P!60&'>(%&

).'(60 .6 '&%.!0] 8:< (,'?4 .6 $-67 '&%.!0 8)P(,'?4 WNX< -^ $&4 _-6&4 &6 7'(4

'&,'+4&60& $&4 _-6&4 ()*+'+&4 G G G G G G G G G G G G G G G G G G G G G G G G G G HM

HG` S& %-$$(7& ,(' ()*+'&6%& ;-$+%.$(!'& )P(,'?4 $& ;-)?$& )& 5&$)-6 W9X G G G H"

HG[ #%*+;(4 ). %-$$(7& ,(' ()*+'&6%& ;-$+%.$(!'& 8(< %-60(%0 .6!0!($ 8R< %-60(%0

,('0!&$ 8%< %-60(%0 0-0($ WLX G G G G G G G G G G G G G G G G G G G G G G G G G G G H:

HGY B$$.'& )& $P+ -$.0!-6 )& $P+6&'7!& )& %-$$(7& ( &% $& 0&;,4 ,-.' Fa200 ◦C]
Ea = 50 meV &0 τ = 2.35h] WIaM]" J.m

−2
&0 WIIaM]LHN J.m

−2
G G G G G G HN



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

"#$% &'()*+* ,'- ./, ./0! 1' , .234'105 '- )+')',3/, )*+ 65/-71 8"9: *4/; 1/,

+3,015*5, /!)3+ (/-5*0! ./ <*,=*+* 8>9 ?.2*)+@, 8"9: # # # # # # # # # # # # # "A

B#$ <'.@1/ ,;C3(*5 D0/ ./ ;'11*7/ . +/;5 )'0+ 0-/ . ,5+ E05 '- )3+ '. D0/ ./

1* +07', 53 ?*: ('.@1/ 3D0 4*1/-5 ?E: .2*)+@, 8F9 # # # # # # # # # # # # # # # "G

B#H I4'105 '- ./ 1* J'+;/ ./ ;'-5*;5 -'+(*1 ,3/ /- J'-;5 '- ./ 1* 1'-70/0+ ./

;'-5*;5 -'+(*1 ,3/ ; /5 ./ . K3+/-5/, 4*1/0+, ./ α # # # # # # # # # # # # # # "L

A#$ M/)+3,/-5*5 '- ,;C3(*5 D0/ ./ 1* , 1 ;/ ;+ ,5*11 -/ ?;+ ,5'E*1 5/: ?*: /5 ./ 1*

, 1 ;/ *('+)C/ ?E: # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BG

A#H N*+ *5 '- .0 ;'/O; /-5 ./ . 1*5*5 '- 5C/+( D0/ &PI .0 Q3+'.0+R *S*-5

,0E 0- )+/( /+ +/J+' . ,,/(/-5 T %U$ VW( -R /- J'-;5 '- ./ 1* 5/()3+*50+/

T )*+5 + ./ 1*D0/11/ 1* 5+/()/ T 5/()3+*50+/ *(E *-5/ /,5 +3*1 ,3/# X2*)+@,

8L9 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # B>

A#" I!/()1/ ./ (/,0+/ ./ +07', 53 )*+  -5/+J3+'(35+ / /- 10( @+/ )'1*+ ,3/ ./

Y'+(*+,Z # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BF

G#$ 6;C3(* ./, J'+;/, ,2/!/+[*-5 ,0+ 0-/ 7'055/ .3)',3/ ,0+ 0- ,'1 ./ # # # # # A%

G#H X3)\5 .20-/ 7'055/ ,0+ 0-/ ,0+J*;/U )+ -; )/ ./ 1* (/,0+/ .23-/+7 / ./ ,0+J*;/ A$

G#" X ,)', 5 J /!)3+ (/-5*1 ./ (/,0+/ ./ 123-/+7 / ./ ,0+J*;/ # # # # # # # # # # AH

G#B 6)/;5+/ ]^6 _ ;'()*+* ,'- ./, ./0! )+';3.0+/, ./ -/55'S*7/ )'0+ 1/ Q3+'.0+ AA

G#A 6)/;5+/ ]^6 _ ;'()*+* ,'- /-5+/ 1/ Q3+'.0+ /5 1/ 4/++/ ./ , 1 ;/ # # # # # # AG

G#G 6)/;5+/ ]^6 _ ;'()*+* ,'- /-5+/ 1/ 4/++/ ./ , 1 ;/ /5 1/ 4/++/ ./ , 1 ;/

.3,*.C3+3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # AG

G#> 6)/;5+/ ]^6 _ ;'()*+* ,'- /-5+/ 1/ Q3+'.0+ /5 1/ Q3+'.0+ .3,*.C3+3 # # # A>

G#F 6)/;5+/ ]^6 _ ;'()*+* ,'- ./, ) ;, Si2p Q3+'.0+ /5 4/++/ ./ , 1 ;/ # # # # AF

>#$ ^+ -; )/ ./ 12/,,* , ./ .'0E1/ ; ,* 11/(/-5 # # # # # # # # # # # # # # # # # # # GH

>#H ^+ -; )/ ./ 12/,,* ./ ;1 4*7/ 05 1 ,3 # # # # # # # # # # # # # # # # # # # # # # GB

>#" ^+ -; )/ ./ 12/,,* ./ ;1 4*7/ *0 ;' - # # # # # # # # # # # # # # # # # # # # # GA

>#B ^+ -; )/ ./ 12/,,* ./ ;1 4*7/ *0 ;' - )'0+ (/,0+/+ 123-/+7 / ./ ;'11*7/ /-5+/

./0! 1*(/, *.C3+3/, # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # GG

>#A `-a0/-;/ ./ 1* 5/()3+*50+/ ./ +/;0 5 _ 4*1/0+ ('S/--/ /5 3;*+5 5S)/ ./ 1*

J'+;/ T +0)50+/ R +3,015*5, ./, /,,* , ./ .'0E1/ ; ,* 11/(/-5 # # # # # # # # # GL

>#G `-a0/-;/ ./ 1* 5/()3+*50+/ ./ +/;0 5 _ 4*1/0+ ('S/--/ ./ 123-/+7 / ./ ;'1R

1*7/ R +3,015*5, ./, /,,* , ./ ;1 4*7/ *0 ;' - # # # # # # # # # # # # # # # # # GL

>#> `-a0/-;/ ./ 1* 5/()3+*50+/ ./ +/;0 5 _ 4*1/0+ ('S/--/ ./ 123-/+7 / ./ ;'1R

1*7/ R +3,015*5, ./, /,,* , ./ ;1 4*7/ *0 ;' - # # # # # # # # # # # # # # # # # # >%

>#F M0)50+/ .*-, 1/ 4/++/ )'0+ 0- 5+* 5/(/-5 T 900 ◦C # # # # # # # # # # # # # # >%

>#L M3,015*5, ./, /,,* , ./ .'0E1/ ; ,* 11/(/-5 )'0+ 1/, 3)+'04/55/, /- 4/++/ ./

, 1 ;/ _ 4*1/0+ ('S/--/ /5 3;*+5 5S)/ ./ 1* J'+;/ T +0)50+/ R  -a0/-;/ ./ 1*

.0+3/ ./ )',5R5+* 5/(/-5 5C/+( D0/ # # # # # # # # # # # # # # # # # # # # # # >H

>#$% M3,015*5, ./, /,,* , ./ .'0E1/ ; ,* 11/(/-5 )'0+ 1/, 3)+'04/55/, /- 4/++/ ./

, 1 ;/ _ 4*1/0+ ('S/--/ /5 3;*+5 5S)/ ./ 1* J'+;/ T +0)50+/ R  -a0/-;/ ./ 1*

.0+3/ ./ )',5R5+* 5/(/-5 5C/+( D0/ ?=''( ,0+ 1/, E*,,/, 5/()3+*50+/,: # # >H



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

!"## $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 3.'4 (,& %34.'5,)),& ,2 5,44, +,

&-(-0, 6 5*(,'4 1.7,22, ,) %0*4) )73, +, (* 8.40, 9 4'3)'4, : -2;',20, +, (*

+'4%, +, 3.&):)4*-),1,2) )<,41-=', >?..1 &'4 (,& <*'),& ),13%4*)'4,&@ " " !A

!"#B $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 3.'4 (,& %34.'5,)),& ,2 C%4.+'4 6

5*(,'4 1.7,22, ,) %0*4) )73, +, (* 8.40, 9 4'3)'4, : -2;',20, +, (* +'4%,

+, 3.&):)4*-),1,2) )<,41-=', " " " " " " " " " " " " " " " " " " " " " " " " " !A

!"#A $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 3.'4 (,& %34.'5,)),& ,2 C%4.+'4 6

5*(,'4 1.7,22, ,) %0*4) )73, +, (* 8.40, 9 4'3)'4, : -2;',20, +, (* +'4%,

+, 3.&):)4*-),1,2) )<,41-=', >?..1 &'4 (,& /*&&,& ),13%4*)'4,&@ " " " " " " !D

!"#D $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 3.'4 (,& %34.'5,)),& ,2 C%4.+'4 6

5*(,'4 1.7,22, ,) %0*4) )73, +, (* 8.40, 9 4'3)'4, : -2;',20, +, (* +'4%,

+, 3.&):)4*-),1,2) )<,41-=', >?..1 &'4 (,& <*'),& ),13%4*)'4,&@ " " " " " !D

!"#E $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 6 5*(,'4 1.7,22, ,) %0*4) )73,

+, (* 8.40, 9 4'3)'4, : -2;',20, +, (* +'4%, +, 3.&):)4*-),1,2) )<,41-=', " !E

!"#F G2;',20, +, (* 4'H.&-)% 6 5*(,'4 1.7,22, ,) %0*4) )73, +, (* 8.40, 9 4'3)'4,

: 4%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) " " " " " " " " " " " " " " " " " !F

!"#! G2;',20, +, (* 4'H.&-)% 6 5*(,'4 1.7,22, +, (I%2,4H-, +, 0.((*H, : 4%&'()*)&

+,& ,&&*-& +, 0(-5*H, *' 0.-2 " " " " " " " " " " " " " " " " " " " " " " " " " " !!

!"#J G2;',20, +, (* 4'H.&-)% 6 5*(,'4 1.7,22, +, (I%2,4H-, +, 0.((*H, : 4%&'()*)&

+,& ,&&*-& +, 0(-5*H, *' 0.-2 " " " " " " " " " " " " " " " " " " " " " " " " " " !!

!"#K $%&'()*)& +,& ,&&*-& +, +.'/(, 0-&*-((,1,2) 6 -2;',20, +' )*' +I<'1-+-)% " !K

J"# L<%1*)-&*)-.2 +,& &%4-,& +I*+<%&-.2M,&&*-& +, 0(-5*H,M4%*+<%&-.2 4%*(-&%,& " JB

J"B $%&'()*)& +,& ,&&*-& +, 0(-5*H, 6 3.'4 (, 5,44, +, &-(-0, " " " " " " " " " " " " JA

J"A $%&'()*)& +,& ,&&*-& +, 0(-5*H, 6 3.'4 (, C%4.+'4 " " " " " " " " " " " " " " " JD

K"# N,& +-O%4,2)& 1.+,& %(%1,2)*-4,& +, 4'3)'4, " " " " " " " " " " " " " " " " " KP

K"B N,& +-O%4,2)& 1.+,& +, &.((-0-)*)-.2 +I'2 &.(-+, " " " " " " " " " " " " " " " KP

K"A Q4-20-3, +,& 1.+R(,& +,& ?.2,& 0.<%&-5,& " " " " " " " " " " " " " " " " " " " KB

K"D N.- +I-2),48*0, +, S'H+*(, +*2& (* +-4,0)-.2 2.41*(, " " " " " " " " " " " " " KD

K"E N.- +I-2),48*0, +, T,,+(,1*2 *5,0 , 34,&&-.2 3.(72.1-*(, +*2& (* +-4,0)-.2

2.41*(, " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " KE

K"F N.- +I-2),48*0, /-(-2%*-4, +*2& (, 0*& 3'4 2.41*( ,) 3'4 )*2H,2)-,( " " " " " KF

K"! N,& +-O%4,2)& 1.+R(,& >+I*34R& U#PV@ " " " " " " " " " " " " " " " " " " " " " " KF

K"J W.2)*0) ,2)4, +,' &3<R4,& " " " " " " " " " " " " " " " " " " " " " " " " " " " K!

K"K G2;',20, +, (I*+<%&-.2 &'4 (* 8.40, 2%0,&&*-4, 3.'4 &%3*4,4 +,' &3<R4,& ,2

0.2)*0) " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " KJ

K"#P X2,4H-, +I*+<%&-.2 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " KK

K"## NI*+<%&-.2 +' 3.-2) +, 5', 1-04.&0.3-=', ,) 1*04.&0.3-=', " " " " " " " " #P#

K"#B W.2)*0) ,2)4, +,' &.(-+,& %(*&)-=',& " " " " " " " " " " " " " " " " " " " " " #P#

K"#A W.13.4),1,2) 2.41*( +' 1.+R(, $WWY 2.2 0-0*)4-&*2) " " " " " " " " " " #PD

K"#D W.13.4),1,2) 2.41*( +' 1.+R(, $WWY 0-0*)4-&*2) " " " " " " " " " " " " #PE

#P"# W.2)*0) ,2)4, +,' &.(-+,& %(*&)-=',& " " " " " " " " " " " " " " " " " " " " " #P!

#P"B $,34%&,2)*)-.2 +,& (-*-&.2& 34%&,2),& 9 (I-2),48*0, ,2 8.20)-.2 +, (* ),13%:

4*)'4, *33(-='%, " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " #PJ



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

"#$% &'(()* + ,-.*/0!.1 2)3 04()3 2) *!'!3.13 5 *6!10)78'9) )0 2) *6,1)7:!) 2) 9.**':)

)1 8.190!.1 *' 0);(,7'0/7) )0 *' 2/7,) 2) 7)9/!0 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "#<

"#$= >-.*/0!.1 2) Ψd([uN ] , β) )1 3) (*'?'10 2'13 *) 9'3 .@ [uN ] ∈ ℜ+
)0 β ∈]0, 1] """

"#$A >-.*/0!.1 2) σN (./7 β > 0 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ ""B

"#$C D.;(.70);)10 1.7;'* 2/ ;.2E*) $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ ""A

""$" &'(()* 2)3 7,3/*0'03 ) (,7!;)10'/ .F0)1/3 '-)9 *)3 )33'!3 2) 9*!-':) '/ 9.!1 ""G

""$B D.;('7'!3.1 2) *' (7,2!90!.1 2) *6,1)7:!) 2) 9.**':) '-)9 *6,1)7:!) ;)3/7,)

('7 *6)33'!3 2) 9*!-':) '/ 9.!1 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "B#

""$% &,3/*0'03 2)3 )33'!3 2) 9*!-':) '/ 9.!1 + D.;('7'!3.1 )107) *6,1)7:!) 2)

9.**':) (7,2!0) )0 *6,1)7:!) 2) 9.**':) ;)3/7,) (./7 *6'2H,3!.1 " I&J#K= 1;

&LMN $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "B"

""$= &,3/*0'03 2)3 )33'!3 2) 9*!-':) '/ 9.!1 + D.;('7'!3.1 )107) *6,1)7:!) 2)

9.**':) (7,2!0) )0 *6,1)7:!) 2) 9.**':) ;)3/7,) (./7 *6'2H,3!.1 " I&J#KO 1;

&LMN $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "B"

""$A &,3/*0'03 2)3 )33'!3 2) 9*!-':) '/ 9.!1 + D.;('7'!3.1 )107) *6,1)7:!) 2)

9.**':) (7,2!0) )0 *6,1)7:!) 2) 9.**':);)3/7,) (./7 *6'2H,3!.1 B I&J#K= 1;

&LMN $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "BB

""$C &,3/*0'03 2)3 )33'!3 2) 9*!-':) '/ 9.!1 + D.;('7'!3.1 )107) *6,1)7:!) 2)

9.**':) (7,2!0) )0 *6,1)7:!) 2) 9.**':) ;)3/7,) (./7 *6'2H,3!.1 B I&J#KO 1;

&LMN $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "BB

""$G P!*'1 + 9.;(.70);)10 1.7;'* 2) *6!10)78'9) 9./(*, '/ ('7';E07)3 2) (.30Q

07'!0);)10 0H)7;!R/) )0 5 *' 7/:.3!0, 2)3 3/78'9)3 $ $ $ $ $ $ $ $ $ $ $ $ $ $ "BA

"B$" D7!0E7) 2) 8)7;)0/7) -!70/)**) 2) S33/7)3 IT""UN $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%#

"B$B M9H,;'0!3'0!.1 26/1 ,*,;)10 9.H,3!8 %V $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%B

"B$% W10)7'90!.1 )107) *)3 ,*,;)103 9.H,3!83 )0 *)3 ,*,;)103 )1-!7.11'103 $ $ $ $ $ "%B

"B$= X.! 2) 07'90!.1 3,('7'0!.1 T"BU $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%%

"%$" P!*'1 + D.;(.70);)10 1.7;'* 2/ ;.2E*) $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%C

"%$B Y,.;,07!) 26/1 ,9H'10!**.1 2) *6)33'! 2) 9*!-':) '/ 9.!1 '-)9 *)3 9.12!0!.13

'/ *!;!0)3 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%G

"%$% Z/) ,9*'0,) 2/ ;'!**':) /0!*!3, (./7 *)3 3!;/*'0!.13 $ $ $ $ $ $ $ $ $ $ $ $ $ "%O

"%$= ['70':) 2)3 1.)/23 )107) *)3 ,*,;)103 9.H,3!83 )0 *)3 ,*,;)103 3.*!2)3 2'13

*' 3!;/*'0!.1 2) *6)33'!3 2) 9*!-':) '/ 9.!1 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "%O

"%$A D.;('7'!3.1 2) *' *.! '2H,3!-) (7.(.3,) )0 2) *' *.! '2H,3!-) !;(*,;)10,)

2'13 \F'R/3 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "=#

"%$C &/(0/7) 2)3 *!'!3.13 *.73 2) *' 3,('7'0!.1 2)3 3/78'9)3 )1 8.190!.1 2/ 04()

2) *!'!3.13 5 *6!10)78'9) $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "="

"=$" D.77)3(.12'19) )107) *) ;.2E*) )0 *)3 ].1)3 )12.;;':,)3^9.**,)3^!10)7;,2!'!7)3

.F3)7-,)3 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "=%

"=$B W1_/)19) 2) *' 0'!**) 2) ;'!**) + ;'!**':) B ;; $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "==
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"#$"3@=<>- ,* A=<A.2./!<' ,) ,B+<--*0*'/ 1 =B?)-/./ * AB=!0*'/.- ,* -C*??.! ,*

+-!;.2* .) +<!' $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "#%

"#$""D<0A.=.!?<' =B?)-/./? ')0B=!E)*? */ * AB=!0*'/.) *' /*=0* ,* A=<>- ,*

A=<A.2./!<' ,* -C<',* ,* ,B+<--*0*'/ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "#7

"#$"5:;<-)/!<' ,* CN .;*+ -. ,)=B* ,* =*+)!/ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ "#8

"#$"F:;<-)/!<' ,* -CBA.!??*)= ,* -C!'/*=G.+* .;*+ -. /*0AB=./)=* <) -. ,)=B* ,*

=*+)!/ A<)= )' H.G*= ,* ?!-!+!)0 =*+<);*=/ ,* ?. +<)+I* ,C< J,* KLFMN $ $ $ $ "6"

"#$"#:;<-)/!<' ,* -CBA.!??*)= ,* -C!'/*=G.+* .;*+ -. ,)=B* ,* =*+)!/ A<)= )'*

/*0AB=./)=* ,* /=.!/*0*'/ > B* */ A<)= )' H.G*= ,* ?!-!+!)0 =*+<);*=/ ,*
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&1/ 0!23.1(41/ /<.A'*1/ 41/431/ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =K
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/1*+(01 '0?3/!+( @&1 "1..1 01 /!&!*1B $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ ##8

##$> P..1<./ +I41(<1/ &+./ 01 &' -.30!*4!+( 01/ 3(1.7!1/ 01 *+&&'71 $ $ $ $ $ $ $ $ #>C
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#$% &'()*+,+-. /01'( 02+

3"#$% 4"5"6(- 3"25-(2

3"#$#3" 4"56(- 6"2" 5-+

7 8+*'96+-.5."(- 1:)-+ 2"5"6(- /01'(;<-+

# 8+*'96+-.5."(- 1:)-+ 2"5"6(- =(!52+-.+

[Si−OH : Si−OH] >(,?'+ 1+ 2"5"6(- /01'(;<-+ 3"#$%

d[SiOH : SiOH]

dt
45 !".+66+ 1+ '95=."(- 1+ @(',5."(- 1+6 2"5"#

6(-6 SiOH : SiOH
µi A(,+-. 1"*(25"'+ 1+ 25 ,(29=)2+ B() 5.(,+C

=(-6"19'9+ "

DE,

ǫ0 D(-6.5-.+ 1"92+=.'"F)+ 1) !"1+G

ǫ0HIGIJEKL
−12

ME,

−1

ǫ D(-6.5-.+ 1"92+=.'"F)+ 1) ,5.9'"5) +-!"'(#

-5-.

ME,

−1

KB 45 =(-6.5-.+ 1+ N(2.O,5--G KBHKGPIEKL
−23

QER

−1

αi 45 *(25'"65?"2".9 92+=.'(-"F)+ 1+ 25 ,(29=)2+

B() 5.(,+C =(-6"19'9+ "

QE,

2
ES

−2

/ 45 =(-6.5-.+ 1+ T25-=UG /HVGVWVEKL

−34
QE6

νelec 45 @'9F)+-=+ 92+=.'(-"F)+ 1:5?6('*."(- %O

∆rH X-./52*"+ 1+ '95=."(- QE,(2

−1

ki 45 =(-6.5-.+ 1+ !".+66+ 1+ 25 '95=."(- "

Ea 4:9-+';"+ 1:5=."!5."(- 1+ 25 '95=."(- QE,(2

−1

nO 4+ -(,?'+ .(.52 1+ 6".+6 1:51/96"(-

τ 45 =(-6.5-.+ 1+ .+,*6 =5'5=.9'"6."F)+

Y Y+,*9'5.)'+ R () ,◦C
. Y+,*6 / () 6

8% .5) 1:/),"1".9 Z

[ X-+';"+ 1+ =(225;+ QE,(2

−1

8 8);(6".9 -, 8A3

Wc Y'5!5"2 1+ =(/96"(- ./+',(10-5,"F)+ QE,(2

−1

Wa Y'5!5"2 1:51/96"(- ./+',(10-5,"F)+ QE,(2

−1
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W 0
#$%&'"% (% )*++,'% -*.& (%/ 0-&*.!%11%/ (%

&.'*/"10 234 $5 678 /,$/ 1&,"1%5%$1 19%&:

5";.%

<=5*+

−1

>?6@3 '?A@3 9?6@3 B?6@ C*$)1"*$/ (0)&"!,$1 +D0!*+.1"*$ (% +D0$%&'"%

(% )*++,'% ,!%) +, 1%5-0&,1.&% %1 +, (.&0%

(% &%)."1

hR 6.'*/"10 )*5E"$0% $5

L̄ F*$'%.& (D*$(% (% +, &.'*/"10 $5

α #1,1 (. )*++,'%

R̄ 6,G*$ 5*G%$ (. /*55%1 (%/ ,/-0&"10%/ $5

x0 F*$'.%.& (%/ B*$%/ %$ )*$1,)1 $5

ξ A,. (% +"E0&,1"*$ (D0$%&'"% <=5*+

−1

C C*&)% H

) F*$'.%.& (% )*$1,)1 $*&5,+"/0

θ I$'+% (% )*$1,)1

γs FD0$%&'"% (% /.&>,)% (. /*+"(% <=5*+

−1

γl F, 1%$/"*$ /.-%&J)"%++% (. +";."(% <=5*+

−1

γsl FD0$%&'"% "$1%&>,)",+% +";."(%K/*+"(% <=5*+

−1

γp F, )*5-*/,$1% -*+,"&% <=5*+

−1

γd F, )*5-*/,$1% ("/-%&/"!% <=5*+

−1

γ12 FD0$%&'"% "$1%&>,)",++% <=5*+

−1

G1C A,. )&"1";.% (% &%/1"1.1"*$ (D0$%&'"% <=5*+

−1

1 #-,"//%.& (%/ -+,;.%/ %$ !%&&% (% /"+")% µ5
G #-,"//%.& (% +, +,5% (% &,/*"& µ5
F F*$'.%.& (% +, J//.&% 55

r0 6,G*$ (% +, B*$% (% )*$1,)1 55

p0 L&%//"*$ 5, "5,+% ,. )%$1&% (% +, B*$% (%

)*$1,)1

M F% 5*(.+% (% )*90/"*$

δ N0-+,)%5%$1 55

δn N0-+,)%5%$1 $*&5,+ 55

δc N0-+,)%5%$1 )&"1";.% 55

σ O*$1&,"$1% 7-,

σn O*$1&,"$1% $*&5,+% 7-,

β P$1%$/"10 (D,(90&%$)%

Γc  !"#$%& '& %()*$%*

ω +(,$-)&

Γu  !"#$%& (. /&0 '12/$%&,&)*0 0()* -,2(010

CN 3-4-'-*1 52$6,,

−1

[uN ] +12/$%&,&)* "&/$*-# )(",$/ ),
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/+0(

0/

[ufN ]#δf 3+ -).,%'+/+0( '%&%'()&"*("45+ 6 &5.(5&+ 0/

σ0 $10(&%"0(+ /% "/%,+ 17*+&!%7,+ %!%0( ,+ -)2

'1,,+/+0(

89%

: ;"<"-"() -=50+ ,"%"*10 8.%>//

−1

Ψ 91(+0("+, -=+0+&<"+ ,"7&+

Φ 91(+0("+, -+ -"**".%("10

σr
N ?1&'+ (@+&/1-A0%/"45+ %**1'")+ 6 [uN ]
−Gβ ?1&'+ (@+&/1-A0%/"45+ %**1'")+ 6 β

B 81-5,+ -=C150< 8.%

B= 81-5,+ -=C150< &+,%("D 8.%

ν $1+E'"+0( -+ 91"**10

λ 9&+/"+& '1+E'"+0( -+ 3%/) 8.%

µ 3+ /1-5,+ -+ '"*%",,+/+0(F %5**" %..+,) *+2

'10- '1+E'"+0( -+ 3%/)

8.%

heq B.%"**+5& )45"!%,+0(+ 0/

Eeq 81-5,+ -=C150< )45"!%,+0( 8.%

λeq 9&+/"+& '1+E'"+0( -+ 3%/) )45"!%,+0( 8.%

µeq 3+ /1-5,+ -+ '"*%",,+/+0( )45"!%,+0( 8.%

1G(H I :G(H ?10'("10 -)J0"**%0( ,=)!1,5("10 -+ Eeq +( heq
%!+' ,% -5&)+ -+ &+'5"(
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-% 9+"/,3(+ !" 5"++(6+% #/%+7#$()*%:



 !"! #$ %&''()$ *+,- .&/-0 *$ 1,$ %2/3/4,$  !
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*#'@$( $4,4)#. >3*0#82.( C4?DE FC4?DE GH8'0( I69J 0($4,./ *40(&/("(./ $() *('K )'0?

1,&()6
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/'3-*1#0F @ &# B#**# +# 21&1$# #3 &# V-*%+0* @ B12@5@B12 +# &C'+,-21%. #3 +# /#33*# #. )&'$#

0.# &%1 ),-.%/-.%&%(1=0# *#&1'.3 &C-.#*(1# +# $%&&'(# '0F )'*'/:3*#2 +0 )*%$-+-; "C%9@

D#$31? E.'& -3'.3 +# +-B#&%))#* 0. /%+:&# -&-/#.32 E.12 +0 $%&&'(# )*#.'.3 #. $%/)3# &#2
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"#$#%&'$() *+ "$,-.*. *( /#0$1-#'1,2 "$.-.*(%%(2' .'+*1.)3

4(''( .'+*( 01051,6$#"718+( )($91$# *( 0#)( ",+$ 5# -#$#-'.$1)#'1,2 (:".$1%(2'#5( (' 5#

%,*.51)#'1,2 2+%.$18+( *+ -,55#6( 8+1 /($,2' 5;,0<(' *() -7#"1'$() )+19#2')3
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"#$$# %&'$(# #)$ *+,)&*'-# . /& *&'&*$-'()&$(+, #0%-'(1#,$&/# 23 *+//&4# %&' &25-'#,*#

1+/-*3/&('#6 7#) 1&$-'(&30 3$(/()-) 2&,) /# *&2'# 2# *#$$# -$32# )+,$ /# 8#''# 2# )(/(*# #$

/# 9-'+23'6 :%';) 3,# 2#)*'(%$(+, 2#) 1&$-'(&30< #$ 2&,) /# =3$ 2# /#) *+1%&'#' 8()>.>8()

2# /?&25-'#,*#< 2#) &,&/@)#) 2# )3'A&*#) > #))&() 2# 1+3(//&=(/($- #$ )%#*$'+)*+%(# %5+$+>

-/#*$'+,(B3# . '&@+, C > )+,$ '-&/()-#)6 "#) &,&/@)#) +,$ &3))( %+3' +=D#*$(A 2# *+1%&'#'

2#30 %'+*-23'#) 2# ,#$$+@&4# %'+%+)-#) %&' /?#,$'#%'()# E(,/(45$6 F8(2#11#,$< %+3' 2#)

'&()+,) 2# *+,G2#,$(&/($-< /#) 2#30 %'+*-23'#) ,# %+3''+,$ %&) H$'# #0%/(*($-#)6

F,)3($#< 2#) #))&() 1-*&,(B3#) +,$ -$- '-&/()-) %+3' /#) 2#30 $@%#) 2# 1&$-'(&30< 2&,) /#

=3$ 2?-$32(#' /?(,I3#,*# 23 %'+*-2- 2# A&='(*&$(+, )3' /& $#,3# 1-*&,(B3# 2#) (,$#'A&*#)

&25-'-#)6 "#) #))&() +,$ -4&/#1#,$ %+3' +=D#*$(A 2# 2-$#'1(,#' 2#) %&'&1;$'#) %#'1#$$&,$

2?&1-/(+'#' /& $#,3# 1-*&,(B3# 2#) )$'3*$3'#)6 :(,)( 2#) %&'&1;$'#) +%$(1&30 > =&)-) )3'

/#) '-)3/$&$) #0%-'(1#,$&30 > 8+,$ H$'# %'+%+)-)6

7#) #))&() 1-*&,(B3#) '-&/()-) )+,$ /#) )3(8&,$) J

 2#) #))&() 2# 2+3=/# *()&(//#1#,$ '-&/()-) &G, 2?-$32(#' /?(,I3#,*# 2#) %&'&1;$'#) 23

%'+*-2- 2# A&='(*&$(+, )3' /& $#,3# 1-*&,(B3# 2&,) /# =3$ 2# 2-$#'1(,#' /#) %&'&>

1;$'#) +%$(1&30 %+3' &1-/(+'#' /& '-)()$&,*# 1-*&,(B3# 2#) (,$#'A&*#)<

 2#) #))&() 2# */(8&4# '-&/()-) %+3' 8&/(2#' /& 2-1&'*5# 2?&1-/(+'&$(+, 23 %'+*-2- 2#

A&='(*&$(+, #$ $'+38#' 3,# )$'&$-4(# %&' $'&($#1#,$ $5#'1(B3#<

 #,G,< 2#) #))&() 2# */(8&4# &3 *+(, K&%%#/-) &3))( #))&() L&)M&'& #, 1(*'+-/#*$'+>

,(B3#N &G, 2# 1#)3'#' /?-,#'4(# 2# *+//&4# #$ 2?+=$#,(' 3,# /+( %5-,+1-,+/+4(B3#

'#/(&,$ *#$$# -,#'4(# &30 %&'&1;$'#) 23 %'+*-2- 2# A&='(*&$(+,6

7#) %&'&1;$'#) 23 %'+*-2-< -$32(-) (*(< +,$ -$- *5+()() )3($# . /?-$32# =(=/(+4'&%5(B3# 2#)

*5&%($'#) %'-*-2#,$)< #$ *# )+,$ /& '34+)($-< /# $&30 2?531(2($- 2# /?&(' /+') 2# /& 1()# #,

*+,$&*$ 2#) )3'A&*#)< /& $#1%-'&$3'# #$ /& 23'-# 2# '#*3($6 F, #O#$< *+11# (/ & -$- 2($ %/3)

5&3$< 3,# '34+)($- $'+% (1%+'$&,$# %#3$ #,$'&P,#' /?&%%&'($(+, 2# 2-A&3$) %+38&,$ &//#'

D3)B3?. /?(1%+))(=(/($- 2?&25-'#' /#) )3'A&*#) Q 2# %/3) /& %'-)#,*# 2?&(' 531(2# A&8+'()# /&
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!"#$%&'"( )* +,-.&*#. )/*%- #*.0"(.%1,*. )* ,/%)23.'"( 4 &*$03#%&-#* %$1'%(&*5 6(7(8

,/3&-)* 1'1,'"9#%02':-* 0#3.*(&3* )%(. ,% 0%#&'* 0#3+3)*(&* % $"(&#3 :-* ,/-&','.%&'"(

)/-( 0".&;&#%'&*$*(& &2*#$':-* )*<#%'& 0*#$*&&#*8 *( +2%(9*%(& ,% (%&-#* )*. ,'%'."(. 4

,/'(&*#!%+*8 )/%$3,'"#*# ,% &*(-* $3+%(':-* )- +",,%9*5
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)&*#"&"%$+, -'. */!",%$00+,.

"#$ %&'()*&+, +'*-*$($ .&/$ -& 0&1)*2&'*3/ .4&$$#%1-&5#$ &.6()($ 73+) .#$ &77-*2&'*3/$

37'*8+#$ $3/' #/ 5(/()&- -# 9#))# .# $*-*2#: -# ;()3.+) #' -# ;/<# =$#-#/*.# .# >*/2?@ A#

26&7*')# 9& 7)($#/'#) -#$ .#+, %&'()*&+, ('+.*($ B -# 9#))# .# $*-*2# =-# %&'()*&+ -# 7-+$

23+)&/'? #' -# ;()3.+) =263*$*$ 73+) $& $'&1*-*'( '6#)%*8+#?@ C/# .#$2)*7'*3/ $+22*/'# .#

-& 7)32(.+)# .# 7)(7&)&'*3/ .#$ (7)3+9#''#$ #$' (5&-#%#/' 0&*'#@

 !" #$%&'($)*

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

"& $*-*2# =SiO2? #$' -# 7)*/2*7&- 23/$'*'+&/' .+ 9#))#@ "# 1-32 .# 1&$# #$' 23/$'*'+( .4+/

'(')&D.)# &E&/' +/ &'3%# .43,E5D/# F 26&8+# $3%%#' #' +/ &'3%# .# $*-*2*+% &+ 2#/')#@

A6&8+# '(')&D.)# 7&)'&5# $#$ &'3%#$ .43,E5D/# &9#2 +/ &+')# '(')&D.)#@ "& $*-*2# #$' 73G

-E%3)76# %&*$ '3+'#$ $#$ $')+2'+)#$ 23/'*#//#/' +/ )($#&+ ')*.*%#/$*3//#- .# '(')&D.)#$

7&)'&5#&/' -#$ &'3%#$ .43,E5D/# F -#+)$ $3%%#'$@ "#$ $')+2'+)#$ .# -& $*-*2# $# .*H()#/G

2*#/' 7&) -#$ &/5-#$ 03)%($ 7&) -#$ -*&*$3/$ <*GIG<* &*/$* 8+# 7&) -4&))&/5#%#/' F 7-+$

5)&/.# .*$'&/2# .#$ '(')&D.)#$@

"#$ .*H()#/'#$ $')+2'+)#$ .# -& $*-*2# 2)*$'&--*/#: #/ 03/2'*3/ .# -& '#%7()&'+)# #' .# -&

7)#$$*3/: $3/' 7)($#/'(#$ 7-+$ #/ .('&*-$ #/ &//#,# J@

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

"# 9#))# #$' +/ %&'()*&+ &%3)76#: *- 7)($#/'# .3/2 +/ .($3).)# $')+2'+)&- *%73)'&/'@ <&

$')+2'+)# %*2)3$237*8+# #$' '#--# 8+4*- /4#,*$'# &+2+/ 3).)# F 5)&/.# .*$'&/2#@ C/ 9#))#

7#+' K')# 9+ 23%%# +/ )($#&+ LM: $#%1-&1-# F 2#-+* .4+/ 2)*$'&- =N5+)# !@O&?: %&*$ .&/$

-#8+#- $#+- -43).)# F 23+)'# .*$'&/2# #$' 23/$#)9(@ "# 9#))# .# $*-*2# 7#+' K')# 9+ 23%%#

+/ #%7*-#%#/' &/&)26*8+# .# '(')&D.)#$ SiO2 =N5+)# !@O1?@
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+(,)'- "#$ % &'()*+',-.-/0, +12*3.-/45' 6' 7. +/7/1' 1)/+-.77/,' 81)/+-09.7/-': 8.: '- 6' 7.

+/7/1' .30)(2' 89:

 !"!# $%&'()&

;' <*)065) 45.,- = 75/> '+- 5, ?'))' 6' -@(' ?/-)01*).3/45' /,?',-* ', $A!B (.) 7' ()0651C

-'5) 6' ?'))'+ D120-- EF> 1G'+- 5, 3.-*)/.5 6' 120/H (05) 7G.+-)0,03/'> = 7. I0/+ -'))'+-)'

'- +(.-/.7'# J, 'K'-> 7. (.)-/157.)/-* 6' 1' 3.-*)/.5 ()0?/',- 6' +0, 10'L1/',- 6' 6/7.-.-/0,

()'+45' ,57 '- 2030MN,' 6.,+ 7G',+'397' 6' 7. 3.-/N)'> /7 0K)' 60,1 5,' -)N+ M).,6' +-.C

9/7/-* -2')3/45'# OG'+- 5, 3.-*)/.5 /,0)M.,/45'> 5, ?'))' 1*).3/45' ,0, (0)'5H 103(0+*

= PB Q 6' ,.,0C1)/+-.5H 8-./77' 6'+ ,.,0C1)/+-.5H "R ,3 ', 30@',,': .?'1 5,' +-)51-5)'

65 45.)-S (/*M*' 6.,+ 5,' (2.+' )*+/65'77' ?/-)'5+'# OG'+- 1'--' 103(0+/-/0, 45/ ()015)'

.5 <*)065) +0, I./97' 10'L1/',- 6' 6/7.-.-/0, T 7'+ 1)/+-.5H 0,- 5, 10'L1/',- 6' 6/7.-.-/0,

,*M.-/I '- 7' ?'))' 5, 10'L1/',- (0+/-/I 45/ +' 103(',+',-#

;' <*)065) '+- 103(0+* 6' T

 "P#UQ 6' +/7/1' 8SiO2:

 U"#VQ 6G0H@6' 6G.753/,/53 8Al2O3:

 !>" Q 6' (',-0H@6' 6' (20+(20)' 8P2O5:

 V> Q 6G0H@6' 6' 7/-2/53 8LiO2:

 U>" Q 6' 6/0H@6' 6' -/-.,' 8T iO2:

 $>B Q 6' 6/0H@6' 6' S@)10,/53 8ZrO2:

 $ Q 6G0H@6' 6' 3.M,*+/538MgO:

 R>" Q 6' -)0H@6' 6G.)+',/1 8As2O3:

 R>U Q 6G0H@6' 6' +06/53 8NaO:

W' 7*MN)'+ 306/X1.-/0,+ ('5?',- +5)?',/) .5 +'/, 65 10'L1/',- 6G'H(.,+/0, -2')3/45'

8OYJ: 45/ ('5?',- .K'1-') 7'+ 103(0+.,-+ 6' 2.5-' ()*1/+/0, 0(-/45'# O'+ 306/X1.-/0,+
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"#$% &'(" )'* %+),%(-($%" %.(+-,/'(" )001,/'2" 0)+ 13'%,1,")%('+ (% &20($&($% &( 1) %(-4

02+)%'+( )001,/'2( 5678 9+#," 01):(" &( %(-02+)%'+( "#$% #;"(+<2(" =

 9> 700 ◦C ?01):( &( @2+)-,")%,#$A

 130 ◦CB 9 B 320 ◦C ?01):( &( &2%($%( "'02+,('+(A

 470 ◦C B 9 B 40 ◦C ?01):( &( +(1)*)%,#$ ,$C2+,('+(A

D &(" %(-02+)%'+(" "'02+,('+(" E 700 ◦C 1) @2+)-,")%,#$ &( 1) -)%,F+( @#$%,$'( &( -)4

$,F+( ,++2<(+",;1( (% &(" @.)$:(-($%" &( 0+#0+,2%2" &' -)%2+,)' )00)+),""($%G 1( H9I ("%

)1#+" @.)$:2 &( -)$,F+( ,++2<(+",;1(8

J) K:'+( L8M -#$%+( 1(" 1,-,%(" (% 13,$N'($@( &( 1) %(-02+)%'+( "'+ 1) "%);,1,%2 &,-($4

",#$$(11(8 O$,%,)1(-($% +(@',%" E &,P2+($%(" %(-02+)%'+("G 1(" 2@.)$%,11#$" "';,""($% '$(

%+(-0( E %(-02+)%'+( )-;,)$%(8

Q'"/'3E &(" %(-02+)%'+(" &( +(@',% &3($<,+#$ 130 ◦CG )'@'$ @.)$:(-($% &( H9I $3("%

#;"(+<28 J#+"/'( 1) %(-02+)%'+( )':-($%( )'4&(1EG 1( H9I )':-($%( R'"/'3E '$( <)1('+

&( ")%'+)%,#$ #;%($'( E 320 ◦C8 H(" <)+,)%,#$" &' H9I &20($&($% 2:)1(-($% &( 1) %(-4

02+)%'+( &( +(@',% (% &( 1) 0+#@2&'+( &( +(C+#,&,""(-($% )001,/'2(G ", (11( &,PF+( &( @(11(

)001,/'2( 1#+" &( 1) C);+,@)%,#$ &' S2+#&'+G @3("%4E4&,+( '$( <,%(""( &( +(C+#,&,""(-($%

@#-0+,"( ($%+( TUV. (% WUV. 5678

+(,)'- L8M X Y)+,)%,#$ &' @#(Z@,($% &( &,1)%)%,#$ %.(+-,/'( H9I &' S2+#&'+4 )[)$%

"';, '$ 0+(-,(+ +(C+#,&,""(-($% E \GT UV-,$4 ($ C#$@%,#$ &( 1) %(-02+)%'+( E 0)+%,+ &(

1)/'(11( 1) %+(-0( E %(-02+)%'+( )-;,)$%( ("% +2)1,"2(8 ]3)0+F" 567



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

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

"#$%& '()*+#, ',& (#$*+-,..,&/ 0,& &+$12),& &+34&&,5. #0+&4,+$& #*04&&26,& 275 '8*3.,54$

02 $+6*&4.( ,. 02 #025(4.( &*+924.(,&: ;2 $+6*&4.( ,&. <,&+$(, = 0824', '8+5 $+6*&4<%.$,

45.,$1($*<(.$4>+, ? @A6* 5,B -4,B ? '*5. 02 .,)95*0*64, ,&. 32&(, &+$ 0845.,$1($*<(.$4, ,5

0+<4%$, #*02$4&(, ', C*$<2$&D4:

E5 $2A*5 5*5 #*02$4&( ', 0*56+,+$ '8*5', λF GHI/J 5< ,&. #*02$4&( )4$)+024$,<,5. =

45 ◦: ;, $2A*5 #*02$4&( #2&&, = .$2-,$& +5 #$4&<, K*00*&.*5

 

/ 40 ,&. 20*$& '4-4&( ,5 ',+L

$2A*5& #*02$4&(& *$.9*6*520,<,5./ 0, $2A*5 '8()925.400*5526, ,. 0, $2A*5 ', $(1($,5),:

;2 .$2-,$&(, #2$ 0, $2A*5 ', 08()925.400*5 45'+4. +5 '(#92&26, ,5.$, 0,& ',+L 124&),2+L:

;,& ',+L $2A*5& ', #*02$4&2.4*5 *$.9*6*520, &*5. $,)*<345(& ,5 +5 $2A*5 ', #*02$4&2?

.4*5 +54>+, 2#$%& 02 .$2-,$&(, '8+5 &,)*5' #$4&<, ', K*002&.*5/ 02 '(-42.4*5 ', #92&, ,&.

.$25&1*$<(, ,5 -2$42.4*5 '82<#04.+', M)*5.$2&.,N: ;2 )*<34524&*5 ',& $2A*5& )*5'+4. =

',& 45.,$1($,5),&/ ()024$)4&&25. *+ 2&&*<3$4&&25. 084<26, &,0*5 0, )9,<45 *#.4>+, OPQR:

;2 76+$, J:P <*5.$, +5 ,L,<#0, ', $(&+0.2. *3.,5+ 0*$& ', 02 <,&+$, ', 02 $+6*&4.(

'8+5, &+$12),: ;2 #2$.4, 92+., ', 02 76+$, J:P #$(&,5., 02 .*#*6$2#94, ', 02 &+$12), ,. 02

)*+$3, '25& 02 #2$.4, 32&&, ', 084<26, $,#$(&,5., 02 $(#2$.4.4*5 ',& #4)& M2&#($4.(&N 0, 0*56

'8+5 )*+#, .$25&-,$&20, ', 02 &+$12), (.+'4(,:

;2 #025(4.( ,&. )*5.$S0(, = 0824', '8+5 45.,$1($*<%.$, @A6* TUV 32&( &+$ 0, <W<, #$45)4#,

'845.,$1($*<(.$4, ,5 0+<4%$, #*02$4&(, ', C*$<2$&D4: ;,& &+$12),& &*5. ,5&+4., 5,..*A(,&/

&()9(,& #+4& 2'9($(,& 2-25. ', &+34$/ *+ 5*5/ +5 .$24.,<,5. .9,$<4>+,:

1)2/$- J:P X YL,<#0, ', <,&+$, ', $+6*&4.( #2$ 45.,$1($*<(.$4, ,5 0+<4%$, #*02$4&(, ',

C*$<2$&D4

 

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

0/$%1'/-4 (' ($#'1,$*!% ($53#'!,'% ', (' "*+/#$%/,$*!% *#,6*7*!/+'% '!,#' '++'%
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 "&")%*&$+"%$,- )!$.$/0' 1'+ +0&2")'+

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

5*'1(&' 6 3)7+$2-2&2 8/41-$-#' 6 9#'$/-33#$: ;#$ #$$/-$ 1+2 *2* '*/3-$*$ (/+$ 3# <&2 (# 01%=

>/'#' 3# 4#''# (# $-3-0# #2 3# 5*'1(&' 4-$=6=4-$ (# 3#&' 0/>/0-2* ()/(?*$-1+ /@+ (# 2'1&4#'

3# %#-33#&' 0/+(-(/2 6 3)/(?*'#+0#: 73$ 1+2 *,/3#%#+2 *2* '*/3-$*$ (/+$ 3# <&2 (# 01%>/'#'

3#$ $&'./0#$ /4/+2 #2 />'A$ /(?*$-1+:

B1&' 0#3/C (#&D 2E>#$ (# $&'./0#$ 1+2 *2* 2#$2*#$ F (#$ $&'./0#$ G&- +)1+2 H/%/-$ *2* /(?*=

'*#$ #2 (#$ $&'./0#$ G&- 1+2 *2* /(?*'*#$ >&-$ (*$/(?*'*#$ I%/-$ +1+ +#221E*#$ +- '#>13-#$

/>'A$ (*$/(?*$-1+J:

"#&D *0?/+2-331+$ (# 5*'1(&' /E/+2 $&<- (#$ >'*>/'/2-1+$ 0?-%-G&#$ (#$ $&'./0#$ (-.=

.*'#+2#$ IG&- $#'1+2 +1%%*#$ >/' 3/ $&-2# >'*>/'/2-1+ K #2 >'*>/'/2-1+ LJ 1+2 *,/3#%#+2

*2* 01%>/'*$ /@+ (# (*2#'%-+#' 3/ >'*>/'/2-1+ >#'%#22/+2 ()1<2#+-' &+# -+2#+$-2* (#

0133/,# >3&$ -%>1'2/+2#:

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

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

;#22# 2#0?+-G&# 01+$-$2# 6 %#$&'#' 3)/+,3# θ G&# ./-2 &+# ,1&22# ()&+ 3-G&-(# 01++& 31'$=

G&)#33# #$2 (*>1$*# $&' 3/ $&'./0# ()&+ $13-(# I@,&'# M:LJ: 81'$G&)&+# ,1&22# $&N$/%%#+2

>#2-2# >1&' +*,3-,#' 3#$ .1'0#$ (# ,'/4-2*C #$2 (*>1$*# $&' &+# $&'./0#C #33# >'#+( &+# .1'%#

(# 0/3122# $>?*'-G&# I@,&'# M:KJ: 8)/+,3# θ /-+$- .1'%* '#+( 01%>2# (# 3/ %1&-33/<-3-2*

(# 3/ $&'./0# #2 >#'%#2 (# '#%1+2#' 6 3)*+#',-# (# $&'./0#: O+ #P#2C 3# >1-+2 Q #$2 &+#

-+2#'./0# 2'->3#C $13-(#=3-G&-(#=,/R#&$# I@,&'# M:KJ: 8)*G&/2-1+ ()S1&+, '#3-# 3#$ *+#',-#$ (#

$&'./0#$ (#$ 2'1-$ -+2#'./0#$ I$13-(#T,/R γs C 3-G&-(#T,/R γlC $13-(#T3-G&-(# γslJ #+ 0# >1-+2

#+ (*0'-4/+2 3)*2/2 ()*G&-3-<'#: 8)*G&/2-1+ ()S1&+, $)*0'-2 F

γs = γsl + γlcos(θ) IM:KJ

Q4#0 F



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

 γs "#$%&'()& *& +,'-./& *, +0")*&

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

 γl ". 1&%+)0% +,4&'5/)&""& *, ")2,)*&

2.-&'$ 678 9 :/;$<. *&+ -0'/&+ +#&=&'>.%1 +,' ,%& (0,11& *$40+$& +,' ,% +0")*&

?. <&+,'& *& "#.%("& 2,& -0'<& ". (0,11& .@&/ ". +,'-./&A 40,' *)B$'&%1+ ")2,)*&+ *0%1
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?312*)' 0#*3G2'3(' ,' 0. -27$1*)9 '1) 9)2,*9'< K0 . 97.0'5'3) 9)9 5$3)-9 0#*54$-).3('

,' 0. -27$1*)9 ,'1 12-+.('1 0$-1 ,' 0#.,;91*$3 D )'549-.)2-' .5%*.3)' L 23' -27$1*)9 )-$4

*54$-).3)' '3)-.*3' 0#.44.-*)*$3 ,' ,9+.2)1 4$2/.3) .00'- &21:2#D 0#*54$11*%*0*)9 ,#.,;9-'-

0'1 12-+.('1<

?3F3> 0#*3G2'3(' ,2 ).2C ,#;25*,*)9 0$-1 ,' 0#.,;91*$3 D )'549-.)2-' .5%*.3)' 1'-. '00'

.211* 9)2,*9'> (.- 0. 4-91'3(' ,#.*- ;25*,' +./$-*1' 0. +$-5.)*$3 ,' (021)'-1 ,#'.2 -'14$3A

1.%0'1 ,' 0#.,;91*$3 D )'549-.)2-' .5%*.3)'<

"' 4-'5*'- $%&'()*+ ,' ('))' 9)2,' '1) ,$3( ,' ,9)'-5*3'- 0'1 4.-.56)-'1 $4)*5.2C ,2

4-$(9,9 ,' +.%-*(.)*$3 7.-.3)*11.3) 23' .590*$-.)*$3 ,' 0. )'32' 59(.3*:2' ,'1 *3)'-+.('1

.,;9-9'1<
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"# $#%&'( &)*#%+,- (# %#++# .+/(# #$+ (# 0#$/1#1 23.'#14,# (# %&2254# (5'$ 2# )/+ (# (.6',1

/' 2,#' #'+1# 23.'#14,# #+ 2#$ 751508+1#$ (/ 71&%.(. 56' (# 7&/9&,1 71.(,1# 25 952#/1 (#

23.'#14,# (# %&2254# #' -&'%+,&' (#$ +15,+#0#'+$ 5772,:/.$;

"#$ %&'+15,'+#$ ,'(/$+1,#22#$ :/3,2 -5/+ 451(#1 < 23#$71,+ $&'+ =

 '# 75$ (.415(#1 2#$ 71&71,.+.$ &7+,:/#$ (#$ 05+.1,5/>? %#++# +#%@'&2&4,# .+5'+ 57A

72,:/.# < (#$ $B$+80#$ &7+,:/#$?

 '# 75$ (.415(#1 2#$ %&5+,'4$ :/, $#1&'+ 5772,:/.$ $/1 2#$ 5$$#0)254#$? %#1+5,'$ %&5A

+,'4$ '# $/77&1+5'+ 75$ (#$ +15,+#0#'+$ +@#10,:/#$ .2#9.$;

"#$ #$$5,$ 0.%5',:/#$ :/, &'+ .+. 1.52,$.$ $&'+ (&'% =

 (#$ #$$5,$ (# (&/)2# %,$5,22#0#'+ 56' .+/(,#1 23,'C/#'%# (#$ 751508+1#$ (/ 71&%.(.

#+ %@&,$,1 2#$ 751508+1#$ &7+,05/>?

 (#$ #$$5,$ (# %2,954#$ 7&/1 %&0751#1 2#$ 751508+1#$ &7+,05/> 59#% 2#$ %&'(,+,&'$

,',+,52#$ %3#$+A<A(,1# 5/%/' 7&$+A+15,+#0#'+ 5772,:/. $/1 2#$ $/1-5%#$?

 (#$ #$$5,$ (# %2,954# 5/ %&,' 7&/1 0#$/1#1 23#'#14,# (# %&2254#? .+/(,#1 23,'C/#'%#

(#$ 751508+1#$ (/ 71&%.(. $/1 23.'#14,# (# %&2254# #+ 2#$ 1#2,#1 59#% /'# 2&, 7@.'&A

0.'&2&4,:/#;

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

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

"#$ #$$5,$ (# (&/)2# %,$5,22#0#'+ &'+ .+. 1.52,$.$ $/1 (#$ .71&/9#++#$ #' 9#11# (# $,2,%#

#+ (# D.1&(/1 56' (3.+/(,#1 23,'C/#'%# (# %#1+5,'$ 751508+1#$ (/ 71&%.(. $/1 25 +#'/#

0.%5',:/#; E,#' :/3,2 $&,+ (,$7#1$,-? %#+ #$$5, 5 .+. %@&,$, %51 25 4.&0.+1,# (#$ 7,8%#$ A

5$$#0)254# (# +1&,$ %B2,'(1#$ (# F 00 (3.75,$$#/1 (&'+ (#/> (# (,508+1# (# !G 00 #+ 2#

+1&,$,80# (# (,508+1# !F 00 H64/1# I;!J A 7#10#+ (35$$/1#1 25 1/4&$,+. $/1 23#'$#0)2# (#$

$/1-5%#$ -&'%+,&''#22#$ H$/1-5%#$ -5,)2#$? +#07$ (# 7&2,$$54# 1.(/,+? %&K+$ 0&,'(1#$J 7&/1

2#$ !FG #$$5,$ 1.52,$.$;

L&00# ,22/$+1. #' 64/1# I;! 23.%@5'+,22&' #$+ ,'$.1. (5'$ /' 0&'+54# (# (&/)2# %,$5,22#A

0#'+ M 25 751+,# %#'+152# #$+ 1#2,.# < 25 05%@,'# (# +15%+,&' ;;; N#'(5'+ 23#$$5, /' (.A

725%#0#'+ (# !00O0,' #$+ ,07&$. 751 25 05%@,'# (# +15%+,&' $/1 25 751+,# %#'+152# (#

23.%@5'+,22&' #+ /'# 6$$/1# 95 $3500&1%#1 (#$ (#/> %&+.$ (# 25 751+,# %#'+152# %&00#

0&'+1. #' 64/1# I;!;

"# %#'+154# (#$ +1&,$ %B2,'(1#$ #$+ 5$$/1. 751 P,'2,4@+; N&/1 %@5:/# 05+.1,5/ 72/$,#/1$
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"#$% &# '()(*+,)#- -./, ,#-,0- #, -./, )#1).$'0- &(/- 2# ,(32#($ 4565 7# '2(/ &8#%'0)9#/:#-

'#)*#, &80,$&9#) 28#;#, &# 2( ,#*'0)(,$)# &# )#:$9,< &# 2( &$)0# &# )#:$9,< &# 2( )$1.-9,0

:.*39/0# = $/ ,)(9,#*#/, ,>#)*9?$# #, &$ ,($% &8>$*9&9,0 2.)- &# 2( *9-# #/ :./,(:, &#-

-$)@(:#- = ,#*'0)(,$)# (*39(/,#5 A# '2(/ &8#%'0)9#/:# /8#-, '(- :.*'2#, *(9- 92 '#)*#,

&# 3(2(B#) $/# 2()1# 1(**# &# '()(*+,)#-5

C.$) :>(?$# "#$ &# '()(*+,)#- 0,$&90< :9/? 0:>(/,922./ -./, ,#-,0-5 A#- :9/? 0:>(/,922./-

:.))#-'./&(/, = $/# :./&9,9./ &# ,)(9,#*#/, -./, )#:$9,- #/ *D*# ,#*'- &(/- $/ @.$)

,$3$2(9)# -.$- E$% &8(F.,# -#:5 A#- :./&9,9./- &# )#:$9,- (''29?$0#- -./, $/# G9,#--# &#

*./,0# #/ ,#*'0)(,$)# &#  H &#1)0- '() >#$)#< #, $/# &#-:#/,# #/ ,#*'0)(,$)# ?$9 -# @(9,

= @.$) @#)*05

 !"#$%&! ' ()&$ *! +,$)-&$. *# /!"0,$#/&$! !1/ *2"2/,! 3 550 ◦C. #45 -! 5! 0#1 -,6$#-!$
2$$,",-2#7*!"!5/ *!1 0$)0$2,/,1 -! -2*#/#/2)5 /8!$"2%&! -& "#/,$2#& 9)""! !:0*2%&, 0$,;

9!-!""!5/<

 !"#$%&! ' =* !1/ # 5)/!$ %&! 9!//! 9)546&$#/2)5 ->!11#21 !1/ /$?1 1!5127*! #& ")25-$!

-,@#&/ ->#**265!"!5/ -!1 02?9!1< A!//! $#21)5 1>#B)&/#5/ #& 9)"0)$/!"!5/ @$#62*! -! *>25;

/!$@#9!. -!1 -210!$12)51 2"0)$/#5/!1 1)5/ )71!$C,!1 1&$ *!1 $,1&*/#/1

2+31$' 456 I C)9/:9'# &# 28#--(9- &# &.$32# :9-(922#*#/,
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"#$%&'#( )*+,*&#$(&*

-* &*.('$ /)0

/

◦C0

$*+,1 -*

&*.('$ /$0

/20

&(341'$%

/50 /6+

5"70

$#(8 -92(:

+'-'$%

/5;0 /<0

4=>*.$'?

@%&4-(& ABBC ADBC EBBC

FBBC DDB

AD F DD '6G(*6.* )

@%&4-(& A!B AEB EC  C AB DD '6G(*6.* ) H 5

@%&4-(& 8 8 D !EC DDC IE '6G(*6.* 5;

7'J'.* ABBC EBBC FBBC

KBBC IBBC LBB

AD F DD '6G(*6.* )

7'J'.* EBB AC ADC !DC

AEB

F DD '6G(*6.* $

7'J'.* EBB AEB EC FC  C AB DD '6G(*6.* 5 H )

7'J'.* 8 8 F !EC DDC IE '6G(*6.* 5;

2*34' KMA N OJ#6 -9*8,%&'*6.*1 .24'1'1 ,4(& J# .#+,#36* -9*11#'1 *6 -4(=J* .'1#'JJ*+*6$

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

P J9'11(* -*1 *11#'1 -* -4(=J* .'1#'JJ*+*6$ *$ -( .24'8 -*1 ,#&#+Q$&*1 4,$'+#(8C -*1 *11#'1

-* .J'R#3* : $*1$ -* R#J'-#$'46 -* J9*6$&*,&'1* S'6J'32$ /J9*11#'1 6* 1*&# -46. ,#1 ,&%1*6$%

*6 -%$#'J ,4(& -*1 &#'1461 -* .46T-*6$'#J'$%10 : 46$ %$% &%#J'1%1 #T6 -* .4+,#&*& -*1 %,&4(:

R*$$*1 *6 R*&&* -* 1'J'.* *$ @%&4-(& 69#U#6$ 1(=' #(.(6 $&#'$*+*6$C #R*. .*JJ*1 #U#6$ 1(='

(6 $&#'$*+*6$ #R*. J*1 ,#&#+Q$&*1 4,$'+#(8M

V*1 *11#'1 -* .J'R#3* /4(R*&$(&* *6 +4-* W0 146$ &%#J'1%1 1(& -*1 %,&4(R*$$*1 -* -'+*61'46

FB ++ 8 FB ++ 8 AB ++C .2#X(* J#+* %$#6$ &*J'%* Y (6* +#.2'6* -* $&#.$'46 R'# (6*

,#&$'* +%.#6'X(* .4JJ%* 1(& J9%.2#6$'JJ46 .4++* +46$&% *6 T3(&* IMAM Z6 -%,J#.*+*6$ -*

A ++[+'6 *1$ '+,41%M

O4(& .2#X(* +#$%&'#(C .'6X %,&4(R*$$*1 46$ %$% $*1$%*1M OJ(1'*(&1 1%&'*1 -9*11#'1 46 %$%

*\*.$(%*1 1(& J*1 +]+*1 %,&4(R*$$*1M O4(& .2#X(* %,&4(R*$$*C (6* #-2%1'46 1('R'* -9(6

*11#' -* .J'R#3* 146$ &%#J'1%1 ^ *61('$* J*1 1(&?#.*1 146$ 6*$$4U%*1C &%#-2%&%*1 ,('1 (6 64(R*J

*11#' -* .J'R#3* /#R*. J* +]+* >*( -* ,#&#+Q$&* 4( 6460 *1$ +*6%M _6$&* .2#X(* *11#'C

#(.(6 64(R*#( ,4J'11#3* 69*1$ &%#J'1%M

V4&1 -* .*$ *11#'C J# ?4&.* Y &(,$(&* *1$ +*1(&%* *$ J# .46$&#'6$* +#8'+(+ *1$ .#J.(:

J%* *6 ($'J'1#6$ (6 +4-QJ* %J%+*6$1 T6'1 =#1% 1(& (6 .&'$Q&* 646 J4.#J -* $U,* `#R*&#3*

$*1$`M V# .46T3(&#$'46 -* .*$ *11#' -46$ J* ,4'6$ -9#,,J'.#$'46 -( -%,J#.*+*6$ *1$ -%:

.#JJ% ,#& &#,,4&$ Y J9%,&4(R*$$*C *1$ ,&4.2* -9(6* *11#' abcM a* ,J(1C -*1 .2#6?&*'61 146$

,&%1*6$1 Y J# ?&46$'Q&* -* J9'6$*&?#.*C 'J U # -46. (6* 1'63(J#&'$% -* .46$&#'6$*M
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2+31$' "#$ % &'()*(+, -, ./,001( -, *.(213, 45(.(06

 !"!# $%%&'% (&%)&*& + ,-%.*- /- 01-2-*3'- /- 4500&3-

7)8)9 -,0 ,001(0 :10;1'1 <4 ,001(0 -, *.(213, 14 *<() <)5 656 '61.(060 4)(=4,>,)5 04' -,0

6+'<42,55,0 ,) 0(.(*, 18) -/654-(,' ./()?4,)*, -,0 +1'1>@5',0 -4 +'<*6-6 -, A1B'(*15(<)

04' ./6),'3(, -, *<..13, ,5 +<4' 8)1.,>,)5 .,0 ',.(,' 2(1 4), .<( +C6)<>@)<.<3(=4,#

7) ,D,59 4) +1'1>@5', (>+<'51)5 -1)0 .1 *1'1*56'(015(<) >6*1)(=4, -, ./1-C6',)*, ,05

./6),'3(, -, *<..13,# E/1-C60(<) +,45 F5', =41)5(86, -, -(D6',)5,0 >1)(@',09 ,)5', 145',0

*<>>, ., 5'121(. -/1-C60(<) -, G4+'69 .1 A<'*, -/1-C6',)*,9 ./6),'3(, -, *<..13,###H!$I9

H!JI# G1)0 ., *10 -/()5,'A1*,0 A'13(.,09 ., 5'121(. -/1-C60(<) +,45 0, >,04',' K ./1(-, -, .1

5C6<'(, -, .1 >6*1)(=4, -, .1 '4+54', H!!I# E, 5'121(. -/1-C60(<) -, G4+'6 ,5 .,0 6),'3(,0

-, 04'A1*,0 0<)5 ',.(6,09 -1)0 ., *10 -, -,4L >156'(14L -(D6',)509 +1' .1 A<'>4., 04(21)5, M

W
 !"#$%&'

= W = γ1 + γ2 − γ12 N"#OP

G1)0 ., *10 -, -,4L >156'(14L (-,)5(=4,0 M

W
 !"#$%&'

= W = 2γ N"#$P

QR9 γ12 ,05 ./6),'3(, -/()5,'A1*, ,5 γ19 γ29 γ 0<)5 .,0 6),'3(,0 -, 04'A1*, -65,'>()6,0 +1'

-,0 >,04',0 -/1)3.,0 -, 3<455,#

E1 >65C<-, .1 +.40 '6+1)-4, -1)0 .1 .(556'154', +<4' =41)5(8,' .1 =41.(56 -4 *<..13,

*/,05SKS-(', +<4' >,04',' ./6),'3(, -, *<..13, ,05 .1 >65C<-, -, :10;1'1 <4 >65C<-, -,

+'<+1315(<) -, 8004', H"I 1++,.6 1400( *.(213, 14 *<() -<)5 ., +'()*(+, ,05 +'60,)56 ,)

834', "#J#

T<>>, (..405'6 ,) 834',0 "#J ,5 "#!9 4), .1>, -, '10<(' ,05 ()06'6, 14 )(2,14 -, ./()S

5,'A1*,# U4 )(2,14 -, .1 ;<), -/()0,'5(<)9 .,0 -,4L +.1=4,0 2<)5 ?6*C(' ,5 4), 8004', 21
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"##"$"%&$'( )" *++,$' +' #$-#".' /' /-0. 1' /230&'$4"5' 6,+7,28 /2"##"$3&3-0 12,0 97,3/3:$'

'0&$' /29/"+&353&9 1'+ #/"7,'+ '& /'+ /3"3+-0+ $'+#-0+":/'+ 1' /2"1;9+3-0( <30+3 8 /297,3/3:$'=

/' &",> 1290'$.3' 5$3&37,' 1' 194-$?"&3-0 G1C +'$" 9."/ ", &$"@"3/ 12"1;9+3-0 A

W
 !"#$%&'

= W = G1C BC(DE

)" /-0.,',$ 1' /" F-0' 19+"1;9$9'= #'$?'& 12"@-3$ "55G+ 1' 4"H-0 "##$-5;9' 8 G1C 1-05

8 /" @"/',$ 1' /290'$.3' 1' 5-//".'(

I0 ,&3/3+"0& /2"0"/J+' &;9-$37,' 1' /" #$-#"."&3-0 1' *++,$' 1"0+ ,0 +-/31' /309"3$' 9/"+K

&37,'= 19@'/-##9 #"$ L3//3+ '& L3?"0 MN!O= /" $'/"&3-0 +,3@"0&' '0&$' /290'$.3' 1' +,$4"5' '&

/" .9-?9&$3' 1' /" *++,$' '+& -:&'0,' A

2γ =
3Et3y2

8L4
BC(NE

<@'5 γ /290'$.3' 1' +,$4"5' '0 P(m−2
= J '& ) +-0& $'+#'5&3@'?'0& /'+ 13?'0+3-0+ 1' /2-,@'$K

&,$' '& 1' /" /-0.,',$ 1' *++,$'= & /29#"3++',$ 1'+ /"?'+ '& I /' ?-1,/' 12Q-,0. 1'+ /"?'+(

2+31$' C(D R S$3053#' 1' /2'++"3 1' 5/3@".' ", 5-30
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!"# $%&'()"**"# "+ )"&&" ," #-.-/" (*-.-#$"# #'+* /'0%'#$"# ," ,"(1 .20"# 2,3$&$"# ,"

,-0"+#-'+ 45 00 1 65 00 1 755 µ08 !2 .20" ," &2#'-& ,9$%2-##"(& 655 µ0 "#* *'(:'(&#

-+#$&$" ," .2 0;0" ,-#*2+/" < .92-," ,9(+ %.2*"2( 0'=-." %'##$,2+* (+ )"&+-"& 0-/&'0$>

*&-?("8 !9-+#"&*-'+ "* ." %2&2..$.-#0" ," .2 .20" ," &2#'-& 2)"/ .9$/32+*-..'+ "#* /'+*&@.$"

< .92-," ,9(+" /20$&2 %.2/$" 2( ,"##(# ," .2 .20" ," &2#'-& /'00" ." 0'+*&" .2 AB(&"

C8D8 .9-+#"&*-'+ ?(2#->#*2*-?(" ," .2 .20" %&')'?(" (+" '()"&*(&" -+#*2+*2+$" ,( E&'+* ,"

A##(&" #(& (+" %"*-*" F'+"G %(-# -. /" E&'+* /" %&'%2B" < .2 )-*"##" ,9-+#"&*-'+ ," .2 .20"

," &2#'-& :(#?(9< #2 %'#-*-'+ ,9$?(-.-=&"8 !" %&'A. ,9$)'.(*-'+ ,( ,$%.2/"0"+* "#* .-+$2-&"

,H < .2 %'-+*" =-#"2(*$ ," .2 .20" ," &2#'-&8

 !"#$%&! ' (# )*+!,,! -.*/,!$+*0/ -! 1# 1#"! -! $#,0*$ /.!,+ 2#, 30/+$415!6

!2 .'+B("(& ," A##(&" "#* '=*"+(" %2& .9'=#"&)2*-'+ ,"# E&2+B"# ,9-+*"&E$&"+/" < .92-,"

,9(+" /20$&2 IJK L5D4 1 L5D4 %-1".# 0'+*$" #(& (+ 0-/&'#/'%" %.2/$" E2/" < .9$/32+>

*-..'+ MAB(&" C8DN8 J"# E&2+B"# #'+* ,("# 2(1 -+*"&E$&"+/"# "+*&" ."# ,"(1 *O%"# ," E2-#/"2(1

.(0-+"(1 &$P$/3-# %2& ." #O#*Q0" .20">2-&>.20" M)'-& "+ 2++"1" RN8 !9$*2* ,9-+*"&E$&"+/"

"#* ,-&"/*"0"+* &".-$ < .9$%2-##"(& ," .2 /'(/3" ,92-& ,(" < .9'()"&*(&" ,"# .20"#8 !"#

E&2+B"# ,9-+*"&E$&"+/" #'+* '=#"&)$"# #'(# E2-#/"2( 0'+'/3&'02*-?(" M&'(B"N < .92-," ,9(+"

#"/'+," /20$&28 S(& ."# -02B"# '=*"+("#G .2 %'-+*" ," A##(&" #"&2 ,$*"&0-+$" 2)"/ (+"

%&$/-#-'+ ," 6Lµ08 !" *2=."2( C8L %&$#"+*" ." %.2+ ,9"1%$&-"+/"# /'0%."* 0-# "+ %.2/"

%'(& $*(,-"& .9-+P("+/" ," .2 *"0%$&2*(&"G ," .2 ,(&$" ," &"/(-* "* ," .2 &(B'#-*$ ,"# #(&>

E2/"# #(& .9$+"&B-" ," /'..2B"8 I'(& /32?(" :"( ," %2&20Q*&"#G ,"(1 "##2-# '+* $*$ &$2.-#$#G

"+*&" /32?(" "##2- ."# .20"# #'+* (+-?("0"+* +"**'O$"# %(-# &$2,3$&$"#8

2+31$' C8D T I&-+/-%" ," .9"##2- ," /.-)2B" 2( /'-+ %'(& 0"#(&"& .9$+"&B-" ," /'..2B" "+*&"

,"(1 .20"# 2,3$&$"#
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"#$%#&'()&# *# &#+),( (#$%- *# &#+),(

./0

&)12-,(3 .4$

5670

8 8 9:;

8 8 9:<

=99 >? @9? =A9  !"

#  $% & % #'  !(

'  $% & % #'  !"

'  $% & % #'  !(

 !"#$ )!' * +,-. /01234561.718 39:5 ,0188-68 /1 7,6;-<1 -: 796.

 !"!# $%&'(%)'*+, %+%&-./ (0/11/21 (/. 34)5*(/.

=1 351>615 188-6 35481.?4% ,0188-6 /1 /9:@,1 768-6,,1>1.? 18? :. 188-6 /9.? ,1 >9.?-<1

35481.?1 /18 86.<:,-5648 A:6 ;9.? 6>3,6A:15 /18 /68315869.8 /-.8 ,18 548:,?-?8! B. 71 A:6

79.715.1 ,18 188-68 /1 7,6;-<1% 3,:861:58 188-68 /1 ;-,6/-?69. 9.? 4?4 ?18?48 39:5 :.1 <->>1

3597C1 /1 3-5->D?518% ,- /68315869. /-.8 ,18 548:,?-?8 18? /E -:2 86.<:,-56?48 /: >9.?-<1!

+9:5 ,1 ?59686D>1 188-6% ,0188-6 /1 7,6;-<1 -: 796.% ,1 F59.? /1 G88:51 18? >18:54 H :.1

35476869. /1 #' µ>! I.1 7->3-<.1 /1 ;-,6/-?69. - 4?4 >1.41 8:5 :.1 84561 /04359:;1??1

H ?->345-?:51 ->@6-.?1% 1? :.1 /68315869. /01.;659. $J - 4?4 9@815;41 39:5 :.1 84561
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6&/* .?,)*%*$2 D4* )+,'-./0&$ $* B&4* 6,/ '* 3K)* ',$/ )* 1&%6&32*%*$2 2,$?*$20*)8 L*/

.D4,20&$/ )&1,)*/ '4 %&'()*/ @AA7 /&$2 '&$1 ',$/ )* 1,/ 101,230/,$2 ;<=> M

 L&0 $&3%,)* 1&-./05* M

{
σN − CN [uN ] β

2 ≤ 0, [uN ] ≥ 0

(σN − CN [uN ] β
2) [uN ] = 0

NO8PPQ

 R3&22*%*$2 1&46). S )+,'-./0&$ M





‖σT‖ ≤ µ |σN − CN [uN ] β
2|

‖σT‖ < µ |σN − CN [uN ] β
2| ⇒ ˙[uT ] = 0

‖σT‖ = µ |σN − CN [uN ] β
2| ⇒ ∃λ > 0/ ˙[uT ] = λ(|RT − CT [uT ] β

2|)
NO8P"Q

 T'-.3*$1* 3.5*3/0U)* M





β(0) = β0 ∈ [0, 1[

bβ̇ ≤ W − CN [uN ]
2 , /0 β = 1

bβ̇ = W − CN [uN ]
2 β, /0 β ∈ [0.1]

NO8P<Q

 !"!0 1%&2/3/+&'&-$% 4/'3*-562 )2, 7$)892,

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

T 6,3203 '+4$* 6&/020&$ 0$020,)* 6&43 ),D4*))* [uN ] = 0C [uT ] = 0 *2 β0 = 1C ,5*1 VW 

X8m−2
C CNW Y8m−3

*2 6&43 4$* /&))0102,20&$ /405,$2 ), $&3%,)* '* /.6,3,20&$J,663&1-*J

/.6,3,20&$ 63.10/.* *$ Z?43* O8 "8 L* 1&%6&32*%*$2 $&3%,) '* )+0$2*3F,1* */2 1*)40 63./*$2.

*$ Z?43* O8 "8 L* 1&%6&32*%*$2 2,$?*$20*)C 63./*$2. ',$/ ), 2-(/* '* 78 91-3:5* ;<=>C

$+*/2 6,/ 63./*$2. 0108

[,$2 D4* [uN ]≤
√

W
CN

C )* 1&%6&32*%*$2 */2 .),/20D4* '* 3,0'*43 CN C )* )0*$ ,'-./0F $*

/+*$'&%%,?* 6,/C )+0$2*3F,1* /* 1&%6&32* 1&%%* 4$ 3*//&328 G(/ D4*

CN

2
[uN ]

2
,22*0$2 ),

5,)*43 VC )* /*40) .$*3?.20D4* ',$/ ), )&0 '+.5&)420&$ '* β */2 ,22*0$28 L+*$'&%%,?*%*$2

'.U42* ,)&3/8 A* /*40) N6&0$2 T /43 ), 1&43U*Q */2 ,22*0$2 )&3/D4* M

W − CN

2

[
u0N

]2
= 0 NO8P\Q



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

#$%& '

[
u0N

]
=

√
2W

CN

()*+,-

./ 012$30 '

σN =

√
WCN

2
()*+4-

51 60 789:91& ;916 80 296 $< 80 2$0=2%01& > 06& 1/8? %*0* %8 1@A 9 796 ;0 B%62$6%&C ' 8@01;$DE

D9F0D01& 6/%& 98$36 89 2$/3>0 σN = W 2

CN [uN ]3
(2$/3>0 01 7$%1&%88C6 3$/F06 01 GF/30 )* H-?

8@%1&03I920 06& ;0 39%;0/3 CNβ
2
0& ;%D%1/0* J$36K/0 806 6/3I9206 60 39773$2L01& (7$%1& M-

89 3C7$160 ;0 8@%1&03I920 06& 98$36 C896&%K/0 N/6K/@O [uN ] = 0*

#% 806 6/3I9206 6$1& 6C793C06 /10 1$/B0880 I$%6? 80 2$D7$3&0D01& 06& C896&%K/0 N/6K/@01

M 7/%6 8@01;$DD9F0D01& 307301; 293 W − CN

2
[u0N ]

2
= 0* J@C103F%0 2$16$DDC0 8$36 ;0 89

3/7&/30 2$D78P&0 06& CF980 O W 20 K/% 2$33067$1; O 8@9%30 6$/6 89 2$/3>0 3$/F0* Q0 78/6?

β 10 6039 N9D9%6 CF98 O RC3$*

,-./0( )* H S T$D7$3&0D01& 1$3D98 ;/ D$;P80 UTTV 1$1 2%29&3%691&

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

W$/N$/36 O 793&%3 ;0 89 DXD0 7$6%&%$1 %1%&%980 0& 7$/3 89 DXD0 6$88%2%&9&%$1* J0 2$D7$3&0E

D01& 1$3D98 ;0 8@%1&03I920 06& 208/% 73C601&C 01 GF/30 )* "* J0 2$D7$3&0D01& &91F01&%08

10 6039 796 73C601&C 1$1 78/6 %2%*

Q916 20 D$;P80? 80 60/%8 C103FC&%K/0 06& ;$11C 793 89 2$1;%&%$1 β ≤ 1? 89 39%;0/3 CNβ
2

6039 &$/N$/36 %1IC3%0/30 $/ CF980 O CN * J0 2$0=2%01& > 06& &$/N$/36 6/77$6C 1/8? %*0* %8 1@A

9 796 ;0 B%62$6%&C*

Y93 3977$3& 9/ D$;P80 73C2C;01&? 80 60/%8 C103FC&%K/0 1@06& 78/6 ;%302&0D01& 8%C O 8@C103F%0

;0 2$889F0 Z 0& O 8@C103F%0 C896&%K/0 CNβ
2[uN ]* Q916 20 296? %8 I9/& &$/N$/36 9B$%3 β ∈]0, 1]*



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

#$%&$' () *)$+,-* +, (.$%/,*0)1, CNβ
2
+2$/ /2-32-*& 4/*, $%05*$,-*, 2- 56)(, 7 CN 8 92%1'

/)%/ :-, [uN ] ≤
√

2W
CN

2- σN ≤
√

WCN

2
;<2$%/ # ,% =6-*, >8 ?@ (, 12A<2*/,A,%/ <*5&,%/,

-%, *)$+,-* A)B$A)(, 56)(, 7 CN ,/ β = 18 #-C+,(7 +, 1, <2$%/' (.,%+2AA)6,A,%/ &-$/

() 12-*D, σN = W 2

CN [uN ]3
;12-*D, ,% <2$%/$((5& *2-6,& 3-&:-.)- <2$%/ E@8

F2*& +- *)<<*21G,A,%/ +,& +,-B 12*<& )<*H& () <G)&, +.,%+2AA)6,A,%/' () 1$1)/*$&)C

/$2% &-$/ () A4A, 5I2(-/$2% :-, (.,%+2AA)6,A,%/ ;() 12-*D, ,% <2$%/$((5& *2-6,& ,&/

*,A2%/5, 3-&:-.)- <2$%/ #@8 F.5%,*6$, 12%&2AA5, (2*& +, () *-</-*, 12A<(H/, Gr
2- 1,((,

*51-<5*5, (2*& +, () 1$1)/*$&)/$2% GC
,&/ 56)(, 7 J 1, :-$ 12**,&<2%+ 7 (.)$*, &2-& () 12-*D,

*2-6,8 9, <(-&' β %, &,*) 3)A)$& 56)( 7 K5*28

 !"#$%&! ' (#)* +! ",-./! /# +0+#1$0*#10,) !*1 *&22,*3! 41$! 1,1#//! #/,$* %&! ),1$! +#*

-! +,//#5! 2#$ #-63$!)+! ",/3+&/#0$!7 /# +0+#1$0*#10,) ,8*!$93! ):!*1 2#* 1,1#//!;

,-./0( >8 ? L M2A<2*/,A,%/ %2*A)( +- A2+H(, NMMO 1$1)/*$&)%/



 !"

 !"#$%&' ()

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

",!/&'53' 6+./32."$&'

#$%& '$ '()%*+ ,+ '-*./,+ 01*2*,+%.+3 /%+ '4( $,5*&(6+ $ *.* ,*6+'400*+ $7% ,+ 84,*'(&+1

'+ 248041.+8+%. ,-/%+ (%.+19$2+ $,5*1*+: ;+/' '+ 248041.+8+%. %418$' +&. *./,(* (2(:

<-41()(%$'(.* ,+ 2+ 84,='+ 0$1 1$0041. $/> 01*2*,+%.&3 8?8+ &-(' +&. $&&+@ &(80'+3 +&.

A/-(' 24/0'+ '+ 24%.$2. /%('$.*1$'3 '-$,5*&(4% +. /%+ ,+&21(0.(4% ,+ '-*%+1)(+ ,+ 24''$)+ B

'-$(,+ ,+& 0$1$8=.1+& ,/ 0142*,*:

#$%& 2+ 25$0(.1+ '+ 84,='+ ,*6+'400* +&. 01*&+%.* C $/ ,*0$1. '+& 5D04.5=&+& ,-/% 04(%. ,+

6/+ 8*2$%(A/+ +. ,-/% 04(%. ,/ 6/+ 05D&(24E25(8(A/+ &4%. 04&*+&: <+& *A/$.(4%& '42$'+&

,/ 84,='+ &+14%. ,*6+'400*+& +% '(+% $6+2 '+& 0$1$8=.1+& ,/ 0142*,* ,$%& '+ 25$0(.1+

&/(6$%.:

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

<+ 24%.$2. ,+ ,+/> 0'$A/+& ,+ 6+11+ ,+ &('(2+ $&&(8('*+& B ,+/> &4'(,+& *'$&.(A/+& &4/& '-5DE

04.5=&+ ,+& 0+.(.+& 0+1./1F$.(4%& +&. 24%&(,*1*: <+& &/19$2+& ,+ 24%.$2. Γ1
c +. Γ

2
c 422/0+%.

,+/> ,48$(%+& Ω1
+. Ω2 ∈ ℜ3

2488+ '+ 84%.1+ '$ 7)/1+  !: : Γ1
u +. Γ2

u 1+01*&+%.+%. '+&

@4%+& 4G '+& ,*0'$2+8+%.& &4%. (804&*&:

#$%& /% 01+8(+1 .+80&3 '+ ,*0'$2+8+%. 1+'$.(9 +&. ,*7%( C

[u] = u1 − u2 H !: I

JG u1 +. u2 8+&/1+%. '+& ,*0'$2+8+%.& ,+& ,+/> 04(%.& ,+ 2411+&04%,$%2+3 $00$1.+%$%.

1+&0+2.(6+8+%. $/> ,+/> &/19$2+& ,+ 24%.$2.:

K6+2 n1
+. n2

'+& %418$'+& +>.*1(+/1+& $/> 914%.(=1+& ,+& ,+/> ,48$(%+& +. σ '+ .+%E

&+/1 ,+& 24%.1$(%.+&:



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

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

[u] = [uN ]n+ [uT ] t 4 !567

89$* 3

[uN ] = [u]n 4 !5:7

;),. <,$ '0$+1=0$ )''0/*>$? .$<($ () ')0-1$ ,/0+)($ .$0) */,.1%&0&$5

,-./0$  !5 @ A/,-)*- $,-0$ %$<B ./(1%$. &().-1C<$.

D,.<1-$? ($. >E'/->=.$. .<19),-$. ./,- '/.&$.5 F/<- %G)H/0% 1( $.- .<''/.& C<G<,$ (1)1./,

0$.'/,.)H($ %$ (G)%>&.1/, '$<- I-0$ 0$'0&.$,-&$ ')0 <, 0$../0- %$ 0121%1-& J? */++$ ($

+/,-0$ () K2<0$  !56? )1,.1? () 0121%1-& %$ (G1,-$0L)*$ $.- CN =
∑

k 4K2<0$  !5675

A$'$,%),-? ($. (1)1./,. M (G1,-$0L)*$ 0$.'/,.)H($. %$ (G)%>&.1/, ./,- %1N&0$,-$. $, L/,*-1/,

%$ () %<0&$ $- %$ () -$+'&0)-<0$ %$ -0)1-$+$,-? */++$ 0)''$(& $, K2<0$.  !56 $-  !5:? 5 D,

$N$-? 1( ) &-& 9<? C<G$, L/,*-1/, %$ () 2)++$ %$ -$+'&0)-<0$ 1+'/.&$ (/0. %< -0)1-$+$,-

->$0+1C<$? (G)%>&.1/, $.- %<$ M %1N&0$,-$. (1)1./,. 3

 (/0.C<$ () -$+'&0)-<0$ %$ 0$*<1- $.- 1,L&01$<0$ M 200 ◦C? (G)%>&.1/, $.- %<$ )<B

(1)1./,. >E%0/2=,$ %&9$(/''&$. $,-0$ ($. *(<.-$0. %G$)< $- ($. .<0L)*$.?

 (/0.C<$ () -$+'&0)-<0$ %$ 0$*<1- $.- */+'01.$ $,-0$ 200 ◦C $- 700 ◦C? (G)%>&.1/, $.-

%<$ )<B %/<H($ (1)1./,. >E%0/2=,$ $,-0$ ($. %$<B .<0L)*$.?

 (/0.C<$ () -$+'&0)-<0$ %$ 0$*<1- $.- .<'&01$<0$ M 700 ◦C (G)%>&.1/, $.- %<$ )<B

(1)1./,. */9)($,-$. '/(E+&01.&$. $,-0$ ($. %$<B .<0L)*$.5

81,.1 3

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

< k
'*"+!% !,),#*- ./'&*01-%

< k
!,),#*-  *2)!%-$%



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

,-./0$  !#$ % &'()*+',-.-/0, 1'+ 2/./+0,+ ()*+',-'+ 3 24/,-')5.6' ', 50,6-/0, 1' 2. -'78

(*).-9)' .((2/:9*'

;' (29+< +9/-' 3 24*-91' 6/,*-/:9' 1' 2. ()'7/=)' (.)-/'< /2 . *-* 70,-)* :9' (09) 9,' -'78

(*).-9)' 1' )'69/- >?*'< +/ 2. 19)*' 1' )'69/- .9@7',-'< 2. ,.-9)' 1'+ 2/./+0,+ 3 24/,-')5.6'

6A.,@' B.C'6 9,' +-.D/2/+.-/0, (09) 2'+ -'7(+ 20,@+ 1' )'69/-E# F/,+/ G

 (09) 9, -)./-'7',- 3 -'7(*).-9)' >?* G k
 !

< k
"#!

< k
$%#!

 CN =
∑

k(629+-') 14'.9)+
∑

k(109D2' 2/./+0, AH1)0@=,')+
∑

k(2/./+0,+ 60C.2',-'+)
1.,+ 2' 6.+ 149,' .1A*+/0, 19' 3 9, 7*2.,@' 1' (29+/'9)+ -H('+ 1' 2/./+0,+

I2 '+- *@.2'7',- +9((0+* :9' 20)+:9' 2. 2.7' 1' ).+0/) '+- /,+*)*'< 1'+ /7(9)'-*+ C/',,',-

+' 20@') 3 24/,-')5.6'< 10,6 (29+ 2. 2.7' )'+-' /,+*)*' 20,@-'7(+< (29+ /2 H .9). 14/7(9)'-*+

3 24/,-')5.6' '- 70/,+ 2' ,07D)' 1' 2/./+0,+ .6-/C'+ +'). *2'C* B2. )./1'9) 1/7/,9'E#



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

,-./0$  !#$ % &'(()* + ,-.*/01.2 3)4 05()4 3) *1'14.24 6 *7120)89':) )0 3) *7,2)8;1) 3)

:.**';) )2 9.2:01.2 *' 0)<(,8'0/8) )0 *' 3/8,) 3) 8):/10

=2 4) (*'>'20 3'24 *' 0?,.81) 3)4 <'0,81'/@ 40'23'83 ;,2,8'*14,4 ABCDE *7,2)8;1) *1F8) Ψ )0

*) (.0)201)* 3) 31441('01.2 ΦE 3.1-)20 -,81G)8 *)4 3)/@ (812:1()4 3) *' 0?)8<.352'<1H/)#

I)4 3)/@ (812:1()4 4.20 8'(()*,4 +

 J8)<1)8 (812:1()

 

+

Γė = σ : ǫ̇+ r − div(~q) K !#LM

 N):.23 (812:1()

!

+

σ : ǫ− Γ(Ψ̇+ sṪ )− ~grad(T ).
~q

T
≥ 0 K !#OM

P-): ) *' 3)2410, 37,2)8;1) 120)82) -.*/<1H/)E 4 *' 3)2410, 37)208.(1) 4(,:1GH/) -.*/<1H/)E

ǫ *) 0)24)/8 3)4 3,9.8<'01.24#

Q'24 *) :'4 ,*'401H/) 9'14'20 120)8-)218 /2) 120)89':)E *7,2)8;1) *1F8) )40 0)**) H/) +

Ψ = Ψ(ǫe, T, Vk) = Ψ"#$%&'()* + Ψ%)+,$-'()*

K !#BM

P-): +

Ψ"#$%&'()* =
1

2
Kǫe : ǫe K !#RM

 

 !"!#$ %& '()*+)( '(+!#+') , -) ./&0 %1/##("+22)*)!. %) 31)!)(4+) +!.)(!) ."./3) %& 252.6*) )2. $4/3)

7 3/ 2"**) %)2 '&+22/!#)2 ()8&)2 %) 31)0.$(+)&(9

!

 !"!#$ %& 2)#"!% '(+!#+') , :"&( ."&. %"*/+!) %& 252.6*); 3) ./&0 %1/##("+22)*)!. %) 31)!.("'+)

."./3) %& 252.6*) )2. ."&<"&(2 2&'$(+)&( "& $4/3 /& ./&0 %) #=/3)&( ()8&) '/( 31+!.)(*$%+/+() %) 3/ >("!.+6()

%& %"*/+!)9
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"# $

Ψ̇ =
∂Ψ

∂ǫe
ǫ̇e +

∂Ψ

∂T
Ṫ +

∂Ψ

∂Vk

Vk % !&'(

)*+, ǫe -+ #+./+01 2+/ 2345167#85./ 3-7/#890+/: ; -7 #+6<317#01+ +# Vk -+/ *7187=-+/ 2>3#7#/&

Φ +/# 2+ -7 4516+ $

Φ = σ : ˙ǫin −GkV̇k − ~grad(T )
~q

T
≥ 0 % !&?(

Φ +/# <5/8#8*+: ,5.*+@+ +# Φ(0) = 0& A7 451,+ #B+1652C.76890+ 7//5,83+ D -7 *7187=-+

2>3#7# Vk +/# 2+ -7 4516+ $

Gk = ρ
∂Ψ

∂Vk

= − ∂Φ

∂V̇k

% !& !(

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

;50E501/ +. /08*7.# -7 #B3518+ F3.317-+ 2+/ 67#31870@ /#7.2712 F3.317-8/3/ GH'I: -+/ *7J

187=-+/ 2>3#7# /0147,890+/ 908 /5.# -+ /70# 2+ 23<-7,+6+.# [u] +# ->8.#+./8#3 2>72B31+.,+ β
/5.# 23K.8+/& ". /0<<5/7.# -+ 652L-+ 8/5#B+16+: ->3.+1F8+ -8=1+ /0147,890+ Ψ !"#$%&'!(

+/#

,B58/8+ /01 Γc 2+ -7 4516+ $

Ψ !"#$%&'!(([uN ] , β) =
CN

2
[uN ]

2 β
︸ ︷︷ ︸

Ψd

+ I[0,1](β) + Iℜ+([uN ])︸ ︷︷ ︸
Ψc

 !"#!!$

%&'( )

Ψd([uN ] , β) =

{
CN

2
[uN ]

2 β *+,-. 0 ≤ [uN ] ≤ [u0N ]
CN

2
[u0N ]

2
β *+,-. [uN ] ≥ [u0N ]

 !"#!/$

01 )

I[0,1](β) =

{
0 *+,-. β ∈]0, 1]
+∞ *+,-. β /∈]0, 1]

 !"#!2$

Iℜ+([uN ]) =

{
0 *+,-. [uN ] ∈ ℜ+

+∞ *+,-. [uN ] /∈ ℜ+
 !"#!3$

01 ,&'( )

 CN '41 5, 6,7.'+6 7-1'68,(7,5' -96:,5';

 I[0,1](β) '41 +-' 89-(179- 7-.7(,167(' <'6:'11,-1 .' <6'-.6' '- (9:<1' 5, (9-16,7-1'

*+' β .971 ,<<,61'-76 = [0, 1];

 Iℜ+([uN ]) '41 +-' 89-(179- 7-.7(,167(' <'6:'11,-1 .' <6'-.6' '- (9:<1' 5, (9-.7179-

.' (9-1,(1 +-75,1>6,5 ([uN ] ≥ 0);



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

 [u0N ] !"##$%&"'( ) *' %$*+, (-.'+ &)# ,) %*+/$0

1) ,"+ ($ !"2&,+)'!$

CN

2
[uN ]

2β $3&#+2$ ,$ 4)+/ 5*$ &"*# ($% 6),$*#% ("''-$% ($ CN $/

β7 ,8+'/$#4)!$ &$*/ $22)9)%+'$# *'$ -'$#9+$ -,)%/+5*$ &#"&"#/+"''$,,$ : [uN ]0 ;*)'( β
(+2+'*$7 ,8-'$#9+$ (+2+'*$ -9),$2$'/ <*%5*8: ($6$'+# '*,,$ $3&#+2)'/ )+'%+ *'$ &$#/$

(8)(=-%+"' )>"*/+%%)'/ : *'$ #*&/*#$ +'/$#4)!+),$0 1) .9*#$  ?0@ #$&#-%$'/$ ,8-6",*/+"' ($

Ψd
$' 4"'!/+"' ($ [uN ] $' %$ &,)A)'/ ()'% ,$ !)% "B [uN ] ∈ ℜ+

$/ β ∈]0, 1]0

2%3.4'  ?0@ C D6",*/+"' ($ Ψd([uN ] , β) $' %$ &,)A)'/ ()'% ,$ !)% "B [uN ] ∈ ℜ+
$/ β ∈]0, 1]

E*3 ($*3 6)#+)>,$% /=$#2"(F')2+5*$% [uN ] $/ β %"'/ )%%"!+-$% ,$% 4"#!$% /=$#2"(F')G

2+5*$% σr
N $/ −Gβ0 H"*# $3&#+2$# ,$% $I"#/% /=$#2"(F')2+5*$% ,$% ,"+% (8+'/$#4)!$% %*+G

6)'/$% %"'/ -!#+/$% J

σN ∈ ∂[u]Ψ([uN ], β) K ?0 LM

D/ %*# ΓC J

−Gβ ∈ ∂βΨ([uN ], β) K ?0 NM

OB ∂xf (-%+9'$ ,$ %"*%G(+I-#$'/+$, ($ 4 &)# #)&&"#/ : 3 PNQR7 %"+/ J





σN ≤ 0 5*)'( [uN ] = 0

σN = CN [uN ] 5*)'( 0 ≤ [uN ] ≤ [u0N ]

σN = 0 5*)'( [uN ] ≥ [u0N ]

K ?0 SM



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

"# $ 



−Gβ = 0 %&'() [uN ] = 0

−Gβ = CN

2
[uN ]

2
%&'() 0 ≤ [uN ] ≤ [u0N ]

−Gβ = CN

2
[u0N ]

2
%&'() [uN ] ≥ [u0N ]
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+&%1G$'+'C0 '>0 G$/>1+'C0 D' ./ +Q+' 0/1..' G$' ./ D'%C1M%' R%/CE' CA1%' DP1C0'%R&%'C@'6
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 !"#" $%&'()*+ &,+- .% /*'*+. -(%0*%.

UC' /C/.AE1' /2'@ $C +1.1'$ @AC01C$ '>0 B%ABA>&' 1@16 ,C 'V'0; D/C> ./ +AD&.1>/01AC B%&>'C-

0&'; .' @A+BA%0'+'C0 D' .P1C0'%R/@' )&0&%AEMC' / &0& RA%0'+'C0 >1+B.1F& BA$% Q0%' +AD&.1>&

B/% $C' >$%R/@' )A+AEMC' D' %/1D'$% &G$12/.'C0' CN 6 ,C >' @/.G$/C0 >$% $C' 0)&A%1' D'

0WB' +1.1'$H @AC01C$>; @'00' %/1D'$% CN B'$0 Q0%' 2$' @A++' &0/C0 @'..' DP$C' 1C0'%R/@'

D' R/1S.' &B/1>>'$% &G$12/.'C0' heq; D' +AD$.' DPXA$CE &G$12/.'C0 Eeq '0 D' @A'Y@1'C0>
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#$ %&'( ()*+,&-$./0 λeq $/ µeq 0*+,&./ -1$234$00+5. 6789 :

CN =
λeq + 2µeq

heq
; !< =

%1()*&/+5. ; !< = 3$*/ >/4$ 4((?4+/$ $. +./45#*+0&./ *. ?5$@?+$./ #$ A5+005. νeq ()*+B

,&-$./ :

CN =
Eeq(1− νeq)

heq(1 + νeq)(1− 2νeq)
; !<C=

D+.0+E $. 0*3350&./ νeq /4F0 G&+H-$E ?$ )*+ 3&4&+/ 4(&-+0/$ #$ 3&4 -$ /I3$ #1+./$4G&?$ (/*#+($ :

CN ≈
Eeq

heq
; !<J=

%$ /&H-$&*  !<! 4&33$--$ -$0 ,&-$*40 #$ CN $. G5.?/+5. #$ -& #*4($ #$ 4$?*+/< %& 4&+#$*4

#$ -1+./$4G&?$ ,&4+$ G54/$'$./ &,$? -& #*4($ #$ 4$?*+/E ?5''$ +--*0/4( $. KL*4$  !< C<

M*4($ #$ 4$?*+/ CN ;NA&O''=

P  EP8< Q

10

JQ CERR< Q
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 CQ JECP< Q
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4(5/2  !<! S T,5-*/+5. #$ -& 4+L+#+/( #$ -1+./$4G&?$ CN &,$? -& #*4($ #$ 4$?*+/ 35*4 *.

/4&+/$'$./ /U$4'+)*$ V 200 ◦C $/ *.$ 4*L50+/( #$ QE! .' WNX

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

CN ,&4+$ $235.$./+$--$'$./ &,$? -& #*4($ #$ 4$?*+/E $. $Y$/ :

CN =
σ0
[u0N ]

; !<!=

Z4 :

σ0 =
2GIC

[u0N ]
; !<P=

M5.? :

CN =
2GIC

[u0N ]
2
=

2W n(T, t, R)

[u0N ]
2

; !<8=

D+.0+E CN ,&4+$ &,$? -& #*4($ #$ 4$?*+/ #$ -& '>'$ G&[5. )*$ -1(.$4L+$ #$ ?5--&L$ \<

Z4E +- & (/( 4&33$--(E )*$ -& .&/*4$ #$0 -+&+05.0 V -1+./$4G&?$ 4$035.0&H-$0 #$ -1&#U(0+5.
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#$%&'( )&%(*$+&,%,)-. '/ *(/0-$1) 2, -*/)#31*%/-$1) 2,# 0'&#-,*# ,) 21&4', '$/$#1)# 567

2*189), / '$,& :

SiOH : (H2O)2 : (H2O)2 : SiOH︸ ︷︷ ︸
Clusters

− > SiOH : SiOH + (H2O)4︸ ︷︷ ︸
 !"#$% $&'&(!) *+,-!./)%

; <=>?

@/)# 0, 0/# '/ A$-,##, 2, 31*%/-$1) 2, '/ 21&4', '$/$#1) 562*189), ,) 31)0-$1) 2, '/ 2&*(,

2, -*/$-,%,)- #B(0*$- :

[SiOH : SiOH](t) = nO(1− exp(−k1t)) ; <=C?

D/ A$-,##, 2, 31*%/-$1) 2, '/ 21&4', '$/$#1) 562*189), (A1'&, 2, 3/E1) ,FG1),)-$,'', /A,0

', -,%G#. /$)#$. ',# '$/$#1)# *,#G1)#/4',# 2, 'B/25(#$1) G1&* ! 5 2, -*/$-,%,)- ), #1)- G/#

',# %H%,# +&, 0,'',# G1&* I" 5 )$  J" 5 2, -*/$-,%,)- -5,*%$+&,=

@, G'&#. 2/)# '/ #,01)2, G/*-$,. $' / (-( A& +&, 'B(),*8$, 2, 01''/8, K ;(8/', L GIC?

(A1'&, ,FG1),)-$,'',%,)- /A,0 '/ -,%G(*/-&*, ,- '/ 2&*(, 2, *,0&$- #&$A/)- 'B,FG*,##$1)

#&$A/)-,. ,FG'$+&/)- /$)#$ 'B(A1'&-$1) ,FG1),)-$,'', 2, CN /A,0 '/ 2&*(, 2, *,0&$- :

W n
',*0(&!)

(T, t, R) = W n(T, t, R) = z(R, n)[(Wmax(T,R)−W0(R))(1− e−(k1t)) +W0(R)]

@, G'&#. 2B/G*9# 'B(+&/-$1) ; <=I?. $' ,#- /'1*# G1##$4', 2B$%/8$),* +&, '/ A/*$/-$1) 2, CN

/A,0 '/ 2&*(, 2, *,0&$- G*1A$,)- /'1*# 2, 'B,M,- 01)N&8&( 2, 'B/&8%,)-/-$1) 2& %12&',

2BO1&)8 ,- 2, '/ 2$%$)&-$1) 2, 'B(G/$##,&* 2, 'B$)-,*3/0, /A,0 '/ 2&*(, 2, *,0&$-=

P) ,M,-. 'B(-&2, 4$4'$18*/G5$+&, G*(#,)-(, 2/)# '/ G*,%$9*, G/*-$, G*(A1$- &), 2$%$)&-$1)

2, 'B(G/$##,&* heq /A,0 '/ 2&*(, 2, *,0&$-. ,- $)A,*#,%,)-. &), /&8%,)-/-$1) 2& %12&',

2BO1&)8 Eeq /A,0 '/ 2&*(, 2, *,0&$-=

Q' / (-( %1)-*( 2/)# '/ '$--(*/-&*, +&, '/ 2$#-/)0, ,)-*, ',# #&*3/0,# 2$%$)&/$- ,) 31)0-$1)

2, '/ )/-&*, 2,# '$/$#1)# *,#G1)#/4',# 2, 'B/25(#$1). /$)#$ 2/)# ', 0/# -5(1*$+&, 2B&) R/3,*

2, #$'$0$&% *,01&A,*- 2, #/ 01&05, 2B1F62, SIT :

 '1*#+&, 'B/25(#$1) ,#- 2&, /&F 0'&#-,*# ;#1$- U V 200 ◦C? ',# #&*3/0,# #1)- 2$#-/)-,#
2, ".> )%.

 2/)# ', 0/# 2, '/ 21&4', '$/$#1)# 562*189), ;#1$- 200 ◦CV U V 700 ◦C? ',# #&*3/0,#

#1)- 2$#-/)-,# 2, ".I! )% .

 ,) 0/# 2, '$/$#1)# 01A/',)-,F ;#1$- U W 700 ◦C? ',# #&*3/0,# #1)- 2$#-/)-,# 2, ". X

)%=
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,:*2/;B%( F.5GH DF.5GH7 @<('@<(& '.$.&/%& )/1$'(%3(& )/00(%)(%3 6 4/':0-2.&(2=

#( 4'<&7 (?4-2.0(%3$'(0(%37 .' $ -3- /8&(21- @<( '+-%(2;.( *( )/''$;( $42B& IJ , *( 32$.3(5
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0/*<'( *+N/<%; (&3 */%) '$ &<.1$%3( D

EeqK!,L O EeqKIJ,L ≈ EeqK "J,L
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: C0 D %);

E(35 (&4 5''1&4./ (% F=1.(  "; G H '(& '5$5&*%& I?+.*=,%( '(& -'1& 2$5A'(& 9 +*%3 '(& -'1&

'*%=1(& 9 &(.$5(%4 .*)-1(&0 $'*.& 61( '(& '5$5&*%& I?+.*=,%( '(& -'1& 3*1.4(&0 +*%3 '(& -'1&

2*.4(&0 &(.$54 4*1J*1.& $3458(& 4$%4 61( '( +/-'$3()(%4 5)-*&/ (%4.( '(& +(1@ &1.2$3(& %(
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