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There are two common forms of excitons that are observed in many crystalline materials. 

• Wannier-Mott excitons, often known as free excitons. 

• Frenkel excitons, also known as tightly bound excitons. 
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=*'+( 4)*7/G( ,#&#+( 9&D+( -7/%#$*/,Q( S=7,( #=+( *,%$''&#*)( ,#)+/4#=( *-( #=+( -7/G&8+/#&'( #)&/,$#$*/(

)+G7%+,Q(b)*8(#=+(+P"+)$8+/#&'()+,7'#,(*/(4)*7"T[[[(/$#)$G+,(BC(#9*()+4$8+,(%&/(E+(G+-$/+Ge(1&5(

-*)(/&))*9(BC,(#=+(+8$,,$*/(+/+)4F($,(&E*D+(#=+(8&#+)$&'(E&/G4&"(&/G(#=+(+P%$#*/$%('$-+#$8+,(

&)+( $/( #=+( )&/4+( *-( /&/*,+%*/G,2( #=+( 67&/#78( %*/-$/+8+/#( G*8$/&#+,_( 1E5( -*)(9$G+( BC,( #=+(

+8$,,$*/( +/+)4F( $,( E+'*9( E&/G4&"( &/G( G+%)+&,+,( &'8*,#( '$/+&)'F( 9$#=( $/%)+&,$/4( BC( 9$G#=(
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J$--+)+/#( #F"+(*-(4)*9#=( #+%=/$67+,(=&D+(E++/(7,+G( #*(4)*9#=(./!01./2(345!(67&/#78(9+'',Q(

S=+(#+%=/$67+(#=+(8*,#(7,+G(,*(-&)($,(#=+(I7',+(H&,+)(J+"*,$#$*/Q(

S=+(I7',+G(H&,+)(J+"*,$#$*/(1IHJ5>D$,??A((*)(H&,+)(3*'+%7'&)TN+&8(O"$#&PF(1H3NO5(4&D+(#=+(-$),#(

87'#$T67&/#78(9+'',Q>*=#?@&A([/(#=$,(8+#=*G2(&("*'F%)F,#&''$/+(#&)4+#($,(&E'&#+G(EF(&("7',+('&,+)($/(
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&/G*78+(!"#$%&>#=$;RA((
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b*)(#=+(=+#+)*+"$#&PF(*-(./!(&/G()+'&#+G(&''*F,(#=+(%=*$%+(*-(#=+(,7E,#)&#+($,(%)7%$&'2(=+(87,#(E+(

%=*,+/(,*(&,( #*(8$/$8$Z+( #=+( '&##$%+T8&#%=+GQ(S&E'+(:Q;(,788&)$,+,( #=+( '&##$%+(")*"+)#$+,(&/G(

'&##$%+(8$,8&#%=(*-(,+D+)&'(8&#+)$&',(7,+G(&,(,7E,#)&#+(-*)(#=+(4)*9#=(*-(./!(=+#+)*,#)7%#7)+,Q(

<&""=$)+( ,7E,#)&#+( !!!" ( &)+( )+47'&)'F( 7,+G( -*)( #=+( 4)*9#=( *-( ./!( &%%*)G$/4( !!!" >*=#?@&A2(

>8*)R`&A( ( (*)( !!!! Q(W*/("*'&)(,#)7%#7)+(1UT"'&/+( !!!! (&/G(3T"'&/+( !"!! (./!5(%&/(E+(4)*9(

7,$/4( )T*)$+/#+G>%=&R]A( ( &/G(8T*)$+/#+G>%=&R@A( ( ,&""=$)+( ,7E,#)&#+,( )+,"+%#$D+'FQ( [/( &GG$#$*/2( ./!(
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Material Crystal structure 
Lattice parameters 

a (Å) 
c (Å) 

Lattice mismatch 
(%) 

 

Orientation 
 
 

ZnO Hexagonal 
3.252 
5.213 

0 c, m, a 

GaN Hexagonal 
3.189 
5.185 

1.8 c 

a-Al2O3 Hexagonal 
4.757 

12.983 

 
(18.4 after 30° in 
plane rotation) 

(0001) c 
(10-12) a 

ScAlMgO4 Hexagonal 
3.246 

25.195 
0.09 c 

6H-SiC Hexagonal 
3.080 

15.117 
3.5 c 

Si Cubic 5.430 40.1 c 
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(((((((((((((((((( (

;-<+(5!"#"=(L*/#$/7*7,T9&D+(IH(,"+%#)&(*-( #=+(]Q;(/8(BC()+%*)G+G(&#( '*9(#+8"+)&#7)+2( -*)(D&)$*7,("78"T

"*9+)(G+/,$#$+,Q(

S*(G+#+)8$/+(#=+(8&4/$#7G+(*-(#=+($/#+)/&'(+'+%#)$%( -$+'G( $#( $,(/+%+,,&)F(#*(8+&,7)+(7/&8E$47T

*7,'F(E*#=( #)&/,$#$*/(+/+)4F(&/G( '$-+#$8+(*-( #=+( ,F,#+8( $/( $#,( '*9+,#(+P%$#&#$*/(,#&#+(9=&#+D+)(

#=+(9$G+(*-(#=+(BC,Q(S=&#($,(#*(,&F2($#($,(/+%+,,&)F(#*(67&/#$-F(&,(")+%$,+'F(&,("*,,$E'+(#=+(8$/$T

878(IH(+/+)4F(#=&#(#=+(,F,#+8(%&/()+&%=Q(S*(#=&#(+/G(#$8+T)+,*'D+G("=*#*'78$/+,%+/%+(1SgIH5(

8+&,7)+8+/#,(&)+(D+)F(=+'"-7'Q>E)+R\EA( (b$47)+(:Qd(4$D+,(&/($''7,#)&#$*/(*-(#=+(+D*'7#$*/(*-(#=+(IH(

,"+%#)78(*D+)(#$8+Q(S=+(8*,#(/*#$%+&E'+(-+&#7)+($,(#=+(+/+)4F(8*D+(*-(#=+("+&X(9$#=(#$8+(&-#+)(

#=+("7',+G('&,+)(+P%$#&#$*/Q(b$),#'F2(#=+(,"+%#)78("+&X,(&)*7/G(dQR@(+M(&/G2(9$#=(#$8+2(&/G(&(,=$-#(

#*( '*9+)(+/+)4F($,(*E,+)D+G(G*9/(#*(&(D&'7+(*-(dQR:(+MQ(S=$,(%*8"*)#8+/#($,(&##)$E7#+G(#*(#=+(

,%)++/$/4(&/G(G+T,%)++/$/4(*-(#=+($/#+)/&'(+'+%#)$%(-$+'G(G7+(#*(#=+(+'+%#)*/T=*'+("&$),(%*/%+/#)&T

#$*/(%=&/4+(&'*/4(#$8+Q([88+G$&#+'F(&-#+)(#=+("7',+('&,+)(+P%$#&#$*/2(#=+(G+/,$#F(*-(+'+%#)*/T=*'+(

G$"*'+,($/G7%+,(&/(+--+%#$D+(+'+%#)$%(-$+'G(#=&#(*""*,+,(#=+($/#+)/&'(*/+Q(S=+('&##+)($,(#=7,("&)#$&'T

'F(,%)++/+G(&/G(#=+(IH('$/+($,(,=$-#+G(#*(=$4=+)(+/+)4F($/(%*8"&)$,*/(#*(#=+(D+)F('*9(+P%$#&#$*/(

)+4$8+Q(S=+(")*4)+,,$D+('*,,(*-(%&))$+),(&-#+)(#=+("7',+(G7+(#*()+%*8E$/&#$*/(")*%+,,+,($/G7%+,(



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

:]

&(G+T,%)++/$/4(*-(#=+(+'+%#)$%(-$+'G(&/G2(=+/%+2(&(,=$-#(#*('*9+)(+/+)4F(*-(#=+(#)&/,$#$*/(+/+)4$+,(

EF()+,#*)&#$*/(*-(#=+(BL<OQ((

( (

;-<+(5! "#8=( [8&4+( *-( #=+( SgTIH( *-( #=+( ]Q;( /8(

#=$%X( ./!01./2(345!( BC(8+&,7)+G( &#( '*9( #+8T

"+)&#7)+(1Sh;R(j5Q>E)+;YA((

;-<+(5!"#A=(S$8+T$/#+4)&#+G(IH(,"+%#)&(*-( ,$/4'+(

./!0./R]@(34RQ::(!(BC,Q(S=+($/,+)#,($''7,#)&#+(#=+(

+--+%#( *-( $/#+)/&'( +'+%#)$%( -$+'G( */( +'+%#)*/( &/G(

=*'+(9&D+(-7/%#$*/Q>E)+R\&A((

S=+( )+&'( D&'7+( *-( #=+( #)&/,$#$*/( +/+)4F( $,( *E#&$/+G( 8*)+( &%%7)&#+'F( -)*8( #$8+T$/#+4)&#+G( IH(

1S[IH5( $/,#+&G(*-( LCTIHQ( S=+( #$8+T$/#+4)&#$*/(9$/G*9( $,( )+,#)$%#+G( #*( G+'&F,( '&)4+( +/*74=( #*(

+/,7)+(#=+(%*/,#&/%F(*-(#=+(IH('$/+(+/+)4FQ(3*)+*D+)2(#=+()+"+#$#$*/()&#+($,(&G&"#+G(#*(#=+(,'*9T

/+,,(*-(#=+(*E,+)D+G(G+%&F2($/(*)G+)(#*(4+#(&(-7''(G+T+P%$#&#$*/(E+#9++/(#9*(%*/,+%7#$D+("7',+,Q(

c,$/4(#=$,(%&)+-7'(")*%+G7)+2(#=+(+P%$#*/$%(#)&/,$#$*/(+/+)4F(&/G(+P%$#*/('$-+#$8+(&)+(8+&,7)+GQ(

b$47)+(:QY(,=*9,(#=+(S[IH(,"+%#)&2()+%*)G+G(&#(;Rj2(*-(&(,+)$+(*-(./!0(./RQ]`34RQ:`!(,$/4'+(67&/T

#78(9+'',(9$#=(G$--+)+/#(9$G#=(1H95Q(S=+(IH('$/+,(*-(#=+(#9*(9$G+)(BC,('$+(E+'*9(#=+(./!(+P%$T

#*/$%(4&"Q(b7)#=+)8*)+2($#(%&/(E+(/*#+G(#=&#(#=+(BC(IH('$/+,(&)+(&%%*8"&/$+G(EF(&(,+)$+,(*-('*/T

4$#7G$/&'T*"#$%&'("=*/*/()+"'$%&,( ,+"&)&#+G(EF(]:(8+MQ(S=+( )&#$*(*-( #=+( $/#+/,$#$+,(*-( #=+( -$),#(

"=*/*/()+"'$%&('$/+(&/G(#=+(Z+)*T"=*/*/('$/+($/%)+&,+,(9=+/(#=+(9$G#=(*-(#=+(BC($/%)+&,+,Q(S=+(

$/#+)/&'(+'+%#)$%( -$+'G(,+"&)&#+,( #=+(+'+%#)*/(&/G(=*'+(9&D+( -7/%#$*/,(#*9&)G(+$#=+)(,$G+(*-( #=+(

BCQ( L*/,+67+/#'F2( -*)(9$G+(BC(&( ,#)*/4( G$"*'+( $,( -*)8+G2(9=$%=( +/=&/%+,( #=+( %*7"'$/4(9$#=(

"*'&)("=*/*/,Q>8&XR:A2(>,7/R:A2(>8&XR`A2(>'&/;:A2(>E+&;dA(

S=+()+,7'#,(*-(,7%=(8+&,7)+8+/#,(&)+(")+,+/#+G($/(-$47)+(:Q`Q(b*)(9+'',(9$#=(9$G#=(,8&''+)(#=&/(

d(/82(#=+(+P%$#*/(#)&/,$#$*/(+/+)4$+,(&)+(=$4=+)(#=&/(*-(#=+(./!(E7'X2(&/G(#=+(+P%$#*/('$-+#$8+,(

&)+($/(#=+()&/4+(*-(/&/*,+%*/GQ(b*)(#=+,+(/&))*9(BC,2(#=+(67&/#78(%*/-$/+8+/#(+--+%#,(G*8$T

/&#+,(#=+(+P%$#*/(")*"+)#$+,Q(b*)(9$G+(BC,2(9$#=(9$G#=,('&)4+)(#=&/(d(/82(#=+(+P%$#*/(#)&/,$#$*/(

+/+)4$+,(&)+('*9+)(#=&/(#=*,+(*-(#=+(./!(E7'XQ(S=+(#)&/,$#$*/(+/+)4F(G+%)+&,+,('$/+&)'F(9$#=(#=+(

9+''(9$G#=(9=$'+( #=+( '$-+#$8+( $/%)+&,+,( +P"*/+/#$&''FQ( S=+( +P%$#*/(")*"+)#$+,( &)+( 4*D+)/+G(EF(

#=+( BL<OQ( S=+( +/+)4F( *-( #=+( -7/G&8+/#&'( #)&/,$#$*/2( #=+( E$/G$/4( +/+)4F2( &/G( #=+( *,%$''&#*)(

,#)+/4#=( *-( #=+( 4)*7/GT,#&#+( +P%$#*/( %&/( E+( %&'%7'&#+G( EF( &( D&)$&#$*/&'(8+#=*G>8*)R`EA( ( #=&#( $/T

%'7G+,(#=+(+'+%#)$%(-$+'GQ(S=+(%&'%7'&#$*/(#&X$/4($/#*(&%%*7/#(&/(+'+%#)$%(-$+'G(*-(RQ?(3M0%8($,($/(&(

D+)F(4**G(&4)++8+/#(9$#=(#=+(+P"+)$8+/#&'(+/+)4$+,(&/G('$-+#$8+,(1b$4Q(:Q`5Q(



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

:@(

N+-*)+(4*$/4(-7)#=+)2('+#(7,(/*9(%*88+/#(#=+($/-'7+/%+(*-(#=+(E7$'#T$/(+'+%#)$%(-$+'G(*/(#=+(+P%$T

#*/(E$/G$/4(+/+)4FQ(S=+(+P%$#*/(E$/G$/4(+/+)4F( $,(=$4=+)( #=&/( #=+(E7'X(D&'7+( $/(&(BC(9$#=*7#(

$/#+)/&'(+'+%#)$%(-$+'GQ(S=$,($,(#=+(/*)8&'(+--+%#(*-(67&/#78(%*/-$/+8+/#Q(S=+($/#+)&%#$*/(E+#9++/(

#=+(#9*("&)#$%'+,( $/%)+&,+,2(%*/,+67+/%+(*-(#=+()+G7%#$*/(*-(#=+(G$,#&/%+(E+#9++/(#=+(+'+%#)*/(

&/G(#=+(=*'+Q( [/("*'&)(BC2(-*)(9$G+)(*/+(#=+(+'+%#)$%( -$+'G("7,=+,(#=+(+'+%#)*/(&/G(#=+(=*'+(#*T

9&)G,(+$#=+)(,$G+(*-(#=+(BC2(#=7,(9+&X+/$/4(#=+$)(L*7'*8E$%($/#+)&%#$*/Q(L*/,+67+/#'F2(#=+(+PT

%$#*/(E$/G$/4(+/+)4F(G+%)+&,+,(9=+/(#=+(9$G#=($/%)+&,+,(1b$4Q(:Q\5Q(

( (

;-<+(5!"#J=(L*8"&)$,*/(*-(+P"+)$8+/#&'(IH("+&X(

+/+)4$+,(&/G(IH(G+%&F(#$8+,(#*(#=+()+,7'#(*-(D&)$T

&#$*/&'(%&'%7'&#$*/Q>8*)R`EA((

;-<+(5!"#K=(L&'%7'&#+G(E$/G$/4(+/+)4F(&/G(",+7T

G*TN*=)( )&G$7,( D+),7,( 9+''( 9$G#=2( *E#&$/+G( EF(

&,,78$/4(&/(+'+%#)$%(-$+'G(*-(RQ?(3M0%8Q>8*)R`EA((

[/( &( -$),#( &"")*P$8&#$*/2( #=+( E7$'#( $/( +'+%#)$%( -$+'G( $/( ./!01./2(345!( ,$/4'+(BC(D&)$+,( '$/+&)'F(

9$#=( #=+( 8&4/+,$78( %*/%+/#)&#$*/( $/( #=+( E&))$+)2( P( 1-$4Q( :Q]52( 9$#=( &( %*+--$%$+/#( *-( U( h( dQ?`(

13M0%85Q>E)+R]A(([/(3BC2(#=+(G$,#)$E7#$*/(*-(+'+%#)$%(-$+'G(&8*/4(#=+(9+''(&/G(E&))$+)('&F+),>'+)??&A((

,=*7'G(E+(#&X+/($/#*(%*/,$G+)&#$*/Q(S=+/(#=+()+,7'#$/4(+'+%#)$%(-$+'G($/(#=+(BC($,(4$D+/(EFe((

K2#L#K=$?#CM#.#'CM#N#C2*O##&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&#'(&)*#

9=+)+(b8&P($,(#=+(8&P$878(+'+%#)$%(-$+'GQ([#($,(*ED$*7,(-)*8(#=$,(-*)87'&(#=&#(#=+(+'+%#)$%(-$+'G(

$/(#=+(9+''('&F+)($,(%'*,+(#*(b8&P(-*)(,&8"'+,(=&D$/4(D+)F(#=$%X(E&))$+),(1HN(ff(HC5Q([/(%*/#)&,#2(

)+'&#$D+'F(/&))*9(E&))$+)('&F+),(9$''(,$4/$-$%&/#'F()+G7%+(#=+(+--+%#$D+(-$+'G($/(#=+(BCQ(S=+(8*GT

+''$/4($''7,#)&#+G(#=+(+--+%#(*-(#=+(E&))$+)(9$G#=(*/(#=+(#)&/,$#$*/(+/+)4F($/(3BC(=&D$/4(&(%*/T

,#&/#(E&))$+)(9$G#=(1b$4Q(:Q@5Q(S=+(+/+)4$+,(,=$-#(&)+(%&'%7'&#+G( $/( #=)++(G$--+)+/#(,$#7&#$*/,e(/*(

+'+%#)$%(-$+'G(1&,(&()+-+)+/%+52(#&X$/4($/(%*/,$G+)&#$*/(#=+(G$,#)$E7#$*/(*-(#=+(-$+'G($/(9+''(&/G(E&)T

)$+)('&F+),(&/G(8&P$8&'(+'+%#)$%(-$+'G(1#=$%X(E&))$+),5Q([/(#=+('&,#(,$#7&#$*/2(-*)(BC(9$G#=(9$G+)(

#=&/(d(/8( #=+(+/+)4F( -&'',(E+'*9( #=+(./!(+P%$#*/$%(4&"2(9=+)+&,( #=+( ,&8+(%)*,,$/4( $#(*E#&$/,(

*/'F(-*)(BC(9$G+)(#=&/(Y(/8($/(#=+(,+%*/G(,$#7&#$*/Q([/G++G2(#=+(+--+%#$D+(-$+'G($/(#=+(BC,(G+T

%)+&,+,(,#+&G$'F(9$#=(HC(1,++($/,+)#($/(b$4Q(:Q@5Q([/(#=+(,7%=(3BC,(#=+(+'+%#)$%(-$+'G(G+%'$/+,($/(

#=+( '&F+),( (9$#=( $/%)+&,$/4(BC(9$G#=( &/G( #=+)+-*)+( #=+(BL<O( $,( )+G7%+G( $-( %*8"&)+G( #*( <BC(

G+,$4/,Q([#(%*7'G(E+(&/(+P"'&/&#$*/(9=F(#=+(8&4/$#7G+(*-("$+Z*+'+%#)$%(&/G(,"*/#&/+*7,("*'&)$T

Z&#$*/($/(./!01./2(345!(=+#)*,#)7%#7)+,(=&,(E++/(7/G+)+,#$8&#+G($/(3BC,Q>8&XRYA2( >X*$R\A((V+/+)T

&''F2($/(3BC,2(#=+(+'+%#)$%(-$+'G($/(#=+(9+''('&F+),(G+%)+&,+,(9$#=($/%)+&,$/4(HC(&/G(#=+)+-*)+(#=+(

0 2 4 6 8 10
2.8

2.9

3.0

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

 

 

E
X

C
IT

O
N

IC
 T

R
A

N
S

IT
IO

N
 E

N
E

R
G

Y
 (

e
V

)

WELL WIDTH (nm)

1 ms

1 µs

1 ns

T = 8 K

F = 0.9 MV/cm

ZnO / Zn
0.78

Mg
0.22

O

QUANTUM WELLS

L
IF

E
T

IM
E

!

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10
1

2

3

4

5

6

7

8

(Bulk ZnO)

(Bulk ZnO)

QC-Stark

Effect

Quantum

ConfinementE
X

C
IT

O
N

 B
IN

D
IN

G
 E

N
E

R
G

Y
 (

m
e
V

)

WELL WIDTH (nm)

ZnO / Zn
0.78

Mg
0.22

O QUANTUM WELLS

 I
N

-P
L

A
N

E
 B

O
H

R
 R

A
D

IU
S

 (
n

m
)



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

:?(

BL<O( $,( )+G7%+G( $-( %*8"&)+G( #*(<BC(G+,$4/,Q( [/( ,788&)F2( #=+("*'&)$Z&#$*/(+--+%#,( &)+(7/G+)T

+,#$8&#+G( $/( &/&'F,$/4( #=+( +P"+)$8+/#&'( )+,7'#,2( $-( #=+(E&))$+)(9$G#=(G+"+/G+/%+(*-( bC( $,(/*#(

#&X+/($/#*(&%%*7/#Q((

( (

;-<+(5! "#L=( J+"+/G&/%+( *-( #=+( $/#+)/&'( +'+%#)$%(

-$+'G( $/( ./!01./2(345!(9$#=( %*/#)&#$*/( *-(34( $/(

#=+(E&))$+),Q>E)+R]A((

;-<+(5!"#M=(L&'%7'&#+G(+/+)4F(,=$-#(*-(#=+(+P%$#*/T

$%( #)&/,$#$*/( -*)(1&5(/*(+'+%#)$%( -$+'G2(1E5(&(9$G#=T

G+"+/G+/#(+'+%#)$%(-$+'G(1,=*9/($/($/,+)#(-*)(%*/T

,#&/#( E&))$+)( 9$G#=5( 1%5( #=+( 8&P$878( D&'7+( *-(

E7$'#($/(+'+%#)$%(-$+'GQ>E)+R]A(((

S=+(B7&/#78(L*/-$/+G(<#&)X(O--+%#( $,(G&8&4$/4( -*)( #=+("+)-*)8&/%+(*-(*"#*+'+%#)*/$%(G+D$%+,(

E&,+G( */( #=+,+( ,#)7%#7)+,Q( b)*8( #=+( ,#7GF( *-( #=+( D&)$&#$*/( *-( #=+( IH( $/#+4)&#+G( $/#+/,$#F( &,( &(

-7/%#$*/(*-(#+8"+)&#7)+(&(%*8"&)$,*/(E+#9++/(#=+()&G$&#$D+(+--$%$+/%F(*-(#9*(BC(,+"&)&#+G(EF(&(

E&))$+)(*-(:RR(/8(9$G#=(=&,(E++/(&%=$+D+GQ>E)+;YA( ([/(&(,$8"'+(8*G+'(#=+()&G$&#$D+(+--$%$+/%F(1n52(

9=$%=($,(")*"*)#$*/&'(#*(IH($/#+/,$#F(1[IH52($,(4$D+/(EFe((

I
PL
≈ η= τ

rad
τ
rad
+ τ

nonrad( ) ###&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&#'(&(*#

9=+)+((o/*/)&G((&/G(o)&G(&)+2()+,"+%#$D+'F2(#=+(/*/T)&G$&#$D+(&/G()&G$&#$D+(G+%&F(#$8+,Q([/(&(]Q;(/8(

9$G#=(BC2(#=+($/#+/,$#F(*-("=*#*'78$/+,%+/%+(G+%)+&,+,(EF(#9*(*)G+),(*-(8&4/$#7G+(E+#9++/(@(

j(&/G(`R(jQ([/(&(;Q\(/8(9$G#=(BC($#($,(/+%+,,&)F(#*($/%)+&,+(#=+(#+8"+)&#7)+(#*(dRR(j(#*()+&%=(

#=+(,&8+(D&)$&#$*/( $/( $/#+/,$#F(1b$4Q(:Q?5Q(N*#=(67&/#78(9+'',(&)+( $/( #=+(,&8+(,&8"'+(#=7,(#=+(

/*/T)&G$&#$D+("=+/*8+/&((&)+(+D+/($/(E*#=(9+'',Q(S=$,(*E,+)D&#$*/($,(,$8"'F(7/G+),#&/G&E'+($-(

9+(#&X+($/#*(&%%*7/#(#=+(-&%#(#=&#($/(#=+(9$G+(9+''(#=+()&G$&#$D+('$-+#$8+($,(D+)F('*/4($/(%*8"&)$T

,*/(9$#=(#=&#(*-(#=+(/&))*9(9+''Q(

S=+(")*-$#,(*-(#=+(=*8*+"$#&P$+(*/(#=+(*"#$%&'(")*"+)#$+,(*-(#=+,+(9+'',(=&D+(E++/(&',*(G+8*/T

,#)&#+GQ>'&7;;A( (S=+($/#+/,$#F($,(&'8*,#(%*/,#&/#(-*)(&(=*8*T+"$#&P$&'(,&8"'+(9=$'+($#(G$D$G+G(EF(&(

-&%#*)(#+/(1-$4Q(:Q;R5(-*)(&(=+#+)*T+"$#&P$&'(,&8"'+Q(

J+,"$#+( #=+( =$4=( D&'7+( *-( #=+( "*'&)$Z&#$*/( $/G7%+G( +'+%#)$%( -$+'G( +P%$#*/( %*8"'+P+,( =&D+( E++/(

*E,+)D+G($/(87'#$T67&/#78(9+'',(4)*9#=(&'*/4(#=+(%T&P$,Q(N$+P%$#*/(-*)8+G(EF(#9*(+P%$#*/,( $/(

$/#+)&%#$*/(*)(%=&)4+G(+P%$#*/(1/+4&#$D+'F(%=&)4+G(#)$*/,5(=&D+(E++/(G+#+%#+G($/(#=+,+(,F,#+8,Q(

0.0 0.1 0.2 0.3
0.0

0.5

1.0

 

E
L

E
C

T
R

IC
 F

IE
L

D
 (

M
V

/c
m

)

x

ZnO/Zn
1-x

Mg
x
O - SQW

2 4 6
-300

-200

-100

0

100

200

2 4 6

0.4

0.6

0.8

F
max

F
W

L
B
 = ∞

(b)

(c)

 

 

E
N

E
R

G
Y

 S
H

IF
T

 (
m

e
V

)

L
W

 (nm)

F = 0

F
max

 = 1.1 MV/cm

(a)

L
B
 = 5 nm

ZnO/Zn
0.73

Mg
0.27

O

 

 F
W

 (
M

V
/c

m
)



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

dR

( (

;-<+(5!"#N=(I=*#*'78$/+,%+/%+( $/#+/,$#F(/*)8&T

'F,+G( &,( -7/%#$*/( *-( #+8"+)&#7)+( -*)( #9*(

BC,Q>E)+;YA((

;-<+(5! "#$O=( S+8"+)&#7)+TG+"+/G+/#( IH( G+%&F(

#$8+,( -*)( #=+( =*8*T( 1-7''( %$)%'+,5( &/G(=+#+)*+"$T

#&P$&'(<BC(1-7''(,67&)+,5(9$#=(&(9+''(9$G#=(*-(:QR(

/8Q(S=+(%*))+,"*/G$/4(/*)8&'$Z+G(IH($/#+/,$#$+,(

&)+(,=*9/($/(#=+($/,+#(EF(#=+(*"+/(,F8E*',Q>'&7;;A((

[/(./!0./RQ]Y34RQ:\!(87'#$T67&/#78(9+'',2(4)*9/(EF(IHJ(*/(<LU3(,7E,#)&#+2('78$/+,%+/%+(G7+(

#*( #=+( )&G$&#$D+( )+%*8E$/&#$*/( *-( E$+P%$#*/,( =&,( E++/( *E,+)D+G( &#( '*9( #+8"+)&#7)+Q>,7/R;A( S=+(

$G+/#$-$%&#$*/(*-(#=+(E$+P%$#*/(IH('$/+($,(,7""*)#+G(EF(#=+$)()+'&#$D+(+/+)4F("*,$#$*/,(&/G($/#+/,$T

#F(G+"+/G+/%+(&,( &( -7/%#$*/(*-( #=+( +P%$#&#$*/("*9+)(G+/,$#F( 1b$4(:Q;;5Q(S=+(E$/G$/4(+/+)4F(*-(

E$+P%$#*/,($/(87'#$T67&/#78(9+'',($,(+/=&/%+G(EF(67&/#78(%*/-$/+8+/#(+--+%#(&/G($#($,(&(8*/*T

#*/$%&''F(G+%)+&,$/4(-7/%#$*/(*-(9+''(9$G#=(1b$4Q(:Q;:5Q>%=$RdA( ( [#,(D&'7+($,(%*8"&)&E'+(#*(#=+(#=+)T

8&'(+/+)4F(*-()**8(#+8"+)&#7)+(-*)(#=+(3BC,(9$#=(H9(,8&''+)(#=&/(:Q`(/8Q(S=+(=$4=(D&'7+(*-(

#=+(E$/G$/4(+/+)4F($,(%*/-$)8+G(EF(#=+(*E,+)D&#$*/(*-(#=+(+8$,,$*/(&,,*%$&#+G(#*(E$+P%$#*/(&#(#=+(

)**8(#+8"+)&#7)+()+"*)#+G(EF(J&D$,(!"#$%>G&DR\A(($/(/&))*9(3BC,Q(

(

;-<+(5! "#$$e( OP%$#*/( &/G( E$+P%$#*/( ,"+%#)&'(

9+$4=#,(&#(&(#+8"+)&#7)+(*-(`(j(&,-7/%#$*/,(*-(+PT

%$#&#$*/( "*9+)( G+/,$#$+,( -*)( &( ./!0./RQ]Y34RQ:\!(

3BC,( ,&8"'+( 9$#=( 9+''( 9$G#=( *-( ;Q]`( /8Q( S=+(

$/,+#( "'*#,( #=+( ,"+%#)&''F( $/#+4)&#+G( $/#+/,$#F( [pp(

&,( &( -7/%#$*/( *-( [pQ( S=+( ,*'$G( '$/+( G+/*#+,( #=+(

,67&)+T"*9+)('&9()+'&#$*/Q>,7/R;A((

;-<+(5!"#$"e(C+''T9$G#=(G+"+/G+/%+(*-(E$+P%$#*/(

E$/G$/4(+/+)4F(1*"+/(,67&)+,5Q(N$/G$/4(+/+)4$+,(

*-(-)++(+P%$#*/,(1*"+/(%$)%'+,52(&/G(#=+(OPP0OP()&T

#$*,(1-$''+G(%$)%'+,5(&,(&(-7/%#$*/(*-(#=+(H92(&)+(&'T

,*( ,=*9/Q(C+( "'*##+G( #=+( %*))+,"*/G$/4( D&'7+,(

*-( E7'X ./!( -*)( %*8"&)$,*/( &#( #=+( )$4=#( "&)#( *-(

4)&"=Q>%=$RdA((

3&4/+#*T*"#$%&'(,#7G$+,(*-(./!01./2(345!(87'#$T67&/#78(9+'',(")*D$G+(%'+&)(+D$G+/%+(*-(/+4&T

#$D+'F( %=&)4+G( +P%$#*/,( 1#)$*/,2( pT5Q>"7';:A( S=+( ,&8"'+( =+)+( $,( 4)*9/( */( %T"'&/+( ,&""=$)+( ,7ET

,#)&#+,(EF()&G$%&'T,*7)%+(8*'+%7'&)TE+&8(+"$#&PFQ(S=+(9$G#=(*-(BC($,(dQ`(/8Q(^*9+D+)2(#=+(G$,T



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

d;(

#)$E7#$*/(*-( #=+( -$+'G( $/(9+''( &/G(E&))$+)( '&F+)(&/G( #=+( '*9(%*/%+/#)&#$*/(*-(8&4/+,$78( $/( #=+(

E&))$+),(1P(q(RQR?5('+&G,(#*(&(D+)F('*9(D&'7+(*-(#=+(+--+%#$D+(+'+%#)$%(-$+'GQ(N$+P%$#*/,(&)+(&',*(+D$T

G+/%+G( $/( #=+,+( 67&/#78(9+'',( 1b$4( :Q;d5( EF( $/%)+&,$/4( #=+( +P%$#&#$*/( "*9+)( G+/,$#FQ( S=+( IH(

"*'&)$Z&#$*/()+-'+%#,(#=+(*%%7"&#$*/(*-(#=+(,"'$#T*--(&/47'&)(8*8+/#78(,#&#+(*-(#=+(r](=*'+(1b$4(

:Q;d5Q(S)$*/(#)&/,$#$*/(,%=+8+($/(8&4/+#$%(-$+'G(9$#=(*"#$%&'(,+'+%#$*/()7'+,($,(&',*(")+,+/#+G($/(

-$47)+( :Q;YQ( [/( &4)++8+/#( 9$#=( #=+( 9$G+'F( &%%+"#+G( ,$#7&#$*/( -*)( E7'X( ./!( &( r]( ,F88+#)F( $,(

-*7/G+G(-*)(#=+(7""+)8*,#(E&/G($/(#=+(67&/#78(9+''Q(

( (

;-<+(5!"#$8=(<*'$G(E'7+('$/+,e(IH(&/G(&E,*)E&/%+(

G+)$D+G( -)*8( #=+( 8+&,7)+G( #)&/,8$,,$*/( S( &/G(

)+-'+%#$D$#F(g2(9=+)+(G($,(#=+(#*#&'(#=$%X/+,,(*-(&''(

BC,Q( S=+( $/G$%+,( U( &/G( N( )+-+)( #*( #=+( $/%*)"*T

)&#+G(=*'+1,5( -)*8(#=+(U(&/G(N(,7ED&'+/%+(E&/G2(

)+,"+%#$D+'F2( $/( #=+( +P%$#*/( 1p52( %=&)4+G( +P%$#*/(

1pP52( &/G( E$+P%$#*/( 1pp5Q( J&,=+G( 18&4+/#&5( '$/+e(

IH(,"+%#)78(&#(+P%$#&#$*/($/#+/,$#F(;RP[RQ>"7';:A((

;-<+(5!"#$A=(c""+)(E'&%X(,*'$G(&/G(G&,=+G(%7)D+e(

%$)%7'&)(&E,*)"#$*/(G$--+)+/%+(,"+%#)78(&#(N(h(dQ`(

S(&/G(S(h(;Q`(&/G(?(j2( )+,"+%#$D+'FQ( H*9+)( ,*'$G(

E'7+( &/G( G&,=+G( )+G( %7)D+e( %$)%7'&)'F( "*'&)$Z+G(

IH(,"+%#)&(-*)(st(&/G(su"*'&)$Z&#$*/(#&X+/(&#(N(h(

\( SQ( [/,+#e( J+)$D+G( #)$*/( #)&/,$#$*/( ,%=+8+( $/(

8&4/+#$%(-$+'G(9$#=(*"#$%&'(,+'+%#$*/()7'+,Q>"7';:A((

"#J! Q)&!R)62(!C&DEFC&GH<ID!@205*!1+2&'+3!45660!

[/(*)G+)(#*(")+D+/#(#=+(G+#)$8+/#&'(+--+%#(*-(BL<O2($#(=&,(E++/(")*"*,+G(#=+(4)*9#=(#=+(67&/#78(

=+#+)*,#)7%#7)+,(&'*/4(,*T%&''+G(/*/"*'&)(G$)+%#$*/,Q(^+)+2(#=+)+($,(/*(%*8"*/+/#(-*)(,"*/#&/+T

*7,(-$+'G,(*-("*'&)$Z&#$*/($/(4)*9#=(G$)+%#$*/(&,(#=+("*'&)(%T&P$,($,(%*/#&$/+G($/(#=+(4)*9#=("'&/+Q(

<&""=$)+(,7E,#)&#+,(9+)+(-$),#((7,+G($/(#*(4)*9(/*/"*'&)(./!(&/G($#,()+'&#+G(&''*F,Q([/G++G($#($,(

"*,,$E'+( #*(8&X+(4)*9( a − 1120( ) (./!(&/G( m− 1010( ) (./!(7,$/4()T*)$+/#+G>%=&R]A2( >'$;RA2( >X*;RA2( >'&7;RA2(

>%=+/:R;`A( &/G(8T*)$+/#+G>%=&R@A2( >X$8R?A2( >E+&;;&A( ,&""=$)+( ,7E,#)&#+,( )+,"+%#$D+'FQ( ^*9+D+)2( /*/"*'&)(

4)*9#=,(*/(,&""=$)+(,7E,#)&#+,(4$D+()$,+( #*(&( '&)4+(G+/,$#F(*-(G+-+%#,Q>D+/R@A( (U(G)&,#$%( $8")*D+T

8+/#( *-( #=+( *"#$%&'( &/G( ,#)7%#7)&'( ")*"+)#$+,( =&,( E++/( *E#&$/+G( 9=+/( 7,$/4( E7'X( ./!( ,7ET

,#)&#+,Q>Z$";RA2( >%=&;RA( ( [/( #=$,("&)&4)&"=2(9+( -*%7,(*/'F(*/( #=+(*"#$%&'(")*"+)#$+,(*-(=*8*+"$#&P$&'(

./!01./2(345!(,$/4'+(67&/#78(9+'',(1BC5(4)*9/(*/(UT"'&/+(&/G(3T"'&/+(./!(,7E,#)&#+Q((

S=+(#)&/,$#$*/(+/+)4$+,(&)+("'*##+G($/(-$47)+(:Q;Y(&,(&(-7/%#$*/(*-(#=+(#=$%X/+,,(*-(#=+(BC(4)*9/(

*/(UT"'&/+>%=&;RA(&/G(3T"'&/+(*)$+/#+G(./!Q>E+&;;&A(^+)+2(#=+(8*,#($8"*)#&/#(-+&#7)+($,(#=&#(#=+(+P%$T



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

d:

#*/( #)&/,$#$*/( +/+)4F( $,( &E*D+( #=+( D&'7+( *-( #=&#( *-( #=+( E7'X(8&#+)$&'2( $/G+"+/G+/#( *-( #=+(9+''(

9$G#=Q(S=$,()+,7'#,($/G$%&#+(#=&#(#=+)+($,(/*(BL<O($/(#=+,+(,#)7%#7)+,Q((

(

(

;-<+(5!"#$J=(OP%$#*/(+/+)4F( $/(&( ,+)$+(*-(BC(

4)*9#=( */(U( "'&/+>%=&;RA( ( 1*"+/( ,F8E*',5( &/G(

3("'&/+>E+&;;&A 1%'*,+G(,F8E*',5Q(

;-<+(5! "#$K=( 1&5( H*9( #+8"+)&#7)+( "*'&)$Z+G( 1)+G(

&/G(4)++/("'*#,5( )+-'+%#&/%+( ,"+%#)&(*-( ,$/4'+(67&/T

#78( 9+''( 4)*9/( */( &/( 3T"'&/+( *)$+/#+G( ./!( ,7ET

,#)&#+( ,=*9$/4( #=+( +P%$#*/$%( ,+'+%#$*/( )7'+,Q>E+&;;&A(

1E5( W*)8&'$Z+G( IH( $/#+/,$#$+,( -*)( &T"'&/+(

./!0./34!(3BC,(&,(&(-7/%#$*/(*-(#=+("*'&)$Z+)(&/T

4'+,(&#('*9(#+8"+)&#7)+Q>X*;RA((

U,(")+G$%#+G(EF(4)*7"(#=+*)F2(#=+(LCTIH(&/G()+-'+%#&/%+(,"+%#)&>X*;RA2( >E+&;;&A(*-(/*/T"*'&)(BC()+T

D+&'(,#)*/4($/T"'&/+(*"#$%&'(&/$,*#)*"$+,Q([/()+-'+%#&/%+2(%*/-$/+G(,#&#+,(&/&'*4*7,(#*(U(&/G(N(E7'X(

+P%$#*/,(&)+(G+#+%#+G($/(+P"+)$8+/#,("+)-*)8+G(7,$/4(('$4=#("*'&)$Z+G("+)"+)G$%7'&)(#*(#=+(%T&P$,Q(

S=+(,"+%#)&'(,$4/&#7)+(*-(%*/-$/+G(+P%$#*/,(E7$'#(-)*8(,"$/T*)E$#(,"'$#T*--(E&/G($/(#=+(D&'+/%+(E&/G2(

&/&'*4*7,(#*(LT+P%$#*/($/(E7'X(./!2($,(G+#+%#+G($/(*)#=*4*/&'("*'&)$Z&#$*/($,(G+#+%#+GQ(

( (

;-<+(5! "#$L=( OD*'7#$*/( *-( #=+( IH( '$/+,( %*))+T

,"*/G$/4( #*( %*/-$/+G( -)++( &/G( '*%&'$Z+G( +P%$#*/,(

$/( %&,+(*-(&( ,$/4'+(67&/#78(9+''(4)*9/(*/(&/(3(

"'&/+(*)$+/#+G(./!(,7E,#)&#+Q>E+&;;&A(

;-<+(5!"#$M=(1&5(OD*'7#$*/(*-(#=+([SgIHQ(1E5(OD*T

'7#$*/(*-( #=+( $/#+/,$#$+,( $/(LCTIH(1[SgIH5(8+&,T

7)+8+/#(*-( -)++2(*"+/(1-7''5(,67&)+(&/G( '*%&'$Z+G(

*"+/(1-7''5(%$)%'+(+P%$#*/(E&/G,(#*4+#=+)(9$#=(#=+(

#*#&'("=*#*'78$/+,%+/%+( $/#+/,$#F(*"+/( 1-7''5(G$T

&8*/G(9$#=(#+8"+)&#7)+Q>E+&;;&A(

U,($#(=&,("*$/#+G(*7#(E+-*)+2(#=+(*"#$%&'(")*"+)#$+,(*-(#=+(BC(&)+($8")*D+G(EF(#=+(7,+G(*-(./!(

,7E,#)&#+Q(U/($''7,#)&#$*/($/(4$D+/($/(-$47)+(:Q;](#=&#(,=*9,(&(,+)$+,(*-(LCTIH(,"+%#)&(*-(/*/("*T

'&)( ./!( BC(8+&,7)+G( &#( G$--+)+/#( #+8"+)&#7)+,Q>E+&;;&A( [#( $,( $/#+)+,#$/4( #*( /*#+( #=+( $/#+/,$#$+,(

)+D+),&'(E+#9++/(#=+(#9*("+&X,(&,,*%$&#+G(9$#=(-)++(&/G('*%&'$Z+G(+P%$#*/,2(9=$%=($/G$%&#+,(&/(

+--$%$+/#( G+T#)&""$/4( *-( #=+( E*7/G( +P%$#*/Q( S=+( $/#+/,$#F( *-( #=+( #9*( "+&X,( $,( +P#)&%#+G( -)*8( &(

G+%*/D*'7#$*/(")*%+G7)+(*-(#=+("=*#*'78$/+,%+/%+(E&/GQ([#($,()+8&)X&E'+(#=&#(#=+(#*#&'($/#+/,$T

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

()*

!+ ,-./ 01(-2*

(3*

!4"15

#""15

#4"15

$""15

$#415

6
7
18 1!%91,:

; ,< =; ,"%>?/ "%#<

!
@,
A-
,
B
CA
0
1(
3
.)

%1
D
,
CA
B
*

E-:F-.3AD.-1(5 *

!

!



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

dd

#F(1b$4Q(:Q;@5(G*+,(/*#(%*''&",+(9$#=($/%)+&,$/4(#+8"+)&#7)+Q(S=$,()+,7'#($,(&(%'+&)($/G$%&#$*/(#=&#(

/*/T)&G$&#$D+(")*%+,,+,($/(#=$,(,&8"'+(&)+(/*#(+--$%$+/#(+D+/(E+F*/G()**8(#+8"+)&#7)+2(9=$%=($,(

+P#)+8+'F(")*8$,$/4(-*)(*"#*+'+%#)*/$%(G+D$%+,Q(

S=$,(")*"+)#F($,(%*/-$)8+G(EF(8+&,7)+8+/#(EF(#$8+()+,*'D+G("=*#*'78$/+,%+/%+(1SgIH5(*-(#=+(

'$-+#$8+(*-(-)++(&/G('*%&'$Z+G(+P%$#*/,Q(N*#=(G+%&F(#$8+,(,=*9($G+/#$%&'(E+=&D$*)(9$#=(#+8"+)&T

#7)+(1b$4Q(:Q;?5Q(S=+F($/%)+&,+('$/+&)'F(-)*8(m]`R(",(#*(m:QY(/,(9=+/(#=+(#+8"+)&#7)+($/%)+&,+,(

-)*8(;RR(j(#*()**8(#+8"+)&#7)+Q(S=$,('$/+&)($/%)+&,+2(9$#=(&(,'*"+(*-(&E*7#(](v(;(",0j2>E+&;;&A(*-(

#=+(G+%&F(#$8+($,(#F"$%&'(*-(-)++(+P%$#*/,($/(:JT,F,#+8Q(

(
( (

;-<+(5! "#$N=! OD*'7#$*/( *-( #=+( IH( G+%&F(

#$8+,(*-(#=+( '*%&'$Z+G(1-7''(,F8E*'5(&/G(-)++(

+P%$#*/,( 1*"+/( ,F8E*'5( D+),7,( #+8"+)&T

#7)+Q>E+&;;&A!

;-<+(5! "#"O=! I=*#*'78$/+,%+/%+( ,"+%#)&( *-( 1&5( =*T

8*+"$#&P$&'(UT"'&/+(BC>%=&;RA((1E5(=+#+)*+"$#&P$&'(3T

"'&/+(BCQ>%=+;\A((

S=+(8*,#( )+8&)X&E'+( -+&#7)+( $/( #=+("7E'$,=+G( )+,7'#,(*-(/*/T"*'&)(BC( $,( #=+(")+,+/%+(*-( #9*(

"+&X,($/(#=+(*"#$%&'()+,"*/,+(*-(#=+(67&/#78(9+''(1b$4Q(:Q;]2(b$4Q(:Q:R5Q(J$--+)+/#($/#+)")+#&#$*/,(

*-(#=+(#9*('$/+,(&)+(4$D+/Q([/(3T"'&/+(#=+('*9(+/+)4F('$/+($,(&##)$E7#+G(#*(+P%$#*/()+%*8E$/&#$*/(

$/( '*%&'$Z+G(,#&#+,>E+&;;&A(*)(+P%$#*/,(E*7/G(#*("'&/+(,#&%X$/4( -&7'#,(1N<b,5Q>%=+;\A( ( [/(UT"'&/+(BC2(

#=+(G*8$/&/#(IH("+&X($,(&##)$E7#+G(#*(+P%$#*/('*%&'$Z&#$*/(G7+(#*(#=+($/#+)-&%+(-'7%#7&#$*/,(,7%=(

&,(9+''T9$G#=(D&)$&#$*/,2( '*%&'(,#)&$/(8*G7'&#$*/,(*)(34( $/=*8*4+/+$#$+,Q>%=&;RA( (!/(#=+(E&,$,(*-(

*7)()+,7'#,(*/(/*/T"*'&)(67&/#78(9+'',(9+(,=&''(G$,%7,,(&4&$/(#=+,+($/#+)")+#&#$*/,($/(#=+(%=&"T

#+)(#=)++Q(

"#K S)&,6+0-)&0

[/( #=$,( %=&"#+)2( #=+( *"#$%&'( ")*"+)#$+,( *-( ./!(E&,+G(BC,(9+)+(")+,+/#+GQ( b*)( ,$/4'+( 67&/#78(

9+'',(4)*9/(&'*/4(#=+(1RRR;5(&P$,2(#=+(G)&,#$%(+--+%#(*-(BL<O(*/()+%*8E$/&#$*/(+/+)4F(#=+(+P%$T

#*/(&/G(*,%$''&#*)(,#)+/4#=(&,(9+''(&,()&G$&#$D+(+--$%$+/%F(=&,(E++/($''7,#)&#+G(#=)*74=(#=+(G$,%7,T

,$*/( *-( LCTIH( &/G( SgIH( +P"+)$8+/#&'( )+,7'#, "7E'$,=+G( EF( ,+D+)&'( &7#=*),Q( S=+( G+#)$8+/#&'(

+--+%#(*-(BL<O(%*7'G(E+(&D*$G+G(EF(7,$/4(BC,(4)*9/(*/(/*/T"*'&)("'&/+,(1UT"'&/+(*)(3T"'&/+5Q(

^+)+2()+-'+%#&/%+2(LCTIH(&/G(SgIH(")*"+)#$+,(*-(,$/4'+(67&/#78(9+'',(4)*9/(*/(/*/T"*'&)(,7ET

,#)&#+,( )+D+&'( ,#)*/4( $/T"'&/+(*"#$%&'( &/$,*#)*"$+,Q( [/(/*/T"*'&)(3T"'&/+(BC2( #=+( #+8"+)&#7)+(

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

"

!

$

%

& '()& '
"*+
,-

"*$
(

!

.
/
01

2
3
4
5
06
78

2
09
'
:
;

628<2=4>?=209@ ;

/
A
B!*C0'8



!"#$%&'(")*"+)#$+,(*-(./!01./2(345!(67&/#78(9+'',(

dY(

G+"+/G+/%+(*-( #=+( $/#+/,$#F( *-( #=+("=*#*'78$/+,%+/%+( $/G$%&#+,( &( D+)F(8*G+)&#+( %*/#)$E7#$*/(

-)*8( /*/T)&G$&#$D+( )+%*8E$/&#$*/( %=&//+',( $/Q( UE*D+( ;RR( j2( #=+( )&G$&#$D+( G+%&F( #$8+,( *-( #=+(

+P%$#*/,( ,=*9( '$/+&)( $/%)+&,+( &,( &( -7/%#$*/( *-( #+8"+)&#7)+( %=&)&%#+)$,#$%( *-( :JT,F,#+8Q( <7%=(

=$4=T67&'$#F( BC,( *"+/( 7"( "*,,$E$'$#$+,( -*)( cM( *"#*+'+%#)*/$%( G+D$%+,Q( ^*9+D+)2( &/( $8"*)#&/#(

*E,#&%'+(,#$''()+8&$/,e(#=+(&##&$/8+/#(*-("T#F"+(%*/G7%#$D$#F($/(./!Q(

!#=+)(G$)+%#$*/,>4)7;\A((8*)+(+P*#$%(&)+("*,,$E'+(-*)(#=+(4)*9#=(*-(#=+(9+'',(*-(./!_(#=+F(&)+(,+8$T

"*'&)("'&/+(&,(#=+("'&/+(gQ>%=&;dA((^*9+D+)(D+)F(-+9()+,7'#,(9+)+("7E'$,=+G(*/(,+8$"*'&)(BCQ((

( (



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

78(

!"#$%&'()(

*$%+,#-($'.$&'%+&/(.0(%"&(1234(567*(8#''+&'/(

)9:(;3%'.<=,%+.3(

91(*):+)(#*(&;*$:(#.+(:$,&,#)*<,(+--+%#,(*-(#.+($1#+)1&'(+'+%#)$%(-$+':($1(#.+(01!=/012(345!(.+#+)*>

,#)<%#<)+( $#( $,( "*,,$6'+( #*( 4)*?( #.+@( &'*14( #.+( 1*1>"*'&)( :$)+%#$*1,2( !"#A2( ?$#.( #.+( "*'&)( %>

:$)+%#$*1(*-(01!('B$14($1(#.+(4)*?#.("'&1+A(01!=/012(345!(6&,+:(CD,(?$#.*<#(CEFG(.&;+(6++1(

,<%%+,,-<''B(4)*?1(*1(#.+(H>"'&1+(/II>JK5(*)(#.+(3>"'&1+(/IK>IK5A(L+-*)+(+M"*,$14(#.+()+,<'#,(*-(

*<)($1;+,#$4&#$*1(*-(#.+(*"#$%&'(")*"+)#$+,(*-(#.+(N<&1#<@(?+''(*1(&1(H>"'&1+2(?+(:+:$%&#+(#.$,(
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A(T.+(#+@"+)&#<)+(:+"+1:+1%+(*-(+M%$#*1()&:$&#$;+('$-+#$@+($,(:+#+)@$1+:(6B(
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#<)+A\*.#XS6]2(\@&PKI](9#(.&,(6++1()+"*)#+:(*1(#.+(4)*?#.(*-(-$'@,(?$#.(&(4**:(%)B,#&''$1+(N<&'$#B(?$#.(

@&41+,$<@(%*1%+1#)&#$*1(<"(#*(7W(aA\*.#XS6]2( \P&@IW](3*)+*;+)2(:<+(#*(#.+(:$--+)+1%+($1(#.+('&##$%+(

"&)&@+#+),(#.+('&B+),(&)+(,#)&$1+:(?.+1(#.+$)(#.$%P1+,,($,('+,,(#.&1(WKK(1@A\P&@IW](T.+(*6,+);+:(

:+"+1:+1%$+,(*-(#.+(".*#*'<@$1+,%+1%+(+1+)4$+,2(@+&,<)+:(&#('*?(#+@"+)&#<)+2(?$#.(@&41+,$>

<@( %*1#+1#( -*''*?( &( '$1+&)( 6+.&;$*)A( T.+( ,'*"+( *-( #.+( '$1+( $,( IS(@+R( 6B( "+)%+1#( *-(@&41+,$>

<@A\.+$KV](

D.,#-+E#%+.3( .0( &F,+%.3/( +3( %"&( #--.@/A( F#<:$+,( *1( #.+( ,*'$:( ,*'<#$*1,( *-( ,+@$%*1:<%#*),( +;$>

:+1%+:( #.+( ".+1*@+1*1( *-( '*%&'$U&#$*1( *-( #.+( +M%$#*1,( &#( '*?>#+@"+)&#<)+A\P$@KK]2( \%.+IK]( 91( #.+(

%&,+(*-(&1(&''*B(#.+(+M%$#*1($,(,+1,$#$;+(#*('*%&'(;&)$&#$*1(*-("*#+1#$&'()+,<'#$14(*1(#.+('*%&'(%*1>

%+1#)&#$*1(&1:=*)(&))&14+@+1#(*-( #.+(,<6,#$#<#$14(+'+@+1#,A(T.$,(+--+%#( $,( '&)4+)( $1(01!(&''*B,(

#.&1( $1( 999>R( ,+@$%*1:<%#*),( :<+( #*( #.+( ,@&''( )&:$<,( *-( #.+( +M%$#*1( /IAS(1@( $1( 01!52( #.+B( &)+(

#.+)+-*)+(@*)+( ,+1,$#$;+( #*( '*%&'( $1.*@*4+1+$#BA( H,( &( %*1,+N<+1%+2( #.+( F#*%P+,( ,.$-#( 6+#?++1(

'<@$1+,%+1%+(&1:(&6,*)"#$*1(+:4+($1%)+&,+,((?$#.(M($1(01I>M34M!(&''*B,A\*.#XS6]2(\?&,KX](T.$,($,(#)&1,>

'&#+:(6B(&(6+.&;$*)($1(F(,.&"+(*-(#.+("*,$#$*1(*-(#.+(@&M$@<@(*-(#.+("+&P(*-(".*#*'<@$1+,%+1%+(
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&5A(T.+,+('*%&'$U+:(+M%$#*1,(:*(1*#(.&;+(+1*<4.(#.+)@&'(+1+)4B(#*(6+(@*6$'+A((T.+B()+%*@6$1+($1(
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+1+)4B($,(*6,+);+:A(H6*;+(&(%+)#&$1(#+@"+)&#<)+(/PTkk∆G52(#.+(+M%$#*1,(&)+(1*('*14+)('*%&'$U+:(

/O$4A(7A8>:5A(T.+1(#.+(+@$,,$*1(+1+)4B(-*''*?,(#.+(#+@"+)&#<)+(:+"+1:+1%+(*-(#.+(6&1:4&"A(

∆!"

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

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

-./"0122∆!" -3/"014∆!"

-'/"015∆!" -6/"0155∆!"

(

>+6='&()9GY(F%.+@&#$%()+")+,+1#&#$*1(*-(#.+(6+.&;$*)(*-(#.+(+M%$#*1,($1(#.+(-'<%#<&#$*1(*-(#.+("*#+1#$&'()+,<'#>

$14(-)*@(#.+(:$,*):+)(*-(#.+(&''*B(/-*)(#.+(:+#&$',(,++(#+M#(6+'*?5A(

)9)9?( !H($".%.-=A+3&/,&3,&(+3I&/%+6#%+.3(

O$4<)+(7AW(")+,+1#,(&(".*#*'<@$1+,%+1%+(,"+%#)<@(*-(#.+(6&))$+),(@+&,<)+:(&#('*?(#+@"+)&#<)+A(

T.+( '<@$1+,%+1%+(?&,(+M%$#+:(&#(QA7(+R(<,$14(&(@*1*%.)*@&#*)A(T.)++(d&<,,$&1,(*-( #.+(,&@+(

-<''(?$:#.(&#(.&'-(@&M$@<@(/ODg35(&)+(<,+:(#*(-$#(#.+(,$41&'A(T.+(+1+)4B(*-(#.+(@&M$@<@(*-(#.+(

@&$1('$1+(4$;+(&1(+,#$@&#$*1(*-(#.+(@&41+,$<@(%*1#+1#2(?.$%.($,(&6*<#(J8(aA\.+$KV](T.+(#?*(%*@>

"&1$*1,('$1+,2(,+"&)&#+:(6B(VI(@+R2(&)+($:+1#$-$+:(&,(#.+(".*1*1,()+"'$%&,(*-(#.+(@&$1('$1+A(T.+(

,#)+14#.( *-( #.+( ".*1*1( )+"'$%&,( %*1-$)@( #.&#(?+( &)+( :+&'$14(?$#.( '*%&'$U+:( +M%$#*1,A\P*1KS]( T.+(

'&)4+(;&'<+(*-( #.+(ODg3(/W8(@+R5(%*@"&)+:(#*(#.+(*1+(*-( #.+(Z[( '$1+( $1(01!(/7>Q(@+R5( $,(&#>

#)$6<#+:(#*(#.+(&''*B(:$,*):+)A\,%.K7](

J.-#'+E#%+.3(.0(%"&(/+63#-A(T.+(;&)$&#$*1(*-(#.+($1#+1,$#B(*-(#.+(Z[('$1+(&,(&(-<1%#$*1(*-(#.+(*<#>

4*$14('$4.#(+'+%#)$%(-$+':(*)$+1#&#$*1($,(,<@@&)$U+:($1(-$4<)+(7AVA(T.+(U+)*(*-(#.+("*'&)(4)&".(%*)>

)+,"*1:,( #*( '$4.#( +'+%#)$%( -$+':( *)$+1#+:( "&)&''+'( #*( #.+( \KKKI]( &M$,A( T.+(@&M$@<@( $1#+1,$#B( $,(

*6#&$1+:(?.+1(#.+('$4.#(+'+%#)$%(-$+':($,("+)"+1:$%<'&)(#*(#.+(%>&M$,A(T.+(`!Z($,(SS(a2(#.$,(;&'<+($,(

@<%.(,@&''+)( #.&1(#.+(*1+(:+#+)@$1+:(-)*@(#.+( '<@$1+,%+1%+(*-( #.+(,<6,#)&#+A(T.+(:$--+)+1%+(

%*<':(6+(+M"'&$1+:(#&P$14($1(%*1,$:+)&#$*1(#.+(,#)&$1\P&@IW]($1(#.+(6&))$+)2(?.$%.(@$M+,(#.+(:$--+)>

+1#(,#&#+,(*-(#.+(;&'+1%+(6&1:A\4$'KK](



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

QI(

( (

>+6='&()9KY(Z[(,"+%#)<@(*-(#.+(/012(345!(6&))$+),(

@+&,<)+:( &#( IK(^A( [$1+,( 6'<+( %*))+,"*1:( #*( #.+(

:+%*1;*'<#$*1( *-( #.+( ,$41&'( $1( d&<,,$&12( #.+( )+:(

*1+($,(#.+(,<@(*-(#.)++(%*1#)$6<#$*1,A(

>+6='&()9LY( _+")+,+1#&#$*1( $1( "*'&)( %**):$1&#+,(

*-( #.+( $1#+1,$#B( *-( ".*#*'<@$1+,%+1%+(@+&,<)+:(

&#( IK(^( &%%*):$14( #*( #.+( &14'+( *-( "*'&)$U&#$*1(*-(

#.+(+'+%#)$%(-$+':(*-(#.+(+@$##+:('$4.#A(T.+(%>&M$,(*-(

#.+(,#)<%#<)+($,(%.*,+1(&,(U+)*A(

M&A$&'#%='&(+3I&/%+6#%+.3A(T.+(-$4<)+(7AS(4&#.+),(#.+(1*)@&'$U+:(,"+%#)&(@+&,<)+:($1(;&)$*<,(

#+@"+)&#<)+,A(T.+("*,$#$*1(*-(#.+(@&M$@<@(*-('<@$1+,%+1%+(6+4$1,(6B(@*;$14(#*?&):,(#.+(.$4.(

+1+)4$+,(?.+1(#.+(#+@"+)&#<)+($1%)+&,+,A(L+B*1:(VK(^($#,(+1+)4B(:+%)+&,+,(?$#.(#.+(#+@"+)&>

#<)+A(T.$,(6+.&;$*)($,(?&$#+:(-*)(#.+('*%&'$U+:(+M%$#*1,(&,($#(.&,(6++1(:$,%<,,+:(6+-*)+A(T.+(-$4<)+(

7AX(4)*<",(#.+(;&)$&#$*1,(*-(#.+("&)&@+#+),(<,+:($1(*):+)(#*()+"'$%&#+(#.+(6+.&;$*)(?$#.(#+@"+)>

&#<)+(*-(@&$1('$1+(*-(".*#*'<@$1+,%+1%+(*-(#.+(6&))$+)A(

D.+1( #.+( #+@"+)&#<)+( $1%)+&,+,( #.+(+1+)4B(*-( #.+( #)&1,$#$*1(/O$4A(7AX>&5( -$),#( $1%)+&,+,(6+-*)+(

:+%)+&,$14( -*)( #+@"+)&#<)+,( ,<"+)$*)( #*( VK( ^A( T.+( :*##+:( '$1+( %*))+,"*1:,( #*( #.+( -*)@<'&( *-(

R&),.1$A(T.$,(+M")+,,$*1()+")*:<%+,(%*))+%#'B(#.+(.$4.>#+@"+)&#<)+(6+.&;$*)A(T.+(;&'<+,(*-(#.+(

"&)&@+#+),(&)+Y( E
0
= 3.871 eV 2(α = 9.14 10−4  (eV / K) (&1:(β = 560 (K) A(H(:$--+)+1%+(*-(II(@+R($,(

*6#&$1+:($1(IK(^(6+#?++1(#.+(@+&,<)+(&1:(#.+(%<);+(*-(R&),.1$A(91(&(-$),#(+M"'&1&#$*1(#.$,(:$--+)>

+1%+(%&1(6+($1#+)")+#+:(&,(&1(+--+%#(*-('*%&'$U&#$*1(*-(#.+(+M%$#*1,(

T.+)@&'(6)*&:+1$14(*-(#.+(".*#*'<@$1+,%+1%+('$1+($,(4+1+)&''B($1#+)")+#+:(&,(&(%*1,+N<+1%+(*-(

#.+(+M%$#*1l".*1*1($1#+)&%#$*1A(T.+(#+@"+)&#<)+(:+"+1:+1%+(*-(#.+(-<''(?$:#.(&#(.&'-(@&M$@<@(

/ODg35( ")+,+1#+:( $1( -$4<)+( 7AS>6( %&1( 6+( &"")*M$@&#+'B( :+,%)$6+:( 6B( #.+( -*''*?$14( +N<&>

#$*1Y\.+'X7]2(\*1+X7]2(\4)<KX](

FWHM T( ) = Γinh
+ γ

ph
 T+

Γ
LO

exp ℏ ω
LO

k
B

 T( )−1
'"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()"1+'

?.+)+( Γ
inh
(&1:( Γ

LO
(&)+(#.+($1.*@*4+1+*<,('$1+>?$:#.(&#(U+)*(#+@"+)&#<)+(&1:(#.+(,#)+14#.(*-(

#.+(+M%$#*1>[!>".*1*1(%*<"'$142()+,"+%#$;+'BA( ℏ ω
LO
($,(#.+([!>".*1*1(+1+)4B(?+(#&P+($#,(;&'<+(



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

QJ(

#*(6+(VI(@+RA( γ
ph
$,(#.+(%*<"'$14(,#)+14#.(*-(#.+(+M%$#*1>&%*<,#$%(".*1*1A(T.+(:&,.+:('$1+()+")+>

,+1#,(#.+(-$##+:()+,<'#(6&,+:(*1(+N<&#$*1(7ASA(T.+(6+,#(-$#($,(*6#&$1+:(-*)(#.+("&)&@+#+)(;&'<+,Y((

Γ
inh
= 64.7 meV, Γ

LO
= 7.16 eV and γ

ph
= 27.5 µeV A(

(

>+6='&()9NY(b*)@&'$U+:(".*#*'<@$1+,%+1%+(,"+%#)&(*-(#.+(/012(345!(6&))$+)()+%*):+:(&#(#+@"+)&#<)+,()&14+(

-)*@(IK(#*(IKK(^A(

(

>+6='&()9OY(G1+)4B(*-(#.+(#)&1,$#$*12(-<''(?$:#.(&#(.&'-(@&M$@<@(/ODg35(&1:($1#+1,$#B(*-(#.+('$1+(&%%*):$14(#*(

#+@"+)&#<)+A(

T.+($1#+1,$#B(*-(#.+(".*#*'<@$1+,%+1%+(,#&B,(1+&)'B(%*1,#&1#(<1#$'(VK(^(/O$4A(7AS>%5A(O*)(#+@"+)>

&#<)+,( &6*;+( #.$,( ;&'<+( $#( :+%)+&,+,( )&"$:'BA( T.+(:+%)+&,+(*-( #.+( $1#+1,$#B( $,( &,,*%$&#+:( #*( #.+(

:$,&""+&)&1%+(*-(#.+(+M%$#*1,2(?.$%.(%&1(6+(:<+(#*($#,(:$,,*%$&#$*1(*)($#,(:$--<,$*1(#*?&):(1*1>

)&:$&#$;+(%+1#+),A(T.+("&)&@+#+),(*-(#.+(+N<&#$*1(7A7(&)+(:+:<%#+:(-)*@(#.+(;&)$&#$*1(*-(#.+($1>

#+1,$#B(?$#.(#.+(#+@"+)&#<)+A(g+)+2(H($,(:+"+1:+1#(*-(#.+(#+@"+)&#<)+(6+%&<,+(?+(:+&'(?$#.(-)++(



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

Q7(

+M%$#*1,($1(6<'P(@&#+)$&'(/A = A
0
 T

3 2 5A(T.+(:&,.+:('$1+,($,(%&'%<'&#+:(-*)(HKhIAI7W(&1:(&1(&%#$>

;&#$*1(+1+)4B(GH(*-(VJ(@+RA(

)9)9)(M+A&P'&/.-I&<($".%.-=A+3&/,&3,&(

T.+(#$@+>)+,*';+:(".*#*'<@$1+,%+1%+(,"+%#)*,%*"B($,(&',*(.+'"(#*(<1:+),#&1:(6+##+)(#.+(6+.&;>

$*)(*-( #.+(+M%$#*1,( $1(@&#+)$&'A( 91( #.$,("&)&4)&".2(?+(")+,+1#( #.+()+,<'#,(*-( #.$,(,#<:B(&1:(")*>

"*,+(&(@*:+'( #*( &%%*<1#( #.+(*6,+);+:(")*"+)#$+,A( O*)( $#2(?+( ,.&''( P++"( $1(@$1:(*1( #.+( )+,<'#,(

*6#&$1+:( 6B( ".*#*'<@$1+,%+1%+( $1( %*1#$1<*<,( ?&;+( +M%$#&#$*1A( 91( "&)#$%<'&)( *1( #.+( -&%#( #.&#(

#.*,+()+,<'#,(:+@*1,#)&#+(#.&#(&#( '*?(#+@"+)&#<)+()+4$@+(?+(.&;+(#*(:+&'(?$#.( '*%&'$U+:(+M%$>

#*1,A(H#(#.+(%*1#)&)B(&#(.$4.(#+@"+)&#<)+()+4$@+(?+(:+&'(?$#.(-)++(+M%$#*1,($1(7`(,B,#+@A(

O*)( #.+( #$@+>)+,*';+:(".*#*'<@$1+,%+1%+(+M"+)$@+1#2( #.+(+M%$#&#$*1(?&,(")*;$:+:(6B(&(@*:+>

'*%P+:( -)+N<+1%B( #)$"'+:( #$#&1$<@>,&"".$)+( '&,+)2(?$#.(&(J(",("<',+(?$:#.(&1:(&(?&;+'+14#.(*-(

JWW(1@A((`<+(#*(#.+(,'*?(".*#*'<@$1+,%+1%+(:+%&B,2(?+(.&;+(&:&"#+:(&('&,+)()+"+#$#$*1()&#+(*-(

SKK(PgU(6B(<,$14(&1(&%*<,#*>*"#$%(@*:<'&#*)A(T.+(".*#*'<@$1+,%+1%+(,$41&'(?&,(:$,"+),+:(6B(

&1($@&4$14(,"+%#)*@+#+)(&1:(#.+1(#+@"*)&''B()+,*';+:(6B(&(,#)+&P(%&@+)&A(

!"!"!"#$%&'()*+(,-./$)(01/-0$

T.+(T_Z[(+M"+)$@+1#,(%&1(4$;+(:$--+)+1#($1-*)@&#$*1A(9-(?+($1#+4)&#+(#+@"*)&)$'B(#.+(,$41&'(*1(

&''(#.+(#$@+>?$1:*?(/9T_Z[5(*1+(%&1(4+#(,$@$'&)($1-*)@&#$*1(&,(ED(".*#*'<@$1+,%+1%+(+M"+)$>

@+1#A(T.+(,"+%#)&'($1#+4)&#$*1(*-(#.+(,$41&'(*1(#.+(?$1:*?(/T_Z[5(4$;+,($1-*)@&#$*1(&6*<#(#.+(

#$@+>:+"+1:+1%+( *-( #.+( :+%'$1+( *-( #.+( $1#+1,$#BA( O)*@( #.+( ,"+%#)&( *1+( 4+#( #.+( Z[( #$@+( :+%&B2(

?.$%.( 4$;+( $1-*)@&#$*1( &6*<#( #.+(:$--+)+1#( ")*%+,,( $1;*';+:( $1( #.+( )+%*@6$1&#$*1(*-( #.+( +M%$>

#*1,A(

;3%&6'#%&<( %+A&P'&/.-I&<( $".%.-=A+3&/,&3,&( 1;MQJD7A( 9T_Z[( ,"+%#)&( &)+( ")+,+1#+:( $1( O$4A(

7AIK>&A(T.+,+(,"+%#)&(&1:(#.+(ED>Z[(,"+%#)&(")+,+1#(&(,$@$'&)(:+"+1:+1%+(*1(#+@"+)&#<)+A(T.+(

+1+)4B(*-( #.+( '$1+(@*;+,(#*?&):(.$4.+)(+1+)4B(?.+1(#.+(#+@"+)&#<)+( $1%)+&,+,A(T.+( $1#+1,$#B(

,#&B,(1+&)'B(%*1,#&1#(<1#$'(XK(^2(#.+1((:+%)+&,+,(@*1*#*1*<,'B(?$#.(#+@"+)&#<)+(/O$4A(7AIK>65A(

T.+( $1:+"+1:+1%+( *-( #.+( $1#+1,$#B(?$#.( #+@"+)&#<)+( &#( '*?( #+@"+)&#<)+( )+4$@+( /TiXK^5( $,( &(

%'+&)( $1:$%&#$*1( #.&#( #.+( +M%$#*1,( )+%*@6$1&#$*1,( &)+( :*@$1&#+:( 6B( )&:$&#$;+( ")*%+,,A( !1( #.+(

*#.+)(.&1:2(&#(.$4.(#+@"+)&#<)+()+4$@+(/TkI8K^5(@*,#(*-(#.+(%&))$+),()+%*@6$1+(#.)*<4.(1*1>

)&:$&#$;+(%.&11+',A( 91(#.+(-*''*?$142(?+(?$''(%*1,$:+)(#.+,+(#?*(#+@"+)&#<)+(:*@&$1,2(#.+1(?+(

?$''(@+)4+(#.+@($1(&(@*:+'A((

T.+(+1+)4B(*-( #.+( #)&1,$#$*1(,.*?,(#.+(,&@+(6+.&;$*)(&#( '*?(#+@"+)&#<)+(&,( #.+(*1+(?+(.&;+(

:$,%<,,+:( $1( #.+(")+;$*<,("&)&4)&".A(g*?+;+)( -*)( #.+( #+@"+)&#<)+,( $1( #.+( )&14+(JKK>7KK(^(&(

1+?(F>,.&"+(&""+&),A(T.$,(6+.&;$*)($,(&##)$6<#+:(#*(#.+(:+'*%&'$U&#$*1(*-(#.+(+M%$#*1,(?$#.(#+@>

"+)&#<)+A((



!"#$%&'(")*"+)#$+,(*-(#.+(/012(345!(6&))$+),(

QQ(

(

>+6='&( )9:RY( /&5( b*)@&'$U+:( $1#+4)&#+:( #$@+>)+,*';+:( ".*#*'<@$1+,%+1%+( ,"+%#)&( *-( #.+( /012(345!( 6&))$+)(

)+%*):+:(&#(:$--+)+1#(#+@"+)&#<)+,A(187(`+"+1:+1%+(*-(#.+($1#+1,$#B(*-(#.+($1#+4)&#+:(#$@+>)+,*';+:(".*#*'<>

@$1+,%+1%+(,"+%#)&(*-( #.+(/012(345!(6&))$+)(?$#.( #.+( #+@"+)&#<)+A( /%5(G1+)4B(*-( #.+( #)&1,$#$*1(&%%*):$14( #*(

#+@"+)&#<)+A(

O)*@(#.+,+()+,<'#,(?+(%&1(")*"*,+(#.+(-*''*?$14(,%+1&)$*A(H#(;+)B('*?(#+@"+)&#<)+(#.+(+M%$#*1,(

&)+('*%&'$U+:A(D.+1(#.+(#+@"+)&#<)+($1%)+&,+,2(#.+B(%&1(*%%<"B(&(,+%*1:('*%&'$U+:(,#&#+(,+"&)&#>

+:(6B(II(@+R(-)*@(#.+(-<1:&@+1#&'(,#&#+A(T.+(+1+)4B(*-(#.+(#)&1,$#$*1($1%)+&,+,2(&-#+)(?.$%.(#.+(

+1+)4B(:+%)+&,+,(&1:(-*''*?(#.+(%'&,,$%&'(6+.&;$*)(*-(#.+(6&1:4&"(<1#$'(JKK(^A(O*)(.$4.+)(#+@>

"+)&#<)+(#.+(+M%$#*1,(,#&)#( #*(:+'*%&'$U+A(H#()**@(#+@"+)&#<)+(#.+(@&c*)$#B(*-( #.+(+M%$#*1,(&)+(

-)++(+M%$#*1,A(T.+(+1+)4B(*-('*%&'$U&#$*1(%&1(6+(+,#$@&#+:(-)*@(#.+,+(:&#&(#*(6+(WK(@+RA(

JD(<&,#@/A(T.+(".*#*'<@$1+,%+1%+(:+%&B,(&)+(1*1>+M"*1+1#$&'(<1#$'(XK(^(/O$4A(7AII5A(T.+B(6+>

%*@+( @*1*( +M"*1+1#$&'( &#( .$4.+)( #+@"+)&#<)+,A( T.+( '*?>#+@"+)&#<)+( :+%&B,( ,.*?,( #?*( )+>

4$@+,Y(&#(#.+(,.*)#(#$@+(#.+(:+%'$1+($,(-&,#m(*1(#.+(*#.+)(.&1:($#($,(@<%.(,'*?+)(&#(#.+('*14(#$@+A(

T.+(,'*?()+4$@+(&%%+'+)&#+,(?.+1(#.+(#+@"+)&#<)+($1%)+&,+,A(O*)(#+@"+)&#<)+(&6*;+(XK(^(6*#.(

:+%&B,(,++@(#*(:+%)+&,+(?$#.(#.+(,&@+(#$@+(%*1,#&1#A(b*1>+M"*1+1#$&'(".*#*'<@$1+,%+1%+(:+>

%&B,(&#('*?(#+@"+)&#<)+((.&;+(6++1(")+;$*<,'B()+"*)#+:($1(&''*B,(,<%.(&,(/H'2(d&5b\P$@KK]2(\*1<KQ](*)(

/012(345!A\%.+IK](T.+(1*1>+M"*1+1#$&'(6+.&;$*)($,(&##)$6<#+:(#*(#.+(-&%#(#.&#($1(#.$,(%&,+(?+(&)+($1(

#.+(")+,+1%+(*-(&(@$M+:("*"<'&#$*1(*-('*%&'$U+:(&1:(-)++(+M%$#*1,A(
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Q8(

(

>+6='&()9::Y(b*)@&'$U+:(".*#*'<@$1+,%+1%+(:+%&B,(@+&,<)+:(&#(:$--+)+1#(#+@"+)&#<)+,A(b*#+(#.&#2(#.+(#$@+(

,%&'+(4*+,(-)*@(IKK(1,(#*(8(1,(-)*@('+-#(#*()$4.#A(

T.+(Z[(:+%&B( %<);+2( -*)( #+@"+)&#<)+(6+'*?(XK(^2( %&1(6+(?+''( -$##+:(<,$14( &(6$+M"*1+1#$&'( '$1+(

,.&"+Y(

I t( ) = y
0
+ I

a
 exp −t τ

a( )+ I
b
 exp −t τ

b( ) '"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""'()"2+'

?.+)+(9/#5($,(#.+(Z[($1#+1,$#B(&#(#$@+(#2(BK(#.+(6&%P4)*<1:2(9$(&1:(τ$()+")+,+1#(#.+($1$#$&'($1#+1,$#B(

&1:( #.+(:+%&B(%*1,#&1#(*-( #.+( $#.( %*@"*1+1#A(H1(+M&@"'+(*-( #.+(:+%*@"*,$#$*1(*-( #.+(:+%&B(*-(

".*#*'<@$1+,%+1%+($1(#?*(%*@"*1+1#,($,(")+,+1#+:(*1(#.+(O$4(7AIJA(3*1*+M"*1+1#$&'('$1+(,.&"+(

$,(<,+:(-*)(#.+(*#.+),A(T.+()+,<'#,(&)+(,.*?1($1(O$4A(7AI7A(T.+(,.*)#+)(:+%&B(#$@+(%*1,#&1#(/τ&5($,(

1+&)'B(%*1,#&1#($1(&()&14+(*-(#+@"+)&#<)+(-)*@(IS>XK(^A(T.+(,+%*1:(:+%&B(#$@+(%*1,#&1#(/τ65($,(

,<6,#&1#$&''B( '*14+)(#.&1(#.+(-$),#(:+%&B(#$@+(%*1,#&1#( $1(#.+(,&@+()&14+(*-(#+@"+)&#<)+A(H-#+)(
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,"#$%&'-($'(%<,(678'%7)(9,++-(8##&?B$'4(%&(%<,(%,)*,?8%7?,C(K<,(,"*?,--$&'($-(%<,(@&++&9$'4(&',d(

E
g
= E

0
− α T

2
T+β( ) !""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""!!#$"/&!

O( 4&&B( 84?,,),'%( 9$%<( %<,( ,"*,?$),'%8+( L8+7,-( $-( &A%8$',B( 7-$'4( %<,( *8?8),%,?-(

α = 4.7 10−4  (eV / K) ( 8'B( β = 900 (K) %<,-,( L8+7,-( 8?,( #+&-,( %&( %<,( &',-( *?&*&-,B( A=(3,=,?( ()!

*+CF),=HQI(U'(8(4,',?8+(98=2(9,('&%$#,(8(?,B(-<$@%(&@(%<,(,',?4$,-(A,%9,,'(^(8'B(RHH(g(%<8%(#&??,>

-*&'B-(%&(%<,(B,#?,8-,(&@(%<,(,',?4=(&@(%<,(@&?A$BB,'(A8'B(&@(.'/C(K<,(48*(A,%9,,'(%<,(+$',(YO2N(

8'B(YZ(18'B(Y>ON(8'B(Y>Z5($-(8A&7%(R^(),cC(K<,(&',(A,%9,,'(%<,(+$',(&@(%<,(,"#$%&'($-(%<,(&',(&@(

%<,(8--&#$8%,B(%?$&'($-(SR(),cC(K<$-(,',?4=(#&??,-*&'B-(%&(%<,(A$'B$'4(,',?4=(&@(%<,(%?$&'C(U'(%<,(
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WW(

#8-,(YON>(8(-)8++($'#?,8-,(&@(%<,(,',?4=(&@(*<&%&+7)$',-#,'#,(&##7?-(@&?(%<,(%,)*,?8%7?,-(+&9,?(

%<8'(:H(g(@&++&9,B(8%(<$4<,?(%,)*,?8%7?,(A=(8(B,#?,8-,(B7,(%&(%<,(?,B7#%$&'(&@(%<,(48*(&@(%<,(

)8%,?$8+C(K<$-(,L&+7%$&'(&@( %<,(,',?4=(&@(*<&%&+7)$',-#,'#,(8##&?B$'4( %&( %<,( ( %,)*,?8%7?,( ( 1X(

-<8*,5($-(&@%,'(&A-,?L,B($'(678'%7)(9,++-C(K<$-(A,<8L$&?(#&??,-*&'B(%&(%<,(@&++&9$'4(*<=-$#8+(

*<,'&),'8d(

o O%(+&9(%,)*,?8%7?,(%<,(,"#$%&'-(1,"#$%&'-(#&)*+,",-5(8?,(+&#8+$M,B2(%<,(+&#8+$M8%$&'(,',?4=(

?,B7#,-(%<,(%?8'-$%$&'(,',?4=C(

o D<,'(%<,(%,)*,?8%7?,($'#?,8-,-2(%<,(%<,?)8+(,',?4=(8++&9-(%<,(B,+&#8+$M8%$&'(&@(%<,(,"#$>

%&'(1,"#$%&'-(#&)*+,",-5(%<,'(%<,(%?8'-$%$&'(,',?4=($'#?,8-,-(9$%<(%,)*,?8%7?,C(

o O%(<$4<(%,)*,?8%7?,2(8++( %<,(,"#$%&'-(1,"#$%&'-(#&)*+,",-5(8?,(B,+&#8+$M,B(8'B(%<,(%?8'-$>

%$&'(,',?4=(B$)$'$-<(8-(%<,()8%,?$8+(A8'B48*(9$%<(%,)*,?8%7?,($'#?,8-,C(

(

(
(

B-9<'&()>?Ld(!',?4=(&@(%<,(i_(+$',-(8-(@7'#%$&'(&@(

%,)*,?8%7?,C(K<,(B8-<,B( +$',-(8?,(c8?-<'$( @7'#>

%$&'C(K<,(@7++(#$?#+,-(#&??,-*&'B(%&(%<,(*&-$%$&'($'(

,',?4=(&@(%<,(?,@+,#%$L$%=(@,8%7?,(&'(%<,(+&9(%,)>

*,?8%7?,(-*,#%?7)C(

B-9<'&()>?Od(U'%,'-$%=(&@(%<,(i_(+$',-(8##&?B$'4(%&((

%,)*,?8%7?,C((

P?&)(%<,(B8%82(9,(#8'(,-%$)8%,(%<,(+&#8+$M8%$&'(,',?4=(&@(%<,(',48%$L,(%?$&'-C(D,(@&7'B(8(L8+7,(

&@( 8A&7%( :(),cC( K<$-( L8+7,( #&??,-*&'B-( %&( 8( 9,++( 9$B%<( @+7#%78%$&'( &@( &',( )&'&+8=,?( $'( %<,(

678'%7)(9,++C(

K<,(?,-7+%-(-<&9(8(B,#?,8-,(&@(%<,($'%,'-$%=(&@(%<,(Y>ON( +$',(1A+7,(@7++(B$8)&'B5(9<,'(%<,(%,)>

*,?8%7?,( $'#?,8-,-2(9<,?,8-( %<,(YON( +$',( 1?,B( @7++( #$?#+,5(<8-(8()&?,(#&)*+,"(A,<8L$&?C(O%( +&9(

%,)*,?8%7?,2( %<,( $'%,'-$%=( $'#?,8-,-(9$%<( %,)*,?8%7?,(7'%$+(GHH(gC( U%( -%8=-(',8?+=( #&'-%8'%( %$++(

G:H(g2(',"%(9<,'(%<,(%,)*,?8%7?,($'#?,8-,-(%<,($'%,'-$%=(B,#?,8-,-C(K<,(YON(+$',(A,#&),-(B&)>

$'8'%($'(%<,(-*,#%?7)(@?&)(SHH(gC(K<,($'%,'-$%$,-(&@(%<,(+$',-(YZ(1?,B(&*,'(-678?,5(8'B(YZ>(1A+7,(

&*,'(-678?,5(8?,(9,8E(#&)*8?,B(%&(%<,(&%<,?(&',-C(K<,(%&%8+(*<&%&+7)$',-#,'#,($'%,'-$%=(B,>

#?,8-,-(&'(&',(&?B,?(&@()84'$%7B,(9<,'(%,)*,?8%7?,($'#?,8-,-(@?&)(GH(g(%&(RHH(gC(K<$-($-(8->
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Wa(

-&#$8%,B( %&( '&'>?8B$8%$L,( *?&#,--2(9<$#<( 8?,( %<,?)8++=( 8#%$L8%,B2(9<,%<,?( %<,=( #&??,-*&'B( %&(

+,L,+(B,*&*7+8%$&'(&?(%&(%<,(8#%$L8%$&'(&@(8('&'>?8B$8%$L,(?,#&)A$'8%$&'(#,'%,?C((

K<,(*<&%&+7)$',-#,'#,($'%,'-$%=(&@(Y>ON( +$',(#8'(A,(@$%%,B(1@$4C(QCGa5(9$%<(%<,(@&++&9$'4(,"*?,->

-$&'(#&'-$B,?$'4(&'+=(&',('&'>?8B$8%$L,(?,#&)A$'8%$&'(#<8'',+d(

I T,A,E
1( ) = I

1
 f T,A,E

1( ) = I
1

1+ A T exp −E
1

/ k T( )( ) !""""""""""""""""""""""""""""""""""""""""""!#$"0& 

9<,?,(!G( $-(%<,(8#%$L8%$&'(,',?4=(&@('&'>?8B$8%$L,(*?&#,--C(U%-(L8+7,($-(GaCG(),c(8-(?,48?B-(%<,(

$'%,'-$%=( &@( %<,( %?$&'2(9<$#<( $-( L,?=( #+&-,( %&( %?$&'( A$'B$'4( ,',?4=C( K<$-( -744,-%-( %<8%( %<,( &'+=(

'&'>?8B$8%$L,(*?&#,--(,"*+8$'$'4(%<,(B$-8**,8?8'#,(&@(%<$-(+$',($-(%<,(%?$&'(B$--&#$8%$&'($'(8(@?,,(

,"#$%&'( 8'B( 8'( ,+,#%?&'C(O--7)$'4( %<8%( %?$&'-( 8?,( %<,( -&7?#,( @&?( @?,,( ,"#$%&'-2( %<,(Y( $'%,'-$%=(

L8?$8%$&'(#8'(A,(8**?&"$)8%,(A=(%<,(@&++&9$'4(,"*?,--$&'d(

I T,B,E
2( ) = I

2
1− f (T,A,E

1
)( )+ I

0( ) 1+ B T exp −E
2

/ k T( )( ) """"""""""""""""""""""""""""""!!#$"1& 

9<,?,(UH(8'B(!S(#&??,-*&'B(?,-*,#%$L,+=(%&(%<,( $'%,'-$%=(8%( +&9(%,)*,?8%7?,(8'B(%&(%<,(8#%$L8>

%$&'(,',?4=(&@('&'>?8B$8%$L,(*?&#,--C(K<,(*8?8),%,?-(O(8'B(!G(8?,( %<,(&',-(B,%,?)$',B( @?&)(

%<,(Y>( +$',(@$%%$'4C(D$%<(8(L8+7,(&@(!Sn^](),c(9,(&A%8$'(8(4&&B(84?,,),'%(A,%9,,'(%<,(,"*,?$>

),'%8+(*&$'%-(8'B(%<$-(,"*?,--$&'C(

(
(

B-9<'&()>?Pd(U'%,'-$%=(&@(%<,(i_(+$',-(L,?-7-(%,)>

*,?8%7?,C( K<,( ?,B( 8'B( A+7,( B8-<,B( +$',-( #&??,>

-*&'B( %&( %<,( @$%%$'4( ?,-*,#%$L,+=( &@( %<,( $'%,'-$%=(

&@(%<,(%?$&'-(8'B(,"#$%&'(+$',-C(

B-9<'&()>?Rd(K<,(A+7,(8'B(?,B( @7++( #$?#+,-( #&??,>

-*&'B(%&(%<,(?8%$&(?,-*,#%$L,+=(&@(%<,($'%,'-$%=(&@(

%<,(,"#$%&'(8'B(%?$&'-(+$',-(8'B(&@(%<,(%&%8+(i_($'>

%,'-$%=( ),8-7?,B( $'( #( 8'B( 8A( *&+8?$M8%$&'C( K<,(

A+7,(8'B(?,B(B8-<,B(+$',(#&??,-*&'B(%&(%<,(@$%%$'4(

9$%<(?,-*,#%$L,+=(%<,(@&?)7+8(QC:(8'B(8(N&+%M)8'(

B$-%?$A7%$&'C((

K<,(?8%$&(A,%9,,'(%<,( $'%,'-$%$,-(&@( %<,( @?,,(,"#$%&'( +$',-(8'B(%<,( %?$&'( +$',-( $-(8+-&(*?,-,'%,B(

1A+7,( @7++( #$?#+,5C(K<,(A+7,(B8-<,B( +$',( #&??,-*&'B-( %&( %<,(,"*?,--$&'(QC:C(P?&)( %<$-( @$%%$'4(9,(

#8'(,-%$)8%,B(%<,(B,'-$%=(&@(,+,#%?&'-($'(%<,(678'%7)(9,++C(K<,(#8+#7+8%$&'(+,8B-(%&(8(L8+7,(@&?(

%<,(,+,#%?&'(B,'-$%=(&@(8A&7%(GHGS(#)>SC(K<,(?,-7+%-(-<&9,B(%<8%(%<,(,"#$%&'-(9$%<(8(#(-=)),%?=(

8?,(*&*7+8%,B(@&?(%,)*,?8%7?,-(<$4<,?(%<8'(G:H(gC((K<,(?8%$&(A,%9,,'(%<,($'%,'-$%$,-(&@(%<,(+$',-(

$'(#(*&+8?$M8%$&'(8'B(8A(*&+8?$M8%$&'($-(*?,-,'%,B($'(@$47?,(QCG^C(D,(8--7),(8(%<,?)8+$M,B((B$->
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W^(

%?$A7%$&'(&@(%<,(,"#$%&'-(8'B(8**?&"$)8%,($%(A=(8(N&+%M)8''(B$-%?$A7%$&'C(K<,(@$%%$'4(&@(%<,(*&$'%-(

4$L,-(8#%$L8%$&'(,',?4=(&@(RWCa(),c2(9<$#<(#&'-$-%,'%(9$%<(%<,(-,*8?8%$&'(A,%9,,'(%<,(%9&(+,L>

,+-(*?,L$&7-+=(B,%,?)$',BC(

)>)(V-9"(A&/2-%I(.J(&+,-%#%-./('&2<1%2(

)>)>?( K".%.1<0-/&2,&/,&(#%(1.=(%&0$&'#%<'&(

K<,(@$47?,(QCG](-<&9-(%<,(,L&+7%$&'(&@(%<,(*<&%&+7)$',-#,'#,(-*,#%?8(8##&?B$'4(%&(%<,($'#$B,'%(

+$4<%($'%,'-$%=(&@(8(+8-,?(/i/(9$%<(8(?,*,%$%$&'(?8%,(&@(GH(;MC(K<,(9$B%<(&@(%<,(*7+-,(A,$'4(:('-(

8'B(%<,(%=*$#8+(+$@,%$),(&@((%<,(,"#$%&'-(A,$'4(A,%9,,'(8A&7%(%,'(8'B(-&),(<7'B?,B-(&@(*$#&-,>

#&'B-(8%( +&9(%,)*,?8%7?,2(9,(#8'(#&'-$B,?(%<,(,"#$%8%$&'(8-(678-$>#&'%$'7,C(K<,(,',?4=(&@( %<,(

*<&%&'-($-(@$",B(%&(R2a:(,c2($C,C(A,+&9(%<,(A8??$,?(A8'B48*2(%&(#?,8%,(,"#$%&'-(B$?,#%+=($'(%<,(9,++C(

K<,(-*,#%?8(8?,(#&++,#%,B($'(*&+8?$M8%$&'(8AC(

(

B-9<'&()>?Sd(i<&%&+7)$',-#,'#,(-*,#%?8(?,#&?B,B(8%(GH(gC(K<,($'#$B,'%(+$4<%($'%,'-$%=(&@(8(+8-,?($-(L8?=$'4(&'(

@&?(&?B,?(&@()84'$%7B,C(1i)8"n^C:(oj5(

U'(%<,(*<&%&+7)$',-#,'#,(-*,#%?82(8'(8BB$%$&'8+(+$',(#+,8?+=(8**,8?-((8%(+&9,?(,',?4=(1RCR^(,c5(

9<,'( %<,(,"#$%8%$&'(*&9,?(B,'-$%=( $'#?,8-,-C(K<,( $'%,'-$%=(&@( %<$-( +$',( $'#?,8-,-()&?,(67$#E+=(

9$%<(%<,($'#?,8-,(&@(*&9,?(9<$#<(%<,(%9&(&%<,?(+$',-(1Y(8'B(Y>5C(K<,(A,<8L$&?(&@(%<$-(',9(+$',($-(

#&)*8%$A+,(9$%<(%<,(A$,"#$%&'-(@&?)8%$&'C(h78'%$%8%$L,($'@&?)8%$&'(@?&)(%<,(-*,#%?8($-(&A%8$',B(

A=(7-$'4(%<,(-8),(@$%%$'4(*?&#,B7?,(7-,B(*?,L$&7-+=C(K<,(+$',-(\HYG(8'B(\HYS(#&??,-*&'B$'4(%&(

%<,(-7A-%?8%,(?,-*&'-,(8?,(8--7),B(%&(A,(`87--$8'C(O(_&?,'%M$8'(@7'#%$&'($-(7-,B(%&(@$%(%<,(A$,">

#$%&'(#&'%?$A7%$&'C((
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W](

K<,(@$47?,(QCSH(*?,-,'%-(%<,(,L&+7%$&'(&@(%<,( $'%,'-$%=(&@(%<,(*<&%&+7)$',-#,'#,(@&?(A&%<(,"#$>

%&'-(+&#8+$M,B(&'(',7%?8+(B&'&?($'(%<,(.'/(-7A-%?8%,C(K<,($'%,'-$%=(&@(%<,-,(+$',-(*?,-,'%-(8(+$',>

8?( A,<8L$&?( 8##&?B$'4( %&( %<,( B,'-$%=( &@( %<,( $'#$B,'%( +$4<%( ( &'( %<$-( 4?8*<( $'( +&48?$%<)$#( -#8+,C(

K<,?,@&?,( %<,( $'%,'-$%=( &@( %<,( i_( +$',-( @&++&9-( 8( *&9,?( +89( 1 I∝ P / Pmax( )
β

5C( U'( %<$-( #8-,(β( $-(

,678+(%&(GC(K<,(B,'-$%=(&@(%<,(+$',-($-(B$?,#%+=(*?&*&?%$&'8+(%&(%<,(B,'-$%=(&@(*<&%&'-(8A-&?A,B($'(

%<,(-7A-%?8%,(8-(,"*,#%,BC(

( (

B-9<'&( )>DTd( U'%,'-$%=( &@( %<,( i_( +$',-( 8##&?B$'4(

%&( %<,( $'#$B,'%( +$4<%( $'%,'-$%=C( b&%,B( %<8%( -#8+,-(

8?,(+&48?$%<)$#C(1i)8"n^C:(oj5(

B-9<'&()>D?d(U'%,'-$%=(&@(%<,(Y2(YY(8'B(Y>(i_(+$',-(

8##&?B$'4( %&( %<,( $'#$B,'%( +$4<%( $'%,'-$%=( $'( +&48>

?$%<)( -#8+,C( K<,( -8),( B8%8( 8?,( *+&%%,B( $'( +$',8?(

-#8+,($'(%<,($'-,?%C(1i)8"n^C:(oj5(

K<,(L8?$8%$&'-(&@(%<,($'%,'-$%$,-(&@(%<,(i_(+$',-(8--&#$8%,B(9$%<(%<,(678'%7)(9,++(8?,()&?,(#&)>

*+$#8%,B(8-(%<,(@$47?,(QCSG(-<&9-($%C(K<,($'-,?%(&@(%<,(@$47?,(QCSG(-<&9-(%<,(-8),(B8%8(B?89'($'(

+$',8?(-#8+,C(/AL$&7-+=( %<,( $'%,'-$%=(&@( %<,(Y>( +$',(<8-(8('&'>+$',8?(A,<8L$&?C(P?&)(%<,(#+8--$#8+(

8**?&"$)8%$&'( @&?( +&'4>+$L,B( ,"#$%&'-2FE$)]QI( %<,( ,"#$%&'( ,"<$A$%-( 8( -7A( +$',8?( $'#?,8-,(9$%<( $'>

#?,8-$'4(,"#$%8%$&'(*&9,?(B,'-$%=2(9<$+,(%<,(A$,"#$%&'($-(#+&-,(%&(A,(+$',8?C(P?&)(%<,-,(?,-7+%-(9,(

#8'(*?&*&-,( %<,( @&++&9$'4(-#,'8?$&C(i<&%&'-(8?,(8A-&?A,B( $'( %<,(678'%7)(9,++( 8'B(4,',?8%,B(

,"#$%&'-C(K<,-,(,"#$%&'-(4&(,$%<,?( @&?)( %?$&'-2(&?(A$,"#$%&'-C(O%(<$4<(*&9,?(B,'-$%$,-( %<,(,"#$>

%&'-(%<8%(8?,('&%($'L&+L,B($'(8(#&)*+,"(4$L,(?8$-,(%&(%<,(+$',(8--&#$8%,B(%&(%<,(@?,,(,"#$%&'(i_C(K&(

4&(8%(%<,(,'B(&@(%<,()&B,+($%($-(',#,--8?=(%&(B?89(%<,(B,'-$%=(&@(A$,"#$%&'-(8##&?B$'4(%&(%<,(B,'>

-$%=(&@(,"#$%&'-(1@$4C(QCSS5C((

U'(&7?(#8-,2(%<,(B,'-$%=(&@(,"#$%&'-(9$++(A,(*?&*&?%$&'8+($'(%<,(-7)(&@(%<,($'%,'-$%$,-(&@(%<,(+$',-(

Y>(8'B(YC(K<,(B,*,'B,'#,(&@(%<,(A$,"#$%&'($'%,'-$%=(&'(%<,(,"#$%&'($'%,'-$%=(@&?(%<,-,(B8%8(4$L,-(

8**?&"$)8%,+=( I
biexc

∝ I
exc

1.4 (9<$#<($-(8(?,B7#%$&'($'(%<,(,"*&','%(@?&)(%<,(L8+7,(β = 2 (,"*,#%,BC(O(

@8#%&?(β( +&9,?( %<8'(S(<8-(A,,'( ?,*&?%,B( $'( +$%,?8%7?,CF*<$]SI2( F=8)]:AI( (K<,(B$@@,?,'#,(A,%9,,'( %<,(

%<,&?,%$#8+( *?,B$#%$&'( 8'B( ,"*,?$),'%8+( &A-,?L8%$&'l-( ?,-7+%-( )8=A,( @?&)( +$)$%8%$&'-( &@( %<,(

)&B,+C(/',(*&-%7+8%,(&@(%<$-()&B,+($-(%<8%(%<,($'%,?#&'L,?-$&'(%$),($-()7#<(-<&?%,?(%<8'(,"#$%&'>

$#( +$@,%$),CF4&7a]I2( FE$)]QI( K<$-( #&'B$%$&'( #8'( A,( ,8-=( %&( L,?$@=( $'( %<,( #8-,( &@( -,)$#&'B7#%&?-(9$%<(
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aH(

$'B$?,#%( A8'B48*2( A7%( $-( @8?( @?&)( A,$'4( L,?$@$,B( $'( %<,( #8-,( &@( -,)$#&'B7#%&?-( 9$%<( B$?,#%(

A8'B48*(-7#<(8-(`8O-F*<$]SI(&?(.'X,CF=8)]:AI(

(

B-9<'&()>DDd(m8%$&(A,%9,,'( %<,( $'%,'-$%=(&@( %<,(YY( +$',(8'B( %<,(-7)(&@( %<,( $'%,'-$%$,-(&@(Y(8'B(Y>( +$',-C(K<,(

-+&*,(&@(%<,(-%?8$4<%(+$',(1$'(A+7,5($-(GCQC(

)>)>D( *JJ&,%(.J(%&0$&'#%<'&(

K<,( ,@@,#%( &@( %,)*,?8%7?,( &'( %<,( *<&%&+7)$',-#,'#,( -*,#%?8(98-( ,"8)$',BC( K<,( -8),( #&'B$>

%$&'-(&@(,"#$%8%$&'(8?,(7-,B(8'B(%<,(*&9,?(B,'-$%=($-(@$",B(8%(^C:(ojC(K<,(?,-7+%-(&@(%<$-(-%7B=(8?,(

-7))8?$M,B(&'(%<,(@$47?,(QCSR(&'(9<$#<($-(%?8#,B(%<,(,',?4=(&@(*<&%&+7)$',-#,'#,(8##&?B$'4(%&(
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