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D : %8%+/$1-."<%/!+ 5.6%; E : 5.6%"#!0%; F : 5./%$ +118!<" >2$1- G(DH?'

!< 21$- 12 +,.!<7 12 -#8/!A8!%$7; /,%C I<0 I<0 .AA8!+./!1< !< +1-3!<./!1< 5!/, %'"' J#<<

0!10%7'

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

K< "%<%$.8; /,% A,1/1<7 12 . +1,%$%</ $.0!./!1< 71#$+% ,.6% . "!6%< A,.7% $%8./!1< 3%/5%%<

/,%-' L#% /1 /,!7 A$1A%$/C /,%C .$% +.A.38% /1 A$10#+% /%-A1$.8 .<0 7A./!.8 !</%$2%$%<+%

%M%+/7 G(FH' *!<+% /,% A,1/1<7 2$1- . +1,%$%</ 8!",/ 71#$+% ,.6% . IN%0 A,.7% $%8./!1<

3%/5%%< /,%- /,%C +.< !</%$2%$% +1<7/$#+/!6%8C 5,!+, +.< $%7#8/ !< ,#"% .-A8!/#0%7' K<

.00!/!1<; /,% 4<158%0"% 12 . 8!",/ I%80O7 /%-A1$.8 A,.7% +.< 3% %NA81!/%0 21$ -%.7#$!<" !/7

%8%+/$!+ I%80 .-A8!/#0% !< /!-% 5,!+, !7 7,15< %'"' !< 7%+/!1< &'@'&' P8/,1#", /,!7 7%+/!1<

!7 0%0!+./%0 /1 +1,%$%</ QRS 71#$+%7 /,% 3.7!+ 8.7%$ A$!<+!A8%7 .<0 /,%1$C !7 0%7+$!3%0 8./%$

!< 7%+/!1< &'( 5,%$% A#87%0 8.7%$ 7C7/%- .$% %NA8.!<%0 !< 0%/.!8' R%$% 1<8C /,% 7A%+!.8/!%7

.<0 -.!< A$!<+!A8%7 12 +1,%$%</ +5 QRS 71#$+%7 .$% 0%7+$!3%0'

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

Q,% I$7/ +1,%$%</ 8!",/ 71#$+%7 21$ /,% QRS 2$%T#%<+C $.<"% 5%$% 1A/!+.88C A#-A%0 ".7

8.7%$7 >UVJW7?' X.<C ".7%7 7,15 7/$1<" 6!3$./!1<.8Y$1/./!1<.8 .371$A/!1< 8!<%7 !< /,%

5.6%8%<"/, $%"!1< 12 .31#/ 9Zµ- .<0 $.0!./!6% $1/./!1<.8 /$.<7!/!1<7 !< /,% QRS 2$%T#%<+C
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 ! "#$#%&'()$ &$* *#'#+'()$ ), '#%&-#%'. %&*(&'()$

 !"#$ %&'( &)* +!,-$. /0 12$3 4$ 5!"$"1 .3467$ 565$"18 9,$ 16 ! 76"#  $7!:!136" 6; 12$

$:+31!136" 3" -65$ #!-$- !" 3"<$ -36" +!" /$ /,371 ,4 3" 12$ = -1 $:+31$. -1!1$ >23+2 5!?$-

7!-3"# !+136" 46--3/7$8 @- #!3" 5$.3! #!-$- 73?$ <3"07 +276 3.$ AB2C3B7D( 5$1207 !7+6267

ABC3ECD( 5$1207 F,6 3.$ ABC3GD( !556"3! #!- AHC3D !". 5!"0 612$ - ! $ ,-$. %&I( &J*8

K2$0 ! $ ,-,!770 4,54$. /0 ! "31 6,- 6:3.$ AH2ED 6 +! /6" .36:3.$ ABE2D 7!-$ 8 K2$-$

7!-$ - 2!<$ 12$3 1043+!7 7!-3"# >!<$7$"#12 !1 !/6,1 L M ))µ5 >23+2 3- 5!1+23"# <$ 0 >$77

>312 12$ !/-6 4136" 73"$- 6; 12$ 3"<67<$. #!-$-8 N3"+$ -,+2 4,54 -6, +$- 4 6<3.$ ! 47$"10

6; $53--36" 73"$- !". 12$ 3"<67<$. #!3" 5$.3! 2!- ,-,!770 56 $ 12!" 6"$ 7!-3"# 1 !"-3136"

12$ 4,543"# -6, +$ 2!- 16 /$ 1,"!/7$8 K23- 3- !+23$<$. /0 47!+3"# ! .3-4$ -3<$ $7$5$"1

73?$ ! # !13"# 6 $1!76" 3"-3.$ 12$ +!<310 -6 12!1 6"70 6"$ $:+31$. -1!1$ +!" /$ =77$.8 N3"+$

12$ 7!-3"# 64$ !136" 3" EOPQ- .$4$".- -1 6"#70 6" 12$ #!- 4 $--, $ 12$0 ! $ 64$ !1$.

!1 76> 4 $--, $ 7$<$7- 6; !/6,1 40 − 170 · 10−6
/! ;6 ?$$43"# 12$ +6773-36"!7  $7!:!136"

 !1$ .6>" %&)( &&*8 E"$ . !>/!+? 6; 123- 4 $--, $ 7$<$7 3- 12!1 31  $.,+$- . !-13+!770 12$

-3"#7$ 4!-- 4,54 /$!5 $R+3$"+08 G6 !+23$<3"# #66. 4,54 +6".3136"- 12$ 4,54 /$!5

3- +6,47$. 16 12$ KCS 6-+377!16 !". 3- 12$"  $F$+1$. -$<$ !7 135$- 3" 12$ +!<3108 N3"+$

31 3- .3R+,71 16 =". .3+2 63+ 53  6 - 64$ !13"# 3" 12$ TUV !". KCS( !". 4 64$ 6,14,1

+6,47$ - -,+2 7!-$ - ! $ $W,344$. >312 ! +76-$. +!<3108 K23- 5$!"- /612 /$!5- ATUV !".

KCSD ! $ 1 !44$. /$1>$$" 1>6 23#2  $F$+13<$ 5$1!7 53  6 -8 G6 4,543"# !". 6,1+6,473"#

6; KCS  !.3!136" 12$-$ 5$1!7 53  6 - 2!<$ -5!77 267$- 3" 12$3 53..7$ >23+2 ! $ =77$. >312

! 1 !"-4! $"1 5!1$ 3!78 X8#8 123- +!" /$ 461!--3,5 +276 3.$ AYB7D ;6 12$ 4,54 /$!5

>3".6> !". 23#2M.$"-310 4670$1207$"$ AC9OXD ;6 12$ KCS 6,1+6,473"# >3".6>8 N6 ;! 

56 $ 12!" ! 126,-!". $53--36" 73"$- ; 65 <! 36,- #!-$- 3" 12$ ; $W,$"+0  !"#$ '8)MZKCS

! $  $46 1$. %&[*8 K2$ 5!3" .3-!.<!"1!#$ 6; 12$-$ 7!-$ - 3- 12$ 73;$ 135$ 73531$. 4,54

-6, +$8

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

\,!"1,5 +!-+!.$ 7!-$ - A\BQ-D ! $ .$<3+$- >23+2 /!-$ 6" !" 3"1$ -,//!". 6413+!7 1 !"M

-3136"8 K23-  $7!13<$70 "$> -$53+6".,+16 .$<3+$ >!- 3"1 6.,+$. /0 ]8 G!3-1  ! "#$ %)&* ;6 

TUV8 V$+$"170 12$ $53--36" 6; 123- 7!-$ 104$ >!- $:1$".$. 16 KCS ; $W,$"+3$- %&^*8 B65M

4! $. 16 31- -3S$ 123- ,"3467! .$<3+$ -26>- 6,1-1!".3"# 4$ ;6 5!"+$ !". 46>$ 7$<$7- ,4

16 I&Z5_ %I)*8 N3"+$ +2!41$ ^ 3- .$.3+!1$. 16 KCSM\BQ 5$!-, $5$"1-( 3"+7,.3"# 12$3 

>6 ?3"# 4 3"+347$( 12$0 ! $ "61 .$-+ 3/$. 3" .$1!37 2$ $8

 ! !.! /-++ +,+(&-0% ,$)+-)

@77 !/6<$ .$-+ 3/$. KCS 7!-$ -6, +$- 2!<$ 12$3 -1 3+1 73531!136"- ., 3"# 64$ !136"8 N3"+$

12$0  $70 6" !" !1653+ 6 ! 567$+,7! !+13<$ 5$.3,5 12$3 6,14,1 46>$ ( $53--36" >!<$M

7$"#12( !". 1,"!/37310 3- 73531$.8 @ +62$ $"1 KCS -6, +$ >23+2 2!- "61 -,+2 73531- 3- !

; $$ $7$+1 6" 7!-$ AGXQD >23+2 ,-$- !  $7!13<3-13+ $7$+1 6" /$!5 !- #!3" 5$.3,5 %&`( &Z*8

K2$ $7$+1 6" /$!5 3" ! GXQ 1 !<$7- 12 6,#2 ! 4$ 36.3+ 1 !"-<$ -$ 5!#"$13+ =$7.8 9,$

16 123- 4$ 36.3+ 5!#"$13+ =$7. 12$ $7$+1 6"- 1 !<$7 6" ! -3",-63.!7 4!12 6" >23+2 12$0

)I



 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

 !"#$% &'(') *+,%-./!+ +0-1.$!203 04 1#52%2 6!/, 7!8%$%3/ 5%3"/, !3 9.: /!-% .37 9;: 4$%<

=#%3+> 70-.!3' ?,% 1#52%2 .$% 30$-.5!@%7 /0 /,% 2.-% %3%$"> 40$ ;%//%$

+0-1.$!203'

%-!/ 1,0/032' ?,%2% 1,0/032 .$% +055%+/%7 ;> . -!$$0$ .37 2%3/ ;.+A /,$0#", /,% +.B!/>'

C%$% /,% %5%+/$03 -0/!03 !3 /,% ;%.- 1./, !2 !3 1,.2% ;> .+/!B% 2>3+,$03!@./!03 6!/, /,%

!3+0-!3" 5!",/ D%57 6,!+, $%2#5/2 !3 .-15!D+./!03' ?,% 0#/1#/ 106%$ 04  EF2 +.3 ;% .7<

G#2/%7 ;> /,% !3/%32!/> 04 /,% %5%+/$03 ;%.- .37 !/2 6.B%5%3"/, !2 /#3.;5% ;> /,% -."3%/!+

D%57 2/$%3"/,'  EF2 +.3 ;% #2%7 0B%$ . ;$0.7 %5%+/$0-."3%/!+ 21%+/$#- +0B%$!3" /,% ?C@

4$%=#%3+> $.3"% #1 /0 #5/$.<B!05%/ 9HI: .37 ;%>037 J(KL' ?,% -.!3 .115!+./!03 04  EF2

!2 ;.2!+ $%2%.$+,' M2 7%2+$!;%7 /,%> 08%$ . 5.$"% 7%"$%% 04 4$%%70- $%".$7!3" %-!22!03

6.B%5%3"/, .37 106%$' N#/ 7#% /0 /,%!$ ,#"% 2!@% 9+0-1.$.;5% /0 . 5.$"% ,0#2%:O /,%

,!", +02/2 .37 /,% +0-15!+./%7 -.!3/%3.3+% 04 2/.;5% 5!",/ %-!22!03 /,%> D37 .115!+./!03

035> !3 21%+!.5 +.2%2' M/ /,% -0-%3/ 60$576!7% 5%22 /,.3 PQ  EF2 .$% !3 7#/> 0$ 15.3%7

$%21%+/!B%5>'

 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

?,% 5!",/ 20#$+%2 %R15.!3%7 20 4.$ .$% %!/,%$ 30/ +0,%$%3/ 0$ /,%!$ %-!22!03 21%+/$#- !2

30/ ;$0.7;.37 %30#", 2,06!3" G#2/ . 4%6 %-!22!03 5!3%2' M3 #3!B%$2.5 .115!+.;5% 5!",/

20#$+% 60#57 ;% . ?C@ 1#52% 5.2%$ %-!//!3" #5/$.2,0$/ %5%+/$0-."3%/!+ /$.32!%3/2 +0B%$!3"

/,% 21%+/$#- Q'S < SQ?C@' ?,% !-1%$./!B% 40$ /,!2 1#52% 1$01%$/> !2 !55#2/$./%7 !3  !"' &'('

?,% 2,0$/%$ . 5.2%$ 1#52% 04 "!B%3 %3%$"> !2 /,% ;$0.7%$ !2 !/2 21%+/$#- .37 /,% ,!",%$ !2

!/2 1%.A !3/%32!/>' F.//%$ !2 /,% +$#+!.5 1.$.-%/%$ !4 3035!3%.$ %8%+/2 2,.55 ;% /.$"%/%7'

C06%B%$O 2#+, ;$0.7;.37 1#52% 5.2%$2 40$ /,% ?C@ 4$%=#%3+> $.3"% 70 30/ %R!2/ 20 4.$'

?,!2 -%.32 30 7!$%+/ 1#52% 5!",/ 20#$+% !2 .B.!5.;5% ;#/ /,%$% 70 %R!2/ 2%B%$.5 -%/,072 40$

.3 !37!$%+/ "%3%$./!03 04 4%6 +>+5% ?C@ $.7!./!03' */.$/!3" 10!3/ !2 !3 "%3%$.5 .3 #5/$.4.2/

4%-/02%+037 ?!)2.11,!$% 1#52% 5.2%$ 01%$./!3" !3 /,% TUV JPQL' ?,% 1$!3+!15%2 #2%7 40$

/,% ?C@ 1#52% "%3%$./!03 +.3 ;% 7!B!7%7 !3/0 /,$%% "$0#12 +032!7%$!3" %!/,%$ 01/!+.5 0$

SW



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

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

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

6+ ,&-%&#%./ 0$.1 4.!&$%7&#%./ #$&/(% /#( 34!&(1./  1%## $(5

8+ ,&-%&#%./ 9: /./!%/ &$ .4#%"&!  ' "#( 3-%' $ /" 0$ ;2 /": 1%<%/=5

>? @$(# #A. .0 #? 1 "&/ 9 -%$ "#!: - ("$%9 - 9: #? B&<A !! #? .$ 1 C8DE A?%"? (#&# (

#?&#  F $: &"" ! $&# - "?&$= .$ "?&/=%/= 4.!&$%7&#%./  1%#( &/  ! "#$.1&=/ #%" @ !- &"G

".$-%/= #.

E (t) ∝ ∂J

∂t
∝ ∂2P

∂t2
, 36+65

A? $ J %( #? "2$$ /# - /(%#: &/- P %( #?  ! "#$%" 4.!&$%7&#%./+ >? #?%$- &44$.&"? 0.$ #? 

= / $&#%./ .0 0 A ":"! >H7 $&-%&#%./ %( -%' $ /" 0$ ;2 /": 1%<%/=+ >A. .$ 1.$ A&F (

&$ 1%< - %/ & 4$.4 $ /./!%/ &$ 1 -%21 (. #?&# #? -%' $ /" 0$ ;2 /"% ( &$ !."&# - %/

#? >H7 0$ ;2 /": 9&/-+

>? - #&%! - - ("$%4#%./ .0 #? = / $&#%./ 4$." (( ( &/- - F%" ( %/"!2-%/= #? 9&(%"( .0

2!#$&(?.$# 42!( !&( $ = / $&#%./ &$ #? #.4%"( .0 #? 0.!!.A%/= ( "#%./(+

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

>? = / $&#%./ .0 2!#$&(?.$# !&( $ 42!( ( %( /.# & #$%F%&! #&(I+ J.$ & "A !&( $ ./!: & 1&# $%&!

A%#? & /&$$.A &14!%@"&#%./ (4 "#$21 %( /  - -+ >?%( (%#2&#%./ "?&/= ( %0 & 42!( !&( $

(?&!! 9 92%!#+ K/!: & 0 A 1&# $%&!( &$ "&4&9! .0 9$.&-9&/- &14!%@"&#%./ A?%"? %( #? 

"$2"%&! 4&$&1 # $+ L ".14! # .F $F% A "&/ 9 0.2/- %/ CM*E M6D+

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

>? (#&$#%/= 4.%/# .0  F $: 0 1#.( "./- 30(5 42!( !&( $ %( & /.$1&! "AG!&( $E 2(2&!!: & (.!%-

(#&# !&( $+ B.(# ".11./!: 1&# $%&!( A%#? & 0.2$ ! F !  / $=: (:(# 1 &$ 2( - 9 "&2( #? :

"&/ 9  &(%!: 4214 - ".14&$ - #. & #?$  ! F ! (:(# 1 CM8D+ N/ J%=+ 6+M &/ %!!2(#$&#%./ .0 &

0.2$ ! F ! (:(# 1 %( (?.A/+ O2"? (:(# 1 %( /  - - #. &"?% F & (#&9! 4.42!&#%./ %/F $(%./

A?%"? %(  (( /#%&! 0.$ #? !%=?# &14!%@"&#%./ 4$." ((+ >?%( 1 &/( #?&# #? 244 $ !&(%/=

 / $=: ! F ! |3〉 %( 1.$ .""24% - #?&/ #? !.A $ ! F ! |2〉+ L 9 &1 A?%"? ".1 (  +=+ 0$.1

( 1%"./-2"#.$ !&( $ -%.- ( 4214(  ! "#$./( 0$.1 #? =$.2/- (#&# |1〉 #. #?  <"%# - (#&# 

|4〉+ O%/" #? $ !&<&#%./ #%1 9&"I #. #? =$.2/- (#&# %( F $: !./= ".14&$ - #. #? 0&(#

#$&/(%#%./ |4〉 → |3〉E / &$!: &!!  ! "#$./( 4214 - #. (#&# |4〉 $ !&< #. (#&# |3〉 A? $ #? :

4$.-2" &/ %/F $(%./ -2 #. #? !./= $ !&<&#%./ 0$.1 #? $ #. #? (#&# |2〉+ N0 #? "?&$= 

"&$$% $( $ !&< #. (#&# |2〉 #? :  1%# & 4?.#./+ L0# $ & 0&(#  / $=: #$&/(%#%./ |2〉 → |1〉 #? 
 ! "#$./( "&/ 9 4214 - &=&%/ #. #? 244 $ (#&# + J.$ %/(#&/" %/ & #?$  G! F ! (:(# 1

(#&# |1〉 &/- |2〉 &$ #? (&1 + >?%( $ (2!#( %/ 4$.9! 1( %0 #? 4214 4.A $ %( /.# ?%=?

 /.2=? "&2(%/= &/ .F $4.42!&# - =$.2/- (#&# &/- & $ -2" - 4.42!&#%./ %/F $(%./+

*P



 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

 !"#$% &'(') *+%,-. /0 1 0/#$23%4%3 565,%7 0/#89 !8 7/5, 315%$ "1!8 7%9!1'

 !"#$% &':') ;3%7%8,5 /0 1 ,6<!-13 315%$ $%5/81,/$ =0$/7 >(&?@'

A.% %8%$"6 E /0 ,.% "%8%$1,%9 <./,/85 9!$%-,36 9%,%$7!8%5 ,.% 0$%B#%8-6 f /0 ,.% %7!,,%9

%3%-,$/71"8%,!- C%39 "!4%8 D6 ,.% -/77/836 +8/E8 0/$7#31

E = h · f, =&'F@

E.%$% h !5 ,.% %8%$"6 B#18,#7' G#, 1 </<#31,!/8 !84%$5!/8 9/%5 8/, $%5#3, 1#,/71,!-1336

!8 1 -/.%$%8, 3!"., C%39' *#-. 1 565,%7 E/#39 /836 %7!, <./,/85 /0 $189/7 <.15% D6

5</8,18%/#5 %7!55!/8'

A/ 1-.!%4% 5,1D3% 315!8" 1-,!/8 /$ -/.%$%8, 3!"., 17<3!C-1,!/8H !, !5 8%-%551$6 ,/ %85#$%

,.1, 133 %7!,,%9 <./,/85 .14% ,.% 517% <.15%' A.%$%0/$%H ,.% "1!8 7%9!#7 !5 <31-%9 !8

18 /<,!-13 $%5/81,/$ E.%$% ,.% <./,/85 -!$-#31,% = !"' &':@' I./,/85 <$/<1"1,!8" ,.$/#".

,.% "1!8 7%9!#7 !8,%$1-, E!,. ,.% %3%-,$/85 3/-1,%9 !8 ,.% %J-!,%9 5,1,% 189 5,!7#31,%

,.% 3!"., %7!55!/8 <$/-%55' K#% ,/ ,.% 5,189!8" E14% -/89!,!/8 ,.% /<,!-13 3%8",. /0 ,.%

$%5/81,/$ 9%,%$7!8%5 ,.% </55!D3% 0$%B#%8-!%5 E.%$% -/.%$%8, 3!"., 17<3!C-1,!/8 -18 ,1+%

L(



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

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

fm = m · c

2 · L, m ∈ N 34%56

7'$*$ m .( " -"8,*"! -,91$*: c .( 8'$ ( $$; <) !./'8 .- 8'$ /".- 9$;.,9 "-; L .( 8'$

*$(<-"8<* !$-/8'% =!! $9.((.<- !.-$( "*$ ( "#$; 12 8'$ /*<,-; )*$+,$-#2 f1% >,*8'$*: 8'$

 <((.1!$ $9.((.<- )*$+,$-#.$(: "!(< #"!!$; 9<;$(: "*$ !.9.8$; 12 8'$ /".-?!<((  *<@!$% &'.(

9$"-( <-!2 9<;$( #"- 1,.!8 , )<* 7'.#' 8'$ < 8.#"! /".- .- 8'$ 9$;.,9 $A#$$;( 8'$ (,9

<) "!! !<(($( 7.8'.- 8'$ < 8.#"! *$(<-"8<*%

 !"#$%!&'()*

&'$ 9<;$( <) " 9,!8.9<;$ !"($* <(#.!!"8$ .-;$ $-;$-8!2 <) $"#' <8'$*: '$-#$ 8'$  '"($

*$!"8.<- 1$87$$- 8'$9 .( *"-;<9% &'$ *$(,!8.-/ $9.88$; $!$#8*.# @$!; #"- 1$ ;$(#*.1$; 12

Esum (t) =
∑

i

Ei · cos (ωi · t+ φi (t)) , 34%B6

7'$*$ Ei .( 8'$ "9 !.8,;$ <) 8'$ $!$#8*.# @$!; (8*$-/8': ωi .( 8'$ "-/,!"* )*$+,$-#2 "-;

φi (t) .( 8'$ 8.9$ ;$ $-;$-8  '"($ <) 8'$ .-;.0.;,"! 9<;$(% &'$ *"-;<9  '"($ 1$87$$-

8'$ 0"*.<,( 9<;$( *$(,!8( .- *"-;<9 #<-(8*,#8.0$ "-; ;$#<-(8*,#8.0$ .-8$*)$*$-#$( 1$87$$-

8'$9% &'$*$)<*$: 8'$ $9.88$; $!$#8*<9"/-$8.# @$!; <) (,#' " !"($* .( (8*<-/!2 C,#8,"8.-/%

&'.( .( 8'$ *$"(<- 7'2 .8 .( <) /*$"8 1$-$@8 8< $(8"1!.(' " #<-(8"-8  '"($ 1$87$$- "!!

9<;$(% D- 8'.( #"($ 8'$ 9<;$( .-8$*)$*$ #<9 !$8$!2 #<-(8*,#8.0$ "8 " /.0$- 8.9$ 7'.#' .(

 $*.<;.#"!!2 *$ $"8$;% &'.( (< #"!!$; 9<;$E!<#F.-/ <) "( 9"-2 9<;$( "(  <((.1!$ 9$"-(

8'"8 8'$ ;,*"8.<- <) 8'$ *$(,!8.-/  ,!($ #"- 1$ 0$*2 ('<*8% G<7 8'.( 8'$<*$8.#"!!2 !<<F( !.F$

.( ('<7- .- >./% 4%H% I2 (,99.-/ , 8'$ ),-;"9$-8"! $!$#8*.# @$!; <(#.!!"8.-/ "8 JKGL 7.8'

JKK (.;$ 9<;$( 7'.#' '"0$ " 9<;$ ( "#.-/ <) JK9GL "-; -<  '"($ ;.M$*$-#$ #<9 "*$;

8< 8'$ ),-;"9$-8"! 9<;$ 8'$2  $*.<;.#"!!2 .-8$*)$*$ #<-(8*,#8.0$!2 *$(,!8.-/ " ('<*8  ,!($

3>./% 4%H16% N,$ 8< 8'$ 9<;$ ( "#.-/ 8'.( .-8$*)$*$-#$  "88$*- *$ $"8( $0$*2 JKK (% &'$

9<*$ 9<;$( "*$ !<#F$; 8< $"#' <8'$* 8'$ ('<*8$* 8'$ *$(,!8.-/  ,!($ "-; 8'$ './'$* .8(

"9 !.8,;$% D- 8'.(  "*8.#,!"* #"($ 8'$ "9 !.8,;$ *.($( 12 " )"#8<* <) JKJ%

&'.( /$;"-F$- $A $*.9$-8 ('<7( 8'$ .9 <*8"-#$ <) 8'.( $M$#8% D- " 9<;$ !<#F$; !"($*

8'$ $-$*/2 .( (8<*$; , "-; *$!$"($; .- ('<*8 $-$*/2 *.#' 1,*(8(% &'$ 9$8'<;( ;$0$!< $;

(< )"* #"- 1$ ;.0.;$; .-  "((.0$ "-; "#8.0$ 9<;$E!<#F.-/ OBJP% ><* .-(8"-#$: !"88$* #"- 1$

"#'.$0$; 12 9<;,!"8.<- <) 8'$ #"0.82 !<(($( 7.8' " )*$+,$-#2 /.0$- 12 8'$ *<,-; 8*. 8.9$

.- 8'$ !"($*% Q-$ #"- .9"/.-$ 8'"8 8'.( *$+,.*$( 0$*2 )"(8 "-;  *$#.($ $!$#8*<-.#( 7'.#'

!.9.8(: <) #<,*($: 8'$  ,!($ 7.;8'% Q- 8'$ <8'$* '"-;  "((.0$ 9$8'<;( "*$ 9,#' 9<*$

;.R#,!8 8< '"-;!$ 1,8 <M$* ('<*8$*  ,!($(% &'$*$12 "- ";;.8.<-"! $!$9$-8 <* .- 8'$ .;$"!

#"($ 8'$ /".- 9$;.,9 .8($!) .( *$( <-(.1!$ )<* 8'$ 9<;$ #<, !.-/% = "*8 )*<9 ("8,*"1!$

"1(<*1$*( <-$ <) 8'$ 9<(8 <)8$- ,($; 9$8'<;( .-  ,!($ !"($*( .( S$** !$-(.-/%
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 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

 !"#$% &'(') *+%,-$!, .%+/ 01 234 -5% 1#6/37%6-3+ 70/% 289 :;4 36/ 2<4 898 =53>%?+0,@%/

70/%> A!-5 897:; >=3,!6"'

 !""#$%!&'

B5% C%$$ %D%,- EFGH !> 3 >%,06/ 0$/%$I 606+!6%3$ %+%,-$0?0=-!, %D%,- -53- /%>,$!<%> -5% +0,3+

,536"% 01 3 73-%$!3+J> $%1$3,-!K% !6/%L ,3#>%/ <M -5% !6-%6>!-M 01 3 +!"5- .%+/' B5% !6N#%6,%

06 -5% $%1$3,-!K% !6/%L !> "!K%6 <M

n (I) = n0 + n2 · I, 2&'O4

A5%$% n0 !> -5% #63D%,-%/ $%1$3,-!K% !6/%L 36/ -5% =$0=0$-!063+ 13,-0$ n2 /%-%$7!6%> -5%

!6N#%6,% 01 -5% =0A%$ !6-%6>!-M' P!6,% -5% =0A%$ =$0.+% !6 3 +3>%$ <%37 10++0A> 3 Q3#>>!36

/!>-$!<#-!06 EFGH -5% 5!"5%>- !6-%6>!-M !> +0,3-%/ !6 -5% 7!//+%' R> 3 $%>#+- 01 -5!> =$0.+%

-5% $%1$3,-!K% !6/%L =$0.+% ,536"%> !6 -5% >37% A3M 3,,0$/!6" -0 *S' &'O' T6 -5!> A3M

-5% $%1$3,-!K% !6/%L "$3/!%6- 10$7> 3 +%6> 36/ +%3/> -0 36 %D%,- A5!,5 !> 01-%6 ,3++%/

<%37 >%+1?10,#>!6"' B5%$%<M -5% 73-%$!3+ <%53K%> 3> 3 +%6> A!-5 36 !6-%6>!-M /%=%6/!6"

,#$K3-#$% 2 !"' &'U4' B53- !6N#%6,%> -5% ,06/!-!06> A!-5!6 -5% +3>%$ ,3K!-M A5!,5 ,36 <%

#>%/ 10$ =3>>!K% 70/%?+0,@!6"' T1 -5% 0=-!,3+ >M>-%7 01 -5% +3>%$ !> <#!+- !6 3 A3M -53-

=#+>%/ 0=%$3-!06I A!-5 5!"5 -%7=0$3+ !6-%6>!-!%>I >50A> -5% +0A%>- +0>>%> !6 -5% >M>-%7 -5!>

,06/!-!06 !> =$%1%$$%/ <M -5% +3>%$ $%>063-0$ !->%+1' V#% -0 -5!> $%3>06 -5!> %D%,- !> >%+1?

>-3<!+!;!6"' T- 7%36>I -53- -5% >%+1?10,#>!6" %D%,- ,3#>%> -53- -5% <%37 !> 70$% 36/ 70$%

10,#>%/' T6 -5!> A3M -5% 70/% 01 +3>%$ 0=%$3-!06 %L,%%/> -5% 0=-!73+ +0>>W"3!6 ,06/!-!06

36/ >-3<!+!;%> 3- -5% #==%$ %/"% 01 >-3<+% +3>%$ 0=%$3-!06' B5% >-36/3$/ 73-%$!3+ 10$ XTY

=#+>% +3>%$> >50A!6" 3 >-$06" C%$$ %D%,- !> B!)>3==5!$%' P#,5 /0=%/ ,$M>-3+> 53K% -0 <%

0=-!,3++M =#7=%/ <M 360-5%$ ,A +3>%$' B!)>3==5!$% >50A> 3 K%$M 5!"5 0=-!,3+ /373"%

-5$%>50+/ 36/ 3 5#"% "3!6 <36/A!/-5 01 70$% -536 F99 67 EZ&H' [3--%$ =$0=%$-M 73@%>

!- !/%3+ 10$ -5% "%6%$3-!06 01 #+-$3?>50$- +3>%$ =#+>%> A5%$% -5% >=%,-$3+ <36/A!/-5 !> -5%

,$#,!3+ =3$37%-%$'
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 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

 !"#$% &'()'* +#,-% ./01$%--!/2 3!45 .5!$1%6 0!$$/$-'

75% -%./26 0%45/6 #-%- -/8.9,,%6 .5!$1%6 0!$$/$- :;<=' 75%-% 0!$$/$- 59>% 0#,4!1,%

6!%,%.4$!. ,9?%$- /@ 9,4%$294!2" 094%$!9,- /@ 6!A%$%24 45!.B2%-- C !"' &'()D'  /$ !24$/6#.!2"

9 2%"94!>% .5!$1 45% 0!$$/$- 59>% 9 -49.B /@ 45!2 ,9?%$- /2 45% 4/1 35/-% 45!.B2%--%- !2.$%9-%

3!45 6%145' 75% 45!.B2%-- /@ 45% ,9?%$- ./$$%-1/26- 4/ 45% 39>%,%2"45 /@ 45% ,!"54 35!.5 59-

4/ E% $%F%.4%6' G5/$4 39>%,%2"45 ,!"54 !- $%F%.4%6 .,/-% 4/ 45% -#$@9.% 35!,% ,/2" 39>%,%2"45

,!"54 !- $%F%.4%6 6%%1%$ !2 45% 0!$$/$' G!0!,9$ 4/ 45% 1$!-0 ./01$%--!/2 45!- !24$/6#.%- 9

,/2"%$ 1$/19"94!/2 1945 4/ 45% $%6 -5!@4%6 ,!"54 926 -/ 9 2%"94!>% 6!-1%$-!/2' G!2.% 45%

6!-1%$-!/2 !24$/6#.%6 E? 45%-% 0!$$/$- !- !26%1%26%24 /@ 45% 5!4 1/-!4!/2 45!- 0%45/6 6/%-

2/4 -#A%$ @$/0 E%90 1945 .592"%-'  #$45%$H -#.5 0!$$/$- 9$% 5!"5,? 969149E,%' 75%? .92

E% 6%-!"2%6 @/$ 2%9$,? %>%$? 39>%,%2"45 926 6!-1%$-!/2H I#-4 E? .592"!2" 45% 45!.B2%--

926 45% /$6%$ /@ 45% 6%1/-!4%6 ,9?%$- ' J2 45!- 39? %>%2 6!-1%$-!/2 /@ 5!"5%$ /$6%$- .92 E%

911,!%6 %9-!,?' 75% 09!2 6!-96>9249"% /@ 45!- 0%45/6 !- 4594 9 0!$$/$K- 6!-1%$-!/2 .922/4

E% @$%%,? 96I#-4%6 9@4%$ !4- 4/1 -#$@9.% 39- 6%1/-!4%6' 75% 6!-1%$-!/2 .92 /2,? E% 96I#-4%6

!2 -4%1- E? #-!2" 0#,4!1,% E/#2.%- E%43%%2 43/ /@ -#.5 0!$$/$-' 75!- %L1,9!2- 35? -#.5

0!$$/$- 9$% /@4%2 !2-49,,%6 /#4-!6% /@ 45% .9>!4? 35!,% 1$!-0 ./01$%--/$- 9$% 0/-4,? @/#26

3!45!2 !4'

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

75% 1$!2.!1,% /@ 9 ./5%$%24 1,9-0/2 %0!44%$ :;;= !- -5/32 !-  !"' &'((' M2 !2./0!2"

,9-%$ 1#,-% %L.!4%- 45% -#$@9.% /@ 9 6/1%6 -%0!./26#.4/$' J2 45% !6%9, .9-% 9 286/1%6

094%$!9, 3!45 .9$$!%$- /@ 5!"5 0/E!,!4? !- #-%6 C%'"' 28N9M- /$ 28J2M-D' 75% "%2%$94%6

.59$"% .9$$!%$- /-.!,,94% 6#% 4/ 43/ 6!A%$%24 0%.592!-0-'  !$-4H 45% "%2%$94%6 .59$"%

.9$$!%$-H 09!2,? %,%.4$/2-H 9$% 9..%,%$94%6 E? 45% -#$@9.% O%,6' 75!- ,%96- 4/ 9 -%19$94!/2

/@ %,%.4$/2- 926 5/,%-' 75!-H /@ ./#$-%H .9#-%- P/#,/0E 944$9.4!/2 E%43%%2 45%0 35!.5

!- 0/>!2" 45% .9$$!%$- E9.B' Q,%.4$/2- 0/>%6 !2 -#.5 39? %0!4 %,%.4$/09"2%4!. $96!94!/2
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 ! "#$#%&'()$ &$* *#'#+'()$ ), '#%&-#%'. %&*(&'()$

 !"#$% &'((') *+,- .$/01% /2 + .1+34/, %4!55%$'

+66/$-!," 5/ 7%$58!+, -!./1% 59%/$: ;<=' >9!3 .$/6%33 9/1-3 /, #,5!1 59% 6+$$!%$3 9+?%

$%6/4@!,%- /$ -%.9+3%- @: %1%65$/,A.9/,/, 36+55%$!,"' >9% "%,%$+5%- 6+$$!%$3 +$% +13/

$%3./,3!@1% 2/$ 59% 3%6/,- .$/6%33 !,!5!+5%- @%6+#3% 59%: 36$%%, 59% 3#$2+6% 0%1- .+$51:'

>9!3 6+#3%3 59+5 59% 3#$2+6% 3.+6% 69+$"% $%"!/, 39$!,B3 $%3#15!," !, + 69+,"%- 6#$?+5#$%

/2 59% @+,- 35$#65#$%' >9% 2$%% %1%65$/,3 2$/4 59% @#1B 4+5%$!+1 35+$5 5/ 4/?% 5/C+$-3

59% 3#$2+6% !,!5!+5!," + /36!11+5!/, C9!1% 59% 9/1%3 4/?% ?!6% ?%$3+' D#% 5/ 59!3 6/9%$%,5

4/?%4%,5 59% %1%65$/, 61/#- !3 +13/ 6+11%- .1+34/,' >9% +,"#1+$ 2$%E#%,6: /2 59% 6+$$!%$

.1+34/, /36!11+5!/, !, @/59 6+3%3 !3 "!?%, @:

ω =

√

ωp −
γ2

4
, F&'GH

C!59

ωp =

√

e2 · n
ε0 ·m∗ , F&'IH

C9%$% ωp !3 59% .1+34+ 2$%E#%,6:J γ !3 59% -+4.!," 2+65/$ /2 59% /36!11+5!/,J e !3 59%

%1%4%,5+$: 69+$"%J n !3 59% -%,3!5: /2 59% .9/5/"%,%$+5%- 6+$$!%$3J ε0 !3 59% .%$4!55!?!5:

/2 2$%% 3.+6% +,- m∗
!3 59% %K%65!?% 4+33 /2 59% %1%65$/,3'  $/4 59% 2/$4#1+3 !3 61%+$ 59+5

59% 6%,5%$ %4!33!/, 2$%E#%,6: 6+, @% 5#,%- -!$%651: @: 59% -/.!," 6/,6%,5$+5!/, ;LL=' M5

!3 %?%, ./33!@1% 5/ !4.$/?% 59% %4!33!/, %N6!%,6: @: OPQ @: #3!," +, R>

 

ST+U3 1+:%$ +5

59% 3#$2+6% ;LV='

>9!3 5:.% /2 %4!55%$ !3 #3#+11: %W6!5%- @: 59% 1+3%$ @%+4 !4.!,"!," #,-%$ + 6%$5+!, +,"1%'

>9!3 9+3 5C/ $%+3/,3'  !$35J 5/ 4!,!4!8% 59% +4/#,5 /2 $%X%65%- ./C%$J 59% %4!55%$ !3 9!5
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 !"! #$%$&'()*% *+ +$, -.-/$ 012 &'3)'()*%

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

αB = arctan (nSC) , 12345

(&#$# nSC -) %&# )#6-78!" 7%8$9) $#:$*7%-.# -!"#;3 <! %&# 7*)# 8: =*>) (-%& * $#:$*7%-.#

-!"#; 8: n ≈ 3.66 *% <? (*.#,#!+%&) %&-) *!+,# -) ∼ 74.7◦3 @ $%&#$A )-!7# %&# 8)7-,,*%-!+

"-B8,#) *$# 7,8)# %8 %&# )#6-78!" 7%8$C*-$ -!%#$:*7# %&# #6-))-8! B$8D,# 7*! !8% /# "#)7$-/#"

/0 * E#$%F-*! "-B8,# GHI *!068$#3 J&# $#) ,%-!+ $*"-*%-8! B*%%#$! -! %&-) 7*)# 7*! /#

7*,7 ,*%#" /0 GKLI

Pe (ρ) =
[(

1 + n2
)

· sin2 ρ− 1
]−1 · 3

8 · π ·
n5

n2 − 1
· sin2 (2ρ) , 123MN5

(&#$# ρ -) %&# *!+,# 6#*) $#" :$86 %&# "-B8,# *;-) *!" n = n2
n1

-) %&# $*%-8 8: %&# $#:$*7O

%-.# -!"#;#) 8: %&# 6*%#$-*,) / -,"-!+ %&# -!%#$:*7#3 <! B$-!7-B,# %&# :8$6 ,* #;B,*-!) %&#

7-$7 6)%*!7# %&*% %&# $*"-*%-8! :$86 * ) $:*7# "-B8,# &*) %&# %#!"#!70 %8 78!7#!%$*%# -!

%&# 6*%#$-*, (-%& &-+&#$ $#:$*7%-.# -!"#;3 J8 8B%-6-F# %&# JEF +#!#$*%-8! B$87#)) * %$*"#

8P /#%(##! /8%& #P#7%) &*) %8 /# :8 !"3 Q,*)68! #6-%%#$) *$# (-"#,0  )#" *,%&8 +& %&#0

!##" %8 /# 68" ,*%#" 8B%-7*,,03 J&#-$ 6*-! *".*!%*+# -) %&# *.*-,*/-,-%0 8: 7&#*B 6*%#$-*,)

*!" %&*% :8$ ) 7& JEF #6-%%#$ !8 ,-%&8+$*B&0 B*%%#$!-!+ -) !##"#"3

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

J&# 68)% 8:%#!  )#" "#.-7#) :8$ %&# #6-))-8! 8: :#( 707,# JEF $*"-*%-8! *$# "-B8,# *!%#!!*)3

J&# D$)% *BB,-7*%-8! 8: %&-) #6-%%#$ %0B# (*) %&# +#!#$*%-8! 8: 8B%-7*, -!" 7#"  ,%$*)&8$%

7 $$#!% B ,)#) -!.#!%#" /0 R3 E3 > )%8! GMKI (&8 (*) %&# #B8!06 8: %&-) "#.-7#3 <! %&-) 7*)#

* ,-+&% B ,)# -,, 6-!*%#) *! *$#* 8! * )#6-78!" 7%8$ 6*%#$-*, /#%(##! %(8 /-*)#" 6#%*,,-7

78!%*7%)3 R # %8 %&# +#!#$*%#" 7&*$+# 7*$$-#$) -! %&# +*B %&# 78!%*7%) *$# )&8$%O7-$7 -%#"

,#*"-!+ %8 * )&8$% 7 $$#!% %$*!)-#!%  !%-, %&# 7*$$-#$) $#786/-!# 8$ "$-:% *(*03 >B*$% :$86

%&-) 8$-+-!*, *BB,-7*%-8! > )%8! "#.-7#) *$# *,)8 7*B*/,# #6-%%-!+ JEF $*"-*%-8! GKSI " #

%8 %&8)# )&8$% 7 $$#!% %$*!)-#!%) 1)## TU3 23253

<! %&# )-6B,#)% 7*)# %&-) #6-%%#$ 78!)-)%) 8: 78B,*!*$ 6#%*, )%$-B#) B,*7#" 8! * )#6-78!O

" 7%8$ 6*%#$-*, (&-7& )&8 ," B$8.-"# %&# :8,,8(-!+ B$8B#$%-#)V

M3 E-+& 7*$$-#$ 68/-,-%0

23 W&8$% 7*$$-#$ ,-:# %-6#

H3 E-+& /$#*X"8(! .8,%*+#

> ,-)% 8: B&8%878!" 7%-.# 6*%#$-*,) -!7, "-!+ %&#-$ B*$*6#%#$) 7*! /# :8 !" -! GK4I3 J&#

#6-))-8! B$87#)) 8: B&8%878!" 7%-.# 1QY5 *!%#!!*) -) -,, )%$*%#" -! @-+3 23M2 (&-7& /#&*.#)

*) E#$%F-*! "-B8,#3

Z&#! %&# +*B /#%(##! %&# 6#%*, )%$-B#) -) -,, 6-!*%#" /0 *! :#6%8)#78!" 8B%-7*, B ,)#

(-%& * B&8%8! #!#$+0 ,*$+#$ %&*! %&# /*!"+*B 1#3+3 Eg = 1.43 eV :8$ =*>) *% $886

2M



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

 !"#!$% &$!' !(!) $*+,-*(! #%.$/ %$! 0!+!$% !12 3&!  *  -! %##(.!1 !(!) $.) 4!(1  -! )%$5

$.!$/ %$! %))!(!$% !1 .+ *##*/. ! 1.$!) .*+/ %+1 1!)%6 7. - %  ."! )*+/ %+ 0.8!+ 96  -!

$!)*"9.+% .*+ $% ! *:  -! )*$$!/#*+1.+0 "% !$.%(2 ;!)%&/!  -! )&$$!+ 1!+/. 6 )-%+0!/ .+

 -! /&95#.)*/!)*+1 $!0."!  -! !(!) $*+/ 7. -.+  -! .((&".+% !1 %$!% !". % /&95#.)*/!)*+1

!(!) $*"%0+! .)  $%+/.!+ 2 < / /#!) $&" 1!#!+1/ / $*+0(6 *+  -! )%$$.!$ "*9.(. 6 7. -.+

 -! /!".)*+1&) *$ "% !$.%( 7-.)- /-*&(1 9! %/ -.0- %/ #*//.9(!  * *9 %.+ % 9$*%19%+1

=>? #&(/!2 =-! !(!) $.) :%$ 4!(1 E (r, t) )%+ 9! 1!/)$.9!1 96 % >!$ ?.%+ 1.#*(! $%1.% .+0

.+ * :$!! /#%)! 96 @ABC

E (r, t) =
le

4πε0c2
0r
· ∂J (t)

∂t
· sinΘ ∝ ∂J (t)

∂t
, DE2FF'

7-!$! J (t) ./  -! )&$$!+ 1!+/. 6 .+  -! 1.#*(!G le ./  -! 1.#*(!H/ (!+0 - %+1 Θ ./  -! %+0(!

"!%/&$!1 :$*"  -! "%.+ %I./ *:  -! 1.#*(!2 < )(!%$  -%  -! %"#(. &1! *:  -! $%1.% !1 4!(1

./ 1.$!) (6 #$*#*$ .*+%(  *  -! 1!$.8% .8! *:  -! )&$$!+ 1!+/. 6 0.8!+ 96 @JKC

J (t) ∝ I (t)⊗ [n (t) · q · v (t)] , DE2FE'

7-!$! ⊗ "!%+/  -! )*+8*(& .*+ #$*1&) G I (t) ./  -! *# .)%( .+ !+/. 6 #$*4(!G %+1 n (t)G v (t)

%+1 q %$!G $!/#!) .8!(6G  -! 1!+/. 6G  -! 8!(*). 6 %+1  -! )-%$0! *:  -! *# .)%((6 0!+!$% !1

)%$$.!$/2 =-! 16+%".) *:  -! )-%$0! )%$$.!$/ ./ 7!(( 1!/)$.9!1 96  -! 3$&1! "*1!(2 L)5

)*$1.+0  *  -./ "*1!(  -! 16+%".)/ .+)(&1.+0  -! 1$.: 8!(*). 6 v (t) *:  -! #-* *0!+!$% !1

)%$$.!$/ )%+ 9! 1!/)$.9!1 96 % 1.M!$!+ .%( !N&% .*+ 0.8!+ 96

∂v (t)

∂t
= −v (t)

τ
+

q

m∗E (t) , DE2FO'

7-!$! τ ./ )*((./.*+ $% ! %+1 m∗
./  -! !M!) .8! "%// *:  -! !(!) $*+/2 P%  !$ #%$%"! !$

!I#(%.+/ 7-6 "% !$.%(/ 7. - (*7 !M!) .8! !(!) $*+ "%// D!202 m∗ ≈ 0.067 · me :*$ Q%L/

% $**"  !"#!$% &$!' %$! 9!/ /&. !1 :*$ /&)- !".  !$/2 <+ 0!+!$%(  -! #&"#.+0 #$*)!//

)%+ 9! %##$*I."% !1 96 % 1!( % :&+) .*+2 =-! $!/&( .+0 #-* *5)&$$!+ %+1 $%1.% !1 4!(1

%"#(. &1! ./ /-*7+ .+ R.02 E2FO2

=-! $!%( /-%#! *:  -! %+ !++% / $&) &$! )%+ 8%$6 1!#!+1.+0 *+  -! %##(.)% .*+2 =6#.)%(

/ $.# (.+! 1./ %+)!/ $%+0! :$*" FKµ" &#  * F )"2 3!#!+1.+0 *+  -! !(!) $.)%( 9$!%S 1*7+

8*( %0! !(!) $.) 4!(1/ &#  * 10 kV
cm

%$! $!%)-!1 )(*/!  *  -! /!".)*+1&) *$ /&$:%)!2 <+ *$1!$

 * *# .".?!  -! *& )*&#(.+0 !T).!+)6 %+1  * %8*.1 (*//!/ 1&!  *  * %( .+ !$+%( $!U!) .*+ %

-!"./#-!$.)%( (!+/ D/!! R.02 E2FE' ./ &/&%((6 %  %)-!1  *  -! 9%)S/.1! *:  -! !".  !$ "%1!

*:  -! /%"! *$ /.".(%$ "% !$.%(2

L :%) 7-.)- ./ *: !+ &+1!$!/ ."% !1 %+1 / %+1/ .+ )(*/! $!(% .*+ 7. -  -./ ./  -! 1.8!$5

0!+)! *:  -! 0!+!$% !1 9!%"2 V/#!).%((6  -./ #(%6/ % "%W*$ $*(! .:  -! .((&".+% !1 %$!% -%/

% 1."!+/.*+ )*"#%$%9(!  *  -! 7%8!(!+0 - *:  -! !".  !1 $%1.% .*+2 =-! 1.8!$0!+)! %+0(!

EE



Θ

Θ = arctan

(

λ

π · ω0

)

,

λ ω0

P (2) (ω)

P (2) (ωTHz) = ε0 · χ(2) (ωTHz = ω1 − ω2) ·E (ω1) ·E∗ (ω2) ,

χ(2) ωi



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

 !"#$% &'()'* +,-.#-,/%0 123/3.#$$%4/ !4 /2% %5!//%$ ,40 ,51-!/#0% 36 /2% $,0!,/%0 7%-0

8%$9#9 /!5%' :2% /%513$,- 92,1% 36 /2% -,9%$ 1#-9% !9 0$,;4 ,9 , 03//%0 -!4%

<6$35 =>?@A'

;!/2 /2% 6$%B#%4.!%9 2 ·ω1C 2 ·ω2C ω1−ω2C ,40 ω1+ω2 ,$% "%4%$,/%0' D8%4 , E%$3 6$%B#%4.F

7%-0 .35134%4/ !9 "%4%$,/%0 "!8!4" /2!9 5%/230 ,-93 /2% 4,5% G31/!.,- $%./!7.,/!34H'

 3$ /2% "%4%$,/!34 36 :IE $,0!,/!34 /2% 0!J%$%4.% 6$%B#%4.F "%4%$,/!34 (ω1 − ω2) !9

%K1-3!/%0 ;2!.2 !9 !--#9/$,/%0 !4  !"' &'(L' :2% 91%./$,- 6$%B#%4.F .35134%4/9 36 , M$3,0N

M,40 -,9%$ 1#-9% ,$% 5!K%0 !4 , ;,F 93 /2,/ /2% 0!J%$%4.% 6$%B#%4.F 36 .%$/,!4 1,$/9 36 !/9

91%./$#5 ,$% -3.,/%0 !4 /2% :IE 6$%B#%4.F M,40' :2!9 2,11%49 63$ ,-- 6$%B#%4.!%9 ;2%$%

/2% 12,9% 5,/.2!4" .340!/!34

k3 (ω) = k1 (ω)− k2 (ω) , <&'(>A

!9 6#-7--%0C ;2%$% ki (ω) ,$% /2% 6$%B#%4.F 0%1%40!4" ;,8% 8%./3$9 36 /2% !483-8%0 ;,8%9

!4 /2% .3$$%91340!4" 5,/%$!,-' O,4F 5,/%$!,-9 ,$% 9#!/%0 63$ /2!9 "%4%$,/!34 5%/230' :2%

539/ 36/%4 #9%0 .$F9/,-9 63$ /2% "%4%$,/!34 36 :IE 1#-9%9 !--#5!4,/%0 MF :!*9,112!$% 1#-9%

-,9%$9 ,$% P,Q%C P,R9 ,40 S4:% =>&C >)@'

T%.%4/-FC , 4%; 5%/230 63$ /2% "%4%$,/!34 36 !4/%49% :IE 1#-9%9 36 53$% /2,4 400 kV
cm
;,9

0%8%-31%0 =>L@' :2%$%MF /2% "%4%$,/!34 1$3.%99 /,U%9 1-,.% !4 ,4 ,!$ 1-,95, "%4%$,/%0

MF /2% -,9%$ 1#-9% !/9%-6 ;2!.2 ,./9 ,9 , 434-!4%,$ 5%0!#5' I3;%8%$C /2!9 5%/230 !9

.351-!.,/%0 ,40 4%%09 1#-9%9 ;!/2 2!"2 %4%$"F ∼ 1mJ ,40 923$/ -%4"/2 50 fs' R1,$/

6$35 /2!9C 0!J%$%4.% 6$%B#%4.F "%4%$,/!34 2,9 !4 "%4%$,- -3;%$ 3#/1#/ 13;%$ /2,4 123/3N

.340#./!8% 9;!/.2%9' :2%!$ 5,!4 ,08,4/,"%9 ,$% /2%!$ -,$"% M,40;!0/2 %K.%%0!4" (?:IE

,40 /2% 9-!"2/-F /#4,M-% %5!99!34 1$37-%' :2!9 .,4 M% 034% MF .2,4"!4" /2% .$F9/,-V9 31/!.,-

,K%9 !4 $%91%./ /3 /2% 13-,$!E,/!34 36 /2% !4.35!4" -,9%$ 1#-9% ;2!.2 2,9 , 0!$%./ !51,./

34 /2% 12,9% 5,/.2!4" .340!/!349 <DB' &'(>A'

&L



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

 !"#$% &'()'* +$!,-!./% 01 2!3%$%,-% 1$%4#%,-5 6!7!," 10$ 89: "%,%$;<!0,'

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

=, <>% -;?% 01 !,-0>%$%,< 2%<%-<!0, <>% .>;?% !,10$6;<!0, 01 <>% 2%<%-<%2 .>0<0,? !? ,%!<>%$

0@<;!,%2 ,0$ %7./0!<%2 10$ <>% 6%;?#$%6%,< ?->%6% /!A% ";<%2 2%<%-<!0, 0$ !,<%$1%$%,-%

%3%-<? ?>0B, /;<%$' C%<%-<0$? @;?%2 0, <>!? ?->%6% 6%;?#$% <>% .0B%$ ;@?0$@%2 @5 ;

6;<%$!;/' 8>% ?!",;/ 0@<;!,%2 @5 ; ?%,?0$ #?!," <>!? <%->,!4#% >;? ;, !,<%"$;/ ->;$;-<%$

;,2 !? "!D%, @5

S =

∫ ∞

0
k (ω) · P (ω) dω, E&'(FG

B>%$% P (ω) !? <>% 1$%4#%,-5 2%.%,2!," .0B%$ 2%,?!<5H k (ω) !? <>% ?%,?0$I? $%?.0,?!<!D!<5 10$

; "!D%, 1$%4#%,-5 ;,2 ω !? <>% ;,"#/;$ 1$%4#%,-5 01 <>% !,-06!," $;2!;<!0,' C%.%,2!," 0,

<>% ;60#,< 01 ;@?0$@%2 .0B%$ <>% .;$;6%<%$? 01 <>% ;@?0$@!," 6;<%$!;/ 0$ <>% B>0/% >%;<

?%,?!<!D% 0@J%-< ;$% ->;,"%2'  0$ !,?<;,-%H <>%?% -;, @% ; ->;,"%2 D0/<;"% 2$0.H -#$$%,<H

$%?!?<;,-% 0$ D0/#6% -;#?%2 @5 <>%$6;/ %7.;,?!0,' K;<<%$ -;, @% 6%;?#$%2 @5 .$%??#$%

?%,?0$? 0$ 6;$A%$? B>0?% .0?!<!0, !,2!-;<% <>% ;60#,< 01 ;@?0$@%2 .0B%$ -0$$%?.0,2!,"

<0 <>% %7.;,2%2 D0/#6%'

L!,-% ?#-> ?%,?0$? ;$% #?#;//5 ?%,?!<!D% <0 <>% -06./%<% ?.%-<$#6 01 <>%$6;/ $;2!;<!0, <>%

6%;?#$%2 ?!",;/ !? ,0< 0,/5 $%/;<%2 <0 <>% $;2!;<!0, ?0#$-% #,2%$ !,D%?<!";<!0,' M!<>0#< ;,5

.$%-;#<!0,? <>% 6%;?#$%2 ?!",;/ !? ; -0,"/06%$;<!0, 01 <>% $%;/ ?!",;/H 0<>%$ /!">< ?0#$-%?

0.%$;<!," !, <>% ?%,?0$I? ?%,?!<!D% ?.%-<$;/ $%"!0, ;,2 <>% <>%$6;/ @;-A"$0#,2' ND%, <>%

;../!-;<!0, 01 ,;$$0B 0.<!-;/ @;,2.;?? O/<%$? 20%? ,0< B0$A' =, <>!? -;?% <>% 6%;?#$%2

?!",;/ B0#/2 ?<!// !,-/#2% <>% @;-A"$0#,2 $;2!;<!0, ;< <>% O/<%$? <$;,?6!??!0, $;,"%' 80

%7<$;-< ; -/%;$ ?!",;/ 1$06 <>% <>%$6;/ ?.%-<$#6 $%/;<%2 B!<> ; -%$<;!, $;2!;<!0, ?0#$-%

!< >;? <0 @% 6;$A%2 @5 ?.%-!;/ 6%;?#$%6%,< <%->,!4#%?' 8>!? !? ;->!%D%2 @5 602#/;<!0,

01 <>% /!">< O%/2 01 !,<%$%?<' 8>%, <>% $%;/ ?!",;/ -;, @% 0@<;!,%2 @5 6!7!," !< B!<> <>%

602#/;<!0, 1$%4#%,-5' P5 #?!," <>!? ?->%6% ; ?!",;/ 1$06 N4' &'(F 602#/;<%2 ;< ωmod -;,

&Q



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

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

SMeasured = S · cos (ωmod) · cos (ωdemod) . 123456

7*$ #0! &%8! #0%# #0! )*'+,%#-*. %.' '!)*'+,%#-*. 9$!:+!.&-!8 )%#&0 (ωmod = ωdemod)

#0! % *;! 9*$)+,% &%.  ! 8-)<,-=!' %.' !"<$!88!'  (

SMeasured = S ·
(

1 + cos (2 · ωmod)

2

)

. 1234>6

?0! )!%8+$!' 8-@.%, &*.8-8#8 *9 % &*.8#%.# &*)<*.!.#

S
2 %.' % 8-@.%, <%$# %# #0! '*+ ,!'

*$-@-.%, )*'+,%#-*. 9$!:+!.&(3 A%##!$ &%.  ! !%8-,( =,#!$!' *+#  ( ,*/ <%88 =,#!$83 ?0-8

8-)<,! )!%8+$!)!.# #!&0.-:+! &%.  ! %<<,-!' #* )*$! *$ ,!88 %.( '!#!&#-*. )!#0*' #*

-.&$!%8! -#8 8!.8-#-;-#( %.' )%8B-.@ -.#!$9!$-.@  %&B@$*+.' 8-@.%,83 7*$ #0-8 '!)*'+,%#-*.

<+$<*8! ,*&BC-. %)<,-=!$8 %$! +8!'3 ?0-8 /*$B-.@ <$-.&-<,! %.' #!&0.-:+! -8 !"<,%-.!'

-. '!#%-, -. DEFG3 H8<!&-%,,( #0! #!&0.-:+!8 9*$ #0! '!#!&#-*. *9 -.&*0!$!.# ?IJ $%'-%#-*.

'!8&$- !' -. #0! 9*,,*/-.@ 8!&#-*.8 */! #0!-$ +.-;!$8%, %<<,-&%#-*. &%<% -,-#( #0-8 )!%8+$!C

)!.# #!&0.-:+! *9 )%$B-.@ % 8-@.%, *9 -.#!$!8#3

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

K.! *9 #0! *,'!8# )!%8+$!)!.# '!;-&! 9*$ !,!&#$*C)%@.!#-& $%'-%#-*. -8 #0!  *,*)!#!$ 1@$3

 *,! C L !%)M63 N# /%8 '!;!,*<!' -. 45O5  ( #0! %8#$*.*)!$ P3 Q3 A%.@,!(

 !

9*$ #0! '!#!&#-*.

*9 -.9$%$!' $%'-%#-*. DEEG3 R%-.,( -# &*.8-8#8 *9 % $%'-%#-*. % 8*$ -.@ !,!)!.#S % 0!%# 8-.B

%.' % #!)<!$%#+$! 8!.8-#-;! '!;-&!3 ?0! )!%8+$!)!.# 8&0!)! -8 %8 8-)<,! %8 9*,,*/8 DEOG3

T# =$8# #0! -.&*)-.@ $%'-%#-*. -.&$!%8!8 #0! #!)<!$%#+$! %# #0! % 8*$ -.@ !,!)!.# /0-&0

-8 '-$!&#,( %##%&0!' #* % #0!$)*)!#!$3 A%##!$ &%.  ! !3@3 % 8-,-&*. <,%#! #0$*+@0 /0-&0

% 8#!%'( &+$$!.# -8 U*/-.@3 V+! #* #0! #!)<!$%#+$! -.&$!%8! #0! $!8-8#-;-#( %.' 8* #0!

;*,#%@! '$*< %&$*88 #0! 8!.8*$ &0%.@!8 /0-&0 -8 % '-$!&# )!%8+$! 9*$ #0! %)*+.# *9 % 8*$ !'

$%'-%#-*.3 7*$ %&0-!;-.@ % 0-@0 8!.8-#-;-#( #0! 0!%# &%<%&-#( *9 #0! /0*,! 8(8#!) 0%8 #*

 ! B!<# %8 ,*/ %8 <*88- ,!3 ?0-8 !.8+$!8 #0%# %,$!%'( 8)%,, %)*+.#8 *9 % 8*$ !' $%'-%#-*.

$!8+,# -. % 0-@0 %.' 9%8# &0%.@! -. #!)<!$%#+$! &*$$!8<*.'-.@ #* % 0-@0 8-@.%, *+#<+#3

7+$#0!$S #0! 0!%#8-.B 0%8 #*  ! B!<# &**,S %# % &*.8#%.# #!)<!$%#+$! #* %&0-!;! % 0-@0

8!.8-#-;-#( %.' 8<!!' *9 #0! '!;-&!3 W!8# <!$9*$)%.&! %.' 8!.8-#-;-#( -8 %&0-!;!' /-#0

,-:+-' I!,-+) 1,I!6 &**,!' 8-,-&*.  *,*)!#!$8 DEOG /0-&0 &%.  ! *<!$%#!' +< #* % )*'+,%#-*.

9$!:+!.&( *9 % 9!/ BIJ3 ?0! )%-. '-8%';%.#%@!8 *9 8#%.'%$'  *,*)!#!$ %$! #0!-$  +,B(

'!8-@.S #0! .!!' 9*$ % &$(*@!.-& &**,%.# %.' #0! $!,%#-;! ,*/ 8<!!'3

X!&!.#,(S #0!  *,*)!#!$ '!;!,*<)!.# )%'! %  -@ 8#!< 9*$/%$' /0-&0 *<!.!' /-'!,(

#0!-$ %<<,-&%#-*. $%.@!3 ?0-8 /%8 )%-.,( %&0-!;!'  ( )-.-%#+$-J%#-*. DE5G3 ?0!8! 8*C

&%,,!' )-&$* *,*)!#!$8 0%;! % ;!$( ,*/ 0!%# &%<%&-#( /0%# -)<$*;!' #0! 8!.8-#-;-#(  (

% 9%&#*$ )*$! #0%. Y %.' -.&$!%8!' #0! )*'+,%#-*. 9$!:+!.&(  !(*.' 4ZZ BIJ3 T.*#0!$

%';%.#%@! *9 #0! 8!.8-#-;-#( -.&$!%8!  ( $!'+&-.@ #0! 8!.8*$[8 ;*,+)! /%8 $**) #!)<!$%#+$!

 !

 !"#$% &'$()*+, -!+.%$/ 01234516789

2E



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

 !"#$% &'()'* +,$-!." /$!.0!/1% ,2 3 4,135 0%11 !.2$3$%6 6%7%07,$'

,/%$37!,. 89:; 3.6 7<% /,==!>!1!75 ,2 3$$3."!." ?3.5 =%.=,$= !. 3 7@,A6!?%.=!,.31 3$$35 2,$

!?3"!." 3//1!037!,.= 8BC;'

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

D<% 4,135 0%11 != 3. ,/7,A?%0<3.!031 =%.=,$ 2,$ !.2$3$%6 $36!37!,. !.E%.7%6 >5 F' 4,135

  

3.6 != >3=%6 ,. 3 /.%#?37!0 /$!.0!/1% 8B(;' G =0<%?% ,2 3 #=#31 4,135 0%11 != =<,@. !.  !"A

#$% &'()'  !$=7H !.0,?!." 7<%$?31 $36!37!,. != I17%$%6 >5 3. 3//$,/$!37% @!.6,@ ?37%$!31'

D<% 7$3.=?!77%6 $36!37!,. <!7= 3 <!"<15 3>=,$>!." ?37%$!31 ,2 1,@ <%37 03/30!73.0% $%=#17A

!." !. 3. 7%?/%$37#$% !.0$%3=%' D<!= 3>=,$>%$ != !. 01,=% 7<%$?31 0,.7307 7, 3 0<3?>%$

I11%6 @!7< 3 "3='  #$7<%$H ,.% =!6% ,2 7<% 0<3?>%$ != !?/1%?%.7%6 3= J%K!>1% ?%?>$3.%

@<!0< 307= 3= 3 <!"<15 $%J%07!E% ?!$$,$' L!"<7 2$,? 3 =,#$0% != $%J%07%6 #.6%$ 3 0%$73!.

3."1% 2$,? 7<!= ?%?>$3.% 3.6 != 6%7%07%6 >5 3 /,=!7!,. =%.=!7!E% ,/7!031 =%.=,$H %'"' 3

/<,7,6!,6% !. 7<% =!?/1%=7 03=%'

M2 .,@ $36!37!,. != 3>=,$>%6 7<% 7%?/%$37#$% ,2 7<% "3= != 0<3."%6 1%36!." 7, 3. !.0$%3=%

,2 7<% "3= /$%==#$%' N!.0% ,.15 ,.% =!6% @311 ,2 7<% 0<3?>%$ != J%K!>1% 7<% ?%?>$3.% 7<%$%

%K/3.6= =1!"<715' D<!= 0<3."% 03. >% =%.=%6 >5 7<% 6%E!37!,. ,2 3 1!"<7 >%3? $%J%07%6

2$,? 7<!= =!6% @311 >5 %'"' 3 /,=!7!,. =%.=!7!E% =%.=,$' G 4,135 0%11 != 3 E%$5 =%.=!7!E%

=%.=,$ 8B(; >#7 I.6 ?3!.15 #=% !. =0!%.7!I0 3//1!037!,.=' M7= ?3!. 1!?!737!,.= 3$% 7<%!$ 1,@

=/%%6 3.6 7<% E#1.%$3>!1!75 7, E!>$37!,.= 8B&; 3= 3 $%=#17 ,2 7<% ,/7,A?%0<3.!031 6%7%07!,.

/$!.0!/1%' O,@%E%$H =!.0% 7<% !.E%.7!,. ,2 7<% 4,135 0%11 7<% 3E3!13>1% 7%0<.,1,"5 0<3."%6H

3.6 ?!.!37#$!P37!,. !?/$,E%6 7<% =%.=!7!E!75 3.6 =/%%6 ,2 7<%=% =%.=,$= 8BQ;'

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

D<% /5$,%1%07$!0 =%.=,$ != 3 7<%$?31 ?%3=#$%?%.7 6%E!0% 2,$ 7<% 6%7%07!,. ,2 !.2$3$%6

$36!37!,.' N#0< =%.=,$= 6, .,7 .%%6 3. %K7%$.31 >!3= E,173"% 3.6 3$% ,/%$37%6 37 $,,?

7%?/%$37#$%' N,?% 0$5=7311!.% ?37%$!31= %K<!>!7 3 =/,.73.%,#= %1%07$!0 /,13$!P37!,. @<!0<

  

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

&B



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

 !"#$ "# "%&'# !#( )* +&,)%!$ -&(.&# (.! +) "&#$ &# (.! /01$("%2 3&#/! (.! #4 5!0 )*

4#&*)0 "%&'#!+ +) "&#$ &# (.!$! /01$("%$ +!,!#+$ $(0)#'%1 )# (.! (! ,!0"(40! (.!1 "0!

/"%%!+ ,10)!%!/(0&/2 64! () (.&$ !7!/( " (! ,!0"(40! +!,!#+&#' /."0'! &$ 54&%( 4, "( (.!

/01$("%8$ $40*"/!$ ,!0,!#+&/4%"0 () &($ *!00)!%!/(0&/ "9!$ :;<=2 >.! ?"%4! )* (.! $,)#("#!)4$

,)%"0&@"(&)# "/0)$$ (.! /01$("% "5)4( 0)) (! ,!0"(40! /"# 5! ",,0)9& "(!+ 51

Ppy = p ·∆T + P0, AB2BCD

-.!0! p &$ (.!  "(!0&"% +!,!#+&#' ,10)!%!/(0&/ /)#$("#(E ∆T &$ (.! (! ,!0"(40! +&7!0F

!#/! "#+ P0 &$ (.! ?"%4! )* (.! $,)#("#!)4$ ,)%"0&@"(&)# "( (.! 0!*!0!#/! (! ,!0"(40!2

64! () (.! *!00)!%!/(0&/ #"(40! )* (.! ,10)!%!/(0&/ !7!/( &( ?"#&$.!$ 51 ",,0)"/.&#' (.!

 "(!0&"%8$ /)00!$,)#+&#' G40&! (! ,!0"(40! :;H= -.!0! (.! ,10)!%!/(0&/ /)#$("#( 5!/) !$

$(0)#'%1 (! ,!0"(40! +!,!#+&#'2 >.&$ !7!/( /"# 4$4"%%1 5! #!'%!/(!+ 5!/"4$! $4/. $!#$)0$

"0! ),!0"(!+ /%)$! () 0)) (! ,!0"(40! "#+ (.! " )4#( )* "5$)05!+ 0"+&"(&)# +)!$ #)(

$&'#&I/"#(%1 /."#'! (.! $!#$)08$ ,0),!0(&!$2

J$ ,10)!%!/(0&/ !%! !#($  )$(%1 &)#&/ /01$("%$ )0 *!00)!%!/(0&/ ,)%1 !0$ "0! 4$!+ :;K=2

>.! $(04/(40! )* ,10)!%!/(0&/ $!#$)0$ &$ $& &%"0 () (.! )(.!0 &#/).!0!#( +!(!/()0$ +!$/0&5!+

"5)?!2 >.! ,10)!%!/(0&/ !%! !#( &$ $"#+-&/.!+ 5!(-!!# (-) !%!/(0)+!$ "#+ "(("/.!+ ()

" 0"+&"(&)# "5$)05&#' !%! !#(2 >.! +&0!/(  !"$40! *)0 (.! $!#$)08$ (! ,!0"(40! "#+ $)

(.! "5$)05!+ &#/) &#' 0"+&"(&)# &$ (.! ?)%("'! +0), "/0)$$ (.! !%!/(0)+!$2 L# ,0&#/&,%!

,10)!%!/(0&/ $!#$)0$ "0! /","/&()0$ -&(. " ?!01 .&'. MG (& ! /)#$("#(  "N&#' (.&$ +!(!/()0

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

(.!1 I#+ -&+! ",,%&/"(&)#2 >)+"1  )+4%"(&)# *0!O4!#/&!$ 4, () PCQ@ "0! "/.&!?!+ :;;=

"#+  )$(%1  "(!0&"%$ %&N! %&(.&4 ("#("%"(! ALiTaO3D "0! 4$!+ :;R=2

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

J$ "%0!"+1  !#(&)#!+ &# (.! &#(0)+4/(&)# )#! )* (.!  "&#  !(.)+$ )5("&#&#' (.! $,!/(04 

)* "# &#/) &#' %&'.( I!%+ &$ S)40&!0 (0"#$*)0 &#*0"0!+ $,!/(0)$/),1 AS>FLMD2 T"$&/"%%1 &(

/)#$&$($ )* " U&/.!%$)# &#(!0*!0) !(!0 &#?!#(!+ 51 J2 J2 U&/.!%$)#  )0! (."# VCC 1!"0$

"')2 >.!0!51 " %&'.( I!%+ *0) " $)40/! &$ '4&+!+ (.0)4'. (.! &#(!0*!0) !(0&/ ,"0( "#+ (.!#

$!#$!+ 51 " ,0),!0 +!(!/()02 J '!#!0"% )?!0?&!- )* ?"0&)4$ (1,!$ )* &#(!0*!0) !(!0$ "#+

(.!&0 I!%+ )* ",,%&/"(&)# /"# 5! *)4#+ &# :HP=2 J$ &#+&/"(!+ "5)?!E (.! &#(!0*!0) !(!0 &$ #)

%&'.( $!#$)0 ,!0 +!I#&(&)#2 L( &$ " *0!O4!#/1 $!#$&(&?! /) ,)#!#( -.&/. &$ /) 5&#!+ -&(.

" %&'.( $)40/! "#+ +!(!/()0 () )5("&# " ,)-!0 +!#$&(1 $,!/(04 )* (.! $!#$!+ 0"+&"(&)#2

J (1,&/"% %"1)4( )* " S>FLM $,!/(0) !(!0 $1$(! &$ $.)-# &# S&'2 B2VK2 >.! 0"+&"(&)#

*0) " %&'.( $)40/! &$ '4&+!+ /)%%&#!"0%1 () (.! $,!/(0) !(!0 ,"0( -.!0! (.! 5!" &$ $,%&(

&#() (-) ,"0($ 51 " 5!" $,%&((!02 W&(.&# (.!0!E )#! 5!" &$ 0!X!/(!+ 51 "  )?"5%! "#+

(.! )(.!0 51 " I9!+  &00)0 0!$4%(&#' &# +&7!0!#( ,0),"'"(&)# %!#'(.$2 >.&$ (& ! +!%"1

5!(-!!# (.! (-) 5!" $ %!"+$ () " ,."$! +&7!0!#/! 5!(-!!# (.! 2 6!,!#+&#' )# (.! +!%"1

(.! 5!" $ &#(!0*!0! !&(.!0 /)#$(04/(&?!%1 )0 +!$(04/(&?!%1E "0! %!+ (.0)4'. " $" ,%! "#+ "0!

I#"%%1 $!#$!+ 51 " +!(!/()02 >.! 0!$4%( &$ "# "4()/)00!%"(&)# *4#/(&)# '&?!# 51

BR



 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

 !"#$% &'()'* +,-%.% /0 1 231451$5 36/ 7%1.  89:; 2<%,3$/.%3%$ =>+?7%1.2<@!33%$A

B?.!$$/$A CB?<1$17/@!, .!$$/$D'

S (τ) =

∫ ∞

−∞
[Esum (t)]2 dt = 2 ·

∫ ∞

−∞
[E (t)]2 dt+ 2 ·

∫ ∞

−∞
E (t) · E (t+ τ) dt =&'&(D

6-%$%

Esum (t) = E (t) + E (t+ τ) =&'&&D

!2 3-% !423143 %@%,3$!, E%@5 13 3-% </6%$ 5%3%,3/$ 145 τ !2 3-% 3!.% 5%@1F 7%36%%4 3-% 36/

7%1. <1$32' 8-% E$23 3%$. !4 GH' &'&( ,/$$%2</452 3/ 3-% </6%$ /0 3-% 2%42%5 $15!13!/4

6-%$%12 3-% 2%,/45 3%$. !2 3-% 1#3/,/$$%@13!/4 0#4,3!/4 6-!,- !2 /0 !43%$%23' 8-% </6%$

5%42!3F 2<%,3$#. =CI+D /0 3-% 7%1. !2 /731!4%5 7F  /#$!%$ 3$1420/$.13!/4' 8-% 1<<@!9

,13!/42 /0  89:; 2F23%.2 1$% .14!0/@5'  /$ !42314,%A 3-%F 1$% #2%5 0/$ .%12#$!4" 3-%

/<3!,1@ <$/<%$3!%2 /0 .13%$!1@2' :4 3-!2 ,12% %'"' 1 "@/71$ /$ 1 .%$,#$F @1.< !2 #2%5 12

@!"-3 2/#$,% 0/$ .%12#$!4" 3-% CI+ 6!3- 145 6!3-/#3 21.<@%' J133%$ 2<%,3$#. P (ω) !2

#2%5 12 $%0%$%4,% 6-!,- 1@2/ !@@#23$13%2 3-% 2%,/45 1<<@!,13!/4' :0 4/ 21.<@% !2 !4231@@%5 3-%

 89:; .%12#$%2 3-% CI+ /0 3-% @!"-3 2/#$,% 6-!,- !2 !4 3-!2 ,12% 3-% H#12! 21.<@%'  /$ 3-!2

<#$</2% 3-% 2%42/$K2 2%42!3!L!3F 2<%,3$#. -12 3/ 7% M4/64 %N1,3@F 6-!,- 1,32 !4 3-!2 ,12%

12 $%0%$%4,%' O/6%L%$A !4 3-!2 61F !4,/-%$%43A ,/-%$%43 145 %L%4 3-% %.!22!/4 2<%,3$#.

/0 <#@2%5 2/#$,%2 ,14 7% .%12#$%5'  /$ @133%$ <#$</2%  89:; !2 4/3 3-% 7%23 ,-/!,%' >F

.%12#$!4" 3-% CI+ 14F M!45 /0 <-12% !40/$.13!/4 !2 @/23 145 3!.%95/.1!4 .%12#$%.%432

1$% #2#1@@F <%$0/$.%5 0/$ .%12#$!4" 3-% %@%,3$!, E%@5 23$%4"3- !4,@#5!4" !32 <-12%'

 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

8-% 5%3%,3!/4 /0 0%6 ,F,@% 8OP $15!13!/4 5%<%452 /4 3-% 1<<@!,13!/4' :4 <$!4,!<@% 14F

/0 3-% 17/L% .%43!/4%5 5%3%,3!/4 .%3-/52 ,14 7% #2%5' >#3 !4 3-!2 ,12% 3-% 155!3!/41@

<-12% !40/$.13!/4 ,1$$!%5 7F 3-%2% <#@2%2 6/#@5 7% @/23' G2<%,!1@@F !0 0%6 ,F,@% 8OP <#@2%2

1$% 2%42%5 !4 3!.%95/.1!4 !4,@#5!4" 3-%!$ <-12% !40/$.13!/4 1 @/3 /0 <-F2!,1@ %Q%,32 ,14

&R



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

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

$5$,!- (6!)$ -0#4 -()! *+3()-",*(+ ,4"+ ,4! .0)! ,)"+$-*$$*(+ %"," /*7! ,4! " $().,*(+

#(!8#*!+,& 9, *+#/0%!$ ,4! #(-./!,! 4*$,()5 (3 ,4! :";! .)(."1",*(+& <4*$ -!"+$ )!2!#,*(+$

1!, #/!")/5 ;*$* /! "+% #"+  ! !=./(*,!% 3() !&1& ,4! %!;!/(.-!+, (3 +!: "+,*>)!2!#,*(+

#(",*+1$ ?$!! #4".,!) @A () ,4! ( $!);",*(+ (3 ,4! %5+"-*#$ (3 ;")*(0$ !6!#,$& 9+ ,4! .0)!

.(:!) %!,!#,*(+ $#4!-! ,4!$! )!2!#,*(+$ ")! ."), (3 ,4! $!+$!% ";!)"1! $*1+"/ "+% $,"5

4*%%!+& B0, 30),4!)-()!C *+ ,*-!>%(-"*+ ,4! %5+"-*# (3 .)(#!$$!$ *+ "#,*;! -",!)*"/$ #"+

 ! ( $!);!% :4*#4 *$ ,4! ,(.*# (3 #4".,!) D&

<4! $!+$*+1 (3 <EF .0/$!$ *+ ,*-!>%(-"*+ *$ G0*,! #(-./*#",!%& H ,5.*#"/ <EF .0/$!

,)"+$*!+, 4"$ " /!+1,4 (3 " (0, IJJ 3$& <4! -"*+ .)( /!- *$ ,4", ,4!)! %( +(, !=*$, $!+$()$

:4*#4 ")! 3"$, "+% $!+$*,*;! !+(014 ,( (.!)",! ", ,4*$ ,*-! $#"/! :*,4 4*14 )!$(/0,*(+ KLMN& H

$(/0,*(+ 3() ,4*$ .)( /!- *$ 1",!% %!,!#,*(+ !=./"*+!% *+ #4".,!) O *+ %!,"*/& B5 (;!)/"..*+1

" $4(), 9P .)( ! .0/$! :*,4 ,4! )!/",*;! /(+1 <EF ,)"+$*!+, *+ " .)(.!)/5 1",!% $!+$() ,4!

$4".! (3 ,4! <EF ,)"+$*!+, *$ $!+$!% .(*+,  5 .(*+,  5 ;")5*+1 ,4! %!/"5  !,:!!+ ,4!-&

<4! -"*+ ,!#4+*G0!$ 3() ,4! %*)!#, -!"$0)!-!+, (3 ,4! !/!#,)*# Q!/% $,)!+1,4 *+#/0%*+1 ,4!

.4"$! ")! !=./"*+!% *+ ,4! 3(//(:*+1 $!#,*(+$& R$.!#*"//5 ,4! !/!#,)(>(.,*# %!,!#,*(+ $#4!-!

*$ %!$#)* !% *+ %!,"*/  !#"0$! *, *$ ,4! -!,4(% (3 #4(*#! 0$!% *+ ,4! !=.!)*-!+,$ :4*#4 ")!

,4! -"*+ ,(.*# (3 ,4*$ :()7&

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

<4! %!,!#,*(+ (3 3!: #5#/! <EF )"%*",*(+  5 " %*.(/! "+,!++" KSJN *$ ,4! *+;!)$!% %*.(/!

"+,!++" !-*,,!) $#4!-! %!$#)* !% *+ $!#,*(+ T&O&O& U*7! ,4! %*.(/! "+,!++" !-*,,!) ,4!

$!+$() #(+$*$,$ (3 ,:( -!,"/ $,)*.!$ ./"#!% (+ " $!-*#(+%0#,*+1 -",!)*"/ ?!&1& V"H$A& <4!

")!"  !,:!!+ ,4! ,:( 0+ *"$!% -!,"//*# $,)*.! /*+!$ *$ !=#*,!%  5 " $4(), 9P /"$!) .0/$!

:4*#4 1!+!)",!$ #4")1! #"))*!)$ ,4!)! ", ,4! $0)3"#! ?'*1& T&WLA& H, ,4! $"-! ,*-! ,4! ")!"

*$ 4*,  5 " <EF !/!#,)*# Q!/% ,)"+$*!+,& X())!$.(+%*+1 ,( ,4! !/!#,)*# Q!/% $,)!+1,4 (3 ,4!

<EF ,)"+$*!+, (;!)/"..*+1 :*,4 ,4! (.,*#"/ .)( ! .0/$! ,4! #"))*!)$ ")! "##!/!)",!%& <4",

*$ )!$0/,*+1 *+ "+ *+%0#!% #0))!+, 2(: :4*#4 *$ -!"$0)!%  5 "+ "--!,!)& <4! 1!+!)",!%

.4(,(#0))!+, I (t) "$ " 30+#,*(+ (3 ,*-! *$ %!$#)* !%  5 KSWN

I (t) = e · µ ·
∫ ∞

−∞
ETHz

(

t′
)

·N
(

t′ − t
)

dt′, ?T&TOA

:4!)! ETHz (t)C N (t)C e "+% µ ")! ,4! *+#*%!+, <EF !/!#,)*# Q!/% $,)!+1,4C ,4! +0- !)

(3 .4(,(1!+!)",!% #"))*!)$C ,4! !/!-!+,")5 #4")1!C "+% ,4! !/!#,)(+ -( */*,5C )!$.!#,*;!/5&

<4! ,5.*#"/ "-./*,0%! *+ ,4! 3(#0$ (3 ,4! <EF !/!#,)*# Q!/% *$ ∼ 100 V
cm

:4*#4 *$ (+/5 WY

(3 ,4! !/!#,)*# Q!/% $,)!+1,4 "../*!% *+ ,4! !-*,,!) #(+Q10)",*(+ (3 ,4*$ %!;*#!& E!+#!C ,4!

$,)*.! /*+! %*$,"+#! *$ -0#4 +"))(:!)& <5.*#"/ %*$,"+#!$ ")! " 3!: 10µm KOLN& '0),4!)C

"1"*+ " /!+$ *$ 0$!% ,( 3(#0$ ,4! <EF Q!/% %*)!#,/5 (+,( ,4! $,)*.! /*+! 1".& 9+ 3)!! $."#!

,4! :";!/!+1,4 (3 ,4! $!+$!% Q!/% :(0/%  ! -0#4 /")1!) ,4"+ ,4! %*-!+$*(+ (3 ,4! $!+$()

/!"%*+1 ,( " )!%0#!% $!+$*,*;*,5& H, ,4! -(-!+, ,4!5 (6!) " $!+$*+1  "+%:*%,4 0. ,(

OJ



 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

 !"#$% &'()'* +,,#-.$/.!01 02 .3% 4%.%5.!01 6$!15!6,% 02 4!60,% /1.%11/- 750$$%5.%4 4$/8!1"

2$09 :;)<='

&>?@A :B&<' C!60,% /1.%11/ -%1-0$- /$% 8!4%,D #-%4 E#. -./14 !1 4!$%5. 5096%.!.!01 8!.3

.3% %,%5.$0F06.!5 -/96,!1" .%531!G#% 83!53 !- %H6,/!1%4 ,/.%$' ?3% 9/!1 4!-/4I/1./"%- /$%

.3% ,!9!.%4 E/148!4.3 "!I%1 ED .3% JK .!9% 501-./1. 02 .3% 4%I!5% /14 .3% 1%%4 20$ 6$%5!-%

,08 10!-% 5#$$%1. /96,!L%$- E%5/#-% .3% .D6!5/, "%1%$/.%4 630.05#$$%1.- /$% #-#/,,D !1 .3%

$/1"% 02 pA− nA'

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

M10.3%$ .D6% 02 -%1-0$- 20$ .3% 4%.%5.!01 02 2%8 5D5,% ?@A 6#,-%- /$% %,%5.$0F06.!5 5$D-F

./,-' N%1-!1" 02 6#,-%4 ?@A $/4!/.!01 8!.3 %,%5.$0F06.!5 5$D-./,- 7OPK= !- / $%,/.!I%,D

1%8 9%.304' +. 8/- !1.$04#5%4 ED .3% "$0#6 02 Q' K' R3/1" :B;S BT<' K096/$%4 .0 .3%

4!60,% /1.%11/ 4%.%5.!01 -53%9% %,%5.$0F06.!5 -/96,!1" 7OPN= 0U%$- -09% -!"1!L5/1. /4F

I/1./"%- :BVS BW<' ?3%-% /$% 9/!1,D .3% /53!%I/E,% E/148!4.3 /14 .3% 2/5. .3/. OPN !-

ED 6$!15!6,% 3!"3,D -%1-!.!I% .0 .3% 60,/$!A/.!01 02 .3% !1509!1" ?@A L%,4' J%5%1.,D /

9%/-#$%4 2$%G#%15D -6%5.$#9 #6 .0 ;)?@A 8/- $%60$.%4 :B)<' N!15% OPN !- / 6#$% 06.!5/,

6$!15!6,% 10 /44!.!01/, 9!5$0 2/E$!5/.!01 !- 1%%4%4 /14 OPK- /$% 5099%$5!/,,D /I/!,/E,%'

 #$.3%$S .3% 4%.%5.!01 6$!15!6,% !- !14%6%14%1. 02 .3% #-%4 60-!.!01 01 .3% 5$D-./, 9/X!1"

!. /1 %/-D /14 $0E#-. 4%.%5.!01 -53%9%'

 !"#$"%&'

Y-#/,,D .3% !14%H %,,!6-0!4 02 / 9/.%$!/, 4%-5$!E!1" !.- 0$!%1./.!01 4%6%14%1. 06.!5/, 6$06F

%$.!%- 5/1 E% !1 "%1%$/, 8$!..%1 /-

(

x

nx

)2

+

(

y

ny

)2

+

(

z

nz

)2

= 1, 7&'&T=

;(



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

 !"#" ni (i = x, y, z) $% &!" #"'#()&$*" $+,"- '.# ( /$*"+ ,$#")&$.+ $+ &!" 0(#&"%$(+ )..#,$+(&"

%1%&"23 4+ &!" )(%" .' (+ $%.&#.5$) 2(&"#$(6 &!" '.#276( )(+ 8" %$256$9", &.

x2 + y2 + z2

n2
0

= 1, :;3;<=

#"%76&$+/ $+ ( %5!"#$)(6 %!(5" .' &!" $+,"- "66$5%.$,3 >.# $+%&(+)" ?@0% 6$A" B$+) &"667#$,"

:C+D"= (+, /(66$72 5!.%5!$," :E(F= 8"6.+/ &. &!$% &15" .' )#1%&(6% GHHI HJK3 4+ /"+"#(6

&!" #"'#()&$*" $+,"- .' ( 2(&"#$(6 $% /$*"+ 81 $&% $+&"#+(6 2.6")76(# %&#7)&7#"3 L7& &!$% $%

+.& &!" )(%" '.# ?@0%3 4+ &!$% &15" .' )#1%&(6% &!" *(67" .' &!" #"'#()&$*" $+,"- ,"5"+,%

.+ &!" 2(&"#$(6M% "6")&#$) 5.6(#$B(&$.+ $+,7)", 81 (+ "-&"#+(6 %&(&$) .# N7(%$O%&(&$) "6")&#$)

9"6,3 P7)! 9"6,% )(+ 8" "$&!"# (556$", 81 (&&()!", "6")&#.,"% .# $+ /"+"#(6 81 (+ $+).2$+/

"6")&#.2(/+"&$) #(,$(&$.+I "3/3 ( DQB "6")&#$) 9"6,3 D!$% $+R7"+)" .' &!" "6")&#$) 9"6, .+

&!" #"'#()&$*" $+,"- $+ )"#&($+ 2(&"#$(6% $% )(66", "6")&#.O.5&$) :".= "S")&3 >.# ?@0% &!"

9#%& .#,"# ".O"S")&I (6%. )(66", F.)A"6% GTJK "S")&I $% "-56.$&",3 D!" #"%76&$+/ 9#%& .#,"#

+.+6$+"(# 5.6(#$B(&$.+ $+ &!" 2(&"#$(6 $+ &!$% )(%" $% /$*"+ 81

P
(2)
i (ω) = ε0 · χijk (ω) · Ej (ω) · Ek (0) , :;3;U=

 !"#" χijk $% &!" %7%)"5&$8$6$&1 &"+%.#3 D!" '.#276( ,"%)#$8"% !. &!" $+&"#()&$.+ .' ( !$/!

'#"N7"+)1 (+, N7(%$O%&(&$) "6")&#$) 9"6, )!(+/"% &!" 6.)(6 5.6(#$B(&$.+ $+ ( 2(&"#$(63 V7"

&. &!" 5#"%"+)" .' 6(&&"# "6")&#$) 9"6, &!" %5!"#$)(6 %!(5" .' &!" $+,"- "66$5%.$, )!(+/"% &.

(+ "66$5&$)(6 .+"  $&! #.&(&", 2($+ (-"%  !$)! (#" /$*"+ 81

(

1
n2

1

)

· x2 +
(

1
n2

2

)

· y2 +
(

1
n2

3

)

· z2+

(

1
n2

4

)

· x · y +
(

1
n2

5

)

· y · z +
(

1
n2

6

)

· z · x = 1,

:;3;W=

 !"#"

1
n2

i

(#" &!" .5&$)(6 ).+%&(+&% '.# ,"%)#$8$+/ &!" $+,"- "66$5%.$,3 X 2.#" ).+*"+$"+&

 (1 ,"%)#$8$+/ &!" ".O"S")& $% &. 7%" &!" $25"#2"(8$6$&1 &"+%.#  !$)! $% ,"9+", 81

η =
1

ε
=

1

n2
. :;3;H=

Y$&! &!" $25"#2"(8$6$&1 &"+%.# &!" $+,"- "66$5%.$, '#.2 ?N3 ;3;W )(+ 8" #" #$&&"+ &.

η11 · x2 + η22 · y2 + η33 · z2 + η44 · x · y + η55 · y · z + η66 · z · x = 1, :;3;J=

(+, &!" *(67"% .' &!" $25"#2"(8$6$&1 &"+%.# $+)67,$+/ &!" F.)A"6% "S")& )(+ 8" )(6)76(&",

81

ηij (Ek) = η
(0)
ij +

∑

k

rijk · Ek. :;3TZ=

D!" &"+%.# rijk ,$#")&61 ,"%)#$8"% &!" $+R7"+)" .' &!" 9#%& .#,"# ".O"S")& .+ ( 2(&"#$(6M%

.5&$)(6 5#.5"#&$"%3 V7" &. &!" "S")& &!" &"+%.# $% ,"%)#$8$+/ $&% "6"2"+&% (#" 7%7(661 )(66",

T;



 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

 !"#! $#% &'() *%&# '+%( ' &(!, #!&(%('( !- , ./ 0./1 ( .&2 +.( . (344 ',%# (+.5 6789:

%' #.& ; , <,%'' & .( . ="2%4 &(%!&./ 4.',%>) ?& '+%( -!,4: %' #.& ; 1( 2 '! #./#1"

/.' '+ #+.&@ ( !- '+ !5'%#./ 5.,.4 ' ,( !- . 4.' ,%./ #.1( 2 ;3 .& .55/% 2  >' ,&./

A /2 BCD) =)7EF)























∆η11

∆η22

∆η33

∆η44

∆η55

∆η66























=























r11 r12 r13

r21 r22 r23

r31 r32 r33

r41 r42 r43

r51 r52 r54

r61 r62 r63























·







Ex

Ey

Ez






B=)7EF

?& '+ #.( !-  !"2 ' #'%!& !- GHI ,.2%.'%!&: '+ GHI  / #',%# A /2 #+.&@ ( '+ !5'%#./

5,!5 ,'% ( !- '+ #,3('./) G+%( / .2( '! . #+.&@ !- 5!/.,%I.'%!& !- '+  / #',!"4.@& '%#

J?K <.0 5,!5.@.'%&@ '+,!1@+ '+ CLM .' '+ (.4 '%4 : /.' , %& '+%( '+ (%( #.// 2 5,!; 

; .4) G+%( #+.&@ 2 5 &2( (',!&@/3 !& '+ !,% &'.'%!& !- '+ 4.%& .> ( !- '+ CLM <%'+

, (5 #' '! '+ <.0 0 #'!, .&2 5!/.,%I.'%!& !- '+ GHI .&2 5,!; ; .4) G+ #./#1/.'%!& !-

'+ , (1/'%&@ %&2 >  //%5(!%2 %( D1%' #!45/%#.' 2 ;1' @ & ,.//3 '+ %45 ,4 .;%/%'3 ' &(!,

%( (%@&%A#.&'/3 , 21# 2 '! ( 0 ,./ &!&"I ,!  / 4 &'( 21 '! '+ #,3('./N( (344 ',3)

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

O.&3 4.' ,%./( ., (1%'.;/ -!, '+  / #',!"!5'%# 2 ' #'%!& !- GHI ,.2%.'%!& ;1' !&/3 .

- < #,3('./( ., <%2 /3 1( 2) G+%( 2 5 &2( (',!&@/3 !& +!< @!!2 '+ 3 -1/A// '+ !5'%4./

#!&2%'%!&( .&2 5,!5 ,'% ( !- .& %2 ./ CLM <+%#+ ., P

• H%@+ /.''%# (344 ',3 B&!&"I ,! .&2  D1./ #! $#% &'( !&/3 -!, r41: r52 .&2 r63 F

• Q .R -, D1 &#3 2 5 &2 &# !- '+ !5'%#./ 5,!5 ,'% (

• J! !, !&/3 < .R .;(!,5'%!&

• H%@+  / #',!"!5'%# #! $#% &'(

G+ 4.' ,%./( 1( 2 -!,  !"2 ' #'%!& #.& ; 4.%&/3 2%0%2 2 %&'! @,!15( !- %(!',!5%# .&2

.&%(!',!5%# 4.' ,%./() S!, %&('.&# LiTaO3 .&2 LiNbO3 ; /!&@ '! /.'' , @,!15 68T9) ?&

'+ %, #.( '+  / #',!"!5'%# #! $#% &'( ., & %'+ , (344 ',%# &!,  D1./ BG.;) =)EF) G+ 

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

21,%&@ '+%( <!,R '+ 3 ., &!' 2 (#,%; 2 %& 2 '.%/) G+ 2 '.%/ 2 2 (#,%5'%!& !- '+ ( CLM(

#.& ; -!1&2 %& 68E9)

V&!'+ , 4.' ,%./ <%'+ . +1@ 5!' &'%./ %( WV*G

 !

68=9) ?& #!&',.(' '! '+ .;!0 2 "

(#,%; 2 4.' ,%./( %' %( .& .&%(!',!5%# 4!/ #1/., #,3('./ B(  #+.5' , XF <%'+ . 0 ,3 +%@+

Y!#R /( #! $#% &' !- 75 pm
V

.' . <.0 / &@'+ !- Z=T &4 <+%#+ %( 4!, '+.& !& !,2 , /.,@ ,

#!45., 2 '! [&G BG.;) =)=F ;1' '+ .@@,.0.'%!& '+.' %' %( .& .&%(!',!5%# 4.' ,%./ (+!<%&@

 !

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

77



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

















0 −r22 r13

0 r22 r13

0 0 r33

0 r51 0
r51 0 0
−r22 0 0

































0 0 0
0 0 0
0 0 0

r41 0 0
0 r41 0
0 0 r41

















LiTaO3  !" LiNbO3 ZnTe  !" GaP

# $%& '()(* +,-./,.-& 01 ,2& 30/4&%5 /0&6/7&!, 8 ,-79 rij 01 LiTaO3: LiNbO3: ZnTe,  !"
GaP ;1-08 <=)>?(

&0@/-A5, % -41

[

pm
V

]

!0 ;λ0 = 840nm)

B!#& C(DC E()F

G 3 ) E(H

# $%& '('(* 30/4&%5 /0&6/7&!,5 01 ZnTe,  !" GaP (

I&-A 5,-0!J  $50-K,70! 10- 1-&L.&!/7&5  $0I& )#MN 7, 2 5 0!%A %787,&" 78K0-, !/& 7! ,2&

O&%" 01 5&!57!J 27J2 1-&L.&!/A #MN - "7 ,70!(

#2& 8 ,&-7 %5 8 7!%A .5&"  !" P27/2 1.%O%% 805, 01 ,2& -&L.7-&8&!,5 5, ,&"  $0I&  -&

B!#&  !" G 3( Q! ,2& J-0.K 01 750,-0K7/ /-A5, %5 B!#& 520P5 ,2& % -J&5, &0@/0&6/7&!,

;# $( '('?( #2& 8 7! %787, ,70!5 01 B!#&  -& 7,5 %0P ,- !5I&-5& 0K,7/ % ;#R? K20!0!

-&50! !/& 1-&L.&!/A 01 H(E)#MN  !"  5,-0!J ,&!"&!/A 01 ,P0 K20,0!  $50-K,70! %787,7!J

,2& 0K,7/ % K0P&- 01  SQT K-0$& $& 8 <U=>( #2& 0,2&- P7"&%A .5&" 8 ,&-7 % 75 G 3 <UU>( Q,5

&0@/0&6/7&!, 75 0!%A 0!& L. -,&- /08K -&" ,0 B!#& $., 7,5 #R K20!0! -&50! !/& 1-&L.&!/A

75 %0/ ,&"  , ))#MN P27/2 8 4&5 7, ,2& VRW 01 /207/& 10- $-0 "$ !"  KK%7/ ,70!5( X27/2

VRW 75 .5&" "&K&!"5 O! %%A 0! ,2&  KK%7/ ,70!  !" ,2& K-0K&-,7&5 !&&"&"(

R!& 01 ,2& 8 7! K-0$%&85 P27/2 2 I&  %% VRW5 7! /0880! 75 ,2&7- "75K&-570!( #275

8& !5 ,2 , SQT  !" #MN P I&5  -& K-0K J ,7!J ,2-0.J2 ,2& /-A5, % P7,2 "7Y&-&!, I&%0/@

7,7&5( Z5  /0!5&L.&!/& ,275 %& "5 ,0  K2 5& I&%0/7,A 8758 ,/2 -&5.%,7!J 7!  1-&L.&!/A

"&K&!"&!/& 01 ,2& 50@/ %%&" -&5K0!5& 1.!/,70! 01 ,2& /-A5, %( #2& O-5, 5,&K ,0 / %/.% ,&

,275 1.!/,70! 75 ,0 "&,&-87!& ,2& "&% A 01 ,2& SQT  !" #MN P I&5 K 557!J ,2& VRW $A

δ (fTHz) =
ng (λNIR)− n (fTHz)

c
· d, ;'(E'?

P2&-& ng (λNIR) 75 ,2& SQT J-0.K 7!"&9: n (fTHz) 75 ,2& #MN K2 5& 7!"&9: c 75 ,2& I /..8

5K&&" 01 %7J2,  !" d 75 ,2& ,27/4!&55 01 ,2& /-A5, %( #2& #MN 1-&L.&!/A "&K&!"7!J -&5K0!5&

1.!/,70! 75 ,2&! J7I&! $A <UU>

G (fTHz) =
t (fTHz)

δ (fTHz)

∫ δ(fTHz)

0
ei·2·π·fTHz ·tdt = t (fTHz) ·

ei·2·π·fTHz ·δ(fTHz) − 1

i · 2 · π · fTHz · δ (fTHz)
, ;'(EE?

P2&-& t (fTHz) 75 ,2& [-&5!&% ,- !5875570! /0&6/7&!, P27/2 "&,&-87!&5 ,2& %055&5 ".& ,0

-&\&/,70!( #2&  $50%.,& I %.& 01 G (fTHz) "&,&-87!&5 ,2& 1-&L.&!/A -&5K0!5& 1.!/,70!

EC



 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

 !"  #"

 !"#$% &'()'* +,-.% /-01,!2" 3#210!42 43 5-6 728% -29 5:6 ;-+ 53$4/ <))= >?@6'

43 0,% %A%10$4B4C0!1 1$D.0-A' E2  !"' &'() 0,!. 3#210!42 !. .,4F2 34$ 728% -29 ;-+ 43

G-$!4#. 0,!1H2%..%.' E0 1-2 :% %-.!AD .%%2 0,-0 0,% 1#0B4I 3$%J#%21D 9%C%29. .0$42"AD 42

0,% 1$D.0-AK. 0%/C%$-0#$% -29 0,!1H2%..' ;%2%$-AAD= 0,% 0,!1H%$ 0,% 1$D.0-A 0,% A4F%$ 0,%

1#0B4I 3$%J#%21D -29 G!1% G%$.-' L#0 0,% 0,!1H2%.. 94%. 240 42AD -I%10 0,% :-29F!90,

43 0,% .%2.4$' E2 -99!0!42 !0 9%0%$/!2%. 0,% !20%$-10!42 A%2"0, 43 0,% MEN C$4:% :%-/

-29 0,% J#-.!B.0-0!1 %A%10$!1 O%A9 14$$%.C429!2" 04 0,% !29#1%9 C4A-$!P-0!42 1,-2"% F,!1,

!. C$4C4$0!42-A 04 0,% .%2.%9 8QP %A%10$!1 O%A9 -/CA!0#9%' Q4F%G%$= 9%C%29!2" 42 0,%

-CCA!1-0!42 - 0$-9%B4I ,-. 04 :% 34#29 :%0F%%2 .!"2-A .0$%2"0, -29 :-29F!90,'

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

8,% %A%10$4B4C0!1 %I%10 !0.%A3 9%.1$!:%. 0,% C,D.!1-A 1,-2"%. 43 - 1$D.0-AK. C$4C%$0!%. 9#%

04 0,% C$%.%21% 43 - 8QP %A%10$!1 O%A9' 8,% %I%10 42 0,% C-..!2" 4C0!1-A :%-/ 9%C%29.= 43

14#$.%= 42 0,% 4$!%20-0!42 43 0,% RST F!0, $%.C%10 04 0,% C4A-$!P-0!42 43 0,% 14BC$4C-"-0!2"

F-G%.'  4$ %4B9%0%10!42 43 8QP $-9!-0!42 5((U6B4$!%20%9 !.40$4C!1 1$D.0-A. -$% 0DC!1-AAD

#.%9' S2AD 34$ 0,!. 4$!%20-0!42 0,% 8QP O%A9 -/CA!0#9% 1-2 :% .%2.%9 :D 0,% RST -. !.

9%.1$!:%9 -. 34AA4F.'

8,% .0-$0!2" C4!20 43 0,% 1-A1#A-0!42 43 0,% %4B%I%10 !. 0,% .1,%/% .,4F2 !2  !"' &'(>'

V MEN C$4:% %A%10$!1 O%A9 EP -29 - 8QP %A%10$!1 O%A9 ETHz C-..!2" 0,% RST F!0, "!G%2

F-G% G%104$. -29 C4A-$!P-0!42' 8,% C$%.%21% 43 0,% 8QP O%A9 !29#1%. - 9%34$/-0!42 43 0,%

!29%W %AA!C.4!9 "!G%2 :D <>X@

x2 + y2 + z2

n2
0

+2 ·ETHz,1 · r41 · y · z+2 ·ETHz,2 · r41 ·x · z+2 ·ETHz,3 · r41 ·x · y = 1, 5&'?X6

F,%$% ETHz,i -$% 0,% 14/C42%20. 43 0,% -CCA!%9 8QP %A%10$!1 O%A9 -A42" 0,% /-!2 -W%.

5WB= DB= -29 PB9!$%10!426 -29 n0 !. 0,% #2-I%10%9 $%3$-10!G% !29%W' 8,% 2%W0 .0%C !. 04

O29 - 144$9!2-0% .D.0%/ F,!1, 14!21!9%. F!0, 0,% /-!2 -W%. 43 0,% !29%W %AA!C.4!9= .4

0,-0 0,% /!W%9 0%$/. G-2!.,' 8,!. $%.#A0. !2 - /#1, %-.!%$ -29 .,4$0%$ 1-A1#A-0!42 43 0,%

?Y



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

 !"#$% &'()'* +,,$-!./0% 1210%3 ,4 / 5((678,$!%.0%- %9%:0$,8,;0!: :$210/9 <!0= ;$,>% /.-

?@A >%/3'

;,9/$!A/0!,. :=/."% ,4 0=% ;$,>% >%/3' ?=!1 !1 /:=!%B%- >2 0<, :,,$-!./0% 0$/.14,$3/0!,.1'

 !$10C 0=% 1210%3 !1 $,0/0%- >2 DE

◦
/$,#.- 0=% A8/F!1' G40%$ 0=!1C 0<, 3!F%- 0%$31 B/.!1=

/.- /. /--!0!,./9 1!3;9!H:/0!,. ETHz,1 = −ETHz,2 :/. >% -,.%' I,< 0=% F8/F!1 ,4 0=%

.%< 1210%3 ;,!.01 !. 0=% 1/3% -!$%:0!,. /1 0=%  B%:0,$1 ,4 0=% :,8;$,;/"/0!." </B%1' J.

0=% .%F0 10%; 0=% 1210%3 !1 $,0/0%- /$,#.- 0=!1 .%< F8/F!1 >2 0=% /."9% Θ' J. /--!0!,.C 0=%

B%:0,$ ,4 0=% ?@A H%9- :/. >% ;$,K%:0%- /0 0=% .%< 1210%3* ETHz,1 = ETHz · 1√
2
· sin (α)C

ETHz,3 = ETHz · 1√
2
· cos (α) <!0= ETHz = |ETHz|' ?=% $%1#90!." !.-%F %99!;1,!- !1 0=%.

"!B%. >2

x′′2 ·
(

1
n2

0
+ ETHz · r41 · cosα

)

+

y′′2 ·
(

1
n2

0
+ ETHz · r41 ·

(

cosα · sin2Θ+ cos (α+ 2 ·Θ)
)

)

+

z′′2 ·
(

1
n2

0
− ETHz · r41 ·

(

cosα · sin2Θ− cos (α+ 2 ·Θ)
)

)

= 1,

5&'LE7

<=%$%

2 ·Θ = − arctan (2 · tanα) . 5&'LM7

J. 0=% $%1#90!." :,,$-!./0% 1210%3 0=% ?@A H%9- B%:0,$ =/1 ., :,3;,.%.0 !. 0=% x′′-!$%:0!,.

1, 0=/0 0=!1 0%$3 :/. >% .%"9%:0%-' ?=!1 1!3;9!H:/0!,. 9%/-1 0, 0=% $%1#90!." $%4$/:0!B%

LM



 !"! #$%$&%'() (* *$+ &,&-$ ./0 123'2%'()

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

n′′y (α) ≈ n0 +
n3

0
2 · ETHz · r41

(

cosα · sin2Θ+ cos (α+ 2 ·Θ)
)

,

n′′z (α) ≈ n0 +
n3

0
2 · ETHz · r41

(

cosα · sin2Θ− cos (α+ 2 ·Θ)
)

.

123456

7 !&# *+#%# ,#8,9&* :#  !"#$#% 9,# " 0#,#!*;  *  % -<: -(% *+9* *+# -/* &9' /,-<# <#9= > ''

&+9!)#  *% /-'9, ?9* -!3 @-,  !%*9!&# 8,-= ' !#9, *- #'' /* &9' /-'9, ?9* -! >+#! /9%% !)

*+# ABC  ! *+# /,#%#!&# -8 9 DE? #'#&*, & F#'"3 E-> *+ % /, !& /'#  % (%#"  ! ,#9' *G 8-,

%#!% !) DE? ,9" 9* -!  % "#%&, <#"  ! &+9/*#, 4 >+#,# *+# #$/#, =#!*9' %#*(/  % #$/'9 !#"

 ! "#*9 '3

45





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

12(')*01'023 1()42

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

%) &$&'-4" #%5 6$ %!" .#1('".% /&." &$ "&.- %) 2." %2+$ )$ 7"- .-.%"15 8)+ .%&$9&+9

&(('#/&%#)$. '#7" 8 :6; .("/%+)./)(- %!)." .-.%"1. /&$ 3" 3)2<!% *+)1 =&+#)2. /)1(&$#".5

 !" 2.&<" )* .2/! .-.%"1. #. +"92/"9 %) & >(+".. 32%%)$ %) 1"&.2+"? ./!"1"5 @. & +".2'%

& ')% )* 1&%"+#&' (&+&1"%"+. &+" /&'/2'&%"9 3- %!" #$%"+$&' "'"/%+)$#/. &$9 (+)<+&1.5 A2%

%!" .#%2&%#)$ /!&$<". #* /"+%&#$ )(%#/&' (&+&1"%"+. )* & '#<!% .)2+/" )+ 1&%"+#&' .!&'' 3"

1"&.2+"9 B!#/! &+" )$'- &//"..#3'" 3- &$ 2$/)11)$ &(('#/&%#)$ .("/#&'#4"9 .-.%"15 6$ %!#.

/&." %!" B!)'" 1"&.2+"1"$% .-.%"1 #. 32#'% *+)1 %!" .7"%/! B!#/! 1&7". & *2$9&1"$%&'

7$)B'"9<" #$ )(%#/.C "'"/%+)$#/.C (+)<+&11#$< &$9 1&%! $"/"..&+-5 6$ %!#. /!&(%"+ %!"

3&.#/ (+#$/#('". )*  D4: EF

 

&+" #$%+)92/"9 &$9 9"./+#3"9 #$ 9"%&#' B!#/! #$/'29".G

•  #1":9)1&#$ .("/%+)./)(- 1"&.2+"1"$%. ./!"1"

• @(('#"9 "'"/%+):)(%#/ .&1('#$<

• E&%& (+)/"..#$<

• 6$#%#&'  D4: EF ."%2( #$ %!" -"&+ HIIJ

• F211&+- )* &'' &(('#"9 #1(+)="1"$%. &$9 /!&$<".

• D#<! ("+*)+1&$/"  D4: EF .-.%"1 #$ %!" -"&+ HIIK

L.("/#&''- #. .!)B$ %!"+" B!"+" %!#. B)+7 .%&+%"9 &$9 B!&% (+)<+".. B&. &/!#"="95  !"

."%2( #1(+)="1"$% B&. %!" 7"- ()#$% )* %!#. B)+75 M#%!)2% #%C 1).% )* %!" &(('#"9 .("/:

%+)./)(- +".2'%. #$ %!" *)'')B#$< /!&(%"+. B)2'9 $)% 3" ()..#3'"5  !"+"*)+ &$ )B$ /!&(%"+

#. 9"9#/&%"9 %) %!#. ="+- #1()+%&$% %)(#/ $)% #$/'29"9 #$ 1).% %!".".5

 !"! #$%&'%()* +, -./ 0%1*23+14%& 5(*'0$+5'+(6

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

@. ",('&#$"9 #$ %!" /!&(%"+ 3"*)+" & 9#+"/% .#$<'" .!)% 1"&.2+"1"$% )* &  D4 "'"/%+#/

N"'9 %+&$.#"$% #. $)% ()..#3'" .) *&+5 O) 7$)B$ 9"%"/%)+ #. *&.% &$9 ."$.#%#=" "$)2<! %)

)("+&%" )$ %!" *"1%)."/)$9 %#1" ./&'" B#%! & +".)'2%#)$ 3"%%"+ %!&$ 100 fs #$ %!"  D4

 

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

JP



 ! "#$%&'(# )(*%+(*), )-.(/#0.%-& 12(')*01'023 1()42

 !"#$"%&' ()%*+ ,%-' (' $./%0 "-"&1!23241/& *"1"&1/2% 1"&5%/#$". 15" 678 4$-." &)% ("

9").$!"* /%*/!"&1-' (' ) :;< .1!")= &)9"!) >?@A /% 1/9"3*29)/% ($1 2%-' B/15 ) !".2-$1/2%

2 200 fs >C?A+

65" .1)%*)!* 9"152* $."* 12 *"1"&1  "B &'&-" 678 "-"&1!/& D"-* 1!)%./"%1. /. 67836EF+

;% &2%1!).1 12 G63;< 15" ./0%)- /. 9").$!"* */!"&1-' /% 1/9" B5/&5 /%&-$*". 15" "-"&1!/& D"-*

.1!"%015 H:E 15" 45)." /% 2!9)1/2%+ 65" 9"152* /. ./9/-)! 12 15" .)94-" I 52-* 1"&5%/#$"

$."* /% 9").$!"9"%1 "%0/%""!/%0+ 65" .5)4" 2 15" -2%0 678 4$-." JG7KL ∼ 500 fsM

/. .)94-"* 42/%1 (' 42/%1 (' ) 9$&5 .52!1"! 241/&)- 4$-." JG7KL < 150 fsMN 1'4/&)--'

241/&)- 4$-.".  !29 )  "912."&2%* 6/O.)445/!" -)."!+ G2! 15/. 4$!42." /1 /. %"&"..)!' 12

.5/ 1 15" 4$-.". /% !".4"&1 12 ")&5 215"!+

65" .&5"9" 2 )% $%/P"!.)- 67836EF ."1$4 /. .52B% /% G/0+ Q+R+ 65" /%&29/%0 :;< -)."!

4$-." /. .4-/1 /% ) .23&)--"* 4$94 )%* 4!2(" (")9+ 65" 4$94 4$-.". 0"%"!)1"  "B &'&-" 678

!)*/)1/2% B/15 ) .$/1)(-" "9/11"! "+0+ ) */42-" )%1"%%) J."" ."&1/2% S+@M+ K5/-" 4!24)0)1/%0

15!2$05 15" 241/&)- .'.1"9 /%&-$*/%0 15" .)94-" 2(T"&1N &"!1)/%  !"#$"%&' &2942%"%1. 2 

15" 678 4$-." )!" )(.2!("* )%* .$.1)/% ) 45)." &5)%0"+ ;% )**/1/2%N 9)%' ."1$4. )!"

"#$/44"* B/15 ) ."&2%* 4$94 )!9 JG/0 Q+R)M+ 65/. &)% (" "/15"! ) 678 2! 241/&)- 4$94

4$-." B5/&5 5/1. /% )**/1/2% 15" .)94-" B/15 ) 0/P"% 1/9" *"-)' ("1B""% 15"." 1B2 4$94

4$-.".+ G2! /%.1)%&"N /% 15/. B)' 15" !"-)U)1/2% 1/9" 2 P"!'  ).1 ."9/&2%*$&12!. &)% ("

9").$!"*+ 72B"P"!N D%)--' 15" 678 4$-." /. 9").$!"* (' ) *"1"&12! 0)1"* (' 15" 4!2("

4$-.".+ H% /--$.1!)1/2% 2 15/. .)94-/%0 9"152* /. .52B% /% G/0+ Q+R(+

65" 9)/% )*P)%1)0". 2 .$&5 .'.1"9. )!" 15"/! 5$0" *'%)9/& !)%0"N 15" .1)(/-/1' 2 15"

-/051 .2$!&" )%* ) P"!' -2B %2/." V22! >?WA+ ;% )**/1/2%N ./%&" 15" 4$-." 1!)&" /. 9").$!"*

/% 1/9" 15" 241/&)- /%1"! )&". 4"%"1!)1"* 2% /1. B)' 15!2$05 15" .'.1"9 &)% (" 4)!1-'

*"&2%P2-$1"*+ 65/. 9")%. (' 9").$!/%0 ) -2%0 1/9" *"-)' !"V"&1/2%.  !29 152." /%1"! )&".

0"1 P/./(-" /% 15" 1/9" B/%*2B+ G!29 15"9N 15" )(.2!41/2% &2"X&/"%1 )%* 15" !" !)&1/P"

/%*"U 2 ) 4"%"1!)1"* 2(T"&1 &)% (" *"1"!9/%"* >?CA+ K/15 G63;< 15/. B2$-* (" %21

42../(-" ("&)$." 15" 9").$!"* ./0%)- /. ./94-' 15" .$9 2 )-- )!!/P"* ./0%)-. )%* .2 15"

.$9 2 )-- 15"/! 42B"! *"%./1' .4"&1!)+ G2! /%.1)%&"N ./%&" )-- 45)." /% 2!9)1/2% /. -2.1 15"

*'%)9/&. 2 )% )&1/P" 9"*/) &)%%21 (" "U)9/%"* /% *"1)/-+ 65/. 45)." ."%./1/P" 4!24"!1'

2 67836EF /. "U1"%./P"-' $."* /% &5)41"! W -)1"!+

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

H4)!1  !29 15" /%&25"!"%1 *"1"&1/2% 2 678 !)*/)1/2% $."*  2! 9").$!/%0 15" "9/../2%

2 )% )&1/P" 9"*/) /% 15" -).1 &5)41"! 2%-' "-"&1!23241/& .)94-/%0 B). $."* 12 ."%." 15"

678 4$-.". 0"%"!)1"* (' ) */42-" )%1"%%)+ H-- 1"&5%/#$". B"!" *".&!/("* /% 15" 4!"P/2$.

&5)41"!. ($1 )1 15/. 42/%1 15" !")- )44-/&)1/2% 2 "-"&1!23241/& .)94-/%0  2! ."%./%0  "B

&'&-" 678 4$-.". .5)-- (" "U4-)/%"* /% *"1)/-+ Y.4"&/)--' 15/. /%&-$*". 15" /%P2-P"* 241/&)-

&2942%"%1.+

G/!.1 "-"9"%1 /. 15" Y,ZN B5"!" 15" :;< 4!2(" )%* 678 4$-." &234!24)0)1" JG/0+ Q+SM+

; 15"!" /. %2 1"942!)- 2P"!-)4 ("1B""% 15"9N 15" :;< 4$-." /. 4)../%0 /1 B/152$1 )%'

[\



 !"! #$%&'%()* +, -./ 0%1*23+14%& 5(*'0$+5'+(6

 !"#$% &'(') *+,%-% ./ 0 123415* 6%7#8' 90: .87!.;0< 123=.87!+0< 8#-8 80$7> 9?: 7!-%4

@.-0!; 60-8<!;" 6+,%-%'

 !"#$% &'A') *70;@0$@ %<%+7$.4.87!+ @%7%+7!.; 6+,%-% 9BCDE%<%+7$.4.87!+ +$F670<>

GHIEJ#0$7%$K0L% 8<07%> HIEH.<<067.; 8$!6-> I5E8,.7.@!.@%:'

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

'()"*&+%5 ,!&. &. "..63%5 7(* ,!% *%., (7 ,!% ,%8,/ 97,%* ,!% :;< ,!% '*(2% 2%"3 '"..%. "

=>?

 

.%, ,( @A

◦
,( ,!% BCD 2%"3 ')"#% (7 '()"*&+",&(#/ E!&.  "6.%. ,!", ,!% '()"*&+",&(#

 !"#$%. 7*(3 )&#%"* ,(  &* 6)"*/ F&#"))4 &, '*('"$",%. ,!*(6$! " >?

!

/ G%*% ,!% !(*&+(#,")

"#5 H%*,& ") '()"*&+%5 )&$!, &. .')&, "'"*,/ E!% &#,%#.&,4 (7 ,!(.% 2%"3. &. 3%".6*%5 24

'!(,(5&(5%. "#5  (3'"*%5 24 "# %)% ,*(#&  &* 6&, (* 3%".6*%3%#, 5%H& %/ C# ,!%  ".%

-&,! #( '*%.%#, EG+ %)% ,*& I%)5 ", ,!% :;< -!&)% ,!% '*(2% '6).% '*('"$",%. ,!*(6$!

&, ,!% !(*&+(#,") "#5 H%*,& ") '()"*&+%5 2%"3 &#,%#.&,&%. "*% %J6") "#5 .( ,!% 5&K%*%# %L

-!& !  (**%.'(#5. ,( ,!% EG+ %)% ,*& I%)5L &. +%*(/

E!&. .&,6",&(#  !"#$%. &7 ,!% '*(2% '6).% '"..%. ,!% :;< -&,! '*%.%#, EG+ %)% ,*& I%)5

-!& ! &#56 %. " 2&*%7*&#$%# 4 (7 ,!% :;</ 9. "  (#.%J6%# % ,!% '()"*&+",&(# (7 ,!% '*(2%

2%"3  !"#$%. 7*(3 )&#%"* ,( %))&',& ")/ E!&.  "6.%.L "7,%* '"..&#$ ,!% =>? "#5 >?L ,!",

,!% !(*&+(#,") "#5 H%*,& ") '()"*&+%5 2%"3 &#,%#.&,&%. "*% #(, %J6") "#5 ,!% 5&K%*%# % &.

5&*% ,)4 '*('(*,&(#") ,( ,!% '*%.%#, EG+ %)% ,*& I%)5 "3')&,65%/

0,"*,&#$ 7*(3 " .4.,%3 .!(-# &# F&$/ M/NO ,!% *%.6),&#$ .&$#")  "# 2% %8'*%..%5 24 6.&#$

,!% P(#%. 3",*& %. 7(*3")&.3 QARS "#5 :J/ M/RT/ E!% &#&,&") '(&#, &. "  (3')%,%)4 !(*&+(#,")

'()"*&+%5 '*(2% 2%"3 (α = 90◦)/ E!% %)% ,*& I%)5 H% ,(* EQWP "7,%* '"..&#$ ,!% UNNVWX

(*&%#,%5 :;< -&,! ,!% 3"&# "8&. Θ = 45◦ -&,! *%.'% , ,( ,!% (,!%* 2%"3 "#5 ,!% =>?

 "# 2% 5%. *&2%5 24

EQWP =
EProbe√

2

[

2 · e−i·n0 (cos∆n+ sin∆n)

2i · e−i·n0 (cos∆n− sin∆n)

]

, UR/NW

-&,!

∆n =
n3

0

2
· ETHz · r41, UR/MW

-!%*% EProbe &. ,!% %)% ,*& I%)5 .,*%#$,! (7 ,!% )&#%"* '()"*&+%5 '*(2% 2%"3L n0 &. ,!%

6#"K% ,%5 *%7*" ,&H% &#5%8 "#5 ∆n &. ,!% *%7*" ,&H% &#5%8  !"#$% &# ,!% :;<  "6.%5 24

,!% '*%.%# % (7 ,!% EG+ %)% ,*& I%)5/ E!% 5&K%*%# % (7 ,!% !(*&+(#,") "#5 H%*,& ") '"*, (7

,!% %)% ,*& I%)5 )%"5. ,( ,!% "3')&,65% (7 ,!% .%#.%5 EG+ %)% ,*& I%)5 -!& ! &.

∆Ex,y = 2 · EProbe · sin∆n. UR/RW

0&# % ,!%  !"#$% (7 ,!% I%)5 &#,%#.&,4 &. (7 ,!% (*5%*

∆I
I
≈ 10−4

,!% I#") .&$#")  "# 2%

.&3')&I%5 "#5  ") 6)",%5 24 QONS

S (ETHz) ∝ IProbe ·
ω · n3

0 · r41 · L
c

, UR/@W

-!%*% ω &. ,!% "#$6)"* 7*%J6%# 4 (7 ,!% (',& ") BCD '*(2% 2%"3L L &. ,!% ,!& 1#%.. (7 ,!%

 *4.,")L IProbe &. ,!% '*(2% 2%"3 '(-%* "#5 c &. ,!% .'%%5 (7 )&$!,/

 

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

!

*+))",$+- (#.,/

@M



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

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

 !" #"$%&' () "*"#+  ,-. /0 $123 4$ 2 $4532& '#21" () '!"  ,- "&"1'#41 6"&7 '#23$4"3' )#(8

9!41! 2&#"27+ $(8" :2$41 $;"14612'4(3$ 123 :" #"27< 0431" 43 #"2&4'+ 3( 1(3'43%(%$ $123

123 :" ;"#)(#8"7 237 '!" $1233435 '48" 9437(9 4$ 3(' 43634'" 1"#'243 &484'2'4(3$ 2#4$"<

=11(#7435 '( '!" >(%#4"# 237 $28;&435 '!"(#"8 '!" '48" 7"&2+ :"'9""3 '9( 3"45!:(#435

;(43'$ tp−p 7"'"#843"$ 74#"1'&+ '!" 21!4"*"7 :237947'! () '!" $;"1'#%8

B =
1

2 · tp−p
.  !"#$

%&' ()*+,)-. , +/0(-,1 *-,))()2 3(*+,)-. 4.+5..) +5& 0&()+* &6 50 fs '.*71+* () , 4,)35(3+8

&6 10THz. 97-8 :&'. (:0&'+,)+ (* +8. ,-8(.;.3 *0.-+',1 '.*&17+(&) 58(-8 (* 3('.-+1/

'.1,+.3 +& +8. 5(3+8 &6 +8. *-,))()2 +(:. 5()3&5 Twindow ,)3 *& +8. *-,))()2 3(*+,)-.

,)3 +8. ,:&7)+ &6 3,+, 0&()+*" <8. *0.-+',1 '.*&17+(&) ∆ν -,) 4. -,1-71,+.3 4/

∆ν =
1

Twindow
.  !"=$

%&' , +(:. 5()3&5 &6 50 ps +8(* 5&713 /(.13 , '.*&17+(&) &6 20GHz" >) 2.).',1 +8. '.*&17+(&)

(* &)1/ 1(:(+.3 4/ +8. ,--.**(41. +(:. 5()3&5 47+ 4/ .1&)2,+()2 (+ 7*7,11/ :&'. ,)3 :&'.

'.?.-+(&)* 6'&: +8. &0+(-,1 */*+.: ,'. *.)*.3 () +8(* 5,/" <8(* '.*71+* () , '.37-.3 3,+,

@7,1(+/ 37. +& *(2),1 :&371,+(&)  *.. -8,0+.' A$"

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

B* ,1'.,3/ :.)+(&).3C +8. '.*71+ &6 .;.'/ <DEF<GH *-,) (* +8. ;,'(,+(&) &6 +8. <DE .1.-+'(-

I.13 () +(:." J7+ , *()21. *(2),1 +',-. 5(+8 ()*+,11.3 *,:01. 3&.* )&+ ()-173. ,)/ )..3671

3,+, +& 3.+.':(). +8. &0+(-,1 0'&0.'+(.* 37. +& , :(**()2 '.6.'.)-. (+ -,) 4. -&:0,'.3

+&" K)1/ (6 +5& *-,)* ,'. -&:0,'.3 '.,*&),41. 3,+, 0'&-.**()2 (* 0&**(41." >) +8. *(:01.*+

-,*. +8(* (* , 6'.. *0,-. '.6.'.)-. ,)3 +8. *,:01. *-,)" %'&: +8(* 3,+, *.+* +8. 6'.@7.)-/

3.0.)3()2 &0+(-,1 0,',:.+.'* 1(L. ,4*&'0+(&) -&.M-(.)+ ,)3 ()3.N &6 '.6',-+(&) -,) 4.

.N+',-+.3"

D&5.;.'C *()-. +8. .1.-+'(- I.13 (* 3('.-+1/ :.,*7'.3C +8. *+,'+()2 .@7,+(&) 6&' +8. 3,+,

0'&-.**()2 (*

ESample (f) = ERef (f) · T (f) · ei·k0·n(f)·d,  !"O$

58.'. k0 (* +8. 5,;. ;.-+&'C n (* +8. -&:01.N '.6',-+(;. ()3.NC d (* +8. *,:01. +8(-L).**

,)3 T (* +8. %'.*).1 67)-+(&) +& ()-173. +8. '.?.-+(&) 1&**.* ,+ +8. *,:01.P,(' ()+.'6,-.*

2(;.) 4/

T (f) =
4 · n (f)

(n (f) + 1)2
.  !"Q$

>) +8.*. 6&':71,* +8. ,4*&'0+(&) (* ()-173.3 () +8. -&:01.N '.6',-+(;. ()3.N 2(;.) 4/ +8.

A!
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 !"# $$%&'

n (f) = n (f) + i · κ (f) , ()*+,

-. # n %$ /. # 01 # 2#03/%4 %'5 ! 0'5 κ %$ /. %607%'0#8 "0#/ 3&## $"&'5%'7 /& /. 

09$&#"/%&' %' /. 60/ #%01 2#&6 -.%3. /. 09$&#"/%&' 3& :3% '/

α (f) = κ (f) · k0, ()*;<,

30' 9 5 / #6%' 5* =' / #6$ &2 "&- # 09$&#"/%&' &# %'/ '$%/8 /. 09$&#"/%&' 3& :3% '/

2#&6 >?* )*;< .0$ /& 9 5&@91 5

(

I ∝ E2
)

* A&# /. 3013@10/%&' &2 /. &"/%301 "#&" #/% $ &2

0 7%4 ' 60/ #%01 /. >?* )*B .0$ /& # -#%// ' %'

|ESample (f)| · ei·ϕSample = |ERef (f)| · ei·ϕRef · |T | · ei·ϕT · ei·k0·n·d · e−i·α(f)·d
()*;;,

0'5 $"1%/ %' 06"1%/@5 

|ESample (f)|
|ERef (f)|

= |T | · e−i·α(f)·d, ()*;C,

0'5 ".0$ %'2&#60/%&'

ei·(ϕSample−ϕRef) = ei·ϕT · ei·k0·n(f)·d. ()*;),

A#&6 /. $ /-&  ?@0/%&'$ /. 09$&#"/%&' 3& :3% '/

α (f) = −
log

(

|ESample(f)|
|ERef (f)|·|T |

)

d
()*;D,

0'5 /. # 2#03/%4 %'5 !

n (f) =
(ϕSample − ϕRef − ϕT )

k0 · d
()*;E,

30' 9 3013@10/ 5* F@ /& /. 203/ /.0/ %' /. %6"1%3%/ 2&#6@10 >?* )*B /-& @'G'&-'$ -%/.

3&6"1 ! 401@ $ 0# %'31@5 5 '& 5%# 3/ 3013@10/%&' &2 /. 6 %$ "&$$%91 *

H' &2 /. 60%' "#&91 6$ /. # 98 %$ I'5%'7 "#&" # %'%/%01 401@ $* A@#/. #J %' 60'8

 !" #%6 '/$ /. $06"1 /.%3G' $$ %$ &' &2 /. 055%/%&'01 @'G'&-'$ $& /.0/ /.#  @'G'&-'$

 !%$/* K.%$ 30@$ $ $%7'%I30'/ "#&91 6$ 5@#%'7 /. %/ #0/%4 "#&3 $$ /& 0""#&!%60/ /. $ 

"0#06 / #$* H' "&$$%9%1%/8 /& &9/0%' /. 401@ &2 /. $06"1 /.%3G' $$ 0'5 /. 04 #07 

# 2#03/%4 %'5 ! 401@ %$ /& 6 0$@# 0 10#7 /%6 -%'5&- -.%3. %'31@5 $ /. /#0'$6%$$%&'

0'5 &' &# 6&# %'/ #'01 # L 3/%&'$* =' A%7* )*) $@3. $30' %$ $.&-' 2&# 0 M0N $06"1 *

A#&6 /. 5 108$ &2 /. "@1$ $ %' # $" 3/ /& /. # 2 # '3 "&%'/ 0/ 0 ps /.#  /%6 401@ $

t1J t2 0'5 t3 30' 9  !/#03/ 5 -. # 98 t2 = t3* =' /.%$ "0#/%3@10# 30$ t1 = 2.5 ps 0'5

t2 = 7.01 ps* O%/. /. . 1" &2 /. $/0'50#5 2&#6@10$ (distance = velocity · time)

t1 =
d · (n− 1)

c
, t2 =

2 · d · n
c

()*;P,

DD



 !"! #$%$&'()$*+ ', - ./0. ($1,'1)-*2$ 34563#7 8$+9(

 !"#$% &'&'( )*+,)-. /!"012 3$14% 56 1 &77µ8 39!4: ;1< 4$=/312 !042#>!0" !03%$012 $%?%4,

3!50/'

39% 1@%$1"% $%6$143!@% !0>%A n 10> /18B2% 39!4:0%// d 410 C% 4124#213%> C=

n =
t2

t2 − 1
, d = c · t2 − 2 · t1

2
D&'EFG

H0 39% 41/% 56 39% !22#/3$13%> %A18B2% 39!/ "!@%/ n = 3.49 10> d = 302µm I9!49 1$% 39%

45$$%43 @12#%/ 10> /#J4!%03 %05#"9 65$ /31$3!0" 39% !3%$13!@% B$54%//'

 !"! #$%$&'()$*+ ', - ./0. ($1,'1)-*2$ 34563#7 8$+9(

K0% 56 39% :%= 5CL%43!@%/ >#$!0" 39!/ I5$: I1/ 39% /#C/%M#%03 !8B$5@%8%03 56 39% /%3#B'

N3 39% C%"!00!0" !0 39% =%1$ O77& 39% B%$65$8104% I1/ 2!8!3%> 10> 053 /#!3%> 65$ 39% 31/:/

!0 39% 0%1$ 6#3#$%' )9% !8B2%8%03%> !8B$5@%8%03/ I%$% 810!652> 10> 25413%> 81!02=

!0 5B3!4/ 10> %2%43$50!4/' )9% >!J4#23= I1/ 35 P0> 39% 5B3!812 3$1>%,5Q /5 3913 39%

458C!013!50 56 122 4910"%/ B5/!3!@%2= 4503$!C#3% 35 39% 5@%$122 B%$65$8104% B1$18%3%$/'

)9% 65225I!0" /%43!50/ /95I 39% /31$3!0" B5!03 56 39% /%3#B >%@%25B8%03 !0 39% =%1$ O77&'

 5225I%> C= 39% !8B$5@%8%03/ I!39 122 39% B$5/ 10> 450/ 2%1>!0" 35 39% /313%,56,39%,1$3

)*+,)-. /%3#B #/%> !0 39% @%$/!50 56 39% =%1$ O77R 13 39% %0>'

 !"!#! $%&'&() *+,-*./ 01'23 451(6 788 9

H0  !"' &'S 39% )*+,)-. /%3#B !0 39% =%1$ O77& !/ /95I0' H3 $%B$%/%03/ 39% /31$3!0" B5!03

56 39!/ <9- 39%/!/' N/ 122 /%3#B @%$/!50/ #/%> >#$!0" 39!/ I5$: !3 I1/ %M#!BB%> I!39 10

>!B52% %8!33%$ 103%001 10> 10 %2%43$5,5B3!4 /18B2!0" 3%490!M#%' NB1$3 6$58 39% %AB%0/%/
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 !"#$% &' &()!#$#$% *+,- . #)).'* !$/ *.$*&'* )-#* ,& (#$!)#&$ #* 0.'1 2&2+3!'4 5) &6.'*

-#%- &+)2+) 2&7.' 1nW − 1µW 7#)- 3!'%. (!$/7#/)-4 5$ !//#)#&$ )-. /.).,)#&$ *,-. .

&8 .3.,)'&9&2)#, *! 23#$% #* *)'&$%31 2&3!'#:!)#&$ *.$*#)#0. 7-#,- &6.'* )-. 2&**#(#3#)1 )&

 .!*+'. )-. &'#.$)!)#&$ /.2.$/#$% !(*&'2)#&$ ;*.. ,-!2).' <=4

>#$,. )-. # 2'&0. .$)*? /.*,'#(./ #$ )-. $.@) *.,)#&$* #$,3+/. )-.  !#$ ,& 2&$.$)*

7#)- )-.#' 2'&* !$/ ,&$* &$31 )-. (!*#, &0.'0#.7 7#33 (. %#0.$ -.'.A

• B!*.' *&+',.A CD 8'& E. )&3!*.'* ;FDG 8*? HGG I? *.. !22.$/#@ J 8&' /.)!#3*=

• K#2&3. !$).$$! . #)).'A L&3/ *)'#2.* #$ MGGµ /#*)!$,. &$ BN9L!J* 7#)- !))!,-./

*#3#,&$ 3.$*

• NO: *#%$!3  &/+3!)#&$A P3.,)'#,!3  &/+3!)#&$ &8 )-. /#2&3. . #)).' ;G9DGGQ? D< "O:?
'.,)!$%+3!'=

• R#%9R!% NO: (.! %+#/#$%

• S5T 2'&(. (.! 8&,+*#$%A >2-.'#,!3  #''&'*

• U.! ,& (#$.'A 5NV 

,&!)./ %3!** 23!).

• P3.,)'&9&2)#, /.).,)#&$A D  R$N.

• U!3!$,./ 2-&)&/.).,)&' ,#',+#)

• >1*). 2.'8&' !$,.A

 >#%$!39)&9$&#*. '!)#&A ≈ DGGG

 U!$/7#/)-A ≈ MNO:

 >2.,)'!3 '.*&3+)#&$A W XGLO:

E&' ,& 23.).$.** #$ E#%4 M4< )-. )# .9/& !#$ *#%$!3 !$/ *2.,)'+ &8 )-. *.)+2 #* *-&7$4

P*2.,#!331 )-. 3# #)./ '.*&3+)#&$ !$)#,#2!)./ )-.  .!*+'. .$) &8 $!''&7 !(*&'2)#&$ 3#$.*

3#". #33+*)'!)./ #$ ,-!2).' <4 5$ )-. .@)'. . ,!*. )7& $!''&7 3#$.* !'. .''&$.&+*31 #/.$)#Y./

!* *#$%3. 3#$.4 E+')-.'?  !$1 #$).'.*)#$% !(*&'2)#&$ 8.!)+'.* &8 ! 3&) &8  !).'#!3* !'.

3&,!)./ (.1&$/ MNO:4 J* #$ E#%4 M4<( #* *-&7$? !3'.!/1 8&' 8'.Z+.$,#.* !(&0. [NO:

)-. !,-#.0./ >ST #* ,3&*. )& /'&2 (.3&7 [G /U4 N-#* 3# #)* )-. .0!3+!)./ 0!3+.* &8 )-.

,!3,+3!)./ !(*&'2)#&$ ,&.\,#.$) (.,!+*. )-. 2&*#)#&$ &8 )-. $&#*. ]&&' *.)* )-. 3# #)4 N-#*

 .!$* )-!) )-. '.3!)#&$ αreal ≥ αmeasured -!* )& (. )!".$ #$)& !,,&+$) ;*.. PZ4 M4DG=4

N-.*. 3# #)!)#&$* *-&7 )-!) )-.'. 7!* !$ +'%.$) $../ 8&' # 2'&0. .$)* )& 8+3Y33 )-.

)!*"* #$ )-. 8+)+'.4
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 !"! #$%$&'()$*+ ', - ./0. ($1,'1)-*2$ 34563#7 8$+9(

 !"#$% &'(') *%+%,-./%01 ,%+%, -2 13% 45674*8 9%1#. !0 13% :%;$ <==& >?8@A%;/ 9.,!11%$B

?C@A%;/ D-/A!0%$B E@/!$$-$B FE@.;$;A-,!D /!$$-$B 8E@9.3%$!D;, /!$7

$-$B G@,%09B B GF@,!0%;$ .-,;$!6%$B HIF@J#;$1%$ K;+% .,;1%B IF@I-,,;91-0

.$!9/B ?F**@A;,;0D%L .3-1-L!-L% L%1%D1-$M'
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 !"#$% &'(') *+, -!.%/01.+!2 3!"2+4 +20 *5, 36%78$#. 19 8:% -;</-=> 3%8#6 !2 8:% ?%+$

@AA&'

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

-:% 3%8#6 #3%0 !2 8:% ?%+$ @AA& %B6%$!%27%0 3%C%$+4 !.6$1C%.%283' D+2? 19 8:%. 7+2/

218 5% %B6$%33%0 !2 2#.5%$3 5%7+#3% 8:%? 7128$!5#8% 81 .1$% 8:+2 12% 6+$+.%8%$ 19 8:%

168!7+4 3?38%. +8 127%'  #$8:%$E 8:%!$ 71.5!2%0 6%$91$.+27% 7+2 124? 5% 0%37$!5%0 5? +

316:!38!7+8%0 712C14#8!12 F:!7: !3 !2 0%8+!4 #2G21F2' >1 .+!24? 8:%$% F1$G!2" 6$!27!64%

+$% 0%37$!5%0 !274#0!2" 8:%!$ .+H1$ "+!2'
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'&;!.",=  -& !2M&( 8

 !"#$%&'(#)

<# ", &.&'/ #& 1*  -& 1#&0 &$&( '!,"( *$3/# 3 ;3M!' '!$&8 ?, BIS)BTG  -& #"=,3$# 3'& #1(-

%&3N  -3  -&/ -3.&  ! 2& ;!01$3 &0  ! &L '3(  -&; 3  -& &,0 4'!;  -& 23(N='!1,08

B-"# (3, 2& 0!,& !* "(3$$/ 2/ (-!**",=  -& 2&3; !' 2/ ;!01$3 "!, !4  -& &;"##"!, *'!)

(&##8 U3  &' %3#  -& (-!"(& 4!' 2! - #& 1*#8 ?,  -"# (3#&  -& .!$ 3=& 0'!* 3  -& 0"*!$&

&;"  &' "# ;!01$3 &0 %" - 3 =".&, 4'&H1&,(/8 D!';3$$/  -"# %3# 0!,& 2/ 3 ("'(1" #-!%,

", D"=8 A8V38 J" -  -"# #";*$& #(-&;& 3 .!$ 3=& !4 W@@X %3# #%" (-&0 !, 3,0 !K8 B-"# $&0

 ! 3 '&( 3,=1$3' .!$ 3=& ;!01$3 "!, 3  -& &;"  &'8 B-"# (31#&0 $3'=& (1''&,  '3,#"&, #

%-"(- $";" &0  -& &;"  &'Y# $"4& ";&8 I"=-&' .!$ 3=&# %&'& ,! *!##"2$& 01&  ! &$&( '"(3$

2'&3N0!%,#8

B-& ";*'!.&0 &$&( '"( 0'".",= ("'(1" 4!'  -& &;"  &' "# #-!%, ", D"=8 A8V28 <# PZ<#

 

 %!

Z<[A 4'!; <*&L %&'& 1#&0 6)W7@  ! \W7@X:8 B-& F'# PZ< 3;*$"F&#  -& ",*1 .!$ 3=&8

B-& !1 *1 "# 4&0  !  -& F'# (!, 3( !4  -& &;"  &' %-"$&  -& ! -&' PZ< "# (!,,&( &0

 !  -& #&(!,0 &;"  &' (!, 3( 21 %" - ",.&' &0 *-3#&8 J" - 3 #",=$& PZ< # 3=& !1 *1 

.!$ 3=&# !4 !,$/ )W7@  ! \W7@X 3'& *!##"2$& 21 2/  3N",=  -& .!$ 3=& 0'!* 2& %&&,  -"#
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 !"#$% &'(') *!$+#!, -.$ %/%+,$!+0/ 1.2#/0,!.3 .- ,4% 2!5./% %1!,,%$ 03,%330 !3 607 899& 032

6:7 899; 6<=>?.5%$0,!.30/ 015/!@%$7'

 !"#$% &'A') B%,%+,.$ +!$+#!, -$.1 607 899& 032 6:7 899; 6<=>?.5%$0,!.30/ 015/!@%$C D3E

F,>?!3F,$#1%3, 015/!@%$7'

5.,%3,!0/ 032 ,4% 540F% !3G%$,%2 5.,%3,!0/ ,4% 10H!1#1 G./,0"% 2$.5 0, ,4% %1!,,%$ !F

2.#:/%2 6E8I9 ,. J8I9K7' L4% :!" 02G03,0"% .- ,4!F 1%,4.2 !F ,40, ,4% F!"30/ +03 :%

2.#:/%2 M!,4.#, %H+%%2!3" ,4% %/%+,$!+0/ :$%0N2.M3 /!1!, .- ,4% %1!,,%$' >F M!,4 ,4% ./2

2$!G!3" +!$+#!, 1.2#/0,!.3 -$%O#%3+!%F #5 ,. &9 NPQ 0$% .:,0!3%2'

L4% !3-.$10,!.3 0:.#, ,4% 015/!,#2% .- ,4% LPQ %/%+,$!+ @%/2 !F ,$03F-%$$%2 ,. ,4%

RDS 5$.:% :%01 !3 ,4% T<* :U +403"!3" !,F 5./0$!Q0,!.3' L4!F +403"% !F F%3F%2 :U ,M.

54.,.2!.2%F 1%0F#$!3" ,4% HE 032 UE+.15.3%3, .- ,4% :%01 !3,%3F!,!%F' L4% 2!V%$%3+% .-

,4% 2!.2% F!"30/F !F 2!$%+,/U 5$.5.$,!.30/ ,. ,4% LPQ %/%+,$!+ @%/2' W!3+% ,4% $%/0,!G% F!"30/

2!V%$%3+% !F 0:.#, 10−3 − 10−8
C 0 4!"4 5$%+!F!.3 2%,%+,.$ +!$+#!, M!,4 !3,%"$0,%2 015/!@%$

!F 3%%2%2 6 !"' &'A7 ,. 2%,%+, ,4% 2!V%$%3+% +#$$%3,F .- 10nA − 1µA' D3 ,4% .$!"!30/

-.$1 ,4% F!"30/ M0F 1%0F#$%2 :U 0 ,$03F!15%203+% +.3G%$,%$' L4% 2!V%$%3+% +#$$%3, -$.1

,4% 54.,.2!.2%F M0F -%2 ,. 03 !3G%$,!3" <=> +!$+#!,' L4% 1%0F#$%2 LPQ %/%+,$!+ @%/2

X&



 ! "#$%&'(# )(*%+(*), )-.(/#0.%-& 12(')*01'023 1()42

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

ETHz =
Uout

R · S · P · λNIR

2 · π · n3 · r41 · l
, 345678

,-(/( R $. %-( /(.$.%9/ 1 #&(: S $. %-( .(*.$%$1$%2 9; %-( "-9%9'$9'(.: P $. %-( "-9%9'$9'(.

$*)$'(*% <=> "/9+( # .(/ "9,(/: λNIR $. %-( "/9+( # .(/ #$0-% )(*%(/ , 1(#(*0%-  *': n:

r41  *' l  /( %-( ?@AB. /(;/ )%$1( $*'(C: (#()%/9D9"%$) )9(E)$(*%  *' #(*0%-: /(."()%$1(#25

?."()$ ##2: ,$%- %-$. '(%()%9/ 1(/2 #9, )&//(*%. ,(/( '$.%9/%(' +2 (#()%/$) # *9$.( $* %-(

.2.%(!5 =; 1(/2 #9, )&//(*%.: )9//(."9*'$*0 %9 %-( FGH .$0* #:  /( !( .&/(' %-($/ 1 #&(

)9!(. )#9.( %9 %-( $*"&% *9$.( )&//(*%. 9; %-( @IJ5

J*9%-(/ ! K9/ "/9+#(! , . %-( + # *)$*0 9; %-( '(%()%9/5 J" /% ;/9! %-( /( # .$0* #

 !&)- # /0(/ LA )9!"9*(*% (!(/0(' ) &.(' +2 # .(/ M&)%& %$9*. ,-$)- . %&/ %(' %-(

 !"#$N(/5 F-$. #$!$%(' %-(  !"#$N) %$9* ; )%9/  *' .9 %-( O<>5 =* %-( 2( / PQQ4  .% *' /'

.) * ,$%- RQ 'S O<> %99T !9/( %- * 4Q!$*&%(. %$!(5 U&/%-(/: %-( '2* !$) /(.(/1( , .

 +9&% PQ 'S5 F-$. !( *. $; %-( .$0* #  !"#$%&'( '/9""(' +2 !9/( %- * PQ 'S +2  +.9/"%$9*:

(505 $*  . !"#(: %-( O<> '$' $% %995

=* U$05 45V+ %-( *(, '(%()%9/ '(.$0* $. .-9,*5 W $* '$X(/(*)( $. %-( '$/()% )9*1(/.$9*

9; %-( $*)$'(*% # .(/ "9,(/ %9  19#% 0( '/9"5 F-( 19#% 0( '/9" $. %-(* ;(' %9  + *'" ..

N#%(/5 G(/( !9.% 9; %-( # .(/ "&#.( M&)%& %$9*.  /( N#%(/(' 9&% .9 %- % ! $*#2 %-( /( #

FGH .$0* # $. ;(' %9 %-( $*.%/&!(*%  !"#$N(/5 F-( ;9/!&# ;9/ %-( ) #)&# %$9* 9; %-( FGH

(#()%/$) N(#' $. .$!$# / %9 ?Y5 45675 Z&.% %-( $*%(/* #  !"#$N) %$9* G 9; %-( $*.%/&!(*% #

 !"#$N(/ - . %9 +(  ''(' 3?Y5 45PQ8 ,-$)- $. %-( ! K9/ 0 $* 9; %-$. *(, )$/)&$%/25

ETHz =
Uout

R ·G · S · P · λNIR

2 · π · n3 · r41 · l
345PQ8

J .% *' /' .) * ,$%- %-$. '(%()%9/ % T(. 9*#2 [!$*  *2 !9/( ,$%-  O<> 9; RQ 'S5 U&/%-(/:

%-( '2* !$) /(.(/1( $*)/( .(' %9 \]Q 'S5 F-$. ! T(. $% "9..$+#( %9 !( .&/( (1(* -$0-#2

 +.9/+$*0 9+K()%.5

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

=* F +5 45P %-( .&! 9;  ## $!"/91(!(*%. $. .&!! /$H(' $*)#&'$*0 %-($/ "/9.  *' )9*.5 @*(

) * $!!('$ %(#2 .(( %- % !9.% 9; %-( )- *0(. - 1( 9*#2 "/9. .9 %- % %-( 91(/ ## "(/;9/! *)(

9; %-( N* # FGHDFLO .(%&" .$0*$N) *%#2 $*)/( .('5

<9%  ## .(%&" $!"/91(!(*%. ) * +( '$/()%#2 '(%(/!$*(' $* - /' *&!+(/.5 J#9*( %-(2

)9*%/$+&%( !9.%#2 #$*( / %9 %-( 91(/ ## "(/;9/! *)( +&% %-$. /(# %$9* '9(. *9%  ""#2 $;

.(1(/ # (X()%.  /( )9!+$*('5 =; 9*#2 %-( + .$) " / !(%(/.  /( % T(* $*%9  ))9&*%  *'

.&!! /$H('  . ;9##9,.

• O$0* # #(1(#^ )9!" / +#(

• O$0* #D%9D*9$.(D/ %$9^ )9!" / +#(

[]



 !"! #$%$&'()$*+ ', - ./0. ($1,'1)-*2$ 34563#7 8$+9(

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

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

2,-33#$ "3$&'3&$# 455µ, 6& 755µ, 8$ "-.+!/ 0 1

2,-33#$ ,!3#$-!/  *9:!6" ;<9:!6" "-.+!/ 0 1

2,-33#$ '%&=/-+. ;-/-'%+ /#+" =/!+# :!6" +% >-"3%$3-%+ "-.+!/ 9

*?@ .&->-+. @-.1@!. $%&+>93$-= &+-A%$, B#!, 1

C#!, '%,B-+#$ <*D '%!3#> ./!"" ,-$$%$ E-3F F%/# "-.+!/ 0 1

2D8 G+*#H ),, :!IH 455µ, B!+>E->3F 0 "-.+!/ 9

J#K#'3-%+" '%,=&3#$ ,#3F%> '%!3-+. $#"%/&3-%+ 0 1

*?@ -,!.-+. )L) 7L) "-.+!/ 0 1

M<J A%'&"-+. "=F#$-'!/ ,-$$%$" /#+" "-.+!/ 0 1

2,-33#$ ,%>N &+-=%/!$ $#'3N >%&B/# "-+&" "-.+!/ 0 1

O#3#'3%$ +%-"PH +% Q/3#$ /%E +%-"#H Q/3#$ >P+!,-'H $#"#$R# 0 1

 !"#$ %&'&( )*++!,- ./ 01$  234 5) 6$0*7 8+7,.9$+$:06 8+7#$+$:0$;&

• 5$<,$!6$; 6$:6808980- ./ =>? "- ! /!<0., ./ @' A018::$, <,-60!# B801 #.B$, $.4

<.$C<8$:0D

• E!:;B8;01 8:<,$!6$ ./ =>?( '&F→ G 23

• )<!::8:H 08+$( IJ 08+$6 /!60$,

0186 ,$6*#06 8: ! /*:;!+$:0!# 7$,/.,+!:<$ 8:<,$!6$ /!<0., ./ @KK B18<1 86 .*060!:;8:H&

=67$<8!##- 68:<$ 01$ 67$<0,!# ,$6.#*08.: 86 :.0 !:- +.,$ #8+80$; "- 01$ .708<!# 6-60$+ 01$

;!0! L*!#80- 8:<,$!6$; 68H:8M<!:0#-& >:#- 01$ 6!+7#$N6 7,.7$,08$6 #8+80 0186 7!,!+$0$,&

 !"! ! #$%&' ($)( *+,-.,/&%0+ 1234156 7879+/ :8+&, ;<<=>

O: P8H& %&Q 01$ 60!0$4./401$4!,0  234 5) 6$0*7 8: 'RRJ 86 61.B:& O0 8:0$H,!0$6 !## 8+4

7,.9$+$:06 #860$; !".9$&  . .*, S:.B#$;H$T 80 86 01$ .:#- 6-60$+ B.,#;B8;$ B801 6*<1

7$,/.,+!:<$ 7!,!+$0$,6&  1$ "!:;B8;01 !:; 01$ !<18$9!"#$ 67$<0,!# ,$6.#*08.: +!S$ 80

! 7$,/$<0 0..# /., +!0$,8!# 6<8$:<$ 8:  23 .708<6& U: $#$<0,8< M$#; ./ +.,$ 01!: 200 V
cm

<!: "$ !<18$9$;& )*<1 $#$<0,8< M$#; 86 18H1 $:.*H1 /., 60!:;!,; $V7$,8+$:06 B801.*0 "$8:H

8:0$,$60$; 8: :.:#8:$!,808$6 B18<1 60!,0 !".9$ 10 kV
cm
&

O: P8H& %&@R 01$ *740.4;!0$ 08+$4;.+!8: 68H:!# !:; 67$<0,*+ 86 61.B:& W. ,$X$<08.:

1!+7$, 01$ 68H:!# L*!#80- !:; 8: 01$ 67$<0,*+ $9$: 01$ ;$0$<0., <*04.Y /., ! %RRµ+ 018<S

Z![ <,-60!# 86 9868"#$&  1$ !77,.V8+!0$; )W\ 86 8: 01$ 60!:;!,; <!6$ IJR ;E&

P*,01$,T 01$ :$B 6$0*7 <!: "$ $!68#- !;!70$; B801 ! B!9$H*8;$  23 $+800$, ]@RR^ B18<1

,$7#!<$6 01$ 60!:;!,; $+800$, !:; 86 8:60!##$;T 8/ *6$;T :$V0 0. 01$ 6!+7#$&  186 $+800$,

86 ! <.+"8:!08.: ./ 01$ 60!:;!,;  23 71.0. <.:;*<089$ $+800$, !:; ! +$0!##8< B!9$H4

*8;$ AP8H& %&@@D& U6 *6*!#T 01$  23 7*#6$ 86 H$:$,!0$; 8: ! WO\ 7*#6$ #!6$, 8##*+8:!0$;

Z!U6 6*"60,!0$ "$0B$$: 0B. "8!6$; +$0!# <.:0!<06& _8S$ 61.B: 8: 01$ 8##*60,!08.: 01$

B!9$ 86 <.:M:$; 8: .:$ ;8+$:68.: "$0B$$: 01$ +$0!# <.:0!<0 6*,/!<$6& O: 01$ 60!:;!,;

<.:MH*,!08.: 01$ H$:$,!0$; B!9$ B.*#; ;89$,H$:<$ 8: .:$ ;8+$:68.: /.,+8:H ! +.,$ .,

FF



 ! "#$%&'(# )(*%+(*), )-.(/#0.%-& 12(')*01'023 1()42

 !"#$% &'(') *%+%,-./%01 ,%+%, -2 13% 45674*8 9%1#. !0 :;;< =>8?@%A/ 9.,!11%$B

>C?@%A/ D-/@!0%$B E?/!$$-$B FE?.A$A@-,!D /!$$-$B G?,%09B GF?,!0%A$

.-,A$!6%$B HIF?J#A$1%$ KA+% .,A1%B IF?I-,,A91-0 .$!9/B >F**?@A,A0D%L

.3-1-L!-L% L%1%D1-$M'

N<
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 !"#$% &'()'* +,-.+/0 1!"234 !2 56% 7%3$ 8))9' :3; +!<%.=><3!2 :!21%5*?#44 5!<% @!2=>@;

32= :A; 1B%C5$#<'

4%11 C74!2=$!C34 %<!11!>2 B$>D4%' E#5 56!1 C32 A% 3F>!=%= A7 3 1<3$5 B355%$2!2" >? 56% 5>B

<%534 C>253C5' G? 56!1 !1 ?>$<%= A7 H#15 3 A$>3= ">4= 15$!B% 56% "%2%$35%= +,- @3F% !1

A>#2= 5> !5 32= 5$3F%41 34>2" !5'

 !"#$% &'(('* I6>5>C>2=#C5!F% +,- @3F%"#!=% %<!55%$'

JB3$5 ?$>< 56% 1!<!43$ B%$?>$<32C% 56% C632"%= =%1!"2 16>@1 1!"2!DC325 3=F3253"%1

C><B3$%= 5> 56% 1532=3$= B6>5> C>2=#C5!F% %<!55%$1'  !$15K 56%$% !1 2> 2%%= 327<>$% 5>

1%B3$35% 56% +,- "%2%$35!>2 B>!25 ?$>< 56% 13<B4% >AH%C5 !5 16>#4= B%2%5$35%' J1 !1 16>@2

!2 C63B5%$ 9 !5 C32 A% =!$%C547 3553C6%= 5> 3 1!<!43$ 163B%= >AH%C5 4!L% 3 1%<!C>2=#C5>$

431%$'  #$56%$K =#% 5> 56% B355%$2%= 5>B <%5344!-35!>2 56% "%2%$35%= +,- @3F% !1 A>#2=

5> 56% C%25%$ >? 56% <%534 15$!B%1' G2 56!1 @37 56% @3F% C32 A% "#!=%= =!$%C547 5> 56%

B43C% !5 16>#4= %25%$ 56% 13<B4% >AH%C5' 0!2C% 35 56% >B5!C34 %<!55%$M13<B4% !25%$?3C%

4%11 $%N%C5!>2 4>11%1 >CC#$ C><B3$%= 5> 56% 1532=3$= %<!55%$ $3=!35!2" !25> ?$%% 1B3C% 56%

C>#B4!2" %OC!%2C7 C32 A% <>$% 5632 5$!B4%=' P6!C6 %<!55%$ =%1!"2 !1 #1%= =%B%2=1 15$>2"47

>2 56% B#$B>1%'

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

 !" #$ %&" '"( %#)*+, *! #)%*+, *, %&" +#!%-#. #$ "."+%-#/012!"%*+ -13*1%*#! *! 1!( 1,)"+%4

5&*, *!+.63", 01*!.( %&" 26*3*!2 #$ 718", %&-#62& 81-*#6, #9:"+%, 1!3 #)%*+1. *!%"-$1+",4

;,)"+*1..( .1%%"- *, 1 9*2 %#)*+ *! #)%*+,4 <! 2"!"-1. 1 9*2 )-#9."0 1))"1-, *! 1! #)%*+1.

,(,%"0 7*%& %7# #- 0#-" *!%"-$1+", 9"%7""! %7# 01%"-*1., 7*%& 3*="-"!% #)%*+1. )-#)"-%*",4

>% ,6+& *!%"-$1+" %&" 01%"-*1. )1-10"%"-, +&1!2" 7&*+& &1, 1! *0)1+% #! %&" 718" )"!"/

%-1%*!2 *%4 >++#-3*!2 %# %&" ?-",!". $#-06.1 $#- -"@"+%*#! 1!3 %&" 9#6!31-( +#!3*%*#!, ABC

1! 133*%*#!1. 718" )-#)121%*!2 *! %&" 8*+" 8"-,1 3*-"+%*#! %&1! %&" %-1!,0*%%"3 718" *,

2"!"-1%"34 5&*, &1, %7# 01:#- *0)1+%,4 ?*-,%D 36" %# %&" ,).*% 718", 1!3 %&" "!"-2(

+#!,"-81%*#! 1E*#0 %&" )#7"- #$ %&" %-1!,0*%%"3 718" *, -"36+"34 5&" ,"+#!3 *0)1+% *,

06+& 7#-,"4 > 91+' )-#)121%*!2 718" +1! &*% 1!#%&"- #)%*+1. *!%"-$1+"4 <! %&*, 71( *%

+&1!2", #!+" 0#-" %&" 3*-"+%*#!4 <! %&" 7#-,% +1," *% &1, %&"! %&" ,10" 718" 8"+%#- 1, %&"

*!*%*1. 718" 1!3 )-#)121%", %&" ,10" )1%& 1.#!24 >% %&" ,%1-%*!2 *!%"-$1+" %&" ,"F6"!+"

*, -")"1%"34 G*!+" 1 2"!"-1. #)%*+1. ,(,%"0 +#!%1*!, ,"8"-1. #$ ,6+& *!%"-$1+",D 06.%*)."

-"@"+%*#!, #$ %&" #-*2*!1. ,*2!1. 1-" )-#36+"34

H"% 6, 1,,60" 1! #)%*+1. ,(,%"0 7*%& 1 ,*.*+#! ,10)." 1!3 1! "."+%-#/#)%*+ 3"%"+%#- 1,

*..6,%-1%"3 *! ?*24 B4I %# 3"0#!,%-1%" %&*, "="+%4 > 5JK 718" )-#)121%*!2 %&-#62& %&*,

,(,%"0 *, -"@"+%"3 06.%*)." %*0", 1% "8"-( #)%*+1. *!%"-$1+"4 5&" -",6.%*!2 5JK/5LG ,*2!1.

*, ,&#7! *! ?*24 B4M4 5&" ,*2!1. %-1+" 3"0#!,%-1%", 8"-( 7".. %&" )-#9."0 *! %&*, +1,"4 >

,*2!1. p (t) *, $#..#7"3 9( ,"8"-1. -").*+1 4 >.. #$ %&"0 +#!%-*96%" %# %&" ,)"+%-60 1++#-3*!2

%# %&" $#-06.1

?*26-" B4I4N G*0).*O"3 5JK #)%*+1. ,(,%"0 7*%& ,*.*+#! ,10)." 1!3 "."+%-#/#)%*+ +-(,%1.

P1--#7, *!3*+1%" %-1!,0*%%"3 1!3 -"@"+%"3 5JK 9"10,Q4

RS



 ! "#$%&&'( )*%+# +*',$ &%-#.+ ,/. 0./%10%21 345 /)$'(%& +-+$#6+

 !"#$% &'(') *+,-*./ 0!"123 45 &66µ7 89!:; 0!3!:41 0#<08$28% 7%20#$%= >!89 2 ?66µ7
@2A %3%:8$4-4B8!: 0%104$' C2D *!7%-=472!1 21= C<D 0B%:8$#7'

p (t) +
∑

i

ki · p (t− Ti) FFT−−−−−−−→P (ω) +
∑

i

ki · P (ω) · ej·ω·Ti , C&'ED

>9%$% ki !0 89% 0:23!1" 52:84$ 45 89% $%B3!:2 21= Ti !0 89% 8!7% 09!58 45 89%7 !1 $%0B%:8 84 89%

72!1 0!"123' *9%F 721!5%08 89%70%3G%0 20 74=#328!41 45 89% 4$!"!123 0B%:8$#7' H B$4<3%7

2304 54#1= !1  *-IJ 0B%:8$40:4BF'

+4>%G%$K 89%$% =4 %L!08 0%G%$23 043#8!410 54$ 89!0 B$4<3%7 <#8 89%F 233 89%F 92G% 89%!$

B$40 21= :410' /47% 45 89%7 043G% 89% B$4<3%7 >9!3% 489%$0 M#08 =%23 >!89 89%7' H

0#772$F 45 89% 72!13F #0%= 7%894=0 !0 "!G%1 9%$%'

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

*9% %20!%08 >2FK 28 3%208 54$ 8!7%-=472!1 7%20#$%7%180K !0 84 094$8%1 89% 8!7% >!1=4>

#18!3 14 $%N%:8!410 2$% G!0!<3% 4$ !1:3#=%='  4$ 89% 0!"123 094>1 !1  !"' &'( 89!0 >4#3= <%

5$47 -( 84 OPB0' *9% 72!1 =$2><2:; 45 89!0 7%894= !0 89% 3400 45 0B%:8$23 $%043#8!41'

 !"!.! /0)12 3453(%$(+3

H1489%$ 7%894= 84 =%23 >!89 89% B$4<3%7 45 $%N%:8!410 !8 84 2$8!Q:!233F B408B41% 89%7'

I1 "%1%$23 89!0 7%210 84 !1:$%20% 89% 0#<08$28%R0 89!:;1%00' S00%18!23 54$ 89!0 7%894= !0

8928 89% 0#<08$28% 094>0 413F 34> 3400%0 21= 920 %L2:83F 89% 027% 4B8!:23 B$4B%$8!%0 20 89%

728%$!23 >9!:9 B$4=#:%0 89% $%N%:8!410' S0B%:!233F 89!0 :2#0%0 B$4<3%70 !5 89% $%N%:8!41

B$4=#:!1" !18%$52:% :47%0 5$47 89% 027B3% !80%35' S!89%$ 89% 728%$!23 !0 %LB%10!G% 4$ 89%

:411%:8!41 B$4:%00 !0 :47B3!:28%= 21= 8!7% :410#7!1"'  4$ !10821:% 89!0 8%:91!T#% !0

#0%= 84 B408B41% 89% $%N%:8!410 !1 %3%:8$4-4B8!: 0%104$0'  4$ 148 0#U%$!1" 5$47 89% B920%

G%34:!8F 7!0728:9 C0%% 0%:8!41 ('P'(D 89% 0%104$ !0 0!7B3F "3#%= 4184 21 %3%:8$4-4B8!:23

!12:8!G% 0#<08$28%'
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 !"! #$%&'( &) *+,-.'%/%0,-&+ 1*(%'2

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

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

(&,#.% &$.&(#$.#5 62# !&%4)%&'$ .2)$7#! 82#$ %2# *#)" 2&%! %2# &$%#,1).# 4$(#, !'"#

)$7/#5 9#3#$(&$7 '$ %2# ,#1,).%&+# &$(#: (&;#,#$.# )% %2# &$%#,1).# %2# *#)" )$7/# &$

,#!3#.% %' %2# &$%#,1).# +),&#! '$ *'%2 !&(#!5 62&! ,#!4/%! &$ ) .2)$7#( 3'!&%&'$ '1 %2#

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

>'8#+#,? %' %&/% #+#,0 &$%#,1).# &$ %2# 82'/# '3%&.)/ !0!%#" &! $'% 3'!!&*/# &$ ")$0 .)!#5

 !"! ! 12340'(+ -//%/'() 3('52)/

 +#,0 .'"3/&.)%#( )$( &"3,#.&!# %#.2$&@4# %' (#)/ 8&%2 ,#-#.%&'$! ),# .'"34%#, )!!&!%#(

"#%2'(! ABCD5 >#,#*0 ) /'$7 %&"# 8&$('8 &! !.)$$#( &$./4(&$7 %2# ,#-#.%&'$! )$( %)E#$

)! 8)+#/#% ABFBD5 G&$.# ,#-#.%&'$! ),# ,#3/&.) '1 %2# 4$(&!%',%#( %,)$!"&%%#( !&7$)/ %2#

1'//'8&$7 3,'.#(4,# &! 3#,1',"#(5 62# .'"3/#%# !&7$)/ &! !.)/#(? !2&1%#( %' %2# 3'!&%&'$

'1 %2# ,#-#.%&'$! )$( !4*%,).%#(5 <$ %2&! 8)0 ,#-#.%&'$! ),# .'"3/#%#/0 .)$.#/#(5 62#

3,'*/#" &! %2)% %2# ,#-#.%&'$! .)$$'% *# .)$.#/#( '4%5 62# ,#)!'$ 1', %2&! &! %2# $##(#(

E$'8/#(7# '1 %2# %,)$!1#, 14$.%&'$ H (ω) .',,#!3'$(&$7 %' %2# ,#-#.%&'$! 82&.2 !2)// *#

,#"'+#(5 H',")//0 %2&! 14$.%&'$ &%!#/1 &! %2# '*I#.% '1 &$%#,#!% 82&.2 &$./4(#! %2# )*!',3%&'$

!3#.%,4" ACJD5  3),% 1,'" %2#!# /&"&%)%&'$! %2&! "#%2'( &! 7''( !4&%#( 1', @4)/&%)%&+#/0

!$)3!2'%! 8&%2 2&72 !3#.%,)/ ,#!'/4%&'$5 <$ %2&! .)!# H (ω) &! !&"3/0 )33,':&")%#( *0 B

1', %2# )$%&K,#-#.%&'$ )/7',&%2"5

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

 !6!"! λ/47&-8(+/

 // "#%2'(! (#!.,&*#( !' 1), I4!% (#)/ 8&%2 %2# 3,'*/#"! '1 ,#-#.%&'$! )$( (' $'% ,#)//0

!'/+# %2# ',&7&$ '1 %2#"5 62# !%)$(),( !'/4%&'$ )% %2# "'"#$% &! ) λ/4K/)0#,5 62#

"#%2'( *)!#! '$ ) %2&$ (&#/#.%,&. '3%&.)/ /)0#, 82&.2 &! (#3'!&%#( '$ %2# ,#-#.%&'$ .)4!&$7

&$%#,1).# ALMD5 62#&, 8',E&$7 3,&$.&3/# &! )! 1'//'8!5 <$ N&75 O5M %2# 7#$#,)/ !.2#"# '1 )

%2&$ /)0#, *#%8##$ %8' (&;#,#$% '3%&.)/ )"*&)$.#! &! !2'8$5 <$ %2# 7#$#,)/ .)!# %2&! )

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

&$%#,1).# "4/%&3/# ,#-#.%&'$! ),# 3,'(4.#(5  ..',(&$7 %' %2# N,#!$#/ 1',"4/)! %2# .'"3/#:

,#-#.%&'$ )$( %,)$!"&!!&'$ .'#P.&#$% &! 7&+#$ *0

rij =
ni − nj

ni + nj
, QO5RS

)$(

tij =
2 · ni

ni + nj
, QO5MS

82#,# ni &! .',,#!3'$(&$7 .'"3/#: ,#1,).%&+# &$(#: '1 %2# ")%#,&)/! )% %2# &$%#,1).#5 N4,K

%2#,? &$ 7#$#,)/ ) 8)+# 3,'3)7)%&$7 %2,'472 ) /)0#, !4!%)&$! /'!!#! )$( %2# 32)!# '1 %2#

TB
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 ! "#$%" & !' ( "#)$ %* "+,-. '/ 0+%* %* .%( - 12 #+ ")34! 5 #$,-*6 $ 67-"#%)-

Ti = e−j·ki·di , 89/9:

;+ $ ki  ! "#$ %&'()$* +,-$-$%"&. ,/0 di  ! "#$ ),1$.2! "# %3/$!!4 5 "# "#$!$ 6&.'7),!

"#$ .$!7)" /8 .$9$%" &/ %&$:% $/"

R = r12 + t12 · t21 ·T2
2 · r23 + t12 · t21 ·T4

2 · r2
23 · r21 + t12 · t21 ·T6

2 · r3
23 · r2

21 + .........

= r12 + t12 · t21 ·T2
2 · r23 ·

∑∞
i=0 T

2i
2 · ri

23 · ri
21

= r12 +
t12·t21·T2

2·r23

1−T2
2·r23·r21

=
r12+r23·T2

2

1+T2
2·r23·r12

;<4=>

,/0 ".,/!' !! &/ %&$:% $/"

T = t12 ·T2 · t23 + t12 ·T3
2 · r23 · r21 · t23 + t12 ·T5

2 · r2
23 · r2

21 · t23 + ......

= t12 ·T2 · t23 ·
∑∞

i=0 T
2i
2 · ri

23 · ri
21 =

t12·T2·t23
1+T2

2·r23·r12

;<4?>

&6 !7%#  /"$.6,%$ %,/ @$ %,)%7),"$0 @1 ,  /A/ "$ !$. $! ,/0 "#$ ,((.&* '," &/

∑

i x
i ∼=

(

1
1−x

)

4 B.&' CD4 <4= 8$"! %)$,. "#," "#$ .$9$%" &/ -,/ !#$!  6 "#$ .$)," &/

r12 = −r23 ·T2
2 ;<4E>

 ! 67)A))$04 F/ %,!$ &6 , 0 $)$%". % !7@!".,"$ ',"$. ,) ,/0 ),1$.G '$,/! /& %&'()$* .$6.,%H

" -$  /0$* (κ = 0)G "# ! .$)," &/ %,/ @$ ! '() A$0 ,/0 !$(,.,"$0  / (#,!$ ,/0 ,'() "70$

;CD4 <4I>4

r12 = −r23,
4π

λ0
· d2 · n2 = (2 ·m− 1) · π, mǫN ;<4I>

B.&' "# ! .$)," &/  " 8$"! %)$,. "#,"  / "#$ ! '()$!" %,!$ , ),1$. +# %# 67)A))! "#$ %&/0 " &/!

n2 =
√

n1 · n3, d2 =
λ0

4 · n2
· (2 ·m− 1) , mǫN ;<4J>

%,/%$)! $K$%" -$)1 .$9$%" &/!4 L#$ 6,%"&. λ0/4  / "#$ ),!" %&/0 " &/  ! 8 - /8 "#$ /,'$

&6 "# ! '$"#&04 M7%# ),1$.! ,.$ + 0$)1 7!$0  / &(" %!4 B&.  /!",/%$G "# !  ! "#$ !",/0,.0

%&," /8 '$"#&0 6&. $1$8),!!$! @7"  / "# ! (,." %7),. %,!$ '&.$ "#,/ &/$ ,/" H.$9$%" &/ ),1$.

#,! "& @$ 7!$0 "& %&-$. "#$ %&'()$"$ - ! @)$ !($%".7'4 L# ! 0$'&/!".,"$! &/$ &6 "#$ +$,3

(& /"! &6 "# ! '$"#&04 N! %,/ @$ !$$/ 6.&' "#$ !$%&/0 %&/0 " &/ "#$ ),1$. "# %3/$!! #,! ,

!".&/8 +,-$)$/8"# 0$($/0$/%$4 O$! 0$ "#$ . 0$! 8/$0 +,-$)$/8"# "#$ $K$%" -,/ !#$! ,/0

.$,(($,.! ,%%&.0 /8 "& CD4 <4I4 L# !  ! "#$ .$,!&/ +#1 "#$1 ,.$ /&" !7 "$0 6&. @.&,0@,/0

,(() %," &/! ) 3$ LPQHLRM4 B7."#$.'&.$G 6&. LPQ 6.$D7$/% $! , ),1$. "# %3/$!! &6 , 6$+

ST µ' +&7)0 @$ /$$0$0 +# %#  ! "$%#/ %,))1 0 :%7)" "& ,%# $-$ + "# # 8# 7/ 6&.' "14

?U



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

 !"#$% &'(') *%+%$,- ./0!1,- 213%4% .5 , 03!+ -,6%$ 789 2,+:;!13%: <%0;%%+ , 2#<20$,0%

4,0%$!,- 7=9 ,+: ,!$ 7(9'

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

>2 4%+0!.+%: ,<.?% , λ/4@-,6%$ 1.,0!+" 3,2 .+-6 .+% :%"$%% .5 5$%%:.4 0. 2#//$%22 $%A%1@

0!.+2 ;3!13 !2 03% 03!1B+%22' C3% ,//$./$!,0% =DE

◦
/3,2% 13,+"% 0. 5#-F-- 03% 4,013!+"

1.+:!0!.+ 5$.4 GH' &'I !2 ,13!%?%: <6 /$./,",0!+" , 1%$0,!+ :!20,+1% 5.$03 ,+: <,1B 03$.#"3

03% -,6%$ 0. ,13!%?% !0' J!+1% .+-6 :!%-%10$!1 4,0%$!,-2 ,$% !+?.-?%: , 0$,?%-!+" ;,?% 2#20,!+2

+. ,:K#20,<-% /3,2% 13,+"% ,0 03% ./0!1,- !+0%$5,1%2' C3% 2!0#,0!.+ 13,+"%2 !5 .+% .5 03%

!+?.-?%: 4,0%$!,-2 !2 3!"3-6 ,<2.$<!+" $%2#-0!+" !+ , 1.4/-%L $%5$,10!?% !+:%L' M+ 03!2 1,2%

03% $%A%10!.+ 1.%N1!%+0 1,-1#-,0%: <6 03%  $%2+%- 5.$4#-, 7GH' &'89 <%1.4%2 1.4/-%L 0..'

C3!2 ,::!0!.+,- /3,2% 13,+"% 1,+ <% %L/-.!0%: 0. 2#//$%22 %O%10!?%-6 $%A%10!.+2' J0,$0!+"

;!03 GH' &'I ,+: , 1.4/-%L $%5$,10!?% !+:%L n = n + i · κ (κ 6= 0) ,+: 03!2 -%,:2 0. 03%

"%+%$,- 4,013!+" 1.+:!0!.+2

|r12| = |r23| · e−
4·π
λ0
·d·κ

, φr12 = −φr23 −
4 · π
λ0

· d · n. 7&'=E9

>2 .+% 1,+ 2%%P 03% %L!20%+1% .5 03% ,::!0!.+,- /3,2%2 %L0%+: 03% :%"$%%2 .5 5$%%:.4'

C3!2 ./%+2 03%.$%0!1,--6 03% /.22!<!-!06 .5 , <$.,:<,+: ,+0!@$%A%10!.+ 1.,0!+" 7>QR9' S#0

;!03 03%2% :%"$%%2 .5 5$%%:.4 03% $%H#!$%4%+02 5.$ 03% 1.,0!+" 4,0%$!,- $,!2%2 ,2 ;%--'  .$

!+20,+1%P ,2 , 4,K.$ /$%@1.+:!0!.+ GH' &'=E 23,-- 23.; +. ;,?%-%+"03 :%/%+:%+1%' C3!2 1,+

.+-6 <% ,13!%?%: <6 5#-F--!+" 03% %L/$%22!.+ !+ 0%$42 .5 ,4/-!0#:% ,2 ;%-- ,2 !+ 03% /3,2%

4,013!+" 1.+:!0!.+ 2%/,$,0%-6' C3!2 ;.#-: -%,: 0. 03% 2!4/-!F%: 4,013!+" 1.+:!0!.+2

|r12| ≈ |r23| , φr12 ≈ −φr23 . 7&'==9

C3%$%5.$%P ,+ !:%,- 1.,0!+" 4,0%$!,- 23.#-: 3,?% 03% 5.--.;!+" /$./%$0!%2)

• T.; ,<2.$/0!.+

• R.4/-%L $%5$,10!?% !+:%L 5.$ -,$"% /3,2% 23!502

• U%/.2!0!.+ .5 #-0$,@03!+ -,6%$2 5.$ -.; ,<2.$/0!.+

• R.+0$.- /,$,4%0%$ 0. ,:K#20 03% 4,0%$!,-V2 /$./%$0!%2

W(
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 !"#$%&''( )*# '&!) "+%,) %! )*# -+!) .%/$0') )+ &$*%#1#2 3&,( -&)#4%&'! !*+5 & *06#

4&,6# +7 "+!!%8%'%)%#! )+ &.90!) )*#%4 "4+"#4)%#!2 :+4 %,!)&,$#; )*%! $&, 8# )#-"#4&)04# &,.

"4#!!04# +4 %, )*# $&!# +7 '%<0%. $4(!)&'! #1#, &, &""'%#. #'#$)4%$ =#'.2 >0) )*# $*&,6#!

%,.0$#. %, !0$* & 5&( &4# ,+) 8%6 #,+06* &,. 7&4 &5&( 74+- 8#%,6 &""'%$&8'# 7+4 )*#

4#<0%4#. ,##.!2 ?*# !+'0)%+, 7+4 )*%! "4+8'#- %! ,+) & !"#$%&' -&)#4%&'2 @) %! 4&)*#4 )*#

$+-"'#)# 64+0" +7 -#)&'!2 3#)&'! 70'='' -+!) +7 )*# "4+"#4)%#! !)&)#. &8+1#2  1#, )*#

4#74&$)%1# %,.#A $&, 8# .%4#$)'( %,B0#,$#. 8( )*# '&(#4 )*%$C,#!!2 D$$+4.%,6 )+ )*# E40.#

-+.#' FGHIJ )*# $+,.0$)%1%)( σ +7 & -#)&' %! 6%1#, 8(

σ =
e2 · τ · n

me
, KL2GIM

5*#4# e %! )*# #'#-#,)&4( $*&46#; n %! )*# #'#$)4+, .#,!%)(; τ %! )*# $+''%!%+, )%-# +7

)*# $&44%#4! &,. me %! )*# -&!! +7 )*#-2 :+4 & 80'C -#)&' )*# "&4&-#)#4! +7  <2 L2GI

&4# $+,!)&,) !+ %! )*# $+,.0$)%1%)(2 ?*# +,'( "&4&-#)#4 5*%$* $&, 8# %,B0#,$#. %! )*#

$+''%!%+, )%-# 5*%$* $&, 8# .4&-&)%$&''( .#$4#&!#. %, & )*%, -#)&' '&(#42 @, )*%! 5&( )*#

'&)#4&' -+1#-#,); %, 4#!"#$) )+ )*# '&(#4; $&, 8# 84+06*) .+5, 5*%$* *&! & .%4#$) %-"&$)

+, )*# 4#!%!)%1%)( +7 )*# '&(#42 D'' 1&'0#! 7+4- )*# -&)#4%&'N! 80'C 4#!%!)%1%)( 0" )+ %,=,%)#

&4# "+!!%8'# FGHOJ2 P%,$# -#)&'! !*+5 & *06# $+-"'#A 4#74&$)%1# %,.#A FGHLJ )*# "*&!# 90-"

+7 & 4#B#$)#. #'#$)4+-&6,#)%$ 5&1# &) & -#)&'Q.%#'#$)4%$ +")%$&' %,)#47&$# $&, 8# &.90!)#.2

:4+-  <2 L2I &,. )*# +")%$&' !$*#-# 74+- :%6 L2O )*# "*&!# 90-" &) &, +")%$&' %,)#47&$#

%! 6%1#, 8(

φij = arctan

[

− 2 · nj

n2
j − n2

i − κ2
i

]

, KL2GOM

5*#4# i &,. j &4# )*# %,.#A#! 7+4 )*# -&)#4%&' )*# 5&1# %! $+-%,6 74+- &,. #,)#4%,62 ?*%!

"*&!# $*&,6# %,)4+.0$#. &) & )*%, -#)&''%$ '&(#4 $&, 8# #A"'+%)#. &! &, &,)%R4#B#$)%+,

$+&)%,62 @, &..%)%+,; -#)&'! !*+5 & $+,!)&,) 4#&' 4#74&$)%1# %,.#A 0" )+ )*#%4 "'&!-&

74#<0#,$(

ωp =

√

n · e2

ε0 ·me
, KL2GLM

5*%'# )*# $+-"'#A 1&'0# !$&'#! -+4# +4 '#!! '%,#&4'( 0" )+ )*%! 74#<0#,$(2 3+!) -#)&'!

*&1# )*%! $4%)%$&' 1&'0# '+$&)#. %, )*# S@T +4 #1#, *%6*#4 FLJ2 D8+1# )*%! 74#<0#,$( -#)&'!

8#$+-# )4&,!"&4#,) &,. =,. -&%,'( &""'%$&)%+, %, AR4&( +")%$! FUOJ2 V+5#1#4; %, 6#,#4&'

)*# +")%$&' "4+"#4)%#! !)&( $+,!)&,) +4 !$&'# '%,#&4'( 5%)*%, & 5%.# 74#<0#,$( 4&,6# 74+-

-%$4+5&1#! 0" )+ ,#&4 %,74&4#. '%6*)2 :+4 )*# "4+"#4 .#)#4-%,&)%+, +7 )*# 4%6*) DTW

)*%$C,#!! 7+4 & 6%1#, -&)#4%&' !(!)#- )*# )*%$C,#!! .#"#,.#,) +")%$&' "4+"#4)%#! *&1# )+ 8#

-#&!04#. &) =4!)2 P%,$# )*# .#)#4-%,&)%+, +7 )*# )*%$C,#!! .#"#,.%,6 $+-"'#A 4#74&$)%1#

%,.#A %! & 1#4( !+"*%!)%$&)#. "4+$#.04# &,+)*#4 -#)*+. 7+4 )*# .%4#$) &""4+A%-&)%+, %!

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

 !"#$% &'&'( )*+%,% -. /0- 012%"#!3%4 *-55%*/%3 2!1 1 61$177%7 4+#5/ !,6%315*%'

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

8+% 19-2% ,%5/!-5%3 /+%-$: *71!,4 /+1/ 177 !5/%$517 $%;%*/!-54 0!/+!5 /+% <=> 71:%$

4#,4 #6 !5 1 01: 4- /+1/ /+% 6$!,1$: $%;%*/!-5 !4 *15*%7%3' <5 17/%$51/!2% ,%/+-3

!4 /- 13-6/ 1 4/1531$3 ,%/+-3 1667!%3 !5 *-,,#5!*1/!-5 %5"!5%%$!5"' 8+!4 %7%*/$-?

3:51,!* 166$-1*+ 3%174 0!/+ $%;%*/!-54 !5 /%$,4 -. 012% !,6%315*% ,1/*+!5" *-53!/!-54'

8+% %7%*/$-?3:51,!* 6%5315/ .-$ /+% -6/!*17 !5/%$.1*% 4+-05 !5  !"' &'@ !4 !77#4/$1/%3 !5

 !"' &'&' 8+%$%9: /0- *#9!*7%4 -. "!2%5 012% !,6%315*% 1$% *-55%*/%3 2!1 1 61$177%7 4+#5/

!,6%315*%' >-,61$%3 /- /+% -/+%$ 4*+%,% 153 .-$ /+% *14% -. 3!%7%*/$!*4 /+% $%17 61$/ -.

/+% $%.$1*/!2% !53%A ni !4 $%671*%3 9: /+% 012% !,6%315*% Zi 0!/+ /+% $%71/!-5

ZWi
=

Z0

ni
, B&'CDE

0+%$% Z0 =
√

µ0

ε0
≈ 377Ω !4 /+% 012% !,6%315*% -. 21*##,' F!G% !5 -6/!*4 0!/+ /+% $%.$1*?

/!2% !53%A%4H /+% 012% !,6%315*%4 *15 9% #4%3 /- 3%/%$,!5% /+% $%;%*/!-5 153 /$154,!44!-5

*-%I*!%5/4 1/ 15 %7%*/$!*17 !5/%$.1*% J@K' L-0%2%$H 14 0%77 G5-05 .$-, %7%*/$-?3:51,!*4 1/

4#*+ *-55%*/!-5 6-!5/ 5- $%;%*/!-54 1$% 6$-3#*%3 !. 1/ /+!4 6-!5/ /+% 012% !,6%315*%4 -5

9-/+ 4!3%4 +12% /+% 41,% 217#%' M5 "%5%$17 /+% 012% !,6%315*% -. /+% $!"+/ 4!3% ,1/%$!17

*155-/ 9% ,-3!N%3 9%*1#4% !5 ,-4/ *14%4 /+!4 !4 1 "!2%5 ,1/%$!17 /- #4%' O#/ 14 ,%5?

/!-5%3 19-2%H /+% 61$177%7 4+#5/ $%4!4/-$ -6%54 /+% 5%%3%3 3%"$%% -. .$%%3-, /- *-55%*/

/0- 3!P%$%5/ 012%"#!3%4'

<4 !77#4/$1/%3 !5  !" &'& 1 012% 166$-1*+%4 .$-, /+% 7%./ 012%"#!3% /+% %7%*/$!*17 !5/%$?

.1*%' M/ 4%54%4 /+% %P%*/!2% 012% !,6%315*% -. /+% $!"+/ 012%"#!3% 0!/+ /+% 61$177%7 4+#5/

!,6%315*%' 8+% 012% 9-#531$: *-53!/!-5 .-$ 1 $%;%*/!-57%44 6144-2%$ 3%,1534 /+% 41,%

012% !,6%315*% 217#% 1/ 9-/+ 4!3%4' 8+% -6/!,17 217#% .-$ /+% 61$177%7 $%4!4/-$ *15 9%

3%/%$,!5%3 9: /+% 012% !,6%315*% ,1/*+!5" *-53!/!-5

1

ZW1

=
1

ZW2

+
1

Z
−→ Z =

ZW1 · ZW2

ZW2 − ZW1

. B&'CQE

<7$%13: .$-, /+!4 $%71/!-5 /+% 7!,!/1/!-54 -. /+!4 ,%/+-3 9%*-,% *7%1$7: 2!4!97%' )!5*%

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

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

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

%/,"-(.4"2 7.  "#/$ &0 &, %4$  !%$ /"(.$ (. %. "#0(4" 1!"#" ( 1('" ". "#$ ( #")( %'")8

)"$$ -".$" /( "#%() 9"262 ( $"/%4&.-*4 &#:(%# %. "#0(4";2 <&1"'"#=  !" ")"4 #&>-8.(/%4

$4!"/" 4(..& +" -%#"4 )8 ())&4( "-  & &, %4$ -*"  &  !" -%$4#" " %/,"-(.4"2 3!%$ !($  &

+" #",)(4"- +8 (  !%. /" ())%4 )(8"# 1% !  !%4?."$$ d -",".-". $!"" #"$%$ (.4" RS 1!%4!

4(. +" -" "#/%."- +8

RS (d) =
ρ (d)

d
, 9@2AB;

1!"#" ρ %$  !" )(8"#C$ "5"4 %'" #"$%$ %'% 82 D% !  !%$ #")( %&. (.- EF2 @2AG  !" &, %/() /" ()

)(8"#  !%4?."$$ 4(. +" -" "#/%."- +8

d = ρ (d) · n1 − n3

Z0
−→ d = f (metal,∆n) 9@2AH;

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

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

?.&1)"-6" (+&*  !" 0*.4 %&. ρ (d) %$ "$$". %() $&)'%.6 EF2 @2AH2 J",".-%.6 &.  !%$ 0*.4 %&.

 !" #%6!  !%4?."$$ 4(. +" 4()4*)( "- -%#"4 )8 &# %. (. (.()8 %4 /(.."#2

K$ $!&1. (+&'"  !" ")"4 #&>-8.(/%4 (,,#&(4! 0&# #( %.6 ( 4&.'".%". /" ())%4 (. % #">

L"4 %&. 4&( %.6 9MKNO; %$ ( $ #(%6! 0&#1(#-  ($?2 3!" /&#" 4&/,)%4( "- &, %4() (,,#&(4!

1% ! 4&/,)"I #"0#(4 %'" %.-"I %$ &.)8 .""-"- %. $,"4%() 4($"$2 3!%$ (,,)%"$ "% !"# %0  !"

*$"- /( "#%() $!&1$ 0#"F*".48 -",".-". ,#&,"# %"$ &#  !" )(8"# !($ $*4! (  !%4?."$$  !( 

( 1('" ,#&,(6( %.6 %. % $*$ (%.$ (. (--% %&.() ,!($" 4!(.6" (44&#-%.6  & P2AA2 K$ )&.6

($  !" %.'&)'"- /( "#%() ,(#(/" "#$ -& .& $!&1 $*4! -",".-".48  !" ")"4 #&>-8.(/%4

(,,#&(4! %$ 0($ "#= "($%"#  & (,,)8 (.- $&  !" /" !&- &0 4!&%4"2

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

-. 5$*44

K$ "I,)(%."- %.  !" ,#"'%&*$ $"4 %&. /" ()$ 1% !  !"%# *.%F*" &, %4() /( "#%() ,(#(/">

 "#$ (#" 1")) $*% "- 0&#  !" (,,)%4( %&. ($ +#&(-+(.- ,!($" $!%0 )(8"#$ 0&# (. %>#"L"4 %&.

4&( %.6$2 E$,"4%())8 %.  !" 3<Q 0#"F*".48 #(.6"  !"8 (#" *.#%'()"- -*"  &  !"%# /*4!

!%6!"# )&4( "- ,)($/( 0#"F*".482 <&1"'"#= (,(# 0#&/  !"%# +($%4 ,(#(/" "#$ -*"  &  !"%#

(R)%( %&.  &  !" 6#&*, &0 /" ()$ & !"# ,#&,"# %"$ (#" .""-"- (.- ,#"0"##"- 0&# (,,)%4( %&.2

3!"$" (#" /(%.)8S

• T"#8 6&&- (-!"$%&. ,#&,"# %"$

• <%6! /") %.6 ,&%. %0 )($"# %))*/%.( %&. %$ 4&.$%-"#"-

• U($ +*%)- *, &0 4&. %.*&*$ V)/$

GG



 !"! #$%&'()&*$ &+*(*&'%(),*')-. -/ 0$'(*1'+). &+(-2)02 $*3%(4 -. 5$*44

•  !" #!$%&#'()('* +,-&.'($/ ($ '0($ .1*,+- (2 133.(,% 1- 4567

80, 1%0,-(!$ 3+!3,+'* (- ),+* (93!+'1$' -($#, '0(- 9,'0!% -01.. :, 133.(#1:., 2!+ )1+(!&-

91',+(1.- "('0!&' +,-'+(#'(!$-; <-3,#(1..* '0(- ($#.&%,- -,9(#!$%&#'!+-= 3.1-'(#- 1$% /.1--,-

!2 1$* >($%; 5$!'0,+ (93!+'1$' 31+19,',+ (- '0, !3'(#1. '0+,-0!.% %191/, .(9('; ?($#,

-!9, !2 '0, !3'(#1. 3!",+ (- 1:-!+:,% :* '0, 9,'1. .1*,+ (' -0!&.% ,@0(:(' 1 0(/0 9,.'($/

3!($';

80, .1-' '"! $,,%,% 31+19,',+- 1+, '0, 9!-' (93!+'1$'; ?($#, '0, #!$%&#'()('* !2

9,'1. A.9- (- %,',+9($,% :* '0,(+ '0(#>$,-- (' (- ,--,$'(1. '! #!$'+!. (' 1- /!!% 1- 3!--(:.,;

80(- #1$ :, 1#0(,),% :* 1 3+,#(-, %(+,#' #!$'+!. !2 '0, A.9 '0(#>$,--; B&+'0,+= '0, .!"

3+,--&+, %,3!-('(!$ 3+!#,-- !2 9,'1..(# .1*,+- -0!"- 1 #01+1#',+(-'(# :,01)(!+ :&(.%($/ 1

#!$'($&!&- A.9; 5' A+-' (-.1$%- 1+, :&(.' "0(#0 1+, '0,$ ($',+#!$$,#',% :* ($#+,1-($/ '0,

A.9 '0(#>$,--; <-3,#(1..* /!.% -0!"- -&#0 ',$%,$#* CDEFG "0(#0 A$%- :+!1% 133.(#1'(!$

+1$/, ($ !3'(#- 1$% -,9(#!$%&#'!+ 30*-(#-; H&' '0, 133.(#1'(!$ !2 /!.% 1- 4567 01- -!9,

-,+(!&- !:-'1#.,-; I('0 ('- 0(/0 :&.> #!$%&#'()('* '0, 3+!3,+ -0,,' (93,%1$#, #1$$!' :,

-,' ,@1#'.*; H* %,3!-('($/ /!.%= (' -'1+'- '! 1++1$/, ($ '0, 2!+9 !2 (-.1$%-; I('0!&'

($',+#!$$,#'(!$- !2 '0,-, (-.1$%- $! 91#+!-#!3(# #!$%&#'()('* (- 1#0(,),%; 80,-, (-.1$%-

/+!" :&' %! $! -'1+' '! ($',+#!$$,#' &$'(. 1 '0+,-0!.% '0(#>$,-- (- +,1#0,%; 80,$ '0,-,

+,.1'(),.* .1+/, (-.1$%- -'1+' '! ($',+#!$$,#' +,-&.'($/ ($ 1 J&93 ($ '0, #!$%&#'()('* #.!-, '!

'0, :&.> )1.&,; ?($#, 1 '*3(#1. -0,,' (93,%1$#, K-,,; <L; M;DNO 2!+ 4567 (- ($ '0, +1$/,

!2 128− 377Ω K∆n = 1..3O '0, '0(#>$,-- +1$/, '! -,' (- '!! $1++!" ($ #!9:($1'(!$ "('0 1

3+!3,+ '0(#>$,-- #!$'+!.;

41',+(1.  !"# $%&!'()'

<.,#'+(#1. #!$%&#'()('*

[

S
m

]

45.2 · 106 7.74 · 106

4,.'($/ 3!($' [K] DPPQ RDPE

S(#>,+- 01+%$,--

[

MN
m2

]

RDN DENE

T,1' #!$%&#'()('*

[

W
m·K

]

PDQ UR;Q

 1''(#, '*3, B9VP9 W9VP9

5'!9(# .1*,+ %(-'1$#, [pm] MEX RUD

5%0,-(!$ 3+!3,+'* :1% ),+* /!!%

Y,,%,% '0(#>$,-- 2!+ #!$'($&!&- A.9 [nm] ZDE RVP

[.1-91 2+,L&,$#* [nm] ∼ 530 < 400

\@(%1'(!$ 1]$('* $! J&-' -&+21#, .1*,+

81:., M;D;^ [1+19,',+- !2 /!.% 1$% #0+!9(&9 K2+!9 CQF= DENGO;

80, 9,'1. "0(#0 2&.A..- 9!-' !2 '0, +,L&(+,9,$'- (- #0+!9(&9; 7!931+,% '! /!.%

(' -0!"- -&3,+(!+ 3+!3,+'(,- 2!+ '0, 133.(#1'(!$ 1- 4567; 80, :1-(# 3+!3,+'(,- !2 /!.%

1$% #0+!9(&9 1+, -&991+(_,% ($ 81:; M;D; <-3,#(1..* '0, 0(/0 +,-(-'()('*= ('- 1%0,-(!$

#131:(.('* 1$% '0, 21-' :&(.' &3 !2 1 #!$'($&!&- A.9 1+, 1 :(/ 1%)1$'1/, 2!+ '0, 3+,#(-,

-0,,' (93,%1$#, #!$'+!.; 80, 5B4

 

V(91/,- -0!"$ ($ B(/; M;F 3+!!2 '0(- ),+* (93!+'1$'

3+!3,+'* "0,+, '0($ #0+!9(&9 .1*,+- ",+, %,3!-(',% :* ,V:,19 !$'! /.1-- 3.1',-; 5.+,1%*

 

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

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

&$ .&$% $%) &# 5) -2 $%) 83! "# $%&'( '%0-#&9# +*#3

:&590) ;3<3= >:? &# 5) @ABAµ#C -2  ! "# @*)2$C  "1 83! "# @0&5%$C $%&'( '%0-#&9#

+*# 1)/-,&$)1 67 )D6) # E /-0&F $&-" -"$-  5* ,, /* $)  $  /0),,90) -2

∼ 10−6 mbar3

:-0 $%) '% 0 '$)0&F $&-" -2 9*$0 D$%&" '%0-#&9# * 7)0,  ,)0&), -2 5* ,, /* $), . , '- $)1

.&$% +*# $%&'("),,), ADG "#3 4%)" $%) 0),&,$ "') . , #) ,90)1 .&$%  ,$ "1 01 2-90 /-&"$

#) ,90)#)"$ $)'%"&H9) IJKLM N<O3 :0-# $%) #) ,90)1 $%&'("),, 1)/)"1)"$ E-*$ 5) 10-/

 "1 '900)"$ (U (d) , I (d)) $%) 0) * ,%))$ &#/)1 "')

R� (d) =
U (d)

I (d)
· π

ln 2
· 0.2204 @;3JGC

' " 6) 1)$)0#&")1 67 9,&"5 $%) '-00)'$&-" 2 '$-0 20-# IJK8O .%&'% '-",&1)0, $%) 5)-#)$07

-2 $%) #) ,90)#)"$  00 "5)#)"$3 P" :&53 ;3N $%) )Q)'$&E) +*# 0),&,$&E&$7 &, ,%-."3 P$

&**9,$0 $), '*) 0*7 $% $ )E)"  G "# $%&'( +*# ,%-.,  0),&,$&E&$7 -") -01)0 * 05)0 $% " $%)

0),&,$&E&$7 -2 $%) 69*( # $)0& *3 :0-# $%),) 1 $ $%) $%&'("),, 1)/)"1)"$ 0),&,$&E&$7 ' "

6)  //0-B&# $)1 67

ρ (d) = a1 · e−b1·d + a2 · e−b2·d + ρ0 @;3AKC

.&$% $%) +$$&"5 / 0 #)$)0, &" 4 63 ;3A3 4%) 09" -2 $%) '90E)  "1 $%) 2 '$ $% $ &$ ' " 6)

+$$)1 67 $.- )B/-")"$& * 29"'$&-", ,955),$, $%) 2-**-.&"5  ,,9#/$&-"3 4%) +0,$ )B/-")"$& *

29"'$&-" 1),'0&6), $%) &,* "1 2-0# $&-"  "1 $%)&0 &"$)0'-"")'$&-" /0-'),,3 4%&, % //)",

9/ $-  * 7)0 $%&'("),, -2 ! "#3 :0-# $%&, $%&'("),, -" $%) 0),&,$&E&$7 &, 1-#&" $)1 67

$%) ,)'-"1 )B/-")"$& * $)0#3 P" $%&, 0 "5) $%) 0),&,$&E&$7 &, '-"$0-**)1 67 $%) 50 19 **7

1)'0) ,&"5 '-**&,&-" 0 $) ' 9,)1 67 $%) '-"+")#)"$ -2 )*)'$0-", &" -") 1&#)",&-"3 4%&, &,

$%) 1&0)'$ )E&1)"') $% $ &" $%&, . 7 $%) #) " 20)) / $% -2 $%) )*)'$0-", /)0/)"1&'9* 0 $-

$%) +*# -0&)"$ $&-" &,  Q)'$)13

N8



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

 !"#$% &'(') *+, -%.!./!0!/1 +23 *4, .5%%/ !67%3+28% 9: #;/$+</5!2 85$96!#6 =;6. 3%79.!/%3

92 ";+.. 7;+/%. +. + :#28/!92 9: /5!8>2%.. 6%+.#$%3 41 + &<79!2/ 7$94%' ?+/+

=/ 6+3% 41 /@9 %A792%2/!+; :#28/!92.'

B+$+6%/%$ C+;#%

a1 [Ωm] 4.131

b1

[

m−1
]

−4.385 · 109

a2 [Ωm] 55.32 · 10−6

b2

[

m−1
]

−498.5 · 106

ρ0 [Ωm] 127 · 10−9

D+4;% &'E')  !//!2" 7+$+6%/%$. :9$ 85$96!#6 =;6 $%.!./!0!/1'

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

4%(%&-.

D5% %;%8/$!8+; 85+$+8/%$!F+/!92 9: #;/$+</5!2 85$96!#6 ;+1%$. 92 ";+.. 7$%.%2/%3 !2 /5% ;+./

.%8/!92 !. /5% =$./ 2%8%..+$1 ./%7 /9 3%/%$6!2% /5% 7$97%$ =;6 7$97%$/!%. +. + :#28/!92 9:

/5% ;+1%$ /5!8>2%..'  #$/5%$G @!/5 /5% 85$96!#6 89+/%3 ";+.. 7;+/%. /5% 7$97%$/!%. !2 /5%

HI- *JKK<JEK 26, 8+2 4% /%./%3' D5!. 3+/+ 92 $%L%8/!92G /$+2.6!..!92 +23 +4.9$7/!92 !.

.59@2 !2  !"' &'M' N. %A7%8/%3 /5% /$+2.6!..!92 3$97. :+./ @!/5 !28$%+.%3 =;6 /5!8>2%..

@5!;% /5% $%L%8/!0!/1 +23 /5% +4.9$7/!92 9: /5% 85$96!#6 =;6 $!.%.' D5% $%3#8%3 HI-

/$+2.6!..!92 5+. +2 !67+8/ 92 /5% +77;!8+/!92 9: /5%.% =;6. .59@2 ;+/%$ !2 /5!. 85+7/%$'

 9$ /5% 85+$+8/%$!F+/!92 9: 85$96!#6 =;6. !2 /5% DOF :$%P#%281 $+2"% ";+.. .#4<

./$+/%. +$% #.%;%.. :9$ 6%+.#$%6%2/. !2 /$+2.6!..!92 693% 3#% /9 /5%!$ 5!"5 +4.9$7/!92'

 9$ /5% 85+$+8/%$!F+/!92 !2 /5!. ;92" @+0%;%2"/5 $+2"% .%6!8923#8/9$ .#4./$+/% 6+/%$!+;.

+$% @%;; .#!/%3'  9$ /5!. 7#$79.%. + .%$!%. 9: &KKµ6 /5!8> 5!"5 $%.!./!0% .!;!892 7;+/%.

(ρ > 3000Ωcm) @%$% 89+/%3 @!/5 + 85$96!#6 ;+1%$' O!"5 $%.!./!0% .!;!892 !. /$+2.7+$%2/

+23 !/ 5+. 2%";!"!4;% 3!.7%$.!92 +/ DOF :$%P#%28!%. QRKST' D5% 85$96!#6 ;+1%$. 9: + /5!8><

2%.. :$96 E /9 S 26 @%$% 3%79.!/%3 41 %<4%+6 %0+79$+/!92 !2 + 5!"5 0+8##6 85+64%$

*p < 5 · 10−6mbar,'  9$ /5% 97/!8+; 85+$+8/%$!F+/!92 DOF<D?U @+. +77;!%3' I2  !"' &'J

/5% /$+2.6!..!92 .!"2+; /5$9#"5 /5% #289+/%3 .!;!892 7;+/% !. .59@2' V#;/!7;% $%L%8/!92.

:$96 /5% %9<.%2.9$ +23 /5% .+67;% !/.%;: +$% 0!.!4;% @5!85 5+67%$ /5% 3+/+ 7$98%..!2" 9:

(S



 ! "#$%&&'( )*%+# +*',$ &%-#.+ ,/. 0./%10%21 345 /)$'(%& +-+$#6+

 !"#$% &'(') *+, -$./01!00!2/3 $%4%5-!2/ ./6 .702$8-!2/ 29 #:-$.;-<!/ 5<$21!#1 =:10 2/

":.00 8:.-%0'

 !"#$% &'>') ?.@ A$./01!--%6 ABC;ADE 0!"/.: -<$2#"< . &FFµ1 -<!5G 0!:!52/ 8:.-% ./6 ?7@

C221%6 -!1% H!/62H 29 $%4%5-!2/ 5.#0%6 7I -<% 0!:!52/J.!$ !/-%$9.5%0 92$ -H2

5<$21!#1 =:1 -<!5G/%00%0'

-<% 1%.0#$%6 0!"/.:'

A<% 0!-#.-!2/ 5<./"%0 5218:%-%:I H<%/ -<% 0.18:% !0 52.-%6 H!-< . 52/6#5-!K% :.I%$'

 !$0-3 -<% -$./01!--%6 0!"/.: .18:!-#6% 6$280 .552$6!/" -<% 6.-. 0<2H/ !/  !"' &'L' M#5<

12$% !/-%$%0-!/" !0 -<% !18.5- 2/ -<% $%4%5-!2/0 H!-<!/ -<% 52.-%6 0!:!52/ 0#70-$.-%' ,%:.;

-!K%:I -<% .18:!-#6% 29 -<% $%4%5-!2/ 6$280 1#5< 9.0-%$ H!-< !/5$%.0!/" -<!5G/%00 -<./ -<%

-$./01!00!2/' NK%/ 12$%3 7I %O5%%6!/" . 5%$-.!/ K.:#%3 52$$%082/6!/" -2 -<% 28-!1!C%6

0<%%- !18%6./5%3 -<% 8<.0% 29 -<% $%4%5-!2/ 4!80 !/6!5.-!/" ./ 2K%$5218%/0.-!2/ 29 -<%

H.K% !18%6./5% 1!01.-5<' A<!0 !0 K%$I H%:: !::#0-$.-%6 !/  !"' &'> 92$ . 5<$21!#1 7%:2H

./6 .72K% -<% 28-!1.: K.:#%' A<!0 8<.0% 4!8 5./ .:02 7% %O8:.!/%6 7I -<% NP' &'Q'

 $21 -<% 1%.0#$%6 6.-. . $%9$.5-!K% !/6%O 29 nSi = 3.25 H.0 .88$2O!1.-%6 H<!5<

52$$%082/60 -2 ./ H.K% !18%6./5% 29 116Ω' R!-< NP' &'ST -<% 28-!1.: 0<%%- !18%6./5%

92$ -<% MU,V 5./ 7% 6%-%$1!/%6'  2$ -<!0 5.0% 29 0!:!52/ -<!0 !0 167.6Ω�' +/  !"' &'L -<%

1%.0#$%6 ./6 0!1#:.-%6 $%0#:-0 92$ -<% -$./01!00!2/ ./6 $%4%5-!2/ .18:!-#6% !0 0<2H/'

A<% 6.-. !/6!5.-% -<.- -<% $%0#:-0 9$21 -<% $%0!0-!K!-I 1%.0#$%1%/-0 H<!5< .$% #0%6 92$

(F



 ! ! "#$%&'( &)'*'&$+*%,'$%-. -/ 0($*'1$)%. &)*-2%02 ('3+*4 -. 4%(%&-.
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C7;0= 78 - =:@37=0 =45D/0 @3A=6-/ 45 690 830E:05@A 3-5D0 "$!(+$!,>? D4B05 45

690 @773;45-60 =A=60C 78 690 =-C</0 F73697D75-/ -G .G -5; @HI -= J0// -= 45 690
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4=% 8#254!72 47 7,4!+!Q% 4=% "1!2 12/ 37 4=% ,7,#-14!72 78 !2?%$3!72' R1!2-@ 4=!3 !25-#/%3

47 ,$%?%24 ,=7272 133!34%/ 35144%$!2" 78 %-%54$723 !247 4=% 5724!2##+ <=!5= !3 34$72"-@

4%+,%$14#$% /%,%2/%24 13 <%-- 13 ,$7,%$ .--!2" 78 4=% #,,%$ -13!2" -%?%- 12/ 4=% $%+7?1-

78 51$$!%$ 8$7+ 4=% -7<%$ -13!2" -%?%-'

SK



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'&'( )*+!,-. $%-.!/-0!12 - 345 6-7$!,-0%8 12 - 9%:!,128#,01$ 9#790$-0%'

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

)*+!,-..* 0;% <-=%"#!8% -28 1+0!,-. ,-=!0* 16 - 345 ;-9 0;% 9;-+% 16 - .12" 9.-7 > !"' &'&?@

-.91 ,-..%8 .-9%$ $!8"%@ <;!,; ;-9 - .%2"0; #+ 01 - 6%< :!..!:%0%$ -28 - <!80; ,1:+-$-7.% 01

!09 %:!99!12 <-=%.%2"0;' A2 0;!9 ,12B"#$-0!12 0;% %.%,0$!,-. ,120-,09 -$% 61$:%8 12 0;% 01+

-28 71001: 16 0;% 9.-7' C+-$0 6$1: 0;% 1+0!:!/-0!12 16 0;% -,0!=% /12% <;!,; 8%0%$:!2%9

8!$%,0.* 0;% "-!2 16 0;% .-9%$ :-0%$!-. 0;% <-=%"#!8!2" +$1+%$0!%9 16 0;% 9.-7 8%0%$:!2%

!6 -28 #28%$ <;-0 ,128!0!129 .-9!2" 1+%$-0!12 !9 +199!7.%' );% .-9!2" ,128!0!12 >"-!2 D

.199%9? !2 - 345 ,-2 7% -++$1E!:-0%8 7*

G · Γ ≥ α, >&'F?

<;%$% G !9 0;% "-!2 16 0;% -,0!=% $%"!12@ Γ !9 0;% ,12B2%:%20 6-,01$ 16 0;% .-9%$ :18% <!0;

!09 -,0!=% /12% -28 α -$% 0;% 9#::-$!/%8 .199%9' 5-00%$ ,-2 7% 9+.!0 !201 <-=%"#!8% .199%9

αw -28 0;% :!$$1$ .199%9

αm = − ln (R)
L

, >&'G?

<;%$% R !9 0;% $%H%,0!=!0* 16 0;% 6-,%09 -28 L !9 0;% .%2"0; 16 0;% .-9%$' I!2,% 0;% :!$$1$

.199%9 -$% "!=%2 7* 0;% $%H%,0!=!0* 16 0;% %28 6-,%09 16 0;% <-=%"#!8% :-0%$!-. 0;% ,1$$%J

9+128!2" .199%9 ,-2 12.* 7% :!2!:!/%8 7* !:+.%:%20!2" - ;!"; $%H%,0!=% ,1-0!2" >KL4?

1201 12% 6-,%0'  1$ 0;% 0*+!,-..* #9%8 :-0%$!-. 9*90%:9 .!M% N-C9 0;!9 ;-9 - =-.#% 16 -71#0

FFO' I1 7* 1+0!:!/!2" 0;% $%H%,0!=!0* 7* - KL4 0;% :!$$1$ .199%9 ,-2 12.* 7% $%8#,%8

7* - 6-,01$ 16 P'Q' R#,; :1$% +10%20!-. !9 !2,.#8%8 !2 0;% 1+0!:!/-0!12 16 0;% <-=%"#!8%

90$#,0#$% <;!,; ;-9 8!$%,0 !:+-,0 12 0;% <-=%"#!8% .199%9 -9 <%.. -9 12 0;% ,12B2%:%20

6-,01$'  #$0;%$@ !6 - 9#7 <-=%.%2"0; =%$0!,-. ,12B2%:%20 !9 #9%8 61$ <-=%"#!8!2" 0;!9 ;-9

- 8!$%,0 !:+-,0 1201 0;% :!$$1$ .199%9 -9 !9 %E+.-!2%8 .-0%$'

 !"##$%&

);% 90-28-$8 :%0;18 !2 1+0!,9 61$ "#!8!2" <-=%9 !9 01 !:+.%:%20 - 91 ,-..%8 1+0!,-.

,.-88!2" STUV' C2 %E-:+.% 9,;%:% 61$ 0;!9 :%0;18 !9 9;1<2 !2  !"' &'Q' );%$%7* 0;%

WG



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

 !"#$% &'(') *+, -./% !01%02!13 4$.56% !0 17% /!%6%81$!8 9+:%"#!/% !0 17% /!$%81!.0 4%$4%0;

/!8#6+$ 1. 17% 6+3%$2' <7% 0#=>%$2 .0 1.4 .? 17% 5"#$% +$% 17%!$ 17!8@0%22%2

!0 µ=' -+1%$!+6 8.=4.2!1!.0 +0/ 17% /.4!0" 8.08%01$+1!.0 !0 cm−3
+$% +62.

!0/!8+1%/' *>, A%?$+81!:% !0/%B 4$.56% !0 17% /!$%81!.0 4%$4%0/!8#6+$ 1. 17%

6+3%$2 *?$.= CDEFG,'

9+:% 4$.4+"+1%2 !0 + =+1%$!+6 2#$$.#0/%/ >3 .0% .$ =.$% 6+3%$2 =+/% .? /!%6%81$!8 =+1%$!;

+62 9!17 6.9%$ $%?$+81!:% !0/%B' H#% 1. 17% $%2#61!0" 1.1+6 !01%$0+6 $%I%81!.02 +1 17!2 .41!8+6

!01%$?+8% 17% 9+:%2 21+3 !0 17% .41!8+663 7!"7 /%02% =+1%$!+6 !? 17%!$ +0"6% .? !08!/%08% !2

6+$"%$ 17+0

Θc = arcsin

(

n2

n1

)

, *&'J,

97%$% n1 !2 17% $%?$+81!:% !0/%B .? 17% 8.$% =+1%$!+6 +0/ n2 .? 17% 86+//!0"' K!08% /!%6%81$!82

.$ +1 6%+21 =./%$+1%63 /.4%/ =+1%$!+62 +$% #2%/ ?.$ 17% 86+//!0" 2#87 8.050%=%01 =%17./

!2 6.9 6.22 +0/ %+23 1. !=46%=%01'  .$ !021+08% 2#87 =%17./ !2 #2%/ !0 2%=!8.0/#81.$

>+0/"+4 6+2%$2 +0/ =.21 -LA;MNO2' L0 +66 MNO2 17% 6+1%$+6 9+:%"#!/!0" !2 =+/% >3 17%

+!$P2%=!8.0/#81.$ !01%$?+8% .? 17% $!/"%2 97%$% 17% 2#$$.#0/!0" +!$ +812 +2 86+//!0"' <7%

:%$1!8+6 8.050%=%01 !0 MNO2 >3 86+//!0" !2 .063 4.22!>6% !0 -LA;MNO2' <7% $%+2.02 ?.$

17!2 !2 %B46+!0%/ 6+1%$' Q.9%:%$R !0 2#87 + 9+3 + 8.050%=%01 ?+81.$ Γ > 0.9 CDEFG 8+0

>% +87!%:%/' <7!2 ?+81.$ 8+0 >% %:%0 !=4$.:%/ >3 "$.9!0" -LA;MNO2 .0 7!"763 /.4%/

2%=!8.0/#81.$ 2#>21$+1%2

(

nSi > 1018 cm−3
)

' K!08% 17% 46+2=+ $%2.0+08% ?$%S#%083 .?

TJ



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$%& '()!' *!+$,(-'.,/(0* %$1! 2"3* (0 4$ $* 5!%(6 / ! 789 :0!;.!-,& 0"-<!= / !

0!"% )"0/ (: / ! 0!:0",/$#! $-'!> '0()* *$<-$?,"-/%& "/ 789 :0!;.!-,$!* @*!! A$<B CBDEB

F $* %!"'* /( " $-,0!"*!' 0!:0",/$#! $-'!> ,(-/0"*/ "-' "  $< !0 ,(-?-!+!-/ :",/(0B F !

/&)$,"% 0!"%$G"/$(- (: " HIJ +"'! 6$/ ,%"''$-< (0 " *.0:",! )%"*+(- @!>)%"$-!' 5!%(6E

$* $%%.*/0"/!' $- A$<B CBC

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

8- FKGLHIJ* @λ ≈ 100µm) " +('! ,(-?-!+!-/ +!/ (' '!*,0$5!' "5(#! $* -(/ )(**$5%!B

F ! 0!"*(- :(0 / $* $* " ,(-M.-,/$(- (: +"-& 0!"*(-*B A$0*/= "  $< ;."%$/& 7NO <0(6/ $*

(-%& )(**$5%! :(0 */0.,/.0!* 6$/ " / $,1-!** (: " :!6 PQµ+B F $* $* +"$-%& 0!%"/!' 6$/ 

/ ! %(-< /$+! -!!'!' :(0 / ! <0(6/ 

(

∼ 10 µm
day

)

(: " */"-'"0' *"+)%! "-' / ! '0$:/ (: / !

'!)(*$/$(- 0"/!* "-' %"&!0 ;."%$/& '.0$-< *., " %(-< *)"- (: /$+!B R.! /( / $* %$+$/"/$(- / !

",/$#! G(-! $* .*."%%& +., / $--!0 / "- / ! 6"#!%!-</ B F $* ,".*!* " '!!) )!-!/0"/$(- (:

/ ! 6"#! $-/( / ! ,%"''$-<B 3* +!-/$(-!' "5(#! / ! )%"*+(- :0!;.!-,& (: " /&)$,"%  !"#$%&

'()!' *!+$,(-'.,/(0 +"/!0$"% $* -(/ %(,"/!' 5!%(6 FKG :0!;.!-,$!*B F $* 0!*.%/* $-  $< 

R0.'! %(**!* ,".*!' 5& :0!! ,"00$!0 "5*(0)/$(- SPTUVB 3 *(%./$(- :(0 / $* )0(5%!+ "0! *(

,"%%!' *.0:",! )%"*+(- 6"#!<.$'!* "* / !& 6!0! .*!' :(0 / ! ?0*/ 0!"%$G!' FKGLHIJ* SWQVB

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

/ ! ",/$#! G(-! @A$<B CBXEB R.! /( / ! #!0/$,"% *.56"#!%!-</ ,(-?-!+!-/ / ! +('! $*

+(*/%& <.$'!' $- "- .-'()!' %(6 %(** *.5*/0"/! %$1! 2"3* 0!*.%/$-< $- " %(6 ,(-?-!+!-/

:",/(0 @/&)$,"%%& Γ = 0.13E 0!*.%/$-< $-  $< / 0!* (%' ,.00!-/* 5./  $< (./)./ )(6!0*B

2+!3(& *&4$( %+,5,&*&,4

F ! /('"&* */"-'"0' 6"#!<.$'! '!*$<- $- FKGLHIJ 5"*$, 0!*!"0, $* /( *"-'6$, / !

",/$#! G(-! 5!/6!!- /6( +!/"%Y*!+$,(-'.,/(0 $-/!0:",!* 6 $, $* " *)!,$"% ,"*! (: *.0:",!

)%"*+(- 6"#!<.$'!* @A$<B CBXEB 3 '!/"$%!' '!*,0$)/$(- "5(./ / ! /!, -(%(<$,"% )0(,!**!*

,"- 5! :(.-' $- SPTUVB K!0! / ! +('! $* *;.!!G!' '$0!,/%& 5!/6!!- /6( +!/"% %"&!0*

0!*.%/$-< $- " ,(-?-!+!-/ :",/(0 ,%(*! /( .-$/&B 4$-,! / ! ",/$#! G(-! $* *+"%%!0 / "- / !

!+$**$(- 6"#!%!-</ (: FKGLHIJ* / $* /&)! (: +('! ,(-?-!+!-/ *.Z!0* :0(+ +., %"0<!0

%(**!* / "- $- *.0:",! )%"*+(- 6"#!<.$'!* 6 $, "0! /&)$,"%%& C /$+!* %"0<!0B

N./ / ! *.5 6"#!%!-</ ,(-?-!+!-/  "* "- "''$/$(-"% $+)",/ (- / ! :",!/[* 0!\!,/$#$/$!*

$- / ! 0!*(-"/(0B F !& 0$*! ,%(*! /( .-$/& /((B F $* 0!*.%/* $- +., %(6!0 +$00(0 %(**!* 6 $, 

-!"0%& #"-$* "-' ,(+)!-*"/! +(0! / "- :.%%& / ! $-,0!"*!' 6"#!<.$'! %(**!* @O;B CBTEB

F $* %!"'* $- ,(+)"0$*(- /( *.0:",! )%"*+(- 6"#!<.$'!* /( '!,0!"*!' / 0!* (%' ,.00!-/

'!-*$/$!*B 3%/ (.< *., %(6 / 0!* (%' ,.00!-/ $* (-! (: / ! +"M(0 (5M!,/$#!* $- HIJ '!*$<-

/ !& * (6 (-%& %(6 (./)./ )(6!0* '.! /( / !  $< :",!/ 0!\!,/$#$/&B 4., 6"#!<.$'!* "0!

+"$-%& .*!' $: %(6 '0$#$-< ,.00!-/* "0! -!!'!' (0 " -!6 %"*!0 '!*$<-  "* /( 5! /!*/!'B

]C



 !"! #$% &'()*'+ ,(-,(./ 0(-/1 -(+20/- (). 3(4/ ,5'206)7

 !"#$% &'(') *+,% !-.%-/!.!%/ 0/+1!, 1!-%/2 3-, .4% $%31 53$. +6 .4% ,!%1%7.$!7 7+-/.3-. ε (ω)
0,3/4%, 1!-%/2 6+$ .4% 032 89:/#$637%:513/;+- <3=%"#!,% 3-, 0>2 ,+#>1%:/!,%,

;%.31 <3=%"#!,%' ?4% ,+..%, 1!-% $%5$%/%-./ .4% /@#3$% +6 .4% ;+,31 %A%7.!=%

!-,%B 06$+; CDEFG2'

 !"! #$% &'()*'+ ,(-,(./ 0(-/1 -(+20/- (). 3(4/ ,5'206)7

H-% +6 .4% ;3!- +>I%7.!=%/ ,#$!-" .4!/ <+$J <3/ .4% 7+;53$!/+- +6 ,!A%$%-. ?KL:MNO/

6$+; =3$!+#/ =!%<5+!-./' *3!-1P .4%/% !-.%$%/./ <%$% 6+7#/%, +- .4%)

• Q3!- >%1+< 3-, 3>+=% .4$%/4+1, 7#$$%-.

• R%31 "3!- >3-,<!,.4

• S;51!T73.!+- +6 6%< 7P71% ?KL 5#1/%/

• UP-3;!7 +6 !-!.!3.%, 5#1/% 3;51!T73.!+-

• N43-"%, 1+//%/ >P +5%$3.!-" +$ 4%3.!-" .4% ,%=!7%

S11 +6 .4%; 3$% +6 "$%3. !-.%$%/. 3-, #$"%-.1P -%%,%, 6+$ .4% -%B. /.3"% +6 ,%=%1+5;%-.'

 !-31 +>I%7.!=% !/ .+ #/% .4% $%/#1./ 3-, .4% "3!-%, %B5%$!%-7%/ 6+$ .4% ,!$%7. /#""%/.!+- +6

!;5$+=%;%-./ .+ ?KL:MNO ,%/!"-%$/' ?4!/ <+#1, 1%3, .+ 3- 37.!=% @#31!.P 7+-.$+1 +6 .4%

$%,%/!"- +6 /#74 13/%$/ !- .4% =!%<5+!-./ ;%-.!+-%, 3>+=%' V/5%7!311P .4% 1+//%/ !- .4%/%

/.$#7.#$%/ 3$% +6 "$%3. !-.%$%/.'

9- 3,,!.!+-W .+ +>.3!- .4% 3>+=% ;%-.!+-%, 5%$6+$;3-7% 53$3;%.%$/ +6 ?KL:MNO/ 5$+5%$

;%.4+,/ 6+$ .4% 7+#51!-" +6 5#1/%, ?KL $3,!3.!+- 43=% .+ >% ,%=%1+5%,W .%/.%, 3-, +5.!:

;!L%,'

XY



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"!#! $%&'()'*+(,- ,. /01 23*-+34 '*5'*6& 7*5&8 5*4%7&5

 !" #$% &!''!()*+ %,-%").%*#/ #(! 0)1%"%*# 2345678/ (%"% 9/%0: ;* #$)/ (!"< #$%= >"%

"%&%""%0 >/ 2? >*0 2@: 2$%)" -"!-%"#)%/ >"% /9..>")4%0 )* 2>A: B:?: C->"# &"!. #$%)"

/')+$#'= 0)1%"%*# -$=/)D>' 0).%*/)!*/ #$%= $>E% 0)1%"%*# 0%/)+* (>E%'%*+#$/: C'#$!9+$

#$%= >"% A>/%0 !* #$% />.% A!9*05#!5D!*#)*99. 0%/)+* >*0 .>#%")>' /=/#%. F?GBH /)+*)I5

D>*#'= 0)1%"%*# !-#)D>' -"!-%"#)%/ /$!9'0 A% .%>/9">A'% A= 23452JK:

8>/%" 2? 2@

7%*#%" %.)//)!* ')*% F234L µ.L .%MH @:NO P ?QR P ??:NO @:QR P ?SB P N:SN

234 A%>. D!9-')*+ .%#$!0 /)')D!* '%*/ T >-%"#9"% (>E%+9)0% D!9-'%"

J%/)+* !& >D#)E% 4!*% A!9*05#!5D!*#)*99. A!9*05#!5D!*#)*99.

U>#%")>' /=/#%. GaAs/Al0.15Ga0.85As GaAs/Al0.15Ga0.85As

V)0+% '%*+#$ F..H @ ?:B

V)0+% ()0#$ W>D#)E%L &9''X Fµ.H ??Q P @QQ @RQ P @RQ

2$%!"%#)D>' .!0% /->D)*+ FY34H @@ @N

CD#)E% 4!*% #$)D<*%// Fµ.H ?@ ?S

Z>E%+9)0% #=-% /9"&>D%5-'>/.!* /9"&>D%5-'>/.!*

K9A/#">#% #$)D<*%// Fµ.H @QQ @QQ

[9.A%" !& -%")!0/ \Q ??Q

]%>< !9#-9# -!(%" F.ZH ?R RQ

C--')%0 %'%D#")D I%'0 F<MPD.H @:? ?:R

2$"%/$!'0 D9""%*# 0%*/)#=

[

A/cm2
]

?QR ??R

2>A'% B:?:^ 69>*#9. D>/D>0% '>/%" /-%D)ID>#)!* >*0 0).%*/)!*/:

2$% A>*0/#"9D#9"% 0)>+">. &!" A!#$ 678 !-%">#%0 ># !-#).>' A)>/ D!*0)#)!*/ )/ /$!(*

)*  )+: B:\: ;* #$% 0)>+">./ #$% #=-)D>' A>*0/#"9D#9"% D$>">D#%")/#)D !& #$% A!9*05#!5

D!*#)*99. >D#)E% 4!*% 0%/)+* )/ E)/)A'%: 3%"% #$% %1%D#)E% )*_%D#)!* !& %'%D#"!*/ )*#! #$%

9--%" '>/)*+ '%E%' )/ >D$)%E%0 A= > /#>)"D>/% ')<% /#"9D#9"% >*0 #$% (%'' /%->">#%0 *%,# %*%"+=

'%E%' >A!E% )#: 2$)/ D!""%/-!*0/ #! > $)+$ I'')*+ ">#% !& #$% 9--%" '>/)*+ '%E%' >*0 > '!( '!//

!& %'%D#"!*/ )*#! #$% D!*#)*99. W/%% `a: B:@X: 2$% 0)1%"%*# '>/)*+ #">*/)#)!* >*0 #$% &>D#

#$># A!#$ 678/ $>E% #$% />.% )*_%D#!" /#"9D#9"% /$!9'0 "%/9'# )* > D!""%/-!*0)*+ A%$>E)!"

!" /-%D#">' &%>#9"%/ !A/%"E>A'% )* #">*/.)//)!* %,-%").%*#/: C 0%#>)'%0 0%/D")-#)!* !& #$%

678/ 9/%0 )* #$)/ (!"< D>* A% &!9*0 )* F?GOL @GH:

2$% .>)* 0)1%"%*D% A%#(%%* 2? >*0 2@ >"% #$%)" %.)//)!* /-%D#">: V%+>"0'%// !& #$%

>--')%0 0")E)*+ D9""%*# 2? /$!(/ !*'= !*% .>)* '>/)*+ ')*% >->"# &"!. #(! E%"= (%><

/)0% .!0%/ /%->">#%0 A= #$% .!0% /->D)*+ W )+: B:?QX: 2$)/ A%$>E)!" /#>=/ )* D!*#">/# #!

#$% %.)//)!* /-%D#"9. !& 2@ ($%"% #$% %.)//)!* ')*%/ >/ > &9*D#)!* !& #$% D9""%*# 0! *!#

/#>= I,%0 >*0 .!"% #$>* !*% )/ !A/%"E%0: 2$% /)*+'% >*0 .9'#).!0% %.)//)!* -"!-%"#)%/

.%>/9"%0 A= 23452JK )/ 0)/D9//%0 )* #$% *%,# /%D#)!*/:

\N



 !"! #$% &'()*'+ ,(-,(./ 0(-/1 -(+20/- (). 3(4/ ,5'206)7

 !"#$% &'(') *+,-./$#0/#$% -!+"$+1 23 /4% 567. 83$21 9:;&< =;>?' 8@%3/? A: +,- 8$!"4/? A='

 !"#$% &':B') CD/!0+@ 2#/D#/ .D%0/$#1 23 8+? A: +,- 8E? A=' A4% 0#$$%,/ F+@#%. 32$ A=

02$$%.D2,- /2 /4% @+.%$ 1%+.#$%- !, $%3%$$%- D#E@!0+/!2, +/ GH +,- +$% .0+@%-

/2 @+.%$. -!1%,.!2,. 83$21 9:;I>?'

 !"!#! $%&' ()*+,-./ %.0 ,-/12 &3! (*44'.2 (1%4%(2'4-32-(3

J. %KD@+!,%- +/ /4% E%"!,,!," 23 /4!. 04+D/%$< 2,% 23 /4% 1+!, 2EL%0/!F%. M+. /2 -%F%@2D

+, %N0!%,/ 1%/42- 32$ 02#D@!," E$2+-E+,- 3$%% .D+0% AOP D#@.%. !,/2 + 567Q. M+F%"#!-%'

A4% 02#D@!," 1%/42- .42#@- D$2F!-%)

:' O!"4 %N0!%,0R $%3%$$%- /2 3$%% .D+0% .!",+@

=' S!$%0/ "#!-!," +,- 320#.!," 23 AOP D#@.%. !,/2 2,% D+$/!0#@+$ 567 M+F%"#!-%

;' T#DD$%..!2, 23 ERD+..!," .!",+@ 021D2,%,/.

 !$./ D2!,/ !. /4% /RD!0+@ -%1+,- 32$ %F%$R 02#D@!," 1%/42-' J. 1#04 +. D2..!E@% $+-!+/!2,

.42#@- E% 02#D@%-' A4% .%02,- +,- /4!$- D2!,/ !. -!$%0/@R $%@+/%- /2 /4% .D%0!+@ $%U#!$%V

1%,/. 32$ /4!. %KD%$!1%,/' W.#+@@R 12$% /4+, 2,% @+.%$ $!-"% !. D$20%..%- 2, + .!,"@%

04!D' A4!. 1+X%. !/ %..%,/!+@ /2 "#!-% /4% M+F% -!$%0/@R /2 + 042.%, @+.%$ $!-"%' C/4%$M!.%

D+$/. 23 /4% AOP D#@.% M2#@- D$2D+"+/% /4$2#"4 /4% #,#.%- 04!D D+$/. +,- 2/4%$ D+$/.

((



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'((') *+,%-% ./ !0+.#12% .13!+4 !03. 5 67894 :5;%"#!<% =2%/3>' ?,.3."$51, ./ 5

@ABC678 -.#03%< .0 5 +$D.4353 E0"%$ =$!",3>' F$$.:4 !0<!+53% 3,% 254%$

50< 3,% !0+.#12% .13!+4 :!3, 4!2!+.0 2%04'

:!22 4!-12D 3$5;%2 G%D.0< !3' @,!4 1$.G2%- ,54 3:. !-15+34 .0 3,% -%54#$%< 3$504-!44!.0

4!"052'  !$43H 3,% 4!"052 +.04!434 ./ -.$% 3,50 .0% @AB 1#24%' I0 "%0%$52 3,% 1#24% 3,$.#",

3,% 45-12% .$ 254%$ 50< $%12!+5 :,!+, 3..J .3,%$ 153,4 3,$.#", 3,% .13!+52 4D43%-' @,!4

$%4#234 !0 <!K+#23!%4 3. <!43!0"#!4, G%3:%%0 3,%- 50< 3,%!$ $%L%+3!.04 +5#4%< GD 3,% .13!C

+52 !03%$/5+%4 !0 3,% 4D43%-' *%+.0<H .02D 3,% 4!"052 3,$.#", 3,% 5+3!;% B.0% !4 ./ !03%$%43'

M3,%$ +.-1.0%034 2!J% 3,% 4#G43$53% -.<% 3,$.#", 3,% .3,%$ 15$34 ./ 3,% +,!1 <.%4 0.3

+5$$D !0/.$-53!.0 $%"5$<!0" 3,% 5+3!;% B.0%' I0 3,!4 +54% .02D 3,% :5;%"#!<% 2.44%4 ./ 3,!4

-.<% +50 G% .G4%$;%<' @. /#2E22 3,% 5G.;% +25!-%< 0%%<4 /.$ 1$.1%$ :5;% +.#12!0" 3:.

<!N%$%03 -%3,.<4 :%$% <%;%2.1%< 50< 4#++%44/#22D 5112!%< $%41%+3!;%2D 3. 3,% 6784 @(

50< @O'

@,% !0!3!52 -%3,.< #4%< /.$ @( !-12%-%034 50 5<<!3!.052 .13!+52 4D43%- !0 /$.03 ./ 3,%

678 #0<%$ !0;%43!"53!.0' @,% 1$!0+!12% 50< $%52!B53!.0 ./ 3,!4 2%04 +.#12!0" -%3,.< !4

!22#43$53%< !0  !"' &'((' @,% .13!+4 +.04!434 ./ 3:. +.-1.0%034'  !$43 15$3 !4 5 OPPQOPPµ-

-%352 51%$3#$% /5G$!+53%< .03. 5 4!2!+.0 1253% ./ RPPµ- 3,!+J0%44' @,!4 1253% :54 3,%0 1#3

!0 <!$%+3 .13!+52 +.035+3 .03. .0% ./ 3,% 254%$ $!<"%4' I0 3,!4 :5D 3,% GD1544!0" 4!"052 15$34

:%$% -54J%< 50< .02D 3,% 4!"052 3,$.#", .0% 254%$ !4 -%54#$%<'  #$3,%$H .0 3,!4 51%$3#$% 5

4!2!+.0 2%04 !4 125+%<' I0 3,!4 :5D 3,% @AB G%5- !4 /#$3,%$ /.+#4%4 <!$%+32D !03. 3,% 67894

:5;%"#!<% 50< 3,% +.#12!0" !03. 3,% :5;%"#!<% 35J%4 125+% 53 50 !03%$/5+% ./ -53%$!524

:!3, 4!-!25$ .13!+52 1$.1%$3!%4 =*! 50< F2S5F4TS5F4>' *!0+% 3,% :5;%2%0"3, 53 3,% .13!+52

!03%$/5+% !4 $%<#+%< GD 5 /5+3.$ ./ -.$% 3,50 3,$%% <#% 3. 3,% -53%$!5294 $%/$5+3!;% !0<%Q

3,% +.#12!0" %K+!%0+D !03. 3,% ∼ 10µm 3,!+J 5+3!;% B.0% $!4%4 GD 3,% 45-% /5+3.$' F15$3

/$.- 3,% 5<;5035"% 3,53 3,!4 !-1$.;%4 3,% .;%$251 G%3:%%0 3,% +.#12%< :5;% 50< 5+3!;%

B.0% 3,!4 -!0!-!B%4 $%L%+3!.0 2.44%4 53 3,!4 !03%$/5+% <#% 3. 3,% 4!-!25$ .13!+52 1$.1%$3!%4'

@,% $%<#+%< $%L%+3!;!3D 53 3,!4 /5+%3 ./ 3,% 678 ,54 50 !-15+3 .0 3,% 3,$%4,.2< +#$$%03

:,!+, !4 4,.:0 253%$'

@,% 4%+.0< 50< 2533%$ 5112!%< +.#12!0" -%3,.< #4%< /.$ @O !4 50 !03%"$53%< :5;%"#!<%

%-!33%$T+.#12%$ =4%% +,513%$ O>' I043%5< ./ +.#12!0" %Q3%$0522D "%0%$53%< @AB :5;%4 3,%

(PP



 !"! #$% &'()*'+ ,(-,(./ 0(-/1 -(+20/- (). 3(4/ ,5'206)7

 !"#$% &'()'* +,-%.% /0 1 234 516%"#!7% %.!88%$ 7!$%,89: ,/#;9%7 5!8- 1 <=> ?9%08@' A-/B

8/"$1;- /0 1 234B<=> ./#C8%7 /C 1 ,/;;%$ -/97%$ ?$!"-8@'

%.!DD!/C ;$/,%DD 1C7 516%"#!7!C" !D .17% 18 /C,%' EC 0$/C8 /0 8-% <=> 1 234 516%"#!7%

%.!88%$ !D ;91,%7' EC 8-!D ;1$8!,#91$ ,1D% 8-% 8/; ,/C81,8 -1D 8-% D1.% D!4% 1D 8-% <=>FD

91D%$ $!7"% ? !"' &'()@' G8 8-% ;/D!8!/C H%85%%C 8-% H!1D%7 .%819 D8$!;%D 8-% IEJ 91D%$

H%1. "%C%$18%D 1 234 516% 5-!,- !D H/#C7 8/ 8-% 8/; .%819!418!/C' EC 8-!D 51: 8-% 516%

!D "#!7%7 7!$%,89: !C8/ 8-% <=>' =/.;1$%7 8/ 8-% 9%CD ,/#;9%$ 8-!D .%8-/7 -1D D!"C!K,1C8

1761C81"%D 5-!,- 1$%*

• +%8#; 7!.%CD!/CD 1$% D.199%$ 7#% 8/ !C8%"$18%7 %.!88%$L516%"#!7% #C!8

• M%88%$ .%,-1C!,19 D81H!9!8:

• N1D!%$ 1C7 01D8%$ 19!"C.%C8 7#% 8/ 6!D!H9% ;#.; !CD8%17 /0 !C6!D!H9% 234 H%1.

EC 8-!D 5/$O 8-% 516%"#!7% ,/#;9%$ 8#$C%7 /#8 8/ H% 8-% H%D8 ,-/!,%' ND;%,!199: D!C,%

!8 D-/5D %P#19 8$1CD.!DD!/C D!"C19D ,/.;1$%7 8/ 8-% 9%CD ,/#;9%$ 5!8- %Q8%$C199: 234

"%C%$18!/C' EC  !"' &'(R 1 8:;!,19 8$1CD.!DD!/C D!"C19 8-$/#"- 8-% 91D%$ D8$#,8#$% /0 2( 1C7

2) 1$% D-/5C' G8 8-% %.!DD!/C 0$%P#%C,!%D /0 8-% 2( 1C7 2) 1 D!"C19 7:C1.!, /0 ∼ 39 dB

1C7 ∼ 14 dB $%D;%,8!6%9: !D 1,-!%6%7' S/$% 8-1C ,/C6%C!%C8 0/$ 234B2T+ %Q;%$!.%C8D /0

$%1D/C1H9% %Q;%C7!8#$% /0 8!.%'

GD 19$%17: .%C8!/C%7 1H/6% H/8- ,/#;9!C" .%8-/7D -16% 1C 177!8!/C19 ,/CD%P#%C,% /C

8-% <=>D 8-$%D-/97 ,#$$%C8D' M: !CD8199!C" 177!8!/C19 /;8!,19 ,/.;/C%C8D 18 /C% <=>

01,%8 !8D $%U%,8!6!8: H%,/.%D D.199%$' J%D#98!C" !C 91$"%$ .!$$/$ 9/DD%D 5-!,- -16% 8/ H%

,/.;%CD18%7 H: 177!8!/C19 "1!C 1,-!%6%7 H: 91$"%$ 7$!6!C" ,#$$%C8D' EC7%%7V 0/$ H/8-

<=>D 5!8- 8-%!$ !C7!6!7#19 ,/#;9!C" /;8!,D 8-% 8-$%D-/97V ,/.;1$%7 8/ 8-% ,/$$%D;/C7!C"

;#H9!,18!/CD !C,$%1D%7 H: 1H/#8 20A/cm2
' 2-% $%D#98!C" /#8;#8 ;/5%$ 6D' 7$!6!C" ,#$$%C8

,-1$1,8%$!D8!, ?>EB,#$6%@ !D D-/5C !C  !"' &'(W' EC 8-% 0/99/5!C" D%,8!/CD 8-%D% K"#$%D 1$%

$%0%$$%7 1D 91D!C" $%"!/C'

(X(



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +,-!./0 1$/234!33!52 3!"2/0 16$5#"6 +( /27 +8 4%/3#$%7 9, +:;<+=>' ?/@

+!4%<754/!2 /27 ?9@ 3-%.1$#4'

 !"#$% &'(A'* BCD3 5#1-#1 -5E%$ /3 / F#2.1!52 5F 16% 7$!G!2" .#$$%21 F5$ 16% 0/3%$ ?/@ +(

/27 ?9@ +8'

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

 5$ 591/!2!2" 16% $%3#013 /27 -/$/4%1%$3 5F +:;<BCD3 %H-0/!2%7 /1 16% 9%"!22!2" 5F

16!3 .6/-1%$ #3#/00, 3!4-0% 52I5J 3-%.1$53.5-, 1%.62!K#%3 /$% /--0!%7' +6!3 4%/23 +:;<

+=> 3!"2/0 1$/.%3 /$% $%.5$7%7 F5$ 1E5 7!J%$%21 .527!1!523' L2 16!3 -/$1!.#0/$ ./3% 5F /2

%0%.1$!./00, 7$!G%2 7%G!.% 16!3 !2.0#7%3 16% 31/1% 52 /27 5J' L2 16!3 E/, 16% !4-/.1 52 16%

$%F%$%2.% 3!"2/0M 4%/3#$%7 9%F5$% F5$ 16% .527!1!52 N5JNM /3 / $%3#01 5F 16% 5-%$/1%7 7%G!.%

!3 4%/3#$%7' >!2.% F5$ 3#.6 %H-%$!4%213 16%3% 1E5 3!"2/0 1$/.%3 /$% 4%/3#$%7 3%K#%21!/00,

16/1 ./2 $%3#01 !2 3,31%4 7$!F1 -$590%43'

O, /.1!G/1!2" 16% 7%G!.% 251 520, 0533 /27 "/!2 4%.6/2!343 /3 4!"61 9% 7%3!$%7 9%.54%

G!3!90%' P 051 5F 516%$ -6,3!./0 %J%.13 .6/2"% 16% %2G!$524%21/0 .527!1!523 /27 35M 7!31#$9

3!"2!Q./210, 16% 4%/3#$%7 $%3#013' R2% 5F 16% 4/!2 -$590%4 !3 16% %2%$", .523#4-1!52 5F

16% 7%G!.% $%3#01!2" !2 / 1%4-%$/1#$% !2.$%/3% .54-/$%7 15 16% 4%/3#$%7 $%F%$%2.% 3!"2/0'

>!2.% 16% $%/0 16%$4/0 .527!1!523 !2 /2 /.1!G%0, 5-%$/1%7 7%G!.% 0!S% / BCD3 /$% 45$%

5$ 0%33 #2S25E2 16!3 $%3#013 !2 / $/2754 1%4-%$/1#$% 7!31$!9#1!52' P3 !3 365E2 0/1%$

16!3 1%4-%$/1#$% !2.$%/3%7 !3 31$52"0, 7%-%27%21 52 16% .#$$%21 0%G%0 7#$!2" 5-%$/1!52'

(T8



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$#%& '(# )! )*# +!,-++. /0,%#-1#' )#23#%-)(%# )*# !3)/,-+ 3%!3#%)/#1 -%# ,*-04#'5

6(%)*#%& )*# 2#,*-0/,-+ 3%!3#%)/#1 -0' '/2#01/!01 !7 )*# 1(%%!(0'/04 /01)-++-)/!01 +/8# )*#

*#-)1/08 !7 )*# +-1#% ,*-04#1 )!!5 9#%/!(1 3%!:+#21 -%# ,-(1#' :. )*# 7!++!"/04 3-%-2#)#%1;

• <!1/)/!0 !7 +-1#% !0 )*# *#-)1/08

•  #-) ,!0'(,)/$/). !7 )*# *#-)1/08

• =3)/,-+ 3%!3#%)/#1 !7 )*# "-$#4(/'#

>13#,/-++. )*# +-1) )"! 3!/0)1 -%# )*# 2!1) '/1%(3)/$# 7!% )*# 2#-1(%#2#0)15 ?. 3#%7!%2/04

)/2#@%#1!+$#' #A3#%/2#0)1 -0. ,*-04# !7 )*# %#7%-,)/$# /0'#A %#1(+)1 /0 - ,*-04#' '#+-. !7

)*# 2#-1(%#' 1/40-+5 B0 !)*#% )#%21& :. -33+./04 !0C!D 13#,)%!1,!3. )#,*0/E(#1 /0)#%#1)/04

!3)/,-+ 3-%-2#)#%1 -0' '-)- ,-0 :# '/1)!%)#'5

F*# 1!+()/!0 7!% )*/1 3%!:+#2 /1 2!'(+-)/!0 13#,)%!1,!3.5 F*#%#:. )*# F G 1/40-+ -0'

)*# HIJ #2/11/!0 -%# 2!'(+-)#' -) '/D#%#0) 7%#E(#0,/#1 ω1 -0' ω2 "/)* ,!01)-0) 3*-1#

%#+-)/!0 :#)"##0 )*#25 K,,!%'/04 )! )*# )! )*# "#++ 80!"0 )%/4!0!2#)%/, )*#!%#2 LMNOP

k1 · cos (ω1) · k2 · cos (ω2) =
k1 · k2

2
· [cos (ω1 + ω2) + cos (ω1 − ω2)] QR5RS

)"! 0#" 1/40-+1 -) )*# 1(2 -0' '/D#%#0,# 7%#E(#0,. -%# 4#0#%-)#'5 9/0,# )*# 1)%#04)*1 ki !7

)*# !%/4/0-+ 1/40-+1 -%# 13+/) -3-%) -0' 2/A#' )*# T0-+ 1/40-+ 1)%#04)* -) )*# 0#" 4#0#%-)#'

7%#E(#0,/#1 /1

k1k2
2 5 F*/1 1*!"1 )*# ,-3-:/+/). !7 )*/1 2#-1(%#2#0) 1,*#2# 2-8/04 #$#0

12-++ 1/40-+1 $/1/:+# :. 1)%!04+. 2!'(+-)/04 /) :. -0!)*#% 1!(%,#5 6(%)*#%& ,!23-%#' )!

!0C!D 13#,)%!1,!3. )*# 2!'(+-)/!0 )#,*0/E(#1 1*!"1 - 2(,* */4*#% '.0-2/, %#1#%$# -0'

- +!" MC7 0!/1# /7 )*# 1(2 7%#E(#0,. /1 (1#' LRUP5 J-))#% /1 ,+#-% '(# )! )*# (3 1*/7)#'

7%#E(#0,. "*/+# )*# !)*#% /1 0!) )%/$/-+5 J#) (1 -11(2# - 2#-1(%#2#0) 1.1)#2 "/)* - 9VW

!7 RX '? -0' %#+-)/$# 1/40-+ ,*-04#1 !7 MY "*/,* -%# ,-(1#' :. !3#%-)/04 )*# '#$/,#5 F*/1

%#1(+)1 /0 - 9VW !7 ZX '? 7!% )*# %#-+ 1/40-+ !7 /0)#%#1)5 [*/+# )*# '.0-2/,1 !7 \X '?

/1 1/23+. +!1) '(# )! )*# 7(++ 1,-+# 0##'#' )! 2#-1(%# )*# ,-%%/#% 1/40-+5 ](# )! -33+/#'

2!'(+-)/!0 13#,)%!1,!3. )*# ,-%%/#% 1/40-+ /1 -) -0!)*#% 7%#E(#0,. )*-0 )*# !0 /) 2!'(+-)#'

1/40-+5 B0 )*/1 ,-1# )*# 7(++ 9VW !7 RX '? ,-0 :# #A3+!/)#' 7!% 2#-1(%/04 )*# %#-+ 1/40-+

"*/,* ,!%%#13!0'1 )! -0 /0,%#-1# !7 '.0-2/, %#1#%$# !7 \X '?5 F*# E(-+/). /0,%#-1# ,-0 :#

#/)*#% (1#' )! 2-A/2/G# )*# 1/40-+ E(-+/). !% )! %#'(,# )*# 0##'#' 2#-1(%#2#0) )/2#5

K 4%-3*/,-+ /++(1)%-)/!0 !7 )*/1 2!'(+-)/!0 1,*#2# /1 1*!"0 /0 6/45 R5MU 7!% )"! 1/40-+1

2!'(+-)#' -) \ -0' U G -0' #E(-+ 1/40-+ -23+/)('#5 F*# ,!%%#13!0'/04 '/D#%#0,# -0'

1(2 7%#E(#0,. /1 M -0' ^ G %#13#,)/$#+. "/)* UXY 1/40-+ -23+/)('# ,!23-%#' )! )*# /0/)/-+

1/40-+15

 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

_-/0 !:`#,)/$# !7 )*/1 "!%8 "-1 )! :%/04 7!%"-%' )*# 3%!!7 !7 3%/0,/3+# !7 ,!*#%#0) 3%!:/04

!7 -,)/$# '#$/,#1 !3#%-)/04 /0 )*# F G 7%#E(#0,. %-04#5 B0 -''/)/!0& /) 1*!(+' :# 1*!"0

MXN



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +,-#./0!,1 2!"1/. ,3 04, 5%/0!1" 3$%6#%17!%2 /0 8 /1- ) 9: !1 ;/< =!>%?

-,>/!1 /1- ;5< 3$%6#%17@'

 !"#$% &'(&'* +,-#./0!,1 2!"1/. ,3 =( ;/< /1- =A ;5<' B!"1/. >%/2#$%- /0 CDE2 >/F!>#>

,#0G#0 G,4%$ ;!12%02 2H,4 7,$$%2G,1-!1" 2G%70$#><'

4H/0 G/$/>%0%$2 /$% /77%22!5.% 4!0H =9:?=IB /1- 0, 7,>G/$% 0H% $%2#.02 4!0H 20/1-/$-

>%/2#$%>%10 0%7H1!6#%2 .!J%  =?KL'  ,$ 0H!2 0/2J 0H% /5,M% !10$,-#7%- =9:?CDE 2/>G.%2

4%$% #2%- /2 $%G$%2%10/0!M% >%-!#>'  #$0H%$N 1%4 7,#G.!1" >%0H,-2 /1- >%/2#$%>%10

0%7H1!6#%2 4%$% /GG.!%-' O.. !-%/2 /1- G$,"$%22 -#$!1" 0H% 0!>% 2G/1 ,3 0H!2 4,$J .%/-

P1/..@ 0, 0H% $%2#.02 /1- 2#77%22%2 G$%2%10%- !1 0H% 1%F0 7H/G0%$2'

 !"!#! $%%&'() *+),&-.'+/ 0%(1.2+01+%3

 ,$ 0H% CDE 7H/$/70%$!:/0!,1 0H% /5,M% -%27$!5%- >,-#./0!,1 2G%70$,27,G@ 0%7H1!6#% 4/2

/GG.!%-' K1 0H!2 4/@ Q#20 0H% 2!"1/. -!R%$%17%2 -#% 0, 0H% ./2%$ ,G%$/0!,1 4%$% 2%12%-

4!0H,#0 /1@ 5/7J"$,#1- 2!"1/.' S@ 7,#G.!1" =9: G#.2%2 !10, 0H% ./2%$T2 /70!M% >%-!#> 0H%@

5%7,>% 2%%-%- /1- 0H% !1!0!/0%- $%2G,12% ,3 !0 7/1 5% 2%12%- !1 0!>%' =H% %FG%$!>%102 4%$%

-,1% #1-%$ 7%$0/!1 7,1-!0!,12 0, "%0 /77%22 0, M/$!,#2 -%M!7% G/$/>%0%$2 /2 /$% 2H,41 ./0%$'

9,4%M%$N 0H% $%2#.0 ,3 %M%$@ >%/2#$%>%10 !2 / 0!>%?$%2,.M%- 2!"1/. 0$/7% 7,$$%2G,1-!1"

-!$%70.@ 0, 0H% 0$/12>!00%- %.%70$!7 P%.-'

K1  !"' &'(& 0H% >,-#./0!,1 2G%70$,27,G@ 2!"1/.2 ;3#$0H%$ ,1 Q#20 7/..%- T2!"1/.2T< /$%

(U8



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +,- ./012,33 ,45 +6- 7!"712,33 +$!"78- 9:8%$%5 (fG = 2.5THz) ;/5#:,8!/4
3!"4,: /< =( + !"' &'(&- ,8 <#:: /#82#8 2/0%$'

37/04 </$ 87% :,3%$3 =( ,45 => /2%$,8%5 ,8 <#:: /#82#8 2/0%$ :%?%:' @:87/#"7 87% :,3%$3

7,?% 5!A%$%48 %;!33!/4 :!4%3 +3%% =,6' &'(- 87%!$ 3!"4,: 37,2% !4 8!;%15/;,!4 ://B3 3!;!:,$'

=7% 32%C8$,: !4</$;,8!/4 ,45 ;%,4!4" /< 87%3% 3!;!:,$!8!%3 "%83 C:%,$ 6D C/;2,$!4" 87%

3!"4,:3 0!87 87% <#:: 8$,43;!33!/4 3!"4,: + !"' &'(E-' F,C7 3!"4,: C/43!38 /< ,8 :%,38 80/

C/;2/4%483' =7% :%,5!4" 2,$8 !3 , $%2:!C, /< 87% 2$/6% 2#:3% :/C,8%5 0!87!4 87% 9$38 <%0

2!C/3%C/453 ,<8%$ 87% =GH 2#:3% %IC!8,8!/4' =7!3 2,$8 !3 87% 3,;% !4 6/87 C,3%3 6#8 ;/$%

2$/4/#4C%5 </$ =( 3!4C% !8 !3 32%C8$,::D ;/$% 3%2,$,8%5 <$/; 87% /87%$ 2,$8' =7!3 !4!8!,:

3!"4,: 2,$8 !3 </::/0%5 6D :/4" /3C!::,8!/4 5%C,D!4" 0!87 , 8!;% C/438,48 /< 5.2 ps </$ =(

,45 2 ps </$ => 07!C7 C/$$%32/453 8/ 87% :!4%0!587 /< 87% C/$$%32/45!4" 32%C8$,: <%,8#$%

,45 !3 %I2:,!4%5 :,8%$'

=7% ;%48!/4%5 32%C8$,: C/;2/4%483 C,4 6% 3%2,$,8%5 6D 2$/2%$ :/01 ,45 7!"72,33 9:1

8%$!4"' =7!3 3%2,$,8!/4 !3 !::#38$,8%5 </$ =( !4  !"' &'()' J/;2,$%5 8/ => 7%$% 87% 32%C8$,:

$%"!/43 /< $%5#C%5 :/33%3 ,45 ",!4 ,$% C:%,$:D 5%94%5 ,45 C/$$%32/45 8/ ,4 !438,48 ,45 /31

C!::,8/$D $%32/43% /< 87% %IC!8%5 3D38%;'  !$38K !3 C,#3%5 6D :/33%3 ,45 $%5#C%5 ,63/$28!/4

/CC#$$!4" C/4C#$$%48:D 0!87 87% !4C!5%4C% =GH 2#:3% + !"' &'(),-' L/$% !4</$;,8!/4 C,4

6% /68,!4%5 6D ://B!4" ,8 87% 7!"72,33 9:8%$%5 3!"4,: + !"'&'()6-' G%$% !8 !3 0%:: 3%%4 87,8

87% =GH 2$/6% 2#:3% ,C83 ,3 3/ C,::%5 3%%5 2#:3% 8//' @<8%$ 87% ,C8!?% ;%5!#; !3 3%%5%5 !8

38,$83 8/ ,;2:!<D C/7%$%48:D 32%C8$,: C/;2/4%483 ;,8C7!4" 0!87 !83 ",!4 6,450!587' =7%

",!4 6,450!587 $%:,8!?% 8/ 87% %;!33!/4 <$%M#%4CD C/$$%32/453 8/ , <,38 /$ 3:/0 5%C,D /<

87!3 /3C!::,8!/4 :!B% !8 !3 37/04 !4  !"' &'(& </$ 87% #3%5 NJ.3'

=7!3 32%C8$,: 3%2,$,8!/4 /< 32%C8$,: C/;2/4%483 C,4 6% !::#38$,8%5 ;/$% 5%8,!:%5 6D 8!;%

0!45/0%5   = ,4,:D3!3' O4 C/48$,38 8/ 0,?%:%8 ,4,:D3!3 P(EQR 07%$% 87% :/C,: !5%48!8D /<

87% C7/3%4 2#:3% 37,2% !3 8%38%5 7%$% , 2 ps 8!;% 0!45/0 0,3 3!;2:D 37!<8%5 /?%$ 87% 07/:%

3!"4,: 8$,C% ,45 ,   = 0,3 C,:C#:,8%5' =7% !45!?!5#,: 32%C8$, 0%$% ,$$,4"%5 8/ 87% 2:/8

37/04 !4  !"' &'(S' =7% 2:/8 2$//<3 0%:: 87,8 !4 87% 3!"4,: 8$,C% /< =( 80/ 5!38!4C8 ,C8!?!8!%3

3%2,$,8%5 !4 8!;% ,45 <$%M#%4CD 8,B% 2:,C%'

(TU



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +!,%-$%./01%2   + 34305.!. /6 78% ,/2#037!/4 .!"430 /6 +( /9%$37%2 /6 6#00

9/:%$ ; !"' &'(&<' = 9. 7!,% :!42/:. :%$% .8!67%2 /1%$ 78% :8/0% ,/2#037!/4

.!"430'

 !"!#! $%&' ()%*%(+,*&-%+&.' %'/ 0%1,* ,2&11&.' 0&',1

>4 03.%$ 985.!?. 78% ?83$3?7%$!@37!/4 /6 78% "3!4 ,%2!#, !. /4% /6 78% ,/.7 !,9/$7347 73.A.

B%6/$% B#!02!4" 3 03.%$' +8!. !4?0#2%. ,3!405 78% ?#$$%47 /$ 9#,9!4" 0!"87 C%02 2%9%42%4?5

/6 78% "3!4 342 !7. 3B./0#7% 130#%' D377%$ !. /6 "$%37 !,9/$734?% .!4?% !4 ?/,B!437!/4 :!78

78% 0/..%. !7 2%7%$,!4%. 78% .73B0% 03.!4" /9%$37!/4' E5 9%$6/$,!4" 78% "3!4 ,%3.#$%,%47.

!4 7$34.,!..!/4 ,/2% "3!4 ?34 B% /B.%$1%2 30$%325 B%6/$% 03.!4" /9%$37!/4 .73$7.' F%$5

!,9/$7347 !4 03.%$ 985.!?. !. 7/ %130#37% 78% 0!"87 3,90!C?37!/4 ?393B!0!75 /6 3 ,37%$!30'  /$

2%7%$,!4!4" 78% "3!4 /6 78% GHD ,37%$!30. 3 .%$!%. /6 .!"430 7$3?%. 0!A% .8/:4 !4  !"' &'(&

:3. $%?/$2%2 37 2!I%$%47 2$!1!4" ?#$$%47.' +8% 6$%J#%4?5 2%9%42%47 "3!4 g (I, ω) !4 7%$,.

/6 9/:%$ 9$/1!2%2 B5 3 ,37%$!30 ?34 B% ?30?#037%2 3.

EQCL,on (I, ω) = EReference (ω) · e
g(I,ω)

2
·L,  !"#$

%&'(' E (ω) )* +&' *,'-+(.//0 ('*1/2'3 '/'-+()- 4'/35 I )* +&' 3()2)67 -8(('6+5 .63 L )* +&'

/'67+& 19 +&' 3'2)-'" :8+ .* ;'6+)16'3 .<12' 61 16=1> ;'.*8(';'6+ *-&';' %.* 8*'3"

?* . -16*'@8'6-' A@" !"# -.661+ <' 8*'3 +1 '2./8.+' +&' /.*'(* 7.)6" B6 +&' -.*' 19 .,,/)'3

;138/.+)16 *,'-+(1*-1,0 %&'(' +&' +';,1(./ -&.67' 19 +&' '/'-+()- 4'/3 ∆EQCL,on (I, t) )*

;'.*8('3 +&' *+.63.(3 91(;8/. &.* +1 <' ;13)4'3" C&' ('*8/+)67 7.)6 *,'-+(8; -.6 <'

1<+.)6'3 <0 +&' .31,+'3 91(;8/.

∆EQCL,on (I, ω) = K · EReference (ω) ·
(

e
g(I,ω)

2
·L − 1

)

,  !"D$

%&'(' +&' /)6'.( 9.-+1( K *8;;.()E'* .// '>'-+* &.2)67 .6 );,.-+ 16 +&' ;138/.+)16

.;,/)+83' /)F' +&' GHIJ* 3()2)67 38+0 -0-/'"

C&' ('*8/+* 19 +&' 7.)6 ;'.*8(';'6+* 19 CK .63 CL 8*)67 A@" !"D .(' *&1%6 )6 M)7" !"KN"

O6' -.6 -/'.(/0 *'' +&.+ 7.)6 )* 1<*'(2'3 <'/1% /.*)67 1,'(.+)16 +.F'* ,/.-'" P, +1 +&'

;.Q);8; 2./8' 19 14− 15 cm−1
+&' 7.)6 ()*'* ;1(' 1( /'** /)6'.( %)+& +&' 3()2)67 -8(('6+"

KR!



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +#$$%,- .%/%,.%,01 23 4!,"5% /644 768!7#7 "6!, 23 -9% :+;4 <( =6> 6,.

<? =@> =496.%. /6$-4 !,.!06-% -9% 564!," $%"!2, 23 -9% 564%$4> '

A#09 096$60-%$!4-!0 B64 %8/%0-%. 6,. 02$$%4/2,.4 -2 -9% "$6.#65 65!",7%,- 23 -9% !,.!C

D!.#65 06406.%4' E1 6//51!," 6, %5%0-$!0 F%5. -9% @6,.4-$#0-#$% "%-4 -!5-%. 64 !55#4-$6-%.

!,  !"' &'G' <9% /$20%44 23 06406.% 65!",7%,- .2%4 ,2- 96//%, !,4-6,-51' <9!4 B2#5. @%

2,51 -9% 064% !, 6 /%$3%0-51 "$2B, 4-$#0-#$% B!-92#- !,-%$360% $2#"9,%44%4 6,. /$%0!4% 561%$

-9!0H,%44%4 B9!09 %8!4-4 2,51 !, -9%2$1' I2B%D%$J !, $%65!-1 -9% 65!",7%,- 23 -9% !,.!D!.#65

06406.%4 96//%,4 "$6.#6551' E1 !,0$%64!," -9% @!64 F%5. 72$% 6,. 72$% 06406.%4 65!",

/$2/%$51 =4%%  !"' &'G>' <9!4 "!D%4 -9% 7%64#$%. "$6.#6551 !,0$%64!," "6!, #,-!5 564!,"

4-6$-4 @1 %80%%.!," -9% -9$%4925. 0#$$%,-' K@2D% -9!4 0#$$%,- D65#% -9!4 -%,.%,01 096,"%4'

<9% 5!,%6$ "6!, !,0$%64% 4-2/4' <9!4 @%96D!2$ 4-6,.4 !, "22. 6"$%%7%,- B!-9 -9% 564%$ -9%C

2$1' L9%, 564!," 2/%$6-!2, 4-6$-4 -9% "6!, 6- -9% 564!," B6D%5%,"-9 !4 724-51 02,4#7%. @1

-9% ,2B %7!--%. 5!"9- F%5.' <9!4 5%6.4 -2 6 $%.#0%. 2/-!065 "6!, 4%,4%. @1 -9% <IM /$2@%

@%67' N, -9% F"#$%4 -9!4 !4 02,4/!0#2#4 @1 -9% O6--%,%. -2/ 23 -9% 0#$D%4' K- -9% %,.

23 -9% 564!," $%"!2, -9% 06406.%4 4-6$- -2 @$%6H #/ .#% -2 -9% 9!"9 6//5!%. @!64' E#- 5!H%

@%52B -9% -9$%4925. 0#$$%,- D65#%J 427% "6!, !4 4-!55 2@4%$D6@5%' <9!4 76,,%$ !4 /#$4#%.

@1 %80%%.!," -9% #//%$ 564!," -9$%4925. 0#$$%,-' I%$% 4-!55 "6!, 06, @% 7%64#$%. 6,. 964

5!,%6$ 3655!," 2P -%,.%,01 @#- .$2/4 7#09 364-%$'

<9% "6!, D65#%4 /$%4%,-%. 9%$% 6$% /$2D%, 6,. $%/$%4%,- -9% 7!,!765 D65#%4' <9% -$6,4C

7!--%. <IM /#54% /$2/6"6-%4 ,2- 2,51 -9$2#"9 -9% 60-!D% M2,% 23 -9% :+;4 .#% -2 -9%

72.% /$2F5%' N- 4/$%6.4 !,-2 -9% 4#@4-$6-% -9% 564%$ B64 "$2B, 2,' E1 !,05#.!," -1/!065

02,F,%7%,- 360-2$4 Γ ≈ 0.25 Q?RJ ?ST -9% $%65 "6!, D65#% !4 %8/%0-%. -2 @% !, -9% $6,"% 23

40 cm−1
' A!7!56$ 0650#56-%. D65#%4 96D% @%%, $%/2$-%. @1 L!55!674 %- 65' Q(GST' U#$ F$4-

.%72,4-$6-!2, 23 4/%0-$6551 $%425D%. "6!, 7%64#$%7%,-4 492B -9% /2-%,-!65 23 4#09 %8/%$C

!7%,-4 -2 "%- 600%44 23 /$2D%, D65#%4 #,H,2B, 42 36$'  #$-9%$J -9% 7%64#$%. D65#%4 32$

-9% "6!, 6$% ,2- 3654!F%. @1 6 096,"%. $%3$60-!D% @1 .$!D!," -9% .%D!0%V4 60-!D% M2,% Q(G(T'

<9!4 B64 D%$!F%. @1 -9% <IM /#54% /24!-!2, B9!09 B64 -9% 467% 32$ 655 02,.!-!2,4'

K/6$- 3$27 -9% 6@425#-% ,#7@%$4 02,0%$,!," -9% "6!,J 4/%0-$6551 $%425D%. -$6,47!44!2,

7%64#$%7%,-4 5!H% <IMC<WA /$2D!.% 7#09 72$% !,32$76-!2,' A!,0% -9% /$2@% /#54%4

4%,4%. @1 <IMC<WA 06$$1 6 @$26. 4/%0-$#7 -9% /24!-!2,J 496/% 6,. @6,.B!.-9 23 -9%

(SX



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +,%-.$/001 $%2304%5 "/!67$%5#-%5 0322%2 83$ 9: ;/< /65 9( ;=< 3,%$/.%5 /. 8#00

3#.,#. ,3>%$ ;53..%5 0!6% !65!-/.% "/!6 =/65>!5.? @..%5 =1 / A/#22!/6 0!6%

2?/,%<'

"/!6 2,%-.$/ /$% 3=./!6%5' 9?!2 !683$B/.!36 !2 4%$1 !B,3$./6.'  3$ !62./6-% .?% $%236/.3$

-3#05 =% $%5%2!"6%5 23 .?/. .?% >/4%"#!5% 0322%2 /$% 03> /. 8$%C#%6-!%2 >?%$% .?% "/!6 !2

?!"?'  #$.?%$D /2 B%6.!36%5 /=34% .?% -/2-/5%2 2./$. .3 /0!"6 "$/5#/001' E6% 38 .?% B/!6

$%/2362 83$ .?!2 =%?/4!3$ /$% C#/0!.1 !6/--#$/-!%2 5#$!6" .?% "$3>.?' F2 / -362%C#%6-% .?%1

/0!"6 /. 5!G%$%6. =!/2 0%4%02 /65 2?3> 5!G%$%6. %B!22!36 >/4%0%6".?2' 9?!2 !6?3B3"%6%3#2

=$3/5%6!6" !2 5!$%-.01 $%2,362!=0% 83$ .?% 32-!00/.!36 0%6".? 2?3>6 !6  !"' &':H' 9?% =$3/5%$

.?% "/!6 =/65>!5.? .?% 2?3$.%$ .?% 32-!00/.!362 /$% /65 4!-% 4%$2/'  3$ .?% #2%5 IJK2 .?%

"/!6 =/65>!5.? >/2 @..%5 =1 / A/#22!/6 0!6% 2?/,% ; !"' &'()<' 9: %L?!=!.2 :H)AMN

=/65>!5.? >?!0% 9( ?/2 36% 38 OP)AMN'  3$ 8#.#$% =$3/5=/65 ,#02% /B,0!@-/.!36 .?!2

,/$/B%.%$ !2 38 "$%/. !B,3$./6-%' 9?!2 8/-. /65 .?% %G3$.2 .3 /-?!%4% B35%Q03-R!6" !6

IJK2 ;2%% -?/,.%$ ('O':< 2.$36"01 5%,%65%6. 36 .?% "/!6 =/65>!5.?' 9?%$%83$%D .3 /-?!%4%

=$3/5=/65 /B,0!@-/.!36 >!.? ?!"? "/!6 >!00 =% /6 !B,3$./6. ./2R !6 .?% 8#.#$%'

 $3B .?% 5/./ 2?3>6 !6  !"' &'() %4%6 .?% 5!G%$%6. 0/2!6" .$/62!.!362 -/6 =% %4/0#/.%5

=1 -/0-#0/.!6" .?% 2,%-.$/001 $%2304%5 $%8$/-.!4% !65%L >?%$% $%236/6-%2 =%-3B% 4!2!=0%'

9?%3$%.!-/001 .?% 5!2-$%.%   9 /0"3$!.?B ,$34!5%2 / ,?/2% >?!-? -3$$%2,3652 .3 .?% $%Q

8$/-.!4% !65%L =#. .?% !683$B/.!36 -36.%6. 38 !. !2 /0B32. N%$3' +!6-% .?%   9 ,$34!5%2 3601

,?/2% !683$B/.!36 !6 .?% $/6"% ]−π, π] 63 ,?/2% 5%430#.!36 -/6 =% -3$$%-.01 .$/-%5 5#%

.3 .?% 5!2-$%.% 4/0#%2' S!.?3#. ?/4!6" / -36.!6#3#2 ,?/2% .?% -3#$2% =%.>%%6 .>3 ,3!6.2

!2 #6R63>6' T/61 B/.?%B/.!-/0 ,$3"$/B2 3G%$ / 6#B%$!-/0 ,$3-%5#$% -/00%5 U#6>$/,V

8#6-.!36 >?!-? .$!%2 .3 %2.!B/.% .?% $%/0 ,?/2% -3#$2% =#. .?% C#/0!.1 38 .?% @6/0 $%2#0.2 !2

B3$% 3$ 0%22 #6R63>6' 9?% -3$$%-. 2,%-.$/001 $%2304%5 ,?/2% -/6 =% !62.%/5 -/0-#0/.%5 =1

.?% W$/B%$2QW$36!" $%0/.!36 X:Y(Z' S!.? .?!2 $%0/.!36 /65 .?% 2,%-.$/0 !683$B/.!36 8$3B

 !"' &'() -3$$%2,365!6" .3 /6 /=23$,.!36 α (ω) .?% ,?/2% -/6 =% 5%.%$B!6%5 =1

∆n (ω) =
c

π
· PV

∫ ∞

0

α (Ω)

Ω2 − ω2
dΩ, ;&'P<

>?%$% c !2 .?% 4/-##B 2,%%5 38 0!"?. /65 PV B%/62 .?% ,$!6-!,/0 4/0#% 38 .?% !6.%"$/0'

:)[



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +,-.% /!-"$-0 12 3,% "-!4 .5%63$- 12 7-8 9) -4/ 7:8 9('

9,% 6-;6#;-3%/ 5,-.% !. .,1<4 !4  !"' &'()' 9,% .,-5% 61$$%;-3%. <%;; <!3, 3,% "-!4 -4/ 3,%

51.!3!14 12 3,% %0!..!14 ;!4%. 12 3,% =>?. 7 !"' &')@8'  !"' &'()- .,1<. 3,-3 9) ,-. 14;A

14% "-!4 $%"!14 %B,!:!3!4" 3,% 3A5!6-; 5,-.% 12 - $%.14-46%'  1$ ;-.%$ 9( 3,% .!3#-3!14 !.

/!C%$%43' D3 ;%-.3 3<1 $%.14-46%. -$% 1:.%$E-:;%' F4% -3 ∼ 1.9 -4/ 3,% 13,%$ -3 ∼ 2.1THz

!4/!6-3!4" 3,% %B!.3%46% 12 3<1 "-!4 $%"!14. -;!"4%/ -3 3,% .-0% :!-. ;%E%;' 9,!. 5$15%$3A

%B5;-!4. !3. 01$% 3,-4 /1#:;%/ :-4/<!/3, 6105-$%/ 31 9)' 9,% ;!0!3%/ $%.1;#3!14 -4/

3,% ;-6G 12 13,%$ -E-!;-:;% .1#$6%. /1%. 413 -;;1< 31 .5%6!2A 3,!. 01$% !4 /%3-!;' H#3 3,%

$%.#;3. .,1< ,1< 51<%$2#; 9IJK9LM !. 21$ 3,% .3#/A 12 3,!. E%$A !43%$%.3!4" 5-$-0%3%$'

 !"!#! $%&'()*+ ,-+& ./)0102

9,% $%.#;3. 5$%.%43%/ -:1E% .,1<%/ 3,% .5%63$-; 51.!3!14N :-4/<!/3, -4/ 3,% -:.1;#3%

4#0:%$ 12 3,% "-!4 !4 3<1 =>?. -. - 2#463!14 12 3,% /$!E!4" 6#$$%43' HA .%%/!4" 3,%

=>?O. -63!E% $%"!14 !3 -05;!P%. 6%$3-!4 5-$3. 12 3,% 9IJ 5$1:% 5#;.%' D. -;$%-/A 0%43!14%/

-:1E% -4/ .,1<4 !4  !"' &')Q 3,% .;15% 12 3,% 6#$$%43 /%5%4/%46% 12 3,% "-!4 6,-4"%. <,%4

%B6%%/!4" 3,% ;-.%$O. 3,$%.,1;/ 6#$$%43' M!46% 3,% /-3- .,1<4 !4  !"' &'(@ !. R#.3 5-$3 12

- ,#"% 9IJK9LM 0%-.#$%0%43 .%$!%. 3,% $%.1;#3!14 <-. ;!0!3%/ :A 3,% .6-44!4" 3!0% -4/

3,% .A.3%0 /$!23' D3 3,!. 614/!3!14. 41 .5%63$-; 2%-3#$% /#% 31 ;-.!4" 15%$-3!14 6-4 :%

1:.%$E%/ !4 /%3-!;' D. - $1;% 12 3,#0: 3,% $%;-3!14

measurement time ∝ spectral resolution × signal qualtiy 7&')@8

6-4 :% -55$1B!0-3%/'  1$ 3,% 1:.%$E-3!14 12 .5%63$-; ,1;% :#$4!4" -. - 614.%S#%46% 12

;-.!4" -63!E!3!%. 3,% $%.1;#3!14 <-. !46$%-.%/ #5 31 (@TIJ :A - ;14" 3%$0 .6-4' 9,!.

0-/% !. 51..!:;% 31 1:.%$E% .5%63$-; ,1;% :#$4!4" %C%63. .,1<4 !4  !"' &'((' U,%4 3,%

=>?. .3-$3 ;-.!4" 3,% !4E%$.!14 !4 3,% -63!E% J14% -3 3,% %0!..!14 ;!4% !. 614.#0%/ :A

3,!. -63!E!3A' 9,% 5,1314. %0!33%/ :A 3,!. -63!14 ,-E% 12 61#$.% %S#-; 5,-.% :#3 41 .%3

5,-.% $%;-3!14 6105-$%/ 31 3,% $%2%$%46% 9IJ 5$1:% 5#;.%' F#3 12 3,% $%2%$%46% 5,-.% 3,!.

$-/!-3!14 6-4413 :% .%4.%/ -4/ !3. $-/!-3!14 .5%63$#0 !. ;1.3' V4 3,% P"#$% 3,% ;-.!4" ;!4%.

)@Q



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'((') *+!, -.%/0$+ 1!02 34-%$5+46% -.%/0$+6 236% 4#$,!," 7#% 03 6+-!," 3.%$+0!3,

!, 89 :+; +,7 8( :+;' :<'.'=<#66 .31%$> 4'02=4%631 02$%-2367> +'02'=+435%

02$%-2367;'

+$% !7%,0!?%7 4@ A!,A-' B- -231, !, 02% 3.0!/+6 3#0.#0 -.%/0$#C : !"' &'9D; 89 -231%7

3,6@ 3,% %C!--!3, 6!,% 12!6% 8(> 7#% 03 !0- 1!7% "+!, -.%/0$#C> !- /+.+46% 03 %C!0 3,

-%5%$+6 6!,%-' 82!- /3$$%-.3,7- 5%$@ 1%66 1!02 02% $%-#60- "+!,%7 4@ 8EFG8HI' 82% "+!,

-.%/0$+ $!-% 1!02 02% -+C% -2+.% +- -231, !,  !"' &'(D' J#0 4@ %K/%%7!," 02% 02$%-2367

/#$$%,0 5+6#% 02% "+!, +0 02% 6+-!," 6!,%-> ('LM8EF <3$ 89 +,7 9'NO P ('DM8EF <3$ 8(>

-0+@- /3,-0+,0'  $3C 02!- 7+0+ !C.3$0+,0 .+$+C%0%$- /+, 4% $%+7 3#0'

 !$-0> 02% 34-%$5%7 "+!, +0 02% A!,A- /3$$%-.3,7- 03 02% 3.0!/+6 /+5!0@ 63--%- +0 02!- %C!-G

-!3, 6!,% <3$ 02% /3#.6%7 8EF .#6-%' 82% 1+5%"#!7% 3< 89 +0 ('LM8EF -231- 1+5%"#!7%

63--%- 3< 8.5 cm−1
' Q, +77!0!3,> 4@ 7$+1!," + *+#--!+, ?0 /3$$%-.3,7!," 03 02% !,23C3"%G

,%3#- 4$3+7%,%7 6+-!," 0$+,-!0!3, !,03 02% "+!, /#$5% 7!+"$+C + ,%0 "+!, 3< 5 cm−1
/3#67 4%

34-%$5%7 1!023#0 /3,-!7%$!," 02% /3,?,%C%,0 <+/03$' J302 5+6#%- +$% /3,-!-0%,0 1!02 02%

+435% .$%-%,0%7 "+!, %-0!C+0!3, !,/6#7!," 02% /3,?,%C%,0 <+/03$' 82% 1+5%"#!7% 63--%- !,

8( +$% 8.3 +,7 7.7 cm−1
<3$ 02% C%+-#$%7 %C!--!3, 6!,%- +0 9'NO +,7 ('DM8EF> $%-.%/0!5%6@'

R+00%$ C37% -.+/!," !- /3,-!-0%,0 1!02 02% 5+6#%- .$%-%,0%7 !, 8+4' &'9' Q, 02% /+-% 3< 8(

+ /3$$%/0 5+6#% <3$ 02% ,%0 "+!, 1+- 2!,7%$%7 4@ 02% 7%<3$C%7 "+!, -.%/0$+ -2+.%' 82!-

2+C.%$%7 + *+#--!+, ?0 6!A% 73,% <3$ 89 12!/2 !- %--%,0!+6 <3$ 02% 7%0%$C!,+0!3, 3< 02!-

5+6#%'

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

B66 $%-#60- .$%-%,0%7 +435% 1%$% C%+-#$%7 +,7 /+6/#6+0%7 #-!," -!,"6% .+-- -!",+6 7+0+'

Q, 02!- 1+@ 02% /3C4!,%7 "+!,S63-- /2+$+/0%$!-0!/- !, 02% -0$#/0#$% /3#67 4% 7%0%$C!,%7'

J#0 "+!, +,7 $%7#/%7 63--%- /+,,30 4% -%.+$+0%7'  #$02%$> !, 02!- 1+@ 02% 7@,+C!/- 3<

!,!0!+0%7 6+-!," /+,,30 4% 34-%$5%7' 83 340+!, 02!- !,<3$C+0!3, C#60!.+-- 7+0+ !- ,%%7%7'

T5%$@ 8EF -%%7 .#6-% /3#.6%7 03 02% 6+-%$U- 1+5%"#!7% !- .+$06@ $%V%/0%7 +0 02% %,7

<+/%0-' 82!- 6%+7- 03 C#60!.6% $3#,7G0$!. -!",+6- 12!/2 C+,!<%-0 02%C-%65%- +- 7%6+@%7

.#6-%-' I!,/% 02%-% .#6-%- -#-0+!, /+5!0@ "+!, +,7 63--%- C3$% 02+, 3,/% 02%@ -231 7!W%$G

99D



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +,!-./#$$%-0 1%2%-1%-/3 45 06% 7$80 $4#-190$!2 8!"-,: ;!06!- <,= >? ,-1 <@=

>('

%-0 82%/0$, ,-1 /#$$%-0 1%2%-1%-/3 !- $%82%/0 04 %,/6 406%$' A8 B%-0!4-%1 !- 8%/0!4- &')'(

06% ,00,/6%1 !-/4#2:!-" 420!/8 <:%-8 ,-1 ;,C%"#!1% /4#2:%$= 42%- 8:!"60:3 06% /,C!03' >6!8

6,8 8%C%$,: !B2,/08 4- 06% 0$,-8B!88!4- ,-1 B41#:,0!4- 8!"-,:8'  !$80D !0 $%1#/%8 06% $%9

E%/0!C!03 ,0 06% 5,/%0 ;6%$% 06% ,11!0!4-,: 420!/,: /4B24-%-08 ,$% ,00,/6%1 ,-1 $%8#:08

!- , ;%,F%$ $4#-190$!2 8!"-,: 45 06% /4#2:%1 >GH ;,C% ,-1 , 8:!"60:3 !-/$%,8%1 06$%869

4:1 /#$$%-0

(

∼ 20A/cm−2
)

!8 4@8%$C%1 54$ @406 :,8%$8' A8 , /4-8%I#%-/% 06% B#:0!2,88

",!-./#$$%-0 /6,$,/0%$!80!/8 :44F8 1!J%$%-0 5$4B 06,- 864;- !-  !"' &'?K' >6% /4$$%824-19

!-" ",!-./#$$%-0 /#$C%8 54$ 06% 7$80 $4#-1 0$!2 8!"-,:8 ,$% 864;- !-  !"' &'()' L4B2,$%1

04 06% 8!-":% 2,88 8!"-,:8 ",!- ,22%,$8 ,0 B#/6 6!"6%$ /#$$%-08 <IT1,threshold,3passes =

150mAD IT2,threshold,3passes = 300mA=' >6!8 @%6,C!4$ "%08 /:%,$ !5 06% :,8!-" /4-1!0!4-

(gain > losses)D 1!$%/0:3 2$4@%1 @3 06!8 %M2%$!B%-0D !8 0,F%- !-04 /4-8!1%$,0!4-' N%:4;

06% 06$%864:1 :%C%: 06% /4#2:%1 >GH ;,C% %M2%$!%-/%8 ",!- @#0 :488%8 ,8 ;%::' O!064#0

5#:7::%1 :,8!-" /4-1!0!4- :,00%$ %J%/0 14B!-,0%8 ,-1 06% 8!"-,:8 1%/$%,8% ,50%$ %,/6 2,88

,-1 82%/0$,::3 86,2%8' >6!8 864;8 06% !-/$%,8%1 06$%864:1 /#$$%-0 54$ 06% 4@8%$C%1 B419

#:,0!4- 8!"-,:' >6!8 B%/6,-!8B ,-1 0%-1%-/3 /,$$!%8 4- #-0!: ,50%$ , 8%$!%8 45 $4#-190$!28

06% /#$$%-0.",!- /6,$,/0%$!80!/ 45 06% B41#:,0!4- 8!"-,:8 86,2%8 %I#,::3 /4B2,$%1 04 06%

:!"609/#$$%-0 <P9Q= /#$C%8 < !"' &'?R= 45 06% /4$$%824-1!-" SLP' T-1%$ 06!8 /4-1!0!4- 79

-,::3 06% :,8!-" /4-1!0!4- !8 5#:7::%1' U!-/% 06% 5,/%0 $%E%/0!C!03 ,-1 B41% 2$47:% !8 B480:3

#-F-4;- 06% C,:#%8 !-  !"' &'() /,- 4-:3 @% "!C%- !- ,$@!0$,$3 #-!08'

A2,$0 5$4B 06!8 :,8!-" /4-1!0!4- 06% ,@4C% 1%8/$!@%1 %J%/0 /,- 4-:3 @% %M2:,!-%1 @3 ,-9

406%$ %J%/0 2$%8%-0 !- :,8%$ 044' O6%- :,8!-" 42%$,0!4- 80,$08 , 80,-1!-" %:%/0$!/ 7%:1 ;,C%

2,00%$- !8 54$B%1' >6!8 $%8#:08 !- , 8%/4-1 4$1%$ "$,0!-" < !"' &'(R=' Q- 06% -41%8 ;6%$%

06% %:%/0$!/ 7%:1 45 06% 80,-1!-" ;,C% !8 H%$4 06% 5#:: ",!- !8 ,C,!:,@:% 54$ 06% ,B2:!7/,0!4-

45 06% 0$,-8B!00%1 >GH 8%%1 2#:8%' Q- 06% ,-0!-41%8 06% 8!0#,0!4- !8 C!/% C%$8,' G%$% 06%

80$4-" :4/,: %:%/0$!/ 7%:1 C%/04$ /4#2:%8 04 06% 420!/,: 0$,-8!0!4- ,-1 !8 ,B2:!7%1 :%,1!-"

04 , ",!- /:,B2!-"' >6!8 %J%/0D ,:84 /,::%1 :4-"!0#1!-,: 82,0!,: 64:% @#$-!-" <PUGN= V?R)WD

6,8 , 1!$%/0 !B2,/0 4- 06% :4/,: $%5$,/0!C% !-1%M 1!80$!@#0!4-' PUGN /,- @% B%,8#$%1

@3 0$,-8B!00!-" , @%,B 2%$2%-1!/#:,$ 04 06% :,8%$X8 ;,C%"#!1% ,-1 /4B2,$!-" !0 ;!06 ,

???



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +,-%.% /0 1-% 2/,32 4/5%$ !61%67!18 9!71$!:#1!/6 /0 3 ;<= 53>%"#!9% :%2/5

?3@ 369 3:/>% 1-$%7-/29 ?:@ ,#$$%61 ?+AB7%%9 4#27%C DEB:3,F53$9 53>%C

GEB1$367.!11%9 53>%@'

$%0%$%6,% 5-!,- $%H%,17 1-% $%0$3,1!>% !69%I 4311%$6' +!6,% 1-% .%1322!, 1/4 ,/613,17 /0 1-%

;<=7 4$%>%61 7#,- .%37#$%.%61 3 !69!$%,1 4$//0 /0 =+JD !7 ,/67!9%$%9'

 !"#$% &'(K'* L41!,32 7,-%.% /0 1-% GJM 7!"6327 1$367.!11%9 1-$/#"- 3 ;<= 53>%"#!9%

?N+* .3!6 7!"632C OG+* $/#69 1$!4 7!"632C ∆T $/#69 1$!4 1!.%@'

 /$ 1-!7 4$//0C 1-% $/#69P1$!4 7!"6327 !6 GQ ? !"' &'(&@ 369 G( ? !"' &'(R@ 3$% .%37#$%9'

S6 !22#71$31!/6 /0 1-%7% 9%238%9 $/#69P1$!4 7!"6327 !6 1-% GJMP;<= 53>%"#!9% !7 7-/56

!6  !"' &'(K' +#:7%T#%61 1/ 1-% .3!6 7!"632 1-% !61%$632 $%H%,1!/67 3$% 7%67%9 5-!,- 3$%

9%238%9 :8 .#21!42%7 /0 1-% $/#69P1$!4 4%$!/97'  /$ 1-% #7%9 237%$7 1-%7% 7!"6327 3$% 9%238%9

:8 ∼ 47.5 ps 369∼ 38.9 ps 0/$ GQ 369 G(C $%74%,1!>%28' E!1-/#1 $%0$3,1!>% !69%I "$31!6"

1-%7% $/#69P1$!4 7!"6327 7-/#29 :% U#71 3 1!.% 9%238%9 $%42!,3 /0 1-% 7!6"2% 4377 7!"6327' V6

1-!7 ,37% ,-36"%7 ,36 .3!628 /,,#$ 9#% 1/ 74%,1$32 ,-36"%7 :8 1-% 53>%"#!9% 2/77%7 369

"3!6 731#$31!/6 %W%,17' +!6,% 1-% 4%3F %2%,1$!, X%29 !6 1-% %I4%$!.%617 4$%7%61%9 -%$% !7

03$ :%2/5 1-% 6/6P2!6%3$ $%"!.% (ETHz < 100V/cm) 2311%$ %W%,1 !7 6/1 %I4%,1%9'  #$1-%$C

!0 2!6%3$ ,-36"%7 2!F% 53>%"#!9% 2/77%7 /,,#$ 1-% 7!"632 7-/#29 6/1 ,-36"% !17 9%238 "!>%6

:8 1-% $/#69P1$!4 1!.%'

G-!7 !7 6/1 1-% ,37% 0/$ 1-% .%37#$%9 7!"632 1$3,%7 ?7%%  !"' &'(& 369  !"' &'(R@ ' G3F!6"

QQ(



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'(&') *+#,- .$!/ 0!",120 .3$+#"3 45' 617 8 /100%09 6:7 ; /100%0 1,- 6<7 = /100%0

60!",120 1$% 2+>/100 ?2.%$%- fG = 3.5THz7'

.3% /+0!.!+, +@ .3% A1B!A#A %2%<.$!< ?%2- 1A/2!.#-% +@ .3% A1!, +0<!221.!+, @$%C#%,<D 1,

1--!.!+,12 -%21D /%$ $+#,-E.$!/ +@ ∼ 9 ps 1,- ∼ 3.5 ps +<<#$0 @+$ 45 1,- 4(9 $%0/%<.!F%2D'

G/1$. @$+A .3% <31,"%- "1!,H<#$$%,. <31$1<.%$!0.!<0 +@ .3% ?$0. !,.%$,12 $%I%<.%- 0!",12

6 !"' &'(87 .3!0 1--!.!+,12 -%21D !0 1, %F!-%,<% +@ .3% %B!0.%,<% +@ JKLM !, .3% NOJ0'

P, .3% @+$A%- "$1.!," .3% 4LQ /#20% !0 /1$.2D :1<R 0<1..%$%- 1. %F%$D ,+-%H1,.!,+-%

+/.!<12 !,.%$@1<%' G/1$. @$+A .3!0 -%21D .3%0% A#2.!0%<.!+, $%I%<.!+,0 !, .3% NOJ 31F%

1,+.3%$ !A/1<. +, .3% 0!",12 031/%' S#% .+ .3% +/.!<12 "$1.!," .3% 0.$#<.#$%T0 +/.!<12

/$+/%$.!%0 "%. %B.$%A%2D @$%C#%,<D 0%2%<.!F%' 43% <+,0%C#%,<% +@ .3!0 !0 !22#0.$1.%- !,

.3% $+#,-E.$!/ ?"#$% 0%C#%,<% +@ 45 6 !"' &'(&7' K.1$.!," @$+A .3% 0!,"2% /100 0!",12

6 !"' &'5&7 .3% 031/% +@ .3% A+-#21.!+, 0!",12 <31,"%0'  !$0.9 0/%<.$12 <+A/+,%,.0 -!%

+U :D @$%C#%,<D 0%2%<.!F% 1A/2!?<1.!+, 1,- 2+00%0' K%<+,-9 @$%C#%,<D 0%2%<.!F% 0<1..%$!,"

!, .3% 210%$ $%0+,1.+$ 31//%,0' 43%0% .>+ %U%<.0 1$% $%0/+,0!:2% @+$ .3% 0!",12 031/!,"'

G@.%$ 8 /100%0 .3% 4LQ 0!",12T0 6 !"' &'(&17 2+> @$%C#%,<D <+A/+,%,.0 $%21.%- .+ $%-#<%-

2+00%0 1,- 1:0+$/.!+, F1,!03%- A+0.2D' 43% +$!"!,122D 2+," -%<1D!," +0<!221.!+, @+$A0 1

0DAA%.$!< :#::2% 031/%- 0!",12 >3!<3 !0 2+,"%$ .31, .3% +$!"!,12'  #$.3%$9 -#% .+ .3%

JKLM .3!0 2%1-!," /1$. !0 @+22+>%- :D 1 <> 4LQ >1F% >!.3 <+,0.1,. 1A/2!.#-%' 43!0

/$+<%00 !0 $%/%1.%- 1,- .3% +0<!221.!+, 2%,".3 "%.0 2+,"%$ 1,- 2+,"%$' G2$%1-D 1@.%$ =

558



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +,#-. /$!0 1!"-231 /4$,#"4 5( 26/%$ 728 9 0211%1 2-. 7:8 ; 0211%1'

0211%1 /4% ,$!"!-23 /$2-1<!//%. 5=> 0#31% 6,$<%. 2 <,$% /42- 30 ps 3,-" ,1?!332/!,- @4!?4

!1 4%2.%. 2-. 6,33,@%. :A 2 321/!-" ?@ 5=> @2B%'

C02$/ 6$,< /4% !-.!?2/!,- ,6 DE=F !- /4% GHD1I /4% %B,3#/!,- ,6 /4!1 ?@ @2B% ?2-

:% !-/%$0$%/%. 21 1/2$/!-" 321!-" 2?/!B!/!%1'  ,$ /4% 1!-"3% 0211 5=> 0#31% /4% 2?/!B% >,-%

0$,B!.%1 /4% 32$"%1/ 2B2!32:3% "2!- !- /4% 1/$#?/#$%' +%1#3/!-" !- 2 B%$A 621/ $!1!-" 1!"-23

2<03!/#.% 6,33,@%. :A 2 3,-" .%?2A' C6/%$ 0211!-" /4% %-. 62?%/ /4% /4% @2B% 0$,02"2/%1

:2?J /4$,#"4 2 02$/3A .%03%/%. $%"!,- @4!?4 421 1/!33 -,/ K-!14%. !/1 3,?23 "2!- $%?,B%$A

0$,?%11'  ,$ /4% :2?J 0$,02"2/!-" 5=> 0#31% /4!1 <%2-1 /42/ 6,$ /4% 3%2.!-" 02$/1 -, 6#33

"2!- !1 2B2!32:3% :#/ /4% ,-L",!-" "2!- $%?,B%$A 0$,?%11 2<03!K%1 ,/4%$ ?,<0,-%-/1 ,6 /4%

5=> 0#31%' E,I /4% 5=> 0#31% 1/2$/1 /, 6,$< 2 :#::3% 3%2. 2-. 6,33,@%. :A 2 ?@ @2B%'

C6/%$ %2?4 ?2B!/A 0211 /4% 5=> 0#31%M1 ?,$% 02$/ "%/1 3,-"%$ 2-. @%2J%$ #-/!3 !/ ?2--,/ :%

2-A<,$% .!1/!-"#!14%. 6$,< /4% ?@ @2B%'

N- 10!/% /, -,$<23 321%$1I @4%$% <,1/ 3!J%3A B2?##< O#?/#2/!,-1 2$% $%10,-1!:3% 6,$ /4%

!-!/!2/!,- ,6 1/!<#32/%. %<!11!,- P;(QI 4%$% /4!1 0$,?%11 !1 !-!/!2/%. :A /4% ?,#03%. 5=>

1%%. 0#31% 2?/!-" 21 1A1/%< .!1/#$:2-?%' E!-?% /4!1 1%%. 0#31% 421 J-,@- 0421% /4!1 321!-"

0$,?%11 ?2- :% .!$%?/3A ,:1%$B%. @4!?4 1/2-.1 !- ?,-/$21/ /, /4% ,/4%$ %R%?/1 @4!?4 2$%

32#-?4%. @!/4 $2-.,< 0421%'

54% $,#-.L/$!0 1!"-231 14,@ 2-,/4%$ !-/%$%1/!-" .%/2!3'  $,< /4% 1!-"3% 0211 1!"-23 /4%

"2!- ?#$B% ?2- :% .%/%$<!-%. @4!?4 !1 !<0,$/2-/ 6,$ /4% .%B%3,0<%-/ ,6 2 5=> 1%<!?,-L

.#?/,$ 0#31% 2<03!K%$' F#/ 6,$ $%.%1!"- !11#%1 ,6 5=>LGHD1 !/ !1 ,6 "$%2/ !-/%$%1/ /, J-,@

/4% $%23 "2!- 1420% 6,$ /4% <#3/! $,#-.L/$!0 1!"-231' S10%?!233AI /4!1 !-6,$<2/!,- ?2--,/

:% ,:/2!-%. :A %<!11!,- 10%?/$,1?,0A ,$  5LN+' D2//%$ <%21#$%1 /4% ?#<#32/!B% 1!"-23

2-. ?2--,/ 0!?J ,#/ 2 ?%$/2!- /!<% @!-.,@ /, <2J% /4% 1!"-23 .A-2<!?1 B!1!:3%' C1 !- 233

321%$1 /4% ?2B!/A 3%-"/4 .%/%$<!-%1 /4% <,.% 102?!-" 2-. /4% 321!-" ?,-.!/!,- .%K-%1 @4!?4

<,.%1 2$% 233,@%.' S10%?!233AI !6 /4% <,.% 102?!-" !1 32$"% !/ ?2- 4200%- /42/ /4% "2!-

10%?/$#< .,%1 -,/ ,B%$320 @!/4 ,-3A ,-% <,.% ,$ /4%A 2$% -,/ 3,?2/%. !- /4% <2T!<#<'

U1#233A 1#?4 ?!$?#<1/2-?% !1 %T03,!/%. /, ,:/2!- 2 1!-"3% <,.% 321%$'

ST2<!-!-" /4% 10%?/$2 6$,< /4% !-.!B!.#23 /!<% @!-.,@1 !/ "%/1 ?3%2$ /42/ :,/4 GHD1

VVW



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +,%-.$/0 -12,/$!314 15 !4.%$4/0 $1#467.$!, 3!"4/0 15 8/9 :; /46 8<9 :( '

/$% 41. 1,.!2/00= 6%3!"4%6 8 !"' &'()9 1$ .>% /?/!0/<0% "/!4 3,%-.$/ 51$ .>% -1#,0%6 :@A

,$1<% ,#03% /46 .>% 0/3!4" 216% /$% 6!B%$%4.' @1C%?%$D 51$ .>% -1#,0%6 216% .>% "/!4

3,%-.$/ "%. 4/$$1C%$D 32/00%$ /46 3>!5. .1 01C%$ 5$%E#%4-!%3 8(')F:@A 51$ :; /46 ('G(:@A

51$ :(9' :>%= "%. 4/$$1C%$ 6#% .1 5$%E#%4-= 3%0%-.!?% 3-/..%$!4" 8H+@I9 /46 /0$%/6= /5.%$

F ,/33%3 .>% J4/0 "/!4 3,%-.$/ 51$ .>% -1#,0%6 216% !3 %3./<0!3>%6'

K3 !3 3>1C4 !4  !"' &'() .>% 3,%-.$/0 /2,0!.#6% /5.%$ %/-> $1#46.$!, 6%-$%/3%3' K3

14% C1#06 -12,0/!4 41CD .>!3 3./463 !4 -14L!-. C!.> .>% %M,%-.%6 -14.!4#1#30= /2,0!J%6

3!"4/0 C>13% /2,0!.#6% 3>1#06 $!3% 1$ 3./= -143./4.' :>% %M,0/4/.!14 51$ .>!3 /$.!5/-. !3

.$!?!/0 /46 >/3 .C1 $%/3143'  !$3.D .>% 13-!00/.!14 "%.3 014"%$ <#. C%/N%$ 6#% .1 %4%$"=

-143%$?/.!14 !4 .>% /-.!?% A14%' +1 ,/$.3 15 .>% 3!"4/0 -12,14%4.3 <%-12% >!66%4 !4

.>% 41!3% L11$' +%-146D 6#% .1 .>% ,#03% 0%4".>%4!4" 3!"4/0 -12,14%4.3 <%-12% 01-/.%6

1#.3!6% 15 .>% 2%/3#$%6 .!2% C!461C C>!-> !3 0!2!.%6 6#% .1 3=3.%2 6$!5. 6#$!4" .>%

2%/3#$%2%4.'  #$.>%$D /5.%$ / 5%C ,/33%3 .>% 3!"4/03 -/441. <% /4= 21$% 3%,/$/.%6 <=

.!2% C!461C3 <%-/#3% .>%= 1?%$0/,' :>%3% -!$-#23./4-%3 ,$%?%4. / ,$1,%$ 6%.%$2!4/.!14

15 .>% "/!4 3,%-.$/ ->/$/-.%$!3.!- /3 / 5#4-.!14 15 .>% 3!"4/0 ,/33%3'

 !"!"! #$%&'()* *+,+')'+-./ &)0/%1 23 '4%(,)**3 )&'+5)'%1 )2/-($'+-.

:>% 216#0/.!14 3,%-.$13-1,= .%->4!E#% !4.$16#-%6 /46 3#--%335#00= /,,0!%6 !4 .>!3 C1$N

%4/<0%6 .>% 2%/3#$%2%4. 15 .>% $%/0 "/!4 !4 :@A7OPH3' Q. ,$1?!6%3 51$ .>% J$3. .!2%

/4 !43!">. ?!%C !4 .>!3 6!R-#0. 6%?!-%3 /46 .>%!$ ,>=3!-3' K3 %M,0/!4%6 /<1?% 3!2,0%

14S1B .$/432!33!14 %M,%$!2%4.3 C1#06 41. >/?% <%%4 /<0% .1 ,$1?!6% .>% ,$%3%4.%6 6/./'

K,/$. 5$12 .>% ,$1<0%23 C!.> .>% 0!2!.%6 6=4/2!- $%3%$?% .>% .%2,%$/.#$% -146!.!143

C1#06 ,$%?%4. ,$1,%$ 6/./ ,$1-%33!4" 6#% .1 .>%$2/00= !46#-%6 ->/4"%3 !4 .>% !4?10?%6

2/.%$!/03'

I#. .$/432!33!14 2%/3#$%2%4.3 2/6% !4 14S1B 216% -/4 ,$1?!6% >%0,5#0 6/./ /46 !47

51$2/.!14 /<1#. .>% 1,.!-/0 ,$1,%$.!%3 15 .>% OPHT3 /-.!?% A14% /46 !.3 C/?%"#!6%'  1$

!43./4-% !4 .>!3 C/= .>%$2/00= /-.!?/.%6 /<31$,.!14 2%->/4!323 -/4 <% 1<3%$?%6 /46 E#/47

.!J%6' :>!3 !451$2/.!14 C1#06 <% 15 "$%/. !4.%$%3. 3!4-% :@A7OPH3 /$% 0!2!.%6 .1 -$=1"%4!-

;;F



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

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

'&%# 5"' T ≈ 77K6 % !#"0"'% %1"#7$..8 $**&*%") )"! !4.$%& '  9 &'0"#*& '+ :8 ( 7!$#&'5

%1" $/* #!%& ' )$%$  /%$&'") $% 0$#& 4* %"7!"#$%4#"* 9 # %1" $(%&0$%") $') *;&%(1")  <

)"0&(" %1" #"$. )"0&(" %"7!"#$%4#" ($' /" )"%"#7&'")+

=8!&($..8 &' "7&**& ' *!"(%# *( !8 "-!"#&7"'%*  9 >?@* %1" 1"$% *&'A %"7!"#$%4#" &*

*%$%") $* )"0&(" %"7!"#$%4#"+ :4% )4" % %1" )&*%$'(" /"%;""' %1" %"7!"#$%4#" *"'* #

 9 %1" (#8 *%$% ( .) B'5"# $') %1" 7 4'%") .$*"#C %1" %"7!"#$%4#" ( ')&%& '*  ' / %1

!.$("* $#" )&<"#"'%+ D'.8 &' !4.*")  !"#$%& ' 7 )" $') $% *7$.. )4%8 (8(."* %1" 1"$% *&'A

%"7!"#$%4#" ( ##"*! ')* 7 #"  # ."** ;&%1 %1" )"0&(" %"7!"#$%4#"+ :4% *4(1  !"#$%& '

( ')&%& ' &* 9$# $;$8 9# 7 %1" (;  !"#$%& ' '"")") 9 # ( 77"#(&$. $!!.&($%& '*+

= $'$.8E" %1" %1"#7$..8 &')4(") (1$'5"* %1" .$*"# =F ;$* *"."(%") $') &'*%$..") &' $

%"7!"#$%4#" ( '%# ..") .&34&) 1".&47 (  .") (#8 *%$%+ =1" =GE !4.*" ( 4!.&'5 ;$* 7$)"

/8 $' $!"#%4#" $') $ ."'* $* "-!.$&'") $/ 0"+ =1" *!"(%#$. (1$'5"* &' %1" .$*"#H* ;$0"54&)"

;"#"  /%$&'") /8 !4.*" %#$'*7&**& ' &' %1" %"7!"#$%4#" #$'5" IJKLLM+ N&'(" 7$&'.8 %1"

(1$'5"* ( ##".$%") ;&%1 %"7!"#$%4#" &'(#"$*" ;"#"  9 &'%"#"*%C %1" $/* #!%& ' ;$* "0$.4$%")

#".$%&0".8 4*&'5 %1" 9 #74.$

α (ω, T ) = −2 ·
ln

(

EQCL(ω,T )
EQCL,off (ω,5K)

)

LWG
, 2O+FF6

;1"#" E (ω, T ) &* %1" "."(%#&( B".) *!"(%#$. $7!.&%4)"*  9 %1" 7"$*4#") %#$'*7&%%") =GE

!# /" !4.*" 7"$*4#") $% IM $') LWG &* %1" ."'5%1  9 %1" =GEJ>?@ ;$0"54&)"+ =1" =GE

!4.*" *!"(%#47 EQCL,off (ω, 5K) 9 # %1" &'$(%&0" )"0&(" $% IM ;$* %$A"' $* #"9"#"'("+

P' *4(1 #"!#"*"'%$%& ' %1" &'(#"$*"  # )"(#"$*"  9 %1" . **"* &' %1" .$*"# ;$0"54&)" $#"

#"!#"*"'%") )&#"(%.8 J %1" #")4(")  # &'(#"$*") 5$&' ;&%1 #"*!"(% % %1" ( ')&%& '* $% IM

&* !#"*"'%") $* &'(#"$*")  # )"(#"$*") $/* #!%& ' &' %1" *!"(%#47 #"*!"(%&0".8+

=1" %"7!"#$%4#" )"!"')"'("  9 %1" $/* #!%& ' &' %1" =GEJ>?@ ;&%1 4% $!!.&") /&$* &*

*1 ;' &' Q&5+ O+KL$+ Q # %1" 4'/&$*") .$*"# %1" . **"*  9 %1" ;$0"54&)" $% IM $#" $.7 *%

9#"34"'(8 &')"!"')"'% $') ;"#" "*%&7$%") % /" 8 ± 1 cm−1
+ =1&* 0$.4" &* &' #"$* '$/."

$5#""7"'% ;&%1 %1$% ($.(4.$%") 9 # %1" 5&0"' =GEJ>?@ )"*&5' RFKOC FSST $') &* $**&5'") % 

U#4)" $/* #!%& ' &' %1" >?@ $(%&0" #"5& 'C ) !") ( '%$(% .$8"#* $') %1" % ! ;$0"54&)"

7"%$..&E$%& '+ =1" $/* #!%& ' &'(#"$*"* ;&%1 #&*&'5 1"$%*&'A %"7!"#$%4#"+ P' %1" 4'/&$*")

($*" %1" 1"$%*&'A $') )"0&(" %"7!"#$%4#"* $#" ( '*&)"#") % /" "34$.+ =1"  '*"%  9 %1"

$/* #!%& ' &*  /*"#0") $% $ %"7!"#$%4#"  9 $/ 4% ILM+ ,/ 0" %1&* %"7!"#$%4#" $' $/* #!J

%& ' 9"$%4#" ("'%"#") $% $/ 4% K=GE $!!"$#*+ :8 &'(#"$*&'5 %1" .$*"#H* %"7!"#$%4#" %1&*

$/* #!%& ' /$') 5"%* *%# '5"# $') /# $)"'* 7$&'.8 % ;$#)* . ;"# "'"#5&"*+ ,% FILM %1"

($.(4.$%") $/* #!%& ' ( "V(&"'% $% K+F=GE &* ∼ 32 cm−1
;1&(1 &* %1" 7$-&747  /*"#0$/."

0$.4" )4" % %1" )8'$7&( #$'5"  9 %1" 7"$*4#"7"'% 2$% 5&0"' 9#"34"'(86+ =1"  #&5&'  9

%1&* $/* #!%& ' /$') &* )&*(4**") .$%"# &' )"%$&.+

>4$'%&%$%&0".8C %1" %"7!"#$%4#" )"!"')"'("  9 %1" $/* #!%& ' α (ω, T ) $% %1" K+F=GE

$/* #!%& ' !"$A &* *1 ;' &' $' ,##1"'&4* !. % 2Q&5+ O+WX6+ Y*&'5 %1" #".$%& '

FFO



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +$$,%-!#. /012 13 2,% 45.1$/2!1- 3%42#$% 42 6'789:'

α (ω, T ) ∝ exp

(

− ∆Ea

kB · T

)

, ;&'7(<

=,%$% ∆Ea !. 2,% 4>2!?42!1- %-%$"@A kB !. 2,% B102:C4- >1-.24-2 4-D T !. 2,% D%?!>%

2%C/%$42#$%A 4- 4>2!?42!1- %-%$"@ 13 2,!. 45.1$/2!1- 3%42#$% 13 7('EC%F !. 1524!-%D'

8,% !->$%4.% 13 2,% 1/%$42!1-40 2%C/%$42#$% 451?% 7GGH !. 4..1>!42%D 40.1 =!2, 4-

!->$%4.% 13 2,% 45.1$/2!1- 1?%$ 2,% =,10% 15.%$?%D 3$%I#%->@ $4-"%A 4. 4 $%.#02 13 2,%

45.1$/2!1- 5@ 2,%$C400@ 4>2!?42%D 3$%% >4$$!%$.' +- 4>2!?42!1- %-%$"@ 13 2,% 1$D%$ 13 G'7J %F

!. %.2!C42%D 31$ 2,!. /$1>%..'

K%4.#$%C%-2. 31$ 2,% 89:LMNO 5!4.%D 42 2,% >1-D!2!1- 13 2,% C4P!C#C 89: 1#2/#2

/1=%$ ;QR6JGC+< =%$% 40.1 /%$31$C%D' 8,% MNO =4. D$!?%- 5@ Sµ. 01-" >#$$%-2 /#0.%.

=!2, 4 D#2@ >@>0% 13 ∼ 15%' Q-  !"' &'6G5 2,% 2%C/%$42#$% D%/%-D%->% 13 2,% =4?%"#!D%

01..%. !- 2,% 4>2!?% D%?!>% 4$% .,1=-' +. 5%31$% 2,% ./%>2$#C 13 2,% !-4>2!?% D%?!>% C%4L

.#$%D 42 TH =4. 24U%- 4. $%3%$%->%' +0$%4D@ ,%$% D!V%$%->%. D#% 21 2,% "4!- >%-2%$%D

42 ('JS89: >4- 5% 15.%$?%D' 8,1.% >,4-"%. "%2 C#>, C1$% /$1-1#->%D 5@ 5#!0D!-" 2,%

D!V%$%->% 5%2=%%- 2,% 1524!-%D ./%>2$4'

W!->% 400 45.1$/2!1- ./%>2$4 =%$% D%$!?%D 5@ 2,% .4C% $%3%$%->% 2,%@ >4- 5% .#52$4>2%D

=!2,1#2 $%.2$!>2!1-.' 8,!. !. .,1=- !-  !"' &'6G>' 8,% "4!- !. 15.%$?%D 42 2,% 3$%I#%->@

13 ∼ 2.87THz 4. !-D!>42%D 5@ 2,% -%"42!?% /%4U !- 2,% ./%>2$4 1524!-%D 42 T 4-D (TH'

+2 ,%42 .!-U 2%C/%$42#$%. 451?% TGH 2,% "4!- D!.4//%4$. 4-D 2,% D!V%$%->% ./%>2$4 .,1=

4DD!2!1-40 01..%. ;/1.!2!?% /%4U. 42 ('JS 4-D 6'789:<' W!->% 2,% 45.1$/2!1- !->$%4.%.

=!2, 2,% 2%C/%$42#$%A 2,% 15.%$?%D 4DD!2!1-40 01..%. 42 6'789: !-D!>42% 2,42 2,% 4>2#40

1/%$42!1- 2%C/%$42#$% !- 2,% 04.%$X. 4>2!?% $%"!1- !. ,!",%$ 2,4- 2,% ,%42 .!-U 2%C/%$42#$%'

Y% ,4?% %.2!C42%D 2,%.% 2%C/%$42#$% D!V%$%->% #.!-" ZI' &'7( 4-D 4- 4>2!?42!1- %-%$"@

13 7('EC%F' B%2=%%- (T 4-D TGHA 2,% 2%C/%$42#$% 13 2,% MNOX. 4>2!?% $%"!1- !. 451#2 7TL

(GH ,!",%$ 2,4- 2,42 13 2,% ,%42.!-U' 8,!. D!V%$%->% !. !00#.2$42%D !-  !"' &'674' W!C!04$

[-D!-". =%$% /$%.%-2%D 31$ 4 >1C/4$450% 89:LMNO =!2, 4 .#$34>% /04.C1- =4?%"#!D% 5@

F!2!%001 %2 40' #.!-" C!>$1 /,1210#C!-%.>%->% C%4.#$%C%-2. \7ET]' +2 ,!",%$ 2%C/%$42#$%.

2,% D!V%$%->% 5%2=%%- 2,% 4>2!?% $%"!1- 4-D 2,% ,%42 .!-U !->$%4.%. #/ 21 6TLEGH 42 JGH'

77S



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$% &'()'* +%,-%$./#$% 0%-%10%1/ /$.12,!22!31 .423$-/!31 2-%5/$. 63$ 7.8 9:; 3<= 748

9:; 31 .10 758 5>.1"% !1 />% .423$-/!31 /$.12,!22!31 2-%5/$. 7/>% ?"#$%2

.$% 3<2%/ 63$ 5@.$!/A8'

+>!2 "!B%2 . $%.@ 0%B!5% /%,-%$./#$% 36 CCDECF)G' H%A310 />!2 /%,-%$./#$% />% 0!<%$%15%

.--.$%1/@A 0$3-2 .10 B.1!2>%2 ./ CD)G 7 !"' &'(C48' I%.231 63$ />!2 342%$B%0 0$3- !2 />%

.43B% ,%1/!31%0 @!,!/./!31 4A />% 2!"1.@ 0A1.,!5 $.1"% .10 ->3/31 .22!2/%0 25.//%$!1" 36

%@%5/$312 !1/3 />% 531/!1##,' ;.//%$ .$% !1 531/$.2/ J!/> />% 342%$B%0 4$3.04.10 %<%5/'

K3J%B%$= !1 -$!15!-@% J% 53$$%@./% !/ J!/> />% $3@@E3< 36 />% +KLE9:; 3#/-#/ -3J%$ MC(&N'

+>% 342%$B%0 />%$,.@@A .5/!B./%0 3-/!5.@ .423$-/!31 5.1 4% %O-@.!1%0 4A . />$%% %1%$"A

@%B%@ ,30%@ 7 !"' &'(F.8' P1 />!2 ,30%@ %@%5/$312 .$% @35./%0 ./ />% @3J%2/ @%B%@ C .10 />%

3-/!5.@ /$.12!/!31 FE( >.2 .1 %1%$"A 36 CF'Q,%R' S!/> !15$%.2!1" /%,-%$./#$%= />% ,!00@%

%1%$"A @%B%@ F !2 -3-#@./%0 4A %@%5/$312 6$3, @%B%@ C .10 />#2 />% 3-/!5.@ /$.12!/!31 FE(

4%53,%2 .5/!B%= /33' T2 />% -32!/!31 36 />% !10!B!0#.@ %1%$"A @%B%@2 0%-%102 31 />% .--@!%0

%@%5/$!5 ?%@0= />% 4!.2%0 .10 #14!.2%0 9:; 2>3#@0 %O>!4!/ 0!<%$%1/ 3-/!5.@ /$.12!/!312' +>%

!1/$.4.10 /$.12!/!312 3$!"!1 5.1 4% $#@%0 3#/ .@23 0#% /3 />% .5/!B% $%"!31 0%2!"1 !1 J>!5>

/>% %1%$"A J!0/> 36 />% !1U%5/3$ 2/$#5/#$% 2#44.10 VCF,%R= J>!@% />% ?$2/ .10 2%5310

2#44.102 .$% 2%-.$./%0 4A CW,%R' H#/ 2!15% />% 342%$B%0 .423$-/!31 6%./#$% .--%.$2 ./

/>% 2.,% J.B%@%1"/> !1 43/>= 4!.2%0 .10 #14!.2%0= 5.2%2 !/ -$3B%2 />./ />% 3$!"!1 36 />%

.423$-/!31 !2 13/ 23@%@A $%@./%0 /3 />% %1%$"A @%B%@2 !1 />% 2/$#5/#$%'

+>!2 />%$,.@@A .5/!B./%0 .423$-/!31 -$35%22 5.1 4% %O-@.!1%0 4A />% -$%2%15% 36 2!@!531

CCW



 !"! #$%&'&() *'$+,(- $. )&'/%&')0 12/()23 4/54/6& 7/5&'5

 !"#$% &'()'* +,- ./01,$!2/3 /4 5%01%$,5#$% 6%1%36!3" ,72/$15!/3 !3 8.9 :) 2;!5<=%6

/3 ,36 />' +7- ?35%$3,@ 5%01%$,5#$% 6!>%$%3<% /4 /1%$,5%6 8.9 </01,$%6

5/ =%,52!3A 5%01%$,5#$%'

 !"#$% &'(B'* +,- :=$%% 25,"% 0/6%@ 4/$ 5=%$0,@@C ,<5!D,5%6 @/22%2 ,36 +7- </3E"#$,5!/3

<//$6!3,5% 6!,"$,0 /4 2!@!</3 6/3/$2 !3 , F,G2 H#,35#0 ;%@@' +) I 1=/3/3

2<,55%$!3" /4 %@%<5$/32 /3 5=% %3%$"C @%D%@J B I <,15#$% /4 %@%<5$/3 /3 5=%

6/3/$ 6%4%<5 2!5%J ( I /15!<,@ 5$,32!5!/3 4$/0 5=% 6/3/$ 5/ 5=% =%5%$/25$#<5#$%

%3%$"C @%D%@-' :=% /15!<,@ 5$,32!5!/3 ) ;!6%32 5/;,$62 5=% @/; %3%$"!%2 ;!5=

!3<$%,2!3" 5%01%$,5#$% 6#% 5/ 5=% 1=/3/3 2<,55%$!3"'

6/3/$2 !3 5=% H#,35#0 <,2<,6% 25$#<5#$%' ?3 5=% :KLI8.9 =%5%$/25$#<5#$% /4 @,2%$ :)

5=% 2!@!</3 6/1!3" !2 1@,<%6 !3 5=% )B 30 5=!<A H#,35#0 ;%@@ !3 5=% Al0.15Ga0.85As/GaAs

=%5%$/25$#<5#$% M)N&O' :=% ,<5!D,5!/3 %3%$"CP </$$%21/36!3" 5/ 5=% /15!<,@ 5$,32!5!/3 Si1s →
GaAsE1

QW P !2 ,7/#5 )B'Q0%R' :/ %S1@,!3 5=% /72%$D%6 ,72/$15!/3 !3 5=% :KLI8.9 ,36 !52

5=%$0,@ ,<5!D,5!/3 5=% 4/@@/;!3" <@,!0 !2 4/$0#@,5%6' :=% %3%$"C @%D%@ 25$#<5#$% /4 5=%

2!@!</3 6/3/$2 !3 5=% F,G2 </35,!32 5=% %S<!5%6 25,5% 5=,5 !2 $%2/3,35 ;!5= 5=% %3%$"C @%D%@

T) !3 5=% F,G2 H#,35#0 ;%@@ + !"' &'(B7-' ?3 5=% 3/$0,@ 25,5%P 5=% %@%<5$/32 ,$% 5=%$0,@@C

,<5!D,5%6 4$/0 5=% 6/3/$ "$/#36 25,5% ,36 $%6!25$!7#5%6 7%5;%%3 6!>%$%35 %3%$"C @%D%@2 !3

5=% </36#<5!/3 7,36' 9%5 #2 </32!6%$ 5=% %3%$"C @%D%@2 /4 5=% %S<!5%6 3%#5$,@ 6/3/$ @,C!3"

,7/#5 )B0%R ,7/D% 5=% H#,35#0 ;%@@ "$/#36 25,5%'

UC !3<$%,2!3" 5=% 6%D!<%V2 5%01%$,5#$% %@%<5$/32 ,$% /<<#1C!3" 5=% @/;%25 %3%$"C @%D%@'

 $/0 =%$% 5=%C ,$% !35%32!D%@C 1=/3/3 2<,55%$%6 ,36 <,3 ,<=!%D% %3%$"!%2 =!"= %3/#"= 5/

))W



 ! "#$%& '&%()*&+ ,'$-%./%%/(- %0&1,'(%1(02 (3 ,&'$#&',4 56$-,6. 1$%1$+& )$%&'%

 !"#$ %$! !&#'%!( )%"%! *+ %$! (*,* ) Si3f ",( %$!,  !-"& +")% %* %$!' . */,( )%"%!0 1$!

#"2%/ ! *+ %$! !-!#% *,) *, %$! (*,* )'%!) -!"() %* %3* !4!#%)0 5' )%6 %$! (!,)'%7 *+ %$!

*##/2'!( "8)* 8',. )'%!) ',# !")!) (/! %* %$! ',# !")!( !-!#% *, (!,)'%70 1$"% 9!",) %$!

"8)* 2%'*, "% %$! *2%'#"- % ",)'%'*, + *9 %$! (*,* . */,( )%"%! %* %$! $!%! *)% /#%/ !

)/88",( ',# !")!) 3'%$ %!92! "%/ !0 :!#*,(6 !-!#% *,) #"2%/ !( *, %$! (*,* )'%!) " !

!4!#%';!-7  !9*;!( + *9 %$! -")! <) "#%';!  !.'*,0 1$')  !)/-%) ', " (!# !")!( ."',0 =,(!!(6

%!92! "%/ ! (!2!,(!,#! *+ %$! (!# !")! *+ %$! ."', "% >0?@1AB !&$'8'%) "-9*)% %$! )"9!

"#%';"%'*, !,! .7 ∼ 12.5meV ") %$! "8)* 2%'*, "% C0D1AB0

1$! *8)! ;!( %$! 9"--7 ',(/#!( "8)* 2%'*, )!!9) %* 8! *,! *+ %$! 9"E*  !")*,) 3$7

1ABFGHI) 8")!( *, %$! 8*/,(F%*F#*,%',//9 * )'9'-" (!)'.,) )%*2 -")',. "% $'.$ %!9F

2! "%/ !0 J)2!#'"--7 %$') "22-'!) +* %$! 1ABFGHI /)!( +* #$" "#%! 'B"%'*, ",( )'9'-" 

(!;'#!) 8")!( *, %$! )"9! (!)'.,0

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

1$') #$"2%! 3") (!('#"%!( %* %'9!F !)*-;!( 1AB % ",)9'))'*, )2!#% *)#*27 *+ K/",%/9

#")#"(! -")! )0 =% 3") )$*3, %$"% %$!)! (!;'#!) #",,*% 87 !&"9',!( ",( ',;!)%'."%!( *,-7

8! !9'))'*, )2!#% *)#*27 -'L! 51F=M 8!#"/)! 9",7 # /#'"- 2" "9!%! ) #",,*% 8! "##!))!(0
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