
HAL Id: tel-01875716
https://theses.hal.science/tel-01875716

Submitted on 17 Sep 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Spectroscopie cohérente des excitons dans des
nanostructures semi-conductrices innovantes

Valentin Delmonte

To cite this version:
Valentin Delmonte. Spectroscopie cohérente des excitons dans des nanostructures semi-conductrices
innovantes. Autre [cond-mat.other]. Université Grenoble Alpes, 2018. Français. �NNT :
2018GREAY015�. �tel-01875716�

https://theses.hal.science/tel-01875716
https://hal.archives-ouvertes.fr


THÈSE
Pour obtenir le grade de

DOCTEUR DE LA COMMUNAUTE UNIVERSITE 
GRENOBLE ALPES
Spécialité : Physique de la matière condensée et du 
rayonnement

Arrêté ministériel : 25 mai 2016

Présentée par

Valentin DELMONTE 

Thèse dirigée par Jacek KASPRZAK, Chargé de recherche, 
Institut Néel, CNRS, 

préparée au sein du Laboratoire de l'Institut Néel, CNRS 
dans l'École Doctorale de Physique

Spectroscopie cohérente des 
excitons dans des nanostructures 
semi-conductrices innovantes

Thèse soutenue publiquement le 12 juin 2018,
devant le jury composé de : 

Pr. Patricia SEGONDS
Professeure à l'Université Grenoble Alpes, Présidente du jury

Dr. Bernhard URBASZEK
Directeur de recherche à INSA Toulouse, Rapporteur

Pr Guillaume CASSABOIS
Professeur à l'Université de Montpellier, Rapporteur

Dr. Marek POTEMSKI
Directeur de recherche à LNCMI, Membre

Dr. Jacek KASPRZAK
Chargé de recherche à l'Institut Néel, Directeur de thèse





 !"!#%!"!&'(

 ! "#!$% &'&$" "()" * +!,!+#!+  &!. /012340/ 5()+ ,6&'(#+ 7&#" ($8&$!
!" 9($$: ;& 5(%%#<#;#": 9! 7&#+! !""! "=>%! 9&$% ;! &9+! 9) 5+(?!" @3A 2BA1@CD
B; & :": &)%%# :": )$ %()"#!$ #$9#%5!$%&<;! "()" &) ;($E 9! !% 5+!%F)! G &$$:!% 9!
"=>%! !" %&$% %($ &#9! ! ,&$)%+#" $6&)+&#" 5&% ;& ,H,! "H"!D I(,!.J ?! "#!$% &)%%#
* 9#+! F)! ;!% ,&$#5% ($" :": )$ 5;&#%#+ * 7&#+! 9&$% "& (,5&E$#!D K!+# * L)!$"#$
5()+ %($ &#9! * 5+!$9+! !$ ,&#$ ;6!M5:+#!$! 9! NOK F)6#; & ,#% !$ 5;&!D K!+# *
K&"=#!) 5()+ ;!% $(,<+!)%!% 9#%)%%#($% F)! ;6($ & !) &)"()+ 96)$ &7:J F)&$9 ") &
8$# "& "=>%! !;& ,6& ,&$F):D K!+# &)%%# * "()% ;!% 9("(+&$"@% 9! ;6:F)#5! C21A
F)! ?6&# !) ;& =&$! 9! +(#%!+ P AQ+#;J  );#&$J  );#!""!J R(E9&$J /#,($J 0;<!+"(J
I=#<&);"D @$8$ "()"! ;6:F)#5! C21A F)# ,6& E+&$9!,!$" %()"!$) P S&$EJ T#;;!%J
K&M#,!J AQ+#;J I=(,&%J U)#!$J S&'#9J !"DDD

 ! ,! 9(#% 9! 9#+! )$ ,(" * 5+(5(% 9!% %!+:"&#+!% F)# ($" 5&%%: <!&)()5 9!
"!,5% * ,6&#9!+ !" ,! %(+"#+ 9) 5:"+#$D C("&,,!$" C&"=&;#! F)! ?! +!,!+#! 5&+"#V
);#>+!,!$"J ,&#% &)%%# ;!% W N;(+!$!J A&+(;#$!J K)+#!;J 0$E:;#F)! !" 1&<#$!D K!+#
5()+ ;! "!,5% F)! '()% 5&%%!X * '()% ()5!X 9! $()%J ! $6!%" 5&% 5!+9)D

0) %!#$ 9) ;&<(+&"(#+!J "!;;!,!$" 9! E!$% %($" "!;;!,!$" * +!,!+#!+ 5()+ ;6&,V
<#&$! !" ;!% 9#%)%%#($% F)6#;% ($" &55(+": P K&+#$!J Y&$$J /!""QJ 0;!MJ /&+#,J
1Q;'&#$J 0;!M#%J A;:,!$" ZT(E([J R:&"+#M !" "()% !)M F)! ?! $6&# 5&% ;& 5;&! 9!
,!""+! 9&$% !""! ;#%"!D A&+ '()% &'!X +:)%%# * 7&#+! 9! C:!; 5&% %!);!,!$" )$ ;#!) 9!
"+&'&#; ,&#% &)%%# )$ ;#!) 9! '#! !" 9! +:+:&"#($D C("&,,!$" E+\! &) "+&'&#; F)!
'()% &'!X 7&#" &)"()+ 9!% %:,#$&#+!% $($V5!+,&$!$"J 9!% <&+<!)!%D  ! E&+9!+&#% )$
<($ %()'!$#+ 9) ;&<( E+\! * '()%D

R#!$ :'#9!,,!$"J ?! "#!$% * +!,!+#!+ ;& ]T+!$(<;! S!;!E&"#($] 5()+ ;!% $(,V
<+!)M ,(,!$"% 9! 7H"!% !" 9! 9#%)%%#($%D U(;#!J ^;Q%%!J N&)%"#$!J '()% ,6&'!X <!&)V
()5 &#9: * "!$#+ 9)+&$" ;!% W 5+!,#>+!% &$$:!%D K&#% ?! $6()<;#! 5&% 0;#! F)# $()% &
&<&$9($$: 5()+ 5&+"#+ 7&#+! %& "=>%! !$ 0$E;!"!++!D  ! $! "!+,#$!+&#% 5&% !""! 5&+"#!
%&$% 9#+! )$ ,(" * "()% ;!% &)"+!% &,&+&9!% P A=&+;(""!J I=#<&)"J 0;#!J K&+#&$$!J



 !"#$%"&'( )*"#+,-.( /0-!##!( 1-'"#( 2&*3'-!#( 1"4-5! ( 6"07"'8#! !0 0,&9:. !''!.
!0 !&4 <&! =>"- ,&?'-3@

 ! #! A!&4 A". B"-*! C!. *!5!*-!5!#0. ,5A'!0. ."#. -0!* '!. "5-:. <&! =>"- .&-D-
C&*"#0 '!. "##3!. C! B" !0 ."#. <&- =! #>"&*"-0 A". A*-. "&0"#0 C! A'"-.-* E 0*"-#!* .&*
'" "5A&. !0 "D"#!* C"#. '!. 30&C!. "&*"-0 303 "&0*!5!#0 A'&. C-F-'!@ G'"-*!5!#0
5!*- E 2#"H'( 6-''-"#( 1"*-#! I!#,*! JK( G'35!#!( L-D-"#(  3*35-!( 1"*-,#( M"H'(
N3D!*-#@ G!00! 07O.! >!.0 <&"#C 5P5! Q*R! E D,&.@

S3.,'3 E 0,&0!. !0 0,&. C! #! A". P0*! A'&. A*,'-4! C"#. 5!. *!5!*-!5!#0.(
5"-. >!.0 ,55! +" <&! =! #! *",#0! A". C! ,##!*-!. J :#,*! 5!*- E D,&. 0,&.@
N-#O*!5!#0@

--



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

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

.  !"#$%&"($! +&/ 0$1"-2 3&+!"(4&-2 -" 5 ,+ 26-"#$2$6(- $7*#-!"- 8
 ! "#$%&'()(*+' ,&% -+*(&% ./)'(*0/&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1
 !2 3(*4*%)(*+' ,&% %(#/(/#&% 67+(+'*0/&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  8
 !9 -)%&% (7$+#*0/&% ,& 4) %6&(#+%+6*& ,& :$4)';& < = +',&% ! ! ! ! ! !  =

 !9! >0/)(*+'% ,& -4+7 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  =
 !9!2 ?+7$#&'& &( 6+6/4)(*+' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  @
 !9!9 A$'$#)(*+' ,/ BCD ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  1
 !9!= E7+ ,& 67+(+' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  F

 != "#$%&'()(*+' ,& 4G&H6$#*&'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  I
 !=! JG&H6$#*&'& &( %&% )#)($#*%(*0/&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 28

 !=! ! 3'& 4)#;& ;)::& %6&(#)4& ! ! ! ! ! ! ! ! ! ! ! ! ! ! 28
 !=! !2 J& +'(#�4& ,& 4) 6+%*(*+' %6)(*)4& ! ! ! ! ! ! ! ! ! ! ! 2 
 !=! !9 J& +'(#�4& ,& 4) (&:6$#)(/#& ! ! ! ! ! ! ! ! ! ! ! ! ! 2 

 !=!2 L$M&4+66&:&'( ,& 4) 6#+;#)::)(*+' ,& 4G&H6$#*&'& ! ! ! ! ! 22
 !=!2! N$O$#&'&:&'( ,& 67)%& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 29
 !=!2!2 -)4)P);& 4*'$)*#& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2@
 !=!2!9 Q+',);& ,&% ,P'):*0/&% *'*(*)4&% #)6*,&% &( ,&% (&:6%

4+';% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2@
 !=!2!= R*$#)#7*& ,&% %$0/&'&% ,& :&%/#& ! ! ! ! ! ! ! ! ! ! 2S
 !=!2!@ D*%& &' 64)& ,/ %)' E9TN&O ! ! ! ! ! ! ! ! ! ! ! ! ! 2S

9 :-2&#-2 %& 2(;!+, %- <=: 2&# %-2 0$1"-2 3&+!"(4&-2 >!(4&-2 9?
2! U&#% 4&% ')'+%(#/(/#&% ,$(&#:*'*%(&% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 98

2! ! "#$%&'()(*+' ,&% $7)'(*44+'% ,& µT4&'(*44&% ! ! ! ! ! ! ! ! ! ! ! 98
2! !2 D&%/#& ,/ %*;')4 ,& BCD ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9 
2! !9 L$67)%);& *',/*( 6)# 67+'+'% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9S



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

 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-.
1-5+8%#$ 5/1%&#4$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9:
 ! !; <*/=#&+# ()" 0#&$%$ >1-*+ (-&# "+&-$-3? ! ! ! ! ! ! ! ! 9:
 ! ! @23#5'/5# #5 +51#5$+12 '% ()" '/5$ %5 $?$1A*# B '#%C

5+0#/%C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 9D
 ! !9 @23#5'/5# #5 +51#5$+12 '% ()" '/5$ %5 $?$1A*# B 1&-+$

5+0#/%C ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! E;
 ! !E "#$%&# '# 4F27- '# 37-1-5 #1 -72&#5# B  .37-1-5$ ! ! ! ! ! E9

 !"#$#%&"#'( )*% +,#)*% )-'()* .',/ $* '("/�$* '23/*(" )*% 4'5"*%
6,&("#7,*% !(#7,*% 89

9!; @# 4F#C+1/1+-5 4-/4# B 4F#C+1/1+-5 B '+$1/5# ! ! ! ! ! ! ! ! ! ! ! ! ! GH
9! I&2$#51/1+-5 '#$ 1&-*3#11#$ 37-1-5+8%#$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! G;
9!9 "#$%&# '#$ '?5/*+8%#$ '# -72&#5# #1 '# 3-3%4/1+-5 '/5$ 4#$ 1&-*.

3#11#$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! G 
9!E I&-3/=/1+-5 '% $+=5/4 '#$ JK$ '/5$ %5 =%+'# 'F-5'# %5+'+*#5$+-55#4 GG

9!E!; I&2$#51/1+-5 '# 4F27/51+44-5 '# =%+'# 'F-5'# %5+'+*#5$+-55#4 GG
9!E! <*/=#&+# ;@ '#$ =%+'#$ 'F-5'# %5+'+*#5$+-55#4 ! ! ! ! ! ! ! ! GL
9!E!9 "#$%&# '# 4/ 3&-3/=/1+-5 '% $+=5/4 2*+$ 3/& 4#$ M-N1#$ 8%/51+8%#$ G:
9!E!E "#$%&# '% $+=5/4 '# ()" 'F%5# M-N1# 8%/51+8%# '/5$ %5 =%+'#

%5+'+*#5$+-55#4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! GD

8 :'23/*(* )*% *;#"'(% )&(% $*% <'('',2*% )* ='>*2 *" ?>*2 @A

E!; I&2$#51/1+-5 '#$ 27/51+44-5$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! L 
E! O23-5$# 5-5.4+52/+&# =2/51# #1 /&1-=&/37+# 7?3#&$3#1&/4# ! ! ! ! ! LG
E!9 P/ '?5/*+8%# '# -72&#5# #1 '# 3-3%4/1+-5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! LQ
E!E <5R%#5# '# 4F#50+&-55#*#51 $%& 4/ '2-72&#5# S 1#*32&/1%&# #1 '2$-&'&#

$3/1+/4 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q;
E!G "#$%&# '# '+T%$+-5 '#$ #C+1-5$ /0# *24/5=# B E -5'#$ &2$-4%# $3/.

1+/4#*#51 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q 
E!L "#$%&# '# 4/ '?5/*+8%# +51#&. #1 +51&/.0/442# /0# *24/5=# B E -5'#$

&2$-4% #5 3-4/&+$/1+-5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Q 
E!Q <*/=#&+# 7?3#&$3#1&/4# '# 4/ *-5--%7# $%$3#5'%# '# "-U#2 ! ! ! Q9
E!: V-54%$+-5 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! QE

:'($,%#'( *" B*/%.*"#C*% DA

+0



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

  !"#$#%& !()*+%, !- +%.+/+.(0* 1(0%&(2 .!&3 2#03($#. 4+&" )"03#5

$#-#$#%#. &4!5.+2#%3+!%0* 3)#&$!3!)6 7 8"!&!% #"! /#$3(3 .!(9*#

1(0%&(2 !"#$#%# !"

# :0.+0&+/#*6 ;+2+&#. <#)"03+%, 0%. =>+&!% <6%02+3 +% ?!@#2
?!%!*06#$3 :#/#0*#. 4+&" A!($5B0/# ?+>+%, ?+$!3!)6 "$

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

 



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

 !



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

 ! "#$!%&''!(!)* "! %+ ',-./01! "!. .!(/2&)"1*!14. "14+)* %! ./5%! "!4)/!4
!1* 1) /('+* !6*4+&4"/)+/4!(!)* /('&4*+)* .14 )&*4! $/! "! *&1* %!. 7&14.8 &9 %!14.
'4&'4/#*#. ',&*&2#%!*4/01!. .&)* 1*/%/.#!. : "!. #,!%%!. /)"1.*4/!%%!.; <1! .! .&/!)*
%!14. '4&'4/#*#. "=+>.&4'*/&) !* "=#(/../&) "! %+ %1(/54!8 %+4?!(!)* "#$!%&''#. "+).
%!. '+))!+16 ',&*&$&%*+@01!. A+>.&4'*/&)B !* %!. +('&1%!.  CD A#(/../&)B8 &1 "!
*4+).'&4*. #%!*4&)/01!.8 )&*+((!)* '&14 %!. *4+)./.*&4.; E17&14"=,1/8 ?4F! +16
4!,!4,!. (!)#!. !. "!4)/54!. "/G+/)!. "=+))#!.8 %+ *+/%%! "!. &('&.+)*. )! !..!
"! "/(/)1!4 71.01=: +**!/)"4! %+ *+/%%! "! H&I*!. <1+)*/01!. AH<.B8 01/ .&)* !6'%&/*#!.
'&14 "!. #4+). "! *#%#$/./&). A'+4 !6!('%! JC4+) <1+)*1( D&*J "! K+(.1)?B;

D+). %=/)L&4(+*/01! %+ "/(/)1*/&) "! %+ *+/%%! "!. *4+)./.*&4. +**!/)* "!. %/(/*!.
',-./01!.; M&1. L+/.&). "&) L+! : 1) &>.*+%! '&14 %! "#$!%&''!(!)* "!. +'+/*#.
"! '1/..+)! "!. &4"/)+*!14.; EN) "! "#'+..!4 !**! &>.*+%! "! *+/%%! "!. *4+)./.*&4.8
%!. 4!,!4,!. .14 %!. H/*. <1+)*/01!. A<>/*.B &)* '4/. 1) #%+) '&14 %!. /)*#?4!4
"+). %!. "/O#4!)*. .-.*5(!. !6/.*+)*.8 *+)* "+). %=#%!*4&)/01! 01+)*/01! '!4(!**+)*
"=+1?(!)*!4 %!. +'+/*#. "! +%1%. 01! "+). %!. 4#.!+16 N>4#. &9 %!. <>/*. &'*/01!.
'!1$!)* P*4! L+/%!(!)* /)*#?4#.;

H!+1&1' "! 4!,!4,! .&)* +/)./ (!)#!. '&14 *4&1$!4 %! (!/%%!14 <>/*8 : *!%
'&/)* 01! "! )&(>4!1.!. ?4+)"!. !)*4!'4/.!. *!%%!. 01! Q&&?%!8 RHS8 &1 S/4&.&L*
N)+)!)* %!14. '4&'4!. #01/'!. "! 4!,!4,!. .14 %! .17!*; T+4 !6!('%!8 %! ?4&1'! "1
T4&L; U&,) S+4*/)/. "! %=VWKH 01/ *4+$+/%%! '&14 Q&&?%! .14 %! (!/%%!14 +)"/"+*
+*1!% 01/ !.* %! J.1'!4&)"1*/)? <>/*JXY8 Z℄; S+/. %!. ?+((!. "! L&)*/&))!(!)*
"! ! <>/* !) L4#01!)! !* !) *!('#4+*14! 2 4!.'!*/$!(!)* %! (/4&2&)"! !* %! (/%%/2
\!%$/) 2 )! .&)* '+. +"+'*#!. : 1)! 1*/%/.+*/&) : ?4+)"! #,!%%!;  =!)*4!'4/.! D2]+$!.
+ (/. .14 %! (+4,# 1) 4!1/.!14 01+)*/01! '&1$+)* !O!*1!4 1) !4*+/). )&(>4! "!
./(1%+*/&) 01/ !.* '4#.!)*# &((! 1) &4"/)+*!14 01+)*/01!; S+/. !%+ !.* !)&4! %&/)
"! %=&4"/)+*!14 01+)*/01! 1)/$!4.!%;

 + 4!,!4,! .14 %!. <>/*. .! '&4*!)* +1../ .14 %!. <>/*. &('+*/>%!. +$! %=#%!2
*4&)/01! K/%//1( 2*45. "#$!%&''# : %=#,!%%! /)"1.*4/!%%!2 =!.* '&14 !%+ 01=1)! '+4*/!



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

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

"#$%&'()'* +*, &*.*&.*, ,* /(,* ,0& 1* ,$") 21*'&%)"30* 0)"30*4 1*, &2,01'(', 1*,
$10, ,$*'(01("&* 2'()' %/'*)0, *) 0'"1",()' 1* $.%,$.%&* +(), +0 5"1""0# 67 $0&89℄;

<=0'"1",('"%) +=%/>*' 30()'"30* *,' (")," $%,,"/1* ?&@* (0A &*.*&.*, +(), +*
)%#/&*0A +%#(")*, *' $&")"$(1*#*)'4 *10" 30" )%0, ")'2&*,,* ""4 1* +%#(")* +* 1(
)()%B$.C,"30*; D%0, (11%), 2'0+"*& +*, E/"', %$'"30*, *' $10, $&2",2#*)' +*, *AB
"'%), %)F)2, +(), 0)* /%G'* 30()'"30* HIEJ; K*' 2#*''*0& %),",'* *) 0)* $("&*
21*'&%)B'&%0 30" )* $*0' ,=2.($$*& +0 L%10#* +2F)"* $(& 1( IE4 %##* #%)'&2
,0& 1( M"? 6;( N(", )%0, ,%##*, *)%&* 1%") +=(L%"& 0)* %#$&2.*),"%) ?1%/(1* +*
1( +C)(#"30* +* *, *A"'%), %)F)2, $%0& +*0A $&")"$(1*, (&('2&",'"30*, O 1=")B
'*&('"%) (L* 1=*)L"&%))*#*)' H$.%)%)J *' 1*, '*#$, +* L"* (L* 1=")'*&('"%) P%&'*
(L* 1( 10#"Q&*; K*''* %#$&2.*),"%) *,' *$*)+()' "#$%&'()'* (L()' +* $%0L%"&
"#(?")*& +=")'2?&*& 1*, IE, +(), 0) (+&* $10, 1(&?* H"&0"' ")P%&#('"30*4 &2,*(0A
F/&2,4 *';;;J;

R%0& $%0L%"& %),"+2&*& 0) *A"'%) %##* 0) E/"'4 "1 *,' )2*,,("&* +* $%0L%"&

6



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

 !"#$%  ! "# $%"&' ()* +,-.' /012' 3-".214-' "5' +'771. +,-.' 8"19' :;'290.<
290- 0.=.:'> ?# (9182@4-' +' A0.210..'%'.2 +' ;,:2-+' +' ;" 0B:9'.' +".7 .029'
:4-18'C 4-1 9'807' 7-9 ;" D0.210. '.29' ;" 78'2907081'C '2 ;" .".0<8B020.14-' 80-9
:2-+1'9 ;'7 'E120.7 0.=.:7 +".7 ;'7 /37

":+'9 "-E 7-8'98071210.7 0B:9'.2'7 +'7 :2"27 A0.+"%'.2"; F51+'# '2 'E12: F89:<
7'.' +,-. 'E120.#> G0-9 9:'9 '22' 7-8'98071210. 0B:9'.2'C 1; A"-2 80-5019 %'7-9'9
;,"?7098210. 9:70.".2' "5' ;'7 ;"7'97> H".7 ;' +0%"1.' %"9070814-'C ;" .0210. +'
0B:9'.' '72 0.D-&-:' "5' ;" 80771?1;12: +,'I'2-'9 +'7 1.2'9A:9'.'7 78"21";'7>
J'22' .0210. 7' 8'9+ ;0974-' ;,0. '.29' +".7 +'7 :B';;'7 8;-7 8'212'7 4-' ;" ;0.&-'-9
+,0.+' ;"7'9> G0-9 80-5019 %'7-9'9 ;" 0B:9'.' +,-. 0?D'2 -.14-'C ;' 7'-; %0@'. '72
"1.71 +' %'7-9'9 ;'7 1.2'9A:9'.'7 +".7 ;' +0%"1.' 2'%809';C 4-' D' 5"17 +:5';088'9
+".7 ' %".-7912> K" +1L-;2: +' '22' %'7-9' 7'9" +,M29' '. "8"12: +' 7:8"9'9 ;'
71&."; +' 0B:9'.' +' ;" /3 +- 71&."; +' ;,'.5190..'%'.2> H".7 ' 0.2'E2' .029'
:4-18' :2-+1' ;" 0B:9'.' +'7 /37 -.14-'7 '. 7,"88-@".2 7-9 29017 891.18"-E 81<
;1'97C 0%%' 89:7'.2: 7-9 ;" N1&  >?> J'7 81;1'97 70.2 ;'7 891.18";'7 "9"2:917214-'7
+' ;" 2BO7' 89:7'.2:' 11>

P



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

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

"#$%& '&( ')*$,-.( '/%( ,#.-$'& &- ,#$-),)(/-)0% '& &( 012&-( &(- ,/ 3/)1,& 4$/%5
-)-. '& ()6%/, '#&7)-/-)0% /88)9/%- /$ %)9&/$ '& ,#012&- $%)4$& : /$(& '& ,#)%-&83/&
').,&-8)4$&; </%( ,& 1$- '#/.'&8 : ,/ 0=.8&%& '&( &7)-0%( '/%( ,&( >?( )%')5
9)'$&,,&( '/%( ,& /'8& '#$%& &7@.8)&%& '& ()6%/, : A 0%'&( BC0$85D/9& E)7)%6FG
%0$( /90%( )%-.68. &( 012&-( '/%( '&( %/%0(-8$-$8&( @=0-0%)4$&( %0$( @&8H&--/%-
'#/$6H&%-&8 ,& 8/@@08- ()6%/, ($8 18$)- &- /)%() &I&-$&8 '&( H&($8&( )H@0(()1,&(
/$@/8/9/%-; "08( '$ 0HH&%&H&%- '& & -8/9/), '& -=J(&G ,&( @8&H)&8( 8.($,-/-( '&
CDE ($8 '&( >?( $%)4$&( '/%( $%& H)805/9)-. 9&%/)&%- '#K-8& 01-&%$( '/%( %0-8&
.4$)@&LA℄ &- ,#)H@,.H&%-/-)0% '& %0$9&,,&( (-8$-$8&( @=0-0%)4$&( .-/)- &% ')($(()0%;

<$8/%- ,& -8/9/), '& -=J(&G 2#/) @$ /)%() .-$')&8 ,/ 0=.8&%& '& >?( $%)4$&(
'/%( @,$()&$8( (-8$-$8& @=0-0%)4$&(; "& 1$- '& =/4$& .-/@& H0%-8.& ($8 ,/ C)6  
&(- '#/H&%&8 $% '&68. '& 0H@8.=&%()0% @&8H&--/%- '& @/((&8 : ,#.-/@& ($)9/%-& N

A



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

 !"#$%& %&' %()*+,-$&' %!$)& ./ $),-$&  !" 0$# )"&''*,2& *3*)# %& 45$35,2 "#$%,&2
6* *4*,#" %&' '#2$#$2&' 475#5),-$&' #(4& #25+4&##& 475#5),-$&  #" 8 *+"6,52&2 6*
566&#,5) %$ ',9)*6 %& :;< "+,' 4*2 6&' ./'= >)& 05,' 6& ',9)*6 566&#"? &6* )5$'
4&2+&# %!"#$%,&2 6&' &@&#' %& 6!,)'&2#,5) %*)' 6&' 9$,%&' %!5)%&' AB '$2 6&' ./'? &
-$, )5$' *+C)& 8 #&)#&2 %& 4254*9&2 6* 57"2&)& &)#2& D ./' %*)' $) 9$,%& %!5)%&
 $"= E42C' & #2*3*,6 '$2 %&' ./'? )5$' *35)' "#$%," 6&' %()*+,-$&' 57"2&)#&' %&'
&F,#5)' %*)' %&' )5$3&*$F +*#"2,*$F DB  %" *3& 6!5GH&#,0 %& 65)9 #&2+& I4*'
*G52%" %*)' &##& #7C'&J %& '5)%&2 6&' "+&##&$2' $),-$&' -$& 6!5) #25$3& '$2 & #(4&
%& +*#"2,*$F=

K



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

 



 !"#$%&' (

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

'% 5 6" 2#'%&+2+#$' +!7&'*%'

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

 !2 3(*4*%)(*+' ,&% %(#/(/#&% 67+(+'*0/&% ! ! ! ! ! ! ! ! ! ! !  8

 !9 -)%&% (7$+#*0/&% ,& 4) %6&(#+%+6*& ,& :$4)';& < = +',&%  =

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

 !"!3 4)156-*- -' 7)7%/&'()* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  8

 !"!" 95*56&'()* ,% :;< ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  =

 !"!2 >1) ,- 71)')* ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  ?

 != "#$%&'()(*+' ,& 4>&?6$#*&'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  @

 !2! @A-B756(-*- -' +-+ &6&'56(+'($%-+ ! ! ! ! ! ! ! ! ! ! ! ! ! 3C

 !2!3 D5E-/)77-F-*' ,- /& 76)G6&FF&'()* ,- /A-B756(-*- ! ! ! 33

 !"# %&&% &'(#%) *% +!,# -./#%"&%. 0! #-%&.1#1-,% 1'/.%"&% 2%# %3,&1"# 2!"#
2%# #4#&(5%# 2% 6!##% 2,5%"#,1""!0,&/7 819. %0! "19# !001"# /&92,%. #-/,:;9%5%"&
0<,"&%.!&,1" %"&.% %# /5%&&%9.# ;9!"&,;9%# =61,&%# ;9!"&,;9%# #%5,>1"29&.,%# 1->
&,;9%5%"& !&,+%#? %& 2%# ;9!"&!# 2% 095,(.% =-'1&1"#? %& 0%# 5/&'12%# -1##,60%# -19.
!9@5%"&%. %# ,"&%.!&,1"#7

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

 !"#%&'( ") "&*)(+&'((,-&%! A%# B1,&%# C9!"&,;9%# =BC#? #1"& 2%# "!"1>
16*%&#) -./#%"&/# 2!"# D,@ E7E76) ;9, 1":"%"& 0%# -1.&%9.# 2% '!.@%#7 F%# 16*%&#



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

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

5. 0!)#. 6'+"#)6'. -.'1."# 7#$. !0#."'.  .,!" -,' ).'$ -$!&(& (. 8+0$)9
+#)!" : ;"#<&#) +#)!" !,,!=(+,.> -,+ 2+> .#444?> 2+) ('$+"# 2!" #$+1+), (. #<% .
@/+) #$+1+),,&  '$ (. &<+"#),,!" &-)#+A)& 9 !)# -+$ @.# 2!,&',+)$. :BCD?>  !)# -+$
(&-! )#)!" ." -<+ . 1+-.'$ :BEFGH?9 6') (!""."# (. 0!)#. 6'+"#)6'. -+$ ,.
2&+") 2. (. I#$+" J)9K$+ #+"!14 F.##. 2&#<!(. '#),) . ,+ ()L&$.". (. -+$+2%#$.
(. 2+),,. ."#$. M 2+#&$)+'A $) #+,,)" > ,/'" &#+"# ,.  '0 #$+# .# ,/+'#$. ,. 2+#&$)+'
&-)#+A)&> -!'$ $&.$ '". !"#$+)"#. (+" ,. $) #+, &-)#+A)& 6') 1+ 8!$2.$ (. ),!# (.
2+#&$)+'A +3" (. $.,N<.$ ,+ !"#$+)"#.4 F/. # . 6') . # 2!"#$&  '$ ,+ O)P Q4Q .# O)P
Q4M4 5.  '0 #$+# .# ,. $) #+, &-)#+A)& (!)1."# (!" 7#$. <!) )  .,!" ,.'$ -+$+2%#$. (.
2+),,. > 2+) +'  )  .,!" ,.'$ ")1.+' (/&".$P). !22. 2!"#$&  '$ O)PQ4M> +3" (/!09
#.")$ '" !"3".2."# (. -!$#.'$ (. <+$P. 4 R. 2.  ') 8!+,) & 2+@!$)#+)$.2."#
 '$ (. CS T 0+ . (/'" +,,)+P. (/)"()'2 .# (/+$ .") :U"V ? 8!$2&  '$ '". !'<.
&-)#+A)&. (. P+,,)'2 .# (/+$ .") :W+V ?4 5/&2)  )!" #;-)6'. (. . 0!)#. . # +'9
#!'$ (. XYY "2> 2+) (+" ,. -.$ -.#)1. @. -$& ."#.$+) ,. $& ',#+# -$&,)2)"+)$. 
!0#."'  '$ (. 0!)#. T 0+ . (. F(Z. 6') &2.##."# (+" ,. 1) )0,.> +'A +,."#!'$ (.
[\Y "24

*$+,&' Q4Q ] Z+),,. +$+#&$) #)6'. (/'". 0!)#. 6'+"#)6'. !2-+$+#)1.2."# T '"
+#!2. '")6'. .# T '" $) #+, -<!#!")6'.4 O)P'$. #)$&. (. ,/+$#),. (. 4̂ 5!(+<,> _.9
1).` !8 B!(.$" ^<; ) :MYQa?4

\



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

 !"#$ %" '()("*"($ #+,$-,% ./- "($0,1(" /(" 2-#03$-#,$-'( 2"# (-4",/5 2!3("06
7-" +'/0 %"# +'0$"/0# 2" 8,07"#9 #- %"# 2-*"(#-'(# 2" %, :; #'($ '*+,0,<%"# = %,
%'(7/"/0 2!'(2" 2" >" :0'7%-" ? λDB = h√

2πm∗kBT
9 '@ h "$ kB #'($ %"# '(#$,($"#

2" A%,(B "$ 2" :'%$C*,((9 m∗ '00"#+'(2 = %, *,##" "D"$-4" "$ T = %, $"*+36
0,$/0"E F,8,($ ./" %, *,##" "D"$-4" m∗ 2"# 3%"$0'(# "$ $0'/# 2,(# /( 0-#$,%
#"*-6'(2/$"/0 "#$ +%/# G,-<%" ./" %, *,##" 2" %!3%"$0'( %-<0"9 %, %'(7/"/0 2!'(2"
>" :0'7%-" *'H"((" "#$ 2" %!'020" 2" IJ6IJJ (* = <,##" $"*+30,$/0" 6 !"#$6=62-0"
"($0" KL "$ IJJLE M'/# ,4'(# 2'( λDB '*+,0,<%" = %, $,-%%" *'H"((" 2"# :;#
N./" %!'( +"/$ 4'-0 #/0 O-7 IEIE<PE Q"# $0,(#-$-'(# '+$-./"# +0'4'./3"# +,0 %"# +,-0"#
2" 8,07"# +-373"# 2,(# %"# :;# 4'($ 2'( +03#"($"0 /( '*+'0$"*"($ ./,($-./"
2,(# "0$,-(# ,#+"$# #-*-%,-0"# = "%/- 2"# ,$'*"# N#$0/$/0" 2-#0R$" 2"# (-4",/5P9
"$ !"#$ +'/0./'- %"# :;# #'($ #'/4"($ ,++"%3# S,$'*"# ,0$-)-"%#SE T% G,/$ #'/%-7("0
./!-% "5-#$" <",/'/+ 2" 2-D30"("# "($0" "# 2"/5 '<U"$# NG'0" 2!'#-%%,$"/09 $"*+#
2" 4-" ,0,$30-#$-./" "$ %"# -($"0,$-'(# ,4" %!"(4-0'(("*"($PE

 !"#$% IEV W X 7,/8"9 0"+03#"($,$-'( #83*,$-./" 2!/(" :'-$" ;/,($-./" '<$"(/"
+,0 %, *3$8'2" 2" F$0,(#B-6L0,#$,('4 ,-(#- ./" %!34'%/$-'( 2"# (-4",/5 2!3("07-"
%" %'(7 2" %!,5" 2" 0'-##,("E X 20'-$"9 0"+03#"($,$-'( 2"# 0R7%"# 2" #3%"$-'( "($0"
%"# 2-D30"($# 3$,$# ? G'(2,*"($,% N7P9 "5-$'( N5P9 3$,$ #/+"0)( 2" %!"5-$'( NHP "$
%" <-"5-$'( N<PE Q"# '/%"/0# 0"+03#"($"($ %, +'%,0-#,$-'( %-(3,-0" (3"##,-0" +'/0
73(30"0 %!"5-$,$-'( "($0" %"# 3$,$#E

 !"#!$%&%' "#&$()*' Q'0#./" 2"# -*+/%#-'(# %/*-("/#"# #'($ ,<#'0<3"# +,0 %"#
:;# #"*-6'(2/$0-"#9 "%, "($0,-(" %, $0,(#-$-'( 2!/( 3%"$0'( 2" %, <,(2" 2" 4,6
%"(" = %, <,(2" 2" '(2/$-'(E Q!3%"$0'( "$ %" $0'/ 03#/%$,($ 2" "$$" $0,(#-$-'(
#/<-##"($ /(" -($"0,$-'( '/%'*<-"((" */$/"%%" N73(30,%"*"($ 2" $H+" ,$$0,$-4"P

Y



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

 ! "#$%!""! &'(%")! "*'+!&,-!  ! "-#-(.+/ 0.&($%! "*'+!&,-! )1!&2-$%! kBT !() 3"%(
4#-5"! $%! "*'+!&,-!  ! "-#-(.+6 "!( 3.&)!%&(  ! 1#&,!( (! "-!+) 3.%& 4.&2!& %+! 3#-&!
'"!)&.+8)&.%6 $%- !() #33!"' %+ !9-).+/ :) *!() 3.%&$%.- -" !() !((!+)-!"  ! 4#-&!
4.+)-.++!& +.)&! !93'&-!+! ;  !( )!23'&#)%&!(  ! "*.& &!  ! <=/ 0.&(  ! "#  '(-+8
)',&#)-.+ &# -#)->!  ! !( !9-).+(6 .+ .5(!&>! "*'2-((-.+  ! 31.).+ #>! %+! '+!&,-!
$%#+)-?'!/ 0*'+!&,-! .&&!(3.+ #+) ; "#  '(-+)',&#)-.+ &# -#)->!  '3!+  ! +.25&!%9
4#)!%&(6 $%! ! (.-) "*!+>-&.++!2!+)  ! "# @A6 "# @A !""!82B2! 2#-( #%((- "*')#)
!9-).+-$%! .5(!&>'/ 0# C-, D/E 2.+)&! "!( !9!23"!( "!( 3"%( .5(!&>'(  !(  -F'&!+)(
')#)( !9-).+-$%!( 3.((-5"!( G !9-).+6 5-!9-).+6 )&-.+ +',#)-4 !) 3.(-)-4/ 0!( &H,"!(
 ! ('"!)-.+( .3)-$%!( 3.%& %+! 5.I)! $%#+)-$%! +!%)&! #>! %+! ()&%)%&! ?+!  %! ;
"*#+-(.)&.3-! !() 2.+)&'! (%& "# C-, D/J/ K+ 3!%) +.)#22!+) >.-& $%! "# 3."#&-(#)-.+
"-+'#-&! (!".+ "!( #9!(  ! "*#+-(.)&.3-! 3!&2!)  *!9-)!& "!( )&#+(-)-.+( .3)-$%!(  *%+
!9-).+ +!%)&! L,9 !) ,MN !) "!%&( 5-!9-).+( .&&!(3.+ #+) L95 !) M5N/

0!( !93'&-!+!( .3)-$%!( $%- (!&.+) !F!)%'!( 3.%& "*')% !  ! !( .5O!)( 3!%>!+)
B)&! ('3#&' !+ J ,&#+ !( #)',.&-!( G
8:93'&-!+!( +.+8&'(.++#+)!( G "# ".+,%!%&  *.+ !  ! "*-23%"(-.+ .3)-$%!  *!9-)#)-.+
!() 3"%( 3!)-)! $%! "# ".+,%!%&  *.+ !  *'2-((-.+  ! "# @A/ 0!( !93'&-!+!( )M3-$%!(
(.+) "!( 2!(%&!(  ! 31.).8"%2-+!(!+! LP0N/
8:93'&-!+!( &'(.++#+)!( G "# ".+,%!%&  *.+ !  ! "*-23%"(-.+ .3)-$%!  *!9-)#)-.+ !()
"# 2B2! $%! "# ".+,%!%&  *.+ !  *'2-((-.+  ! "# @A/

0!( !93'&-!+!( &'(.++#+)!( )M3-$%!( (.+) "!( 2!(%&!(  ! Q%.&!(!+! &'(.++#+)!RS6
T℄ .% !+.&!  *#5(.&3)-.+ &'(.++#+)!RV℄/ W!( 2!(%&!( (.+)  ! "*.3)-$%! "-+'#-&!6 2#-(
"! )&#>#-" 3&'(!+)' -- %)-"-(! %+! 2')1. !  *.3)-$%! &'(.++#+)! +.+8"-+'#-&! G "# (3!8
)&.(.3-!  ! 2'"#+,! ; < .+ !(RX℄/ Y! 3&'(!+)!&#- !))! 2')1. !  ! 2!(%&! 3"%( !+
 ')#-"  #+( "# 3#&)-! E  ! ! 1#3-)&!/ W! $%*-" 4#%) (#>.-&  H( "!  '5%) !() $%! "!( @A(
(!2-8.+ %)&-!( 3&. %-(!+) 3!%  ! (-,+#"  ! CZ[ 3#& &#33.&) #% 4.+ &'(.++#+)/
\%&#+) 2.+ )&#>#-"  ! )1H(!6 O*#-  .+ ')% -' "!( 3&.3&-')'( .3)-$%!(  !( @A( -+('&'!(
 #+(  !( ()&%)%&!( 31.).+-$%!( 8 ()&%)%&!( $%- 3!&2!))!+)  *#%,2!+)!& "! +->!#%
 ! (-,+#" .5(!&>'/

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

0!( (M()H2!( %)-"-(#+) "!( @A( -+('&'!(  #+(  !( ()&%)%&!( 31.).+-$%!(6 .22!
"*.+ 3!%) "! >.-&  #+( C-, D/D/6 (! (.+)  '>!".33'(  %&#+) "!(  !%9  !&+-H&!(  '8
!++-!( !) (.+) 2#-+)!+#+) %+ .%)-" 3&.2!))!%& 3.%& )!()!&  !( 3&.' %&!( 3.%&
"*-+4.&2#)-$%! $%#+)-$%!/ :+ !F!)6 "!( ()&%)%&!( 31.).+-$%!( #%,2!+)!+) "*-+)!&#8
)-.+ "%2-H&!82#)-H&! ! $%- 3!&2!) !+(%-)! %+! 4#-"-)'  ! .+)&�"! !)  ! 2!(%&!  !(

D^



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

 !"#$%  !" # $%&'()*+*,-) .(' .,/&%()*' &*+*' (0,*-),23(' 4%&'()*' .+)' 5(' 67'
&*3.,&('!

&*+*' 23+)*,23(' .(' 67'! 8(, ('* 4+%*,35,9%(:()* ,:4-%*+)* .+)' )-*%( +'; +% 5(
',<)+5 .( =>? ('* *%9' @+,A5( (* .&4(). @-%*(:()* .( 5B,)*()',*& .3 C+:4 .B(0,*+D
*,-) +3 E-,',)+<( .( 5+ 67! F-%' .( 5+ :('3%( .3 ',<)+5 .( =>? '3% .(' &:(**(3%'
3),23(' .+)' 3)( '*%3*3%( 45+)+,%( ',:45(; -) ('* +,)', -)@%-)*& G 3) %+*,- &)-%:(
()*%( 5( @-). %&'-))+)* (* 5( =>? ,).3,* D *H4,23(:()*  I6D I8 .+)' 5( C+:4 (*
 I5 ', 5B-) 3*,5,'( .(' %(EJ*(:()*' +)*,%(K(* .( C+3*( 23+5,*&!  ! "#$% &'()*!* +#(%
! &#(-%*$.) /-!0 !( -)$1$%#() +!% (#('%)*-)-*!% .2')'($/-!% +! .1-3
%$!-*% )4.!%0 )!11!% /-! µ31!()$11!%56℄0 +!% )*'&.!))!% .2')'($/-!%589℄ '-
+!% µ3#"$):%5;℄0 '( .!-) #-<&!()!* 1# %!(%$=$1$): !>.:*$&!()#1! !( #&!3
(#() -(! <*#(+! /-#()$): +! 1?#&.1$)-+! +! 2#&. #- "'$%$(#<! +?-(! @AB
8(, +:&5,-%( '-) ,)*(%+*,-) +E( 5( .,4�5( (0,*-),23(; (* %&.3,* +,)', 5+ 43,''+)(
(0*(%)( %(23,'( -)'*,*3+)* 5( @-). %&'-))+)*! M( 453'; () 3*,5,'+)* .(' .,'4-',*,@'
)+)-4C-*-),23('; 5( =>? ('* -55(*& (N+(:()* 4+% 5B-4*,23( .( .&*(*,-); ()
&E,*+)* 5+ %&K(0,-) ,)*(%)( *-*+5( +/(*+)* .(' '*%3*3%(' 45+)+,%(' O () '344-'+)*
5( <+,) .+)' 5B(N+,*& .( -55(*( η (* 3)( +:&5,-%+*,-) .( 5B,)*()',*& .B(0,*+*,-)
5-+5( () @-)*,-) .3 )-:A%( .( :('3%(' (/(*3&(' ); 5B+:45,*3.( .3 ',<)+5 .( =>?
('* +3<:()*&( 4+%

√

ηn3; *-3* (5+ () :+,)*()+)* 5+ :J:( 43,''+)( (0*(%)( .('
,:435',-)' 5+'(% .B(0,*+*,-)!

F+ @+,A5( (N+,*& .B,)P(*,-) .3 ',<)+5 .B(0,*+*,-) (* .( -55(*,-) .3 ',<)+5 .(
=>? .(' &C+)*,55-)' 45+)+,%(' ('* 3)( .(' 4%,),4+5(' .,N35*&' +3023(55(' )-3'
+E-)' &*& -)@%-)*&'! Q3 -3%' .3 *%+E+,5 .( *C9'(; 5B3) .(' 4%,),4+30 *C9:(' @3*
+,)', .B3*,5,'(% .(' '*%3*3%(' 4C-*-),23(' +R) .( <3,.(% 5( ',<)+5 53:,)(30 -::(
5B-) 4(3* 5( E-,% '3% 5+ =,<  !S!+T 23, :-)*%( 3)( ',:35+*,-) .( 5B,)*()',*& .3 C+:4
.B(0,*+*,-) .+)' 3)( µD5()*,55( @+,*(' 4+% 5B&23,4( .3 $%-@! U*(4C+) V(,*W()'*(,) G
XY 6(%5,)!

FB3*,5,'+*,-) .(' '*%3*3%(' 4C-*-),23(' -::( 5(' *%-:4(**(' 4C-*-),23(' '3'D

  



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

 !

"!

*$+,&'  !" # $% &'()*$+',- ./ *0'-+/-1'+2 .) 4$(5 56,4/ 5,)6 )-/ ('6,7*/-+'**/8 */
+6$'+ /- 5,'-+'**2 (,-+6/ *$ 5,1'+',- .) 4$(51 ./ 9:1! ;($</ =,)6-'/ 5$6 >6 &! ?,.+
./ @A 9/6*'-! B% C/1)6/ .) DEC /- =,-+',- ./ *0'-+/-1'+2 .0/F'+$+',-8 (,-+6$-+ */
6/B,-. ./ ?$B'GH℄ 1)6 )- +6',- 5,)6 )- 24$-+'**,- $J/ )-/ ('6,7*/-+'**/! K- ,B1/6J/
L)/ */ ($F'()( ./ 1'<-$* ./ DEC /1+ $++/'-+ 5,)6 )-/ 5)'11$-/ .0/F'+$+',- M
,6.6/1 ./ <6$-./)61 5*)1 B$1 L)/ .$-1 */1 24$-+'**,-1 5*$-$'6/1!

5/-.)/1 G N℄ /1+ *'('+2 5$6 */ =$'B*/ 5,)6/-+$</ .024$-+'**,-1 )+'*'1$B*/18 $6 /1
1+6)+)6/1 1,-+ =$B6'L)2/1 /- <6$J$-+ )- (,+'= 1)6 )- 4$(51 ./ 9:1 ,B+/-)/1 5$6
*$ (2+4,./ ./ &+6$-1O'7P$1+$-,J 7 0/1+7Q7.'6/ 625$6+'/1 $*2$+,'6/(/-+ 1)6 *024$-7
+'**,-! R/1 4$-/1 .0,B+/-'6 )-/ 9: $) /-+6/ ./ *$ +6,(5/++/8 *Q ,S */ 4$(5
.0/F'+$+',- /1+ */ 5*)1 '(5,6+$-+8 1,-+ .,- =$'B*/1!

TU- ./ .25$11/6 / 56,B*V(/8 5*)1'/)61 1,*)+',-1 1,-+ 5,11'B*/1! R$ 56/('V6/ /1+
.0$**/6 $)7./*Q .) (2$-'1(/ ./ &+6$-1O'7P6$1+$-,J /+ .0)+'*'1/6 )-/ 6,'11$-/ ./
9:1 ,-+6�*2/ 15$+'$*/(/-+G  ℄ /+ ./ =$'6/ ,66/15,-.6/ */ (,+'= ./ <6$J)6/ $) 4$(5
./ 9:1! X/*$ 5/6(/++6$'+ .0$)<(/-+/6 =,6+/(/-+ */ +$)F .024$-+'**,-1 )+'*'1$B*/1!
R$ ./)F'V(/ /1+ .0)+'*'1/6 ./1 1+6)+)6/1 54,+,-'L)/1 .2+/6('-'1+/18 Y/ 5621/-+/6$' ''
*/ +6$J$'* $,(5*' 1)6 ./1 µ7*/-+'**/1 .2+/6('-'1+/1!

;* /1+ Q -,+/6 L)0'* /F'1+/ ./ -,(B6/)F +Z5/1 ./ 1+6)+)6/1 54,+,-'L)/1 .,-+ *$ D'<
 ![ /- 5621/-+/ L)/*L)/1 /F/(5*/1! X4$L)/ +Z5/ ./ 1+6)+)6/1 54,+,-'L)/1 5,11V./
./1 $6$+26'1+'L)/1 5$6+')*'V6/18 */1 +6,(5/++/1 54,+,-'L)/1 .,--/-+ 5$6 /F/(5*/
*$ 5,11'B'*'+2 .0$Y)1+/6 */1 56,56'2+21 ,5+'L)/1 ./1 9:1 /- (,.'U$-+ */1 ,-+6$'-+/1 Q
*$ B$1/ ./ *$ +6,(5/++/ ,((/ (2+4,./1 .0$Y)1+/(/-+G M8  \℄! X/++/ $6$+26'1+'L)/

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

 !"#$% 0/1 2  !"#$% &'$)*+,-./$% 0$ 1 $2$!3'$% 0$ ,",+4%)*/)/*$% 35+4
)+,-./$% 6 +-#'3%-4-!#" 56$&#-7,)" 8 9:;<=> ?'#)! (, <,(@>  $ '3$ .!  ! 5;A:?>
?B: C#! '&4!@> #-".$4 %D'.' -7,!> +-#'34! .-44!" 5=!D -"D! E -F!#"-.G. H!#4- @
!. .#'+%!..!" %D'.' -7,!" 5;A:?> ?B: C#! '&4!@/

IJ$,K+! .$.-' (! 4J- .!#$.-' 4,+-L#!3+$.-L#! '&.! ,! K#M! 8 !" ".#,.,#!"
%!#+!. 4J,.-4-"$.-' (! 4$ "%!.#'"'%-! 'D)#! .!  ' 34- )$-#!> $# "$ " 4!,# ,.-4-"$.-' 
4$ '44!.! (, "-K $4 )+-" %$# 4!" HN" !". !O.#P+!+! . (-Q-4!/ B %$#.-,4-!#" ($ "
4! $(#! (!  '.#! !O%)#-! ! 7,- !". 4$ "%!.#'"'%-! (! +)4$ K! 8 7,$.#!3' (!" 7,!
R! F$-" %#)"! .!# -3(!""',"/

0S
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 !" #$%&% '()*+,-.&% /& 0$ %1&'+*%*1,& /& 3)0$45&

6 7 *4/&%

 ! "#$% &'(%!)*!' $$ ,!% -#%!% *.(/'$01!% 21 /3&/'*!3!)* 241) %5%*63! 01#)*$01!
7 8 )$"!#19: #$)%$ 01! !,,!% &!'3!**#)* ,# /3&'(.!)%$/) 2! ,# %&!*'/%/&$! 2!
3(,#);! 7 < /)2!%= >!**! &#'*$! *.(/'$01! # 2(?7 (*( #3&,!3!)* &'(%!)*(! !* 2$%1*(!
2#)% ,!% *.6%!% 2! @1!)*$) A!'3$,,/2BC<℄ !* E'$#) F#**/)BG℄ !* ?! "#$% &'(%!)*!' ,!%
'(%1,*#*% $3&/'*#)*% !* )(!%%#$'!% &/1' ,# /3&'(.!)%$/) 21 3#)1%'$*=

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

HI) 2! %$3&,$I!' ,!% #,1,%: !* #$)%$ J#$,$*!' ,# /3&'(.!)%$/) 2!% &.()/36)!%:
?! "#$% /)%$2('!' 1)$01!3!)* ,4(*#* J/)2#3!)*#,! !* ,4(*#* !9$*( 2! ,4!9$*/) /)I)(=
 ! &!19 #$)%$ /)%$2('!' ,4!9$*/) /)I)( /33! 1) %5%*63! 7 2!19 )$"!#19 K8LMN !*
(*12$!' ,!% &.()/36)!% &#' ,4#&&'/.! %!3$O,#%%$01!: 4!%*O7O2$'! ,4$)*!'#*$/) !)*'!
! 8LM 01#)*$01! !* 1) .#3& (,!*'/3#;)(*$01! ,#%%$01!=

L! .#3& (,!*'$01! 24!9$*#*$/) 01#%$O'(%/))#)* E(t) = εeiwt + c.c 2! J'(01!)!
ω = ω0 +∆ $)*!'#;$* #"! 1) 2LS= |g〉 et |e〉 %/)* '!%&!*$"!3!)* ,4(*#* J/)2#3!)*#,
!* ,4(*#* !9$*(= P) 2(/3&/%#)* ,# J/)*$/) 24/)2! 21 8LM 2#)% ,# -#%! 2! !% (*#*%
&'/&'!%: /) /-*$!)* Q

|ψ(t)〉 = Cg(t)|g〉 + Ce(t)|e〉 KMCN

/R | Cg |2 !* | Ce |2 '!&'(%!)*!)* ,!% #3&,$*12!% 2! &'/-#-$,$*( 2! *'/1"!' '!%O
&!*$"!3!)* ,! %5%*63! 2#)% ,!% (*#*% |g〉 et |e〉 = P* &/1' 2('$'! ,4("/,1*$/) 2! !
%5%*63!: ?41*$,$%! ,! J/'3#,$%3! 2! ,# 3#*'$! 2!)%$*( ρ: 2(I)$* &#' Q

ρ = |ψ〉〈ψ| =
(

| Cg |2 CgC
∗
e

CeC
∗
g | Ce |2

)

=

(

ρgg ρge
ρeg ρee

)

KM8N

>/33! 2$* &'((2!33!)*: ,!% (,(3!)*% 2$#;/)#19 %/)* /)%$2('(% /33! ,#
&'/-#-$,$*( 2! *'/1"!' ,! %5%*63! 2#)% ,4(*#* &'/&'! /''!%&/)2#)*= S#)% 1) %5%O
*63! J!'3(: $, /)"$!)* 2! '#&&!,!' 01! ,! %5%*63! !%* )/'3#,$%( 7 1): 4!%*O7O2$'!
Tr(ρ) = ρgg+ρee = 1= L!% (,(3!)*% ./'%O2$#;/)#,! (*#)* ,# /.('!)! !)*'! ,!% (*#*%:
*!,% 01! ρeg = ρ∗ge=

T*#)* 2/))( 01! ,! %5%*63! (*12$( !%* 1) %5%*63! 01#)*$01!: !,1$O$ /-($* 7
,4(01#*$/) 2! M.'U2$);!' !*: !) &#'*$1,$!': ,# J/'3! 2! ,4(01#*$/) 3#$*'!%%! 2!

C<
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 !"#$!%%&'(") *&#+,))-
·
ρ = − i

~
[H, ρ]− ρrelax ./01

,$& %34,+!%5")!&) 6 7# 8 / 93:;!$,)5 < H = H0 + HI "= H0 et HI ;&>;:9&)5&)5
;&9>&5!$&+&)5 %34,+!%5")!&) )")'>&;5#;?: &5 %34,+!%5")!&) 73!)5&;,5!") 7,)9 %3,>'
>;"@!+,5!") 7!>"%,!;&-  & 5&;+& ρrelax = Γnmρnm , :5: !)5;"7#!5 7& +,)!A;& >4:)"+:'

)"%"B!C#& >"#; 7:;!;& %3!)5&;,5!") 7# 9D95A+& ,$& %3&)$!;"))&+&)5E "= Γnm =
4ω0µ

3~c3
";;&9>")7 ,# 5,#@ 73:+!99!") 9>")5,):& 7# 7!>�%&-  , ;:9"%#5!") 7& %3:C#,5!") /0E
7,)9 %3,>>;"@!+,5!") 7& %3")7& 5"#;),)5&E ")7#!5 ,#@  !"#$%&'( )* +,&. /0$%!"*(
.GHI1 "#>%:&9 <

·
∼
ρeg = iΩR(ρee − ρgg) + (i∆− Γ

2
)

∼
ρeg ./J,1

·
ρee = − ·

ρgg = i(
∼
ρegΩ

⋆
R − ΩR

∼
ρge)− Γρee ./J?1

K,)9 %&9C#&%%&9
∼
ρeg = ρege

iωt, ΩR = −µE/~ ;&>;:9&)5& %, L;:C#&)& 7& M,?!E
∆ = ω − ω0 &95 %& 7:9,";7 &)5;& %& %,9&; &5 %& 9D95A+& N 8 )!$&,#@-

 &9 GHI 7:;!$&)5 7& +,)!A;& B:):;,%& %3:$"%#5!") 73#) 8 / &) !)5&;,5!") ,$&
#) 4,+> :%&5;!C#&- I) 7!95!)B#& 7&#@ 7D),+!C#&9 < %, >;&+!A;& ;&>;:9&)5& %3,5!")
7# 4,+> :%&5;!C#& 9#; %& 8 /- G%%& 9& 5;,7#!5 >,; %3"9!%%,5!") 7&9 >">#%,5!")9 &5
7&9 "4:;&)&9 N %, L;:C#&)& 7& M,?! ΩR. /,)9 ,+";5!99&+&)5E &5 ,$& #) 4,+>
")95,)5 ,# "#;9 7# 5&+>9E %&9 "9!%%,5!")9 7& M,?! &)5;& %&9 7&#@ )!$&,#@ 7# 8 /
>&;7#;&)5 !)7:O)!+&)5-  , 7&#@!A+& 7D),+!C#& ;&>;:9&)5& %, ;&%,@,5!") 7# 8 /-
P&55& 7D),+!C#& 93&@>;!+& &) L")5!") 7&9 $,%&#;9 !)!5!,%&9 7&9 >">#%,5!")9 &5 7&9
"4:;&)&9E &5 93,+";5!5 ,# "#;9 7# 5&+>9 9"#9 L";+& 73:+!99!") 9>")5,):&- K,)9 %&
,9 7&9 9&+!")7#5&#;9E %&9 GHI >&#$&)5 9& B:):;,%!9&; 9"#9 %, L";+& 73:C#,5!")9
7& H%"4 7&9 9&+!")7#5&#;9E 7,)9 %&9C#&%%&9 %3!)5&;,5!") P"#%"+?!&))& &)5;& %&9
:%&5;")9 &5 %&9 5;"#9 &95 >;!9& &) "+>5&- I) 9& %!+!5&;, !! ,#@ GHI C#! >&;+&55&)5
73&@>%!C#&; 5"#9 %&9 >4:)"+A)&9 >4D9!C#&9 :5#7!:9 7,)9 & +,)#9;!5-

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

K,)9 &55& >,;5!&E Q& $,!9 ")9!7:;&; %&9 GHI 9,)9 &@!5,5!") %,9&; 3&95'N'7!;&
ΩR = 0 &5 &) ,?9&)& 73&@!5,5!") 54&;+!C#&-  3:C#,5!") /J? 7:;!$,)5 %3:$"%#5!")
%!?;& 7&9 >">#%,5!")9 93:;!5 7") <

(
·
ρee −

·
ρgg) + [(ρee − ρgg) + 1]Γ = 0 ./R1

SR
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 ! "#$%&'(!) +))+ #,-().%!/ %! %0).+!) &1#'%&-).%! )+23%"+&&+ 4

ρee(t)− ρgg(t) = [(ρee(0)− ρgg(0)) + 1]e
−
t

T1 − 1 5678

9! "+)"%-'+ (.!$. ,-+ &1.!'+"$.%! :+ 3%3-&().%! $+ "+&(;+ 3(" #2.$$.%! $3%!)(!#+
:+$ 3%3-&().%!$ :+$ #)()$ +;.)#$ '+"$ &+$ #)()$ <%!:(2+!)(-; :-"(!) &+ )+23$ T1 =
1/Γ = %""+$3%!:(!) (- )+23$ :+ "+&(;().%! :+$ 3%3-&().%!$ %- )+23$ :+ '.+ :+
&1+;.)%!> ?+ &( 2@2+ 2(!.A"+/ &( "#$%&-).%! :+ &1#,-().%! 6B( ,-. :#".) &1#'%&-).%!
&.0"+ :+$ %C#"+!+$ ,-(!: ΩR = 0 %!:-.) D 4

∼
ρeg = ρeg(0)e

−(
1

T2
+iω0)t

56E8

%F T2 = 2/Γ %""+$3%!: (- )+23$ :+ "+&(;().%! :- :.3�&+ %- )+23$ :+ %C#"+!+
:+ &1+;.)%!> 9! 3+-) .!)+"3"#)+" + "#$-&)() :+ 2(!.A"+ 3CH$.,-+ +! %23("(!) D
&1+;3"+$$.%! :- 2%2+!) :.3%&(."+ 4

〈µ(t)〉 = µ(ρeg(0)e
−iω0t + c.c)e

−
t

T2 56I8

J1#,-().%! 6I 2%!)"+ ,-+ &+ 2%2+!) :.3%&(."+ %$.&&+ D &( <"#,-+!+ %3).,-+ ω0

+) "+&(;+ :-"(!) &+ )+23$ T2> 9! %0$+"'+ ,-+ &+ )+23$ :+ '.+ T1 +$) :+-; <%.$ 3&-$
%-") ,-+ &+$ )+23$ :+ %C#"+!+ T2> K+&( +$) L-$)+ :(!$ &+ ($ .:#(& %F &( "+&(;(M
).%! :+$ 3%3-&().%!$ +) :+$ %C#"+!+$ +$) -!.,-+2+!) &.#+ D &1#2.$$.%! $3%!)(!#+/
1+$)MDM:."+ $(!$ 3+")-"0().%! +;)#".+-" (- $H$)A2+> 9! 3("&+ (&%"$ :+ $H$)A2+ &.2.)#
"(:.().'+2+!) +) %! ( 4

T2 = 2T1 56N8

K+))+ :#O!.).%! 3+-) @)"+ (33"#C+!:#+ 3(" &1+;3&.().%! $-.'(!)+ 4 &1.!)+!$.)# &-M

2.!+-$+ +$) &.#+ (- )+23$ :+ '.+ T1 3(" 4 N = N0 exp(
−t
T1

) )(!:.$ ,-+ &+ C(23 +$)

&-. &.# (- )+23$ :+ %C#"+!+ T2 3(" 4 P = P0 exp(− t

T2
)> 6(C(!) ,-+ &1.!)+!$.)# +$)

&+ (""# :- C(23 !%-$ %0)+!%!$ 4

P7
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N = P 2 = P 2
0 e

−
2t

T2  !"#$%

N0 e
−
t

T1 = P 2
0 e

−
2t

T2  !"#&%

soit :
 
T1

=
2 
T2

=⇒ 2T1 = T2  !"#%

($)* +) ,)-./0)),1,)2 *03.4, 3,* 5,/2+/&$2.0)* *0)2 )01&/,+*,*6 7.20)* 5$/
,8,153, 39.)2,/$2.0) $-, 3,* 5:0)0)* 4+ /;*,$+ 0+ 3,* 033.*.0)* ;3$*2.<+,* ,2 .)=
;3$*2.<+,* $-, 49$+2/,* ;3,2/0)*6 >, 4;5:$*$?, 4+ 4.5�3, ,*2 ,) ?;);/$3 53+* /$5.4,
<+, 3$ /,3$8$2.0) 4, 3$ 505+3$2.0)A .6,6 T2 << 2T16 B) ,C,2A .3 ,*2 &,$+0+5 53+*
D$.3, 4, &/0+.33,/ +), 5:$*,A $&0+2.**$)2 E 3$ 4,*2/+2.0) 4, 3$ 0:;/,),A <+, 4,
104.F,/ +), ;),/?.,A );,**$./, 50+/ 4;2/+./, 3$ 505+3$2.0)6 G0+/ 5/,)4/, ,) 0152,
,* 5/0,**+* 4, 4;5:$*$?,A 39;<+$2.0) !H *9;/.2 *0+* +), D0/1, 53+* ?;);/$3, I

1

T2
=

1

2T1
+

1

T ⋆
2

 !""%

0J T ⋆
2 /,5/;*,)2, 3, 2,15* $/$2;/.*2.<+, 4, 4;5:$*$?, 5+/A ,)?30&$)2 20+* 3,* 5/0=

,**+* 4, 4;0:;/,), 5/;;4,11,)2 .2;*6

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

KF) 49$//.-,/ E 3$ ?;);/$2.0) 4+ *.?)$3 4, 1;3$)?, E L 0)4,* 5$/ +) ,8.20)A
M, -$.* 1$.)2,)$)2 $)$3N*,/ 39.)2,/$2.0) ,)2/, 3, O>! $-, +), *;/., 49.15+3*.0)*
052.<+,*6 G0+/ $33;?,/ 3,* ;<+$2.0)*A )0+* +2.3.*,/0)* 3,* )02$2.0)* *+.-$)2,* I n =
ρee, 1 − n = ρgg 50+/ 3,* 505+3$2.0)* ,2 p = ρeg, p

⋆ = ρge 50+/ 3,* 0:;/,),*6
B) 5/;*,), 49.15+3*.0) 052.<+, /;*0))$)2,  ω = ω0%A 0) 5,+2 ;/./, 3,* BPQ !L
011, I

·
n + γ1n+ i(ΩRp

⋆ − pΩ⋆
R) = 0  !"O$%

·
p+ γp+ iΩR(1− 2n) = 0  !"O&%

7,* ;<+$2.0)* 0)*2.2+,)2 3$ &$*, 4, 39$)$3N*, 49;<+$2.0)* 0:;/,)2,* 2/$)*.20./,*
4$)* 3,* *N*2R1,* E 4,+8 ).-,$+86 7,5,)4$)2A ,33,* ), 5,+-,)2 S2/, /;*03+,* $)$=
3N2.<+,1,)2 4$)* 3, $* ?;);/$36 K+ 3.,+ 4, ,3$A 0) ,C,2+, +) 4;-,3055,1,)2 4,

"T
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 !"#$% &'% #! ()*&+,- ), #! .$#!%+&!,+$* .$'% $/,)*+% '*) &$#',+$* 0 #1$%(%) &$'2!+,-
(!*& #1!..%$3+4!,+$* (1'* 2!4. (1)3+,!,+$* 6!+/#)7 *$'& $/,)*$*& 8

n = n(0) + n(1) + n(2) + n(3) + ... 9:;<!=

p = p(0) + p(1) + p(2) + p(3) + ... 9:;</=

!>) #)& (->)#$..)4)*,& () #1$%(%) ?-%$ @'+ &$*, *'#& 8 n(0) = 0 et p(0) = 07
A* ',+#+&!*, #)& $*(+,+$*& +*+,+!#)& n(0) = 0 ), p(0) = 0B $* .)', 4$*,%)% @') #)&
$%(%)& .!+%& ()  ), +4.!+%& () ! &$*, *'#&B ), !+*&+ -%+%) #)& ACD $'.#-)& E'&@'1!'
,%$+&+F4) $%(%) 8

·
p
(1)

+ γp(1) + iΩR = 0 9:;G!=
·
n
(2)

+ γ1n
(2) + i(ΩR

·
p
⋆(1)

− ·
p
(1)
Ω⋆

R) = 0 9:;G/=
·
p
(3)

+ γp(3) − 2iΩRn
(2) = 0 9:;G=

#)& $%(%) i + 1 () n(p) &$*, +*H')*-& .!% #)& $%(%)& " () p(n)7 A* $.,+@') *$*I
#+*-!+%)B +# )&, '&')# () (->)#$..)% #! .$#!%+&!,+$* &$'& #! 6$%4) 8

P = ǫ0χ
(1)E + ǫ0χ

(2)E2 + ǫ0χ
(3)E3 + ... 9:;J=

$K χ(i) %).%-&)*,) #! &'&).,+/+#+,- 0 #1$%(%) " ()& .)%,'%/!,+$*&7 L1',+#+&) #! *$,+$*
() 4-#!*M) 0 @'!,%) $*()& .$'% 6!+%) %-6-%)*) 0 #! .$#!%+&!,+$* () ,%$+&+F4) $%(%)
P (3)B ), ($* 0 ()& .%$)&&'& *$*I#+*-!+%)& χ(3)B #$%&@') E1',+#+&) '*) $4/+*!+&$*
(1+4.'#&+$* E1B E2 ), E3 !>) #)'%& (-#!+& $%%)&.$*(!*, τ12 ), τ237 N!*& *$,%) !&B
P (3) ∝ χ(3)E⋆

1E2E37 O) %-M+4) .)', P,%) %)$**' )* 4)&'%!*, #1+*,)*&+,- (' QRS )*
6$*,+$* () #1+*,)*&+,- () E17 T!% )3)4.#) &'% #! Q+M ;7G7/B #) %-M+4) χ(3) %)&,) >!#!/#)
E'&@'10 U7;µR7  ! #$%&'!()#$ *+ ,-!)+ )./0#1()2 ,!3 ⋆ )+3! +4536/+/+$5
(/,#35!$5+ ,#&3 1! )&(5+ +5 )+3! ,1&) +4,1((52+ *!$) 1+ -!,(53+ )&(7!$58

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

V) .%+*+.!# +*,-%P, 0 4)&'%)% #) QRS M-*-%- .!% #)& &)4+I$*(',)'%& )&, @')
) &+M*!# .)%4), #1!F& (+%), !' ,)4.& () $2-%)*) 4+%$&$.+@') T2 9#+- 0 #!
#!%M)'% () %!+) 2$4$MF*) 9QRWS= (1'*) ,%!*&+,+$* $.,+@') γ = 2~/T2= -M!#)4)*,
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!"& #$'2& 2$++& 5& #6"2!&!' 596"5&J $' &**& $+&'$ $ !"& %&"%)I)#)*3 $!2+&"*3&
%!' !"& 2'$"5& 2$++& %-&*'$#&J 6++& +6"*'3 %!' #$ S)2 :GBGG

 !"! !# $% '()*�,% -% ,. /'01)1'( 0/.)1.,%
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4(()9&! !, "#$%! !, 0*)/)%$,* ! (&;&(!,!+!,* !1*!(,!3 !%* ), )70&!  $,% /! "$,,!$0
#2- G$ "#$%! CDE !%*  )(!*!+!,* /)&! : !//!  ! E1 !* E23 70) %4,* +$),*!,$,*
+!%0(&!% !* ;40(,)%%!,* /$ *($+!  ! (&;&(!,! : /$70!//! ,40% %6,#(4,)%4,% /! CDE-

G$ "(&)%)4,  0 (&;&(!,!+!,*  ! "#$%! !%* 4,H(+&! "$( /$ ;4(+$*)4,  ! ")%
&*(4)*%  $,% /! 9($"#)70!  ! I. CDE $J#&%  $,% /! "$,,!$0 K2- L *)*(!  ! 4+M
"$($)%4,3 /! "$,,!$0 )2 +4,*(! /! I. CDE 4N*!,0 $"(O% 4((!*)4,  ! /$ "#$%!
 )(!*!+!,* %0( /!%  4,,&!% CDE-

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

PH,  ! "4054)( (&$/)%!( /!% +!%0(!% %0( /!% 90) !%  <4, ! "/$,$)(!%3 )/ $ ;$//0
)+"/&+!,*!( 0, N$/$6$9! %!/4, 0, 5!*!0(  &H,)  ! /<4NQ!*);  ! +)(4%4"!- R0%M
70<: "(&%!,* )/ &*$)* "4%%)N/!  <!S!*0!(  !% %$,% 70! %!/4, /!% $1!% T !* U  !%
"/$*),!%  ! *($,%)*)4,% ")!V4M&/!*()70!%3 "(),)"$/!+!,* "40( (&$/)%!(  !% )+$9!% N)M
 )+!,%)4,,!//!% W1362  !% &#$,*)//4,%- G<&#$,*)//4, $5! /!% 90) !%  <4, ! "/$,$)(!%
M 70) %!($ "(&%!,*&  $,% /! #$")*(! > M ,! "405$,* "$% 8*(! 4//& %!/4, /!% $1!%  !
 &"/$!+!,*  ! /<4NQ!*);  ! +)(4%4"!3 /! 4//$9! %! ;$)%$,* : /$ +$),3 )/ ;0* ,&!%M
%$)(!  <)+"/&+!,*!( 0, %$, %!/4, 0, 5!*!0( 4((!%"4, $,* : /<4()!,*$*)4,  0 90) !
 <4, ! "/$,$)(!%  $,% /! (64%*$*-

 !"!#!. /0+1%() 1)2 1'+%3*45)2 *+*6*%&)2 -%7*1)2 )6 1)2 6)372 &0+(2

G!% +!%0(!% %0( /!% +4,440#!%  ! E4X!2 !*  ! DX!2 ,40% 4,* 4,;(4,*&% : 0,!
 )J0/*& Y /$ +!%0(!  !  !01  6,$+)70!% %0( I &#!//!%  ! *!+"%  )S&(!,*!% %$,%
 &()5!- F40( !/$ 4, $ ;$)* !, %4(*!  ! "4054)( +!%0(!( !%  !01  6,$+)70!% /4(%  0
+8+! %$,  ! +!%0(!  ! T1 ou T2- G4(%  !% +!%0(!%  !  6,$+)70! %0(  !% *!+"%
40(*% W ! /<4( (!  ! /$ ")4%!4, !2 4, !S!*0! 0,! +!%0(! $5!  !% "$%  !  &/$)
/),&$)(!% ∆τ12/23 "0)% M  $,% /! +8+! %$, M /!% "$%  ! *!+"%  !5)!,,!,* !1"4,!,*)!/%
"40( "4054)( +!%0(!( /!%  6,$+)70!% "40( /!%  &/$)% Q0%70<: =-> ,%-

Z!**! +4 )H$*)4,  ! "(49($++! [(!ZZ.F/4* $ "(),)"$/!+!,* &*& 0*)/! /4(%
 !% )+$9!()!% #6"!(%"!*($/!% %4, $,* /!%  6,$+)70!%  !  &4#&(!,!-

I\



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

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

 !"# $%&'()* +,!#- .,/ 0*'&&"#(' 2!$3/#4#&'( -!$(2(' 2' .$0/#$00'4'0/ 2'& &"0&
0$/"44'0/ 3$,( -" $4%#0"#&$0 2' 4'&,(' 5&"0 '0 2*-"# 6 #4"7'(#'58  ,&+,!9
4"#0/'0"0/ -!$(2(' 2' /(")"#- 2'& 2#:*('0/& &"0& 0!*/"#/ 3"& 3'0&* 3$,( ':'/,'( ,0'
#4"7'(#' ;<3'(&3'/("-' /$,/ '0 4'&,("0/ T1 '/ T28 ='& &"0& 2' 2*-"# &$0/ 2$(*0")"0/
':'/,*& '0 3('4#'( ")"0/ 2' ;"07'( -" 3$&#/#$0 2'& #43,-&#$0& &,( -!*;"0/#--$08 >'
;"07'4'0/ " 3'(4#& 2' $0&/(,#(' -'& "(/'& &3"/#"-'& 2' 2*3;"&"7' '/ 2' /'43& 2'
)#' -$(& 2'& &*"0'& 2' 4'&,('& &,( -'& 4$0$$,;'& &'4#?$02,/(#'&8

 !"!#!2 3%-+ +0 45(+ ,/ -(0 6789+:

=" 4$2#@"/#$0 4"A',(' ", &'/,3 2' -!'B3*(#'0' .,/ -" 4#&' '0 3-"' 2!,0' -#70'
9 ('/"(2 &,33-*4'0/"#(' &,( -' ;'4#0 $3/#+,' 2' -!#43,-&#$0 -"&'( 2' (*.*('0' Er +,'
-!$0 )$#/ &,( -" C#7 D8DE8 >'//' #43-*4'0/"/#$0 3'(4'/ -" 4'&,(' 2#('/' 2' -!*;$ 2'
3;$/$0 2$00"0/ "#0&# "F& 9 -!*-"(7#&&'4'0/ #0;$4$7F0'G ' +,# &'(" 3(*&'0/* 3-,&
'0 2*/"#- 2"0& -' ;"3#/(' HG 3"(/#' I8H8

HJ
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*$+,&'  ! " #  "#$% &'()%' *+ *,-.(-,/,0 12.#3,$14/%' %51 '1 "1$,4
(./,6+1 -+,5, .%3 '1- ,$.+'-,(4- '%-137
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 !"#$%&' (

)'*+&'* ,+ *$-."/ ,' 01) *+& ,'*

234%'* 5+".%$6+'* 7.$6+'*

 !""#$%&
 !" #$%& '$& ()(*&+%,+,%$& ./+$%01(1&+$& ! ! ! ! ! ! ! ! ! ! ! 23

 !"!" #$%&'()*)+,( -'& %/*()+00,(& -' µ10'()+00'& ! ! ! ! ! ! ! ! ! 23

 !"! 4'&5$' -5 &+6(*0 -' 784 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2"

 !"!2 9%:/*&*6' +(-5+) :*$ :/,(,(& ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2;

 ! 4$&,%$& ., 564 &,% 01%*7)81+/ 9')()1%$ *(+$()(+

.$& ./:),+& 9;*+*(1<,$& ()+,%$'& ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2=

 ! !" <=*6'$+' 784 >'$&5& ?),=+ 7,$' 4+$,&,:@ ! ! ! ! ! 2A

 ! ! 9%:'(-*(' '( +()'(&+)% -5 784 -*(& 5( &@&)B=' C -'5D
(+>'*5D ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2E

 ! !2 9%:'(-*(' '( +()'(&+)% -5 784 -*(& 5( &@&)B=' C )$,+&
(+>'*5D ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! F"

 ! !F 4'&5$' -' 0G%/, -' :/,),( ') ,/%$'(' C  1:/,),(& ! ! ! F2

 ! #$%&'(! !)' *+)$(, - ./,'01! 1!) 2*3'!) 40$+'&40!) 0+&40!) %$( .$ )%!'(*5
)*%&! 6789 :! ;$&) )*+1!( .!) $($',(&)'&40!) 1!) <=) 0+&40!) '!..!) 40! ./,#* 1!
%#*'*+) *0 .! 1,%#$)$>! %$( %#*+*+) $&+)& 40! .!) 1?+$@&40!) 1$+) 1!) )?)'A@!) -
B *0 C +&;!$0D9 E/0'&.&)$'&*+ 1! )'(0'0(!) 1,'!(@&+&)'!) $&+)& 40! +*+51,'!(@&+&)'!)
$ %!(@&) 1/!F!'0!( !''! ,'01! !+ $0>@!+'$+' .! +&;!$0 1! )&>+$. @!)0(,9
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 !" #$%& '$& ()(*&+%,+,%$& ./+$%01(1&+$&

 !"$ %&' (!)*!+, -$./)0)*12&$, 3%/, 0% !)1,,%/$ 3$, ,$415)/3&-$&!,6 0$,
7)1-$, 2&%/-12&$, %&-)5%,,$4708$, )9!$/- %&:)&!3;.&1 &/$ 2&%01-8 )(-14%0$ 3$, -!%/5
,1-1)/, $'1-)/12&$, !8,13$/-$,<=>℄ %@$ &/$ $A%1-8 3;841,,1)/ (!).$ 3$ 0;&/1-8<BC℄D
E$, %((01%-1)/, F @$/1!6 1,,&$, 3$ 0% )471/%1,)/ GH, $- /%/)(.)-)/12&$6 -$00$, 2&$
0$, ,)&!$, 3$ 0&41+!$ 2&%/-12&$ 3%/, 0$, !8,$%&' (.)-)/12&$, ,&! (&$6 $'1*$/- &/$
8@)0&-1)/ @$!, &/ (),1-1)//$4$/- 3$, GH 38-$!41/1,-$D I $- 8*%!36 0% 01-.)*!%(.1$
$/ J%1,$%& 80$-!)/12&$ KLGEM % 8@)0&8 $/ &/$ -$./12&$ %3%(-8$ ()&! 0% J%7!1%5
-1)/ 38-$!41/1,-$ 3$ 0% 0&41+!$ 2&%/-12&$D E)!,2&;$00$ $,- )471/8$ F &/$ 14%*$!1$
(%! %-.)3)0&41/$,$/$ F 7%,,$ -$4(8!%-&!$6 0% LGE ($!4$- 3$ ,&0(-$! 3$, 415
!)0$/-100$, %&53$,,&, 3$, GH 1/31@13&$0,6 $ 2&1 %4801)!$ 0;$A%1-8 3$ 0% )00$-1)/D
N16 $/ &-101,%/- 0% 41!),($-!),)(1$ OPQ /)&, !8@80)/, 3$, ).8!$/$, 3$ GH,
&/12&$, 3%/, 0$, 41!)0$/-100$, 38-$!41/1,-$, !8%01,8$, (%! LGE 1/ ,1-&D E$, ,1*/%&'
)(-12&$, )7-$/&, 3%/, $, ,-!&-&!$, /%/)(.)-)/12&$, (!8,$/-$/- &/ !%(()!- ,1*/%0
,&! 7!&1- %4801)!8D R$0% /)&, ($!4$- 3$ 383&1!$ 0;14(%- 3$, (.)/)/, %)&,-12&$,
,&! 0% 3S/%412&$ 3$ ).8!$/$ 3$, GH, 1/31@13&$0,D L/ (%!-1&01$!6 :$ 4)/-!$ 2&$
0$ 38(.%,%*$ 3$ 0% 01*/$ 3$ T8!) (.)/)/ KUVEM 3$ 0;$'1-)/ $,- (!).$ 3$ 0% 0141-$
!%31%-1@$ 3%/, &/$ GH &/12&$ F W X6 $/ 0$ 31,-1/*&%/- 3$ ,)/ :1--$! ,($-!%0D

E$, (.)/)/, ,)/- )//&, ()&! :)&$! &/ !�0$ !&1%0 3%/, 0$ )/-!�0$ )(-12&$ 3$,
GH,D I@$ 0;%&*4$/-%-1)/ 3$ 0% -$4(8!%-&!$6 )/ )7,$!@$ &/ 14(%- !)1,,%/- 3&
38(.%,%*$ 1/3&1- (%! 0$ (.)/)/ $/ !%1,)/ 3$ 0% J)!4%-1)/ 3& ()0%!)/ $- 3$ 0;841,,1)/
3$, (%2&$-, 3;)/3$, $- &/ 80%!*1,,$4$/- 3$ 0% 0%!*$&! .)4)*+/$ γ6 %--!17&8$ F &/
)&(0%*$ 2&%3!%-12&$ $/-!$ ()!-$&!, $- (.)/)/, %)&,-12&$,D E% 41!),($-!),)(1$
,&! GH &/12&$ ($!4$- 3;%,,)1$! 0$ 38(.%,%*$ 4$,&!8 %& )&!, 3$ 0% J)!4%-1)/ 3&
()0%!)/ %@$ 0% J)!4$ ,($-!%0$ 3$, -!%/,1-1)/, %,,1,-8$, (%! (.)/)/,6 %$,,170$, 11
(%! (.)-)0&41/$,$/$ KVEMD Z$ (0&,6 0$, (%!%4+-!$, )(-12&$, 3$, GH6 ;$,-5F531!$
0$ 38(.%,%*$6 0% 3&!8$ 3$ @1$6 0$, 4)4$/-, 31()0%1!$,6 0$ )&(0%*$ (.)/)/6 ,)/- 3%/,
&/$ $!-%1/$ 4$,&!$ 4)S$//8, 3%/, 0)!, 3$ 0;8-&3$ 3$, $/,$470$, 3$ GH, 3&$ F &/$
31,-!17&-1)/ ,-).%,-12&$ 3$ 0$&!, J)!4$, $- )4(),1-1)/ 3;%001%*$D R$ (!)70+4$ $,-
/%-&!$00$4$/- ,&!4)/-8 3%/, 0% ,($-!),)(1$ 3;&/$ 7)1-$ 2&%/-12&$ &/12&$D

 !"!" #$%&'()*)+,( -'& %/*()+00,(& -' µ10'()+00'&

E$, µ50$/-100$, J%7!12&8$, 1/5,1-& (%! LGE ,&!4)/-$/- 0% 2&$,-1)/ 3;&/ J%170$ !$/5
3$4$/- 3& J)/-1)//$4$/- 3$, ,-!&-&!$, (.)-)/12&$, 8-&318$,6 2&$ 0;)/ ($&- %@)1!
0)!, 3$ 0% J%7!1%-1)/ 3$ $, ,-!&-&!$, ,&! 3$, 8.%/-100)/, )/-$/%/- 3$, GH 31,5

[C



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

 !"#$%  !" #  !"#$%&'&()% *$# µ+,$%&(,,$#- $% &'()( *+,-. /(-. *. )0$1$23 3+4'$-6
)233(- (7 8 µ63.-)233.9 9(-) 1292:3.9! :% ;<$=. >?@ *.9 µ63.-)233.9! % A'4<$ *.
3+4'$-)233(- $1. 3$ BC 2:34. $, .-)0. *. 3$ 3.-)233. .) 3.9 04D.).,09 *. B0$==9
.-6*.99(,9!

)02:,4.9 *. <$-2E0. $34$)(20.! F.9 <20(3.-)233.9 )0$2)4.9 $1. ?BF 2- 92), G.,1.-)
H)0. *4I-2.9 *. J$K(- *4).0<2-29).L 9G$)2$3.<.-) $*$G)4.9 $,M BC9 $1. ,-. G046
292(- *+$32=-.<.-) *+.-120(- NO -< .) (<:2-4.9 P ,-. $*$G)$)2(- *. J04Q,.-.
=$0$-)2. G$0 3.,0 $<G32I$)2(- *+.M)0$)2(- P 3$0=. :$-*. 9+4).-*$-) 9,0 ,-. :$-*.
G$99$-). *+.-120(- RO -<! S.9 <20(3.-)233.9 $T$-) ,-. '$,).,0 *. OLNRµ< .)  µ<
*. *2$<E)0. (-) 4)4 =0$14.9L (<<. *402) .- *4)$23 *$-9 3$ U4J!VW℄L *. <$-2E0. P
04.0 3+$<432(0$)2(- *, '$<G *. <(*. *+.M2)$)2(- .) *. *4).)2(- .M$).<.-) $,
-21.$, *, G3$- *. 0(299$-. *.9 BC9L 92),4 .-)0. 3. 04D.).,0 *. B0$== 2-J402.,0
.) 3$ 9,0J$. *. <20(3.-)233. 6 1(20 .-$*04 9,0 3$ Y2=  ! !$! Z(,9 ,)2329(-9 *.9 BC9
.- ;-[9 (:).-,.9 G$0 *4G�) <4)$33(6(0=$-2Q,. .- G'$9. 1$G.,0 ]@^_&?%! `0a. P
3$ '$,). .b$2)4 *+.M)0$)2(- 3,<2-.,9. *+.-120(- NO% *$-9 -(9 <20(69)0,),0.9L
-(,9 -()(-9 04=,32E0.<.-) ,-. G'()(3,<2-.9.-. BC 3,<2-.,9.L $1. ,- )$,M *.
(<G)$=. 9G.)0$3.<.-) 2-)4=04 *.  OO cd/ .- *.99(,9 *. 3$ 9$),0$)2(- &F! e *.9
I-9 *. (<G$0$29(-L *.9 )$,M *. (<G)$=. *. &F f,9Q,+P " cd/ 9(-) )TG2Q,.<.-)
(:9.0149 *$-9 -()0. (-I=,0$)2(- G(,0 *.9 BC *. '$,). Q,$32)4 2-)4=04.9 *$-9 *.9
4'$-)233(-9 G3$-$20.9!

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

S$-9 . Q,2 9,2)L -(,9 4),*2(-9 3$ )0$-92)2(- *(<2-$-). P "NRg!R <._ <$0Q,4.
G$0 ∗ *$-9 3$ Y2=  ! !$! ;3 9+$=2) *. <2-2<29.0 3.9 ).<G9 -4.99$20.9 G(,0 .h.),.0

N"
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(

*$+,&'  ! " #$% &'()*+,-. /01 2345),. 4(.+2$).'.7+ 837323. ($2 9,.)9,.4 .:*;
+574 *7+38234 -$74 ,7. 4+2,+,2. -. ).7+*)).! <. +2*57 43).+*5773 #GX±% .4+ 3+*9,.+3
$=. ). 25,8. ∗! <$ >$22. ?52*@57+$). *7-*9,. ,7 4A4+B'. .:*+57;>*.:*+57 7.,+2.
#CDE% -$74 ,7. EF 4*+,3 G )$ (32*(?32*. -. )$ ).7+*)).! H7$-23 I J*4+2*>,+*57 $),;
)3. -. )K*7+.74*+3 -, ?$'( (25?. (5,2 )$ 4+2,+,2. -. )$ ).7+*)).L *'$8. M5,27*+ ($2
J2 N! O5-+ -. PQ E.2)*7! <K*7+.2M$. 4.'*;57-,+.,2;$*2 .4+ 2.(234.7+3. ($2 )$ )*87.
75*2. ().*7.L .+ ).4 23R.+.,2 -. E2$88 5''.7. .7;-.445,4 -. )$ )*87. (5*7+*))3.! #>%
&'()*+,-. /01 *7+3823. 4(.+2$).'.7+ -K,7 +2*57 -$74 )$ EF ?5*4*. .7 M57+*57
-. )K$*2. -K*'(,)4*57 θ1 ∝

√
P1 -. E1! <$ )*87. 52$78. '57+2. )$ -3(.7-$7. -K$';

()*+,-. -, /01 522.4(57-$7+ G |sin(θ1/2)|L +$7-*4 9,. ).4 257-4 >)$74 '57+2.7+
). >2,*+!

).4 439,.7.4 -. '.4,2.4 -, /01 .+ $*74* 3=*+.2 ).4 -32*=.4! S5,4 7K5>4.2=574 ($4
-. /01 (5,2 ).4 -3)$*4 738$+*M4 #τ12 < 0%L '57+2$7+ 9,K*) (25=*.7+ -K,7. +2$74*;
+*57 .:*+57 ?$283. #+2*57% GX±! T5,2 *)),4+2.2 ). 5,()$8. $2, -. E1, 2 5U.2+ ($2
).4 '*25).7+*)).4L *) .4+ )58*9,. -. '.4,2.2 ). 4*87$) -. /01 .7 M57+*57 -. )K$*2.
-K*'(,)4*57 θ1 ∝

√
P1L 5V P1 2.(234.7+. )K*7+.74*+3 -. E1L +$7-*4 9,. T2 .4+ W:3 G

X!Y µ0! <K$'()*+,-. -. /01 $Z?. ,7. 25+$+*57 -. O$>* 4,*=$7+ )$ -3(.7-$7.
|sin(θ1/2)| $=. ). (2.'*.2 '$:*',' G P1 = 0.75µW L 522.4(57-$7+ G ,7. $*2. -K*';
(,)4*57 -. θ1 = π/2! T5,2 -.4 *7+.74*+34 (),4 3).=3.4L ). 4*87$) /01 4K3$2+. -. .
5'(52+.'.7+!

T5,2 '.4,2.2 )$ -,23. -. =*. T1 -. )$ -.74*+3 -K.:*+574L 75,4 $=574 ,+*)*43 )$

[ 
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 !"#$%  !" #  !"#$% &' ()* +'#$#, &-.#' &'./!01' 1!345%'#,!%%'6 $%&'()'
)'* +,-(*.+./(* /0+.12'* 3 4565,./(7 896':.+/(7 9<6=.':.+/(! >-2+ 3 ?'*2,' *0'6
+,-@' 0/2, @- <A B )%@-.* τ12 0/*.+.C*! <-* 3 ?'*2,' *0'+,-@' %?.* 0/2, @- <A B )%@-.*
τ12 (%&-+.C*!

*%12'(' )' DEF B +,/.* .?02@*./(*7 /G @' *.&(-@ '*+ )%+'+% B ω3 + ω2 − ω17 '(
C/(+./( )2 *'/() ,'+-,) τ237 -HI% *2, @- D.&  !J! K 0-,+., )' *- )%,/.**-(' ':6
0/('(+.'@@' (/2* -@2@/(* 2( +'?0* )' L.' T1 = (347 ± 12)0* B T = 5 M! N(' +'@@'
)2,%' )' L.'7 ,'@-+.L'?'(+ /2,+'7 /?0-,%' -2: O (* +P0.12'?'(+ /=*',L%'* )-(*
'* *+,2+2,'*7 '*+ -++,.=2%' B @- *%@'+.L.+% )' @- +'I(.12' )' DEF C-L/,.*-(+ )'*
<A 0-,+.2@.Q,'?'(+ =,.@@-(+'* -L' 2( ?/?'(+ ).0/@-.,' %@'L% '+ 0,%*'(+-(+ -.(*.
2(' )P(-?.12' )' )%,/.**-(' ,-0.)' )' @- 0/02@-+./( R /( *S-++'() B ' 12' @'*
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*$+,&' -.2 3 45"1 67081(#( :  !&%$ %'/1*$%&#$ 1 %*%$0( /&1! '($1!(! *" );#"'%81(
)($ /&/1*" %&#$ )(  !%&#$. E1 ( E2< ";"# 1# !( "!) )( τ12 = 20/$< !0(# *" /&/1*" %&#
)(  !%&#$ ( $&# "="#0($ &#>&%# ('(# )"#$ *(  ('/$< )(  (**( $&! ( 81( *( +?@
)0*(#A0 /"! E3  ($ ( *" )0!&%$$"#( )( *" /&/1*" %&# =%" *" )0/(#)"#( (# τ23.
4B"$6 @($1!( )&##"# *" )1!0( )( =%( )( *C(D% &# T1 = (347 ± 12)/$. E( #%=("1 )(
F!1% ($ %#)%810 /"! )($ (!*($ =%)(.

G( ="%$ '"%# (#"# "F&!)(! *" );#"'%81( )( &A0!(#( (# H&# %&# )( *"  ('/0I
!" 1!(< "J# )( )0 (!'%#(! *C%'/" )( *C%# (!" %&# "=( *($ /A&#&#$ $1! *( )0/A"$",(
)( *C(D% &#. E( +?@  !"#$% &%!(< ,0#0!0 )"#$ #& !( (D/0!%(#( A0 0!&);#(< ($ 0'%$
"/!K$ *C"!!%=0( )( E2. L# $1//&$( 81C%* /!0$(# ( 1# 0A& ,"1$$%(# (# !"%$&# )C1# 0"! 
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 !"#$%  !" # $% &'$()% *+,(-.- 0 1-(2 345(6738.7 $5563,(+- 58(9 78.1-9 6- 598:6
1;+<8! &=$7% >4563)(1- 1- ?@A 3.)+B9+- C-97(7 τR2 0 " D 9+C+6$.) 6;+<8 B$(773-.
$C- (.- 6$9B-(9 )-4589-66- 18..$.) σ E F;$G(7)-4-.) )<+893,(- -7) 18..+ 5$9 6$
63B.- 56-3.-! H.$19+ I +6$9B377-4-.) .8. <848BJ.-

√

8ln(2)σ -2)9$3) 1- 6$ 6$9B-(9
)-4589-66- 1- 6;+<8 58(9 13K+9-.)-7 )-45+9$)(9-7! L% &'$()% *+,(-.- 0 1-(2 34M
5(6738.7 $5563,(+- 58(9 78.1-9 6- 1+5<$7$B- 1( )938.! &=$7% A-7(9- 1- 6;$4563)(1-
1( ?@A -. N8.)38. 1( 9-)$91 τ12O 18..$.) (.- 1P.$43,(- 1- 8<+9-.- 58(9 13NM
N+9-.)-7 )-45+9$)(9-7 E F- :) )<+893,(- -7) )9$+ $C- 1-7 63B.-7 56-3.-7! H.$19+ I
Q+5<$7$B- T2 -. N8.)38. 1- 6$ )-45+9$)(9-!

75-)9$6 B$(773-. 1- )P5- σO $C- 6- 4$234(4 0 t = τ12 -) 6$ 6$9B-(9 )8)$6- )-4M
589-66- 0 43M4$234(4 &NR<4% 1- ~

√

8ln(2)/σ! S8(9 -2)9$39- σO .8(7 $5563,(8.7 6$

T"



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

 !"#$%$ ' ( )*+#, )-% .$+.! $%/!$  #. ,0 1)2 (3430 5 ), $ / )*+-./0%/ 6$  07-). "#$
,8-% *0)%/)$%/ τ12 = 110 + 9:$; /-#/ $% <0,0=0%/ ,$ .$/0.6 τ2R $%/.$ E2 $/ Er3 >%
/0%/ "#$ /$,; ,0  $% )<),)/! /$*+-.$,,$ ?@/A 6$ ,8$:+!.)$%$ @.$+.! $%/!$ +0. ,0 -#.<$
7$./$  #. 1)2 (3430 "#) $ / $%/.!$ 0#/-#. 6$ ErA; +.-7$%0%/ 6$ ,0 .! -,#/)-%  +$/.0,$
9%)$ 6#  +$/.-*B/.$; $ / <0,0=!$ +0. #% ,0.2$ 1CD /.0% )/-).$3 E$ .$-#7.$*$%/
)%/!2.! 1CD $%/.$ ?@/A $/ ,8!F- /.0! -%/.$ τ2R  #. ,0 1)2 (3430 .$+.-6#)/ $% $GH
G$/ #%$ G-.*$ 20#  )$%%$; 07$ ,$ *0:)*#* 0//$%6# ' τ12 = 110+ $/ σ = 8.2µ$I3
E8!,0.2)  $*$%/ )%F-*-2B%$ *$ #.! @1CJDA

√

8ln(2)σ $ / /.0! +0. .0++-./ ' ,0
/$*+!.0/#.$ 60% ,8$%0./; -K %-# -% /0/-% "#8), %$ 70.)$ "#$ *0.2)%0,$*$%/ 60% 
,0 +,02$ 6$ /$*+!.0/#.$ !/#6)!$3

L-#. $:/.0).$ ,0 7)/$  $ 6$ 6!+F0 02$ 6$ ,0 MLE γ = 1/T2; %-# *$ #.-% ,80*H
+,)/#6$ 1CD )%/!2.!$ 60% ,$ /$*+ $% G-%/)-% 6$ τ123 L-#. #% 6!,0) τ2R 9:$; ,8!F-
+0  $ +0. ?@/A $% 70.)0%/ τ123 N0% ,$ /.070#: +.!!6$%/ O(P℄ $) 0 !/! -*+$% !
$% -..)2$0%/ ,$  )2%0, 60% ,$ 6-*0)%$ /$*+-.$, +0. ?@/A3 R$+$%60%/; +-#. #% τ12
 #S 0**$%/ 2.0%6; ,8!F- $ / 2!%!.! ' 6$ *-*$%/ %-% 0$  )<,$ +0. ?@/A; 6$
 -./$ "#$ ,$  )2%0, %$ +$#/ +0 T/.$ 6!/$/! +0. ,8)%/$.G!.$%$  +$/.0,$ ' 0# $ 6$
,0 .! -,#/)-%  +$/.0,$ ,)*)/$ 6$ %-/.$ $:+!.)$%$3 U); $//$ 6)S#,/! $ /  #.*-%/!$
$% 0#2*$%/0%/  )*#,/0%!*$%/ τ2R 7$. 6$ 6!,0) +- )/)G "#0%6 -% 0#2*$%/$ τ12;
6$  -./$ "#$ ?@/A  -%6$ ,0 *T*$ +0./)$ /$*+-.$,,$ 6$ ,8!F- +-#. /-#/ τ12; -**$
.$+.! $%/!  #. ,0 1)2 (343<3 V-# 07-% )%)/)0,$*$%/ 9:! τ2R = −70+ +-#. 0  #H
.$. ,8-.6.$ 6# /$*+ $%/.$ Er $/ 1CD; -**$ .$"#) +-#. $W$/#$. ,8)%/$.G!.-*!/.)$
 +$/.0,$3 E80*+,)/#6$ 6$ 1CD .! #,/0%/$ +-#. +,# )$#. /$*+!.0/#.$ $ / +.! $%/!$
' ,0 1)2 (343<3 X+.B "#$ ,8!F-  $  -)/ 6!7$,-++! +-#. τ12 > 150 + ; ,0 6!.-)  0%$
6#  )2%0, $ / 6-%%!$ +0. #%$  $#,$ $:+-%$%/)$,,$; $ "#) 6-%%$ ,$ /$*+ 6$ 6!+F0 02$
T23 X <0  $ /$*+!.0/#.$; $ 6$.%)$. 0//$)%/ T2 ≈ 1.3 T1; +.-F$ 6$ ,0 ,)*)/$ .06)0/)7$
@T2 = 2T1A; *0,2.! ,8!,0.2)  $*$%/ )%F-*-2B%$ *$ #.0<,$3

R-**$ -% ,$ 7-)/ 60% ,8$%0./ 6$ ,0 1)2 (34; 07$ #%$ /$*+!.0/#.$ .-)  0%/$;
T2 .0-#.)/ .0+)6$*$%/ $% -F!.$%$ 07$ ,$ *$ #.$ +.!!6$%/$  #. $% $*<,$ $/
6$ 0++.-F$ -*+,!*$%/0).$ +,# .!$%/$ #/),) 0%/ 6$ /$F%)"#$ 6$ -..!,0/)-%
6$ +F-/-% O((℄3

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

E$ /$.*$ 6-*)%0%/ 60% ,$ -#+,02$ !,$/.-%H+F-%-% 60% ,$  $*)-%6#/$#. 
$ / ,)%!0).$ 60% ,$ 6!+,0$*$%/ 6# .! $0# 5 8$ /H'H6).$ "#8), $ / ,)%!0).$ 60% ,$ 
-+!.0/$#. 6$ .!0/)-% $/ 680%%)F),0/)-% 6$ +F-%-% 3 L-#. ,$ 0 +.! $%/ 68#%$ YZ
$:)/!$ ' ,0 /.0% )/)-% 68$:)/-% ,0 +,# <0  $; $ "#) .$+.! $%/$ #%  = /B*$ ' 6$#:
%)7$0#:; $) %-# 0*B%$ 0# *-6B,$ 6$ <- -% )%6!+$%60%/3 R$ *-6B,$; +-#. ,0

[\
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 !"#$%  !" # $% &'()*+,-./ 012 *3+4564./ -$3/ ). +.'(/ (67-,*+./ ($6 -.,8 *'(,)9
/*73/ (7,6 )./ 6.+$6-/ *3*+*$,8 τ12! :./ $'()*+,-./ 012 ; -*<46.3+./ +.'(46$+,6./
=>7*6 )45.3-.% /73+ 376'$)*/4./ ; τ12 = 0 (7,6 '73+6.6 ). -4(?$/$5. *3-,*+ ($6 )./
(?7373/! @% A(.+6./ -C4'*//*73/ D: (7,6 -*<46.3+./ +.'(46$+,6./!

-.3/*+4 -. (?7373/ $7,/+*E,./ .3 FG -./ 4+$+/H I7,63*+ ,3. +6$3/*+*73 -. )$ @$3-.
-. (?7373/ .+ ,3. JD: 3739-4543464! :$ )$65.,6 K3*. -, JD: .+ /$ -4(.3-$3. ; )$
+.'(46$+,6. /73+ .8()*E,4./ ($6 -./ (67.//,/ -. (?7373/H E,* /73+ -. /.73- 76-6.
-$3/ )./ 7(46$+.,6/ -. (?7373/ E,* (.,>.3+ (67>.3*6 -. +6$3/*+*73/ >*6+,.))./ >.6/
-./ 4+$+/ .8*+73*E,./ /,(46*.,6/ 7, -C$3?$6'73**+4/ -. (?7373/H E,* 3. /73+ ($/
*3),/./ -$3/ ). '7-L). $(()*E,4 **! :$ 0*5  !M!@ '73+6. 45$).'.3+ ,3. -*'*3,+*73
(673734. -. )C$'()*+,-. *3*+*$). -. 012 ; τ12 = 0 $>. ,3. +.'(46$+,6. 67*//$3+.H
-. /76+. E,. ). /*53$) 3. (.,+ ($/ N+6. './,64 $,9-.); -. OPFMQ! R.++. -*'*3,+*73
./+ $++6*@,4. $, -4(?$/$5. *3-,*+ ($6 ). (?7373 (67>7E,4 ($6 ). 7,()$5. )*34$*6.
.8*+739(?7373/H E,* -7'*3. ). 7'(76+.'.3+ ; 7,6+ +.6'. -, /*53$)!

D7,6 $3$)S/.6 .+ .<.+H 37,/ './,673/ )$ -S3$'*E,. -. 7?46.3. /,6 ,3. 4?.)).
-. +.'(/ (*7/.73-.! :./ 64/,)+$+/ /73+ (64/.3+4/ /,6 )$ 0*5  !"! :. 7,()$5. )*34$*6.

FT



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

 !#$% &' ()$% *+' &', -.,$%$./,  0!*+$&$1#'  ', $./,  + #!,')+ '/ -#!,'/'  0+/ '2$%./
,./%  $3!#'/%',  ' &'+#, 4)&'+#, '/ &0)1,'/'  0+/ '2$%./ 5 0',%676 $#' *+0+/ -.&)#./
',% (.#8!9 :.#,*+0+/ '2$%./ ',% ;!/!#! 1#+%)&'8'/% -)# +/' $8-+&,$./ ('8%.,'./ '<
&) (.#8)%$./  + -.&)#./ ,0).8-);/'  ' &0!8$,,$./  0+/ -)*+'%  0./ ',  ' -=././,
-)#.+#)/% &' 4.&+8' >? -+$, &' #!,')+ '/4$#.//)/% )4' +/' 4$%',,' ,./.#'  0'/4$#./
@ /8A-,9 B/' (.$, *+' &' -)*+'%  0./ ' ) *+$%%! &) >?< &', %#)/,$%$./, ),,$,%!', -)#
-=././ ,./%  !-=),!', '% /' ./%#$1+'/% -&+, )+ CDE9 F)/, &)  !-'/ )/' τ12  +
,$;/)& CDE< '&) ,' 8)/$(',%' -)# +/'  !#.$,,)/' #)-$ ' ,+# +/' !='&&'  ' %'8-,
 0'/4$#./ G -,9  ! "#$%&'% $(& )* +,- ./0/* 1(% )* 3(4% ,!,4,*)% 5( +67 %$4
5% 8)($ %! 8)($ 8&"!"!9% *'% ):*(-;%!4*4,"! 5% )* 4%;89&*4(&%/ <'%
)* 4%;89&*4(&% &",$$*!4%= )% "(8)*-% *( 83"!"! 5%',%!4 8)($ %>*% %4=
8*& "!$91(%!4= 59?@ @ A B CD E= )* "39&%!% 59&"F4 5:(! G*4%(& 0
8%!5*!4 )%$ 0 8&%;,%&$ 8$/ H%, %I8),1(% 8"(&1(", )* '*)%(& ,!,4,*)% 5(
$,-!*) &%8&9$%!49 $(& )* +,- ./J/*= "K %44% 59";8"$,4,"! ,!,4,*)% !:%$4
8*$ &9$")(%= 59&"F4 &*8,5%;%!4 *'% 5%$ 4%;89&*4(&%$ &",$$*!4%$/

 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#.

5/51 '#$ '26/%1$ 37-1-5+8%#$ 5/1%&#4$

 ! !" #$%&'()' *+, -'(./. 012$) *2(' ,)(2.245

F)/, &0.-%$*+'  0!%+ $'# -&+, )4)/% &', -#.-#$!%!,  ' .=!#'/'  ', >?< $& (+%
/!',,)$#'  ' #'='#='# +/' H ),%+' I -'#8'%%)/%  0.1%'/$# +/ %#J, =)+% /$4')+
 ' ,$;/)&9 K'$ (+% .1%'/+ ,+# &0!=)/%$&&./  ' 8$#.6)4$%! (.+#/$ -)# &0!*+$-'  '
L#.(9 M4'/ NOP$/; 7 &0+/$4'#,$%!  ' DQR1+#; ,+# &'*+'& S0)$ !%+ $! &) -#!,'/'  ' &'/6
%$&&', /)%+#'&&',9 F)/, &) C$; G9T9) '% 1 /.+, 8./%#./, &) %.-.;#)-=$'  ' &0!=)/%$&&./
#!)&$,!' )4' &) 8$#.,.-$' 7 (.#' )%.8$*+' UVCEW< #!4!&)/%  ',  !()+%, .4)&',
.+4#)/% %.+%' &) ,+#()'9 :) 8$#.,.-$' !&'%#./$*+' 7 1)&)X);' UMYEW  0+/ ,'+&
 !()+% -#!,'/%!  )/, C$; G9T9' (.+#/$% +/' %)$&&' &)%!#)&' %X-$*+'  ' *+'&*+', 8$#./,
'% +/' =)+%'+#  ' 10 − 15 /89 :'+# (.#8' ',% )&&./;!' &' &./;  ' &)  $#'%$./ [110]9
:) #!-)#%$%$./  ',  !()+%, ',% )&!)%.$#'< )4' +/'  '/,$%! ,-)%$)&' )#)%!#$,%$*+'  '
0.1µm29 :0$8);'#$' =X-'#,-'%#)&' CDE ) !%! #!)&$,!' ,+# &) 8Z8' R./' '%  '+2
$8);', ,-'%#)&', '2'8-&)$#',  ' '%%' )#%.;#)-=$' ,./% -#!,'/%!', 7 &) C$; G9T9
'%  -.+#  ', !/'#;$',  ' -=.%./,  ' [\@] 8'̂ '% [\_` 8'̂ < #',-'%$4'8'/%9 Y/
.8-)#)/% VCE )4' CDE 60',%676 $#' )W )4' W '% 1W )4'  W6 ./ #'8)#*+' *+'
&', ,-.%, ,-)%$)&'8'/% &.)&$,!, )4'  ', ,$;/)+2 CDE $/%'/,', .a/$ '/% )4'  ',
'8-&)'8'/%,  '  !()+%, -=.%./$*+',< .88' &' ,$;/)&' &', &$;/', -.$/%$&&!',9 F',

\b



 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-1-5+8%#$
5/1%&#4$

!""#$%&'!() )'*'$%'"+) !(& #&# &"!,-#+) $!") .+ $% !""!/!"%&'!( .+ $% &!0!1"%02'+
345 %-+ ,(+ %"&!1"%02'+ 02!&!$,*'(+)+(&+ .+ $% *6*+ 7!(+8 9+) !/)+"-%&'!()
'(.':,+(& :,+ $+) .#;%,&) ;!,"('))+(& ,(+ +<%'&# %",+ ., !,0$%1+ +& ),11="+(&
#1%$+*+(& :,+ $+) .#;%,&) )!(& %,&!>%$'1(#) %-+ $+) ?@)8 A!," $+) *+&&"+ +( #-'>
.+(+ '$ ;,& (#+))%'"+ .+ ;%'"+ ,(+ '*%1+"'+ .+) ?@) B $C#2+$$+ (%(!*#&"':,+D %-+
,(+ *'"!)!0'+ 0%" &"%()*'))'!( #$+&"!(':,+8

3E( .C#$,'.+" $% "%')!( .+ $C%,1*+(&%&'!( .+) )'1(%,F 4G5 %,F 0!)'&'!() .+)
.#;%,&) 02!&!(':,+)D (!,) %-!() !,0# $C,( .+) .#;%,&) %-+ ,( ;%')+%, .C'!() ;!>
%$')#) H4I?J +& )%((# $% )+&'!( &"%()-+")%$+ %-+ ,( KL5D *+),"+ ;%'&+) 0%" M8>48
5!&&+ B 5'(%&+D 9L3 N"+(!/$+8 O+ "#),$&%& +)& .!((# B $% 4'1 P8Q8; +& *!(&"+ $%'>
"+*+(& $% )&",&,"+ +( !,2+) ., "#R+&+," .+ ?"%11 .')&"'/,# HS?TJ ),0#"'+," +&
'(;#"'+,"8 O% !,2+ ?@D *%":,#+ 0%" $% $'1(+ /$+,+D +)& )'&,#+ .%() $% 7!(+ +(&"%$+
.+ $% %-'&#8 O% $'1(+ "!,1+ 0!'(&'$$#+ +( 2%,& *+& +( #-'.+(+ $+ !(&!," +( ;!"*+
.+ $+(&'$$+ ., .#;%,& B $% ),";%+8 O!"):,+ (!,) ),'-!() + )2#*% 0$,) /%) .%()
$C#2%(&'$$!( (!,) "+*%":,!() :,+ $% .#;!"*%&'!( +)& +U+&,#+ .%() $+) !,2+) .,
S?T ),0#"'+," -+") $% !,2+ ?@8 9+&&+ !(E1,"%&'!( *'"!)!0':,+ .+ $% )&",&,"+
02!&!(':,+D )!,) $% ;!"*+ .C,(+ .#;!"*%&'!( %(%$!1,+ B ,(+ $+(&'$$+ )+ 0"!0%1+%(& +(
.'"+&'!( !(':,+ -+") $% ),";%+ H+( 0!'(&'$$# "!,1+JD !(.,'& B ,( !,0$%1+ +<%+
.+ $% $,*'="+D !**+ '(.':,# .%() .+) )'*,$%&'!() +U+&,#+) .%() (!&"+ #:,'0+ 0%"
N'$$+ V!1,+)8 9+) .#;%,&) (!,) 0+"*+&&+(& .C%!".+" $+) '(&+()'&#) .C+F'&%&'!( ),"
,(+ $%"1+ 0$%1+8 V!,) %-!() !/)+"-# .'U#"+(&) *!&';) )0%&'%,F ., )'1(%$ 4G5D $!")
.+ $% -%"'%&'!( .+) 0,'))%(+) P1,2 .+ E1, 28 9+' +)& .W B $% "#0%"&'&'!( .+) !(.'&'!()
.+ !,0$%1+ !0&':,+ "#%$')#+) 0%" .'U#"+(&) .#;%,&)D ;!,"('))%(& .+) %'"+) .C'*0,$)'!(
.'U#"+(&+) θ1,2 )," $% !,2+ ?@D $!") ., /%$%X%1+ .+ $% ),";%+ .+ $C#2%(&'$$!(8

 ! ! "#$%&'(&% %& *&+%&,*+# '- ./0 '(&, -& ,1,+23% 4
'%-5 &*6%(-5

3E( .+ "+)&+" .%() ,(+ !(E1,"%&'!( .C,( )X)&=*+ B P ('-+%,FD !( %00$':,+
,(+ +F'&%&'!( !>'",$%'"+ %E( .+ (+ 0%) +F'&+" $C#&%& /'+F'&!(':,+YPZ℄8 O!"):,+
\+ -%') "+)&"+'(."+ *+) "+2+"2+) B ,(+ #2+$$+ .+ :,+$:,+) 0'!)+!(.+)D $C%,&"+
+F'&!( '",$%'"+*+(& 0!$%"')# (+ !(&"'/,+"% 0%) %,F )'1(%,F .+ 4G58 S%() +
)X)&=*+D $+) "!&%&'!() !".'(%'"+) .+ T%/' .+-"%'+(& %00%"%]&"+D +$$+) ;!,"('))+(& ,(
!,&'$ .C#&%$!((%1+ 0!," $+) %'"+) .C'*0,$)'!(8

S%() $% 4'1 P8^8% \+ 0"#)+(&+ .+) *+),"+) .+) "!&%&'!() .+ T%/'D +( )!(.%(& $+
)'1(%$ .+ 4G5 +( ;!(&'!( .+ θ1 !, θ2 +& +( EF%(& $+ )+!(.8  !"# %&#'# (!)*+(#,-
." *-"/'#*#&/ 0&/("1,/*"., 2gσ+3 (, .!,4#*&/ (, ." 56 '#*+), ("/' ., ()0"+*

_`



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

*$+,&'  !" #  !"#$%& '()%)*+,$-&. $%&' ()+,-,.)/ 0 1,+/ $2,3)45/ /6/257/
-5+ 8$ 3)+,$9)27 0 1$)&8/ : +7978$;2 5; <71$52 .=,2,;)45/ ;$25+/8 -5+ 8$ -5+1$/!
%<' >?/3.8/- <@)3$A/- BC( .,5+ </5? 7;/+A)/- <)67+/;2/-! D/- A+)88/- )885-2+/;2 5;/
,++78$2),; $..$+/;2/ /;2+/ EB( /2 BC(! τ12 = 0.2 ps, (P1;P2) = (200; 400) ;C!
/' F3$A/ .$+ 3)+,-,.)/ 78/2+,;)45/ 0 &$8$G$A/ HI>(' <@5; <71$52 .=,2,;)45/! 1'
F3$A/ I>( </ 8$ -/2),; 2+$;-9/+-$8/ <@5; <71$52 .=,2,;)45/ $.+J- <7,5./ $9/ 5;
1$)-/$5 <@),;- 1,$8)-7 HBFK' 8/ 8,;A </ 8$ 8)A;/ .,);2)887/ /; /'! D/ /+8/ &8/5 /; <'
3$+45/ 8$ K: 52)8)-7/ .,5+ 8/- 3/-5+/- BC( 45) -/+,;2 .+7-/;27/- .85- 8,);!

LM



 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-1-5+8%#$
5/1%&#4$

 !"#$% &!" '( ("'( *'($ +( '! ,-. /010+0  ! "#$% &'( )(* +#%,%$#!* -( .,/$
0(*'+1(* *#!% ,0#+%$(* 2#'+ -(* ,$+(* -3$02')*$#!* +#$**,!%(*5 2,+ (6(02)(5 ($ *(
2+#-'$% (! +,$*#! -' #'2),7( ,'6 28#!#!*9
:( ;% #!;+0( )(* -12(!-,!(* -( )3,$+( -3$02')*$#! 2+1"'(*9 <(%%( 0(*'+( *(+%

-31%,)#!!,7( -( )3,$+( -3$02')*$#! 2#'+ )(* (621+$(!(* *'$",!%(* -,!* )( *=*%>0( ?
%+#$* !$"(,'69 @21$;&'(0(!%5 #! %+#'"( &'( A

θ1 = π/2 ⇒
√

P1 ≈ 13.1
√
nW B@CD

E'*&'3? 2+1*(!%5 !#'* ,"#!* '%$)$*1 -(* -'+1(* -3$02')*$#! -,!* ), 7,00( -(
τ = 100F* 2#'+ (6$%(+ )( *=*%>0(9 G;! -( 2#'"#$+ 2,+ ), *'$%( F,$+( -(* 0(*'+(*
-( -128,*,7( $!-'$% 2,+ )(* 28#!#!* BHIJD 2#'+ -(* 2')*(* 2)'* )#!7*5 K( *#'8,$%(
/+$>"(0(!% ,+,%1+$*(+ ,'**$ )(* +#%,%$#!* -( .,/$ 2#'+ -(* -'+1(* -( 2')*,%$#!*
,+'(*9 L!%+( τ = 0.42* (% 0.82* #! F,M#!!( )(* $02')*$#!* *2(%+,)(0(!% #00(
)( 0#!%+( ), N$7 O9P9/5 &'$ 2+1*(!%( 17,)(0(!% )( *$7!,) NQR -( ), %+,!*$%$#! gσ+9
H#'+ -(* -'+1(* *'21+$('+(* ? C 2*5 !#'* (02)#=#!* '! ),*(+ 2$#S*(#!-( T$ A@,28$+5
,' )$(' -3'! F(0%#S*(#!-(9 J,!* ), N$7 O9P9 !#'* 0#!%+#!* 0,$!%(!,!% )3,02)$%'-(
NQR (! F#!%$#! -(

√
P1 2#'+ )(* -'+1(* -3$02')*$#! -$U1+(!%(* τ 9 V#'* "#=#!*

-$+(%(0(!% &'( ), F+1&'(!( -( .,/$ ,'70(!%( ,"( ), -'+1( -3$02')*$#! +#$**,!%(5
-( %())( *#+%( &'3'!( 0#$!-+( 2'$**,!( -3$02')*$#! P1 (*% !1(**,$+( 2#'+ ,%%($!-+(
θ1 = π/29 H#'+ #/%(!$+ '!( $0,7( 2)'* &',!%$%,%$"(5 !#'* ,"#!* %(*%1 )(* +#%,%$#!* -(
.,/$ ,"( ), -12(!-,!( ,%%(!-'( -( | sin(θ1) | (% (6%+,$% ), F+1&'(!( -( .,/$9 :,
N$7 O9P9- +1*'0( )(* F+1&'(!(* -( .,/$ ,K'*%1(* (! F#!%$#! -( ), -'+1( -3$02')*$#!5
&'$ , 1%1 (6%+,$%( -(* %+,!*F#+01(* -( N#'+$(+ -(* *2(%+(* -3$02')*$#!* (! /D9 I) (*% ?
!#%(+ &'( ), -'+1( -( ), 2)'* )#!7'( $02')*$#! , 1%1 (*%$01( ? τ = (3.5± 0.7)2*9 :(*
2#$!%* #!;+0(!% ), +(),%$#! )$!1,$+( (!%+( )3,$+( -3$02')*$#! θ (% ), -'+1( -3$02')*$#!
τ W ,+ 2,+ -1;!$%$#! θ ∝ E1τ 9

 ! !" #$%&'()'& &' +',&'-+,$ (. /01 ()'- .' -2-,34& 5
,67+- '+8&).9

:, -12(!-,!( ? )3$!%(!*$%1 NQR -("$(!% 2)'* $!%+$7,!%( )#+*&'3#! ", ,'S-()?
-3'! *=*%>0( ? -('6 !$"(,'69 :3(6%(!*$#! !,%'+())(5 2+(!!,!% (! #02%( )31%,% -(
/$(6$%#! B"#$+ N$7 C9OD5 (*% -( #!*$-1+(+ )( *=*%>0( ? %+#$* !$"(,'6 )$!1,$+(0(!%
2#),+$*1 76/ -,!* '!( XY !('%+(9 Z! %() *=*%>0( 76/5 ,"( )31!(+7$( -( )$,$*#! -'
/$(6$%#! ∆ = 3.6 0([5 , 1%1 $-(!%$;1 (! 0(*'+,!% ), -12(!-,!( -( τ12 -(* *$7!,'6
NQR5 #00( -1+$% -,!* )(* .1F9 \C]5 O^℄9 <(%%( 0(*'+( , 1%1 +1,)$*1( *'+ ), 0`0(
XY &'( *'+ ), N$7 O9P5 0,$* 0,$!%(!,!% *#'* '!( 2#),+$*,%$#! #S)$!1,$+( ,)$7!1( )(
)#!7 -( )3'! -( )3,6( -( ), *%+'%'+( ;!( ( #$- (2&'-#$( '( *!33( (43 +$ 5-.4!'

aC



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

*$+,&'  !" #  !"#$% %!  &"' %&$( )$ (*(+,-! %.!/'+#$ 1 2 $'3!&)/4 $%
&'()*+,-. /01 *2+3453. -. '$2*65. 7(.+5$). .2 9:2+*:2 -. θ1 .+ θ2 ':2+5$2+ ).7
5:+$+*:27 -. ;$<*! 1.7,5. .2 <)., .+ :5$24.= 7*',)$+*:2 +>3:5*?,. .2 @.5+ .A.+,3 ($5
B! 0*44.5 C )D,2*@.57*+3 -. 1E27+.5! <% /:5'. 7(.+5$). -.7 *'(,)7*:27 -D.F*+$+*:2
$@. -.7 -,53.7 -*A35.2+.7 ,+*)*73.7 .2 % .+ *<)3.7 )$ +5$27*+*:2 gσ+ GH:2. 5.'()*.%!
% ID$'()*+,-. /01 .2 9:2+*:2 -.

√
P1 (:,5 -.7 -,53.7 -D*'(,)7*:2 -*A35.2+.7 τ !

I$ (:)$5*7$+*:2 .7+ :J*5,)$*5. (:,5 E1, 2 .+ τ12 = 0.2 (7 (:,5 +:,7 ).7 ($22.$,F!

K 



 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-1-5+8%#$
5/1%&#4$

 !"#$
√
P2(

√
nW )

√
P2(

√
nW ) θfit2

%& '()* +)*( +),
& ./)( ')0( ').(
1& 02)' ')3( .

 !"#$ 4' 5 6!7!89:7#; 1#;  <$;#; $=7; 1#; 8#;<7#; 1# >?@) .)'+)

 !"#$%& ' ($ )#" *&)+," ' ",-,.") A! !7!:B7?;!:?=" 1< ;C;:98# #;:  7B;#":B# D $!
>?@ .)3)!) A! 1C"!8?E<# 1# =FB7#"# 8#;<7B# 1# @G #: G% 8=":7# 1#; %!::#8#":;
 7="="B;  =<7 τ12 > 0 !"# %&# '()*+,# ,# T∆ = 2π~/∆- .& +%/)# '+%) τ12 < 0
&+%0 1#0%)+&0 2# 0*3&!2 ,# 456 (3!2#1#&/ 7+)/ 0%) 2#0 ,#%8 /)!&0*/*+&0 *&,%*/ '!)
2! +9()#&# : ,#%8 '9+/+&0 #&/)# 2;(/!/ 7+&,!1#&/!2 | g > #/ 2# <*#8*/+& | b >- =#
0'#/)# ,# 456 ,% 0>0/?1# #0/ 1+&/)( ,!&0 2;#&!)/ ,# 2! 4*3 @-AB # C%* +&D)1#
2;(&#)3*# ,# 2*!*0+& ∆ #&/)# 2#0 ,#%8 /)!&0*/*+&0-

E!&0 2! 4*3 @-AB-<F, &+%0 ')(0#&/+&0 2#0 !1'2*/%,#0 1#0%)(#0 456 ,# 38 G"#)/H
#/ 8< G+)!&3#H #/ 2#0 0*1%2!/*+&0 +))#0'+&,!&/#0 G<2#%H #& 7+&/*+& ,#

√
P1 (θ1)

'+%)
√
P2 (θ2) D8(- I+/+&0 C%# 0#%2#1#&/ ,!&0 2# )(3*1# χ(3) ;#0/F:F,*)# '+%) 2#0

'#/*/#0 !*)#0 ,;*1'%20*+&0 &+%0 )(%'()+&0 C%# 2# 0*3&!2 38 #0/ ,#%8 7+*0 '2%0 7+)/
C%# 2# 8<- =;!1'2*/%,# 456 ')(0#&/# ,#0 +0*22!/*+&0 0%) 2#0 ,#%8 /)!&0*/*+&0 38
#/ 8<- 6!*0 2#0 )+/!/*+&0 ,# J!<* 3(&()(#0 ,('#&,#&/ 7+)/#1#&/ ,#

√
P2 (θ2) #/ 0+&/

'2%0 +1'2#8#0 C%# ,!&0 2# !0 ,;%& 0>0/?1# : ,#%8 &*"#!%8 ')(0#&/(#0 0%) 2! 4*3
@-K- =! +1'!)!*0+& ,#0 ,+&&(#0 1#0%)(#0 !"# 2#0 +%)<#0 0*1%2(#0 &+%0 ,+&&#
%& #8#22#&/ !+),- L+%) 2#0 0*1%2!/*+&0 &+%0 !"+&0 9+*0* τ12 = 0 #/ !M+%/( %&#
,()+*00!&# #8'+&#&/*#22# '+%) 2! ,('#&,!&# #& θ1 ,!&0 2#0 (C%!/*+&0- L+%) ,+&&#)
%&# +1'!)!*0+& C%!&/*/!/*"# #&/)# 2#0 *&/#&0*/(0 ,;*1'%20*+& ,!&0 2;#8'()*#&# #/
2#0 !*)#0 ,;*1'%20*+& ,!&0 2! /9(+)*# &+%0 )(0%1+&0 2#0 '!)!1?/)#0 )%*!%8 ,!&0
N!<- OA-

P /)!"#)0 2#0 /)+*0 "!2#%)0 ')+,%*/#0 &+%0 !"+&0 /)+%"( %& !+), )!*0+&&!<2#
#&/)# 2;#8'()*#&# #/ 2! /9(+)*# F ,+&/ 2#0 !2%20 +&/ (/( 7!*/0 '!) E!&*#2 5*33#) ,#
2;%&*"#)0*/( ,# 6Q&0/#) #& P22#1!3&#-

 ! !" #$%&'$ ($ )*+-. ($ /-.0.1 $0 .-+'$1$ 2  3/-.0.1%

=+)0C%# 2;+& 1#0%)# 2! ,>&!1*C%# ,# +9()#&# '+%) τ12 > 0 *2 #8*0/# %&# +&M%F
3!*0+& ,# '9!0# #&/)# E1 #/ 456- .& )!*0+& ,% )#'9!0!3# 2# 456 ,;%& 0>0/?1#
(2!)3* ,# 1!&*?)# *&9+1+3?&# ! %&# 7+)1# 3!%00*#&&# !"# %& 1!8*1%1 : t = τ12
#/ %&# 2!)3#%) /#1'+)#22# *&"#)0#1#&/ ')+'+)/*+&&#22# : 2;(2!)3*00#1#&/ *&9+1+3?&#
0'#/)!2 0+&,( +11# *&/)+,%*/ ,!&0 2# 9!'*/)# ')((,#&/- R2 #0/ *1'+)/!&/ ,# )!'F

ST



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

*$+,&'  !" #  !#$%&'(& )( *!#+%,$ )- ./ )#$& -$ &0&+1'( 2 +*,%&
$%3(#-45 $% &'()*' +,-./)' 0' 12$3-1.+)0' 0' 45& '6 786+.86 0' τ12 ()* /)'1/)'(
:; 0' <6=( .6+>?*>'( 0$6( )6' 3.*8$@.+> A 7$.B1' ;! C'( .6+'6(.+>( E1 '+ E2 0' DEFG H
IGG% 65 8**'(-860'6+ A 0'( $.*'( 02.3-)1(.86( 02'6@.*86 D0.4π, 0.8π%J (.?6.K$+.@'L
3'6+ $)L0'1A 0' 1$ 1.3.+' 0) χ(3)! C'( *'+$*0( τ12 -8(.+.7( D6>?$+.7(% 8**'(-860'6+ A
0'( @8.'( 45& 0' *'-M$($?' D0' 686L*'-M$($?'% 0) 45&J 833' *'-*>('6+> ()* 1'
8+>!

NN



 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-1-5+8%#$
5/1%&#4$

 !"#$%  !"# $  !"#$% %!  &"' %&$( )$ (*(+,-! %.!/'+#$ 1 2 $'3!&)/ %& '(
)*)+,-( ./0 12(3+145 6%7 )% 2*3%-189( 2( ;<57(3( 6%7 =% 256(32(3( τ12 29 )1.3%=
2( >?@ );9) 6;=%71)%+1;3 ;A=135%17(! 0B B 2& '() %-6=1+92() 2( >?@ -()975() (+
%=9=5() (3 C;3+1;3 2( θ1 ≈

√
P1 6;97 θ2 4/5B 7()6(+1D(-(3+ P2 = (250, 600, 1300)

3?! '% EF ()+ =( -G-( 89( 2%3) =% >1.  !H!

IJ



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

 !"!# $%! "&'( ")*%+! +&%, *!" -/0 +%  /0*0, ,&!1*  '1 1!,1)2"! 3 "&-"'#4)11!(!,*
),/0(045,!6 '"0#1 $%! "&-"'#4)11!(!,* /0(045,! !1* 10,+- 3 *#'7!#1 "' +- !,+',!
!, τ128

9% ,)7!'% +!1 *#',1)*)0,1 ),+)7)+%!""!16 "' "'#4%!%# ),/0(045,! σ !1* '%(%:
"-! !, #')10, +&%,! ),1*'2)")*- 1 !*#'"! #-1)+%!""! +',1 "' (!1%#! (0;!,,! +',1 "!
*!( 1 <=>6 ?@6 A℄8 C0%# σ +',1 "' 4'((! µ!D6 ! $%) !1* "! '1 (E(!  0%# "!1 1;1*5(!1
+! FG +! /'%*! $%'")*-6 "' "'#4!%# +! "&-/0 +!7)!,* 0( '#'2"! 0% 1% -#)!%#! 3 "'
1!,1)2)")*- *!( 0#!""!6 +0,,-!  '# "' #-10"%*)0, +% 1 !*#0(5*#! HI*J I)) !,7)#0, =?>
 1J8 C0%# +-(0,*#!# "' K0#('*)0, +&%, *!" -/0 <A℄6 0, 1',,! "! #!*'#+ τR26 !,*#! Er
!* E26  0%# *#0)1 +)L!#!,*1 τ126 0((! "! (0,*#! "' M)4 ?8==8 N&-/0 !1* 0( "5*!(!,*
K0#(- %,)$%!(!,*  0%# τ12 = 200 16 +! 1' "'#4!%# IMOPQJ tσ = ~/σ = (214± 33)
 1 R&!S*#')1 "&-"'#4)11!(!,* ),/0(045,! 8ln(2)σ = 8ln(2)~/tσ = (17± 3)µ!D8

*$+,&' ?8== T  !"#$%&!' () *+,.! () /.!%!' 01" *+)2&%!' (+1') 34
1'&51) #)01", )' 6!'%&!' (1 (,*$& )'%") E2 )% *+&#/1*0&!' () ",6,7
")') Er8 Q!1%#! +! "&'( ")*%+! +% 1)4,'" +! MOQ !, K0,*)0, +% +-"') τR26
+-"') !,*#! "&)( %"1)0, +! #-K-#!,! Er et E26  0%# +)L-#!,*!1 7'"!%#1 +! τ12 =
0.5ps (noir); 100ps (rouge); 200ps (violet)8 N' "'#4!%# *!( 0#!""! +! "&-/0 ,0%1
+0,,! "&-"'#4)11!(!,* ),/0(045,! σ8 Q!1%#!1 0( "-(!,*')#!1 3 "' M)4 ?8U8

V! !,+',*  0%# "!1 (!1%#!1 '7! τ12 < 0 )" ,&; '  '1 +! 1*#)* 0,R%4')10, +!  /'1!

@W



 ! "#$%&#$ '% ()" $%& *+&-./0+12 34/5/+&# -51#5/51 '#$ '26/%1$ 37-1-5+8%#$
5/1%&#4$

 !"# $% '()# ! * + ,-./('"'!0  " $ 012!%$ + 3456 %1!01 $7)(' + /('"'!  0"
%80 !" +%!0  "" '!92,#%"1'!: ;%!0 $% 312 <:=<:6 > ?'!"# + ,- %#" 0 + 345
 ! @'!"1'! + tet τ12 @%1" 0 0,# $ 0 "#%!01"1'!0 gx1 etxb: A,%!+ τ12  0" %,2? !") B #0
$ 0 B%$ ,#0 !)2%"1B 06 $% +)#'100%! +, 012!%$ + 345 + B1 !" /$,0 1?/'#"%!" 6
012!%$%!" $ %#%"C# !'!.# /(%0%!" +, 012!%$:

 !"#$% <:=< D  !"#$%&'( )( +,-.("( / )('012,+3+" (3 4( )-2,#5#6( /
)('012,+3+" )( 781 (3 8192:5 0,# 0 @%1" 0 +%!0 ,! '!92,#%"1'! /',# $%E, $$ 
τ12 < 0:

F! ,"1$10%!" $% " (!1E, +, #)@)# ! ? !" + /(%0 /#)0 !") +%!0 $ (%/1"# 
/#))+ !"  "  ! $% '?81!%!" %,- ? 0,# 0 E, > B1 !0 + /#)0 !" #6 '! / ,"  G ", #
$% 0/ "#'0'/1 345 81.+1? !01'!! $$ + 0 HA0 /',# + 0 +)$%10 /'01"1@0  " !)2%"1@0:
I 1 !',0 % / #?1 + ? ""#  ! )B1+ ! ,! ',/$%2 '()# !"  !"# + ,- HA06 +'!"
$ 0 ? 0,# 0  " $ 0 +10,001'!0 0'!" /#)0 !") 0 +%!0 $7%#"1$  !"#$%$&' ")*+,&- ". ,&/
0,1,0)2+ 3)2&')4 0"'5 4$25)%$0 6,'# *#25$/%$.$%$&$0 '6"/0,4$&5,"&2+ 5*$'%"5"*7 8
9#"'"& $#" 1$%5)5 0"):+$ 3)2&')4 "#$%$&$ ?10  ! %!! - :

JK



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

 !



 !"#$%&' (

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

,-%&�*' ,!4&'-% .'+ 5,6%'+

70"-%$80'+ )-$80'+

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

 !3 4560$-*+*),- /$0 *5,78$**$0 89,*,-):;$0 ! ! ! ! ! ! ! ! ! 1"

 ! <$0;5$ /$0 /=-+7):;$0 /$ ,965$-$ $* /$ 8,8;%+*),-

/+-0 %$0 *5,78$**$0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 13

 !> 45,8+?+*),- /; 0)?-+% /$0 @A0 /+-0 ;- ?;)/$ /&,-/$

;-)/)7$-0),--$% ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 11

 !"!# $%&'()*+*,-) .( /0&2+)*,//-) .( 34,.( .0-).( 4),.,5()',-))(/ 66

 !"!7 85+3(%,( #9 .(' 34,.(' .0-).( 4),.,5()',-))(/ ! ! ! ! ! ! 6:

 !"! ;('4%( .( /+ <%-<+3+*,-) .4 ',3)+/ &5,' <+% /(' =->*('
?4+)*,?4(' ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6@

 !"!" ;('4%( .4 ',3)+/ .( AB; .04)( =->*( ?4+)*,?4( .+)' 4)
34,.( 4),.,5()',-))(/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 6C

 !"# % &!'()*%+ ,% -!(# ./")*%* 01% 23/" '%1) 1)(2(#%* 2%# 41(5%# 53/"5% '/1* !.67
2(/*%* /"#(56*!82%.%") 2! *6'/"#% "/"72("6!(*% 5%# 9:# ("5(-(51%22%# #1* 1"% 2!*4%
4!..% #'%)*!2%; <3(56% ("()(!2% %#) 531)(2(#%* 5%# =2# '&/)/"(01%#+ ("()(!2%.%") (")*/7
51()# '/1* *6!2(#%* 5%# #/1*%# 21.("%1#%# 5% 21.(>*% 01!")(01%?@A℄+ /..% 41(5%#
53/"5%; C%))% /"=41*!)(/" '%*.%) 1"% 6)15% !''*/D/"5(% 5%# '*/'*(6)6# 5% /&67
*%"% 5%# %E()/"# /"="6# 5!"# 2%# 9:# 5% F"G# !1)/7!##%.826# 4*H% !1 4*!"5
*!''/*) #(4"!27#1*78*1();  !"# 2% &!'()*% '*665%")+ ,3!( ./")*6 01% 8(%" 01% %#



 !"#$%&' ( )  !"#"$%!"&' ()$ *+"()$ (,&'() -&+. #) &'!.�#) &12.)'! ()$ 3&4!)$
5+%'!"6+)$  '"6+)$

 !"##"$%& '(&&)*"+# $+" ,(%" *.(&/001#"$% !(* % "2 /0 "&# '(&&/30" *."+ "4#%1/%" *$
&/5+10 *" 678 9 0.1/*" *" µ:0"+#/00"& ($ 3/"+ *" µ:1;/# &<

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

 ! "#$&'() *+, !-. */!0!.1!# 2! $).#�2! )$) 2$'2 !. $&+#!). 4
2$)51! "$#.+! !).#! *!16 +7!..!1#- ()*(8(*1!2-9 =" '%/+/'" *" 01 !"&$%"2
!(+#% &$% 01 6/5 ><?2 "&# 0" &$/;1+# @ (+ % " 01 (A %"+" *1+& 0."4/#(+ &($%"
*1+& $+" '%"!/)%" BC 1;" E1< =" &/5+10 *" (A %"+" 0/3 % '1% 0."4/#(+ &($%" &"
'%('15" ;"%& 0."4/#(+ /30"2 D$/ *(/# E#%" "+ % &(+1+" 1;" 0."4/#(+ &($%"2 % 1+#
1/+&/ $+" &$'"%'(&/#/(+ (A %"+#" *1+& 01 BC /30"< F+G+ 1;" E22 +($& 5 + %(+& $+
&/5+10 *" 678 *"'$/& 0."4/#(+ /30" 5%H" 9 01 (A %"+" %"I$" *" 0."4/#(+ &($%"<

=" '%"!/"% '1& ;"%& "01 "&# *" !"&$%"% 0" 678 "+ $#/0/&1+# 0" A1!' '%('151#/,
9 #%1;"%& D$"0D$"& */J1/+"& *" !/%(!)#%"& *" !1# %/1$ "# 01 !"/00"$%" &#%$#$%"
*/&'(+/30" '($% * !(+#%"% "01 "&# 01 #%(!'"##" 'A(#(+/D$" K 1% 0./+L"#/(+ *$ A1!'
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:;<==>? *!' $+-'!+,6  ! ("+%'0-''-2% 3+,''-!%'  ! (+-**!' + +)(#!' '2%( ("+%'0-' @
*+ '!(-2% 2%-9,! +A!  !' )!"(!' %#3*-3!+B*!'4
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 , 3,- !  /2% ! !'( "# ,-( @ 0.25µ0? )"-%-)+*!0!%( !% "+-'2%  , 2%.%!0!%( 2)(-F
0+*  , 02 ! *2%3-(, -%+*? +''-'(# )+" ,% *#3!" !E!(  ! *,0-I"! *!%(!4 J+" "+))2"( @
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!6-(2% D+"3# :("-2%>? D#B!"3# )+" ,%! GH  -E#"!%(!W=U℄4
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+' /<21&0/42.3 +' *9@9*'3' ErA 3.04 3<#**2;.34 &#4 > .54'*;'* /' 42=3#/ +' .-9*'3'
#0B+'/> +' CDD&4! E3 &/04A .3 ;.2) 03 +9;'/.&&'1'3) +' /<9-. +' &-.).3 &.0* /'4
+9/#24 232)2#0F GDBHD&4$! I'))' +J3#12?0' '4) +0' > /# @.*1#)2.3 +' /<9-. +' &-.B
).3 &*.;.?09 &#* 03' '**#3' 4&')*#/'A ?02 #=2) .11' 03' 4.0*' +<9/#*=244'1'3)
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+'( +6448'( /'*.'11$41 +' +81'*.04'* T2 = 0.664( '1 σ = 10µ':! ;% &'()*' +'
,-$./,01)+' +' 23& '4 5641064 +) +8,$0 τ23 '1 ,' 91 +'( +6448'( /'*.'11$41 +'
+81'*.04'* T1(GX) = 1.164( '1 T1(XB) = 0.664(!

,' +8,$0 τR3 /'*.'11$41 +' .'()*'* +0*'1'.'41 ,-8,$*<0(('.'41 04=6.6<>4'? 6..'
.641*8 +$4( ,' =$/01*' /*88+'41!
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+' 23& 8.0( /$* DE '1 EF! @' 1'./( +' A0' T1 'G1*$01 /6)* =$)4 '(1? *'(/'H
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+' ,$ ,0.01' 1=86*0I)' +' T1(GX) J 2T1(XB)KLM℄! @$ 6./$*$0(64 +'( .'()*'( +'
6=8*'4' '1 +' /6/),$1064 .641*' I)' ,'( 1*$4(01064( 81)+08'( 4' (641 /$( ,0.018'(
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&'$3!#$ %# 3#-%! %4*.%!5 $%&()&* +& +,-.)&/(&* 01,(&* 234/(,23&* 5&*3).* 61)*
+& 64 4)4(.),*4(,1/ +&* 73,+&* +81/+& &/ 9: %13) ; 64)7&3)* +,-.)&/(&* < 4= >>/5?
0=@>>/5? =A@>/5? +=B@>/5!

C4/* 64 D,7  !"? E& %).*&/(& 23&623&* 3/* +&* *%&()&* +& FG* 10(&/3* 61)* +&*
,547&),&*! H/ 10*&)I& 3/& 64)7&3) J 5,KL43(&3) 51M&//& +& σ = 100µ&N? *1,( 3/
1)+)& +& 7)4/+&3) *3%.),&3) J & 23, &*( .(3+,. +4/* 6&* ()15%&((&*? *4L4/( 23& 64
64)7&3) ,/L1517O/& 4375&/(& E3*238J σ = (264 ± 35)µ&N %13) 6& 73,+& +81/+& +&
64)7&3)  >>/5 # 23, &*( 64 %63* %&(,(& 64)7&3) ,/*%&(.&! C& %63*? 1/ )&54)23& 3/&
04,**& +& 68,/(&/*,(. +8.5,**,1/ +83/ P4(&3) @ %13) 6& 73,+& +&  >>/5 +& 64)7&3) &/
15%4)4,*1/ +&* *%&()&* 10*&)I.* +4/* 6&* 73,+&* +& %63* 7)4/+& 64)7&3) +4/* 6&*
5Q5&* 1/+,(,1/* +810*&)I4(,1/! R& 23, 1/S)5& 64 P1)(& ,/T3&/& +&* ,/(&)4(,1/*
+& *3)P4& +4/* 6&* 73,+&* +81/+& +& P4,06& 64)7&3)!

D,/46&5&/(? & 23& E84, %3 )&(,)&) +& &* ,547&),&* UC P3( 238,6 M 4 +& P1)(&*
,/(&)4(,1/* +& *3)P4& +4/* 6&* 73,+&* +81/+& 3/,+,5&/*,1//&6* &( 238,6 &*( %).P.)406&
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1* >9,-*? 1* -,1@A+B0* *) 1* )70:()B0* *) 1*( >$1,:B0*( ,-/,(6( /$9 1C,8@:B0*?
1* (71D79*? 1* (6160'7- *) 1* )*1179'7-! A% E>6-$ +C70* -,0,,7>* +* FE*2 *8D,1'6*
(79 70 (7A()9$) +* ('1''7-! % E)97)79* +* A$0+* +C70* -,0,,7>* +* 3,E*2! G0
,A(*95* 1$ )9$0(')',0 +'9*)* $7 /,'0) H $5* 70 (/1'))'0: +* "IJ -*; +$0( 1$ A$0+*
+* 5$1*0* +7 $7 ,7/1$:* (/'0K,9A')*! +% E>6-$ /96(*0)$0) 1$ )9$0(')',0 +'9*)*
+$0( 1*( -,0,,7>*( +* 3,E*2 *) FE*2 $5* 70* (6/$9$)',0 +*( 6)$)( A9'11$0)( *)
(,-A9*( +*( *8'),0( L 1C6)$) A9'11$0) :696 /$9 1* (/'0 6)$0) M /17( D$'A1* 60*9:'* +$0(
1$ A$0+* +* ,0+7)',0 +* 3,E*2 *) '05*9(*-*0) /,79 FE*2!

+$0( 70* :$--* (,7( 1$ /',K(*,0+*!

N 
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 !"#$%  !" #  !"#$% &' ()* +,-'#. /.0 %'/ 1 24$#-!%%+#/ &' 5+#++.4'
&' 6*7/8 $%&'% ()*+,-.,/0,$11+ 23+*,$5 67 1.5$)0+ 8  /)6+2 /'*+)7 27, 59.:$)&
*;55/) 6+ </=+2 +* >=+2? /)*+)$)* 5+2 *,$)2;*;/)2 6+ 59+@;*/) ABC% +* 67 *,;/)
ADE%! %&6 ()*+)2;*. 67 2;0)$5 6+ 1.5$)0+ 8  /)6+2 A)/;,% +@*,$;* ,+23+*;F+1+)* 6+
$%&'% 3$, ;)*+,-.,/1.*,;+ 23+*,$5+! G+ 23+*,+ 67 -$;2+$7 6+ ,.-.,+)+ Er +2* $H:.
+) '5+7!

 !" #$%&'() '&'*+,'$-,.) /$-'0) )0 -.0&/.-%2,) 23*

%).(%)0.-+)

I$)2 5$ J;0  !"!$&' )/72 1/)*,/)2 5+2 ;)*+,-.,+)+2 23+*,$5+2 *K3;L7+1+)* /'&
*+)7+2 +)*,+ Er +* 5+ 2;0)$5 6+ J>< 0.).,. 3$, 5+2 .:$)*;55/) 6+ </=+2 +* >=+2
8 DMNO 3/7, τ12 = 0! G9;)*+)2;*. 67 2;0)$5 6+ J>< +2* ,.73.,.+ 3$, ;)*+,-.,/&
1.*,;+ 23+*,$5+ +* 1/)*,.+ 6$)2 J;0  !"!&6! P+ 2;0)$5 /)2;2*+ +) 6+7@ *,$)2;*;/)2
;6+)*;Q.+2 /11+ 59.*$* -/)6$1+)*$5 & +@;*/) ABC% +* 59.5+*,/) 2;135+ & *,;/) ADE%!

R/72 $F/)2 +@$1;). 5+2 .:$)*;55/)2 6+ 1/)//7:+2 6+ >=+2 +* </=+2 ,+23+&
*;F+1+)* 3,.2+)*.2 6$)2 J;0  !S!$ +* '! G9$33,/:+ 3$, 1;,/&23+*,/2/3;+ 3+,1+*
69$/135;, 7)+ ;1$0+,;+ :K3+,23+*,$5+ +) J><? $;)2; L7+ 1/)*,. 6$)2 J;0  !S!
B55+ +2* /)2*,7;*+ +) 2$))$)* 5$ 3/2;*;/) 6+ 59/'T+*;- 6+ 1;,/2/3+ +* +) 1+27,$)*

UN
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*$+,&'  !" #  !"#$%"!&'() '*&)"+&)#"!-) ). /01 2)+ 3'!.#(--$.+ 2) 4$5
.$$6') 2) 1$7)2 )# 07)28 $%& '% ()$*+ ,-.(/0+ 1+2 35$6.(77,62! %&+% ()$*+8(+
2-$.($7+ 1+ 9:+2 ),;+663+ 2-+.8$7+)+6. $0.,08 1+ 7$ 8+2-,62+ 1+ 7<+=(.,6 >%?
+6.83+ +6 ∼ 1745)+@ +. 10 .8(,6 >+% +6 ∼ 1710)+@! 1%&A% ()$*+8(+ 2-$.($7+ 1+
B,:+2 ),;+663+ 2-+.8$7+)+6. $0.,08 1+ 7$ 8+2-,62+ 1+ 7<+=(.,6 >1%? +6.83+ +6
∼ 1650)+@ +. 10 .8(,6 >A% +6 ∼ 1625)+@! C3.38,1;6$*+ D 7$ A83/0+6+ 1+ E9B
Ω3 + Ω2 − Ω1 $F+ τ12 = τ23 = 50 A2? G= 6H!

II



 !" #$ %&'$()*+, %, ./01,', ,2 %, 3.3+4$2).'

 ! "#$%&'( )* +,- '$(/"! (0(&/ "#'% *( $%*" 1!2*( $%'3/3%& '*"  4#1!&/3  %&5
6(' 30!7("3( %$/32*(' (/ (& +,- 0%&/"(&/  (' %&/%*"' )(  4#1!&/3  %&5 8( $ *'9
 ( +,- 1:$("'$(/"! $("0(/ )43)(&/3;("  (' "#73%&' )(  4#1!&/3  %& )%03&#(' $!"
 4!<'%"$/3%& )( /"%3'3=0( %")"( )( >? (/ )( @A5 B !3"(0(&/9  (' )(*C "#73%&' (&
2*('/3%&' '%&/ %0$ #0(&/!3"('9 ( 2*3 $("0(/ )( )3'/3&7*("  (' "#73%&' 1!"7#(' (/
&%&D1!"7#('5 8!&'  ! '*3/( )(' (C$#"3(&('9 (//( !"/%7"!$13( &%*' ! $("03' )4!)"('D
'(" '# (/3E(0(&/ >? %* @A9 %* (&%"( )4(C3/("  (' )(*C /"!&'3/3%&' '30* /!&#0(&/9
'3 &#(''!3"(5

F%*" 1!2*( $%'3/3%& '$!/3! (9 &%*' !E%&' )#/("03&#  43&/(&'3/# 3&/#7"#( $%*"  ('
)(*C /"!&'3/3%&' (/  (*"' #&("73(' 2*3 '%&/ $"#'(&/#' )!&' +37 G5G5<5 F%*"  ( @A9
&%*' %<'("E%&' *& #/! (0(&/ ξ )(  4#&("73( )(  3!3'%& !*D)(''*' )( HI 0(J5 B*D
"3(*'(0(&/9 0! 7"# (  !"7( ξ9  4#&("73( )(  3!3'%& ∆ )* /"3%& "('/( <3(& )#;&3(9
∆ = (28.8 ± 0.3)0(J5 K%*' %<'("E%&' !*''3 *&( )303&*/3%& )(  43&/(&'3/# )( @A
!E( *&( !*70(&/!/3%& )(  4#&("73( )( /"!&'3/3%&9 "(L#/!&/  ! )3'/"3<*/3%& )(  4(CD
=' )4# (/"%&'  3<"(' )!&'  4#1!&/3  %&9 30$ 32*# )!&'  ! M%"0!/3%& )( @A D *&( /(  (
%""# !/3%& &4('/ $!' %<'("E#( $%*" >?5

8!&' +37 G5G5D) &%*' $"#'(&/%&'  430!7("3( (& F6 0%:(&&#( '$(/"! (0(&/ !*/%*"
)(' /"!&'3/3%&' )( @A (/ >?9 "('$(/3E(0(&/5 >& %0$!"!&/ (//( 30!7("3( (& F6
!E( +37 G5N5MD)9 &%*' 0%&/"%&' )(*C !E!&/!7(' 2*! 3/!/3M' )(  430!7("3( (& +,- (&
%0$!"!3'%& O (  ( (& F65 F"(03="(0(&/9 &%*' &%/%&' 2*( 7"P( O  ! )#$(&)!&( )(
 43&/(&'3/# )* +,- !* *<( )(  ! $*3''!&( )4(C3/!/3%& %0<3&#( !E(  43&/("M#"(&(
!E( Er9  ! "#'% */3%& '$!/3! ( )!&'  430!7("3( (& +,- ('/ !0# 3%"#( QGG9 GR℄ T*'2*4O
λ0.3/NA ≈ 360 &09 )#$!''!&/  !  303/( )( )3U"!/3%& '/!&)!") $!" *& M!/(*" V5
8(*C3=0(0(&/9  ( +,- $("0(/ *&( '# (/3E3/# (& 30!7("3( 7"!&)(0(&/ !0# 3%"#(
)( >? (/ @A )!&' /%*/  ( L%%&5 >& M!3/9 ( '%&/ )(' $"%$"3#/#' )3U#"(&/(' 2*3 '%&/ (&
T(* )!&'  (' )(*C (C$#"3(&('5 6( +,-9 $"%1( )( W#"% )# !39 '%&)( )3"(/(0(&/  ( µ
)(' (C3/%&' 7#&#"#' )( M!X%& "#'%&&!&/(' )!&'  (' E!  #(' !*C $%3&/' Y9 $(&)!&/ 2*(
 ! F6 &%&D"#'%&&!&/( "(L=/(  ! "( !C!/3%&9 $ *' %0$ (C(9 )(' $%"/(*"' )( 1!"7('  (
 %&7 )(' <"!&1(' E("'  (' $%3&/' Y9 !E!&/  ! M%"0!/3%& )(' (C3/%&'9 '*3E3( $!"  (*"'
"(%0<3&!3'%&' "!)3!/3E('5

 !" #$ %&'$()*+, %, ./01,', ,2 %, 3.3+4$2).'

643&/#"Z/ )(  ! '$(/"%'%$3( +,- $%*"  4#E! *!/3%& )(  ! %1#"(&( )!&'  ('
'% 3)(' "#'3)( )!&' '! !$!3/# O '#$!"(" $"#3'#0(&/  (' %&/"3<*/3%&' 1%0%7=&(' [γ\
(/ 3&1%0%7=&( [ξ\ )!&'  ! M%"0( '$(/"! ( )( /"!&'3/3%&5 >& $!"/3* 3("9 (& $"#'(&(
)( ξ9  ( +,- "#'% * /(0$%"(  (0(&/ $"#'(&/( *& #1% )( $1%/%& QN]9 GN℄ %00(
)3'*/# )!&'  (' 1!$3/"(' H (/ V9 2*3 )# 3&( '( %& exp (−2τ12/T2)5 F!" %&'#2*(&/9

^_
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 !"#$%  ! "  !"#$%"!&'() '*&)"+&)#"!-) ). /0 1) -23'!.#(--$. 1) 4$5)26
#$ %&')*' +, )-&./0'1 '2.)3 45*6 *3657#7' 8 '79.*57 :;<= >'? @∼ 710 7>$1 #9'
07' &0.66#7' >5-'77' A' ≃ 0.1µB #**.9#7) 8 C# 60*D#' A' CE34#7).CC571 >57)*#7)
07' 3>.66.57 A' FG ') HI1 #9' 07 )#02 A' 5>&)#J' .7)3J*3 A' K<= LMN &50* 4#/0'
)*#76.).57! O$P5**3C#).57 '7)*' CE.7)'76.)3 +, A0 HI @75.*$ ') 657 37'*J.' A' C.#.657
@9'*)'$1 '7 D57).57 A' 657 37'*J.' A' )*#76.).57! QA$+, AE.>#J'*.' A' HI ') FG1
*'6&').9'>'7)! R4'CC' A' 50C'0* C.73#.*'!

&50* 3)0A.'* C# A-7#>./0' A' 543*'7' A'6 '2.)576 7506 >'60*576 C' 6.J7#C SBT
A3J373*3 @Ω2 = Ω3$1 '7 D57).57 A0 A3C#. τ12! ,# S.J  !< >57)*' C' SBT .7)3J*3
'7 )'>&6 '7 D57).57 A' τ12! ,'6 A5773'6 657) >5A3C.63'6 &#* 07' 5795C0).57 AE07
&*5UC J#066.'7 #9' 07' A3*5.66#7' '2&57'7).'CC'! ,' &*'>.'* &*36'7)' 07' C#*J'0*

VW



 !" #$ %&'$()*+, %, ./01,', ,2 %, 3.3+4$2).'

 !"# $% &'() *+, -%./0120 %234-52 61 65278%8- 0%9*5-%66% $% E1, 2, 3 +8- 6:/<12046652'
=8 64%8 $% %61, $% % $%-24%- 258+ -/8*/-52+ > ? @ AB 6% 0%9*+ $% $/*<1+17%

?2 = 2~/γ@(620 ± 20) C+ *58- #5D%2, %0 $52 γ ≃ 2.19%E F !#G' H%00% 316%8- %+0
%234-52 $%8I C54+ *68+ *%040% J8% 61 61-7%8- $% 61 0-12+40452 9%+8-/% $4-%0%9%20 341
94-5K-/.%04340/, 599% 42$4J8/ $12+ 6:%21-0 $%  47 L')'1' M58+ 526852+ $52
J8% %684K4 %+0 1N%0/ *1- 6:/61-74++%9%20 42<5957O2%, 9P9% +4 82% Q52% +58+Kµ9
%+0 +52$/%' R2 %2 04-% 61 9P9% 5268+452 %2 59*1-120 13% 6%+ $522/%+ 5S0%28%+
+8- !D%2 *-/+%20/%+ +8- 61  47 L')'SK$'

=3% 82% 1879%2010452 $% 61 0%9*/-108-%, 52 +:100%2$ > % J8% ?2 $49428% TUV℄,
%2 -14+52 $8 -%2C5-%9%20 $% 6:420%-10452 13% 6%+ *<5252+' H%4 %+0 $/$840 $%  47
L'X''

Y12+ 61 +840%, 6%  !# %+0 80464+/ *58- $/$84-% 61 $Z2194J8% $% *5*8610452 $% [\
1*-O+ 6%8- %I4010452 -/+522120% %0 +/6%043% $12+ 82% 3166/% $522/% FE1 %0 E2, 250/+
599% E1, 2, +520 *561-4+/+ 5K4-8614-%9%20G' ]6+ 1--43%20 +8- 6% .552 13% *-104J8%K
9%20 1882 -%01-$, τ12 = (50 ± 10) C+, 7/2/-120 61 *5*8610452 $:%I4052' [2 -14+52
$:82 7-12$ µ, 6%+ %I4052+ *-/+%20%20 82% $/-54++12% -1$41043% -1*4$%, 914+ +520
/716%9%20 +5894+ > 61 $4N8+452 +8- 6%+ $/C180+ $8 -/+%18' ^1 $4N8+452 *1-19/0-4J8%
%I4052K%I4052, 42$840% *1- H58659S, %+0 *-5*5-04522%66% 18 1--/ $8 -1Z52 _5<- $%
6:%I4052 TLA℄' M58+ *-5*5+52+ $52 J8% 61 $4N8+452 $% H58659S %+0 -/$840% *58- %+
%I4052+ +*10416%9%20 59*10+' M50199%20, % 1216 $4+*1-1`0 18I *%040%+ $%2+40/+
%9*65Z/+ 44' M/129542+, 6%+ %I4052+ +8S4++%20 %25-% 61 $4N8+452 42/61+04J8% TLX℄ *1-
%I%9*6% 42$840% *1- $%+ $/C180+ %0 6% $/+5-$-%, J84 *%80 6%+ -%$4+0-4S8%- %a1%9%20
<5-+ $8 �2% $% 6894O-%, 3%-+ c > nω/c' H% 0Z*% $% $4N8+452 %+0 *1-04864O-%9%20
%a1% $12+ 6%+ ?#Y+ d %2 -14+52 $% C5-0%+ 91++%+ F%0 $52 $% S12$%+ *610%+ 18
S1+ $%+ S-12<%+G %0 $%+ 7-12$+ γ, 6% %20-% $% 91++% $%+ %I4052+ +% $4+*%-+% %2K
$%<5-+ $8 �2% $% 6894O-% *-104J8%9%20 +12+ 5e0 $:/2%-74%' f1- 52+/J8%20, 82%
*1-04% $% 61 *5*8610452 -//% +% $/+420O7-% 42+012012/9%20 13% +1 $8-/% $% 34% -1K
$41043% ?1, 012$4+ J8% 61 *1-04% -%+0120% +% *-5*17% 6% 6527 $% 61 S-12<% $% $4+*%-+452
*%8*6120 6%+ /010+ +59S-%+ F%2 $%<5-+ $8 �2% $% 6894O-%G 58 %+0 $4+*%-+/% $12+ 61
3166/% 520-%K*561-4+/%' =8++4 82% *1-04% $% %+ %I4052+ 3520 /3%208%66%9%20 +% -%K
61I%- 3%-+ 6% C52$ $% 61 3166/% 13% 82 0%9*+ 1-10/-4+04J8% ?intra %0 +% -%59S42%-
-1$41043%9%20' Y12+ 61 $Z2194J8% +52$/% 13% 6% +47216  !#, 52 C140 1S+0-10452
$% 6:42.8%2% $%+ /010+ 65164+/+ J84 +520 $%+ +58-%+ $% *<5052+ 824J8%+TLg℄, %2 -14K
+52 $% 6%8- C5-% $:5+46610%8- 942%8-%' f1- +584 $% +49*6440/, 258+ 2/7647%52+ 18++4
6%+ *-5%++8+ 252K-1$4104C+ =87%- TL&℄, 599% 258+ 0-13146652+ > $%+ $%2+40/+ C14S6%+
$:%I4052+ h 0Z*4J8%9%20 1099−2 %I4052+'

^%  !#, $/6%2</ *1- E3, +52$% *1- 52+/J8%20 058+ 6%+ *-5%++8+ 9%204522/+

AV



 !"#$%&' ( )  !"#$%&% (%) %*+,!&) (-&) .%) /!&!!0"%) (% 1!2%2 %, 32%2

*$+,&'  !" #  ! "#$!%&'() ") +,-.)$) ")/ )0&1+$/ "!$/ 2)/ %+$+3
+(,)/ ") 4+5)2 )1 65)2 )/1 "-"(&1) 7!. %&.+/+7&) 864! $%&'()*+,-.
-, /*01$) -. 234 .1 561+*61 -, -8)$* τ12 /,9 46:.2! .1$9+ ; 98<.+$1. './,98.
= >?6K -611$1+  !@'.A 23B4 C%&'()*+,-. -, /*01$) -. 234 .D+9$*+/ -. EF
.1 561+*61 -. τ12 = >= 6K /,9 3:.2! E1$9+: 98<.+$1. './,98. = >?GH -611$1+
6.6 '.A 23B4! I./ /*',)$+*61/ J,* 16,/ -611.1+ T2 ≃ (620, 420) 5/ /61+ '$9J,8/
($9 )./ +9$./ 96,0./! %K-%&'()*+,-. -, 234 98/6),. .1 +.'(/ .1 561+*61 -. τ12
/,9 9./(.+*L.'.1+ 46:.2 .+ 3:.2M '61+9$1+ )$ 569'$+*61 -N,1 8O6 (O6+61*J,. ;
,1 /*01$) 0$,//*.1 $L. ,1 '$D*',' (6,9 t = τ12!

*K-.//,/ ($9 ).,9/ -8(.1-$1./ $L. τ23! P.* ./+ *)),/+98 -$1/ 2*0  !G (6,9 ). EF
Q6C+.1, = )$ 'R'. (6/*+*61 /($+*$). 6''. -$1/ 2*0  !"% (6,9 ,1. .D*+$+*61 .1

ST



 ! "#$%&#& (& )*&#+,-.##&/&#0 1%- )2 (3.43-&#& 5 0&/63-20%-& &0 (31.-(-&
1620,2)

 !"#$%&#'%!( !*%$+"#%$, -, E1, 2, 3. /,& -!((0,& &!(' 1!-0"%&0,& #2, +(, -!+3",
-0$!%&&#(, ,4 !(,('%,"", !(2!"+0, #2, "5%1 +"&%!( -+ "#&,$ 6#+&&%,(7 1!('$#(' +(,
"#$6,+$ ',1 !$,"", -, 8.9:  & ;<=>?@. A, "# -0$!%&&#(, %(%'%#", (!+& ,4'$#B!(&
+(, -+$0, -, 2%, -,& ,4%'!(& -, T1 = (390 ± 20) C&7 #"!$& D+, ", &%6(#" -, <=?  !+$
-,& ',1 & τ23  "+& "!(6& -!((, +( ',1 & -, $,"#4#'%!( %('$#*2#""0, Tintra = (4.3 ±
0.6)  &. E FGHIJ (!+& 1,&+$!(&  "+'�' ;T17Tintra) = (0.42 ± 0.01, 6.84± 0.38)  &.
L(, #+61,('#'%!( -, Tintra #2, "# ',1 0$#'+$, ,&' #''$%3+0, M "# -%&'$%3+'%!( -,
N!"'O1#(( -,& ,4%'!(&7 , D+%  ,$1,' -5#'',%(-$, -,& 0(,$6%,& ,' J*2,',+$&  "+&
0",20&. P( !1 #$#(' ", T1 #2, ",& ',1 & T27 (!+& &!+"%6(!(& ", C#%' D+, ", -0 Q#&#6,
,&'  $%(% #",1,(' -+ #+ -0"%( $#-%#'%C7  $,&D+, M "# "%1%', $#-%#'%2, * ",& -!((0,&
 ,+2,(' 06#",1,(' R'$, 3%,( 1!-0"%&0& ,( S4#(' T2 G TT1 +( ,( +'%"%&#(' Tintra !11,
", &,+"  #$#1U'$, -5#V+&',1,('. W3&,$2#'%!( -+ -0 Q#&#6, "%1%'0 $#-%#'%2,1,(' ,&'
+(, !(-%'%!(  $0#"#3",  !+$ "# 1%&, ,( X+2$, -,& &B&'U1,& -, !('$�",  "+& #2#(0,&
-5! '%D+,& !Q0$,(',& -#(& Y*F?A&.

 ! "#$%&#& (& )*&#+,-.##&/&#0 1%- )2 (3.43-&#& 5

0&/63-20%-& &0 (31.-(-& 1620,2)

A#(& <%6 H.Z.7 V,  $0&,(', "# -B(#1%D+, -, !Q0$,(, &+$ +(, O!(, Q!%&%, -,
"50Q#('%""!( -, ?!Y,2  $0&,('#(' +( ',1 & -, !Q0$,(, T2  "+& "!(67 1,&+$0 -, :
M 9TIJ. /,& -!((0,& 1!('$,(' "#%$,1,(' +(, -%1%(+'%!(  $!6$,&&%2, -, T2 #2, "#
',1 0$#'+$, -, 9.H M 8.T  &7 $,& ,'%2,1,('7 ,( #V!+'#(' #+4 1,&+$,& $, $0&,('0,&
&+$ "# <%6 H.I.#*3. /50"#$6%&&,1,(' Q!1!6U(, $0+ 0$0 γ = 2~/T2 ,&' '$#0 -#(&
"5,(#$'. ["  ,+' R'$, 1!-0"%&0 #2, +(, -0 ,(-#(, "%(0#%$, ,' +( ',$1, 3!&!(%D+,
&+  "01,('#%$, \ χ(T ) = χ0 + aT + b/(exp(E1/kBT ) − 1). /, ',$1, "%(0#%$, (χ0 =
0.78± 0.11 1,]7 a = 0.03± 0.003 1,] ^ J@ ,&' -_ #+4  Q!(!(& #!+&'%D+,& M C#%3",
0(,$6%,. /, -,$(%,$ ',$1,7 #2, "50(,$6%, E1 = (43 ± 4)1,] ,' b = (187 ± 75)1,]7
 !+$$#%' R'$, #''$%3+0 M "5#'%2#'%!( 'Q,$1%D+, -,&  Q!(!(& ! '%D+,& M 0(,$6%,  "+&
0",20,. /,& 10#(%&1,& -, -0 Q#&#6, -,&  Q!(!(& &!(' -!( &,13"#3",& M ,+4 -,&
 +%'& D+#('%D+,& &,1%*!(-+',+$& &'#(-#$-& ;`#E&^E"`#E&7 a-F,^a-b(F,@.

c!+&  !%('!(& ", C#%' D+, "# -B(#1%D+, -, "5,4%'!( &,!(-#%$,7 %(!Q0$,(' * %%
&!(-0  #$ "# -0 ,(-#(, -+ &%6(#" <=? ,( C!('%!( -, τ23 * ,&'  #$'%+"%U$,1,('
!1 ",4, ,'  ,+' R'$, %(d+,(0,  #$ 3,#+!+ -, #$#'0$%&'%D+,& (!(*!(2,('%!((,"",&
 $0&,(',& -#(& ",& Y*F?A&. c!+& -,2!(& 6#$-,$ M "5,& $%' D+, ", !+ "#6, #2, ,'
"# -, -%e+&%!( 2,$& ",& J*2#""0,& -, !('$,* !"#$%&#'%!( ,' -, & %(*& "%' 3#(-,&7 &!('
 ,$'%(,('& -#(& "# C!$1#'%!( -5,4%'!(& !1 ",4,&7 #%(&% D+, -,& $,"#'%!(& -, -%& ,$*
&%!( ,4!'%D+,&  !+$ ", 1!1,(' -+ ,('$, -, 1#&&,. A5# $U& "# "%''0$#'+$,7 !(  ,+'

Z9



 !"#$%&' ( )  !"#$%&% (%) %*+,!&) (-&) .%) /!&!!0"%) (% 1!2%2 %, 32%2

 !!"#$% &"$ ' ()* #+&"$ (, -!.%/0+.* 1 23/4.0.*! $!0 /%.- -'$#$*0 ' '6 /."%
$7/'+&"$% ' ()* #+&"$ ($ /./"' 0+.* ($! $7+0.*! !$.*( +%$!89:℄< =$00$ &"$!0+.*
(,+*0$%/%60 0+.* (" !+>* ' ($ ?@A $* B.*0+.* ($ τ23 $!0 $*.%$ "* !"C$0 ($ %$4$%4$
( *! *.0%$ 6&"+/$ $* .'' -.% 0+.*  D$ ',6&"+/$ ($ ',"*+D$%!+06 = %(+E<

 !" #$%&'$ ($ ()*&%)+, ($% $-)/+,% 01$ 2340,5$ 6

 +,($% '3%+4&$ %70/)04$2$,/

F *! ' D.'.*06 ($ D6%+G$% ' #.-+'+06 ($! $7+0.*! ( *! ' #.*.."4$H *."!
 D.*! B +0 "*$ #$!"%$ ($ /./"' 0+.* %6!.'"$ $* !6/ % *0 !/ 0+ '$#$*0 '$! /"'!$! E1
$0 E2 &"+ D.*0 >6*6%$% ',$7+0.* 1 ',+*06%+$"% ($ ' #.*.."4$ ($ E3 &"+ >6*I%$
'$ !+>* ' ($ ?@A< J$! %6!"'0 0! .-0$*"! !.*0 /%6!$*06! ( *! ?+> 9<K .L ',.* /$"0
.-!$%D$% "* %6!"'0 0 6&"+D '$*0 /."% '$! 2 # 06%+ "7< J$ !+>* ' >6*6%6 / % ',$7+0.*
$!0 D+!+-'$ !"% "*$ M.*$ (,$* #.)$**$ 9µ# ($ (+ #I0%$ !"% '$! 2 64 *0+''.*!H $0
.*G%#$ *.! %6!"'0 0! (,64. ($ /4.0.* #.*0% *0 "*$ '. '+! 0+.* ($! $7+0.*!<

J %6!.'"0+.* $* ?@A ($ *.0%$ $7/6%+$*$H &"+ $!0 (6G*+$ / % ',6&" 0+.* !"+D *0$ N

Er(r) ∗ E1(r) ∗ E2(r) ∗ E3(r) ∝ exp(−4
r2

ω2
) ∝ exp(− r2

( ω√
4
)2
)

J %6!.'"0+.* $!0 #.*0%6$ $* %.">$ !"% ?+> 9<K< O* ' .#/ % *0  D$ '$ !+>* '
($ ?@A 6#+! / % ',$7+0.* ( *! '$! ($"7 # 06%+ "7 60"(+6!H .* %$# %&"$ &"$ ' 
#$!"%$ $!0 '+#+06$ / % ' %6!.'"0+.* !"% ',64 *0+''.* ($ A.P$2 !+>*+G *0 &",+' *,)
 / ! ($ (+E"!+.* ($! $7+0.*! ." "*$ (+E"!+.* +*B6%+$"% 1 *.0%$ %6!.'"0+.* ( *!
$ # 06%+ "< =.*$%* *0 ' #$!"%$ !"% @P$2H "* !+>* ' $!0 .-!$%D6  "3($'1 ($ ' 
%6!.'"0+.*H # +! +' $!0 *6$!! +%$ ($ /%$*(%$ $* .#/0$ ',$E$0 ($ %$."D%$#$*0 ($!
0 4$! (,Q+%) &"+ %$*($*0 ' #$!"%$ /%6+!$ ($ ' (+E"!+.* $*.%$ /'"! (+R+'$< S*
/$"0 &" *( #T#$ .*'"%$ &"$ *."! *,.-!$%D.*! / ! ($ (+E"!+.* 1 '.*>"$ /.%06$
( *! '$! ($"7 # 06%+ "7 60"(+6! ++<

 !8 #$%&'$ ($ 40 (9,02):&$ ),/$'; $/ ),/'0;10443$

01$ 2340,5$ 6  +,($% '3%+4& $, 7+40')%0/)+,

U, + $E$0"6 ($! #$!"%$! %6!.'"$! $* /.' %+! 0+.*  G* (,60"(+$% ' /.' %+! 0+.*
($! D ''6$! VW $0 V3< =$! #$!"%$! .*0 606 $E$0"6$! $* /.' %+! 0+.*! +%"' +%$! σ+

$0 σ−  G* (,$7+0$% !6/ %6#$*0 $*0%$ '$! D ''6$! V+ $0 V− .##$ #.*0%6 !"% ?+>
9<:< < J$! #$!"%$! $* /.' %+! 0+.* .3+%"' +%$ *,.*0 / ! #.*0%6 ($ (+E6%$*$! ($

X2



 !" #$%&'()' *+,'(-,'/(%0' 1' 0% $23224*' -4-,'314' 1' 526'2

 !#$%&&'()&  )& *$*+,'-%$(& )( $(./+#'-%$(& (E1, 2, E3) = (σ+, σ+) $+ (σ−, σ−)0 1)&
)2%-$(& /!(!#!&  '(& ,)& 3',,!)& 4+ )- 4− &) $5*$#-)(-  $(  ) ,' 565) 5'(%7#)0
1)& 5)&+#)& )( *$,'#%&'-%$(& #$%&!)& (E1, 2, E3) = (σ+, σ−) 5$(-#)(- *'# $(-#) +()
 8('5%9+)  %:!#)(-) *$+# ,)& *#)5%7#)& *%$;&)$( )&0 <$-'55)(- *$+# ,) =>)2?
*$+# ,)9+), $( $@&)#3) +() *)#-)  A%(-)(&%-!  + &%/(',  ) B=C  ) 5'(%7#) /!(!#',)
)- +()  8('5%9+)  '(& ,)& D *#)5%7#)& *%$;&)$( )& $5*,7-)5)(- &+**#%5!)0 E)%
)&- 5$(-#!  '(& B%/ F0G0@? $H ,)  )/#!  ) *$,'#%&'-%$( ρ *'&&)  ) FI% *$+# τ23 = 0 *&
J DI% *$+# τ23 = 1 *&0 E)--)  %5%(+-%$(  +  )/#!  ) *$,'#%&'-%$( )&- '+&&% $@&)#3!)
 '(& C$>)2 9+% *'&&)  ) KI% *$+# τ23 = 0 *& J DL% *$+# τ23 = 5 *&0

 !" #$%&'()' *+,'(-,'/(%0' 1' 0% $23224*' -4-5

,'314' 1' 627'2

M'(& ,' *)#&*)-%3)  ) &!*'#)# ,' $(-#%@+-%$(  ) ,' 5$($$+N)  ) ),,)  + '+
&+@&-#'- ($+& '3$(& O'%-  )& 5)&+#)& &+# +( !N'(-%,,$(  ) C$>)20 1A!N'(-%,,$( ' !-!
O'%- )( )2O$,%'(- +() 5$($$+N)  ) C$>)2 &+# +( &+@&-#'-  ) &%,%%+5 '3)  )& -#$+&
 ) PLµ5  )  %'57-#)? $55) ,A$( *)+- ,A$@&)#3)# &+# ,' B%/ F0PL0' $H ,A$( *#!&)(-)
,' -$-',%-!  + &%/(',  ) B=C !5%& *'# ,A!N'(-%,,$(0 Q( #)5'#9+) +() %(-)(&%-!  +
&%/(',  ) B=C IL O$%& *,+& O'%@,) '+ (%3)'+  ) ,' *'#-%) &+&*)( +) )( $5*'#'%&$(
 ) ,' *'#-%) &%-+!) &+# ,) &+@&-#'-  ) &%,%%+50 E)--)  %:!#)()  A%(-)(&%-! )&-  +) J
+() O'%@,) %(-)(&%-!  ) N'5*  A)2%-'-%$( '+ (%3)'+  ) ,' 5$($$+N)  '(& ,' R$()
&+&*)( +)0 S( ):)-? ,' *#$O$( )+#  ) -#$+ &+# )- !N'(-%,,$( )&-  ) KPL;KDL (5 ',$#&
9+) ,) T$$(  ) C$>)2 !-+ %! *#!! )55)(- ' )*)( '(- !-!  !*$&! &+# +( &+@&-#'-
 ) >% #)$+3)#-  A+() $+N)  ) >%Q2  ) GL (5  A!*'%&&)+#0 1'  %:!#)() !($#5)  '(&
,A%(-)(&%-!  + B=C 9+) ($+& $@&)#3$(& 5'%(-)('(- #!&+,-)  )&  %:!#)(-)& !*'%&&)+#&
 )& $+N)&  ) >%Q2 *,'('%#)0 U%(&%? %, &)#'%- *#!O!#'@,)  A'3$%# +( !N'(-%,,$( '3)
C$>)2 5$($$+N) &+&*)( + &+#  )& -#$+& )( >%Q2  ) GL (5  A!*'%&&)+# &)5@,'@,)
J ,A!N'(-%,,$(  ) C$>)2 )2O$,%! &+# >%Q2 *,'('%#)0

1A%5'/)#%) N8*)#&*)-#',) ' '+&&% 5%& )( !3% )() +( !,'#/%&&)5)(- %(N$5$/7()
-#7& %5*$#-'(- V ,) )(-#)  A!()#/%)  ) ,A)2%-$( 3'#%)  A'+ 5$%(& W5)X )(-#) PWFG5)X
)- PWII5)X? !/',)5)(- &+# ,' *'#-%) &+&*)( +) $55) ,A$( *)+- ,) 3$%# &+# ,' B%/
F0PL0@;O0 E)% &%/(%.) 9+) ,A!,'#/%&&)5)(- %(N$5$/7() )&- +() *#$*#%!-! %(-#%(&79+)
 ) ,' 5$($$+N) )- () *#$3%)(- *'& &)+,)5)(-  ) ,A%(-)#'-%$( '3) ,) &+@&-#'-0 Y%)(
9+) ,)& $#%/%()& *#!%&)& () &$%)(- *'& )($#) $((+)&? Z) *)+2 '3'()#  )& *#)5%7#)&
*%&-)& V *#%(%*',)5)(- ,)& N'#/)& ,'%&&!)& ,$#&  ) ,A)2O$,%'-%$( '%(&% 9+) ,)& $(-#'%(-)&
 '(& ,' 5$($$+N)0

[K
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 !" #$%'()*$%

 ! "#$%$&'!# %' &()#+,&,($) )! -./0 !,"& '1,!& 234,!#+3 "!) +35
(,!&) !,!5%$!3'$+) 63'!#)0 ,(#$7") )# ,83+)!#) 2)& #+'!&$#$,!& )9$#,!$7")
2'!& %)& 4,!,,"8)& 2) :/;&0  !"$%&'()(*+ ,-* ./0(2 (+ 10(22 3-* ( 
)-+"4$-'5 ")(46(*+ 7 */' -++( +/* '*( -'6)(*+-+$/* ,( 8-  (* $9$8$+" ,( 8:-)!8$;
+',( <$*+(* $+"= ,' >1. )( '4" !-4 ,('5 <&'-+4(= /4,4( ,( 64-*,('4 7 /)!-4" ? '*
!'$+ &'-*+$&'(  ()$/*,'+('4 ,( @,A( ,( B-'+( &'-8$+"7 ")(++-*+ ? '*( 8/*6'('4
,:/*,( CDE  $)$8-$4( <FGH *)=2 I* !4(*-*+ -J-*+-6( ,( */+4( -!!4/B( )$4/ !(;
+4/ /!$&'(7 */' -J/* (K(+'" '*( $)-6(4$( BL!(4 !(+4-8(7 ( &'$ */' - !(4)$ 
,( ,"+(4)$*(4 !4"$ ")(*+ 8( M/*( 6"*"4-*+ '*( 4"!/* ( ,( >1.  /$+ *('+4(7
 /$+ B-46"7 /' 8( ,('52 N( /*+4�8( "8(+4$&'( ,( +(8  +4'+'4( !('+ !(4)(++4(
8( /*+4�8( ,( 8- 4"!/* ( /B"4(*+( ,( A.3 7 P/'4*$  -*+ '* -!(4Q' ,( 8:$*R'(*(
)'+'(88( ,( IS (+ AE  '4 8('4 ,L*-)$&'( 2 I* '+$8$ -*+ '*( )$4/;  !(+4/ /;
!$( ,( >1. ,"6"*"4"(7 !,"& '1,!& 4)&"+3 %' 2<!'4$7") 2) ,83+)!) 2)
%=)9$#,!0 2,!!'!# '>& '" #)4(& 2) 23(8'&'6) T2? N:"8-46$  ()(*+ $*B/;
)/6T*(  '4 '*( 6-))(  /' ;)$4/)"+4$&'( ( + 4",'$+ ,:'* /4,4( ,( 64-*,('4 !-4
4-!!/4+ ? 8- +-$88( ,( 8:"B-*+$88/*7 )-$ ,/**( (*/4( 8$(' ? '* !B/+/*;(B/2 C/+4(
-!!4/B( !('+ U+4( '+$8$ "( !/'4 (5+4-$4( 8- 4"!/* ( /B"4(*+( ,( "+-+ (5$+/*$&'( 
8/-8$ " ,-* 8( 0;A.3 VWX℄7 &'$  /*+  '!!/ " !4" (*+(4 '* +()! ,( ,"!B- -6(
'8+4-;8/*6 VHZ℄2 D*J(4 ()(*+7 (* (5!8/$+-*+ 8( >1. */*;,"6"*"4" */' !/'J/* "J-;
8'(4 8- ,L*-)$&'( ,( !/!'8-+$/* ,( 8:(5$+/*7 +313%'!# '$!&$ %=$!#)+'#$,! )!#+)
%' 23+,$&&'!) +'2$'#$1) T1 )# %' +)%'9'#$,! $!#+'51'%%3) Tintra 2) %=)9$#,!
2$@"&3 1)+& %)& 3#'#& &,4A+)&0 +313%'!# %) ,"(%'6) %"4$>+)54'#$>+) 2'!&
%)& &<&#>4) 2)"952$4)!&$,!!)%&?
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 !"

#

$%!"

#

$%!"

#

*$+,&'  !" #  ! "#$!%&'() ") *+*(,!-&+$ "). )/&-+$. "!$. ,). %+$+1
+(2). ") 345.! $%&'($)*+,- .- /0/,1$2*0( .- 345 -( 60(2*0( .- 1$ 2-)/89
:$2,:- /0,: ,(- )0(00,;- 50<-2! 5-=,:-= 6$*2-= > ?@  !AB C(0*:%D EFB CG1-,%D
HFFB C:0,I-%! G%&'($)*+,- .- /0/,1$2*0( .- 345 -( 60(2*0( .- 1$ 2-)/8:$2,:-
/0,: ,(- )0(00,;- 4<-2! 5-=,:-= 6$*2-= > ?@  !AB C(0*:%D JFB CK$,(-%D  AB
CL*01-2%! %&'($)*+,- .- /0/,1$2*0( .- 345 -( 60(2*0( .- 1$ /,*==$(- .M-N*2$9
2*0( 1$=-: /0,: ,(- )0(00,;- 50<-2! 5-=,:-= 6$*2-= > O@ 0.1µ4 C(0*:%D 0.5µ4
CG1-,%D 0.8µ4 CL-:2%! .% 5-=,:- .- 1$ .8/-(.$(- ., =*I($1 .- 345 -( 60(2*0(
.- 1M*(2-(=*28 .- E1 =,: 50<-2 C(0*:% -2 4<-2 CI:*=%! P( 0G=-:L- ,(- =$2,:$2*0( .-
1M$G=0:/2*0( /0,: 1-= Q )$28:*$,N!
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 !"#$%  !" #  !"#% &'() &*+,-&-. /,#/ .% &. /# %.!"*-#%(-. +(- /. &*"0#1
+#2. &. /'.34%,) &#)+ /# !,),,(0. 5,6.27 $% &'()*+,-. -, /01 2345),
.6 756+*56 -, +.'(49 '.4,23. 4,2 ):.'()$.'.6+ $;<$6+ ,6 ξ (),4 =2$6-9 '56>
+2$6+ ,6 23+23*44.'.6+ +.'(52.)! ?:$,='.6+$+*56 5@4.2A3. -, -3$)$=. .6 +.'(4 ($2
2$((52+ B /*=  !C .4+ $++2*@,3. B ,6. )5$)*4$+*56 *6-,*+. ($2 ):$,='.6+$+*56 -. )$
-,23. -. A*. 2$-*$+*A. T1! @% D5''. -$64 ). ($66.$, $9 '$*4 '.4,23. 4,2 ,6. E56.
(234.6+$6+ ,6 3<5 (),4 )$2=. .+ -56 ,6 (),4 (.+*+ ξ! F6. (),4 7$*@). )5$)*4$+*56
-566. ,6 T1 = T2/2 (),4 5,2+ G,. -$64 ). ($66.$, $%! H<.)). )5=$2*+<'*G,. -.
5,).,2 4,(32*.,2. B I 52-2.4 -. =2$6-.,2! % JK6$'*G,. -:$'()*+,-. -, 4*=6$) -.
/01 .6 756+*56 -. )$ +.'(32$+,2. '.4,23. 4,2 )$ E56. (234.6+3. .6 $%! &,>-.44,4
-. L M NICO ). -3(<$4$=. .4+ (),4 2$(*-. G,. )$ 2345),+*56 +.'(52.)). -. ):.P(3>
2*.6.! ?:3)$2=*44.'.6+ <5'5=Q6. .6 756+*56 -. )$ +.'(32$+,2. γ = 2~/T2 R.6$-23%
*6-*G,. ). '3$6*4'. -. -3(<$4$=. *6-,*+ ($2 ).4 (<56564 $5,4+*G,.4 .+ 5(+*G,.4!
S5,2 -.4 2$*4564 -. )$2+39 ).4 5,2@.4 T++3.4 6. 456+ ($4 2.(234.6+34!
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849

9:1;4*>?=4(

%&'(

*$+,&'  !" #  !"#$! $%"&'#! "()*+)'!,!-*. $%&'(% &'( $)*%2 +,- %. /*%2 +0-
%1 2345,,1. E1 %. E2 %1&%705% 5% 5)18 29'1% 5:81% 4,&&,1. 4,( E3; ,<% (%&4%.:<%7%1.
'1 4,& 2% =!>µ7 4)'( $)*%2 %. '1 4,& 2% =!?µ7 4)'( /*%2! @1 ()'8% 5, (3&)5'.:)1
&4,.:,5% 2% 5, 7%&'(% %1 A/$!
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 !"#$%  !" #  !"#$%&'( )(* +,+'-#.%,"* %".(/0#--1( )#"* -(* $,",,'3(*
)( 45 * 1.')%1( +#/ '"( 61"1/#.%," )' *%6"#- )( 785 /1*,-'( (" +,-#/%9
*#.%,": $% &()*$ *+,-.$,- /$ 0),).$-1+, 23 410,$/ 25 678 $95 3,5 :+/$.14$-1+,
.+14)5 5,-.5 E1, 2 5- E3! ;95 E3 <31 2)/5,(5 /5 410,$/ 25 678 <31 915,- 25 /$
:+:3/$-1+, 0),).)5 2$,4 /$ 9$//)5 25 = :+/$.14)5 +> +3 +,-.5 1.3/$1.5*5,- ?%>
% @, ?$4 A ;*:/1-325 23 410,$/ 25 678 2$,4 7&52 B?% 5- 8+&52 B% 5, C+,-1+,
23 2)/$1 τ23 25 /$ -.$,41-1+, @D +?-5,35 E FGH= 5, :+/$.14$-1+, +>1.3/$1.5 B5,
95.-% 5- .+14)5 B5, ?/53%! @, ($3- A I):5,2$,5 23 250.) 25 :+/$.14$-1+, 1.3/$1.5
ρ *543.)5 5, C+,-1+, 23 2)/$1 τ23! J, *543.5 /5 250.) 25 :+/$.14$-1+, 1.3/$1.5
ρ = Iσ+−Iσ−

Iσ++Iσ−

∗ 100% 25 :/34153.4 21K$1,54 25 :+3.>5,- /+.4 254 :.5*15.4 τ23L 43191
:$. 3,5 -+-$/5 2):+/$.14$-1+, 23 410,$/ 25 678L 0),).)5 :$. /$ :+:3/$-1+, 2M5N1>
-+, 45+,2$1.5! O,45.- A 6.$,054 2M1,-5.C).5,54 5, /3*1P.5 :+/$.14)5 +>1.3/$1.5*5,-
B95.-% 5- +,-.5>1.3/$1.5*5,- B?/53%!

Q"



 !"#$%&' ( )  !"#$%&% (%) %*+,!&) (-&) .%) /!&!!0"%) (% 1!2%2 %, 32%2

 ! " "! # 

 

!

" 

"!

# 

 !"#$%&'

 !"($%&'

 !)*$%&'  !)+$%&'

 
!
"
#
$
#
%
&
'

,-./

 !))$%&'

0%12&-3&$456

7

8

 ! " "! # 

 

!

" 

"!

# 

 ! " "! # 

 

!

" 

"!

# 

 
!
"
#
$
#
%
&
'

9

&

:

 ! " "! # 

 

!

" 

"!

# 

 ! " "! # 

 

!

" 

"!

# 

 
!
"
#
$
#
%
&
'

1;&$<$= %>

1

 ! " "! # 

 

!

" 

"!

# 

1;&$<$= %>

*$+,&'  !"# $  !"#$%&$ '()$%*)$,%"-$ ./01 2'"1,&--31 .$ 435$2 *0*6
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We employ two-dimensional (2D) coherent, nonlinear spectroscopy to investigate couplings within individual

InAs quantum dots (QDs) and QD molecules. Swapping pulse ordering in a two-beam sequence permits one

to distinguish between rephasing and nonrephasing four-wave mixing (FWM) configurations. We emphasize

the nonrephasing case, allowing one to monitor two-photon coherence dynamics. Respective Fourier transform

yields a double quantum 2D FWM map, which is corroborated with its single quantum counterpart, originating

from the rephasing sequence. We introduce referencing of the FWM phase with the one carried by the driving

pulses, overcoming the necessity of its active stabilization, as required in 2D spectroscopy. Combining single and

double quantum 2D FWM provides a pertinent tool in detecting and ascertaining coherent coupling mechanisms

between individual quantum systems, as exemplified experimentally.

DOI: 10.1103/PhysRevB.96.041124

Nuclear magnetic resonance (NMR) spectroscopy con-

ceived phase-locked, multipulse techniques, yielding multidi-

mensional spectra by Fourier transforming temporal sequences

into respective frequency coordinates [1,2]. The possibility

to spread the response of biological or chemical molecules

of high structural complexity, especially proteins, across

many axes enabled one to assess their spatial form and to

understand interatomic interactions and couplings. The idea

to selectively address and evolve subsets of transitions from

congested spectra via a multipulse toolbox, and then projecting

the results onto two-dimensional (2D) or three-dimensional

diagrams, is a far-reaching legacy of NMR. At a juncture

of coherent spectroscopy and condensed matter physics, 2D

spectroscopy provided insight into the dynamics and couplings

of many-body optical excitations in solids, in particular, of

excitons in semiconductor quantum wells [3–5] and novel 2D

layered materials [6], as well as in ensembles of quantum

dots [7,8] (QDs) or nanocrystals [9]. A principal tool in

these investigations is k-resolved four-wave mixing (FWM)

spectroscopy and its extensions probing multiwave mixing

processes [4].

FWM spectroscopy has been exploited over the years to

study Coulomb interactions and related ultrafast coherent

dynamics of excitons in semiconductors [10–14]. In these

ensemble experiments, a strong inhomogeneous broadening

usually is an obstacle to implement coherent control protocols.
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This issue is largely overcome when restricting the study

to individual excitons. Moreover, in an exciting context of

optical information processing in solids, establishing con-

trolled channels of coupling within a set of few-level systems

represents a truly challenging goal. For these reasons, it is

necessary to access the coherence of individual excitons, and

then to ascertain the mechanism of their coherent interactions,

involving both Coulomb (local) and radiation (long-range)

mediated phenomena. The present Rapid Communication

represents a step forward in this field.

FWM microscopy of single QD excitons [15] was previ-

ously accomplished by phase-sensitive optical heterodyning

combined with interferometric detection, efficiently subtract-

ing resonant background and permitting colinear geometry

of the excitation pulses. Recently, the detection sensitivity

of intrinsically weak single QD FWM has been enhanced

substantially by using photonic nanostructures, improving

the QD coupling with external laser beams [16–18]. Here,

we perform FWM spectroscopy of individual InAs QDs

embedded in a low-Q semiconductor microcavity [19]. We

point out two advancements with respect to our recent reports

[16,20]: First, we demonstrate 2D FWM constructed from

two-photon coherences—known as double quantum 2D FWM

[21–24]—driven on individual transitions, specifically QD

exciton-biexciton systems (GXB) [25]. Second, we introduce

referencing of the FWM phase, offering a convenient alter-

native for its active stabilization, which is widely believed

to be required in 2D spectroscopy. Using the one-quantum

and two-quantum spectroscopy, we have measured single QDs

and a QD molecule. A comparison of the spectra signatures to

theory allowed us to identify the nature of the internal coupling

mechanism in the QD molecule system. Our work shows that

the combined single and double quantum 2D spectroscopy is

a powerful tool to reveal and understand coherent coupling

2469-9950/2017/96(4)/041124(6) 041124-1 Published by the American Physical Society
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FIG. 1. Rephasing and nonrephasing pathways in two-beam

four-wave mixing of individual quantum dots. (a) Two possible

pulse sequences in the so-called positive (negative) delays τ12,

corresponding to the rephasing (nonrephasing) FWM pathways. The

nonrephasing pathway involves a two-photon coherence between

the ground state (G) and a two-particle state, here, a quantum dot

biexciton (B). (b) Measured FWM amplitude as a function of τ12

on a few InAs QDs embedded in a low-Q microcavity. Impinging

E1,E2 intensities of (150,600) nW correspond to pulse areas of

around (0.4π,0.8π ), significantly beyond the χ (3) limit, generating a

pronounced exciton-biexciton beating.

and excitation transfer mechanisms—an interdisciplinary is-

sue spanning from biology and photochemistry, to quantum

engineering. The results are especially pertinent for the latter

area, as we open different avenues of research in the quantum

control of optically active nanoscopic two-level and few-level

systems in solids.

To acquire the FWM spectra [16], we use a pair of

100 fs laser pulses, E1 and E2, with a variable delay τ12,

positive for E1 leading. They are frequency shifted by �1 =

80 MHz and �2 = 80.77 MHz, respectively, using acousto-

optic deflectors. A FWM heterodyne beat with a reference

field ER is retrieved at 2�2 − �1 = 81.54 MHz frequency,

carrying the lowest-order response E
⋆
1E2E2 (where ⋆ denotes

complex conjugate) and also higher orders with the same

phase evolution. The signal is spectrally dispersed using a

spectrometer, detected with a CCD camera and retrieved

in amplitude and phase by applying spectral interferometry.

ER arrives a few picoseconds prior to E2, unless specified

otherwise.

As shown in Fig. 1(a), in two-beam FWM, the first pulse

E1 induces coherence, which evolves during τ12, to be then

converted into FWM by the second pulse E2. The lowest

electronic excitations of a neutral QD can be cast into three

categories of states: a ground state (G), single excitons (X), and

two-exciton states, known as biexcitons (B). GX transitions

are addressed by one-photon coherence driven by E1, which

is converted to FWM of GX and XB by a density grating

E
⋆
1E2 on G and X [20,26]. Inverting the temporal ordering of

the two light pulses, a GB transition can be inspected by a

two-photon coherence induced by E2, transformed into FWM

of both transitions at the arrival of E1 [20,26]. The simple

three-level system of Fig. 1(a) illustrates the case of a neutral

QD driven along one of its polarization axes. For a single

two-level system, such as a QD trion, FWM can be only
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FIG. 2. Photon-echo formation on a single QD exciton measured

upon a FWM rephasing pathway. The delay τR2, between the reference

ER and E2, is scanned for different values of τ12, as indicated.

Formation of the photon echo is observed: A Gaussian form of the

FWM transient is fully recovered for τ12 > h̄/σ . Temporal width of

the echo yields the inhomogeneous broadening σ . Inset: By adjusting

τR2, one shifts the temporal detection window towards the echo, such

that the FWM signal can be retrieved via spectral interference even

for delays exceeding the temporal resolution of the setup, defined

by the spectrometer. This is here exemplified for τ12 = 1 ns and

τR2 = −0.85 ns.

created for τ12 > 0 from one-photon coherence induced by

E1, since the trion system cannot be doubly excited within

the employed spectral bandwidth. In fact, two transitions

in Fig. 1(b) show strictly no signal for τ12 < 0 and are

attributed to trion transitions. Therein, we also recognize pairs

of exciton biexcitons, labeled as GX1-X1B1, GX2-X2B2, and

GX3-X3B3, occurring in three distinct QDs. FWM exhibits

a pronounced beating as a function of τ12 > 0, with a period

corresponding to B binding energy, which is induced beyond

the χ (3) regime by high-order contributions propagating at the

FWM frequency [20,27]. Instead, for τ12 < 0, FWM is equally

created on GX and XB transitions, with no beating.

A time-resolved FWM transient created upon the two pulse

configurations displays different characteristics. For τ12 > 0,

there is a phase conjugation between E1 and FWM. Owing

to the rephasing, FWM of an inhomogeneously broadened

system has a Gaussian form, with a maximum at t = τ12

and temporal width inversely proportional to the probed

spectral inhomogeneous broadening σ . Importantly, the time-

integrated amplitude of such a photon echo is not sensitive on

σ , instead, the homogeneous broadening is probed through the

τ12 dependence. At a level of individual transitions, σ is accu-

mulated due to a residual spectral wandering in time-averaged

measurements [17,18,26,28]. For σ in the μeV range, which

is a case even for high-quality QD systems, the echo width

becomes comparable to or larger than the temporal sensitivity,

given by the spectrometer resolution (here about 120 ps). To

demonstrate the formation of such a broad echo [18], we

scan the delay τR2, between ER and E2, for three different

τ12, as shown in Fig. 2. The echo develops fully only for

τ12 = 200 ps, and from its width [full width at half maximum
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FIG. 3. Coherent dynamics of an exciton-biexciton system mea-

sured at the nonrephasing FWM configuration, τ12 < 0. (a), (b)

Time-resolved FWM transient measured at GX1 and X1B1 for

negative delays. Due to the nonrephasing configuration, the FWM

decay becomes more pronounced when increasing delay. (c), (d)

Two-photon coherence dynamics, induced between G and B (also

known as a biexciton coherence), measured at the nonrephasing FWM

configuration. The two-photon dephasing time is retrieved from the

exponential decay of GX1 and X1B1 transitions.

(FWHM)] tσ = h̄/σ = (214 ± 33) ps we retrieve spectral

inhomogeneous broadening 8 ln (2)σ = 8 ln (2)h̄/tσ = (17 ±

3) μeV (FWHM). By advancing τR2 sufficiently close to the

maximum of the echo, the temporal detection window is

brought toward its maximum, permitting one to retrieve FWM

spectral interference for delays significantly exceeding the

temporal sensitivity of the spectrometer, as shown in the inset

for τ12 = 1 ns and τR2 = −0.85 ns.

For τ12 < 0 there is no strict phase conjugation between

two-photon coherence and FWM, and therefore the photon

echo is absent. In Figs. 3(a) and 3(b) we show (t,τ12)-

resolved maps of the FWM amplitude measured on the

GX1 and X1B1 transitions, respectively. As τ12 is increased

towards more negative values, FWM decay becomes more

pronounced, owing to a nonrephasing character of the signal.

The two-photon coherence dynamics of GX1 and X1B1,

i.e., respective time-integrated FWM vs τ12, are presented in

Figs. 3(a) and 3(b). From the exponential decay of GX1 and

X1B1 we retrieve two-photon (biexciton) dephasing [29,30]

TTP(GX1,X1B1) = (75 ± 3,65 ± 3) ps. Similar values of TTP

are obtained by analyzing two other GX-XB pairs. Note that,

in homogenously broadened GXB systems, TTP should be the

same when inferring it either from the GX or XB transition.

A slightly faster biexciton dephasing evaluated from the X1B1

decay is attributed to its stronger inhomogeneous broadening

via spectral wandering with respect to GX1: The latter is

due to energy fluctuations of the exciton level only, whereas

the former is sensitive on wandering of both the exciton and

biexciton levels [31,32]. These spectral fluctuations do not

have to be correlated, and thus yield a shorter TTP when reading

it out from X1B1.
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FIG. 4. Two-dimensional FWM spectroscopy of exciton com-

plexes in a few InAs QDs probed along the (a) rephasing and

(b) nonrephasing pathways. Four exciton-biexciton systems in dif-

ferent QDs are indicated dashed-dotted, dotted, dashed, and solid

lines, respectively.

To illustrate couplings in the probed system of a few QDs,

we Fourier transform FWM(ω3,τ12) sequences with respect to

the delay τ12. The experimental setup is encapsulated, provid-

ing a passive stabilization of the phase during the acquisition.

However, the phase relationship between FWM measured for

subsequent τ12 is inevitably lost and can only be achieved via

active stabilization [33,34], which is not implemented here.

Knowledge of the FWM phase for subsequent delays τ12 is

a precondition to execute the Fourier transform yielding 2D

FWM. In our previous works [20,35], we have circumvented

this issue by imposing a phase relationship onto the data

by choosing a separated transition in the spectral domain,

acting as a local oscillator, and setting its phase to zero

for all delays. We then applied this phase factor globally to

the full spectrum, adjusting all other frequencies versus τ12,

accordingly. Such a transformation remains justified, as long as

the guiding transition to correct for, in particular, exhibiting no

coherent coupling, is available in the spectrum. This generally

is not the case. To overcome this experimental limitation,

we have conceived a post-treatment protocol permitting

one to reference the FWM phase, using auxiliary spectral

interferences of ER with the driving pulses (see Sec. II A

of the Supplemental Material [36] for a description of the

phase-referencing protocol).

In Fig. 4 we present 2D FWM obtained from the set of

QDs highlighted in Fig. 1. For τ12 > 0, FWM generated by

all resonances driven by E1 forms a diagonal in the resulting

2D spectrum. This includes single trions and neutral excitons,

but also biexcitons—the latter can directly be driven by E1

beyond the χ (3) limit [20], as applied here (an example of the

2D FWM of GXB systems in the χ (3) limit is provided in
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FIG. 5. Quantum dot molecule, consisting of two electrostatically

coupled InAs QDs, observed in single and double quantum 2D FWM.

Measured (a) rephasing and (c) nonrephasing 2D FWM spectra

revealing coherent couplings between two QDs. Corresponding

simulations (see Sec. I C of the Supplemental Material [36] for

details regarding the model parameters) are shown in (b) and (d).

The signatures belonging to this QD molecule are marked by

dashed lines. An additional exciton-biexciton pair in (a) and (c)

at (1360.3,1356.8) meV occurs in other QDs not involved in the

molecule formation, thus not included in the calculated spectra.

Fig. S6 of the Supplemental Material [36]). The biexcitons are

off-diagonally shifted by their respective binding energies of

a few meV, and form squarelike features in 2D FWM under

strong excitation, i.e., close to the (π/2,π ) area of (E1,E2)

pulses. 2D FWM resulting from τ12 < 0 is shown in Fig. 4(b).

FWM originates from a corresponding two-photon resonance

driven by E2. Here, the two-photon energy corresponds to the

sum of GX and XB transition energies. In such nonrephasing

2D FWM, we retrieve the response of GXB systems, whereas

exciton complexes without doubly excited states within the

excitation bandwidth, such as singly charged QDs, do not

contribute.

Figures 5(a) and 5(c) show the measured rephasing and

nonrephasing 2D spectra recorded at another position at the

sample. In the following, we focus on the two QDs that show up

as transitions GX1 and GX2 on the diagonal of the rephasing

spectrum with resonance energies E1 = 1359.7 meV and

E2 = 1358.95 meV—via hyperspectral imaging these are

found to be within a 0.5 μm vicinity [35] (see Fig. S7 of the

Supplemental Material [36] for experimental results regarding

the FWM imaging). The peak pattern highlighted by the

dashed lines differs from the signatures observed in Fig. 4

in two major respects: First, the spin-orbit coupling of the two

circularly polarized excitons within each QD leads to linearly

polarized exciton eigenstates, where each QD is described by

a four-level system [20]. This causes a splitting of each exciton

resonance on the diagonal of the rephasing spectrum into

clusters of four peaks, observed in Figs. 5(a) and 5(c). Second,

besides the X1B1 and X2B2 peaks that are redshifted along the

FWM axis by the intradot biexciton binding energies 	1 =

−3.3 meV and 	2 = −3.6 meV, respectively, we observe

two off-diagonal cross peaks labeled X2X1 and X1X2 at the

spectral positions (ω3 = E2; ω1 = E1) (upper cross peak) and

(ω3 = E1; ω1 = E2) (lower cross peak). The appearance of

these cross peaks clearly indicates a coherent interdot coupling

between the two QDs: The electrostatic Coulomb coupling

leads to an energy renormalization of the interdot biexciton

B12 consisting of one exciton in each QD. The biexciton shift

lifts the symmetry of the lower GX1 (GX2) and higher X1B12

(X2B12) transitions, such that the quantum pathways involving

these transitions no longer destructively interfere and cross

peaks show up [35]. (See Sec. I of the Supplemental Material

[36] for theoretical details. A level scheme of the considered

QD molecule, including all coupling-induced energy shifts, is

shown in Fig. S1.) The electrostatic interaction 	12 between

two excitons located in two different QDs is small compared

to the intradot biexciton binding energies 	1 and 	2. In fact,

the spectrally resolved FWM amplitude [see Fig. S7 of the

Supplemental Material [36] for experimental results regarding

the spectrally resolved FWM amplitude retrieved from the

2D FWM spectrum shown in Fig. 5(a)] reveals that it is

only of the order of 	12 = 90 μeV and it shifts the interdot

biexciton towards higher energies, showing up as blueshifted

[37] high-energy shoulders of the exciton resonance peaks.

This interpretation is supported by calculations [38] of the

rephasing and nonrephasing 2D signals depicted in Figs. 5(b)

and 5(d) (see Sec. I of the Supplemental Material [36] for

details regarding calculations of the FWM response).

In the nonrephasing two-quantum spectrum, the coupling

of the two QDs manifests itself in a peak pair labeled X1B12

and X2B12 at the interaction-shifted two-exciton transition

GB12 (energy ω2 = E1 + E2 + 	12 = 2718.74 meV) with

FWM frequencies ω3 = E1 = 1359.7 meV and ω3 = E2 =

1358.95 meV, respectively. Theoretical calculations (see Sec.

I of the Supplemental Material [36] for details regarding

calculations of the FWM response) also suggest that exciton

transfer processes between the two QDs such as a dipole-

induced (Förster) interaction and Dexter-type coupling via a

wave-function overlap are negligible [39]: First, these coupling

types are expected to be in the μeV range [35] and therefore

difficult to detect considering our spectrometer resolution of

25 μeV. Second, they would lead to additional peaks for an

intradot biexciton in one QD after the first pulse has created a

single exciton in the other QD. These peaks are not observed

in the spectra, indicating that exciton transfer elements are

negligible (see Sec. I C and Fig. S3 of the Supplemental

Material [36] for theoretical simulations of the FWM spectra

involving different origins of the coherent coupling).

An interesting feature about the observed QD molecule

is that, in contrast to the other isolated exciton-biexciton

systems, the two coupled QDs show a pronounced fine-

structure splitting (FSS) of the order of 60 and 140 μeV,
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respectively. This is around five times higher than the FSS

typically present in these QDs [20]. Moreover, the FSS of the

other isolated exciton-biexciton systems in our sample (see

also Fig. 4) is not visible since the direction of the linear

excitation/reference polarization was chosen to be parallel to

the anisotropy axis. The observation of such a pronounced

FSS only for the resonances associated with the QD molecule

therefore suggests that the spatial proximity of the two coupled

QDs altered the local symmetry of the confinement, changing

the magnitude of the FSS and the polarization of the excitonic

transitions.

In summary, we have implemented phase-referenced dou-

ble quantum 2D FWM spectroscopy of individual quantum

systems. By merging it with a single quantum counterpart,

we have ascertained coherent couplings between excitons,

the structure of (bi)exciton states, and coupling energies in

single InAs QDs and in a quantum dot molecule. The optical

selection rules of the latter were investigated theoretically.

This methodology is appealing to infer electronic couplings

and charge transfer in deterministically defined QD molecules

[40,41] and propagative coherence in photonic molecules

[42]. By merging it with a recently developed multiwave

mixing toolbox [16], it could be also used to visualize and

control polaritonic couplings in solid state cavity-quantum

electrodynamics [43].

Note added. Recently, we became aware of a report

of 2D FWM in rephasing and nonrephasing configurations

of individual transitions in interface fluctuation QDs in

Ref. [44].
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ABSTRACT: By implementing four-wave mixing (FWM) micro-
spectroscopy, we measure coherence and population dynamics of the
exciton transitions in monolayers of MoSe2. We reveal their dephasing
times T2 and radiative lifetime T1 in a subpicosecond (ps) range,
approaching T2 = 2T1 and thus indicating radiatively limited dephasing at
a temperature of 6 K. We elucidate the dephasing mechanisms by varying
the temperature and by probing various locations on the flake exhibiting
a different local disorder. At the nanosecond range, we observe the
residual FWM produced by the incoherent excitons, which initially
disperse toward the dark states but then relax back to the optically active
states within the light cone. By introducing polarization-resolved
excitation, we infer intervalley exciton dynamics, revealing an initial
polarization degree of around 30%, constant during the initial
subpicosecond decay, followed by the depolarization on a picosecond
time scale. The FWM hyperspectral imaging reveals the doped and undoped areas of the sample, allowing us to investigate the
neutral exciton, the charged one, or both transitions at the same time. In the latter, we observe the exciton−trion beating in the
coherence evolution indicating their coherent coupling.

T he identification of atomically thin solids1 resulted in the
development of the intriguing physics of graphene,

followed by the emerging technological applications.2,3 Also,
it stimulated a rapid progress in fundamental studies of thin
films extracted from other than graphite layered materials, such
as semiconducting transition metal dichalcogenides (S-TMDs).
The bandgap of S-TMDs converts from indirect to direct, when
reducing the material thickness to a single monolayer,4 enabling
exceptionally strong excitonic transitions. Owing to the
breakdown of out of plane translational symmetry for two-
dimensional systems, the coupling of excitons with light is
boosted,5 resulting in their short radiative lifetime and thus
increased oscillator strength μ. Excitons in S-TMD monolayers
display large binding energies EB of several hundreds of
meV6−9

an increase by 1−2 orders of magnitude with respect
to a typical semiconductor quantum well.10,11 The observed
excitonic absorption in S-TMDs reaches the values as high as
10%,12 illustrating an exceptionally strong μ in these systems
and implying a radiative lifetime in the subpicosecond (subps)
range,13 as recently observed in monolayers of WSe2

14,15 and
other emerging two-dimensional systems, namely, nano-
platelets.27 The robust coupling with light is attractive in

prospective applications, especially for photodetectors.3 It is
also appealing in optical fundamental studies, for instance in
polaritonics16 and nonlinear spectroscopy.15,17,19

The large μ in S-TMDs gives rise to a giant nonlinear optical
response, which is investigated in this work via three-pulse four-
wave mixing (FWM) microspectroscopy. This approach offers a
direct access to the exciton coherence and population dynamics
with a time resolution limited only by the duration of the laser
pulses, which resonantly excite targeted optical transitions.
Indeed, time-resolved nonresonant photoluminescence meas-
urements,18 offer insufficient time-resolution to infer subps
evolution and involve complex relaxation pathways. Instead,
resonant experiments,15,19 also investigating internal transi-
tions14 occurring in the THz domain, have recently revealed
ultrafast radiative recombination of the exciton ground state in
WSe2.
In this work, we show that the optical dephasing time T2 of

the neutral exciton transition (EX) in a monolayer of MoSe2 is
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intrinsically limited by the EX ultrafast radiative recombination
T1. In contrast to previous works inferring optical coherence in
S-TMDs,15,19 we take advantage of the microspectroscopy
approach, employing the laser beams focused down to the
diffraction limited size of 0.7 μm (full width at half-maximum,
fwhm). Such implementation is used to perform the FWM
hyperspectral imaging,20 which discriminates the exciton charge
state across the sample and helps to reveal the striking features
of coherent coupling between the neutral and charged excitons.
We demonstrate that the EX linear response inferred via
microreflectance is affected by the inhomogeneous broadening
ξ also on a subμm scale, evidenced by the photon echo
formation in the FWM transients.21 The analysis of the FWM
delay dependence yields T2 ≃ 2T1, occurring on a subps time
scale. A spatially resolved study shows that T2 depends on the
local disorder varying on a subμm scale. From the temperature-
dependent homogeneous line width, we determine the
dephasing due to phonon interaction. We also monitor the
density dynamics of excitons, which is governed by the
interplay between bright states within the light cone and
various available dark states.
Sample and Experiment. The investigated MoSe2

monolayerw were fabricated by means of polydimethylsilox-
ane-based exfoliation of bulk crystals, purchased from HQ
Graphene, and transferred onto a Si/SiO2 substrate. Relatively
large monolayer flakes of up to (50 × 50) μm2 size have been
obtained and placed in an optical He-flow cryostat.
To infer both the coherence and the population dynamics of

excitons, we retrieved their FWM by implementing a three-
beam configuration20 of the heterodyne spectral interferom-
etry.21 This technique has been proven as an efficient detection
scheme of optical nonlinearities in a solid, until now only
employed to retrieve wave mixing signals generated by
individual transitions in semiconductor quantum dots.20,21,25

FWM is an optical polarization created with short, resonant
driving pulses; 1, 2 and 3, as depicted in Figure 1 a. In the
third-order (χ(3)) regime its amplitude is proportional to

μ *4
1 2 3. Thus, owing to a large μ, a dramatic enhancement

of FWM is expected in MoSe2 monolayers. Note that the *

stands for the complex conjugate, which is the origin of the
FWM rephasing in inhomogeneously broadened systems,21

generating the photon echo (as also sketched in Figure 1a),
which acts as a probe of the microscopic dephasing.
Micro-FWM spectroscopy requires the colinear arrangement

of the driving fields 1,2,3, which is enabled by phase-selecting

the signal through optical heterodyning.21 By employing
acousto-optic modulation, 1,2,3 are frequency up-shifted by

radio-frequencies, introducing controlled phase-drifts in their
respective pulse trains generated by a Ti:sapphire femtosecond
laser. After acquiring the delays τ12 and τ23, introduced by a pair
of mechanical delay lines, 1,2,3 are recombined into a common

spatial mode and are focused on the sample with the
microscope objective. The reference beam r, used in the
heterodyne mixing and interferometric detection, is also
focused at the sample, yet is vertically displaced with respect
to 1,2,3 by around 12 μm.

The time-ordering of the pulses is presented on Figure 1 a:
measuring time-integrated FWM detected at the Ω3 + Ω2 − Ω1

heterodyne frequency, as a function of τ12 (τ23), yields the
coherence (population) dynamics of an optical transition. The
FWM signal is measured in reflectance, attaining a shot-noise
detection limit and rejecting the resonant driving fields 1,2,3

with 106 (1012) selectivity in field (intensity). The interference
between the heterodyned signal and r is spectrally resolved
with an imaging spectrometer. Further details regarding the
current experimental implementation are given in ref 20.
In Figure 1b we present a typical spectral interference

between r and the FWM at a temperature T = 5 K for τ12 = 0.
The FWM intensity is retrieved by spectral interferometry and
shown in Figure 1c. The signal consists of two transitions
identified as the ground state−exciton (EX) and the single
electron−trion transitions (TR).22 In Figure 1 d we present the
FWM intensity of EX as a function of 1 intensity
demonstrating a linear dependence in the χ(3) regime, as
expected. Note that the FWM can be driven with a 1 intensity
as low as a few tens of nW, corresponding to a few hundreds of
photons per pulse 1 and generating a low carrier density, less
than 109/cm2. Such density is far below the saturation density23

estimated at around 1013/cm2. In our study, we therefore
consider the creation of excitons with K ∼ 0 center of mass
momentum, which appear at the K+ and K−, points of the
Brillouin zone of the S-TMD crystal. Those excitons can either
decay radiatively or disperse out of the light cone (K > nω/c)
via phonon scattering. The latter process occupies dark exciton
states, which relax back to K < nω/c on a pico-second time
scale and eventually recombine. Further relaxation pathways are
scattering electrons and holes between the K-points.

Hyperspectral Imaging. An image of the studied MoSe2
monolayer is shown in Figure 2 and in the Table of Contents
graphics. The microspectroscopy approach enables to perform
FWM hyperspectral imaging,20,25 allowing us to identify regions
of the flake dominated by the FWM of EX or TR (see Figure
2b and c). Clearly, the two images are complementary, which
permits to distinguish regions of different resident carrier
concentration. In the following experiments, the performed
imaging allowed us to selectively address EX or TR or to drive
simultaneously both transitions.

Figure 1. Four-wave mixing spectroscopy of the MoSe2 monolayer.
(a) Pulse sequence employed in FWM experiments and related
observables. (b) FWM spectral interferogram obtained on the flake
position displaying the exciton (EX) and trion (TR) transitions. (c)
FWM intensity (black) retrieved from (b) via spectral interferometry.

r is shown with a blue line. (d) Spectrally integrated FWM intensity
of EX as a function of 1 intensity, showing the driving range yielding
the χ(3) regime of the FWM.
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Performing microspectroscopy also permits to locally address
subμm regions of smaller spectral inhomogeneous broadening
with respect to the total area of the flake. To exemplify this, we
have performed a statistical analysis of the microphotolumi-
nescence (PL) hyperspectral imaging. Similarly as in Figure 1 c,
confocally detected PL spectra yield EX and TR transitions, as
displayed at the top of Figure 2d. We observe particularly bright
emission, with a photon flux per second of 108−109, indicating
a high quantum yield.
For every spatial position, we have determined the integrated

intensity for both transitions and their center energies. For the
latter, we observe the spread over ξ ≃ 10 meV, as displayed at
the bottom of Figure 2 d. Interestingly, despite this large,

macroscopic ξ, the trion binding energy Δ remains well-
defined, Δ = (28.8 ± 0.3) meV. We note that the lower the TR
transition energy, the higher its intensity is measured. In our
understanding this reflects the distribution of residual electrons
in the sample. Interestingly, however, such correlation is not
observed for EX, i.e., the EX intensity is not sensitive to the
apparent changes in the charge density in our sample.
In Figure 2 e and f we present the PL imaging spectrally

integrated over EX and TR transition, respectively. By
comparing it with Figure 2 b and c, we point out two
advantages of our original FWM imaging with respect to the
routinely performed PL one. First, owing to the third-power
scaling of the FWM intensity with the excitation power,
combined with heterodyning with r, the spatial resolution in
the FWM imaging is enhanced26 up to 0.3λ/NA ≈ 360 nm,
surmounting the standard diffraction limit by a factor of 2.
Second, the FWM yields a significantly improved imaging
selectivity of EX and TR across the flake. In fact, different
properties are inferred in both experiments. The FWM directly
probes μ of the resonantly generated excitons at the K-points of
the valleys. Instead, the nonresonant PL reflects more complex
carrier relaxation along the valleys toward their K-points, prior
to the exciton formation, followed by their radiative
recombination.

Coherence Dynamics. The strength of the FWM spec-
troscopy in assessing the coherence in solids lies in its capability
to separate homogeneous (γ) and inhomogeneous (ξ)
contributions of the transition’s spectral width. In particular,
in a presence of ξ, the time-resolved FWM amplitude exhibits a
photon echo,15,27 which decays as exp(−2τ12/T2). Hence, to
investigate the exciton coherence dynamics, we measured
FWM as a function of τ12. Time-resolved FWM amplitude of
the EX transition, displayed in Figure 3a, clearly demonstrates
formation of the photon echo. From its temporal width we
estimate the local ξ to be in a few meV range. Figure 3b shows
the time-integrated FWM as a function of τ12. The data are
modeled by a convolution of a Gaussian profile with an
exponential decay. The former exhibits the fwhm width of 0.15
ps, reflecting duration of 1,2,3 impinging the sample. Instead,

from the latter we retrieve at T = 6 K the dephasing time T2 =
2ℏ/γ = 620 ± 20 fs, and thus γ ≃ 2.1 meV (fwhm). For
simplicity, the dynamics owing to the echo formation process
close to zero delay has been here disregarded. The
homogeneous broadening γ is around twice smaller than the
transition line width directly measured via microreflectivity, as
shown in the inset of Figure 3b and also in FWM (see Figure
1c). We thus conclude that the line-shape remains affected by
the inhomogeneous broadening ξ, even though a subμm area is
probed.
With increasing temperature, T2 is expected to decrease,15

owing to phonon scattering. This is highlighted in Figure 3 b.
At T = 45 K the dephasing accelerates, and we measure T2 =
520 ± 40 fs. At ambient temperature the dephasing occurs at a
time scale faster than 100 fs and is not resolved by our setup,
although a pronounced FWM is still measured. We note that
for the TR transition at T = 6 K we find T2 = (460 ± 30) fs and
similar inhomogeneous broadening as for EX, also generating a
photon echo as in Figure 3c (not shown). This shorter
dephasing of the charged exciton is tentatively interpreted in
terms of the final state damping, due to the energy distribution
of final state energies of the leftover electron.

Figure 2. Hyperspectral mapping of the MoSe2 monolayer. (a) Optical
contrast of the sample observed in reflectance. Red dots indicate 1,2,3

and r. (b−c) Spatial imaging of the FWM amplitude, spectrally
averaged over the exciton (b) response, centered at ∼1650 meV and
the trion (c) at ∼1625 meV. Heterodyning at the FWM frequency Ω3

+ Ω2 − Ω1 with τ12 = τ23 = 50 fs, T = 6 K. (d) Top: A typical PL
spectrum, nonresonantly excited at ∼1750 meV (∼710 nm) with ≃0.1
μW average power arriving at the sample surface, displaying bright
emission from EX and TR, with integrated count rate of 350 kHz for
each transition. Bottom: Correlation between the PL intensity of the
TR (black) and its binding energy (green), as a function of its
transition energy. (e−f) PL imaging of TR and EX, respectively.
Excitation conditions as in d. Linear color scale, as shown by
horizontal bars.
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In Figure 3c we present the coherence dynamics measured at
the boundary of the doped and undoped regions of the flake,
marked with a cross in Figure 2d, such that the FWM of both
EX and TR is driven in tandem. We observe a beating,
withstanding on both transitions during initial positive delays
τ12, up to around 700 fs when the TR coherence virtually
vanishes. The beating period of ζ = 140 fs (marked with a pair
of vertical lines), well corresponds to the EX−TR binding
energy Δ = 2πℏ/ζ ≃ 29 meV and thus indicates their coherent
coupling.28,29

To gain a deeper understanding of the exciton ultrafast
dynamics, we have combined the enhanced spatial and
temporal resolution of our experiment and we have performed
spatially resolved dephasing study at T = 6 K. Within an area of
8 μm × 8 μm, displaying uniquely the EX transition, we have
scanned the coherence dynamics with a spatial step of 0.66 μm.
The analysis of the obtained statistics of dephasing, reveals
variations of T2 within the probed area from around 0.5 ps up
to 1.5 ps. Interestingly, the locations on the flake yielding the
shortest T2 also display the broadest photon echo, and thus the
smallest ξ. Conversely, the longest T2 is measured on the areas
characterized by a larger ξ, and thus showing the narrowest
photon echo, here limited by the temporal duration of the laser

pulses. An example of such two representative cases is displayed
in Figure 4a and b. The spatially resolved dephasing experiment

indicates that T2 is governed by a local disorder, realizing
various localization potentials. The resulting spatially depend-
ent coherence volume of EX has a direct impact on its radiative
lifetime T1: the fastest recombination is expected at the areas of
the smallest ξ, as indeed measured.
In Figure 4c we present the coherence dynamics on the

chosen area exhibiting an increased T2, measured from 6 to 150
K. The data clearly show a gradual decrease of T2 with
temperature from 1.4 to 0.2 ps, respectively, adding to the
measurements shown in Figure 3b. The retrieved γ = 2ℏ/T2 is
plotted in the inset. It can be modeled with a linear dependence
and an additional bosonic term:41 γ(T) = γ0 + aT + b/(exp(E1/
kBT) − 1). The linear term (γ0 = 0.78 ± 0.11 meV, a = 0.03 ±

0.003 meV/K) is due to low energy acoustic phonons. The
latter term, with the energy E1 = 43 ± 4 meV and b = 187 ± 75
meV, could be attributed to thermal activation of higher energy
optical phonons.41 The phonon dephasing mechanisms are
therefore similar as in semiconductor quantum wells.

Population Dynamics. In the following, the FWM is
employed to infer the EX population dynamics after their
resonant and selective excitation in a given valley ( 1 and 2,
denoted as 1,2, are cocircularly polarized). They arrive at the

flake with virtually no delay generating exciton population.
Owing to the large μ, the excitons exhibit fast radiative decay.
Nevertheless, they still experience scattering24 for instance
induced by defects, disorder and phonons, which can efficiently
redistribute them out of the light cone (marked with dashed

Figure 3. Exciton dynamics in the MoSe2 monolayer inferred with
FWM microscopy. (a) Time-resolved FWM amplitude as a function of
τ12, showing the formation of a photon echo: a Gaussian signal with a
maximum for t = τ12. Logarithmic color scale is given by the color bar.
(b) FWM amplitude as a function of τ12 retrieved from the EX at T =
6, 45, and 300 K given by black circles, purple squares, and green
triangles, respectively. The simulations yielding T2 ≃ 620 and 520 fs
are given by red traces. Inset: reflectance measured at T = 6 K yielding
4.1 meV fwhm. (c) Cartoon of the considered radiative recombination
and intravalley relaxation processes is presented in the inset. The initial
dynamics of the EX population measured at 5, 45, and 300 K, color
coding as in b. The results yield radiative lifetime T1 and relaxation
time Tintra (see main text). (d) τ12 dependence of the FWM amplitude
when simultaneously driving the EX (blue) and TR (brown)
transitions, revealing a beating with 140 fs period, and thus indicating
EX−TR coherent coupling. The location of the excitation is marked
with a cross in Figure 2 b, while the corresponding microreflectance
spectrum is given in the inset.

Figure 4. Impact of a local disorder and temperature on the exciton
dephasing in the MoSe2 monolayer. (a) Time-resolved FWM
amplitude, measured on the location displaying a larger ξ, showing a
temporarily narrowed photon echo. The observed increased dephasing
time with respect to Figure 3 attributed to a localization induced
increase of the radiative lifetime T1. (b) As in panel a but measured on
the area showing a broader echo and thus smaller ξ. A weaker
localization yields a shorter T1 = T2/2 than in panel a. Logarithmic
color scale over 2 orders of magnitude. (c) FWM amplitude dynamics
as a function of temperature measured on the area as in a. Above T =
125 K the dephasing is faster than the temporal resolution of the
experiment. The temperature-dependent homogeneous broadening γ

= 2ℏ/T2 (inset) indicates the phonon-induced dephasing mechanism.
For clarity, the fits are not shown.
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lines in the inset of Figure 3c), toward K > nω/c. This type of
scattering is particularly efficient in S-TMDs: due to heavy
masses (and thus flat bands at the bottom of the branches) and
large γ, the excitons’ center of mass scatter out of the light cone
at practically no cost in energy. As a result, the major part of the
created population instantly decays with its radiative lifetime T1,
while the remaining part spreads along the dispersion branch
populating dark states (i.e., outside the light cone). Also a part
of these excited excitons eventually relax toward the bottom of
the valley with a characteristic time Tintra and recombine
radiatively, as depicted in Figure 3c. In the dynamics probed
with FWM, we disregard the influence of strongly localized,
quantum-dot like states, due to their small density and we
disregard nonradiative Auger processes,14 as we operate at low
exciton densities.
The FWM therefore probes all the above-mentioned

processes via τ23 dependence. This is shown in Figure 3c, for
the EX (obtained the same spatial position as in Figure 3b) for
driving upon cocircular polarization of 1,2,3. The data are

modeled with a double exponential decay convoluted with the
Gaussian laser pulse, showing temporal width of 0.16 ps
(fwhm). From the initial decay we retrieve the exciton lifetime
of T1 = 390 ± 20 fs, while the FWM for further delays τ23 yields
the intravalley relaxation time of Tintra = 4.3 ± 0.6 ps. At T = 45
K we measure instead T1, Tintra = 0.42 ± 0.01, 6.84 ± 0.38 ps.
An increase of Tintra with temperature is attributed to
Boltzmann distribution of excitons, allowing for reaching
higher energies and K-vectors out of the light cone, and also
to access different dark states offered by the structure of the
valley excitons.
A physical picture arising from the FWM experiment at low

temperature is that the initial exciton decay with the time T1,
covering an order of magnitude in amplitude (see Figure 3c), is
due to the radiative recombination, while the nonradiative
processes are of minor impact, as they are not faster than the
Tintra (we assume they have the same dynamics for both bright
and dark excitons). Importantly, comparing the T1 with T2

times, we conclude that the dephasing is principally due to the
radiative decay, nearing to the radiative limit. Observation of
the radiatively limited dephasing is a prerequisite for
implementing more advanced optical coherent control schemes
in S-TMDs.
We point out that the dynamics of the secondary, incoherent

excitonshere probed by τ23 dependence of FWMis
particularly complex and might be influenced by a set of
unconventional features present in S-TMDs. One should bear
in mind coupling with and scattering toward counter-polarized
K-valleys and spin-split bands, relevant in formation of exciton
complexes. In fact, triple degeneracy of the K-valleys, enables
various configurations for bright and dark exciton states, as
previously considered for other systems hosting multiexci-
tons.30,31 We also point out exotic dispersion relations for the
center-of-mass momentum.32 Thus, we refrain from firm
interpretation and first-principle modeling of the secondary
exciton dynamics, displayed in Figure 5 on a 100 ps time scale.
Intervalley Dynamics. Below, we present the FWM results

obtained upon polarization-resolved driving, employed to
investigate exciton scattering between counter-polarized valleys,
and thus testing the robustness of the pseudospin degree of
freedom. The reciprocal space of TMD monolayers displays
nonequivalent bands with the extrema at K-points,33−35 labeled
as K+ and K−. The dipole-allowed transitions in these two
valleys can be selectively addressed by circularly polarized light,

σ+ and σ−, respectively. The light helicity is therefore
considered as an asset to drive, manipulate, and read the
state of the valley subspaces. The valley polarization,34 although
protected by the strong spin−orbit splitting in the valence
band, decays mainly due to the to electron−hole exchange
interaction.36,37 Since the stability of this degree of freedom is
required in prospective applications of TMDs, intense efforts
are currently devoted to study its dynamics and to reveal the
mechanisms that govern it,38 in particular in a presence of spin-
forbidden transitions.12,39,40,42−44

To infer the exciton intervalley dynamics, we implemented
polarization-resolved excitation of the FWM signal. Specifically,

3 and r are set as cocircular. Instead, the circular polarization
of 1,2 is opposite, such that FWM probes the conversion of

the exciton population between K+ and K− valleys,35 as
depicted in Figure 5. Instead, to probe the exciton dynamics in
the same valley, we set the cocircular polarization of 1,2 and

3. The measurement is presented in Figure 5 (bottom). As in
Figure 3 c, we observe an initial fast decay of the radiatively
recombining excitons within the first picoseconds and
subsequent recombination of the secondary excitons. The
early dynamics for both polarization configuration is not the
same during initial several picoseconds of τ23. Instead, for
longer delays, τ23 > 10 ps, the measured FWM (generated by
the secondary excitons) is the same for both driving
configurations.
We calculate the FWM circular polarization degree, which we

define as ρ τ = ×
τ σ τ σ

τ σ τ σ

+ − −

+ + −
( ) 100%

R R

R R23
( , ) ( , )

( , ) ( , )

23 23

23 23

, where R

Figure 5. Intervalley population dynamics in the MoSe2 monolayers
investigated with the polarization-resolved driving of the FWM.
Bottom: FWM amplitude versus τ23 of the EX transition obtained at T
= 6 K upon co- (green trace) and cross-circular (blue trace) setting of
( , )1,2 3 . The modeling, as in Figure 3c, is displayed as red lines.

Equivalent dynamics have been measured (not shown) for a counter-
polarized driving (σ+ → σ−). Inset: Rationale of the intervalley
dynamics probed with FWM using polarization-resolved driving: 3

induces the FWM signal in a given valley, which originates from the
population generated in the counter- or copolarized valley, by setting
counter- or cocircular 1,2, respectively. Top: τ23 delay dependence of

the measured circular polarization degree, ρ(τ23). We measure ρ(τ23)
of several tens of percent for initial delays τ23, followed by a total
depolarization of the FWM, generated by the secondary exciton
population (see the main text).
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denotes the spectral FWM amplitude. The resulting ρ(τ23) is
plotted at the top of Figure 5. We thus do observe a significant
pseudospin polarization around zero delay, ρ(τ23) ≃ 0) ≃ 30%,
which however vanishes extremely rapidly, within around 5 ps,
such that ρ(τ23) = 0 for τ23 > 10 ps. We therefore show that
under resonant excitation it is possible to generate valley-
polarized excitons in MoSe2 monolayers, but confirm their
rapid depolarization. This result brings new input toward a firm
understanding of an intriguingly weak efficiency of optical
pumping in MoSe2 monolayers, as opposed to other S-
TMDs.45 The circular polarization degree, relevant for
valleytronics applications, could be stabilized by using magnetic
fields38 or by fabricating more involved heterostructures46,47

based on S-TMDs.
When analyzing Figure 5 it is worth noting a large fraction of

the FWM response within initial several picoseconds for both
polarization configurations, as compared to the subsequent
dynamics. This shows that the exciton density is mainly
removed radiatively within the subps radiative lifetime T1, as
discussed before.
Conclusions. By performing FWM spectroscopy, we have

demonstrated a giant, optical, coherent, nonlinear response of
exciton transitions in MoSe2 monolayers. We find an increase in
the FWM amplitude by 2 orders of magnitude, as compared to
a high-quality CdTe semiconductor quantum well (not shown),
emitting at the similar wavelength and excitation power. Taking
advantage of the microscopy approach, we have performed the
hyperspectral imaging, which allowed us to accurately
determine the areas yielding FWM responses of either neutral
or charged excitons, or both. Electrical gating of such structures
could enable spectral control of coherent responses from
TMDs, providing insights into the mutual influence of TR and
EX onto their dynamics. Using two-beam FWM micro-
spectroscopy, we have measured the excitons’ coherence
evolution, accessing dephasing times T2, which turn out to be
intrinsically limited by the radiative lifetime. The inhomoge-
neous broadening on a subμm range is reduced by an order of
magnitude with respect to the size of the flake, although still
gives rise to the photon echo. We have also shown that T2

spatially varies across the flake, as the T1 is governed by the
local disorder, determining the exciton localization. Micro-
scopic measurement of the FWM response is therefore required
to accurately assess these parameters. Prospective experiments,
exploiting two-dimensional FWM spectroscopy, will ascertain
coupling mechanisms between exotic valley−exciton species
offered by S-TMDs. Our approach could be used to retrieve
coherent responses of the localized exciton states in S-TMDs,48

which are expected to exhibit ultralong dephasing.49 Finally, by
exploiting polarization-resolved, three-beam FWM we assessed
the exciton population dynamics, revealing the interplay
between the subps radiative decay T1 and the intravalley
relaxation Tintra of the excitons scattered toward the dark states,
revisiting the light−matter coupling in two-dimensional
systems.5
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