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

















































n± =

(

2

−B ∓ (B2 − 4C)1/2

)1/2

B = −u2
x (b + c)− u2

y (a + c)− u2
z (a + b)

C = u2
xbc + u2

yac + u2
zab

a = n−2
x , b = n−2

y , c = n−2
z

 !"#$

%& '()*&+, -,' ./-.+,' ,'0 1& ),2)3',/0&0.4/ 534630).7(, -, n± ,/ *4/+0.4/ -, (θ, φ)"

89,'0 (/, '()*&+, +4624'3, -, -,(: /&22,' *,)63,'; -4/0 1,' -.'0&/+,' &( +,/0), -( ),2<),

420.7(, ,/ *4/+0.4/ -, 1& -.),+0.4/ -, 2)42&5&0.4/ =&1,/0 ),'2,+0.=,6,/0 n+
,0 n−" 8>&+(/

-,' 0)4.' 21&/' 2)./+.2&(: ( ~X, ~Z); ( ~X, ~Y ) ,0 (~Y , ~Z) -( ),2<), 420.7(, +4/'0.0(, (/ 21&/ -,

'?630)., 6.)4.) -, 1& '()*&+, -,' ./-.+,'" %& -,'+).20.4/ -, 1& '()*&+, -,' ./-.+,' &( ',./

-9(/ (/.7(, 4+0&/0 -( ),2<), 420.7(, +4/0.,/0 &./'. 04(0, 1& 53/3)&1.03 -, +,00, '()*&+,"

@&/' 1, +&' -,' +).'0&(: -, +1&'', 420.7(, .'40)42,; 1935&1.03 -,' 0)4.' ./-.+,' 2)./+.2&(:

24() 04(0, 2(1'&0.4/ ω +4/-(.0 A (/, (/.7(, =&1,() -9./-.+,; n+ (ω; θ, φ) = n− (ω; θ, φ);

./-32,/-&66,/0 -, 1& -.),+0.4/ -, 2)42&5&0.4/" %& '()*&+, -,' ./-.+,' &''4+.3, ,'0 &14)'

(/, (/.7(, /&22, '2>3).7(,; -, )&?4/ n; 0)&-(.'&/0 1, +&)&+0<), .'40)42, -, +,' +).'0&(:"

@&/' 1, +&' -,' +).'0&(: -, +1&'', 420.7(, (/.&:,; .1 ,:.'0, -,(: ./-.+,' 2)./+.2&(:

./-32,/-&/0'; ),'2,+0.=,6,/0 /403' no = nx = ny ,0 ne = nz" 8,+. +4/-(.0 A -,(: /&22,'

-9./-.+,' -&/' 1, ),2<), 420.7(, ),2)3',/03,' ),'2,+0.=,6,/0 2&) (/, '()*&+, '2>3).7(,

&22,13, /&22, 4)-./&.),; ,0 (/, '()*&+, ,11.2'4B-&1, &22,13, /&22, ,:0)&4)-./&.), -4/0

19&:, -, )3=41(0.4/ ,'0 19&:,

~Z" %937(&0.4/  !"#$ +4/-(.0; ,/ *4/+0.4/ -,' -.),+0.4/' (θ, φ);

&(: -,(: '41(0.4/' no (θ, φ) ,0 ne (θ, φ); -4/0 1,' ,:2),''.4/' '4/0 C















no (θ, φ) = no

ne (θ, φ) =

(

cos2 (θ)

n2
o

+
sin2 (θ)

n2
e

)−1/2  !"D$

@&/' 1, +&' -9(/ +).'0&1 -, +1&'', 420.7(, (/.&:, 24'.0.*; -3E/. 2&) ne > no; 1,' /&22,'

'2>3).7(, ,0 ,11.2'4B-&1, +4)),'24/-,/0 ),'2,+0.=,6,/0 &(: /&22,' n− ,0 n+
" F( +4/0)&.),;

24() (/ +).'0&1 (/.&:, /35&0.*; 4G ne < no; 1,' /&22,' '2>3).7(, ,0 ,11.2'4B-&1, +4)),'H

24/-,/0 ),'2,+0.=,6,/0 &(: /&22,' n+
,0 n−" 8,' -,(: /&22,'; ),2)3',/03,' 2&) 1& E5(),

!I
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 ! !"#$ %#&' () *#' %+,& *-.'/#( ,&.#0) &12#/.34 '5&/ /#&2)&/)' )&/-) )(()' ')(5& (+#0)

~Z4 6,.

*5--)'75&% 8 (+#0) 57/.6,) %)' *-.'/#,0 ,&.#0)'!

456(  ! 9  !""#$ %&'(%')#$ n± %!($ *# +#",+# -".'/0# ( ~X, ~Y , ~Z) %!($ *# /0!+.1#$"!)# %23('
"!+ *#$ %'+#).'-($ %# "+-"!4!.'-( θ = [0, π/2] #. φ = [0, π]5 6!7 80+9!)# %#$ '(%')#$ %&0(
)+'$.!* 0('!:# !;#) ne < no5 6<7 80+9!)# %#$ '(%')#$ %&0( )+'$.!* <'!:# !;#) nx < ny < nz5

:#&' () *#' %)' *-.'/#,0 %) *(#'') 57/.6,) ;.#0)4 ()' %),0 &#77)' n+
)/ n− '5&/ %)

215<1/-.) 7(,' *5<7()0)4 .((,'/-1) 7#- (# =2,-)  ! !";$! >)' ')*/.5&' %) (# ',-3#*) %)' .&%.*)'

%#&' ()' /-5.' 7(#&' 7-.&*.7#,0 ( ~X, ~Y )4 (~Y , ~Z) )/ ( ~X, ~Z) %, -)7?-) 57/.6,) 7),@)&/ A/-)

%1*-./)' )& /)-<) %) <5%) 5-%.&#.-) )/ %) <5%) )0/-#5-%.&#.-)4 *5<<) %#&' () *#' %)'

*-.'/#,0 ,&.#0)'! >),-' 16,#/.5&' '5&/ ()' ',.@#&/)' B











































no,xy (φ) = nz et ne,xy (φ) =

(

cos2 (φ)

n2
y

+
sin2 (φ)

n2
x

)−1/2

no,yz (θ) = nx et ne,yz (θ) =

(

cos2 (θ)

n2
y

+
sin2 (θ)

n2
z

)−1/2

no,xz (θ) = ny et ne,xz (θ) =

(

cos2 (θ)

n2
x

+
sin2 (θ)

n2
z

)−1/2

" !C$

>)' %),0 &#77)' '5&/ )& *5&/#*/ 75&*/,)( %#&' () 7(#& 7-.&*.7#( ( ~X, ~Z) )& 6,#/-)

75'./.5&'4 *5--)'75&%#&/ 8 6,#/-) '.&2,(#-./1' 6,. *5&'/./,)&/ ()' 5<;.(.*' %) (# ',-3#*)

%)' .&%.*)'! D),0E*. %1=&.'')&/ %),0 %.-)*/.5&' 7#-/.*,(.?-)'4 *5--)'75&%#&/ #,0 %),0 #0)'

57/.6,)' %, *-.'/#( ;.#0) FGH! >+#&2() %1=&. %#&' () 7(#& ( ~X, ~Z) )&/-) (+#0)

~Z )/ (+#0)

57/.6,)4 &5/1 VZ 4 7-1')&/) ,&) %.'7)-'.5& )& (5&2,),- %+5&%)4 %17)&%#&/ %.-)*/)<)&/ %)

(# %.'7)-'.5& %)' .&%.*)' 7-.&*.7#,0! D5<7/) /)&, %)' )07-)''.5&' %) no,xz (θ) )/ ne,xz (θ)

%#&' (+16,#/.5& " !C$4 VZ # 75,- )07-)''.5& B

IJ
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VZ(ω) =
ny(ω)− nx(ω)

nz(ω)− nx(ω)
 !"#$

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

%& '(&)* +,&-. /)(/01023(- +0-* &- ')3*204 0-3*(2)(/.5 +.&6 3-+3'.* n+
.2 n− *(-2

*&*'./2374.* +,82). *(443'329* .- :(-'23(- +. 4,9202 +. /(40)3*023(- +. 4,(-+. 94.'2)(;01-9<

23=&. =&3 *. /)(/01." >0 =&0-2329 (n+−n−) +9?-32 40 73)9:)3-1.-'. +0-* 40 +3).'23(- (θ, φ)

'(-*3+9)9." @(&) 2(&2. +3).'23(- ~u +. /)(/01023(-5 34 .63*2. +.&6 ;(+.* /)(/).* +. /(40<

)3*023(- +. 4,(-+. (/23=&.5 ~e +
.2 ~e −5 *(443'320-2 ).*/.'23A.;.-2 4.* -0//.* +,3-+3'.* n+

.2

n−5 .2 (B ~e ± .*2 4. A.'2.&) &-3203). +9')3A0-2 40 /(40)3*023(- +& 'C0;/ 94.'2)3=&.

~E±
+.

/&4*023(- ω .2 +. A.'2.&) +,(-+.

~k± = ωn±

c
~u DEF" >.* ;(+.* +. /(40)3*023(- /()29* /0) 4.*

A.'2.&)* ~e ± *(-2 *G*29;023=&.;.-2 20-1.-2* H 40 -0//. +,3-+3'. '()).*/(-+0-2. n±"

>0 /)(/01023(- +. 40 4&;3I). +. A.'2.&) +,(-+.

~k±5 .2 +. ;(+. +. /(40)3*023(- ~e ±5

.2 +. /&4*023(- ω .*2 0**('39. 0& A.'2.&) +. @(G-23-1

~S± +(-2 4,0;/432&+.5 ‖ ~S± ‖5 .2

4,()3.-2023(-5 ~s ±5 *(-2 +(--9.* /0) 4,9=&023(- D#F J

~S± (ω) =‖ ~S± (ω) ‖ ~s ± =
‖ ~k± (ω) ‖

2µ0ω
‖ ~E± (ω) ‖2 ~s ±  !"K$

(B µ0 .*2 40 /.);323A329 ;01-923=&. +& A3+."

‖ ~S± ‖ .*2 4,9'403).;.-2 +. 4,(-+. 4&;3-.&*. J 34 '()).*/(-+ H 40 A04.&) ;(G.--. +0-*

4. 2.;/* +. 4,9-.)13. /0) &-329 +. 2.;/* .2 +. *&):0'. /)(/019. /0) 4,(-+. 4&;3-.&*. +.

A.'2.&) +,(-+.

~k±5 20-+3* =&. 4. A.'2.&) &-3203). ~s ± +9')32 40 +3).'23(- +. /)(/01023(- +.

4,9-.)13. 4&;3-.&*."

>,0-14. +. +(&74. )9:)0'23(- 5 -(29 ρ± (ω)5 .*2 4,0-14. .-2).

~k± .2 ~s ±" L4 .*2 +9?-3

/0) DKF J

ρ±(θ, ω) = arccos

(

[

cos2θ

n2
x(ω)

+
sin2θ

n2
z(ω)

] [

cos2θ

n4
x(ω)

+
sin2θ

n4
z(ω)

]−1/2
)

 !"!M$

@(&) &-. /)(/01023(- +. A.'2.&) +,(-+.

~k± 0& *.3- +,&- ')3*204 +. '40**. (/23=&.

&-306.5 4. ;(+. +. /(40)3*023(- 0**('39 H 40 -0//. */C9)3=&. .*2 ()2C(1(-04 0& /40-

(~Z,~k±) 03-*3 =&,0& A.'2.&)

~k±" >,0-14. +. +(&74. )9:)0'23(- .*2 +(-' -&4 .2 4. A.'2.&)

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

~k±0 +! 12' +#% 2'& / 2%! 3.#3)()&'#%  '&! #. '%)'.!

 ! -4#% !5 6! 7# !  ! 3#-).'*)&'#% )**#+', / -) %)33! !--'3*#8 )-! !*& &)%(!%& )2 3-)%

(~Z,~k±) !& 3.,*!%&! !% (,%,.)- 2% )%(-!  !  #29-! .,:.)+&'#% %#% %2-0 +! 12' +#% 2'& / 2%!

3.#3)()&'#%  '&! !;&.)#. '%)'.!  ! -4#% !5

<)%* -! +)*  !* +.'*&)2;  ! +-)**! #3&'12! 9');!0 -!* 3#-).'*)&'#%* ~e ±
%! *#%&0 !% (,=

%,.)-0 3)* #.&>#(#%)-!* !%&.! !--!*0 !& '- !;'*&! 2% )%(-!  !  #29-! .,:.)+&'#% %#% %2-0 ρ±0

)**#+', / -) 3.#3)()&'#%  ! -4,%!.('! -27'%!2*!  ,+.'&! 3). -!* ?!+&!2.*

~S±5 @!3!% )%&0

3#2.  !* 3.#3)()&'#%*  )%* -!* 3-)%* 3.'%+'3)2;0 -!* 7# !*  ! 3#-).'*)&'#% ~e ± *#%& #.&>#=

(#%)2; !%&.! !2;5 6!* '%&!.*!+&'#%*  !* %)33!* n± )?!+ -!* 3-)%* 3.'%+'3)2;  ,+.'?!%&  !*

+#2.9!*  ! *!+&'#%* +'.+2-)'.!* #2 !--'3&'12!*5 6! 7# !  ! 3#-).'*)&'#% )**#+', / -) %)33!

 ! *!+&'#% +'.+2-)'.! !*& #.&>#(#%)- )2 3-)% 3.'%+'3)- +#%*' ,.,0 !& -4)%(-!  !  #29-! .,=

:.)+&'#% )**#+', !*& %2- A -! 7# !  ! 3#-).'*)&'#% *#--'+'&)%& -) %)33!  ! *!+&'#% !--'3&'12!

!*& &)%(!%& )2 7B7! 3-)% 3.'%+'3)- +#%*' ,.,0 !& 3.,*!%&! 2% )%(-!  !  #29-! .,:.)+&'#%

!% (,%,.)- %#% %2-5

6!* C(2.!* D5E5F)G !& D5E5F9G .!3.,*!%&! .!*3!+&'?!7!%&0 3#2. +>)12! %)33!  4'% '+!*0

-!* 7# !*  ! 3#-).'*)&'#% !& -) 3.#3)()&'#% -27'%!2*! +#..!*3#% )%&!0  )%* -! +)* 3).=

&'+2-'!.  42%! 3.#3)()&'#%  )%* -! 3-)% ( ~X, ~Z)  2 .!3H.! #3&'12!  42% +.'*&)-  ! +-)**!

 4#3&'12! 2%');! 3#*'&':  42%! 3).&0 !& 9');! ?,.'C)%& nz > ny > nx  4)2&.! 3).&5

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

 !"!"! #$%&'(()( *+$+,-.$/0)'( 0)+1$+./0)'( 1' &%23'$(/%2 1' 4$-0)'2&'

6#.*12! -!* +>)73* ,-!+&.'12!*  !* #% !* #3&'12!* *#%&  ! :)'9-! '%&!%*'&,0 -!* 3.#=

+!**2* %#% -'%,)'.!* *#%&  'I+'-!7!%& #9*!.?)9-!*  ! 3).& -) :)'9-!**!  ! -!2. !I+)+'&,5

@!3!% )%&0 *#2* +!.&)'%!* +#% '&'#%* 12' *!.#%&  ,&)'--,!* 3-2* -#'%0 +!* 3>,%#7H%!* %!

*#%& #9*!.?)9-!* 124/ 3).&'.  4,+-)'.!7!%&* ,-!?,*0 *23,.'!2.* / 12!-12!* MW.cm−2
5 @!+'

!;3-'12! 12! -!* 3.!7'!.* !J!&* %#% -'%,)'.!*  ! +#%?!.*'#%  ! :.,12!%+! %4#%& ,&, #9*!.=

?,* 124/ 3).&'.  ! DKLD MDN0 DDO0 *#'& 3!2  ! &!73* )3.H* -4'%?!%&'#% !& -) 7'*! !% #!2?.!

 !* 3.!7'!.* -)*!. MDEO0 #2?.)%& )'%*' -! &.H* -).(! +>)73 &>,#.'12! !& !;3,.'7!%&)-  !

-4#3&'12! %#% -'%,)'.!5

EE
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456(  !" #  !""#$ %&'(%')#$ n+
#* n− %# $#)*'+($ )',)-.!',# +- #..'"*'/-# %!($ .# ".!(

",'()'"!. ( ~X, ~Z)0 ,#$"#)*'1#2#(* $+..')'*3#$ "!, .#$ 2+%#$ ",+",#$ %# "+.!,'$!*'+( ~e +
#*

~e −4 5,+"!6!*'+( %#$ +(%#$0 %# 1#)*#-,$ %&+(%# ~k+
#*

~k−0 $#.+( .! %',#)*'+( θ4 7',#)*'+($
%# ",+"!6!*'+( %# .&3(#,6'# $#.+( .#$ 1#)*#-,$ %# 5+8(*'(6

~S+
#*

~S−0 !$$+)'3$ !-9 !(6.#$
%# %+-:.# ,3;,!)*'+( ρ± (+( (-.$ "+-, .#$ ",+"!6!*'+($ %'*#$ #9*,!+,%'(!',#$4 <!= >,'$*!.
-('!9# +? ne > no4 <:= >,'$*!. :'!9# +? nz > ny > nx0 %+(* .#$ !9#$ +"*'/-#$ $+(* (+*3$

@ A4

$%& '()*%&&+& ,), -.,/0.(%& 1% *),2%(&.), 1% 3(/4+%,*% &),5 0&&)*./& 6 +,% 7.&% %, )&*.-8

-05.), 1% 9(0,1% 07'-.5+1% 1%& /-%*5(),& 1% 20-%,*% 1+ 7.-.%+ &)--.*.5/: &+.5% 6 -;%<*.505.),

'0( +, *=07' /-%*5(.4+% 1% '+-&05.), ω! $0 (/'),&% 1+ 7.-.%+ *),1+.5 6 -;0''0(.5.), 1;+,%

')-0(.&05.), ,), -.,/0.(% *)7')(50,5 1% ,)+2%--%& *)7')&0,5%& &'%*5(0-%&: 4+. (0>),,%,5

6 -%+( 5)+( 1%& *=07'& /-%*5(.4+%& 6 1%& '+-&05.),& 4+. 1.?@(%,5 1% -0 '+-&05.), ω 1+

*=07' %<*.505%+(! $0 '()'0905.), 1% 3)(5& /*-0.(%7%,5& '%+5 1),* *),1+.(% 6 -;0''0(.5.),

1;),1%& 6 1% ,)+2%--%& '+-&05.),& A BC!

D, '(/&%,*% 1% *=07'& /-%*5(.4+%& .,*.1%,5& 1% 3)(5 /*-0.(%7%,5: -0 ')-0(.&05.),

~P 0+

&%., 1;+, 7.-.%+ '%+5 E5(% 1/*(.5% '0( +, 1/2%-)''%7%,5 %, &/(.% 1% F0>-)( 1+ *=07'

/-%*5(.4+%

~E: &).5 A GC H

~P (ω) = ~P (0) (ω) + ~P (1) (ω) + ~P (2) (ω) + ~P (3) (ω0) + . . . I !  J

02%* H

"B
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

























































~P (0) (ω) = ǫ0
~E (ω)

~P (1) (ω) = ǫ0χ
(1) (ω) . ~E (ω)

~P (2) (ω) = ǫ0χ
(2) (ω = ω1 ± ω2) :

{

~E (ω1)⊗ ~E (±ω2)
}

~P (3) (ω) = ǫ0χ
(3) (ω = ω1 ± ω2 ± ω3)

 

 

 

{

~E (ω1)⊗ ~E (±ω2)⊗ ~E (±ω3)
}

. . .

!" "#$

ǫ0 %&' () *%+,-''-.-'/ 0-/(%1'+-23% 03 .-0% 4 (%& '%5&%3+& χ(n)
&65' (%& '%5&%3+& *6()-+%&

0% &3&1%*'-7-(-'/ /(%1'+-23% 0% +)58 n+1 4 ⊗ +%*+/&%5'% (% *+603-' '%5&6+-%(9 %' ! 9 :9

 

 

 $ &65'

0%& *+603-'& 165'+)1'/& 

;%& 0%3< *+%,-%+& '%+,%& 0% (=/23)'-65 !" ">$ 16++%&*650%5' ? () *6()+-&)'-65 (-5/)-+%9

23- ) /'/ 0/')-((/% *+/1/0%,,%5' 0)5& () *)+'-% " # " " ;%& '%+,%& 0=6+0+% &3*/+-%3+& +%@

*+/&%5'%5' () +/*65&% 565 (-5/)-+% 03 ,-(-%3 %5 *+/&%51% 0=35 1A),* %<1-')'%3+9 ? (=6+-8-5%

0% (=)**)+-'-65 0% 1A),*& /(%1'+-23%& ? 0% 563.%((%& *3(&)'-65& 6*'-23%&9 ω19 ω29 ω39    9

23- 0-BC+%5' 0% () *3(&)'-65 -5-'-)(% ω 

D)5& (% 1)0+% 0%& *+61%&&3& 0-'& 23)0+)'-23%&9 (% 0/.%(6**%,%5' 0%& '%+,%& 565 (-@

5/)-+%& 0% () *6()+-&)'-65 %&' +%&'+%-5' )3 &%3( *+%,-%+ '%+,% 565 (-5/)-+%

~P (2)
9 1% 23-

16++%&*650 ? 0%& -5'%+)1'-65& ,%'')5' %5 E%3 '+6-& 650%& ;% '%5&%3+ χ(2)
9 0% +)58 F9 *6&@

&C0% ) *+-6+- #G /(/,%5'& -50/*%50)5'&9 56'/& χ
(2)
ijk 6H  9 !9 " 16++%&*650%5' 1A)135 ? (=35

0%& '+6-& -50-1%& 1)+'/&-%5& 03 +%*C+% 6*'-23% ;% 56,7+% 0=/(/,%5'& -50/*%50)5'& *%3'

I'+% +/03-' %5 &3**6&)5' 23% (%& *3(&)'-65& 0%& '+6-& 650%& %5 -5'%+)1'-65 &65' /(6-85/%&

0%& 7)50%& 0=)7&6+*'-65 03 ,-(-%3 165&-0/+/ ;6-5 0% 1%& 7)50%&9 () 0-&*%+&-65 %5 (6583%3+

0=650% 0%& /(/,%5'& 03 '%5&%3+ *%3' I'+% 5/8(-8/% D)5& (% 1)0+% 0% 1%''% )**+6<-,)'-659

0-'% 0% J(%-5,)559 (%& /(/,%5'& 03 '%5&%3+ χ(2)
&65' &K,/'+-23%& *)+ +)**6+' )3< '+6-&

-50-1%& 1)+'/&-%5&9 1% 23- +%50 1% '%5&%3+ 16,*(C'%,%5' &K,/'+-23% %' -5.)+-)5' *)+ *%+,3@

')'-65 0%& -50-1%& 1)+'/&-%5& L"FM N5O59 &%(65 () &K,/'+-% 0=6+-%5')'-65 03 ,-(-%3 1+-&')((-5

165&-0/+/9 (% *+-51-*% 0% P%3,)55 -,*6&% 1%+')-5%& +%()'-65& %5'+% (%& /(/,%5'& χ
(2)
ijk9 *63@

.)5' 16503-+% ? (=)553()'-65 0% 1%+')-5& 0=%5'+% %3< : (% 56,7+% 0=/(/,%5'& -50/*%50)5'&

%&' )(6+& 0=)3')5' *(3& Q)-7(% 23% (% 0%8+/ 0% &K,/'+-% 03 ,-(-%3 %&' /(%./ LR9 SM 

#>



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

 !"!"!" #$%&'()*+ ,)%-./0+ 10+ ,2&3-+ /.0,'4($%0+

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

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

.'(-!'#,5 #,2&#,'(&, '/' 3

~P (2)
5 2, /$0"$#&, /$00, +( &,#0, 2$+#/,7 8( ,9,&5 !+ /$+#2 ),

.*'(&,#!/&'$( 3 &#$'2 $(),2 ), "+.2!&'$(2 #,2",/&'4,2 ω1 < ω2 < ω35
~P (2)

,2& 3 .*$#'%'(, )+

#!:$((,0,(& 3 ), ($+4,..,2 "+.2!&'$(2 ;<=> ?

∆ ~E (ωi) =
ω2

i

c2
ǫ (ωi) ~E (ωi) + ω2

i µ0
~P (2) (ωi) @<7<AB

!4,/ ?



























~P (2) (ω1) = ǫ0χ
(2) (ω1 = ω3 − ω2) :

{

~E (ω3)⊗ ~E∗ (ω2)
}

~P (2) (ω2) = ǫ0χ
(2) (ω2 = ω3 − ω1) :

{

~E (ω3)⊗ ~E∗ (ω1)
}

~P (2) (ω3) = ǫ0χ
(2) (ω3 = ω1 + ω2) :

{

~E (ω1)⊗ ~E (ω2)
}

@<7<=B

$6

~E∗ (ωi) ,2& .*-/#'&+#, )+ /$0".,C, /$(D+%+- )+ /E!0" -.,/&#'1+, ~E (ωi)7

 $#21+, .*'(&,#!/&'$( ($( .'(-!'#, 2, "#$)+'& ,(&#, &#$'2 $(),2 ), 4,/&,+#2 )*$(),2 /$.'F

(-!'#,25 )!(2 ),2 /$()'&'$(2 $6 .*!G2$#"&'$(5 .! )'9#!/&'$( ,& .! )'2",#2'$( ),2 4'&,22,2 ),

%#$+",2 ),2 /E!0"2 2$(& (-%.'%-,25 ,& $6 .,2 !0".'&+),2 ),2 )'9-#,(&2 /E!0"2 -.,/&#'1+,2

4!#',(& .,(&,0,(& 3 .*-/E,.., ),2 .$(%+,+#2 )*$(), 0'2,2 ,( D,+5 ., 2:2&H0, )*-1+!&'$(2

)'9-#,(&',..,2 #-%'22!(& .*-4$.+&'$( ), .*!0".'&+), /$0".,C, ),2 /E!0"2 -.,/&#'1+,2 ),2

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

$#&E$($#0- )+ .!G$#!&$'#,

(

~ς, ~ζ, ~ξ
)

$6 .*!C,

~ξ ,2& /$.'(-!'#, 3 .! )'#,/&'$( ), "#$"!%!&'$(

!22$/'-, !+C &#$'2 $(),2 ?































∂E1 (ω1)

∂ξ
= jκ1χ

(2)
effE3 (ω3) E∗

2 (ω2) exp (j∆k.ξ)

∂E2 (ω2)

∂ξ
= jκ2χ

(2)
effE3 (ω3) E∗

1 (ω1) exp (j∆k.ξ)

∂E3 (ω3)

∂ξ
= jκ3χ

(2)
effE1 (ω1) E2 (ω2) exp (−j∆k.ξ)

@<7<IB

!4,/ κi = π/niλicos
2 (ρi)5 $6 ρi ,2& .*!(%., ), )$+G., #-J#!/&'$( !22$/'- 3 .! "+.2!&'$(

ωi K .,2 '()'/,2 i = 1, 2, 3 J$(& #,2",/&'4,0,(& #-J-#,(/, !+C $(),2 ), "+.2!&'$( ωi ,& ),

LI



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

 !"#$%$& '(!"'% λi = 2πc
ωi

) ∆k.ξ %*+  % ',-./*/#% %"+&%  / -! /&0*/+0!" "!"  0",/0&% %+  %

1./2- 3$(%  % &/4!""%5 !6 ∆k = k3 − k1 − k2 %*+  % ',*/11!&' '% -./*% '%  (0"+%&/1+0!"

1! 0",/0&%5 %+ !6 ki = ωini

c
%*+  % 2!'$ % '$ 7%1+%$& '(!"'% *!  010+/"+  (0"'01% '% &,8&/1+0!"

ni 9  / -$ */+0!" ωi ) χ
(2)
eff %*+  % 1!%:10%"+ %;%1+08 '%  (0"+%&/1+0!" 3$/'&/+03$%<

=%* '%$> #&/"'%$&* 3$0 #!$7%&"%"+  (%:1/10+, '$ 1!$- /#% "!"  0",/0&%* *!"+ ∆k %+

χ
(2)
eff < ∆k "% ',-%"' 3$% '%* -&!-&0,+,* !-+03$%*  0",/0&%* '$ 20 0%$ 70/  %* 0"'01%* '% &,8&/1?

+0!"< χ
(2)
eff ',-%"' '%* -&!-&0,+,* !-+03$%* "!"  0",/0&%* 3$/'&/+03$%* '$ 20 0%$< =(0"@$%"1%

'% ∆k %+ '% χ
(2)
eff *$&  (%:1/10+, %*+ ',+/0  ,% '/"*  %* -/&/#&/-.%* A<B<B<C %+ A<B<B<D<

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

=%* -&!1%**$* '% 1!"*%&*0!" '% 8&,3$%"1% *!"+ '(/$+/"+ - $* %:1/1%* 3$%  (0"+%&/1+0!"

-/&/2,+&03$% /$ *%0" '$ 20 0%$ "!"  0",/0&% 7,&0E%  / 1!"'0+0!" '(/11!&' '% -./*%5 *!0+

∆k = 0<

F($" -!0"+ '% 7$% !"'$ /+!0&%5  / 1!"'0+0!" '(/11!&' '% -./*% 1!&&%*-!"' 9 $"% !*?

10  /+0!" %" -./*% '%  / -! /&0*/+0!" "!"  0",/0&% %+ '$ 1./2- , %1+&03$% 3$(%  % &/4!""%<

G%++% 0"+%&8,&%"1% 1!"*+&$1+07% /**$&% $" +&/"*8%&+ !-+02$2 '%  (,"%&#0% '%  / -! /&0*/+0!"

"!"  0",/0&% 7%&*  % 1./2- &/4!"", HAAI<

F($" -!0"+ '% 7$% 1!&-$*1$ /0&%5  / 1!"'0+0!" '(/11!&' '% -./*% 1!&&%*-!"' 9  / 1!"*%&?

7/+0!" '%  (02-$ *0!" /$ 1!$&* '%  (0"+%&/1+0!" 1! 0",/0&% 9 +&!0* -.!+!"* '(02-$ *0!"*

pi = ~ki = ~niωi/c5 !6  (0"'01% i = 1, 2, 3 %*+ /**!10, 9 1./1$"% '%* -$ */+0!"* ω15 ω2 %+

ω3 J

∆p = ~∆k = ~k3 − ~k1 − ~k2 = 0 KA<ALM

N!+!"* 3$(0 4 / ,#/ %2%"+ 7,&0E1/+0!" '%  / 1!"*%&7/+0!" '%  (,"%&#0%5 *!0+ J

~ω3 = ~ω1 + ~ω2 KA<AOM

=(0"+%&/1+0!" 9 +&!0* -.!+!"* %*+ /**!10,% 9 +&!0* -&!1%**$* '0;,&%"+* 7,&0E/"+  %* &% /?

+0!"* KA<ALM %+ KA<AOM< G%* -&!1%**$* ',-%"'%"+ '%* -.!+!"* 0"10'%"+* %+ '%  / &% /+0!" '%

-./*% 3$0 %>0*+% %"+&%  %* +&!0* -/&+01$ %* HAAI ) 0 *!"+ -&,*%"+,* -/&  / E#$&% A<C<

BL



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

456(  !" #  !"#$%%&% '(!()*+!,-&$% ./,0+$!(#+,"0% 1 +!",% "0.$% $0 (##"!. .$ '2(%$ 3*!,4

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

!$0#$ .$ =!*-&$0#$% '(! 5%%,"0 %'"0+(0*$ ./&0 '2"+"0 .$ 2(&+$ *0$!7,$8 9>: ;*0*!(+,"0 .$

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

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

=&%,"0 .$ .$&? '2"+"0% ,0#,.$0+% $0 &0 '2"+"0 .$ '6&% 7!(0.$ *0$!7,$8

$%& '()*& +(),%&&-& +)&&*./%& 0% ,)12%(&*)1 0% 3(45-%1,% &)1' 6

• $7 +()+787'*)1 09-1 -1*5-% +:)')1 0941%(8*% ~ω3 +%-' ,)10-*(% ; -1 +(),%&&-& 0%

<-)(%&,%1,% +7(7=4'(*5-%> 5-* ,)((%&+)10 ; /7 ?&&*)1 &+)1'714% %1 0%-@ +:)')1&

0941%(8*% =)*10(% ~ω1 %' ~ω2!

• $7 ?&&*)1 09-1 +:)')1 0941%(8*% ~ω3 +%-' A'(% &'*=-/4% +7( /7 +(4&%1,% 09-1 +:)')1

0941%(8*% =)*10(%> ~ω1 )- ~ω2 B ,% +(),%&&-& 0% 8414(7'*)1 0% 0*C4(%1,% 0% 3(4D

5-%1,%&> 0)1' /97,()1E=% 718/7*& %&' FGH> ,)10-*' ; -1 +(),%&&-& 097=+/*?,7'*)1

0- ,:7=+ 0% +-/&7'*)1 ω1,2 %' ; /7 +()0-,'*)1 09-1 +:)')1 0% 1)-2%//% +-/&7'*)1

ω2,1 %' 0941%(8*% 6 ~ω2,1 = ~ω3 − ~ω1,2!

• F%-@ +:)')1& *1,*0%1'&> 0941%(8*% ~ω1 %' ~ω2> +%-2%1' 3-&*)11%( %' ,(4%( +7( 8414D

(7'*)1 0% &)==% 0% 3(45-%1,%& IJGH %1 718/7*&K> -1 +:)')1 0% +/-& 8(710% 41%(8*%>

~ω3 = ~ω1 + ~ω2!

$9%@+(%&&*)1 0% ∆k ,)10-*' ; /945-7'*)1 097,,)(0 0% +:7&% &-*271'% 6

n(ω3)ω3 − n(ω1)ω1 − n(ω2)ω2 = 0 I ! LK

$7 0*&+%(&*)1 0%& *10*,%& *1'%(0*' ')-'% *1'%(7,'*)1 %1 7,,)(0 0% +:7&% 7- &%*1 0%&

=*/*%-@ *&)'()+%&! M)-( (47/*&%( /7 ,)10*'*)1 097,,)(0 0% +:7&%> */ 37-' 14,%&&7*(%=%1'

(47/*&%( /9*1'%(7,'*)1 1)1 /*147*(% 071& -1 =*/*%- 71*&)'()+%> 0% &)('% 5-% /7 .*(43(*18%1,%

+-*&&% ,)=+%1&%( /7 0*&+%(&*)1 0%& *10*,%&! M7(=* /%& 23 = 8 'E+%& 0% ,)1?8-(7'*)1& 0%

+)/7(*&7'*)1 ; '()*& )10%&> &%-/& '()*& 'E+%& +%(=%''%1' 0% (47/*&%( /7 ,)10*'*)1 097,,)(0 0%

NO



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

 !"#$% &'# #()* +,-).#  "/ '$# ,*"*# +$  ('"/.#"*.()0 $* #()* +,1/.*# +")# '$ *"2'$"3 #3.4")*0

53.  /,#$)*$ '$# ,53.4"'$)1$# $)*/$ '$# *6 $#  (3/ '$# .)*$/"1*.()# +$ 789 $* +$ :89 ;<=>%

%45( <%< ?  !"#$ %&'()#*+,)'-( +.)-*'$/$ #( +,,-*% %# "0+$#1 ,-(23.*+)'-($ %# "-4+*'$+)'-(

+$$-,'/#$1 #) /5.'6+4#(,#$ "-.* ,0+,.( %#$ )*-'$ )!"#$ #()*# 4#$ %'7/*#()$ "*-,#$$.$ %# 89:

(ω3 = ω1 + ω2)1 %# ;9: (ω1 = ω3 − ω2) #) %# ;9: (ω2 = ω3 − ω1)<

@$# #('3*.()# A,),/"'$# +3 #6#*BC$ +D,53"*.()# 1(3 ',$# E<%<=F #()* +$# G()1*.()# $'H

'. *.53$# +$ I"1(2. ;<J>% :")# '$ 1"# (K 3)$ (3 +$3L ()+$#  /,#$)*$)* +$# 4"/."*.()#

),A'.A$"2'$# +D"C '.*3+$# "3 1(3/# +$ 'D.)*$/"1*.() )() '.),"./$0 '$ #6#*BC$ +$4.$)*  '3#

#.C '$ M .)*,A/$/ +")# 1$**$ !6 (*!B#$ +.*$ +$ N (C $ )() +, $3 ',$N%

7(.$)* +$3L 1!"C # .)1.+$)*# +$  3'#"*.()# /$# $1*.4$#0 ω1 $* ω20 $) .)*$/"1*.() #3/ '"

'()A3$3/ @ +")# '$ C.'.$3 )() '.),"./$% :")# 'D"  /(L.C"*.() +$ '"  (C $ )() +, $3 ',$0

'"  3.##")1$ A,),/,$ "##(1.,$ "3 1!"C /"6()),  "/ 7O90 M '"  3'#"*.() ω3 = ω1 + ω20

$#* +()),$  "/ ;<P> Q

P3(L) = BP1(0)P2(0)
(χ

(2)
eff )

2L2

λ2
3n3n1n2

sinc2(
∆k.L

2
) E<%<RF

P1(0) $* P2(0) #()* '$#  3.##")1$# .)1.+$)*$# "3L  3'#"*.()# ω1 $* ω20 S $#* 3) 1($T1.$)*

G()1*.() +$# 1()#*")*$# 3).4$/#$''$# $* +$ '" A,(C,*/.$ +$# G".#1$"3L .)1.+$)*#%

:")# '$ 1"# +D3)$ .)*$/"1*.() $) "11(/+ +$  !"#$0 '" G()1*.() sinc 4"3* <0 +$ #(/*$

53$ 'D.)*$/"1*.()  "/"C,*/.53$ $#* 1()#*/31*.4$ #3/ *(3*$ '" '()A3$3/ +D.)*$/"1*.()% @"

 3.##")1$ A,),/,$ "##(1.,$ "3 1!"C /"6()),  "/ '"  ('"/.#"*.() )() '.),"./$ 1/(U* "'(/#

+$ C").B/$ 53"+/"*.53$ "4$1 '" +.#*")1$ +D.)*$/"1*.() "3 #$.) +3 C.'.$3 )() '.),"./$%

:")# '$ 1"# +D3)$ .)*$/"1*.() +.*$ $) N!(/# "11(/+ +$  !"#$N0  (3/ '"53$''$ ∆k 6= 00

'D,4('3*.() +$ '"  3.##")1$ A,),/,$ M ω3 4"/.$ #.)3#(V+"'$C$)* #$'() 53$ 'D.)*$/G,/$)1$

$)*/$ '"  ('"/.#"*.() )() '.),"./$ $* '$ 1!"C /"6()), $#* "'*$/)"*.4$C$)* 1()#*/31*.4$ $*

+$#*/31*.4$0 "4$1 3)$  ,/.(+.1.*, # "*."'$ ,A"'$ M 2lc% @" '()A3$3/ +$ 1(!,/$)1$0 +,-).$

WX



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

 !" lc = π/∆k# $%""&' %() * +! ),'-!($& )&  "% !.!-,%( '/" +!0/&++& +& )1 2!'!.& &(-"&

+!  %+!",'!-,%( (%( +,(1!,"& &- +& $2!3 "!4%((1 5!",& )& π6 7& $!' )& +8!$$%") )&  2!'&

$%""&' %() * /(& +%(./&/" )& $%21"&($& ,(9(,& :;<=6

7! 9./"& ;6< )1$",- +& $%3 %"-&3&(- )& +!  /,''!($& )& +8%()& "!4%((1& &( >%($-,%( )&

+! +%(./&/" )8,(-&"!$-,%(  !"!31-",0/& )!(' +& 3,+,&/ (%( +,(1!,"& )!(' +& $!' )& +8!$$%")

)&  2!'& ?@AB &- )/ 2%"' !$$%") )&  2!'& ?C@AB6

456( ;6< D  !"#$%&"' () #* +$&,,*'-) ./'/0/) )' 1"'-%&"' () #* #"'.$)$0 (2&'%)0*-%&"' *$

,)&' ($ 3&#&)$ '"' #&'/*&0) *$ -"$0, (2$' +0"-),,$, 4$*(0*%&4$) () -"'!)0,&"' () 10/4$)'-)

)' *--"0( () +5*,) 6789 )% )' 5"0, *--"0( () +5*,) 6:789; lc  !" #$ #%&'( () * +%,-) &+ 

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

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

 ! "#$ %&"$'(!)*$ ω1+ ω2+ #( ω3 '%%',(!#**#*( - &* .)/'!*# $%#0(,'" )1 "# /!"!#& *)*

"!*2'!,# %#&( 3(,# 0)*$!.2,2 0)//# *)* '4$),4'*( #( *)* .!$$!%'(!5+ '"),$ "# 0)#60!#*(

#7#0(!5 !*(,).&!( .'*$ "# %','8,'%9# %,202.#*( #$( .2:*! %', ;

χ
(2)
eff = ~e1.

[

χ(2) (ω1 = ω3 − ω2) : ~e (ω3)⊗ ~e ∗ (ω2)
]

= ~e2.
[

χ(2) (ω2 = ω3 − ω1) : ~e (ω3)⊗ ~e ∗ (ω1)
]

= ~e3.
[

χ(2) (ω3 = ω1 + ω2) : ~e (ω1)⊗ ~e (ω2)
]

<=>?@A

B' %',(!# #*(,# 0,)09#($ .& 0)#60!#*( #7#0(!5 #$( &* (#*$#&, .# ,'*8 =+ C&! #$( 0)*(,'0D

(2# 'E#0 "# E#0(#&, 09'/% 2"#0(,!C&#+ C&! #$( 28'"#/#*( &* (#*$#&, .# ,'*8 => B# 0)#60!#*(

?F



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

 ! "#$%  &# '()" ' *+), -. "/ &#010'$* 2) &"+3+$* 45678

9 # )& 2* ' *+), :. +;; 3< # )& 2* "=+>;.  # '<?)$ ;+* F (2) = ~e3 ⊗ ~e1 ⊗ ~e2.  &#

"(>;(&< ' @A <3<> )#& '/ B;* &&$()& F
(2)
ijk = e3i e1j e2k. (C "=+"2) ' & $)'$" & (i, j, k) %+$#

*<%<* )" 1 3/2) ' & #*($& $)'$" & "+*#<&$ )& '2 * ;D* (;#$E2 4F. 5678

G(>;# # )2 ' & <E2+#$()& H58@-I. 3 "( J"$ )#  ! "#$% &/<"*$# K

χ
(2)
eff = χ(2) · F (2) =

∑

ijk

χ
(2)
ijk F

(2)
ijk

G "$ "(** &;()' +2 ;*('2$# "()#*+"#<  )#* 3 # )& 2* &2&" ;#$L$3$#< <3 "#*$E2 '/(*'* @  #

3 # )& 2* "=+>;8 G ## <"*$#2* >()#*  ) ;+*#$"23$ * E2 . ;(2* M#* )() )23. 3 "( J"$ )#

 ! "#$% '($# "()# )$* ' & <3<> )#& )() )23& χ
(2)
ijk &(33$"$#<& ;+* ' & <3<> )#& )() )23& F

(2)
ijk

'2 # )& 2* "=+>;8 N3 %+2# <,+3 > )# E2 3+ &(>> *<&23#+)# '2 ;*('2$# "()#*+"#<  )#* 

3 & ' 2B # )& 2*& &($# )() )233 8

9+ ,*+)' 2* (L& *O+L3  ) (;#$E2 <#+)# 3/<"3+$* > )#. 3+ ;2$&&&+)" ,<)<*< +2 "(2*&

'/2) $)# *+"#$() (;#$E2 )() 3$)<+$* ;+*+><#*$E2  &# ;*(;(*#$()) 33 +2 "+**< '2 "( %0

?"$ )#  ! "#$% +&&("$<8

P(2* #(2# '$* "#$() '/+""(*' ' ;=+& . 3/<"*$#2* '2 # )& 2* "=+>;.  # '()" '2 "( J0

"$ )#  ! "#$%. '<; )' '$* "# > )# ' & O "# 2*& 2)$#+$* & ~e ±i +&&("$<& +2B )+;; & '/$)'$" &

n±i 1 3+ ;23&+#$() ωi8 Q*. ;(2* #(2# #R; '/$)# *+"#$() )() 3$)<+$* . 3/(*$ )#+#$()  # 3 & "(0

(*'())< & ' & O "# 2*& ~e ±i &()# '$* "# > )# $>;(&< & ;+* 3+ "()'$#$() '/+""(*' ' ;=+& 

'+)& 3+ '$* "#$() "()&$'<*< 8 S$)&$. 3 # )& 2* "=+>;  &# 2)$E2 > )# ,(2O *)< ;+* 3 &

$)'$" & ' *<%*+"#$() ;*$)"$;+2B8

T) "()"32&$(). ;(2*  ! "#2 * 2) $)# *+"#$() (;#$E2 )() 3$)<+$*  J"+" . $3 %+2# E2 

3 >$3$ 2 &($# 3 ;32& #*+)&;+* )# ;(&&$L3 +2B 3(),2 2*& '/()'  ) $)# *+"#$()8 N3  &#

+2&&$ )<" &&+$* ' *<+3$& * 3+ "()'$#$() '/+""(*' ' ;=+& +&&("$< +2 #R; '/$)# *+"#$()

"()&$'<*<8 G ; )'+)#. 3+ "()'$#$() '/+""(*' ' ;=+& <#+)# 2) "()'$#$() )<" &&+$* >+$&

)() &2J&+)# ;(2* E2 3/$)# *+"#$() &($#  J"+" . $3 %+2# "=($&$* ' & '$* "#$()& '/+""(*' ' 

;=+& ; *> ##+)# ' &(33$"$# * ' & "( J"$ )#&  ! "#$%& )() )23&  # 3 & ;32& ,*+)'& ;(&&$L3 &8

:-
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 !" #$%&'(')'*+, -'./ )0 1$%/')'*+, ,2 '-%+3., 4/+56

%0))+2,

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

 ! "#$%&'( )*!++,-.( '( )!/!)$#/,+!$,&0 '1.0 )/,+$!* 2 3/&3/,#$#+ &3$,-.(+ 0&0 *,0#!,/(+

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

'#$(/",0!$,&0 '. /(37/( &3$,-.(8 *! '#$(/",0!$,&0 '(+ ,0',)(+ '( /#9/!)$,&0 3/,0),3!.: ($

'( *(./ ',+3(/+,&0 (0 *&04.(./ '1&0'(8 ($ (0;0 *! '#$(/",0!$,&0 '(+ #*#"(0$+ '. $(0+(./

+.+)(3$,<,*,$# 0&0 *,0#!,/( χ(2)
=

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

 ! 3/(",7/( #$!3( )&0+,+$( 2 )&00!>$/( *1&/,(0$!$,&0 '. )/,+$!* #$.',#= ?0( 3/(",7/(

&/,(0$!$,&0 3!/ ',5/!)$,&0 '(+ /!@&0+ A 3(/"($ *1&/,(0$!$,&0 '. /(37/( )/,+$!**&4/!3%,-.(=

B($$( #$!3( )&0'.,$ 2 .0( '#;0,$,&0 )&"3*7$( &. 3!/$,(**( '( *1&/,(0$!$,&0 '. /(37/(

&3$,-.( +(*&0 *! )*!++( '( +@"#$/,( '1&/,(0$!$,&08 )&""( #C&-.# !. 3!/!4/!3%( D=E=D=D=

 1&/,(0$!$,&0 '. /(37/( &3$,-.( '(+ )/,+$!.: "&0&)*,0,-.( ($ $/,)*,0,-.( +( 9!,$ 3!/ *!

"#$%&'( )&0&+)&3,-.( FGH= B($$( "#$%&'( )&0+,+$( 2 #)*!,/(/ (0 *.",7/( )&0C(/4(0$(8 (0$/(

3&*!/,+(./ ($ !0!*@+(./ 3!/!**7*(+ ($I&. )/&,+#+8 *( )/,+$!* !0,+&$/&3( 2 *1#$.'(=  ! ;4./(

'1,0$(/9#/(0)(+ /#+.*$!0$(8 -., '#3(0' '. '#3%!+!4( 'J 2 '(+ C,$(++(+ '( 3%!+(+ ',5#/(0$(+

(0$/( *(+ '(.: "&'(+ '( 3&*!/,+!$,&0 '!0+ *( ",*,(. !0,+&$/&3(8 (+$ )&"3&+#( '( "&$,9+ '(

"K"( ,0$(0+,$# *.",0(.+(8 !33(*#+ ,+&4@/(+= L*+ +&0$ !++&),#+ 2 '(+ )&0;4./!$,&0+ '( "K"(

',5#/(0)(+ '( 3%!+( (0$/( *(+ '(.: "&'(+ '( 3&*!/,+!$,&0=  ! $&3&*&4,( '(+ ,+&4@/(+ 3(/"($

'( C,+.!*,(/ *(+ !:(+ &3$,-.(+ '. )/,+$!* <,!:(8 ($ '&0) '( '#$(/",0(/ *( 3*!0 3/,0),3!*

( ~X, ~Z) '. /(37/( &3$,-.(= M**( 3(/"($ #4!*("(0$ '( C,+.!*,+(/ *(+ !:(+ 3/,0),3!.:=  !

3/#),+,&0 '( *1&/,(0$!$,&0 '(+ ',/()$,&0+ 3/,0),3!*(+ '. /(37/( &3$,-.( (+$ !. ",(.: '(

*1&/'/( '( DN=

• /#+(!# 0#+ "$0"-#+ 0# !12!&-%"'$ +(! .!"+3#+ '!"#$%1+

 (+ ',/()$,&0+ '1!))&/' '( 3%!+( '1.0 )/,+$!* 0&0 *,0#!,/( +&0$ .0,-.("(0$ 4&.C(/0#(+

3!/ +(+ 3/&3/,#$#+ &3$,-.(+ *,0#!,/(+8 3!/ *1,0$(/"#',!,/( '(+ #-.!$,&0+ '( ',+3(/+,&0 '(+

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

OD



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

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

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

16")(&+#'  ,  &'.,%'&+# $+%%,'.+# )#(,'- '"% *) 3)',  ,'6",**,' '+#( $)*$"*1,' *,'  &%,$(&+#'

 !)$$+%  , .7)', 89:;4

<) /1(7+ , $*)''&6",  ,  1(,%/&#)(&+#  ,' &# &$,'  !"# $%&'()* )#&'+(%+., ,'( "#,

/,'"%, '"% .%&'/, +%&,#(1  , *!)#2*,  , /&#&/"/  ,  1=&)(&+#  !"#, *"/&>%, /+#+$7%+?

/)(&6",4 @+"% "# .%&'/,  !)#2*, )" '+//,( A- *) %,*)(&+# ,#(%, *!&# &$, '+**&$&(1 ,( *!)#2*,

 , /&#&/"/  ,  1=&)(&+# Dm 0 *) *+#2","%  !+# , λ '!1$%&( 89B; C

n (λ) =
sin
(

A+Dm(λ)
2

)

sin
(

A
2

) D94E9F

@+"% *,' $%&'()"G &'+(%+.,'- &* ,G&'(, "#, "#&6", =)*,"%  !&# &$,-  , '+%(, 6", *) /,'"%,

#,  1.,# .)'  , *!+%&,#()(&+#  )#' *)6",**, *, .%&'/, ) 1(1 ()&**14

@+"% *,' $%&'()"G "#&)G,'- &* H)"( $)%)$(1%&',% *,'  ,"G &# &$,' .%&#$&.)"G no ,( ne4

@+"% $,*)- &* ,'( #1$,'')&%,  !"(&*&',% "# .%&'/, +%&,#(1- (,* 6", *!)G, +.(&6",  " $%&'()*

'+&( +%(7+2+#)* )" .*)#  , .%+.)2)(&+#  , *) *"/&>%, .+*)%&'1,  )#' *, .%&'/,4 <) /,'"%,

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

+%(7+2+#)* 0 *!)G, +.(&6",- $+# "&( 0 *)  1(,%/&#)(&+#  ,' &# &$,' no  !"#, .)%( ,( ne

 !)"(%, .)%(4 <) I2"%, 94J &**"'(%, *)  1(,%/&#)(&+#  ,'  ,"G &# &$,' .%&#$&.)"G  !"#

/&*&," "#&)G, )=,$ "# ',"* .%&'/, +%&,#(1 89K;4

456( 94J L  !"#$% &' ()*+!*(' &' ,% $#-".&' &/ ()*0$' 0/) /+ !)*0-%, /+*%1'2 &.+- ,3%1'

.(-*4/' '0- +.-# 5 67 8#-')$*+%-*.+ (./) &*9#)'+-'0 ,.+:/'/)0 &3.+&' &'0 %+:,'0 &'

$*+*$/$ &' &#;*%-*.+ Dm 0',.+ ,' $.&' &' (.,%)*0%-*.+ 0.,,*!*-#7 <%= >'0/)' &' ne ?

(%)-*) &' Dm,e %00.!*# ? ,3#-%- &' (.,%)*0%-*.+ ~ee .)-".:.+%, ? ,3%1' .(-*4/'7 <@= >'0/)'

&' no ? (%)-*) &' Dm,o %00.!*# ? ,3#-%- &' (.,%)*0%-*.+ ~eo (%)%,,A,' ? ,3%1' .(-*4/'7

ME



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

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

4%/) (/)%#5%/(# 0%"+ 1#(&4%& !#(%/).&6 78!#(%/)*)(!/ *0*1).% 0% '9*'"/ 0%& 0%"+ 1#(&4%&

'!/0"()- 08"/% 1*#) : "/% 1#!1*;*)(!/ *" &%(/ 0" 1#(&4% &%$!/ "/ 1#%4(%# *+% 1#(/'(1*$ 0"

'#(&)*$ $!#&<"% $% 4(/(4"4 0% 0.5(*)(!/ %&) !,)%/"- %) 08*")#% 1*#) : '% <"% $* ,(&&%')#('%

0% $8*/;$% *" &!44%) 0" 1#(&4% '!##%&1!/0% : "/ &%'!/0 *+% 1#(/'(1*$ 0" #%1=#% !1)(<"%

0" '#(&)*$ ,(*+%6  !"# '9*<"% 1#(&4%- $%& .)*)& 0% 1!$*#(&*)(!/- #%&1%')(5%4%/) !#)9!;!/*$

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

'#(&)*$- *"+<"%$& &!/) *))(,".%& 0%"+ 4%&"#%& 0(&)(/')%& 08*/;$%& 0% 4(/(4"4 0% 0.5(*3

)(!/6 7* >;"#% ?6@ ($$"&)#% "/ A%" 0% 0%"+ 1#(&4%& !#(%/).& 1%#4%))*/) $* 0.)%#4(/*)(!/

0%& )#!(& (/0('%& 1#(/'(1*"+ 08"/ '#(&)*$ ,(*+% B?@C6

456( ?6@ D  !"#$% &' ()*+!*(' &' ,% $#-".&' &/ ()*0$' %1'! &'/2 ()*0$'0 .)*'+-#0 (./)

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

&' &#1*%-*.+ '+ 9.+!-*.+ &/ $.&' &' (.,%)*0%-*.+ 0.,,*!*-#4 :%; <'0/)'0 &'0 *+&*!'0 nx '-

nz4 :3; <'0/)'0 &'0 *+&*!'0 ny '- nz4

7* 4.)9!0% 0% 4%&"#% 0% $8*/;$% 4(/(4"4 0% 0.5(*)(!/ &"# 1#(&4% %&) '!"#*44%/)

")($(&.%6 E%))% 4.)9!0% %&) '!/'%1)"%$$%4%/) &(41$%- %) %$$% %&) *0*1).% : $* 0.)%#4(/*)(!/

0% $* 0(&1%#&(!/ 0%& (/0('%& 0%& '#(&)*"+6 E%1%/0*/)- %$$% 1#.&%/)% '%#)*(/%& 0(F'"$).& 0%

#.*$(&*)(!/ <"( $(4()%/) $% 0!4*(/% 0% 5*$(0(). 0%& 4%&"#%& <"( %/ 0.'!"$%/)6

 #%4(=#%4%/)- $* 4%&"#% &"# 1#(&4% #%1!&% &"# $8!,&%#5*)(!/ 0" 2*(&'%*" $!#&<"% '%$"(3

'( %&) *" 4(/(4(4 0% 0.5(*)(!/ *&&!'(. : $* $!/;"%"# 08!/0% ")($(&.% %) : $8(/0('% &!$$('().6

G*/& $% &1%')#% 5(&(,$% %) )#=& 1#!'9% (/2#*3#!";%- $% 2*(&%*" %&) /%))%4%/) 5(&"*$(&.- %)

$* 0.)%#4(/*)(!/ 0" 4(/(4"4 0% 0.5(*)(!/ '!/0"() : 0%& 4%&"#%& : 10−4
1#=& 1!"# 0%&

1#(&4%& 0% 0(4%/&(!/& '%/)(4.)#(<"%&6 E%1%/0*/)- $% 4(/(4"4 0% 0.5(*)(!/ 0(5(%/) 1$"&

0(F'($% : 5(&"*$(&%# %) : 0.)%#4(/%# 0*/& $8(/2#*3#!";%- '% <"( '!/)#(,"% : 2*(#% '9")%# : 10−3

5!(#% 10−2
$* 1#.'(&(!/ 0%& (/0('%& 0*/& '%))% 1$*;% &1%')#*$%6 H*'9*/) <"8"/% 1#.'(&(!/ 0%

II



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

10−4
 !" #$ %&'%($ ()&'!%* + !&$ %&($"*%*!'$ '$ ,-  !" #$ (.#(!# '$ '%"$(*%)& '/.(()"'

'$ 01. $2 $* 3!$ #$ 0")($  ! '$ ()&4$" %)& 0"5 $&*$&* !&$ $6(.(%*5 '%"$(*%)&&$##$ *"7 

($&*"5$  !" #$ '%"$(*%)& '/.(()"' '$ 01. $2 #. 0"5(% %)& '$ #. 85*1)'$ '! 0"% 8$ &$  /.47"$

0.  !6 .&*$ '.& #/%&9".:")!;$ 0)!" $&4% .;$" !& (.#(!# <.=#$ '$ '%"$(*%)& '/.(()"' '$

01. $>

?$!@%78$8$&*2 #/!*%#% .*%)& '$ ("% *.!@ ! %&5  )! 9)"8$ '$ 0"% 8$ )"%$&*5 $ * '%9:

<(%#$ + "5.#% $" .4$( '$ 5(1.&*%##)& '$ '%8$& %)& 8%##%85*"%3!$ 2 3!% ()""$ 0)&'$&* .!@

4)#!8$ *A0%3!$ .(($  %=#$ .! ()!" '$ 0"$8%$"  *.'$ '$ ("% *.##);5&7 $ '$ &)!4$.!@

8.*5"%.!@> ?$ '%8$& %)& ($&*%85*"%3!$  )&* "$3!% $ 0)!" "5.#% $" '$ 8$ !"$  !"

0"% 8$ + 10−4
2 ($ 3!% $ * 0$! $&4% .;$.=#$ .! ()!" '$ 0"$8%$"  *.'$ '$ ("% *.##);5&7 $

'$ &)!4$.!@ 8.*5"%.!@> B)" 3!$ #/! %&.;$ '$ 0"% 8$ '$ '%8$& %)& 8%##%85*"%3!$ $ *

0)  %=#$2 #. 8$ !"$ '$ #/.&;#$ .!  )88$*2 '$ 8C8$ 3!$ #$ ()&*"D#$ '$ #. 0#.&5%*5 '$ 

9.($ 2 .%& % 3!$ #/)"%$&*.*%)& ("% *.##);".01%3!$2  )&* '$ 5*.0$ '%6(%#$ 2 %&'!% .&* '$ 

%80"5(% %)& &)& &5;#%;$.=#$  !" #. 8$ !"$ '$ %&'%($ '$ "59".(*%)&> B. 0"5(% %)& '$ 8$:

 !"$ '/%&'%($  !" 0"% 8$ 8%##%85*"%3!$ $ * ;5&5".#$8$&* .! 8%$!@ '$ #/)"'"$ '$ 10−3
2

($ 3!% $ * %& !6 .&* $& 4!$ '$ 0"5'%"$ + 8%$!@ 3!$ ,-#$ '%"$(*%)& '/.(()"' '$ 01. $>

E")% %78$8$&*2 0)!" #$ ("% *.!@ =%.@$ '$ (#.  $ '/)"%$&*.*%)& 8)&)(#%&%3!$ )! *"%:

(#%&%3!$ 0"5 $&*.&* !&$ '% 0$" %)& '$ #/)"%$&*.*%)& '$ #$!" "$07"$ )0*%3!$2 #. 85*1)'$ '!

0"% 8$ %80) $ '/!*%#% $" !& F$! '$ '$!@ 0"% 8$ )"%$&*5 2 ')&* #/)"%$&*.*%)& '50$&' '$

(1.3!$ #)&;!$!" '/)&'$ ()& %'5"5$> B/! %&.;$ $* #$ 0)#%  .;$ '/!& ;".&' &)8="$ '$ F$!@

'$ 0"% 8$ ()""$(*$8$&* )"%$&*5 + '%G5"$&*$ #)&;!$!" '/)&'$ &/$ * 0. $&4% .;$.=#$ $&

0".*%3!$ H ($(%  $".%* *"7 #)!"' + "5.#% $" $* %80#%3!$".%* !&$ ;".&'$ ()& )88.*%)& $&

4)#!8$ '! 8.*5"%.! 5*!'%5>

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

B. '5*$"8%&.*%)& '$ 5#58$&* '! *$& $!" '$  ! ($0*%=%#%*5 5#$(*"%3!$ χ(2)
$ * $G$(*!5$

$& ;5&5".# $& 1)" .(()"' '$ 01. $> I##$ &5($  %*$ !&$ 8$ !"$ '$ "$&'$8$&* '$ ()&4$" %)&

3!% ')&&$ .((7 2  )%* + #. 4.#$!" $& .= )#! '! ()$6(%$&* $G$(*%9 χ
(2)
eff 2  )%* +  . 4.#$!" $&

"$#.*%9 0." ".00)"* + ($##$ '/!& 5(1.&*%##)& 5*.#)& J,KL> B. ()8=%&.% )& '$ 8$ !"$ )=*$:

&!$ '.& '%G5"$&*$ ()&<;!".*%)& '$ 0)#."% .*%)& 0$"8$* '$ '5<&%" #$  %;&$ "$#.*%9 '$ 

'%G5"$&* 5#58$&* '! *$& $!"> B. '5*$"8%&.*%)& '$ 5#58$&* '$ χ(2)
+ 0."*%" '$ 8$:

MN



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

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

 )..+(+'/ 0 1)!" .# 2!#. !%# 1"/(+ +)% $# 10−3
()&1-'+3.+3.# -*#( $# &# !"#  !" 1"+ &#

# '  !4 -%'#5 6. # ' /7-.#&#%' %/(#  -+"# $# ()%%-8'"# .9/%#"7+# $# ,-+ (#-!: +%(+$#%' 0

.#!" 1");.  1-'+-!:  #.)% .# $+"#('+)% '"-% *#" # #' .)%7+'!$+%-.# 0 #' .#!" 1");. '#&<

1)"#. 0 #% *!# $9# '+&#" $# &-%+="# -3 ).!# .# /./&#%' $# χ(2)
5 ># ,-?)% 7/%/"-.#0 .-

$/'#"&+%-'+)% $# /./&#%' $# χ(2)
# ' &#%/# $-% .# (-  +&1.# $# .9-11"):+&-'+)% $#

.- 1)&1# %)% $/1#!1./# #' 1)!" !%# 1")1-7-'+)% #% ,-+ (#-!: 1-"-..=.# 5

@# &/'A)$# $# &# !"# #% A)" -(()"$ $# 1A- # 1#"&#''#%' $# &# !"#" +%$/1#%<

$-&&#%' (A-(!% $# /./&#%' $! '#% #!" χ2
0 #% .-+  -%' !%# ()&1.='# .+3#"'/ $-% .# 

$+"#('+)% $# 1")1-7-'+)% (A)+ +# #' $-% .#  (A/&- $# 1).-"+ -'+)% #&1.)B/ 5 6. #:+ '#

1"+%(+1-.#&#%' $#!: &/'A)$# #% A)" -(()"$ $# 1A- # C .- &/'A)$# $! 1"+ &# '"-% .-'/

$9!%# 1-"'0 #' .- &/'A)$# $# ,"-%7# $# D-E#" $9-!'"# 1-"'5 F# $#!: &/'A)$#  )%'

7/%/"-.#&#%' #&1.)B/# 1)!" $# 1")(#  ! $# GHI0 #' 1)!" $#  (A/&- $# 1).-"+ -'+)%

 )..+(+'-%' !% ()#4(+#%' #J#('+, ()&1)"'-%' !%  #!. /./&#%' $! '#% #!" χ(2)
KLMN5

@- &/'A)$# $! 1"+ &# '"-% .-'/ ()% + '# O &# !"#" .9/*).!'+)% $! "#%$#&#%' $#

()%*#" +)% #% ,)%('+)% $# .9/1-+  #!" '"-*#" /# 1-" .# ,-+ (#-!: #% +%'#"-('+)% -!  #+%

$9!% 1"+ &# KLPN5 @9/1-+  #!" '"-*#" /# # ' ()%'"Q./# $# &-%+="# ()%'+%!# #% '"-% .-'-%'

.# 1"+ &# '"-% *#" -.#&#%' O .- $+"#('+)% $9+%(+$#%(# %)"&-.# $# ,-+ (#-!: &+ #% R#!5

@9/*).!'+)%  +%! )S$-.# $! "#%$#&#%' # ' $+"#('#&#%' "#.+/# O .- .)%7!#!" $# ()A/"#%(#

$# .9+%'#"-('+)%0  )+' O .- 7"-%$#!" ∆k 2!+ $#&#!"# ()% '-%'# -! ()!" $# .9#:1/"+#%(#5

T%  )..+(+'-%' $+J/"#%' /'-' $# 1).-"+ -'+)% $# ,-+ (#-!: +%(+$#%' 0 .9!'+.+ -'+)% $# '")+ 

1"+ &# )"+#%'/ $-% .# "#1="# )1'+2!#  !4'0 - 1"+)"+0 O $/'#"&+%#" ')! .# /./&#%' 

+%$/1#%$-%' $! '#% #!" χ(2)
5

@- &/'A)$# $# ,"-%7# $# D-E#" ()% + '# O &# !"#" .# "#%$#&#%' $# ()%*#" +)% #%

,)%('+)% $# .9-%7.# $9+%(+$#%(# $# ,-+ (#-!:  !" !% /(A-%'+..)% 1-"-.././1+1/$+2!#5 @- &+ #

#% ")'-'+)% $# .9/(A-%'+..)% -!')!" $9!%# $+"#('+)% 2!+ %9# ' 1- !%# $+"#('+)% $9-(()"$

$# 1A- # ()%$!+' O !%# &)$!.-'+)% $# .- 1!+  -%(# 7/%/"/# -!  #+% $! ("+ '-.  !+'# O .-

*-"+-'+)% $! $/ -(()"$ $# 1A- # ∆k KLPN5 U%# #:1/"+#%(# $# D-E#" ()% + '# A-3+'!#..#&#%'

#% !% 3-.-B-7# $9!%# $+V-+%# $# $#7"/ $# 1-"' #' $9-!'"# $# .- $+"#('+)% $9+%(+$#%(#

%)"&-.# -! ("+ '-.5

WX
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>:-'*+ =8+ N2 < N1 ? .+.' +&$ +) %..(*- %<+. !% -'&$*'@8$'() -+ A%BC+!!:D(!$E6%)) >

!"#=8'!'@*+ $F+*6(-G)%6'=8+ 5(8* !%=8+!!+

N2

N1
= exp

(
− hω0

kBT

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

D(!$E6%)), +$ (/ H +&$ !% $+65#*%$8*+ %@&(!8+ -8 6'!'+82 I"#<(!8$'() -+ !"')$+)&'$# &"#.*'$

-(). ?

∂I (ω, z)

∂z
= −σ (ω − ω0) N (z)

I (ω, z)

1 + I(ω,z)
Isat

012J4

 ')&', -%)& !+ .%& -+ &G&$K6+& > -+8B )'<+%8B, !% L*%)-+8*

∂I(ω,z)
∂z

+&$ $(8M(8*& )#L%$'<+2

D'+) =8"'! +B'&$+ &'68!$%)#6+)$ -+& 5*(.+&&8& -"%@&(*5$'() +$ -"#6'&&'(), .+.' $*%-8'$

=8"8) 6'!'+8 .(65(&# -"8) +)&+6@!+ -+ &G&$K6+& > -+8B )'<+%8B .()-8'$ L!(@%!+6+)$ >

8)+ %$$#)8%$'() &G&$#6%$'=8+ -8 *%G())+6+)$ (5$'=8+ %8 <('&')%L+ -+ ω02

I(&*=8+ I >> Isat, !"#=8%$'() 012J4 -+<'+)$
∂I(ω,z)

∂z
= −σ (ω − ω0) NIsat2  5*K& ')$#L*%:

$'(), !"')$+)&'$# *#&8!$%)$+ &"#.*'$ ?I (ω, z) = I0 − σ (ω − ω0) NIsatz2 N%)& .+& .()-'$'()&,

!% $*%)&6'&&'() -8 6'!'+8 T = I(ω,z)
I0
, $+)- <+*& 3 !(*&=8+ I0 →∞2 I+ 6'!'+8 $+)- > -+<+)'*

$*%)&5%*+)$ %8 <('&')%L+ -+ !% 58!&%$'() ω0 ? !% $*%)&'$'() +&$ -'$+ &%$8*#+2

I(&*=8+ I << Isat, !"#=8%$'() 012J4 &+ *#-8'$ >
∂I(ω,z)

∂z
= −σ (ω − ω0) NI (ω, z) !"#$

#%& '%(&%)'(* '%+',&%(& I0- &% '%($",#').%( /& +"&0+'&%( ,1.2)"$3('"% /'%*.'$&- α (ω − ω0) =

σ (ω − ω0) N - /1'%(&%)'(* $*)#/(.%(& )1*+$'( 4

I (ω, z) = I0e
−α(ω−ω0)z

56 78

91.2)"$3('"% ,# :'/'&# +":3")* ,& );)(<:&) = ,&#> %'?&.#> 3&#( @($& ,*+$'(&- = /.

3#/).('"% ω- 3.$ /. 3.$('& ':.A'%.'$& ,1#% '%,'+& +":3/&>& ,*B%' 3.$ 4 n̂ (ω) = n (ω) +

jn′ (ω) C.%) +&) +"%,'('"%)- /& +D.:3 */&+($'E#& ,& /1"%,& "3('E#& 3&#( ./"$) @($& ,*F

+$'(- )&/"% /. ,'$&+('"% ,& 3$"3.A.('"% z- )"#) /. G"$:& ,1#%& "%,& 3/.%&- )"'(

~E (ω, z) =

~E0 (ω, z = 0) e−
ωn′(ω)

c
ze−j(ωt−

ωn(ω)
c

z)
 H&+' +"$$&)3"%, ./"$) = #%& *?"/#('"% ,& /1'%(&%)'(*

,& /. G"$:& 4

IJ



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

I (ω, z) = I0e
−2ωn′(ω)z  !"#$

%& '()*&+&,-(. /.0+/ 1/- 234&0,(.-  !"5$ /0  !"#$ */+)/0 &1(+- 672'+,+/ 8

α (ω − ω0) =
2ωn′ (ω)

c
 !"9$

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

:()*0/ 0/.4 6/  !";$< ,1 /-0 .2'/--&,+/ 6/ +2&1,-/+ ∆N > 0< *(4+ /.=,-&>/+ 4./ &)?

*1,@'&0,(. 64 +&A(../)/.0 B 1& *41-&0,(. ω0" C1 -7&>,0 6(.' 6/ +2&1,-/+ 4./ ,.=/+-,(. 6/

*(*41&0,(.< /. *1&D&.0 1/ -A-0E)/ F(+- 6/ 17234,1,G+/ 0F/+)(6A.&),34/" :/', /-0 /.=,-&?

>/&G1/ *(4+ 6/- -A-0E)/- '()*(+0&.0 &4 )(,.- 0+(,- .,=/&4H IJ!K"

L(,0 4. -A-0E)/ ,-(0+(*/ '()*(-2 6/ -A-0E)/- ,.62*/.6&.0- B 0+(,- .,=/&4H< =2+,@&.0

E3 < E1 < E2 &=/' E2 − E3 = ~ωp /0 E2 − E1 = ~ωs< 6(.0 1& +/*+2-/.0&0,(. -F2)&0,34/

/-0 6(..2/ *&+ 1& @>4+/ !"!< 1/- 0+&.-,0,(.- 672./+>,/- ~ωp /0 ~ωs 20&.0 +/-*/'0,=/)/.0

&--(',2/- &4H +&A(../)/.0- *()*/ /0 -,>.&1" %/- 0+(,- .,=/&4H -(.0 &1(+- */4*12- *&+

1/- 6/.-,02- =(14),34/- N1< N2< /0 N3" %/- *+(G&G,1,02- 6/ 0+&.-,0,(. M(.0 ,.0/+=/.,+ 1/-

'(/N',/.0- 67O,.-0/,. A21< A23< B21 = B12 /0 B23 = B32< &,.-, 34/ 1/- 6/.-,02- =(14),34/-

-*/'0+&1/- 672./+>,/ 64 'F&)* 21/'0+()&>.20,34/ u (ωs) /0 u (ωp) &4H 1(.>4/4+- 67(.6/

~ωp = E2 − E3 /0 ~ωs = E2 − E1"

./0( !"! P  !"#$% &'() *+*,-$. / ,012* )23.%(45

Q&.- 1/ '&- (R 1/- 0+(,- .,=/&4H ./ -(.0 *&- 62>2.2+2- /0 =2+,@/.0 g1 = g2 = g3 = 1<

1/- 234&0,(.- 6/ *(*41&0,(. 64 -A-0E)/ *+2-/.02 *&+ 1& @>4+/ !"! -(.0 6(..2/- *&+ 1/-

;9



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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





∂N2

∂t
= B32u (ωp) (N3 −N2)−B12u (ωs) (N2 −N1)− (A23 + A21) N2

∂N1

∂t
= B12u (ωs) (N2 −N1) + A21N2 − A13N1

∂N3

∂t
= −B32u (ωp) (N3 −N2) + A32N2 + A31N1

,-./01

&2 u (ωp,s) = ρp,sfp,s3 &2 ρp,s *($ 4# 5*'(%$ )&4"6%!"* 57 '*89%*3 *$ fp,s *($ 4# :&';$%&'

< 4#89*"8 5* 8#%* = 5*( $8#'(%$%&'( #((&;% *( #"> $8#'(:*8$( 57 '*89%* ~ωp *$ ~ωs.

?&8(!"* 47 $#$ ($#$%&''#%8* *($ #$$*%'$3 4*( @&@"4#$%&'( ) 8%A*'$

∂N1,2,3

∂t
= 03 ;* !"%

@*86*$ 57 $#B4%83 *'$8* 4*( @&@"4#$%&'( 5*( '%)*#"> E1 *$ E23 4# 8*4#$%&' ("%)#'$* +

N2

N1

=
B12ρsfs + A13

B12ρsfs + A21

,-.//1

C#'( 4* ;#( &2 A13 > A213 4* $*6@( 5* )%* 5" '%)*#" E2 *($ ("@ 8%*"8 D ;*4"% 5" '%)*#"

E1 3 ;* !"% @*86*$ 5* 8 #4%(*8 47%')*8(%&' 5* @&@"4#$%&' $*44* !"* N2 > N13 (&%$ ∆N > 0.

C#'( ;*( ;&'5%$%&'( 57 !"%4%B8* 5*( @&@"4#$%&'(3 47 !"#$%&' ,-./01 ;&'5"%$ D 47*>@8*((%&'

("%)#'$* 5* 47%')*8(%&' 5* @&@"4#$%&' ∆N +

∆N = N2 −N1 =
Nr (A13 − A21)

A13 (A23 + A21) + B21ρsfs (A13 + A23)
,-./-1

&2 4* @#8#6E$* 8 ) 8%A* + r = B32ρpfp
N3−N2

N
> 0. F&66* @&"8 4* (G($E6* D 5*">

'%)*#">3 4* ;#( 5" (G($E6* D $8&%( '%)*#"> ;&'5"%$ D 47 !"#$%&' 57 )&4"$%&' 5* 47%'$*'(%$ 

!"% (7 ;8%$ +

∂I (ω, z)

∂z
= σωI (ω, z) ∆N ,-./H1

#)*; +

I0



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND





σω =
~ω

v (ω)
fsB12

∆N =
Nrκ

1 + I/Isat

κ =
A13 − A21

A13 (A23 + A21)

Isat = v (ω)
A13 (A23 + A21)

B21fs (A13 + A23)

 !"#$%

&'()*+, I >> Isat- ./0*+123'4  !"#5% ), (06+32 7

∂I(ω,z)
∂z

= GωIsat- '8 Gω = σωNrκ

,)2 199,.0 : ;',<;3,42 6/1=9.3>;123'4 .34013(, ? '+ : @134 .1),( ?" &/342,4)320 (0)+.2142,

)/0;(32 1.'() A I (ω, z) = I0 + GωIsatz" B14) ;,) ;'46323'4)- .1 2(14)=3))3'4 T = I(ω,z)
I0

2,46

C,() # .'()*+, I0 → ∞" &, =3.3,+ 2,46 1.'() 7 6,C,43( 2(14)91(,42 1+ C'3)341@, 6, .1

9+.)123'4 ωs- ,2 ./1=9.3>;123'4 (,.123C, 7 ;, (1D'44,=,42 2,46 7 E2(, 4+..,"

&'()*+, I << Isat- ./0*+123'4  !"#5% 6,C3,42

∂I(ω,z)
∂z

= GωI (ω)" F'+( +4, 342,4)320

34;36,42, I0- ./342,4)320 (0)+.2142, )/0;(32 A

I (ω, z) = I0e
Gωz

 !"#G%

H'==, 3463*+0 91( ./,I9(,))3'4  !"#$%- ., =3.3,+ ,)2 (,)9,;23C,=,42 12204+12,+( '+

1=9.3>;12,+( 9'+( ., (1D'44,=,42 7 .1 9+.)123'4 ωs- ),.'4 *+, ., )3@4, 6, (A13 − A21)

,)2 40@123J '+ 9')323J" K34)3- .,) ;',<;,42) 6/1=9.3>;123'4 Gω- '+ 6/12204+123'4 αω- )'42

0@1+I ,4 C1.,+( 1L)'.+, ,2 C0(3>,42 A

Gω = σωNrκ = −αω = −2ωn′ (ω)

c
 !"#M%

'8 n′ (ω) ,)2 .1 ;'42(3L+23'4 3=1@3413(, *+3 ,)2 199'(20, 7 ./3463;, 6, (0J(1;23'4 91( .1

2(14)323'4 (0)'44142, E1 ↔ E2- .'()*+, ;,..,N;3 ,)2 )+);,923L., 6/E2(, )'..3;320," O4 ,P,2-

3. 4, )+<2 91) *+/3. ,I3)2, +4 (1D'44,=,42 7 ~ωs 9'+( @040(,( 6,) 2(14)323'4) ,42(, .,)

43C,1+I E1 ,2 E2- 3. J1+2 1+))3 *+, ;,) 43C,1+I (0)'44142) )'3,42 9,+9.0)" F1( ,I,=9.,-

,4 ./1L),4;, 6, (1D'44,=,42 9'=9, 7 ~ωp- +4 (1D'44,=,42 7 ~ωs 4, @04Q(, 1+;+4,

2(14)323'4 E1 ↔ E2 9+3)*+, 2'+) .,) )D)2Q=,) 7 2('3) 43C,1+I 6+ =3.3,+ )'42 614) .,+(

0212 J'461=,421. E3 A ., =3.3,+ ,)2 1.'() 2(14)91(,42 1+ (1D'44,=,42 7 ~ωs ,2 ., @134 .1),(

1))';30 ,)2 4+."

G#



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

-3%$$%# %, *)!5*"!*-%# '%# *"'*&%# +.,*2(%#4 $%# &+%6&*%",# '% 5!*" %, '7!8#+-.,*+"4 !*"#*

2(% $%# #%&,*+"# %6&!&%# '7!8#+-.,*+" %, '73)*##*+" #,*)($3% σ +", ,+(# 3,3 '3&-*,# .!- '%#

5-!"'%(-# #&!$!*-%#9

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

:% .!-!5-!.;% <9<9= ! )*# %" 30*'%"&% $% $*%" 2(* %1*#,%4 '!"# (" )*$*%( *#+,-+.%4 %",-%

$! .!-,*% *)!5*"!*-% '% $7*"'*&% +.,*2(% %, $%# .;3"+)>"%# '7!,,3"(!,*+" +( '7!).$*?&!,*+"

'7(" -!@+""%)%", 3$%&,-+)!5"3,*2(% !( 0+*#*""!5% '7("% .($#!,*+" -3#+""!",%9 :7+8A%,

'% &% .!-!5-!.;% %#, $73,('% '% &%# .;3"+)>"%# '!"# (" &-*#,!$ 8*!1% '+", $%# .-+.-*3,3#

'7!8#+-.,*+" %, '73)*##*+" .-+0*%""%", '7(" '+.!5% .!- '%# *+"# B(+-%#&%",#9 C" .!-,*&(D

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

%#, "35$*53%9 E*"#*4 $%# .-+&%##(# 2(* *"B(%"&%", $7!).$*,('% '( -!@+""%)%", / $! .($#!,*+"

'% B(+-%#&%"&% ωl #+", ("*2(%)%", '%# .-+&%##(# -3#+""!",# %",-% $%# '%(1 "*0%!(1 E2 %,

E14 %, ,+(,% '*##*.!,*+" '% &% -!@+""%)%", .!- %F%, G+($% !( #%*" '( )*$*%( %#, %1&$(%9

:%# .-+.-*3,3# +.,*2(%# $*"3!*-%# '7(" &-*#,!$ 8*!1% '*3$%&,-*2(% '+.3 !0%& '%# *+"# B(+D

-%#&%",# #+", '3&-*,%# .!- $% ,%"#%(- '% #(#&%.,*8*$*,3 3$%&,-*2(% $*"3!*-% &+).$%1% [ǫ̂ (ω)]9

H$ #7!5*, '7(" ,%"#%(- .+$!*-%4 '% -!"5 <4 '+", $! I+-)% %#, J

[ǫ̂ (ω)] =




ǫ̂xx (ω) = n̂2
x (ω) 0 0

0 ǫ̂yy (ω) = n̂2
y (ω) 0

0 0 ǫ̂zz (ω) = n̂2
z (ω)




K<9=LM

:%# 3$3)%",# '*!5+"!(1 #+", '%# 5-!"'%(-# &+).$%1%# J ǫ̂ii (ω) = n̂2
i (ω)4 !0%& i = x, y, z9

:%# *"'*&%# .-*"&*.!(1 &+).$%1%# #+", "+,3# J n̂i (ω) = ni (ω) + jn′i (ω)4 +N ni (ω) %#,

$! .!-,*% -3%$$% '% $7*"'*&% !##+&*3% !(1 .-+.-*3,3# '% .-+.!5!,*+" !( #%*" '( )*$*%( /

$! .($#!,*+" ω4 %, +N n′i (ω) %#, $! .!-,*% *)!5*"!*-% '% $7*"'*&% #+$$*&*,!", '% )!"*>-%

-3#+""!",% '%# ,-!"#*,*+"# %",-% '*F3-%",# "*0%!(1 '73"%-5*% '( )*$*%(9

O<



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 !"#$%&'()$"&# '!(#* +(+)*,$"-"."$/ /.*)$%"0(* ."#/1"%* )&2,.*3* *$ '"14&#1.* )&#'("$

'* 21#"5%* '"%*)$* 6 .!/0(1$"&# '* 7%*+#*. )&2,.*3*8 0(" 91"$ "#$*%:*#"% $%&"+ "#'")*+ ,%"#;

)",1(3 )&2,.*3*+ n̂i8 1:*) i = x, y, z8 *$ '&#$ .*+ +&.($"&#+ )&2,.*3*+ n̂ )&%%*+,&#'*#$

6 .!"#'")* )&2,.*3* +&..")"$/ ,1% (#* &#'* &,$"0(* 1( )&(%+ '* +1 ,%&,141$"&#8 '1#+ (#*

'"%*)$"&# '&##/* *$ ,&(% (# /$1$ '* ,&.1%"+1$"&# '&##/<  !/0(1$"&# '* 7%*+#*. )&2,.*3*

+!/)%"$ =

u2
x

n̂−2 − n̂−2
x

+
u2

y

n̂−2 − n̂−2
y

+
u2

z

n̂−2 − n̂−2
z

= 0 >?<@AB

&C ux8 uy *$ uz +&#$ .*+ )&&%'&##/*+ )1%$/+"*##*+ '1#+ .* %*,5%* &,$"0(* '( :*)$*(% (#"$1"%*

~u 1++&)"/ 6 .1 '"%*)$"&# '* ,%&,141$"&# '* .!&#'*< D&(+ ($"."+&#+ .6 (# 9&%21."+2* 0(" 1

/$/ ($"."+/ '1#+ .* .":%*  !"#$"%&'( )* +%,"$( '* E< F&%# *$ G< H&.9 ,&(% 2&'/."+*% .*+

,%&,"/$/+ '!1-+&%,$"&# '*+ )%"+$1(3 ,1% *I*$ J&(.* KLM<

 *+ +&.($"&#+ )&2,.*3*+ n̂± '* .!/0(1$"&# '* 7%*+#*. )&2,.*3* >?<@AB )&#$"$(*#$ (#*

+(%91)* )&2,.*3*8 1( +*#+ 21$N/21$"0(*8 1:*) (#* ,1%$"* "214"#1"%* #&# #(..*8 0(" *+$

)&2,&+/* '* '*(3 #1,,*+ 1++&)"/*+ 6 '*+ :1.*(%+ )&2,.*3*+ '!"#'")*+ '* %/9%1)$"&#<  *+

+&.($"&#+ )&2,.*3*+ n̂± ,%&,&+/*+ ,1% .!/0(1$"&# >?<@OB +&#$ (#* *3$*#+"&# '*+ +&.($"&#+

(+(*..*+ n± ,%/+*#$/*+ 1( )N1,"$%* @ *$ '&#$ .*+ *3,%*++"&#+ >@<PB +&#$ "++(*+ '* .!/0(1$"&#

'* 7%*+#*. %/*..* >@<QB< R"#+"8 ,1% *3$*#+"&#8 .*+ +&.($"&#+ )&2,.*3*+ n̂± +!/)%":*#$ =





n̂± =


 2

−B̂ ∓
(
B̂2 − 4Ĉ

)1/2




1/2

B̂ = −u2
x

(
b̂ + ĉ

)
− u2

y (â + ĉ)− u2
z

(
â + b̂

)

Ĉ = u2
xb̂ĉ + u2

yâĉ + u2
zâb̂

â = n̂−2
x , b̂ = n̂−2

y , ĉ = n̂−2
z

>?<@OB

 *+ 2"."*(3 1#"+&$%&,*+ '&,/+8 ).1++"0(*2*#$ *2,.&S/+ '1#+ .*+ '"+,&+"$"9+ .1+*%8 ,%/;

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

12,."T)1$"&#+ 91"-.*+ 6 .!/)N*..* '* .1 .&#4(*(% '!&#'*< U1% *3*2,.*8 ,&(% (# )&*V)"*#$

'!1-+&%,$"&# '* .!&%'%* '* α = 3 cm−1
6 .1 .&#4(*(% '!&#'* ,&2,* λp = 812 #2 '1#+ .*

)%"+$1. Y COB : Nd K@WM8 .* $1(3 '!1$$/#(1$"&# +(% λp :1($ e−αλp ≈ 0, 9998< X# $*. )&*V;

PY



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

4π
≈ 2.10−5

1 2" ! %3/*#$+"

4." 5") /!5!".6 7'(!$."5) )*#$ 8'!(5"/"#$ '()*+('#$) "$ 8'!(5"/"#$ 9.*+") "#$) - 5&3 7"55"

%" 5' 5*#0.".+ %&*#%"1 2" ! )!0#!:" 4." Im (n̂±) = n′± << n± = Re (n̂±); "$ 4." 5") "6<

,+"))!*#)  *#$"#'#$ 5&!#%! " %" +38+' $!*#  */,5"6" ,".="#$ >$+" 5!#3'+!)3")1 2" ! ,"+/"$

"# ,'+$! .5!"+ %" )3,'+"+ 5") ,'+$!") +3"55") "$ !/'0!#'!+")1

?' 5!#3'+!)'$!*# '. ,+"/!"+ *+%+" %" 5&"6,+"))!*# @A1BCD '(*.$!$ - 5&34.'$!*# ).!='#$" E

n̂± = n± + jn′± = n± + j
(n±)

3

2

(
IB ±

IBB + 2IC√
B2 − 4C

)
@A1AFD

*G n±; H "$ 2 )*#$ 5") 0+'#%".+) +3"55") %3 +!$") %'#) 5&34.'$!*# @B1ID "$ *G E
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!>)+)!" (2+3"'/1%,'0 !"% /$+*,"$! 1+/ *2+0+*G"! (! H.((9I6!*% @CJKCBE -., 1!.% L%/! +19

1*,-.$! +.5 #,*,!.5 +0,"'%/'1!" .0,+5!" @CME !% 3,+5!" @AB< CN< DOE: P!%%! +0+*G"! 1!/#!%

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

!0=,/'00!#!0% )/,"%+**,0 @DA< DQE:

 + #!"./! (!" "1!)%/!" (2$#,"",'0 !0 *.#,8/! 1'*+/,"$! "!*'0 *!" +5!" 1/,0),1+.5 (.

/!18/! '1%,-.! 1!/#!% (! ($%!/#,0!/ *!" =+*!./" (!" "!)%,'0" !>)+)!" (2$#,"",'0 )'//!"9

1'0(+0%!" "!*'0 (!.5 #$%&'(!" R *+ #$%&'(! (! /$),1/'),%$ @DCKDJE< !% *+ #$%&'(! (!

ST)&%3+.!/9 +(!03./7 @DUE: P!%%! (!/0,8/! 6+,% 0'%+##!0% ,0%!/=!0,/ *!" %!#1" (! =,!

/+(,+%,6" (!" 0,=!+.5 "'**,),%$"< +,0", -.! *!" /+11'/%" (! 3/+0)&!#!0% !0%/! .0 0,=!+.

!5),%$ !% (,F$/!0%" 0,=!+.5 (! 1*." 3+""! $0!/7,! +.%'/,"+0% .0! %/+0",%,'0 /+(,+%,=!:  +

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

(! %/+0","",'0 1/!0( !0 )'#1%! *!" 0,=!+.5 "'**,),%$"< *!./" $=!0%.!**!" *!=$!" (! ($7$0$9

/!")!0)! (.!" ; (,F$/!0%" %!/#!" 1!/%./3+%,6" ,0%!/=!0+0% (+0" *! V+#,*%'0,!0 (!" ,'0"

4.'/!")!0%" $%.(,$"< +,0", -.! *!" /87*!" (! "$*!)%,'0 /$7,""+0% *2,0%!0",%$ (!" %/+0",%,'0"

'1%,-.!" @ABE:

UO



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 ! "#$%&!'( )&*+,-!. /#"* 0*)* 1! -2)"+.#*&#3+! 1!. 3&#3&+0*0. #3*+4'!. -+0!. 5 -) 3&06

.!",! 12+#". 7'#&!.,!"*. )' .!+" 1! $)*&+,!. ,&+.*)--+"!. )"+.#*&#3!. 89:; <=>:?@A B) 1+.6

3!&.+#" !" -#"C'!'& 12#"1! 1!. 3&#3&+0*0. 120$+..+#" !.* 0C)-!$!"* 1+.,'*0! 8:D@A  !.

#'E&)C!. &0,)3+*'-!"* -2!".!$%-! 1!. 1#""0!. .3!,*&#.,#3+4'!. 1!. +#". 7'#&!.,!"*. )'(

.!+" 1!. 1+F0&!"*!. $)*&+,!. ,&+.*)--+"!. 8:9@A G!&*)+". *&)E)'( $!"*+#""!"* )'..+ -2#%.!&6

E)*+#" 1! ,!**! )"+.#*&#3+! H#&. 1!. )(!. 3&+",+3)'( 8<=;:D@A

B) ,#"")+..)",! 1!. E)-!'&. 1! .!,*+#". !I,),!. .!-#" -!. )(!. 3&+",+3)'( 1' &!3J&!

#3*+4'! /#'&"+* '"! 3&!$+J&! 10*!&$+")*+#" 1! -2)"+.#*&#3+! 1! 7'#&!.,!",! 1)". '" $+6

-+!' '"+)(! #' %+)(!A G!3!"1)"*; -) 1!.,&+3*+#" 1! -2)"+.#*&#3+! .!-#" *#'*! 1+&!,*+#" 1!

3&#3)C)*+#"; #' 1! /)K#" )")-#C'!; .!-#" *#'* 0*)* 1! 3#-)&+.)*+#" "2!.* 3). *&+E+)-!A L"

3)&*+,'-+!&; '"! !.*+$)*+#" 1! -2)"+.#*&#3+! 1! -) .!,*+#" !I,),! 120$+..+#" .*+$'-0! σstim;

!" /#",*+#" 1! -) 1+&!,*+#" 1! 3#-)&+.)*+#"; !.* 3)&/#+. $+.! !" #!'E&! 8:M; :<@ 5 3)&*+& 1!

-2!(3&!..+#" .'+E)"*! N

σstim (θ, φ) =
σxσyσz(

σ2
xσ

2
ycos

2 (θ) + σ2
yσ

2
zsin

2 (θ) + σ2
xσ

2
zsin

2 (φ) sin2 (θ)
)(1/2) O9A9MP

#Q -!. )"C-!. (θ, φ) !" ,##&1#""0!. .3H0&+4'!. ,)&),*0&+.!"* -) 1+&!,*+#" 1! 3#-)&+.)*+#";

!* #Q σx; σx !* σx .#"* -!. .!,*+#". !I,),!. 120$+..+#" .*+$'-0! .!-#" -!. )(!. 3&+",+3)'(

1' &!3J&! #3*+4'! A

B! *&),0 1! σstim )..#,+0 5 -2!(3&!..+#" O9A9MP ,#"1'+* 5 '"! .'&/),! .)". 1+.,#"*+"'+*0;

1#"* -!. 3-)". 3&+",+3)'( .#"* 1!. 3-)". 1! .R$0*&+! $+&#+&A G!**! .'&/),! !.* &!3&0.!"*0!

3)& -) SC'&! 9A= 1)". '" 4')&* 1! -2!.3),! 1!. 1+&!,*+#". 1! 3#-)&+.)*+#" N

TE!, 1!. 0,H)"*+--#". 1! C0#$0*&+! 3)&)--0-03+301+4'!; -20*'1! 1!. 3&#3&+0*0. 12)%6

.#&3*+#" !* 120$+..+#" .#"* &!.*&!+"*!. )'( 1+&!,*+#". 3&+",+3)-!. 1' &!3J&! #3*+4'!A G!.

$!.'&!. ,#"1'+.!"* '"+4'!$!"* 5 *&#+. E)-!'&. 12)%.#&3*+#" #' 120$+..+#"; ,! 4'+ +$6

3#.! 12!(*&)3#-!& -! ,#$3#&*!$!"* !" )%.#&3*+#" #' !" 0$+..+#" 3#'& -2!".!$%-! 1!.

)'*&!. 1+&!,*+#". 1! 3&#3)C)*+#" 1)". -! &!3J&! #3*+4'!A G!**! !(*&)3#-)*+#" !.* !F!,*'0!;

!" ,#".+10&)"* 4'! -!. E)-!'&. $!.'&0!. .#"* -!. E)-!'&. 3&#3&!. -+0!. 5 -2)%.#&3*+#" #'

-20$+..+#"; !* !" .'33#.)"* ) 3&+#&+ -) /#&$! O9A9MP 1! -20E#-'*+#" )"C'-)+&! 1! ,!. 1!'(

UD



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

./0(  !" #  !"#$%& $'()*+"*,& -& .$ )&%+(*' &/%$%& -012())(*' )+(2!.1& σstim3 -1%"(+& 4

,$"+(" -&) 5$.&!") σx3 σy &+ σz )&.*' .&) $6&) ,"('%(,$!6 -! "&,7"& *,+(8!&3 &' #*'%+(*' -&

.$ -("&%+(*' -& ,*.$"()$+(*'9

$%&$%'()(*!

+,()-./ 012**'3-/ %/$&*/ .&40 *-% ./* 5/*-%/* 1'5')(/* 246-12'%/5/4)7 /) (621/5/4) *-%

-4/ /8)%2$&12)'&4 .&4) 1,/8$%/**'&4 %/*)/ 9 .(5&4)%/%! :&-% 0/127 '1 2$$2%2;) '5$&%)24) ./

<(%'=/% 12 <21'.')( ./ 1,2$$%&0>/ 012**'3-/7 )24) 2- 4'</2- 5()>&.&1&6'3-/ 3-,2- 4'</2- ./

12 ./*0%'$)'&4 )>(&%'3-/ 3-,/11/ -)'1'*/! ?&55/ '1 2 ()( $%(*/4)( .24* 1/ $2%26%2>/ @!A! .-

0>2$')%/ @7 -4 0%'*)21 ./ 6(&5()%'/ *$>(%'3-/ $/%5/) 1,200B* /8$(%'5/4)21 .'%/0) 9 )&-)/*

1/* .'%/0)'&4* ./ $%&$262)'&4 .24* 1/ %/$B%/ &$)'3-/ C 4&-* 211&4* .&40 5/))%/ 9 $%&=) -4/

)/11/ 6(&5()%'/ *$>(%'3-/ $&-% 1,()-./ .,-4 0%'*)21 ./ Y COB : Nd7 ./ D2E&4 9 /F/0)-/%7 9

4&)%/ 0&442'**240/7 12 $%/5'B%/ 5/*-%/ .'%/0)/ ./ 12 .'*)%'G-)'&4 246-12'%/ ./* $%&$%'()(*

.,2G*&%$)'&4 /) .,(5'**'&4! ?/* 0&4*'.(%2)'&4* 5()>&.&1&6'3-/* /) 5()%&1&6'3-/* H-*)'=/4)

/) &4) 5&)'<( 1,()-./ $%&$&*(/ 0'I./**&-* .24* 0/ 0>2$')%/!

 !"!" #$%&'$% %&' %()*'$ + ,-'.-/01$ $- 21%(3%1-14 $5(/'16$7-.8

+2 .()/%5'42)'&4 0&5$1B)/ ./ 1,24'*&)%&$'/ ./* $%&$%'()(* &$)'3-/* 1'4(2'%/* %/$&*/ *-%

-4/ 02%20)(%'*2)'&47 $&-% 0>23-/ 5&./ $%&$%/ ./ $&12%'*2)'&47 */1&4 )&-)/* 1/* .'%/0)'&4* ./

$%&$262)'&4 2- */'4 .- 0%'*)21! ?&55/ $&-% 1,()-./ ./* $%&$%'()(* &$)'3-/* 4&4 1'4(2'%/*7

12 6(&5()%'/ *$>(%'3-/ ./ 1,(0>24)'11&4 0&4*)')-/ -4 &-)'1 $-'**24) $/%5/))24) 12 5/*-%/

.'%/0)/ */1&4 )&-)/* 1/* .'%/0)'&4* ./ $%&$262)'&4!

J 



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 ! "#$%&'( Y COB : Nd !%& )! "('%%! )! %*+,&#$! )-.#$!/&'&$./ +./."($/$01! Cs(m//~b)2

.3 (! 4!"&!1#

~b !%& .#&5.6./'( '1 7('/ ( ~X, ~Z)2 "! 01$ "./89#! 1/! 6#'/)! 7'#&$"1('#$&, : "!

7('/; </ !=!&2 (' %*+,&#$! "#$%&'((.6#'75$01! $+7.%! 01! "! 7('/ %.$& 1/ 7('/ )! %*+,&#$!

+$#.$# 7.1# (-!/%!+>(! )!% 7#.7#$,&,% .7&$01!% ($/,'$#!%2 01-$( %-'6$%%! )! (' 7#.7'6'&$./2

)! (-'>%.#7&$./ .1 )! (-,+$%%$./ )! ?1.#!%"!/"!; @! 7(1%2 "! 7('/ !%& #$"5! )-1/ 7.$/& )!

41! 75,/.+,/.(.6$01! 71$%01-$( "./&$!/& (!% .+>$($"% )! (' %1#8'"! )!% $/)$"!%2 '$/%$ 01!

"! 01! "!1A )!% %1#8'"!% )-'>%.#7&$./ !& )! ?1.#!%"!/"!;

 -,&1)! )! (-'/$%.&#.7$! )! (-'>%.#7&$./ !& )! (-,+$%%$./ )! Y COB : Nd ' )./" ,&,

!=!"&1,! )'/% (! 7('/ ( ~X, ~Z) 7.1# )$=,#!/&% '/6(!% θ )! 7#.7'6'&$./ %1# BCDE2 !& 7.1# (!%

)!1A +.)!% 7#.7#!% )! 7.('#$%'&$./;  ! )$%7.%$&$8 !A7,#$+!/&'( 1&$($%, !%& #!7#,%!/&, 7'#

(' F61#! G;H I

./0( G;H J  !"#$% &' ()'*+#,-'.!' &' !%,%!/#,-0%/-1. &' ()%.-01/,1+-' &)%201,+/-1. '/

&)#$-00-1. &' 341,'0!'.!' &4 !,-0/%( Y COB : Nd '. 51.!/-1. &' (% &-,'!/-1. &' +,16

+%7%/-1. &%.0 (' +(%. ( ~X, ~Z) '/ '. 51.!/-1. &'0 $1&'0 +,1+,'0 &' +1(%,-0%/-1.8

K! )$%7.%$&$8 ".+7.#&! I 1/! %.1#"! LML '"".#)'>(! N 1/ "./&#O(! )! (-,&'& )! 7.('P

#$%'&$./ )1 8'$%"!'1 7.+7! $/"$)!/&2 7'# (! >$'$% )-1/! ('+! #!&'#)'&#$"! )!+$P./)! : ('

(./61!1# )-./)! λp N 1/ Q!1 )! (!/&$((!%2 )-1/! 7'#& 7.1# $/Q!"&!# (! 8'$%"!'1 7.+7! )'/%

(' %759#!2 !& )-1/! 7'#& 7.1# ".((!"&!# (! 8'$%"!'1 !/ %.#&$! )! %759#! N 1/ Q!1 )! F(&#!%

'>%.#>'/&% 'F/ )! %,(!"&$.//!# !/ %.#&$! )! (' %759#!2 %.$& (! 8'$%"!'1 7.+7! : (' (./61!1#

)-./)! λp 7.1# !=!"&1!# 1/! +!%1#! )! &#'/%+$%%$./2 %.$& (! 8'$%"!'1 )! ?1.#!%"!/"! :

(' (./61!1# )-./)! λl 7.1# !=!"&1!# 1/! +!%1#! )-'+7($&1)! )-,+$%%$./ )! ?1.#!%"!/"! N

!/F/ 1/ 7.('#$%!1# 'F/ )! %!(!"&$.//!# (-1/ .1 (-'1&#! )!% )!1A +.)!% 7#.7#!% )! 7.('#$P

%'&$./2 : λp .1 λl;  ! "#$%&'( %75,#$01! +./&, %1# 1/! &R&! 6./$.+,&#$01! 7('",! '1 %!$/

CB



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 !"# $%&$'%  !("'%& )%&*%+ ', *-.% %# &/+,+-/#  ,#. '% )',# ( ~X, ~Z)0 1, ./"&$% %.+ "# 232

3,#+4%&  % ', *,&5"% 6/#+-#""* 5"- %.+ )/*)7 8 9:: #* ),& '% +&/-.-;*% 4,&*/#-5"%

 !"# ',.%& 6/#+-#""* Y AG : Nd -*)"'.-/##%'  %  "&7% < #.=  % $, %# % >? @A %+ +&-)'7

%# B&75"%#$%0 1%.  7+%$+%"&. ./#+  %. )4/+/ -/ %. C-'-$-"*  % */ ;'% D%+ >>?  % ', ./$-7+7

E4/&',F.0

 !"!# $%&'()(*+, -.' -/01', 2, )345-('/&+(6

 !"!#!$ %&'()&*+(&,- .-/+0.&)1 21 0. ().-'3&''&,- 1( 21 04.*',)5(&,- 1- 0+6

3&7)1 5,0.)&'81 2.-' 01 50.- ( ~X, ~Z)

1%. *%."&%.  % +&,#.*-..-/# /#+ 7+7 %G%$+"7%. ),& ),.  % >?H ."& 9I?H= )/"& $4,$"#

 %.  %"J */ %. )&/)&%.  % )/',&-.,+-/#= 5"- ./#+ ./-+ /&+4/K/#,'= ./-+ +,#K%#+ ," )',#

( ~X, ~Z)0 1%. *%."&%. ./#+ $/&&-K7%. ),& '% $/%L$-%#+  % M&%.#%'  % &7N%J-/# %# %#+&7% %+ %#

./&+-%  % $&-.+,' .)47&-5"%0 O#% $,'-F&,+-/# &%',+-P%  %. *%."&%. , 7+7 %G%$+"7% %# '"*-;&%

)/',&-.7% )/"& '%.  %"J */ %. )&/)&%.  % )/',&-.,+-/#0 D% )'".= "#% $,'-F&,+-/# %# ,F./'"

 "  -.)/.-+-B %J)7&-*%#+,' , 7+7 &7,'-.7%= )%&*%++,#+ "#% )&7$-.-/# ."& '%. *%."&%.  %

+&,#.*-..-/#  % '!/& &%  % >? %0

D%. 7+" %. )&7,',F'%. %# +&,#.*-..-/# 8 ),&+-&  !7$4,#+-''/#. 8 B,$%. )',#%.  % Y COB :

Nd /#+ )%&*-.  % .7'%$+-/##%& ', '/#K"%"&  !/# % λp = 812 #* )/"& '%. *%."&%.  !,FQ

./&)+-/# R><S0 (# %G%+= $%++% '/#K"%"&  !/# % %.+ ,../$-7% 8 "#% B/&+% ,F./&)+-/# T %''% %.+

 !,-''%"&. B&75"%**%#+ "+-'-.7% )/"& '% )/*),K%  % Y COB : Nd ," .%-#  % $,P-+7 ',.%&0

1%. UK"&%. V0W0X,Y %+ V0W0XFY )&7.%#+%#+ '%. *%."&%. %J)7&-*%#+,'%.  % +&,#.*-..-/# E=

&%.)%$+-P%*%#+ %# $//& /##7%. $,&+7.-%##%. %+ )/',-&%.0 6%. *%."&%.  % +&,#.*-..-/# E /#+

7+7 $/&&-K7%.  " )/"P/-& &7N%$+%"&  % M&%.#%'= %# B/#$+-/#  " */ % )&/)&%  % )/',&-.,+-/#

%+  % '!,#K'% θ  % )&/),K,+-/#  ,#. '% )',# ( ~X, ~Z)0

6%. *%."&%. */#+&%#+  %"J #,))%.  % +&,#.*-..-/# ,../$-7%. 8 $4,$"#  %.  %"J

*/ %. )&/)&%.  % )/',&-.,+-/#= %+ &7P;'%#+ F-%# '% $,&,$+;&% ,#-./+&/)%  % '!,F./&)+-/#

 ,#. Y COB : Nd0 6%. #,))%. )&7.%#+%#+ 5",+&% -#+%&.%$+-/#.= %+ '%"&. +/)/'/K-%. &%.)%$Q

+-P%. $/#.+-+"%#+ "#% -*,K% #/# 4/*/+47+-5"%  " $/%L$-%#+  !,F./&)+-/# α0 Z/+/#. 5"%

'% K&,# ,J%  % ', #,))% %J+&,/& -#,-&% X)/',&-.,+-/# +,#K%#+-%''%Y )&7.%#+% "#  7$,',K%

I[



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

',3,+)!" ($'#(#$ ',( -4,"3-$ θ .,"% -$ '-," ( ~X, ~Z) '!5( -$% *!.$% '(!'($% .$ '!-,()%,+)!"
!(+6!3!",- 7'!)"+% (!53$%8 $+ +,"3$"+ 71,((#% "!)(%8 ,5 '-," .4#+5.$9 :)%$ $" #;).$"1$ .$

.$5& ",''$% .$ +(,"%*)%%)!" $" )"+$(%$1+)!"9 7,8 <$'(#%$"+,+)!" $" 1!!(.!""#$% 1,(+#2

%)$""$%9 7=8 <$'(#%$"+,+)!" $" 1!!(.!""#$% '!-,)($%9

$%&'($)*+ $(&,-*).'+ θabs ≈ +30/0$* *$001*2 $'3 $3+4 5' *+06*+ 102).'+7 8+ .') -*)4+ (+4

49:,2*)+4 :)*1)*4 0$* *$001*2 $'3 0($%4 0*)%8)0$'3 ( ~X, ~Y ) +2 (~Y , ~Z) 5' *+06*+ 102).'+!

;<+42 ($ 0*+:)6*+ =1)47 > %12*+ 81%%$)44$%8+7 .'+ 5+ 2+((+4 :+4'*+4 41%2 *,$()4,+4!

?+4 81'*-+4 5<$-41*02)1% 41%2 1-2+%'+4 > 0$*2)* 5+4 51%%,+4 5+ 2*$%4:)44)1% @ +%

'2)()4$%2 ($ *+($2)1% A !BC7 41)2 α = − 1
D

ln(T )! ?+4 D&'*+  !EF!A$C +2  !EF!A-C 0*,4+%2+%2

$(1*47 +% 811*51%%,+4 8$*2,4)+%%+4 +2 +% 811*51%%,+4 01($)*+47 (+4 G$(+'*4 5' 81+H8)+%2

5<$-41*02)1% α $4418),+4 $'3 G$(+'*4 5+ 2*$%4:)44)1% 5$%4 (+ 0($% ( ~X, ~Z) 01'* '%+ 40I6*+

5+ 5)$:62*+ D = 7, 44 ::!

;+4 :+4'*+4 5+ α :1%2*+%2 5+'3 %$00+4 5<$-41*02)1% $4418),+4 > 8I$8'% 5+4 5+'3

:15+4 0*10*+4 5+ 01($*)4$2)1% 5$%4 Y COB : Nd! ;+4 %$00+4 0*,4+%2+%2 ,&$(+:+%2 .'$2*+

)%2+*4+82)1%4 J ($ 4+82)1% 5+ %$00+ +42 40I,*).'+ 01'* (+ :15+ 01($*)4$2)1% 1*5)%$)*+7 +2

+(()02).'+ 5,=1*:,+ 01'* (+ :15+ 5+ 01($*)4$2)1% +32*$1*5)%$)*+! ;1::+ 4'* (+4 81'*-+4

5+ 2*$%4:)44)1%7 )( $00$*$K2 %+22+:+%2 (+ :L:+ 5,8$($&+ $%&'($)*+ $(&,-*).'+ θabs 0$*

*$001*2 $'3 $3+4 5' *+06*+ 102).'+7 8+ .') -*)4+ (+4 49:,2*)+4 :)*1)*4 0$* *$001*2 $'3 0($%4

0*)%8)0$'3 ( ~X, ~Y ) +2 (~Y , ~Z) 5' *+06*+ 102).'+! M)%4)7 (+ 2*$8, 5+4 %$00+4 5<$-41*02)1%

5$%4 (+ 0*+:)+* .'$5*$%2 5' 0($% ( ~X, ~Z) %<$'*$)2 0$4 ,2, 4'H4$%27 5+ 41*2+ .'<)( 4<$G6*+

NO



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 !"#  !"# $  !"#$%"&' ()*+,!-.'%!& α "& /!&$'%!& (" 0* (%-"$'%!& (" .-!.*1*'%!& -".2-2"
.*- 0)*&10" θ (*&, 0" .0*& ( ~X, ~Z) (3 -".4-" !.'%53"6 "' (3 7!(" .-!.-" (" .!0*-%,*'%!&
!-'8!1!&*0 9.!%&', -!31",: "' '*&1"&' 9$*--2, &!%-,: *3 .0*& ()2'3("; <%," "& 2=%("&$"

(" ("3> &*..", ()*+,!-.'%!& "& %&'"-,"$'%!& "' .-2,"&'*&' 3& (2$*0*1" *&130*%-" θabs; 9*:

?".-2,"&'*'%!& "& $!!-(!&&2", $*-'2,%"&&",; 9+: ?".-2,"&'*'%!& "& $!!-(!&&2", .!0*%-",;

%&'%()*&(+,-* '.*& /+%0* -+ 1+0+1230%(+2%4& (50 -*( 67#8'+&( -* )-+& 14&(%'303!

9424&( :5* -.+&;-* +-;3,0%:5* θabs *(2 ,%*& -* <=<* +&;-* (50 -*( 1450,*( '* 20+&(<%(>
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./0( A2BC D  !"#$%&$ '$( )%*+,( -%".(/$%($( '$( !*'$( )%*)%$( '$ )*,"%&("-&*. "((*0&1( 2

,31!&((&*. '$ 45*%$(0$.0$ )*5% '&61%$.-$( '&%$0-&*.( '$ )%*)"#"-&*. '".( ,$ ),". ( ~X, ~Z)7
8$)%1($.-"-&*. '$( '$59 !*'$( )%*)%$(: -".#$.- $- *%-;*#*.",: "5 ),". '31-5'$ )"% ,$(

(<!=*,$( %$()$0-&>( // $- ⊥7 ?"@ A%*+, "(-&#!"-$ '5 >"&(0$"5 )*!)$ 2 λp = 812 .! ?=@

B9$ )%&.0&)",

~Z ?0@ B9$ '$ 45*%$(0$.0$ ?'@ θ ≈ 30C?$@ B9$ )%&.0&)",

~X

<& EF#,! A2BC2G&H *!. !' )4$ !'(! -! @+,. &%.$F*&.$%*!  # @&$%(!&# "+*"! #.$-$%)

"+#, !5($.!, -! *&.),$&# Y COB : Nd !' 4#!  ! F)'),!, #'! )*$%%$+'  ! >#+,!%(!'(!2 8!.

&%.$F*&.$%*! $'>#!'(! -& F)+*).,$!  # 4+-#*! (+'.!'&'. -!% $+'% Nd3+
"+,.)%  &'% #' ).&.

!5($.)/ (! 1#$ %! ,)"!,(#.! %#, -!% ",+E-% .,&'%4!,%!%  ! >#+,!%(!'(! (+--!(.)% !. @+(&-$%)%

%#, -& (&*),& I $-% &""&,&J%%!'. &#%%$ .,0% &%.$F*&.!%2 <!% $*&F!% G:H !. G@H *+'.,!'. 1#!

-!% 4!(.!#,%  ! K+L'.$'F ,!-&.$@% &#5  !#5 *+ !%  ! "+-&,$%&.$+'  ! -6)*$%%$+' %+'. !'

(+M'($ !'(! %"&.$&-! "+#, #'! ",+"&F&.$+' %!-+' -!% &5!% ",$'($"&#5

~X !.

~Z  # ,!"0,!

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

 &'% -! (&%  6#'! )*$%%$+' ?+,%  !% &5!% ",$'($"&#5  &'% -! "-&' ( ~X, ~Z) I (!..! +:%!,4&.$+'

!%. "!,*$%! F,N(! 7 -6&*"-$E(&.$+'  ! -&  +#:-! ,)@,&(.$+' "&, -!  $+".,!  ! %+,.$!  ! -&

%"?0,!2

OA



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

5#!"3'#! () $+ (',)"3'#! () *,#*+-+3'#! )3 (% 1#() *,#*,) () *#$+,'&+3'#! "#!8,1) $) 5+'3

9%0%!) 5#'& 9%) $+ 7%#,)&")!") )&3 41'&)/ )$$) &%:'3 %!) *,#*+-+3'#! "$+&&'9%)/ )!3';,)1)!3

*'$#34) *+, $+ *+,3') ,4)$$) ()& '!('")& () ,45,+"3'#! (% 1'$')%< =')! 9%) $)& *.#3#!& ()

7%#,)&")!") +**+,+'&&)!3 (+!& $) ",'&3+$/ $)%,& *,#*,'434& () *,#*+-+3'#! &#!3 $)& 1>1)&

9%) ")$$)& () *.#3#!& '!"'()!3& 9%' 3,+?),&)!3 () *+,3 )! *+,3 $) ",'&3+$<

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

 !"!# $%&'()**'+',-. -/%)0123'. .344%0%. *50 (6'7*%01',8'

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

@)& )6*4,')!")& (0+:&#,*3'#! )3 (041'&&'#! (+!& $) *$+! ( ~X, ~Z) !) *)%?)!3 *+& >3,)

'!3),*,434)& )!3';,)1)!3 A *+,3', ()& 4$41)!3& () 3.4#,') (#!!4& (+!& $) *+,+-,+*.) B<B<B<

 ! )2)3/ $+ *,4&)!") ()& (4"+$+-)& +!-%$+',)& θfluo )3 θabs &%--;,)!3 $0)6'&3)!") () ()%6

,)*;,)& *,#*,)& ,)$+3'5& A $0+:&#,*3'#! )3 A $041'&&'#! ,)&*)"3'?)1)!3/ 9%' &#!3 ('24,)!3&

(% ,)*;,) #*3'9%)/ () &#,3) 9%) $+ ,)*,4&)!3+3'#! 1+3,'"')$$) () $0'!('") "#1*$)6) n̂ )&3 $+

&%'?+!3) C

[n̂ (ω)] =




n̂xx (ω) 0 n̂xz (ω)

0 n̂yy (ω) 0

n̂zx (ω) 0 n̂zz (ω)




DB<BEF

GH



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

[n̂ (ω)] =




nxx (ω) 0 0

0 nyy (ω) 0

0 0 nzz (ω)




+ j




n′xx (ω) 0 n′xz (ω)

0 n′yy (ω) 0

n′zx (ω) 0 n′zz (ω)




/01023

4)& +% 5)6*% 6% ,"+"%78 9)":+%,%&# ): !*:)&# %# 9)":+%,%&# ;7!*% 5%&# $ +% '+',%&# 

67 #%& %7* *%+)#"9 < +) ()*#"% ",)-"&)"*% 6% +="&6"5% 5!,(+%8%  !&# (+7 "%7* !*6*% 6%

-*)&6%7* "&9'*"%7* < 5%78 67 #%& %7* *%+)#"9 < +) ()*#"% *'%++% 6% +="&6"5%$ 5!,,% %8(+">7'

6)& +) ()*#"% 010101 ?& 5!& %*@)&# 7&">7%,%&# +% #%*,% 67 (*%,"%* !*6*% 5!&#%&)&# +% 

'+',%&# 6% +) ()*#"% ",)-"&)"*%$ +) (%*,"#"@"#' 6"'+%5#*">7% +"&')"*% 5!,(+%8% % # 6!&&'%

()* +=%8(*%  "!&  7"@)&#% .

[
ǫ̂ (ω)

ǫ0

]
=

[
n̂2 (ω)

]
=




ǫ̂xx(ω)
ǫ0

0 ǫ̂xz(ω)
ǫ0

0 ǫ̂yy(ω)

ǫ0
0

ǫ̂zx(ω)
ǫ0

0 ǫ̂zz(ω)
ǫ0




/010A3

6!&# +) ()*#"% *'%++%  % *% #*%"&# < +=%8(*%  "!& /B1C3 67 5D)("#*% B$ %# 6!&# +) ()*#"% ",)E

-"&)"*%  ='5*"# .




2n′xx (ω) nxx (ω) 0 n′xz (ω) (nxx (ω) + nzz (ω))

0 2n′yy (ω) ny (ω) 0

n′xz (ω) (nxx (ω) + nzz (ω)) 0 2n′zz (ω) nzz (ω)




/010F3

FG



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 ! "!#$%&' ()&$%*!+# ,! -!$#%' %"!.%+!%$'/ n′/ '0# 1'$"%#%23'/ &4""' &5'0# ,' &!0 -43$ ,!

-!$#%' $)',,'/ n6 7, '8%0#' (4+& 3+ $'-9$' 4$#14+4$") (!+0 ,'23', &'##' "!#$%&' '0# (%!.4+!,'6

:430 +4#'$4+0 R′ &' $'-9$'/ !*'& R′ ≡ R′abs 43 R′fluo/ 03%*!+# 23' ,5!;04$-#%4+ 43 ,5)"%00%4+

'0# &4+0%()$)'6  ' $'-9$' 4-#%23' '0#/ 23!+# < ,3%/ +4#) Ropt6  '0 !8'0 -$%+&%-!38 (' &'0

$'-9$'0 04+# +4#)0 ( ~X/

~Y / ~Z) -43$ ,' $'-9$' Ropt/ ( ~X ′
abs/

~Y ′
abs/

~Z ′abs) -43$ R′abs/ '# ( ~X ′
fluo/

~Y ′
fluo/

~Z ′fluo) -43$ R′fluo6

=' -!$# ,! 0>")#$%' "4+4&,%+%23' (' Y COB : Nd/ ,'0 !8'0 ~Y / ~Yabs '#

~Yfluo 04+#

&4,%+)!%$'0 '+#$' '38 '# 4$14.4+!38 !3 -,!+ "%$4%$ (' ,! "!%,,' &$%0#!,,%+'6 ?'0 !8'0

04+# (4+& &4,%+)!%$'0 < ,5!8' &$%0#!,,4.$!-1%23'

~b6  '0 !3#$'0 !8'0 ( ~X, ~Z)/ ( ~X ′
abs,

~Z ′abs)/ '#

( ~X ′
fluo,

~Z ′fluo) 04+# #430 &4+#'+30 (!+0 ,' -,!+ "%$4%$6 @%+0%/ ,54$%'+#!#%4+ ('0 #$4%0 $'-9$'0

R′/ R′abs '# R′fluo +' (%A9$' 23' -!$ 3+' $4#!#%4+ !3#43$ (' ,5!8'
~b6

=!+0 ,' $'-9$' -$4-$' R′/ (5!8'0 ( ~X ′
/

~Y ′
/

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

(' ,5%+(%&' &4"-,'8' '0# (%!.4+!,'/ 04%# B

[n′ (ω)] =




n′xx (ω) 0 n′xz (ω)

0 n′yy (ω) 0

n′zx (ω) 0 n′zz (ω)




Ropt

=




n′x′x′ (ω) 0 0

0 n′y′y′ (ω) 0

0 0 n′z′z′ (ω)




R′

CD6DEF

 '0 *!,'3$0 -$4-$'0 n′x′x′ / n′y′y′ '# n′z′z′ / !%+0% 23' ,5!+.,' θ̃ &!$!&#)$%0!+# ,5!+.,' ('

$4#!#%4+ -'$"'##!+# (' -!00'$ (3 $'-9$' Ropt !3 $'-9$' R′ 04+# (4++)0 -!$ ,'0 '8-$'00%4+0

03%*!+#'0 B

GH



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND





n′x′x′ (ω) =
n′xx (ω) + n′zz (ω)

2
−

√(
n′xx (ω)− n′zz (ω)

2

)2

+ (n′xz (ω))2

n′y′y′ (ω) = n′yy (ω)

n′z′z′ (ω) =
n′xx (ω) + n′zz (ω)

2
+

√(
n′xx (ω)− n′zz (ω)

2

)2

+ (n′xz (ω))2

θ̃ = Arctan




−n′xz (ω)

n′xx(ω)−n′zz(ω)
2

−
√(

n′xx(ω)−n′zz(ω)
2

)2

+ (n′xz (ω))2




 !"!#$

%&' ()*+,-*&' ,&.'/*+&00&' 1& [n′ (ω)] 12.' 0&' *&34*&' Ropt &, R′ '/., *&0+(&' 32* 02 52,*+)&

ℜY (θ̃) 1()*+62., 02 */,2,+/. 17-. 2.80& 208(9*+:-& θ̃ 2-,/-*' 1& 072;&

~Y " %& )<2.8&5&.,

1& *&34*& 6(*+=& 02 *&02,+/. 1& 32''28& > n′ (ω)Ropt
= ℜY (θ̃)n′ (ω)R′ ℜY (−θ̃) &, n′ (ω)R′ =

ℜY (−θ̃)n′ (ω)Ropt
ℜY (θ̃)? /@ 02 52,*+)& 1& */,2,+/. ℜY (θ̃) 12.' 0& *&34*& /3,+:-& &', 1/..(&

32* 07&;3*&''+/. >

ℜY

(
θ̃
)

=




cos θ̃ 0 sin θ̃

0 1 0

−sin θ̃ 0 cos θ̃




Ropt

 !"AB$

 !"!#! $%&'()*+ ,- ./-0+-1 2*341-5- '6-2 (-/3-0 +*+ ,)'7*+'&5

C )& ',21& 1- ,*262+0? +0 &', .()&''2+*& 17(,290+* 07(:-2,+/. 1& D*&'.&0 &. 3*&.2., &.

)/53,& 07&;+',&.)& 1& ,&*5&' ./. 1+28/.2-;" E/-' 1&6/.' 1/.) 2F.&* 0& 5/140& 1& G/*.

&, H/0I JKL 1()*+, 12.' 02 32*,+& !"!"!? /@ 02 32*,+& *(&00& &, 02 32*,+& +528+.2+*& 1& 07+.1+)&

(,2+&., '-33/'(&' 26/+* 0&' 5M5&' *&34*&' 3*/3*&'"

N/-* -.& /.1& /3,+:-& 1& 3-0'2,+/. ω '& 3*/328&2., 12.' 02 1+*&),+/. 3/*,(& 32* 0&

6&),&-* -.+,2+*& ~u 12.' -. 5+0+&- 1& 3&*5+,+6+,( 1+(0&),*+:-& 0+.(2+*& )/530&;& [ǫ̂(ω)]?

07(:-2,+/. *&02,+6& 2- )<253 (0&),*+:-&

~E &', 1/..(& 32* 07&;3*&''+/. '-+62.,& >

OK



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

(n̂ (ω))2 ~u ∧ ~u ∧ ~E =

[
ǫ̂ (ω)

ǫ0

]
~E  !"#$%

&' n̂ (ω) ()* +,-./-0( 0&12+(3( )&++-0-*4 256 +5 2&+56-)5*-&. /7 08512 4+(0*6-97(

~E"

:5.) 0( 05); (. 26&04/5.* /( +5 1<1( 15.-=6( 97( 2&76 7. *(.)(76 2(61-*->-*4 4+(0?

*6-97( 0&12+(3( 0&12+=*(1(.* /-5@&.5+ ABC; -+ ()* 2&))-D+( /( 64406-6( +,4975*-&. /( E6().(+

0&12+(3( 5>(0 /() *(61() .&. /-5@&.573; )&-* F

u2
x

n̂−2 − n̂−2
xx

+
u2

y

n̂−2 − n̂−2
yy

+
u2

z

n̂−2 − n̂−2
zz

− ǫ̂xzn̂
−2

ǫ0(~u. ~E)

[
uxEz

n̂−2 − n̂−2
xx

+
uzEx

n̂−2 − n̂−2
zz

]
= 0

 !"#!%

&' ux; uy (* uz )&.* +() 0&&6/&..4() 056*4)-(..() /5.) +( 6(2=6( &2*-97( /7 >(0*(76 7.-*5-6(

~u 5))&0-4 G +5 /-6(0*-&. /( 26&25@5*-&. /( +,&./(; (* &' Ex; Ey (* Ez )&.* 0(++() /7 08512

4+(0*6-97(

~E"

H5 >5+-/-*4 /( +,4975*-&.  !"#!% ()* 6()*6(-.*( 573 26&25@5*-&.) 2&76 +()97(++() ~u. ~E 6= 0"

:( 2+7); 0(**( 4975*-&. 0&.*-(.* (.0&6( /() 0&12&)5.*() /7 08512 4+(0*6-97(; 0( 97- .(

2(61(* 25) /,(. /4/7-6( /( 15.-=6( /-6(0*( 7.( (326())-&. +-)-D+( /( +,-./-0( /( 64I650*-&.

0&12+(3( )&++-0-*4 57 0&76) /( +5 26&25@5*-&. /5.) +( 1-+-(7 0&.)-/464" J(**( 5226&08( (.

*(61( /,4975*-&. /( E6().(+ @4.465+-)4( .,()* 25) 0&.0+75.*( G 0( )*5/( /,406-*76("

KL. /( /4*(61-.(6 7.( (326())-&. 5.5+M*-97( )-12+( /( +,-./-0( 0&12+(3(; -+ I57* 6(>(?

.-6 G +,4975*-&. /( 26&25@5*-&.  !"#$%" N5 26&O(0*-&. )76 +() 53() 26&26()

~X, ~Y , ~Z /7 6(2=6(

&2*-97( 0&./7-* G 7. )M)*=1( /( *6&-) 4975*-&.) +-.45-6() 256 6522&6* 573 0&12&)5.*()

/7 08512 4+(0*6-97(; 5>(0 ǫxz = ǫzx; 0( 97- ),406-* F





(
ǫ̂xx

ǫ0

− n̂2
(
u2

y + u2
z

))
Ex + n̂2uxuyEy +

(
ǫ̂xz

ǫ0

+ n2uxuz

)
EZ = 0

n̂2uyuxEx +

(
ǫ̂yy

ǫ0

− n̂2
(
u2

x + u2
z

))
Ey + n2uxuzEZ = 0

(
ǫ̂xz

ǫ0

+ n2uzux

)
Ex + n2uzuyEy +

(
ǫ̂zz

ǫ0

− n̂2
(
u2

x + u2
y

))
Ez = 0

 !"##%

&' ux = sin (θ) cos (φ); uy = sin (θ) sin (φ) (* uz = cos (θ)"

PP



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 ! "#"$%&! '()*+,$-./" 012334 5.""%'! +/! ".6+$-./ /./ $7-8-,6! "- "./ ')$!7&-/,/$

!"$ /+62 9,/" 6! :,'7! !;5)7-&!/$,6 <;)= 6!" )$+'!" '(,>".75$-./ !$ '()&-""-./ ./$ )$)

!?!:$+)!" ',/" 6! 56,/ ( ~X, ~Z)= 5.+7 +/ ,/@6! φ = 0A2 9,/" :! :,"= 6! ')$!7&-/,/$ ,"".:-)

B 012334 !"$ './/) 5,7 C

[
n2 − ǫ̂yy

ǫ0

][(
ǫ̂xx

ǫ0

sin2 (θ) +
ǫ̂zz

ǫ0

cos2 (θ) + 2
ǫ̂xz

ǫ0

cos (θ) sin (θ)

)
n̂2 +

(
ǫ̂xz

ǫ0

)2

− ǫ̂xx

ǫ0

ǫ̂zz

ǫ0

]
= 0

0123D4

E!$$! ):7-$+7! F,:$.7-")! '+ ')$!7&-/,/$= ',/" 6! :," 7!"$7!-/$ ,+; 57.5,@,$-./" ',/"

6! 56,/ ( ~X, ~Z)= &!$ !/ )8-'!/:! 6!" '!+; -/'-:!" :.&56!;!" ".66-:-$)" 5,7 6!" &.'!" 57.57!"

'! 5.6,7-",$-./ .7'-/,-7! !$ !;$7,.7'-/,-7! 7!"5!:$-8!&!/$2

 ! &.'! 57.57! '! 5.6,7-",$-./ .7$G.@./,6 B ( ~X, ~Z) ".66-:-$! 6(-/'-:! :.&56!;! .7H

'-/,-7! n̂o2  ! &.'! 57.57! '! 5.6,7-",$-./ $,/@!/$ B ( ~X, ~Z) ".66-:-$! 6(-/'-:! :.&56!;!

!;$7,.7'-/,-7! n̂e2 E!" -/'-:!" "./$ '):7-$" 5,7 6()*+,$-./ C





n̂o(θ) =

√
ǫ̂yy

ǫ0

= n̂yy = nyy + jn′yy

n̂e(θ) =




ǫ̂xx

ǫ0
ǫ̂zz

ǫ0
−

(
ǫ̂xz

ǫ0

)2

(
ǫ̂xx

ǫ0
sin2 (θ) + ǫ̂zz

ǫ0
cos2 (θ) + 2 ǫ̂xz

ǫ0
cos (θ) sin (θ)

)




1/2
0123I4

 , 57.5,@,$-./ !$ 6()8.6+$-./ '! 6(,&56-$+'! '+ &.'! 57.57! '! 5.6,7-",$-./ .7'-/,-7!

"./$ &,-/$!/,/$ :.&56%$!&!/$ ')</-!" ',/" 6! 56,/ ( ~X, ~Z)2  (,557.;-&,$-./ '!" &-6-!+;

F,->6!&!/$ ,>".7>,/$" 5!7&!$ '! 6-/),7-"!7 6(!;57!""-./ ,"".:-)! ,+ &.'! 57.57! '! 5.6,H

7-",$-./ !;$7,.7'-/,-7! !$ '! :./"!78!7 +/-*+!&!/$ 6!" $!7&!" '+ 57!&-!7 .7'7! ')5!/',/$

'! 6, 5,7$-! -&,@-/,-7! '!" )6)&!/$" '+ $!/"!+7 [ǫ̂]2 E!$$! ,557.;-&,$-./ 5!7&!$= B 5,7$-7

'! 6, 7!6,$-./ 0121J4= '! './/!7 +/! !;57!""-./ "-&56-<)! '! n̂e(θ) :./$!/,/$ 6!" $!7&!"

/./ '-,@./,+; n′xz= !$ *+- "():7-$ C

n̂e(θ) = ne(θ) + jn′e(θ) = ne(θ) + jne(θ)

n′xx

n3
xx

cos2(θ) + n′zz

n3
zz

sin2(θ)− n′xz(nxx+nzz)
n2

xxn2
zz

cos(θ)sin(θ)

cos2(θ)
n2

xx
+ sin2(θ)

n2
zz

0123J4

,8!: ne =
[

cos2(θ)
n2

xx
+ sin2(θ)

n2
zz

](−1/2)

2

KL



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

01+/+ 0!", 1+# '+"/ -!'+# 0,!0,+# '+ 0!1$,.#$*.!&5 #!.* 6





n′o(θ) = n′yy

n′e(θ) =

n′xx

n3
xx

cos2(θ) + n′zz

n3
zz

sin2(θ)− n′xz(nxx+nzz)
n2

xxn2
zz

cos(θ)sin(θ)
(

cos2(θ)
n2

xx
+ sin2(θ)

n2
zz

)3/2

789:;<

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

'&(3'&.

 !"! !# $%&'()*+,&-*% .'/ .*%%0/ .1,2/*()&-*% '& .103-//-*% 4 50/6+&,&/

=+# ')%+1!00+-+&*# *>)!,.?"+# 0,!0!#)# $" 0$,$2,$0>+ 0,)()'+&* !&* 0+,-.# '3)*$@1.,

13+/0,+##.!& 789:;<5 1$?"+11+ +#* -$.&*+&$&* $001.?")+ 0!", .&*+,0!1+, 1+# '!&&)+# +/0),.4

-+&*$1+# 6 1+# %$1+",# '+# .&'.(+# ,)+1# $"/ 1!&2"+",# '3!&'+ λp !" λl #!&* .-0!#)+# A8:B5

+* 1+# 0$,$-C*,+# n′xx5 n
′
yy5 n

′
zz +* n′xz #!&* 1+# 0$,$-C*,+# '3.&*+,0!1$*.!&9

D$&# 1+ ($# '+ 13$@#!,0*.!&5 13.&*+,0,)*$*.!& '+# '!&&)+# +#* (1$.,+5 0".#?"3.1 #3$2.* '3"&+

$**)&"$*.!& +/0!&+&*.+11+ '3"& ,$E!&&+-+&* .&(.'+&* F λp = 812 &-5 !G 1+# (!+H(.+&*#

'3$@#!,0*.!& +* 1+# .&'.(+# .-$2.&$.,+# %),.I+&* αo(θ) = 2n′o(θ,λp)ωp

c
+* αe(θ) = 2n′e(θ,λp)ωp

c
5

(!-0*+ *+&" '+ 789JK<9 L.&#.5 1+# (!+H(.+&*# '3$@#!,0*.!& +* 1+# .&'.(+# .-$2.&$.,+# 0,)4

#+&*+&* 1$ -M-+ $&.#!*,!0.+ ,+1$*.%+5 $" N$(*+",

2ωp

c
0,C#9 =+ *,$() '+ 13.&*+,0!1$*.!& +#*

'!&&) 0$, 1$ I2",+ 89JO9

=3.&*+,0!1$*.!& '+# '!&&)+# '+ 1$ I2",+ 89JO (!&'".* F 1$ -$*,.(+ #".%$&*+ 6

[α (λp = 812nm)] =




3, 2± 0, 4 0 1, 9± 0, 3

0 3, 5± 0, 4 0

1, 9± 0, 3 0 5, 1± 0, 6




cm−1
789:P<

Q!-0*+ *+&" '+ 789JK< +* 789:P<5 1$ 0$,*.+ .-$2.&$.,+ '+ 13.&'.(+ (!-01+/+ #3)(,.* 6

;R



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

./0(  !"# $  !""#$% $&'#()*$"+,-$%. αo (θ, λp) $+ αe (θ, λp). ,%%!/)#$% ,0& *!1$% '(!'($%
1$ '!-,()%,+)!" !(1)",)($ 2'!)"+% (!03$%4 $+ $&+(,!(1)",)($ 2/,((#% "!)(%4 1,"% -$ '-,"

( ~X, ~Z) 1$ Y COB : Nd5 6"+$('!-,+)!"% 1$% 1!""#% ',( -, /!"%+,"+$ n′o(θ) 2/$(/-$ 7-$04 $+
-, 8!"/+)!" n′e 1$ -9$&'($%%)!" % !&#' 2$--)'%$ 1#8!(*#$ (!03$45

[n̂′ (λp = 812nm)] = 10−5




2, 1± 0, 3 0 1, 2± 0, 2

0 2, 3± 0, 3 0

1, 2± 0, 2 0 3, 3± 0, 4




% !&('

)*+ ,-../*+ ,* 012++3.4* ,5/62++2-. +-.7 081+ ,/82437*+ 9 2.7*:0:/7*: 012+;1* ;1* 83

0:-0-:72-. ,* 0<-7-.+ 9 λl = 1061 .6 /62+ 03: /62++2-. +0-.73./* *7 03: /62++2-.

+72618/* .5*+7 03+ 4-..1*! =*+ ,-../*+ +*:-.7 ,-.4 2.7*:0:/7/*+ *. >32+3.7 85<?0-7<@+*

;1* 85/62++2-. ,* A1-:*+4*.4* -B+*:C/* *+7 63D-:2732:*6*.7 2++1* ,* 0:-4*++1+ ,5/62++2-.

+0-.73./*E ,* +-:7* ;1* 83 012++3.4* ,5/62++2-. E Po(θ, λl) -1 Pe(θ, λl) 012++* F7:* 4-.+2G

,/:/* 4-66* ,2:*47*6*.7 0:-0-:72-..*88* 9 83 03:72* 263H2.32:* ,* 852.,24* 4-608*I*E

:*+0*472C*6*.7 n′o(θ, λl) -1 n′e(θ, λl)! J8 *+7 38-:+ 0-++2B8* ,517282+*: .-7:* 6-,@8* ,/4:27

KL



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

Po(θ,λl)
<Po(λl)>

%3

Pe(θ,λl)
<Po(λl)>

-

4! 562"% ,-78 9)**% #%' 3"!:;' 9% #$(*3%" )#!3()* 9%' <%'2"%' 9$;<(''()*-

./0( ,-78 =  !""#$% $&'#()*$"+,-$%.

Po(θ,λl)
<Po(λl)>

$+

Pe(θ,λl)
<Po(λl)>

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

'!-,()%,+)!" !(1)",)($ 2'!)"+% (!03$%4 $+ $&+(,!(1)",)($ 2/,((#% "!)(%4 1,"% -$ '-," ( ~X, ~Z)
1,"% Y COB : Nd5 6"+$('!-,+)!" ',( -, /!"%+,"+$ n′o(θ) 2/$(/-$ 7-$04 $+ -, 8!"/+)!" n′e(θ)
1$ -9$&'($%%)!" +,-.>0 2$--)'%$ 1#8!(*#$ (!03$45

4! <!3"(:% ";'2#3!*3 9% #$(*3%" )#!3()* 9%' 9)**;%' 9% #! 562"% ,-78 %'3 !#)"' ?

[
n′ (λl)

n′o (λl)

]
=




0, 67± 0.02 0 −0.15± 0.02

0 1± 0.02 0

−0.15± 0.02 0 1, 99± 0.02




+,-@A0

4%' (*:%"3(329%' "%#!3(B%' 9%' B!#%2"' (<!6(*!("%' #(;%' C #$!D')" 3()* ')*3 9% #$)"9"% 9%

7> %1 %3  ")B(%**%*3  "(*:( !#%<%*3 9% #$(*:%"3(329% (*3")92(3%  !" #! :!#(D"!3()* %* B!#%2"

!D')#2% 9%' *!  %' 9$!D')" 3()*- E)2" #%' 9)**;%' :)*:%"*!*3 #$;<(''()* 9% F2)"%':%*:%1

#$(*:%"3(329%  ")B(%*3 2*(G2%<%*3 9% #$(*3%" )#!3()*1  2('G2% :%' 9)**;%' *$)*3  !' H!(3

I7



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

5%. 26(+&,"). 78489: 1%-0%&&%)& '!"#&%),-  %. 0+&-,*%. 784;9: %& 784<=: '+).  %(-. -%>

1?-%. 1-"1-%. -%.1%*&,@.A R′abs %& R′fluoA +,)., 6(%  %. '2*+ +B%. +)B( +,-%. + B2#-,6(%. θabs

%& θfluos +.."*,2. C '%. -"&+&,"). .% ")  !+D%

~Y A .",& E

[n′ (λp = 812nm)] = 10−5




1, 4± 1, 0 0 0

0 2, 3± 0, 3 0

0 0 4, 0± 0, 5




R′
abs

et θabs = 31, 1F± 0, 7F

[
n′ (λl)

n′o (λl)

]
=




0, 65± 0, 04 0 0

0 1± 0, 02 0

0 0 2, 01± 0.04




R′
fluo

et θfluo = −6, 4F± 0, 9F

784<G:

5%. 0%.(-%. %D12-,0%)&+ %. %&  %(-. ,)&%-1" +&,"). &%)'%)& C *")H-0%-  + 3+ ,',&2 '%.

IJ1"&I?.%. %K%*&(2%. '+).  % *+'-% &I2"-,6(% '!2&('% '%. 0, ,%(D +),."&-"1%. @+,# %0%)&

+#."-#+)&. %& L("-%.*%)&.4 M!()% 1+-&A  + 1+-&,% ,0+B,)+,-%A n′(λp)A %.& *,)6 "-'-%. '%

B-+)'%(- ,)@2-,%(-% C  + 1+-&,% -2%  % *"--%.1")'+)&%A *% 6(, 3+ ,'%  !+11-"D,0+&,") '%

 ,)2+-,.+&,") 1"(-  !+#."-1&,") +,)., 6(%  !%D1-%..,") 784;N:4 M!+(&-% 1+-&A  !+),."&-"1,%

-% +&,3% '%. ,)',*%. -2% . %.& *"01-,.% %)&-%

nz−ny

nz
≈ 1% %&

nz−nx

nx
≈ 4% C λp = 812 )0 1"(-

 !+#."-1&,")A +,)., 6(!C λl = 1061 )0 1"(-  !20,..,")4 O 1+-&,- '%. 3+ %(-. ',+B")+ %. '%  +

1+-&,% ,0+B,)+,-% '%  !,)',*% '% -2@-+*&,")A  %. +),."&-"1,%. -% +&,3%. '%. ,)',*%. ,0+B,)+,-%.

.")& -%.1%*&,3%0%)& *"01-,.%. %)&-% <= % %& G9N % 1"(-  !+#."-1&,")A %)&-% ;N % %& 8G= %

1"(-  !20,..,") '% L("-%.*%)*%4 P%*, *")H-0% 6(%  !+),."&-"1,% '%  + 1+-&,% ,0+B,)+,-% '%

Q8



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

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

$,#% 1 4* "$&'  !*00',%5& -/"4"&6 7/" %,#-"$('*"+ 7/&  !*#"-,+',0"& $&- $"8('&#+- 0',%&--/-

$!*9-,'0+",# &+ $!(."--",# &-+6 $*#- /# 0'&."&' #"4&*/ $& $&-%'"0+",#6 0'"#%"0* &.&#+

0" ,+(& 0*'  !*#"-,+',0"& $&  * 0*'+"& ".*:"#*"'& $&  !"#$"%& ,0+"7/& %,.0 &;&2

<#+'& /#& .&-/'& % *--"7/& -/' %'"-+* 0*'*  ( (0"0($"7/& -& ,#  &- *;&- 0'"#%"0*/; $/

'&0='& ,0+"7/&6 &+ /#& .&-/'& -/' -05='& -& ,#  &- $"'&%+",#- 0'"#%"0* &- $!*9-,'0+",# &+

$!(."--",#6  &- &;0'&--",#- >?2@AB6 >?2CDB6 &+ >?2CEB6 .&++&#+ &# (4"$&#%& 7/!" &;"-+& /#&

&''&/' '& *+"4& $&  !,'$'& $& E % 1 @ %6 &+ EF % 1 GD %6 0,/'  &- %*- +'*"+(-6 '&-0&%+"4&.&#+

0,/'  !*9-,'0+",# &+ 0,/'  !(."--",#2

 !"#$%&!

H 0*'+"' $&  * .*+'"%& [n′ (λp = 812nm)]6 +'*$/"-*#+  !*#"-,+',0"& $!*9-,'0+",# $*#-  &

'&0='& 0',0'& R′abs6  * .*+'"%& $"*:,#* & *--,%"(&6 %,''&-0,#$*#+ */; 4* &/'- 0','0&- $&-

%,&I%"&#+- $!*9-,'0+",#  "#(*"'&6 -!(%'"+ J

[α (λp = 812nm)] =




2, 1± 0, 8 0 0

0 3, 5± 0, 4 0

0 0 6, 2± 0, 8




R′
abs

cm−1
>?2C?B

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

K&- *#: &- V ′
z (λp) &+ V ′

z (λl)6 $(L#"- 0*'  &- "#+&'-&%+",#- $&- #*00&- $!*9-,'0+",# &+

$!(."--",# -,#+ ,9+&#/-6 $*#-  & 0 *# ( ~X, ~Z) $/ '&0='& ,0+"7/&6 0*' /#& '(-, /+",# #/M

.('"7/& 1 0*'+"' $&- (7/*+",#- >?2??B &+ >?2@NB6 &+ $&- ( (.&#+- $&- +&#-&/'- *--,%"(- 1

[n′ (λp)] &+ [n′ (λl)]2 O*#- Ropt6  !*;&

~Z #!&-+ (4"$&..&#+ 0 /- /# *;& $& -P.(+'"& 0,/'  &-

$"'&%+",#- V ′
z 6 7/& %& -,"+ 0,/'  &- 0',0'"(+(- $!*9-,'0+",# ,/ $!(."--",#2

O*#- Ropt6  &- *;&- $!*9-,'0+",# -,#+ %* %/ (- 1 V ′
z (λp) = −5, 0Q± 0, 5Q .,$/ , π &+

V ′
z (λp) = 69, 5Q±0, 5Q.,$/ , π2 3& '(-/ +*+ &-+ &# *%%,'$ *4&%  &- $,##(&- &;0('".&#+* &- J

V ′
z (λp) = −4Q±2Q.,$/ , π &+ V ′

z (λp) = 68Q±2Q.,$/ , π %,.0+& +&#/ $&  * L:/'& ?2EG2

F@



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 !"# $% &%'(&% R′abs) *%*+ *,&&%#',"- . /" !"0$% V ′
z |R′abs

= 361± 21 *,2'34 -%'/+# $5!6%

~Z ′abs7

 !"# Ropt) $%# !6%# -% 8/,&%#*%"*% #,"3 *!$*/$4# . V ′
z (λl) = 25, 51± 0, 512,-/$, π %3

V ′
z (λl) = −38, 51± 0, 512,-/$, π7 9% &4#/$3!3 %#3 %" !**,&- !:%* $%# -,""4%# %6'4&+2%";

3!$%# < V ′
z (λl) = 25, 31± 1, 512,-/$, π %3 V ′

z (λl) = −38, 51± 1, 512,-/$, π *,2'3% 3%"/

-% $! =0/&% >7?@7  !"# $% &%'(&% R′fluo) *%*+ *,&&%#',"- . /" !"0$% V ′
z |R′fluo

= 32, 01± 1, 51

*,2'34 -%'/+# $5!6%

~Z ′fluo7

 !"# $% &%'(&% ,'3+A/%) $5+"3%&#%*3+," -%# "!''%# #54*&+3 n′e(θ) = n′o(θ)) #,+3 <

n′yy

n3
e(θ)

=
n′xx

n3
xx

cos2(θ) +
n′zz

n3
zz

sin2(θ)− n′xz(n
′
xx + n′zz)

n2
xxn

2
zz

cos(θ)sin(θ) B>7CDE

F54A/!3+," B>7CDE '%/3 G3&% #+2'$%2%"3 &44*&+3% . '!&3+& -%# 4$42%"3# -+!0,"!/6 !#;

#,*+4# !/ &%'(&% R′ = R′abs ,/ R′ = R′fluo < [n′] %#3 !$,&# -+!0,"!$+#4% #,/# $! H,&2%

n′
y′y′

n3
e(θ+θ̃)

=
n′

x′x′

n3
xx

cos2(θ) +
n′

z′z′

n3
zz

sin2(θ)) -!"# *% &%'(&% R′ -4*!$4 !"0/$!+&%2%"3 -% $5!"0$%

θ̃ = θabs ,/ θ̃ = θfluo !/3,/&# -% $5!6%
~Y 7 9,2'34 -!"# R′ -%'/+# ~Z ′) *%*+ *,"-/+3 . <

V ′
z |R′ = Arcsin







n′
y′y′

n3
e(V ′z |R′+θ̃)

− n′
x′x′

n3
xx

n′
z′z′

n3
zz
− n′

x′x′

n3
xx




1/2 


R′

B>7CCE

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

I$ ! 434 2%"3+,""4 !/ -4J/3 -% *% '!&!0&!'K%) %3 !/ *,/&# -/ '!&!0&!'K% >7D7L7>) A/% $!

'&,',&3+," -% 'K,3,"# 42+# '!& 42+##+," #',"3!"4% %3 #3+2/$4% "5%#3 '!# *,""/% -!"# ",#

%6'4&+%"*%#7 M" H!+#!"3 $5KN',3K(#% A/5+$ #5!0+3 2!O,&+3!+&%2%"3 -% $542+##+," #',"3!"4%)

$5+"3%&',$!3+," -+&%*3% -% $! "!''% -% 8/,&%#*%"*% !##,*+4% !/ 2,-% -% ',$!&+#!3+," 3!"0%"3

!/ '$!" ( ~X, ~Z)) '!& $5%6'&%##+," B>7DPE) ! *,"-/+3 . /" J," !**,&- %"3&% $%# *,/&J%#

%6'4&+2%"3!$%# %3 $%# *,/&J%# -5+"3%&',$!3+,"7

M" H!+#!"3 2!+"3%"!"3 $5KN',3K(#% A/% $542+##+," &4#/$3%&!+3 2!O,&+3!+&%2%"3 -5/"%

!2'$+3+*!3+," '!& #3+2/$!3+," *,"-/+#!"3 . $5!2'$+=*!3+," -% '&,*%##/# -542+##+," #',";

3!"4%) $%# #+0"!/6 2%#/&4# #/& #'K(&% -% -+!2(3&%  ) -!"# $%# -%/6 2,-%# '&,'&%# -%

',$!&+#!3+,") #%&!+%"3 '&,',&3+,""%$# . < eGo(θ,λl)D
!:%* Go (θ, λl) = 2n′o(θ,λl)ωl

c
%3 . eGe(θ,λl)D

!:%* Ge (θ, λl) = 2n′e(θ,λl)ωl

c
) *,2'3% 3%"/ -% $54A/!3+," B>7?@E7

QC



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 ! "#!$%&'#(!")'$ *+ ,+% *'$$-+% .'/# !,,-*+# 0 Go,e !"#$%&'&()*# ' n′o,e +",-#!%#

.,$ $)/+)0!,%)1#2#+% 3#$ .*403$ (# !45*6#$ (4+% 3, (7.#+(,+!# ,+/53,)*# *#$%# ,+,34/5#

' !#33# (#$ (4++7#$ 6*5%#$ (# .5)$$,+!#$ ("72)$$)4+ (# 854*#$!#+!#9 :+ .,*%)!53)#* 3,

%*,+$;4*2,%)4+ #+1)$,/7# .,* 3, ;4+!%)4+  !"#$%&'() *+,)$-). (#$ (4++7#$ #<.7*)2#+%,3#$

.#*2#% ,5$$) 3, *7,3)$,%)4+ ("5+# )+%#*.43,%)4+ !4**#!%# .,* 3"#<.*#$$)4+ =>9?@A9 B#!) +#

!4+%*)65# .,$ ' ;45*+)* (#$ ,*/52#+%$ ;4*%$ ,0+ (# !4+!35*# $5* 3, .*4.4*%)4+ ("72)$$)4+

$.4+%,+7# #% $%)2537# (,+$ 3#$ 2#$5*#$ (# 854*#$!#+!# !# C5) +"#$% .,$ 1*,)2#+% 3# .*4.4$

(# +4%*# 7%5(#9

 !"! ! #$%&'$(&)* '+ ,)'-%. $*$%/(&0+. 1$2 3$%3+% *+,42&0+.

B422# 3# 24+%*#+% 3#$ 0/5*#$ >9D@ #% >9DE 3#$ (4++7#$ #<.7*)2#+%,3#$ #% 3#5*$ )+%#*&

.43,%)4+$ ' .,*%)* (# 3"#<.*#$$)4+ ,+,3F%)C5# =>9?@A $4+% #+ 64+ ,!!4*(9 G+# *7$435%)4+

.,* 27%H4(# +527*)C5# (# 3"7C5,%)4+ (# .*4.,/,%)4+ =>9?DA .#*2#% 7/,3#2#+% (# !,3!53#*

.,$ ' .,$ 3#$ 1,3#5*$ (#$ .,*%)#$ )2,/)+,)*#$ n′(θ, λp) .45* 3",6$4*.%)4+ #%

n′(θ,λl)
n′o(θ,λ)

.45*

3"72)$$)4+9 I, 0/5*# >9DJ .#*2#% 3, !42.,*,)$4+ #+%*# 3#$ )+%#*.43,%)4+$ #-#!%57#$ $5* 3#$

6,$#$ (#$ (4++7#$ #<.7*)2#+%,3#$ ("5+# .,*% #% 3# *7$53%,% (5 !,3!53 +527*)C5# (#$ .,*%)#$

)2,/)+,)*#$ (#$ )+()!#$ ' .,*%)* (#$ 1,3#5*$ 46%#+5#$ $5)%# ' 3")+%#*.43,%)4+ (#$ (4++7#$

#<.7*)2#+%,3#$9 K3 , 7%7 2)$ #+ 71)(#+!# C5# 3#$ )+%#*.43,%)4+$ (#$ (4++7#$ #<.7*)2#+%,3#$

#% 3#$ !,3!53$ +527*)C5#$ C5) #+ (7!453#+% $4+% #+ #<!#33#+% ,!!4*(9 B#!) 1,3)(# ' +451#,5

3",..*4<)2,%)4+ (# 3)+7,*)$,%)4+ C5) , !4+(5)% ' 3"#<.*#$$)4+ ,+,3F%)C5# =>9?@A ' .,*%)* (#

3"7C5,%)4+ (# .*4.,/,%)4+9

:+ .35$ (# !4+0*2#* 3",..*4<)2,%)4+ (# 3)+7,*)$,%)4+ (# 3"7C5,%)4+ (# .*4.,/,%)4+ 3#

!,3!53 +527*)C5# (#$ )+()!#$ )2,/)+,)*#$ (,+$ 3# .3,+ ( ~X, ~Z) .*7$#+%# 3")+%7*L% (# $)253#*

5+# #<.7*)#+!# )(7,3# (# 2#$5*#$ (",6$4*.%)4+ 45 ("72)$$)4+9 :+ #-#% ,5 !45*$ (5 !,3!53

+527*)C5# 5+# 5+)C5# ()*#!%)4+ (# .*4.,/,%)4+ #$% $433)!)%7# #% 3, 1,3#5* !,3!537# +527&

*)C5#2#+% !4**#$.4+( $%*)!%#2#+% ' 3, 1,3#5* (# 3, ()*#!%)4+ (# .*4.,/,%)4+ !4+$)(7*7#9

:+ .,*%)!53)#* !#!) !4**#$.4+( ' 3, $)253,%)4+ ("5+# #<.7*)#+!# )(7,3# 4M 3#$ *,F4++#&

2#+%$ 7%5()7$ +# .*7$#+%#+% ,5!5+ ,$%)/2,%)$2# +) ,5!5+# ()1#*/#+!# ,34*$ C5"#+ *7,3)%7 

!# +"#$% N,2,)$ $%*)!%#2#+% 3# !,$ ,5 !45*$ (#$ #<.7*)#+!#$ (",6$4*.%)4+ #% #+!4*# 24)+$

,5 !45*$ (#$ #<.7*)#+!#$ ("72)$$)4+ 2,N4*)%,)*#2#+% $.4+%,+7#9
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./0(  !"# $  !"#$%$&'!() #!*% +,' -,*. "!-,' -, #!+$%&'$/&!() -,' 0!*%1,' %2'*+/$(/ -,

+3&(/,%#!+$/&!( -,' -!((2,' ,.#2%&",(/$+,' 40,%0+,' ,/ ,++&#',' -25!%"2,' ,( /%$&/ #+,&(6

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

$*. &(/,%#!+$/&!(' ,( %2'!+7$(/ #$% "2/;!-, (*"2%&<*, +32<*$/&!( -, #%!#$8$/&!( 4%!(-'

%!*8,' 1$%%2' ,/ 0$%%2' (!&%' 1$%%2'6 #!*% +,' "!-,' %,'#,0/&7,",(/ !%/;!8!($+ ,/ /$(=

8,(/ $* #+$( ( ~X, ~Z)> 4$6 ?(/,%#!+$/&!( ,/ 0$+0*+ (*"2%&<*, 0!(0,%($(/ +3$1'!%#/&!(> 416
?(/,%#!+$/&!( ,/ 0$+0*+ (*"2%&<*, 0!(0,%($(/ +32"&''&!(>

%&' ()*(+*' ,+-./01+&' 2),' *& 3*), ( ~X, ~Z) ,& 3/.'&,4&,4 )+(+,& 0//.5+*)/04. ,0 2.67/8

-)407, 2&' ,)33&' )+ 970'0,)5& 2&' ):&' 73401+&' ; *<),5*& Vz! =, 3)/40(+*0&/> *&' '&(407,'

(0/(+*)0/&' ()*(+*.&' 2&' ,)33&' 2<0,20(&' 0-)50,)0/&' ,& 3/.'&,4&,4 3)' *&'  !"#$%&&'(" &

7?'&/9.&' 37+/ *<.-0''07, '&*7, 2&' 20/&(407,' 2&' 1+)4/& 7-?0*0('! %<0-37/4),(& 2& *) 20'8

4/0?+407, 2& 20/&(407,' 2& 3/73)5)407, (7,'02./.&' '0-+*4),.-&,4 )+ (7+/' 2&' -&'+/&'

'&-?*& '& -),06&'4&/ 3/0,(03)*&-&,4 '&*7, *&' 20/&(407,' )''7(0.&' )+: 20'(7,40,+04.' 2&'

,)33&' 2&' 0,20(&' /.&*'! @& 370,4 '&/) ; ,7+9&)+ 20'(+4. &4 0**+'4/. )+ 3)/)5/)3A&  !B!C!

 !" #$%&' ()* &*+),-* ./'(&0)'-&12 )- 03-4/(/%/5$61)*

%&' .4+2&' &:3./0-&,4)*&' 2& *<)?'7/3407, &4 2& *) D+7/&'(&,(& 2),' Y COB : Nd

&, 67,(407, 2& *) 20/&(407, 2& 3/73)5)407, 2),' *& 3*), ( ~X, ~Z) &4 2+ -72& 3/73/& 2&

37*)/0')407,> 7,4 3&/-0' 2& 2.9&*733&/ 20E./&,4' )'3&(4'> 4),4 '+/ *& 3*), 67,2)-&,4)*

1+& '+/ *& 3*), -.4A727*7501+&!
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 !"!# $%&'()*+ ,+* -*.+/'* 01&,-2+&'-34

 !" #$%&%'( !)!*#'+" ,-# .!$/0" 1! /!##$! !- +&01!-*! 230-4'!-*! 5,$#! 1! 23%-0",#$,6

.0! 1! 2% .%$#0! $+!22! 1!" .$,.$0+#+" ,.#07'!" 20-+%0$!" 13'- /020!' "'$ 23%-0",#$,.0! 1!"

.$,.$0+#+" 13%8",$.#0,- !# 13+/0""0,-9 *! 7'0 % *,-1'0# : '-! 1!"*$0.#0,- #!-",$0!22! 1! 2%

.%$#0! 0/%;0-%0$! 1!" 0-10*!" *,/.2!(!"< =,'$ *>%7'! .$,*!""'" 5,-1%/!-#%2 1! .$,.%;%6

#0,-9 13%8",$.#0,-9 13+/0""0,- ".,-#%-+! !# 13+/0""0,- "#0/'2+!9 2% 1!"*$0.#0,- #!-",$0!22!

1! 2% .%$#0! $+!22! 1!" .$,.$0+#+" ,.#07'!" 20-+%0$!" *,/.2!(!" *,$$!".,-1 : 23!(0"#!-*!

13'-! 0-10*%#$0*! *,/.,"+! 1! 1!'( -%..!" 5!$/+!"9 %"",*0+!" : *>%*'- 1!" 1!'( /,1!"

.$,.$!" 1! .$,.%;%#0,-<

?!" #$%&%'( ,-# /0" !- +&01!-*! 7'! 10)+$!-#!" ;$%-1!'$" .>@"07'!"9 5$+7'!//!-#

%""0/02+!" : 1!" ;$%-1!'$" "*%2%0$!"9 ",-# !- 5%0# *,$$!*#!/!-# 1+*$0#!" .%$ 1!" ;$%-1!'$"

#!-",$0!22!"< A- .%$#0*'20!$9 1%-" 2! *%" 1!" /020!'( %-0",#$,.!"9 2!" *,!B*0!-#" 13A0-"#!0-

1!&$%0!-# C#$! 1+*$0#" .%$ 1!" ;$%-1!'$" #!-",$0!22!" 1! $%-; 1!'(<  !" $!2%#0,-" 7'0 2!"

20!-# ",-# +;%2!/!-# 1!" $!2%#0,-" #!-",$0!22!"9 !# -,- .%" "0/.2!/!-# 1!" $!2%#0,-" 1!

.$,.,$#0,--%20#+9 *,//! 2! .$,.,"! 23+7'%#0,- DE<FG 1%-" 2!" /020!'( 0",#$,.!"9 .'0"7'! 2!

#!-"!'$ [A21] !"# $!20+ %' #!-"!'$ [B21] : #$%&!$" 2! #!-"!'$ [n̂]39 ,H [n̂] .!'# C#$! $!"#$!0-#

!- .$!/0I$! %..$,*>! %' #!-"!'$ %"",*0+ '-07'!/!-# : "% .%$#0! $+!22!< J! /C/!9 '-!

+*$0#'$! *,/.2I#! 1!" $!2%#0,-" 1! K$%/!$"6K$L-0; 20%-# 2!" .%$#0!" $+!22! !# 0/%;0-%0$! 13'-

0-10*! ,.#07'! *,/.2!(! !- 5,-*#0,- 1! 2!'$ 10".!$"0,- $!".!*#0&! !- 2,-;'!'$ 13,-1! MNNO

-+*!""0#!$%0# '- 1+&!2,..!/!-# #>+,$07'! %P- 13!- ,8#!-0$ '-! +*$0#'$! #!-",$0!22! 1%-"

2!" /020!'( %-0",#$,.!"<

 3,8"!$&%#0,- !(.+$0/!-#%2! 1%-" 2! *$0"#%2 80%(! Y COB : Nd9 1! *2%""! 13,$0!-#%#0,-

/,-,*20-07'!9 13'- 1+*%2%;! %-;'2%0$! 1!" 10$!*#0,-" .$,.$!" 13%8",$.#0,- ,' 13+/0""0,-

.%$ $%..,$# %'( %(!" .$0-*0.%'( 1' $!.I$! ,.#07'! % *,-1'0# : 230-#$,1'*#0,- 1! -,'&!%'(

$!.I$!" 10%;,-%20"%-# 2% .%$#0! 0/%;0-%0$! 1!" .$,.$0+#+" ,.#07'!" 20-+%0$!" 13%8",$.#0,-

!# 13+/0""0,-< =,'$ #,'#!" 2!" *2%""!" 13,$0!-#%#0,- 1! .2'" >%'#! "@/+#$0!9 2!" 10)+$!-#"

$!.I$!" %"",*0+" : 2% .%$#0! 0/%;0-%0$! 1!" 0-10*!" ,.#07'!"9 %0-"0 7'! 2! $!.I$! ,.#07'!9

",-# *,-5,-1'" .'0"7'302" ",-# 0/.,"+" .%$ "@/+#$0! "!2,- 2!" %(!" *$0"#%22,;$%.>07'!"< =%$

*,-#$!9 .,'$ 2% *2%""! 13,$0!-#%#0,- #$0*20-07'! ,H 02 -3!(0"#! %'*'- 20!- !-#$! 2! $!.I$! ,.6
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 !"#$ $ %$ &$'(&$ )&!* +%%,-&+'.!"#$/ !% *$01%$ ),.2&$3 45+3 !)!'$& %+ *! #+ !,3 4$* &$'(&$*

!0+-!3+!&$* $3 +6&0+3 "#5!%* *,3 ),0'%( $0$3 !342'$34+3 * 4# &$'(&$ )&!* +%%,-&+7

.!"#$/ 4# &$'(&$ ,' !"#$/ 0+!* +#**! 28$3 $%%$0$3 ),0'%( $0$3 !342'$34+3 * $3 &$ $#9:

;!3*!/ 4+3* %$ )+* 45#3 )%+**$ 45,&!$3 + !,3  &!)%!3!"#$/ +#)#3 '%+3 '&!3)!'+% 4# &$'(&$

,' !"#$ 3$ ),&&$*',34 < #3 '%+3 '&!3)!'+% 45#3 4$* &$'(&$* %!2* < %+ '+& !$ !0+-!3+!&$ 4$*

!34!)$* 4$ &2=&+) !,3/ )$ "#! $3 ),0'%!"#$ %52 #4$:

./0( >:?@ A  !"#$%&' &() *+,)-'"#.#-," )'*.#-/' 0'& #),-& )'1%)'& 2(' &,"# *' )'1%)' ,1#-2('

Ropt3 *' )'1%)' 0+.4&,)1#-," R′abs '# *' )'1%)' 0' 5(,)'&6'"6' R′fluo 1,() *' 6)-&#.* 7,",6*-8

"-2(' 4-.9' Y COB : Nd3 .(9 *,":('()& 0+,"0' 0+.4&,)1#-," λp = 812 "7 '# 0+;7-&&-,"

λl = 1061 "7<

B+3* Y COB : Nd/ 3,* $9'2&!$3)$* 45+1*,&' !,3 $ 4520!**!,3 ,3 0!* $3 28!4$3)$ "#$

%$* 4$#9 &$'(&$* +**,)!2* *,3 4!* !3) *: C,#& +3 / +# ),#&* 4$* 4$#9 $9'2&!$3)$* &2+%!*2$*/

)$ *,3 %$* 0D0$* 4$3*! 2* 2%$) &,3!"#$* 4$* !,3* Nd3+
"#! ,3 2 2 *,%%!)! 2$*: E$'$34+3 /

$%%$* ,3 2 2 *,%%!)! 2$* $3 &$ 4$* 3!8$+#9 4!F2&$3 * 4523$&-!$: G+ 4$*)&!' !,3 $3  $&0$ 45,*7

)!%%+ $#&* 2%$) &,3!"#$* +**,)!2* +#9 4$#9  &+3*! !,3* 2%$) &,3!"#$* 4!F2&$3 $*/ < λp = 812

30 $ < λl = 1061 30/ ),34#! < 4$* ,*)!%%+ $#&* 4!F2&$3 * '#!*"#$ %$* 3!8$+#9 $3 23$&-!$

),3*!42&2* 3$ *,3 '+* %$* 0D0$*/ $ "#$ %$* ,&1! +%$* + ,0!"#$* ),&&$*',34+3 +#9 4!F27

&$3 * 3!8$+#9 35,3 3! %+ 0D0$ 4!* &!1# !,3 4$ '&,1+1!%! 2 4$ '&2*$3)$/ 3! 32)$**+!&$0$3 

%$* 0D0$* '&,'&!2 2* 4$ *H02 &!$: I% *$01%$ ),.2&$3 "#$/ ',#& 4$*  &+3*! !,3* &2*,33+3 $*
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 !"#$%&'%() *%( $%+,$%( -.!  !/01&/*!(%&' *%( +/$'!%( !2/0!&/!$%( /((13!#%( (1&'  !('!&3'() 3%

-.! 31&'$!4.% 5 %6+*!-.%$ *714(%$8/'!1& %6+#$!2%&'/*%  %  %.6 $%+,$%(  !('!&3'( R′abs /8%3

θabs = 31, 19%' R′fluo /8%3 θfluo = −6, 49) 3122% *% $/++%**% */ :0.$% ;<=><

?* (%$/!' !&'#$%((/&'  7%"%3'.%$  %( %6+#$!%&3%(  7/4(1$+'!1& %'  7#2!((!1& %&'$% *%(

2@2%( &!8%/.6 $#(1&&/&'( /:&  %  #:&!$ (!) +1.$ .&% '$/&(!'!1& #*%3'$1&!-.%  1&&#%)

*%( $%+,$%(  7/4(1$+'!1& %'  7#2!((!1& (1&' ! %&'!-.%() %' 31&('!'.%&' .& .&!-.% 14A%'

+BC(!-.% 31$$%(+1& /&' 5 .& .&!-.% $%+,$%  !/01&/*!(/&' */ +/$'!% !2/0!&/!$% /((13!#%

5 */ '$/&(!'!1& 31&(! #$#%) 1. 4!%& (7!* %6!('% $#%**%2%&' '$1!( $%+,$%( / +$!1$!  !('!&3'(

/((13!#( 5 *7/4(1$+'!1&) 5 *7#2!(((!1& ('!2.*#% %' 5 *7#2!((!1& (+1&'/&#%  % D.1$%(3%&3%<

E.!(-.% *7/4(1$+'!1& %' *7#2!((!1& ('!2.*#% (1&'  %.6 +$13%((.(  ./*( +1.$ .&% 2@2%

'$/&(!'!1& #*%3'$1&!-.% %' -.% *%( 31%F%&'(  7G!&('%!& '%&(1$!%*( [B12] %' [B21] (1&' $%*!#(

+/$ */ $%*/'!1& (3/*/!$% g1 [B12] = g2 [B21]) !* (%24*% *10!-.% -.7!* %6!('% .& .&!-.% $%+,$%

 !/01&/*!(/&' *7/4(1$+'!1& %' *7#2!((!1& ('!2.*#% +1.$ .&% '$/&(!'!1&  1&&#%< E/$ 31&'$%)

*7#2!((!1& (+1&'/&#% (%24*% 5 +/$') %' */ $%*/'!1& '%&(1$!%**% -.! *!% [A21] %' [B21] '%& 

5 (.00#$%$ -.% 3% +$13%((.( %('  !/01&/*!(/4*%  /&( .& $%+,$%  !('!&3'  % 3%*.! /((13!# 5

*7/4(1$+'!1& %' 5 *7#2!((!1& ('!2.*#%) 2@2% (7!* (7/0!'  % */ 2@2% '$/&(!'!1& $#(1&&/&'% %'

 . 2@2% +1'%&'!%* 31.*124!%&  % $/++%* /.-.%* %(' (1.2!( */  %&(!'# #*%3'$1&!-.% #'. !#%<

H7/&!(1'$1+!%  %( +$1+$!#'#(  7/4(1$+'!1& %'  7#2!((!1& 1&' .&!-.%2%&' #'#  #3$!'%(

3122% !((.%  % *7/&!(1'$1+!% 4!/6!/*%  . 2!*!%. %&8!$1&&/&'< H/ &1'!1&  % (!'% 3$!('/**10$/I

+B!-.%  7!&(%$'!1& %'  % (.4('!'.'!1&  %( !1&( D.1$%(3%&'( /. (%!&  % */ 2/'$!3% /&!(1'$1+%)

/!&(! -.% *71$!%&'/'!1&  %( !1&( /. (%!&  % 3%( (!'%( &7/ +/(  . '1.' #'# &#3%((/!$% +1.$ */

 %(3$!'+!1& 'B#1$!-.% -.! / #'# +$1+1(#%< J%+%& /&') 3%( -.%('!1&(  7133.+/'!1&  % (!'%(  %

0#12#'$!%( %'  % (C2#'$!%( #8%&'.%**%2%&'  !"#$%&'%(  1!8%&' /81!$ .& *!%& /8%3 */ 8/*%.$

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

*% $%+,$% 1+'!-.%< ?* (%$/!' !&'#$%((/&' 5 *7/8%&!$  7%"%3'.%$  %( %6+#$!%&3%(  7/4(1$+'!1&

1.  7#2!((!1& /. (%!&  7.&% 2@2% 2/'$!3%) 2/!(  /&( */-.%**% *7!1& D.1$%(3%&' 133.+%

(#*%3'!8%2%&'  %( (!'%(  % 0#12#'$!%(  !"#$%&'%( /:&  % -./&'!:%$  % 2/&!,$% (+#3!:-.%

*7!&D.%&3%  % */ 0#12#'$!%  %( (!'%( 31&(! #$#(< ?* (%$/!' #0/*%2%&' !&'#$%((/&'  7%"%3'.%$

 %( %6+#$!%&3%() /8%3  %( !1&( D.1$%(3%&'( /. (%!&  7.& 2@2% (!'%) -.! (1**!3!'%&'  !"#I

$%&'%( '$/&(!'!1&( %& /4(1$+'!1&  7.&% +/$') %'  !"#$%&'%( '$/&(!'!1&( %& #2!((!1&  7/.'$%
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 !"# $ %&'!  &"(&##"!)# *& +!)"& ),#&"-&,)".  /0" 0, (1(&  "/%&2202 +/,*!(&,#!' *3!45

2/" #)/, /0 *36()22)/,. *&2 /"4)#!'&2 !#/()70&2 *& 28(6#")&2 *)96"&,#&2 *30, (1(& )/,

:0/"&2%&,#. &# *36#0*)&" '&0" ),:0&,%& 20" '! -!'&0" *0 *6%!'!;& !,;0'!)"& "620'#!,# &,#"&

'&2 *)96"&,#2 "& <"&2= >,?,. '3),:0&,%& *0 %/*/ !;& *& (!#")%&2 !,)2/#"/ &2 !-&%  '02)&0"2

)/,2 :0/"&2%&,#2 *)2#),%#2 20" '3!,)2/#"/ )& *&2  "/ ")6#62 / #)70&2 '),6!)"&2 *3!42/" #)/,

&# *36()22)/, &2# 6;!'&(&,# 0, !2 &%# ")%@& A 6#0*)&"=

B!,2 0,  "&()&" #&( 2. %& #8 & *& #"!-!0C /0-"& 0, %@!( *3),-&2#);!#)/, 20" '!
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15*--*&+ $72- *+).+-. $&2% 7.- /.23 &56*7*0- '--&0*1- B 7@'3. &$)*42. 7. $72- $%&0C. /2

IJ



 !"#$%&' $$( ")$*+%&+#$' ,'* #&+#&$-%-* ,' Y COB : ND

 !"#$ "%& $& '(&'')*+& $,-.!/,&0 1&' 23()' " ,1, .4+&!5, *.3! '(,/)++).# $& 63.!&+7&#7& +3!

'" 8 3!& 9:;9:
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~(X, ~Z)9 =!./"2"-).& ,"&% 4+% /4"&% 7
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(
cos2(θ)

n2
o

+ sin2(θ)
n2

e

)3/2
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.
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!7#2$&%!10+3!"; ,! ?(& #!$%!0 )-+##$2>!1)!$ ,/$$!,0!%!10 3!" )&"0$&.(0&/1" +1A(3+&$!" )!
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#+" +(7 )&$!,0&/1" #$/#$!" )( $!#'$! /#0&?(!; ,! ?(& 1/(" + ,/1)(&0 C &10$/)(&$! )!(7
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"#>'$!; +8!, 3-+I/(0 )! 3+ %!"($! )! 3+ )&"0$&.(0&/1 +1A(3+&$! )! 3-+."/$#0&/1 !0 )! 3+
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&$ Y COB $+ Y COB : Nd '%) #! /#!6$ '/$*+)!#$7

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

$%&' ()%*' +,+-.&/0 1(*' 2+' 32(*' 345*-53(&6 1& 4+374+ %3.58&+0 1+' 9+'&4+' 1/-45.+'

1(*' 2+ 3(4(:4(3;+  !<0 3%4.(*. '&4 2+' 154+-.5%*' 1=(--%41 1+ 3;('+ 1+ >?@ 1+ .A3+ B0

(5*'5 8&+ 2+' 9+'&4+' 1+ 15'.45C&.5%*' (*:&2(54+' +* 2&9574+ 3%2(45'/+ 1+ 2=(C'%43.5%* +. 1+

2=/95''5%* 1/-45.+' 1(*' 2+ 3(4(:4(3;+ <! !D 1& -;(35.4+ <! B2 (33(4(E. 9(5*.+*(*. *(.&4+2

1+ )%&2%54 34%2%*:+4 2( 9/.4%2%:5+ 1+' 34%345/./' 1+ Y COB : Nd '+2%* *=593%4.+ 8&+22+

154+-.5%*0 +. +* 3(4.5-&25+4 '+2%* 2+ 2%*: 1& -F*+ 1+ >?@ 1+ .A3+ B!

G+' 9+'&4+' 34/'+*./+' -5H1+''%&' '%*. 1%**/+' I .5.4+ 522&'.4(.5J! K* +,+.0 2( 4/(25'(.5%*

+6;(&'.5)+ 1+ 9+'&4+' '/3(4/+'0 1+' 34%345/./' %3.58&+' *%* 25*/(54+' 3&5' 1+' 34%345/./'

1=(C'%43.5%* +. 1=/95''5%*0 *=+'. 3(' 2=%CL+-.5J 345*-53(2 )5'/ 5-5! M(33+2%*' 8&+ *%.4+

%CL+-.5J +'. 1=(22+4 )+4' &*+ 9/.4%2%:5+ 154+-.+ 1+ 2=(&.%H1%&C2(:+0 -=+'.HIH154+ )+4' &*+

&*+ 9+'&4+ '59&2.(*/+ 1+' 34%345/./' 2('+4 +. *%* 25*/(54+'!

G+ 3(4(:4(3;+ "! !< 1& -;(35.4+ " 34/'+*.+ 2( 3%''5C525./ 1+ 9+'&4+4 154+-.9+*. 1+'

-F*+' 1=(--%41 1+ 3;('+ I 3(4.54 1=&*+ '3;74+ 32(-/+ 1(*' &* -+4-2+ 1=K&2+4! N+..+ 9/H

.;%1%2%:5+ ( /./ (33258&/+ I 2( 9+'&4+ 1=&*+ 3%4.5%* 1+ -F*+ 1=(--%41 1+ 3;('+ 1+ >?@

1+ .A3+ B0 I 2( 2%*:&+&4 1=%*1+ J%*1(9+*.(2+ λω = 1061 *90 -%44+'3%*1(*. I 2( 2%*:&+&4

"OP



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"# $  $ %&"'$()$#)$  $ Y COB : Nd*

+, -.&'$ /*0*1,2 3'4($#5$ 6$(  "##4$( $734'89$#5,6$( )"''$(3"# ,#5 ,&7  8'$)58"#(

 !,))"'  $ 3:,($  $ ;<=  $ 5>3$ ?@ :"'(  $( 36,#( 3'8#)83,&7* +, -.&'$ /*0*1A2  "##$@

$# &#854( ,'A85',8'$(@ 6!4B"6&58"#  & '$# $9$#5  $ ;<=  $ 5>3$ ? 6$ 6"#.  !&#$ 3"'58"#  &

)C#$  !,))"'  $ 3:,($ 3'4($#54 3,' 6, -.&'$ /*0*1,2*

678( /*0 D  !"# $# %&' $# ()*# + #" ,--./$ $# *0,1# $,"1 Y COB : Nd 2 3453 "67 8,9
:#1;/#1 #<*=/>6#"(,?#1 8-,//=19 #( -.;/@# -,?-;?=# 8(/,>( -."(>";9 ABCD7 8@9 E#"$#6#"(1

#<*=/>6#"(,;< 6#1;/=1 8-,//=19 #( -.#F->#"( #G#-(>H -,?-;?= 8(/,>( -."(>";9 AIJD7

+$ )C#$  $ ;<=  $ 5>3$ ? (!45$# (&' 6$( 36,.$(  $ B,6$&'( $75'E9$( 30, 6F− 90F3"&'

θ@ $5 0F− 37, 6F3"&' φ* ;&' 6, 36,.$ ,#.&6,8'$ $736"'4$@ 6$(  "##4$( $734'89$#5,6$( ("#5

$# A"# ,))"' ,B$) 6, )"&'A$ ),6)&64$ G 3,'58'  $ 6, '4H4'$#)$ I0/J*

K"&'  4)'8'$ $#58L'$9$#5 6$ )C#$  $ ;<=  $ 5>3$ ?@ 86 ,&',85 H,66&  4)"66$' 6, (3:L'$@

6, '$)"66$'@ 3&8( 6, '4"'8$#5$' (&' 6, 5E5$ ."#8"945'8M&$* N$55$ 45,3$ $(5 ("&B$#5 )"O5$&($

$# 5$93(@ $5 )"#(585&$  $( 9"9$#5( '8(M&4( (&85$ G 6, 9,#83&6,58"#  $ 6, (3:L'$*

+, -.&'$ /*0*1A2 9$5 $# 4B8 $#)$@  ,#( 6$ 36,# ( ~X, ~Z)@ G φ = 0F $5 θ = 30, 7F@ &#$

 8'$)58"#  $ ;<= G PQRP #9@  "#5 6!$S),)854  $ )"#B$'(8"# $(5 ,))$35,A6$@ 3&8(M&!$66$

#!$(5 3,( (5'8)5$9$#5 #&66$* T# $U$5@ 6$ )"$S)8$#5 $U$)58H ,((")84 #!$(5 3,( #&6* N$55$

 8'$)58"# 3"&'',85@ 3,' $7$936$@ E5'$ &#$  8'$)58"# 8#54'$((,#5$ ($6"# 6,M&$66$ 6, '4,68(,58"#

 $ 6!,&5"V "&A6,.$ 3"&'',85 E5'$ 5$#54$*

;&' 6, 3"'58"#  4)'85$  & )C#$  $ ;<=  $ 5>3$ ?@  $( 9$(&'$(  $ 5',#(98((8"# G

λpompe = 821 #9@ $5  !498((8"# G λfluo = 1061 #9 "#5 454 $U$)5&4$( $# 6&98L'$ 3"6,'8(4$*

+$(  "##4$( $734'89$#5,6$( ("#5  "##4$( $# &#854( ,'A85',8'$( 3,' 6, -.&'$ /*/* +!")5,#5

PQW



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

./ *"2'-#$')#"% 2/ 2"%4 ./$  ",-3/$ *-+$/%)+/$5 6/$ $(03"2/$ 7"%) '2"-$ -+7+-/% /1 *",-

 !'8,/ .#-/ )#"% ./ 0/$,-/ 2/ 2"%4 .,  9%/1 ',: )-'%$0#$$#"%$ 0':#0'2/ /) 0#%#0'2/ ;

<=> %01 /) ; 2&+0#$$#"% 0':#0'2/ /) 0#%#0'2/ ; =?@= %01 $'%$ *-+ #$/- 2'  "--/$*"%.'% /

'A/ 2/ 0"./ ./ *"2'-#$')#"% $"22# #)+5

678( B5B C  !"#$!" !% #%&'(" )$*&'$)&$! +! +,%- ./#%! 0,$'&,% .# 12%! ./)11,$. .! 03)"! .!

456 .! '70! 8 .)%" Y COB : Nd9 "!+,% +!" .!#: ;,.!" .! 0,+)$&")'&,%< =)> ?$)%";&""&,%<
=*> @+#,$!"1!%1! =)A!1 -#&.! !% 0,&%'&++( 0,#$ +/,!&+><

 !"#$%&!

6/ *'-'4-'*!/ >5B5D .,  !'*#)-/ > ' 0#$ /% +A#./% / 2' 3-#$,-/ ./ $(0+)-#/  '-' )+-#$+/

*'- 2&/:#$)/% / ./$ -/*E-/$ *-"*-/$ 2#+$ -/$*/ )#A/0/%) ; 2&'3$"-*)#"% /) ; 2&+0#$$#"%5 F'%$

2/  '$ ./  -#$)',: ./ 0G0/  2'$$/ ./ $(0+)-#/ .&"-#/%)')#"% 8,/ Y COB : Nd1 #2 %/ $,3$#$)/

8,&,% $/,2 /) ,%#8,/ *2'% ./ $(0+)-#/ 0#-"#-1 2/ *2'% ( ~X, ~Z)1 2'#$$'%) #%A'-#'%)/$ 2/$

*-"*-#+)+$ "*)#8,/$  -#$)'22#%/$5 H/2' ' *",-  "%$+8,/% / 8,/1 .'%$ ,%/ +),./ $,  /$$#A/

./$ *-"*-#+)+$ "*)#8,/$ %"% 2#%+'#-/$ *,#$ ./$ *-"*-#+)+$ .&'3$"-*)#"% /) .&+0#$$#"% 2/

2"%4 ./$  9%/$ ./ IJK1 #2 %&/$) *'$ $,L$'%) ./ $/ 2#0#)/- ; ./$ 0/$,-/$ -/$)-/#%)/$ ; ,%

" )'%) ./ 2&/$*' /1 )/2 8,&#2 /$) 4+%+-'2/0/%) 7'#) /% "*)#8,/ %"% 2#%+'#-/5 M% /N/)1 $&#2

/:#$)/ ,% ,%#8,/ *2'% ./ $(0+)-#/ 0#-"#-1 '2"-$ #2 7',) 0/$,-/- 2/$ *-"*-#+)+$ .&'3$"-*)#"%

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

-/*E-/ "*)#8,/1 0'#$ .'%$ ,% ./0#O/$*' / .+P%# *'- 2/ *2'% ( ~X, ~Z)1 $"#) .'%$ 8,')-/

" )'%)$5 H/ #  "%$#),/ ,% )-'A'#2 #0*"-)'%) /% A,/ ./ .+P%#- 2/ *"#%) ./ 7"% )#"%%/0/%)

"*)#0,0 ./  -#$)',: ."*+$ ./  2'$$/ ./ $(0+)-#/ .&"-#/%)')#"% 0"%" 2#%#8,/5

=?@



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "#$%&!'!( )*+ $*+,-*+ .*+ .&-*"(&#!+ ./'""#-. .* 01'+* .* 234 .* (50* 6 *( .*+

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

0#,7#!+ +8)*"(&#!!*-9 .'!+ )* -*0:-* #0(&;,*9 .*+ .&-*"(&#!+ +,+"*0(&%)*+ .* "#!.,&-* < ,!

0-#"*++,+ ./',(#=.#,%)'>*?

 !" #$%%&'( ()* '&( '&+,-''&( ,.&*/-0)&( &, '&( 121( 3

4$(& 5& 6*-(,$)7 68'-+5*-0)&(

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

@*+ 0-#"*++,+ (1*-$&;,*+ '00'-'&++*!( .'!+ )*+ $&)&*,A )'+*- +#)&.*+ )#-+;,* )' ;,'!(&(8

./8!*->&* "#!7*-(&* +#,+ B#-$* .* "1')*,- "#!.,&( < .*+ $#.&C"'(&#!+ $'"-#+"#0&;,*+ .,

$&)&*,9 *( !#('$$*!( .* +*+ &!.&"*+ .* -8B-'"(&#! DEFG? @/8('( '"(,*) .*+ "#!!'&++'!"*+ +,-

)/#-&>&!* .*+ 0-#"*++,+ (1*-$&;,*+ 0*,( H(-* -8+,$8 .* )' B'I#! +,&7'!(* DEJG K

• ,!* 0'-(&* *+( .,* ', .8B',( ;,'!(&;,*9 "/*+(=<=.&-* < )/8!*->&* '%+#-%8* ;,& !/*+(

0'+ -*+(&(,8* .* $'!&:-* -'.&'(&7*9 "#--*+0#!.'!( < )' .&L8-*!"* ./8!*->&* *!(-* )*

01#(#! 0#$0*9 .* )#!>,*,- ./#!.* λpompe9 *( )* 01#(#! )'+*-9 .* )#!>,*,- ./#!.*

λlaser > λpompe?

• )/',(-* "#$0#+'!(* *+( '((-&%,8* ',A 01#(#!+ 0#$0* '%+#-%8+ ;,& !* "#!.,&+*!(

"*0*!.'!( 0'+ < ,! 0-#"*++,+ -'.&'(&B?

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

.&'(&7*9 *+( (-'!+B8-8* < )' $'(-&"* "-&+('))&!* +#,+ B#-$* (1*-$&;,*? N*"& "#!(-&%,* < .*+

',>$*!('(&#!+ .* (*$08-'(,-*9 "#!.,&+'!( < (-#&+ *L*(+ .8"-&(+ "&=.*++#,+?

O!* $#.&C"'(&#! (-'!+7*-+* .* )' .&+(-&%,(&#! .* (*$08-'(,-* "#!(-&%,* < "-8*- ,!

>-'.&*!( (-'!+7*-+* ./&!.&"* .* -8B-'"(&#! 0'- *L*( (1*-$#=#0(&;,*9 "#!.,&+'!( < )' "-8'=

(&#! ./,!* )*!(&))* 80'&++*9 '00*)8* )*!(&))* (1*-$&;,*9 *( .#!( )' .&+('!"* B#"')* 0*,( 7'-&*-

(-'!+7*-+')*$*!( *( )#!>&(,.&!')*$*!( .'!+ )* "-&+(')? O!* (*))* )*!(&))* *+( *! >8!8-') *!=

('"18* ./'%*--'(&#!+ +018-&;,*+?

@*+ "#!(-'&!(*+ (1*-$&;,*+ 0*,7*!( ',++& "#!(-&%,*- < ,!* .&)'('(&#! -'.&')* ., "-&+(')9

&!(-#.,&+'!( ,!* %&-8B-&!>*!"* -'.&')* < )/#-&>&!* ./,! *L*( .* %&=B#",+?

JFP



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

.'5%.$ $% +!&)+.$ )!$ 6078.$ /-).*).$ &$( 9'/$( &) /.+(%'6 +!+%+'6$,$!% 26'!426'!:

;-.(1)<)! *'..$') $(% 2-,20 %.'!(3$.('6$,$!% $% &$ ,'!+8.$ 2'.'*-6+1)$ =>?@# %-)( 6$(

$A$%( /+%0( /+4&$(()( .$!&$!% 6$ *'..$') -2%+1)$,$!% 01)+3'6$!% B )!$ 6$!%+66$ %C$.,+1)$#

&-!% 6' 9-/'6$ !-! 2$.,'!$!%$ (<0%'*6+% %D2+1)$,$!% (). &$( %$,2( &$ 6<-.&.$ &$ 6' ($/-!&$:

E-). &$( 2-,2'7$( &$ /'3+%0 $! .07+,$ /-!%+!) -) B C')%$4/'&$!/$# 6' &+(%.+*)%+-! &$

%$,20.'%).$ $(% (%'%+-!!'+.$ &'!( 6$ /.+(%'6# $% 6' 6$!%+66$ %C$.,+1)$ $(% '6-.( &$ 9-/'6$

/-!(%'!%$ &'!( 6$ %$,2(: F!$ %$66$ 9-/'6$ $(% 9-!/%+-! &$ 6' &02$!&'!/$ &$( +!&+/$( '3$/

6' %$,20.'%).$# &$ 6' 2)+(('!/$ &$ 2-,2'7$# '+!(+ 1)$ &$ 6<$G/'/+%0 &) &+(2-(+%+9 &$

.$9.-+&+(($,$!%:

;$( 6$!%+66$( %C$.,+1)$( -!% &$( &+(%'!/$( 9-/'6$(# fth# &$ 6<-.&.$ &) ,8%.$# 3-+.$ &$ 6'

&+H'+!$ &$ /$!%+,8%.$( =>?@ I $66$( 2$)3$!% &-!/ 'A$/%$. 6' (%'*+6+%0 &$( /'3+%0(# $% +6 $(%

+,2-.%'!% &$ 2.$!&.$ $! /-,2%$ 6$). $J+(%$!/$ ') /-).( &$ 6' /-!/$2%+-! &<)! 6'($.:

K-)%$ /'3+%0 6'($. 6+!0'+.$ 2$)% L%.$ .',$!0$ B )!$ /'3+%0 01)+3'6$!%$# +66)(%.0$ 2'. 6'

"7).$ M:N:O'P# /-,2-(0$ &<)! ,+6+$) ',26+"/'%$). $% &$ &$)J ,+.-+.( M1 $% M2 &$ .'D-!(

&$ /-).*).$ R1 $% R2 =>Q@: F! ,+6+$) ',26+"/'%$).# ($ /-,2-.%'!% -2%+1)$,$!% /-,,$ )!$

6$!%+66$ %C$.,+1)$ 02'+(($# &$ 9-/'6$ fth# 2-((8&$ &$)J 26'!( 2.+!/+2')J# .$(2$/%+3$,$!%

26'/0( ')J &+(%'!/$( C $% C< &$ /C'/)!$ &$( 9'/$( &) /.+(%'6# /-,,$ 6<+66)(%.$ 6' "7).$

M:N:O'P: ;$( ,+.-+.( M1 $% M2 (-!% '6-.( .$(2$/%+3$,$!% 26'/0( ')J &+(%'!/$( L1 $% L2 2'.

.'22-.% B /C'/)! &$( 26'!( 2.+!/+2')J:

F!$ %.'!(9-.,'%+-! /6'((+1)$ /-!(+(%$ B '//-6$. 6$( 26'!( 2.+!/+2')J &) ,+6+$) ',26+"4

/'%$).# /$ 1)+ .$3+$!% B .$%.'!/C$. &$ 6' /'3+%0 6+!0'+.$# 6' 2-.%+-! &$ ,+6+$) ',26+"/'%$).

/-,2.+($ $!%.$ /$( &$)J 26'!( =>M@: ;' /'3+%0 01)+3'6$!%$# .$2.0($!%0$ 2'. 6' "7).$ M:N:O*P#

$(% '6-.( /-!(%+%)0$ &<)!$ 6$!%+66$ ,+!/$ &$ 9-/'6$ fth# $% &$( &$)J ,+.-+.( M1 $% M2:

;$ &-,'+!$ &$ (%'*+6+%0 &$ 6' /'3+%0 6'($. 6+!0'+.$ &$ 6' "7).$ M:N:O*P $(% &0"!+ 2'.

6<+!07'6+%0 ()+3'!%$ R

0 < g1g2 < 1 OM:?P

?ST



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !" #  !"#$% &'()* !%+,-# .%/*0 .,)#%,0* !1$210-%)- () $,.,*( %$2.,3!%-*(0 12-,4

5(*$*)- #5(,+%.*)- 6 ()* .*)-,..* -"*0$,5(* &* 71!%.* fth8 9%: ;%+,-# 0#*..*8 9<: ;%+,-#

12-,5(*$*)- #5(,+%.*)-* !1$20*)%)- ()* .*)-,..* $,)!* &* 71!%.* fth8

$%&' g1,2 = 1− L2,1

fth
− L′

R1,2
( &) L′ = L1 + L2 − L1L2

fth

*& +$,-. )/01 23.3/$4&( 4& 5-6$7.& 5& 1)$8747)3 '-//&19-.5$.) &1) /&9/31&.)3 &. :$':;/3

1;/ 4$ <2;/&  !=!

678(  != # =1$%,)* &* /-%<,.,-# &*/ !%+,-#/ .,)#%,0*/> 5(, 2*(+*)- -1(-*/ ?-0* 0%$*)#*/ 6

.% !%+,-# 0*20#/*)-#* 2%0 .% 3@(0* A8B89<:8 =1$%,)* &* /-%<,.,-# !100*/21)&%)- 6 .% C1)*

"%!"(0#* &%)/ .* 2.%) (g1 , g2)> *- &1)- .*/ .,$,-*/ &* &1$%,)* *) g1 = 0> g2 = 0 *- g2 = 1
g1

/1)- *D!.(*/8

 !" #!$#%"!&'(')*&" +,-,.(/ !' +,-,.0/ 1*&23)"!&' 4 5( 676! 2!"1#)$')*& 23 6*2! 5("!#

8*&2(6!&'(59 2*&' 5!" '()55!" 23 6*2! 8*&2(6!&'(5 "*&' #!"$!1'):!6!&' w1 !' w2 "3# 5!"

6)#*)#" M1 !' M29 ()&") ;3! w3 (3 &):!(3 2!" 2!3< $5(&" $#)&1)$(3<9 1=!"'>4>2)#! (3 &):!(3

?@A



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "# "!$%&""! '&$(!  ! "# )*+,! -./.012. 3!4 %#&""!45 6+& 47$% "!4 ,#87$4 %,#$49!,4!4 : 1/e2
!$

&$%!$4&%;  + '7 ! "#4!, <7$ #'!$%#"5 $! (7,,!4=7$ !$%  7$( =#4 $;(!44#&,!'!$% :  !4 (7"4

 ! (! '7 !. 3!4 %#&""!4 47$%  ;)$&!4 =#, "!4 !>=,!44&7$4 4+&9#$%!45 λlaser ;%#$% "# "7$*+!+,

 ?7$ !  + '7 ! *;$;,;  #$4 "# (#9&%;5 47&% @





w1,2 =

(
λlaser|L′|

π

√
g2,1

g1,2 (1− g1g2)

)(1/2)

w3 =


λlaser

π

√
4u1u2g1g2 + (u1 − u2)

2

g1g2 (1− g1g2)




(1/2)
0-.A2

#9!( u1,2 = L1,2

(
1− L2,1

R1,2

)
.

 !"!# $%& '&()**+,%-.& /+.+01,.)2-%& '3,)2-%& (4*)56.)2-%&

B!4 %,#9#+> #$%;,&!+,4  ! "?;6+&=!  ! C!$7D% C7+"#$*!, 7$% =!,'&4 "# (7$(!=%&7$ !%

"# ,;#"&4#%&7$  ?E4(&""#%!+,4 F#,#';%,&6+!4 E=%&6+!4 χ(2)
0EFE2 1#4;4 4+,  !4 (,&4%#+>

+4&$;4 47+4 <7,'!  ! (8"&$ ,!4 7,&!$%;4 !% ="#(;4 #+ 4!&$  ?+$! (#9&%; (7$4%&%+;!  !  !+>

'&,&7,4 ="#$4 M1 !% M2 GH/IHJK. L$ 4(M;'#  ?+$! %!""! 47+,(!5 #==!";! EFE (8"&$ ,&6+!5

!4%  7$$; =#, "# )*+,! -.H5 7N R !4% "! ,#87$  + (,&4%#" (8"&$ ,&6+!5 d1 !% d2 47$% "!4

 &4%#$(!4 !$%,! "!4 4+,<#(!4  + (,&4%#" : =,7=,&;%;4 7=%&6+!4 $7$ "&$;#&,!4 !% "!4 '&,7&,4 M1

!% M2 ,!4=!(%&9!'!$%.

O#$4 +$! (#9&%; EFE χ(2)
5  !+> 7$ !45  ! "7$*+!+,4  ?7$ ! 4&*$#" !% (7'=";'!$%#&,!5

$7%;!4 λsignal !% λcompl. ,!4=!(%&9!'!$%5 47$% *;$;,;!4 : =#,%&,  ?+$! 7$ ! =7'=!5 : λpompe5

%!""! 6+! λ−1
pompe =

(
λ−1

signal + λ−1
compl.

)−1
. B# (#9&%; EFE =!+% P%,! 4&'="!'!$% ,;47$$#$%!5

: λsignal 7+ λcompl.5  7+1"!'!$% ,;47$$#$%!5 : λsignal !% λcompl. GHQK5 97&,! %,&="!'!$% ,;47$R

$#$%!5 : λsignal5 λcompl. !% λpompe GSTK.

B# <7,'! (8"&$ ,&6+! =!,'!%  ?#((; !, : %7+%!  &,!(%&7$  ?#((7,  ! =M#4! (7$%!$+!

 #$4 "! ="#$  + (8"&$ ,!5 %7+% !$ ,!4%#$% !$ &$(& !$(! $7,'#"!. B?#((7, #1&"&%; #$*+"#&,!

 ! "?EFE !4%  7$( &$)$&!5 (7$%,#&,!'!$% #+ (#4  ! "# (7$)*+,#%&7$ ("#44&6+!5 7N "! (,&4%#"

$7$ "&$;#&,! !4%  ! <7,'! =#,#"";";=&=; &6+!.

B! (,&4%#" : =,7=,&;%;4 7=%&6+!4 $7$ "&$;#&,!4 +%&"&4; ;%#$% +$ '&"&!+ #$&47%,7=!5 "?&$ &(!

n±(θ, φ) 47""&(&%;5 : "# "7$*+!+,  ?7$ ! ,;47$$#$%!  #$4 "# (#9&%; EFE5  ;=!$  ! "#

UUT
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678(  !" #  !"#$%&' %' ()* %+,$ %#-./0&' %' 123 4. 5"-46 %-$7 ,$' 4-8#06 9*9 5"-$:

5"-$; <' 4&#70-" '70 .=$06 7,& ,$' 0>0' ?=$#=.60&#@,'2 A-4#"#0-$0 "'7 =56&-0#=$7 %' 4'$0&-?'

'0 %+=&#'$0-0#=$ B#77, %' CDEFG;

$%&'()%*+ $' ,&*,-.-)%*+/ $0 1*$' $' ,*2-&%3-)%*+/ )'2 40' 2' $5(&%) 26'7,&'33%*+ 89!:; $0

(<-,%)&' 9! ='3 (>2%+$&'3/ $' &->*+ $' (*0&?0&' R/ (*&&'3,*+$'+) @ 0+' 2'+)%22' (>2%+$&%40'

5,-%33'/ $' A*(-2' ,*3%)%B'/ fH
cyl/ $-+3 2' ,2-+ <*&%C*+)-2 $' 2- (-B%)5 DED/ 3*%) F"GH I

fH
cyl =

n±(θ, φ)R

2(n±(θ, φ)− 1)
8 ! ;

='3 ,2-+3 ,&%+(%,-07 $' 2- 2'+)%22' (>2%+$&%40' 3*+) (*+A*+$03/ ') 3*+) ,*3%)%*++53 ,-&

3>15)&%' -0 ('+)&' $0 (>2%+$&'! =- A*(-2' (>2%+$&%40' $-+3 2' ,2-+ <*&%C*+)-2 '3) $' 26*&$&'

$' .&-+$'0& $0 &->*+ $' (*0&?0&' $0 (&%3)-2 (>2%+$&%40'! ='3 )-%22'3 ('+)%15)&%40'3 $'3

&->*+3 R (*+$0%3'+) @ $'3 )-%22'3 )>,%40'3 $' A*(-2'3 (>2%+$&%40'3 $' 40'240'3 ('+)%1J)&'3

-0 ,203! K' 3*+) $*+( $'3 A*(-2'3 )&J3 (*0&)'3/ 40% ,'0B'+) A-(%2'1'+) '+.'+$&'& $'3

,<5+*1J+'3 $6-?5&-)%*+3 .5*15)&%40'3/ ') ,*0& 2'340'22'3 %2 '3) $*+( '33'+)%'2 $' 36-330&'&

$'3 (*+$%)%*+3 $60)%2%3-)%*+ -L+ $' &'3)'& $-+3 26-,,&*7%1-)%*+ $' 26*,)%40' ,-&-7%-2'!

=6*&%'+)-)%*+ $0 (&%3)-2 $-+3 2- (-B%)5 (*+$%)%*++' 2- B-2'0& $' 26%+$%(' 3*22%(%)5 n±(θ, φ)/

(' 40% %+M0'+(' $*+( $%&'()'1'+) 2- B-2'0& $' 2- A*(-2' fH
cyl -33*(%5'! N' ,203/ %2 '7%3)' 0+'

$%3,'&3%*+ '+ 2*+.0'0& $6*+$' $' 26%+$%(' *,)%40'/ (' 40% '+)&-O+' 5.-2'1'+) 0+' $%3,'&3%*+

999



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

,#'% "! (#%  -.'! (#/$&0 121 #/!( 3$4*$4% 5"#'%6 "# "!'&$""! fH
cyl !%& "! %!." 0"03!'&

)*(#"$%#'&  ! "# (#/$&06 (! 7.$ ".$ 5!43!&  -#%%.4!4 %!."!6  #'% "! 5"#' 8*4$9*'&#" .'$7.!:

3!'&6 "# %&#;$"$&0  ! (!&&! (#/$&0+ <! 5"#' /!4&$(#"6 (*'&!'#'& "-#=!  ! 4*&#&$*'  . (>"$' 4!

!& "-#=!  ! "# (#/$&06 '! /04$?! 5#4 (*'&4! 5#%  ! (*' $&$*'  ! %&#;$"$&0 @ (! 5"#' (*'%&$&.!

#"*4% .'! (#/$&0 3."&$:5#%%#A! '*' 40%*''#'&!+

B'?'6 "# (*'?A.4#&$*' %>30&4$7.!  !% (#/$&0% 121 (>"$' 4$7.!% # 0&0 54$/$"$0A$0!6 !'

$35*%#'& "-0A#"$&0  !%  $%&#'(!% !'&4! (8#(.'  !% 3$4*$4% 5"#'% !& "!% %.4)#(!%  . (4$%&#"+

<!% 40#"$%#&$*'% !=504$3!'&#"!% #%%*($0!% *'&  03*'&40 "# 5!4&$'!'(!  ! "-.&$"$%#&$*'

 ! "# 40)4#(&$*' $' .$&! 5#4 "# (*.4;.4!  !% )#(!%  . (4$%&#" '*' "$'0#$4!6 !' /.!  -#%%.4!4

"# %&#;$"$&0 !& "# 3$%! !' *%($""#&$*' 40%*''#'&!  -.'! (#/$&0 %$35"!3!'& 40%*''#'&!6 C "#

"*'A.!.4  -*' ! λsignal+ D!&&! #554*(8! # 0A#"!3!'& 5!43$%  ! 3!&&4! !' 0/$ !'(! 7.!

"! (4$%&#" '*' "$'0#$4! 5!.& %$3."&#'03!'& #/*$4 5*.4 )*'(&$*'  ! A0'04!4 "! 54*(!%%.%  !

(*'/!4%$*'  ! )407.!'(!6 #$'%$ 7.!  -#%%.4!4 "# %&#;$"$&0  ! "# (#/$&0 A4E(! C "# A0*30&4$!

(*.4;!  ! %!% )#(!%+

 !"! #$%&'

<!% %50($?($&0%  !% (#/$&0% "#%!4 #/!( "!'&$""! &8!43$7.!6 !&  !% 121 (>"$' 4$7.!% %*'&

4!5*4&0!%  #'% "! &#;"!#. F+G+

H/!( "!% 5.$%%#'(!%  ! 5*35#A! .&$"$%0!% #. (*.4%  ! '*&4! 30&4*"*A$!  !% (4$%&#.=

#.&*: *.;"!.4%6 #.(.' !I!& &8!43$7.! '-!%& #&&!' .+ D!5!' #'&6 "! )*43#"$%3!  0/!"*550

5*.4 (#4#(&04$%!4 "-$'J.!'(!  !% "!'&$""!% &8!43$7.!% 5*.44# K&4! .&$"$%0  #'% '*&4! 0&. !6

!' (*'%$ 04#'& #"*4% .'! (#/$&0 "#%!4 )!430! 5#4  !.= 3$4*$4% 5"#'%6 !& (*'&!'#'& 0A#"!3!'&

.'! "!'&$""!  *'& "-*4$A$'! 58>%$7.! !& "-*4 4!  ! A4#' !.4  ! %# )*(#"! 4!%&!'& C 540($%!4+

D!5!' #'&6$" !%& $35*4&#'&  ! '*&!4 7.! "-#554*(8! A0'04#"!3!'& 3!'0! '!  0(4$&

5#% 5#4&$(."$L4!3!'& "-0/*".&$*'  . 3* ! "#%!4 )*' #3!'&#" !'&4! "!% 5"#'% 54$'($5#.=  .

3$"$!. #35"$?(#&!.4 #'#"*A.! C .'! "!'&$""! &8!43$7.! 05#$%%! MNFO6 (! 7.$ (*'%&$&.!6  #'%

(# 4!  ! '*&4! 0&. !6 .'! $'%.P%#'(!+

QQG
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%67(  !" #  !"#$%#$&"' ()' #*+$&"' ,*')- *+)# ./) ,)/&$,,) &0)-1$2.)3 )& ()' #*+$&"' 454

*+)# ./ #-$'&*, /6/ ,$/"*$-) #7,$/(-$2.)8

$% &'()*+,-)% ./0%+'11/ 1'2( 23% 4*0,5/ 676 48+,3.(,92% %-5 4%(5*,3%)%35 4%+2, 92,

-% (*11('4:% +% 1+2- .% 3'- ;%-',3-! <%1%3.*35= ,+ 4'3-,.>(% 23% 4*0,5/ (/-'3*35%= .'35 +*

-5*;,+,5/ 3?%-5 *--2(/% 92% .*3- +% 1+*3 4'35%3*35 +* 4'2(;2(% .2 48+,3.(% 92, -% 4')1'(5%

4'))% 23% +%35,++% /1*,--%!

@'2- -'2:*,5'3- (/*+,-%( 23% 4*0,5/ +*-%(= A 1*(5,( .% +?/),--,'3 .% B2'(%-4%34% A λlaser

.*3- 23 4(,-5*+ *3,-'5('1%= 3'3 +,3/*,(% %5 +*-%(= 2-,3/ -'2- +* &'()% .?23% -1:>(% .%

.,)%3-,'3- ),++,)/5(,92%-! C+ %-5 .'34 1%(5,3%35 .?25,+,-%( +% &'()*+,-)% 1'2( +%- +%35,++%-

5:%(),92%-= 1'2( +%92%+ +* +%35,++% 4'3-,./(/% 5('20% -'3 '(,D,3% .*3- +* (/&(*45,'3 ,3.2,5%

1*( +* 4'2(;2(% -1:/(,92% .2 4(,-5*+! C+ 3'2- &*25 *,3-, 4'3-,./(%( 23% +%35,++% -1:/(,92%

/1*,--%= .'35 +* 0*+%2( .% +* .,-5*34% &'4*+% %-5 D'20%(3/% 1*( +% (*8'3 .2 4(,-5*+ -1:/(,92%=

%5 1*( +?,3.,4% n±(θ, φ; λlaser) -'++,4,5/ .*3- +* .,(%45,'3 .% 1('1*D*5,'3 A +* +'3D2%2( .?'3.%

λlaser!

 !" #$%&&% '()*+, &(-%. /0$. &1,+$2% 2%- '.*-+($3 ($+04

20$5&%$.- 6

@'2- -'2:*,5'3- 4'34%0',( 23% 4*0,5/ +*-%( 1+*3E1+*3= .'35 +* 1*(5,42+*(,5/ (%1'-% -2(

+* D/')/5(,% -1:/(,92% %5 +%- .,)%3-,'3- ),++,)/5(,92%- .2 ),+,%2 *)1+,F4*5%2(! G 3'5(%

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

") &%%#$2& +& +)7"$2' -!(2  &**&  #1$*)' .#  !"78(2#*$!" 8)!,)*2$9(& .# -.(% #+#-*)& 0

.3)*(+& +&%  2$%*#(4 #(*!:+!(;.&(2%5

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

+3#(*!:#  !2+ +& -=#%& +& 8)")2#*$!" +& %& !"+ =#2,!"$9(& +& .# >(!2&% &" & +(  2$%*#.

0 .3)*(+&5 ?&**&  #1$*) .#%&2 "3# -#% 1! #*$!" +3@*2& (*$.$%)&  !,,& %!(2 & .#%&2 -.# )& &"

#,!"* +3(" #(*2& +$%-!%$*$A5 6. "3#--#2#B* +!" -#% ") &%%#$2& +& 2& =&2 =&2 ("& !-*$,$%#:

*$!" %*2$ *& +& .# 8)!,)*2$& +& .#  #1$*) .#%&2 #7" +& .# 2&"+2& *2/% %).& *$1& 1$%:0:1$% +& .#

9(#.$*) %-#*$#.& +( A#$% &#( .#%&2 8)")2) CDEF5 <3#--2! =& +)1&.!--)& -!(2 .#  !" &-*$!" &*

.# 2)#.$%#*$!" +3(" GHG  I.$"+2$9(&% #1& +&(4 ,$2!$2% -.#"% %3#1/2& +!" %(J%#"*& -!(2

.3)*(+& +&%  2$%*#(4 #(*!:+!(;.&(2% CDD' DKF5

<#  !"78(2#*$!" 2&*&"(& -!(2 .#  #1$*) .#%&2 )*(+$)& &%*  !"%*$*()& +& +&(4 ,$2!$2%

-.#"% +& =#(*& 2)>&4$!" 0 .# .!"8(&(2 +3!"+& .#%&2 λlaser' &* +3(" ,$.$&( #,-.$7 #*&(2 +&

8)!,)*2$& %-=)2$9(& +& +$,&"%$!"% ,$..$,)*2$9(&%5 L#"%  &  #%' .& 2#I!" +&  !(2;(2& +(

 2$%*#. .#%&2 &* "!" .$")#$2&  !"%*$*(& .& %&(. ).),&"* A! #.$%#"* #%%(2#"* .# %*#;$.$*) +& .#

 #1$*)5

L#"% .&  #+2& +& .3)*(+& +&%  2$%*#(4 #(*!:+!(;.&(2%' .#  #1$*) .#%&2 +!$* @*2& %*#;.&

0 .# .!"8(&(2 +3!"+& +3),$%%$!" λlaser' #7" +&  !"+($2& 0 .# 8)")2#*$!" +3("& ),$%%$!"

.#%&2 %(% &-*$;.& +& %3#(*!: !"1&2*$2 +& A#M!" &J # &5 6. %3#8$*' +#"% (" -2&,$&2 *&,-%' +&

8)")2&2 .3),$%%$!" .#%&2 #( %&$" +& .#  #1$*) .#%&2 %*#;.&' -($% +& A#$2& -$1!*&2 .& ,$.$&( 0

8#$" %-=)2$9(& %(2 .($:,@,&' #7" +& ,&**2& &"  !N" $+&" & .&% +$2& *$!"% +3#(*!:+!(;.#8&

+& A2)9(&" & 0 λlaser #1& .# +$2& *$!" +3),$%%$!" +( .#%&2 .& .!"8 +& .3#4& +& .#  #1$*)5

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

-!(2 .&9(&. .3!2$&"*#*$!" +(  2$%*#. %-=)2$9(& "&  !"+($* 0 #( (" -=)"!,/"& +& +!(;.&

2)A2# *$!"' "$ %(2 .& A#$% &#( -!,-&' +& .!"8(&(2 +3!"+& λp' "$ %(2 .& A#$% &#( .#%&2 8)")2)

0 λlaser5

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

 !"#$%& #'"()*+$& %& ,- .-/*#" ,-0&) 1,-231,-2 -/&. 4*,*&$ -41,*5.-#&$) 01'")*+$& &0#

4&2"& %-20 ,& .-%)& 0$*/-2# 6

• 7&$, ,& 4(%& ,-0&) 8(2%-4&2#-, 9-$00*&2 TEM0,0 &0# .(20*%")": &2 0& 1,-;-2# %-20

,!-11)(<*4-#*(2 1-)-<*-,&=

•  - %*>)-.#*(2: ,*"& ? ,- #-*,,& 52*& %&0 %*>")&2#&0 (1#*+$&0: &0# 2"9,*9"&=

•  &0 %&$< 4*)(*)0 M1 &# M2 0(2# 1-)8-*#&4&2# -,*92"0 &# 1&)1&2%*.$,-*)&0 ? ,!-<&

%& ,- .-/*#"=  & 4*,*&$ -41,*5.-#&$) &0# "9-,&4&2# *%"-,&4&2# 01'")*+$&= @, 2!A -

%(2. 1-0 %& 1)(.&00$0 %& )"8)-.#*(2 +$* %"/*&2# ,&0 8-*0.&-$< 9-$00*&20 %& ,!-<& %&

,- .-/*#" BCD:CEF=

•  & 8-*0.&-$ 9-$00*&2: %& ,(29$&$) %!(2%& λlaser: 2& 0$G*# -$.$2 1'"2(4H2& %& %($G,&

)"8)-.#*(2 -$ .($)0 %& 0- 1)(1-9-#*(2 %-20 ,& 4*,*&$ 01'")*+$&: .& +$* .())&01(2%

? $2& 1)(1-9-#*(2 ()%*2-*)& -$ 0&20 %& ,!(1#*+$& .)*0#-,,*2&: .(44& ,& %".)*# ,&

1-)-9)-1'& D=E=D=D=

• I$.$2 &>&# #'&)4*+$& 2!*2#&)/*&2# %-20 .&##& "#$%&: .(41#& #&2$ %&0 1$*00-2.&0 %&

1(41& .(20*%")"&0=

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

 &0 4*)(*)0 M1 &# M2: %& '-$#& )"J&<*(2 ? λlaser: 0(2# )&01&.#*/&4&2# %*0#-2#0 %& d1 &#

d2 %&0 0$)8-.&0 %!&2#)"& &# %& 0()#*& %& ,- 01'H)&=  - #-*,,& #(#-,& Lcav %& ,- .-/*#" "#$%*"&

&0# %(2. Lcav = d1 + d2 + 2R: (K L &0# ,& )-A(2 %$ .)*0#-, 01'")*+$&: (K R > 0=

 - 59$)& M=C )&1)"0&2#& ,- .(259$)-#*(2 %& ,- .-/*#" ,-0&) 1,-231,-2 -/&. 4*,*&$ ? 9-*2

01'")*+$&=

 - 0#-G*,*#" %& ,- .-/*#" ,-0&) )&1(0& 0$) ,- 4(%",*0-#*(2 %$ 8-*0.&-$ ,-0&) 0$) $2 -,,&)3

)&#($) %-20 ,- .-/*#"= @, &<*0#& $2& 1-)8-*#& "+$*/-,&2.& &2#)& ,- )&1)"0&2#-#*(2 %& ,- 59$)&

M=C &# ,- )&1)"0&2#-#*(2 %!$2& 0$*#& 1")*(%*+$& *,,$0#)"& 1-) ,- 59$)& M=N: .& +$* 1&)4&#

%& %"52*) $2 4(#*8 %& ,- .-/*#" ,-0&)=  !()*9*2& %$ 4(#*8 )&#&2$ &0# -G)*#)-*)&: &# 2($0

-/(20 .'(*0* %& ,& 1(0*#*(22&) -$ 2*/&-$ %$ 4*)(*) M1=  & 4(#*8 &0# -,()0 .(20#*#$" %!$2&

1)(1-9-#*(2 ,*G)& 0$) ,- %*0#-2.& d1: %!$2& #)-/&)0"& %& ,- 01'H)& %!*2%*.& (1#*+$& 2: %!$2&

1)(1-9-#*(2 ,*G)& 0$) ,- %*0#-2.& 2d2: %!$2& %&$<*H4& #)-/&)0"& %& ,- 01'H)&: &# &252 %!$2&

DDO



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !" #  !"#$% &' (% !%)*+# (%,'- %)'! $*(*'. %$/(*0!%+'.- ,/"#-*1.' '2+-' &'.3 $*-4*-,

/(%2,5

$%&'()&% *&+*,-,.(+' /(0&% 12& /, $(1.,'3% d1! 4' %5%.6 $,'1 /, &%*&71%'.,.(+' $7*/(7% $%

/, 3,8(.76 /%1 9(&+(&1 */,'1 ':+'. *,1 $:%5%. 12& /, *&+*,-,.(+' $2 ;,(13%,2 /,1%&!

678(  !< # 6'/-#,'2+%+*42 &#/(*#' &' (% !%)*+# (%,'- &' (% 07.-' 859: '+ ,#('!+*42 &;.2 $4+*<

&#(*$*+# /%- (' !%&-' '2 +-%*+ /('*25

 !"!# $%&'()%*+,+-.* /0 1.+-2 &,' 3% 2.'1,3-)1% /% 34.&+-50% 1,6

+'-7-%33%

=,'1 /:,**&+>(9,.(+' *,&,>(,/%6 2'% 9,.&(3% $% .&,'1;%&.6 M = [ A B
C D ]6 %1. ,11+3(7% ?

3@,A2% 7/79%'. +*.(A2%! B'% .%//% 9,.&(3% 3,&,3.7&(1% /:('C2%'3% 12& /, *&+*,-,.(+' $:2'

&,D+' /29('%2> ? .&,8%&1 3%. 7/79%'. E" F! G/ 1:,-(. ,/+&1 $% $73&(&% /%1 9,.&(3%1 $% .&,'1;%&.

$% 3@,32' $%1 7/79%'.1 +*.(A2%1 $2 9+.(; &%.%'26 3% A2% $73&(. /, H-2&%  !<!

I, 9,.&(3% $% .&,'1;%&. $% /, 1*@)&%6 Msphère6 &712/.% $%1 .&,'1;+&9,.(+'1 1233%11(8%1

$2%1 ,2 $(+*.&% 1*@7&(A2% $:%'.&7%6 ? /, *&+*,-,.(+' 12& /, $(1.,'3% JK $,'1 /, 1*@)&%

$:('$(3% n > 16 %. ,2 $(+*.&% 1*@7&(A2% $% 1+&.(%! I%1 9,.&(3%1 $% .&,'1;%&. ,11+3(7%1 1+'.

&%1*%3.(8%9%'. Me =
[

1 0
−n−1

R
1

]
6 M2R,n =

[
1 2R

n
0 1

]
%. Ms = Me! I, 9,.&(3% $% .&,'1;%&.

LLM
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Msphère !"##$% &'( )% &("!*+, Msphère = MsM2R,nMe -.$/(+, 0

Msphère =




1− a 2R
n

− a
R

1− a




12345

"6 a = 2(n−1)
n

> 0 3 7%- $)$8%#,- !% Msphère -"#, /'('/,$(+-,+9*%- !%- $)$8%#,- !.*#%

)%#,+))% $&'+--% &)'/$% !'#- )% :+!% !.$&'+--%*( 2R %, !% ;"/')% &"-+,+:% fsphère = R
a

3 7'

-&<=(% %-, !"#/ $9*+:')%#,% > *#% )%#,+))% $&'+--% /"#:%(?%#,% !% ,@&% A"*)% !"#, )%-

&)'#- &(+#/+&'*B -"#, /"#;"#!*- %# -"# /%#,(%3 7%- 8',(+/%- !% ,('#-;%(, %# &("&'?',+"#

)+A(% -*( )%- !+-,'#/%- d1 %, d2 -.$/(+:%#, (%-&%/,+:%8%#, Md1 =
[

1 d1
0 1

]
%, M2d2 =

[
1 2d2
0 1

]
3

7' 8',(+/% !% ,('#-;%(, Mmotif =
[

Amotif Bmotif

Cmotif Dmotif

]
 '--"/+$% '* 8",+; -$)%/,+"##$ %-,

!"##$% &'( )% &("!*+, Mmotif = Md1MsphèreM2d2MsphèreMd1 3 C%- 9*',(% $)$8%#,- -.$/(+:%#, 0





Amotif =

(
(1− a)2 +

2a (a− 1)

R
(d1 + d2) +

2a2

R2
d1d2

)

Bmotif = (1− a)
4R

n
+ 2

(
1− 2a + n2 − 2a

n

)
d1

R
+ 2

(
1− 2a + n2

) d2

R
+

(a− 1)
2ad2

1

R
+ (a− 1)

4ad1d2

R
+

2a2

R2
d2

1d2

Cmotif =
2a

R

(
ad2

R
+ a− 1

)

Dmotif = Amotif

123D5

 !"#$%&!'

• 7%- %B&(%--+"#- !%- 9*',(% /"%E/+%#,- !$&%#!%#, !* 8",+; (%,%#* /.%-,F>F!+(% !*

/<"+B '(A+,('+(% !% )."(+?+#% !* 8",+;3 7.$?')+,$ "A-%(:$% +/+ %#,(% )%- /"%E/+%#,-

Amotif %, Dmotif %-, *# /'- &'(,+/*)+%( 9*+ !$/"*)% !+(%/,%8%#, !* 8",+; (%,%#*3

G%/+ -%(' !+-/*,$ > #"*:%'* !'#- )% &'('?('&<% 23H343

• 7' !+-,'#/% ;"/')% '--"/+$% '* 8",+; %-, fmotif = − 1
Cmotif

3

IIJ



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

 !"# $%&#' () *") $+,-&.")/ 01 -'12&0&'3 (!"#) 41*&'3 01-)5 '51("&' 0) 61&' ."!1$57- "#)

$5%$181'&%# 0) 0%#8 (" 9%'&6 () 01 41*&'3/ "# 61&-4)1" 81"--&)# #!)-' $1- 1:)4'3 )' -)

5)'5%"*) '51#-6%593 )# 0"&;9<9)= >1 4%#(&'&%# () -'12&0&'3 (" 9%'&6 -!345&' 10%5- ?@AB C

−1 <
Amotif + Dmotif

2
< 1 DA=EF

%G 0)- 3039)#'- (&18%#1"H Amotif )' Dmotif -%#' (%##3- $15 0)- )H$5)--&%#- DA=IF= >1

4%#(&'&%# () -'12&0&'3 DA=EF $)"' 10%5- <'5) 53)45&') -%"- 01 6%59) DA=JF/ -%&' 0 < g1g2 < 1/

%G 0)- ')59)- g1 )' g2 -%#' (3K#&- $15 C

{
g(1,2) =

a

R
(d0 − d2,1) =

1

fcourb

(d0 − d2,1) DA=@F

1*)4 d0 = 1−a
a

R = 2−n
n

fsphère/ 4) ."& &9$%-) .") d0 > 0 0%5-.") n < 2/ )' d0 < 0 0%5-.")

n > 2=  1#- 4) 41-/ 01 4%#(&'&%# () -'12&0&'3 $)"' -!345&5) C

0 < g(1)g(2) =
a2

R2
(d0 − d2) (d0 − d1) < 1 DA=LF

 !"#$%&!'

• >1 4%#(&'&%# () -'12&0&'3 () 01 41*&'3 $%5') -"5 01 ()9&;'514) () 01 91'5&4) Mmotif =

M)'') 851#()"5 )-' "# &#*15&1#' () 01 91'5&4)/ 4) ."& '51("&' .") 01 4%#(&'&%# ()

-'12&0&'3 #) (3$)#( () 0!%5&8&#) 152&'51&5) (" 9%'&6 5)')#"=

• >1 614'%5&-1'&%# )# g(1,2) ()- 3."1'&%#- DA=@F )' DA=LF $)"' 1"--& <'5) 53345&') -%"-

01 6%59) g(1,2) = a
R

(d0 − d2,1) = 1 − d2,1+R

fsphère
= M)4& 4%#("&' 10%5- )H14')9)#' 1"H g1,2

(%##3- $15 DA=JF/ )# -) $01N1#' (1#- 0) 41- $15'&4"0&)5 %G 0)- ()"H 9&5%&5- M1 )'

M2 -%#' () 83%93'5&) $01#) 1*)4 ()- 51,%#- () 4%"52"5) &#K#& (!"#) $15'/ )' %G 01

0)#'&00) fsphère 5)9$014) 01 0)#'&00) (!%5&8&#) '+)59&.") fth=

>) (%91&#) () -'12&0&'3 () 01 41*&'3/ 5)$53-)#'3 () 91#&75) '57- 83#3510) $15 01 K8"5)

A=I ?@OB/ )-' (345&' $15 01 K8"5) A=P $%"5 #%'5) 41*&'3=  1#- 0) 41(5) () #%'5) 3'"()/

0)- $15197'5)- *15&120)- () 01 41*&'3 -%#' 0)- (&9)#-&%#- 83%93'5&.")- (3K#&)- $15 0)-

(&-'1#4)- d1 )' d2/ 0) 51,%# R )' 0!&#(&4) () 536514'&%# (1#- 01 -$+75) 3'1#' KH3-= >1

JJL



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

, '"4! *)%& /!$ '5!$ 0)  !$")%*!%& '+5 6' ('./!$ d1 !& d27 '8% *! "! -!&& ! +%! /($(.(/(&#

/' -!(//!+ ! ")$$(./!9

:! *)-'(%! &4#) (;+! *! $&'.(/(&# !$& !%&(< !-!%&  !" #$!%&# "' /' "' &(! 4'04+ #!

*! /' 8,+ ! =9>9?'@9 :! & '0# !$& !A!0&+# '6!0 /!$ 6'/!+ $ %+-# (;+!$ 0)  !$")%*'%& 2 /'

$"4< ! *! Y COB : Nd ;+( *)(& 1& ! -($! !% 0'6(&#7 '8% *!  #'/($! /3!5"# (!%0! '$$)0(#! 2

0!&&! #&+*!7 $)(& +%  'B)% R = 3, 72 -- !& +% (%*(0! n(λlaser) = 1, 69049 :' 8,+ ! =9>9?.@

 !$& !(%& /! *)-'(%! &4#) (;+! 0)-"/!& 2 /' ") &()% "4B$(;+!-!%& '00!$$(./! *3+% ")(%&

*! 6+! !5"# (-!%&'/7 !% /(-(&'%& $)% !5&!%$()% '+5 *($&'%0!$ d1 !& d2 ")$(&(6!$9

678( =9> C  !"#$%& '& ()#*$+$), -#.-/0, '#%( +& 1+#% (d1, d2)2 .!"1!(, '& '&/3 '!"#$%&(
'$(4!$%)( 5 &) 552 60#., &7&.)/, 1!/0 R = 3, 72 "" &) n = 1, 69048 9#: 60#., )-,!0$;/&
.!"1+&)2 1!/0 '&( '$()#%.&( d1 &) d2 1!($)$<&( &) %,=#)$<&(8 9*: 60#., +$"$), #/3 1!0)$!%(

1->($;/&"&%) #..&(($*+&(2 1!/0 '&( '$()#%.&( d1 &) d2 1!($)$<&(8

:!$ /(-(&!$ *+ *)-'(%! *! $&'.(/(&# $)%& *#&! -(%#!$ $+00!$$(6!-!%&7 2 "' &( *!$ *!+5

(%#,'/(&#$ $+(6'%&!$ D

• g(1)g(2) < 17 $)(&7 !% E)%0&()% *! d1 !& d2 D



d2 (d1) < d2,lim (d1) =
f 2

sphère

(d1 − d0)
+ d0 pour d1 > d0

d2 (d1) > d2,lim (d1) =
f 2

sphère

(d1 − d0)
+ d0 pour d1 < d0

?=9>@

• g(1)g(2) > 07 $)(&7 !% E)%0&()% *! d1 !& d2 D

FF>



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'





d2 (d1) > d0 pour d1 > d0

d2 (d1) < d0 pour d1 < d0

 !"#$%

&' d0 ()* +&,,- ./0 12-34/*5&,  !"6%"

7( +&8/5,( +( )*/9515*-: (;.058- (, <&,=*5&, +( d1 (* d2: ()* +&,= =&8.&)- +( +(4;

+&8/5,() +5)>&5,*): ,&*-) ? (* ??: *(1) 34( @

A 1( +&8/5,( ? ()* +-1585*- ./0 0 < d2 (d1) < d0 .&40 d1 < d0 B

A 1( +&8/5,( ?? ()* +-1585*- ./0 d0 < d2 (d1) < d2,lim (d1) .&40 d1 > d0"

7( +&8/5,( +( )*/9515*- .0-)(,*( 4,( )C8-*05( ./0 0/..&0* D 1/ +0&5*( d1 = d2: =/0/=E

*-05)/,* 125,F/05/,=( +4 .0&91G8( .HC)534( ./0 .(084*/*5&, +() ,&*/*5&,) +() +5)*/,=()

d1 (* d2 " I( .14): 51 .0-)(,*( 4,( (;*(,)5&, 5,J,5( +/,) 1( .1/, (d1, d2)" 7() .&0*5&,) +(

=( +&8/5,( +( )*/9515*-: 345 )&,* .(0*5,(,*() .&40 12-*4+( +( 12/4*&E+&491/K(: F&,* L*0(

)4==())5F(8(,* +5)=4*-() /4 ./0/K0/.H( !"M"N"

 !"#$%&!'

• 7() <0&,*5G0() +4 +&8/5,( 0()*0(5,* +( )*/9515*- )&,* +() =&,JK40/*5&,) (;=14()"

• 7() (;.0())5&,) +() <0&,*5G0() +4 +&8/5,( )&,* .0&.&0*5&,,(11() /4 0/C&, O +( 1/

).HG0(" 7() +58(,)5&,) +4 +&8/5,( +( )*/9515*- )&,* +&,= +50(=*(8(,* .0&.&0*5&,E

,(11() (* =&,*0/5,*() ./0 1() +58(,)5&,) +( 1/ ).HG0( +24,( ./0*: (* ./0 )&, 5,+5=( +(

0-<0/=*5&, +2/4*0( ./0*" P(=5 *(,+ D J;(0 +() +58(,)5&,) 851158-*0534() D 1/ =/F5*-

1/)(0"

Q λlaser = 1061 ,8: 1() *0&5) 5,+5=() .05,=5./4; +( Y COB : Nd &,* 0().(=*5F(8(,*

.&40 F/1(40) nx = 1, 6376: ny = 1, 6904 (* nz = 1, 7081 RS!T" 7() *0&5) F/1(40) )&,* 5,<-E

05(40() D S: =( 345 =&,+45*: .&40 =H/=4, +() 5,+5=(): D 4, +&8/5,( +( )*/9515*- /==())591(:

+( 1/ <&08( 5114)*0-( ./0 1/ JK40( !"U" 9%" 7/ JK40( !"#$ .0-)(,*( 1/ F/05/*5&, +( 12(;*(,E

)5&, +4 +&8/5,( +( )*/9515*- .HC)534(8(,* /==())591( (, <&,=*5&, +( 125,+5=( .05,=5./1 +(

0-<0/=*5&, +( Y COB : Nd: D λlaser = 1061 ,8" PH/=4, +( =() *0&5) 5,+5=() ()* )4)=(.*591(

+2L*0( )&115=5*- /4 )(5, +24,( =/F5*- 1/)(0: 1&0)34( 12/;( =&00().&,+ D 4, +() /;() .05,=5./4;

+( Y COB : Nd

I/,) 1( =/) +24,( .0&./K/*5&, H&0) +() .1/,) .05,=5./4;: 125,+5=( n±(θ, φ): )&115=5*-

D 1/ 1&,K4(40 +2&,+( 1/)(0 λlaser: F-05J( @ nx 6 n+,− (θ, φ) 6 nz < 2" 7() 1585*() +4

#S$



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

"-/"!0$#%& )%,,#0#$- 3 λlaser = 1061 &*4 !5(0 ,! )267"( '( Y COB : Nd8

%&'()*+ %+ ,-(.)/)-0 (,,&1)0 2 n+,− (θ, φ) 3+,-+*- %&*1 -&45&43, 1&'63),+, +*-3+ /+, /)')-+,

%+, %&'()*+, (,,&1)0, (47 )*%)1+, nx+- nz8 1+ 94+ 3+630,+*-+ /( :;43+  !"#! <=0>&/4-)&*

%4 %&'()*+ %+ ,-(.)/)-0 +* ?&*1-)&* %+ /=)*%)1+ +,- '&*&-&*+8 1+ 94) +,- 4* 6&)*- 6&,)-)?

>),@2@>), %+ /( 1&*1+6-)&* %=4*+ 1(>)-0 /(,+3 (>+1 ')/)+4 2 ;()* ,6A03)94+! B* +C+-8 /( :;43+

 !"# '+- +* 0>)%+*1+ 4*+ D&*+ )'6&3-(*-+ 6&43 /(94+//+ %+, 1&46/+, (d1 > 0, d2 > 0) ,&*-

,)'4/-(*0'+*- 1&'6(-)./+, (>+1 /+, %&'()*+, %+ ,-(.)/)-0 %+, -3&), )*%)1+, 63)*1)6(47!

 !"!# $%&'()*')+, -%& *+,./0(1')+,& -% 21 *13)'4 &'152% 6+0( 274'0-%

-% 2710'+8-+0521/%

<=0-4%+ %+ 13),-(47 (4-&@%&4./+43, *01+,,)-+ /( 30(/),(-)&* %=4*+ 0'),,)&* /(,+38 ,)'4/@

-(*0''+*- 1&*>+3-)+ 6(3 (4-&@EFG %(*, /+ ')/)+4 /(,+3 +- *&* /)*0()3+ ,6A03)94+! H&43

30(/),+3 4*+ )*-+3(1-)&* *&* /)*0()3+ %+ .&**+ 94(/)-0 ,6+1-3(/+8 (,,&1)0+ 2 4* 3+*%+'+*-

%+ 1&*>+3,)&* &6-)'4'8 )/ +,- +,,+*-)+/ 94+ /+ 63&1+,,4, 6(3('0-3)94+ ,+ %03&4/+8 6&43

/=&*%+ ?&*%('+*-(/+ 1&33+,6&*%(*- 2 /=&*%+ /(,+38 %(*, /+, 1&*%)-)&*, %+ 63&6(;(-)&* +*

&*%+ 6/(*+ %(*, /( ,6AI3+! J+--+ 1&*-3()*-+ 3+*% *01+,,()3+ /=+7),-+*1+8 2 λlaser8 %=4*+ D&*+

%+ K(L/+);A %&*- /=+7-+*,)&* +,- ,4603)+43+ 2 /=06(),,+43 %+ /( ,6AI3+! B//+ ,466&,+ %&*1

/=+7),-+*1+ %=4* 1&/ %4 '&%+ /(,+3 %(*, /( ,6AI3+ %+ Y COB : Nd8 %&*- /+ 3(L&* 2 1/e2

"M"



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

1%("2*!# −R < Zint < R3

4* ).*!%"#% - $ 5"('"($ M1  # M2 - .* ,*1"#% "5)'$ 6 .* $+(7*, -8'!- .*$ ( -89#( 

.',*. 5 !# ).*!  ! . +( $+(7*, & , :+" ,'!-+"# 6 .8 ;"$# !, - - +; *+#( $ ,'.$ -+ 5'- 

.*$ (& !'#%$ w1  # w2 ( $) ,#"1 5 !#3 <"!$"& )'+( +! ,'+). (d1 > 0, d2 > 0) -+ -'5*"! 

- $#*="."#%& . )*(*50#( ,'5). ; q1& *$$',"% *+ 7*"$, *+ .*$ ( *+ !"1 *+ -+ 5"('"( M1&

 $# =" ! -%2!"3

>+"# *+ ,/'"; - .8'("?"! -+ 5'#"7 - .* ,*1"#%& . $ %.%5 !#$ Amotif  # Dmotif $'!#

%?*+;3 4* )*(#" (% .. - 1/q1  $# *.'($ !+.. & , :+" ,'(( $)'!- 6 +! (*@'! - ,'+(=+( 

R1 "!2!" 6 .8'("?"! -+ 5'#"7&  ! *,,'(- *1 , .* ).*!%"#% -+ 5"('"( M13 <"!$"& )'+( +!

,'+). (d1 > 0, d2 > 0) -+ -'5*"! - $#*="."#%& . ,'. - 7*"$, *+ w1  $# -'!!% )*( A

w1 =


 λlaser|Bmotif |

π
√

1− A2
motif




1/2

BC3DDE

F!#( . 5"('"( M1  # +! )'$"#"'! G -*!$ . ,("$#*. *5)."#2,*# +(& ( )%(% *.?%=(":+ H

5 !# - )+"$ . , !#( - .* $)/0(  # 1%("2*!# −R < z < R& .* 5*#(", - #(*!$7'(5*#"'!

*$$',"% Mint =
[

Aint Bint

Cint Dint

]
1%("2 Mint = MR+z,nMeMd1 & 6 )*(#"( - $ 5*#(", $ - #(*!$7 (#

Md1 =
[

1 d1
0 1

]
& Me =

[
1 0

−n−1
R

1

]
 # MR+z,n =

[
1 R+z

n
0 1

]
3

4 )*(*50#( q1& - )+"$ . 5"('"( M1 I+$:+86 +! )'$"#"'! G -*!$ .* $)/0( &  $# *.'($

#(*!$7'(5%  ! +! )*(*50#( 1%("2*!#

qint

n
= Aintq1+Bint

Cintq1+Dint
JKLM3 48 ;"$# !, -8+! ,'. - 7*"$, *+

wint 6 .* )'$"#"'! z = Zint ,'(( $)'!- 6 +! )*(*50#( qint )+( 5 !# "5*?"!*"( & -'!#

. (*@'! - ,'+(=+(  $# "!2!"3 N ,"  $# (%*."$% 6 .* )'$"#"'! Zint& .'($:+ .* ( .*#"'!

A2
int +

B2
int

q2
1

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

 ;)( $$"'! A

wint =

[
λlaser|q1|

π
(A2

int + B2
int/|q2

1|)
]1/2

BC3DOE

*1 ,

DOO



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'





Aint = 1− (n− 1) (R + z)

nR

Bint = d1 +
R + z

n

(
1− n− 1

R
d1

)

|q1| =
πw2

1

λlaser

 !"#!$

%& '()&*+,- A2
int +

B2
int

q2
1

= 0 .('/(* 0( 012-+' )3(-4(/5)( 0(4 6,7.)(4 (d1 > 0, d2 > 0)

87+ .('/(**(-* )3(9+4*(-6( 037- 6,) 07 /,0( )&4(' 0&-4 )& 4.:;'(< 6( 87+ 6,-4*+*7( 7-(

4,74=.&'*+( 07 0,/&+-( 0( 4*&5+)+*1 '(.'14(-*1 .&' )& 2>7'( !"?" 5$" @,7' 7- +-0+6( 0(

'1A'&6*+,- n = 1, 6904 (* 7- '&B,- R = 3, 72 //< )(4 0,/&+-(4 C (* CC 4,-* '(4*'(+-*4 &79

4,74=0,/&+-(4 -,*14 D − I (* D − II '(4.(6*+D(/(-*< (* '(.'14(-*14 .&' )& 2>7'(  !"##$"

678( !"## E  !"#$%!&'()*# %* #+',(-(+. D − I *+ D − II /'0/"1.#2 3*1&*++')+ -4*5(#+*)0*

%4") 0!- %* 6'(#0*'"2 wint2 %')# -' #3/71* %* Y COB : Nd8

%(4 A',-*+;'(4 0(4 4,74=0,/&+-(4 D − I (* D − II 6,''(4.,-0(-* &79 6&4 )+/+*(4 .,7'

)(487()4 )( /,0( )&4(' .'14(-*( 7- 6,) 0( A&+46(&7 0&-4 )& 4.:;'(< ),6&)+41 +-2-+/(-* .',6:(

037-( 0(4 47'A&6(4 0( )& 4.:;'(< &79 .,4+*+,-4 )+/+*(4 Zint = ±R" F&-4 )( 6&4 0( Y COB :

Nd< )(4 4,74=0,/&+-(4 D − I (* D − II 4,-* 0,--14 .&' )& 2>7'( !"#G< .,7' 6:&67- 0(4

+-0+6(4 .'+-6+.&79 nx = 1, 6376< ny = 1, 6904 (* nz = 1, 7081< H #IJ# -/"

K(),- )3,'+(-*&*+,- 0( )& 4.:;'( 0( Y COB : Nd 0&-4 )& 6&D+*1< )3+-0+6( 4,))+6+*1

#G!



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !"# $  !"#$%!&'()*# %* #+',(-(+. /'0/"1.#2 3*1&*++')+ -4*5(#+*)0* %4") 0!- %* 6'(#$

0*'" %')# -' #3/71*2 3!"1 0/'0") %*# +1!(# ()%(0*# 31()0(3'"58 9':  !"#$%!&'()*# D − I8
9,:  !"#$%!&'()*# D − II8

n+,− (θ, φ) %&'()* + ,-.%*/. nx 6 n+,− (θ, φ) 6 nz < 2! 0*1 2(3(4*1 5*1 1-.165-3/(,*1

5* 14/7(2(4& D − I *4 D − II8 /11-9(&*1 + 2:(,5(9* n+,− (θ, φ)8 '*14*,4 *,9/5'&*1 ;/' 2*1

2(3(4*1 5*1 1-.165-3/(,*1 /11-9(&1 /.< (,5(9*1 nx *4 nz! 0:&%-2.4(-, 5*1 1-.165-3/(,*1

5* 14/7(2(4& D − I *4 D − II *, =-,94(-, 5* 2:(,5(9* *14 =/(72*8 9* >.( *14 ., ;-(,4 ;-1(4(=

%(16+6%(1 5* 2/ 9-,9*;4(-, 5:.,* 9/%(4& 2/1*' /%*9 3(2(*. + ?/(, 1;@&'(>.* ;-.' 2:&4.5* 5*1

9'(14/.< 7(6=-,94(-,,*21! A, *B*48 2/ )?.'*  !"# 3*4 *, &%(5*,9* >.*8 ;-.' 9@/>.* 1-.16

5-3/(,* D − I *4 D − II8 (2 *<(14* ., (3;-'4/,4 '*9-.%'*3*,4 *,4'* 2*1 1-.165-3/(,*1

/11-9(&1 /.< 4'-(1 (,5(9*1 ;'(,9(;/.< 5* Y COB : Nd!

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

 !"!# $%&'()& *+,%- ./01&' 234'&(15,-

0*1 1-.165-3/(,*1 D − I *4 D − II ;'&1*,4*,4 2/ 3C3* 1D3&4'(*8 ;/' '/;;-'4 + 2/

5'-(4* d2 = d18 >.* 2*1 5-3/(,*1 E *4 EE! F*44* 1D3&4'(*8 5&G+ 3*,4(-,,&* /. ;/'/?'/;@*

 !H! 8 4'/5.(4 2:(,%/'(/,9* 5*1 9/'/94&'(14(>.*1 5:.,* 9/%(4& ;2/,6;2/, /%*9 ., 3(2(*. /36

;2()9/4*.' 1;@&'(>.*8 ;/' ;*'3.4/4(-, 5*1 5(14/,9*1 d1 *4 d2!

I(,1(8 ;-.' ., 9-.;2* (d1, d2) 5. 5-3/(,* 5* 14/7(2(4&8 2*1 9-21 5. =/(19*/. 2/1*' 1.'

"#J



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !" #!$% &'()'(" * +," -.('/!,0 w2 (d1, d2) = w1 (d2, d1)1 2! * $"3 *)$( $, 4)$* ! (d1, d2)

#$ #)&+',! (!"0(!',0 #! "0+5' '0. D − I )$ D − II3  + *)"'0'), Zint -.('/! Zint (d1, d2) =

−Zint (d2, d1)3 0+,#'" 6$!  + 0+'  ! wint #$ 4) #! 7+'"4!+$ -.('/! wint (d1, d2) = wint (d2, d1)1

8)$( $,! 4+-'0. "9&.0('! 0!  ! 6$! d1 = d2 = d3  !" 4) " #! 7+'"4!+$ -.('/!,0 #),4

w2 (d, d) = w1 (d, d) +$ ,'-!+$ #!" #!$% &'()'(" * +," : ' " "!(),0 ,)0." w1 (d)1 2! * $"3

 ! 0()'"';&! 4) #! 7+'"4!+$3 ,)0. wint (d)3 !"0 ,.4!""+'(!&!,0 *)"'0'),,. +$ 4!,0(! #!  +

"*<;(! !, Zint (d) = 03 *$'"6$! Zint (d, d) = −Zint (d, d)1

=!" />$(!" ?1@@ !0 ?1@A &),0(!,0 6$! 0)$0!"  !" 4),/>$(+0')," "0+5 !" #! 4+-'0." "9B

&.0('6$!" "),0 ',4 $"!" #+,"  !" ")$"B#)&+',!" D− I )$ D− II1 C',"'3  !" 4),/>$(+0'),"

"0+5 !" !0 "9&.0('6$!" "),0 7+-)(+5 !" D  E.0$#! "*.4'/6$! "$( "*<;(! #! 4('"0+$% +$0)B

#)$5 !$(" *$'"6$E!  !" *!(&!00!,0 "9"0.&+0'6$!&!,0  E!%'"0!,4! #E$, 4) #! 7+'"4!+$  +"!(

 )4+ '". +$ 4!,0(! #!  + "*<;(!3 4! 6$' !"0  ! * $" +#+*0. D  E+$0)B#)$5 +>! #! 4!00! ),#!1 F,

!G!03 *)$(  !" 4),/>$(+0')," "9&.0('6$!"3  ! 7+'"4!+$  +"!( "! *()*+>! !, ),#! * +,!3 #+,"

 ! 4('"0+ "*<.('6$!3 #! *+(0 !0 #E+$0(! #$ 4) #$ &)#! wint (d) * +4. !, Zint (d, d) = 01

C/, #! (.+ '"!( $,! ',0!(+40'), #E+$0)B#)$5 +>!  + * $" 4) ',.+'(! *)""'5 !3 ' !"0 ,.4!""+'(!

6$!  ! 7+'"4!+$  +"!( "! *()*+>! #! 7+H),  + * $" *+(+  ; ! *)""'5 ! "$( 0)$0!  E.*+'""!$( #!

 + "*<;(!3 4E!"0BDB#'(! 6$!  E+**()%'&+0'), #! *()*+>+0'), !, ),#! * +,! ")'0 -+ +5 !3 #!

*+(0 !0 #E+$0(! #$ 4) #$ &)#! wint (d)3 "$( 0)$0!  E.*+'""!$( #!  + "*<;(!1 I (!"0! #),4 D

-.('/!( "' 0)$0! 4),/>$(+0'), "9&.0('6$! !0 "0+5 ! #! 4+-'0. *!(&!0  E)50!,0'), #E$, 4) 

#$ &)#!  +"!( wint (d) * +4. !, Zint (d, d) = 03 0!  ! 6$!  E+**()%'&+0'), #! *()*+>+0'),

!, ),#! * +,! ")'0 -.('/.! "$( 0)$0!  E.*+'""!$( #!  + "*<;(! J  + />$(! ?1@? '  $"0(! $,!

0!  ! 4),/>$(+0'), "9&.0('6$! #! 4+-'0.1

 !"!# $%& '()%*&(+*& '% ,- .-/(01 &2)103(45%

=+ 4+-'0. "9&.0('6$! !"0 "0+5 ! *)$(  !" #'&!,"')," 0 < d < d0 +$ "!', #$ ")$"B#)&+',!

D − I3 !0 d0 < d < Dmax +$ "!', #$ ")$"B#)&+',! D − II3 )K Dmax !"0  + #'&!,"'),

&+%'&+ ! +"")4'.! D $,! 4+-'0. "9&.0('6$! "0+5 !3 ")'0 : Dmax = R
n−1

= 2
n
fsphère1

8)$(  !" #!$% ")$"B#)&+',!" 2BI !0 2BII3  ! 0+5 !+$ ?1? (.4+*'0$ !  !" 0+'  !"  '&'0!"

*)""'5 ! #!  + 4+-'0. "9&.0('6$! "0+5 !3 *)$(  !" 0()'" ',#'4!" *(',4'*+$% #! Y COB : Nd1

@AL



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !" #  !"#$%&'()!" *( +'&',-(&*. /* 0' 1'2)(3 .4,3(&)5%* *( .('60* +*&,*(('"(

07*8).(*"1* /% 1!0 /% ,!/* 0'.*& wint .)(%3 '% 1*"(&* /* 0' .+9-&* *" Zint = 0: (*0 5%* 0*
;').1*'% 0'.*& .* +&!+'$* *" !"/* +0'"* .%& (!%(* 073+')..*%& /* 0' .+9-&*<

%9:(  ! # =')00*. 0),)(*. +!%& 0' 1'2)(3 .4,3(&)5%* .('60*: > λlaser = 1061 ",: +!%& 0*.
)"/)1*. +&)"1)+'%8 /* Y COB : Nd: *( +!%& %"* .+9-&* /* &'4!" R = 3, 72 ,,<

$% &'()%'*  ! +))*,&-% .*% )' &'+))% /+))+/0&-+.*% 1* -'234 R 1% )' ,567-% +/53,%

08')%/%4& 1%, 1+/%4,+34, /+))+/0&-+.*%, 9 )' 1+,&'4:% d %4&-% )' ,567-% %& )%, /+-3+-, M1

%& M2! $%, :34;8*-'&+34, ,2/0&-+.*%, :341*+,%4& 134: 9 1%, :'<+&0, 1% )348*%*- &3&')% L=

&%))% .*% L = 2R + 2d= 1% )>3-1-% 1% " 9 ? :/ 53*- *4% ,567-% 1% Y COB : Nd 1% -'234

R = 3, 72 //!

@+4,+= 53*- )>0&*1% %A50-+/%4&')% 1% )>'*&3B13*()'8% ,*- ,567-%= +) C'*& :34,&-*+-% *4%

:'<+&0 &-7, :3*-&% 53*- )'.*%))% )%, 1+/%4,+34, 1* /+)+%* '/5)+;:'&%*- 4% ,34& 5', 1* &3*&

408)+8%'()%, 1%<'4& )' &'+))% &3&')% 1% )' :'<+&0!

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

0- /$ &$5)'( /$*-% *67('%)+,-

 ! "#$%&'()* +,-*% &)*./-0!'()* "12#'0(3-% %' "'!4$% ! 2)*'0# 3-,($ %5("'% '0)(" &)$"

+% 6!("&%!- +- 2)+% $!"%0 TEM0,0 +!*" $! &!7('#8 90%2(:0%2%*'; ($ ",!/(' +% &!$&-$%0; %*

6)*&'()* +% $! +(2%*"()* +% $! &!7('# "12#'0(3-%; $%" &!0!&'#0("'(3-%" "<!'(!$%" +- 2)+%

$!"%0 !- *(7%!- +% &%" &)$"; <)"('()**#" "-0 $%" 2(0)(0" %' !- &%*'0% +% $! "<=:0%8 >,!-'0%

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

')-'% <)"('()* ? $,(*'#0(%-0 %' ? $,%5'#0(%-0 +% $! &!7('#8

@(%* 3-% $% 2)+:$% +% &!7('# $!"%0 ")(' +#7%$)<<# "!*" (*&$-0% +% <=#*)2:*% +% +)-4$%

0#60!&'()*; -*% <0)<)"('()* +,!0&=('%&'-0% +% &!7('# %"' #/!$%2%*' <0)<)"#%; "!*" 2)+#$(A

"!'()* "-<<$#2%*'!(0%; +% 2!*(:0% ? %*7("!/%0 $! <0("% %* &)2<'% +% $! <0)<!/!'()* +!*"

*,(2<)0'% 3-%$$% +(0%&'()* +- 6!("&%!- $!"%0 /#*#0# +!*" -* 2($(%- !2<$(.&!'%-0 !*(")A

'0)<%8

 !"!# $%&%'()&*+(*,-.+ /)01)(&*,-.+ .( 2*1.3+*03+ 2- 102. 4%+.&

 %" %5<0%""()*" w1 %' wint +%" '!($$%" +%" &)$" +% 6!("&%!- %* &)*./-0!'()* "12#'0(3-%;

+#&0('%" <!0 $%" #3-!'()*" BC8DDE %' BC8DFE; ")*' 0!<<%$#%" <!0 $! 6)02-$% "-(7!*'% G





w1 (d) =




π

λlaser

|Bmotif |√
1−

(
Amotif+Dmotif

2

)2




1/2

wint (d) = w1 (d)

[
A2

int + B2
int

(
λlaser

πw2
1 (d)

)2
]1/2

BC8DHE

I$ %"' ? *)'%0 3-% $,%5<0%""()* +% w1 %"' #3-(7!$%*'% ? &%$$% +)**#% <!0 $! 6)02-$% BC8FE;

<)-0 $!3-%$$% $%" 0!1)*" +% &)-04-0%" +%" +%-5 2(0)(0" ")*' &)*"(+#0#" &)22% (*.*("8 J-

&)*'0!(0%; $,%5<0%""()* +% wint *% <%-' <!" K'0% +#&0('% <!0 $! 6)02-$% BC8FE; <-("3-% $% '0!(A

'%2%*' !"")&(# *% <0%*+ <!" %* &)2<'% $% 6!(' 3-% $% 2($(%- !2<$(.&!'%-0 %"' )<'(3-%2%*'

#3-(7!$%*' ? -*% $%*'($$% #<!(""%8

 % &=)(5 +,-*% &)*./-0!'()* "12#'0(3-% +% &!7('# %L%&'-# !- <!0!/0!<=% C8M 2%*'()*A

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

)+ ,"$"'+ 0"12- &#"-  '$3 4' &*"#5*' )' 6!7$'"/89 .-*#! # (+* $! )":'*/' &' )'( 2!"(&'!+;

/!+(("' ( )! ( $! (.85*'9 .'*,'# )' )%< "* (" &'##' &- )"#"- '(# *%!$"(%'3 4' .!*!,5#*'

)' 6!7$'"/89  -#% ZR9 !((-&"% !+ &-$ wint9 '(# )%< " .!* ZR =
nπw2

int

λlaser
3 =' .!*!,5#*' )':! #

>#*' &-,.!*% !+ *!7- R )' $! (.85*'9 "$ '(# .*%2%*% $?%&*"#+*'  -*,!$"(%'

ZR

R
=

nπw2
int

Rλlaser
3 4!

.*-.!/!#"- ' &- )"#"- )?- )' .$! ' (+* #-+#' $?%.!"(('+* )' $! (.85*' &-**'(.- ) !$-*(

@ $?" %/!$"#%

ZR

R
> 13

4'( %:-$+#"- ( )'( /*! )'+*( w1 '# wint )?+ ' .!*#9 '#
ZR

R
)?!+#*' .!*#9 ' 2- &#"- )+

.!*!,5#*' d !"# $%&'!&()$& *" *+(,-'& *& !.,)-$-./ D − I &. D − II &' 0+'12"#,.-+'

!3(/.#-4"& !+'. #&!5&0.-6&(&'. */0#-.&! 5,# $&! 12"#&! 789:8;,< &. 789:8;)< 5+"# 0=,0"'

*&! .#+-! -'*-0&! 5#-'0-5,"> *,'! $, !5=?#& *& Y COB : Nd8

 !"# 789: @  !"#!$%&%' '#(&$()*' +, -"+* )('*! *. /".0&$". +* )( +$'&(.0* d *.&!* )(

'#12!* *& )*' -$!"$!'3 ',! )*' '",'4+"-($.*' +* '&(5$)$&% D− I *& D− II3 #",! 01(0,. +*'
&!"$' $.+$0*' #!$.0$#(,6 +* !%/!(0&$".3 +(.' )* 0(' +* 0".78,!(&$".' '9-%&!$:,*' *& '&(5)*'

+* 0(;$&%'< =(> ?;"),&$". +*' &($))*' +*' 0")' w1 *& wint< =5> ?;"),&$". +, #(!(-2&!* +*

@(9)*$81 ."!-()$'% #(! R3 *& (''"0$% A wint<

A,# &>&(5$& &' !& 5$,B,'. ," (-$-&" *" !+"!C*+(,-'& D−II D d = 3, 11 (( $&! 0+$! *&

E,-!0&,"> w1 (d = 3, 11mm) &. wint (d = 3, 11mm) +'. 5+"# *-(&'!-+'! 7F G µ( &. :7 H µ(

#&!5&0.-6&(&'.8 I&0- 0+'*"-. D "' 5,#,(?.#& *& J,3$&-2= .&$ 4"&

ZR

R
(d = 3, 11mm) ∼ 2, 5 

0& 4"- 0+##&!5+'* )-&' D "'& 5#+5,2,.-+' &' +'*& 5$,'& !"# .+".& $%/5,-!!&"# *& $, !5=?#&8

K$ &!. D '+.&# 4"& $&! 5,#,(?.#&! w1 &. wint 5#/!&'.&'. *&! *-6&#2&'0&! 5=3!-4"&! ,">

$-(-.&! *" *+(,-'& *& !.,)-$-./ 0%&!.CDC*-#& $+#!4"& d −→ d0 +" d −→ Dmax8 I&5&'*,'. $,

9HL
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 !"#$%#&'# #& d = d0 #() #*)$+,#&) -.'/-!(0# /1 2$.'3# ".!(!&/%#  # d04 '5#() 2.1$61.!4

,/-%$0 (.& #*!()#&'# 237(!61#4 #--# &5/22/$/8) 2/( (1$ -/ 9%1$# :;<=; >/$ '.&)$#4 -.$(61# -#(

 #1* ,!$.!$( (.&) !&9&!,#&) 2$.'3#(  # -/ (23?$#4 /"#' d −→ 04 -/ '.&9%1$/)!.& (7,0)$!61#

#() 2/$@/!)#,#&) (!)10#  /&( -#  .,/!&#  # ()/A!-!)0  0'$!) 2/$ -/ 9%1$# :;B; C#'! D1()!9#

 .&' 61# -#( 2/$/,?)$#( w1 #) wint &#  !"#$%#&) 2/( -.$(61# d −→ 04 )#- 615!- #() .A(#$"0

(1$ -/ 9%1$# :;<=;E/F; G!&(!4 -# 2/$/,?)$#  # H/7-#!%3 &.$,/-!(0

ZR

R
4  0'$!) 2/$ -/ 9%1$#

:;<=;EAF 2$0(#&)# -# ,+,# '.,2.$)#,#&) 61# wint4 #& )#$,#  #  !"#$%#&'# /1* -!,!)#(  1

 .,/!&#  # ()/A!-!)0;

I/ 9%1$# :;<=;EAF "/-! # -# '3.!*  # -/ '.&9%1$/)!.& (7,0)$!61#  51&# '/"!)0 -/(#$

()/A-# 2.1$ -50)1 #  # -5/1).J .1A-/%#; K& #L#)4 -# '$!)?$#

ZR

R
> 1 #() "0$!90 #& ).1)

2.!&)  1  .,/!&#  # ()/A!-!)0 /((.'!0 M 1&# '/"!)0 (7,0)$!61#4 2.1$ '3/'1&  #( )$.!(

!& !'#( 2$!&'!2/1*; G!&(!4 -/ 2$.2/%/)!.&  1 @/!('#/1 -/(#$ #& .& # 2-/&# #() ).1D.1$(

"0$!90# 2.1$ 1&# '/"!)0 -/(#$ (7,0)$!61# #) ()/A-#; I/ '.&9%1$/)!.& (7,0)$!61# /22/$/8)

 .&' 2/$)!'1-!?$#,#&) / /2)0# M -50)1 #  # -/ A!J@.&')!.&&/-!)0  # Y COB : Nd #& "1#

 51&# '.&"#$(!.&  # @$061#&'# M λlaser = 1061 &,4 !& 02#& /,,#&)  # -5!& !'# 2$!&'!2/-

(.--!'!)0 /1 (#!&  # -/ (23?$#4 #) 2.1$ 1&# 2$.2/%/)!.& /((.'!0# (/&(  .1A-# $0@$/')!.& (1$

'# @/!('#/1;

N/&) 61# -#(  !,#&(!.&(  # -/ '/"!)0 (7,0)$!61# &# (.&) 2/( 2$.'3#(  #( @$.&)!?$#(

 1  .,/!&#  # ()/A!-!)04 /1 ".!(!&/%#  # Dmax4 -5!& !'# 2$!&'!2/-  # $0@$/')!.& (.--!'!)0

!&O1#&'# 2#1 -#( 2$.2$!0)0( (2/)!/-#(  #( '.-(  1 ,. # -/(#$; I/ )/!--#  1 ,. # -/(#$ &#

 02#& /-.$( 2/( (!%&!9'/)!"#,#&)  # -5!& !'# n±(θ, φ);

I/ %0.,0)$!#  1 ,. # -/(#$ wmode4 '.$$#(2.& /&) M 1& 2$.9- )$/&("#$(#  51& @/!('#/1

%/1((!#& TEM0,0 2$0(#&)# )$.!( '.-(  /&( -/ '/"!)0; K--# #() $#2$0(#&)0# #& @.&')!.&  #

-/ 2.(!)!.& ξ -# -.&%  # -5/*#  # -/ '/"!)0 (7,0)$!61# 2/$ -/ 9%1$# :;<P;E/F4 2.1$ )$.!(

 !()/&'#( d = 0, 8 ,,4 d = 3, 11 ,, #) d = 5 ,,4 /"#' '.,,# !& !'# 2$!&'!2/- ny; C#'!

)$/ 1!) -/  02#& /&'# !,2.$)/&)#  # wmode "!(JMJ"!(  1 2/$/,?)$# d; G1 '.&)$/!$#4 wmode

 02#& 2#1  # -5!& !'# 2$!&'!2/- (.--!'!)04 #)  .&'  # ).1) !& !'# n±(θ, φ) M λlaser4 '.,,#

-5!--1()$# -/ 9%1$# :;<P;EAF; >/$ #*#,2-#4 /1 '#&)$#  # -/ (23?$#4 2.1$ d = 3, 11 ,,4 -#

2$.9- wmode '.$$#(2.& /1 '.- wint4 #) / 2.1$  !,#&(!.&( =:4Q µm4 =:4R µm #) =:4< µm

2.1$ -#( !& !'#( 2$!&'!2/1* nx4 ny #) nz $#(2#')!"#,#&);

<RB
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678(  !"# $  !"#$ $"%&'()*'%+$ *) ,"*- $+.-! &+)..'-% -% /"%0('"% *- $+ 1".'('"% ξ $- $"%&
*- $2+3- *- $+ 0+4'(5 .6,5(!'7)-8 9+:  !"#$ 1")! *';5!-%(-. 4+$-)!. d = 0, 8 ,,< d = 3, 11
,, -( d = 5 ,, 1+!,' $-. .").=*",+'%-. D − I -( D − II< 1")! )% '%*'0- n = ny8 9>:

 !"#$ 1")! $-. (!"'. '%*'0-. 1!'%0'1+)3< 1")! )%- (+'$$- #35- d = 3, 11 ,,8

%&' ()*)(+,*-'+-./&' '0)+-)1&' 2/ 342& 1)'&* 54*' 2& 1) ()6-+, '47+ 48+&7/&' 9 0)*+-* 2&

1) 0*40):)+-47 2/ ;)-'(&)/ 1)'&* 2&0/-' 1& 3-*4-* M2! <7 7,:1-:&)7+ 1=-7>/&7(& 2& 1) +*)?

6&*',& 2/ 3-*4-*@ 1) +)-11& wout 2/ ;)-'(&)/ 1)'&* 0*,'&7+&@ &7 '4*+-& 2& ()6-+, 2& 2-3&7'-47'

d@ /7& ,641/+-47 (1)''-./& '/-6)7+ 1) 14- 2& 0*40):)+-47 wout (x) = w1 (d)

√
1 +

(
λlaserx
πw2

1(d)

)2

@

4A B &'+ 1) 04'-+-47 2/ ;)-'(&)/ (430+,& 2&0/-' 1) '4*+-& 2& 1) ()6-+,@ )0*C' 1& 3-*4-* M2!

•  !"#$%&#%'( )* "'*"+,'-)%(! D − II.

%) D:/*&  !"#!E)F 347+*& ./& 1) +)-11& 2/ (41 2/ 342& 1)'&* 2)7' 1) '05C*& &'+ (430*-'&

&7+*&  G µm &+  H µm )/ '&-7 2/ '4/'?243)-7& D−I@ (& ./- (47'+-+/& /7& 01):& *&'+*&-7+&

2& 2-3&7'-47'! I/ (47+*)-*&@ 1) 01):& 2&' +)-11&' 2/ 342& 2)7' 1) '05C*& &'+ 8&)/(4/0 01/'

:*)72& 2)7' 1& '4/'?243)-7&' D − II@ )6&( 2&' 2-3&7'-47' (430*-'&' &7+*&  J µm &+ KG

µm! L7& +&11& 01):& 2& +)-11&' 2& 342& 1)'&* *&72 1& '4/'?243)-7& D − II 01/' ;)64*)81&

./& 1& '4/'?243)-7& D− I! <7 &M&+@ -1 '&*) 01/' ;)(-1& 2=)2)0+&* 1) +)-11& 2=/7 ;)-'(&)/ 2&

0430):& 9 (&11& 2/ 342& 1)'&* 2)7' 1) '05C*& 04/* /7& (47D:/*)+-47 2/ '4/'?243)-7&

D − II! N& 01/'@ 9 ()/'& 2& 1=&7(438*&3&7+ :,43,+*-./& 2&' 347+/*&' 2&' 40+-./&'@ 1&'

2-'+)7(&' 2& D − II '47+ 01/' )((&''-81&' 2=/7 04-7+ 2& 6/& &B0,*-3&7+)1!

<7D7@ 1) (47D:/*)+-47 '+)81&@ )/+4*-')7+ 1& 01/' 2=-30*,(-'-47' '/* 1& 04'-+-477&3&7+

2&' 3-*4-*' 0)* *)004*+ 9 1) '05C*&@ (4**&'0472 )/ (&7+*& 2/ 243)-7& 2& '+)8-1-+, 2=/7&

" G



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"#$% &'(%$)#*+,- &#$+% !+ (#.#,+ /+ &0+&1/0(!#2, D−II3 40+) .! &567), /, Y COB : Nd-

,2 &0..# #$!2$ .8#2/# , ny(λlaser)- .,  ,2$), /+ &0+&1/0(!#2, /, &$!9#.#$%  0)),&502/ !+:

/#(,2&#02& /,  !"#$% d = 3, 11 ((3 ;!2&  ,  !&- .! $!#.., /, .!  !"#$% .!&,) ! 50+) .02<+,+)

$0$!., Lcav = 2R + 2d = 13, 66 ((3 =,& 5!)!(7$),& &5!$#!+: /+ (0/, .!&,) "!.,2$ !.0)& >

w1 = 36, 5 µm- wint = 43, 2 µm ,$

ZR

R
= 2, 53

40+)  6! +2 /,& $)0#& #2/# ,& 5)#2 #5!+: ? λlaser- ., $!9.,!+ @3A /022, .! /#&$!2 ,

 0)),&502/!2$ !+ 50#2$ /, B02 $#022,(,2$ &#$+% !+  ,2$), /+ /0(!#2, /, &$!9#.#$% ,2

 02C<+)!$#02 &'(%$)#*+,- .,& /#(,2&#02& /,&  0.& w1 ,$ wint- ,$ ,2C2 ., 5!)!(7$), /,

D!'.,#<6 20)(!.#&%

ZR

R
3

%67( @3A E  !"#$%!&$% '# ()*!+, %-",+.!/0# %+)12#3 4&0. 2) (&$560.)+!&$ 6,&",+.!/0#

%!+0,# )0 (#$+.# '0 '&")!$# '# %+)1!2!+, D− II3 7 λlaser = 1061 $"3 4&0. 2#% +.&!% !$'!(#%
4.!$(!4)08 '# Y COB : Nd '# 2) %49:.# Y COB : Nd;

40+) +2, $!#.., d /,  !"#$% /022%,- .,& /#(,2&#02& /,&  0.& /, B!#& ,!+: "!)#,2$ 5,+ 5!)

)!550)$ ? .8#2/# , &0..# #$%3 4!) .! &+#$,- .! $!#.., #2$,)(%/#!#), /,  !"#$% &'(%$)#*+,- 50+)

+2 50#2$ /, B02 $#022,(,2$ &#$+% ,2 5.,#2  ,2$), /+ /0(!#2, /, &$!9#.#$%- 50+) d = 3, 11

((- &,)! !#2&# 5)#"#.%<#%,3

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

=8%$+/, /, .!  !"#$% !", +2 (#.#,+ !(5.#C !$,+) &56%)#*+, ! +2#*+,(,2$ 50)$% &+)

.,  !& /, .! (#&, ,2 0& #..!$#02 /8+2 (0/, /, 50.!)#&!$#02 0)/#2!#), /+ B!#& ,!+ .!&,) ?

λlaser = 1061 2(3 ;!2&  ,  !&- .! 5)05!<!$#02 /, .8%2,)<#, ,&$  0.#2%!#), !+ ", $,+) /802/,

.!&,)- .+#1(F(,  0.#2%!#), ? .8!:, /, .!  !"#$% .!&,)3 =, B!#& ,!+ .!&,) ,&$ !.0)& ,2 #2 #/,2 ,

20)(!., &+) .,& /,+: B! ,& /, .! &567),- !#2&# *+, &+) .,& /,+: (#)0#)& 5.!2&3

G@G



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

$" 3/6. 6. */)!&'#!('/" *&,#."(!"( $" !"2). 6. 6/$7). &,1&!%('/" "/" "$)8  !"# %. %!#0 )!

*&/*!2!('/" 6. )9,".&2'. "9.#( *)$# %/)'",!'&. !$ :.%(.$& 69/"6. )!#.& 6!"# )! #*+;&.8 <) #9."

#$'( $". &,1&!%('/"0 !$ "':.!$ 6. )! #$&1!%. 6. )! #*+;&.0 -$' ! */$& %/"#,-$."%. 69!=.%(.&

)9/&'."(!('/" 6$ :.%(.$& 69/"6. +/&# 6. )! #*+;&. >?@A8 B! 6'&.%('/" 6. *&/*!2!('/" 6.

)9/"6.0 .( 6/"% 6. )9,".&2'. )!#.&0 ". %/&&.#*/"6 !)/&# *)$# 5 )9!C. 6. )! %!:'(, 6,%&'(.

*!& )! D2$&. E8F8 G/$& *!)'.& )9.=.( '"6,#'&!7). 6. )! 6/$7). &,1&!%('/"0 "/$# *&/*/#/"# 6.

3/6'D.& )9'"%)'"!'#/" 6$ 3'&/'& 6. #/&('. M20 (.) -$. )9'))$#(&. )! D2$&. E8HI8 B9/7J.%('1 .#(

!)/&# 69/&'."(.& %. 3'&/'& /&(+/2/"!).3."( !$ 1!'#%.!$ #. *&/*!2.!"( +/&# 6. )9!C. '"'('!)

6. )! %!:'(, )!#.&0 ." #/&('. 6. #*+;&.8

678( E8HI K  !"#"$%&%"' () *"'+,-!.&%"' () /. *.0%&1 2 $341&!%5-) 67 #"-! -' 4"() ()

#"/.!%$.&%"' #!1$)'&.'& -' .',/) () ("-8/) !19!.*&%"' '"' '-/:

LD" 6. 7'." &."6&. %/3*(. 6.# 3/6'D%!('/"# '"(&/6$'(.# */$& 3!'"(."'& )! #(!7')'(,

6. )! %!:'(, ." *&,#."%. 69$". *&/*!2!('/" "/" /&6'"!'&. 6!"# )! #*+;&.0 ).# !"2).# 6.

6/$7). &,1&!%('/"0 !'"#' -$. )9'"%)'"!'#/" 6$ 3'&/'& M20 /"( ,(, :/)/"(!'&.3."( .C!2,&,#

#$& )! &,*&,#."(!('/" 6. )! D2$&. E8HI8

<) .#( 5 "/(.& -$. )! 6/$7). &,1&!%('/" 6,*."6 6. )9/&'."(!('/" 6$ %&'#(!) %/"#'6,&,8

M.)! #'2"'D. -$.0 */$& (/$(. 6'&.%('/" 6. *&/*!2!('/" 6!"# ). &.*;&. /*('-$. 6$ %&'#(!)

#*+,&'-$.0 ') 1!$( !6!*(.& )9/&'."(!('/" 6$ 3'&/'& 6. #/&('. M28 N" *&,#."%. 6. 6/$7).

&,1&!%('/"0 ') .#( 6/"% ",%.##!'&. 6. 3/6'D.& )9!)'2".3."( */$& 6'=,&."(.# '"(.&!%('/"#

/*('-$.# %/"#'6,&,.#0 %. -$' %/"#('($. $". &,.)). 6'O%$)(, .C*,&'3."(!).8 N" *&!('-$.0 ')

#.&! *&,1,&, 6. (&!:!')).& 6!"# 6.# %/"D2$&!('/"# 6. %!:'(, ". *&,#."(!"( *!# 6. 6/$7).

&,1&!%('/"0 -$.)).# -$. #/'."( ).# %/"#,-$."%.# #$& )! :!).$& 6$ #.$') )!#.&8

L %. J/$&0 "/$# "9!:/"# *!# 3/6,)'#, ). %/3*/&(.3."( 6. )! %!:'(, 6,%&'(. *!& )! D2$&.

HE?



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"#! $%&'()%*+, -. /01(++*'0 23*/1-*/(4 &/ 5*4%*4 6%&4 .++&4(4 -. +'.7*-*'0 23&/ 5%2( 2( 6%8

-.4*+.'*%/ .9(1 2%&7-( 40)4.1'*%/ . 6%&4 1%/+0:&(/1( :&3*- /( +(4. 6.+ 6%++*7-( 2( +'.7*-*+(4

+*5&-'./05(/' -(+ 2(&; 5%2(+ 2( 6%-.4*+.'*%/ .++%1*0+ < n+
(' n− 6%&4 &/( 2*4(1'*%/ 2(

64%6.=.'*%/ 1%/+*2040( 640+(/'./' &/( 2%&7-( 40)4.1'*%/ /%/ /&--(! >(1* .66.4.?' 1%55(

&/ @./2*1.6 6%&4 -. 40.-*+.'*%/ 2( 64%1(++&+ 23.&'%82%&7-.=( ).*+./' */'(49(/*4 +*5&-'.8

/055(/' 2(&; 5%2(+ 2( 6%-.4*+.'*%/ %4'@%=%/.&;, 1%55( 13(+' -( 1.+ 6%&4 -(+ 64%1(++&+

23.&'%8ABC 2( 'D6( EE!

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

$- 1)$+ ,%/+3 $+ ,% 0%4('5 /615'3(7-+

FG/ 2( 40.-*+(4 -305*++*%/ -.+(4, *- (+' /01(++.*4( 23%6'*5*+(4 -( 6%56.=( 2( -. 1.9*'0

+D50'4*:&( 0'&2*0( 640102(55(/', (/ %6'*5*+./', 2./+ -( 5*-*(& .56-*G1.'(&4 +6@04*:&(,

-( 4(1%&94(5(/' 9%-&5*:&( 2& 5%2( -.+(4 6.4 -( ).*+1(.& 6%56(!

H( '4.9.*- 2( 5*+( (/ )%45( 2& ).*+1(.& 6%56( /01(++*'( -. 1.4.1'04*+.'*%/ 2(+ 6.4.8

5I'4(+ +6.'*.&; 2( -. +%&41( &'*-*+0(, 6&*+ 6.4 &/( .2.6'.'*%/ %6'*5.-( 2( -. 6%+*'*%/ ('

2(+ 2*5(/+*%/+ '4./+9(4+(+ 2( 1( ).*+1(.& < 1(--(+ 2& 5%2( -.+(4 2./+ -. +6@I4(! >(''(

%6'*5*+.'*%/ 6.++( 6.4 -30'&2( 2& 4(1%&94(5(/' 2& 5%2( -.+(4 6.4 -( ).*+1(.& 6%56( 2./+

-. +6@I4(!

J%'4( %7K(1'*) (+' 2( 209(-%66(4 &/( 50'@%2%-%=*( /%&9(--( 6(45(''./' -. 1.4.1'04*8

+.'*%/ 2*4(1'( 23&/ 14*+'.- .&'%82%&7-(&4, :&(-+ :&( +%*(/' -(+ *%/+ L&%4(+1(/'+ :&* 1%/+'*8

'&(/' -( 2%6.=(! E- (+' /01(++.*4( 2( 6%56(4 -( 5*-*(& -.+(4 .9(1 &/( +%&41( .11%42.7-( +&4

&/( -.4=( 6-.=( +6(1'4.-(! H. +%&41( &'*-*+0( (+' &/ MNM .11%42.7-( (/'4( O,P µm (' Q,P

µm, &'*-*+./' 23&/ 14*+'.- 2( BBO! E- +3.=*' 23&/ MNM N./'@(4 2( -. +%1*0'0 >%/'*/&&5,

6%560 < -. -%/=&(&4 23%/2( '4*6-( 23&/ -.+(4 Y AG : Nd *56&+*%//(- < R /+, 2( 1.2(/1(

"O BS!

"  



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"!# $%&%'()&*+%(*,- ./+ 0%&%12(&/+ +0%(*%34 .3 5%*+'/%3 0,10/

 ! "#$%&'&( )*#$)' #+,-.!"' )' +#.+!%' )' Y COB : Nd/ '0, λ = 812 $.1 2""'

'0, )3)&-,' )'0 0+'4,('0 )*!50#(+,-#$ 67891 :',,' "#$%&'&( )*#$)' '0, +(#)&-,' %(;4' < "!

0#&(4' =>= &,-"-03'1

 '0 4!(!4,3(-0,-?&'0 0+!,-!"'0 )& @!-04'!& +#.+' 0#$, !00'A 3"#-%$3'0 )*&$ @!-04'!&

+&('.'$, %!&00-'$1 B#$ +(#C" 0+!,-!" '0, ,(D0 -$E#.#%D$'1 F*!&,(' +!(,/ -" +(30'$,' &$

!0,-%.!,-0.' +!(,-4&"-D('.'$, -.+#(,!$, )!$0 "' +"!$ G'(,-4!"/ )#$, "*#(-%-$' '0, "-3' <

"*'H-0,'$4' )' +(#4'00&0 +!(!.3,(-?&'0 $#$ 4#"-$3!-('0 )!$0 "' +"!$ )' "*!$%"' )' )#&5"'

(3@(!4,-#$1

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

 ! 4!(!4,3(-0!,-#$ )' "*!0,-%.!,-0.' )& @!-04'!& +#.+' ! 3,3 'I'4,&3' < +!(,-( )'

+"&0-'&(0 03(-'0 )' .'0&('0 !C$ )*#5,'$-( &$' )-0,(-5&,-#$ 0,!,-0,-?&' )'0 )#$$3'01 :',,'

4!(!4,3(-0!,-#$ ! +#(,3 0&( "*3G#"&,-#$ )& +(#C" )& @!-04'!& )' +!(, ', )*!&,(' )' "! +#0-,-#$

)' @#4!"-0!,-#$/ 0&-,' < "! ,(!G0'(03' )*&$' #& +"&0-'&(0 "'$,-""'01

2$ 4E!?&' +#0-,-#$ A "' "#$% )' "*!H' )' +(#+!%!,-#$ )& @!-04'!& +#.+'/ &$' .'0&('

)& +(#C" ,(!$0G'(0' ! 3,3 'I'4,&3' 0'"#$ "'0 )-('4,-#$0 E#(-A#$,!"' ', G'(,-4!"'/ ?&- 4#(('0J

+#$)'$, !&H )'&H )-('4,-#$0 +(-$4-+!"'0 )*!0,-%.!,-0.'1  '0 (!K#$0/ G'(,-4!" ', E#(-A#$,!"/

)& @!-04'!&/ )3C$-0 < 1/e2
)& .!H-.&. '$ -$,'$0-,3/ #$, 3,3 )3,'(.-$30 '$ 'I'4,&!$, &$'

.#)3"-0!,-#$ )' +(#C" ,(!$0G'(0' %!&00-'$ 0'"#$ 4E!4&$' )' 4'0 )'&H )-('4,-#$01  '0 +(#C"0

"#$%-,&)-$!&H/ E#(-A#$,!" wh/ ', G'(,-4!" wv/ )& @!-04'!& +#.+' #$, !"#(0 3,3 .#)3"-030 "'

"#$% )' "*!H' )' +(#+!%!,-#$ A +!( "'0 'H+('00-#$0 0&-G!$,'0 L





wh (z) = w0,h

√√√√1 +

(

λpM2
h (z − z0,h)

πw2
0,h

)2

wv (z) = w0,v

√

1 +

(

λpM2
v (z − z0,v)

πw2
0,v

)2

MN17OP

#Q (w0,h, w0,v)/ (M2
h , M2

v )/ !-$0- ?&' (z0,h, z0,v) 0#$, ('0+'4,-G'.'$, "'0 (!K#$0 < 1/e2
'$

-$,'$0-,3 )'0 4#"0 )& @!-04'!&/ "'0 +!(!.D,('0 )*34!(, < &$' 0,(&4,&(' %!&00-'$$' -)3!"'/

!-$0- ?&' "'0 +#0-,-#$0 )'0 4#"0 )& @!-04'!& 0'"#$ "'0 )-('4,-#$0 )*!0,-%.!,-0.' E#(-A#$,!"'

MEP ', G'(,-4!"' MGP1

7NR



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "#$%!#& '() *+,,! %-!,.!/$%! *!. 0#%!&1. !23415/!,"#%!. /!.&14!. 3+&1 %!. *56

1!7"5+,. *-#."58/#"5./!(  # *5.3!1.5+, *!. /!.&1!. 7+,*&5" #&2 0#%!&1. !23415/!,"#%!.

/+9!,,!. < M2
h >= 3± 1 !" < M2

v >= 16± 4: ;&5 .!1+," .9."4/#"5;&!/!," &"5%5.4!. 3#1

%# .&5"!(

%67( '() <  !"#$!%&#!'( )*" +,-*&$" *./0$!1*(#,-*" )*" /,$,12#$*" M2
h *# M2

v 3

•  !"##$% &$% '(#% &) *!"%'$!) +(,+$ +()- &"./-$01$% '(023)-!1"(0% &$ *('!#"%!1"(04

=>#;&! /!.&1! *& 31+?% .3#"5#% *& @#5.7!#& 3+/3! # 4"4 5,"!13+%4! 3#1 %!. !231!..5+,.

*! %-4;&#"5+, A'(B)C: 7! ;&5 7+,*&5" D &,! !."5/#"5+, *!. 3#1#/E"1!. w0,h !" M2
h *-&,!

3#1": !" w0,v !" M2
v *-#&"1! 3#1"( F+&. #0+,. &"5%5.4 %!. 0#%!&1. < M2

h > = 3 ± 1 !"

< M2
v > = 16± 4 *4GD *4"!1/5,4!. 31474*!//!,": 3+&1 1!,+1/!1 %!. /!.&1!. .&50#,"!.:

*! @#H+, D .! 1#/!,!1 D *!. /!.&1!. 7+,*&5.#," !2#7"!/!," #&2 0#%!&1. M2
h =< M2

h >

!" M2
v =< M2

v >( =!75 1!05!," D 1!,+1/!1 %!. @#7"!&1. M2
h !" M2

v : !, %!. /&%"53%5#,"

1!.3!7"50!/!," 3#1 %!. @#7"!&1.

<M2
h
>

M2
h

!"

<M2
v >

M2
v
(  !. "#5%%!. *! @#5.7!#& w0,h !" w0,v .+,"

*+,7 48#%!/!," 1!,+1/4!.: !, %!. /&%"53%5#," 1!.3!7"50!/!," 3#1 %!. @#7"!&1.

√

<M2
h
>

M2
h

!"

√

<M2
v >

M2
v
(

 # ?8&1! '(BI *4715" %-40+%&"5+, *!. 31+?%. %+,85"&*5,#&2 *& @#5.7!#& 3+/3!: .&5"! D

&,! @+7#%5.#"5+, 3#1 *!&2 %!,"5%%!. 79%5,*15;&!. +1">+8+,#%!. !,"1! !%%!.: 1!.3!7"50!/!," *!

@+7#%! fv = +75 // !" fh = +50 // *#,. %!. *51!7"5+,. 0!1"57#%! !" >+15J+,"#%! *-#."586

/#"5./!(  -5,"!13+%#"5+, *!. /!.&1!.: D 3#1"51 *!. 4;&#"5+,. A'(B)C !" *!. 3#1#/E"1!. M2
h

!" M2
v 1!,+1/4.: # 7+,*&5" D w0,h = 33 µm !" w0,v = 83 µm( K1L7! D &, 148%#8! /5,&"5!&2

*! %# 3+.5"5+, 1!%#"50! *!. %!,"5%%!. 79%5,*15;&!.: %# *5."#,7! !,"1! %!. 7+%. #..+754. #&2 *!&2

*51!7"5+,. *-#."58/#"5./! !." 5,@415!&1! D M:' //(

 ! "#$%!#& '(N *+,,! %!. 0#%!&1. !23415/!,"#%!. 1!,+1/4!. *!. "#5%%!.: >+15J+,"#%! !"

0!1"57#%!: *& @#5.7!#& 3+/3!: 3+&1 ;&#"1! 7+,?8&1#"5+,. *5O41!,"!. *! @+7#%5.#"5+,: D 3#16

"51 *! G!&2 *! %!,"5%%!. *5.3+,5$%!. *#,. %-4;&53!(  # 81#,*!&1 ∆zv,h = z0,v − z0,h "1#*&5"

%-47#1" !,"1! %!. 3+.5"5+,. *! @+7#%5.#"5+, *!. *51!7"5+,.: 0!1"57#%! !" >+15J+,"#%!: *-#."586

/#"5./!(  # 31!/5E1! .415! *! /!.&1!.: #0!7 &,! %!,"5%%! .3>415;&! *! @+7#%! +100 //: #

B')



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !"# $  !"#$%&'(")&! *#+ *&!!,#+ #-%,$).#!"('#+ (++&/),#+ (0- %$&1'+ '&!2)"0*)!(0-3

+#'&! '#+ *)$#/")&!+ "$(!+4#$+#+ 5&$)6&!"('# 7/($$,+ !&)$ #" /&0$8# !&)$#9 #" 4#$")/('# 7$&!*+

$&02#+ #" /&0$8# $&02#9 *:(+")2.(")+.# *0 ;()+/#(0 *# %&.%#3 /&!*0)+(!" (0- *).#!+)&!+

w0,h = 33 µm #" w0,v = 83 µm<

%&'()*+ , (-). %&/0 (- 12*0%-2)3 0-/&' /-0 (*4-%+*&'0 5&4*6&'+2/- -+ 7-4+*%2/- (820+*9:2+*0:-3

;)* 0&'+ (*0+2'+-0 (- < ::! =2 (*4-%+*&' 7-4+*%2/-3 (- 1&4+- (*7-49-'%-3 -0+ 1&%2/*0>- ?/)0

/&*' (- /2 /-'+*//- ;)- /2 (*4-%+*&' 5&4*6&'+2/-! @-+ >%24+ *:?&4+2'+ -'+4- /-0 (*0+2'%-0 (-

1&%2/*02+*&' A)0+*B- /8)+*/*02+*&' 0*:)/+2'>-3 ?&)4 /-0 2)+4-0 0>4*-0 (- :-0)4-03 (- (-). /-'C

+*//-0 %D/*'(4*;)-0 &4+5&9&'2/-0 -'+4- -//-03 2B' (- :2E+4*0-4 /-)4 -0?2%-:-'+ -+ (- ?/2%-4

, /2 :F:- ?&0*+*&' /-0 %&/0 (- 12*0%-2) (- %52%)'- (-0 (-). (*4-%+*&'0 (820+*9:2+*0:-!

%9:(  !< $ =('#0$+ $#!&$.,#+ *#+ "()''#+ *#+ /&'+ *0 ;()+/#(0 %&.%#3 %&0$ >0("$# /&!1?

20$(")&!+ *)@,$#!"#+ *# ;&/(')+(")&!< A+").(")&! *# ':,/($" ∆zv,h #!"$# '#+ %&+)")&!+ *#

;&/(')+(")&! (++&/),#+ B w0,h #" w0,v<

G' 0)??&02'+ )'- 1&%2/*02+*&' *'(>?-'(2'+- (2'0 %52%)' (-0 ?/2'03 5&4*6&'+2/ -+ 7-4C

+*%2/3 , ?24+*4 (- /-'+*//-0 %D/*'(4*;)-0 &4+5&9&'2/-0 -'+4- -//-03 */ -0+ ?&00*H/- (- %&44>/-4

" <



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

%#.$'"#(, %2!&"#34!"#&4$ '(,&#%5.5$6 7$& .5&* "!"& &(," .$0(."5& %!,&  $ "!8 $!* 96:+ 1*$

,(*& '(40"(,& *"# #&$. !;, %$ %5"$.4#,$.  ! '(,;3*.!"#(, $<05.#4$,"! $ %$ )('! #&!"#(,

%$  ! &(*.'$ =>=  ! 0 *& )!-(.!8 $ 0(*.  $ 0(40!3$ %$  ! '!-#"5 &?45".#1*$6

%67( 96: @  !"##$ %$& '(#& %) *!"&'$!) +(,+$ +()- '.!/)$ %"-$'0"(1 %2!&0"3,!0"&,$ $1

*(1'0"(1 %$ #! *('!#$ %$ #! #$10"##$ '4#"1%-"/)$ )0"#"&5$ %!1& #$ +#!1 .(-"6(10!# 7fh) $0 8$-0"'!#
7fv) -$&+$'0"8$,$109

 !"!# $%&'()*+,)%- &. /01%.2/030-, &. 3%&0 (+*0/ 4+/ (0 5+)*10+.

4%340 &+-* (+ *467/0

7$ '!.!'"A.$ ".A& !&"#34!"$ %* )!#&'$!* 0(40$ ,$ 0$.4$" 0!& *,$ !%!0"!"#(, 0!.)!#"$

%$ &$& 0!.!4A".$& &0!"#!*< B '$*< %* 4(%$  !&$. &*. "(*"$  250!#&&$*. %* 4# #$* !40 #;C

'!"$*.6 D, 0!."#'* #$.+  ! -! $*. 5 $-5$ %* 0!.!4A".$ < M2
v > ,$ 0$.4$" 0!& %2$,-#&!3$.

*,$ 0.(0!3!"#(, 0!.!  A $ %!,&  ! &0/A.$+ %!,&  $ '!& %$ )('! #&!"#(,& ".(0 #40(."!,"$& %*

)!#&'$!* 0(40$6 E !00!.!F" %(,' ,5'$&&!#.$ %$ 1*!,"#;$. %$ 4!,#A.$ 3 (8! $  2$G'!'#"5

%* 0(40!3$ B ".!-$.& "(*"  $ 4# #$* !40 #;'!"$*.6

7! 4(%5 #&!"#(, %* .$'(*-.$4$," -( *4#1*$ %* 4(%$  !&$. 0!.  $ )!#&'$!* 0(40$

%!,&  ! &0/A.$+ ,5'$&&#"$  ! %5;,#"#(, %2*, $&"#4!"$*. '!.!'"5.#&!,"  $ "!*< %2!8&(.0"#(,

%* )!#&'$!* 0(40$ %!,&  $ -( *4$ %* 4(%$  !&$.+ .$ !"#-$4$," B  2!8&(.0"#(, 3 (8! $ %!,&

 $ 4# #$* !40 #;'!"$*.6 H;, %$ ".!%*#.$ !* 4#$*<  ! .5! #"5 %$ '$ .$'(*-.$4$,"+ # ! 5"5

'(,&#%5.5 1*$  2$&"#4!"$*. %(#" 0.$,%.$ $, '(40"$  $& '#,1 0(#,"& '#C%$&&(*& I

•  $ 0.(; ".!,&-$.&$ 3!*&&#$, %* 4(%$  !&$. $" %* )!#&'$!* 0(40$+ %(,"  $& "!#  $&

0$*-$," 5-$,"*$  $4$," 5-( *$. !* '(*.& %$  ! 0.(0!3!"#(, &*.  250!#&&$*. %$  !

J9:



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

• )% ,/$/,(#$% / (+0-/(% 1% )/ !$*!/0/(+*' 12 3/+ ,%/2 !*-!% 4

• )% $%,*25$%-%'( ($/' 5%$ %& %' ,"/62% !* +(+*' /2  %+' 1% )/  !"#$%& 12 -*1% )/ %$

!/$ )% 3/+ ,%/2 !*-!%& 1/' ,"/,2'% 1% 1%27 1+$%,(+*' !$+',+!/)% & "*$+8*'(/)%

'*(9% δ = h& %( 5%$(+,/)% '*(9% δ = v 4

• )% $%,*25$%-%'( )*'0+(21+'/)& +'(90$/'(  2$ (*2(% ):9!/+  %2$ 12 -+)+%2 /-!)+;,/(%2$

 !"9$+62%& )% $%,*25$%-%'( ($/' 5%$ % <+1+-%' +*''%) / (+0-/(% 4

• ):/((9'2/(+*' %' (*2( !*+'( 1% )/  !"#$% 1% ):+'(%' +(9 12 3/+ ,%/2 !*-!% )+9% =  *'

/< *$!(+*' 1/' )% -+)+%2 = 0/+'.

>*2$ 2'% !* +(+*' ξ 1/' )/  !"#$%& )% $%,*25$%-%'( ($/' 5%$ %& β
δ
&  %)*' )/ 1+$%,?

(+*' !$+',+!/)% δ = (h, v) "*$+8*'(/)% *2 5%$(+,/)%& 12 -*1% )/ %$ !/$ )% 3/+ ,%/2 !*-!%&

$% !%,(+5%-%'( 1% (/+))% wmode %( wp,δ& % ( 1*''9 !/$ )/ 3*$-2)%  2+5/'(% @

βδ (ξ) =

∫ +∞

−∞

√

2

πw2
p,δ (ξ)

e−2u2/w2
p,δ

(ξ).e−2u2/w2
mode

(ξ) du =

(

1 +
w2

p,δ (z)

w2
mode (z)

)−1/2

AB.CDE

F% $%,*25$%-%'( ($/' 5%$ % ,*$$% !*'1 = ):+'(90$/(+*' ($/' 5%$ %  %)*' )/ 1+$%,(+*'

!$+',+!/)% δ 12 3/+ ,%/2 !*-!% 0/2  +%'& %' /!!)+62/'( 2'% !*'19$/(+*' !/$ )% !$*;)

($/' 5%$ %& 90/)%-%'( 0/2  +%'& 12 -*1% )/ %$ = )/ !* +(+*' ξ 1/' )/  !"#$%.

F% $%,*25$%-%'( 5*)2-+62%& β
vol

& 12 -*1% )/ %$ !/$ )% 3/+ ,%/2 !*-!% +'(#0$%&  2$

(*2(% ):9!/+  %2$ 1% )/  !"#$%& )% $%,*25$%-%'(  %)*' )% 1%27 1+$%,(+*' 1:/ (+0-/(+ -%

12 3/+ ,%/2 !*-!%& %' /!!)+62/'( 2'% !*'19$/'(+*' !/$ )% !$*;) 0/2  +%' 12 -*1% )/ %$

3*'1/-%'(/) TEM0,0. G% $%,*25$%-%'( 5*)2-+62% % ( 19,$+( !/$ ):962/(+*' @

βvol =

∫ +R

−R

e−αξβ
h
(ξ) β

v
(ξ) dξ AB.CHE

*I α % ( )% ,*%J,+%'( 1:/< *$!(+*' )+'9/+$% /  *,+9 = 2'% !$*!/0/(+*' !*)/$+ 9% = λpompe

1/' )/  !"#$%.

K/' )% ,/ "L!*("9(+62% *I wp,δ (ξ) = wmode (ξ)& !*2$ δ = (h, v)& )% $%,*25$%-%'(

5*)2-+62% ($/12+( /)*$ 2' $%,*25$%-%'( !/$3/+(& %( 5/2(

∫ +R

−R
e−αξ

2
dξ. F% (/27 1% $%,*2?

CBM



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"#"$%  &'(#)*(" τ
vol

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

β
vol

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

τ
vol

=

∫ +R

−R
e−αξρ

h
(ξ) ρ

v
(ξ) dξ

∫ +R

−R
e−αξ

2
dξ

56789:

;' "+% )$%.!"++,$% -" $&%"! *(" 1'(+ '<,=+&!1%)&$ "+% 2&!%"3 1'(+ )' "+% "++"$%)"' -<">"0%("!

($ =&$ !"0&( !"#"$% ?.&#.%!)*(" -( #&-" ',+"! 1,! ', 1&#1"3 %,$% *(" 0"''"@0) $<, 1,+

"$0&!" .%. %!&1 ,%%.$(."3 0<"+%@A@-)!" -B+ '" %&(% -.=(% -" ', 1!&1,?,%)&$ -,$+ ', +1CB!"7

D, -./$)%)&$ -" '<"+%)#,%"(! τ
vol

0&$-()% A τ
vol

= 1 1&(! ($ 2,)+0",( 1&#1" -" -)#"$@

+)&$+ )-.,'"+3 A τ
vol
→ 0 '&!+*(" wp,δ >> wmode3 "% "$/$ A τ

vol
→ 2 '&!+*(" wp,δ << wmode7

E$" (%)')+,%)&$ -)!"0%" -" '<"+%)#,%"(! 1!&1&+. 1"(% -&$0 0&$-()!" A -"+ %,(F -" !"0&( !"@

#"$% +,$+ +)?$)/0,%)&$ 1CG+)*("3 %"'+ *(" τ
vol

> 13 1&(! '"+ +)%(,%)&$+ &H '"+ -)#"$+)&$+

-( 2,)+0",( 1&#1" -" )"$$"$% 1'(+ 1"%)%"+ *(" 0"''" -( #&-" ',+"!7 ;' 2,(% -&$0 , &)! A

'<"+1!)% *(<($" (%)')+,%)&$ -)!"0%" -" 0"% "+%)#,%"(! 1"(% 0&$-()!" A ($" +(!@"+%)#,%)&$

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

-)#"$+)&$ 1'(+ 1"%)%" *(" 0"''" -( #&-" ',+"!7 ;' 0&$ )"$% ,'&!+ -<I%!" 1!(-"$% -,$+ '<)$@

%"!1!.%,%)&$ -" ',  ,'"(! $(#.!)*(" 2&(!$)" 1,! τ
vol
7 J"% "+%)#,%"(! , +)#1'"#"$% 1&(!

 &0,%)&$ -" -.?,?"! '"+ %"$-,$0"+  )+@A@ )+ -" ', *(,')%. -( !"0&( !"#"$% 1&(! -)>.!"$%"+

0&$/?(!,%)&$+ -" 2&0,')+,%)&$7

 !"#$%&!

K$ 1!,%)*("3 )' "+% $.0"++,)!" -<. )%"! -<. "$%("''"+ +(!@"+%)#,%)&$+ -( %,(F -" !"0&(@

 !"#"$%7 D&!+*(<($" -"+ -"(F -)!"0%)&$+ -<,+%)?#,%)+#" wp,δ , "0 δ = 5C "%L&(  :3 "+%

1'(+ 1"%)%" *(" '"+ -)#"$+)&$+ -( #&-" ',+"! +(! ($" 1',?" -" 1&+)%)&$+ ∆ (ξ) -,$+ ',

+1CB!"3 '" 0,'0(' -" !"0&( !"#"$% 1"(% I%!" 0&!!)?. "% ,M$.7 N(! 0"%%" 1',?" ∆ (ξ)3 "% 1&(!

', -)!"0%)&$ δ =5 C "%L&(  :3 )' +(M% -<,%%!)="! $(#.!)*("#"$% ', %,)''" wmode (∆ (ξ)) ,(

2,)+0",( 1&#1" -" %,)''" !."''" wp,δ (∆ (ξ)) < wmode (∆ (ξ))7

86O



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

2)'2. +(*$ 1( $245-.

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

3/0#&(/00!.!0& -! ,$ #$4(&' "5.'&%()*!6  7!"&(.$&(/0 -* %!#/*4%!.!0& "!%$ -/0# .!0'!

+/*% -!*2 #/089*%$&(/0" -! #$4(&': ; d = 3, 11 .. !& d = 5 ..: $++$%&!0$0& $* "/*"<

-/.$(0! -! "&$=(,(&' D−II -'#%(& +$% 89*%! >6?@6A=B6  7(0-(#! "/,,(#(&' !"& ,7(0-(#! +%(0#(+$,

ny ; λlaser: #! )*( #/%%!"+/0- ; *0 $,(90!.!0& -! ,7$2! -! ,$ #$4(&' ,$"!% -$0" ,! +,$0

+%(0#(+$, ( ~X, ~Z) -* %!+C%! /+&()*! -! ,$ "+1C%! -! Y COB6 D! +,*": (, !"& %$++!,' )*! ,!"

+$%$.C&%!" (0&%(0"C)*!" -* 3$("#!$* +/.+!: ; λp = 812 0.: /0& '&' %!0/%.'" !& "/0& 82'"

; E M2
h = 3 !& M2

v = 166

 7'&*-! &1'/%()*! -! ,$ #$4(&' ,$"!% $ '&' %'$,("'! #1%/0/,/9()*!.!0& $4$0& )*! ,!"

%'"*,&$&" -* #1$+(&%! @ 0! "/(!0& /=&!0*"6 D$0" ,7'&*-! -! ,$ #$4(&': (, 07$ -/0# +$" '&'

+%(" !0 #/.+&! ,7!2("&!0#! -!" -(F'%!0&" %!+C%!"6 G!&&! '&*-! !"& -/0# !F!#&*'! -$0" ,!

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

"/0& +$" ,!" 4$,!*%" +%(0#(+$,!" ,('!" ; ,7$="/%+&(/0 !& ; ,7'.(""(/0 )*( "/0& "/,,(#(&'!"6 H/*%

#! #1$+(&%!: ,$ 4$,!*% -* #/!I#(!0& -7$="/%+&(/0 $ -/0# '&' 82'! ; *0! 4$,!*% %'$,("&! +/*%

Y COB : Nd: "/(& ; α = 3 cm−1
J?K: L?M6

 !" #/," -! 3$("#!$* +/.+!: -$0" ,!" -(%!#&(/0" 1/%(N/0&$,! !& 4!%&(#$,! -7$"&(9.$&(".!:

"/0& #/0"(-'%'" #/..! '&$0& +/"(&(/00'" $* .O.! !0-%/(& ; *0! -("&$0#! dpompe -! ,$

"*%3$#! -7!0&%'! -! ,$ "+1C%!6 G!&&! -("&$0#! -/(& O&%! ,$ +,*" +!&(&! +/""(=,! $80 -! 0!

+$" +!%.!&&%! $* 3$("#!$* +/.+!: -! 3/%& $"&(9.$&(".!: -! %!-(4!%9!% !0&%! "/0 +/(0& -!

3/#$,("$&(/0 !& ,$ "*%3$#! -7!0&%'! -! ,$ "+1C%!6 G!+!0-$0&: #!&&! -("&$0#! -/(& $*""( O&%!

%'$,("&! -7*0 +/(0& -! 4*! !2+'%(.!0&$,: )*( $ #/0-*(& ; 82!% dpompe = 1 ..6

D$0" #!" #/0-(&(/0": ,$ 89*%! >6?P6A$B -'#%(& ,7'4/,*&(/0 -* &$*2 -! %!#/*4%!.!0&: !0

3/0#&(/0 -! ,$ &$(,,! -* #/, -! 3$("#!$* w0,v: !& +/*% α = 3 cm−1
!& dpompe = 1 ..:

+/*% -(F'%!0&!" 4$,!*%" (.+/"'!" -* #/, -! 3$("#!$* w0,h: +/*% *0! #/089*%$&(/0 -! #$4(&'

"5.'&%()*! $4!# d = 3, 11 ..6

 $ 89*%! >6?P6A=B -'#%(&: )*$0& ; !,,!: ,7'4/,*&(/0 -* &$*2 -! %!#/*4%!.!0&: !0 3/0#&(/0

-! ,$ &$(,,! -* #/, -! 3$("#!$* w0,h: +/*% α = 3 cm−1
!& dpompe = 1 ..: !& +/*% -(F'%!0&!"

?QR



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"#$%& '()*&+#& ,$ -*" ,# .!'&-#!$ w0,v/ )*$% "! (0(# -*123$%!4'*1 &5(+4%'6$# ,# -! '4+/

! #- d = 3, 11 ((7

678( 879: ;  !"# $% &%'(")&%*%+, )(-"*./"% $" *($% -!0%& 1("& -! '!).,2 03*2,&./"% $%

,!.--% d = 3, 11 **4 %, 1("& $%0 '(-0 $% 5!.0'%!" 1(*1%4 w0,h %, w0,v4 5('!-.020 6 7 ** %+

%+,&2% $% 0189&%: ;!< =($2-.0!,.(+ %+ 5(+',.(+ $% w0,v4 1("& $.>2&%+,%0 )!-%"&0 $% w0,h:

;?< =($2-.0!,.(+ %+ 5(+',.(+ $% w0,h4 1("& $.>2&%+,%0 )!-%"&0 $% w0,v:

<! 23$%# 879= #&4 ">!1!"*3$# ,# "! 23$%# 879:/ (!'& )*$% $1# -*123$%!4'*1 &5(+4%'6$#

! #- d = 5 ((7

678( 879= ;  !"# $% &%'(")&%*%+, )(-"*./"% $" *($% -!0%& 1("& -! '!).,2 03*2,&./"%

$% ,!.--% d = 5 **4 %, $%0 '(-0 $% 5!.0'%!" 1(*1%4 w0,h %, w0,v4 5('!-.020 6 7 ** %+

%+,&2% $% 0189&%: ;!< =($2-.0!,.(+ %+ 5(+',.(+ $% w0,v4 1("& $.>2&%+,%0 )!-%"&0 $% w0,h:

;?< =($2-.0!,.(+ %+ 5(+',.(+ $% w0,h4 1("& $.>2&%+,%0 )!-%"&0 $% w0,v:

<#& )!%4'#& ?!@ #4 ?A@ ,#& 23$%#& 879: #4 879= -*1,$'&#14 B "! (0(# -*1-"$&'*1/ B &! *'%

6$# "# %#-*$ %#(#14 *)4'($( #&4 *A4#1$ )*$% ,#& 4!'""#& ,# -*" ,$ .!'&-#!$ )*()# ,#

">*%,%# ,# wopt
0,h = 45± 5 µm #4 wopt

0,v = 100± 10 µm7 C#& 4!$D ,# %#-*$ %#(#14 1>*14 )!&

9E9



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "#$ %&''() $* +, -.+ /+ $0#1'#,%2(' /0.,+  -+,!.+33+ $.'4+$!(5#!(&, 3&'$6.+ 3+ 7#($%+#.

"&5"+ +$! /+ /(5+,$(&,$ "3.$ "+!(!+$ 6.+ %+33+$ /. 5&/+ 3#$+'8 9+%( "+'5+! !&.!+7&($ /+

/ :,(' 3+$ &'/'+$ /+ )'#,/+.'$ #$$&%( $ /+ %+$ !#.; /+ '+%&.-'+5+,! /&,! 3+$ !#.; &"!(5#3$

-#3+,! 45 < "&.' .,+ %#-(! $=5 !'(6.+ /+ !#(33+ d = 3, 11 55* +! 84 < "&.' .,+ %#-(! 

/+ !#(33+ d = 5 558

># %&5"#'#($&, /+$ -#3+.'$ /+$ !#.; /+ '+%&.-'+5+,! /&,, +$ "#' 3+$ :).'+$ ?8@A

+! ?8@B 5+!!+,! +,  -(/+,%+ 3+ 7#(! (,!.(!(7 6.+* "3.$ 3+ 5&/+ /+ 3# %#-(! +$! /+ )'#,/+

/(5+,$(&,* 5+(33+.' +$! $&, '+%&.-'+5+,! "#' 3+ 7#($%+#. "&5"+ /+ 7&'! #$!()5#!($5+8 9+%(

$+ !'#/.(! "#' ., 5+(33+.' !#.; /+ !'#,$7+'! /0 ,+')(+ /. 7#($%+#. "&5"+ -+'$ 3+ 5&/+ 3#$+'

/#,$ 3+ %'($!#3 3#$+'* %+ 6.( +$! 7#-&'#C3+ "&.' "#$$+' 3+ $+.(3 /+ 3# %#-(!  !./( +8

>+$ :).'+$ ?8@A +! ?8@B 5&,!'+,!  )#3+5+,! 6.+ 3+$ -#'(#!(&,$ /. !#.; /+ '+%&.-'+5+,!

$&,! !&.D&.'$ "3.$ 7#(C3+$ "&.' 3+$ "#'!(+$ /+ %&.'C+$ E /'&(!+ /+$ 5#;(5# 6.+ "&.' %+33+$

$(!. +$ E 3+.' )#.%2+8 F(,$(* "&.' ., 5G5+ !#.; /+ '+%&.-'+5+,! &C!+,. E "#'!(' /+

/+.; %&."3+$ /(1 '+,!$ (w0,h, w0,v)* (3 +$! "' 7 '#C3+ /+ %2&($(' 3+ %&."3+ (w0,h, w0,v) 7#($#,!

(,!+'-+,(' 3+$ "3.$ )'#,/+$ -#3+.'$ /+ !#(33+$ /+ %&3$ /. 7#($%+#. "&5"+ /#,$ 3+$ "3#,$

2&'(H&,!#3 +! -+'!(%#38 9+%( "+'5+! /+ $+ "3#%+' /#,$ 3+ %#$ &I 3+ !#.; /+ '+%&.-'+5+,!

+$! 5&(,$ $+,$(C3+ E /+ "&$$(C3+$ J.%!.#!(&,$ +;" '(5+,!#3+$ /+$ /(5+,$(&,$ !'#,$-+'$+$

/. 7#($%+#. "&5"+ +, +,!' + /+ $"2K'+8 L+ "3.$* 3+ %2&(; /. %&."3+ (w0,h, w0,v) #-+% 3+$

"3.$ )'#,/+$ /(5+,$(&,$ %&,/.(! #.$$( E "'&"#)+' ., 7#($%+#. "&5"+ "3.$ "'&%2+ /0.,+

"'&"#)#!(&, +, &,/+ "3#,+ /#,$ 3# $"2K'+* "#'#33K3+5+,! E 30#;+ /+ 3# %#-(! 8

>+ !#C3+#. ?8M /. "#'#)'#"2+ ?8B8@ / %'(! 3+$ !#(33+$ /+ 7#($+#. "&5"+ 6.( $&,! ' #4

3($#C3+$ )'N%+ E 3# !'#,$7&'5#!(&, /+ 30OPO P#,!2+' #-+% 3+$ D+.; /+ 3+,!(33+$ /&,! ,&.$

/($"&$&,$8 F "#'!(' /+ %+!!+ %#'#%! '($#!(&, /+$ !#(33+$ /+ 7#($%+#. "&5"+ #%%+$$(C3+$* .,+

+$!(5#!(&, /+$ !#.; /+ '+%&.-'+5+,! #$$&%( $ #  ! ' #3($ +* %+ 6.+ '#""&'!+ 3+ !#C3+#.

?8A8 >+ 5+(33+.' !#.; /+ '+%&.-'+5+,! ' #3($#C3+ +;" '(5+,!#3+5+,! +$! #3&'$ &C!+,. "&.'

/+.; 3+,!(33+$ %=3(,/'(6.+$ &'!2&)&,#3+$* /+ 7&%#3+$ fv = +100 55 +! fh = +75 558

>+$ !#.; /+ '+%&.-'+5+,!* 6.( "'+,,+,! +, %&5"!+ 3# %&''+%!(&, /0.,+  -+,!.+33+ $.'4

+$!(5#!(&,* -#3+,! #3&'$ QR % "&.' .,+ %#-(! $=5 !'(6.+ /+ /(5+,$(&, d = 3, 11 55* +!

D.$6.0E M? % 3&'$6.+ d = 5 558

9+$ /+.; !#.; /+ '+%&.-'+5+,! $&,! !&.! E 7#(! %&5"#'#C3+$ #.; !#.; &"!(5#3$ +,4

@QS



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"#$%#&'%"( )*! +,- .-. /!" %, . !0%,1% 2#3 '%" 4$*3%" 5678 %- 5679( %- 0+,- '%"  #'%*3"

/#:!/#'%"( ,+, 1+33!$.%"  !";<; !" 0=*,% . %,-*%''% "*3;%"-!/#-!+,( .-#!%,- >? % 2+*3

d = 3, 11 //( %- 8> % '+3")*% d = 5 //6 @+*-%A+!"( '% -#&'%#* 568 /%- %, . !0%,1% )*%

'%" 1+,4$*3#-!+," (fv, fh) = (+100, +50) %- (fv, fh) = (+75, +50) 1+,0*!"%,- #*""! < 0%"

A+1#'!"#-!+, 0* A#!"1%#* 2+/2% -3B" 1+33%1-%"6

%67( 568 C  !"# $% &%'(")&%*%+,- .("& $%/ '(0/ 1(&23(+,!0 %, )%&,2'!0 $% 4!2/'%!" .(*.%

/2,"5/ 6 7 ** %+ %+,&5% $% /.18&%- $% $2*%+/2(+/ &5!02/!90%/ !)%' $%"# 0%+,200%/ ':02+;

$&2<"%/ (&,1(=(+!0%/- %, .("& "+ '(%>'2%+, $?!9/(&.,2(+ 02+5!2&% α = 3 cm−1
-@ A!B C!)2,5

/:*5,&2<"% $% $2*%+/2(+ d = 3, 11 **@ A9B C!)2,5 /:*5,&2<"% $% $2*%+/2(+ d = 5 **@

D 2#3-!3 0% '# "+*31% EFE 0+,- ,+*" 0!"2+"+,"( %- 2+*3 0%" 1+,0!-!+," 0=#'!$,%/%,-

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

%:2.3!/%,-#*:  +,- 0+,1 G-3% 1+/23!"( %, A+,1-!+, 0% '# -#!''% 0* /+0% '#"%3 0#," '#

"2HB3%( %,-3% >? % %- I5 % 2+*3 0%" 0!/%,"!+," 0% '# 1# !-. "J/.-3!)*% 1+/23!"%" %,-3%

5(77 // %- ? //6 K%1! 0+,,% '# A3#1-!+, *-!'% %, .,%3$!% 0* A#!"1%#* 2+/2%( )*! %"-

%L%1-! %/%,- !,M%1-.% 0#," '% /+0% '#"%36

N# 1+,4$*3#-!+, %:2.3!/%,-#'% +2-!/#'% 0% A+1#'!"#-!+, 0* A#!"1%#* 2+/2%( # %1 0%"

'%,-!''%" 0% A+1#'%" fv, = +100 %- fh, = +75( 1+,0*!- < *,% 23+2#$#-!+, 0+,- '%" 23+4'"

'+,$!-*0!,#*: H+3!O+,-#'( wpompe,h( %-  %3-!1#'( wpompe,v( "+,- 0.13!-" 2#3 '# 4$*3% 56PQ6R#S

%, A+,1-!+, 0% '# 2+"!-!+, ξ #* "%!, 0% '# 1# !-.6 N%" 23+4'" 0* A#!"1%#* 2+/2% "+,- 0.13!-"

0%2*!" '# 2+"!-!+, 0% A+1#'!"#-!+, < 7 // %, #/+,- 0% '# "2HB3%( M*")*=#23B" '# 1# !-.6

N% 23+4' 0* /+0% '#"%3 %"- 0.13!- 0* /!3+!3 M1 #* /!3+!3 M2( "*3 -+*-% '# '+,$*%*3 0% '#

1# !-.6

N# 4$*3% 56PQ6R&S !''*"-3% '=!,-.$3#-!+, 0* -#*: 0% 3%1+* 3%/%,-  +'*/!)*% τvol #*

1+*3" 0% '# 23+2#$#-!+, 0#," '% /!'!%* #/2'!41#-%*3 "2H.3!)*%6 N=. +'*-!+, 0* -#*: 0%

7>5



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

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

&*5# 1(*1 !&!'( !' )06$( )! - #-*3*(1#' )$ 4*1+"!*$ -#&-! )*'+ ,! &1,1!$ ,*+! 7 "8!+(9:9

)1 ! (*'( 2$! ,8*&-,1($)! )$ 4*1+"!*$ -#&-! !+( !'"# ! 4# (!7 !( 2$8!,,! '8* -*+ 0(0 ( #-

*((0'$0! -* ,8*6+# -(1#' )$ &1,1!$ ,*+! ;

678( <;=> ?  !" #$%&'( '%)*+,-.+)!-/ wp,h 0, wp,v 0) 1%)2,+%) .0 '! 3%(+,+%) ξ .!)( '!

2!4+,56 (0'%) '0( .+$02,+%)( ,$!)(40$(0( 7%$+8%),!'0  $%).(" 0, 40$,+2!'0  2$%+/" .- 1!+(0!-

3%930 1%2!'+(5 : w0,h = 47 µm 0, w0,v = 115 µm6 : ; 99 0) 0),$50 .0 (37<$0= >%.0 '!(0$

.!)( '! 2!4+,5 (?95,$+@-06 !402 d = 3, 11 99  ,$!+, 2%),+)- $%-*0" 0, d = 5 99  ,$!+,

2%),+)- )%+$"=  A" B),5*$!,+%) .- ,!-/ .0 $02%-4$090),6 3%-$ d = 3, 11 99  ,$!+, 2%),+)-

$%-*0" 0, d = 5 99  ,$!+, 2%),+)- )%+$"=

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

@%*'( (#$(! &1+! !' #!$% ! !A-0 1&!'(*,! )! ,* "*%1(0 ,*+! *%!" $' &1,1!$ *&-,19

B"*(!$ +-.0 12$! )! Y COB : Nd7 1, !+( 1')1+-!'+*6,! )8!+(1&! ,80'! 31! )! -#&-*3!

)1+-#'16,! !' +# (1! )! ,* +#$ "! CDC7 !( )! +8*++$ ! 2$8!,,! !+( +$E+*'(! -#$ " 0! 

,81'%! +1#' )! -#$,*(1#' *$ +!1' )$ &1,1!$ ,*+! 7 *B' )! )0-*++! !' -* (1"$,1! ,! +!$1, )!

&1+! !' #+"1,,*(1#' )! ,* "*%1(0 0($)10!;

F8!+(1&*(1#' )$ +!$1, )8$'! "*%1(0 )#1( - !') ! !' "#&-(! ,!+ "* *"(0 1+(12$!+ +-*(1*,!+

!( (!&-# !,,!+ )$ 4*1+"!*$ -#&-!7 ,!+ - #- 10(0+ +-!"( #+"#-12$!+ )8*6+# -(1#' !( )80&1+9

+1#' )$ &1,1!$ : 3*1'7 !( !'B' ,!+ -! (!+ !A1+(*'( *$ +!1' )! ,* "*%1(0; G*'+ ,! "*+ 0($)107

"!+ -! (!+ +#'( - 1'"1-*,!&!'( )$!+ *$A  0H!A1#'+ +$ ,!+ +$ 4*"!+ )! ,* +-./ !7 2$1 '!

IJJ



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !"# $% #&%'#() %"#'*&)+)# , λlaser- )# , .% #&%" /'  '!" 01 /'&!'& 0)  !&#') M22

34) #'/%#'!" 01  )1'. 0) .% 5%6'#( .% )&  7/(#&'81)- $&)"%"# )" 5!/$#) #!1#) .) 5!" '*

0(&%#'!" 5'#() 5'*0)  1 - ) # 0'95'.) , &(%.' )& 041" $!'"# 0) 61) #:(!&'81)2 ;. % 0!"5 (#(

5:!' ' 0) &(%.' )& 5)##) ) #'/%#'!" , $%&#'& 041") (#10) )<$(&'/)"#%.)2

34(#10) )<$(&'/)"#%.) % $!&#(  1& .% 0(#)&/'"%#'!" 01  )1'. 041") 5%6'#( .% )& $.%"*

5!"6)<)- %6)5 1" 5&' #%. 0) Y COB : Nd , =%5) $.%") !&')"#() !&#:!>!"%.)/)"# , .4%<)

$&'"5'$%.

~Y 2 ?) 5&' #%. $&!6')"# 01 /@/) (5:%"#'..!" 5&' #%..'" 81) 5).1' 04!A % (#( 1"' () .%

 $:B&)- 5) 81' .)1& %  1&) .) /@/) $&!$&'(#(  $)5#&! 5!$'81) '"#&'" B81) 2 3) 5&' #%. ,

=%5) $.%") % 1") ($%'  )1& e = 8, 1 // #%"0' 81) .%  $:B&) ) # 0) 0'%/B#&) 2R = 7, 44

// C .) 0)1< .!">1)1& 04'"#)&%5#'!"  !"# 0!"5  '/'.%'&) 2 D"E"- .% 5%6'#( .% )& $.%"*

5!"6)<) % (#( &(%.' () %6)5 0)1< /'&!'& 0!"# .) 5!)95')"# 0) #&%" /'  '!"- , λlaser-

 !"# .) /@/) 81) 5)1< 0) /'&!'& 0) .% 5%6'#( %6)5 .) 5&' #%.  $:(&'81)- 5) 81' %  1&)

%1< 0)1< 5%6'#( .) /@/) $)&#) 2 3)  )1.) 0'F(&)"5) "!#%G.) )"#&) .) 0)1< 5%6'#( 

5!" '0(&()  !"# 041") $%&# .) 0'/)" '!" 01 /!0) .% )& )# 04%1#&) $%&# 5)..) 01 =%' 5)%1

$!/$)- 5) 81' $)1# '"01'&) 0) 0'F(&)"5) "!#%G.) 0) #%1< 0) &)5!16&)/)"# 01 /!0)

.% )& $%& .) =%' 5)%1 $!/$)- )# 5!"01'&) , 0)  )1'. .% )& %  !5'( , 5:%51") 0) 0)1<

5%6'#( .% )&2

• D#10) )<$(&'/)"#%.) 0) .% 5%6'#( .% )& $.%"*5!"6)<)

3) /'&!'& 1#'.' (  !"# 0) #&B :%1#) &(+)<'!" Rλlaser
> 99, 99% $!1& .) /'&!'& $.%"

04)"#&() M1- )# 0) =%'G.) #&%" /'  '!" Tλlaser
≈ 1% $!1& .) /'&!'& 5!"5%6) 0)  !&#') M2

0!"# .) &%7!" 0) 5!1&G1&) 6%1# RM2 = 100 //2 3) 5&' #%. , =%5) $.%") - 0!"# .) 5!)95')"#

04%G !&$#'!" .'"(%'&) ) # $&' , .% 6%.)1& '"#)&/(0'%'&) α = 3 cm−1
- ) # %55!.( %1 /'&!'&

M12

3% 5%6'#( $.%"*5!"5%6) ) #  #%G.) .!& 81) 0 < 1− L

RM2
< 1 - !A L = LM1,M2−en−1

n
%6)5

LM1,M2 .% 0' #%"5) )"#&) .) 0)1< /'&!'& M1 )# M2- e .4($%'  )1& 01 5&' #%. , =%5) $.%") 

)# " .4'"0'5)  !..'5'#(2 H1 6!' '"%>) 01 5)"#&) 01 0!/%'") 0)  #%G'.'#( 0) 5)##) 5%6'#(- $!1&

.% 0' #%"5) )"#&) .) 0)1< /'&!'& #)..) 81) LM1,M2 ≈
RM2

2
- .) =%' 5)%1 .% )& >("(&( 0%" .)

/!0) >%1  ')" TEM0,0 $&( )"#)- %1 "'6)%1 01 /'&!'& $.%" 04)"#&() M1- 1" 5!. 0) =%' 5)%1

0) .4!&0&) 0) 125± 5 µm2 3) $%&%/B#&) 0) I%7.)'>: %  !5'( ) # 0) $.1 ')1& 5)"#'/B#&) -

5) 81' %  1&) 1") $&!$%>%#'!" )" =%' 5)%1 $%&%..B.) , λlaser 0%" .) 5&' #%. %/$.'E5%#)1&2

JKL



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "#$%&'#( )*+)' # ,-, "*&#.$%,/ 0 )#1-$1 2' .3454 5#!-6'1/ 0 .3#$2' 23(!' .'!-$..'

%)6,1$7(' 2' "*&#.' f = +100 ++/ '- .'% &#1#&-,1$%-$7('% %)#-$#.'% *8-'!('% %*!- wp,h = 78

µm #9'& M2
h = 3 2#!% .' ).#! 6*1$:*!-#./ '- wp,v = 131 µm #9'& M2

v = 16 2#!% .' ).#!

9'1-$&#.; <' &*. 2' "#$%&'#( )*+)' 2#!% .# 2$1'&-$*! 9'1-$&#.' '%- "*&#.$%, = ++ ).(% .*$!

7(' &'.($ 2#!% .# 2$1'&-$*! 6*1$:*!-#.'; <' 1'&*(91'+'!- *)-$+(+ 2( +*2' .#%'1 2' .#

&#9$-, ).#!>&*!9'?' '%- *8-'!( '! ).#@#!- .' &*. 9'1-$&#. #( &'!-1' 2( &1$%-#. .#%'1; A. '%-

#.*1% '%-$+, 0 BC %;

<# &#9$-, ).#!>&*!9'?' # )'1+$% .3*8-'!-$*! 23(!' ,+$%%$*! .#%'1 0 λlaser = 1061 !+/

&#1#&-,1$%,' )#1 (! %'($. '?),1$+'!-#. D .'% &*(18'% 2' E#$! .#%'1 #%%*&$,'% %*!- 2,&1$-'% )#1

.# FE(1' G;HI;J#K '! "*!&-$*! 2' .3,-#- 2' )*.#1$%#-$*! 2( "#$%&'#( )*+)' '- 2( "#$%&'#( .#%'1

,+$%; 5*(1 (!' *1$'!-#-$*! 2' &1$%-#. &*11'%)*!2#!- 0 (!' )1*)#E#-$*! %'.*! .# 2$1'&-$*!

~Y 2#!% .' &1$%-#. 0 "#&'% ).#!'%/ .'% +*2'% )1*)1'% 2' )*.#1$%#-$*! #&&'%%$8.'% %*!- 2'%

,-#-% 2' )*.#1$%#-$*! 1'%)'&-$9'+'!- %'.*! .'% 2$1'&-$*!%

~X *(

~Z;

678( G;HI L  !"#$%" &'%(" )*# +!" ,*-%.& /*("# )/*!0,1!-"2"3 "! 41!,.%1! 5" /6&!"#$%"

%!,%5"!." 5+ 4*%(,"*+ )1')" )*# %')+/(%1!3 )1+# 5%7&#"!."( ,1!8$+#*.%1!( 5" )1/*#%(*.%1!9

:*;  '%((%1! /*("# < λlaser = 1061 !'9 :=;  '%((%1! 5" (",1!5 >*#'1!%?+" < λlaser

2
= 530, 5

!' "! >1#( *,,1#5 5" )>*("9

<# FE(1' G;HI;J#K # )'1+$% (!' '%-$+#-$*! '?),1$+'!-#.' 2( %'($. .#%'1 2' .# &#9$-,

).#!>&*!9'?' 2' 0, 19± 0.02 +M )#1 $+)(.%$*!/ 7($ '%- $!2,)'!2#!-' 2' .# )*.#1$%#-$*! 2'

.# )*+)' '- 2' .3,+$%%$*! .#%'1;

• N%-$+#-$! 2( %'($. 2' .# &#9$-, .#%'1 2' +$.$'( #+).$F&#-'(1 %)6,1$7('

IO=



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 ! "!#$%& '$ ($%)# '$ #! *!")+, -#!./*0."$1$2 !"$* %. &$*0%"&$3$.+ τvol ≈ 95 %2

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

0&)$.+!+)0. '% *&)(+!# (-6,&)7%$ *0.'%)(!.+ 5 '$( -&0-&),+,( ':!;(0&-+)0. $+ ':,3)(()0.

,7%)"!#$.+$( 5 *$##$( (0##)*)+,$( '!.( #$ *&)(+!# 5 <!*$( -#!.$(2 %.$ $(+)3!+)0. '% ($%)#

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

d = 3, 11 332 -$%+ !#0&( 4+&$ '0..,$8 >).()2 -0%& %.$ -&0-!?!+)0. '% 30'$ #!($& ($#0. #!

')&$*+)0.

~Y '% &$-=&$ 0-+)7%$ '$ #! (-6=&$2 #! "!#$%& '% ($%)# $1-,&)3$.+!#2 !((0*), 5 %.$

*!")+, '$ +!)##$ d = 3, 11 332 $(+ !#0&( $(+)3,$ 5 0, 19 × 95
45
≈ 0, 4 3@ -!& )3-%#()0.8 A$

&,(%#+!+ $(+ +&=( $.*0%&!?$!.+2 *!& #:,.$&?)$ 3!1)3!#$ ')(-0.);#$ -0%& !((%&$& #$ -03-!?$

$(+ '$ #:0&'&$ '$ 1, 7 3@ -!& )3-%#()0.2 *$ 7%) ,7%)"!%+ 5 B <0)( #! "!#$%& '% ($%)# $(+)3,

'$ #! *!")+, ,+%'),$8

A$*) +$.' 5 -&0%"$& 7%$ #$ <!)(*$!% -03-$ %+)#)(, '$"&!)+ ',#)"&$& %.$ ,.$&?)$ -!& )3/

-%#()0. (%C(!.+$ -0%& -!(($& #$ ($%)# '$ #! *!")+, #!($& !"$* #! (-6=&$8 A$*) $(+ !% 30).(

",&)D, '!.( #$ *!( '$ #:!#)?.$3$.+ '$ #:!1$ '$ #! *!")+, #!($& '!.( #! ')&$*+)0.

~Y '% &$-=&$

0-+)7%$ '$ Y COB : Nd8 E0%+$<0)(2 #$ ($%)# $(+)3,2 '$ #:0&'&$ 0, 4 3@ -!& )3-%#()0.2 $(+

"!#!;#$ -0%& #$( 7%!+&$ *0.D?%&!+)0.( '$ -0#!&)(!+)0. *0.()',&,$(2 &$(-$*+)"$3$.+ !((0/

*),$( !%1 '$%1 30'$( '$ -0#!&)(!+)0. '$ -03-!?$ $+ !%1 '$%1 30'$( ':,3)(()0. #!($&8

A$( 7%!+&$ *0.D?%&!+)0.(2 '$ 343$ ($%)# $1-,&)3$.+!#2 $1-#0&$.+ '0.* '$( -#!?$( )3-0&/

+!.+$( '$ "!#$%&( *!&!*+,&)(!.+ #$( !.)(0+&0-)$( '$ #:!;(0&-+)0. $+ '$ #:,3)(()0.2 '0.+ #$(

).')*!+&)*$( 0.+ ,+, )##%(+&,$( '!.( #$ -#!. ( ~X, ~Z)2 -!& #$( D?%&$( F8GH $+ F8GF '% *6!-)+&$

F8 A$*) $(+ '0.* +&=( $.*0%&!?$!.+ $+ -$&3$+ ':$.")(!?$& <!"0&!;#$3$.+ #$ -03-!?$ '$

#! *!")+, #!($& !"$* (-6=&$ ($#0. #:$.($3;#$ '$( ')&$*+)0.( *0&&$(-0.'!.+ !%1 ')&$*+)0.(

':!%+0/'0%;#!?$8

 ! D?%&$ I8FG8J;K 3$+ $. ,")'$.*$ 7%$ #:,3)(()0. #!($& *0.'%)+ ,?!#$3$.+ 5 %.$ ,3)(/

()0. 5 #! #0.?%$%& ':0.'$

λlaser

2
= 530, 5 .32 *$ 7%) *0&&$(-0.' 5 %.$ ).+$&!*+)0. .0.

#).,!)&$ ).+&!*!")+, '$ '0%;#!?$ '$ <&,7%$.*$2 $. ()+%!+)0. '$ 60&( !**0&' '$ -6!($8 9.

$L$+2 #! ')&$*+)0. '$ -&0-!?!+)0. ($#0. #:!1$

~Y .:$(+ -!( %.$ ')&$*+)0. ':!**0&' '$ -6!($

$. MNO 5 #! #0.?%$%& ':0.'$ <0.'!3$.+!#$ λlaser = 1061 .3 '!.( Y COB : Nd8 P$ -#%(2

*$ -&0*$((%( <!)+ ).+$&"$.)& ()3%#+!.,3$.+ #$( '$%1 ,+!+( '$ -0#!&)(!+)0. 5 λlaser2 $+ $##$

')(-!&!Q+ #0&(7%:%. '$( '$%1 30'$( '$ -0#!&)(!+)0. '$ #:,3)(()0. 5 λlaser .:$(+ -#%( &,!#)(,$

GBR



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !" #! $!%&'()

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

+6$!$+ 04!$$."0 0+  7!,+ 04!-'.80.-9#!:+3 !- ,+&/ #! $!%&'( #!,+" ,;5('"&2-+ 0+ 5&#&+-

!5 #&<$!'+-" , 7("&2-+3 !#.", #4(5&,,&./ 1 λauto−SHG = λ
2
 !"#$%& '&#! ()*!#"$)+!  $,*  !

)(,,!* -(, %&%(,*.

 !"" #$%&' () %*+,-() () %& .&/$,+ %&0)1 &/). 2$%$)- 034+5

1$6-) ), 31)2$71) ,)',&,$/) () 1+&%$0&,$8'

/01&2 ! &31(#%42!  02,! -$"%&1 +$*!#5 -(67(*1!  !  !28 6%#(%#* 7+$,* !&  02, 6%+%!2

$67+%9-$&!2#  ! :1(61&#%! *731#%42!5 $ 7!#6%*  !  19,%# +!  (6$%,!  ! *&$)%+%&1 $**(-%1.

/$ -(,9:2#$&%(, (7&%6$+! 7(2# +01&2 !  !* 7#(7#%1&1*  0$2&(; (2)+$:! -(##!*7(, $+(#*

< 2,! -$"%&1 *=61&#%42!5 $"!- +!*  %*&$,-!* !,&#! +!* 6%#(%#* !& +!* *2#>$-!*  ! +$ *73?#!

"$+$,& d = 3, 11 665 -! 42% 7!#6!&  ! *! 7+$-!# $2 -!,&#!  2  (6$%,!  ! *&$)%+%&1.

@(2# -!&&! -(,9:2#$&%(,5 +! 6( ! +$*!# :1,1#1  $,* +$ -$"%&1 7#1*!,&! &#(%* -(+*5  (,&

 !28 *(,& *2# -3$-2,  !*  !28 6%#(%#* !& +! &#(%*%?6! 1&$,& 7+$-1 $2 -!,&#!  ! +$ *73?#!

 ! #$=(, R. /$  %6!,*%(,  2 -(+ *%&21 $2 -!,&#!  ! +$ *73?#! "$2& AB µm5 !& +! 7$#$6?&#!

 ! C$=+!%:3 $**(-%1 "$2& 2, 5R5 -! 42% 7!#6!& 2,! 7#(7$:$&%(, !, (, ! 7+$,! *2# &(2&!

+017$%**!2#  ! +$ *73?#!. D, 6( %9$,& +!*  %6!,*%(,*  ! +$ -$"%&1 *=61&#%42! &(2& !,

#!*&$,&  $,* +!  (6$%,!  ! *&$)%+%&15 +$ &$%++!  ! -! -(+  ! 6( ! +$*!# !*& $--(# $)+! !,&#!

BE µm !& 42!+42!* FG µm5 &(2& !, :$# $,& 2,! 7#(7$:$&%(, !, (, ! 7+$,! *2# &(2&!

+017$%**!2#  ! +$ *73?#!.

/! >$%*-!$2 7(67! 2&%+%*1 7#("%!,&  02,! *(2#-! H@H -(66!#-%$+! *&$, $# . I+ 7#1*!,&!

2, >(#& $*&%:6$&%*6! $**(-%1 <  !* 7$#$6?&#!* 6(=!,* M2
h = 3±1 !& M2

v = 16±4 *!+(, +!*

 %#!-&%(,* 7#%,-%7$+!*  0$*&%:6$&%*6!5 #!*7!-&%"!6!,&  $,* +!* 7+$,* 3(#%J(,&$+ !& "!#&%-$+.

I+ !*& $+(#* $77$#2 ,1-!**$%#!  ! 6!&&#! !, >(#6! +! >$%*-!$25  ! 6$,%?#! %, 17!, $,&! *!+(,

-3$-2,!  ! -!*  !28  %#!-&%(,*5 !, 2&%+%*$,&  !28 +!,&%++!* -=+%, #%42!* (#&3(:(,$+!* !,&#!

!++!*. K, &$28  ! #!-(2"#!6!,& "(+26%42!  2 6( ! +$*!# 7$# +! >$%*-!$2 7(67! >(-$+%*1

7$#  !28 +!,&%++!* -=+%, #%42!* (#&3(:(,$+!* $ 1&1 !*&%61  ! +0(# #!  ! AL % 7(2# 2,! -$"%&1

 !  %6!,*%(,* d = 3, 11 66.

MAF



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

 !" #$%&!" !'(#)*+!,$-.!"/ 0 (-)$*) &1%,! 2-3*$# .-"!) (.-,425,2-3!/ 25,$!,-,$ %,

+*.*!% -+(.*62-$!%) &! Y COB : Nd 0 7-2!" (.-,!"/ 5,$ (!)+*" &1!"$*+!) .! "!%*. .-"!) &!

.- 2-3*$# "8+#$)*9%! -3!2 "(:;)! 0 </=> +? (-) *+(%."*5,/ 2! 9%* 25))!"(5,& 0 %, "!%*.

.-"!) !'(#)*+!,$-. &! </@ +? !, ()!,-,$ !, 25+($! .! )!25%3)!+!,$ .*+*$# &% +5&! .-"!)

(-) .! 7-*"2!-% (5+(!A B!$$! 3-.!%) )!"$! *,7#)*!%)! -%' =/C +? &#.*3)#" (-) .! 7-*"2!-%

(5+(!/ 0 2:-9%! *+(%."*5,/ 2! 9%* $!,& 0 +5,$)!) 9%! .- "5%)2! DED %$*.*"#! &!3)-*$

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

+-.F)# &!" 2-)-2$#)*"$*9%!" "(-$*-.!" &! (5+(-F! (!% 7-35)-G.!"A

H,! (:5$5 &! .- 2-3*$# .-"!) 25,$!,-,$ .- "(:;)! &! Y COB : Nd !"$ &5,,#! (-) .- 6F%)!

IAJJA K- 25,6F%)-$*5, "8+#$)*9%! 25,"*&#)#! !"$ .- "%*3-,$! L %,! &*"$-,2! d = 3, 11 ++

!,$)! .- "(:;)! !$ .!" +*)5*)" (.-," M %,! 752-.*"-$*5, &! .- "5%)2! DED (-) &!%' .!,$*..!"

28.*,&)*9%!" 5)$:5F5,-.!"/ &! 752-.!" fv = +75 ++ !$ fh = +50 ++/ -6, &1-""%)!) .!

(5+(-F! &! .- 2-3*$#A B!2* 25,&%*$ -.5)" 0 %, $-%' &! )!25%3)!+!,$ $:#5)*9%! &% +5&!

.-"!) &! .15)&)! &! @@ %/ 9%* !"$ $);" ()52:! &% $-%' 5($*+-. -22!""*G.! &! @N % (5%) 2!$$!

$-*..! &! 2-3*$#/ -3!2 .! 7-*"2!-% (5+(! %$*.*"#A

K!" ()!+*!)" !""-*" &! (5+(-F! ,15,$ 2!(!,&-,$ (-" (!)+*" .- F#,#)-$*5, &1%,! #+*"4

"*5, .-"!) "%) "(:;)! &! Y COB : Nd/ G*!, 9%1*. -*$ #$# &#$!)+*,# 9%! .! 7-*"2!-% (5+(!

"!+G.! ()#"!,$!) &!" ()5()*#$#" #,!)F#$*9%!"/ "(-$*-.!" !$ $!+(5)!..!" ,#2!""-*)!" (5%) .!

(!)+!$$)!A O%) .- G-"! &! 2!$$! #$%&!/ &! ,5%3!-%' !""-*" &!3)5,$ P$)! !Q!2$%#"/ !, "!

(.-R-,$ (-) !'!+(.! &-," .! 2-" &! )!25%3)!+!,$" &! .15)&)! &! CI %/ -3!2 %, S!% &!

.!,$*..!" 28.*,&)*9%!" fv = +100 ++ !$ fh = +75 ++/ -3!2 %,! 2-3*$# .-"!) "8+#$)*9%!

&! &*+!,"*5, d = 5 ++A

 !" !'(#)*!,2!" "5,$ !, 25%)"/ !$ ,5%" !"(#)5," 9%! .! $)-3-*. ()#(-)-$5*)! !Q!2$%#/

9%* !"$ &#2)*$ &-," 2! 2:-(*$)!/ 25,$)*G%!)- 0 .- )#-.*"-$*5,/ &-," %, 7%$%) ()52:!/ &! .-

2-3*$# .-"!) "8+#$)*9%! 25,$!,-,$ %, +*.*!% -+(.*62-$!%) .-"!) &! F#5+#$)*9%! "(:#)*9%!A

=@>



 !"#$%&' $$$( )'&* +,' -.%&/0/1$' 2' 03"+%/42/+50"1'

678(  !"" #  !"#$% &% Y COB : Nd %'($% &%)* +,$-,$. !/0'. "0)(%+%'( $1213",..0'(. 4 /0

/-'5)%)$ &6-'&% λlaser7 &0'. )'% 3-'85)$0(,-' .9+1($,:)% &% 30;,(1 0;%3 &%. &,+%'.,-'.

-!(,+0/%. d = 3, 11 ++ %'($% /%. .)$<03%. &% /0 .!"#$% %( 3%//%. &% 3"03)' &%. &%)* +,$-,$.=

$%&



 !"#$%&' (

)!*+&$' ,- .-"/$0122+&, ,' 3!"/'

145-6"$&' 7.1318

 !" #$%&'&$( )* +,$-./01 1' 0$'&23'&$(%

 !" #$ %&"' '( )*&+'(,' +' #-'.&"/'(,' +'" 01'%&'1" 012,'""3" +' ,2(*'1"&2( +' 41)5

63'(,' '( $,,21+ +' 07$"' 89:; '( 9<=9> +' (23*'$3. "7)%$" +-&(/'1$,/&2(" 2(/ )/) 0125

02")" +$(" #-2?@',/&4 +' 1)$#&"'1 +'" &(/'1$,/&2(" 0$1$%)/1&63'" ,2("/13,/&*'" "31 /23/' #$

#2(A3'31 +'" ,1&"/$3. 3/&#&")"> %B%' #21"63' #'" /12&" 2(+'" '( &(/'1$,/&2( (' *)1&C'(/ 0$"

#$ ,2(+&/&2( +-$,,21+ +' 07$"' 899;D E(' +'" $0012,7'" $#21" 01202")'"> 43/ +-'(*&"$A'1 +'"

%&#&'3. F 01201&)/)" 20/&63'" (2( #&()$&1'" +2(/ #' "&A(' +' #$ "3",'0/&?&#&/) )#',/1&63' +3

"',2(+ 21+1' χ(2)
'"/ 0)1&2+&63'%'(/ &(*'1")'D G'//' $#/'1($(,' 0)1&2+&63' +3 "&A(' +'"

)#)%'(/" +3 /'("'31 χ(2)
&(/12+3&/ 3( +)07$"$A' +' π $3 ,231" +' #$ 0120$A$/&2( +' #-&(/'15

$,/&2( +-3( +2%$&(' $3 +2%$&(' "3&*$(/> ,' 63& 0'1%'/ +' ,2%0'("'1 #' +)07$"$A' '(/1'

#$ 02#$1&"$/&2( (2( #&()$&1' '/ #' ,7$%0 1$H2(() '( 721" $,,21+ +' 07$"'D G' "7)%$ '"/

$00'#) I J3$"&5K,,21+ +' L7$"' M> '/ "'1$ (2/) JKLD K3 +)?3/ +'" $(()'" 9<=:> #' JKL

'"/ $*$(/ /23/ 3( +)*'#200'%'(/ /7)21&63'> '/ &# (-'.&"/' 0$" +' "$*2&154$&1' /',7(2#2A&63'

0'1%'//$(/ +' "/13,/31'1 0)1&2+&63'%'(/ χ(2)
$3 "'&( +' %&#&'3. (2( #&()$&1'"D

N3"63-$3 +)?3/ +'" $(()'" 9<<:> #-$,,21+ +' 07$"' 0$1 ?&1)41&(A'(,' '"/ #' "'3# %2H'(

01$/&63' 3/&#&") 0231 2?/'(&1 +'" 'O,$/)" +' ,2(*'1"&2( )#)*)'" $3 ,231" +-&(/'1$,/&2("

F /12&" 2(+'"D P'" 01&(,&0$3. %$/)1&$3. 0'1%'//$(/ +' 1)$#&"'1 #$ ,2(+&/&2( +-$,,21+ +'

9Q9



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

 !"#$ %&"'$(&  )'(*' "+$,$(& LiNbO3- KH2PO4- KTiOPO4- βBaB2O4 $& LiB3O5. /$0

 $(1"(&- +2"**3)1 1$  !"#$  ") 4')%5)'(6$(*$ ($  $),$&  "# 1$ #3++'*'&$) +$# %+%,$(&# 1$

 +7# 53)&$# ", +'&71$# 17 &$(#$7) χ(2)
. 8") *3(#%97$(&- 1$# &$*!('97$# 1$ #&)7*&7)"&'3(

1$# ,"&%)'"7: 3(& %&% 1%;$+3  %$# "7 *37)# 1$# 97'(<$ 1$)('=)$# "((%$# ">( 1$  "+'$) *$&&$

+','&"&'3(- $( )%"+'#"(& 1$# '(&$)"*&'3(# $?*"*$# $( @A8 BCDE. A*&7$++$,$(&- +$#  )'(*'0

 "7: ,"&%)'"7: 7&'+'#%# $( @A8 #3(& LiNb03 BCD-CFE- KTiOPO4 BCC-CGE $& GaAs BCH-GIE-

"7 #$'( 1$#97$+# '+ $#&  3##'4+$ 12'(;$)#$)  %)'31'97$,$(& +$ #'6($ 1$# *3$?*'$(&# (3(

+'(%"')$#.

J$# 1'# 3#'&'5#  $)53),$(&# #3(& ,"'(&$("(& *3,,$)*'"+$,$(& 1'# 3('4+$#- (3&",,$(&

";$* 1$# *)'#&"7:  %)'1'397$,$(& "+&$)(%# 1$ LiNbO3 $& KTiOPO4- )$# $*&';$,$(& (3&%#

PPLN $& PPKTP . /$ $(1"(&- 7($ "**3)1"4'+'&% # $*&)"+$ *3(&'(7$ 1$ *$# 1'# 3#'&'5#

$#& 1'?*'+$ K )%"+'#$). J$# #3+7&'3(# 3(& &37&$53'# %&% "  3)&%$#- #3'& $( L7:&" 3#"(& "7

#$'( 127( ,M,$ *)'#&"+  +7#'$7)# )%#$"7:  %)'31'97$# 1$ ,M,$ 3)'$(&"&'3( ,"'# 1$  "#

1'N%)$(&# BGOE- #3'& $( )%"+'#"(& 7( )%#$"7 $( P %;"(&"'+ Q BGRE.

A  ")&') 1$# "((%$# RIII- 12', 3)&"(&#  )36)=# 1"(# +$#  )3*%1%# 1$ #&)7*&7)"&'3( 1$#

,'+'$7: (3( +'(%"')$#  ") '(;$)#'3(  %)'31'97$ 1$ +$7)  3+")'#"&'3( # 3(&"(%$ 3(&  $),'#

+" )%"+'#"&'3( 12%*!"(&'++3(# 1$ PPLN $& 1$ PPKTP 1$  +7# 6)"(1$# 1',$(#'3(#- L7#972K

34&$(') 1$# +3(67$7)# $& 1$# +")6$7)# *$(&',%&)'97$#. J$# &)";"7:  )%*%1$(&# 17 6)37 $

1$ S$(3T& S37+"(6$) 3(& ,3(&)% 972'+ %&"'&  3##'4+$ 12"76,$(&$) +2"**3)1"4'+'&% # $*&)"+$

1$# '(&$)"*&'3(# @A8 $( 5"'#"(& ;")'$) +2"(6+$ 1$ +" 1')$*&'3( 1$  )3 "6"&'3( 1$# 5"'#*$"7:

+"#$)  ") )"  3)& K +" 1')$*&'3( (3),"+$ "7: 13,"'($# 12'(;$)#'3( "7 #$'( 1$# ,"&%)'"7:

PPLN $& PPKTP - 13(& +$# 1',$(#'3(# #7?#",,$(& 6)"(1$# ";"'$(&  $),'# 7( 7#'("6$

*U+'(1)'97$ 1$ *$# *)'#&"7: BGV- GWE. /$ $(1"(&- +" 5"'4+$ % "'##$7)- 1$ +23)1)$ 1$ DII µm

 37) PPLN $& O ,,  37) PPKTP - 3(& 7('97$,$(&  $),'# 12$(;'#"6$) $& 1$ )%"+'#$)

1$#  )3 "6"&'3(# 1$ 5"'#*$"7: "7 #$'( 17  +"( 3)&!363("+ "7: 13,"'($# 12'(;$)#'3( $& K

+2":$ 1$ )3&"&'3( 1$# %*!"(&'++3(# *U+'(1)'97$#.

J$ 7'# +" )%"+'#"&'3( 1$# %*!"(&'++3(# *U+'(1)'97$#- +$# $N3)&# 1"(# +" 5"4)'*"&'3( 1$

PPLN #$ #3(&  37)#7';'# BGD- GFE- $& +$#  )36)=# $N$*&7%#  $),$&&$(& "7L37)12!7' "7

6)37 $ 1$ X. X"')"- 1$ +2Y(#&'&7& 1$# Z*'$(*$# [3+%*7+"')$# K \]"#"]' "7 ^" 3(- 1$ )%"0

ODR



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

 !"#$ %#" &'()*+!  ,*" %# PPLN ) +#$*&" "-$ -*# &.)!""#-$ %# / 001 +,-+ #* ',*"#$2)*+

%#" %!0#*"!,*" & #2&#" .,-$  )  )$3#-$ #+  )  ,*3-#-$ 45678 9:&.)!""#-$ %#" %,0*)!*#" .&;

$!,%!<-#0#*+ ) +#$*&" &+)*+ !*2#$"#0#*+ .$,.,$+!,**#  # )- '()0. & #'+$!<-# <-:! =)-+

).. !<-#$  ,') #0#*+ .,-$ 2)!*'$#  # '()0. ',#$'!+!= #+ $#*2#$"#$  ) ., )$!")+!,* %- 0! !#-

=#$$,& #'+$!<-# 45571 ! )..)$)>+ *&'#"")!$# %# =)!$# '(-+#$  ) 2) #-$ %- '()0. ',#$'!+!= .,-$

,?+#*!$ %#" &'()*+!  ,*" %:&.)!""#-$" %# . -" #* . -" 3$)*%#"8 @# '()0. .#-+ A+$# %!0!;

*-& #* #B#'+-)*+  :!*2#$"!,* .&$!,%!<-# %- 0! !#- C +#0.&$)+-$# & #2&#1 +,-+ #* $#"+)*+

C %#" +#0.&$)+-$#" !*=&$!#-$#" C  ) +#0.&$)+-$# %# +$)*"!+!,* %#  ) .()"# =#$$,& #'+$!<-#

C  ) .()"# .)$)& #'+$!<-# 45D78 E)*"  # ')" %# PPLN 1  # %,.)3# )2#' MgO1 C -* +)-F

0, )!$# %# /%1 %!0!*-#  # '()0. ',#$'!+!=1 %,*+  #" 2) #-$" .)""#*+ %# GH IJK00 C L1/

IJK00 45/1 DM78 E:-*# .)$+1 '# %,.)3# *:)B#'+# .)" "!3*!N')+!2#0#*+  #" 2) #-$" %#" ',;

#O'!#*+" *,*  !*&)!$#" %# MgO : PPLN .)$ $)..,$+ C '#-F %# PPLN 1 #+ %:)-+$# .)$+1

! $#*% MgO : PPLN 0,!*" "#*"!? # )-F #B#+" .(,+,$&=$)'+!=" <-# PPLN 8

9) $&) !")+!,* %:&'()*+!  ,*" %# MgO : PPLN #"+ -*# &+).# !0.,$+)*+# #* 2-# %#

 ) ',*'#.+!,* %# *,-2#)-F %!".,"!+!="8 E#" '$!"+)-F1 .$&"#*+)*+ -*# . -" 3$)*%# =#*A+$#

%:#*+$&# .,-$  #" =)!"'#)-F1 .#$0#++#*+ %# +$)2)!  #$ )2#' %#" &*#$3!#" !0.,$+)*+#"1 +,-+

#* $#"+)*+ ",-"  # "#-! %# %,00)3# ,.+!<-# 4DH1DG78 E# . -"1 %#" '$!"+)-F %# %!0#*"!,*"

+$)*"2#$"#" "-O")00#*+ 3$)*%#" .$&"#*+#*+ -* )-+$# )2)*+)3#1 %,*+  :!*+&$A+ "# "!+-#

+)*+ %:-* .,!*+ %# 2-# +(&,$!<-# <-:#* +#$0# %:).. !')+!,*" #*2!")3#)? #"8 P* #B#+1 C

.)$+!$ %# '$!"+)-F .&$!,%!<-#0#*+ ) +#$*&" %# %!0#*"!,*" "-O")00#*+ 3$)*%#" %)*"  #"

+$,!" %!$#'+!,*" %#  :#".)'#1 ! #"+ .,""!? # %:#*2!")3#$ %#" !*+#$)'+!,*" .)$)0&+$!<-#" "# ,*

+,-+#"  #" %!$#'+!,*" %# .$,.)3)+!,* .)$ $)..,$+ C  ) %!$#'+!,* *,$0) # )-F %,0)!*#"

%:!*2#$"!,*8

@#++# )..$,'(# ',*"+!+-# -*# 3&*&$) !")+!,* %- QRS ' )""!<-#8 @# "'(&0) %:!*+#$)';

+!,*" .)$)0&+$!<-#" #"+ )..# & Q-)"!;R'',$% %# S()"# R*3- )!$# T#+ "#$) *,+& QRSRU1

')$ ! ',$$#".,*% C -* .$,'#""-" %# QRS <-! .#-+ A+$# $&) !"& "# ,* *:!0.,$+# <-#  #

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

.&$!,%!<-#0#*+ ) +#$*& 4DW1DL78

@# '().!+$# %# +(X"# ) .,-$ ,?Y#+ %# %&2# ,..#$  ) +(&,$!# %- QRSR8 Z,-+ %:)?,$%1 ! 

#F. !'!+#  ) ',*%!+!,* %# QRSR ',*%-!")*+ C %#" !*+#$)'+!,*" .)$)0&+$!<-#" C +$,!" ,*%#"

H/W



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

 ! "#$#% &!'()* + (! ,!,-.' / '.01*2) 3,'1 '(2 -, *4152) / ' 625(7 ' 7 20 * / 

721' !* 2 - ' *575-56) '  * - ' '.01*2)8( ' ,''59)1 ' / ' 9:! ' / '5-(*)5!'  ! "#$#%

$()'+ (! / '92)7*)5! / ' 9-,'' ' / '5-(*)5!' /1* 0)!1 ' /,!' - ' 0)-) (; (!),; '  '*

721' !*1 % &!'()* + -< !' 03- / ' 95 =9) !*'  > 9*)?' '('9 7*)3- ' /<)!* 2@ !)2 ,( 95(2'

/<)!* 2,9*)5!' 7,2,01*2)8( ' ,( ' )! / MgO : PPLN  '* /1*,)--1  * /1* 20)!1% &!A!+

- ' 72 0) 2' 9,-9(-' / "#$# '5!* 721' !*1' ,A! /< ! )--('*2 2 - ' 75* !*) -' ,@ 9 MgO :

PPLN +  ! * 20 / *.7 '+ / 7-,6 ' '7 9*2,- ' ,99 '')3- '+  * / -,26 (2' '7 9*2,- '

 !@)',6 ,3- '% B *2,@,)- /5)* ,)!') )--('*2 2  * 75')*)5!! 2 -<)!*12C* /( "#$# @)'DED@)' /(

"#$ FGG+HI+JK+JLM%

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

N, A6(2 G%L /( 94,7)*2 G+ 2,77 -1 7,2 -, A6(2 L%G+ , 0)'  ! 1@)/ !9 -<1@5-(*)5!

712)5/)8( +  ! sinus2
+ / -, 7()'',!9 61!121 +  ! ?5!9*)5! / -, /)'*,!9 /<)!* 2,9*)5! 7,D

2,01*2)8( +  ! 452' ,9952/ / 74,' % #72O' (! 7257,6,*)5! '(2 (! -5!6( (2 / 95412 !9 

lc = π
∆k

/1A!) ,( 7,2,62,74 G%P%P%K /( 94,7)*2 G+ - /174,',6  !*2 -, 75-,2)',*)5!

!5! -)!1,)2  * - 94,07 61!121 8(< -- 2,.5!! @,(*  ;,9* 0 !* π% B 9) 95!/()* 712)5D

/)8( 0 !* E / ' 74,' ' /<)!* 2?12 !9 ' ,-* 2!,*)@ 0 !* 95!'*2(9*)@ '+ 7()' / '*2(9*)@ '

 !*2 -, 75-,2)',*)5! !5! -)!1,)2  * - 94,07 8(< -- 2,.5!! % &! 452' ,9952/ / 74,' + (!

7259 ''(' 7,2,01*2)8( ! 95!/()* /5!9 7,' E (! )!* 2,9*)5! 6-53,- 0 !* 95!'*2(9*)@ 

'(2 *5(* -, -5!6( (2 /<)!* 2,9*)5!%

N 72)!9)7 /( "#$ 2 75' '(2 -<)!*25/(9*)5!+ E 94,8( 7257,6,*)5! '(2 -, /)'*,!9 

lc /( 7259 ''(' 7,2,01*2)8( 21,-)'1+ /<(! /174,',6 / π% B /174,',6 @) !* ,-52' ' 

2,Q5(* 2 ,( /174,',6 '7,*),- )''( / -, 7257,6,*)5! '(2 (! -5!6( (2 / 95412 !9 + 9 8()

7 20 * (! 2 0)'  ! 74,' / -, 75-,2)',*)5! !5! -)!1,)2 ,@ 9 - 94,07 2,.5!!1% B 9)

7 20 * ,-52' / 21,-)' 2 (! 7259 ''(' 7,2,01*2)8( 8()  '* 95!'*2(9*)? '(2 94,8( -5!6( (2

/ 95412 !9 % #)!')+ )- . , 95!@ 2')5! / ?218( !9 *5(* ,( -5!6 / -, 7257,6,*)5! /,!'

- 92)'*,- !5! -)!1,)2 +  * 9 9) 0C0 ') -, 95!/)*)5! /<,9952/ / 74,' !< '* 7,' 21,-)'1 

9500 )--('*21 7,2 -, A6(2 L%G%

N<)!*25/(9*)5!+ E 94,8( -5!6( (2 / 95412 !9 + /( /174,',6 π 7 (* C*2 21,-)'1 

GIL
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345)  !" #  !"#$%&"' () #* +$&,,*'-) ./'/0/) )' 1"'-%&"' () #* #"'.$)$0 (2&'%)0*-%&"' *$

-"$0, (2$' +0"-),,$, +*0*3/%0&4$) )' *--"0( () +5*,) 6789: )' 5"0, *--"0( () +5*,)

6;789: )% )' 4$*,&<*--"0( () +5*,) 6=789 #"0,4$) #* #"'.$)$0 () -"5/0)'-) lc )% #*
+/0&"(&-&%/ Λ ($ 3&#&)$ *#%)0'/ !/0&>)'% 2lc = Λ?

$%&'( ) *+,-%(./(0 /('1.+23(0! 4(0 5%+.'+567(0 655%8'1(0 08./ 9

• 7( 2360+:6''8%* *( 5160( 56% ;+%-<%+.$(.'( *( =%(0.(7> ?""> @AB>

• 76 ;+%-<%+.$(.'( 6%/+C'+(77( ?@D#@EB>

• 7F6''8%* *( 5160( 56% *+05(%0+8. G8*67( ?@@> "HHB>

• 7F8%+(./6/+8. 5-%+8*+23( *( '%+0/63I 56% '8776$( G87-'376+%( ?J@>"H"B>

• 7F+.K(%0+8. 5-%+8*+23( *( 76 5876%+06/+8. 058./6.-( *6.0 7(0 G+7+(3I <(%%8-7('/%+23(0

?"">JE> EAB!

4( LMN '7600+23(G(./ 3/+7+0- '8%%(058.* ) 7F+.K(%0+8. 5-%+8*+23( *( 76 5876%+06/+8.

058./6.-( *F3. '%+0/67 <(%%8-7('/%+23(> (/ *8.' *3 0+$.( *(0 -7-G(./0 *3 /(.0(3% 030'(5/+;+:

7+/- -7('/%+23( *3 0('8.* 8%*%(! 4(0 +./(%6'/+8.0 56%6G-/%+23(0 %-67+0-(0 (. LMN '7600+23(

'8%%(058.*(./ ) 3.( 5%856$6/+8. 0(78. 7F6I(

~X> 8%/18$8.67(G(./ 63I *8G6+.(0 *F+.K(%:

0+8.! M+.0+> '(0 +./(%6'/+8.0 0877+'+/(./ +χ(2)
03% 3. *8G6+.(> 53+0 −χ(2)

03% 7( *8G6+.(

03+K6./! 46 *+0/6.'( 6008'+-( ) *(3I *8G6+.(0 67/(%.-0 03''(00+<0 '8.0/+/3( 76 5-%+8*+'+/-

*( 76 0/%3'/3%( 6%/+C'+(77(> .8/-( Λ! O(78. 76 *+%('/+8. ~uX > 76 5876%+06/+8. .8. 7+.-6+%( '8%:

%(058.*6./ ) 3.( +./(%6'/+8. 56%6G-/%+23( *8./ 76 %(76/+8. *( '8.0(%K6/+8. *( 7F-.(%$+(

(0/ *8..-( 56% 7F(I5%(00+8. "!"J *3 '165+/%( "> (/ *8./ 7(0 /%8+0 K('/(3%0 *F8.*( 08./ '87+:

.-6+%(0 P (77( 0F-'%+/ 9

"AA



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

 ! " # lc $

~P (2) (ω3) = ǫ0E (ω1) E (ω2)
(
+χ(2)

)
: {~e (ω1)⊗ ~e (ω2)} ej(k1+k2)x

 ! lc # 2lc $

~P (2) (ω3) = ǫ0E (ω1) E (ω2)
(
−χ(2)

)
: {~e (ω1)⊗ ~e (ω2)} ej(k1+k2)x

%ǫ0E (ω1) E (ω2)
(
+χ(2)

)
: {~e (ω1)⊗ ~e (ω2)} ej((k1+k2)x+π)

&!' !()*!''+,-' .+/ !''0' 1,-2*!-2 3+!- 40! 5! *!-6!*'!1!-2  0 '+7-!  ! χ(2)
.,- 0+2

# 58+-2*, 0.2+,-  ! π  9-' 59 ):9'! ')92+95!  ! 59 ),59*+'92+,- -,- 5+-;9+*! # 58!-2*;!

 0  !0(+<1!  ,19+-!= >!22! .,1)!-'92+,-  !  ;):9'97!? +-2*, 0+2! )9* 58952!*-9-.!  !

 ,19+-!'? .,**!'),- # 0-! *!592+,-  ! .,-'!*692+,-  ! 58+1)05'+,- 6;*+@;! 5,*'40! 2lc = Λ?

.! 40+ .,- 0+2 # 59 *!592+,- '0+69-2! ABB?CDE $

~k3 − ~k1 − ~k2 − ~KΛ = ~0 FG=BH

,I

~KΛ = 2π
Λ

~ux !'2 5! 6!.2!0* *;'!90= >,11! 59 );*+, +.+2;  0 1+5+!0 !'2 0-+ +*!.2+,--!55!?

5! 6!.2!0* *;'!90 !'2 3+!- ,*2:,7,-95 90(  ,19+-!'  8+-6!*'+,-=

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

J- 7;-;*95? 5! KLM !'2 *;95+'; '!5,- 0-! 0-+40!  +*!.2+,-  ! )*,)9792+,-? .,**!'),-/

 9-2 # 59  +*!.2+,- .,5+-;9+*! 90 6!.2!0* *;'!90  ;@-+ 90 )9*97*9):! )*;.; !-2 ACD? CCE=

>!22! .,-@70*92+,- !'2 -,2;! KLM/BN? )0+'40! 59 )*,)9792+,-  ! 58+-2!*9.2+,- !'2 *!'/

2*!+-2! # 59 '!05!  +*!.2+,- ,*2:,7,-95! 90(  ,19+-!'  8+-6!*'+,-= L0 .,0*'  ! 2*9690(

9-2;*+!0*'? 58;40+)!  ! O!-,P2 O,059-7!* 9 1,-2*; 59 ),''+3+5+2;  ! .,-'+ ;*!* 2*,+' ,- !'

!- +-2!*9.2+,- )9*91;2*+40!? '! )*,)97!9-2  9-'  +Q;*!-2!'  +*!.2+,-'  0 )59- ,*2:,7,-95

90(  ,19+-!'  8+-6!*'+,- !2 .,-2!-9-2 5! 6!.2!0* *;'!90 $  9-' 0- R'.+5592!0* M9*91;/

2*+40! R)2+40! FRMRH .,-2!-9-2 0- .*+'295 PPKTP ASTE? !2  9-' 0- U;-;*92!0* M9*9/

1;2*+40! R)2+40! FRMUH .,-2!-9-2 0- .*+'295 PPLN ASGE= >!22! .,-@70*92+,- !'2 -,2;!

KLM/VN? )0+'40! 59 )*,)9792+,-  ! 58+-2!*9.2+,- !'2 ;2!- 0! # 58!-'!135!  !'  +*!.2+,-'

 80- )59-= J55! 9 .,- 0+2 # 59 *;95+'92+,- !();*+1!-295!  ! 59 )50' 7*9- ! 9..,* 93+5+2;

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

6&* #"&+7 ") *)$"%&#$*()8 !(3!"8  *2)&'8 "$ *4'"%8 4"3"+%&*")$ #('*),&*%" 8 #" 5+* " $ %" $,

9,%*:, !(+% 4" 4*%"#$*() 4" !%(!&2&$*() 6&* &)$ 4" &)2'" 4" 9&'"+% *3!(%$&)$" 8  +!,;

%*"+%" . 30<8 !&% %&!!(%$ &+ 9"#$"+% %, "&+0 1"$$" !%(!&2&$*() #('*),&*%" & ,$, (- "%9,"

4&) '" 4"+7 #& 8 #=" $;.;4*%"8 !(+% '=>?> . -& " 4" PPKTP @ABC8 "$ !(+% '=>?D . -& "

4" PPLN @AEC0 1"$$" 4"%)*F%"  *$+&$*() " $ !&%$*#+'*F%"3")$ *)$,%"  &)$" 4&) '& #(3!%,;

G") *() 4" !%(#"  + 4" HI?0 J) "K"$8 &+ #(+% 4=+)" $"''" "7!,%*")#" 4=>?D8 &+#+)"

#&9*$, )" 6(%L" '" 6&* #"&+7  *2)&' "$ *4'"% . M$%" 2,),%, 4" 6&L() #('*),&*%" &+ 6&* #"&+

!(3!"0 I*) *8 '" #(+!'&2" )() '*),&*%" 4" ()4" & ,$, #() *4,%, #(33" +) !%(#"  + !&;

%&3,$%*5+" $"' 5+"

~kpompe = ~k3 "$ (~ksignal +~kidler) = (~k1 +~k2)  ()$ #('*),&*%" 0 N& !,%*(4"

"K"#$*9"  (''*#*$," &+ #(+% 4" '=*)$"%&#$*() #('*),&*%" !"+$ 9&%*"% &9"# '& 4*%"#$*() 4" !%(;

!&2&$*()8 #()4+* &)$ . +)" &##(%4&-*'*$,  !"#$%&'" 4" #G&#+) 4" 4"+7 4* !( *$*6 8 >?>

"$ >?D O '" #&'#+' 4" #(+%-" 4=&##(%4&-*'*$, . !&%$*% 4+ 3(4F'" 4=*)$"%&#$*() #('*),&*%"

") HI?;PQ ,$&*")$ ") "7#"''")$ &##(%4 &9"# '" 4())," "7!,%*3")$&'" @AB8AEC0

R+% '& -& " 4" #" 5+* 9*")$ 4=M$%" !%, ")$, ") HI?;SQ "$ HI?;PQ8 )(+ !%(!( () 

4" 2,),%&'* "% '=&!!%(#G" #('*),&*%" 4+ HI? &+ HI?;BQ8 5+" )(+ &9() &!!"', H+& *;

I##(%4 4" ?G& " I)2+'&*%"8 )($," HI?I O )=*3!(%$" 5+"''" 4*%"#$*() 4" !%(!&2&$*() !&%

%&!!(%$ &+ 9"#$"+% %, "&+ !"+$ M$%" #() *4,%,"8 '" $%(* 9"#$"+% 4=()4" ,$&)$ #('*),&*%" 

")$%" "+78 $"' 5+" '" 3()$%" '& :2+%" E0P0

Q&) '" #&4%" 4+ HI?I8 #=" $;.;4*%" 4+ HI?;BQ #('*),&*%"8 '& %"'&$*() 9"#$(%*"''" 4"

#() "%9&$*() 4" '=*3!+' *() !"+$ M$%" %&3")," . '=,#%*$+%"  #&'&*%"  +*9&)$" O

n(λ3; θ, φ)

λ3

− n(λ1; θ, φ)

λ1

− n(λ2; θ, φ)

λ2

− |cos(φ)sin(θ)|
Λ

= 0 TE0PU

N" &)2'" (θ, φ)  ()$ '" &)2'" ") #((%4()),"  !G,%*5+" 4&) '" %"!F%" (!$*5+"

( ~X, ~Y , ~Z)8 &  (#*, . '& 4*%"#$*() 4" !%(!&2&$*() 4" $%(* ()4" ") *)$"%&#$*() #('*),&*%"8

"$  &$* 6&* &)$ '=,5+&$*() TE0PU V n(λi; θ, φ) #(%%" !()4 . '=*)4*#" 4" %,6%&#$*() 4" '=()4"

i = 1, 2, 3 4,#%*$ 4&) '" !&%&2%&!G" S0P0S0P 4+ #G&!*$%" S0 N" 9"#$"+% %, "&+ " $  +!!( ,

M$%" (%*")$,  "'() '=&7"

~X 4+ %"!F%" (!$*5+" 4+ #%* $&'8 $"' 5+" '" 3()$%" '& :2+%" E0P0T&U0 N&

%"'&$*() 4" HI? " $ %,&'* ," '(% 5+" '& !,%*(4" "K"#$*9"  (''*#*$,"8 Λ(θ, φ)8 9,%*:" Λ(θ, φ) =

2lc(θ, φ)8 (W lc(θ, φ) " $ '& '()2+"+% 4" #(G,%")#" 4" '=*)$"%&#$*() 4&) '& 4*%"#$*() (θ, φ)0

SXY
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345)  !" #  !"#$%&'()!" *+ ,-.- /!0)"1')&+2 3'4 5/617' *% 7)0)+% 81&)!*)9%+7+"( '0:

(+&"1 ; Λ +<( 0' 81&)!*+ *=)">+&<)!" ; 0+< '"$0+< (θ, φ) <!"( 0+< '"$0+< +" /!!&*!""1+< <861:
&)9%+<? '<<!/)1< @ 0' *)&+/()!" *+ 8&!8'$'()!" *+< (&!)< !"*+< +" )"(+&'/()!" *'"< 0+ &+8A&+

!8()9%+ ( ~X, ~Y , ~Z) ; α +<( 0='"$0+ +"(&+ 0' *)&+/()!" *+ 8&!8'$'()!" +( 0='B+

~X2 3C4 ~KΛ(α)

+<( 0+ >+/(+%& &1<+'% +D+/()E <+0!" 0' *)&+/()!" *+ 8&!8'$'()!"? +(

~k1?
~k2?

~k3 <!"( 0+< >+/(+%&<

*=!"*+ *+< !"*+< +" )"(+&'/()!"2

$%&' () *%' +, -./01$2 () (3&4 +) (5%6)

~X2 7( 87)&9 : Λ(θ, φ) = Λ ;112 <=>! $%&' ()

*%' +, -./0"$2 Λ(θ, φ) =
∣∣∣ Λ
cos(φ)

∣∣∣ +%&' () ?(%& ?@7&*7?%( ( ~X, ~Y ) ;AB2 A >! C&D&2 +%&' ()

*%' +, -./0B$2 Λ(θ, φ) =
∣∣∣ Λ
sin(θ)cos(φ)

∣∣∣ )& -./. ?3,@ 93,9) +7@)*973& +) ?@3?%4%973&

)&87'%4)%E() +) (57&9)@%*973& ?%@%FG9@7H,)!

I% ?3''7E7(79G +) @G%(7')@ ,&) 7&9)@%*973& *3(7&G%7@) )& -./ ')(3& &57F?3@9) H,)(() +70

@)*973& 3E(7H,) ?%@ @%??3@9 %, 8)*9),@ @G')%, ?),9 J9@) *3F?@7') +) K%L3& 9@M' '7F?()2 )&

*3&'7+G@%&9 ()' +),6 ?@)F7)@' +3F%7&)' 9@%8)@'G' +%&' () F7(7), ?G@73+7H,)F)&9 %(9)@&G!

/@)&3&' (5)6)F?() +5,&) '3FF) +) K@GH,)&*)2 93,9 )& 4%@+%&9 N (5)'?@79 H,) ()' )6?(7*%0

973&' '3&9 4G&G@%()' )9 ?3,@@%7)&9 %,''7 '5%??(7H,)@ ?3,@ &57F?3@9) H,)(() %,9@) 7&9G@%*973&

?%@%FG9@7H,)! $),6 +3F%7&)' *3&'G*,97K' ?),8)&9 J9@) 9@%79G' ',**)''78)F)&9 +%&' (% +70

@)*973& +) ?@3?%4%973& +) (57&9)@%*973&! I3@'H,) +),6 8)*9),@' +53&+)

~k1 )9

~k22 %''3*7G' N

+),6 3&+)' +) ?,('%973&' @)'?)*978)' ω1 )9 ω22 '3&9 *3(7&G%7@)' )9 3@9O343&%,6 N (% ',@K%*)

+5)&9@G) +, *@7'9%(2 7(' '3&9 %(3@' 93,' +),6 @GK@%*9G' N (57&9G@7),@ +, ?@)F7)@ +3F%7&) ')(3&

(% FJF) +7@)*973&2 )(()0FJF) 7+)&97H,) N (),@ +7@)*973& 7&*7+)&9) )& )&9@G) +) F7(7),2 )&

8)@9, +)' (37' +) P&)((0$)'*%@9)'! .7&'72 (% ?3(%@7'%973& &3& (7&G%7@) @G',(9%&9) ') ?@3?%4)

')(3& (% FJF) +7@)*973&2 +%&' (% F)',@) 3Q () 8)*9),@ +53&+) *3@@)'?3&+%&9 )'9

~k1 +~k2! P7

(% +7@)*973& *3&'7+G@G) &5)'9 ?%' ,&) +7@)*973& +5%**3@+ +) ?O%')2 7( )67'9) ,& +G?O%'%4) ∆~k

)&9@) (% ?3(%@7'%973& &3& (7&G%7@) )9 () *O%F? H,5)(() @%R3&&) N (% ?,('%973& ω3 = ω1 + ω22

1=A
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 ! "#$! % & '! () "*#$"  +!

~k3 = ~k1 +~k2 +∆~k, -%  +! . $#! ) /( ' !! ) %0!1#$ & '!#)1 %% 

+ )023$ . ($ ) %0!1#$ +'0%01) %#)+/( %0 '#%1$40)1!4  $!) %0 5#%0)1+0!1#$ $#$ %1$401) 

 ! % '6025 )07#$$4  +! '#$+1"4)4 8 '#$"(1+0$! 01$+1 . ($ "4+0''#)" " 560+ ∆k + %#$

%0 292 "1) '!1#$ " 5)#50:0!1#$ /( ' %% + " !#(+ % + '6025+  $ 1$! )0'!1#$, ;$ <01!8

' + '#$+1"4)0!1#$+ +#$!  =0'! 2 $! % + 292 + /( ' %% + ) %0!1& + . ($ 21%1 ( 6#2#:3$ 8

"0$+ %0 2 +() #>8 "0$+ ($ 5) 21 ) ! 25+8 + (% % 5) 21 ) "#201$  +! '#$+1"4)4 ?@@A,

B %0 <)#$!13)  $!) % 5) 21 )  ! % " (=132 "#201$ 8 1% $* =1+! 50+ " "1+'#$!1$(1!4

 $ ! )2 "*1$"1' " )4<)0'!1#$8 5(1+/( %0 +!)('!()0!1#$ 54)1#"1/( "( 21%1 ( '#$' )$ 

($1/( 2 $! %0 +(+' 5!1C1%1!4 4% '!)1/( "( + '#$" #)") , ;$ '#$+4/( $' 8 !#(! + % + #$" +

+#$! )4<)0'!4 + . %* $!)4 "( + '#$" "#201$ + %#$ %0 292 "1) '!1#$8  %% D292 1" $!1/( 

0(= "1) '!1#$+ "*1$'1" $' 8 ' '1 4!0$! &)01 5#() !#(! + &0% ()+ " + 0$:% + (θ, φ)  $!) ' !! 

"1) '!1#$  ! % & '! () )4+ 0(, B1$+18 % + !)#1+ #$" +  $ 1$! )0'!1#$ +#$!  ! " 2 () $! '#D

%1$401) +, E "4+0''#)" " 560+ 5 )!1$ $! . '#$+1"4) )  +! !#(F#()+ % 292 /( ' %(1

"4! )21$4 "0$+ % 5) 21 ) "#201$ 8 '* +!D.D"1) G ∆k(θ, φ) = n(λ3;θ,φ)
λ3

− n(λ1;θ,φ)
λ1

− n(λ2;θ,φ)
λ2

,

E '#$' 5! "( HBI  +! 0%#)+ " 5) $") %0 %#$:( () " '#64) $' 8 lc = π
∆k

8 " %*1$! )0'D

!1#$ '#$+1"4)4 '#22 %0 %#$:( () ($1!01) " '60/( "#201$ ?@@A, J !! %#$:( () "#1!

$4' ++01) 2 $! 9!) 5)1+ + %#$ %0 "1) '!1#$ " 5)#50:0!1#$ " + #$" +  $ 1$! )0'!1#$, B1$+18

"0$+ % '0+ "( HBIB8 %0 54)1#" . '#$+1"4) ) $* +! 50+ Λ8 201+ ($ 54)1#"  K '!1& + %#$

%0 "1) '!1#$ " 5)#50:0!1#$ " %*1$! )0'!1#$8 '* +!D.D"1) G Λ(θ, φ) = 2lc(θ, φ) =
∣∣∣ Λ
sin(θ)cos(φ)

∣∣∣8

' /(1 '#$"(1! . %0 '#$"1!1#$ " HBIB  =5)124 50) %* =5) ++1#$ LM,NO,

P 292 /( 5#() %*0''#)" " 560+ 50) C1)4<)1$: $' 8 1%  +! 5#++1C% " '#$+1"4) )

($ 1$! )0'!1#$ #> % + !)#1+ & '! ()+ "*#$" 

~k18
~k28  !

~k38 $ +#$! 50+ '#%1$401) +  $!) 

 (=, P 5%(+8 "0$+ % '0+ "( HBIB8 % + & '! ()+

~k1 + ~k2  !

~k3 $ +#$! 50+ $4' ++01) 2 $!

'#%1$401) +8 . '0(+ "( & '! () )4+ 0(

~kΛ8 ' /( 2#$!) %0 Q:() M,R,

E0 '#$Q:()0!1#$ & '!#)1 %% $#$ '#%1$401)  $ HBIB  +! "#$' 5%(+ '#25%1/(4 /( "0$+

% '0+ " HBIB '#%1$401) , E0 2#"4%1+0!1#$ '#)) +5#$"0$! 5 (! !#(! <#1+ 9!) )40%1+4 .

50)!1) " + "4& %#55 2 $!+ !64#)1/( + " %0 )4<4) $' ?STA, J 5 $"0$!8 "0$+ % + +1!(0!1#$+

60C1!( %% + 0++#'14 + . " + "1+5 )+1#$+ +5 '!)0% + !751/( + " + 1$"1' + " )4<)0'!1#$8 % +

0$:% + 0(!#)1+4+  $ HBIB $#$ '#%1$401) +#$! !)3+ <01C% +8 " +#)! /( %0 '#$Q:()0!1#$

$#$ '#%1$401)  +! !)3+ 5)#'6 " %0 '#$Q:()0!1#$ '#%1$401) , ;$  K !8 % '0%'(% " %0 '#()C 

@TU



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

345)  !" #  !"#$%&'()!" *+ ,-.- "!" /!0)"1')&+2

~kΛ +3( 0+ 4+/(+%& &13+'% 5
~k16

~k2 +(
~k3

3!"( 0+3 4+/(+%&3 *7!"*+ *+3 !"*+3 +" )"(+&'/()!"2

$%&''()$&*+,+-. $/ 012345 $&67 22892 '(6$/+- : $;7 ).7/,-&-7 -)<7 7+=+,&+);7 >(/) ,;7

$;/? '(6@A/)&-+(67 '(,+6.&+); ;- 6(6 '(,+6.&+);B '; C/+ & .-. '())(*(). >&) $;7 ).7/,-&-7

;?>.)+=;6-&/? DE"F!

G;7 H&,;/)7 $;7 '(;I'+;6-7 ;J;'-+K7B &+67+ C/; $;7 &'';>-&6';7 7>;'-)&,;7 ;- 7>&-+&,;7B

$.>;6$;6- $; ,& $+);'-+(6 $; >)(>&A&-+(6 '(67+$.).;! L, ;7- : 6(-;) C/; ,& '(6@A/)&-+(6 $;

>(,&)+7&-+(6 ',&77+C/;=;6- );-;6/; $&67 ,; '&7 $/ 0123M5 ;- $/ 012345 $&67 PPLN ;-

PPKTP B '());7>(6$ : /6 -N>; >(/) ,;C/;, ,; '(;I'+;6- ;J;'-+K 7(,,+'+-. ;7- ,; >,/7 K()-

'(;I'+;6- 6(6 ,+6.&+);B '%;7-3:3$+);B χ33 DMMB OPB E"B E F! Q;>;6$&6-B ,%&'';>-&6'; 7>;'-)&,;

&77('+.; 6%;7- >&7 6.';77&+);=;6- -)<7 .,.H.;B '; C/+ >;/- ,+=+-;) ,%;I'&'+-. $; '(6H;)7+(6

>(/) $;7 +6-;)&'-+(67 >&)&=.-)+C/;7 ).&,+7.;7 ;6 ).A+=; K;=-(7'(6$;! 2&) ;?;=>,;B +, &

.-. =(6-). C/; ,%/-+,+7&-+(6 $/ -N>; LB >(/) ,& A.6.)&-+(6 $; 7;'(6$ R&)=(6+C/; ;6 012

$&67 MgO : PPLN B & >;)=+7 ,%(*-;6-+(6 $%/6; ,&)A;/) $; *&6$; $%.=+77+(6 $; ,%()$);

$;  K(+7 7/>.)+;/); : ';,,; (*-;6/; $&67 ,;7 =S=;7 '(6$+-+(67 >(/) ,& '(6@A/)&-+(6 $;

>(,&)+7&-+(67 $;7 (6$;7 ;6 +6-;)&'-+(6 ;6 0123M5 DMT4F!

 ! "#$%& '()*+%,-.+)/* %* 0121

5&67 ,; '&7 $%+6-;)&'-+(67 >&)&=.-)+C/;7 : -)(+7 (6$;7 &/ 7;+6 $; =+,+;/? ')+7-&,,+67

&6+7(-)(>;7B +, N ;?+7-; $;/? =($;7 >)(>);7 $; >(,&)+7&-+(6 &77('+.7 : 'R&'/6 $;7 -)(+7

'R&=>7 .,;'-)+C/;7 ;6 +6-;)&'-+(6B '; C/+ & .-. &/ >&)&A)&>R; M!4!M!" $/ 'R&>+-); M! 2(/)

-)(+7 H;'-;/)7 $%(6$; $(66.7 &/? >/,7&-+(67 ω1B ω2 ;- ω3B +, ;?+7-; $(6' 23 = 8 '(6@A/)&3

-+(67 $; >(,&)+7&-+(67 ;6H+7&A;&*,;7! 2&)=+ ';7 R/+- -N>;7 >(77+*,;7B 7;/,7 ,;7 -)(+7 -N>;7

LB LL ;- LLL 7(6- ).&,+7&*,;7 ;6 &''()$ $; >R&7; DMT"F! 5&67 ';7 '&73'+B ,& *+).K)+6A;6'; &/?

MUT



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

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

2,&( +% .,(  %( !&'%$,.'!-&( %& 34546 +%( 7*!' '8)%(  % .-&9:*$,'!-&(  % )-+,$!(,'!-&(

(-&' ,..%((!;+%(6 .% <*! $%& +% 3454 ;%,*.-*) /-!&( $%('$!.'!0 <*% +=,..-$  % )7,(% %&

'%$/%  % (.7#/,(  % )-+,$!(,'!-&(6 %'  -&. %& '%$/%  =!&'%$,.'!-&( %&>!(,:%,;+%(1 ?,  !(@

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

<*% ),$ +, ;!$#0$!&:%&.%  * .$!(',+ B +=#'* %1 ?% ',;+%,* C1D )$#(%&'% +%( '8)%( E6 EE6 EEE6 EF6

F6 FE6 FEE %' FEEE %&>!(,:%,;+%( %& 34546 +%( (.7#/,(  % )-+,$!(,'!-&( .-$$%()-& ,&'(6

,!&(! <*% +%( #<*!>,+%&.%( %&'$% +%( '8)%(6 (*!>,&' <*=!+ (=,:!'  =*& )$-.%((*(  % GHI -*

 % 2HI1

%34) C1D J  !"#$ %&'()#*+,)'-( +.)-*'$/$ #( 01213 %#$ ,-(45.*+)'-($ %# "-6+*'$+)'-($

+$$-,'/#$ +.7 8#,)#.*$ ,9+:"$ /6#,)*';.#$ .(')+'*#$ ~e1,2,3 %# ,9+,.(# %#$ )*-'$ -(%#$ #(

'()#*+,)'-(3 +'($' ;.# %#$ /;.'8+6#(,#$ "-.* ,9+,.( %#$ )*-'$ )!"#$ #()*# 6#$ %'</*#()$

"*-,#$$.$ %# =>? (ω3 = ω1 + ω2)3 %# @>? (ω1 = ω3 − ω2) #) %# @>? (ω2 = ω3 − ω1)A

?-$(<*% +, )#$!- %  =!&>%$(!-& Λ  %(  -/,!&%(  %>!%&' !&9&!%6 +, )#$!- !.!'# %"%.'!>%

Λ(θ, φ) (-++!.!'#% ,* .-*$(  %( !&'%$,.'!-&( ),$,/#'$!<*%( '%& #:,+%/%&' >%$( +=!&9&!1 ?,

.-&'$!;*'!-&  % +=,+'%$&,&.% %& χ(2)
 * /!+!%*  %>!%&' ,+-$( &*++% )*!(<*% +, &-$/%  *

>%.'%*$

~KΛ(θ,φ)  %>!%&' &*++%1 4!&(!6 +-$(<*% +% ),(  =!&>%$(!-&  %>!%&' !&9&!6 +%( .-& !'!-&(

 % 3454 '%& %&'  % /,&!K$% .-&'!&*% >%$( +%( .-& !'!-&( %& ,..-$  % )7,(%6 -L (%*+(

+%( '8)%( E6 EE %' EEE (-&' %&>!(,:%,;+%(1

DMD



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

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

 !" #$%!&'$()" #*+&&(%# #! ,-+"! (. #! /0102 +. "!$) #! 3$4$!.5 %!",!&'$6!3!)' )()

+4'!%)7" !' +4'!%)7"2 &(%%!",()#!)' +.5 #$%!&'$()" "!4() 4!"8.!44!" 4!" &()#$'$()" #*+&&(%#

#! ,-+"! (. #! /010 "()' 67%$97!" ,(.% .) :!. #! ,.4"+'$()" ω3 > ω2 > ω1; <) +&&(%# #!

,-+"! &(33! !) /0102 &!" !)"!3=4!" #! #$%!&'$()" ,%7"!)'!)' #!" 7473!)'" #! ">37'%$!

8.$ #7,!)#!)' #*.)! ,+%' #! 4*$)'!%+&'$() &()"$#7%7!2 !' #*+.'%! ,+%' #. 3$4$!. )() 4$)7+$%!

#+)" #.8.!4 &!" $)'!%+&'$()" "()' %7+4$"7!"; ?! ,+%+@%+,+-! ,%7"!)'! .)! +)+4>"! !) ">A

37'%$! #!" "(4.'$()" %!4+'$6!" B 4*+&&(%# #! ,-+"! !' +. /010 B ,+%'$% #*.)! #!"&%$,'$()

#!" ,%(,%$7'7" #! ">37'%$! =+"7! ".% 4+ '-7(%$! #!" @%(.,!";

 !"!# $%&'()*+, -+, ,.)/01+, *&23*4.'+, +5 0116)- -+ 270,+ +(

,%&'()*+ -+, ,63.(*65, 0,,61*'+,

 + &()#$'$() #*+&&(%# #! ,-+"!2 ,(.% '%($" ()#!" !) $)'!%+&'$() ,+%+37'%$8.! #! 6!&A

'!.%" #*()#! &(4$)7+$%!"2 + 7'7 $)'%(#.$'! +. ,+%+@%+,-! C;D;D;E #. &-+,$'%! C;  *!5,%!""$()

+""(&$7!2 8.$ !"' %+,,!47! $&$ "*7&%$' F

n−(ω3; θ, φ)ω3 − n±(ω1; θ, φ)ω1 − n±(ω2; θ, φ)ω2 = 0 GH;EI

1(.% &-+8.! '!%3! +""(&$7 B .)! ,.4"+'$() ωi=1,2,32 4+ J()&'$() n±(ωi; θ, φ)ωi &(%%!",()#

B .)! ".%J+&! J!%37! &(3,("7! #*.)! .)$8.! )+,,! #$%!&'!3!)' ,%(,(%'$())!44! B 4+ )+,,!

#*$)#$&! n±(ωi; θ, φ) KLM;  !" #$%!&'$()" #*+&&(%# #! ,-+"! &(%%!",()#!)' B 4*$)'!%"!&'$()

@7(37'%$8.! #!" '%($" ".%J+&!" +""(&$7!" +.5 '%($" ()#!" !) $)'!%+&'$() KCNE2CNHM;

O+)" 4! &+" #!" 3$4$!.5 $"('%(,!"2 4*$)'!%"!&'$() #!" '%($" ".%J+&!" $)'!%6!)+)' !"' 4*!)A

"!3=4! 6$#!2 )('7 ∅2 !' $4 )*!5$"'! ,+" #! "(4.'$()" !) +&&(%# #! ,-+"! #+)" &!" 3$4$!.5;

O+)" 4! &+" #! 3$4$!.5 .)$+5!"2 4*$)'!%"!&'$() #!" '%($" ".%J+&!" $)'!%6!)+)' &()#.$' B #!"

&P)!" #*+&&(%# #! ,-+"! #*+)@4! #*(.6!%'.%! θ +.'(.%" #! 4*+5! ~Z;  + 6+4!.% #! θ #7,!)#

#*.)! ,+%' #!" ,.4"+'$()" &()"$#7%7!" !' #*+.'%! ,+%' #. '>,! 7'.#$7; Q4 !5$"'! .)! .)$8.!

'(,(4(@$! #! &P)! #! #$%!&'$()" "(4.'$()" !) +&&(%# #! ,-+"! #+)" 4!" 3$4$!.5 .)$+5!";

<)9)2 #+)" 4! &+" #!" 3$4$!.5 =$+5!"2 4*$)'!%"!&'$() #!" '%($" ".%J+&!" $)'!%6!)+)' &()#.$'

B "$5 '(,(4(@$!" #$R7%!)'!" #! &P)!" #*+&&(%# #! ,-+"! KCNEM;  !" '(,(4(@$!" #!" &P)!"

CSD



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

 !"##$%  & '(")& '$*% +&) ,-+-&*. -)$/%$'&)0 *1-".&) &/ 2-".&) )$1/  $113&)  "1) +&)

 -"4%",,&)  & 56+7 '"% +&) 84*%&) 9:9:;"<0 9:9:;2< &/ 9:9:;#<: %&)'&#/-=&,&1/:

345) 9:9 >  !"!#!$%&' (&' )*+&' (,-))!.( (& "/-'& .&".0'&+10&' "!2. )/-)2+& (&' 1.!%'

)#-''&' !"1%32&' -2 '&%+ (,2+ (%-$.-44& (& 56#78 9-: ;-' (& #- )#-''& !"1%32& %'!1.!"& <

"-' (& '!#21%!+'8 9=: ;-' (& #- )#-''& !"1%32& 2+%->& < 2+& 2+%32& 1!"!#!$%& )!..&'"!+(-+1

? (&' )*+&' (& .0@!#21%!+ ? -+$#&' θ )!+'1-+1' -21!2.' (& #,->& ~Z8 9): ;-' (& #- )#-''&
!"1%32& =%->& < '%> 1!"!#!$%&' (%')1%+)1&' &+@%'-$&-=#&'8

?&) 1"''&)  !-1 -#&)0 "))$#-3&) "*. )*%@"#&)  &) -1 -#&)0 $1/ 3/3 '%3)&1/3&)  "1) +&

'"%"4%"'(& A:B:A:B  * #("'-/%& A0 '$*% #("#*1&  &) /%$-) #+"))&) $'/-C*&):

D"1) +& #")  &) #%-)/"*. -)$/%$'&)0 +&) 1"''&)  !-1 -#& )$1/  & 43$,3/%-& )'(3%-C*&:

E++&) "''"%/-&11&1/ "* 4%$*'&  & )F,3/%-& -181-&  & +" )'(G%&0 1$/3 Go = A∞
∞m
∞m0 $H

A∞ &)/ *1 ".&  & )F,3/%-& -181-&  !$%-&1/"/-$1 C*&+#$1C*& "* )&-1  * %&'G%& $'/-C*& &/

$H ∞m )-41-8& C*!-+ &.-)/& *1& -181-/3  & '+"1)  & )F,3/%-& ,-%$-%:

D"1) +& #")  &) #%-)/"*. *1-".&)0 -+ &.-)/&  &*. 1"''&)  !-1 -#&) I +" 1"''& $% -1"-%&0

1$/3& no
0  & 43$,3/%-& )'(3%-C*&0 &/ +" 1"''& &./%"$% -1"-%& ne

#$%%&)'$1 "1/ J *1 &++-'K

)$L &  & %3=$+*/-$1 "*/$*%  & +!".&

~Z  * %&'G%& $'/-C*&: ?" 1"''& $% -1"-%& "''"%/-&1/

 $1# "* 4%$*'&  & )F,3/%-& -181-&  & +" )'(G%&0 1$/3 Go = A∞
∞m
∞m: M"% #$1/%&0 +" 1"''&

&./%"$% -1"-%& "''"%/-&1/ "* 4%$*'&  & )F,3/%-& -181-&  * #F+-1 %&0  !".&  & %3=$+*/-$1

+!".&

~Z0 1$/3 GZ
e = AZ

∞

m
∞m I AZ

∞ &)/ +!".&  & )F,3/%-& -181-& #$%%&)'$1 "1/ J +!".&

~Z  *

%&'G%& $'/-C*& N ∞m %&'%3)&1/& *1& -181-/3  & '+"1)  & )F,3/%-& ,-%$-% #$1/&1"1/ +!".&

AZ
∞ N &/ m %&'%3)&1/& +& '+"1  & )F,3/%-& ,-%$-% $%/($4$1"+&,&1/ J +!".& AZ

∞:

D"1) +& #")  &) #%-)/"*. 2-".&)0 +&) 1"''&) n+
&/ n− "''"%/-&11&1/ "* 4%$*'&  &

)F,3/%-& 81-& Gn± = mmm0 $H +&) /%$-) ,-%$-%) m )$1/ $%/($4$1"*. "*. /%$-) ".&)

'%-1#-'"*.  * %&'G%& $'/-C*&: ?" 84*%& 9:O  $11& +&) /$'$+$4-&)  &) 1"''&)  !-1 -#&)

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

 & )F,3/%-& "))$#-3):

APQ



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

345)  !" #  !"!#!$%&' &( $)!*"&' +& ',-.()%& %/0/%& +&' /1""&' +2%/+%3&' '!##%3%(.' 1*

3!*)' +2%/(&)13(%!/ "1)1-.()%4*&' &/ 133!)+ +& "51'& "!*) +&' -%#%&*6 +& 3#1''&' !"(%4*&'

%'!()!"&'7 */%16&' "!'%(%8' &( /.$1(%8' 1%/'% 4*& 9%16&' "!'%(%8' &( /.$1(%8':

$%&'()*& +&' ',-./0,1' SAP (θ, φ) &1 )**,2+ +& (3)'& ()2 402562017&1*& *,22&'(,1+ 8

-%&1'&94-& +&' +02&*/0,1' +& (2,()7)/0,1 (&29&//)1/ +& :520;&2 -) *,1+0/0,1 +%)**,2+ +&

(3)'& (,.2 /,./ <&. +& (.-')/0,1' ω3 > ω2 > ω1 )''.2)1/ -) 2&-)/0,1 +& *,1'&2:)/0,1

+& -%51&270&! $& 72,.(& +& '=95/20& +& -%&'()*& +&' ',-./0,1' &1 )**,2+ +& (3)'& ()2

402562017&1*& &'/ 1,/5 GAP > &/ (&./ ?/2& +5/&29015 8 ()2/02 +%.1& )1)-='& 4)'5& '.2 -)

/35,20& +&' 72,.(&'! @.2 -) 4)'& +& *,1'0+52)/0,1' (2,*3&' &/ *,9()2)4-&' ).A )((2,*3&'

01/2,+.0/&' ()2 -& (201*0(& +& B&.9)11 &/ -&' -,0' +& C.20& DEF"G> -) 95/3,+& H.& 1,.'

(2,(,',1' (,.2 +5/&2901&2 -& 72,.(& +& '=95/20& +& -%&'()*& +& ',-./0,1' SAP (θ, φ) 2&(,'&

'.2 -%01/&2'&*/0,1 +&' /2,0' 72,.(&' +& '=95/20& G1> G2 &/ G3 *,22&'(,1+)1/ 2&'(&*/0:&9&1/

).A 72,.(&' +& '=95/20& )'',*05' ).A '.26)*&' n(ω1; θ, φ)ω1> n(ω2; θ, φ)ω2 &/ n(ω3; θ, φ)ω3>

*& H.0 '%5*20/ I

GAP = G3 ∩G1 ∩G2 J ! K

$%01/&2'&*/0,1 +&' 72,.(&' +& '=95/20& *,22&'(,1+ ).A 5-59&1/' +& '=95/20& *,99.1'

8 -%&1'&94-& +&' 72,.(&' *,1'0+525'! $& 72,.(& 25.-/)1/ GAP +5(&1+ +%.1& ()2/ +. /=(&

*,1'0+525 +%01/&2)*/0,1 ()2)95/20H.&> &/ +%)./2& ()2/ +& -) *-)''& ,(/0H.&! $) ;7.2&  !L

(25'&1/& .1 &A&9(-& 0--.'/2)1/ -%)((2,*3& &1 /&29& +& /35,20& +&' 72,.(&' +)1' -& *)'

+%.1& 01/&2)*/0,1 ()2)95/20H.& +& /=(& MMM ). '&01 +%.1 90-0&. .10)A& 157)/06!

EL 



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

345)  !" #  !!"#$%&$'() *+ !,&--%(./+ +) $+%0+ *+ $/1(%'+ *+# 2%("-+# -("% *13)'% !+

2%("-+ *+ #401$%'+ GIII
AP *+ !,+#-&.+ *+ #(!"$'()# SIII

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

')$+%&.$'() -&%&01$%'5"+ *+ $4-+    &" #+') *,") 0'!'+" ")'&6+ )12&$'78 9%1#+)$&$'() *+

!& .()*'$'() *,&..(%* *+ -/&#+: *+# #"%7&.+# &##(.'1+# ; ./&.") *+# $+%0+# +$ *+# 2%("-+#

*+ #401$%'+ ')3)'+ .(%%+#-()*&)$: *+# #(!"$'()# SIII
AP -&% ')$+%#+.$'() 21(01$%'5"+ *+#

#"%7&.+# +$ +)3) *" 2%("-+ %1#"!$&)$ GIII
AP &')#' 5",")+ %+-%1#+)$&$'() *&)# ") *'&2%&00+

*+ <=!> *+# .?)+# *+ #(!"$'()# SIII
AP ; &)2!+ θ .()#$&)$ '##"# *+ !,&)&!4#+ +) #401$%'+8

 !"!# $%&'()*+, -+, ,.)/01+, *&23*4.'+, +5 6787 +( ,%&'()*+ -+,

,93.(*95, 0,,91*'+,

$% &'() *+) ,-./) ,+-0+) 1)).2/3) 1(4 ,-./) .%*+)5 '1 2.%*/,/.% *+ 6787 *.%%3+ &1-

'9+4&-+))/.% : !;< =1/, /%,+->+%/- '+ ,+-0+ /%,-.*(/, &1- '1 &3-/.*/2/,3 +?+2,/>+ ).''/2/,3+!

$% &'() *+) ,-./) ,+-0+) 1)).2/3) 1(4 &(')1,/.%) ωi=1,2,3 1(4@(+') 2.--+)&.%*+%, '+) )(-A

=12+) n(ωi; θ, φ)ωi *3,1/''3+) *1%) '+) &1-1B-1&C+ &-323*+%,5 '+ ,+-0+

|cos(φ)sin(θ)|
Λ

/%,-.*(/,

&1- '+ -3)+1( +?+2,/= +), 3B1'+0+%, 1)).2/3 D (%+ )(-=12+ =+-03+ 2.0&.)3+ *9(%+ (%/@(+

%1&&+! E12C1%, @(+ '+ 0/'/+( 1',+-%3 &-3)+%,+ (%+ )F03,-/+ *+ -3>.'(,/.% 1(,.(- *+ '914+

~X @(/ +), .-,C.B.%1' 1(4 *.01/%+) *9/%>+-)/.%5 '1 )(-=12+ /%,-.*(/,+ &1- '1 &3-/.*/2/,3

+?+2,/>+ ).''/2/,3+ &-3)+%,+ '1 0G0+ )F03,-/@(+5 +, 1&&1-,/+%, 1/%)/ 1( B-.(&+ *+ )F03,-/+

/%H%/+ GX
Λ = AX

∞

m
∞m I AX

∞ +), '914+ *+ )F03,-/+ /%H%/+ )+'.% '914+

~X *( -+&J-+ .&,/@(+ K

L"M



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

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

*! $3-#& (! -( .( . &4.5.%,+ 6 +0,1! AX
∞7 8, &.".+.5(! !& +! 5 .'"! *! $3-#& (! *! /!&&!

%,""! $.%& " #$!%&#!$ ", +, )5' ! 97:7 ;+ !$& (%&# !$$,%& *! %.&! <'! +0,1! *! $3-#=

& (! (%)%(! AX
∞ !$& . &4.5.%,+ 6 +0,1! *! $3-#& (! (%)%(! AZ

∞ (%&! >!%,%& *,%$ +!$ /+,$$!$

."&(<'!$ ($.& ."! !& '%(,1!7

345) 97: ?  !" #$%$&' ()*$+,$-'&.&/0 !%0&*/) 1 Λ (θ, φ) &20 %! ()*$+,& &3&40$5& 2+%%$4$0)& &/

6+/40$+/ ,& %! ,$*&40$+/ (θ, φ) ,& %7$/0&*!40$+/ (!*!.)0*$-'& -'!,*!0$-'& 4+%$/)!$*& 1 GX
Λ

&20 %& 8*+'(& ,& 29.)0*$& *)2'%0!/0 ,& %7$/5&*2$+/ ()*$+,$-'& ,& ,+.!$/&2:  ;" <+(+%+8$&

&0 29.)0*$& ,& %! 2'*6!4& &3&40$5& 2+%%$4$0)& &0 $/0&*5&/!/0 ,!/2 %! 4+/,0$+/ ,& =>?>:

80!$",/! *!$ $.+'&(.%$ SQAPA(θ, φ) /.  !$".%* 6 +0!%$!-@+! *!$ *( !/&(.%$ *! " .",5,=

&(.% "! -!&&,%& *! ># ()! +, /.%*(&(.% *! ABCB ".' &.'& D!' *! "'+$,&(.%$ ω3 > ω2 > ω1

,$$' ,%& +,  !+,&(.% *! /.%$! >,&(.% *! +0#%! 5(! ,' /.' $ *0'%! (%&! ,/&(.% ", ,-#& (<'!

6 & .($ .%*!$7 80(%&! $!/&(.% 5#.-#& (<'! *!$ <',& ! $' E,/!$ /.  !$".%*,%& ,'1 <',& !

&! -!$ *! +0#<',&(.% F97GH /.%*'(& ,'1 *(I# !%&!$ &.".+.5(!$ *!$ /J%!$ *! ABCB " #$!%&#!$

", +, )5' ! 97K7

8!$ &.".+.5(!$ *#/ (&!$ $.%& *#&! -(%#!$L ".' +!$ & .($ /+,$$!$ ."&(<'!$L ".' '% -(+(!'

"# (.*(<'!-!%& ,+&! %# . &4.5.%,+!-!%& +0,1!

~X *'  !"M ! ."&(<'!L &!+ <'! +! ", ,5 ,"4!

97G +0, (%& .*'(&7 ;+ !$& 6 %.&! <'! +, )5' ! 97K7F/H -!%&(.%%! $(-"+!-!%& <'! +!$ &.".+.5(!$

!%>($,5!,@+!$ !% ABCB *,%$ '% -(+(!' @(,1! "# (.*(<'!-!%& ,+&! %# /.-" !%%!%& ,'

-.(%$ +!$ &.".+.5(!$ ,//!$$(@+!$ ".' /!&&! /+,$$! ."&(<'! !% ,//. * *! "4,$! *,%$ +!$

NOO



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

345)  !" #  !"!#!$%&' (&' )*+&' (& ,-.-/ 0&"01'&+21&' "!30 )45)3+& (&' 20!%' )#5''&'

!"2%63&' (5+' 3+ (%5$0577& (& 89#:; <5= >#5''& !"2%63& %'!20!"& ? 3+& 3+%63& 2!"!#!$%&

)!00&'"!+(5+2 @ (&' )*+&' (& 01A!#32%!+ 532!30' (& #B5C&

~X !024!$!+5# 53C (!75%+&'

(B%+A&0'%!+; <D= >#5''& !"2%63& 3+%5C& ? 20!%' 2!"!#!$%&' &+A%'5$&5D#&'; <)= >#5''& !"2%63&

D%5C& ? 53 7!%+' '%C 2!"!#!$%&' (%')2%+)2&' &+A%'5$&5D#&' )!00&'"!+(5+2 53C 7E7&' 2!"!F

#!$%&' 63B&+ 5))!0( (& "45'& (5+' 3+ 7%#%&3 (& )#5''& !"2%63& D%5C& +!+ 5#2&0+1;

$%&%'() *+* ,&-'.*/0! 12,(-.'0 -+3+&+4%'0 0+*- ,%*0% /5'*-('&&'$'*- '*5%0,4',6&'0 '- .'0-'*-

7 8/-'.$%*'. 8,*0 &' 9,0 8'0 $%&%'() 6%,)'0 ,&-'.*/0!

1' $,*%:.' ,*,&+4(' 7 &2'03,9' 8'0 0+&(-%+*0 '* ,99+.8 8' 3;,0' SAP (θ, φ)< ,(=('&

9+..'03+*8 &' 4.+(3' 8' 0>$/-.%' GAP < &2'03,9' 8'0 0+&(-%+*0 SQAPA(θ, φ) '* ?@A@ '0-

/4,&'$'*- 9,.,9-/.%0/ 3,. 0'0 /&/$'*-0 8' 0>$/-.%' 8/9.%-0 3,. &' 4.+(3' 8' 0>$/-.%'

9+..'03+*8,*- *+-/ GQAPA! B, 8/-'.$%*,-%+* 8' GQAPA .'3+0' /4,&'$'*- 0(. (*' ,*,&>0'

'* 0>$/-.%' 6,0/' 0(. &2%*-'.0'9-%+* 8'0 =(,-.' 4.+(3'0 8' 0>$/-.%' G1< G2< G3 '- GX
Λ <

9+..'03+*8,*- ,() =(,-.' -'.$'0 3./0'*-0 8,*0 &, 9+*8%-%+* 8' ?@A@< 0+%- C

GQAPA = G3 ∩G1 ∩G2 ∩GX
Λ

D !EF

B2%*-'.0'9-%+* 8'0 4.+(3'0 8' 0>$/-.%' 9+..'03+*8 ,() /&/$'*-0 8' 0>$/-.%' 9+$$(*

7 &2'*0'$6&' 8'0 =(,-.' 4.+(3'0 9+*0%8/./0! B' 4.+(3' ./(&-,*-< GQAPA< 8/3'*8 8( ->3'

82%*-'.,9-%+* 9+*0%8/./'< '- 8' &, 9&,00' +3-%=(' 8( $%&%'( 9+*0%8/./! B, G4(.'  !H 8+**'

(* ')'$3&' %&&(0-.,*- &2,33.+9;' '* -'.$' 8' -;/+.%' 8'0 4.+(3'0 '* 9+*8%-%+* 8' ?@A@!

I& 02,4%- 82(*' %*-'.,9-%+* 3,.,$/-.%=(' 8' ->3' JIII ,( 0'%* 82(* $%&%'( (*%,)' */4,-%K!

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

B' -,6&',(  !L 3./0'*-' '- 0>*-;/-%0' &2'*0'$6&' 8'0 4.+(3'0 8' 0>$/-.%' %*G*%' '*M

5%0,4,6&'0 8,*0 &' 9,0 8'0 9+*8%-%+*0 82@A '- 8' ?@A@< 9+..'03+*8,*- ,() -.+%0 9&,00'0

NOP
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345)  !" #  !"#$%& '&( )$#*+&(, -++.%/*"& 0 *1& %12&$-32%#1 +-$-4"2$%/*& '& 25+& 6777

'-1( *1 4%.%&* *1%-8& 1")-2%9: ;$"(&12-2%#1 '& .- 3#1'%2%#1 '& <=;=, '&( (*$9-3&( -((#>

3%"&( 0 3!-3*1 '&( 2&$4&(, &2 '&( )$#*+&( '& (54"2$%& %1?1%& 3#$$&(+#1'-12 @ '&( (#.*2%#1(

SV III
QAPA +-$ %12&$(&32%#1 )"#4"2$%/*& '&( (*$9-3&( '-1( *1 '%-)$-44& '& AB.C @ '* )$#*+&

$"(*.2-12 GV III
QAPA &2 *1& $&+$"(&12-2%#1 '&( "."4&12( '& (54"2$%& 3#$$&(+#1'-12(:

$%&'()*+!

,- ./0/1 '2 *+& '-&34*++5-& 6* -$&*4 ()* 2* 74$)%* 6* +893&4'* GQAPA = GX
Λ :$44*+;

%$-6 5) 74$)%* 6* +893&4'* 6) &*49* 43+*5) 2$4+()* 2*+ &4$'+ -5%%*+ 6<'-6':*+ +$22':'&3*+

+$-& 6* 73$93&4'* +%=34'()* 5) +*'- 6*+ 9'2'*)> '+$&4$%*+ *& )-'5>*+! ?$49'+ :*+ :5+ $@

&4$'+ -5%%*+ $46'-5'4*+ +$-& +$22':'&3*+1 2* 74$)%* 6* +893&4'* 43+)2&5-& GQAPA = mmm

:$44*+%$-6 5) 9A9* 74$)%* 6* +893&4'* GAP = mmm $B&*-) 65-+ 2* :5+ 6*+ 9'2'*)>

B'5>*+ -$- %34'$6'()*9*-& 52&*4-3+! C5-+ 2* :5+ 6*+ 9'2'*)> '+$&4$%*+1 2*+ =)'& &8%*+ +$-&

6373-343+ %)'+()<'2 -<*>'+&* %2)+ 6* 9$6*+ %4$%4*+ 6* %4$%575&'$- 63D-'+ %54 2*+ %4$%4'3;

&3+ $%&'()*+ 2'-35'4*+1 *& ()<'2 -<*>'+&* ()<)-* )-'()* -5%%* 6<'-6':*! E5 :$2$--* %$4&5-&

+)4 2*+ 9'2'*)> '+$&4$%*+ *- :$-6'&'$- 6* ./0/ 5 &$)&*F$'+ 3&3 :$-+'6343* 65-+ 2* &5B2*5)

 !G :54 '2 *+& %$++'B2* 6* %5++*4 6* 95-'H4* :$-&'-)* 6<)-* :25++* $%&'()* I )-* 5)&4* %54

63F$495&'$- :$-&'-)* 6*+ +)4F5:*+ 6*+ '-6':*+!

JKL



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

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

/--"!' '% $4/&% $"#! 1%& +($%& 56 55 %+ 555 %.7,&/8%/31%&6 %+ /#0 -1/&&%& "$+,2#%& ,&"+!"$%&6

#.,/0%& %+ 3,/0%& %. 9:;: $"#! 1%& +($%& 5 < =555> ?(.+4@&% %.81"3/.+ 1%& -1/&&%& "$+,2#%&

'% &,8.%& $"&,+,A B."+* < 0C "# .*8/+,A B."+* < 0C>

 !" #$%$&$'() *) +,-, *./0 &)0 1(&()23 2/(.3)0

$%&'( )*+ %&,(+*-.-/0* 1,*,&.2+ .) (+/* 3+( -&0/( 42.((+( 0%-/5)+( 3+ 2. 3,6.&47+ .((08

4/,+ 9 2:.*.2;(+ +* (;6,-&/+ +* .440&3 3+ %7.(+ +- +* <$=$> 2:.--+*-/0* +(- (%,4/?5)+6+*-

%0&-,+ ()& 2. 42.((+ 0%-/5)+ )*/.@+ 3.*( 4+ %.&.1&.%7+! A. 42.((+ 0%-/5)+ )*/.@+ +(- %.&8

-/4)2/'&+6+*- /*-,&+((.*-+ 9 ,-)3/+& .4-)+22+6+*-> 3.*( 2. 6+()&+ 0B +22+ 40&&+(%0*3 9 2.

42.((+ 0%-/5)+ 3) 4&/(-.2 MgO : PPLN 30*- 2+( 3/6+*(/0*( &,.2/(.C2+( (0*- -+22+( 5):+22+(

%+&6+--+*- 3:+*D/(.1+& -&'( %&047./6+*+*- 3+( +@%,&/+*4+( +* <$=$! E+ %.&.1&.%7+ .

%0)& 0CF+4-/G 3+ %&,%.&+& 4+( G)-)&+( +@%,&/+*4+(!

A+( -&0/( -0%0201/+( %+&6/(+( .) (+/* 3+( 6/2/+)@ )*/.@+( %&,(+*-,+( %.& 2. ?1)&+  !H!ICJ

(0*- F)(-/?,+( +- 3,-./22,+( %.& 2. ?1)&+  !KL> 3.*( 2.5)+22+ (0*- &+%&,(+*-,+( -&0/( -;%+(

3+ 4M*+( 3+ (02)-/0*( 3+ 2:,5).-/0* ∆~kQAPA = ~k3−~k1−~k2− ~KΛ(θ,φ) = 0! A+( ?1)&+(  !KL

0*- ,-, -&.4,+( 9 %.&-/& 3:,5).-/0*( 3+ 3/(%+&(/0* 3+( /*3/4+( .3.%-,+( .&C/-&./&+6+*->

3+ 6.*/'&+ 9 &,.2/(+& )* 4&/(-.2 -7,0&/5)+ )*/.@+ *,1.-/G .3.%-,> 5)/ %+&6+- 3:/22)(-&+&

KNO
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 !" #$% &%' ()*+' (*,*-*.+%' %$/+'".%"0-%'1 2%' 34#"(+*$' &% &+',%)'+*$ &%' +$&+ %' no
th %(

ne
th &#  )+'("- (!3*)+4#%  )33 ,)*/+%$$%$( &%' 34#"(+*$ &% &+',%)'+*$ &% Y COB 56789 %(

/3)+:%$( -%' )%-"(+*$' '#+/"$(%' ;





no
th(λ) = nY COB

z (λ)

ne
th(λ) =

[(
cos(θ)

nY COB
z (λ)

)2

+

(
sin(θ)

nY COB
x (λ)

)2
]−1/2

<=1>?

@*#) )3"-+'%) (*#(%' -%' (*,*-*.+%'9 #$% ,3)+*&+ +(3 &A+$/%)'+*$ %B()CD%D%$( E"+0-%9

Λ = 5, 2 µm9 " 3(3 #(+-+'3%1 2A+$(%)" (+*$  *$'+&3)3% %'(9 ,") %B%D,-%9 #$% &+F3)%$ % &%

E)34#%$ %9 G ,")(+) &A#$% -*$.#%#) &A*$&% λp = 532 $D9 .3$3)"$( λs = 700 $D %( λi = 2216

$D1

H"$'  %'  *$&+(+*$'9 -%' :.#)%' =1IJ1<"?9 =1IJ1<0? %( =1IJ1< ?  *))%',*$&%$( G &%' HKL

%$ MN@N9 )%',% (+/%D%$( &% (O,% P9 &% (O,% Q9 %( &% (O,% QPPP1

H"$' -%  "' &%' D+-+%#B #$+"B%' ,3)+*&+4#%D%$( "-(%)$3'9 -%' !#+( (O,%' &A+$(%)" (+*$'

,")"D3()+4#%' %$ MN@N $% ,%)D%((%$( ,"' (*#' -A"  R' %B,3)+D%$("- "#B ()*+' (*,*-*S

.+%' %$/+'".%"0-%' ,*#)  %((%  -"''% *,(+4#%1 P- %B+'(% &%#B  )+(R)%' 4#+ )%'()%+.$%$( -%'

(*,*-*.+%' "  %''+0-%' ,*#)  %)("+$' (O,%'1

2% ,)%D+%)  )+(R)%  *$ %)$% -" (*,*-*.+% )%-+"$( -%' ,-"$' ( ~X, ~Z) %( (~Y , ~Z)1 @*#)  %((%

(*,*-*.+%9 -" '*-#(+*$ %$ MN@N  *))%',*$&"$( G #$% &+)% (+*$ &% ,)*,"."(+*$ &"$' -%

,-"$ (~Y , ~Z) ,*#) -"4#%--% -% ,"' %F% (+E '*--+ +(3 &%/+%$( +$:$+1 2" '*-#(+*$ %$ MN@N &"$'

 % ,-"$ %'( &*$ +&%$(+4#% G -" '*-#(+*$ %$ "  *)& &% ,!"'% &"$'  % DCD% ,-"$ "# '%+$

&# DCD% D+-+%#1 T)9 G  "#'% &% -" &+',%)'+*$ $*)D"-% &%' +$&+ %'9 #$% '*-#(+*$ &"$' -%

,-"$ (~Y , ~Z) %'( "  %''+0-% %$ "  *)& &% ,!"'% #$+4#%D%$( ,*#) -%' (O,%' P9 PP %( PPP1 U% +

+D,*'% 4#% -%' (O,%' PQ G QPPP +$()*&#+(' %$ MN@N $% ,%#/%$( ,"' )3"-+'%)  %((% (*,*-*.+%

&%  V$%' &% MN@N )%-+"$( -%' ,-"$' ( ~X, ~Z) %( (~Y , ~Z)9  % 4#+  *))%',*$& "#B  )*+B )*#.%'

&"$' -% ("0-%"# &% 'O$(!R'% =1II1

@") %B%D,-%9 #$% '+(#"(+*$ !O,*(!3(+4#% ,*#) -"4#%--% #$  V$% &% '*-#(+*$' &# (O,%

QP %$ MN@N )%-+% -%' ,-"$' ( ~X, ~Z) %( (~Y , ~Z) +D,*'%)"+( &"$' #$ D+-+%# #$+"B% $3."(+E ;

(no(ω1)ω1 + no(ω2)ω2) > no(ω3)ω3 > (ne(ω1)ω1 + ne(ω2)ω2)1 U% + %'( %$  *$()"&+ (+*$

"/% -" -*+ &% &+',%)'+*$ $*)D"-% &%' +$&+ %'9 4#+ +D,*'% no(ω3)ω3 > no(ω1)ω1 +ne(ω2)ω29

IWJ
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345)  !"# $  !"#$%"& '" ()*+,& '" ∆~kQAPA  !"#$%&'"( ) #%*+,-"(&  ."-& #- &!/$(%!"& 0

,-1,+&-"('(%!" #-& &!/$(%!"& θQAPA = f(φQAPA) #'"& $" #%'2,'33- -"  !!,#!""+-& (θ, φ)4
,-1,+&-"('(%!" +5$%6'/-"(- #'"& $" #%'2,'33- #- 78/*4 -( 2,!$1- #- &93+(,%- '&&! %+ )

 :' $"- #-& (,!%& (!1!/!2%-&; <'= >."- ,-/%'"( /-& 1/'"& ( ~X, ~Z) -( (~Y , ~Z); <?= >."- ,-/%'"(

/-& 1/'"& ( ~X, ~Z) -( ( ~X, ~Y ); < = >."- &- ,-1/%'"( &$, /$%@3A3- '$(!$,& #$ 1/'" ( ~X, ~Z);

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

'1,(/ ,"0) $(/20($/ $+ *"& %'%"&  !+**")  ( ,3+/( &( ,(0' ,+/ 4')( 56)%76(8

9(  (0:%;<( *)%';)( *"&*()&( $+ '","$"-%( )(,$%6( +$$+&'  0 ,$+& ( ~X, ~Z) +0 ,$+& ( ~X, ~Z)8

="0) )6+$%/() 0& '($$( '","$"-%(> $+ *"& %'%"&  ( ?@=@  "%' 4')( 56)%76( ,"0)  (0: +&-$(/>

θ1 (' θ2> ,"0) 0& <4<( +&-$( φ  "&&68 A+&/ 0& ,$+&  0 )(,;)( ",'%20(  0 <%$%(0 0&%+:(

 67&% ,+) 0& +&-$( φ0 7:6 (' *"&/'+&'> %$ B+0'  "&* 20( $+ B"&*'%"& ∆~kQAPA(θ, φ0) &( /"%'

,+/ /')%*'(<(&' <"&"'"<( (& θ /0) $+ ,$+-(  (  %)(*'%"&/ θ = [0, π/2]> *( 20% )(5%(&' C

 %)( 20( $!65"$0'%"&  ( ∆~kQAPA(θ, φ0)  "%' &6*(//+%)(<(&' &( ,+/ 4')( D%E(*'%5( (& θ /0)

*(''( ,$+-(  (  %)(*'%"&/ F *(*%  "%' *"& 0%)( C  (0:  %)(*'%"&/ θ +//0)+&' $+ *"& %'%"&

 ( ?@=@> (' *(*%> ,"0) $( <4<( +&-$( φ (' $( <4<( E(0  ( $"&-0(0)/  !"& (8 G()'+%&(/

B"&*'%"&/ ∆~kQAPA(θ, φ) +//"*%6(/ C *()'+%&/ '1,(/  !%&'()+*'%"&/ /"&' ,+)B"%/ /1/'6<+'%H

IJI



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

 !"#"$% &'(")%'*"+ "$ θ ,-!. /"+ #'0'"!1 !$'21"+ ,-+'%'3+ -! $452%'3+6 )"  !' '$%"./'% 20-.+

02 %-,-0-5'" /"+ )7$"+ .",0'4+8 92. "1"#,0"6 ,-!. !$ ).'+%20 !$'21" ,-+'%'36 0" %:," ;<

+-00')'%" %.-'+ $2,,"+ /='$/')"+ -./'$2'."+ $" ,.4+"$%2$% ,2+ /" /4,"$/2$)" "$ θ8 >2 +"!0"

/4,"$/2$)" 2$5!02'." "$ θ ,-!. )" %:," "+% '$%.-/!'%" ,2. 0" %".#" 2π |cos(φ) sin(θ)|
Λ

6 /-$%

0" )-#,-.%"#"$% "+% ,.4)'+4#"$% &'(")%'3 "$ θ +!. 02 ,025" /" /'.")%'-$+ [0, π/2]8 ?'$+'6 0"

%:," ;< 2! +"'$ /"+ #'0'"!1 !$'21"+ ,-+'%'3+ $" .420'+" (2#2'+ 02 %-,-0-5'" /" )7$"+ .",0'4+

2!%-!.+ /! ,02$ ( ~X, ~Z)8 >"+ )2+ '$%"./'%+ ,2. )" ).'%@." )-.."+,-$/"$% 2!1 ).-'1 $-'."+

/2$+ 0" %2&0"2! /" +:$%A@+" B8CC8

345) B8CC D  !"!#!$%&' "&()%'&' &* '+),*(%&' -''!.%,&' &/ 0121 3-/' #&' )%#%&45 4/%-5&'

"!'%*%6' &* /,$-*%6'7 8/*&(3%.*%!/ 3& #- *!"!#!$%& (&#%-/* #&' "#-/' ( ~X, ~Z) &* (~Y , ~Z) 9 .-4'& 3&
#- 3%'"&('%!/ /!()-#& 3&' %/3%.&' :/!*,' "-( #&' .(!%5 (!4$&';7 8/*&(3%.*%!/ 3& #- *!"!#!$%&

'& (&"#%-/* -4*!4(' 34 "#-/ ( ~X, ~Z) 9 .-4'& 3<4/& 3,"&/3-/.& =%>&.*%?& 3& ∆~kQAPA &/

6!/.*%!/ 3& #<-/$#& θ7 @!/ ,A4%?-#&/.& 3&' &'"-.&' 3& '!#4*%!/' &/ 0121 "!4( #&' 3&45

'%$/&' !"*%A4&' :B!/& $(%',& &* (&.*-/$#& =#&4;7

>=4%!/" /"+ %-,-0-5'"+ ,".#'+"+ "$ 3-$)%'-$ /! %:," )-$+'/4.4 /2$+ 0"+ #'0'"!1 !$'21"+

,-+'%'3+ "% $452%'3+ #-$%." 4520"#"$% )".2'$+ ,-'$%+ ,2.%')!0'".+ E 0=4%!/" /! F?9?  !'

$='$%".*'"$$"$% ,2+ /2$+ 0"+ #'0'"!1 !$'21"+ "$ 2))-./ /" ,A2+"8

CGH



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

 !"#$%!"#"&'( )"* +,*"* -!$*."* /" )" ',0)",1 /" *2&'3%*" 4566 #"''"&' "& .7$/"&+"

81"( 9:1! 1& '29" /;$&'"!,+'$:& /:&&."( +"!',$&"* ':9:):-$"* &" *:&' 9,* 9"!#$*"* *$#1)<

',&.#"&' 9:1! /"* #$)$"1= 1&$,="* 9:*$'$>* "' &.-,'$>*5 ?"1=$%#"#"&'( )" !"+',&-)" 0)"1

"&':1!,&' /,&* )" ',0)",1 /" *2&'3%*" 4566 )"* +,*"* +:!!"*9:&/,&' @ ), ':9:):-$" !")$,&'

)"* 9),&* ( ~X, ~Z) "' (~Y , ~Z) 9:1! )"* '29"* AB "' B #"' "& .7$/"&+" )" >,$' 81;1&" #C#"

':9:):-$" /" +D&"* /" EF F 9"1' C'!" ,**:+$." @ /"* -!:19"* /" *2#.'!$" /$G.!"&'* /,&* )"

+,* /"* #$)$"1= 1&$,="*( ):!*81" '!:$* &,99"* :!/$&,$!"* *:&' *1*+"9'$0)"* /;C'!" *:))$+$'."*

,1 *"$& /" #$)$"1= 1&$,="*( 9:*$'$>* :1 &.-,'$>*5

H"* /"1= !"#,!81"* 9!.+./"&'"* #"''"&' "& .7$/"&+" ), &:& .81$7,)"&+" ':9:):-$81"

*'!$+'" /"* "*9,+"* /" *:)1'$:&* "& EF F 9:1! )"* #$)$"1= 1&$,="* 9:*$'$>* :1 &.-,'$>*5

I"+$ /.J&$' 1&" 0!$*1!" /" *2#.'!$" /"* "*9,+"* /" *:)1'$:&* "& EF F 9,! !,99:!' ,1=

"*9,+"* /" *:)1'$:&* "& ,++:!/ /" 93,*"( +" 81$ +:!!"*9:&/ @ ), 9"!'" /" );$&7,!$,&+" /"*

"*9,+"* /" *:)1'$:&* 9,! !,99:!' ,1 *$-&" :9'$81" /"* #$)$"1= 1&$,="*5 K& "G"'( )"* "*9,+"*

/" *:)1'$:&* &" /.9"&/"&' 9,* /1 *$-&" :9'$81" +:&*$/.!. "& ,++:!/ /" 93,*" L6MN(6M4O5

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

+'4-5& *-,%2'&

I:&+"!&,&' );,++:!/ /" 93,*" /,&* )"* #$)$"1= 1&$,="*( );.+!$'1!" /"* /$G.!"&'"* !"),<

'$:&* /;:!/!" "&'!" )"* '"!#"* [ne(ω3)ω3]( [n
o(ω3)ω3]( [n

e(ω1)ω1 + ne(ω2)ω2]( [n
o(ω1)ω1 + ne(ω2)ω2](

[ne(ω1)ω1 + no(ω2)ω2] "' [no(ω1)ω1 + no(ω2)ω2] +:&/1$' @ );.',0)$**"#"&' /"* +),**"* /;$&<

.-,)$'.* "&7$*,-",0)"*( "' /:&+ /"* +),**"* /" *:)1'$:&* 9"!#$*"* ,1 *"$& /1 +!$*',) +:&*$<

/.!.5 I"* +),**"* /" *:)1'$:&* *:&' ,**:+$."* ,1= )$"1= -.:#.'!$81"* +:!!"*9:&/,&' ,1=

"&*"#0)"* /" /$!"+'$:&* /;,++:!/ /" 93,*" 9:1! ':1* )"* '29"* 9"!#$* L6M4O5

?,&* )" +,* /;$&'"!,+'$:&* 9,!,#.'!$81"* "& EF F ,1 *"$& /" #$)$"1= 1&$,="*( );$&7,<

!$,&+" 9,! !:','$:& ,1':1!* /" );,=" /" !.7:)1'$:&

~Z /" ), +:&/$'$:& /;,++:!/ /" 93,*" "*'

0!$*."( *1$'" @ );$&'!:/1+'$:& /1 '"!#" !.*",1 "G"+'$> "& 1/Λ(θ, φ) 81$ 7,!$" /" M @ 1/Λ /"

);,="

~X @ );,="

~Z /,&* )" 9),& ( ~X, ~Z)( ,$&*$ 81" /" );,=" ~X @ );,="

~Y /,&* )" 9),& ( ~X, ~Y )5

H, ':',)$'. /" );.'1/" #"&." +:&+"!&" )"* +),**"* /" *:)1'$:&* ,1 *"$& /"* #$)$"1=

1&$,="* 9.!$:/$81"#"&' ,)'"!&.*5 K))" "*' ,**:+$." @ ), !.*:)1'$:& /" ), +:&/$'$:& /" EF F

6PN



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

 !"# $%&'(&)*$& +&( ,"-. ./ &(0 12'( $& 32( !4 $&( +!)2-'&( +%-'5&#(-!' (!'. !#-&'.6(

!#.,!7!'2$&)&'. 8 $%29&

~X: 25&3 "'&  6#-!+-3-.6  ,/(-;"& Λ > 0: $2 3!'+-.-!' +& <=>=

?@0AB &(. '!.6& (!"( $2 C!#)& ("-52'.&: (!-. D

n±(ω3; θ, φ)ω3 = n±(ω1; θ, φ)ω1 + n±(ω2; θ, φ)ω2 +
|cos(φ)sin(θ)|

Λ
?@0AB

=5&3 $2 3!'5&'.-!' ω3 > ω2 > ω1: $&( #&$2.-!'( +%!#+#& 3!'+"-(2'. 2"9 3$2((&( +&

(!$".-!'( &' <=>= C!'. -'.&#5&'-# $&( 7#2'+&"#( ("-52'.&( +2'( $&  $2' (~Y , ~Z) D

a = n−(ω1)ω1 + n−(ω2)ω2:

b = n+(ω1)ω1 + n−(ω2)ω2:

c = n−(ω1)ω1 + n+(ω2)ω2:

d = n+(ω1)ω1 + n+(ω2)ω20

12'( $&  $2' ( ~X, ~Z): $&( 7#2'+&"#( ;"- -'.&#5-&''&'. (!'. D

A = n−(ω1)ω1 + n−(ω2)ω2 + 1
Λ

= a + 1
Λ
:

B = n+(ω1)ω1 + n−(ω2)ω2 + 1
Λ

= b + 1
Λ
:

C = n−(ω1)ω1 + n+(ω2)ω2 + 1
Λ

= c + 1
Λ
:

D = n+(ω1)ω1 + n+(ω2)ω2 + 1
Λ

= d + 1
Λ
0

E&( .&#)&( n+,−
3!##&( !'+&'. 2"9 '2  &( -'+-3&( ne,o

 !"# $&( )-$-&"9 "'-29&( +& (-7'&

! .-;"&  !(-.-C: &. 8 &. no,e
 !"# $& (-7'& ! .-;"& '672.-C0 F!.!'( +&  $"( b̃ = Min(b, c): c̃ =

Max(b, c): B̃ = Min(B, C) &. C̃ = Max(B, C): !4 G-'? :;B &. G29? :;B 3!##&( !'+&'.

2"9 52$&"#( )-'-)2$& &. )29-)2$& &'.#& $&( +&"9 7#2'+&"#( '")6#-;"&(  &. ;0 E&( .&#)&(

3!'3&#'2'. $2  "$(2.-!' ω3 (!'. '!.6( α = n−(ω3)ω3: &. β = n+(ω1)ω30 H"-.& 8 $2 +-( &#(-!'

'!#)2$& +&( -'+-3&(: $&( +-I6#&'.&( 7#2'+&"#( +6J'-&( 56#-J&'. $&( -'672$-.6( ("-52'.&( D





a < b̃ < c̃ < d

A < B̃ < C̃ < D

a < A, b̃ < B̃, c̃ < C̃, d̃ < D̃

α < β

a < α, d < β

?@0KB

E%63#-."#& +&( +-I6#&'.&( #&$2.-!'( +%!#+#& 3!'+"-(2'. 2"9 +-I6#&'.&( 3$2((&( +& (!$"L

MA@



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

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

!#/3*1! /$ +% 12%45)%$$!"# 6789:8 ;%(! 5%),% +% 1!$ %)  "' %$ 1%$ )%1* !"#$ +2")+)% *$$"(!/%$

*'4 +!</)%# %$ (1*$$%$ +% $"1' !"#$8 =% $(>/,* +% 5)!#(!5% +% )%(>%)(>% +% 12%#$%,&1% +%$

!#/3*1! /$ %#?!$*3%*&1%$ %$ +"##/ 5*) 12%45)%$$!"# $'!?*# % @





a < α < b̃ < c̃ < d < β < A < B̃ < C̃ < D

a < b̃ < α < c̃ < d < β < A < B̃ < C̃ < D

a < b̃ < c̃ < α < d < β < A < B̃ < C̃ < D

a < b̃ < c̃ < d < α < β < A < B̃ < C̃ < D

...

a < α < b̃ < c̃ < d < A < β < B̃ < C̃ < D

a < b̃ < α < c̃ < d < A < β < B̃ < C̃ < D

a < b̃ < c̃ < α < d < A < β < B̃ < C̃ < D

a < b̃ < c̃ < d < A < α < β < B̃ < C̃ < D

...

a < b̃ < c̃ < d < A < α < B̃ < C̃ < D < β

a < b̃ < c̃ < d < A < B̃ < α < C̃ < D < β

a < b̃ < c̃ < d < A < B̃ < C̃ < α < D < β

a < b̃ < c̃ < d < A < B̃ < C̃ < D < α < β

678A:

=* B3')% 78CD !11'$ )% '#% (1*$$% +% $"1' !"#$ *' $%!# +2'# ,!1!%' '#!*4% #/3* !E %#

,%  *# %# /?!+%#(% 1%$ !# %)$%( !"#$ 3/",/ )!0'%$ %# )% 1%$ +!</)%# %$ #*55%$ $'$(%5 !&1%$

+2F )% $"11!(! /%$ *' ("')$ +2'#% !# %)*( !"# 5*)*,/ )!0'% %# GHIH8 HB# +% $.# >/ !$%)

12/()! ')% +%$ (J#%$ +% GHIHK 1%$ (J#%$ ĨIK IĨIK Ṽ I % V ĨI ("))%$5"#+%# )%$5%( !?%,%# 

+2'#% 5*) *'4 (J#%$ LLK LLLK ML % MLL 1")$0'% b < c % +2*' )% 5*) *'4 (J#%$ LLLK LLK MLL

% ML 1")$0'% b > c8

=* ,/ >"+% +2/()! ')% $.$ /,* !0'% +%$ )%1* !"#$ +2")+)% %#?!$*3%*&1%$ 5%),% +%

,%  )% %# /?!+%#(% +%$ (1*$$%$ +% $"1' !"#$ 5"') 1%$0'%11%$ 1%$ (J#%$ +% $"1' !"#$ 5"')

(>*0'%  .5% )%1!%# +%'4 51*#$ 5)!#(!5*'4 N (%  % ,/ >"+% #% +!$()!,!#% 5*$ 1*  "5"1"3!%

COP



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

345)  !"# $  !"# #$ %&!'#$(# '#" '!)#(*!+$" '# ,-.-/ '0$" 1$ ()!"*02 1$!03# $%40*!5/

6+1) 2#" '!)#(*!+$" 0""+(!%#" 7 '#" !$*#)"#(*!+$" '# $066#" 6+1) 2#" 81!* *96#": ;0< =0"

'1 620$ ( ~X, ~Z): ;>< =0" '1 620$ (~Y , ~Z): ;(< =0" '1 620$ ( ~X, ~Y ): ;'< ?9$*8@"# '#" (A$#"
'# "+21*!+$" #$ ,-.- (+$"*!*10$* 1$# (20""# '# "+21*!+$" 6+1) 2# B!2!#1 1$!03# $%40*!5

(+$"!'%)%:

%&'()*& +,% &((&-./.& 0,12,% 3, '(04 ( ~X, ~Z)! 5,% (0 60+& 3& 7&11& .*1823& 39*7%)1,%&

+:+1*.01);,&< (& 106(&0,  != '%*+&41& ,4& +:418>+& +78*.01);,& 3& (9&4+&.6(& 3&+ 7(0++&+

3& +2(,1)24+ '2,% 3&+ .)()&,? ,4)0?&+ '2,% (0;,&((& (& '0++0@& 2%3244* 39,4& 7(0++& 3&

+2(,1)24+ 3& 7A4&+ 3& BCDC +2,+ E2%.& 3& 3)0@%0..& 3& FG(H *;,)I0,1 0, '0++0@&

2%3244* 39,4& 7(0++& 39)4*@0()1*+ J (0 +,)I041&! K04+ ,4& '%&.)&% 1&.'+< 3& .04)>%& J

3*7%)%& '%2@%&++)I&.&41 (0 %)78&++& 3&+ 7(0++&+ 3& +2(,1)24+ 0, +&)4 3&+ .)()&,? ,4)0?&+

'*%)23);,&.&41 0(1&%4*+< +&,(&+ (&+ 7(0++&+ 3& +2(,1)24+ 0++27)*&+ 0,? 12'2(2@)&+ 3& 7A4&+

%&()041 +2)1 (&+ '(04+ ( ~X, ~Z) &1 (~Y , ~Z) 39,4& '0%1< +2)1 (&+ '(04+ ( ~X, ~Z) &1 ( ~X, ~Y ) 390,1%&

'0%1< 241 *1* %&'%*+&41*&+! L&+ 7(0++&+ 3& %&(01)24+ 392%3%& 0++27)*&+ 0,? 7(0++&+ 3& +2(,1)24+

'0% (& 106(&0,  != +241 3*7%)1&+ ,4& J ,4& 304+ (9044&?& C!

L& 106(&0,  != 72.'%&43 3&,? 12'2(2@)&+ 3& 7A4&+ '0%.) (&+ 1%2)+ &4I)+0@&06(&+ M &((& &+1

"NO



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

 !"!#$%& '()*+*'() ,- )( "& ./0(1-& ,&) 2(%(&-3 -"($3&)4 5" &6&07 + 8& )0$,& ,- #&8&")&2&"0

,&) 8%$))&) ,& ).%-0(.")7 %9&)/$8& ,&) ).%-0(.") ,&) 2(%(&-3 -"($3&) &)0 (",!/&",$"0 ,- )( "&

./0(1-& ,& 8&00& 8%$))&4

:$ ,&)8#(/0(." &" 0&#2& ,& ,($ #$22& ,& ;<%6 ,&) ,(6!#&"0&) 8%$))&) ,& ).%-0(.")

/#&", &" 8.2/0& %$ 0./.%. (& ,&) 8="&) ).%-0(.")7 2$() ! $%&2&"0 %&-# /.)(0(.""&2&"0 #&*

%$0(> ,&) -") /$# #$//.#0 $-3 $-0#&)4 ?& /%-)7 8@$1-& 8%$))& ,& ).%-0(.") >$()$"0 ("0&#'&"(#

-" )&-% 0A/& /$#2( %&) 0A/&) ĨI &0 ĨII7 .- -" )&-% 0A/& /$#2( Ṽ I &0 Ṽ II7 &)0 ,!8.2/*

0!& ,&-3 >.()4 5" &6&07 8&00& 8%$))& &)0 $)).8(!& + ,&-3 #&%$0(.") /.))(B%&) 1-( )."0 ).(0

n+(ω1)ω1 + n−(ω2)ω2 < n−(ω1)ω1 + n+(ω2)ω2 C".0!& BD8E7 ).(0 n+(ω1)ω1 + n−(ω2)ω2 >

n−(ω1)ω1 + n+(ω2)ω2 C".0!& BF8E4 G9&)0 /.-# 8&%$ 1-& %&) HI ,($ #$22&) ,& ;<%6 8.#*

#&)/.",&"0 + JK 8%$))&) ,& ).%-0(.") ,(6!#&"0&) )&%." %$ 2!0@.,& ,& ,!8.2/0& &2/%.A!&4

G&8( 8.",-(0 ! $%&2&"0 + #!!0$B%(# %&) H 8%$))&) ,& ).%-0(.") 8.##&)/.",$"0 $-3 ).%-0(.")

&" $88.#, ,& /@$)& ,$") %&) 2(%(&-3 -"($3&) ,!8#(0&) ,$") %9$#0(8%& LMINO4 ?$") %& 0$B%&$-

P4N7 (% )9$ (0 ,&) 8%$))&) ,& ).%-0(.") 337 43 + ,!8.2/0&# ,&-3 >.()7 497 &0 504

MKK



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

 !"



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

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

 !"# #$%&'(!)# *+'),-)+), ./%,"0- 0" 1232 4 MgO : PPLN 5 6"' -#, .- *+,%7'+"

%,+.!) $-7*-,,+), +&,"-..-*-), 0/-)8'#+9-7 -:$%7'*-),+.-*-), ./-)#-*;.- 0-# '),-7+&,'!)#

-) 1232< =+ #"',- 0- ./%,"0- $!7,- #"7 ./%&7',"7- 0-# &!->&'-),# -?-&,'@# $!"7 .-# A"',

,B$-# 0/'),-7+&,'!)# +" #-') 0- *'.'-": &7'#,+..')# 0- &.+##- !$,'6"- ")'+:- )%9+,'@ -, 0-

&.+##- 0- #B*%,7'- 0/!7'-),+,'!) ,7'9!)+.- +$$+7,-)+), +" 97!"$- 0- #B*%,7'- $!)&,"-.

C3(m)5 !C ./+:- &7'#,+..!97+$A'6"- ,-7)+'7- C3 &!77-#$!)0 4 ./+:-
~Z 0" 7-$D7- !$,'6"-5

-, !C .-# $.+)# !7,A!9!)+": 4 ./+:-

~X #!), 0-# $.+)# 0- #B*%,7'- *'7!'7 $!"7 .+ *+'..-

&7'#,+..')-< =-# 0!*+')-# 0/')8-7#'!) 0+)# MgO : PPLn #!), !7,A!9!)+": 4 ./+:- ~X<

E+)# .- &+# 0- .+ &.+##- 0- #B*%,7'- 0/!7'-),+,'!) 0- MgO : PPLN 5 #-".# FF %.%*-),#

0" ,-)#-"7 #"#&-$,';'.',% %.-&,7'6"- χ(2)
#!), )!) )".# $+7 #B*%,7'-5 -, #!), 0%&7',# 0+)#

.- ,+;.-+" G<H5 -) $7%&'#+), .-# %.%*-),# %9+": -),7- -": !" 0- #'9)-# !$$!#%#< 2" ()+.5 '.

#";#'#,- #-".-*-), I %.%*-),# ')0%$-)0+),# J χ
(2)
yyy5 χ

(2)
xzx5 χ

(2)
xxz5 χ

(2)
zxx -, χ

(2)
zzz KLM<

%34) G<H N  !"#$%!&'(')*& +('#),)!--! ./ '!&%!/# χ(2)
"*/# -( ,-(%%! .! %0+$'#)! .1*#)!&2

'(')*& C3(m)3

=/-:$7-##'!) 0" &!->&'-), -?-&,'@ 0%,+'..%- +" $+7+97+$A- F<O<O<G -#, 7+$$-.%- &'P+$7D# J

χeff (ω3 = ω1 + ω2) =
∑

ijk

χ
(2)
ijk (ω3 = ω1 + ω2) F

(2)
ijk (ω3; ω1, ω2)

QG<FRS

.-# @+&,-"7# 0- &A+*$ %,+), -:$7'*%# $+7 F
(2)
ijk = e3i e1j e2k5 !C .-# 8-&,-"7# ~e15 ~e2 -, ~e3 #!),

.-# 8-&,-"7# ")',+'7-# 0-# &A+*$# %.-&,7'6"-# &!77-#$!)0+), +": $!.+7'#+,'!)# 0-# ,7!'#

!)0-# -) '),-7+&,'!)5 -, !C .-# ')0'&-# '5 T -, U @!), 7%@%7-)&- +": ')0'&-# &+7,%#'-)# 0"

7-$D7- !$,'6"-<

FVL



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

 !"#$%# &' ()'*!#'++%,- ./0123 '$ &4 $"5('"4 /0/6 (' 7,'87%'-$ '9'7$%: '+$ &,--; !"# <

χeff = χ(2)
yyy

(
F (2)

yyy − F (2)
yxx − F (2)

xxy − F (2)
xyx

)
+ χ(2)

xzx

(
F (2)

xzx + F (2)
yzy

)
+

χ(2)
xxz

(
F (2)

xxz + F (2)
yyz

)
+ χ(2)

zxx

(
F (2)

zxx + F (2)
zyy

)
+ χ(2)

zzzF
(2)
zzz

./0113

="-+ (' 7"+ &)4- 7#%+$"( 4-%"*' -;>"$%:6 !,4# ('?4'( ('+ -"!!'+ &)%-&%7'+ @;#%A'-$

n+(θ, φ) = no(θ, φ) > n−(θ, φ) = ne(θ, φ)6 ('+ 7,B!,+"-$'+ &'+ 7C"B!+ ;('7$#%?4'+ 4-%D

$"%#'+ ~eo '$ ~ee6 +,((%7%$"-$ #'+!'7$%@'B'-$ ('+ -"!!' no '$ ne6 +,-$ &,--;'+ !"# EFG <





eo
x = −sin(φ) ee

x = −cos(θ + ρ)cos(φ)

eo
y = cos(φ) ee

y = −cos(θ + ρ)sin(φ)

eo
z = 0 ee

z = −cos(φ)cos(θ + ρ)

./01H3

,I (θ, φ) +,-$ ('+ 7,,#&,--;'+ +!C;#%?4'+ J ρ '+$ ()"->(' &' &,45(' #;:#"7$%,- &,--; !"#

()'*!#'++%,- .10K3 ;$"5(%' "4 !"#">#"!C' 10H010H &4 7C"!%$#' 10

L)"--'*' M &;$"%((' '$ +N-$C;$%+' ('+ ;7#%$4#'+ &' ()'-+'B5(' &'+ :"7$'4#+ 7C"B!+ !,4#

7C"74- &'+ C4%$ $N!'+ &)%-$'#"7$%,-+ !"#"B;$#%?4'+ &"-+ ('+ B%(%'4* 7#%+$"((%-+ &' BOB'

>#,4!' &' +NB;$#%' '$ &' BOB' +%>-' ,!$%?4' ?4' MgO : PPLN 0 L'+ '*!#'++%,-+ &'+ C4%$

7,'87%'-$+ '9'7$%:+ +,-$ #"++'B5(;'+ &"-+ (' $"5('"4 /0/6 ,I ρ36 ρ1 '$ ρ2 +,-$ ('+ "->('+ &'

&,45(' #;:#"7$%,- "++,7%;+ "4* $#,%+ ,-&'+ '- %-$'#"7$%,- "@'7 (" 7,-@'-$%,- ω3 > ω2 > ω10

 !" #$%$&'()*% +, -,.*%+ /'&0*%)12, +'%-MgO : PPLn 3

.*04'&')-*% ,%(&, 5, 6787 .*5)%$')&, ,( 5, 6789

:;< 5, 6789=; ,( 5>'..*&+ +, 4/'-, 4'& ?)&$@&)%9

A,%.,

P- @4' &)%((4+$'# ('+ !,$'-$%"(%$;+ &4 Q R 6 -,4+ "@,-+ !#%+ ()'*'B!(' &' (" >;-;#"$%,-

&' +'7,-& C"#B,-%?4' &"-+ 4- 7#%+$"( &' PPLN &,!; "@'7 S% "@'7 MgO6 ?4% +'#" -,$;

MgO : PPLN 0 L'+ 7"(74(+ &' 7'$$' !"#$%' ,-$ ;$; '9'7$4;+ T !"#$%# &'+ ;?4"$%,-+ &'

1K2



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

%34)  ! "  !"#$%"&'( ")"$'%*( +((!$%,( +-. /-%' '01"( 23%&'"4+$'%!&( 1+4+5,'4%6-"( 7

'4!%( !&2"( "& 89:9 2+&( ;"( 5%;%"-. 2" $;+((" !1'%6-" -&%+."< 2" (%=&" !1'%6-" &,=+'%*<

"' +11+4'"&+&' 7 ;+ $;+((" 2" (05,'4%" 23!4%"&'+'%!& C3(m)>

#$%&'(%$)* #'% $*#$+'% #' (,-(.+/$)* &()0'*.*/ #' 1. (,-,('*+' 23456!

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

7'% '%&.+'% #'% %)18/$)*% #' 9:;: '* <=> )*/ ,/, +.1+81,% ? &.(/$( #' 1@,A8./$)* B !CDE

'* $F&)%.*/ 1@,G.1$/, λ1 = λ2(≡ λω)E '/ &)8( 8*' &,($)#' #@$*0'(%$)* 0.1.*/ Λ = 15 µm

&)8( +H.+8*' #'% #$I,('*/% /J&'% #@$*/'(.+/$)*% '* 9:;:! ;)8( #'% &()+'%%8% #' 9:;:

'* <=>E 1'% /J&'% KK '/ KKKE .$*%$ A8' LK '/ LKKE %)*/ ,A8$0.1'*/%E &8$%A8' λ1 = λ2!

M$I,('*/'% +)8(N'% +.1+81,'%E θ '* -)*+/$)* #' φE A8$ %)*/ #'% %)18/$)*% #' 9:;:

'* <=> #' /J&' KE %)*/ #)**,'% &.( 1. OG8('  !3P!B.D &)8( #$I,('*/'% 1)*G8'8(% #@)*#'

-)*#.F'*/.1'% λω! 7. OG8('  !3P!BND #)**' 1'% +)8(N'% +.1+81,'%E θ '* -)*+/$)* #' λωE

%)18/$)*% #' 9:;: '* <=> #' /J&' K &)8( /()$% 0.1'8(% OQ'% #' 1@.*G1' φ!

7. OG8('  !3P!BND F)*/(' A8' 1' 9:;: '* <=> #' /J&' K .8/)($%' #'% %)18/$)*% &)8(

3R3



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

345)  !"# $  !"#$%!&' () *+,+ )&  -. () $/0) 12 345 +&6")' () *+,+ θ )& 7!&8$%!& ()

φ9 0!#: (%;<:)&$)' "!&6#)#:' (=!&() 7!&(4>)&$4")' λω2 3?5 +&6")' () *+,+ θ )& 7!&8$%!&
() λω (4&' ")' 0"4&' @ φ = 0A38!#:?) )& $:4%$ 8!&$%&#59 φ = 45A38!#:?) )& 0!%&$%""<'59 )$

φ = 90A3B!#:?) )& $%:)$'5 C ")' 0!%&$' O9 O′
9 )$ O′′

9 8!::)'0!&()&$ 4#D '!"#$%!&' E<:%F4&$

∂θ
∂λω

= 02

%&' ()*+,&,-' %.)*%& /)*%01&*20(&' 0330-2&*0*2 4 (0 3(0+& '3&52-0(& 905nm − 5400nm6

)7 (0 ()*+,&,- %.)*%& %& 5),3,-& ',38-9&,-& &'2 959 913)'8& 30- (0 (9192& ',38-9&,-& %&

(0 /&*:2-& %& 2-0*'30-&*5& %& MgO : PPLN ! ;( &'2 4 *)2&- <,& (0 5),-=& %& (0 >+,-&

 !"#!?=@6 0A&5 φ = 90B6 5)--&'3)*% 8+0(&1&*2 4 (0 5),-=& θ &* /)*529)* %& λω6 3),- ,*&

9*2&-0529)* &* 055)-% %& 3C0'& 30- =9-8/-9*+&*5&6 *)28 DEF! G* &H&26 %0*' (& 3(0* ( ~X, ~Z)6

(0 38-9)%& &H&529A& A8-9>& Λ(θ, φ = 90B) 2&*% A&-' (.9*>*96 <,&(<,& ')92 (0 A0(&,- %& θ %0*'

5& 3(0*!

I&' 3(0+&' '3&52-0(&' ')(,29)*' %, JDED &* KLM %& 2N3& ; )*2 8+0(&1&*2 828 50(5,(8&'

3),- 2),' (&' 2N3&'6 5& <,& %)**& (& 20=(&0,  !O!

I0 >+,-&  !"# &2 (& 20=(&0,  !O 3&-1&22&*2 %& 5)130-&- (& JDED &2 (.DEF &* KLM!

I& 2N3& ; &'2 (& '&,( 2N3& 3)''9=(& ')(,29)* %.DEF &* KLM P (0 3(0+& '3&52-0(& %& ()*+,&,-

%.)*%& /)*%01&*20(& &'2 0()-' 1050nm − 3400nm! I0 5),-=& %.055)-%0=9(928 5)--&'3)*Q

%0*2&6 θ &* /)*529)* %& λω &'2 (0 1:1& <,& 5&((& %, JDED %& 2N3& ; %0*' (& 3(0* (~Y , ~Z)6

4 φ = 90B6 %& (0 >+,-&  !"#!?=@6 2&( <,.9( (.0 828 &R3(9<,8 3-858%&11&*2! ;( &'2 4 *)2&- <,&

(.&R3-&''9)* %, 5)&S59&*2 &H&529/6 <,9 &'2 %)**8& 30- (.8<,029)* "!TU %, 5C0392-& "6 &'2

(0 1:1& 3),- (& JDED &2 (.DEF! I& 20=(&0,  !V %)**& (&' &R3-&''9)*' %&' 5)&S59&*2'

&H&529/' 3),- 5C0<,& 2N3& %0*' (& 50' %.,*& KLM!

I0 5)130-09')* %, JDED 0A&5 (& JDEQTW 3&,2 :2-& -80(9'8& 4 30-29- %, 20=(&0,  !O!

"XT



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

%34)  !" #  !"#$%$&'!( )*' #+$,*' '#*-.%$+*' '!+/.&!(' )* 0121 *. )3124 *( 567 )*

.8#* 9: $&('& ;/* )*' .!#!+!,&*' $''!-&<*' #!/% /( -%&.$+ )* MgO : PPLN )* #<%&!)* Λ =
15 µm= >!? *. >*? @!(. %<@<%*(-* $/A !()*' %*'#*-.&B*"*(. !%)&($&%*' *. *A.%$!%)&($&%*'=
λω *. λ2ω '!(. +*' +!(,*/%' )3!()*' @!()$"*(.$+* *. )* '*-!() C$%"!(&;/*=  '&,(&D* ;/*

+$ )&'#*%'&!( )*' &()&-*' )* MgO : PPLN (3$ #$' #*%"&' )* '!+/.&!(' *( 0121 !/ *(

124= ∅ -!%%*'#!() E )*' .8#*' (* #%<'*(.$(. F$"$&' )* '!+/.&!(' *( 124=

$% &'()* +, -'. /0 123456* -788,.97%/'%) : 0%, '--78/';(+()< '%=0+'(8, 8,.)8,(%), '0>

/(8,-)(7%. /0 9+'% ( ~X, ~Y )* ,.) -7%),%0, /'%. +,. .7+0)(7%. /, 1232 98<.,%)<,.! $% ,?,)*

+, 123456 ,.) 97..(;+, 9708 0% )@9, /7%%<* +78.A0, +, -B%, /, 1232 (%),8.,-), +, 9+'%

( ~X, ~Y )! 2(%.(* +, )';+,'0  !" C7%)8, A0, +' 9+'=, .9,-)8'+, 1050nm−3400nm ,.) (%),8/(),

9708 +, 123456 ,% DEF /, )@9, G!

H,. )@9,. GGIGGG* ,) JGGG* 98<.,%),%) 0% -7,K-(,%) ,?,-)(& .@.)<C')(A0,C,%) %0+ /'%.

+, 9+'% ( ~X, ~Y )* ),+ A0, -,+' ,.) /7%%< 9'8 +, )';+,'0  !L! M,-( (%),8/() /7%- -,. )@9,. 9708

+, 123456* -N,.)4:4/(8, : θ = 90O* .'-P'%) A0, +,. '%=+,. /, /70;+, 8<&8'-)(7% Q<8(R,%)

ρω = ρ2ω = 0 /'%. -, 9+'%! $% -7%.<A0,%-,* +N,K-'-()< /, -7%Q,8.(7% '..7-(<, ,.) %0++,*

CSC, +78.A0, +' -7%/()(7% /, -7%.,8Q')(7% /, +N(C90+.(7% ,.) 8<'+(.<,!

60 97(%) /, Q0, /0 -7,K-(,%) ,?,-)(&* (+ ,.) -+'(8 A0, +, )@9, GJ ,.) +, 9+0. (%)<8,..'%)*

/'%. +' C,.08, 7T (+ .7++(-(), +, -7,K-(,%) χ33 /7%) +' Q'+,08 ,.) 0% 78/8, /, =8'%/,08

.09<8(,08 : -,++,. /,. '0)8,. -7,K-(,%). %7% +(%<'(8,. UV"*WXY! M,9,%/'%)* +, )@9, GJ %N,.)

9'. 8<'+(.';+, 9708 /,. +7%=0,08. /N7%/, &7%/'C,%)'+,. (%&<8(,08,. : Z [[ %C* )'%/(.

ZWX



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

%34)  !" #  !"#$%"&' "("$'%) *" +,- *.&/ PPLN 0 $!11"/2!&*.&' 3 '!4'"/ 5"/ $!&6748
1.'%!&/ 2"19%/"/ *" 2!5.1%/.'%!&: ;"/ '<2"/ =>0 >0 >=0 >== "' >=== &" /!&' 2./ .4'!1%/?/ "&

@AB: ;"/ $!"#$%"&'/ χijk /!&' 5"/ ?5?9"&'/ %&*?2"&*.&'/ *4 '"&/"41 /4/$"2'%C%5%'? ?5"$8

'1%D4" *4 /"$!&* !1*1" *" PPLN : ;"/ .&75"/ ρω "' ρ2ω /!&' 5"/ .&75"/ *" *!4C5" 1?)1.$'%!&

*"/ !&*"/ *" 245/.'%!&/ )!&*.9"&'.5" "' *" /"$!&* E.19!&%D4":

$%& '& ()*) &+, -.++/0'& &1 ,2-& 3 4 -56,/6 7& 89: 1;! <1& =.;-565/+.1 =.;-'>,&

&1,6& ()*) &, ()*?@A 7./, BC5'&;&1, -6&176& &1 =.;-,& 'D5==&-,51=& +-&=,65'& 7&+

/1,&65=,/.1+ -565;B,6/$%&+E =& $%/ +&65 F5/, 5% -565C65-G&  !8!@!

H5 ;I;& 5--6.=G& -&%, I,6& ;&1B& 5J1 7& =.;-56&6 '& ()*) &, '& ()*?KAE +5=G51,

$%& '& ()*?KA =.1+,/,%& %1& 6&+,6/=,/.1 7% ()*?@A 4 '5 +&%'& 7/6&=,/.1 7& -6.-5C5,/.1

+&'.1 'D5L&

~X! A51+ '& =5+ 7% ()*?KAE 'D5==.6750/'/,B +-&=,65'& &+, 6B5'/+B&E 1.1 -5+

&1 ,.%6151, '& =6/+,5'E ;5/+ &1 =.1+/7B651, 7&+ B=G51,/''.1+ 5',&61B+ ;%',/?6B+&5%LE .%

7.1, '&+ 6B+&5%L +.1, &1 F.6;& 7DBM51,5/' NOKE K9PQ! *.%6 %1& -B6/.7& Λ = 15 µmE '&+

'.1C%&%6+ 7D.17& F.175;&1,5'&+ 7& ()*?KA &1 RST +.1, '&+ '/;/,&+ /1FB6/&%6&+ 7&+ -'5C&+

+-&=,65'&+ 7D5==.6750/'/,B 7& ,2-&+ 3E 3U &, UE =D&+,?4?7/6& 89: 1;E K 99 1; &, K:K9 1;

6&+-&=,/M&;&1,E 5/1+/ $%& '&+ 7&%L '/;/,&+ 7% ,2-& U3VU33 4 @ 89 1; &,  " 9 1;!

H&+ 7/-.+/,/F+ 5==.6750'&+ ='5++/$%&+ +.1, 05+B+ +%6 '& ()*?KA 5++.=/B 5% ,2-& 3U +&'.1

'5 7/6&=,/.1

~X! A51+ =& =5+E -.%6 6B5'/+&6 %1& 5==.6750/'/,B +-&=,65'& &1 ()*?KA $%/ +./,

KO 



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

 !"#$ %&" ' ()*++,-!*. ( $/ -/*( 0/" "# 1232 4*- (" $54" 67 +)"0$8'8! -" !" 9:; #< ' ;=::

#<7  ( >*&!-* $ +,#0 !/-"- &#" 4(*?" !" 4/- ,!" +,#$ #@<"#$ *++"00 .(" *((*#$ !" =7A µm

' B:7C µmD E"0 4/- ,!"0  #>/- "&-"0 ' F; µm7 0&- !"0 /+G*#$ ((,#0 !" PPLN !" 4(&0 "&-0

< (( <H$-"0 !)/4* 00"&- 0"(,#

~Z7 #" 0,#$7 ' +" I,&-7 4*0 -/*( 0*.("0D

J"+ +,#!& $ ' <"$$-" "# /K !"#+" () #$/-L$ 4*- (" 1232 M "# $"-<" !" 4(*?"0 !"

(,#?&"&-0 !),#!" >,#!*<"#$*("0 "# NOP7 4*- -*44,-$ *& 1238FE7 "$ *&00 4*- -*44,-$

*& 1238AED

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

Q#" *++"4$*#+" 04"+$-*(" /("K/" "0$ #/+"00* -" 4,&- -/*( 0"- !"0 4-,+"00&0 !" +,#K"-0 ,#

!" >-/%&"#+" !*#0 (" -/? <" >"<$,0"+,#!" RF:STD U)*((&-" !"0 +,&-."0 !" NOP "# 12327 θ

"# >,#+$ ,# !" λω7 %& 0,#$ !/+- $"0 4*- (* V?&-" =DFBDW.X 4"-<"$$"#$ !)*44-/G"#!"- ()/K,8

(&$ ,# !" ()*++"4$*#+" 04"+$-*("7 L.δλω7 "# >,#+$ ,# !" λω7 !*#0 (* <"0&-" ,Y ()*++"4$*#+"

"0$ ( /" ' (* >,#+$ ,#

∂θ
∂λω

"# $,&$ 4, #$ !" (* +,&-." !" 1232D U"0 $-, 0 +,&-."0 !" (*

V?&-" =DFBDW.X7 -"(*$ K"0 *&Z 0,(&$ ,#0 !" NOP "# 1232 !" $54" 6 !*#0 ("0 4(*#0 φ = 0[7

φ = 45[7 "$ φ = 90[ W4(*# (~Y , ~Z)X7 <,#$-" &#" $*#?"#$" K"-$ +*("7 "$ !,#+ &#" K*("&-

<*Z <*(" !" ()*++"4$*#+" 04"+$-*(" ' &#" K*("&- !,##/" !" λω7 -"04"+$ K"<"#$ M ABF: #<

W4, #$ OX7 AAB: #< W4, #$ O′
X7 "$ F9F: #< W4, #$ O′′

XD U)*++"4$*#+" 04"+$-*(" "0$ *(,-0

!/V# " +,<<" /$*#$ (* (*-?"&- $,$*(" ' :7=:; !& <*Z <&< !" (* +,&-." !& sinc2(∆kL/2)

"# >,#+$ ,# !" λωD U"0 K*("&-0 +*(+&(/"0 +,--"04,#!*#$"0 0,#$ M FFC #<D+<7 FFS #<D+<7 "$

S\ #<D+<D E" 4*-$ "$ !)*&$-" !" +G*+&#" !"0 (,#?&"&-0 *00,+ /"0 *&Z 4, #$0 O7 O′
7 O′′

7

()*++"4$*#+" 04"+$-*(" !/+-, $ "$ *$$" #$ !"0 K*("&-0 < # <*("0 *& # K"*& !"0 ( < $"0 !"0

4(*?"0 04"+$-*("0 0,(&$ ,#0 !& 1232D J"$$" /K,(&$ ,# !" ()*++"4$*#+" "0$ <,#$-/" 4*- (*

V?&-" =DF= !*#0 (" 4(*# ( ~X, ~Z)7 ,Y φ = 0[ M (* 4(*?" !" (,#?&"&- !),#!" >,#!*<"#$*("

+,--"04,#! *(,-0 ' &#" -,$*$ ,# !& +- 0$*( !*#0 (" 4(*# ( ~X, ~Z) !" ()*#?(" θ = 90[ 4,&-

λω = 905 µm7 I&0%&)' ()*#?(" θ = 24[ 4,&- λω = 2310 #<7 +" %& "0$ "# *++,-! *K"+

(* V?&-" =DFBDW.XD 6( "0$ ' #,$"- %&" ("0 4, #$0 O7 O′
7 "$ O′′

+,#0$ $&"#$ !"0 0 $&*$ ,#0

#,# +- $ %&"0 !& 1232 K 08'8K 0 !" (* (,#?&"&- !),#!" λω7 "$ +- $ %&"0 4*- -*44,-$ ' (*

!/4"#!*#+" *#?&(* -" "# θD

]"( %&) ( ()* /$/ "Z4,0/ 4-/+/!"<<"#$7 (* +,&-." !)*++,-!*. ( $/ !" NOP "# 23^ !"

FS;



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

345)  !" #  !!"#$%&!" '#"!$(%)" L.δλω *%&' MgO : PPLN + !%)!,)-" "& ./&!$0/& *" λω+

#/,( ,&" 0&$"(%!$0/& *" 1234 5/,(6" !/&$0&," 7 %!!"#$%&!" '#"!$(%)" *, 8 9 "& $:#"

; *%&' )" #)%& ( ~X, ~Z) *<,& !(0'$%) !/=#/'- *<,& ,&0>," (-'"%, *" #-(0/*" Λ = 15 µm+ "$
=0' "& (/$%$0/& "&$(" )"' %&?)"' θ = 24@"$ θ = 90@4 5/,(6" "& $0("$' 7 %!!"#$%&!" '#"!$(%)"
*, 8 9ABC '")/& )<%D"

~X *%&' ,& !(0'$%) E (-'"%,D =,)$0#)"' *" #-(0/*"' %))%&$ *" Λ = 15
µm E Λ = 30, 7 µm+ %0&'0 >," *, 8 9AFC *%&' )" #)%& ( ~X, ~Y ) #/,( ,& !(0'$%) E (-'"%,
,&0>," *" #-(0/*" Λ = 15 µm =0' "& (/$%$0/& "&$(" )"' %&?)"' φ = 0@"$ φ = 29@4

$%&' ( ')$ *+,,-' &./ 0. 1+2/3' .))+14-' .2 5676 *.,) 0' &0., (~Y , ~Z)8 +9 φ = 90:! 64,)48

*.,) 1' &0.,8 0') .11'&$.,1') )&'1$/.0') *2 5676 '$ *' 0;67< )+,$ ,-1')).4/'=',$ 0')

=>=')8 1' ?24 4,*4?2',$8 )'0+, 0') 1.0120) /-&/-)',$-)8 ?2' 0' 5676 ', $%&' ( &/-)',$'

*') .11'&$.,1') )&'1$/.0') ?24 )+,$ $+2@+2/) )2&-/4'2/') A 1'00' *' 0;67<8 *B) 0+/) ?2' 0'

5676 ', $%&' ( ')$ 1+,)4*-/- C+/) *2 &0., (~Y , ~Z)!

D') .11'&$.,1') )&'1$/.0') +,$ -E.0'=',$ -$- 1.0120-') &+2/ 0' 567F"G8 ', HIJ *'

$%&' (K8 )2/ 0. &0.E' )&'1$/.0' &'/=4)' &./ 2, 1/4)$.0 =20$4F/-)'.2L *+,$ 0') &-/4+*') )+,$

1+=&/4)') ',$/' Λ = 15 µm '$ Λ = 30, 78 1' ?24 1+//')&+,* A 0;4,$'/M.0 " NN ,= A O NN ,=

&+2/ 0. HIJ *' $%&' (K )'0+, 0;.L'

~X! D. 1+2/3' *;.11'&$.,1' )&'1$/.0' 1+//')&+,*.,$'

')$ *+,,-' &./ 0. PE2/'  !" 8 ='$$.,$ ', -M4*',1' 2,' M.0'2/ =.L4=.0' *' QNR ,=!1= A

λω = 2575 ,=8 1' ?24 1+//')&+,* A 2,' &-/4+*' Λ = 30, 7 µm! S'$$' 1+2/3' ')$ -E.0'=',$

1'00' *2 567FQG ', HIJ *' $%&' (K8 A &./$4/ *;2, 1/4)$.0 &/-)',$.,$ 2,' 2,4?2' &-/4+*'8

Λ = 15 µm8 =4) ', /+$.$4+, *' φ = 0:A φ = 29:8 &+2/ 0;.,E0' θ PL- A TN:! U, 'V'$8 40

')$ -?24M.0',$ *' W.4/' M./4'/ 0. &-/4+*414$- *;2, 1/4)$.0 =20$4F/-)'.2 ', 567F"G *' $%&'

(K8 +2 *' ='$$/' ', /+$.$4+, 2, 1/4)$.0 &/-)',$.,$ 2,' 2,4?2' &-/4+*414$- ', HIJ *' $%&'

(K ', 567FQG8 *.,) 0. =')2/' +9 0. &-/4+*' 'V'1$4M' ', 567FQG ')$ Λ(φ) =
∣∣∣ Λ
cos(φ)

∣∣∣!

"XY



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

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

/!&16' λω '# 7!#/",!# -' Λ8 0!&1 (' 9:;<=> -' "?0' @A8 *,#$, %&' -' (* /!&16' λω '#

7!#/",!# -' φ 0!&1 (' 9:;<B> -' "?0' @AC

D* E4&1' FC=F )!#"1' %&' (* GHI '# 9:;: -' "?0' @ 012$'#"' &#' *//'0"*#/' $0'/"1*('

$&021,'&1' 3 /'((' -& 9:;<=>8 '" -!#/ 24*(')'#" -& 9:;<B>8 0!&1 -'$ (!#4&'&1$ -.!#-'

7!#-*)'#"*('$ /!)01,$'$ '#"1' BJJJ #) K0!,#" LM '" BFJJ #) K0!,#" NMC ;*1 /!#"1'8
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/-$0*'12)-3$"# 45-6)'5!7 8$-9)3"$:7 2)-3;"7 <=,'1<>,' ?$*$:@$- , R""E%

 !W# Z% Z)'8+0<3(, 1% [3:.:, [% -3<)0*4, +0* N% N+.(+% $0<'8+( \'+4. [J+43O;+:9J.0<%

859-0A$) B*#$0,#CD9$) %$ "E.FGH I8B.J K B59-*$) 5!,#D9$) !3-3:A,-#D9$) !59-

"E#0L-3-59M$7 N"3:3-,7 /-30*$7 O1P /AQ-#$-, R""U%

 !G# ]% H+^*+(, @% _)(<3:, [% &'C393L, +0* `% ])4309J3(% _(34038 CJ+43 /+:9J.0< 7)(

:J(33OX+63 /.a.0< .0 .4):()C.9 43/.9)0*'9:)(4% 859-03" 5L ,'$ .!,#*3" B5*#$,( 5L

 :$-#*3 R, RFSYT >FGRRVFGQW, R""W%

 !E# b%[% 6+0 *3( c.38% [J+43O /+:9J3* J+(/)0.9 <303(+:.)0 .0 + 8+/.0+( 4:('9:'(3 X.:J

X+63 C()C+<+:.)0 .0 :J3 C8+03 )7 :J3 8+B3(4%  !!"#$% &'()#*) +$,,$-), RE >E", F!UG%

 !U# $% _.)(3, d% Z3(<3(, `% ])4309J3(, [% Z(+63::., +0* b% @+<83% [J+43 /+:9J.0< '4.0<

+0 .4):()C.9 0)08.03+( )C:.9+8 /+:3(.+8% F3,9-$I+50%50J, Q!FSEEEET >WEQVWEE, F!!Y%

 !Y# $% _.)(3, -% b+0K, ?% 538)A38, [% 6+0 *3( ;33(, [% Z(+63::., d% Z3(<3(, `% ])4309J3(,

+0* b% @+<83% -39)0*OJ+(/)0.9 <303(+:.)0 +: λe F%E µ/ .0 $8f+$4g$8= X+63<'.*34

'4.0< A.(37(.0<3093 CJ+43 /+:9J.0<%  !!"#$% &'()#*) +$,,$-), UR >R!WR, F!!Y%

 !!# `% ])4309J3( +0* Z% d.0:3(% =C:)3839:()0.94% .!,5$"$*,-50#*), R""R%

 F""# 5% 1+0<, b%Z% &J'(<.0, +0* 1%b% 5.0<% h+49+*3* X+63<'.*3 CJ+43O/+:9J.0< +((+0O

<3/30:% .!,S +$,,, RG >W!EVW!Y, R"""%

 F"F# $% ;'4:38.3(, `% ])4309J3(, [% &'C393L, $% f)*+(*, ;% Z+'*(.3(, ;% ?373A6(3,

;% [)'8+:, f% ;3003(+:, h% [+4P'3(, +0* [% ?3/+44)0% ;.*.07(+(3* *.i3(3093

7(3P'309B <303(+:.)0 .0 P'+4.OCJ+43 /+:9J3* *.i'4.)0 A)0*3* c0-3 C8+:34%  !!"#$%

&'()#*) +$,,$-), YW >WWRW, R""W%

F!!



 ! "!#$%&'(!)

 !"#$ %&'& ()* +&,& -.* /& 012* 3& 4)567)52* 289 :& :2652& ;5.29<289 =)2>6?@12>A?

72BC1A9 >AC.89?1257.86C DA8A52B6.8 68 /DE?9.@A9 @A56.96C2FFG @.FA9 H6%<E 3 2B

B1A C.77)86C2B6.8> <289&  !"# $%""* #I J!"KLM!"KN* #""#&

 !"O$ +&P& QRSA* ;& ;.)F28DA5* 289 T& /2586A5& 02FC)F2B6.8 289 CF2>>6UC2B6.8 .V B1A

965ACB6.8 F.C6 V.5 C.FF68A25 BG@A> W* WW 289 WWW @12>A?72BC168D .V B15AA?X2SA 8.8F68A25

.@B6C2F @2527AB56C 68BA52CB6.8> 68 )862Y62F 289 <62Y62F 2CA8B56C C5G>B2F>&  !"&'(

)*++,-&'."&*-(* ZZ[O?K\ J#NKMO"#* !ZZO&

 !"K$ /&]& ,.<9A8& P12>A?/2BC1A9 3AC.89?,257.86C TA8A52B6.8 68 ;62Y62F 05G>B2F>&

/*,0-.1 *2 3!!1&%4 567(&'(* ON JKOL^* #""K&

 !"^$ _& _)B16A5& 012@BA5 !&_ J W8B5.9)CB6.8 B. B1A @5.@A5B6A> .V BA8>.5>& 8-"%0-."&*-.1

".91%( 2*0 '0&(".11*:0.!67* #""O&

 !"L$ http : //www.casix.com/product/prodcrylinbo3.html&

 !"I$ P&'& P.XA5>* 4&`& _86.FAa* :&+& 4)F@* ;&_& -6C1728* 289 3&'& ;6>>.8& PA56.96C2FFG

@.FA9 F6B16)7 86.<2BA .@B6C2F @2527AB56C 27@F6UA5 >AA9A9 X6B1 B1A 8255.X?<289

UFBA5A9 .)B@)B .V 28 .@B6C2F @2527AB56C DA8A52B.5&  !"&'( $%""%0(* #O J!NNLM!NNN*

!ZZN&

 !"N$ %& Q.5DAB& bA> 27@F6UC2BA)5> F2>A5 2)Y 27@F6UC2BA)5> @2527cB56=)A> J cB)9A> 9A

Fd27@F6UC2B6.8 @2527cB56=)A e 9c56SA 9A V5c=)A8CA AB 9) <F.C2DA 9A 7.9A> 928> FA>

.>C6FF2BA)5> @2527cB56=)A> .@B6=)A>& ;6<(% 4% 4*'"*0." 4% 1=>'*1% 5*17"6%'6-&?,%*

#""^&

 !"Z$ ]& ;A5DA5& %.8F68A25 P1.B.86C 05G>B2F>& 567(&'.1 @%A&%B $%""%0(* N![!Z\ JK!OLMK!OZ*

!ZZN&

 !!"$ -& H6V>16Bf* _& _56A* 289 _& ;212<29& P1.B.86C g)2>6C5G>B2F> V.5 %.8F68A25 E@B6C2F

Q5A=)A8CG 0.8SA5>6.8& 567(&'.1 @%A&%B $%""%0(* Z^[!O\ J!OOZ"!* #""^&

 !!!$ +&P& QRSA* ;& ;.)F28DA5* 289 +& b.)29G& 3@AC6UC @5.@A5B6A> .V C)<6C .@B6C2F

@2527AB56C 68BA52CB6.8> C.7@25A9 B. =)2952B6C 68BA52CB6.8>& 567(&'.1 @%A&%B 3*

LL[L\ JLON!I* #""#&

 !!#$ +&P& QRSA* ;& ;.)F28DA5* ;& /A82A5B* 289 E& P2C2)9& 0.8B68).)>FG B)82<FA .@B6C2F

@2527AB56C DA8A52B.5 )>68D 2 CGF68956C2F @@H%& $.(%0( .-4 >1%'"0*C !"&'( >,0*!%D

EFFG# )$> H>,0*!%# EFFG )*-2%0%-'% *-* #""O&

#""



 !!"#"$



 ! "!#$%&'(!)

 !"#

$%$



 !!"#"  

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

/0,'+&*# *!,&#"'

 !"#$%&'() *$'+%)&, -,./,& 0, 0"1)'. 2!,)*,/32, 0,* 42%**,* 0, .,2%&'()* 0!(.0., 4(.5

.,*-()0%)& 6 2!,)*,/32, 0,* 42%**,* 0, *(2$&'()* ,) 7898: -($. 2,* &(-(2(;',* 0, 4<),*

.,2'%)& 0,$= -2%)* -.')4'-%$= 0'*&')4&* 0%)* 2,* /'2',$= $)'%=,* 0()& 2,* -%.('* 0,* 0(5

/%'),* 0!')+,.*'() *()& (.',)&",* (.&>(;()%2,/,)& 6 2!%=,

~X?

n±(ω3; θ, φ)ω3 − n±(ω1; θ, φ)ω1 − n±(ω2; θ, φ)ω2 −
|cos(φ)sin(θ)|

Λ
= 0 @8?AB

C, /%)'D., 6 %22";,. 2,* "4.'&$.,* 0%)* 2, 4%* 0!$), ')&,.%4&'() -%.%/"&.'#$, 6 &.('*

()0,*: %+,4 2% 4()+,)&'() ω3 > ω2 > ω1: 2,* )(&%&'()* ,/-2(E",* *()& 2,* /F/,* #$,

4,22,* ')&.(0$'&,* 0%)* 2, -%.%;.%->, G?H -(.&%)& *$. 2,* 42%**,* 0, *(2$&'()* ,) 7898?

I,* )(&%&'()* *()& .%--,2",* 4'50,**($* J

α = n−(ω3)ω3:

β = n+(ω3)ω3:

a = n−(ω1)ω1 + n−(ω2)ω2:

b = n+(ω1)ω1 + n−(ω2)ω2:

c = n−(ω1)ω1 + n+(ω2)ω2:

d = n+(ω1)ω1 + n+(ω2)ω2:

%+,4 b̃ = Min(b, c) ,& c̃ = Max(b, c): (K L')@-:#B ,& L%=@-:#B 4(..,*-()0,)& .,*-,45

MNO



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

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

/1

A = n−(ω1)ω1 + n−(ω2)ω2 + 1
Λ

= a + 1
Λ
2

B = n+(ω1)ω1 + n−(ω2)ω2 + 1
Λ

= b + 1
Λ
2

C = n−(ω1)ω1 + n+(ω2)ω2 + 1
Λ

= c + 1
Λ
2

D = n+(ω1)ω1 + n+(ω2)ω2 + 1
Λ

= d + 1
Λ
2

&"#3 B̃ = Min(B, C) # C̃ = Max(B, C)

4"#3 )#+ %5 & !5%+ 365!+!#+2 )& ,!+0#*+!5% %5*$&)# ,#+ !%,!3#+ !$05+# )#+ *#)& !5%+ ,75*,*#

+'!"&% #+ 8

a < b̃ < c̃ < d

A < B̃ < C̃ < D

a < A2 b̃ < B̃2 c̃ < C̃2 d̃ < D̃

α < β

a < α2 # d < β

9#+ 3)&++#+ ,# +5)' !5%+ ,. #*$!%.#+ ,&%+ )#+ $!)!#'( '%!&(#+ &) #*%.+ 5* 65-5%&)#$#% 

: )7&(#

~X +5% )#+ +'!"&% #+ 8

;<=> 8 a < α < b̃ # d < β < A &"#3 α < A

;<=? 8 b̃ < α < c̃ # d < β < A &"#3 α < A

;<=@ 8 c̃ < α < d < β < A

;<=A 8 d < α < β < A

;<=B 8 a < α < b̃ # (d,A) < β < B̃ &"#3 α < A

;<=C 8 b̃ < α < c̃ # (d,A) < β < B̃ &"#3 α < A

;<=D 8 c̃ < α < d # (d,A) < β < B̃ &"#3 α < A

;<=E 8 d < α < A < β < B̃

;<=F 8 a < α < b̃ # (d, B̃) < β < C̃ &"#3 α < A G: ,.35$0 #* ? H5!+I

;<>= 8 b̃ < α < c̃ # (d, B̃) < β < C̃ &"#3 α < A G: ,.35$0 #* ? H5!+I

;<>> 8 c̃ < α < d # (d, B̃) < β < C̃ &"#3 α < A G: ,.35$0 #* ? H5!+I

?=A



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

 !"# $ d < α < A < B̃ < β < C̃ %& '()*+,-./ # 0*123

 !"4 $ a < α < b̃ .- (d, C̃) < β < D 56.) α < A

 !"7 $ b̃ < α < c̃ .- (d, C̃) < β < D 56.) α < A

 !"8 $ c̃ < α < d .- (d, C̃) < β < D 56.) α < A

 !"9 $ d < α < A .- C̃ < β < D

 !": $ a < α < b̃ .- D < β 56.) α < A

 !"; $ b̃ < α < c̃ .- D < β 56.) α < A

 !"< $ c̃ < α < d .- D < β 56.) α < A

 !#= $ d < α < A .- D < β

 !#" $ a < α < b̃ .- (d,A) < β < B̃ 56.) A < α < B̃

 !## $ b̃ < α < c̃ .- (d,A) < β < B̃ 56.) A < α < B̃

 !#4 $ c̃ < α < d .- (d,A) < β < B̃ 56.) A < α < B̃

 !#7 $ (d,A) < α < β < B̃

 !#8 $ a < α < b̃ .- (d, B̃) < β < C̃ 56.) A < α < B̃ %& '()*+,-./ # 0*123

 !#9 $ b̃ < α < c̃ .- (d, B̃) < β < C̃ 56.) A < α < B̃ %& '()*+,-./ # 0*123

 !#: $ c̃ < α < d .- (d, B̃) < β < C̃ 56.) A < α < B̃ %& '()*+,-./ # 0*123

 !#; $ (d,A) < α < B̃ < β < C̃ %& '()*+,-./ # 0*123

 !#< $ a < α < b̃ .- (d, C̃) < β < D 56.) A < α < B̃

 !4= $ b̃ < α < c̃ .- (d, C̃) < β < D 56.) A < α < B̃

 !4" $ c̃ < α < d .- (d, C̃) < β < D 56.) A < α < B̃

 !4# $ (d,A) < α < B̃ .- C̃ < β < D

 !44 $ a < α < b̃ .- D < β 56.) A < α < B̃ %5)).221>?. .@ AB3

 !47 $ b̃ < α < c̃ .- D < β 56.) A < α < B̃

 !48 $ c̃ < α < d .- D < β 56.) A < α < B̃

#=8



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

 !"# $ (d,A) < α < B̃ %& D < β

 !"' $ b̃ < α < c̃ %& (d, B̃) < β < C̃ ()%* B̃ < α < C̃ +, -.*/01&%2 3 4/567

 !"8 $ c̃ < α < d %& (d, B̃) < β < C̃ ()%* B̃ < α < C̃ +, -.*/01&%2 3 4/567

 !"9 $ (d, B̃) < α < β < C̃ +, -.*/01&%2 3 4/567

 !:; $ b̃ < α < c̃ %& (d, C̃) < β < D ()%* B̃ < α < C̃ +, -.*/01&%2 3 4/567

 !:< $ c̃ < α < d %& (d, C̃) < β < D ()%* B̃ < α < C̃ +, -.*/01&%2 3 4/567

 !:3 $ (d, B̃) < α < C̃ < β < D +, -.*/01&%2 3 4/567

 !:" $ b̃ < α < c̃ %& D < β ()%* B̃ < α < C̃ +, */01&%2 3 4/56= (**%665>?% %@ AB7

 !:: $ c̃ < α < d %& D < β ()%* B̃ < α < C̃ +, -.*/01&%2 3 4/567

 !:C $ (d, B̃) < α < C̃ < D < β +, -.*/01&%2 3 4/567

 !:# $ c̃ < α < d %& (d, C̃) < β < D ()%* C̃ < α < D

 !:' $ (d, C̃) < α < β < D

 !:8 $ c̃ < α < d %& D < β ()%* C̃ < α < D +(**%665>?% %@ AB7

 !:9 $ (d, C̃) < α < D < β

 !C; $ D < α < β +(**%665>?% %@ AB7

D% 6/@& -/@* C; *?(66%6 -% 2%?(&5/@6 -E/2-2%= */22%61/@-(@& , C; 2%12.6%@&(&5/@6 6*F.G

0(&5HI%6 %@ -5(J2(00%6 -% KL?M= HI5 6/@& 056%6 %@ .)5-%@*%N O@ 12%@(@& %@ */01&% ?%

4(5& HI% *%2&(5@%6 2%?(&5/@6 -E/2-2% 6/@& , -.*/01&%2 -%IP 4/56= *% 6/@& (?/26 #' *?(66%6 -%

6/?I&5/@6 HI5 6/@& -.&%205@.%6 -(@6 ?%6 05?5%IP I@5(P%6 , -/0(5@%6 1.25/-5HI%0%@& (?&%2G

@.6 /2&F/J/@(?%0%@& , ?E(P%

~X= -(@6 ?% *(6 /Q 6%I?%6 ?%6 &/1/?/J5%6 2%?5(@& 2%61%*&5)%0%@&

?%6 1?(@6 ( ~X, ~Z) %& (~Y , ~Z) -EI@% 1(2&= %& ( ~X, ~Z) %& ( ~X, ~Y ) -E(I&2% 1(2&= 6/@& 1256%6 %@

*/01&%N D%*5 5??I6&2% ?( 25*F%66% &/1/?/J5HI% -%6 6/?I&5/@6 -I RABAN

3;#



 !!"#" $

%&'(")* '+&,- ./001'1(2 "! 3 4 5&!.

MgO : PPLN

 !"#  !" # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 7 /%1+ )1 -484() )14%9(

13:%'4; /( &8%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

<=>



 !!"#" $% & '(")* '+ ,- ./001'1(2 "! 3 - 4 !. MGO : PPLN

(56%  !" # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 77 /%1+ )1 -484() )14%9(

13:%'4; /( &8%++( /( +6-3'*4( /02*4(1'%'421 C3(m) 

 !"# ! " # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 777 /%1+ )1 -484()

)14%9( 13:%'4; /( &8%++( /( +6-3'*4( /02*4(1'%'421 C3(m) 

*4(1 *4(1 *4(1 *4(1 *4(1 *4(1 *4(1

*4(1 *4(1 *4(1 *4(1 *4(1

<=>



 !!"#" $% & '(")* '+ ,- ./001'1(2 "! 3 - 4 !. MGO : PPLN

(56%  !" # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 78 /%1+ )1 -494()

)14%:( 13;%'4< /( &9%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

(56%  != # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 8 /%1+ )1 -494() )14%:(

13;%'4< /( &9%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

*4(1 *4(1 *4(1 *4(1 *4(1 *4(1 *4(1

*4(1 *4(1 *4(1 *4(1 *4(1

>?@



 !!"#" $% & '(")* '+ ,- ./001'1(2 "! 3 - 4 !. MGO : PPLN

(56%  !" # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 78 /%1+ )1 -494()

)14%:( 13;%'4< /( &9%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

(56%  != # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 788 /%1+ )1 -494()

)14%:( 13;%'4< /( &9%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

*4(1 *4(1 *4(1 *4(1 *4(1 *4(1 *4(1

*4(1 *4(1 *4(1 *4(1 *4(1

>?@



 !!"#" $% & '(")* '+ ,- ./001'1(2 "! 3 - 4 !. MGO : PPLN

(56%  !" # $%&'()*+ &,%-.+ /0)1 .*2&(++)+ .%*%-3'*45)( /( '6.( 7888 /%1+ )1 -494()

)14%:( 13;%'4< /( &9%++( /( +6-3'*4( /02*4(1'%'421 C3(m)!

*4(1 *4(1 *4(1 *4(1 *4(1 *4(1 *4(1

*4(1 *4(1 *4(1 *4(1 *4(1

=>>



 !!"#" $% & '(")* '+ ,- ./001'1(2 "! 3 - 4 !. MGO : PPLN

 !"#  !"#  !"#  !"#  !"#  !"#  !"#

 !"#  !"#  !"#  !"#  !"#

$%$



 !!"#" $

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

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

~k1.
~k2. )(

~k3. )" $"()'/+($!" 0/'/1&('$2,).

)( *&'$3/"( 4/ ')4/($!" %) +!"#)'*/($!" %) 4-&")'5$) ω3 = ω1+ω26 7/ 4!"5,),' %) +!8&')"+).

%&+'$() %/"# 4)# 0/'/'5/08)# 96:6:6; %, +8/0$(') 9. )( <6: %, +8/0$(') <. )#( ,") 5'/"%),'

08=#$2,) #+/4/$'). "&+)##/$')1)"( 0!#$($*)6 >!,' ," 0'!+)##,# 0/'/1&('$2,) #)4!" 4/ %$?

')+($!" ~u(θ, φ). )44) #-&+'$( %!"+ @

lc(θ, φ) =
π

|(~k3 − ~k1 − ~k2).~u(θ, φ)|
A 69B

7) %&"!1$"/(),' (~k3 − ~k1 − ~k2).~u(θ, φ) 0),( C(') %) #$5") 0!#$($D !, "&5/($D6 E$"#$. 4/

4!"5,),' %) +!8&')"+) */,( @





lc(θ, φ) = +
π

(~k3 − ~k1 − ~k2).~u(θ, φ)
lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) > 0

lc(θ, φ) = − π

(~k3 − ~k1 − ~k2).~u(θ, φ)
lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) < 0

A 6:B

7/ +!"%$($!" %) FE>E )#( '&/4$#&). #)4!" 4/ %$')+($!" (θ, φ). 4!'#2,) 4/ 0&'$!%$+$(& )G)+?

($*) #!44$+$(&) *&'$3) Λ(θ, φ) = 2lc(θ, φ)6 7/ 0&'$!%$+$(& Λ(θ, φ) )#( &5/4)1)"( ,") 5'/"%),'

#+/4/$') "&+)##/$')1)"( 0!#$($*)6 7)# %),H &+'$(,')# #+/4/$')# %&+'$()# 0/' 4-)H0')##$!" A 6:B

0),*)"( C(') '&&+'$(# %) 4/ D/I!" #,$*/"() @

:9;



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





Λ(θ, φ)

2
=

π

(~k3 − ~k1 − ~k2).~u(θ, φ)
lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) > 0

Λ(θ, φ)

2
=

−π

(~k3 − ~k1 − ~k2).~u(θ, φ)
lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) < 0

 !"#$

%&'(&) *' +,'-&.&,' -* /%0%) 1' -2345(56* (~k3 − ~k1 − ~k2).~u(θ, φ) 3,(&.&7 -,&. 8.9*

+,:3*'(2 359 ;<&'.9,-1+.&,' -<1' -2345(56* -* =5;*19 π) 69>+* ? ;<5;.*9'5'+* -*( (&6'*(

-*( +,*@+&*'.( ',' ;&'25&9*( -1 .*'(*19

[
χ(2)

]
" 059 +,'.9*) .,1A,19( *' +,'-&.&,' -* /%0%)

1' -2345(56* (~k3 − ~k1 − ~k2).~u(θ, φ) '265.&7 -*=95 8.9* +,:3*'(2 359 ;<&'.9,-1+.&,' -<1'

-2345(56* -* =5;*19 −π" B9) ;<&'=*9(&,' -1 (&6'* -*( +,*@+&*'.( ',' ;&'25&9*( &'.9,-1&.

1' .*9:* -* 345(* π) C1& *(. -2D'& ? 2π 39E(" 01&(C1* ;*( .*9:*( -* 345(* π *. −π (,'.

&-*'.&C1*( ? 2π 39E() +*;5 -2:,'.9* C1* ;<&'=*9(&,' 329&,-&C1* -*( -,:5&'*( 3*9:*. F&*'

-* +,:3*'(*9 51((& -*( -2345(56*( (~k3−~k1−~k2).~u(θ, φ) '265.&7() *' 5++,9- ;* 75&. C1* ;*(

695'-*19( Λ(θ, φ) *. lc(θ, φ) (,&*'. -*( 695'-*19( (+;5&9*( 3,(&.&=*("

G*( -*1H 2+9&.19*( (+5;5&9*( -* ;<*H39*((&,'  !"#$ 3*1=*'. 8.9* 922+9&.( -* 75I,' =*+.,J

9&*;;*) (,&. K





~k3 − ~k1 − ~k2 = +
2π

Λ(θ, φ)
.~u(θ, φ) lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) > 0

~k3 − ~k1 − ~k2 = − 2π

Λ(θ, φ)
.~u(θ, φ) lorsque (~k3 − ~k1 − ~k2).~u(θ, φ) < 0
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G* =*+.*19

~KΛ(θ,φ) = 2π
Λ(θ,φ)

.~u(θ,φ) +,99*(3,'- 5&'(& 51 .*9:* =*+.,9&*; 39,=*'5'. -*

;<&'=*9(&,' 329&,-&C1* -*( -,:5&'*() *. C1& *(. &'.9,-1&. -5'( ;5 9*;5.&,' =*+.,9&*;;* -*

/%0% 5((,+&2* ? ;5 +,'=*9(&,' -* ;5 C15'.&.2 -* :,1=*:*'." !* =*+.*19

~KΛ(θ,φ) *(. -2D'&

*' :,-1;*) ? 359.&9 -* ;5 329&,-&+&.2 *M*+.&=* (,;;&+&.2* 359 ;5 3,;59&(5.&,' ',' ;&'25&9* (*;,'

(5 39,39* -&9*+.&,' -* 39,3565.&,' N +* =*+.*19 *(. ,9&*'.2 +,;&'25&9*:*'. ? ;5 -&9*+.&,' -*

39,3565.&,' -* ;5 3,;59&5.&,' ',' ;&'25&9* *. -5'( ;* :8:* (*'( C1* ;* (*'( -* 39,3565.&,'

-* ;5 3,;59&(5.&,' ',' ;&'25&9*"

0,19 1' +45:3 95O,''2 (* 39,356*5'. -5'( ;* :8:* (*'( C1* ;* (*'( -* 39,3565.&,' -*

;5 3,;59&(5.&,' ',' ;&'25&9*) ;*( -*1H (+42:5( -* +,'(*9=5.&,' -* ;<&:31;(&,') -2+9&.( 359
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~k3− ~KΛ(θ,φ)−~k1−~k2 = ~0 !)

~k3 + ~KΛ(θ,φ)−~k1−~k2 = ~0 "'() %!"$!*)&+!,!()

$%-"!()-" $.%  !" /01%!" 23435.6 !) 23435763

123% 234 8  !"#$% & '( ) '*+,%$-'$./'% '* 0&1& 2345 6'% 2532$-$(,3*% 6' /$ 23/$5,%$(,3*

*3* /,*"$,5' '( 64 7!$#2 5$83**" %'/3* /$ #9#' 6,5'7(,3* '( 6$*% /' #9#' %'*%:

9 :.1) (')!% ;1!  !" <!1# "*=-,." (! $!1+!() $." >)%! $." %-. &"-" "&,1 ).(-,,!()?

*@!")ABA<&%! ;1@& " (! $!1+!() $." >)%! %-. &"-" $'1% 1(! "!1 ! !) 1(&;1! <&%!*)&'( <! $%'A

$.0.)&'( (θ, φ) <!  . $' .%&".)&'( ('(  &(-.&%!? ".1: <.("  ! *." 'C  ! $." !D!*)&: <!+&!()

&(/(& !) 'C  ! ,'<1 ! <1 +!*)!1%

~KΛ(θ,φ) <!+&!() (1 3 E!" *." 'C

~KΛ(θ,φ) = ~0 *'%%!"$'(<!()

B <!" "&)1.)&'(" 'C  !" *'(<&)&'(" <! FGHG "'() -;1&+. !()!" B <!" *'(<&)&'(" <@.**'%<

<! $=."!3

E. *'("!%+.)&'( <!  @&,$1 "&'( .1 *'1%" <@1(! &()!%.*)&'( $.%.,-)%&;1! .1 "!&( <@1(

,& &!1 $-%&'<&;1!,!() . )!%(- $!1) >)%! %-&()!%$%-)-! <@1( $'&() <! +1! *'%$1"*1 .&%!

*',,! 1(! &()!%.*)&'( B ;1.)%! $.%)&*1 !" *',$%!(.() )%'&" $=')'(" <@-(!%0&!" ~ω1,2,3 !)

<@&,$1 "&'(" ~~k1,2,3? .&("& ;1@1(! ;1."&A$.%)&*1 ! <@-(!%0&! (1  ! !) <! $"!1<'A&,$1 "&'(

~ ~KΛ(θ,φ)3 E@!#&")!(*! <! <!1# "*=-,." .""'*&-" B  . *'("!%+.)&'( <!  @&,$1 "&'( .1 *'1%"

<@1(! &()!%.*)&'( B ;1.)%! $.%)&*1 !" !( FGHG !") .(. '01! B  @!#&")!(*! <! <!1# "*=-A

,." .1 *'1%" <@1(! &()!%.*)&'( $.%.,-)%&;1! B ;1.)%! '(<!" "'  &*&).()  . "1"*!$)&7& &)-

- !*)%&;1! ('(  &(-.&%! <1 )%'&"I,! '%<%! χ(3)
J444K3

E! "=-,. G . -)- !()&I%!,!() )%.&)- .1 "!&( <!" ,& &!1# 1(&.#!" $'"&)&:" !) (-0.)&:"

!( )!%,! <! )'$' '0&!" !(+&.0!.7 !" <!" *L(!" <! "' 1)&'(" !( FGHG? !( :'(*)&'( <!"

=1&) )M$!" <@&()!%.*)&'(" $.%.,-)%&;1!"3 E! "*=-,. G *'()%&71! (').,,!() B %-. &"!%  .

*'(<&)&'( <! FGHG . '%" ;1!  . *'(<&)&'( <@.**'%< <! $=."! *'%%!"$'(<.()! (! "!%.&) $."

+-%&/-! <.("  ! ,>,! ,& &!1 ('( $-%&'<&;1!,!() . )!%(-3

E'%";1@& !#&")! 1(! *'(<&)&'( <@.**'%< <! $=."! $'1%  !" )M$!" 9? 99 '1 999? <.("
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AZ
∞

m
∞m) 1! $!'.  !" 2 ('" ( ~X, ~Z)

!. (~Y , ~Z) 3 ('4 ! θ *-'".('.5 6('" *!" *(" -7  8(**-1, ,! 29("! !". 10( $"0) $ !&$".!

'0*!""($1!#!'. ,!" *+'!" ,! "- %.$-'" !' :;<; (""-*$0" (% "90#( ;) ,-'.  ( .-2- -4$!

,! "/#0.1$! mmm 1! $! 04( !#!'.  !" 2 ('" ( ~X, ~Z) !. (~Y , ~Z)5

=! "*90#( > *-11!"2-', 3  ( *-#2!'"(.$-' ,8%'! ,$?01!'*! ,! 21-@!*.$-'" ,!" .1-$"

A!*.!%1" ,8-',! ∆k(θ, φ) = (~k3−~k1−~k2).~u(θ, φ) < 0 '04(.$A! ,('"  ( ,$1!*.$-' ,! 21-2(B

4(.$-' (θ, φ)5 C1)  ( ,$"2!1"$-' '-1#( ! ,!" $',$*!" ,! 10D1(*.$-' $#2-"!  ! 2 %" "-%A!'.

E%! ∆k(θ,φ) > 05 F-%.!D-$")  ( G$10D1$'4!'*! *-#2!'"! 2(1D-$"  ( ,$"2!1"$-' '-1#( ! ,!"

$',$*!") !. 2!1#!. ,8-G.!'$1 ∆k(θ,φ) < 05 <%$"E%!  ( D-'*.$-' ∆k(θ,φ) !". *-'.$'%! !' (θ, φ))

 ( 10( $"(.$-' ,! ∆k(θ,φ) < 0 $#2-"! '0*!""($1!#!'. E%8$ !&$".! %'! ,$1!*.$-' 2(1.$*% $H1!

(θ, φ) "! -'  (E%!  ! ∆k(θ,φ) = 0) *! E%$ *-11!"2-', 3 %'! *-'.$,$-' ,8(**-1, ,! 29("!5

;$'"$)  ! "90#( > !' :;<; (% "!$' ,8%' #$ $!% %'$(&! 201$-,$E%!#!'. ( .!1'0 '0*!""$.!

 8!&$".!'*! ,8%' (**-1, ,! 29("! (% "!$' ,% #I#! #$ $!% %'$(&! '-' 201$-,$E%!#!'. ( B

.!1'05 J!2!',('.) G$!' E%! *9(E%! 10( $"(.$-' ,8%'! *-',$.$-' ,8(**-1, ,! 29("! *-',%$"!

3  8-G.!'.$-' ,! ∆k(θ,φ) < 0 "%1 %'! 2 (4! ,! ,$1!*.$-'" ,! 21-2(4(.$-') *!*$ '8!". 2("

"/".0#(.$E%!#!'. %'! *-',$.$-' "%K"('.! 2-%1 !'A$"(4!1 %'! *-',$.$-' !' :;<; "! -'

 ! "*90#( > "! -'  ( ,$1!*.$-' ,! 21-2(4(.$-' *-'"$,010!5

=( .-2- -4$! ,!" *+'!" ,! "- %.$-'" (""-*$0!" (% "90#( > 1! $! 04( !#!'.  !" 2 ('"

( ~X, ~Z) !. (~Y , ~Z) !.  ! 41-%2! ,! "/#0.1$! *-11!"2-',('. !".  ! 41-%2! mmm5

;$'"$)  8!&$".!'*! ,8%'! *-',$.$-' ,8(**-1, ,! 29("! !' #$ $!% %'$(&! '-' ( .!1'0 2-%1

 !" ./2!" L) LL -% LL !". ,8%'! 2(1. %'! *-',$.$-' "%K"('.! 2-%1 E%!  ! "90#( ; !' :;<;

"-$. 10( $"0 (% "!$' ,% #I#! #$ $!% %'$(&! 201$-,$E%!#!'. ( .!1'0) !. ,8(%.1! 2(1. %'!

*-',$.$-' '0*!""($1! 2-%1 E%!  ! "90#( > !' :;<; "-$. 04( !#!'. 10( $"0 (% "!$' ,%

#I#! #$ $!% %'$(&! 201$-,$E%!#!'. ( .!1'05

=( M4%1! J5N $  %".1!  8!&$".! 0A!'.%!  ! ,! "- %.$-'" "! -'  !" "90#(" ; !.O-% > !'

PQR ,! ./2! L) ,('"  ! *1$".( %'$(&! '04(.$D Mg0 : PPLN ,! 201$-,! Λ = 30 µ#)

2-%1 ,!%&  -'4%!%1" ,8-',! D-',(#!'.( !" ,$?01!'.!" λω = 1 µ# !. λω = 1, 064 µ#5 =(

M4%1! J5N5S(T #-'.1!  8!&$".!'*!) ,('"  ! 2 (' ( ~X, ~Z)) ,8%'! "- %.$-' !' :;<; (""-*$0!

(% "90#( ;5 =( M4%1! J5N5SGT #-'.1! 04( !#!'.  8!&$".!'*!) ,('"  ! 2 (' ( ~X, ~Z)) ,8%'!

"- %.$-' !' :;<; (""-*$0! (% "90#( ;) #($" 210"!'.! !' 2 %" %'! "- %.$-' !' (**-1, ,!
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 !"#$ $% &'$ #()&%*(' $' +,-, "##(.*/$ "& #.!/0" 12

123% 324 5  !!"#$%&$'() *+ !& ,()*'$'() -.).%&!'#.+ *+ /010 +) 234 *+ $56+  *&)# !+

6!&) ( ~X, ~Z) &" #+') *+ MgO : PPLN 7 *+ 6.%'(*+ Λ = 30 µ89 :&;  )$+%&,$'() 6("%

")+ !()-"+"% *<()*+ =()*&8+)$&!+ λω = 1 µ89 :>;  )$+%&,$'() 6("% ")+ !()-"+"% *<()*+

=()*&8+)$&!+ λω = 1, 064 µ89

6$# 0*)*$&7 &'*"7$# '(' ")%$8'/#9 :&*  8/#$'%$'% ;$# .<'$# ;$ #()&%*('# $' "..(8; ;$

 !"#$  (&8 )$# %= $# >9 >> (& >>>9 .(';&*#$'% '/.$##"*8$0$'% ? ;$# .<'$# ;$ #()&%*('# $'

+,-, "& #$*' ;$# 0@0$# 0*)*$&7  /8*(;*:&$0$'% ")%$8'/#2 6" %( ()(A*$ ;$ .$# ;*8$.%*('#

#()&%*('# $' +,-, $#% .(0 (#/$ ;B&'$ C8"'.!$ .(88$# (';"'% "&7 .<'$# ;$ #()&%*('#

"##(.*/$# "& #!/0" ,9 D(*8$ ;$ ;$&7 C8"'.!$# )(8#:&$ )$ #!/0" 1 $#% /A")$0$'% 8/")*#/2

3$# ;$&7 C8"'.!$#9 :&* 8$)*$'% )$#  )"'# ( ~X, ~Z) $% (~Y , ~Z)9  (##E;$'% &'  (*'% .(00&' ;"'#

)$  )"' (~Y , ~Z)9 .$ :&* .(88$# ('; ? &'$ *'%$8".%*(' $' +,-, "'")(A&$ ? &'$ *'%$8".%*(' $'

"..(8; ;$  !"#$2 F' $G$%9 ;"'# .$  )"'9 )"  /8*(;*.*%/ $G$.%*D$ #())*.*%/$ $#% *'H'*$9 $% )$#

#()&%*('# ;$ +,-, %$';$'% ;$ I"J(' .('%*'&$ D$8# .$))$# ;$ )B"..(8; ;$  !"#$ "& D(*#*'"A$

;$ .$  )"'2 6" #=0/%8*$ ;$# .<'$# ;$ #()&%*('# $' +,-, .(0 (#/# ;$ ;$&7 C8"'.!$# $#%

&'$ #=0/%8*$ mmm2 6" HA&8$ 324 *))&#%8$ )$ I"*% :&$ )" C8"'.!$ "##(.*/$ "&7 #()&%*('# ;&

#!/0" , $' +,-, $#% '/.$##"*8$0$'% (C%$'&$  (&8 ;$# "'A)$# θA
QAPA 6 θAP 9 %"';*# :&$

)" C8"'.!$ "##(.*/$ "&7 #()&%*('# ;& #!/0" 1 $' +,-, .(88$# (';$'% '/.$##"*8$0$'% ?

;$# "'A)$# θB
QAPA > θAP 9 (K θAP .(88$# ('; ? )B"'A)$ ;B"..(8; ;$  !"#$ 8/")*#/ ;"'# )$

0@0$ 0*)*$& '(' ")%$8'/2
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 !" #$%$&$'(!" )*#+!" ,*! -!&&! +!&().# &!" %&)." ( ~X, ~Z) !# (~Y , ~Z) !. /010 )* "!(. 2!

3(&(!*4 *.()4!" .! %+5"!.#!.# %)" 2! "$&*#($." )""$-(5!" )* "-653) 7 !# "$.# *.(,*!3!.#

+5)&("5!" 8 %)+#(+ 2! &) -$.2(#($. 2! /010 !. "653) 09

 :!4("#!.-! 2! -;.!" %+5"!.#).# *.! #$%$&$'(! 2! "<35#+(! mmm -$3%$"5! 2! 2!*4

=+).-6!" +!&().# -6)-*.! &!" %&)." ( ~X, ~Z) !# (~Y , ~Z) 2!>+) ?#+! -$.@+35! )>!- MgO :

PPLN %)+ 2!" !4%5+(!.-! -$++!"%$.2).# 8 2!" (.#!+)-#($." "$&&(-(#).# 2!" #<%!" "*"-!%A

#(=&!" 2! B$*+.(+ 2!" "$&*#($." !. )--$+2 2! %6)"!C 2)." &! -)" $D &! 3(&(!* .! "!+)(# %)"

)&#!+.59 E! #<%! 2:(.#!+)-#($. .:) !.-$+! %)" 5#5 +5)&("5 %*(",*! &!" (.#!+)-#($." 3!.5!"

!. /01 =(A2(3!."($..!& )* "!(. 2!" -+("#)*4 PPKTP !# PPLN -$++!"%$.2)(!.# *.(A

,*!3!.# )* #<%! FG "$&&(-(#).# &! -$!H-(!.# χ
(2)
33 C !# %$*+ &!,*!& )*-*. )--$+2 2! %6)"!

.:!"# %!+3(" IJKCLLMN9

 ) -$.2(#($. 2! /010 '5.5+)&("5! -$."#(#*! *.! 2$*=&! -$.2(#($. 2! /010 !4%+(35!

-(A2!""$*" O

n(λ3; θ, φ)

λ3

− n(λ1; θ, φ)

λ1

− n(λ2; θ, φ)

λ2

∓ |cos(φ)sin(θ)|
Λ

= 0 PE9QR
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