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)

~ex +

(

∂φ

∂z
+
∂ψ

∂x

)

~ez =

(

∂φ

∂x
− ∂ψ

∂z
, 0,

∂φ

∂z
+
∂ψ

∂x

)

,

~ex,z

σkl = 2µηkl+ ληjjδkl+

σiδkl ηkl = (1/2)(∂uk/∂xl + ∂ul/∂xk)

σzz = 2µ
(

∂2φ
∂z2

+ ∂2ψ
∂x∂z

)

+ λ
(

∂2φ
∂x2

+ ∂2φ
∂z2

)

+ σi,

σzx = µ
(

2 ∂2φ
∂x∂z

+ ∂2ψ
∂x2

− ∂2ψ
∂z2

)

.

µ = ρυ2t λ = ρ(υ2l − 2υ2t )

σzz = ρυ2t

[

1
υ2t

∂2φ
∂t2

+ 2
(

∂2ψ
∂x∂z

− ∂2φ
∂x2

)]

,

σzx = ρυ2t

[

− 1
υ2t

∂2ψ
∂t2

+ 2
(

∂2φ
∂x∂z

+ ∂2ψ
∂x2

)]

.



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

)%8* %)*%!6 .$,( )-$.( 9

˜̃̃
F (ω, kx, kz) =

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞
F (t, x, z)e−i(ωt−kxx−kzz)dtdxdz, +:4;'

F (t, x, z) =
1

(2π)3

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞

˜̃̃
F (ω, kx, kz)e

i(ωt−kxx−kzz)dωdkxdkz. +:4<'

=!( %>?&!( #$,% &)  %).(2$%"1! 0! 7$,%*!% 0).( &!( 0!"*@!(#)/!( z > 0 +0!"*@!(#)/! $#)A,!

(B"8$&*(1 #)% &C*.0!D E:F 0).( 7*?4 : +/'' ! z < 0 +0!"*@!(#)/! $# *A,!"!.  %).(#)%!. 

(B"8$&*(1 #)% &C*.0!D EGF 0).( 7*?4 : +/'' ($. 9

∂ ˜̃F1,2

∂z
(ω, k) = ∓F̃1,2(ω, 0)−ik ˜̃F1,2(ω, k),

∂2 ˜̃F1,2

∂z2
(ω, k) = ∓∂F̃1,2

∂z
(ω, 0)±ikF̃1,2(ω, 0)−k2 ˜̃F1,2(ω, k).

H>( &$%(6 !. 2)*(). &) I474 (,% &) /$$%0$..1! D6 .$,( (,##$($.( A,! &!( /$.0* *$.( F (t, x →
±∞, z) → 0 ($. -)&)8&!(4 H! /! 2)* 6 &)  %).(2$%") *$. 0!( 1A,) *$.( 0C$.0!( ),D 01%*-1!(

#)% *!&&!( +:4:' ! +:4G' !. 1A,) *$.( )&?18%*A,!( 0).( &C!(#)/! 0! 7$,%*!% (ω, kx, kz) .$,( /$.0,* 

), (B( >"! (,*-). 9

[

−
(

ω
υl1,2

)2

+ (k2x + k2z)

]

˜̃̃
φ1,2(ω, kx, kz)± ∂

˜̃
φ1,2
∂z

(ω, kx, z = 0)∓ ikz
˜̃φ1,2(ω, kx, z = 0) = ˜̃̃σin1,2(ω, kx, kz),

[

−
(

ω
υt1,2

)2

+ (k2x + k2z)

]

˜̃̃
ψ1,2(ω, kx, kz)± ∂

˜̃
ψ1,2

∂z
(ω, kx, z = 0)∓ ikz

˜̃ψ1,2(ω, kx, z = 0) = 0.

+:4J'

K/*6 ω/υl1,2 ≡ kl1,2 ! ω/υt1,2 ≡ kt1,2 ($. %!(#!/ *-!"!. &!( .$"8%!( 0C$.0!( )/$,( *A,!(

&$.?* ,0*.)&!( !  %).(-!%(!( 0).( &!( "*&*!,D : ).0 G4 L)% )*&&!,%(6 !. )0$# ). &!( .$ ) *$.(

/$"#)/ !( (,*-). !(6 α1,2 ≡
√

k2l1,2 − k2x ! β1,2 ≡
√

k2t1,2 − k2x6 $M sgn(Reα1,2) = sgn(Reβ1,2) =

sgn(ω) #$,% α1,2 ! β1,2 %1!&&!( ! sgn(Imα1,2) = sgn(Imβ1,2) = −sgn(z) #$,% α1,2 ! β1,2

*")?*.)*%!(6 $. #!, "!  %! (,% #*!0 ,.! %11/%* ,%! 0! &C1A,) *$. +:4J' !D#&*/* ). &!( ($&, *$.(

0!( #$ !. *!&&!( (/)&)*%!( ! -!/ !,%( 0).( &C!(#)/! 0! 7$,%*!%6

˜̃̃
φ1,2(ω, kx, kz) =

∓ ˜̃Φ1,2(ω, kx, kz) +
˜̃̃σin1,2(ω, kx, kz)

k2z − α2
1,2

,
˜̃̃
ψ1,2(ω, kx, kz) =

∓ ˜̃Ψ1,2(ω, kx, kz)

k2z − β2
1,2

, +:4N'

$M &!( /$"8*.)*($.( &*.1)*%!( 0!( #$ !. *!&( ! &!,%( 01%*-1!( .$%")&!( O &C*. !%2)/! 3PQ ($. 

01R.*!( #)%6

˜̃Φ1,2(ω, kx, kz) ≡ ∂
˜̃
φ1,2
∂z

(ω, kx, z = 0) − ikz
˜̃φ1,2(ω, kx, z = 0) ! 

˜̃Ψ1,2(ω, kx, kz) ≡
∂
˜̃
ψ1,2

∂z
(ω, kx, z = 0) − ikz

˜̃ψ1,2(ω, kx, z = 0)4 5*.(*6 *& !( *"#$% ). 0! ($,&*?.!% A,! 0).( &!(

($&, *$.( 0!( #$ !. *!&( 01/%* !( #)% &C1A,) *$. +:4N'6 &!( #S&!( kz = ±α1,2 ! kz = ±β1,2 /$%@

%!(#$.0!. O 0!( $.0!( )/$,( *A,!( ?1.1%1!( !. -$&,"! 0).( &C!(#)/! %1!&4 T!( 0!%.*>%!( ($. 

&!( (!,&!( /$. %*8, *$.( 0, /U)"# )/$,( *A,! !. 0!U$%( 0! &) 3$.! $M !D*( !. &!( /$. %)*. !(

 U!%"$1&)( *A,!( ! &!( $.0!( *. !%2)/*)&!( 0! V $.!&!B4 L$,% 1-)&,!% /!( /$. %*8, *$.(6 $. #!, 

GW



C- 

C+ 

. 

. 

. 

2,1b-

2,1b

2,1a-

2,1a

Partie imaginaire 

Partie réelle 

kz

kz = ±α1,2 kz = ±β1,2
kz

kz

ω, kx



















˜̃φ1,2(ω, kx, z) = i
˜̃Φ1,2(ω,kx,α1,2)∓ ˜̃̃σi

n1,2(ω,kx,α1,2)

2α1,2
e−iα1,2z − i

˜̃Φ1,2(ω,kx,−α1,2)∓ ˜̃̃σi
n1,2(ω,kx,−α1,2)

2α1,2
eiα1,2z,

˜̃ψ1,2(ω, kx, z) = i
˜̃Ψ1,2(ω,kx,β1,2)

2β1,2
e−iβ1,2z − i

˜̃Ψ1,2(ω,kx,−β1,2)
2β1,2

eiβ1,2z

˜̃Φ1,2(ω, kx,±α1,2)
˜̃Ψ1,2(ω, kx,±β1,2)



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

˜̃φ1,2(ω, kx, z) = ±i
˜̃Φ1,2(ω,kx,±α1,2)∓ ˜̃̃σi

n1,2(ω,kx,±α1,2)

2α1,2
e∓iα1,2z,

˜̃Φ1,2(ω, kx,∓α1,2) = ± ˜̃̃σin1,2(ω, kx,∓α1,2)
, ./0//1

˜̃ψ1,2(ω, kx, z) = ±i
˜̃Ψ1,2(ω, kx,±β1,2)

2β1,2
e∓iβ1,2z, ˜̃Ψ1,2(ω, kx,∓β1,2) = 0. ./0/21

3) #'+4$56' 7)(%$' #'& &!*+%$!"& ./0//1 '% ./0/21 $"#$8+' 8+' *) &!*+%$!" 9:":()*' ./0/;1 #'

*<:8+)%$!" #<!"#' $"=!6!95"' &)%$&>)$% )+4  !"#$%$!"& #' ()#$)%$!" &$? '% &'+*'6'"% &$? *) &!*+%$!"

9:":()*' #' *<:8+)%$!" #<!"#' =!6!95"'  !"%$'"% &'+*'6'"% *)  !67!&)"%' #+ 7!%'"%$'* & )*)$('

7!+( *<!"#' $" $#'"%' @ *<$"%'(>) ' ∓i ˜̃Φ1,2(ω, kx,∓α1,2)/(2α1,2) = −i ˜̃̃σin1,2(ω, kx,∓α1,2)/(2α1,2)0

A" #<)+%('& %'(6'& !" 7'+% #$(' 8+' *)  !67!&)"%' #+ ,' %'+( 7!%'"%$'* $" $#'"%' @ *<$"%'(>) '

'&% "+**' ∓i ˜̃Ψ1,2(ω, kx,∓β1,2)/(2β1,2) = 00 B!" ? &$ *<!"  !"")$% *'&  !'C $'"%& #' (:D'4$!"

R(ω, kx) '% #' %()"&6$&&$!" T (ω, kx) #+ 7!%'"%$'* & )*)$(' @ *<$"%'(>) '? !" 7'+% #:%'(6$"'( *'&

 !67!&)"%'& $" !""+'& #)"& *) &!*+%$!" 9:":()*' #' *<:8+)%$!" =!6!95"' 8+$ 6'% '" :,$#'" '

#'& !"#'& 7(!7)9)%$,'& !E :,)"'& '"%'& #' *<$"%'(>) ' ,'(& *) 7(!>!"#'+( #' *<: =)"%$**!"0 F)(

'4'67*'?

i
˜̃Φ1(ω,kx,α1)

2α1
= T 21

ll  

(

i
˜̃Φ2(ω,kx,α2)

2α2

)

+R11
ll  

(

−i
˜̃Φ1(ω,kx,−α1)

2α1

)

= −i
2α2
T 21
ll
˜̃̃σin2(ω, kx, α2) +

−i
2α1
R11
ll
˜̃̃σin1(ω, kx,−α1).

G$"&$?  !66' !" 7'+% *'  !"&%)%'(? *<'47('&&$!" #' *) &!*+%$!" 9:":()*' #'& 7!%'"%$'*& ) !+&%$8+'&

#' 6)"$5(' '47*$ $%' &<: ($% -

˜̃φ1(ω, kx, z) =
−i
2α1

[

˜̃̃σin1(ω, kx, α1) +R11
ll
˜̃̃σin1(ω, kx,−α1) +

α1

α2

T 21
ll
˜̃̃σin2(ω, kx, α2)

]

e−iα1z, ./0/H1

˜̃φ2(ω, kx, z) =
−i
2α2

[

˜̃̃σin2(ω, kx,−α2) +R22
ll
˜̃̃σin2(ω, kx, α2) +

α2

α1

T 12
ll
˜̃̃σin1(ω, kx,−α1)

]

eiα2z, ./0/I1

˜̃ψ1(ω, kx, z) =
−i
2α1

[

R11
lt
˜̃̃σin1(ω, kx,−α1) +

α1

α2

T 21
lt
˜̃̃σin2(ω, kx, α2)

]

e−iβ1z, ./0/J1

˜̃ψ2(ω, kx, z) =
−i
2α2

[

R22
lt
˜̃̃σin2(ω, kx, α2) +

α2

α1

T 12
lt
˜̃̃σin1(ω, kx,−α1)

]

eiβ2z. ./0/K1

L $? *'& $"#$ '& M !N !E  "!#$"% #)"& *<'47('&&$!" #'&  !'C $'"%& #' (:D'4$!" '% #' %()"&O

6$&&$!" $"#$8+'"%? *' 6$*$'+ @ 7)(%$( #+8+'* *<!"#' '&% $" $#'"%' @ *<$"%'(>) ' '% *' 6$*$'+ #)"&

*'8+'* '**' &' 7(!7)9' )7(5& (:D'4$!" !+ %()"&6$&&$!"0 A" !+%('? *'& $"#$ '& M &'N '% && N &7: $P'"%

('&7' %$,'6'"% &$ *<$"%'() %$!" #'& !"#'& ) !+&%$8+'& *!"9$%+#$")*'& ),' *<$"%'(>) ' ) *$'+ ),' 

!+ &)"&  !",'(&$!" #' 6!#' #' *<!"#' *!"9$%+#$")*' '" !"#' ) !+&%$8+' %()"&,'(&'0 3'& &!*+%$!"&

./0/J1 '% ./0/K1 #:6!"%(' *) 7!&&$Q$*$%: #<+"' '4 $%)%$!" #<!"#'& ) !+&%$8+'& %()"&,'(&'& #)"& *'&

2R
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6(,. *!00! $+"-(,*!7 &!. .+&"0%+,. 8959:; !0 8959<;  =$+,0)!,0 1"/!, '&".  !. +, !. )=>=*?%!.

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

-(,0 (" '+%,0  /+A.!)-(0%+,7 ')+-!,(,0  %)!*0!$!,0  ! &!") '+%,0  ! 2=,=)(0%+,7 *535 57 .(,.

%,0!)(*0%+, (-!* &/%,0!)4(*!

 

5 6(,. *! *?('%0)!7 ,+". )(''!&+,. (..!B A)%C-!$!,0 &!. 4+)$"&!.

1"% .!)+,0 "0%&%.=!. '&". 0() '+") &/(,(&D.!  " ')+A&C$!  ! &( 2=,=)(0%+,  /+, !. (*+".0%1"!.

3 ",!  %.0)%A"0%+,  ! *+,0)(%,0!. -+&"$%1"!.5

E *(".!  ! &( &%,=()%0=  " ')+A&C$! '?D.%1"!  (,. &!.  !"# $%&%!"#7 &!. !F!0.  !. *+,0)(%,0!.

0?!)$+=&(.0%1"!. '!"-!,0 .! ."'!)'+.!)5 G/!.0 &( )(%.+, '+") &(1"!&&! &( .!"&!  !.*)%'0%+,  "

*?($' (*+".0%1"! !#*%0= '() &!. *+,0)(%,0!. &+*(&%.=!.  (,. ",  !. $%&%!"# .!)( *+,.% =)=!5 6!

&( $H$! 4(I+,7 &! *?($' (*+".0%1"!  (,. &/("0)! $%&%!" '!"0 H0)! =-(&"=  ! 4(I+, .%$%&(%)!7 +"

 = "%0 !, "0%&%.(,0 &!. .D$=0)%!.  ! &( .+&"0%+, !0  !. *+!J*%!,0.  ! )=>!#%+, !0  ! 0)(,.$%..%+,

KLMN5 6C. &+).7 &!. *+$'+.(,0!.  " *?($' (*+".0%1"!  "!. ("# *+,0)(%,0!. &+*(&%.=!.  (,. &!

')!$%!) $%&%!" .! ')=.!,0!,0 *+$$! ."%0 O

˜̃φ1(ω, kx, z) =
−i
2α1

[

˜̃̃σin1(ω, kx, α1) +R11
ll
˜̃̃σin1(ω, kx,−α1)

]

e−iα1z, 8959P;

˜̃φ2(ω, kx, z) =
−i
2α1

[

T 12
ll
˜̃̃σin1(ω, kx,−α1)

]

eiα2z, 8959Q;

˜̃ψ1(ω, kx, z) =
−i
2α1

[

R11
lt
˜̃̃σin1(ω, kx,−α1)

]

e−iβ1z, 8959R;

˜̃ψ2(ω, kx, z) =
−i
2α1

[

T 12
lt
˜̃̃σin1(ω, kx,−α1)

]

eiβ2z. 895LS;

T+". '+"-+,. (%,.%  !0!)$%,!) &!. *+!J*%!,0.  ! )=>!#%+, !0  ! 0)(,.$%..%+, ,=*!..(%)!. 3 &/=-(@

&"(0%+,  !. .+&"0%+,. 8959P;@895LS;7 !, ."A.0%0"(,0 &( .+&"0%+,

˜̃φ1(ω, kx, z) = eiα1z + R11
ll e

−iα1z
7

˜̃φ2(ω, kx, z) = T 12
ll e

iα2z
7

˜̃ψ1(ω, kx, z) = R11
lt e

−iβ1z
7

˜̃ψ2(ω, kx, z) = T 12
lt e

iβ2z
 (,. &!. *+, %0%+,.

&%$%0!. 3 &/%,0!)4(*!5 T+0+,. 1"! *!.  !),%C)!. .+,0 &!. *+, %0%+,.  ! *+,0%,"%0=  !. *+$'+@

.(,0!.  "  ='&(*!$!,0 !0  " 0!,.!")  ! *+,0)(%,0!.  (,. &/!.'(*!  ! U+")%!) 8ω, kx;5 V! .D.0C$!

 /=1"(0%+,. (&2=A)%1"!. )=."&0(,0 !.0 &! ."%-(,0 O

















β1 β2 −kx kx

kx −kx α1 α2

β1 µ21β2 −γ1 µ21γ2

γ1 −µ21γ2 α1 µ21α2

































R11
lt

T 12
lt

R11
ll

T 12
ll

















=

















kx

α1

γ1

α1

















, 895L9;
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 ! "#$ % &'&( %$ ) *+')&#$ µ21 ≡ µ2/µ1 '%, γ1,2 ≡ kx − k2t1,2/(2kx)  %& -&- (%&. ,/(&#$ + /.

$(*+"(0#. "1#2+.#$$( % ,/ $3$&4*# ,1-5/'&( %$ 67897: 8 ;'%$ "# *<*#  .,.# ,1(,-#= '0% ,1 >&#%(.

/% $3$&4*# ,1-5/'&( %$ '?#) ,#$ ) #@)(#%&$ $'%$ ,(*#%$( %= )A'5/# ) #@)(#%& ' -&- ,(?($- +'.

kl1 = ω/υl18 B **# % /$ + /?( %$ % /$ 3 '&&#%,.#= (" ,#?(#%& '" .$ -?(,#%& 5/# "#$ ) #@C

)(#%&$ ,# .-D#2( % #& ,# &.'%$*($$( % ,-+#%,#%& /%(5/#*#%& ,# "1'%E"# ,1(%)(,#%)# θ ,#$  %,#$

') /$&(5/#$ " %E(&/,(%'"#$ F "1(%&#.G')# 6sin θ = kx/kl1 = kxυl1/ω ≡ s: H

























√

(

υl1
υt1

)2

− s2
√

(

υl1
υt2

)2

− s2 −s s

s −s
√
1− s2

√

(

υl1
υl2

)2

− s2
√

(

υl1
υt1

)2

− s2 µ21

√

(

υl1
υt2

)2

− s2 −
(

s−
(

υl1
υt1

)2
1
2s

)

µ21

(

s−
(

υl1
υt2

)2
1
2s

)

s−
(

υl1
υt1

)2
1
2s

−µ21

(

s−
(

υl1
υt2

)2
1
2s

) √
1− s2 µ21

√

(

υl1
υl2

)2

− s2









































R11
lt

T 12
lt

R11
ll

T 12
ll

















=

















s
√
1− s2

s−
(

υl1
υt1

)2
1
2s

√
1− s2
















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˜̃̃σin1(ω, kx, kz) ,'%$ "1#$+')# ,# V /.(#. + /. kz = −α1 ≡
√

k2l1 − k2x8 W /$ '"" %$ ) %$(,-.#. +'.
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˜̃̃σin1(ω, kx, kz) = −α[(1 + ν1)/(1− ν1)]
˜̃̃
T ′
1(ω, kx, kz),

α ν1 T ′
1

Q1(t, x, z)

Q1 = f(t)Φ(x)W (z) f(t) Φ(x)

W (z)



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

(%*0 ,)$)%*05 -%*# 6#.% (+(*)#% %" !--$)7*!"# $! ,6,% ,+#1'(% *#)$) +% *" -%* -$* 1!*# -'*.

#.'*8%. $%  '$*#)'" (% $3+7*!#)'" (3'"(% )"1','9:"%5 2  !8'). $! ,+#1'(% (% #.!" 4'.,!#)'" 

)"#+9.!$% ; <)" )5 )$  *=# (% #.'*8%. $!  '$*#)'" (!" $3% -!&% (% >'*.)%. 7*)  % -.+ %"#% &',,%

 *)# ?

˜̃̃
T ′
1(ω, kx, kz) ≡ Θ(ω, k2x, kz)f̃(ω)Φ̃(kx).
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E&)5 "'* -.+ %"#'"  %*$%,%"# *"% 4'.,% %0-$)&)#% (% $!  '$*#)'" (!" $! 9!,,% (% 4.+7*%"&% (*

FGH5 'I $% #.!" 4%.# (% &1!$%*. %"#.% $% (%*0 ,)$)%*0 -%*# 6#.% "+9$)9+ @&'"(*&#)8)#+ #1%.,)7*%D5

#!"() 7*% $! () #.)J*#)'" 2 $! -.'4'"(%*. z (% $3+"%.9)% #1%.,)7*% $)J+.+%  *)#% 2 $3!J '.-#)'"

(% ),-*$ )'" $! %. -%*# 6#.% ,'(+$) +% -!. *"% () #.)J*#)'" %0-'"%"#)%$$% !8%& *"% $'"9*%*.

&!.!&#+.) #)7*% l; K%##% (%."):.% .%-.+ %"#% $! -.'4'"(%*. (% -+"+#.!#)'" '-#)7*% (!" $% &! 

'I $% +$%&#.'"  '"# %" +7*)$)J.% !8%& $% .+ %!*5 &;L2L(;5 $% &! 'I $! ()M* )'" +$%&#.'")7*% % #

"+9$)9+%; N!) $! $'"9*%*. l -%*# -.%"(.% !*  ) %" &',-#% $% &! 'I $% #.!" -'.# (% $3+"%.9)%

% # !  *.+ -!. (% +$%&#.'" 1'. +7*)$)J.%; O" %M%# (!" $% ,+#!*0 @ PQ5 CRSCTUD $% +$%&#.'" 

 *.&1!*M+ ()M* %"# 2 *"% 8)#%  %  *-%. '")7*% 2 $! -.'4'"(%*.  !8!"# (% &+(%. $3+"%.9)%

#.!" -'.#+% !* .+ %!*; <)" )5 $!  '$*#)'" (!" $! 9!,,% (% 4.+7*%"&% (* FGH -.%"( $! 4'.,%

 *)8!"#% ?

Θ(ω, k2x, kz) =
1

(−iω)CW̃ (kz) =
I1

(−iω)C(1− ikzl)
, @A;BTD

'I C % # $! &1!$%*.  -+&)V7*% (* ,!#+.)!* !J '.J!"# %# I1 (+ )9"% $! -!.#)% !J '.J+% (% $3)"L

#%" )#+ '-#)7*% )"&)(%"#%

!

;

W'*$)9"'" 7*% $! $'"9*%*. &!.!&#+.) #)7*% (* #.!" -'.#  *-%. '")7*% (% $3+"%.9)% -!. $% -'.L

#%*. (% &1!.9% 1'. +7*)$)J.% -%*# 6#.% (% $3'.(.% (% AXX ", (!" &%.#!)" ,+#!*0 PCQLTAU;
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-.'4'"(%*. PCQLTXU 7*% $!#+.!$%,%"# @-!.!$$:$%,%"# 2 $!  *.4!&%D PTBU5 -%*# !8'). *"% )"/*%"&%

),-'.#!"#%  *. $! 9+"+.!#)'" (% '"(% !&'* #)7*% -!. .+ %!* -1'#')"(*)# 7*!"( $! -+.)'(%

(% &% .+ %!* % # )"4+.)%*.% 2 *"% &%"#!)"% (% "!"',:#.% ; K%&) % # -'  )J$% %" &1') )  !"# *"%

$'"9*%*. (3'"(% &'*.#%5 (!" $% (',!)"% (% $3Z[5 !8%& *" !"9$% (3)"&)(%"&% -',-%  *= !,L

,%"# 9.!"(; O" %M%#5 $% #.!" -'.#  *-%. '")7*% (% $3+"%.9)%5 (!" $% (%*0 &! -%*# &!* %. $!

(),)"*#)'" (% $3!,-$)#*(% (* .+ %!* (% #%,-+.!#*.% -1'#')"(*)#;

W'*$)9"'" 7*% $% &!.!&#+.) #)7*% -!.#)&*$):.% (% $3%0&)#!#)'" (3'"(% !&'* #)7*% -!. .+L

 %!* -1'#')"(*)#  '"# $% &'" +7*%"&% (% $! () #.)J*#)'"  -+&)V7*% (%  '*.&% (% &1!$%*.
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x
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 !" #$ "%&$!' ( #)*+,$"-!.$/ 0+ -!*,1 #)*+,$"-%"$+.$ 2$ 2$'3 4+2$&  #!+$& %#$.,"45!6+%,*7'$&

2' .8!5 %#$.,"*7'$ 2%."*,  !" E± = E0 exp(iωLt ± iqxx − iqzz) *+.*2$+,$& &'" #$ 5!,%9

"*!' !:&4":!+, z ≥ 0 ;<4*" =6'"$ >/?@A ."%$ ( #! &'"-!.$ z = 01 #! 2*&,"*:',*4+ 2)*+,$+&*,%

IΦ(x) = cnε0(E
+ + E−)(E+ + E−)∗/2 = cnε0 [1 + cos(2qxx)]E

2
0 ≡ 2 [1 + cos(2qxx)] I ;<4*" =9

6'"$;>/B@@/ C.*1 ωL 2%&*6+$ #! -"%7'$+.$ !+6'#!*"$ 2' #!&$"1 qx,z &4+, #$& .45 4&!+,$& 2' <$.,$'"

2)4+2$ 4 ,*7'$ ~q 2!+& #$ 5!,%"*!' ,"!+& !"$+,1  $&, #! .%#%"*,% 2$ #! #'5*D"$ 2!+& #$ <*2$1 ! $&,

#)*+2*.$ 2$ "%-"!.,*4+ 2' 5!,%"*!' ,"!+& !"$+, $, ε0 $&, #!  $"5*,,*<*,% 2' <*2$/ E!" .4+&%7'$+,

#! 2*&,"*:',*4+ +4"5!#*&%$ 2$ #)*+,$+&*,% #!&$" 2!+& #)$& !.$ "%.* "47'$ kx &$  "%&$+,$ .455$

&'*, F

Φ̃(kx) = 2π[2δ(kx) + δ(kx − 2qx) + δ(kx + 2qx)], ;>/BG@

4H δ %7'*<!', ( #! -4+.,*4+ 2$#,! 2$ I*$5!++/ E!" !*##$'"&1 +4'& +$ 2$<4+&  !&  $"2"$ 2$ <'$

#$ -!*, 7'$ #! 2*&,"*:',*4+ 2%."*,$  !" #)%7'!,*4+ ;>/BG@ $&, '+ -!.,$'" 5'#,* #*.!,*- !  !"!*&&!+,

2!+& #$& &4#',*4+& ;>/BJ@ $, ;>/BK@1 $, &$ "$,"4'<$ 2!+& #$& &4#',*4+& 2$&  4,$+,*$#& !.4'&,*7'$&

;;>/>K@ L ;>/BM@@/ N)%7'!,*4+ ;>/BG@ $&, ,"D& $3 #*.*,$ .!" $##$ 5$, 2*"$.,$5$+, $+ $3$"6'$ #$

-!*, 7')$+  #'& 2$ #)$3.*,!,*4+ 2$& 4+2$& !.4'&,*7'$& &$  "4 !6$!+, &'*<!+, #)!3$ "1 ./9(92/1 #$&

4+2$& 7'* &4+, 6%+%"%$& $+ 6%+%"!#  !" '+$ $3.*,!,*4+ 84546D+$ ;kx = 0@1 #)$3.*,!,*4+ 2)4+2$&

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

 !",*.'#*D"$& 2' <$.,$'" 2)4+2$ kx = ±2qx 7'* &4+, .4+,"O#%$&  !" #$  !& π/qx 2' "%&$!' 2)*+,$"9

-%"$+.$ 4 ,*7'$ ;<4*" =6'"$ >/?@ / N$  !& 2' "%&$!' %,!+, =3$1 #$& !+6#$& 2)*+.*2$+.$ θ1,2l,t 2$& 4+2$&

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

!2R!.$+,& ; <4*" =6'"$ >/G@ 2$<*$++$+, -4+.,*4+ 2)'+$ &$'#$ <!"*!:#$1 #! -"%7'$+.$ ω/ S$,,$ 2$"9

+*D"$ $&, #*%$ !'3 !+6#$& 2)*+.*2$+.$ !.4'&,*7'$&  !" #! "$#!,*4+ θ1,2l,t = arcsin(2qxυ
1,2
l,t /ω)/ T*+&*1

2$& 4+2$&!.4'&,*7'$& #4+6*,'2*+!#$& *+84546D+$& 2$ 2*U%"$+,$& -"%7'$+.$& ω 6%+%"%$& 2!+& #$

5!,%"*!' !:&4":!+, ;5*#*$' >@1 &4+, .45 4&%$& 2$ 2$'3 4+2$&  #!+$& #4+6*,'2*+!#$& *+.*2$+,$& (

2*U%"$+,& !+6#$& ±θ1,2l ( #)*+,$"-!.$/ E!" .4+&%7'$+,1 2$& 4+2$&!.4'&,*7'$& #4+6*,'2*+!#$& *+849

546D+$& &4+, "%Q%.8*$& $, ,"!+&5*&&$& 2!+& #$& 2$'3 5*#*$'3 ( ,"!<$"& #)*+,$"-!.$ !'3 !+6#$& ±θ1
l
1

!#4"& 7'$ #$& 4+2$& !.4'&,*7'$& 2$ .*&!*##$5$+, 2$ 2*U%"$+,$& -"%7'$+.$& ω &4+, %5*&$& 2!+& #$&

2$'3 5!,%"*!'3 ( 2*U%"$+,& !+6#$& θ1,2t / E!" !*##$'"&1 .$& 4+2$&  #!+$& !.4'&,*7'$& #4+6*,'2*+!#$&

7'* &$  "4 !6$+, 4:#*7'$5$+, &4+, $&&$+,*$##$&  4'" #! 6%+%"!,*4+ 2$& 4+2$& !.4'&,*7'$& ,"!+&9

<$"&$& 2!+& #$ .!& 2$ &4#*2$& *&4,"4 $& $, 84546D+$&1 2!+& #! 5$&'"$ 4H1 .455$ %<47'%  #'&

8!',1  !" "!*&4+ 2$ &V5%,"*$1 &$'#$& #$& 4+2$&!.4'&,*7'$& #4+6*,'2*+!#$& !""*<!+, ( #)*+,$"-!.$

!<$. '+ !+6#$ 2)*+.*2$+.$ !',"$ 7'$ +4"5!#  $'<$+, W,"$ .4+<$",*$& $+ 4+2$& 2$ .*&!*##$5$+,
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 !"#$%  !" #  !"#$% $&'()%'( *% ()%'+,&)$%(-&' ./0'1 &'.1 2*%'1 %!&0+(-301 .1 !&$2)1+4

+-&'5.-*%(%(-&' 6)12)#+1'(#1 2%) +&' 71!(10) ./&'.1

~kl18 -'!-.1'(1 9 */-'(1),%!1 +#2%)%'( .10:

+&*-.1+ -+&()&21+; 1' &'.1 2*%'1+ %!&0+(-301+ .1 !&$2)1++-&'+5.-*%(%(-&'+ 1( .1 !-+%-**1$1'( 1'

)#<1:-&' 6

~kl1; ~kt18 1( 1' ()%'+$-++-&' 6

~kl2;~kt28= >% 2)&?1!(-&' .1+ 71!(10)+ ./&'.1+ .1 (&0(1+ !1+

&'.1+ %!&0+(-301+ +0-7%'( */-'(1),%!1 1+( -.1'(-301 1( #@%*1 9 2~qx=

$%& '()*+&,-() .+ /(.+! 0+1% +,2 -113,2&4 $%& 1% 563&+ 7 !"8 93- /+2 +) 4*-.+)'+ 1:-)2+&%'2-()

%*+' 1:-)2+&;%'+ .:3)+ .+, ().+, $1%)+,%'(3,2-93+, 1()6-23.-)%1+, ,(3, -)'-.+)'+ (<1-93+! )(3,

2+)(), = ,(31-6)+& 93+ ,3& '+22+ 563&+> )(3, ):%*(), &+$&4,+)24 93+ 1:3)+ .+, .+3? ().+, $1%)+,

1()6-23.-)%1+,> '!@=@.!> '+11+ %*+' 1% $&(A+'2-() .+ *+'2+3& .:().+

~kl1(x) = 2qx! B:-)2+&%'2-() %*+'

1:-)2+&;%'+ .+ 1% .+3?-C/+ ().+ $1%)+ %'(3,2-93+ 1()6-23.-)%1+ 7

~kl1(x) = −2qx8 %,,('-4+ = 1% $&+@

/-C&+ +,2 ,-/-1%-&+> -1 ,3D2 ,+31+/+)2 .+ 'E%)6+& θ1l +) −θ1l ! 0:+,2 1% ,3$+&$(,-2-() .+, $%-&+,

.:().+, $1%)+, ,F/42&-93+, $%& &%$$(&2 = 1:%?+ ~z 93- ;(&/+)2 .+, ().+, $1%)+, -)E(/(6C)+,>

'!@=@.!> 3) &4,+%3 %'(3,2-93+! G3& 1:+?$&+,,-() .+, '(+D'-+)2, .+ &4H+?-() +2 .+ 2&%),/-,,-()

563&%)2 .%), 1+, ,(132-(), .+, 493%2-(), 7 ! I8 # 7 !JK8> 1+ $&-)'-$+ .+ ,F/42&-+ ,+ /%)-;+,2+

2(32 ,+31 .:3) $(-)2 .+ *3+ /%2E4/%2-93+! L%& +?+/$1+> +) &+6%&.%)2 1:493%2-()7 !JJ8 .+ $13,

$&C,> () $+32 *4&-5+& ;%'-1+/+)2 93+ 1+, '(+D'-+)2, R11
ll +2 T 12

ll > 93- '()2&M1+)2 1% &4H+?-() +2

1% 2&%),/-,,-() .+, ().+, $1%)+,%'(3,2-93+, 1()6-23.-)%1+, ,%), '()*+&,-() .+ /(.+> ,()2 .+,

;()'2-(), $%-&+, .+ kx +2 ,()2 )() )31, $(3& 3)+ -)'-.+)'+ )(&/%1+ = 1:-)2+&;%'+> '!@=@.!> $(3&

kx = 0. N) &+*%)'E+> 1+, '(+D'-+)2, R11
lt +2 T 12

lt > 93- '()2&M1+)2 1% '()*+&,-() .+ /(.+ .+, ().+,

$1%)+, 1()6-23.-)%1+, +) ().+, 2&%),*+&,+, +) &4H+?-() +2 +) 2&%),/-,,-() = 1:-)2+&;%'+> ,()2 .+,

;()'2-(), -/$%-&+, .+ kx +2 ()2 .+, *%1+3&, )311+, 1(&,93+ 1+, ().+, $1%)+, %'(3,2-93+, 1()6-@

23.-)%1+, %&&-*+)2 = 1:-)2+&;%'+ +) -)'-.+)'+ )(&/%1+! 0+1% ,-6)-5+> 93:+) -)'-.+)'+ )(&/%1+> 1%

'()*+&,-() .+ /(.+ = 1:-)2+&;%'+ .:().+, $1%)+,%'(3,2-93+, 1()6-23.-)%1+, +) ().+, $1%)+, .+
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 !"#!$$%&%'( %"( !&)*""!+$%,  % -.! /%0*!'(  % -.! # 1(1 2!( 2#'" $3!'(/*2. (!*'4

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

894:;<, 894:=< %( 894:><, *' )%.( ?# !$%&%'(  #$ .$%/ $# ?*/&.$% 2% $# (/#'"?*/&1% 2% @*./!%/

!'A%/"% 894B< "./ kx #.6 1-.#(!*'" 8949B< C 894:D<4 E!'"!, $%" "*$.(!*'" 2%" )*(%'(!%$" # *."(!-.%"

2#'" $% ")% (/% ?/1-.%'(!%$ "% )/1"%'(%'(  *&&% ".!( F

φ̃1(ω, x, z) = iα(1+ν1)
(1−ν1)

[

1
kl1

(Θ(ω, 0, kl1) +R11
ll (kx = 0)Θ(ω, 0,−kl1)) e−ikl1z+

1
kl1⊥

(Θ(ω, (2qx)
2, kl1⊥) +R11

ll (kx = 2qx)Θ(ω, (2qx)
2,−kl1⊥)) cos(2qxx)e−ikl1⊥z

]

f̃(ω),

894:B<

φ̃2(ω, x, z) = iα(1+ν1)
(1−ν1)

[

1
kl1
T 12
ll Θ(ω, 0,−kl1)eikl2z+

1
kl1⊥

T 12
ll (kx = 2qx)Θ(ω, (2qx)

2,−kl1⊥) cos(2qxx)eikl2⊥z
]

f̃(ω),
894:G<

ψ̃1(ω, x, z) = −α(1 + ν1)

(1− ν1)

1

kl1⊥
R11
lt (kx = 2qx)Θ(ω, (2qx)

2,−kl1⊥) sin(2qxx)e−ikt1⊥zf̃(ω), 894:H<

ψ̃2(ω, x, z) = −α(1 + ν1)

(1− ν1)

1

kl1⊥
T 12
lt (kx = 2qx)Θ(ω, (2qx)

2,−kl1⊥) sin(2qxx)eikt2⊥zf̃(ω), 894;D<

IJ kl,t⊥ =
√

k2l,t − (2qx)2 "*'( $%"  *&)*"#'(%" '*/&#$%" K $# "./?# % 2%" A% (%./" 23*'2%" # *."L

(!-.%"4 M%" "*$.(!*'" 894:B< C 894;D< !'2!-.%'(  $#!/%&%'( -.% $%" *'2%" # *."(!-.%" N1'1/1%" )#/

.' /1"%#. )7*(*!'2.!( *'( $%./ ?/*'( 2% )7#"% )$#', )%/)%'2! .$#!/% K $# 2!/% (!*' 2% )/*)#L

N#(!*',  4LKL24, )%/)%'2! .$#!/% K $3#6%  4 O%  % ?#!(, $%" 1-.#(!*'" 894:B< %( 894:G< &%((%'( %'

1A!2%' % $% ?#!( -.% $% )*(%'(!%$ " #$#!/% 21 /!A#'( $%" *'2%" # *."(!-.%" $*'N!(.2!'#$%",  *'(!%'(

K $# ?*!", .'% *'2% )$#'% 7*&*NP'%, %( .'% *'2% )$#'% !'7*&*NP'%4 5' /1#$!(1, $# )#/(!% 7*L

&*NP'% 2. )*(%'(!%$ " #$#!/%,  3%"(LKL2!/% $3*'2% 2*'( $3#&)$!(.2% %"(  *'"(#'(% "%$*' $% ?/*'(

23*'2% 8!'21)%'2#'(% 2% ! <, "% )/*)#N% #.6 A!(%""%" 2% )7#"% (ω/klz)hom = ω/kl = υl 2%"

*'2%"# *."(!-.%" $*'N!(.2!'#$%" 2#'" $%" &!$!%.6  *//%")*'2#'("4 E$*/" -.% $# )#/(!% !'7*&*L

NP'% 2. )*(%'(!%$ " #$#!/%,  3%"(LKL2!/%  %$$% 2*'( $3#&)$!(.2% A#/!% $% $*'N 2. ?/*'( 23*'2% %(

)/*)*/(!*''%$$% K cos(2qxx), "% )/*)#N% #A% 2%" A!(%""%" 2% )7#"% 21)%'2#'( 2% $# ?/1-.%' %

Q:BR F

υinhl = (ω/klz)
inh = ω/kl⊥ = ω/

√

k2l − (2qx)2 = υl/
√

1− (2qx/kl)2 = υl/
√

1− (2qxυl/ω)2.

894;9<

;=
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4$2$!05 /*..!"'*+&)+%"6 7). )$22!0."8 !+ .)$"*+ &! 29$4'*""$:$2$%- &! 2) /*+#!."$*+ &! 4*&! &!"

*+&!" )/*0"%$10!" '2)+!" 2*+3$%0&$+)2!" !+ $+/$&!+/! +*.4)2!8 2! #!/%!0. '*%!+%$!2 &-/.$% '). 2!"

-10)%$*+" ;<6=>? !% ;<6@A? +! /*+%$!+% )0/0+ %!.4! (*4*3B+!6 C+ !,!%8 29)4'2$%0&! &!" *+&!"

)/*0"%$10!" &! /$")$22!4!+% #).$!+% '.*'*.%$*++!22!4!+% D sin(2qxx) ;#*$. E30.! <6=? 2! 2*+3 &!"

F.*+%" &! '()"! !% "! '.*')3!)+% )#!/ &!" #$%!""!" &-'!+&)+%!" &! 2) F.-10!+/!8

υinht = (ω/ktz)
inh = ω/kt⊥ = ω/

√

k2t − (2qx)2 = υt/
√

1− (2qx/kt)2 = υt/
√

1− (2qxυt/ω)2.

;<6@=?

2!" *+&!" )/*0"%$10!" &! /$")$22!4!+% "! '.*')3!+% D 0+! #$%!""!" υinht 10$ &-'!+& &! 2) F.-G

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

.-!" &)+" 2!" 4)%-.$)05 /*..!"'*+&)+%"6 H!" "*20%$*+" ;<6=I? G ;<6@A? &-4*+%.!+% 10! 2!" *+&!"

'2)+!" )/*0"%$10!" $+(*4*3B+!" "! '.*')3!+% "!02!4!+% '*0. /!.%)$+!" F.-10!+/!"8 /!22!" *J 2!"

+*4:.!" &9*+&!" kl,t &!" *+&!" '2)+!" !5/$%-!" !+ #*204! "*+% "0'-.$!0." )0 +*4:.! &9*+&! 2qx

&0 .-"!)0 '(*%*$+&0$%8 /6GDG&68 "$ !% "!02!4!+% "$ ω > 2qxυl,t .!"'!/%$#!4!+% '*0. 2!" *+&!")G

/*0"%$10!" 2*+3$%0&$+)2!" !% %.)+"#!."!" $+(*4*3B+!"6  !2) "$3+$E! 109)05 F.-10!+/!" $+F-.$!0.!"

D 2) F.-10!+/! /.$%$10! ωc = 2qxυl,t8 /!" *+&!" '2)+!" )/*0"%$10!" $+(*4*3B+!" &!#$!++!+% -#)G

+!"/!+%!" K=L8 =>M6 7). )$22!0."8 2!" *+&!" $+(*4*3B+!" &-/.$%!" '). 2! '*%!+%$!2 "/)2)$.! +! "*+%

')" &!" 4*&!" '0.!4!+% 2*+3$%0&$+)056 N! 2) 4O4! F)P*+8 2!" *+&!" $+(*4*3B+!" &-/.$%!"

'). 2! '*%!+%$!2 #!/%!0. "*+% &!" 4*&!" &! /$")$22!4!+% '0."8 /! "*+% 2) "0'!.'*"$%$*+ &! &!05

4*&!" '0.!4!+% %.)+"#!."!"6  *+F*.4-4!+% D 2) %(-*.$! &-#!2*''-! /$G&!""0"8 /()10! 4*&!

$+(*4*3B+! '!0% O%.! /*+"$&-.- /*44! .-"02%)+%! &! 2) "0'!.'*"$%$*+ &! &!05 *+&!" '2)+!"

)/*0"%$10!" '0.!4!+% 2*+3$%0&$+)2!" *0 %.)+"#!."!" "! '.*')3!)+% *:2$10!4!+% '). .)''*.% D

29)5!  D &!" )+32!" &! 4O4! #)2!0. 4)$" *''*"-" !+ "$3+!"6

 !" #$%&'$(' )' *+,$-'./0(' 1&. *0 /2$(-,2$ )' -.0$1/2.304

-,2$ 15'(-.0*' )' (2$6'.1,2$ )' *+7$'.8,' *&3,$'&1' '$

2$)' 5*0$' 0(2&1-,9&' ,$:2328;$'

H!" "'!/%.!" &!" '*%!+%$!2" "/)2)$.!" !% #!/%!0." &!" "*20%$*+" ;<6=I? Q ;<6@A? *,.!+% 2)

'*""$:$2$%- &! &-E+$. &!" F*+/%$*+" &! %.)+"F!.% &! /*+#!."$*+ *'%*)/*0"%$10" K@8=RM6 C+ !FG

F!%8 /!" "*20%$*+" '!.4!%%!+% &! '.-&$.! /*44!+% 2! "'!/%.! &! 29$4'02"$*+ 2)"!. F!4%*"!/*+&!

f̃(ω) ∼= τL = const !+3!+&.! 2! "'!/%.! &! 29*+&! )/*0"%$10! 2*+3$%0&$+)2! $+(*4*3B+! &90+!

@S



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

/7+7"!% ($ '$& &*%1#,*+& -$# $+ "$%,$8 %$ 8!,# 91$ %$ & $'#"$ ($& *+($&  %!+$& !'*1&#,91$& ,+.*-*:

/0+$&6 $;',#7$& $+ "7<$;,*+ *1 $+ #"!+&-,&&,*+ = %),+#$"8!'$6  $1# >#"$ ?$!1'*1  %1& &#"1'#1"7

91$ %$ & $'#"$ ($& *+($& !'*1&#,91$& %*+/,#1(,+!%$& /7+7"7$& ,+,#,!%$-$+#6 !5!+# %$1" ,+#$"!'#,*+

!5$' %),+#$"8!'$2 @$##$ &#"1'#1"!#,*+  "*5,$+# ($ %! (7 $+(!+'$ ($& '*$A',$+#& Rll6 Rlt6 Tll $#

Tlt !5$' %! 8"791$+'$ ω 2 B,+&,6 %$ &$+&  .C&,91$ ($ '$##$ (7 $+(!+'$ 8"791$+#,$%%$ ($ %! "7<$'#,:

5,#7D#"!+&-,&&,5,#76 ')$&#:=:(,"$ %! (,& $"&,*+ ($ %! "7<$'#,5,#7D#"!+&-,&&,5,#7 $&# '%!," EFGH2 I!"

'*+&791$+#6 %! 8"791$+'$ ω (1 '.!- !'*1&#,91$ '*+#"J%$ %$ 5$'#$1" ()*+($ kl,t = ω/υl,t ($&

*+($& !'*1&#,91$& .*-*/0+$& /7+7"7$& (!+& %)7 !,&&$1" ($ %)7'.!+#,%%*+2 K$  %1&6 %*"& ($ %!  "*:

L$'#,*+ ($& 5$'#$1"& ()*+($& &1" %)!;$ ($& ; M;7$  !" %$  !& (1 "7&$!1  .*#*,+(1,# kl,tx = ±2qx6

%! 8"791$+'$ '*+#"J%$ !1&&, %)!+/%$ (),+',($+'$ ±θl = ± arcsin(kx/kl) = ± arcsin(2qxυl/ω) ($&

*+($&  %!+$&!'*1&#,91$& %*+/,#1(,+!%$& NM/1"$ O2PQ2 K0& %*"&6 %! (7 $+(!+'$ #"0& '*++1$ EFR6SRH

($& '*$A',$+#& ($ "7<$;,*+D#"!+&-,&&,*+ = %)!+/%$ (),+',($+'$ $&# #"!+&8*"-7$ $+ 1+$ (7 $+:

(!+'$ ($ '$& '*$A',$+#& !5$' %! 8"791$+'$2 I!" '*+&791$+#6 ($& *+($& !'*1&#,91$& ($ (,47"$+#$&

8"791$+'$& &*+# $;',#7$& $+ "7<$;,*+D#"!+&-,&&,*+ ($& *+($&  %!+$& %*+/,#1(,+!%$& ,+',($+#$& =

%),+#$"8!'$ = (,47"$+#& !+/%$&6 ()*T 1+$ $A'!',#7 ($ /7+7"!#,*+ 91, (7 $+( ($ %! 8"791$+'$ ω2

I*1" 1+$ !+!%C&$ (7#!,%%7$ ($ %! #"!+&8*"-!#,*+ ($ %)7+$"/,$ * #,91$ $+ *+($&  %!+$&!'*1&:

#,91$& %*+/,#1(,+!%$&6 +*1& !%%*+&  "$+("$ '*--$  *,+# ($ (7 !"# %$ & $'#"$ ($ %! 5!",!#,*+

"$%!#,5$ ($ 5*%1-$ (1 -!#7",!1 div~̃uinh6 91, $&# !&&*',7 = %!  !"#,$ ,+.*-*/0+$ φ̃inh(ω, x, z) ∝
cos(2qxx) ($& *+($&  %!+$&!'*1&#,91$& %*+/,#1(,+!%$& ,+.*-*/0+$&2 B,+&,6 ($& 791!#,*+& NO2FUQ

$# NO2FVQ6 *+  $1# $+ (7(1,"$ %)$; "$&&,*+ &1,5!+#$ W

div~̃uinh
1

(ω,x,z)

2
= 1

2

(

∂ũinh
1x

∂x
+

∂ũinh
1z

∂z

)

= 1
2

(

∂2

∂x2
+ ∂2

∂z2

)

φ̃inh1 (ω, x, z) = −1
2
k2l1φ̃

inh
1 (ω, x, z)

= −iαqx
(

1+ν1
1−ν1

){[

k2
l1

2qxkl1⊥

]

Θ(kl1⊥) +
[

k2
l1

2qxkl1⊥
Rll(kx = 2qx)

]

Θ(−kl1⊥)
}

cos(2qxx)e
−ikl1⊥zf̃(ω),

NO2XXQ

div~̃uinh
2

(ω,x,z)

2
= −1

2
k2l2φ̃

inh
2 (ω, x, z)

= −iαqx
(

1+ν1
1−ν1

) [

k2
l2

2qxkl1⊥
T 12
ll (kx = 2qx)

]

Θ(−kl1⊥) cos(2qxx)eikl2⊥zf̃(ω),
NO2XSQ

*T +*1& !5*+& ,+#"*(1,# %! +*#!#,*+ Θ(ω, (2qx)
2,±kl1⊥) ≡ Θ(±kl1⊥)2 3+ '$ 91, '*+'$"+$ %)!+!:

%C&$ (7#!,%%7$ ($ %! #"!+&8*"-!#,*+ ($ %)7+$"/,$ %1-,+$1&$ $+ *+($& !'*1&#,91$& #"!+&5$"&$&

,+.*-*/0+$&6 +*1& !5*+& '.*,&, %! '*- *&!+#$ η̃xz (1 & $'#"$ ($ (78*"-!#,*+ ($ ',&!,%%$-$+#

91, $&# 1+,91$-$+#  "7&$+# (!+& %$& *+($& !'*1&#,91$& #"!+&5$"&$& ,+.*-*/0+$&2 @$ 91, +*1&

 $"-$# (*+' ($ (7(1,"$ ($& 791!#,*+& NO2XQ6NO2FGQ $# NO2XYQ6 %$& 791!#,*+& ',:($&&*1& W

η̃xz1(ω, x, z) =
1
2

(

∂ũ1x
∂z

+ ∂ũ1z
∂x

)

= 1
2

(

−∂2ψ̃1

∂z2
+ ∂2ψ̃1

∂x2

)

= 1
2
[k2t1 − 2(2qx)

2] ψ̃1(ω, x, z)

= −αqx
(

1+ν1
1−ν1

) [

k2t1−2(2qx)2

2qxkl1⊥
R11
lt (kx = 2qx)

]

Θ(−kl1⊥) sin(2qxx)e−ikt1⊥zf̃(ω),
NO2XRQ

XP



η̃xz2(ω, x, z) = [k2t2 − 2(2qx)
2] ψ̃2(ω, x, z)

= −αqx
(

1+ν1
1−ν1

) [

k2t2−2(2qx)2

2qxkl1⊥
T 12
lt (kx = 2qx)

]

Θ(−kl1⊥) sin(2qxx)eikt2⊥zf̃(ω),
 !"#$%

&'() *+) ,-.'/01()  !"##% 2  !"#$% (1.) '31() 31*1(/'04+5+(/ 50) +(/4+ 64167+/) *+) 8'6/+.4)

9,6403'(/ *+) 6'4'6/,40)/0-.+) 9+ *' 61(3+4)01( 1:/1'61.)/0-.+; -.0 )1(/ *0,+) < *' =,(,4'/01(

/7+451,*')/0-.+ 9>1(9+) '61.)/0-.+)" &+ :*.); *+ /+45+ 5.*/0:*06'/+.4 Θ(ω, (2qx)
2,±kl1⊥) ≡

θ(±kl1⊥) 9'() *+) ,-.'/01()  !"##% 2  !"#$%; 5+/ +( ,309+(6+ *>0(?.+(6+ 9+ *' 61(9.6/030/,

/7+450-.+ ).4 *' 61(3+4)01( 1:/1'61.)/0-.+ /7+451,*')/0-.+" &>.( :10(/ 9+ 3.+ :7@)0-.+; 0*

+)/ :*.) :+4/0(+(/ 9>'('*@)+4 6+) 8'6/+.4) +( 81(6/01( 9. :'4'5A/4+ υr = ω/(2qx)  4 :1.4

4,)+'.%; -.0 +)/ 904+6/+5+(/ :41:14/01((+* < *' 84,-.+(6+ :*./B/ -.+ 9+ 4,)1((+4 .(0-.+5+(/

+( 81(6/01( 9+ *' 84,-.+(6+" C1.4 6+ 8'04+; 9,615:1)1() *' :'4/0+ 519.*,+ 9+ *' 90)/40D./01(

9>0(/+()0/, 9. *')+4 < *>0(/+48'6+ IΦ(x) = 2 [1 + cos(2qxx)] I +( 9+.E 615:1)'(/+) 615:*+E+)

+( ./0*0)'(/ *>09+(/0/, 2 cos(2qxx)I = (ei2qxx + e−i2qxx)I" F* +)/ '*14) 6*'04 -.>.(+ :'4/0+ 9+ *'

67'*+.4 *0D,4,+ Q1 = f(t)Φ(x)W (z); ):'/0'*+5+(/ 519.*,+ *+ *1(= 9+ *>0(/+48'6+ ∝ cos(2qxx);

:+./ G/4+ 9,615:1),+ +( 9+.E 615:1)'(/+) ):+6/4'*+) )+ :41:'=+'(/ *+ *1(= 9+ *' ).48'6+ '3+6

9+) 30/+))+) 9+ :7')+ υr;

2f(t) cos(2qxx) =
1

2π

∫ ∞

−∞
f̃(ω)[ei(ωt+2qxx)+ei(ωt−2qxx)]dω =

1

2π

∫ ∞

−∞
f̃(ω)[eiω(t+x/υr)+eiω(t−x/υr)]dω.

H0()0; :'4 '('*1=0+ < *' 9,615:1)0/01( 9>1(9+) )/'/01(('04+) 9'() .( 4,)1('/+.4 '61.)/0-.+ +(

1(9+) :41=4+))03+) '3+6 9+) 904+6/01() 9+ :41:'='/01() 1::1),+); *+ 4,)+'. :71/10(9.0/ I)/'/01(J

('04+K :+./ G/4+ 9,615:1), +( 9+.E 4,)+'.E I:41=4+))08) K '3+6 9+) 904+6/01() 9+ :41:'='/01()

1::1),+)" L' 30/+))+ 9+ 6+) 4,)+'.E :71/10(9.0/ K:41=4+))08)K +)/ ,='*+ < υr = ω/(2qx)" M155+

6+*' ' ,/, ,31-., 60J9+)).); /1.) *+) 8'6/+.4) +(/4+ 64167+/) 9'() *+) ,-.'/01()  !"##% 2  !"#$%

(+ 9,:+(9+(/; (0 9+ *' 84,-.+(6+ ω ),:'4,5+(/; (0 9. (15D4+ 9>1(9+ 2qx 9. 4,)+'.; 5'0) 9.

4'::14/ +(/4+ *+) 9+.E υr = ω/(2qx)" C'4 '0**+.4); *>'5:*0/.9+ 9+ 6+) 8'6/+.4) 9,:+(9 9+ *>1494+

9+ =4'(9+.4 9+ *' 30/+))+ 9. 4,)+'. υr :'4 4'::14/ < 6+*.0 9+) './4+) 30/+))+) 6'4'6/,40)/0-.+);

6>+)/J<J904+ :'4 4'::14/ < υl,t 9'() *+) 9+.E 50*0+.E" &+ 6+ 8'0/; *14)-.+ *' 30/+))+ 9. 4,)+'.

61N(609+ '3+6 .(+ 9+ 6+) 30/+))+) '61.)/0-.+) OPQR; (1.) :1.31() (1.) '//+(94+ < 1D)+43+4 9+)

)0(=.*'40/,) 9'() *' 81(6/01( 9+ /4'()8145'/01( ):+6/4'*+ 9+ *' 61(3+4)01( 1:/1'61.)/0-.+" H0()0;

0* 05:14/+ 9+ )1.*0=(+4 -.+ *+) (15D4+) 9>1(9+) 9+) 1(9+) :*'(+) 0(7151=A(+) :+.3+(/ G/4+

:4,)+(/,) )1.) *' 8145+ kl,t⊥ = kl,t
√

1− (υl,t/υr)2; +E:*060/'(/ -.+ *+) 519+) 0(7151=A(+) :41J

:'='/08) (+ :+.3+(/ G/4+ +E60/,) -.+ :'4 9+) 4,)+'.E ).:+4)1(0-.+); 6>+)/J<J904+ )0 +/ )+.*+5+(/

)0 υr > υl,t" M+//+ 9+4(0A4+ 61(90/01( 9>,50))01( S67+4+(T13 :'4 9+) )1.46+) 51D0*+) +)/ '.))0

+))+(/0+**+ 9'() *' /7,140+ 9+ )@(/7A)+ 9>1(9+) :*'(+)'61.)/0-.+) *1(=0/.90('*+) +/ /4'()3+4)+)

#U



F0 ≡ (ω/2qxυl1)
√

1− (2qxυl1/ω)2 ≡ (υr/υl1)/
√

1− (υl1/υr)2

υl1

F0 υr

υr F0

SiO2 F0

υr >> υl1 F0 ∝ υr ∝ ω

Θ(ω, (2qx)
2, kl1⊥)



Θ(ω, (2qx)
2, kl1⊥) ∝ 1/ω

F1 ≡ (υr/υl1)/
√

1− (υl1/υr)2 |R11
ll (kx = 2qx)| = F0

∣

∣R11
ll (υ

1,2
g,l,t, µ21)

∣

∣

υr F1

SiO2 F1

R11
ll

υ1,2g,l,t µ21 = µ2/µ1

F1

υr υl2 υt2

υr

υt1



υr = υt1

F2 ≡
(υrυl1/υ

2
l2)/

√

1− (υl1/υr)2 |T 12
ll (kx = 2qx)| = (υl1/υl2)

2F0

∣

∣T 12
ll (υ

1,2
g,l,t, µ21)

∣

∣

υr F2

SiO2 F2

SiO2)

υr = υl2

υr = υt2

υt2 < υl2

υl1,t1

υl2

SiO2



υSiO2

l2 < υr < υT i,All1

2qxυ
SiO2

l2 < ω < 2qxυ
T i,Al
l1

2

F3 ≡ υrυl1[1−2(υt1/υr)2]

υ2t1

√
1−(υl1/υr)2

|R11
lt (kx = 2qx)|= (υl1/υt1)

2[1− 2(υt1/υr)
2]F0

∣

∣R11
lt (υ

1,2
g,l,t, µ21)

∣

∣

F4 ≡ υrυl1[1−2(υt2/υr)2]

υ2t2

√
1−(υl1/υr)2

|T 12
lt (kx = 2qx)|= (υl1/υt2)

2[1− 2(υt2/υr)
2]F0

∣

∣T 12
lt (υ

1,2
g,l,t, µ21)

∣

∣

υr F3

F3

SiO2

0,1,2



F4

F4

SiO2)

◦

◦

υr =
√
2υt1 υr =

√
2υt2

υr

[1− 2(υt1,2/υr)
2] 3,4

υr

R11
lt (υ

1,2
g,l,t, µ21) = 0 T 12

lt (υ
1,2
g,l,t, µ21) = 0

υ2r



SiO2 !" #$ SiO2 %&' (#) *+",$&-.) ("/&+"#) ,01#$$#.$ 0#) 2,(&.#) 2*#33#) 4-)&$&5#) 0,.) 3,

2*6&-. -7 3#) 1-0#) 0# (&),&33#1#.$ )-.$ 42-4,6,$&8)' (# +"& .9#)$ 4,) 3# (,) 4-"2 3#) ,"$2#)

(-1/&.,&)-.)' (9#)$:;:0&2# SiO2 ,5#( <" #$ <3= !#4#.0,.$' 4-"2 .9&14-2$# +"#33# (-1/&.,&)-.

0# 1,$*2&,">' 3, ?6"2# @A=AAB .# 8,&$ ,44,2,&$2# ,"(".# 2,(&.# 2*#33# 4-)&$&5# 4-"2 3#) *+",:

$&-.) +",02,$&+"#) *5-+"*# (&:0#))")= C,2 (-.$2#' )"2 3, ?6"2# @A=ADB' -7 3# )E)$F1# #. +"#)$&-.

#)$ (#$$# 8-&):(& 3# G.H %&' .-") -/)#25-.) 39,44,2&$&-. 0# I*2-) ,00&$&-..#3) 0,.) 39#J(,(&$*

09#>(&$,$&-. 0#) 1-0#) 0# (&),&33#1#.$ #. $2,.)1&))&-. 0#) -.0#) 0#) 1-0#) 3-.6&$"0&.,"> ;

$2,5#2) 39&.$#28,(#= <&.)&' .-") ,5-.) 5*2&?* ,.,3E$&+"#1#.$ 3, .,$"2# 0#) I*2-) ,00&$&-..#3) 0#

 !"#$% A=AD K  !"#$%&$'# ( )& *+,#--# %. /!-#&. υr0 %#- "&/&12,/# F3 #, F4 3.+ '&/&',!/+-#

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

6"&3.#- #, ,/&$-"&/#$,-8 9#,,# :;./# 1#, #$ !*+%#$'# )# '&- "&/,+'.)+#/ 6< )# =+ #-, )# :)1

6"&3.# #-, )# >+?@ )# -.A-,/&, ,/&$-"&/#$,8

F4 0,.) 3, ?6"2# @A=ADB' 1,&) /&#. +"# $2F) 42-(L# 0# 3, 5&$#))# 0# (&),&33#1#.$ 0" 1,$*2&,"

,/)-2/,.$' &3) .# (-22#)4-.0#.$ 4,) ; 3, (-.0&$&-. υr = υT it1 -7 3, 6*.*2,$&-. #)$ )E.(L2-.#=

C,2 ,&33#"2)' )&1&3,&2#1#.$ ," (,) 0# 39#>(&$,$&-. 0#) -.0#) ,(-")$&+"#) 3-.6&$"0&.,3#) &33")$2*#)

0,.) 3#) ?6"2#) @A=MB:@A=NB' 3, 43"4,2$ 0#) 4-&.$) (,2,($*2&)$&+"#) 0#) ?6"2#) @A=AOB #$ @A=AAB'
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υr = υl2  !""#$%!&'#&() %!*" +, -.-# /0(#$$# '* "1$#,* ,*2 -,20-, ,3$!+*$ ',&$ +, 45*"# 6789:8

;<*& %!0&( '# /*# %=>$0?*#)  # 0 %#*( .("# +01 @ +<1-0$$0!& A=#"#&B!/ '<!&'#$ '#  0$,0++#-#&(

',&$ +# -0+0#* ,3$!"3,&()  !&$1 *(0/# @ +<#2 0(,(0!& #C , # '<!&'#$ %+,&#$ +!&50(*'0&,+#$ $#

%"!%,5#,&( +# +!&5 '# +<0&(#"D, # ',&$ +# -,(1"0,* (",&$%,"#&(8 E& !*("#) +#$ ,*("#$ #2("#-,

+! ,*2 ?*0 &# /1"04#&( %,$ +,  !&'0(0!& '# +, 51&1",(0!& $>& ="!&# υr = υ1,2l,t 6/!0" 45*"#$ 6789:

#( 6787F:: $!&( '*$ @ +<#20$(#& # '# G1"!$ ',&$ +<#C , 0(1 '<#2 0(,(0!& '<!&'#$ , !*$(0?*#$ '#

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

+!&50(*'0&,+#$ 0& 0'#&(#$ @ +<0&(#"D, # $!&( 1/,&#$ #&(#$)  # 0 $# (",'*0( %," υr < υl2, υl18 ;#

%+*$) ?*,&' υr < min(υl2, υl1)) $#*+#$ +#$ !&'#$ , !*$(0?*#$ '#  0$,0++#-#&( 1-0$#$ $!&( %"!%,5,H

(0/#$) ,+!"$ +#$ !&'#$ , !*$(0?*#$ +!&50(*'0&,+#$ $!&( 1/,&#$ #&(#$ ',&$ +#$ '#*2 -0+0#*28 ;,&$

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

51&1"1#$ #& /!+*-# ',&$ +#$ '#*2 -0+0#*2)  8H@H'8) $0 max(υt2, υt1) < υr) ,+!"$ $#*+#$ +#$ !&'#$ '#

 0$,0++#-#&( $# %"!%,5#&( ',&$ +#$ '#*2 -0+0#*28 I,"  !&("# ',&$ +#  ,$ !J /5 #$( $*%1"0#*"# @ +,

/0(#$$# '#  0$,0++#-#&( ',&$ +<*& '#$ -0+0#*2 #() 0&D1"0#*"# @ +, /0(#$$# '#  0$,0++#-#&( '# +<,*("#
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!&'#$ 1/,&#$ #&(#$ #2 0(1#$ %!*" υr < υ1,2l,t $!&( 0& 0'#&(#$ @ +<0&(#"D, # ,*2 ,&5+#$ θ1,2l,t 8 N0&$0)
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&")6- " -/, -%21"'  !.71","' (!$8"%& 9&)" 7)$' "%  !%'$(*)-&$!% 7!/) /%" ("' )$7&$!% 21!:-1" (/

.* -%$'." (" 2*%*)-&$!% ("' !%("' - !/'&$0/"';

<"' (*7"%(-% "' 3 1- 8$&"''" (/ )*'"-/ "& 3 1- 6)*0/"% " - !/'&$0/" = ω ∝ υr> (/ 7)! "''/'

$.71$0/-%& 1- 2*%*)-&$!% ("' !%("'- !/'&$0/"' 1!%2$&/($%-1"' "& 1"/) $%&")- &$!% -8" 14$%&")5
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7!/) 1- 2-.." (" 6)*0/"% " (/ EFG HIFG  !))"'7!%("%& 3 ("' 8$&"''"' (" )*'"-/, 7@!&!$%(/$&'

'/7")'!%$0/"' υr >> υ1,2l,t ? 7!/) 1"'0/"11"' 1"' 6- &"/)'  0−4 *8!0/*'  $5("''/' '!%& 6-$:1"."%&

'&)/ &/)*' =8!$) 1"' C2/)" D 7!/) υr ≥ (7− 8) J.K'>; L$%'$? 1- '&)/ &/)" '$.71" ("  "' 6- &"/)'

(-%' 1"' @-/&"' 6)*0/"% "'? %!/'  !%(/$& ($)" &"."%& 7!/) 1" )"'&" ("  "  @-7$&)" 3 ."&&)" '/)
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7@!&!$%(/$& "'& :"-/ !/7 71/' 2)-%(" 0/"  "11"' ("' !%("' - !/'&$0/"' (-%' 1"' ("/, .$1$"/,?
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'$!% 0/$ C2/)"%& (-%' 14",7)"''$!% ("' 6- &"/)'  1−4 7"/8"%& 9&)" *8-1/*' 3 7-)&$) (" 14*0/-&$!%
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45 υl,t21 ≡ υl2,t2/υl1,t1  % N l,t
21 ≡ ρ2υl2,t2/(ρ1υl1,t1) &4!% 6 & (#774(%& ( &7 +%8'& 9 & :8% && & #+4$&;

%8*$ & 9 & 9 $< =868 $<  % 9 6 $(& 8=7)9#!+ &/ >8!&8  ! "#$% & '()*$ !+ &, 6 & '#+% $(&  0−2

9#!& 6?)*$#%84! -./012 = %%#!%  ! ):89 !+ 6 & 4!9 & 7(47#@#%8: & &#!& +4!: (&84! 9 =49 ,

+4== 8!98*$) 76$& "#$%, #$@= !% !% 7(474(%84!! 66 = !% #: + 6# '()*$ !+ / A#( #866 $(&, 6 

+4=74(% = !% #&B=7%4%8*$ 9 & '#+% $(&  3,4 9#!& 6?)*$#%84! -./032  &% 98C)( !%, +#( +4== 

!4$& 74$:4!& 6 +4!&%#% ( &$( 6 & D@$( & -./.E, ./..2, + & '#+% $(& *$8 +4(( &74!9 !% F 6# ()G <84!

 % 6# %(#!&=8&&84! 9 & 4!9 & #+4$&%8*$ & #: + +4!: (&84! 9 =49 &4!% +4!&%#!%&  ! "#$% & '();

*$ !+ &/ > +#$& 9 + %% 98C)( !+ , 6 7(4D6 9 & 9)'4(=#%84!& 9 +8&#866 = !% 8!"4=4@H! &  &%

7(474(%84!! 6 F 6?8!%)@(#6 % =74( 66 9 6# 9)'4(=#%84! #+4$&%8*$ 64!@8%$98!#6 / I# !#%$( 

7"B&8*$ 9 + %% ( 6#%84! 7 $% %(4$: ( &4! 4(8@8! 7#( 6 '#8% *$? ! "#$% & '()*$ !+ &, 45 6 &

4!9 & #+4$&%8*$ & 64!@8%$98!#6 & &4!% *$#&8= !%  ! 8!+89 !+ !4(=#6 7#( (#774(% F 6?8!% ('#+ ,

6 & +4 J+8 !%& 9 ()G <84!K%(#!&=8&&84! &#!& +4!: (&84! 9 =49 -Rll, Tll2 &4!% 8!9)7 !9#!%&

9 6?#!@6 9?8!+89 !+ , #64(& *$ + $< #: + +4!: (&84! 9 =49 - Rlt, Tlt2 &4!% 8!: (& = !% 7(4;
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8!+89 !+ !4(=#6 /
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6 & )*$#%84!& -./002;-./0Q2  % 9)+(8% 7#( 6?)*$#%84! -./MR2, 7( !9 6# '4(= &$8:#!% S

Θ(±kl1⊥) ∼= ∓ I1
ωCτ(ω ± iτ−1)

, -./0T2

45 τ ≡ l/υl1  &% 6 % =7& +#(#+%)(8&%8*$ 9 7(47#@#%84! 9 & 4!9 &#+4$&%8*$ & 64!@8%$98!#6 &
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9#!& 6 +#9( 9 6?#+4$&%8*$ 78+4& +4!9 %(#!&8%48( , 6 &7 +%( 9 6? !: 6477 9 6?8!% !&8%)

9$ 6#& ( ' =%4& +4!9 7 $% U%( #77(4<8=) 7#( f̃(ω) ∼= τL = const/ V6 9 :8 !% #64(& +6#8(,
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()&89$& #$< 7Y6 & +4=76 < & 9 6?)*$#%84! - !"#$! %& '() *& +,-.()+ /-, 0& /,120 .& .341,5-+)16
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 !"#$% >*>? @  !"#$ %& %'("!)*+,"- %&. "-%&.  $*-&. */"0.+,10&.  ,/".&/"-%&. ,-2")"34-&.

&- ("-/+,"- %& $* %,.+*-/&  *! !*  "!+ 5 $6,-+&!(*/&7 8&. /"&9/,&-+. ηzz1 &- !"03& &+ ηxz1 &-

:$&0 %'.,3-&-+ !&. &/+,;&)&-+ $&.  !"#$. %&. %'("!)*+,"-. */"0.+,10&. &</,+'&. %*-. $& ),$,&0

*:."!:*-+=>$0),-,0)?  *! !'@&<,"- 5 $6,-+&!(*/& .*-. /"-;&!.,"- %& )"%& =$"-3,+0%,-*$&.? &+

*;&/ /"-;&!.,"- %& )"%& =+!*-.;&!.&.?A ηzz2 &- ;&!+ &+ ηxz2 &- -",!& !& !'.&-+&-+ $&.  !"#$. %&.

%'("!)*+,"-. */"0.+,10&. +!*-.),.&. %*-. $& ),$,&0 +!*-. *!&-+ =BCC>? !&. &/+,;&)&-+ .*-.

/"-;&!.,"- %& )"%& =$"-3,+0%,-*$&.? &+ *;&/ /"-;&!.,"- %& )"%& =+!*-.;&!.&.?7

3A(!$ $0() .!6./$!()/$ $-. &% <3-.! B>*>?CC !( 80(")#0(  ! &%  #$)%("! 6%."0-.-! 6%. &!$ 0( !$

%"0-$)#1-!$ 6%. .%660.) 7 &9#()!.8%"! !().! -( '%)/.#%- %:$0.:%() B&9%&-'#(#-'C !) -( '%)/.#%-

).%($6%.!() BDEE+C* F!$ 6.0<&$ 0() /)/ 0:)!(-$ !( 6.!(%() !( "0'6)! &% &0(3-!-.  ! 6/(/).%2
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 !"# $!""%& &" '""&(& )*!+, -.'""&(& /01 2'3& 1456 &# -& ,'+ !" $& 7& 78!+( $& $&9( :+;

-+&9( & # &(2-+7+#% $'" -' 2',#+& &(2%,+:&"#'-&0 <9, 7&##& =39,& "!9 ".'*!" 2' ,&2,% &"#%

-& 2,!=- $& -' $%>!,:'#+!" '7!9 #+?9& -!"3+#9$+"'-& 8!:!3@"& ?9+ & # +"7+$&"#& A -.+"#&,>'7&B

"!9 :&##!"  &9-&:&"# &" %*+$&"7& -& ,% 9-#'"#& $& -.+"#&,'7#+!" $& 7&##& $%>!,:'#+!" '*&7

-.+"#&,>'7&0 C+" +B -& 7!9,D& &" ,!93& &# &" *&,# :&##&"# &" %*+$&"7& ,& 2&7#+*&:&"# -& 2,!;

=- $& $%>!,:'#+!" '7!9 #+?9& ?9' +;-!"3+#9$+"'-& +"8!:!3@"& &(7+#%& ,& 2&7#+*&:&"# $'" 

-.'-9:+"+9: 2', ,%E&(+!" &# $'" -& FGGC 2', #,'" :+  +!" A #,'*&, -.+"#&,>'7&0 H& 2,!=- &"

D-&9 &# &" "!+, ,&2,% &"#&"# ,& 2&7#+*&"# -& $%>!,:'#+!" ?9' +;#,'" *&, & +"8!:!3%"& &(7+;

#%& ,& 2&7#+*&:&"# $'" -.'-9:+"+9: 2', ,&E&(+!" &# $'" -& FGGC 2', #,'" :+  +!" A #,'*&, 

-.+"#&,>'7& '*&7 7!"*&, +!" $& :!$&0 <9, -' =39,& )10146B "!9 2!9*!" ,&:',?9&, ?9& -& 2,!=- 

9"+2!-'+,& $& $%>!,:'#+!" -!"3+#9$+"'-&  !"# $+I%,&"#& $& 2,!=- $& !"$& '7!9 #+?9& 

#,'" *&, & 0 H' $+I%,&"7& &"#,& -& 7!:2!,#&:&"# ' J:#!#+?9& $& >'7#&9, F0−2 $%7,+*'"#

-& !"$& '7!9 #+?9& -!"3+#9$+"'-& &# F3−4 $%7,+*'"# -& !"$& '7!9 #+?9& $& 7+ '+--&:&"# '9(

%?9'#+!" )104K6 &# ) 104L 2'3& MN6 & # 7!"=,:%& 2', -' "'#9,& $& 2,!=- $& $%>!,:'#+!" $& 

!"$& '7!9 #+?9& -!"3+#9$+"'-& &# #,'" *&, & &(7+#%& $'" -& $&9( :+-+&9(0 H& 2,!=- $& $%;

>!,:'#+!" '7!9 #+?9& ?9' +;#,'" *&, &  !"# $%7,+# 2', -.+"#%3,'-& #&:2!,&--& $& $%>!,:'#+!" 

'7!9 #+?9& ?9' +-!"3+#9$+"'-& 0 H.':2-+#9$& $& $%>!,:'#+!" ?9' +-!"3+#9$+"'-& #,'" :+ & 

$'" -& :+-+&9 #,'" 2',&"# )FFGC6 %#'"# 2-9 3,'"$& ?9& 7&--& $& '9#,& !"$& '7!9 #+?9& 

+"8!:!3@"& &(7+#%& $'" -& $&9( :+-+&9(B 2!9, 2-9 $& 7-',#%B -& ':2-+#9$& $& 7& $&,"+@,& 

!"# %#% :9-#+2-+%& 2', O0 H&  !-9#+!" !D#&"9& $'" -& %?9'#+!" )10MP6 &# )10M46 >!9,"+  &"#

-.!22!,#9"+#% $& >'+,& ?9&-?9& 2,%$+7#+!" ?9'-+#'#+*& B "!#'::&"#  9, -' 2!  +D+-+#% $.'93;

:&"#&, -.':2-+#9$& $& >,!"# $& $%>!,:'#+!" ?9' +;#,'" *&, & B 2', 9" 78!+( !2#+:9: $& 

:'#%,+'9( &" 7!"#'7#0 Q@ -!, B  + -& :+-+&9 1 & # =(&B -& 78!+( $9 :+-+&9 P ".'9,' $.&I&# ?9&  9,

-& >'7#&9,  3,40 F!9, 7& >'+,&B -& 7!"$+#+!" (ρ21s << 1, υl,t21s << 1) &# (ρ21r >> 1, υl,t21r >> 1)

$%="+  &"# ,& 2&7#+*&:&"# -& ,%3+:& ' J:2#!#+?9& +$%'9( $& :'#%,+'9( $& 78',3& R:!9S

&# R,+3+$&S0 C 2',#+, $& :'+"#&"'"# "!9 '--!" 9#+-+ &, -& +"$+7& R !S &# R" S 2!9, $% +3"&, -& 

2',':@#,& $& $&9( ,%3+:& 0 C+" + -& 7!:2!,#&:&"# ' J:2#!#+?9& $9 2',':@#,&  3 $'" 7& 

,%3+:& & # $%7,+# 2', F3s ≈ −2(υl1/υt1)[N
l
21sυ

t
21s+2(υt1/υl1)] &# F3r ≈ 2(υl1/υt1)0 Q& 7& >'+#B !"

2&9# &" $%$9+,& ?9& -& 78',3&:&"# $9 :'#%,+'9 'D !,D'"# ):+-+&9 16 2', 9" :'#%,+'9 S,+3+$&SB

".'22!,#& '979"& '93:&"#'#+!" "!#'D-& $& -.':2-+#9$& $& !"$& $& 7+ '+--&:&"# %:+ & $'" -&

:+-+&9 )16B A :!+" ?9& 7& $&,"+&, '+# -& 2,!2,+%#% #,@  2%7+=?9&  9+*'"#& B υl1 >> υt1.0 T',

A 7&##& 7!"$+#+!" 2',#+79-+@,&B !" '9,'+# |F3r/F3s| ≈ [N l
21sυ

t
21s + 2(υt1/υl1)]

−1 >> 1B &# -& 78',;

3&:&"# S,+3+$&S $&*+&"$,'+# '+" + '*'"#'3&9(0 Q'" -& :U:& !,$,& $.+$%&B -& 7!:2!,#&:&"# 
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 !"#$%&%'()*! +) $ , #-%,*  4 + .! /*! +*)0 ,12'#*! !&.% F4s ≈ 4[1/υt21s − υl2s/(2υt2s)] *%

F4r ≈ −(4/N l
21r)[1 − υl2r/(2υt2rυ

t
21r)]3 45 *. +1/&)5* ()*6 5* /7&'0 +* /7 ,2*, 5* #'5'*) 89: $ ,

). # %1,' ) ;#&)<  =*/ +*! $,&$,'1%1! %*5! ()* υl2s,r ∝ υt2s,r 6 /&.+)'% > ).*  )2#*.% %'&.

/&.!'+1, ?5* +* 5< #$5'%)+* +*! &.+*! +* /'! '55*#*.% 1#'!*! + .! 5* # %1,' ) %, .!$ ,*.% 8#'@

5'*) A:3 B .! /*! /&.+'%'&.!6 /3@>@+36 υl2s,r ∝ υt2s,r6 &.  |F4s/F4r| ≈ N l
21r/υ

t
21s >> 13 C* ()'

D '% ()* 5* /7 ,2*#*.% $ , ). # %1,' ) ;#&); *!% ?* )/&)$ $5)!  = .% 2*)03 E. , '!&.. .% +*

D F&. ,1/'$,&()*6 .&)! *. /&./5)&.!6 ()* 5* /7 ,2*#*.% +) # %1,' ) %, .!$ ,*.% $ , ). # @

%1,' )  ?!&,? .% /&.!'+1,1 /&##* ;,'2'+*;6 *!%  = .% 2*)0 $&), ).* 1#'!!'&. *G/ /* +<&.+*!

+* /'! '55*#*.% + .! 5* #'5'*) A 8(ρ12r >> 1, υl,t12r >> 1) :3 C*$*.+ .%6 5<&$%'#'! %'&. +) /7&'0

+) # %1,' )  ?!&,? .% /&##* # %1,' ) +* /7 ,2* ;,'2'+*;6 .1/*!!'%*, 5 $,'!* *. /&#$%* +)

$ , #-%,* (α/C)[(1 + ν1)/(1 − ν1)] 8 =&', 5*! 1() %'&.! 893HA:6893HI::6 ()' J&)*  )!!' ). ,K5*

%,-! '#$&,% .%3 B* /* D '%6 5< )2#*.% %'&. +) #&+)5* +<15 !%'/'%1 *% +* 5 +*.!'%1 +) #'5'*)

 ?!&,? .% .* +*=, '% $ ! L%,* !),/&#$*.!1* $ , 5 +'#'.)%'&. +* /* $ , #-%,*3

B .! 5* % ?5* ) 9 !&.% $,1!*.%1*! 5*! = 5*),! +*! $ , #-%,*! F3,4 *% F̄3,4 ≡ (α/C)[(1+ν1)/(1−
ν1)]F3,4 $&), ). /*,% '. .&#?,* +* /&#?'. '!&.! +* # %1,' )0 M +* #L#*6 5*! +&..1*! $7"!'()*!

()' &.% 1%1 )%'5'!1*! $&), D ',* /*%%* *!%'# %'&. !&.% '.!/,'%*! + .! 5* % ?5* ) A ()' *!% +&..1* *.

 ..*0* 8=&', 5< ..*0* N39 $ 2* 9IO P:3 P'.!' 5*! +&..1*! +) % ?5* ) 9 ,1!)#*.% 5*! /&./5)!'&.!

+* /*%%* %71&,'*6 > ! =&', ()* 5 /&.=*,!'&. &$%& /&)!%'()* +1$*.+ +*! $,&$,'1%1! $7"!'()*!

+*! # %1,' )0  +J /*.%!3 Q , *0*#$5*6 5* $ , #-%,* F46 ()' , $$*5&.! 5*6 / , /%1,'!* 5<*G/ /'%1

+<1#'!!'&. +*! &.+*!  /&)!%'()*! +* /'! '55*#*.% + .! 5* # %1,' ) %, .!$ ,*.%6 *!% #)5%'$5'1 $ ,

RS () .+ 5* # %1,' ) ()' /7 ,2* 5* %, .!+)/%*), T' + .! 5 /&#?'. '!&. T'UV'W 26 *. &//),,*./*

5* V'W2 8υl21 ≈ 0.9, υt21 ≈ 1.2, ρ21 ≈ 0.5, µ21 ≈ 0.7:6 *!% /7 .21 $ , ). # %1,' ) $5)! ;#&);6 5*

$&5"1%7"5-.* 8QE6 υl21 ≈ 0.3, υt21 ≈ 0.2, ρ21 ≈ 0.2, µ21 ≈ 0.006 :3 N'*. ()* 5* V'W2 .* !&'% $ ! ).
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9S 5&,!()* ()* + .! 5 /&#?'. '!&. +* # %1,' )0 P)UQE6 &. /7 .2* 5* # %1,' )  ?!&,? .%

()' /7 ,2* QE6 *. 5<&//),,*./* 5<&, 8υl21 ≈ 0.60, υt21 ≈ 0.45, ρ21 ≈ 0.05, µ21 ≈ 0.009:6 $ , 5*

Y'/Z*5 8!"6 υl21 ≈ 0.35, υt21 ≈ 0.18, ρ21 ≈ 0.1, µ21 ≈ 0.003 : ()' *!% ). # %1,' )  ?!&,? .%

$5)! ;,'2'+*;3 C*%%* %*.+ ./* *!%  )!!' *.  //&,+  =*/ 5*! $,1='!'&.! %71&,'()*! $&), 5*! / !

5'#'%*! &X 5* # %1,' ) 9 ()' /7 ,2* 5* # %1,' ) %, .!$ ,*.% 8#'5'*) A: /7 .2* $,&2,*!!'=*#*.%

+* ;#&); > ;,'2'+* ;3 Q ,  '55*),!6 '5 *!% '#$&,% .% +* !&)5'2.*, ()* /*%%*  )2#*.% %'&. +* F4

*!% /&.%,*? 5 ./1* $ , 5 +'#'.)%'&. +) $ , #-%,* (α/C)[(1 + ν1)/(1 − ν1)]3 P / )!* +* /*5 6
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 !"#$%  ! " #  !"#"$%& '( ")*+(,-$)* '(- )*'(- #").-%$/.(- '( ")01,(--$)*2'$3#%#%$)* $*4

5)0)67*(- (* )*'(- #").-%$/.( '( "$-#$33(0(*% $*5)0)67*( 1#, ,&8(9$)* (% %,#*-0$--$)* 1).,

'$:&,(*%(- ")0;$*#$-)*- '( 0#%&,$#.9< ,(1,&-(*%&(- ,(-1("%$+(0(*% 1#, F3 (% F4=  !"#"$%& '(

6&*&,#%$)* '(- )*'(- #").-%$/.(- '( "$-#$33(0(*% 1#, '(- ,&-(#.9 %5(,0)&3#-%$/.(- 1)., '$:&4

,(*%(- ")0;$*#$-)*- '( 0#%&,$#.9 (* ")*%#"% (-% ,(1,&-(*%&( 1#, F̄3 (% F̄4 ,(-1("%$+(0(*% '#*-

3( 0$3$(. > (% 3( 0$3$(. ?= @3.- 3# +#3(., '(- 1#,#07%,(- (-%$0&- (-% 6,#*'( 13.- 3# ")*+(,-$)*

). 3# 6&*&,#%$)* (-% (!"#"(=

$% &'()*%+%), -. +(,/01(. (23402(), A. 5(0 B$6 &(.3% .)% (.*+%),(,14) -% $7(+5$1,.-% -%3

-/840+(,14)3 -% &13(1$$%+%), /+13%3 -()3 $% +(,/01(. ,0()35(0%), 9@ :6 &!;<;-!6 -. 5(0(+=,0%

F̄4 ≡ (α/C)[(1 + ν1)/(1− ν1)]F4 -% 3%.$%+%), >6? 8413!

@0A&% (.B 34$.,14)3 ,10/%3 -%3 /C.(,14)3 9 !DE:;9 !"D:6 4) 5%., %3,1+%0 $% 0(5540, εtl -%3

*0()-%.03 &(0(&,/013,1C.%3 -%3 -/840+(,14)3 (&4.3,1C.%3 ,0()31,410%3 51&43%&4)-%3 -% &13(1$$%;

+%), %, $4)*1,.-1)($%! F) 5$.3 -%3 8(&,%.03 F3 %, F4(υl2/υl1)
2/T 12

ll 6 C.1 +%,,%), %) 0%$1%8 $%3

4)-%3 (&4.3,1C.%3 */)/0/%3 0%35%&,1G%+%), -()3 $% +(,/01(. 45(C.% %, $% +(,/01(. ,0()35(0%),6

εtl %3, 504540,14))%$ < 2qxl ∝ l/[λ/(4πn2 sin θ21)] ≡ l/l0! H% -%0)1%0 %3, %) 8(1, 2π 8413 5$.3 *0()-
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 !" #" $%&&'$( ")($" #% &$'*')+"!$ l, - #% !"##" #./)"$01" '&(1 !" "2( ($%)2*/$/" %!3 %('4"2, "(

#" &%2 π/qx +! $/2"%! &5'('1)+!1(6 7) $/%#1(/, #% #')0!"!$ 8%$%8(/$12(1 !" l0 "2( 8')($9#/" &%$

#.1)+18" +" $/*$%8(1') +! 4%(/$1%! ($%)2&%$")(, #% #')0!"!$ +.')+" "( +" #.%)0#" +.1)81+")8" θ21

'&(1 !" - #.1)("$*%8"6 :1)21, ") *%12%)( !)" &"(1(" "2(14%(1') ';, n2 ∝ 1.5 "( θ21 ≈ 45◦, ') '<(1")(

&'!$ λ ≈ 530 )4 "( λ ≈ 800 )4, $"2&"8(1="4")( #"2 =%#"!$2 l0 ≈ 40)4 %)+ l0 ≈ 60)46 >"2

=%#"!$2 +" l0 2')( &#!2 &"(1("2 ='1$ 8'4&%$%<#"2 %!3 =%#"!$2 +" l +%)2 #"2 4/(%!3 - 8'!&#%0"

/#"8($')?&5')') *%1<#", ("#2  !"  ! "( "! @A,BC,BDE, "( 2')( 2"!#"4")( D - B *'12 &#!2 14&'$?

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

#% &$'*')+"!$ - #% !"##" #./)"$01" '&(1 !" "2( ($%)2412" %! $/2"%!, "2( 8')($9#/" &%$ #% &$'*')?

+"!$ +" &/)/($%(1') '&(1 !"6 F%$ 8')2/ !")(, 8'44" #" *%8("!$ $%&# "2( ('!G'!$2 +" #.'$+$" H

I1/3 ≤ 2qxl ≡ l/l0 ≤ 1J, - 45◦ 8" *%8("!$ ).1)K!" &%2 +" *%L') +/8121=" 2!$ #" $%&&'$( εtl ")($" #"2

+/*'$4%(1')2 ($%)2="$2"2 "( #')01(!+1)%#"6 M" 8" *%1(, #"2 &$'&$1/(/2 /#%2(1 !"2 +"2 +"!3 41#1"!3

G'!")(, - ($%="$2 F3 "( F4(υl2/υl1)
2/T 12

ll , !) $9#" ($N2 14&'$(%)( 2!$ 8" $%(1'6 M" &#!2, &'!$ #"2

')+"2 %8'!2(1 !"2 /412"2 +%)2 #" 4%(/$1%! %<2'$<%)(, ') % εtl ≈ 2qxlF36 MN2 #'$2, %! $"0%$+ +"2

=%#"!$2 %2O4&('(1 !"2 F3s ≈ −2(υl1/υt1)[N
l
21sυ

t
21s+2(υt1/υl1)] "( F3r ≈ 2(υl1/υt1) ($'!=/"2 &#!2

5%!(, ') &"!( ") 8')8#!$"  !.") %G'!(%)( F3 - 1/3 ≤ 2qxl ≡ l/l0 ≤ 1, εtl )" *"$%  !.%!04")("$6

:1)21, &'!$ #./41221') +"2 ')+"2 %8'!2(1 !"2 +%)2 #" 4%(/$1%! '&% !", #" $%&&'$( +"2 %4&#1?

(!+"2 +"2 +/*'$4%(1')2 "2( +%)2 #% &#!&%$( +"2 8%2 2!&/$1"!$ - H6 7) '!($", 8" $%&&'$( &'!$$%1(

%!04")("$ +" *%L') 210)1P8%(1=" 21 #" 4%(/$1%! %<2'$<%)( $/&')+ - #% 8')+1(1') υl1 >> υt16

7) ($%)2&'2%)( 8" $%12'))"4")( %!3 ')+"2 %8'!2(1 !"2 /412"2 +%)2 #" 41#1"! ($%)2&%$")( ';

εtl ∝2qxlF4(υl2/υl1)
2/T 12

ll , %! $"0%$+ +"2 =%#"!$2 %2O4&('(1 !"2 F4s ≈ 4[1/υt21s − υl2s/(2υt2s)],

F4r ≈ −(4/N l
21r)[1−υl2r/(2υt2rυ

t
21r)] "( (υl2s/υl1s)

2/T 12
lls ≈ υl21s/2, (υl2r/υl1r)

2/T 12
llr ≈ N l

21rυ
l
21r/2

($'!=/"2 &#!2 5%!(, ') &"!( ") +/+!1$"  !.") 85%$0"%)( #" 41#1"! H &%$ !) 85%$0"!$ Q4'! Q, ('!(

") $"2&"8(%)( #"2 8')+1(1')2 F4s ≈ 4[1/υt21s− υl2s/(2υt2s)], F4r ≈ −(4/N l
21r)[1− υl2r/(2υt2rυ

t
21r)]

"( (υl2s/υl1s)
2/T 12

lls ≈ υl21s/2, (υl2r/υl1r)
2/T 12

llr ≈ N l
21rυ

l
21r/2, #"2 %4&#1(!+"2 +"2 +/*'$4%(1')2

+" 812%1##"4")( "( +" #')01(!+1)%#" 2')( 8'4&%$%<#"2, 86?-?+6, εtl ∝ 2(2qxl) ∝ 16 >"&")+%)(, ")
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-;!$$)11#&$# U11

:$% ;,)&*+("% / 01< 4&=$ 45;';#$"*$2 $* / 0102> (" 4$)* $" *+5$5 -8$945$%%+(" #) *$"%$)5 #$

#;?(5.&*+(" -+";&5+%; $" &44-+,)&"* -& 5$-&*+(" @

Sij =
1

2
(
∂Ui
∂xj

+
∂Uj
∂xi

).

A$ ,)+ "()% 4$5.$* #8;*&B-+5 -8$945$%%+(" #$% #;?(5.&*+("% #$ -("=+*)#+"&-$ Slij $* #$ '+%&+--$C

.$"* Stij '+C&45D%>

SLij
=











S11 S12 S13

S21 S22 S23

S31 S32 S33











, /01E2

#8(3

Slij =











0 0 ±jqxU3

0 0 0

±jqxU3 0 jkl⊥U3











∗ e±jkxx ∗ ej(k⊥z−wact). /01F2

:(&% -;#.01#%%+!& < =8>?3 '(&% -( @(""# '# 61/,)#&$# ,)+ &!)% +&*/1#%%# <10GHz 9

1THz?3 &!)% 0!)2!&% &/@-+@#1 -#% $!"0!%(&*#% ,)+ %!&* 01!0!1*+!&&#--#% 9 kx8 A&

#B#*3 $!""# +--)%*1/ '(&% -# $5(0+*1# 13 #& ($!)%*+,)# 0+$!%#$!&'#3 &!)% (2!&% -(

1#-(*+!& kl,t ≻≻ kx> $* 4&5 '("%;,)$"*> -8$945$%%+(" / 01F2 #$7+$"* @

Slij =











0 0 0

0 0 0

0 0 jkl⊥U3











∗ e±jkxx ∗ ej(kl⊥z−wact). /01G2

GH



 ! "# $%$! &#'()* !) +(),!-.#)/ "!, $%$!, #00-(12$#/2(),* "3!10-!,,2() 4! "# 45&(-$#/2()

/-#),.!-,! 4! &#'() !10"2+2/! ,35+-2/ 6

Stij =











0 0 1
2
jkt⊥U1

0 0 0

1
2
jkt⊥U1 0 0











∗ e±jkxx ∗ ej(kt⊥z−wact), 789:;

#.!+ 2*<== > ?9

 ! +! &#2/ "! /!),!@- 4! 45&(-$#/2() /(/#"* +9A>A49* "# ,($$! 4!, /!),!@-, 4! 45&(-$#/2(),

"()B2/@42)#"!, !/ /-#),.!-,!,* ,35+-2/ 6

Sij =











0 0 1
2
jkt⊥U1e

jkt⊥z

0 0 0

1
2
jkt⊥U1e

jkt⊥z 0 jkl⊥U3e
jkl⊥z











ej(±kxx−wact). 789C;

 #), "35D@#/2() 7 89C;* "!, /!-$!, 42#B()#@1 $!//!)/ !) -!"2!& "!, 45&(-$#/2(), #+(@,/2D@!, "()A

B2/@42)#"!,* /#)42, D@! +!""!, 4! +2,#2""!$!)/ ,()/ -!0-5,!)/5!, 0#- "!, /!-$!, E(-, 42#B()#"!9

F# 0-(0#B#/2() 4! +!//! 45&(-$#/2() #+(@,/2D@! 2)4@2-# 0#- "! G2#2, 4! "3!H!/ 0E(/(A5"#,/2D@!*

@)! $(4@"#/2() ,0#/2(/!$0(-!""! 4! "# 4!),2/5* 4()+ @)! $(4@"#/2() ,0#/2#"! 4!, 0-(0-25/5,

(0/2D@!, 4@ $2"2!@9 I@/-!$!)/ 42/* "! /!),!@- 4! 0!-$2//2.2/5 -!"#/2.! [ǫ] ,!-# 0!-/@-G5 0#- "!

-5,!#@ #+(@,/2D@! !/ 2" 450!)4-# #@,,2 G2!) 4! "# +((-4())5!  D@! 4! !9 J!//! $(4@"#/2()

,0#/2(A/!$0(-!""! 4@ /!),!@- 4! 0!-$2//2.2/5 0#- "!, ()4!, #+(@,/2D@!, !,/ $#/E5$#/2D@!$!)/

-!0-5,!)/5! 0#- "! /!),!@- 425"!+/-2D@! 0!-/@-G5 [δǫ] (z, x, t) !/ !,/ )() ,/#/2())#2-! +#- ,@2.#)/

"3()4! #+(@,/2D@!9 J!0!)4#)/ 0(@- !H!+/@!- )(/-! +#"+@"* )(@, #""(), +(),245-!- "# .#-2#G"!

/!$0, +($$! @)! .#-2#G"! 0#-#$5/-2D@! K1!9 L) !H!/ )(@, 0(@.(), +(),245-!- D@! "# $(4@A

"#/2() 4@ /!),!@- 4! 0!-$2//2.2/5 ,! 45-(@"! !) @)! 5+E!""! 4! /!$0, G!#@+(@0 0"@, "!)/! D@!

"# 05-2(4! 4@ +E#$0 5"!+/-($#B)5/2D@! 4! "# ,()4!* +! D@2 &#2/ D@! )(@, 0(@.(), +(),245-!-

)(/-! ,M,/N$! +($$! 5/#)/ D@#,2A,/#/2D@! 0(@- !H!+/@!- )(/-! +#"+@" O8PQ9 I2),2 "! /!),!@- 4!

0!-$2//2.2/5 425"!+/-2D@! 0!-/@-G5 )! 450!)4-# D@! 4!, +((-4())5!,  !/ !* !/ ,3!10-2$! 4!

&#'() !10"2+2/! +($$! ,@2/ O8?Q 6

δǫ(x, z) = δǫ′(z)e±jkxx. 789R;

S#- #2""!@-,* !) @/2"2,#)/ "!, )(/#/2(), #G-5B5!, ,@2.#)/!, 6











ǫ11 ǫ12 ǫ12

ǫ21 ǫ22 ǫ23

ǫ31 ǫ32 ǫ33











≡











ǫ1 ǫ6 ǫ5

ǫ6 ǫ2 ǫ4

ǫ5 ǫ4 ǫ3











≡ ǫ, 789T;

UT



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











S11 S12 S13

S21 S22 S23

S31 S32 S33











≡











S1 2S6 2S5

2S6 S2 2S4

2S5 2S4 S3











, /01234

 !"# $% &%'(%"# )% )-5!#*6&+!'. )6'( "' *+$+%" +(!&#! %. $6 #%$6&+!' $+6'& $6 )-5!#*6&+!' 67!"(8

&+9"% %& $6  %#&"#:6&+!' )" &%'(%"#  %#*+&&+,+&- (;-7#+& <=>? @

δ





























ǫ1

ǫ2

ǫ3

ǫ4

ǫ5

ǫ6





























=



























































P1 P2 P2 0 0 0

P2 P1 P2 0 0 0

P2 P2 P1 0 0 0

0 0 0 P3 0 0

0 0 0 0 P3 0

0 0 0 0 0 P3



























































∗



























































S1

S2

S3

S4

S5

S6



























































. /01224

A+'(+ $6  %#&"#:6&+!' )" &%'(%"# )%  %#*+&&+,+&-  #%') $6 5!#*% ("+,6'&% @

δǫ(z,x) =











P2S3 0 P3S5

0 P2S3 0

P3S5 0 P1S3











, /01204

7;%(& B )+#% @

δǫ(z,x) =











P2jkl⊥U3e
jkl⊥z 0 P3jkt⊥U1e

jkt⊥z

0 P2jkl⊥U3e
jkl⊥z 0

P3jkt⊥U1e
jkt⊥z 0 P1jkl⊥U3e

jkl⊥z











ej(±kxx). /012C4

 !"# P1 = P11;P12 = P2;P3 = P44 =
P11−P12

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

-"* %",*"1(* -" -02+(/'%)+,* '#+1*%)31"* *+,% ,144"* 5 S1 = S2 = S6 = S4 = 06 7, &(),8

#)&"$ 4' #+/&+*',%" -" 4' -02+(/'%)+, S1 ∝ U1 ,9"*% &'* ,144"$ /')* #+//" 0!+310

1, &"1 &41* :'1%$ ", :'1%" 2(031",#" ; #'1*" -" 4' ,'%1(" 31'*)84+,<)%1-),'4" -"*

D3



 !"#$ %& '$()*'#$+ ! '$ %, !$ U1 ≺≺ U3 ∝ S3+ #( - '. /#$  !"#$ *'%$)0(.%!$,#.$#$ /%

.#/%() ! U1 ≻≻ U3 ∝ S31 2# *') 3%)( *'#+ $'. /#$ & 4- $%!(#$ ")%5 !%/#$ "# /67*'%() !

8 91:; -%5# &)0& !(.#< )!"')(#$ -%. /#$ "73 .4%() !$ *'%$)0/ !5)('")!%/#$+ ! '$ !70

5/)5# !$ /% & !(.)='() ! "# /% & 4- $%!(# S1 > (%!")$ *'# &#//# "# /% & 4- $%!(# S3

$'. /#$ & 4- $%!(#$ ? .$ ")%5 !%/#$ )!"')(#$ -%. /#$ "73 .4%() !$ *'%$)0(.%!$,#.$#$

#$( !75/)5#%=/#1 @# 4A4#+ /% & 4- $%!(# S4 "' (#!$#'. "# "73 .4%() ! (.%!$,#.$#

#$( !'//# &%. #//# #$( -. - .() !!#//# B /% & 4- $%!(# U2 = 0 !"#$ %"#&"'$ ()'$) *()+,

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

"%/)4#,$ 0# 2(/3+)(# $"#$ )'&,$/)6(/)"' 7.34#(/)"' 8 9 :; %(6, %+3130,'/,< '"#$ )'0)4#, 4#,

$,#-,$ -,$ 1"2%"$('/,$ S3 ,/ S5 2"0)=,'/ -( %,+2)//)&)/3 0# 2)-),# >' ,?,/ -,$ 1"2%"$('/,$

0)(6"'(-,$ 0# /,'$,#+ 0, %,+2)//)&)/3 %,+/#+@3A 1 BCB0 A δǫ1A δǫ2 ,/ δǫ3 $"'/ %+"%"+/)"'',--,$

C S3 D ,/ -,$ 1"2%"$('/,$ E"+$ 0)(6"'(-,$A 1 BCB0 A δǫ5 $"'/ %+"%"+/)"'',--,$ C S5 F.(%+G$ 1,/

)'&,'/()+,A "' %,#/ +,2(+4#,+ 4#, -.#', 0,$ %+,2)G+,$ 1"'$34#,'1,$ 0, -.)'/,+(1/)"' 0, -( 03B

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

0)(6"'(#H 0('$ -, /,'$,#+ 0, %,+2)//)&)/3 +3$#-/('/ >' ,?,/A -,$ 1"2%"$('/,$ 0)(6"'(-,$ $"'/

)'0#)/,$ %(+ -."'0, 0, 03*"+2(/)"' (1"#$/)4#, -"'6)/#0)'(-,A /('0)$ 4#, 1,--,$ '"' 0)(6"'(-,$

%(+ -."'0, 0, 03*"+2(/)"' (1"#$/)4#, 0, 1)$()--,2,'/ I"#+ 03/,1/,+ 1,$ "'0,$ (1"#$/)4#,$ 0,

1)$()--,2,'/ %(+ &"), "%/)4#,A '"#$ $,+"'$ (2,'3$ C +3$"#0+, -, %+"@-G2, 0, -( 0)?#$)"' 0.#',

"'0, %-(', 3-,1/+"2(6'3/)4#, ,' )'1)0,'1, "@-)4#, 0('$ #' 2)-),# "%/)4#,2,'/ )$"/+"%, I"#+

1, *()+, 1"22, 0('$ JKLMA -( +3$"-#/)"' 0, -.34#(/)"' 0, %+"%(6(/)"' 0, -."'0, -#2)',#$, $,+(

'"/+, %")'/ 0, 03%(+/ %"#+ -.3/#0, 0, -( /E3"+), 0, -( 03/,1/)"' "%/"B(1"#$/)4#, 0, 1,$ "'0,$

(1"#$/)4#,$ 

 ! !" #$%&'($)* +, %-./&0'($) +, 12$1030'($) +, %-$)+, %&4(),&*,

%< C#$ $ /'() !$ #! /6%=$#!&# "# /% -#.('.=%() ! %& '$()*'#

N&('/ 0.,'/(2,+ 1,//, %(+/),A )- ,$/ '31,$$()+, 0, $"#-)6',+ 4#,A 0.#' %")'/ 0, &#, ,H%3+)B

2,'/(-A '"#$ $#%,+%"$"'$ C -( $#+*(1, 0, -.31E('/)--"' (# 2")'$ 0,#H *()$1,(#H %"2%,$ ,/ 0,#H

*()$1,(#H $"'0,$ >' +,&('1E,A %"#+ $)2%-)=,+ -, *"+2(-)$2, 2(/E32(/)4#, 1"'1,+'('/ -.3/#0,

0, -( /E3"+), 0, -( 03/,1/)"' "%/)4#, 0,$ "'0,$ (1"#$/)4#,$A '"#$ (--"'$ 1"'$)03+,+ %"#+ -.)'$/('/

#' $,#- *()$1,(# $"'0, )'1)0,'/ C -( $#+*(1, 0, -.31E('/)--"' O"22, 0('$ JKLMA -( 1"2@)'()$"'

0,$ 34#(/)"'$ 0, P(HQ,-- 0('$ #' 2)-),# )$"/+"%, 0"'', -.34#(/)"' 0, %+"%(6(/)"' $#)&('/, R

∇2 ~E −~∇(~∇. ~E) +q2s0ǫ ~E = 0 89 :S<

K:
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sq
r
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r

~qs Er

q2s = q2s0

q2s = ǫq2s0

qsx ~qs

eiqsxx



















∂2E1

∂z2
− ∂2E3

∂x∂z
+ q2s0ǫE1 = 0

∂2E2

∂x2
+ ∂2E2

∂z2
+ q2s0ǫE2 = 0

∂2E3

∂x2
− ∂2E2

∂z∂x
+ q2s0ǫE3 = 0

Ei

E =











E0
1

E0
2

E0
3











∗ ej(qsxx+qszz−wt),

E0
i

ǫ = ǭ



qsx = qs sinϕ qsz = qs cosϕ ϕ q2sx + q2sz = q2s = q2s0ǭ
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Film opaque semi-infini et isotrope 

z

OA

0=z

Ei,0

Ep,0

Es,0

Er Ed

∇2 ~E −~∇(~∇. ~E) +q2s0(ǭ+ δǫ) ~E = 0

ǫ = ǭ + δǫ ǭ

δǫ



















∂2E1

∂z2
− ∂2E3

∂x∂z
+ q2sE1 = −q2s0

∑3
n=1 δǫ1n(x, z)En

∂2E2

∂x2
+ ∂2E2

∂z2
+ q2sE2 = −q2s0

∑3
n=1 δǫ2n(x, z)En

∂2E3

∂x2
− ∂E2

2

∂z∂x
+ q2sE3 = −q2s0

∑3
n=1 δǫ3n(x, z)En



 !"# #$%!"&#' (' %)%*+,' - ./01 234' 2#$5$&'6*' ! "#$% &''#"% $()')%*+ '& ,-(.#/* /* +-%#'$()#"

$()')%-* /&"% 0123! 45*%( 6 /)+* 4*''* /*% &77+#8),&()#"% %$44*%%)9*%: ;5&7+<% 4*((* ,-(.#/* /*

+-%#'$()#"! '* 4.&,7 -'*4(+)=$* Ei *%( '& %$7*+7#%)()#" /* '5#+/+* >-+# /$ 4.&,7 -'*4(+)=$* Ei,0!

4:?6?/:! '& %#'$()#" %&"% 7*+($+@&()#"! *( /$ 4.&,7 Ei,1 =$&"/ '& 7*+($+@&()#" &4#$%()=$* *%(

*A*4()9*: B#,,* '& /-C#+,&()#" &4#$%()=$* *%( /* '5#+/+* /* 10−6
6 10−4

! '& 7*+($+@&()#" /$

(*"%*$+ /* 7*+,)(()9)(- /)-'*4(+)=$* %*+& C&)@'*! 4* =$) "#$% 7*+,*( /* "#$% &++D(*+ 6 '5#+/+*

$": E" /5&$(+*% (*+,*%! #" 6 Ei = Ei,0 + Ei,1! &9*4 Ei,1 F Ei,0: ;* 4* C&)(! *" $()')%&"( '&

"#(&()#" /5E)"%(*)" G

∑3
n=1 δǫin(x, z)En = δǫin(x, z)En! *( *" )"H*4(&"( '& "#$9*''* 9&'*$+ /$

4.&,7 -'*4(+)=$* /&"% I J:KL 7&M* 7+-4-/*"(* ! "#$% &++)9#"% &$ %N%(<,* %$)9&"( G



















∂2E1,1

∂z2
−∂2E3,1

∂x∂z
+q2sE1,1 = −q2s0δǫ1n(x, z)En,0

∂2E2,1

∂x2
+∂2E2,1

∂z2
+q2sE2,1 = −q2s0δǫ2n(x, z)En,0

∂2E3,1

∂x2
−∂2E2,1

∂z∂x
+q2sE3,1 = −q2s0δǫ3n(x, z)En,0

IJ:KO 

P#$H#$+% *" %$)9&"( '& ,-(.#/* /* +-%#'$()#" /&"% 0123! 6 7&+()+ /* '5*87+*%%)#" I J:KQ 7&M* 12 

/$ (*"%*$+ /* 7*+,)(()9)(- 7*+($+@- =$) 7*$( %* +--4+)+* %#$% '& C#+,* δǫ(x, z) = δǫ′(z)e±jkxx!

"#$% 7#$9#"% +*C#+,$'*+ '5-=$&()#" I J:KO %#$% '& C#+,* G



















∂2E1,1

∂z2
−∂2E3,1

∂x∂z
+q2sE1,1 = −q2s0δǫ′1n(z)En,0e±jkxx

∂2E2,1

∂x2
+∂2E2,1

∂z2
+q2sE2,1 = −q2s0δǫ′2n(z)En,0e±jkxx

∂2E3,1

∂x2
−∂2E2,1

∂z∂x
+q2sE3,1 = −q2s0δǫ′3n(z)En,0e±jkxx

IJ:J2 

R& C#+,* /$ %N%(<,* /5-=$&()#"% I J:J2 *%( (+<% *87')4)(* 4&+ *''* "#$% 7*+,*( /)+*4(*,*"(

/* 7+-/)+* '& "&($+* /* '5*87+*%%)#" /$ 4.&,7 -'*4(+)=$* /)A$%-* 7&+ '* +-%*&$ &4#$%()=$* 6

(+&9*+% '5)"(*+&4()#" 7.#(#&4#$%()=$*! =$) *%( /* '& C#+,* En,1 = E ′
n,1(z)e

j((qsx±kx)x−wt)
: S#$%

+&77*'#"% =$* '* 4.&,7 -'*4(+)=$* )"4)/*"( 6 7#$+ *87+*%%)#" En,0 = E ′
n,0(z)e

j(qsxx−wt)
! &9*4

E ′
n,0(z) = E0

n,0e
jqszz

*( E0
n,0 *%( '5&,7')($/* )"/-7*"/&"(* /*  /$ 4.&,7 -'*4(+)=$*: S#$%

&++)9#"% &)"%)! 6 $" %N%(<,* /5-=$&()#"% /)A-+*"()*''*% "* /-7*"/&"( =$* /*  ! 4&+ (#$% '*%

(*+,*% *" ! *( " 9#"( /)%7&+&)(+*: T)"%)! *" %),7')U&"( '* (*+,* *87#"*"()*' Iej([qsx±kx]x−wt) /*

7&+( *( /5&$(+* /*% -=$&()#"% /$ %N%(<,* I J:J2 ! "#$% #@(*"#"% '* %N%(<,* 4)?/*%%#$% G



















∂2E′
1,1

∂z2
−jk̃x

∂E′
3,1

∂z
+q2sE

′
1,1 = −q2s ¯δǫ1n(z)E

′
n,0

∂2E′
2,1

∂z2
+0 +q̃2szE

′
2,1 = −q2s ¯δǫ2n(z)E

′
n,0

−jk̃x
∂E′

2,1

∂z
+0 +q̃2szE

′
3,1 = −q2s ¯δǫ3n(z)E

′
n,0

IJ:JK 

! #V

¯δǫin = δǫin
ǫ

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

q̃2sz = q2s − k̃x
2
! &9*4 q̃sz -(&"( '& 7+#H*4()#" %$)9&"( '& /)+*4()#"  /$ 9*4(*$+ /5#"/* /* '& %#"/*

1W



 !"#$%& '() *& )%$&(# (+,#$-!.#&  & /&+-&#)  0,1 & %2(* 3 ±kx4
k̃x = (qsx±kx)  %$!21& *( '),5&+-!,1 $#!/(1- *(  !)&+-!,1   # /&+-&#)  0,1 &  & *( $,1 &  !"#$%&

'() *& )%$&(# (+,#$-!.#&  & /&+-&#)  0,1 & %2(* 3 ±2q6

7& *( )&*(-!,1 8 949: '(2& ')%+% &1-&;6 1,#$ ',#/,1$ !$,*&) *0&<')&$$!,1  # +=(>' E ′
3,1 &-  & $(

 %)!/%& '() )('',)- 3 !6 .#! $& ')%$&1-&1- +,>>& $#!- ?

E ′
3,1 = − q2s

q̃2sz

¯δǫ3n(z)E
′
n,0 +

jk̃x

q̃2sz

∂E ′
2,1

∂z
89499;

&-

∂E ′
3,1

∂z
= − q2s

q̃2sz

∂
(

¯δǫ3n(z)E
′
n,0

)

∂z
+
jk̃x

q̃2sz

∂2E ′
2,1

∂z2
. 8949@;

7,1+6 &1 !15&+-(1-

∂E′
3,1

∂z
 (1$ 8 949: '(2& +!A+,1-)&;6 ,1 ,B-!&1- #1 $C$-D>& B&(#+,#' '*#$

$!>'*&6 +4A3A 46







∂2E′
1,1

∂z2
+ q̃2szE

′
1,1 = −q2s ¯δǫ1n(z)E

′
n,0 − jk̃x

∂( ¯δǫ3n(z)E′
n,0)

∂z
= f2

∂2E′
2,1

∂z2
+ q̃2szE

′
2,1 = −q̃2sz ¯δǫ2n(z)E

′
n,0 = f1

8949E;

F%$,# )& +& $C$-D>& )&/!&1- 3 )%$,# )& *0%.#(-!,16

y′′ + (q̃2sz)y = f(z) . 8949G;

H0%.#(-!,1 =,>,2D1& ($$,+!%& 3 8 949G; &$- *0%.#(-!,1 ? y′′ + (q̃2sz)y = 04

H( $,*#-!,1  & +&--& %.#(-!,1 =,>,2D1& &$-  & *( I,)>& ? y = λ1e
j ˜qszz + λ2e

−j ˜qszz
J

(/&+ λ1,2  &$ +,1$-(1-&$4

K(!1-&1(1- .#& 1,#$ +,11(!$$,1$ *&$ $,*#-!,1$  & *0%.#(-!,1 =,>,2D1&6 ',#)  %-&)>!1&) *(

$,*#-!,1 2%1%)(*&6 !* 1,#$ I(# )(  0(B,) -),#/&) #1& $,*#-!,1 '()-!+#*!D)& &1 (''*!.#(1- *(

>%-=, &  & *( /()!(-!,1  & *( +,1$-(1-&  (1$ *& B#-  0,B-&1!) #1& $,*#-!,1 '()-!+#*!D)&4 L,!-6

y = λ1(z)e
˜jqszz + λ2(z)e

−j ˜qszz . 8949M;

N,#)  %-&)>!1&) *( $,*#-!,1 '()-!+#*!D)&6 1,#$ (**,1$ +(*+#*&) *(  %)!/%&&  & y .#!6  & I(O,1 1&--&

$0&<')!>& $&*,1 ?

y′ = λ′1(z)e
j ˜qszz + λ′2(z)e

−j ˜qszz + jq̃szλ1(z)e
j ˜qszz − jq̃szλ2(z)e

−j ˜qsz . 8949P;

QR1  & $!>'*!R&) *0&<')&$$!,1 8 949P;6 1,#$ !>',$,1$

λ′1(z)e
j ˜qszz + λ′2(z)e

−j ˜qszz = 0 . 8949S;

MG



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

y′ = jq̃szλ1(z)e
j ˜qszz − jq̃szλ2(z)e

−j ˜qszz ; ,-.-/0

"' 1( #$2&3$"" )"45!#" )6$42&'7

y′′ = jq̃szλ
′
1(z)e

j ˜qszz − jq̃szλ
′
2(z)e

−j ˜qszz − q̃2szλ1(z)e
j ˜qszz − q̃2szλ2(z)e

−j ˜qszz . ,-.890

:! &!;"4'(!' 16$*%('&5! , -.890 #(!) 16$*%('&5! , -.-< =(>" =2$4$#"!'"07 "' "! '"!(!' 45?='"

#") 2"1('&5!) 4&@#"))%)7 46")' A #&2" 1" B(&' *%" +

C y ")' )51%'&5! #" , -.-< =(>" =2$4$#"!'"07

C −jq̃sz "' jq̃sz (!!%1"!' 16$*%('&5! 4(2(4'$2&)'&*%"7
C "' #" 16$*%('&5! , -.-D =(>" =2$4$#"!'"0

5! (22&3" (% 2$)%1'(' )%&3(!' +

jq̃szλ
′
1(z)e

j ˜qszz − jq̃szλ
′
2(z)e

−j ˜qszz = f(z) , ,-.8E0

*%& (3"4 16$*%('&5! , -.890 45!)'&'%"!' %! )F)'G?" #" #"%H $*%('&5!) A #"%H &!45!!%") + λ′1(z)

"' λ′1(z).

I&!)& #") $*%('&5!) , -.-D =(>" =2$4$#"!'"0 "' , -.8E0 5! "! '&2" 16"H=2"))&5! #") #"%H &!45!!%")

*%& )6$!5!4" 45??" )%&'7

λ′1(z) =
f(z)
2j ˜qsz

e−j ˜qszz
J

λ′2(z) =
f(z)

−2j ˜qsz
ej ˜qszz

I&!)& &1 2")'" ;%)'" A 4(14%1"2 1") =2&?&'&3") +

λ1(z) =

∫ z

0

f(z′)

2jq̃sz
e−j ˜qszz′dz′, ,-.8-0

"'

λ2(z) =

∫ z

∞

f(z′)

−2jq̃sz
ej ˜qszz′dz′. ,-.880

K" )"!) =LF)&*%" #") M52!") #") &!'$>2(1") "' ())"N "H=1&4&'"7 1( M52!" #" 0 A  '2(!)42&' 1(

#&O%)&5! #" 1( )5!#" A '2(3"2) 16&!'"2(4'&5! $1()'55='&*%" "' 1( M52!" #" ∞ A  '2(!)42&' 1(

2$'25#&O%)&5! #" 1( )5!#" =(2 1" 2$)"(% (45%)'&*%" ,35&2" P>%2" ,-.800.

Q(2 "H"?=1" )& f(z) = f17 "! 2"?=1(R(!' f1 =(2 )( 3(1"%2 7 1") "H=2"))&5!) λ1 "' λ2 )5!' #"

1( B52?" +

λ1(z) =
jq2s
2q̃sz

∫ z

0

¯δǫ2n(z
′)E0

n,0e
j∆q−szz′dz′, ,-.8S0

TT
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z

ss

x 

λ2(z) =
−jq2s
2q̃sz

∫ z

∞

¯δǫ2n(z
′)E0

n,0e
j∆q+szz

′
dz′;

∆q±sz = qsz± q̃sz

λ1 λ2

y = ej ˜qszz

[

jq2s
2q̃sz

∫ z

0

¯δǫ2n(z
′)E0

n,0e
j∆q−szz′dz′

]

+

e−j ˜qszz

[

− jq2s
2q̃sz

∫ z

∞

¯δǫ2n(z
′)E0

n,0e
j∆q+szz

′
dz′

]

.

E ′
2,1

En,1 = E ′
n,1(z)e

j((qsx±kx)x−wt)

E±2q
2,1 = C+

±

[

jq2s
2q̃sz

∫ z

0

¯δǫ2n(z
′)E0

n,0e
j(∆q−sz)z′dz′

]

+

C−
±

[

− jq2s
2q̃sz

∫ z

∞

¯δǫ2n(z
′)E0

n,0e
j(∆q+sz)z′dz′

]

,



 !"# C+
± = ej(+ ˜qsz+(qsx±kx)x−wt)

"$ C−
± = ej(− ˜qsz+(qsx±kx)x−wt)

%

& '()*$+(, -./'",$/" 0 )1/2* $+(, 34%567 "'$  ''"8 #) +."9 "))" :"$ ", /!+;",#" 0 $. !".' ) 

-.":+<." +,$/=. )"9 ) ;+>*'+(, ;" ) '(,;" - . )" ./'" *  #(*'$+2*" ;" )1+,$".? #" ", 0 @*'2*1",

z% & ;"*A+<:" +,$/=. )" :"$ ", /!+;",#" ) ./$.(;+>*'+(, ;" ) '(,;" !+ )1+,$". #$+(, /) '$(B

(-$+2*"9 ;" )1+,C,+ @*'2*1 * -(+,$ ;1(D'".! $+(,  % E" ;".,+". "'$ )" $".:" 2*" ,(*' #(,'+;/.(,'

0 - .$+. ;1+#+ # . #1"'$ "))" 2*+ '" '*-".-('" 0 ) #(:-(' ,$" ;* #F :- +,#+;",$  -.<' ./G"A+(,

'*. ) '*.? #" ;" )1/#F ,$+))(,% H" '*.#.(+$9 '+ ) #(:-(' ,$" ./G/#F+" ;* #F :- +,#+;",$ "'$ -)*'

?(.$" 2*" ) #(:-(' ,$" ./$.(;+>*'/"9 ", )"' ? +' ,$ +,$".?/.".9 ,(*' -(*!(,' D/,/C#+". ;" ) 

;/$"#$+(, F/$/.(;I,"% J+,'+ ; ,' )1 "A-."''+(, 3 4%56 - =" -./#/;",$"79 ,(*'  ))(,' $",+. #(:-$"

2*" ;* $".:" ./$.(;+>*'/ ;" ) '(,;" 2*+ '" -./'",$" #(::" '*+$ K

E±2q
2,1 = C−

±

[

− jq2s
2q̃sz

∫ z

∞

¯δǫ2n(z
′)E0

n,0e
j(∆q+sz)z′dz′

]

. 34%5L7

M, .":(,$ ,$ *, -"*  * ;/D*$ ;" #" #F -+$."9 -)*' -./#+'/:",$ 0 )1/2* $+(, 3 4%N5 - =" OP79

(, -"*$ '/- .". )" $",'"*. ;" -".:+$$+!+$/ -".$*.D/ ", ;"*A - .$+"' K ) - .$+" ;+ =(, )" "$ #"))"

,(, ;+ =(, )"% E"$$" ;".,+<." "'$ )+/"  *A #(:-(' ,$"' ;* !"#$"*. ;" ;/-) #":",$ ;"' (,;"'

 #(*'$+2*"' ;" #+' +))":",$9 ", )1(##*..",#" U1 Q $ ,;+' 2*" ) #(:-(' ,$" ;+ =(, )" #(.."'-(,;

0 *," (,;"  #(*'$+2*" )(,=+$*;+, )"9 "))" "'$ )+/"  * !"#$"*. ;" ;/-) #":",$  #(*'$+2*" U3%

&(.'2*" ) #(:-(' ,$" 3U17 ;* !"#$"*. ;" ;/-) #":",$  #(*'$+2*" ;" #+' +))":",$ "'$ ,(,

,*))"9 ,(*'  !(,' ) #(,;+$+(, '*+! ,$" K

δǫ13 = δǫ31 = δǫ5 6= 0.

R(*' $",(,'  *''+ 0 . --")". 2*" ; ,' #"$$" #(,C=*. $+(,  #$*"))"9 ) #(:-(' ,$" U2 ;* !"#$"*.

;/-) #":",$  #(*'$+2*" "'$ ,*))"9 #" 2*+ +:-)+2*" 2*"

δǫ23 = δǫ32 = δǫ4 = 0.

S(*. $.(*!". )1"A-."''+(, ;* #F :- E ′
1,19 ,(*' ?".(,' *' =" ;" ) :T:" :/$F(;" ;" # )#*)%

J+,'+ ", #(,'+;/. ,$ f(z) = f2 = −q̃2sz ¯δǫ1n(z)En,0 − jk̃x
∂(δ̄ǫ3n(z)E′

n,0)
∂z

9 ;" ) :T:" ? U(, )" $".:"

./$.(;+>*'/ - . )" ./'" *  #(*'$+2*" '1/#.+$ K

E±
1 = C±

[

− jq̃sz
2

∫ z

∞

¯δǫ1n(z
′)E ′0

n,0e
j(∆q+sz)z

′
dz′

−j(k̃x)
2

∫ z

∞

¯δǫ3n(z
′)E ′0

n,0e
j(∆q+sz)z

′
dz′

]

. 34%5V7
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Film opaque semi-infini et isotrope 
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0=z
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p,0E
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E
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E
r
E
r

1,pE
r

1,p

Ei,0 Ei,1

Ep,0 S5 ∝ ¯δǫ5

S3

Ep,1

E±
s,1 = C±

[

jq2s
2k̃x

∫ z

∞

¯δǫ4(z
′)E0

p,0 sin(ϕ)e
j(∆q+szz)z′dz′

]

.

S4 ∝ ¯δǫ4

E±
s,1

E±
s,1 = 0.

U2



 !"# $%& '()(% )*+),%- .*%/0(%##+'" )% .! $'10'#!"&% E±
p,1 )% .! #'")% (,&(')+23#,% !4%$ 3"%

0'.!(+#!&+'" 0 54'+( 673(% 89:; #*,$(+& <

E±
p,1 = C±

[

− jq̃sz
2

∫ z

∞

¯δǫ1(z
′)E0

p,0e
j(∆q+szz)z′dz′ +

jq̃sz
2

∫ z

∞

¯δǫ5(z
′)E0

p,0 tan(ϕ)e
j(∆q+szz)z′dz′

]

−
[

jk̃x
2

∫ z

∞

¯δǫ5(z
′)E0

p,0e
j(∆q+szz)z′dz′

−jk̃x
2

∫ z

∞

¯δǫ3(z
′)E0

p,0 tan(ϕ)e
j(∆q+szz)z′dz′

]

. 589:8;
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J!( !+..%3(#- .*+"&%(!$&+'" 0A'&',.!#&+>3% +")3+#!"& .! (,&(')+23#+'" #!"# (%&'3("%1%"& )% 0'.!C

(+#!&+'"- >3% $% #'+& 0'3( .%# (,#%!3/ !$'3#&+>3%# .'"7+&3)+"!3/ 1!+# !3##+ )% $+#!+..%1%"& %#&
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1')3.,%- .*%/0(%##+'" )3 $A!10 E±
p - 0(%")(! .! E'(1% #3+4!"&% <

E±
p = ej(−qszz−wt)
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2

∫ z

∞
− ¯δǫ1(z

′)E0
p,0e

j(2qsz)z′dz′. 589:L;
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5* &'"6+7'" 1,%,--" +-$+8(" %* &,%*'+.*#+,- $" %* .,-$" +-1+$"-#" 9 %* $"(:+76" 1,%,--" 6"# "-

'"%+"; %". #"'6". "-<*</. $*-. %0+-#"'*1#+,- /%*.#,=,&#+8(" 9 %". #',+.+76" "# %* 8(*#'+76" 1,%,--".

+-$+8("-# '".&"1#+>"6"-# %* 1,6&,.*-#" $" %* .,-$" '/#',$+!(./" "# .* &,%*'+.*#+,-4 5". #"'6".
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;( #$%&$'(!)" *+)*$,-. '+" (<"# ,+&$0(*-'()-$! "') ! 00" #(* +)(!) &*$&$*)-$!!"0 = 0( #$%&$>

'(!)" S4 , )"!'" * ," ,+:$*%()-$! (#$ ')-1 " 1 - "') +9(0" = ?+*$2 @0 "! *"''$*) (-!'-A 1 "

 !"#$%&  &# "'#&(%) *!+*&# &, #!-.&# #!-, .(-#  & +/+& * (- .01-21.&-2&3 $%(-.  (

#!-.& &#, *! ("1#'& *3  01-,&"(2,1!- ' (#,!!*,1$%& -01-.%1, *(# .& "',"!.14%#1!- (5&2

.'*! ("1#(,1!- .&  ( #!-.&6 7, $%& #&% &  ( .'8!"+(,1!- .& 21#(1  &+&-, *! ("1#'&

.(-#  & * (- *&"*&-.12% (1"& (% * (- .01-21.&-2& *&%, "&,!%"-&"  ( *! ("1#(,1!- .&

 ( #!-.&2 9!-23 1 &#, 2 (1" $%&  ( 2!-:;%"(,1!-  ( * %# 8(5!"(< & =  ( .',&2,1!- .&#

!-.&# (2!%#,1$%&# .& 21#(1  &+&-, &#, 2&  & !>  01-,&"(2,1!- ' (#,!!*,1$%& "'#% ,& &-

 ( .'*! ("1#(,1!- .&  ( #!-.&6 ?!%" 2& 8(1"&3 1 &#, -'2&##(1"& .0(5!1"  ( 2!+*!#(-,&
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)+-& #>;4*+"#&)%2# 8%7-*+'%&) 2% $4;-2%*+'%)+-& $# 2% '-&$# 8%(+2+)#*%+) <#%0(-0; 2#' #>;4*+#&(#'

$3%(-0')+=0# ;+(-'#(-&$# #& (# =0+ (-&(#*&# 2% $4)#()+-& $#' -&$#' %(-0')+=0#' $# (+'%+22#"#&)?

B& (-&(20'+-& &-0' $+*-&' =03%7#( 0&# '-&$# +&(+$#&)# ;-2%*+'4# ;9 2% $4)#()+-& $#' -&$#'

$# (+'%+22#"#&) &# '#*% ;%' #C(%(#9 (%* 2% (-";-'%&)# $# 2% $48-*"%)+-& %(-0')+=0# )*%&'7#*'#9

*#';-&'%<2# $# 2% $4;-2%*+'%)+-& $# 2% '-&$#9 #') &022# S4 ∝ ¯δǫ4 = 0? @# =0+ 8%+) =0# 2% $4)#(A

)+-& $#' -&$#' $# (+'%+22#"#&) &# '#*% ;%' (5-'# %+'4#9 (%* 2#' %0)*#' (-";-'%&)#' $# 2% '-&$#

*4)*-$+D0'4# E;-2%*+'4# ;F *4'02)#&) $30&# (-"<+&%+'-& 2+&4%+*# $3+&)#*%()+-&' #&)*# 2% '-&$# +&A

(+$#&)# %7#( 2#' $48-*"%)+-&' 2-&/+)0$+&%2#' #) )*%&'7#*'#'? G%* (-&'4=0#&) -& '#*% ;#0 '#&'+<2#

%0> -&$#' )*%&'7#*'#' (%* 4)%&) '0;#*;-'4#' %0> -&$#' %(-0')+=0#' 2-&/+)0$+&%2#' $3%";2+)0$#

;20' +";-*)%&)#? H0 70# $# (#))# (-&(20'+-&9 +2 #') &%)0*#2 =0# 23-& '# ;-'# 2% =0#')+-& '0+A

7%&)# I =03#& #')A+2 #>%()#"#&) 2-*'=0# 2% '-&$# #') ;-2%*+'4# $%&' 2# ;2%& ;#*;#&$+(02%+*# %0

;2%& $3+&(+$#&)# J

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

K%&' (# (%' 2% (-";-'%&)# Es,1 $# 2% '-&$# *4)*-$+D0'4# *4'02)%&) $# 23+&)#*%()+-& ;5-)-4A

2%')+=0# '%&' *#)-0*&#"#&) $# ;-2%*+'%)+-& % ;-0* #>;*#''+-& I

E±
s,1 = C±

[

− jq2s
2q̃sz

∫ z

∞

¯δǫ2(z
′)E0

s,0e
j(∆q+szz)z′dz′

]
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@#))# 4=0%)+-& "-&)*# =0#9 2-*'=0# 2% '-&$# *4)*-$+D0'4# #) 2% '-&$# +&(+$#&)# '-&) ;-2%*+'4#'

;#*;#&$+(02%+*#"#&) %0 ;2%& $3+&(+$#&(#9 '#02#' 2#' -&$#' %(-0')+=0#' 2-&/+)0$+&%2#' 6 )*%7#*'

¯δǫ2 ∝ S2 '-&) +";2+=04#' $%&' 23+&)#*%()+-& 42%')-A-;)+=0#? 0$ %1,2)-&. 3#).4 +, %/)&()'#$

%&. #$%&. ,(#2.)'52&. %& ('.,'++&3&$) &.) '3*#..' +& +#-.52& +, .#$%& '$('%&$)& &)

(&++& -/)-#%'62./& .#$) *#+,-'./&. *&-*&$%'(2+,'-&3&$) ,2 *+,$ %1'$('%&$(& ?

K%&' (#))# "-07%&(# 23#>;*#''+-& $# 2% (-";-'%&)# Ep,1 $# 2% '-&$# *4)*-$+D0'4# %7#( *#)-0*A

&#"#&) $# ;-2%*+'%)+-&9 '3#>;*+"#*% (-""# '0+) I

E±
p,1 = C±

[

− jk̃x
2 cos(ϕ)

∫ z

∞

¯δǫ4(z
′)E0

s,0e
j(∆q+szz)z′dz′

]
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.4 +1'$)&-,()'#$ /+,.)##*)'52& -/.2+)& &$ +, -/)-#%'62.'#$ %& +, .#$%& 7&-. 2$ ,2)-&

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

&) '%&- $3+-.+$"-." 4/56 7& '("2+8(" .,%,--" +-$+0)" %& ',%&(+/&#+,- $" %& /,-$" +-.+$"-#" 9 %&

$"):+82" .,%,--" 2"# "- ("%+"; %"/ #"(2"/ "-<&<1/ $&-/ %3+-#"(&.#+,- 1%&/#,=,'#+0)" 9 %& #(,+/+82"

"# %& 0)&#(+82" .,%,--"/ +-$+0)"-# ("/'".#+>"2"-# %& .,2',/&-#" $" %& /,-$" (1#(,$+!)/1" "# /&

',%&(+/&#+,-6 7"/ #"(2"/ "- (,)<"/ 2"##"-# "- 1>+$"-." %& $1',%&(+/&#+,- $" %& /,-$"6

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

.$/.* *+ -* "'&*!) &$%0* &$%+ 0!%& -* /1/* .-!%, &2 %$)& *%32&!4*$%& -! 0'+*#+2$%

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

5*#'*6 #(.' ,(.7(#' &# 3(#3%.2& -.& 0$#' %$ 3(#89.2$)*(# (: %$ ,(+,& &') %$ '(#0& '(#) 0$#'

%& +;+& ,%$# 01*#3*0&#3&6 #(.' #& ,(.7(#' ,$' ,2(8)&2 0& %$ 0/,(%$2*'$)*(# ,(.2 0*'32*+&2 %&'

(#0&' $3(.')*-.&' %(#9*).0*#$%&'! <$*' $7$#) 0& ,2(3/0&2 = %$ 3(#3%.'*(# 0& 3&))& ,$2)*& 3(#'$4

32/& = %$ 0/)&3)*(# 0&' 2/'&$.> $3(.')*-.&' 0& 3*'$*%%&+&#)6 #(.' $%%(#' (.72*2 .#& ,$2&#)?@'&

3(#'$32/& = %1/).0& 0& %1/7(%.)*(# 0& %1&>,2&''*(# 0& %$ '(#0& 2/)2(0*A.'/& %(2'-.& 3&' (#0&'

$3(.')*-.&' '(#) ,%$#&' &) ?(+(9@#&'! B(.2 3& C$*2& %& ,$2$92$,?& '.*7$#) '&2$ 3(#'$32/ = 3&))&

/).0&!

#6 7!& .!"+2#)-2*" 08$%0*& !#$)&+2()*& 9$/$4:%*& ; kx = 0

D(.E(.2' &# ,$2)$#) 0&' /-.$)*(#' F  !GH ,$9& IHJ &) F  !GK ,$9& ILJ6 #(.' $%%(#' '.,,('&2

-.& %&' (#0&' $3(.')*-.&' 9/#/2/&' '(#) 0&' (#0&' ,%$#&' ?(+(9@#&'6 3!4=40!6 -.& #(.' $%%(#'

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

+*%*&. +$)/2*&%6 3& -.* &#)2$*#& -.& kx = 0! M& 3& C$*)6 %&' /-.$)*(#' F  !GH ,$9& IHJ &) F  !GK

,$9& ILJ6 &# C(#3)*(# 0& %$ #$).2& 0& %$ ,(%$2*'$)*(# 0& %$ '(#0& *#3*0&#)&6 $.2(#) %$ C(2+&

'.*7$#)& N

" O(#0& ,(%$2*'/& , N

Es,1 = C

[

jqs
2

tan(ϕ)

∫ z

∞

¯δǫ4(z
′)E0

p,0e
j∆qszz′dz′

]
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 !"# C = −ej(−qs cos(ϕ)z+qs sin(ϕ)x−wt)$ %&'() *+,- . /$01 2 3" 24'#'5"-*"6 "7* *487 "92:+;

#+*"< "::" "7* 24,2,4*+,--"::" = tan(ϕ)< "* >"* "- '!+5"-#" : 5'2,: 4+7 *+,- 5" : 7,-5"

4'*4,5+?)7'" 2 4 :"7 ,-5"7  #,)7*+()"7 *4 -7!"47"7$ @ 4 #,-*4"< "- +-#+5"-#" -,4> :" : 5';

*"#*+,- 5"7 ,-5"7 *4 -7!"47"7 "7* +>2,77+A:"< # 4 : #,>2,7 -*" Es,1 7& --)::"$ B -7 #"**"

>,)! -#"< :&"924"77+,- . /$0/ 2 3" 1C6< 5 -7 :" # 7 5&,-5"7 2: -"7  #,)7*+()"7 5"!+"-* D

E±
p,1 = C

[

− jqs cos(ϕ)

2

∫ z

∞

¯δǫ1(z
′)E0

p,0e
j∆qszz′dz′ +

jqs sin(ϕ)

2

∫ z

∞

¯δǫ5(z
′)E0

p,0e
j∆qszz′dz′

]

−
[

jqs sin(ϕ)

2

∫ z

∞

¯δǫ5(z
′)E0

p,0e
j∆qszz′dz′ − jqs sin(ϕ)

2

2 cos(ϕ)

∫ z

∞

¯δǫ3(z
′)E0

p,0e
j∆qszz′dz′

]
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"7* 2,: 4+7'" 5 -7 :" 2: - 5&+-#+5"-#"< :&+-*"4 #*+,- 2F,*,': 7*+()"  !"# :"7 ,-5"7 2: -"7

 #,)7*+()"7 4'7):*" "- 5")9 *"4>"7 4'*4,5+?)7'7 5" : 7,-5"< 5,-* )-  !"# 4"*,)4-">"-*

5" 2,: 4+7 *+,-$ G+-7+< H+ : #,>2,7 -*" S4 6= 0< -,)7 2,)!,-7 5+7#4+>+-"4 :"7 ,-5"7

 #,)7*+()"7 :,-3+*)5+- :"7< # 4 #"**" #,>2,7 -*" 4"*,)4-" : 2,: 4+7 *+,- 5" : 7,-5" 5 -7

:" 2: - 2"42"-5+#): +4"  ) 2: - 5&+-#+5"-#"$ I- ,)*4" ,- 2")* 4"> 4()"4 ()" 2,)4 ϕ = 0<

: #,-*4+A)*+,- 5"7 ,-5"7  #,)7*+()"7 *4 -7!"47"7 = :&+-*"4 #*+,- 2F,*,': 7*+()" 7& --):"<

# 4 7"):" 5"7 ,-5"7  #,)7*+()"7 :,-3+*)5+- :"7 7"4,-* +>2:+()'"7 5 -7 :&+-*"4 #*+,- 2F,*,;

': 7*+()"$

J H,-5" 2,: 4+7'" 2"42"-5+#): +4">"-*  ) 2: - 5&+-#+5"-#"$ B -7 #"**" #,-K3)4 *+,- :"7

'() *+,-7 . /$00 2 3" 1L6 "* . /$0M 2 3" 1L6  )4,-* : 7*4)#*)4" 7)+! -*" D

E±
s,1 = C±

[

− jqs
2 cos(ϕ)

∫ z

∞

¯δǫ2(z
′)E0

s,0e
j∆q+szzz

′
dz′

]

. ./$0N6

E±
p,1 = C±

[

jqs tan(ϕ)

2

∫ z

∞

¯δǫ4(z
′)E0

s,0e
j∆kz′dz′

]
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,!  ! 2 cos(ϕ)6 7&.' #$*!-*!'  !" &,#!" )-&."*+/.!" *'),"0!'"!"3 + ,! %).* 1)" "!
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&/ $- (02#0&-1." S4 6= 0' 10%& #0%501& )/&(3/2/1"3 $"& 01)"&-(0%&./,%"& $016/.%)/1-$"&'

(-3 (".." (02#0&-1." 3".0%31" $- #0$-3/&-./01 )" $- &01)" )-1& $" #$-1 #"3#"1)/(%$-/3" -%

#$-1 )7/1(/)"1(" 

!-1& (" #-3-63-#8"' 10%& -501& )011+ $7"*#3"&&/01 )" $- 3+&%$.-1." )" $7/1."3-(./01 +$-&9

.00#./,%" )-1& $" (-& )"& 01)"& #$-1"& -(0%&./,%"& 80206:1"& ;0%& -501& 201.3+ ,%"
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q2s
˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

234GP:

KQ



 ! "#$%&'$&(!% $( ')*"&+)* $&,!* *% $( -*#.&+"* $&,!* -* $/01#(%&2! 3 4567 '(,* ')080-*!%*9 '()

˜q2sz
˜q2sy
*%

˜q2sz
k̃2x
)*:'*8%&;*"*!%< *! :&"'$&=(!% 8*%%* 01#(%&2!< 2! 2>%&*!% $* :?:%+"* :#&;(!% @















∂2E′
1,1

∂z2
+ q̃2szE

′
1,1 ± kxqsy

˜q2sy

∂2E′
2,1

∂z2
± kxqsy

˜q2sy
q̃2szE

′
2,1 = − ˜q2sz

˜q2sy
q2s

(

¯δǫ1n(z)E
′
n,0 ± j kx˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

(1)

∂2E′
2,1

∂z2
+ q̃2szE

′
2,1 ± kxqsy

k̃2x

∂2E′
1,1

∂z2
± kxqsy

k̃2x
q̃2szE

′
1,1 = − ˜q2sz

k̃2x
q2s

(

¯δǫ2n(z)E
′
n,0 + j qsy˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

(2)
3456A9

B* 8* C(&%< *! C(&:(!% $*: 2'0)(%&2!: :#&;(!%*: @

[

(1)− (±kxqsy
˜q2sy

∗ (2))
]

*%

[

(2)− (±kxqsy

k̃2x
∗ (1))

]

'2#) 2>%*!&) )*:'*8%&;*"*!% #!* 01#(%&2! -&D0)*!%&*$$* *! E ′
1,1 *% *! E

′
2,1< 2! 2>%&*!% $*: -*#.

01#(%&2!: -&D0)*!%&*$$*: E -*#. &!82!!#:< -08)&%*: '() @















































∂2E′
1,1

∂z2
+ q̃2szE

′
1,1 = −k̃2x

(

¯δǫ1n(z)E
′
n,0 ± j kx˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

±kxqsy
(

¯δǫ2n(z)E
′
n,0 + j qsy˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

∂2E′
2,1

∂z2
+ q̃2szE

′
2,1 = −q̃2sy

(

¯δǫ2n(z)E
′
n,0 +

jqsy
˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

±kxqsy
(

¯δǫ1n(z)E
′
n,0 ± jk̃x

˜q2sz

∂( ¯δǫ3n(z)E′
n,0)

∂z

)

345649

F2#: )(''*$2!: 1#*

¯δǫin = δǫin
ǭ

G/01#(%&2! 3 45649 '*#% H%)* )008)&%* -/#!* C(I2! '$#: 82"'(8%*< 85JEJ-5<







∂2E′
1,1

∂z2
+ q̃2szE

′
1,1 = −k̃2x ¯δǫ1n(z)E

′
n,0 ∓ jkx

∂( ¯δǫ3n(z)E′
n,0)

∂z
± kxqsy ¯δǫ2n(z)E

′
n,0 = f1

∂2E′
2,1

∂z2
+ q̃2szE

′
2,1 = −q̃2sy ¯δǫ2n(z)E

′
n,0 − jqsy

∂( ¯δǫ3n(z)E′
n,0)

∂z
± kxqsy ¯δǫ1n(z)E

′
n,0 = f2

3456K9

L0:2#-)* 8* :?:%+"* )*;&*!% E )0:2#-)* $/01#(%&2!<

y′′ + (q̃2sz)y = f(z) . 3456M9

 !" !#$$%&"'( )*&' "!++%$*)' ,&% -.!+"/' $.%0+"%''#*) -& 1%)'%&" -% +%"2#11#3#14

+%"1&"54 6 789: +!;% <=>( )*&' !3*)' δǫ4 = δǫ6 = 08 ?% +$&'( $%' @*2+*'!)1%' -#!A

;*)!$%' δǫ1( δǫ2 %1 δǫ3 '*)1 +"*+*"1#*))%$$%' B $! @*2+*'!)1% S3 -& 1%)'%&" -% -4A

C*"2!1#*) $*);#1&-#)!$8 D%' @*2+*'!)1%' E*"' -#!;*)!$% '*)1 +"*+*"1#*))%$$%' B $!

@*2+*'!)1% S5 -& 1%)'%&" -% -4C*"2!1#*) -% @#'!#$$%2%)18 ?*)@ -!)' $.#)1%"!@1#*)

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

1%)'%&" -% +%"2#11#3#14 +%"1&"54( %) *@@&""%)@%( δǫ1( δǫ2( δǫ3 %1 δǫ55

N#:1#* $E< !2#: (;2!: 82!:&-0)0 1#* $( :2!-* (;(&% #! 0%(% -* '2$()&:(%&2! ()>&%)(&)*< E '()%&)

-* "(&!%*!(!% !2#: ($$2!: -(!: $( )0:2$#%&2! -* $/01#(%&2! 3 456M9 :'08&=*) $( !(%#)* -* $( '2J

$()&:(%&2! -* $( :2!-* &!8&-*!%*5 O&!:&< !2#: ($$2!: -/(>2)- -2!!*) $( :2$#%&2! *! 82!:&-0)(!%
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 !" #$ %&'(" "%) *&#$+,%-" *"+*"'(,.!#$,+" $! *#$' (/,'.,("'." 0%1 ") "' %".&'(" #,"! '&!% )+$,2

)"+&'% #" .$% &3 #$ %&'(" "%) *&#$+,%-" *4 .5262(54 *$+$##7#"8"') $! *#$' (/,'.,("'."5 9' &!)+"4

.&88" -:& !- $! (-;!) (" ." .<$*,)+"4 '&!% +$**"#&'%  !" #/&;=".),> *+,'.,*$# (" ." .<$*,)+"

"%) (/-)!(,"+ #$ .&'?@!+$),&' "A*-+,8"')$#" #$ *#!% >$:&+$;#" 6 (-)".),&' (-*&#$+,%-" ("% &'("%

$.&!%), !"% )+$'%:"+%"%5 B&!+ ." >$,+" ($'% '&% %&#!),&'%4 '&!% *+"'(+&'% "' .&8*)"  !" #"%

)"+8"% (-*&#$+,%-%5

 !"!# $%&'()%* +, &-./'0()%* 1 !234 5%'6 '*, 7%*+, )*8)+,*(, 5%&06)7.,

7

5

C$'% ." .$%4 '&!% $##&'% *+"'(+" %"!#"8"') "' .&8*)" #$ .&'?@!+$),&' &3 #$ %&'(" +-)+&(,D!%-"

"%) (" *&#$+,%$),&' *4 ") #/"A*+"%%,&' (! .<$8* -#".)+, !" (" #$ %&'(" ,'.,("')" (" >$E&' "A*#,.,)"

%/-.+,) F

E =











E0
s

0

0











∗ ej(qsyy+qszz−wt),

$:". E0
s = E0

1 ") E0
2 = E0

3 = E0
p = 05

G/- !$),&' 0 H5IJ *$@" .,2.&')+"1 *"!) *+"'(+" #$ %)+!.)!+" %!,:$')" F







∂2Es,1

∂z2
+ q̃2szEs,1 = −k̃2x ¯δǫ1(z)Es,0 ∓ jkx

∂( ¯δǫ5(z)Es,0)
∂z

= f1
∂2Ep,1

∂z2
+ q̃2szEp,1 = ± kxqsy

cos(ϕ)
¯δǫ1(z)Es,0 − j qsy

cos(ϕ)

∂( ¯δǫ3n(z)Es,0)
∂z

= f2
0H5IK1

L&88" #/- !$),&' 0 H5IM *$@" *+-.-("')"1 ") (" 8N8" '$)!+"  !" #/- !$),&' 0 H5HK *$@" IK1

)+&!:-" ($'% #$ .&'?@!+$),&' &3 #$ %&'(" ") #$ *&8*" %&') ($'% #" 8N8" *#$'4 "' $**#, !$') #$

8N8" 8-)<&(" (" +-%&#!),&' ") #"% 8N8"% $**+&A,8$),&'%4 #/"A*+"%%,&' (" #$ %&'(" +-)+&(,D!%-"

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

E±2q
p,1 = C±

[

± jkxqsy
2q̃sz cos(ϕ)

∫ z

∞

¯δǫ1(z
′)Es,0e

j∆q+szz
′
dz′

− jqsy
2 cos(ϕ)

∫ z

∞

¯δǫ5(z
′)E0

s,0e
j∆q+szz

′
dz′

]

, 0H5II1

$:". C± = ej(− ˜qsz±kxx+qsyy−wt)
4 ") q̃sz =

√

q2s cos
2(ϕ)− (2q)25

G/"A*+"%%,&' 0 H5II1 8") "' +"#,"> #" +")&!+'"8"') (" #$ *&#$+,%$),&' (" #$ %&'(" ,'.,("')" 0%1

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

&*), !"5 O&!% '&!% +")+&!:&'% $,'%, ($'% !'" .&'?@!+$),&' (-*&#$+,%-" .$+ #/,')"+$.),&' "')+"
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 ! Pi " #$ %&" ' &(')&#$" *+ $ ,-%."$)/0&"1 .2&' P1 = P11;P12 = P2;P44 = P3 = P11−P12

2
3

Si" #$ %&" ' 45 ".#$&" 60 $&#"&07 6& 6-8 74.$) #3 9& $&#"&07 6.#" %& '."  ! %: # ' #")6;7& %.

6-8 74.$) # .' 0"$)/0& ' 44& -$.#$ δ % '.%)"-&1 ":&<57)4& 5.7 Si = S0
i Laδ(z − z0(t))1  ! S0

i

&"$ %:.45%)$06&1 La 7&57-"&#$& =%:-$&#60& "5.$).%&= 6& %. 6-8 74.$) #1 %& 57 60)$ S0
i La &"$ &#

/0&%/0& " 7$& %. "078.'& 60 57 >% 6& %. 6-8 74.$) #1 &$ δ &"$ %& "?4@ %& 6& A7 #&'B&73

C# .55%)/0.#$ %. 7&%.$) # '),6&"" 0"

∫ 0

∞
S0
i LaPiδ̄(z

′ − z0)E
0
n,0e

j(qsz+ ˜qsz)(z′)dz′ = −S0
i LaPE

0
n,0e

j(qsz+ ˜qsz)z0 , DE3FGH

.2&' z0 %. 5 ")$) # 6& %:)450%") # I 0# $&45" t 6 ##-1 # 0" 5 02 #" 7--'7)7& %:-/0.$) # D E3FF

5.J& GKH " 0" %. 8 74& L

E
(±kx)
p,1 = C1± tan(ϕ)

[

± jkxqs
˜2qsz

P2S
0
3LaE

0
s,0 −

jqs
2
P3S

0
5LaE

0
s,0

]

, DE3FMH

 ! C1± = −ej(qszz0− ˜qsz(z−z0)±kxx+qsyy−wt)
3 N 0" 5 02 #" 7&4.7/0&7 /0& '&$$& &<57&"") # &"$

57 5 7$) ##&%%& I tan(ϕ)3 9&$$& &<57&"") # 6-'7)$ %&" 8.)"'&.0< " #6&" 6)O7.'$-" 5.7 %& 7-"&.0

.' 0"$)/0& 6& 2&'$&07 6: #6& ±kx 5 07 0#& " #6& )#')6&#$& I %. "078.'& 6& %:-'+.#$)%% # .2&'

0#& 5 %.7)".$) # "3

9 44& -2 /0- .0 6-@0$ 6& '& '+.5)$7&1 # 0" 0$)%)" #" 0#& ' #>J07.$) # &<5-7)4&#$.%&  ! %&

7-"&.0 5 45& &$ %& 7-"&.0 " #6& " #$ 6.#" 6&0< 5%.#" 5&75&#6)'0%.)7&"3 P.)" 5 07 6&" @&" )#"

6& ' 44 6)$-1 Q0"/0&,%I1 # 0" #:.2 #" $&#0 &# ' 45$& /0& %: 767& R 60 8.)"'&.0 6)O7.'$- 5.7

%& 7-"&.0 " #6&3 9 44& %&"  767&" R &$ ,R 6& %. " #6& " #$ "?4-$7)/0&" 5.7 7.55 7$ I %.

# 74.%& I %:-'+.#$)%% #1 I 5.7$)7 6& %:&<57&"") # D E3FMH1 # 0" 5 02 #" 6-60)7& %& 7-"0%$.$ 6&

%:)#$&7.'$) # -%."$  5$)/0& &#$7& %: 767& ,R 6& %. " #6& &$ %& 7-"&.0 .' 0"$)/0&1 &# '+.#J&.#$

$ 0$ ")45%&4&#$ %:.#J%& 6:)#')6&#'& ϕ &# −ϕ3 S)#")1 ") # 0" # $ #" E
(±kx)
p,1+ %. 7-"0%$.#$& 6&

%:)#$&7.'$) # .' 0"$  5$)/0& &#$7& %: 767& R 6& %. " #6& &$ %&"  #6&" .' 0"$)/0&"1 &$ E
(±kx)
p,1− '&%%&

6& %: 767& ,R1 ' 44& %. 57&4);7& &"$ 57 5 7$) ##&%%& I tan(ϕ)1 # 0" .2 #" %. 7&%.$) # L

E
(±kx)
p,1+ = −E(±kx)

p,1− 3

C# 6:.0$7&" 4 $"1 # 0" .2 #" L

E
(±kx)
p,1− = −C1± tan(ϕ)

[

± jkxqs
2q̃sz

P2S
0
3LaE

0
s,0 −

jqs
2
P3S

0
5LaE

0
s,0

]

. DE3TUH

9& 7-"0%$.$ &"$ $7;" &<5%)')$&1 )% 4 #$7& /0& %&" 7-"0%$.#$&" 6& %:)#$&7.'$) # -%."$  5$)/0& &#$7&

%&"  767&" R &$ ,R 6& %. " #6& )#')6&#$& &$ %& 7-"&.0 .' 0"$)/0& " #$ -J.%&" &# .45%)$06& 4.)"

 55 "-" &# ")J#&3 *.7 ' #"-/0&#$1 %. " 44& 6& '&" 6&0< '+.45" ":.##0%&3 V #' ") %: # 2&0$
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 !"#$"#% &#' () #' *$(+'",-+#'  # $,'*,&&#.#)"  *)' $#""# $()/0+%*",()1 ,& 2*+" 3&(-+#% &4+)  #'

(% %#'  #  ,5%*$",() 6 7# $# 2*,"1 8(+% &# $*&$+&  # &4,)"#)',"!  # &4() # %!"%( ,5+'!# 8*% &#

%!'#*+ *$(+'",-+# "%*)'9#%'#1 )(+' *&&()' $()', !%#% -+# '#+& &4(% %# :  # &* '() # #'" ,)$, #)" ;

&* '+%2*$#  # &4!$<*)",&&()6 =*,' *9*)"  # 8%($! #% *+ $*&$+&  # &4,)"#)',"!1 )(+' *&&()'  4*3(% 

9!%,/#% ', &#' %!'+&"*)"#'  # &4,)"#%*$",() !&*'"((8",-+# #)"%# &#' (% %#' : #" >:  # &* '() #

,)$, #)"# '4*))+&#)" &(%'-+# &* '() # #'"  # 8(&*%,'*",() 86

 !"! #$%&'($) *+ %,-.&/'($) 0 !123 4$&5 &)+ 6$)*+ ()7(*+)'+ 4$%/5(6-+

4

6

7*)' $# $*' '#+&# &* $(.8('*)"# %!"%( ,5+'!# *9#$ +)# 8(&*%,'*",() ' #'"  !8(&*%,'!#6 ?) (+"%#1

 *)' $# $*' &4#@8%#'',()  + $<*.8 !&#$"%,-+#  # &* '() # ,)$, #)"# '4!$%," A

E =











0

E0
p cos(ϕ)

−E0
p sin(ϕ)











∗ ej(qsyy+qszz−wt).

B(+% "%(+9#% &4#@8%#'',()  # &* '() # %!"%( ,5+'!# 9#%' +) *+"%# !"*"  # 8(&*%,'*",()1 #) &4($>

$+%%#)$# &* $(.8('*)"# Es,11 )(+' 2#%()' +'*0#  # &* .C.# .!"<( #  # $*&$+&6 B(+% $# 2*,%#1 #)

$()', !%*)" -+# f(z) = f1 = +k̃2x
¯δǫ5(z)Ep,0 sin(ϕ)±jkx

∂( ¯δǫ3(z)Ep,0 sin(ϕ))
∂z

±kxqsy ¯δǫ2(z)Ep,0 cos(ϕ)1

)(+' (3"#)()' &* '"%+$"+%#  # &4() # %!"%( ,5+'!# 8*% &# %!'#*+ *$(+'",-+# 9#%' +) *+"%# !"*"

 # 8(&*%,'*",() -+, '# 8%!'#)"# $(..# '+," A A

E±2q
s,1 = C±

[

jk̃2x
2q̃sz

∫ z

∞

¯δǫ5(z
′)E0

p,0 sin(ϕ)e
j∆q+szz

′
dz′ ± j

kx
2

∫ z

∞

¯δǫ3(z
′)E0

p,0 sin(ϕ)e
j∆q+szz

′
dz′

±jkxqsy
2q̃sz

∫ z

∞

¯δǫ2(z
′)E0

p,0 cos(ϕ)e
j∆q+szz

′
dz′

]

, DE6F:G

*9#$ k̃2x = q2s − (kx)
2
1 (H k̃x %#8%!'#)"# &* 8%(I#$",()  + 9#$"#+%  4() #  # &* '() #  ,5+'!# 8*%

&# %!'#*+ *$(+'",-+#  # 9#$"#+%  4() # ±kx6
J#""# !-+*",() #'" "%K' $&*,%#1 #&&# .()"%# &* %!"%( ,5+',() ; "%*9#%' &4,)"#%*$",() !&*'"((8",-+#

 # &* '() # ,)$, #)"#  # 8(&*%,'*",() 8 9#%' +) !"*"  # 8(&*%,'*",() ' D9(,% /0+%# DE6LGG6 J#""#

 !8(&*%,'*",()  # &* '() # #'" ,) +,"# *+'', 3,#) 8*% &# %!'#*+ *$(+'",-+# &()0,"+ ,)*& -+# $#&+,

 # $,'*,&&#.#)"6 J#8#) *)"1 &(%'-+# &#' () #' *$(+'",-+#' '()"  #' () #' 8&*)#' <(.(0K)#'1

$6>;> 61 &(%'-+# kx = 01 '#+&#' &#' () #' *$(+'",-+#'  # $,'*,&&#.#)" '()" ,.8&,-+!#'6

LM



 

 

sq
r

rE
r

z

y

OA

(2) (1) 

0=z

a) 

. 

. 

1,sE
r

b) c) 

Photodiode Photodiode 

Superposition 

des champs 

q

iE
2

1,

+
r

0,iEr
r

q

iE
2

1,

-
r

p,0E
r
E
r
E
r

rE

Es,1

E2q
s,1 E−2q

s,1 Er

δ

E±2q
s,1 = C1±LaE

0
p,0 sin(ϕ)

[

± j
kx
2
S0
3

(

P1 +
P2qs cos(ϕ)

q̃sz

)

+
jk̃2x
2q̃sz

S0
5P3

]
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 !"#$%&'(' )*( +,!'%'( - %( +. #!"%( $" $%("/(  .' +. #!00( %(# %(*1 !'%'(# (#/ &2.+( 3 4&'!5

6.$"/("."/ )*( "!*# .7!"# /'!*7& +,(18'(##$!" %*  9.08 &+( /'$)*( %( +. #!"%( '&/'!%$:*#&(

8.' +. %&;!'0./$!" . !*#/$)*( .7( %&8!+.'$#./$!"< "!*# .++!"# 8'! &%(' .*  .+ *+ %( +,$"/("#$/&

'(=*( 8.' +. 89!/!%$!%(5 >!*'  ( ;.$'(< "!*# .++!"# #(*+(0("/ (18'$0(' +,$"/("#$/& %( +. '&#*+/."/(

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

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

?" ;!" /$!" %( +. 7.+(*' %* 7( /(*' %,!"%( %* '&#(.* . !*#/$)*(< +,&)*./$!" @ A5BA 8.2(

8'& &%("/(C %(7$("/ D

E2q
s,1 = C1ejkxLaE

0
p,0 sin(ϕ)

[

j
kx
2
S0
3

(

P1 +
P2qs cos(ϕ)
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d = t ∗V2 V2

rA rB rC

rA = rtrans + δrtrans



rB = ik0

∫ ∞

0

δn2(z, t)e
−2ikzdz  !"#$

rC = irtransk0

∫ ∞

0

δn2(z, t)e
2ikzdz.  !"%$

&'() *+) ,-.'/01() k0 +/ 2 3+43,)+(/+(/ 3+)4+*/05+6+(/ 7+ (1683+ 9:1(9+ 9+ 7' 7.60;3+ 9'() 7+

509+ +/ 9'() 7+ ).8)/3'/< rtrans +)/ 7+ *1+=*0+(/ 9+ 3,>+?01( 9+ 7' )1(9+ @ 7:0(/+3A'*+ ).8)/3'/B

6,/'7 +/ δrtrans )1( *C'(D+6+(/ 9E @ 7' 5'30'/01( 9+ /+64,3'/.3+ 0(9.0/+ 4'3 7' 4164+ 9'()

7+ /3'()9.*/+.3 6,/'770-.+" F+ /+36+ δn2(z, t) 9'() 7+) ,-.'/01()  !"#$ +/  !"%$ 6+/ +( ,509+(*+

7' 5'30'/01( 9+ 7:0(90*+ 9+ 3,A3'*/01( 0(9.0/+ 4'3 7' 43,)+(*+ 9+ 7' 9,A136'/01( '*1.)/0-.+ @ .(+

41)0/01(  +/ .( /+64) ! 91((,) 9'() 7+ ).8)/3'/" G+//+ 5'30'/01( 9+ 7:0(90*+ +)/ ).441),+ A'087+<

*+ -.0 A'0/ -.+ 7+) *1+=*0+(/) 9.) @ 7' 9,A136'/01( rB < rC +/ δrtrans )1(/ 8+'.*1.4 47.) A'087+)

-.+ 7+ *1+=*0+(/ rtrans"

&'() 7' 3,A,3+(*+ HI#J< *+//+ 5'30'/01( 9+ 7:0(90*+ 9+ 3,A3'*/01( +)/ ).441),+ 4+/0/+ +/ 7' 5'30'/01(

/+6413+77+ 9. *1+=*0+(/ 9+ 3,>+*/050/, 14/0-.+ /1/'7+ +)/ 91((,+ 4'3 7:+?43+))01( ).05'(/+ K

∆R(t) = |rA + rB(t) + rC(t)|2 − |rtrans|2.  !"L$

M0()0< +( *1()09,3'(/ *+//+ 9+3(0;3+ +?43+))01( +/ 7:,-.'/01(  !"!$< 7:+N+/ '. 43+60+3 1393+ *'.),

4'3 7' 4164+ ):,*30/ K

∆R(t) = r∗trans(δrtrans + rB(t) + rC(t)) + c.c..  !"O$

G166+ 7+) 0(A136'/01() '*1.)/0-.+) 9. ).8)/3'/ )1(/ *1(/+(.+) 9'() 7+) +?43+))01() 9+ rB

+/ 9+ rC -.0 )1(/ 9+) 0(/,D3'7+) 9+ 7' 90)/308./01( 9+ 7' 9,A136'/01( '*1.)/0-.+ 9'() 7+ 6'/,30'.

/3'()4'3+(/< (1.) 41.51() +?4306+3 7' A'087+ 5'30'/01( 9+ 7:0(90*+ 9+ 3,A3'*/01( +( A1(*/01( 9+

7' 9,A136'/01( '*1.)/0-.+ 9'() 7' 903+*/01(  )1.) 7' A136+ ).05'(/+ K

δn2(z, t) =
∂n2

dηzz
ηzz(z, t).  !"P$

M0()0 9'() 7' 3,A,3+(*+ HQJ 7' *1(/308./01( '*1.)/0-.+ @ 7' 5'30'/01( /+6413+77+ 9+ 7' 3,>+*/050/,

+)/ 91((,+ 4'3 7' 3+7'/01( ).05'(/+ K

∆R(t) = 2
η0
n2

∂n2

dηzz
∗ [1− cos(2kd′)]R

1

2 (1−R) cos(2kv2t− ψ)

|1 + race4ikd
′ | ,  !"R$

II%



 ! "# $ #%$&#'( )# *+,#$(& ' )# "- )+. */-(& ' -$ 01(&20# #1( ) ''+ 3-* "- *#"-(& ' 4
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√
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K 3-*(&* )# ">#A3*#11& ' )# "- 6-*&-(& ' )# "- *+,#$(&6&(+ H N9O 3-:# 3*+$+)#'(#J ' 01 3 06 '1

)&*#$(#/#'( #A3*&/#* "- 3+*& )# )#1  1$&""-(& '1 -$ 01(&20#1 1 01 "- . */# 10&6-'(# 4

TB = λ
2V2

5  ! λ #1( "- " ':0#0* )> ')# )0 .-&1$#-0 1 ')# )-'1 "# 1071(*-(9 E#((# #A3*#11& ' #1(

6-"&)# )-'1 "# $-1 )>0'# 1 ')# #' &'$&)#'$# ' */-"#9 F' *#6-'$?#5 "- 1#'1&7&"&(+ )# )+(#$(& '
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*& )# )#6&#'(

TB =
λ

2V2 cos θ
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fB =
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λ
, HN9==J
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n2 )0 1071(*-(9 V' #A#/3"# )# 1&:'-" )# "- 6-*&-(& ' )# *+,#$(&6&(+ #' . '$(& ' )0 (#/31 #1(
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 ! "# $%&$'& (') *#+,#- ./01-#2)+ &/#3*+#44)02 .# ∆R(t) #4- 1)#2 .5$+)-# .%24 &% +565+#2$# 789

==Z



-200 0 200 400 600 800 1000 1200 1400
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

 Temps (ps)

V
a
ri
a
ti
o
n
 d

e
 r

é
fl
e
c
ti
v
it
é
 D

 (
R

)/
R

 (
a
.u

)

 

 

PMMA-Al-Si

0 5 10 15 20 25 30 35 40 45
0

0.2

0.4

0.6

0.8

1

Frequency (Ghz) 

A
m

p
lit

u
d

e
 (

a
.u

)

 

 

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

*)&&+, 0+$1- %! 5  676&78)9 &' %-*!/*)+, "! 0')* %'," &! 1)&)!# *$',"2'$!,*: !, &;+//#$$!,/! &!

2+&<1=$! 5  6 %! >>? ,1 %;-2')""!#$9 8#$ /!**! @A#$! +, (+)* &!" +"/)&&'*)+," B$)&&+#), C &'

0$-D#!,/! %! E? FGH 1)"! !, -()%!,/! %'," &;),"!$* +I*!,# A$J/! C #,! *$',"0+$1-! %! K+#$)!$

%# ")A,'& *!12+$!&9
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1/0+5 ,7'/+5 '81(5)42(+5 )*'/56+*5+5 +) 0'/5 7' *.9.*+/8+ LMNO- 5+(7+5 7+5 1/0+5 '81(5)42(+5

""P



. 

Prisme de  

Wollaston  

. 

P1  
 
 

P2  

L  

Lumière 

Polarisée à  

 des 

axes du 

wollaston 

rE
r

 

 

k
r

z

(2) (1) 

. 

psE ,

r

0,sE
r

. 

. 

tu
r

Ondes 

acoustiques 

 

a) 
b) 

 



 !"#$%&''($ )($% '* %+#$,)-!%*-+ # ,($ #.* !+&,%#''(/+#0"&1-* C3 ) ,(+&*$% )2-$ !*+%#&$ #$/'*

0#+ +#00(+% 3 '# $(+4#'* 3 '2 !"#$%&''($5 6$ + #'&% 7 )*, ($)*, 1-#,&8'($/&%-)&$#'*, *% 1-#,&8

%+#$,9*+,*, / $ + *, )&+*!%*4*$% )#$, '* %+#$,)-!%*-+ )($$*$% $#&,,#$!* 0#+ !($9*+,&($ )*

4()* *$ %+#$,4&,,&($ )#$, '* ,-:,%+#% &,(%+(0* 3 )*, ($)*, 0'#$*, #!(-,%&1-*, %+#$,9*+,*,5 ;*

!* <#&%7 0(-+ !*, *.0 +&*$!*, &' $2*,% 0#, $ !*,,#&+* )2-%&'&,*+ -$* *.!&%#%&($ &$"(4(/=$* >)*,

+ ,*#-. )* )&?+#!%&($@ 0(-+ '# / $ +#%&($ )*, ($)*, #!(-,%&1-*, %+#$,9*+,*,5 A(-, #9($, -%&'&, 

'# 4 %"()* !'#,,&1-* )2-$* *.0 +&*$!* 0(40* ,($)* 1-& &40'&1-* '2-%&'&,#%&($ )2-$ ,*-' <#&,!*#-

0(40* +(-/* >λ = 800nm@ *% )2-$* ,($)* 3 λ = 400nm *$ &$!&)*$!* (:'&1-*5 B2 !"#$%&''($ *,%

<(+4 )2-$ C'4 4&$!* )* <*+ >D*@ !(44* %+#$,)-!%*-+ ,-+ -$ ,-:,%+#% )* 9*++* >E&FG@5 B* %+#$,8

)-!%*-+ #  % ) 0(, 0#+  0&%#.&* )* %*''* <#H($ 1-* ,($ #.* !+&,%#''(/+#0"&1-* C3 ,(&% !($%*$-

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

0('#+&, *, 9*+%&!#'*4*$%5 ;* 0'-, #40'*, &$<(+4#%&($, !($!*+$#$% '2 !"#$%&''($ Fe/SiO2 ,($%

)($$ *, )#$, '*, + < +*$!*, IGJ7KLM5

0 50 100
0

0.2

0.4

0.6

0.8

1

Fréquence (Ghz)

D
e

n
s
it
é

 s
p

e
c
tr

a
le

 (
a

.u
)

 

 

SiO2-Fe
L

 !"#$% N5OG P Q&,* *$  9&)*$!* )*, (,!&''#%&($, R+&''(-&$ 4*,-+ * )#$, '# ,&'&!* >SiO2@ ,-+

'*1-*' $(-, #9($, ) 0(, )- D*+5 B ) ,&/$* '# <+ 1-*$!* )*, (,!&''#%&($, R+&''(-&$ '($/&%-)&$#'*

OOS



 !"# $%&&#% %' ()*+%',% -.*$/!#&0',% +% -0 +(/!-0#*10&*!' '!"1 0)!'1 %1102( +% /#!,(+%# 3

-0 +(&%,&*!' +%1 !1,*--0&*!'1 4#*--!"*' +0'1 -0 1*-*,% 10'1 %& 0)%, +(/!-0#*10&*!'5  !"# #(0-*1%# -0

$%1"#% 10'1 +(/!-0#*10&*!' *- 1"6& +.%'-%)%# -0 -0$% +%$*7!'+% %& -% /#*1$% +% 8!--01&!' 9"*

1!'& /#(1%'&(1 1"# -0 :;"#% <=5>><?@@5 A.(,B0'&*--!' %1& /-0,( 1"# "' 1"//!#& ,*#,"-0*#% ;#0+"(

+% C 3 =DC +% E0F!' 3 !?1%#)%# -.%G%& +% -.!#*%'&0&*!' +%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%1 1"#

-.0$/-*&"+% +% -0 )0#*0&*!' +% #(H%,&*)*&(5 A%1 /!1*&*!'1 C %& >IC  ,!##%1/!'+%'& 0"J ,01 !K -%1

!'+%1 0,!"1&*9"%1 &#0'1)%#1%1 1!'& %J0,&%$%'& !#*%'&(%1 /%#/%'+*,"-0*#%$%'& /0# #0//!#& 0"

/-0' +.*',*+%',%L $0*1 +% 1%'1 !//!1(5 A0 :;"#% < =5>= /0;% 1"*)0'&%@ $%& %' ()*+%',% -0 &#0'17

E!#$(% +% M!"#*%# +" 1*;'0- +% #(H%,&*)*&( $!'&#0'& -0 E#(9"%',% +%1 !1,*--0&*!'1 4#*--!"*' +0'1

-0 1*-*,% +0'1 -% ,01 +."'% +(&%,&*!' 4#*--!"*' '!' +(/!-0#*1(%5 N"# ,%&&% :;"#% '!"1 '.!?1%#)!'1

9"."'% E#(9"%',% 3 O> PQR 9"* ,!##%1/!'+ 3 ,%--% +%1 !1,*--0&*!'1 4#*--!"*' -!';*&"+*'0-%1 +0'1

-0 1*-*,%L ,%-0 9"%--% 9"% 1!*& -.!#*%'&0&*!' +%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%15 S%/%'+0'& 0","'%

E#(9"%',% &#0'1)%#1% '.%1& +(,%-0?-% 0/#T1 /-"1*%"#1 $!2%''%1 9"%--% 9"% 1!*& -.!#*%'&0&*!' +%

-.(,B0'&*--!'5 U0'1 -% ?"& +% /#!,(+%# 3 -0 U4UL '!"1 0)!'1 #%/-0,( -0 -0$% +%$*7!'+% %& -%

/#*1$% +% 8!--01&!' 1"# -% ?0', !/&*9"%5

A0 :;"#% <=5>=@ /#(1%'&% -0<-%1@ E#(9"%',%<1@ +%1 !1,*--0&*!'1 4#*--!"*' 9"* 1!'& +(&%,&(%1 +0'1

-% )%##% +0'1 -% ,0+#% +."'% U4U /!"# +%1 /!1*&*!'1 +% -.(,B0'&*--!' +% C 3 >IC  5 S!$$% '!"1

'!"1 2 0&&%'+*!'1L -0 U4U #()T-% -.%J*1&%',% +."'% E#(9"%',% 3 V= PQR ,!##%1/!'+0'& 3 ,%--%

+%1 !1,*--0&*!'1 4#*--!"*' &#0'1)%#1%1 +0'1 -% )%##%5 W!"1 #%$0#9"!'1 9"% /!"#  B*XC %& >IC  L

-.0$/-*&"+% +% -0 E#(9"%',% -!';*&"+*'0-% %1& /#%19"% '(;-*;%0?-% +%)0'& ,%--% &#0'1)%#1%5 S%1

/!1*&*!'1 ,!##%1/!'+%'& 3 -0 1*&"0&*!' !K -%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%1 1!'& %J0,&%$%'&

/%#/%'+*,"-0*#%1 /0# #0//!#& 0" /-0' +.*',*+%',% +% -0 1!'+%5 S%-0 %1& %' /B01% 0)%, -%1 ,!',-"7

1*!'1 9"% '!"1 0)!'1 +!''(%1 +0'1 -0 /0#&*% ,!'10,#(% 3 -.(&"+% +% -0 &B(!#*% +% -0 +(&%,&*!' +%1

!'+%1 /-0'%1 0,!"1&*9"%1 &#0'1)%#1%1 <1%,&*!' < ,@ /0;% YZ @5 [" &#0)%#1 +% -0 :;"#% <=5>=@ '!"1

0)!'1 $*1 %' ()*+%',% -% E0*& 9".*- %1& /!11*?-% +% +*1,#*$*'%# -.0$/-*&"+% +%1 !'+%10,!"1&*9"%1

-!';*&"+*'0-%1 %' E0)%"# +%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%1 /0# -0 U4U5

[/#T1 0)!*# )0-*+( +% E0F!' %J/(#*$%'&0-% -.*$/!#&0',% +% -0 U4UL '!"1 0)!'1 )!"-" )(#*:%# 1*

-%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%1 )%#&*,0-%1 +(/!-0#*1%'& -0 1!'+% +% -0 $\$% E0F!' 1%-!' 9"%

-.(,B0'&*--!' 1!*& 1"# -0 /!1*&*!' C !" >IC 5 ]' +.0"&#%1 $!&1L -%1 !'+%1 0,!"1&*9"%1 &#0'1)%#1%1

)%#&*,0-% /!1*&*)%1 < B*XC @ !" '(;0&*)%1 < B*X>IC @ +(/!-0#*1%'&7&7%--%1 -0 1!'+% +0'1 -0 $\$%

+*#%,&*!' ^  !"# #(/!'+#% 3 ,%&&% 9"%1&*!'L '!"1 0)!'1 %'#%;*1&#( -% 1*;'0- +% -0 #(H%,&*)*&(

&%$/!#%--% /!"# ,%1 +%"J /!1*&*!'1 ,!$$% -% $!'&#% -0 :;"#% <=5>O@5 N"# ,%&&% :;"#% 1!'& #%7

/#(1%'&(%1 %' #!";% -%1 !1,*--0&*!'1 4#*--!"*' +0'1 -0 1*-*,% /!"#  B*XC  %& ?-%" /!"#  B*X>IC 5

>VC



0 50 100
0

0.2

0.4

0.6

0.8

1

Fréquence (Ghz) 

 D
e

n
s
it
é

 s
p

e
c
tr

a
le

 (
a

.u
)

 

 

SiO2-Fe

Phi=90T

L

0 50 100
0

0.2

0.4

0.6

0.8

1

Fréquence (Ghz) 

 D
e

n
s
it
é

 s
p

e
c
tr

a
le

 (
a

.u
)

 

 

SiO2-Fe

Phi=45

T

L

0 50 100
0

0.2

0.4

0.6

0.8

1

Fréquence (Ghz) 
D

e
n

s
it
é

 s
p

e
c
tr

a
le

 (
a

.u
)

 

 

SiO2-Fe

Phi=180

T

L

0 20 40 60 80
0

0.2

0.4

0.6

0.8

1

Fréquence (Ghz) 

D
e

n
s
it
é

 s
p

e
c
tr

a
le

 (
a

.u
)

 

 

SiO2-Fe

Phi=0

L

T

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

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

*+ :.%3/#$(# '#" )"(!**+,!)$" -.!**)/!$ *)$;!,/'!$+*#" #, ,.+$"&#."#"6 <=! ()..#"4)$' 0 *>).!#$?

,+,!)$ '#" )$'#" +()/",!3/#" ,.+$"&#."#" &#.,!(+*#" 4+. .+44)., 0 *+ $).9+*# 0 *>%(=+$,!**)$6

<=!@A ()..#"4)$' +/ (+" )B *#" )$'#" +()/",!3/#" ")$, ).!#$,%#" &#.,!(+*#9#$, 4+. .+44)., +/

4*+$ '>!$(!'#$(# ")$'#6

$%&' (%&)%*' +,-.+/&,+ /&, 0,' 1,&2 '34*.&2 '%*5 ,* %((%'353%* 1, (6.',7 8, /&3 '34*39, /&,

0, '34*.0 1:(%0.+3': 1:(,*1 ;3,* 1, 0<%+3,*5.53%* 1,' %*1,' .8%&'53/&,' 5+.*'),+',' ),+538.0,'!

=,0. *%&' 3*13/&, /&, '3 0,' %*1,' .8%&'53/&,' 5+.*'),+',' ),+538.0,' >(%'353),'? 1:(%0.+3',*5 0.

'%*1, .),8 &* .*40, θ7 0,' %*1,' 5+.*'),+',' >*:4.53),'? 1:(%0.+3',+%*' 0. '%*1, -.3' .),8 &*

.*40, −θ! =,0. +,@%3*5 0,' 8%*80&'3%*' 1, 0. 56:%+3, 1, 0. 1:5,853%* 1,' %*1,' .8%&'53/&,' 1,

83'.300,-,*5 > A (.4, BB? /&, *%&' .)%*' 1:),0%((:, 1.*' 8,55, 56C',! =, /&3 ,'5 '&+(+,*.*5 ,'5

0<3*),+'3%* 1& (38 :0,85+%*3/&,! =,0. )3,*5 (,&5DE5+, 1,' (+%(+3:5:' -.4*:53/&,' 1& F,+! =.+ &*,

-,'&+, GHG ,'5 :4.0,-,*5 ',*'3;0, I 0. -.4*:53'.53%* 1, 0<:86.*5300%*!

=, (.+.4+.(6, *%&' . (,+-3' 1, -,55+, ,* :)31,*8, /&<30 ,'5 (%''3;0, I 5+.),+' 0. GHG 1<E5+,

',*'3;0, .&2 %*1,' .8%&'53/&,' 5+.*'),+','! $%&' .)%*' .&''3 -%*5+: /&, 0. 1:(%0.+3'.53%* :5.35

F%*853%* 1, 0<%+3,*5.53%* ,5 1& '34*, 1,' %*1,' .8%&'53/&,' 5+.*'),+','! =,' 1,+*3C+,' %*5 :5:

"A"



-900 -800 -700 -600 -500 -400 -300 -200 -100 0 100
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

 Temps (ps)

D
 (

R
)/

R
  

(a
.u

)

 

 

Phi=0

Phi=180

 !"#$%  !"# $  !"#$$%&#'(! )*#$$'+#( ',!-*./-! 0%(! $% !#$#"- 1'+* 23#45 -& 23#4675 8 9-! 0-+:

!#;(%+: !'(& -( '11'!#&#'( 0- 13%!- <-&&%(& %#(!# -( /.#0-("- $% 0/1-(0%("- 0- $% 0/1'$%*#!%&#'(

= $>'*#-(&%&#'( 0-! '(0-! %"'+!&#?+-! &*%(!.-*!-! .-*&#"%$-!8

%&'&(&)* )' +,-.-*/', +' ,(/'*0+1,)+( 23,24/12+*,-5+) 02', .6/7) 0) *89&,(-) )*, 0&*2(-)',&

3/( (/332(, : ./ '2(9/.) : .6&1;/',-..2'! <)3)'0/',= ./ ,;&2(-) 5+- )*, 0&>).233&) 0/'* 1),,)

,;?*) 12'1)(') ./ %&'&(/,-2' ), ./ 0&,)1,-2' 0)* 2'0)* /12+*,-5+)* 3/( (&*)/+7 3;2,24-'0+-,* :

.6-',)(@/1) )',() 0)+7 9-.-)+7 -*2,(23)*! <)* 0)('-)(*= 1299) -'0-5+& 0/'* .) 1;/3-,() 12'*/1(&

: ./ %&'&(/,-2' ), ./ 0&,)1,-2' 0)* 2'0)* /12+*,-5+)* ,(/'*>)(*)*= *2', 0)* 9-.-)+7 *)9-4-'A'-*

-*2,(23)* 12932*&* 06+' *+B*,(/, ,(/'*3/()', ), 06+' ,(/'*0+1,)+( 9&,/..-5+) 23/5+)! C2+(

9)')( : B-)' 1)* )73&(-)'1)* 5+- *2', /+**- B/*&)* *+( ./ DED ), ./ 0&,)1,-2' ;&,&(208')= -. )*,

1(+1-/. 0) B-)' 1;2-*-( ./ 129B-'/-*2' 0) 9/,&(-/+7 F*+B*,(/, ,(/'*3/()',G,(/'*0+1,)+( 23/5+)H

32+( +') %&'&(/,-2' ), +') 0&,)1,-2' )I1/1) 0)* 2'0)* /12+*,-5+)* ,(/'*>)(*)*! D/'* .) 9J9)

2(0() 06-0&) 5+) .6&,+0) @/-,) 0/'* .) 1;/3-,() " 12'1)('/', .623,-9-*/,-2' 0+ 1;2-7 0)* 0)+7

9-.-)+7= '2+* /..2'* 3(&*)',)( 0/'* .) 3/(/%(/3;) *+->/', 0)* *-9+./,-2'* '+9&(-5+)* 9),,/', )'

&>-0)'1) .6/93.-,+0) 0)* 0&@2(9/,-2'*/12+*,-5+)* .2'%-,+0-'/.)* ), ,(/'*>)(*)* -';292%?')* 5+-

*2', %&'&(&)* 32+( 0-K&()',)* 129B-'/-*2'* 0) *+B*,(/,* ,(/'*3/()',* ), 0) 9&,/+7 -*2,(23)*!

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

D/'* 1),,) 3/(,-) '2+* 3(&*)',2'* +') &,+0) B/*&) *+( 0)* *-9+./,-2'* '+9&(-5+)* 12'1)(4

'/', .) 1;2-7 23,-9+9 0)* 9/,&(-/+7 3)(9),,/', +') %&'&(/,-2' )I1/1) 0)* 2'0)* /12+*,-5+)*

0) 1-*/-..)9)',! L2+* 3(&*)',2'* 0/'* 1),,) 3/(,-) .6&>2.+,-2' 0) .6/93.-,+0) 0)* 0&@2(9/,-2'*

/12+*,-5+)* 0) 1-*/-..)9)', ), .2'%-,+0-'/.)* -';292%?')* ,(/'*9-*)* 0/'* .) *+B*,(/, )' @2'14

"MM



 !"# $% &' ()*!"$% $+ ,- .*)/%'+  *'#/! "!*% /+* &0)12'# !&&"#34 5%  % ) +$% %/ (&+/ 6&"7'&%

% (&+/ '((*"8"#$!% 9+% 1%&&% 8'! % $'#/ &' /"+/:/%1 !"# 1"#/'1*)% ; &0) +$% $% &0)<"&+ !"# $% &'

8"#1 !"# $%  *'#/8"*=' !"# /(%1 *'&% $% 1"#<%*/!"# $% &0)#%*6!% &+=!#%+/% %# "#$%/ (&'#%/ '1"+/:

 !9+%/ !#2"="6>#%/4 ?# 8'! @ $'#/ 1%  % /"+/:/%1 !"# &0'#'&A/% #0) '! 7'/)% 9+% /+* &0)<"&+ !"#

$% &0%B1'1! ) $0)=!//!"# $%/ "#$%/ '1"+/ !9+%/ %# #% (*%#'# %# 1"=( % 9+% &%/  %*=%/ =%  '# 

%# )<!$%#1% &%/ (*"(*!) )/ )&'/ !9+%/ $0!# %*8'1%@ %# &0"11+**%#1% &%/ ('*'=> *%/ F0−4 %# 8"#1 !"#

$% &' <! %//% $+ *)/%'+ vr4 C"#1 &' 1"# *!7+ !"#  2%*=":'1"+/ !9+% $)1*! $'#/ &% 12'(! *% D ;

 *'<%*/ &%  %*=% (αΘ(±kl1⊥)/C)[(1+ν1)/(1−ν1)] #0%/ ('/ (*!/% %# 1"=( %4 C'#/ 1% ('*'6*'(2%

&0) +$% %/ 6&"7'&% $'#/ &' =%/+*% "E #"+/ (*%#"#/ %# 1"=( % &' 1"# *!7+ !"#  2%*=")&'/ !9+%

; &0%B1'1! ) $0)=!//!"# $%/ "#$%/ '1"+/ !9+%/ !#2"="6>#%/ $'#/ $!F)*%# / /+7/ *' / '!#/! 9+%

&%/  %*=%/ *%&' !8/ '+G (*"(*!) )/ )&'/ !9+%/ $0!# %*8'1% ;  *'<%*/ &%/ %G(*%//!"#/ $%/ (*"H&/ $%

$)8"*=' !"#/ '1"+/ !9+%/ !#2"="6>#%/ $)H#!%/ '+G )9+' !"#/ . D4IJ ('6% IK L D4IM ('6% IK34

C% (&+/@ $0+# ("!# $% <+% (+*%=%# %G()*!=%# '& !& %/ (&+/ 1"#1*% $0) +$!%* &0'=(&! +$% $%/

$)8"*=' !"#/ '1"+/ !9+%/ !#2"="6>#%/  *'#/<%*/%/ %# 8"#1 !"# $% &' ()*!"$% $+ ,- '1"+/ !9+%

9+0%# 8"#1 !"# $% &' <! %//% $+ *)/%'+ .<!* +%&3 9+! *'((%&"#/ &% $)(%#$ $% &' 8*)9+%#1% % $%

&' ()*!"$% $+ ,-4 N!#/!@ #"+/ =%  "#/ %# )<!$%#1% &0'=(&! +$% $%/ (*"H&/ $% $)8"*=' !"#/ $%

1!/'!&&%=%#  *'#/=!/%/ $'#/ &% =!&!%+  *'#/('*%# %# 8"#1 !"# $% &' ()*!"$% /(' !'&% $+ ,-4

O' H6+*% .M4DP3 =% %# %G%*6+% *%/(%1 !<%=%# %# '3 % 13 +#% 1"=('*'!/"# $% &0'=(&! +$%

$%/ $)8"*=' !"#/ '1"+/ !9+%/ $% 1!/'!&&%=%#  *'#/=!/%/ $'#/ &% QRRN % &% SiO2 %# 8"#1 !"#

$+ ('/ $+ ,- ("+* $!F)*%# /  A(%/ $%  *'#/$+1 %+*/ "( "'1"+/ !9+%/ =) '&&!9+%/ "('9+%/4 O'

 %#$'#1% 9+! /% $)6'6% /+* 1%  % H6+*% %/ %# (2'/% '<%1 &%/ (*)$!1 !"#/  2)"*!9+%/ )=!/%/ $'#/

&' /%1 !"# . D4P ('6% IP3 $% &'  2)"*!% $% &' 6)#)*' !"# 1"#1%*#'# &% 12"!G "( !=+= $%/ =!&!%+G

D % S ("+* +#% %B1'1! ) $% 6)#)*' !"#/ $%/ "#$%/ '1"+/ !9+%/ $% 1!/'!&&%=%# $'#/ &% =!&!%+

S4 5%/ (*)$!1 !"#/ ("/ +&%# 9+% &"*/9+% &0"# *%=(&'1% &% =!&!%+ S ('* +# =' )*!'+  *'#/('*%# 

(&+/ T="+T &0'=(&! +$% $%/ "#$%/ $% $)8"*=' !"#/ '1"+/ !9+%/  *'#/=!/%/ $'#/ 1% $%*#!%* %/ 

(&+/ 1"#/)9+%# %4 ?# %F% @ /+* &' H6+*% .M4DP3 &0'=(&! +$% $%/ "#$%/ '1"+/ !9+%/ $% 1!/'!&&%=%# 

%/ 7%'+1"+( (&+/ !=("* '# %/ $'#/ &% QRRN 9+% $'#/ &% SiO2@ '+ ="!#/ $0+# "*$*% $% 6*'#:

$%+* 9+%&&% 9+% /"! &' <'&%+* $+ ('/ $+ *)/%'+4 Q'* %G%=(&% %# + !&!/'# &0'&+=!#!+= 1"==%

 *'#/$+1 %+*@ &0'=(&! +$% $%/ "#$%/ $% 1!/'!&&%=%#  *'#/=!/%/ $'#/ &% QRRN %/ =+& !(&!)%

('* DJ ('* *'(("* ; 1%&&%/  *'#/=!/%/ $'#/ &% SiO24 O' 1"#1&+/!"# 9+% &0"# (%+  !*%* $% 1%/

/!=+&' !"#/ %/ 9+0%#  %*=%/ $0%B1'1! ) $% 6)#)*' !"# $%/ "#$%/ '1"+/ !9+%/ $% 1!/'!&&%=%# !&

<'+ =!%+G 12"!/!* &% QRRN 1"==% /+7/ *' (&+ U 9+% &' /!&!1%4

C% (&+/@ &' H6+*% .M4DP3.'3 1"#H*=% &'  2)"*!% $% &' 6)#)*' !"# $%/ "#$%/ '1"+/ !9+%/ $% 1!:

DSM



a) b) 

d) 
c) 

10
2

10
3

10
4

10
-3

10
-2

10
-1

10
0

Pas du réseau (nm)

R
a

p
p

o
rt

 h
x
z
2 /

 h
z
z
2

 

 

Alu

Or

Ni

Cu

PMMA

10
2

10
3

10
4

10
-6

10
-5

10
-4

10
-3

10
-2

Pas du réseau (nm)

A
m

p
lit

u
d

e
 h

x
z
2

 

 

Alu

Or

Ni

Cu

PMMA

10
2

10
3

10
4

10
-4

10
-3

10
-2

Pas du réseau (nm)

A
m

p
lit

u
d

e
 h

z
z
2

 

 

Alu

Or

Ni

Cu

PMMA

10
2

10
3

10
4

10
-6

10
-5

10
-4

10
-3

Pas du réseau (nm)

A
m

p
lit

u
d

e
 h

x
z
2

 

 

Alu

Or

Ni

Cu

SiO
2

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

!,25/() %-./)!$)() './) #( 677 ",&- '$8*-(/%) %9"() '( %-./)'&0%(&-) !*%.##$1&() $),%-,"()

(/ +,/0%$,/ '& ".) '& -*)(.&: .;  !"#$%&'( '( ηxz2 %-./)!$)( './) #( 677 < =;  !"#$%&'( '&

-."",-%

ηxz2
ηzz2

< 0;  !"#$%&'( '( ηzz2 %-./)!$)( './) #( 677 < ';  !"#$%&'( '( ηzz2 %-./)!$)(

'./) #( SiO2: >,&%() 0() ?2&-() ),/% .'."%*() @ &/( *03(##( #,2.-$%3!$1&(:

%&'(()*)+, -.' /0%,.() -.) (1&*/(',.2) ηxz )%, '+3)4%)*)+, /40/04,'0++)(() 5 (& /64'02) %/&,'&()

2. 46%)&.! 7&4 )8)*/() /0.4 () 90./() :(.;7<<: (1&*/(',.2) 2) ηxz )%, 2'3'%6) /&4 = (04-.)

() /&% 2. 46%)&. /&%%) 2) " 5 = µm! >) *?*)@ (& AB.4) C !"#DC9D *0+,4) -.) () 4&//04, )+,4)

"=E



 !"#$ %&'() ()* (+,-.#"&%-/* () 0%*"%  )#)/& ηxz2 )& 0)  ) ()* (+,-.#"&%-/*  -/1%&'(%/" )* %/2-3

#-14/)* )*& &-'5-'.* %/,+.%)'. 6 78 9-'. +:'% %;.). 0) ."$$-.& % )*& /+0)**"%.) :')  " $+.%-() ('

<= *-%& "' #-%/* %/,+.%)'.) 6 >?? /#@ 0) :'% )*& )A$+.%#)/&" )#)/& &.4* (%B0% ) C-%.) %#$-**%; )

("/*  " 0-/D1'."&%-/ )A$+.%#)/&" ) "0&')  )8 E)0% /) ,"%& :') 0-/D.#).  " /+0)**%&+ (!'&% %*).  "

FGF $-'. (%*0.%#%/).  !"#$ %&'() ()* -/()*"0-'*&%:')*  -/1%&'(%/" )* %/2-#-14/)*8 H/ )I)&@

#J#) *%  !"#$ %&'() () ηxz2 )*& #' &%$ %+) $". 7?  -.*:')  !-/ 02"/1)  ) SiO2 $".  ) 9KKL@

 !"#$ %&'() () ηzz2 .)*&) &-'5-'.* *'$+.%)'.) M"' #-%/* 7?? ,-%*N 6 0)  ) () ηxz28

O-'* "C-/* $-.&+ /-&.) 02-%A *'.  ) 0-'$ ) 9KKL3L 3P%8 E) 02-%A )*& (%0&+ $".  ) ,"%& :')

/-'* #"%&.%*-/* ;%)/  " #+&2-() () (+$Q& ()  !" '#%/%'# :') 0) " *-%& *'. '/ *';*&."& ()

C)..) -' () *% %0%'# $". $' C+.%*"&%-/ 0"&2-(%:')8 9". "%  )'.*@  ) *% %0%'# .+*%*&) #%)'A 6  "

02" )'. $.-C)/"/& ('  "*). 0". "C)0 '/ *';*&."& () SiO2  !+02"/&%  -/ )*& )/(-##"1+ "' ;-'&

() :') :')* #%/'&)*8 R) 9KKL )*& (+$-*+ $". S*$%/ 0-"&%/1S8

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

=-'*  )* .+*' &"&* $.+*)/&+* 0%3()**-'* *-/& -;&)/'* $".  ) ;%"%* (!'/) $-#$) .-'1) MT?? /#N

)& (!'/) *-/() ; )') MU?? /#N8 E-##) +C-:'+ ("/*  " $".&%) M V8U $"1) 77>N () 0) 02"$%&.)@

/-'* "C-/* '&% %*+ '/ .+*)"' () (%I."0&%-/ $-#$) 7F :'% %/('%& '/ <= $-#$) 6  " *'.,"0)

()  !+02"/&%  -/ )&@ $-'. *-/(). () ,"W-/ 2+&+.-(X/)  )* -/()* "0-'*&%:')* %/2-#-14/)* :'% )/

(+0-' )/&@ /-'* "C-/* '&% %*+ U ,"%*0)"'A *-/()* %**'* ()  " (%I."0&%-/ $". '/) 1.%  ) M.+*)"'
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("/*  ) #% %)' ";*-.;"/& M !" '#%/%'#N8 E) $%0 )*& *'%C% $". '/) (+0.-%**"/0) :'% )*& *%1/) ()
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PMMA-Al-SiL

 !"#$%  !"# $  !"#$! %! &' ('$)'*)+, %! $-.!/*)()*- "#$ 0  121&#23) 4 566 ,78 9:),"!$* 7!*

!, -()%!,/! &' ;$-<#!,/! %!" +"/)&&'*)+," =$)&&+#), >'," &! 0  18

%#&' ()*+ ,( -( ./.012 34516-)-(2 0( 2-)78 .9466-:;:-2,0: .-8 ,(.-845,0821<0-8 6,(=120.1(46-8

1(>,),=?(-8 .- #@" 78! A-7-(.4(2+ 5,))- (,08 (,08 1(2/:-88,(8 B 64 CDC+ (,08 (,08 8,))-8

3,54618/8 80: 694(46E8- .- 5-8 ,85166421,(8 D:166,01(! F1(81 =:G5- B 0(- 2:4(83,:)/- .- H,0:1-: .0

81=(46 .- :/I-521J12/ 2-)7,:-66- (,08 4J,(8 70 2:,0J-: <0- 5-8 ,85166421,(8 8,(2 B 64 3:/<0-(5-

D:166,01( 6,(=120.1(46- .- K' LMN )18- -( /J1.-(5- .4(8 691(8-:2! O( -P-2 5-22- 3:/<0-(5- 5,:;

:-87,(. B 5-66- .-8 ,85166421,(8 D:166,01( 6,(=120.1(46-8 .4(8 6- QRRF <0- 69,( 7-02 :-2:,0J-:

-( 47761<04(2 64 3,:)06- %  !"" 74=- ""#* 4J-5 691(.15- .0 QRRF (S"!T" B @'' () -2 64 J12-88-

45,0821<0- 6,(=120.1(46- V l2 = 2.7nm/ps!

U-8 ,85166421,(8 D:166,01( 6,(=120.1(46-8 /24(2 ./2-52/-8+ 64 7:,5>41(- /247- 5,(8182- B J/:1V-:

<0- 6-8 .-0W 34185-40W 7,)7-8 <01 1(2-:3/:-(2 80: 69/5>4(2166,( 8,(2 X1-( /<0161X:/8 4V( .- :/4;

618-: 64 ./2-521,( >/2/:,.E(- -Y545- .-8 ,(.-8 45,0821<0-8 .- 5184166-)-(2!

Q,0: 5- 341:-+ 16 80Y2 .- X6,<0-: 690( .-8 34185-40W 7,)7-8 -2 .9-(:-=182:-: 6- 81=(46 ,X2-(0 4J-5

69402:- 7,)7-! U4 V=0:- % !"Z*+ )-2 -( :-61-3 6- 81=(46 .- :/I-521J12/ ,X2-(0 4J-5 0( 34185-40

7,)7-! [,08 ,X2-(,(8 6- )\)- 81=(46 <0- 5-601 ,X2-(0 4J-5 6-8 .-0W 7,)7-8 %]^ 7,)7-*+ 64

8-06- .1P/:-(5- /24(2 694)76120.- <01 -82 .1J18/- 74: .-0W! O( -P-2 4J-5 6- ]^ 7,)7- 694);

76120.- )4W1)46- .- 64 J4:1421,( .- :/I-521J12/ -82 .- 710−4
%J,1: V=0:- %:-Y= _O"** 46,:8 <0-

80: 64 V=0:- % !"#* -66- -82 .- 3.510−4
! A- <01 ),(2:- X1-( <0- 6-8 .-0W 7,)7-8 .,((-(2 6-

)\)- 81=(46+ .,(5 <09-66-8 8,(2 X1-( /<0161X:/-8! R41(2-(4(2 (,08 7,0J,(8 7:,5/.-: B 64 CDC

.- 34`,( >/2/:,.E(-!
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 !"#$%  !"# $  !"#$! %! &' ('$)'*)+, %! $-.!/*)()*- '(!/ 0 1')"/!'# 2+32!4 56),"!$* 3!* !,

-()%!,/! &' 1$-7#!,/! %!" +"/)&&'*)+," 8$)&&+#), 9'," &! :  ;4 56'32&)*#%! &' ('$)'*)+, %!

$-.!/*)()*- !"* -<'&! = &' 3+)*)- %! /!&&! <-,-$-! 2'$ &! >? 2+32!

%& '( )*+ ',&'(-&( ./ 012('2+,& 3121-,04&( 0(5 ,&0(5 /',*52+)*(5 0( '+5/+..(6(&2 7 2-/8(-5 ./

9:9; &,*5 &</..,&5 =/5 =-15(&2(- 0( -15*.2/25! >(./ (52 6,2+81 =/- .( ?/+2 )*( &,*5 &</8,&5 =/5

=* 8/.+0(- (@=1-+6(&2/.(6(&2 ./ 231,-+( 0( ./ A1&1-/2+,& (2 012('2+,& =/- -15(/*@ =3,2,+&0*+25

0<,&0(5 /',*52+)*(5 2-/&58(-5(5 +&3,6,AB&(5 018(.,==1( 0/&5 '(22( 23B5(! %& (C(2; &,*5 /8,&5

*2+.+51 0+C1-(&2(5 ',&DA*-/2+,&5 (@=1-+6(&2/.(5; 6/+5 0/&5 /*'*&( 0<(..(5 &,*5 &</8,&5 =* 01E

2('2(- .(5 ,&0(5 0( '+5/+..(6(&2! >(5 ',&DA*-/2+,&5 5,&2 F/51(5 5*- ./ DA*-( G  !H =/A( """I

)*+ 6(2 18+0(&'( .(5 0+C1-(&2(5 =,55+F+.+215 )*+ 5<,C-(&2 7 &,*5 =,*- -1/.+5(- .<3121-,04&/A( 0*

5+A&/. 3,6,04&(! 9( '( ?/+2; &,*5 /8,&5 *2+.+51 ./ ',&DA*-/2+,& ,J 5(*.( ./ 5,&0( E" G,* EKI

5*=(-=,51( /* 5+A&/. 3,6,04&( +55* 0( ./ 01=,./-+5/2+,& 0( ./ 5,&0( " G,* KI (52 (&8,41( 5*-

./ =3,2,0+,0(; 6/+5 5(*.(5 0(5 ,5'+../2+,&5 :-+..,*+& .,&A+2*0+&/.(5 ,&2 =* L2-( 012('21(5! >(./

(52 =(*2E L2-( 0M 7 *& 6/*8/+5 3121-,04&/A( 0* 5+A&/. 3,6,04&(; '/- ',66( 18,)*1 0/&5 ./

=/-2+( G  ! ! =/A( "NOI; F+(& )*( &,*5 /4,&5 *2+.+51 *& 5452B6( 0<+6/A(-+( 5(&51 -15,*0-( .(5

=-,F.B6(5 0</F(--/2+,&5; +. (52 =,55+F.( )*( .( =/5 0* PQ =,6=( (2 5,&0( &( 5,+2 =/5 52-+'E

2(6(&2 .( 6L6( 5*- .<1'3/&2+..,&! %& (C(2; =,*- ./ 5,&0( &,*5 /8,&5 ,F2(&* *&( =1-+,0( 0(

PQ 0( "!K 6+'-,& (2 =,*- ./ =,6=( " 6+'-,&! R/ -/+5,& =-+&'+=/.( =(*2 L2-( .<1'/-2 +6=,-2/&2

(&2-( ./ .,&A*(*- 0<,&0( =,6=( (2 5,&0(! %& ?/+2; 0/&5 ./ )*/5+E2,2/.+21 0(5 2-/8/*@ ',&'(-&/&2

./ 012('2+,& 3121-,04&( 0<,&0( /',*52+)*( =/- -15(/*@ =3,2,+&0*+2 ST ; TU; T#V .(5 .,&A*(*-5

0<,&0(5 =,6=( (2 5,&0( 5,&2 /55(W =-,'3(5 GHNN (2 H N &6I! >(./ =(-6(22-/+2 0<*2+.+5(- .(5

"K#



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

1"  *,$.#,.2" &3", '/ &/41" -$5# #* *1&*$"6 7/" 0&8./ )" 3%$*9"$ 1:;%-%$.)</&4" ,./#*#-" = -$&/#>

1&-"$ '/ )"# $%#"&'( )" )*+$&,-*./ 2"$2"/)*,'1&*$" "/- 2&$ $&22.$- = 1:&(" .2-*?'" )' #<#-5 "

):* &4"$*" "- )" 3%$*9"$ #* 1:& 21*-')" )' #*4/&1 2&##" 2&$ )"# 2*,# "- )"# ,$"'( @ .)'1&-*./A

"/ 0./,-*./ )" 1& 2.#*-*./ )' $%#"&' )" )*+$&,-*./6 B3", ,"--"  %-;.)" /.'# /:&3./# 2&# 2'

.C#"$3"$ '/" 3&$*&-*./ /.-.*$" ):& 21*-')" ?'* 2'*##" 1&*##"$ 2$%#&4"$ '/"  .)'1&-*./ )' #*4/&1

;. .)</"6 D.'# &3./#  ./-$% )&/# 1& -;%.$*" )" 1& )%-",-*./ @#",-*./ E6F 2&4" GHA ?'" 2.'$

2.'3.*$ $%&1*#"$ 1& )%-",-*./ ;%-%$.)</" )"# ./)"# &,.'#-*?'"# */;. .45/"#I *1 "#- */)*#2"/#&C1"

?'" 1"# JK 2. 2" "- #./)" &*"/- 1"  ! " 2&# )" $%#"&'6 L"--" ,./)*-*./ /:%-&/- 2"'->!-$" 2&#

3%$*9%" "(2%$* "/-&1" "/-I &' 3'" )"# #* '1&-*./# /' %$*?'"# 2$%#"/-%"# 2$%,%)"  "/- @#.'#>

#",-*./ M6N 2&4" OEEAI *1 /:"#- 2&# 0&3.$&C1" )" )%-",-"$ )" 0&8./ "P,&," ,"# ./)"# &,.'#-*?'"#

)" ,*#&*11" "/-6 Q/ .'-$"I /.'# &3./# /.-% )"# */,"$-*-')"# #'$ 1"# )*#-&/,"# "/-$" 1"# $%#"&'(

)" )*+$&,-*./# "- 1:.CR",-*0 )"  *,$.#,.2"I &1.$# ?'" ,"11"#>,* ).*3"/- !-$" #-$*,-" "/- %4&1"#6

S:.2-* *#&-*./ )' #*4/&1 ;%-%$.)</" 2"'- !-$" $%&1*#% "/ */#%$&/- '/" 9/" 1& " )" 3"$$" #'$ 1"

-$&R"- ):'/ )"# 0&*#,"&'( #./)"I ," ?'* &'$& '/ "+"- #'$ 1& 2;&#" )" 1:*/-"/#*-% ;%-%$.)</"6 T&*#

)&/# /.-$"  ./-&4" "(2%$* "/-&1I &3", '/" 1./4'"'$ )" -'C" )" 1:.CR",-*0 9(%" = GH   I /.'#
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 !"#$% &'"()%**% #% +%((% (,-*% %*( #% &%(()% %. $/"#%.+% 0') 1.% '00)2+,% '1**" 3"%. (,$24

)"51% 51!%60$)"&%.('7%8 7' 02**"3"7"($ #% 9$.$)%) %( #% #$(%+(%) #%* 2.#%* '+21*("51%* ()'.*/%)*%*

".,2&29-.%* 0') )$*%'16 0,2(2".#1"(* : 7!".(%);'+% %.()% #%16 &"7"%16 "*2()20%*< =21) +% ;'")%8

+% ()'/'"7 *!%*( #$)217$ %. ()2"* 9)'.#* '6%*< >'.* 1. 0)%&"%) (%&0*8 .21* '/2.* #$/%7200$

1. ;2)&'7"*&% (,$2)"51% 51" ' 0%)&"* #% #2..%) 51%751%* 0)$#"+("2.* *1) 7!$&"**"2. #%* 2.#%*

'+21*("51%* ".,2&29-.%* 9$.$)$%* 0') )$*%'16 0,2(2".#1"(*8 : 7!".(%);'+% %.()% 1. *27"#% 20'51%

%( 1. *27"#% ()'.*0')%.(< ?%((% (,$2)"% #$&2.()% 7' 02**"3"7"($ #% 9$.$)%) #%* 2.#%* '+21*("51%*

#% +"*'"77%&%.( ".,2&29-.%* #'.* #%* &"7"%16 "*2()20%* 0') 7% 3"'"* #% )$*%'16 0,2(2".#1"(*<

@77% 0)$#"( 51% 7' 9$.$)'("2. #!2.#%* '+21*("51%* ".,2&29-.%* #'.* #%* &"7"%16 '#A'+%.(* .!%*(

02**"37% 51!'/%+ 1. )$*%'1 : /"(%**% *10%)*2."51%< B21* '/2.* &2.()$8 7!%6"*(%.+% #!1.% 07'9%8

2C *%17%* #%* 2.#%* $/'.%*+%.(%* *2.( $&"*%*< B21* '/2.* '1**" &2.()$ 51% 071* 7' ;)$51%.+%

'19&%.(% 071* 7% (D0% #!2.#%* '+21*("51%* ".,2&29-.%* $&"*%* E72.9"#1(".'7%* 21 ()'.*/%)*%*F

#'.* 7%* &"7"%16 '#A'+%.(* %*( "&02)('.(%< >% 071*8 *21* +%)('".%* +2.#"("2.*8 *%17%* #%* 2.#%*

'+21*("51%* #% +"*'"77%&%.( ".,2&29-.%* *2.( $&"*%* #'.* +%* &"7"%16 "*2()20%*< ?%((% (,$2)"%

&2.()% '1**" 51% 021) +%)('".%* +2&3".'"*2.* #% 0')'&-()%* #%* &"7"%16 '#A'+%.(*8 : +%)('".%*

;)$51%.+%*8 *%17%* #%* 2.#%* '+21*("51%* #% +"*'"77%&%.( *% 0)20'9%.( #'.* 7%* #%16 &"7"%16<

G 7!'"#% #% +'7+17* .1&$)"51%* 3'*$* *1) +%((% (,$2)"%8 .21* '/2.* &2.()$ 51!"7 %*( 02**"37% #!204

("&"*%) 7% +,2"6 #%* &'($)"'16 %. +2.('+(8 021) 1.% 9$.$)'("2. %H+'+% #%* 2.#%* '+21*("51%*

0"+2*%+2.#%* #% +"*'"77%&%.(< B21* '/2.* '".*"8 9)I+% : +%* *"&17'("2.* .1&$)"51%* /$)"J$ 7%*

0)$#"+("2.* (,$2)"51%* +2.+%).'.( 7!20("&"*'("2. #% 7!%H+'+"($ #% 9$.$)'("2. #%* 2.#%* '+21*4

("51%* #% +"*'"77%&%.( $&"*%* #'.* 7%* &"7"%16 '#A'+%.(*<

>'.* 1. *%+2.# (%&0* .21* .21* *2&&%* '((%7$* : #$/%7200%) 1.% (,$2)"% 0%)&%(('.( #% #$4

(%+(%) +%* 2.#%* 07'.%* '+21*("51%* #% +"*'"77%&%.( ".,2&29-.%*< =21) +% ;'")%8 .21* '/2.*

&"* *1) 0"%# 1.% (,$2)"% 3'*$% *1) 7' #$(%+("2. )$K%+(2&$()"51% : ()'/%)* 7!1("7"*'("2. #% )$4

*%'16 0,2(24".#1"(* 20("&"*$* 021) 7' *2.#% #'.* 7% 31( #!%6'7(%) 7!%H+'+"($ #% #$(%+("2. #%

LMN
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%! 24"!'.8 %! %&=2' *&#$ "#$%!+
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