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µ K � Ybc0eT#&i8' � xy%:#8'�14) ��_4� 3C+�P � '*6&%;KrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K � �
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µ K �¾"$143<i8P�.<% � 143�KrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K º �

ÁÃÂ ÌDÈ-»¸ºÁÌD¶¸¿�Çl½v¼�Ä
È-ºÁº<Ì�¹Ù¼�®0È-Ë;Â)ÌD¼ñÇ�«-¹2«
ÈL®W¿�½v¼�Ä
È¸ºq¹ Å�Å
� K µ V H .C+-' � 143<%:?<#^M�+�/0�o#&P�PÆKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K º ¼
� K � MX68'*l<1D?<#r?<#&%J143<?<#&%�B<P{+�3<#&%ÇKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K º5·

� K � K µ W:l<6&14)>�&9;#�?<# U P�1 H .<#8'TZvs$P�10iml¶KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K º4½
� K � K � "o+�P�i&.<PF?<#&%�i&1D#8�;i � #&35'*%�?<# U 14.<) � #&)ÈKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K º4¹
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� K º¾"$) � %T'm+�.0/gB<l<1�'*143 ��H .<#&%�+�,4#&i�?<68x�+�.G'*%rj�MX68'*l<10?<#r?<#&%A[0.<B�#&)>i&#&P�P�KrKrKrKrKrKrKrK�K ¼ ½
� K ¼ MX68'*l<1D?<#r?<#&%J? �|Õ 6&)>#&3<i&#&%JOC3 � #&%J?C+�3<%JP�#\?<149a+ � 3<#A'*#&9;B�14)>#&P�j U @AWJ@ÖKrKrKrKrK�K ¼ ¹

� K ¼ K µ ¢AP _ 14) � '*l<9;#b?<#�P{+`9;68'*l<10?<# U @AWJ@×KrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¼ ¹
� K ¼ K � MX1D?<�&P�#�?<#�? � %>B�#&)>% � 143h?<#r��14)>#&35'*¡�?C+�3<%JP{+ U @AWJ@ KrKrKrKrKrKrKrKrKrK�K · ¼
� K ¼ K º RSP�P�.<%T'*)*+-' � 143g?<#�P{+ U @AWJ@¨?C+�3<%JP�#\iu+�% � @ÆKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ·4·

� K�·»"$143<i8P�.<% � 143�KrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ·��

Å Å�Â5¯¸¼ñÌ9¿[Àp¶¸Ç�Ì9Ç�«-¼�Ä
È¸º[À ÇBÈ¸½§Ë;ÂE»¸¿<Ì9º0¬úÌD¼;Ç�«5»¸ºq¹�¾lÂ<Ø Ù�­
ºGK µ ��#\3 � 14cC+-'*#\?<#�P � '*l � .<9Ú?<14B�6�1u/0f0?<#r?<#�9a+ _ 3<6&% � .<9ÛZoM _ Y�j � � n�c�Y\ºÜKrKrKrK�K ½ �
ºGK � ��+2B�14)>B<l5f0) � 3<#�KrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ½ ¼
ºGK º»��+2iu+u, � '*6^[G�A@¿Z V '*.<?<#�#&3�I�Ý V KrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ½4½
ºGK ¼ V '*.<?<#�?<#�P{+2i814.<i�l<#�?<#rB�14)>B<lDf0) � 3<#AZoMX10?<�&P�#�?<#r��14)>#&35'*¡ÞKrKrKrKrKrKrKrKrKrK�K �0µ
ºGK�·Ü��+2iu+u, � '*6^[G�A@¿Z V '*.<?<#�#&3 U @AWJ@ K�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K �4�
ºGK ½¾"$143<i8P�.<% � 143�KrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K �4�

ß Å�Â5¯¸¼ñÌ9¿q¹^Àp¶¸Ç�Ì9Ç�«-¼�Ä
È¸ºq¹Xâ Â ÌDÈ-»¸ºÁÌD¶¸¿�Çl½v¼�Ä
È¸º[º<Ì�º5³"À ¿�½v¼�®Wº0«BÌ9Â�Ë;º àCá
¼ K µ ��#\3 � 14cC+-'*#\?<#�P � '*l � .<9âj��\6&3<6&)*+�P � '*6&%:#8' _ . � ?<#&%J?FE 143<?<#�K�KrKrKrKrKrKrKrKrKrKrK�K � �

¼ K µ K µ I()>14B<) � 68'*6&%�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K � �
¼ K µ K � ��#&% _ . � ?<#&%:?FE 143<?<#&%�%>.<)�� � n�c�Y

3

KrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K � µ
¼ K � U +�c<) � iu+-' � 143g?<#&%Ji&) � %T'm+�.0/hB<l<1�'*143 ��H .<#&%ÀKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K �4½

¼ K � K µ �\)*+u,0.<)>#�BC+�)ox�+ � %>i&#u+�.h?FE � 143<%:xy1Diu+�P � %>6&%ãKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K �4�
¼ K º V '*.<?<#�?<#&%�9 � i&)>1Diu+u, � '*6&%�[G�A@ä#8'A�

1

KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¹ �
¼ K ºGK µ "o+u, � '*6&%A[G�A@ KrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¹ �
¼ K ºGK � "o+u, � '*6&%�� µ KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¹5·

¼ K ¼ V '*.<?<#�#�/GB�6&) � 9;#&35'm+�P�#\?<#&%Jiu+�, � '*6&%�KrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¹4¹
¼ K ¼ K µ V '*.<?<#�#&3h'*)*+�3<%>9 � %>% � 143g?<#&%�iu+u, � '*6&%�KrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K ¹4¹
¼ K ¼ K � V '*.<?<#�#&3X)>68åC#�/ � 143dæç'*)*+�3<%>9 � %>% � 143g?<#&%�iu+u, � '*6&%èKrKrKrKrKrKrKrKrKrKrK�K µ���¼

¼ K�·»"o+�)*+�i�'m68) � %m+�' � 143h14BG' ��H .<#\#&3Xi�lC+�9;BhB<)>10iml<#éKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K µ��5�
¼ K�·0K µ I()>6&%>#&35'm+-' � 143X?<#�P{+`i&143GO _ .<)*+-' � 143h#�/GB�6&) � 9;#&3D'm+�P�#�KrKrKrKrKrKrKrKrKrKrK�K µ4µ��
¼ K�·0K � pJ6&%>.<P|'m+-'*%:#�/GB�6&) � 9;#&35'm+�.0/ÛKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K µ4µ4µ

¼ K ½¾"$143<i8P�.<% � 143�KrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K µ4µ ½
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¢^K µ I(.<c<P � i&+-' � 143<%NKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K µ º5·
¢^K � "$149=92.<3 � iu+-' � 143<%èKrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrK�KrKrKrKrKrKrKrKrKrKrK�K µ º4�
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It#&3<?C+�35'2P{+hP�#&i8'*.<)>#a?<#zi&#8'>'*# � 3D'*)>10?<.<i�' � 143Fk�P�#;i&) � %T'm+�P�P � 3N?<#;,51�'*)>#a¥ � P7i&14P�P�#&i8'*#;P{+XP�.<9 � �&)>#
6&9 � %>#\BC+�):P�#&%:? �|Õ 6&)>#&35'*%Jiu+�)*+�i8'*�&)>#&%�?<.g'*#�/0'*#r#8'JP{+`i&143<i&#&35'm)>#�%>.<):,41�'*)>#�)>68' � 3<#�K�"$#8'>'*#r?<#&)>3 � �&)>#
'*)*+�3<%Txy14)>9;#$P{+AP�.<9 � �8)*#
)>#&�&.<#:#&3 � 9;B<.<P�% � 1�3<%t6&P�#&i8'*) ��H .<#&% H .FE #&P�P�#o#&35,41 � #LeT.<% H .FE +�.=i&#&)T,5#u+�.FK�w71�'*)>#
)>68' � 3<#=)>6u+�P � %>#;+ � 3<% � .<3<#=xy143<i8' � 143N6&P�6&9;#&35'm+ � )>#gj�P{+gi&143D,4#&)>% � 143�?FE .<3�% ��_ 3C+�P(14BG' ��H .<#;#&3�% ��_ 3C+�P
6&P�#&i8'*) ��H .<#�K���+2)>68' � 3<#$eT14.<#r+-P�14)>%:P�#\)>�4P�#b?FE .<3<#r%>143<?<#�?C+�3<%J3<1�'*)>#�iu+�BG'*#&.<)J?<#\, � % � 143Fk<P�E ¥ � PQK<"$#8'
#�/G#&9;B<P�#g9;1435'*)>#hq�P{+�xy1 � %`PQE � 9=B�14)T'm+�3<i&#�ktPQE � 35'*6&)>�8'2#8';PQE 1�9;3 � B<)>6&%>#&3<i&#g?<#&%=iu+�BG'*#&.<)>%;14BG' ��H .<#&%
?C+�3<%J3<1�'*)># H .<1�' � ? � #&3FK

s$#u+�.<i&14.<B�?<#riu+�BG'*#&.<)>%A?<68,4#&P�14B<B�6&%A?<#r3<14%(eT14.<)>%J)>#&B�14%>#&35'A%*.<)J?<#&%�'*#&iml<3<14P�1 _4� #&%Jq=cC+�%>#r?<#
%>#&9 � ZSi&143<?<.<i8'*#&.<)&K V 35'*)>#�9;68'm+�.0/g#8' � %>14P{+�3D'*%&k0i&#&%�9a+�'m68) � +�.0/zB<)>6&%>#&3D'*#&35'A?<#&%JcC+�3<?<#&%J?FE 6&3<#&) _4� #
� 35'*#&)>? � '*#&%\B�14.<)\P�#&%�6&P�#8i8'*)*1�3<% H . � B�#&)>9;#8'>'*#&35'r?<#=i&1435'*)>�4P�#&)\P{+a'*)*+�3<%>9 � %>% � 143�?<#=% ��_ 3C+�.0/�6&P�#&i�Z
'*) ��H .<#&%&K0�(E +�3C+�P�1 _ .<#:?<#&%
%>#&9 � ZSi&143<?<.<i8'*#&.<)>%
B�14.<)7PQE 14BG' ��H .<# � 35'*6 _ )>6&#�+�68'*6�B<)>14B�14%>6�#&3 µ ¹4� � BC+�)
V KGý$+�c<P�143<1�, � 'mimlh%>14.<%�P{+^xy14)>9;#�?<#�i&) � %T'm+�.0/hB<l<1�'*143 ��H .<#&%&K���#&%�i&) � %T'm+�.0/hB<l<1�'*143 ��H .<#&%J%>143D'�?<#&%
%T'*)>.<i8'*.<)>#&%J?<1435':PQE � 3<? � i&#�?<#\)>68xy)*+�i8' � 143a,-+�) � #bB�6&) � 1D? ��H .<#&9;#&3D'o?C+�3<%:.<3<#-k<?<#&.0/g14.z'*)>1 � %$? � 9;#&30Z
% � 143<%&KD"$#J9 � P � #&.2B�6&) � 10? ��H .<#:B<)>10?<. � '(%>.<)7P{+bP�.<9 � �&)># H . � %>#JB<)>14BC+ _ #J?C+�3<%(P�#:i&) � %T'm+�P<B<l<1�'*143 ��H .<#
.<3;# Õ #8'$+�3C+�P�1 _ .<#Jq\i&#&P�. � ?<.;B�1�'*#&35' � #&PCB�6&) � 10? ��H .<#:%>.<)
P�#&%(6&P�#&i8'*)>143<%7?C+�3<%
.<3;i&) � %T'm+�PQK4@A#�9;�&9;#
H .FE � P
#�/ � %T'*#zB�14.<)^?<#&%`6&P�#&i8'*)>143<%`?<#&%`cC+�3<?<#&%`?FE 6&3<#&) _4� #zB�#&)>9 � %>#&%`#8'`?<#&%`cC+�3<?<#&% � 35'*#&)>? � '*#&%&k � P
#�/ � %T'*#�?<#&%�cC+�3<?<#&%JB<l<1�'*143 ��H .<#&%J?FE 68'm+-'*%�B�#&)>9 � %>#&%J#8'�?<#&%JcC+�3<?<#&%�B<l<1�'*143 ��H .<#&% � 35'*#&)>? � '*#&%&K

@b+�3<%b.<3�B<)>#&9 � #&)J'*#&9;B<%&k�i-E #&%T'�P{+;B<)>6&%>#&3<i&#2?FE .<3<#`cC+�3<?<# � 35'*#&)>? � '*#rB<l<1�'*143 ��H .<#h��s$RvI
� H . �
+d%>.<%>i � '*6zP�#zB<P�.<%`?FE � 35'*6&)>�8'uK V 3�# Õ #8'uk�i&149;9;#a#&3�9 � i&)>1d6&P�#&i8'*)>143 ��H .<#�ktPQE � 3<%>#&)T' � 143�?<#z?<68x�+�.G'*%
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P�10iu+�P � %>6&%7?C+�3<%
P�#Ji&) � %T'm+�PCi&)>6&#A?<#&%$3 � ,4#u+�.0/;?FE 6&3<#&) _4� #�B�#&)>9 � %7?C+�3<%
P{+rs$RvILKG"$#&%$?<68x�+�.G'*%
B�#&.G,4#&35'
�8'*)>#X?<#&%;iu+u, � '*6&%;)>6&%>143C+�35'*#&%&k
?<#&% _ . � ?<#&%=?FE 143<?<#&%a14.�?<#&%;%T'*)>.<i8'*.<)>#&%aB<P�.<%=i&149;B<P�#�/G#&%&K$"$#8'>'*#
i&143GO _ .<)*+-' � 143zB�#&)>9;#8'o?<#\B � 6 _ #&)$P�#&%oB<l<1�'*143<%o?C+�3<%:?<#&%:%>.<)Tx�+�i&#&%o'*)>�&%oB�#8' � '*#&% � 3<?<. � %*+�35'o?<#&%o,41-Z
P�.<9;#&%o?<#b9;10?<#&%$'*)>�&%ox�+ � c<P�#&%&K<"$#8'>'*#\BC+�)T' � i&.<P{+�) � '*6�?<#&%:iu+�, � '*6&%oB<l<1�'*143 ��H .<#&%J+�. _ 9;#&35':P�#A'*#&9;B<%
?<#b, � #\?<#&%JB<l<1�'*143<%:B�#&)>9;#8'>'m+�35'�+ � 3<% � .<3<#\xy14)T'*# � 3D'*#&)*+�i8' � 143zP�.<9 � �&)>#�ZS9;+-' � �&)>#�KG��#&%J? � 9;#&3<% � 143<%
?<.~i&) � %T'm+�P�B�#&)>9;#8'>'*#&35'r#83NBC+�)T' � i&.<P � #&)A?<#=)>6u+�P � %>#&)b?<#&%�iu+u, � '*6&%\?<#=B�#8' � '*#&%b'm+ � P�P|#&%\+u,4#&i;?<#&%\x�+�i�Z
'*#&.<)>%J?<# H .C+�P � '*6r¦ � 9;B�14)T'm+�35'*%o#8'�?<143<i�.<3X)*+�B<B�1�)>' Q

V

%>.G�;%*+�9;9;#&35' _ )*+�3<?FK

"$#&)T'm+ � 3<#&%:#&%>B��&i&#&%A+�3 � 9a+�P|#&%$#8'J9 � 3<6&)*+�P�#&%
x�+�c<) ��H .<#&3D':#8':.G' � P � %>#&35'oi&#&%J%T'*)>.<i8'*.<)>#&%�q`?<#&%oOC3<%
#&%T'*l<68' ��H .<#&%r#8'�%T'*)*+-'*6 _4��H .<#&%&KL"$#&%�i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%�1 Õ )>#&35'�P{+zB�14%>% � c � P � '*6^?<#=i&1435'*)>�4P�#&)bP{+
B<)>14BC+ _ +-' � 143�?<#`P{+aP�.<9 � �&)>#^#8'\i&#8i � k�%>.<)\P{+;? � 9;#&3<% � 143�?<#2PQE 14)>?<)>#^?<# _ )*+�3<?<#&.<)b?<#`P{+aP�143 _ .<#8.<)
?FE 143<?<#r?C+�3<%JP�#\9a+-'*6&) � +�.h#8'�i�E #&%T'A3<1�'m+�9;9;#&35':i&#8'>'*#rB<)>14B<) � 68'*6 H . � P�#&%J)>#&3<? � 35'*6&)>#&%>%*+�35'*%�B�14.<)
?<#�3<149`c<)>#&.<%>#&%$+�B<B<P � iu+-' � 143<%&K4¢A.-eT14.<)>?FE lD. � k5P�#&%7iu+u, � '*6&%
B<l<1-'m1�3 ��H .<#&%
%>#�B<)>6&%>#&35'*#&3D'$i&149;9;#:.<3<#
?<#&%�%>14P�.G' � 143<%b#&3D, � %*+ _ 68#&%rB�14.<)\PQE +�B<B<P � iu+-' � 143�?<#&%�i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%�?C+�3<%�P�#`?<149a+ � 3<#`?<#&%
iu+�BG'*#&.<)>%&K

@b+�3<%$i&#8'>'*#A'*l<�&%>#A?<#&.0/ac<.G'*%$%>143D'oq^+-'>'*# � 3<?<)>#�K0��#AB<)>#&9 � #&)7#&%T'o?FE 68'*.<? � #&)
.<3<#Aiu+u, � '*6AB<l<1�'*1-Z
3 ��H .<#�B�14.<)J?<#&%�+�B<B<P � iu+-' � 143<%o#&3h'm+�35' H .<#�iu+�BG'*#&.<)J?<# _ +�¡�KCI(P�.<%JB<)>6&i � %>6&9=#&3D'ukC3<14.<%Jiml<#&)>iml<143<%
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#8'�#&3`PQE +�c<%>#&3<i&#$?<#$i�lC+�) _ #8%(+u,4#&ioPQE 6 H .C+-' � 143r?<#:[0iml<)>10? � 3 _ #&)
H . � )>6 _4� '�P�#�i&149;B�14)T'*#&9;#&3D'�?<#&%�6&P�#&i8'*)>143<%&k�143�B�#&.G'A)>#&9a+�) H .<#&) H .<#^P{+2B�#&)>9 � '>' � , � '*6\6&P�#&i8'*) ��H .<#
?<.�9 � P � #&.zeT14.<#;P�#=9;�&9;#=)>�4P�# H .<#aP�#=B�1�'*#&35' � #&P7+-'*149 ��H .<#=B�6&) � 10? ��H .<# H .<#a%>.<c � %>%>#&35'`P�#&%�6&P�#&i�Z
'*)>143<%&Kt¢ � 3<% � kt?C+-3<%2.<3�9a+-'*6&) � +�. H . � B<)>6&%>#&35'*#h.<3<#z? � %T'*) � c<.G' � 143�B�6&) � 10? ��H .<#a?<#gP{+�i&143<%T'm+�35'*#
? � 6&P�#&i8'*) ��H .<#d#8'X%>14.<%hi&#&)T'm+ � 3<#8%hi&143<? � ' � 143<%&k � PA#&%T'XB�14%>% � c<P�#d?FE 14cG'*#&3 � )g?<#&%hcC+�3<?<#&% � 35'm#8)*? � 'm#8%
B�14.<)$P�#&%$B<l<1�'*143<%&KC"$#b%>1435':i&#&%o9a+-'*6&) � +�.0/ H .<#b3<14.<%:+�B<B�#&P�P�#&)>143<%$?<#&%oi&) � %T'm+�.0/aB<l<1�'*143 ��H .<#&%o14.
9a+-'*6&) � +�.0/gq2cC+�3<?<# � 35'*#&)>? � '*#\B<l<1-'m1�3 ��H .<#�K

120
0

120
0

120
0

(a)                                  (b)                                            (c)                                            (d)
10 mm

I ò7JK* µ K µ
L @A68,4#&P�14B<B�#&9;#&35'o?<#AP{+�9 � i&)>106&P�#8i8'*)*1�3 ��H .<#J1NM���+5�(i&14)>)>#&%>B�143<?g+�.aB<)>#&9 � #&)7'*)*+�3<% � %T'*14)
)>6u+�P � %>6XBC+�)z[0l<10im DP�#8f #8'g+�PO& µ%( #8'~�yc��=P�#X9 � i&)>14B<)>10i&#&%>%>#&.<) � 35'*#&P�i8143D'*#&3C+�35' � K º�9 � P|P � +�)>?<%=?<#
'*)*+�3<% � %T'*14)&K0@A68,4#&P�14B<B�#&9;#&35':?<#A3C+�3<1�B<l<1�'*143 ��H .<#A1NM��yi��7)>#&B<)>6&%>#&35'*#\.<3<#�,0.<#A%>i�l<6&9a+�' �|H .<#A?FE .<3
i&) � %T'm+�PJB<l<1�'*143 ��H .<#dº4@P& �Q( ?<#X'm+ � P�P|#h9 � i&)>149=68'*) ��H .<#h#8'~�y?��2P�#hxy.G'*.<)a9 � i&)>14B�14P � %=B<l<1�'*143 ��H .<#
� 9a+ _4� 3<6bBC+�) ] 15+�3<3<14B�14.<P�14%�& º ( K
�(E � ?<6&#2?FE .<3<#=cC+�3<?<# � 35'*#&)>? � '*#`B<l<1�'*143 ��H .<#2)>#8, � #&35'rqh��14)>?Np�+uf0P�# ��_ l H . � kF#&3 µ �4� � k�B<.<c<P � +

?C+�3<%�R?SUT7V6WYXYWDZ[SUT]\_^>V�`a^Ybc^Yd�T7e1f`.<3�BC+�B � #&)A?C+�3<%bP�# H .<#&P � PL68'*.<? � #^P{+aB<)>14BC+ _ +-' � 143�?<#`P{+aP�.<9 � �&)>#
?C+�3<%`?<#&%`%T'*)>.<i8'*.<)>#&%`B�6&) � 10? ��H .<#&% � 3GOC3 � #&%'& µ º ( KL¢ � 3<% � kLp�+�f0P�# ��_ l�+�i&149;B<) � % H .FE .<3<#g%T'*)>.<i8'*.<)>#
9`.<P|' � i&14.<iml<#�B�#&.G':B<)>1D?<. � )>#A.<3<#AcC+�3<?<# � 35'*#&)>? � '*#�#8':B�#&)>9;#8'o?FE 14cG'*#&3 � )$.<3z9 � )>1 � )
+u,5#&ib?<#�xy14)T'*%



)+*g)+*ihrò°ï�ñ�/�ô�ò7j80LíNíCñ�î�;Ak<ò7.Lò{ñ�ò7/8.Lï �

i&10#8�;i � #&35'*%$?<#�)>68åC#m/ � 143l& µu¼>( K0@A�&%
P�#J?<6&c<.G'o?<. ��� �&9;#J% � �&i&P�#�k5Ý � P�P � +�9ü��+u�J)>#&3<i&#bs$)*+ _4_ )>6u+�P � %m+
.<3<#a%T'*)>.<i8'*.<)>#z9`.<P|' � i&14.<iml<#=xy14)>9;6&#;?FE .<3<#a9;10?<.<P{+-' � 143~B�6&) � 10? ��H .<#;?<#aPQE � 3<? � i&#=?<#a)>68xy)*+�i8' � 143FK
¢�,4#&i`.<3<#�'*#&P�P�#�%T'*)>.<i8'*.<)># � P�14cG' � 35'�.<3<#^)>68åC#�/ � 143�?<#rB<P�.<%�?<#^¹4¹cmÚ#8' H . � B�14)T'*#r?<6&%>14)>9a+ � %�%>143
3<149XkDP�#�9 � )>1 � )(?<#bs$)*+ _4_ KD¢ � 3<% � 68'm+ � #&35'$3<6&#&%oP�#&%
%T'*)>.<i8'*.<)>#&% µ @ �y.<3 � ? � 9;#&3<% � 143<3<#&P�P|#&%m�(qrcC+�3<?<#
� 35'*#&)>? � '*#\B<l<1�'*143 ��H .<#;� U ��_ .<)># µ K � ��K

2 mm

(a)                                            (b)

e1 e2

I ò7JK* µ K �OL ��+5�J[D'*)>.<i8'*.<)>#rB<l<1�'*143 ��H .<# µ @^KL�yc�� V /G#&9;B<P�#�?FE .<3�)>6&%>#u+�.�?<#^s$)*+ _4_ )*6&+�P � %>6�%>.<)�.<3
%>.<c<%T'*)*+-'J?<#b3 � 14cC+-'*#A?<#\P � '*l � .<9�+u,4#&i\.<3<#\B�6&) � 10?<#b?<#

1058 nm
)>6u+�P � %>6bq^P{+^i&#&35'*)*+�P�#A'*#&i�l<3<14P�1-Z

_4��H .<#rMXRTM V n�W�Yü?<#�PQE � 3<%T' � '*.G' U�V MXW�Y�ZT[0W¿q;s$#&%*+�3<�&143FK

�(E � ?<6&#b?<#&%:i&) � %T'm+�.0/zB<l<1�'*143 ��H .<#&%��Q"oI
�$+`68'*6 � 3D'*)>1D?<. � '*#A?C+�3<%oP{+^i&149;9`.<3C+�.G'*6A%>i � #&35' � O H .<#
BC+�) ] 14l<3n& µ · ( #8'$ý$+�c<P�1�3<1�, � '*imll& µ ½ ( #&3 µ ¹4� � kD#&3g68'*.<? � +�35'oP�#�i&143D'*)>�4P�#�?<#bPQE 6&9 � %>% � 1�3a%>B�1435'm+�3<6&#
?C+�3<%�P�#&%�6&9;#8'>'*#&.<)>%�%>#&9 � ZSi&143<?<.<i8'*#&.<)>%&K5@A#&B<. � %(i&#$'*#&9;B<%&k�P�#&%�68'*.<?<#&%(%>.<)�P�#&%7"oI(%(%>1435'(?<#8,4#&3D.<#u%
.<3='*l<�&9;#J?<#J)>#&iml<#&)>i�l<#�#&3;i&143D' � 3D.<#&P�P�#oi&)>1 � %>%*+�3<i&#�K0��+bO _ .<)># µ K µ �yc�� � P�P|.<%T'*)>#:P�#:?<68,4#&P�14B<B�#&9;#&35'
?<#&%;i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%;#&3�i&149;BC+�)*+�3D'=P�#h%>iml<6&9a+N?<.�B<)>#&9 � #&)=i&) � %T'm+�P:B<l<1�'*143 ��H .<#h)>6u+�P � %>6
#�/GB�6&) � 9;#&35'm+�P�#&9;#&35'o& µ ½ ( +�,4#&i`PQE +�)>iml � '*#&i8'*.<)>#^#&35, � %*+ _ 6&#`B�14.<)APQE +�,4#&3 � )�BC+�) ] 15+�3<3<14B�14.<P�14%&k�P�#'E
M � i&)>14B�14P � %=I(l<1�'*143 ��H .<#pEn& º ( k7+�3C+�P�1 _ .<#gB<l<1�'*143 ��H .<#h?<.�9 � i&)>14B<)>1Di&#&%>%>#&.<)&K
@A#&B<. � % µ ¹4� � k�P�#&%
i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%2%>143D'2?<#8,4#&30.<%=.<3�%>.-eT#8'=?<#g)>#&iml<#&)>iml<#g'*)>�&%2B<)>149;1�'*#&.<)&kt#&35'*)*+-�{3C+�35'2?<#&%
?<68,4#&P�14B<B�#&9;#&35'*%^?C+�3<%^P�#&.<)>%�x�+�c<) � iu+-' � 1�3<%&k�+ � 3<% �(H .<#a?C+�3<%^P{+g'*l<6&14) � #=#8'^P�#&%^+�B<B<P � iu+-' � 143<%&KLYb3
B�#&.G'('*)>14.G,4#&)(?<#&%(P � ,0)>#&%K& ºGk µ�� k µ � ( k�?<#&%(6&? � ' � 143<%�%>B�6&i � +�P�#&%(?<#teT14.<)>3C+�.0/!& µ ¹Gk ���q( k�#8'7?<#&%(i&#&35'm+ � 3<#&%
?<#aB<.<c<P � iu+-' � 143<%�%>.<)`P�#&%^i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%^imlC+ H .<#g+�3<3<6&#�K���+XO _ .<)># µ K º�3<14.<%^9;1435'*)>#aP�#
3<149`c<)>#\?FE +�)T' � i&P�#&%:B<.<c<P � 6&%:%>.<)JP�#&%�"oI(%�?<#&B<. � %:P�#&.<):3C+ � %>%*+�3<i&#�#&3 µ ¹4� � eT.<% H .FE q=3<14%�eT14.<)>%�& �0µ�( K
��+ H .<#&%T' � 143 H . � %>#rB�14%>#r#&%T' H .<#�?<6&% ��_ 3<#�Z¤'TZS143h%>14.<%�PQE +�B<B�#&P�P{+-' � 143aE8i&) � %T'm+�PFB<l<1�'*143 ��H .<#cE<H

Yb3�?<68OC3 � 'z.<3�i&) � %T'm+�PJB<l<1�'*143 ��H .<#�i&149;9;#X.<3<#d%T'*)>.<i8'*.<)>#di8143<%T' � 'm.<68#d?FE .<3é+�)>)*+�3 _ #&9;#&35'
B�6&) � 1D? ��H .<#�?<#�? �|Õ 6&)>#&35'*% � 3<? � i&#&%a?<#�)>68xy)*+�i8' � 143�%>. � ,�+�35'z.<3<#�k
?<#&.0/ä�°,51 � )2O _ .<)># µ K ¼ ��+5�>�214.
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5*Exp[(Year-1987)/3]

I ò7JK* µ K º L "$)>1 � %>%*+�3<i&#^?<.d3<1492c<)>#r?<#^B<.<c<P � iu+-' � 143h%>.<)bP�#&%�i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%A?<#&B<. � % µ ¹4� �
eT.<% H .FE q ���4� �GK

'*)>1 � %a�°,41 � )\O _ .<)># µ K�·N�yi��\#8'g�y?��>�\? � )>#&i8' � 143<%�?<#;PQE #&%>BC+�i&#�kL+�,4#&ia.<3Nxy14)T'ri&1435'*)*+�%T'*#;?FE � 3<? � i&#=?<#
)>68xy)*+�i8' � 143FK�}�3<#=+�.G'*)>#2i&143<? � ' � 143d#&%T' H .<#2P{+aB�6&) � 10?<#`iu+�)*+�i8'*6&) � %T' ��H .<#`?<.�"oI�%>1 � 'bi&149;BC+�)*+�c<P�#
qgP{+aP�143 _ .<#&.<)\?FE 143<?<#2?<#2'*)*+u,�+ � PQK���+zi&143<%>6 H .<#&3Ci&#;?<#2i&#8'>'*#=B�6&) � 10? � i � '*6^%>#=9a+�3 � xy#8%>'*#`?C+�3<%\P{+
%T'*)>.<i8'*.<)>#d?<#�cC+�3<?<#dB<l<1�'*143 ��H .<#�k
1NM i&#&)T'm+ � 3<#&%axy)>6 H .<#&3<i&#&%g%>1435'zB�#&)>9 � %>#&%a%>. � ,-+�3D'zi&#&)T'm+ � 3<#&%
? � )>#&i8' � 143<%�9a+ � % � 35'*#&)>? � '*#&%�%>. � ,�+�35'b?FE +�.G'*)>#&%A? � )>#&i8' � 143<%&K���+ _ +�9;9;#�?<#&%�xy)>6 H .<#&3<i&#&% � 35'm#8)*? � 'm#8%
B�14.<)zP�#&%aB<l<1�'*143<%g%>. � ,-+�3D'g.<3<#d? � )>#&i8' � 143 xy14)>9;#�P{+�cC+�3<?<# � 3D'*#&)>? � '*#�B<l<1�'*143 ��H .<#���s$RvI
� H .<#
PQE 143�+;#&.�PQE 10i&iu+�% � 143X?FE 68,41 H .<#&)bB<)>6&i&6&?<#&9;9;#&35'bB�14.<)�P�#&%�9 � )>1 � )>%:9`.<P|' � i&14.<iml<#&%&K�[ � 9 � P�+ � )>#rq=P{+
%T'*)>.<i8'*.<)>#a?<#;cC+�3<?<#a?C+�3<%rP�#&%r%>#&9 � ZSi&143<?<.<i8'*#&.<)>%&k�P{+h%T'*)>.<i8'*.<)>#a?<#;cC+�3<?<#;B<l<1�'*143 ��H .<#;)>6 _4� 'rP{+
B<)>14BC+ _ +-' � 143X?<#`P{+=P�.<9 � �&)>#r?C+�3<%AP�#&%Ai&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%A#&3�)>#&P � +�35'�P{+=xy)>6 H .<#&3<i&#

ω
+�.�,4#&i�Z

'*#&.<)r?FE 143<?<#FrX?<#&%^B<l<1�'*143<%&KLIL14.<)r?<68'*#&)>9 � 3<#&)�P{+h%T'*)>.<i8'*.<)>#a?<#;cC+�3<?<#;B<l<1�'*143 ��H .<#�k�B<P�.<% � #&.<)>%
9;68'*l<10?<#&%
3D.<9;6&) ��H .<#&%
#8'o+�3C+�P|fD' ��H .<#&%
%>1435'$?<68,5#&P�14B<B�6&#&%o#8'$%>#&)>1435'$?<6&i&) � '*#&%$?C+�3<%
P�#Ji�lC+�B � '*)># � K

"$149;9;#b3<14.<%oP�#A,4#&)>)>143<%:BC+�)oP{+^%>. � '*#�k<PQE #m/ � %T'm#83<i&#\?FE .<3<#�cC+�3<?<# � 3D'*#&)>? � '*#AB<l<1�'*143 ��H .<#b3FE #&%T'
BC+�%�P{+g%>#&.<P�#;B<)>14B<) � 68'*6 � 3D'*6&)>#&%>%*+�35'*#;?<#&%`"oI(%&KL��+h? � %>B�#&)>% � 143~c � #&3NBC+�)T' � i&.<P � �&)>#`?<#;P{+gP�.<9 � �&)>#
?C+�3<%�i&#&%�9a+-'*6&) � +�.0/gB�#&)>9;#8'�?FE #&35, � %*+ _ #&)�?FE +�.G'*)>#&%Jxy143<i8' � 143<%Ji&149;9;#\BC+�)J#�/G#&9;B<P�#rP�#\B � 6 _ #u+ _ #
?<#JP{+\P|.<9 � �&)>#�k�P�#&%7%T'*)>.<i8'*.<)>#&% _ . � ?C+�35'*#&%7#8'
c � #&3=%ts<)7? � ,5#&)>%>#&%
+�B<B<P � iu+-' � 143<%�i&149;9;#:BC+-)7#�/G#&9;B<P�#
P�#&%:iu+�BG'*#&.<)>%&K
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1 mm

(a)                                         (b)

e1 e2

I ò7JK* µ K ¼'L ��+5�\"$) � %T'm+�PtB<l<1�'*143 ��H .<# � @^K7�yc��\M�+-'*) � i&#2?<#2'*)>14.<%\?FE + � )b)>6u+�P � %>6&#2%>.<)�.<3~%>.<c<%T'*)*+-'
?<#;3 � 14cC+-'*#=?<#;P � '*l � .<9
+u,4#&ia.<3<#;B�6&) � 1D?<#a+cy\� � ·-3<9
#8'^.<3�)*+uf51�3�)Dy ��� ½�3<9
#8'rx�+�c<) ��H .<6aqhP{+
i&#&35'*)*+�P�#\'*#&iml<3<14P�1 _4��H .<#rMXRTM V n�W�YÏ?<#�PQE � 3<%T' � '*.G' U�V MXW�Y�ZT[0W\K

2 mm

(c)                                         (d)

e1 e2

I ò7JK* µ K�· L ��+5�`"$) � %T'm+�P
B<l<1�'*143 ��H .<#gº4@^KJ�yc��rRS9a+ _ #gM V s ?FE .<3�i&) � %T'm+�P$B<l<1�'*143 ��H .<#zi&14P�P�1 � ?C+�P
14cG'*#&3D.XBC+�)J?<#&%J%>B<l<�&)>#&%A?<#�? � +�9;�8'*)>#&%Jº � ·-3<9z& ¼>( K
���_{ |G�<�8�F}~�-�'� � �§���Á���X�§� � � �Á���X�§� � � � � � � �%� ���Á� ����� � ����� �

@A#=x�+��&143 _ 6&3<68)m+-P�#�k�P�#&%�6 H .C+-' � 143<%�?<#zM�+�/0�o#8P�P7?<6&i&) � ,5#&35'^P{+gB<)>14BC+ _ +-' � 143~?<#&%r143<?<#&%r6&P�#&i�Z
'*)>149a+ _ 3<68' ��H .<#&%�?C+�3<%r.<3�9 � P � #&.~?<#;i&143<%T'm+�3D'*#;? � 6&P�#&i8'*) ��H .<#

ε(r)
K���#&%r6 H .C+-' � 143<%^+�.0/~,�+�P|#&.<)>%

B<)>14B<)>#&%(14cG'*#&3D.<#&%(B�14.<)�P�#&%�imlC+�9;B<%(6&P�#&i�'m) ��H .<#o#8'(9a+ _ 3<68' ��H .<#$%>143D'(?<143<3<6&#&%(?C+�3<%(P�#&%�6 H .C+-' � 143<%
µ K µ #8' µ K � H . � %>#&)>1435'�'*)*+ � '*6&#&%t?C+�3<%�P�#$imlC+�B � '*)>#$%>. � ,�+�35'uK�@b+�3<%(P�#
iu+�%�?FE .<32i&) � %T'm+�P0B<l<1�'*143 ��H .<#$1NM
P{+bi&143<%T'm+�3D'*#J? � 6&P�#&i8'*) ��H .<#:#&%T'$B�6&) � 10? ��H .<#�k4P�#&%76 H .C+-' � 143<% µ K µ #8' µ K � %>143D'$+�3C+�P�1 _ .<#&%7q\PQE 6 H .C+-' � 143
?<#b[0i�l<)t�D? � 3 _ #&) µ K º�?<6&i&) � ,�+�35'$P�#J?<6&B<P{+�i&#&9;#&35'$?<#&%$6&P�#&i8'*)>143<%
?C+�3<%$.<3aB�1�'*#&3D' � #&PCB�6&) � 10? ��H .<#�k51NM



µ��)+*-,�ê�.-/�ï�ñ�ô10-2Fñ�0Lô�í�ï'3�ð4/tñ�ò650êGñ�ò7/8.Lï:9<;Cñ0êGñ�îtí~ì>= êtô0ñ?9�ê�@A@�ì0ò72FêGñ�ò7/8.Lï`ê<0<B�2Fê�@Cñ�íA0Lô�ï
−→
H
#&%T'A+�3C+�P�1 _ .<#�q2P{+^xy143<i8' � 143h?FE 143<?<#

ψ(r)
#8'
ε(r)

#&%T'A+�3C+�P�1 _ .<#�+�.hB�1�'*#&35' � #&P � 1�3 ��H .<#bw=�y)m��K

1

ε(−→r )

−→∇ ∧ {−→∇ ∧−→
E (−→r )} =

ω2

c2
−→
E (−→r )

� µ K µ �

−→∇ ∧ { 1

ε(−→r )

−→∇ ∧−→
H (−→r )} =

ω2

c2
−→
H (−→r )

� µ K � �

− ~
2

2m
△ψ(r, t) + V (r, t)ψ(r, t) = ı~

∂

∂t
ψ(r, t)

� µ K º5�

"$#8'>'*#o+�3C+�P�1 _4� #7+�,4#&i$P{+JB<l5f0% ��H .<#o?<.^%>14P � ?<#7B�#&)>9;#8't?<#$)>6&.G' � P � %>#&)�'*14.<%tP�#&%L14.G' � P�%�?<#$P{+Ji&) � %T'm+�P Z
P�1 _ )*+�B<l � #7P � 6&%tqAP{+�B�6&) � 10? � i � '*67?<.2)>6&%>#u+�.FK4�(E 14B�6&)*+-'*#&.<)ti&14)>)>#&%>B�143<?C+�35'
qAP�E 6 H .C+-' � 143 µ K µ �y14. µ K � �
#&%T'�l<#&)>9 � ' � #&3d#8'�i&149;9`.G'*#2+u,5#&i2P�#&%\14B�6&)*+-'*#&.<)>%�?<#`'*)*+�3<%>P{+-' � 143�?<.~)>6&%>#u+�.Ni&) � %T'm+�P�P � 3FK�@^E +�B<)>�&%
P�#`'*l<6&14)>�&9;#2?<#;s$P�10imlFkFP�#&%�%>14P�.G' � 143<%b%>1435'r?<#=P{+zxy1�)*9=#=�

k

�y)m�tyb.
k

�y)m� ∗ expik.r
K��(E 6 H .C+-' � 143~#&%T'

qz)>6&%>14.<?<)>#2B�14.<)bi�lC+ H .<#`,4#&i8'*#&.<)�?FE 143<?<#'rg+�B<BC+�)T'*#&3C+�35'rqzP{+aB<)>#&9 � �&)>#^¡&143<#2?<#=s$) � P�P|14. � 3d?<.
)>6&%>#u+�.�)>6&i � B<)>1 H .<#�kt#8'2)>#8, � #&35'2qd)>6&%>14.<?<)>#z.<3�%Tf0%T'*�&9;#z?FE 6 H .C+-' � 143<%2+�.0/�,-+�P�#&.<)>%`B<)>14B<)>#&%&kt1NM
ω
#&%T'\,-+�P�#&.<)bB<)>14B<)>#2#8'

Hk

#&%T'�P�#^,5#&i�'m#8.<)�B<)>14B<)>#=+�%>%>10i � 6�K V 3~)>6u+�P � '*6�k � Pt3FE #&%T'�BC+�%\3<6&i&#&%>%*+ � )>#
?<#z)>6u+�P � %>#&)rP�#aiu+�P�i&.<P$?C+�3<%^'*14.G'*#&%`P�#&%^? � )>#&i8' � 143<%^?<.�B<P{+�3�14.�?<#zPQE #&%>BC+�i&#giu+-)`P�#&%^#�/0'*)*#892.<9;%
?<#&%\cC+�3<?<#&%\%>#2% � '*.<#&35'\P�#^P�143 _ ?<#&%\? � )>#&i8' � 143<%A?<#2%Tf09;68'*) � #`?<#`P{+aB<)>#&9 � �&)>#^¡&143<#2?<#2s$) � P�P�1�. � 3FK
�(E #&3<%>#&9`c<P�#`?<#&%\%>14P�.G' � 143<%�? � %>i&)>�8'*#&%\?<#

ω
?<143<3<#2P{+;%T'*)>.<i8'*.<)>#2?<#`cC+�3<?<#

ω
�y G��?<.�i&) � %T'm+�PLB<l<1-Z

'*143 ��H .<#�Ko¦b.C+�3<?éP�#&%;,5#&i8'*#&.<)>%g?FE 143<?<#pr�BC+�)>i&14.<)>#&3D'zP{+�¡&143<#d?<#�s$) � P�P|14. � 3Fk7P�#8%zcC+�3<?<#&%
ω
�y G�

)>#&i&14.G,0)>#&35'zP�#h%>B�#&i8'*)>#�#&35' � #&)=?FE 6&3<#&) _4� #�K7WL14.G'*#8xy1 � %&k(?C+�3<%;i&#&)T'm+ � 3<#&%=i&143<? � ' � 143<%&k � Po#�/ � %T'*#X?<#&%
� 35'*#&)T,�+�P�P�#&%J?FE 6&3<#&) _4� #^1>M�+�.<i&.<3<#^cC+�3<?<#

ω
�y G�J3FE #&%T'b? � %>B�143 � c<P�#=j�i&#^%>143D'AP�#&%AcC+�3<?<#&% � 35'*#&)>? � '*#&%

B<l<1�'*143 ��H .<#&%&K���14)>% H .<#=P{+zcC+�3<?<# � 3D'*#&)>? � '*#`#&%T'�68'*#&3<?<.<#aqz'*14.G'*#&%\P�#&%\? � )>#&i8' � 143<%b?<#=P{+z¡&143<#2?<#
s$) � P�P|14. � 3=#8'
B�14.<)('*14.<%
P�#&%768'm+-'*%7?<#�B�14P{+�) � %*+-' � 1�3<%&k4#&P�P�#J%>#&)*+r+�B<B�#&P�6&#JcC+�3<?<# � 35'*#&)>? � '*#Ji&149;B<P��8'*#�K
��+`3<1�' � 143z?<#\cC+�3<?<# � 35'*#&)>? � '*#b#&%T'J149;3 � B<)>6&%>#&35'*#b?C+�3<%:P�#b9;143<?<#b?<#&%:i&) � %T'm+�.0/gB<l<1�'*143 ��H .<#&%&k<#8'
P{+`9a+-eT14) � '*6b?<#&%A+�B<B<P � iu+-' � 143<%o?<6&i&14.<P�#&35'�?<#�%>#&%�B<)>14B<) � 68'*6&%&K

"$#8'>'*#z+�3C+�P�1 _4� #2#&%T'^P{+h9;�&9;#=B�14.<)rP�#&%r? �|Õ 6&)>#&35'*%�'vf0B�#&%^?<#ai&) � %T'm+�P(B<l<1�'*143 ��H .<# µ @^k � @�#8'
º4@^KF��+aO _ .<)># µ K ½ � P�P|.<%T'*)>#^.<3~#�/G#&9=B<P�#2?<#`%T'*)>.<i8'*.<)>#2?<#2cC+�3<?<#2B�14.<)b.<3�"oItZ µ @üi&143<%T' � '*.<6`?<#
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1.2

1

0.8

0.6

0.4

0.2

0

G                                                                                                             K/2

w
p

a
/2

c

n=1
n=

2.138

a

a/2

I ò7JK* µ K ½ L [D'*)>.<i8'*.<)>#2?<#^cC+�3<?<#`?FE .<3�)>6&%>#u+�.~?<#`s$)*+ _4_ i&143<%T' � '*.<6`?FE .<3<#`9`.<P|' � i&14.<iml<#r?FE + � )A#8'
?<#�3 � 14cC+-'*#�K

9`.<P|' � i&14.<iml<#2?FE + � );�y3Ay µ �A#8'r?<#=3 � 14cC+-'*#2?<#=P � '*l � .<9 �y3Ay � K µ º4�5��K�@b+�3<%�i&# H . � %>. � '�3<14.<%�3<14.<%
� 35'*6&)>#&%>%>143<%�B<P�.G'*��'�q2PQE 68'*.<?<#�?<#8%b"oI c � ? � 9;#&3<% � 143<3<#&P�%&K

����� � � ��}~������� � ��� �Á� ����� � ����� � � � � � ��� �'� �<�%� �Á�§�K� �

��#&%ri&) � %T'm+�.0/NB<l<1�'*143 ��H .<#&% � @Û143D'r68'*6aqhP{+gcC+�%>#;?<.�?<68,4#&P�14B<B�#&9;#&35'^)>6&i&#&35'`?<#;P{+XM � i&)>1-Z
nA+�3<1-ZvI(l<1�'*143 ��H .<#�k0iu+�) � P�%
%>1435':B<P�.<%o+�i&i&#&%>% � c<P�#&%&k<?<.zB�1 � 35'o?<#A,0.<#Ax�+�c<) � iu+-' � 143Fk H .<#bP�#&%:"oItZvº4@
� 3 � ' � +�P|#&9;#&35' � 35'*)>10?<. � '*%^BC+�) V Ktý$+�c<P�143<1�, � '*iml�& µ ½ ( #&3 µ ¹4� � K���#&%=14.G' � P�%^?<#gx�+�c<) � iu+-' � 143FkL?<6ve>q
c � #&3z)>1D?<6&%oiu+�) � %>%>.<%o?<#AP{+r9 � i&)>1068P�#&i8'*)>143 ��H .<#�kD3<14.<%oB�#&)>9;#8'>'*#&3D'o?<#A)>6u+�P � %>#&)
?<#&%o%T'*)>.<i8'*.<)>#&% � @
+u,5#&i�?<#&%:'�+ � P�P|#&%:%>.<c<9 � i&)>149;68'*) ��H .<#&%&K

@b+�3<%dP�#Niu+�%�?FE .<3¿9a+-'*6&) � +�.�? � 6&P�#&i8'*) ��H .<#�kJ143¿?<68OC3 � '�P�#Ni&) � %T'm+�PrB<l<1�'*143 ��H .<# � @ÇBC+�)�%*+
i&143<%T'm+�35'*#�? � 6&P�#&i8'*) ��H .<#\j

ε(−→r ) = ε(−→r +m−→a1 +n−→a2)
k51NM −→r #&%T'$P�#o,4#&i8'*#&.<)
B�14% � ' � 1432?<6&B�#&3<?C+�3D'?<#&%
?<#&.0/;? � )>#&i8' � 143<%(?<#JPQE #&%>BC+�i&#�k

m
#8'
n
%>143D'
?<#&%
#&35' � #&)>%7#8' −→a1

#8' −→a2

%>143D'
P�#&%(,4#&i8'*#&.<)>%$?<#JcC+�%>#
?<#�P{+\%T'*)>.<i8'*.<)>#Ai&) � %T'm+�P�P � 3<#oxy14)>9a+�35'7P�#Ji&) � %T'm+�PCB<l<1�'*143 ��H .<#�KG"$#8'>'*#A6&i&) � '*.<)>#J)>#8åC�8'*#AP{+\B�6&) � 10? � i � '*6
?<#XP{+�i&143<%T'm+�35'*#X? � 6&P�#&i8'*) ��H .<#h#8'a3<14.<%=B�#&)>9;#8'>'*)*+ �yimlC+�B � '*)># � �`?<#X9;10?<6&P � %*#8)=3<14%=%T'*)>.<i8'*.<)>#&%
BC+�)T' � i&.<P � �&)>#&%&K

��+^xy14)>9a+-' � 143a?<#&%ocC+�3<?<#&% � 35'*#&)>? � '*#&%$B<l<1�'*143 ��H .<#&%o#&%T':P�#A)>6&%>.<P|'m+-':?<#b9`.<P|' � B<P|#�B<l<6&3<149;�&3<#&%
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?<#J? �|Õ )*+�i8' � 143`i&14l<6&)>#&3D'*#J#&3 _ #&3<?<)>6&#�BC+�)7P{+b%T'*)>.<i8'*.<)*+-' � 143 � @^KD@A#&.0/2'vf0B�#&%
#�/ � %T'*#&35'Aj4P{+b? �|Õ )*+�i�Z
' � 143;?<#As$)*+ _4_ #8'$P{+�? �|Õ .<% � 143;?<#bM � #�K0�(E .<3 � 143;#&3D'*)>#�P�#&%
?<#&.0/a9;6&iu+�3 � %>9;#&%7B<)>10?<. � '
P�#&%
cC+�3<?<#&%
� 35'*#&)>? � '*#&%
B<l<1�'*143 ��H .<#&%&KG@b+�3<%$P�#b"oItZ � @^kDP�#&%$BC+�)*+�9;�8'*)>#&%
i � ZS?<#&%>%>14.<%&k01435'$.<3<# � 3GåC.<#&3<i&#A%>.<)$P�#&%
?<#&.0/XB<l<6&3<149;�&3<#&%J?<#�? �|Õ )*+�i8' � 143�j

L ��+ _ 6&149;68'*) � #b?<#�P{+29a+ � P|P|#�K
L ��#biml<1 � /a?<#&%o9;1�' � xy% H . � xy14)>9;#&35'oP�#\"oILkG#8':P�#Aiml<1 � /a?<.g%>.<c<%T'*)*+-'\jG��#bi&1435'*)*+�%T'm#A?FE � 3<? � i&#
?<#�)>68xy)*+�i8' � 143g?<1 � 'J�8'*)>#�%>.G�;%*+�9;9;#&35'�6&P�#8,46�K

L ��+2xy14)>9;#�#8'AP{+=? � 9;#&3<% � 143X?<#&%�i&#&P�P�.<P�#&%JB�6&) � 10? ��H .<#&%&k H .FE + Õ #&i8'*#^P{+=%>#&i8' � 143X#8�;iu+�i&#`?<#rP{+
? �|Õ .<% � 143g?<#^M � #�K

��#zi&143D'*)>�4P�#a?<#zi&#&%2BC+�)*+�9;�8'*)>#&%^B�#&)>9;#8'2?<143<iz.<3�i&1435'm)>�4P|#z?<#&%`cC+�3<?<#&% � 35'*#&)>? � '*#&%`B<l<1�'*1-Z
3 ��H .<#&%&k H . � B�#&.G'��8'*)>#�#�/GB<P�1 � '*6\B�14.<)J?<#8%A+�B<B<P � iu+-' � 143<%o? � ,5#&)>%>#&%&k�?<1435'JP�#&%Jiu+�BG'*#&.<)>%&K

�?���
��� �!�#�O�<�������c�U�����A�+� ���<�

WL14.G'7i&149;9;#o#&3;i&) � %T'm+�P�P�1 _ )*+�B<l � #�k�P�#o9;1�' � x�B�#&.G'7�8'*)># H .<#&P�i&143 H .<#^�yi8f0P � 3<?<)>#Jqb%>#&i8' � 143;i � )>i&.0Z
P{+ � )>#�k�iu+�)>)>6�k5)>#&i8'm+�3 _ .<P{+ � )>#�K|K|K��t#8' � P<#m/ � %T'm#JB<P�.<% � #&.<)>%('Sf0B�#&%
?<#J9a+ � P|P|#&%(6&P�6&9;#&35'm+ � )>#&%&K5}�3;i&143<i&#&BG'
xy143<?C+�9;#&35'm+�Pt?C+�3<%�P{+a?<#&%>i&) � BG' � 143~?FE .<3<#=%T'*)>.<i8'*.<)>#=i&) � %T'm+�P�P � 3<#`#&%T'�i&#&P�P�#`?<.~)>6&%>#u+�.N?<#;s$)*+u,-+ � %
H . � ?<6&i8) � 'rP{+g)>6&BC+�)T' � ' � 143�B�6&) � 10? ��H .<#;+u,4#&i;P{+ H .<#&P�P�#`%>1435'`+-)*)*+�3 _ 6&#&%rP�#&%\9;1�' � xy%&K�@b+�3<%�P�#=B<P{+�3Fk
� P�#�/ � %T'*#2·2'vf0B�#&%b?<#^)>6&%>#u+�.0/d?<#`s$)*+�,-+ � %&K�¦b.C+-'*)>#&%A)>6&%>#u+�.0/dBC+�)T' � i&.<P � #&)>%^�yiu+�)>)>6�k�)>#&i8'm+�3 _ .<P{+ � )>#�k
)>#&i8'm+�3 _ .<P{+ � )>#bi&#&35'*)>6r#8'�l<#�/<+ _ 143C+�P°�$#8'JP�#\)>6&%>#u+�. _ 6&3<6&)*+�P
�y14c<P ��H .<#���K

}�3<#;+�.G'*)>#2i8P{+�%>% � OCiu+-' � 143 H .<#23<14.<%�B�14.G,5143<%bx�+ � )>#�k�i&143<% � %T'*#=qg? � , � %>#&)bP�#&%\9a+ � P|P|#&%b#&3~?<#&.0/
'Sf0B�#&%rj

L ��+r9a+ � P|P|#�14)T'*l<1 _ 143C+-P�#�kD1NMaP�#&%
,4#&i8'*#&.<)>%:?<#AcC+�%>#&%o%>1435'o14)T'*l<1 _ 143C+�.0/�k0i&149;9;#J#�/G#&9;B<P�#AP{+
9a+ � P|P|#biu+�)>)>6&#a� U ��_ .<)># µ K � �8K

L ��+h9a+ � P|P�#214c<P ��H .<#�k�1NMNP�#&%�,4#&i8'*#&.<)>%`?<#;cC+�%>#&%^3<#a%>1435'^BC+�%rB�#&)>B�#&3<? � i&.<P{+ � )>#&%�#8' _ 6&3<6&)*+�Z
P�#&9;#&35'�PQE +�3 _ P�#`#&35'*)>#;P|#&%�?<#&.0/~,4#&i8'*#&.<)>%^#&%T'r?<#

600
K�@b+�3<%ri&#=%Tf0%T'*�&9;#;14c<P ��H .<# � Pt#�/ � %T'*#

B<P�.<% � #&.<)>%A#�/G#89;B<P�#&%`j���+;9a+ � P|P|#�'*) � +�3 _ .<P�+ � )>#a�°O _ .<)># µ K �5��k�P{+=9a+ � P�P|#�#&3d3 � ?�?FE +�c�# � P�P�#�14.
��143<#8f0i&149`c�� U ��_ .<)># µ K ¹C��+5�>�$#8'�P{+`9a+ � P|P�#¢¡�+ _ 149;#;� U ��_ .<)># µ K ¹C�yc��>��K
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@b+�3<%2P�#&%^'*)>1 � %rO _ .<)>#&%29;1435'*)>6&#&%`i � ZS?<#&%>%>14.<%&k�P�#a)>6&%>#u+�.�)>6&i � B<)>1 H .<#z#&%T'=P�#a9;�&9;#aB�14.<)`P�#&%
'*)>1 � %o'Sf0B�#&%�?<#�9a+ � P|P|#&%o14c<P ��H .<#&%&k<#8' � P�%oB�14%>%>�&?<#&35'bP{+`9;�&9;#\¡&143<# � )>)>6&?<.<i8' � c<P�#b?<#rs$) � P�P|14. � 3FK

G X

M

(a)                                         (b)                                               (c)

a1

a2

b1

b2
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+�B<BC+�)*+-��'J?C+�3<%�P{+2cC+�3<?<# � 35'*#&)>? � '*#\B<l<1�'*143 ��H .<#�K�"$#r9;1D?<#�#&%T'A?<14.<c<P�#&9;#&35'�?<6 _ 6&3<6&)>6^#&3�)*+ � %>143
?<#bP{+r%Tf09;68'*) � #A?<.h"oI�q^9a+ � P|P|#J'*) � +�3 _ .<P{+ � )T#�K0��+rO _ .<)># µ K µ�� � P�P|.<%T'*)>#�P�#Aiu+�%$?<# H .C+-'*)>#A'Sf0B�#&%o?<#
iu+u, � '*6&%&k51NM���+5�Li&14)>)>#&%>B�143<?aqb.<3<#Jiu+u, � '*6:?<#:'Sf0B�#A[G�A@é)>6u+�P � %>6&#:%>.<)(%>.<c<%T'*)*+-'
?<#:% � P � i � .<9Ö�Q[<YbRT��k
�yc��7)>#&B<)>6&%>#&35'*#\.<3<#biu+u, � '*6b?<#�'Sf0B�#\� µ %>.<)o.<3z%>.<c<%T'*)*+-':?FE +�)>%>6&3 � .<)>#b?<# _ +�P�P � .<9 �y¢A%m��+5��k��yi��
#8'
�y?��A)>#&B<)>6&%>#&35'*#&3D'uk�)>#&%>B�#8i8' � ,5#&9;#&35'uk�.<3<#=iu+u, � '*62?<#2'Sf0B�#;��ºz%>.<)�.<3~%>.<c<%T'*)*+-'r?<#;[<YbRmk�14cG'*#&3D.<#
#&3�#&3<P�#8,�+�35'b'*)>1 � %�'*)>14.<%bi&143<%>6&i&.G' � xy%\?<#`P{+;9;�&9;#^P ��_ 3<#�k�#8'\.<3<#`l<68'*6&)>1g%T'*)>.<i8'*.<)>#2i&143<3D.<#2%>14.<%
P�#A3<149Ú?<#biu+u, � '*6b?<#�n�10?C+'& �4�Q( K<��#\iu+�P�i8.<P�?<#\P{+^%T'*)>.<i8'*.<)>#\?<#\cC+�3<?<#b?C+�3<%:P�#Aiu+�%:?<#&%:i&) � %T'm+�.0/
B<l<1�'*143 ��H .<#&%a+ufD+�35';?<#&%a?<68x�+�.G'*%;%>#&)*+N#�/GB<P � i � '*6h?C+�3<%;P�#himlC+�B � '*)># � #&3 .G' � P � %*+�35'=P{+�9;68'*l<10?<#
E8%>.<B�#&)>i&#&P�P¹E-KL��+hO _ .<)># µ K µ º � P�P|.<%T'*)>#;.<3�#�/G#&9;B<P�#a?FE .<3<#a%T'*)>.<i8'*.<)>#z?<#acC+�3<?<#a?FE .<3<#aiu+u, � '*6;?<#
'Sf0B�#^�

1
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'*)>�&% � 35'*6&)>#&%>%*+�35'�q`#�/GB<P�1 � '*#&)$?C+�3<%oP�#&%oiu+�, � '*6&%oB<l<1�'*143 ��H .<#&%:#&%T':P�#&.<)$x�+�i8'*#&.<)o?<# H .C+�P � '*6A3<1�'*6�¦`k
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I ò7JK* µ K µu¼4L ��#�?<68,4#&P�14B<B�#&9;#&35'$?<#&%
iu+u, � '*6&%7B<l<1�'*143 ��H .<#&%
?<.<)*+�35'$P�#8%7? � /=?<#&)>3 � �&)>#&%$+�3<3<6&#&%$+�,4#&i
P{+`i&)>1 � %>%*+�3<i&#r?<.gx�+�i8'*#&.<)J?<# H .C+�P � '*6�K
�\)_»�i&#�+�.�?<68,4#&P�14B<B�#&9;#&3D'�)>6&i&#&35'd?<#&%�l<68'*6&)>1 %T'*)>.<i8'*.<)>#&%�B<l<1�'*143 ��H .<#&%��yiu+u, � '*6&%X?<#~'Sf0B�#

n�10?C+5��k � P(#&%T'2B�14%>% � c<P�#;?FE +-'>'*# � 3<?<)>#a?<#&%rx�+�i8'*#&.<)>%^?<# H .C+�P � '*6&%r?<#aPQE 14)>?<)>#=?<#
106
B�14.<)^?<#&%r,41-Z

P�.<9;#&%b?<#`9;10?<#&%\?<#`PQE 14)>?<)>#`?<#
0.07 µm3

& � º ( K�"$#&%�9 � i&)>10iu+u, � '*6&%&k�+ufD+�35'\?<#`xy14)T'*%Ax�+�i8'*#&.<)>%\?<#
H .C+�P � '*6&%`�Q¦��:B�#&.G,4#&35'��8'*)>#^.G' � P � %>6&#&%�B�14.<)�i&143GOC3<#&)bP{+=P�.<9 � �&)>#�?C+�3<%A?<#^B�#8' � '*%J,514P�.<9;#&%&K�"$#8'>'*#
BC+�)T' � i&.<P{+�) � '*6;B�#&)>9;#8'2.<3<#;xy14)T'*# � 3D'*#&)*+�i8' � 1�3�P�.<9 � �&)>#�ZS9;+-' � �&)>#�k�BC+�)T' � i&.<P � �&)>#&9;#&3D'r%>#&3<% � c<P�#g+�.0/
,�+�) � +-' � 1�3<%:#83D, � )>143<3<#&9;#&35'm+�P�#&%&K

���_¼ ½¾� � � �§���c¿~� �-�À���'� �Ê� �Á} �
º �$�  � �Á� ����� � ����� � �

n�14.<%�3<14.<%�%>149;9;#&% � 3D'*6&)>#&%>%>6&%�eT.<% H .FE � i � qAP{+�B<)>6&%>#&35'm+-' � 1432#8'7+-.0/`B<)>14B<) � 68'*6&%t'*l<6&14) ��H .<#&%�?<#&%
i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%^#8'`?<#&%`iu+u, � '*6&%`B<l<1�'*143 ��H .<#&%&Kt@b+�3<%`i&#8'>'*#zBC+�)T' � #�k�3<14.<%^?<68'm+ � P�P�#&)>143<%�P�#&%
B<) � 3<i � BC+�.0/^9a+-'*6&) � +�.0/r.G' � P � %>6&%tB�14.<)tP{+�)>6u+�P � %*+-' � 143r?<#&%�iu+�, � '*6&%�B<l<1�'*143 ��H .<#&%�c � ? � 9;#&3<% � 143<3<#&P�P|#&%&K
V 3<%>. � '*#�k73<14.<%;+�P�P�143<%`)*+�B<B�#&P�#&)=P{+�iml<)>143<14P�1 _4� #z%>#&P�143�P{+ H .<#&P�P�# � P�%21435';68'*6 � 3D'*)>1D?<. � '*%2?C+�3<%;P�#
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3C+�3<14B<l<1�'*143 ��H .<#�K�¢ � 3<% � k�i&#8'>'*#='*l<�&%>#;#&%T'r? � , � %>6&#=#&3N?<#&.0/�+�%>B�#&i8'*%&k�.<3~'*l<6&14) ��H .<#=#8'r.<3�+�.G'*)>#
#�/GB�6&) � 9;#&35'm+�PQK

Traitement du
signal

Matrice de
détecteurs

Signal lumineux

d’entrée

Electrodes

de contrôle

GénérateurGénérateur Générateur

Affichage

Microcavité
photonique

Guide

optique
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?FE +�c�14)>?Fk�P�#&%�?<#&.0/�9;68'*l<1D?<#&%r.G' � P � %>6&#&%�%>1435'^P{+g9;68'*l<10?<#=?<#&%r143<?<#&%rB<P{+�3<#&%a��I�Ý V �\#8'^P{+g9;6�Z
'*l<10?<#`?<#8%\? �|Õ 6&)>#&3<i&#&%bOC3 � #&%A?C+�3<%bP�#^?<149a+ � 3<#�'*#&9;B�14)>#&Po� U @AWJ@\��k H . � %>#&)>1435'\?<68'm+ � P�P�6&#&%�?C+�3<%
P�#aimlC+�B � '*)>#a%>. � ,�+�35'uK��(E 68'*.<?<#a'*l<6&14) ��H .<#z#&%T'2? � , � %>6&#z#&3�?<#&.0/�BC+�)T' � #&%&kL?C+�3<%`P�#&% H .<#&P�P�#&% � P(x�+�.G'
)>6&B�143<?<)>#rq2?<#&% H .<#&%T' � 143<%J?<68'm+ � P�P�6&#&%o#&30ZS?<#&%>%>14.<%&K

µ K Â ÌDÈ-»¸º6»7²íÈL«̧ º�¬ÞÂ5¯¸¼ñÌ9¿[À ÇBÈ¸½§Ë;ÂE»¸¿<Ì9º0¬úÌD¼;Ç�«5»¸ºq¹�¾lÂ<Ø
+5�h¦b.<#&P�P�#&%:i&143<? � ' � 143<%:P{+`iu+u, � '*6�B<l<1�'*143 ��H .<#\?<1 � 'Ji&14.G,0) � )AH V 3h'm#83C+�3D'�i&149=BG'm#\?<#=j

L ��+2P�143 _ .<#&.<):?FE 143<?<# H . � 3<14.<% � 35'*6&)>#&%>%>#z�
λ = 420nm

��K
L ��+�B<)>6&%>#&3<i&#A?FE .<3<#�i&14.<iml<#�%>#&3<% � c<P�#A+�.G'*14.<)7?<#&%7'*)>14.<%7?FE + � )&k4BC+�)7P{+\9;10? � OCiu+-' � 1432?<#
P{+2I�Ý V K

L �(E +�c<%>14)>BG' � 143�?<#&%`i&14.<iml<#&%2%>#&3<% � c<P�#&%&ktBC+�)^PQE � 9=B<P�6&9=#&35'�+�' � 1�3�?FE .<3�9;10?<�&P�#;?<#z? � %vZ
B�#&)>% � 143h?C+�3<%JP{+ U @bW:@`K

c��X¦b.<#&P�P�# _ 6&149;68'*) � #�k<B�14.<)JP{+=iu+u, � '*6rB<l<1�'*143 ��H .<#�kC#&%T'bP{+2B<P�.<%�+�?C+�BG'*6&#rB�14.<)�14cG'*#&3 � )J.<3
9;10?<#\?<#�)>6&%>143C+�3<i&#�k�+ � 3<% � .<3<#�B�#8' � '*#b, � '*#&%>%>#r?<# _ )>14.<B�#�H

i��X[0. � ,�+�35' H .<#&P�P�#
? � )>#&i8' � 143r?<#oB<)>14BC+ _ +-' � 143r14cG' � #&3D'TZS143r.<3<#ocC+�3<?<# � 35'*#&)>? � '*#
B<l<1�'*143 ��H .<#
?C+�3<%JP{+ H .<#&P�P�#b143�+2P�#\9;10?<#\?<#�)>6&%>143C+�3<i&#r?<#�P{+`iu+u, � '*6-H

� K Â ÌDÈ-»¸º6»¸ºq¹;¬ÞÂ5¯¸¼ñÌ9¿q¹^Àp¶¸Ç�Ì9Ç�«-¼�Ä
È¸ºq¹�»¸ÂC«-¹�Ë;º[»¸Ç�®WÂ�¼�«̧ º6»¸º�Ëv²í¼�«�ö ½DÂ�½DÇBÈ¸¾lº³÷&­0´�[́ø�«L®�ù
+5� V '*.<?<#\#&3z'*)*+�3<%>9 � %>% � 143a#�':#&3g)>68åC#�/ � 143g?<#A?<#&.0/z'Sf0B�#&%:?<#biu+u, � '*6&%o%>.<)o.<3z%>.<c<%T'*)*+-':?<#

3 � 14cC+-'*#\?<#�P � '*l � .<9XK
c�� V '*.<?<#r?<#�PQE # Õ #8'J?<#�P{+^'m+ � P�P|#b?<#�P{+2iu+u, � '*6\%>.<)�PQE � 3D'*#&3<% � '*6b?<.X9;10?<#\?<#�)>6&%>143C+�3<i&#�K
i�� V '*.<?<#g?<#gPQE # Õ #8'2?<#gP{+�P{+�) _ #&.<)^?<. _ . � ?<#z14BG' ��H .<#z%>.<)2P�#z9;1D?<#z?<#g)>6&%>143C+�3<i&#g?<#gP{+

iu+�, � '*6�K
?�� V '*.<?<#2?<#2P{+a? � %T'*) � c<.G' � 1�3d?<.�imlC+�9;B�6&P�#&i8'*)>149a+ _ 3<68' ��H .<#^?C+�3<%bP{+aiu+u, � '*6`#&3�xy143<i8' � 143

?<#�P{+2P�143 _ .<#&.<):?FE 143<?<#�K



º �)+*-,�ê�.-/�ï�ñ�ô10-2Fñ�0Lô�í�ï'3�ð4/tñ�ò650êGñ�ò7/8.Lï:9<;Cñ0êGñ�îtí~ì>= êtô0ñ?9�ê�@A@�ì0ò72FêGñ�ò7/8.Lï`ê<0<B�2Fê�@Cñ�íA0Lô�ï
�?�µô#�]¥ õi�:���<�A��ú'ÉK��È���§�¬®�<²û�+¨?Ë

�(E 68'*.<?<#r#�/GB�6&) � 9;#&35'm+�P�#\i&149;B<)>#&3<?XP{+`)>6u+�P � %*+-' � 1�3g#&3�%*+�P|P�#\c<P{+�3<iml<#�?<#&%�iu+u, � '*6&%J#8'�P{+`iu+�)*+�i�Z
'*6&) � %*+-' � 143g14BG' ��H .<#\#&3Xi�lC+�9;BhP�1 � 35'm+ � 3g#8'�#&3XimlC+�9;BhB<)>10iml<#�K
µ K�pJ6u+�P � %*+-' � 143�?<#&% _ . � ?<#&%;?FE 143<?<#X14cG'*#&30.<%;BC+�);6&imlC+�3 _ #XB<)>1�'*143 ��H .<#X%>.<);.<3 %>.<c<%T'*)*+-'a?<#
3 � 14cC+-'*#\?<#�P � '*l � .<9hK

� K���+�x�+�c<) � iu+-' � 1�3^?<#&%�iu+u, � '*6&%t%>.<)�P�#&% _ . � ?<#&%t?FE 143<?<#&%(#&3`.G' � P � %*+�35'LP�#
x�+ � %>i&#u+�.`?FE � 143<%Lxy1Diu+�P � %>6�K
ºGKA"o+�)*+�i8'*6&) � %*+-' � 143g14BG' ��H .<#�#&3h'*)*+�3<%>9 � %>% � 143g#8'�#83�)>68åC#�/ � 1�3X?<#&%�iu+u, � '*6&%JB<l<1�'*143 ��H .<#&%&K
¼ KA"o+�)*+�i8'*6&) � %*+-' � 143g14BG' ��H .<#�#&3XimlC+�9;BhB<)>10iml<#�?<#&%�iu+u, � '*6&%&K

����ü Õý� � } � �F�<�%� �

��#&%;i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%;%>1435'a?<#&%;9a+-'*6&) � +�.0/�?<1435';P{+~i8143<%T'�+-3D'*#X? � 6&P�#&i8'*) ��H .<#g,-+�) � #h?<#
x�+��&143�B�6&) � 10? ��H .<#�k
q�PQE 6&iml<#&P�P�#X?<#�P{+NP�143 _ .<#&.<);?FE 143<?<#�k
%>. � ,�+�35'zP�#&%a? �|Õ 6&)>#&35'*#&%a? � )>#&i8' � 143<%;?<#
PQE #&%>BC+�i&#�K$��#&%aiu+u, � '*6&%aB<l<1�'*143 ��H .<#&%&k714cG'*#&30.<#&%a#&3 � 3<%>6&)*+�35'a.<3�1�.�B<P�.<% � #&.<)>%;?<68x�+�.G'*%;?C+�3<%aP{+
B�6&) � 1D? � i � '*6d?<.�i&) � %T'm+�PbB<l<1�'*143 ��H .<#�koB<)>6&%>#&35'*#&3D'�?<#&%hB<)>14B<) � 68'*6&%z'*)>�&% � 9;B�14)T'm+�35'm#8%zi&149;9;#�P�#
i&143GOC3<#&9;#&35'�?<.�i�lC+�9;B�6&P�#&i8'*)>149a+ _ 3<68' ��H .<#�?C+�3<%X?<#&%�B�#8' � '*#&%g,514P�.<9;#&%h#8'XPQE +�B<BC+�) � ' � 1�3�?<#&%
9;10?<#&%b?<#`)>6&%>143C+�3<i&#=?C+�3<%bP�#&%bcC+�3<?<#&% � 35'*#&)>? � '*#&%bB<l<1�'*143 ��H .<#&%&K�@b+�3<%bi&#2imlC+�B � '*)>#`3<14.<%�+u,4143<%
? � %>i&.G'*6X?<#&%;iu+u, � '*6&%;B<l<1�'*143 ��H .<#&%;#8'a?<#XP�#8.<)*%;+�B<B<P � iu+-' � 143<%2?C+�3<%;? �|Õ 6&)>#&35'*%;?<149a+ � 3<#&%&K(n�14.<%
+u,5143<%
+�.<%>% � 9 � %�#&3;68, � ?<#&3<i&#�PQE +�B<B<P � iu+-' � 1432?<#Ji&#&%
?<#&)>3 � #&)>%7#&3='m+�3D' H .<#�%>143<?<#�?<#Jiu+�BG'*#&.<)7B�14.<)
P{+r?<68'*#&i8' � 143g?<#&% _ +�¡�K V P�P�#&%$)>#&B<)>6&%>#&35'*#&35'�.<3<#bB<P{+-'*#�Z¤xy14)>9;#J'*)>�&%oB<)>149;#8'>'*#&.<%>#\B�14.<)oP�#�xy.G'*.<)o?<#&%
%Tf0%T'*�&9;#&%;9 � 3 � +-'*.<)>#&%`?<#h?<68'*#&i8' � 143�iu+�) � P�%`B<)>6&%>#&3D'*#&35'aP�#&% H .C+�P � '*6&%2)># H . � %>#&%;?<#g'm+ � P�P|#&%2#�';?<#
i&143GOC3<#&9;#&35'uK�@b+�3<%�P{+2%>. � '*#�?<.X'*)*+�,-+ � P�3<1�.<%A?<68,4#&P�14B<B�143<%AP�#&%J9;68'*l<10?<#&%�3D.<9;6&) ��H .<#&%�.G' � P � %>6&#&%
?C+�3<%Ai&#8'>'*#r'*l<�&%>#�k�P{+=9;68'*l<10?<#r?<#&%A143<?<#&%AB<P{+�3<#&%A#8'AP{+=9;68'*l<10?<#r?<#&%A? �|Õ 6&)>#&3<i&#&%�OC3 � #&%A?C+�3<%AP�#
?<149a+ � 3<#A'*#&9;B�14)>#&PQkGP�#&%JimlC+�3 _ #&9;#&35'*%�#�'�P�#&%J9;1D?<�&P�#&%J+�B<B�14)T'*6&%�q2i&#&%�?<#&.0/X9;68'*l<1D?<#&%&K



º4º

þ I Z¨ÿª�BVXYÁO þ

ÿ VXú QLO VÁIz�5S�Y����ÖúLO O�V Mg��� úû©"Z?VX�
Sü! M

!Öúû� �5Y����ÖúLONM

I(P�.<% � #&.<)>%=+�B<B<)>1Di�l<#&%&k�cC+�%>6&#&%=%>.<)2P{+�)>6&%>14P�.G' � 143�?<#&%26 H .C+-' � 143<%`?<#XM�+�/0�$#&P�PQkt143D'268'*6gB<)>1-Z
B�14%>6&#&%=B�14.<)2PQE 68'*.<?<#z'ml<6814) ��H .<#h?<#&%=i&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%=#8'=B�14.<)2P{+d)>#&iml<#&)>i�l<#X?<#&%=cC+�3<?<#&%
� 35'*#&)>? � '*#&%JB<l<1�'*143 �|H .<#&%&k�i&149;9;#\BC+�):#�/G#&9;B<P�#�kCP{+29;68'*l<10?<#�?<#&%J9a+-'*) � i&#&%:?<#�'*)*+�3<%Txy#&)T'O& · � kv· µ�( k
P{+�9;68'*l<1D?<#�?<#&%$143<?<#&%
B<P{+�3<#&%�& · �Q( kDP{+\9;68'*l<10?<#�?<#&%$? �|Õ 6&)>#&3<i&#8%
OC3 � #&%
?C+�3<%$P�#J?<149a+ � 3<#o'*#&9;B�1-Z
)>#&P$� U @AWJ@Új U � 3 � '*#�@ �|Õ #&)>#&3<i&#rW � 9;#r@A149a+ � 3��¢& ·�º ( k�P{+=9;68'*l<1D?<#r?<#&%A6&P�6&9;#&35'*%JOC3 � #&%`� U�V MÆj
U � 3 � '*# V P�#&9;#83D'`MX#8'*l<1D?��G& · ¼ km·4· ( k|K|K|KLIt+�)>9 � i&#&P�P�#8%TZSi � k�P{+g9;68'*l<1D?<#;?<#&%r143<?<#&%rB<P{+�3<#&%z��I�Ý V j
I(P{+�3<#�Ý�+u,4# V /GBC+�3<% � 143��J#8'AP{+ U @AWJ@Ï%>1435'bP�#&%�9;68'*l<10?<#&%�30.<9=6&) ��H .<#&%AP�#&%�B<P�.<%�.G' � P � %>6&#&%�B�14.<)
P�#riu+�P�i&.<P�?<#&%b? � + _ )*+�9;9=#&%�?<#^? � %>B�#&)>% � 143d?<#&%Ai&) � %T'm+�.0/�B<l<1�'*143 ��H .<#&%2�Q"oI
�J?FE .<3<#`BC+�)T'A#8'bB�14.<)
P{+`?<68'*#&)>9 � 3C+-' � 143g?<#&%JcC+�3<?<#&% � 35'*#&)>? � '*#&%:B<l<1�'*143 ��H .<#&%^��s$RvI
�o?FE +�.G'*)>#�BC+�)T'uK

��+�9;68'*l<10?<#d?<#&%g143<?<#&%gB<P{+�3<#8%g#&%T'gcC+�%>6&#�%>.<)gP{+�)>6&%>14P�.G' � 143�?<#8%g6 H .C+-' � 143<%g?<#~M�+�/0�$#&P�P
?C+�3<%`P�#a?<149a+ � 3<#=xy)>6 H .<#&35' � #&PQkt#8'`B�#&)>9;#8'`?<#z?<68'*#&)>9 � 3<#&)^P{+�%T'*)>.<i8'*.<)>#z?<#zcC+�3<?<#z?FE .<3�"oI¨#8'
P{+X? � %T'*) � c<.G' � 143�?<.�imlC+�9;B�6&P�#&i8'*)>149a+ _ 3<68' ��H .<#�� V Md�r?C+�3<%`P�#aiu+�%`?FE .<3�i&) � %T'm+�P
?<#z? � 9;#&3<% � 143
� 3GOC3 � #�K���+h9;68'*l<10?<#;?<#&%r? �|Õ 6&)>#&3<i&#&%rOC3 � #&%z� U @AWJ@\��k H .C+�3D'`qh#&P�P�#�k�#&%T'^B<) � 3<i � BC+�P�#&9;#&35'�.G' � P � Z
%>6&#zB�14.<)^68'*.<? � #&)^P{+g'*)*+�3<%>9 � %>% � 143N#8'`P{+X)>68åC#�/ � 143�?<#aP{+hP�.<9 � �&)>#;qh'm)*+u,4#&)>%`?<#&%^%T'*)>.<i8'*.<)>#&%`?<#
? � 9;#&3<% � 143<%rOC3 � #&%&k(+ � 3<% �$H .<#gB�14.<)`P�#ziu+�P�i&.<P$?<#gP{+�? � %T'*) � c<.G' � 143�?<.�imlC+�9;B V M qd3FE � 9;B�14)T'*#



º ¼ u�*tÍoñ�0Lîtí~ñ�x-;A/�ô�ò7j80LíNíCñ�ï�ò°ð40LìDêGñ�ò7/8.Lï�.-0Lð4;�ô�ò7j80Lí�ï
H .<#&P�P�#=P�143 _ .<#&.<)�?FE 143<?<#�kL#8'rP�#;iu+-P�i&.<P7?<#&%^B�#&)T'*#&%^?<#;B<)>14BC+ _ +-' � 143~?C+�3<%rP�#a"oILKt@b+�3<%�'*14.<%rP�#&%
iu+�%&k � P7%&E + _4� '^?FE 6�'m.<? � #&)^PQE � 3D'*#&)*+�i8' � 143N9a+-' � �&)>#�ZS)*+uf4143<3<#&9;#&3D'^qXPQE 6&iml<#&P�P�#;%>.<c0ZSP�143 _ .<#&.<)r?FE 143<?<#�K
RSi � kuP�#&%�9 � P � #&.0/\i&143<% � ?<6&)>6&%�%>143D'LB<) � 3<i � BC+�P�#&9;#&35'�iu+�)*+�i8'*6&) � %>6&%LBC+-)�P�#&.<)>%�B<)>14B<) � 68'*6&%�? � 6&P�#&i8'*) ��H .<#&%&K

@b+�3<%:i&#\imlC+�B � '*)>#�kG3<14.<%:#�/GB<P � i � '*#&)>143<%o#&3g?<68'm+ � P�P{+^9;68'*l<10?<#b?<#&%:143<?<#&%:B<P{+�3<#&%o#8'JP�#&%oimlC+�30Z
_ #&9;#&35'*%g)*+�9;#&3<6&%zB�14.<)a'*#&3 � )ai&149;BG'*#d?<#�P{+�B<)>6&%>#&3<i&#~?FE .<3�'*)*1 � % � �&9;#�9 � P � #&.�?<68OC3 � BC+�)z%*+
i&143<%T'm+�35'*#�? � 6&P�#&i8'*) ��H .<#�K V 3<%>. � '*#�k<P{+`9;68'*l<1D?<#\%>.<B�#&)>i&#&P�PQk<+�?C+�BG'*6&#�q2PQE 68'*.<?<#\?<#&%:iu+�, � '*6&%:B<l<1�'*1-Z
3 ��H .<#&%&kF%>#&)*+h?<6&i&) � '*#�K�nJ14.<%�?<143<3<#&)>143<%\.<3~?<#&%>i&) � BG' � x
?<.~i&10?<# U @AWJ@ H .<#=3<14.<%�+u,4143<%�.G' � P � %>6
+�.di&14.<)>%A?<#`i&#8'>'*#^'*l<�&%>#`#8' H . � 3<14.<%b+aB�#&)>9 � %�#&3<%>. � '*#^?FE 68,�+�P�.<#&)APQE � 3GåC.<#&3<i&#^%>.<)bP{+2'*)*+�3<%>9 � %vZ
% � 143d?<#2P{+=,�+�) � +-' � 143�?<#`PQE +�c<%>14)>BG' � 143�?<#`P{+ai&14.<iml<#2%>#&3<% � c<P�#`#8'\?FE 68'*.<? � #&)bP{+a%T'*)>.<i8'*.<)># _ P�14cC+�P�#
%>BC+-' � +�P�#&9;#&35'rP � 9 � '*6&#�k�#8'`3<14.<%`?<6&i8) � )*1�3<%^P�#a9;1D?<�&P�#;?<#z��14)>#&3D'*¡ H . � +�68'*6z+�?C+�BG'*6zqXi&#zi&1D?<#
B�14.<):P{+2?<#&%>i&) � BG' � 143h?<#�P{+`? � %>B�#&)>% � 143h#8'�?<#�PQE +�c<%>14)>BG' � 143g?<#&%Ji&14.<iml<#&%A%>#&3<% � c<P�#&%&K

n�14.<%^+�P�P�143<%bi&149;9;#&3<i&#&)�BC+�)�?<6&i&) � )>#=P�#&%�6 H .C+-' � 143<%�9a+�i&)>14%>i&14B ��H .<#&%r?<#aM�+�/0�$#&P�P7%>.<)rP�#8%TZ
H .<#&P�P�#&%:%>143D'�cC+�%>6&#&%�P�#&%:?<#&.0/X9;68'*l<1D?<#&%J.G' � P � %>6&#&%&K

{G��� ½¯��� � ���%� � � �§��� � ��� �K�%�

WL14.G'^PQE 6&P�#&i8'*)>149a+ _ 3<#8' � %>9;#29a+�i&)>14%>i&14B ��H .<#�k�#8'^3<1�'m+�9;9;#&35'�P{+hB<)>14BC+ _ +-' � 143~?<#;P{+hP�.<9 � �&)>#
?C+�3<%rP�#&%�i&) � %T'm+�.0/~B<l<1�'*143 ��H .<#&%&k�#&%T' _ 14.G,4#&)>3<6;BC+�)�P�#&% H .C+-'*)>#&%^6 H .C+-' � 1�3<%r9a+�i&)>14%>i&14B ��H .<#&%�?<#
M�+�/0�$#&P�PQKC@b+�3<%�P�#r[�K RmK|kCi&#&%�6 H .C+-' � 143<%:B�#&.G,4#&3D'A�8'*)>#�#�/GB<) � 9;6&#&%J?<#�P{+^x�+��&143X%>. � ,-+�35'*#=j

div
−→
D(−→r , t) = 0

� � K µ �

div
−→
B (−→r , t) = 0

� � K � �
−→
rot

−→
E (−→r , t) = − ∂

∂t

−→
B (−→r , t) � � K º5�

−→
rot

−→
H (−→r , t) = − ∂

∂t

−→
D(−→r , t) � � K ¼ �
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1NM −→
E
#&%T'JP�#AimlC+�9;Bg6&P�#&i8'*) ��H .<#�k −→

H
P�#Ai�lC+�9;Bz9a+ _ 3<68' ��H .<#�k −→

D
P�#A?<6&B<P{+�i&#&9;#&35':6&P�#&i8'*) ��H .<#b#8' −→

BPQE � 3<?<.<i8' � 143d9a+ _ 3<68' ��H .<#-K���#&%\)>#&P{+-' � 143<%A?<143<3C+�35' −→
D
#&3�xy143<i8' � 143�?<# −→

E
kF#8' −→

B
#&3�xy143<i8' � 143d?<#

−→
H
kD?C+�3<%o.<3z9 � P � #&.a?<#Ai&143<%T'm+�35'*#b? � 6&P�#&i8'*) ��H .<#

ε(−→r )
%*+�3<%$i�lC+�) _ #&%&k0%*+�3<%o%>14.<)>i&#&%o?<#Ai&14.<)*+�3D'o#8'

3<143X9a+ _ 3<6�' �|H .<#�k�+�B<B�#&P�6&#&%�P�#8%J)>#&P{+-' � 143<%o?<#�i&143<%T' � '*.G' � 143<%:%>1435'�P�#&%:%>. � ,�+�35'*#&%rj

−→
D(−→r , t) = ε0ε(

−→r )
−→
E (−→r , t) � � K�·4�

−→
B (−→r , t) = µ0

−→
H (−→r , t) � � K ½5�

1NM
µ0

#8'
ǫ0
%>1435'A)>#&%>B�#&i8' � ,4#&9;#&35'bP{+2B�#&)>9;6u+�c � P � '*6\9a+ _ 3<68' ��H .<#�#8'AP{+2B�#&)>9 � '>' � , � '*6\? � 6&P�#&i8'*) ��H .<#

?<.h, � ?<#�K

{G�_{ �  � � � �§� �§� ��� �X�§� � �F�y���§� �

��+g9;68'*l<1D?<#2P{+aB<P�.<%\.G' � P � %>6&#`B�14.<)b?<68'*#&)>9 � 3<#&)bP�#&%\9;10?<#&%bB<)>14BC+ _ +-' � xy%&k�+�B<B�#&P�6&%\9;10?<#&%b?<#
s$P�10imlFk5#8'oPQE 6 H .C+-' � 143;?<#�? � %>B�#&)>% � 143;?FE .<3zi&) � %T'm+�P�B<l<1�'*143 ��H .<#�#&%T'$P{+�9;68'*l<10?<#�?<#&%$143<?<#&%$B<P{+�3<#&%&k
H . � 14B��&)>#`?C+�3<%bP�E #&%>BC+�i&#`?<# U 1�.<) � #&)�i&#&P�. � ?<.�)>6&%>#u+�.�)>6&i � B<)>1 H .<#�K V P�P�#r%&E +�B<B<P ��H .<#`q;'*14.G'*#&%AP�#&%
%T'*)>.<i8'*.<)>#&%�?<1435'JP{+`i&143<%T'm+�35'*#�? � 6&P�#&i8'*) ��H .<#b#&%T'�.<3<#bxy143<i8' � 143gB�6&) � 10? ��H .<#b?<#�PQE #&%>BC+�i&#�KC��+=I�Ý V
#&%T'z.<3<#�9;68'*l<10?<#h,4#&i8'*14) � #&P�P�# H . � '*)*+ � '*#XP�#hB<)>14c<P��&9;#X6&P�#&i8'*)>149a+ _ 3<68' ��H .<#h9a+�i&)>14%>i&14B ��H .<#X#&3
+�B<B<P ��H .C+�35'a.<3<#dB�6&) � 1D? � i � '*6�+�.0/ i&143<? � ' � 143<%;?<#dP � 9 � '*#&%&K
��#�'*l<6&14)>�&9=#d?<#ds$P�10iml�B�#&)>9;#8'z?<#
?<6&i&149;B�14%>#&)�P�#=imlC+�9;BN9a+ _ 3<68' ��H .<#214.N6&P�#&i8'*) ��H .<#;%>.<)�.<3<#;cC+�%>#;?FE 143<?<#&%rB<P{+�3<#&%�#8'^?<#2'*)*+�3<%vZ
xy14)>9;#&)
P{+�)>6&%>14P�.G' � 143;?<#&%o6 H .C+-' � 143<%
?<#\M�+�/0�o#&P�P�#&3z.<3zB<)>14c<P��&9;#Ji&P{+�%>% ��H .<#A?<#A? � + _ 143C+�P � %*+-' � 143
?<#�9a+-'*) � i&#&%r�yiu+�P�i&.<PF?<#\,�+�P|#&.<)>%J#8'J,4#&i8'*#&.<)>%AB<)>14B<)>#&%m��K

��+�9;68'*l<10?<#;?<#z?<6&i&149;B�14% � ' � 143�#&3�143<?<#&%`B<P{+�3<#&%^#&%T'^'*)>�&%`#8�;iu+�i&#zB�14.<)^iu+�P�i&.<P�#&)rP�#&%r? � +�Z
_ )*+�9;9;#&%t?<#JcC+�3<?<#&%7?<#:i&) � %T'm+�.0/2B<l<1�'*143 ��H .<#&%(BC+�)Tx�+ � '*#&9;#&35'�B�6&) � 10? ��H .<#&%&K V P�P�#$B�#&.G'7�8'*)>#�+�?C+�B0Z
'*6&#\B�14.<)o68'*.<? � #&)oP�#&%oiu+�, � '*6&% _ )D»-i&#�q`P{+r'*#&iml<3 ��H .<#�?<#&%:%>.<B�#&)>i&#&P�P H . � i&143<% � %T'*#�q`i&143<% � ?<6&)>#&):?<#&%
i&#&P�P�.<P�#&%o6&P�6&9;#&3D'm+ � )>#&%oi&143<%T' � '*.<6&#&%�?<#�B<P�.<% � #&.<)>%o'*)>14.<%&k H . � %*#�)>6&B��8'*#&35'A?<#\x�+��&143hB�6&) � 1D? ��H .<#�K
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¥K�]¥K��� �nÌ�È<Ê«����¬®�±���	��Ë©Ê#Í#���1��

�wË©ÊK��Ì

��#�i&) � %T'm+�P�B<l<1�'*143 ��H .<#dB�#&.G'TZS�8'*)>#�?<68OC3 � i&149;9;#�.<3é9a+-'*6&) � +�.�B<)>6&%>#&35'm+�35'X.<3<#�,�+�) � +-' � 143
B�6&) � 1D? ��H .<#�?<#AP{+ri&143<%T'm+�35'*#A? � 6&P�#&i8'*) ��H .<#�?C+�3<%$P�#&%
? �|Õ 6&)>#&35'*#&%o? � )>#&i8' � 1�3<%
?<#APQE #&%>BC+�i&#�KG��+rB�6&) � 1-Z
? � i � '*6b?<#rP{+`B�#&)>9 � '>' � , � '*6

ε(−→r )
� 9;B<P �|H .<#2j

ε(−→r +
−→
R ) = ε(−→r )

� � K � �

1NM −→
R
B�#&.G'��8'*)>#�)*#8B<)*68%*#83D'*6rBC+�)�j

−→
R = l−→a1 +m−→a2 + n−→a3

� � K �4�

1NM −→ai

� � y µ k � 14.�º5�`%*1�3D'aP�#&%=,4#&i8'*#&.<)>%z6&P�6&9;#&35'm+ � )>#&%;?<. )>6&%>#u+�.�? � )>#&i8'a?<.é"oILk
i�K qGK ? H .<#�P{+
B�14% � ' � 143a?<#\imlC+ H .<#�9;1�' � x�+�B<BC+�)T'*#&3C+�35'�+�.X"oI�B�#&.G'J�8'*)>#b6&i&) � ':%>14.<%oxy14)>9;#b?FE .<3g,4#&i8'*#&.<) −→

R
K<PQk

9�#8'J3g%*1�3D':?<#&%J#&35' � #&)>% � 3<? ��H .C+�3D'oP{+^B�14% � ' � 143z?<.g9;1�' � x�?C+�3<%:P�#b)>#&B��&)>#a��+
1

k +
2

k +
3

�8K<I(. � % H .<#\P{+
B�#&)>9 � '>' � , � '*6r? � 6&P�#&i8'*) ��H .<#^B<)>6&%>#&35'*#2.<3<#`B�6&) � 10? � i � '*6r%>BC+-' � +�P�#�k�143dB�#&.G'\?<68,4#&P�14B<B�#&)

ε−1(−→r )
#&3

%>6&) � #b?<# U 14.<) � #&)&KGIL14.<)oi&#&P{+GkG143 � 35'*)>10?<. � 'oP|#&%$,5#&i8'*#&.<)>%J6&P�6&9;#&35'm+ � )>#&%$?<.h)>6&%>#u+�.h)>6&i � B<)>1 H .<#�k −→
bi1NM

−→ai .
−→
bj = 2πδij avec δij =

∣∣∣∣∣
1 si i = j

0 ailleurs

@b+�3<%23<1�'*)>#ai&1435'*#�/0'*#�k�P�#&%^,4#&i8'*#&.<)>%2?<#zcC+�%>#z?<.�)>6&%>#u+�.�)>6&i � B<)>1 H .<#z%>143D'`? � )>#&i8'*#&9;#&3D'`P � 6&%
+�.�,4#&i8'*#&.<)�?FE 143<?<# −→

k
#8'=eT14.<#&35'X.<3�)>�4P�#�#&%>%>#&35' � #&P�?C+�3<%XP{+�'*l<6&14) � #~?<#~P{+�I�Ý V K�@b+�3<%Xi&#

iu+�%2imlC+ H .<#g,5#&i8'*#&.<)=?<#gPQE #&%>BC+�i&#g)>6&i � B<)>1 H .<#gB�#&.G'=�8'*)>#g#�/GB<) � 9;6z?<#gP{+�x�+��&143�%>. � ,�+�35'*#�j−→
G =

h1

−→
b1 + h2

−→
b2 + h2

−→
b3
1NM

h1

k
h2

#8'
h3

%>1435'J?<#&%:#&35' � #&)>%J+�)>c � '*)*+ � )>#&%&K0¢AP�14)>%
ε−1(−→r )

#&%T'J#�/GB<) � 9;6&#
BC+�)\j

1

ε(−→r )
=
∑

−→
G

κ(
−→
G). exp(ı

−→
G.−→r )

� � K ¹5�

+u,5#&i
κ(
−→
G)
)>#&B<)>6&%>#&3D'*#
P�#(i810#8�;i � #&35'L?<# U 14.<) � #&)&Kun�14.<%�%>.<B<B�14%>143<% H .<#

ε
#&%T'L)>6&#&PQkui&# H . �5� 9;B<P �|H .<#

κ(
−→
G) = κ∗(

−→
G)
KCn�14.<%:%>.<c<%>' � '*.<143<%:9a+ � 35'*#&3C+�3D'oP�#&%:6 H .C+-' � 143<% � K�·^#8' � K ½2?C+�3<% � K µ #8' � K ¼ B�14.<)
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14cG'*#&3 � )\j
div [ε(−→r ).

−→
E (−→r , t)] = 0

� � K µ�� �

div
−→
H (−→r , t) = 0

� � K µ4µ �
−→
rot

−→
E (−→r , t) = −µ0

∂

∂t

−→
H (−→r , t) � � K µ�� �

−→
rot

−→
H (−→r , t) = ǫ0ε(

−→r )
∂

∂t

−→
E (−→r , t) � � K µ º5�

V 3a6&P � 9 � 3C+�3D' −→
E (−→r , t) #8' −→H (−→r , t) kD)>#&%>B�#&i8' � ,5#89;#&3D'uk0?<# � K µ�� #8' � K µ ºGk5#8'$#&3a%>.<B<B�14%*+�35' H .<#P�#&%;i&149;B�14%*+�35'*#&%a6&P�#&i8'*)>149a+ _ 3<68' ��H .<#&%;1435'z.<3<#�?<6&B�#&3<?C+�3<i&#�lC+�)>9;143 ��H .<#X#&3 '*#&9;B<%;?<#X'Sf0B�#

exp � ç¹T ω ã��-k5+�P�14)>%(P{+b?<6&) � ,46&#�BC+-)7)*+�B<B�1�)>'
+�.2'*#&9;B<%(B�#&.G'
�8'*)>#J%>.<c<%T' � '*.<6&#�BC+�)Kç¹T ω K5��#&%
6 H .C+-' � 1�3<%?<#^M�+�/0�$#&P�P�? �|Õ 6&)>#&3D' � #&P�P|#&%o%uE 68i&) � ,5#&35'A?C+�3<%Ji&#�iu+�%J?<#�P{+`x�+��&143h%>. � ,�+�35'*#=j

−→
rot

−→
E (−→r ) = iωµ0

−→
H (−→r )

� � K µu¼ �

−→
rot

−→
H (−→r ) = −iωǫ0ε(−→r )

−→
E (−→r )

� � K µ ·4�
@A#&%�?<#&.0/h6 H .C+-' � 143<%J?<#^M�+�/0�$#&P�P�B<)>6&i&6&?<#83D'*#&%A?<6&i&14.<P�#&35'�P�#&%J6 H .C+-' � 1�3<%J?FE 143<?<#&%�%>. � ,�+�35'*#&%�j

1

ε(−→r )

−→∇ ∧ {−→∇ ∧−→
E (−→r )} =

ω2

c2
−→
E (−→r )

� � K µ ½5�

−→∇ ∧ { 1

ε(−→r )

−→∇ ∧−→
H (−→r )} =

ω2

c2
−→
H (−→r )

� � K µ�� �
1NMa\J#&%T'$P{+b, � '*#&%>%>#A?<#�P{+�P�.<9 � �&)>#:?C+�3<%$P|#J, � ?<# H . � #8%>'$?<143<3<6&#�BC+�)�j

c = 1√
ǫ0µ0

K0IL14.<)
?<#&%$%T'*)>.<i�Z
'*.<)>#&% � 3GOC3 � #&%&k�P�#('*l<6&14)>�&9;#
?<#$s$P�10iml^9;1435'*)># H .FE .<3<#$143<?<#$B<P�+�3<#
#&%T't9;10?<.<P�6&#7BC+�)LP{+:B�6&) � 10? � i � '*6
?<#aP{+h%T'*)>.<i8'*.<)>#�Kt¢AP�14)>%&k�% � 3<14.<%^?<68,4#&P�14B<B�143<%`#&3�%>6&) � #;?<# U 14.<) � #&)�P�#;imlC+�9;B�9a+ _ 3<6�' �|H .<# −→

H
k

BC+�):#�/G#&9;B<P�#�k � PF%>#&)*+=#�/GB<) � 9;6\?<#�P{+^x�+��&143X%>. � ,-+�3D'*#2j

−→
H (−→r ) =

∑

−−−→
Gi,N

−→
H (

−→
Gi).êN . exp((i

−→
k +

−→
Gi).

−→r )
� � K µ �5�

Yb3g3<1�'*#�n¢y µ 14. � #8'
ê1

k
ê2

68'm+�35':?<#&.0/z,5#&i�'m#8.<)*%J.<3 � 'm+ � )*#8%oB�#&)>B�#&3<? � i&.<P{+ � )>#&%:qg� −→
k +

−→
Gi

��K
��#r9;�&9;#�)*+ � %*1�3<3<#&9;#&3D'�#&%T'�x�+ � '�+�.<%>% � B�14.<)�P�#�imlC+�9;BX6&P�#&i8'*) ��H .<#�K V 3GOC3Fk�#&3 � 3-eT#&i8'm+�3D' � K µ �=#8'
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� K ¹2?C+�3<% � K µ�� k<143�+�)>) � ,4#�q2PQE 6 H .C+-' � 143h9a+-'*) � i � #&P|P�#A%>. � ,�+�35'*#=j

∑

−→
G′

|−→k +
−→
G ||−→k +

−→
G

′|ε−1(
−→
G −

−→
G

′

)

(
ê2.ê

′

2 −ê2.ê
′

1

−ê1.ê
′

2 ê1.ê
′

1

)(
h

′

1

h
′

2

)
=
ω2

c2

(
h1

h2

) � � K µ ¹5�

��+~)>6&%>14P�.G' � 143�?<# � K µ ¹�B�#&.G'a%>#hx�+ � )>#g#&3 .G' � P � %*+�35'=P{+�9;68'*l<1D?<#X?<#h? � + _ 143C+�P � %*+-' � 143FK�It14.<)
imlC+ H .<#�,�+�P�#&.<)�?<.¿,4#&i8'*#&.<)�?FE 143<?<# −→

k
kA143¿B�#&.G'�14cG'*#&3 � )�.<3<#�%>6&) � #�?<#�xy)>6 H .<#&3<i&#&%~B<)>14B<)>#&%

ω−→
k ,n

�°,-+�P�#&.<)>%=B<)>14B<)>#&%=?<#hP{+�9a+-'*) � i&#u� H . � ,-+~i&143<%T' � '*.<#&)=P{+d%T'*)>.<i8'*.<)>#X?<#hcC+�3<?<#hB<l<1�'*143 ��H .<#
#&3~iml<1 � % � %>%*+�3D'\P�#`3<149`c<)>#=+�?<6 H .C+-'�?<#2cC+�3<?<#&%�%>14.<lC+ � '*6�� & µ��Q( K�RSP�#�/ � %T'*#2?<#&%�% � 9;B<P � OCiu+-' � 143<%
B�14.<)$P�#&%
i&) � %T'm+�.0/zB<l<1-'m1�3 ��H .<#&% µ @�#8' � @^K<IL14.<)$P�#&%$%T'*)>.<i8'*.<)>#&% � @^kGBC+�)
#�/G#&9;B<P�#�k0143zi&143<% � ?<�&)>#
H .<#=P{+zi&143<%T'm+�35'*#=? � 6&P�#&i8'*) ��H .<#2#&%T' � 3D,-+�) � +�35'*#`%>. � ,�+�35'�P{+z? � )>#&i8' � 143�¡�K�@b+�3<%\P�#2iu+�%�?FE .<3<#=B<)>1-Z
BC+ _ +-' � 143d?C+�3<%\P�#`B<P{+�3�/0f4k

kz

y � k
e2 = ez

#8'
e1
#&%T'�'*14.-eT14.<)>%b?C+�3<%\P�#`B<P{+�3�/0f4k�143~+g+�P�14)>%bP�#&%

?<#&.0/�B�14P{+�) � %*+-' � 143<%
h1

#8'
h2
H . � %>1435' � 3<?<6&B�#&3<?C+�35'*#&%&KtWt+�35' H .<#

h1

#&%T'`?C+�3<%^P�#;B<P{+�3~/0f4k
h2#&%T'b%>. � ,-+�3D'A¡�k�+�P|14)>%

h1

i&14)>)>#&%>B�143<?�q;W V #8'
h2

q;W�M �°,51 � )JO _ .<)># � K µ ��k�#8'bPQE 6 H .C+-' � 1�3 � K µ ¹=%>#
?<6&i&149;B�14%>#�#&3X9;10?<#&%:W V #8'�W�Mª%>. � ,-+�35'�P�#&%:?<#&.0/X6 H .C+-' � 143<%J%>. � ,-+�3D'*#&%�j

TE :
∑

−→
G′

|−→k +
−→
G ||−→k +

−→
G

′|ε−1(
−→
G −

−→
G

′

)h1(
−→
G

′

) =
ω2

c2
h1(

−→
G)

� � K ��� �

TM :
∑

−→
G′

(
−→
k +

−→
G ).(

−→
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∫
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? � 6&P�#&i8'*) ��H .<#
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ε( � ‖) =
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εb

+ (
1

εa
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)S( � ‖) � � K � º5�
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S( � ‖) =

{
1 pour | r‖ |≤ ra

0 pour | r‖ |> ra
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0
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∫ 2π
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r dϕ exp{ıGr sin(ϕ− π

2
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=

∫ ra

0

dr
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r dϕ
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2
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∫ ra

0

rJ0(Gr)dr
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2πra

G
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�yi��A#8';�y?��Ai&14)>)>#&%>B�143<?<#&3D'^+�.0/d)>6&%>.<P|'m+-'*%\?<.~i&1D?<#aMX¢�WJ��¢bsAK{��+5�A#8'a�yi��bIL14P{+�) � %*+-' � 143dW�MNK7�yc��
#8'`�y?��oIt14P{+�) � %*+-' � 143zW V K

%>. � ,�+�35'JPQE #�/GB<)>#&%>% � 143X%>. � ,�+�35'*#=j

1

ε( � ‖) =
1

εb

+ (
1

εa

− 1

εb

)S( � ‖) + (
1

εc

− 1

εb

)S
′

( � ‖) � � K � �5�

+u,5#&i^[g#8'
S

′ %>143D'J?<68OC3 � %JBC+�)�j

S( � ‖) =

{
1 pour | r‖ |≤ ra

0 pour | r‖ |> ra

S
′

( � ‖) =

{
1 pour | ra − d |<| r‖ |≤ ra

0 ailleurs
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#8'�?C+�3<%Ji&#�iu+�%JP�#\i&10#8�;i � #&35'�?<# U 14.<) � #&):%&E 6&i&) � 'J?<#�P{+`xy14)>9;#`j

κ(G‖) =
1

εb

δG‖0
+

1

V0

(
1

εa

− 1

εb

)

∫

V0

d � ‖S(
½
‖) exp(−ı � ‖· � ‖)+ 1

V0

(
1

εc

− 1

εb

)

∫

V0

d � ‖S ′

(
½
‖) exp(−ı � ‖· � ‖)� � K � ¹5�

��#^iu+�P�i&.<PL?<#`PQE � 35'*6 _ )*+�P�%>.<)\[X#&%T'b'*14.-eT14.<)>%AP�#^9;�&9;#r#8'\P�#r)>6&%>.<P|'m+-'b#&%T'\?<143<3<6^?C+�3<%bPQE 6 H .C+-' � 143
� K � ·0KGIt+�)oi&1435'*)>#�k<P�#Aiu+�P�i&.<P�?<#bPQE � 3D'*6 _ )*+�P|#�%>.<)

S
′ #&%T':? �|Õ 6&)>#&3D'o?<.zx�+ � ' H .<#\P{+rxy143<i8' � 1�3z3FE +�?<9;#8'

BC+�%:P�#&%:9;�&9;#&%:c�14)>3<#&%&K�@b+�3<%Ji&# H . � %>. � 'uk<143h#m/GB<P � i � '*#&)*+^'*14.G'JP�#biu+�P�i&.<PQkG68'm+�B�#�BC+�):68'm+�B�#�k�+-OC3
?FE 14cG'*#&3 � )$P�#�i&10#8�;i � #&35':?<# U 14.<) � #&)
?<1435'o143g+^c�#&%>1 � 3zB�14.<)$P�#Aiu+-P�i&.<P�?<#AP{+r%T'*)>.<i8'*.<)>#\?<#AcC+�3<?<#�K
�(E � 35'*6 _ )*+�P�#b%>.<)

S
′ %&E 6&i&) � 'rj

∫

V0

d � ‖S ′

(
½
‖) exp(−ı � ‖ ·

½
‖)

=

∫ ra

ra−d

dr

∫ 2π

0

r dϕ exp{ıGr sin(ϕ− π

2
)}

=

∫ ra

ra−d

dr

∫ 2π

0

r dϕ
∞∑

l=−∞
J1(Gr) exp{ıl(ϕ− π

2
)}

= 2π

∫ ra

ra−d

rJ0(Gr)dr

=
2πra

G
J1(Gra) −

2π(ra − d)

G
J1(G(ra − d))

� � K º � �

V 3 � 3-eT#&i8'm+�35'ti&#$)>6&%>.<P|'m+-'t#8'ti&#&P�. � ?<#
PQE 6 H .C+-' � 143 � K � ·:?C+�3<% � K � ¹�143^14cG' � #&35'tPQE #�/GB<)>#&%>% � 143`%>. � ,-+�3D'*#
B�14.<):P�#\i&10#8�;i � #&35'�?<# U 14.<) � #&)\j

κ(0) =
1

εb

+ f(
1

εa

− 1

εb

) + f(
1

εc

− 1

εb

)(
2rad+ d2

r2
a

)
� � K º µ �

#8'�B�14.<)
G 6= 0

PQE #�/GB<)>#&%>% � 143X%>. � ,�+�35'*#=j

κ(G 6= 0) = 2f(
1

εa

+
1

εc

− 2

εb

)
J1(Gra)

Gra

− 2f(
1

εc

− 1

εb

)(
ra − d

ra

)2J1(G(ra − d)

G(ra − d)

� � K º � �

It14.<)2,46&) � OC#&)=P�#&%=?<#&.0/�#�/GB<)>#&%>% � 143<%;14cG'*#&3D.<#&%&k
143�%>#h9;#8';?C+�3<%=.<3<#Xi&143<? � ' � 143�1NM
εc

y
εa#8'$C-14.�?Ay � H . � i&14)>)>#&%>B�143<?�qd.<3�i&) � %T'm+�P$B<l<1�'*143 �|H .<#axy14)>9;6 H .<#z?<#a'*)>14.<%`?FE + � )&K�Yb3�14cG' � #&3D'

B�14.<)
κ(0)

#8'
κ(G 6= 0)

P�#&%�9;�&9;#&%�#�/GB<)>#&%>% � 143<% H .<#^i&#&P�P�#&%�14cG'*#&30.<#&%b?C+�3<% � K � ½;#8' � K �4� K�¢ � 3<% �
P�#&%:#�/GB<)>#&%>% � 143<% � K º µ #8' � K º � %>1435':,�+�P{+�c<P�#&%oB�14.<):P�#&%:?<#&.0/hi&143GO _ .<)*+-' � 143<%r�y9;1�' � xy%$i8f0P � 3<?<) ��H .<#&%
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#�/GB<)>#&%>% � 143<%(?<#&%�i&10#8�;i � #&35'*%(?<# U 14.<) � #&)L?C+�3<%�P�#$iu+�%�?FE .<32i&) � %T'm+�P0B<l<1�'*143 ��H .<# � @éq�'*)>1 � %L9 � P � #&.0/
? �|Õ 6&)>#&35'*%&k
3<14.<%;B�14.G,4143<% � 3-eT#&i8'*#&)ai&#&%ai&1D#8�;i � #&3D'*%a?C+�3<%aP�#&%;6 H .C+-' � 143<%a+�.0/�,�+�P�#&.<)>%;B<)>14B<)>#&%
� K ��� #8' � K �0µ B�14.<)o?<68'*#&)>9 � 3<#&)$P{+^%T'*)>.<i8'*.<)>#b?<#\cC+�3<?<#b?<#&%oi&143GO _ .<)*+-' � 143<% H .<#\3<14.<%o%>14.<lC+ � '*143<%
68'*.<? � #&)&K���+=O _ .<)># � K ¼ 9;1435'*)>#rP�+;%T'*)>.<i8'*.<)>#^?<#^cC+�3<?<#�k�B�14.<)AP�#&%�?<#&.0/�B�14P{+�) � %*+-' � 143<%JW V �yc<P�#&.��
#8'aW�M��y)>14. _ #���k
?FE .<3<#X9a+ � P|P�#z'*) � +�3 _ .<P{+ � )T#�k(i&143<%T' � '*.<6&#X?<#h'*)>14.<%;?FE + � )&k(?C+�3<%a.<3 %>.<c<%T'*)*+-'a?<#
3 � 14cC+-'*#�?<#7P � 'ml � .<9�?<14B�6
M _ Y`ku#&3D'*14.<)>6&%�BC+�)F.<3<#7i&14.<iml<#7?FE � 3<? � i&#

nc

y µ K ½5·o+uf5+�3D'�.<3<#(6&BC+ � %>%>#&.<)
?Ay � K µ +GK���#=)m+uf4143

ra

?<#&%r'*)>14.<%�?FE + � )�#&%T'rOG/G6aq � K º4+GK
��+5�b#8'g�yc��b)>#&B<)>6&%>#&35'*#&3D'`P�#&%�%T'*)>.<i8'*.<)>#&%
?<#XcC+�3<?<#&%a14cG'*#&30.<#&%aBC+�)aso+�3<?�[014P ,5#X#&3 i&149;BC+�)*+ � %>143 +u,4#&i��yi��2#8'��y?�� H . � )>#&B<)>6&%>#&35'*#&35'gP�#&%
%T'*)>.<i8'*.<)>#&%a?<#hcC+�3<?<#X14cG'*#&3D.<#&%aBC+�)=3<1�'*)>#hi&10?<#�MX¢(WJ��¢bsAK$Yb3 )>#&9a+-) H .<# H .<#XP�#&%=)>6&%>.<P|'m+-'*%
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P{+d,-+�P � ? � '*6z?<#&%;#�/GB<)>#&%>% � 143<% � K º µ #8' � K º � ?C+�3<%;3<1�'*)>#h68'*.<?<#�K V 3�i&149;BC+�)*+�35'=9a+ � 35'*#&3C+�3D'2P�#&%
)>6&%>.<P|'m+-'*%=?<#XP{+dO _ .<)># � K ºNq~i&#&.0/�14cG'*#&30.<%;?C+�3<%;P�#giu+�%;?FE .<3<#X%T'*)>.<i8'*.<)>#�q~9;1�' � xA+�3<3D.<P{+ � )>#�k
143d)>#&9a+�) H .<# H .<#`P{+;B<)>6&%>#&3<i&#=?<#^P{+;i&14.<iml<#29;1D? � OC#rP{+;B�14% � ' � 143�?<#^P{+;cC+�3<?<# � 35'*#&)>? � '*#�K�n�14.<%
,4#&)>)>143<%�?C+�3<%�P�#(imlC+�B � '*)>#7º:i&149;9;#&35'�3<1�.<%�B�14.G,4143<%�#�/GB<P�1 � '*#&)�i&#7B<l<6&3<149;�83<#7B�14.<)�PQE +�B<B<P � iu+-' � 143
?<#&%�i8) � %>'m+�.0/gB<l<1�'*143 ��H .<#&%J#&3h'm+�3D' H .<#�iu+�BG'*#&.<)>%�?<# _ +�¡�K

@A#dB<P�.<%a143é+�i&149;BC+�)>6�P�#&%a)>6&%>.<P|'m+-'*%a14cG'*#&30.<%zBC+�)ai&#di&1D?<#�+�,4#&idi&#&.0/�14cG'*#&30.<%zBC+�)a?<#&%
9;68'*l<10?<#&%
.G' � P � %>6&#&%7B�14.<)
?<68'*#&)>9 � 3<#&)7P{+\%T'*)>.<i8'*.<)>#�?<#�cC+�3<?<#�?FE .<3ai&) � %T'm+�PCB<l<1�'*143 ��H .<#:xy143<i8' � 1430Z
3C+�P � %>6&#\i&149;9;#bP{+29;68'*l<1D?<#�?<#^M�+�/0�$#&P�P ZT��+�)>3<#8'>':.G' � P � %>6&#b?C+�3<%�P{+`)>68xy6&)>#&3<i&#�& º4½ ( K

�(E +�B<B<)>1�/ � 9a+�' � 143�?<#XM�+�/0�o#&P�P ZT��+�)>3<#8'>'`B�#&)>9;#8'=?FE 14cG'*#&3 � )`.<3 � 3<? � i&#z# Õ #&i8' � x�?FE .<3�9 � P � #&.
i&143<%T' � '*.<6h?FE � 3D'*)>.<% � 143<%=+u,5#&iX? �|Õ 6&)>#&35'*% � 3<? � i&#&%=?<#X)>68xy)*+�i8' � 143FK7"AE #&%T'zq~? � )>#�k()>#&9;B<P{+�i&#8)=?<#&.0/
9 � P � #&.0/\? �|Õ 6&)>#&3D'*%$� � i �

εc

#8'
εs

��BC+�)�.<3^%>#&.<PD?<68OC3 � BC+�)�.<3 � 3<? � i&#(# Õ #&i8' � x
εMax−Gar

K��(E #�/GB<)>#&%>% � 143
� K º4º�?<143<3<#gPQE #�/GB<)>#&%>% � 143�?<#zi&#8' � 3<? � i&#a# Õ #&i8' � xJ14cG'*#&30.�qdBC+�)T' � )r?FE .<3�%>.<c<%T'*)*+-'2?<#gi&143<%T'm+�35'*#
? � 6&P�#&i8'*) ��H .<#

εs

#8'�?FE � 35'*)>.<% � 143h?<#�i&143<%T'm+�35'*#r? � 6&P�#&i8'*) ��H .<#
εc

K�@b+�3<%�3<1�'*)>#\iu+�%&k
εc

i&14)>)>#&%>B�1�3<?dq
P{+`i&143<%T'm+�3D'*#�? � 6&P�#&i8'*) ��H .<#\?<#&%Ji&14.<i�l<#&%�%>#&3<% � c<P�#&%&K

εMax−Gar = εs ×
εc(1 + 2f ′) − εs(2f

′ − 2)

εc(1 − f ′) + εs(2 + f ′)

� � K º4º5�
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εc = 2.7725#8'

d = 0.1a
k
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1NM
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?C+�3<%�P�#29 � P � #&.FK�@b+�3<%�P�#2iu+�%
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d
kCq`9a+ � P|P�#�'*) � +�3 _ .<P{+ � )>#�k

f ′ = 2π√
3
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kC1NM
r
i&14)>)>#&%>B�143<?d+�.h)*+�f4143X?<#8%J'*)>14.<%J?FE + � )&K
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cC+�3<?<#=14cG'*#&3D.NBC+�)\P{+z9;68'*l<10?<#2?<#&%r143<?<#&%�B<P{+�3<#&%\#&3~'*#&3C+�35'ri&149;BG'*#2?<#&%\'*)>1 � %\9 � P � #&.0/�%>6&BC+�Z
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εL(ω) = ε∞ − ∆ε.Ω2
L

(ω2 − Ω2
L) + ıΓLω

��ºGK ½4�

Y¢M
ε∞ = n2

0

y � K �4�4� ·0KD��#&%$BC+�)T' � #&%
)>6&#&P�P�#�#8' � 9a+ _4� 3C+ � )>#J?<#
εL

kD#�/GB<) � 9;6&#&%oqrP{+\xy)>6 H .<#&3<i&#b?<#
)>6&%>143C+�3<i&#d��q

ω = ΩL

�A?C+�3<%�P�#&%\6 H .C+-' � 143<%�ºGK � #8'^ºGK �GkF%>#&)>1435'^+�eT.<%T'*6&#&%^+�.0/�i&14.<)>c�#&%r14cG'*#&3D.<%
B�14.<)

n
#8'
κ
#�/GB�6&) � 9;#&35'm+�P�#&%&K���#&%ABC+�)*+�9;�8'*)>#&%�?FE +�eT.<%T'*#&9;#&3D'uk�?C+�3<%AP�#riu+�%A1NM�143d+;BC+�%�?<# _ +�¡

?C+�3<%:P�#A9 � P � #&.Fk0%>1435'J?<143<3<68%J?C+�3<%:P�#�'m+�c<P�#u+�.hºGK ¼ K<��+^?<6&B�#&3<?C+�3<i&#�#&3gxy)>6 H .<#&3<i&#�?<#\PQE � 3<? � i&#�?<#
)>68xy)*+�i8' � 143h9;1435'*)>#\.<3h,-+�) � +-' � 143g9a+�/ � 9a+-P|#b?<#

10−5
K

Re(εL(ω)) =

√√√√1

2

(
ε∞ +

√

ε2
∞ +

∆ε2.Ω2
c

Γ2
L

) ��ºGK � �

Im(εL(ω)) =

√√√√1

2

(
−ε∞ +

√

ε2
∞ +

∆ε2.Ω2
c

Γ2
L

) ��ºGK �4�
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∆ε
K�"$#8'>'*#z)>#&P{+-' � 143Fk�#&35'*)>#zP{+Xi&143<i8#&3D'*)*+-' � 143�?<.�c�#&3<¡&�&3<#g#8'

∆ε
kL#&%T'

#&%T' � 9;6&#=?<.�)>68xy6&)>#&3<i&#l& µ��Q( K V 3�+-c<%*#83<i&#a?<#;c�#&3<¡&�&3<#�k
∆ε

#&%T'^#&%T' � 9;6;q
8.6 × 10−6

+�P�14)>% H .FE � P
?<#8, � #&35'

7.7 × 10−5
#&3XB<)>6&%>#&3<i&#^?<# ¼ ·-B<B<9Ö?<#�c�#&3<¡&�&3<#�K
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ΩL
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y � ×1014
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∆ε
y � K � �4½ ×10−4
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?<#&%�'*)>14.<%K& ½4� ( K
��+;%T'*)>.<i8'*.<)>#rOC3C+�P�#r68'*.<? � 6&#�k�%>iml<6&9a+-' � %>6&#^?C+�3<%�P{+2O _ .<)>#`ºGK µ�� ��+5��kC#&%T'bi&)>6&6&#`q;P{+ � ?<#�?FE .<3di&1D?<#
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W0 = 2µm
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y ¼D��� 3<9XK

��#&%2O _ .<)>#&%;ºGK µ ºC��+5�r#8'd�y?��^)>#&B<)>6&%>#&35'*#&35'aP{+d? � %T'*) � c<.G' � 143�?<.�imlC+�9;B�9a+ _ 3<68' ��H .<#z?C+�3<%=P{+
iu+u, � '*6�k�?C+�3<%AP�#�iu+�%A1NMd143�3FE +;BC+�%A?<#^c�#&3<¡&�&3<#�k

∆ε
y\�GK ½ ×10−6

k�?C+�3<%AP�#r9 � P � #&.X#8'b?C+�3<%AP�#�iu+�%
14. � P0f`+r· ���4� B<B<9Ï?<#:c�#&3<¡&�&3<#�k

∆ε
y\�GK ½ ×10−3

k4)>#&%>B�#&i8' � ,4#&9;#&35'uK0"$149;9;#$PQE � 3<? ��H .<#&35'(P�#&%�?<#&.0/
� 9a+ _ #&%&k5P�#�imlC+�9;Bz9a+ _ 3<68' ��H .<#�#&%T'oi&143GOC3<6\+�.G'*14.<)
?<.z?<68x�+�.G'uKG��#8%$O _ .<)>#&%oºGK µ ºz�yc��&�yi��(#8'��y#��&�°xm�
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I ò7JK*GºGK µ º L ��+5�(#8'\�yc��()>#&B<)>6&%>#&3D'*#&35':)>#&%>B�#&i8' � ,4#&9;#&35':P{+�)*+�i � 3<#�iu+�)>)>6�?<#APQE +�9;B<P � '>.<?<#J?<.zimlC+�9;B
6&P�#&i8'*) ��H .<#;#8'r9a+ _ 3<68' ��H .<#=%*+�3<%r'*#&3 � )�i&149;BG'*#=PQE # Õ #8'r?<#;PQE +�c<%>14)>BG' � 143~?<#&%^i&14.<iml<#&%&Ko�y?��\#8'g�y#��
)>#&B<)>6&%>#&35'*#&3D':i8#&.0/zB�14.<)

∆ε = 8.6×10−3
�Q· �4�4� B<B<9 ?<#Ac�#&3<¡&�&3<#���K��yi��(#8'\�°xm�s'�101�9Û+�.a3 � ,4#u+�.

?<.X?<68x�+�.G'�?C+�3<%JP�#\iu+�%J?<.XimlC+�9;Bh6&P�#&i8'*) ��H .<#�K
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+�) � +-' � 143<%$?<#\PQE � 3<? � i&#b?<#\)>68xy)*+�i8' � 143g#&3���+5�v#8'J?<.hi&1D#8�;i � #&3D'J?FE #�/0' � 3<i8' � 143Fk<#&3��yc���k
#&3hxy143<i8' � 143h?<#

∆ε
K

¢�BC+�)T' � )F?<#(i&#&%�)>6&%>.<P|'m+-'*%F143�B�#&.G'�i&143<i&P�.<)># H .<#7P�14)>% H .<#
∆ε

,�+�) � #�?<#7�GK ½ ×10−6
q:�GK ½ ×10−4

�Q· �
B<B<9û?<#;c�#&3<¡&�&3<#���kti&#&P{+h#&35'*)*+-�{3<#=.<3<#;,-+�) � +-' � 143~?<.�i&10#8�;i � #&35'^?<#='*)*+�3<%>9 � %>% � 143N?<.�9;1D?<#=?<#
iu+u, � '*6a?<# � ºcmzKtn�1�'*143<% H .<#ai&#8'>'*#a,�+�) � +-' � 1�3N%>#a'*)*+�?<. � '^+�.<%>% � BC+�)^.<3<#;,�+�) � +-' � 1�3N?FE � 3<? � i&#;?<#
10−7

#8'`.<3<#a,�+�) � +-' � 1�3�?<.�i&10#8�;i � #&35'2?FE #�/0' � 3<i8' � 143�?<#
6 × 10−4

Kt��+h,�+�) � +-' � 143N?<#
∆ε

#&%T'`#&3
# Õ #8'o)>6&B�#8)*i8.G'm68#\%>.<)
P�#�i&10#8�;i � #&35'o?FE #�/0' � 3<i8' � 143a#8'o%>.<)
PQE � 3<? � i&#J?<#A)>68xy)*+�i8' � 143;i&149;9;#�P�#J9;143D'*)>#
P�#&%�?<#&.0/�6 H .C+-' � 143<%rºGK � #8'`ºGK �GK���#&%�,�+�) � +-' � 143<%

∆
3�#�'

∆κ
#&3Nxy143<i8' � 143~?<#

∆ε
%>143D'r9;143D'*)>6&#&%

%>.<)bP�#&%�O _ .<)>#&%�ºGK µu¼ ��+5�:#8';�yc��J)>#&%>B�#&i8' � ,4#&9;#&35'uK�I�+-)bi&143<%>6 H .<#&3<iu#�kF#&3�i&143<% � ?<6&)*+�3D' H .<#2P{+;B<P�.<%
B�#8' � '*#^,-+�) � +-' � 143d?<#`'*)*+�3<%>9 � %>% � 143d?<68'*#&i8'm+�c<P�#`#&%T'r?<# µ mzkF143�B�#&.G'�?<6&?<. � )># H .<#2P{+aB<P�.<%bB�#8' � '*#
i&143<i&#&35'*)*+-' � 143�?<#ac�#83<¡&�&3<#g?<68'*#&i8'm+�c<P�#a#&%T'2?<# � K ºXB<B<9XKt"$#8'>'*#a,-+�P�#&.<)^?<6&B�#83<?�xy14)T'*#&9;#&35'^?<#&%
B�#&)Txy14)>9a+�3<i&#&%$?<#bP{+^i&14.<iml<#b%>#&3<% � c<P�#�kG#8':3<#b?<1 � '$�8'*)>#bi&143<% � ?<6&)>6&# � i ��H .<#\i&149;9;#�.<3 � 3<? � iu+-'*#&.<)
+�B<B<)>1u/ � 9a+-' � x�?<#&%�B�#&)Txy14)>9a+�3<i&#&%J?<#�3<1�'*)>#�%T'*)>.<i8'*.<)>#�K
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+a?<6&9;1435'*)>6 H .<# H .C+�3<?dPQE # Õ #8'b?<#`PQE +�c<%>14)>BG' � 143X?<#^P{+;i&14.<iml<#=+�. _ 9=#&3D'*#�k�PQE � 35'*#&3<% � '*6r?<.dB � ir?<#
)>6&%>143C+�3<i&#r? � 9 � 30.<#�K
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' � 143~B<l5f0% � i&1-ZSi�l � 9 ��H .<#=9;�&3<#;qh.<3NimlC+�3 _ #&9;#&35'^?<#;PQE +-c<%*1�)*BG' � 1�3~#8'rPQE � 3<? � i&#2?<#=)>68xy)*+�i8' � 143~?<#
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, � % � c<P�#�k0PQE 68'*.<?<#A'*l<6&14) ��H .<#\+`68'*6\%>. � , � #bBC+�)o.<3<#\)>6u+�P � %*+-' � 143a?<#\P{+^iu+u, � '*6b#&3g.G' � P � %*+�35'o.<3<#A'*#&i�l0Z
3<14P�1 _4� #2?<# _ )*+�,0.<)>#;BC+�)rx�+ � %>i&#u+�.�?FE � 143<%�xy10iu+�P � %>6�k�.<3�B<)>1Di&6&?<6z?<#;x�+�c<) � iu+-' � 1�3 H . � %>#&)*+�?<6&i&) � '
B<P�.<%�'m+�)>?FKF��+;O _ .<)>#2ºGK µ ·;)>#&B<)>6&%>#&35'*#=.<3<# � 9a+ _ #`M V s¿?<#`P{+;iu+�, � '*6^)>6u+�P � %>6&#^#&3�%*+�P|P�#^c<P{+�3<iml<#
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λ
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FEMTO-ST - Besançon                                      Détecteur SE1
Date: 14 Oct 2009                             Double faisceau MEB/FIB
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%>.<B�#&)>i&#&P�PG#8'�BC+�) U @AWJ@�?<#&%�iu+u, � '*6&%7[G�A@ #8'7� µ q µ ·4· � 3<9Xk-B�14.<)tP�#&% H .<#&P�P�#&%t143`?<68'*#&)>9 � 3<#&)*+�P�#&%
? �|Õ 6&)>#&35'*%\BC+�)*+�9;�8'*)>#&% _ 6&149;68'*) ��H .<#&%\+u,-+�3D'\P{+aB<lC+�%>#2?<#^x�+�c<) � iu+-' � 143FK�@b+�3<%\P{+a?<#&)>3 � �&)>#2BC+�)T' � #
?<#ri&#ri�lC+-B � '*)*#-k�3<14.<%�#�/GB�14%>#&)>143<%AP�#&%�)>6&%>.<P|'m+-'*%J#�/GB�6&) � 9;#&35'm+�.0/X14cG'*#&30.<%�#&3�imlC+�9;B�P�1 � 35'm+ � 3h#8'
#&3himlC+�9;BgB<)>1Di�l<#�KCn�14.<%o9;1435'*)>#&)>143<%o?<#&%:)>6&%>.<P|'m+-'*%:#&3z'*)*+�3<%>9 � %>% � 143z#8':#&3h)>68åC#�/ � 143Fk<+ � 3<% ��H .<#
?<#&%�)>6&%>.<P|'m+-'*%:#�/GB<P�1 � 'm+�35'JP�#r[GnbY�MûB�14.<)J68,-+�P�.<#&)JP{+`? � %T'm) � c<.G' � 1�3g?<.XimlC+�9;Bh?C+�3<%JP�#&%Jiu+u, � '*6&%&K
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¸!��� � �U� �%� �Á� � � �§�Á� �$� � ���F� ���  '�! � ��� �%�  � � � ÙO�!� �§� � � ¿ � �X�§�

��#(3 � 14cC+-'*#�?<#7P � '*l � .<9Ï��� � n�c�Y
3

��#&%T'�.<3�9a+-'*6&) � +�.b? � 6&P�#&i8'*) ��H .<#�?<143D'�PQE .G' � P � %*+-' � 143b#&%T'�'*)>�&%�)>6�Z
BC+�3<?<.<#
?C+�3<%�P�#&%�'*6&P�6&i&149;9`.<3 � iu+-' � 143<%&kuPQE 14BG' ��H .<# � 35'*6 _ )>6&#A�y9;10?<.<P{+-'*#&.<)>%�?<#('Sf0B�#oM�+�iml0ZA'�#&3<?<#&)&k
_ . � ?<#&%7?FE 143<?<#&%
14BG' ��H .<#&%m��k5PQE 14BG'*106&P�#&i8'*)>143 ��H .<#:#8'
P{+bB<l<1�'*143 ��H .<#�K0�(E +-B<B<P � iu+-' � 1432?<#Ji&#�9a+-'*6&) � +�.
?C+�3<%hP�#d?<149a+ � 3<#d?<#�P{+�3C+�3<14B<l<1�'*143 ��H .<#�#&%T'X9;1-' � ,56&#dBC+�)g%>#&%hB<)>14B<) � 68'*6&%g6&P�#&i8'*)>1-ZS14BG' ��H .<#&%&k
+�i&14.<%T'*1-Z(14BG' ��H .<#&%&k03<143zP � 3<6u+ � )>#&%
#8'oB � 6&¡&106&P�#&i8'*) ��H .<#&%&KG@A#&B<. � % H .<#&P H .<#&%J+�3<3<6&#&%&kGi&#b9a+-'*6&) � +�.a+
%>.<%>i � '*6:PQE � 35'*6&)>�8'(?<#:P{+AB<l<1�'*143 ��H .<#:#83=BC+�)T' � i&.<P � #&)tB�14.<)(P{+A)>6u+�P � %*+-' � 1�3`?<#:3<14.G,4#u+�.0/=i&149;B�1�%m+-3D'*%
14BG' ��H .<#&%L9 � 3 � +-'*.<)>#&%�?<1435'tP�#&%�xy143<i8' � 143<%�%>#&)*+ � #&3D'KE8i&149;9;+�3<?<6&#&%YE7BC+�)LP�#7i&1435'm)>�4P|#
?<#&%tB<)>14B<) � 68'*6&%
B<l5f0% ��H .<#&%
#8'(14BG' ��H .<#&%(?<.=3 � 14cC+-'*#o?<#:P � '*l � .<9XK�@A#:B<P�.<%&k�P{+bi&)>1 � %>%*+�3<i&#:i&) � %T'm+�P�P � 3<#$?<.=3 � 14cC+-'*#$?<#
P � '*l � .<9Û#8'JP�#&%o'*#&iml<3 ��H .<#&%J?<#\?<14BC+ _ #;� V )4& �0µ k �4�Q( kGW � & � º ( �
%>143D'Jc � #&3g9a+-��'*) � %>6&#&%&KC"$#�9a+-'*6&) � +�.
#&%T'o.<3ai&) � %T'�+-P�?<#A%Tf035'*l<�&%>#\14cG'*#&3D.zBC+�)
i&)>1 � %>%*+�3<i&#A%>#&P�143aP{+\'*#&iml<3 ��H .<#�"$¡&1Diml<)m+-P�%>  � k0?<68,4#&P�14B<B�6&#
?C+�3<%(P�#&%(+�3<3<6&#&%
½ � H . � i&143<% � %T'*#o#&3=.<32' � )*+ _ #oqbBC+�)T' � )t?FE .<3=cC+ � 32?<#J� � Y

2

#8'7?<#Jn�c
2

Y
5

& �-¼qL0� ½ ( K

@b+�3<%J.<3XB<)>#&9 � #&)$'*#&9;B<%&k<3<14.<%JB<)>6&%>#&35'*#&)>143<%AP�#&%:B<) � 3<i � BC+�P|#&%oB<)>14B<) � 68'*6&%JB<l5f0% ��H .<#&%�?<.h3 � 1-Z
cC+-'*#r?<#rP � '*l � .<9�'*#&P�P�#&% H .<#^P�+2,�+�P�#&.<)J?<#r%>#&%A? �|Õ 6&)>#&3D'*%�i&1D#8�;i � #&3D'*%&k�%*+;%T'*)>.<i8'*.<)>#^i&) � %T'm+�P�P � 3<#�#8'
%>#&%AB<)>14B<) � 68'*6&%�14BG' ��H .<#&%&K�¢�OC3�?<#ri&143GOC3<#&)AP{+2P�.<9 � �&)>#�k � P�#&%T'b3<6&i8#&%>%m+ � )>#r?<#^)>6u+�P � %>#&):?<#&% _ . � ?<#&%
?C+�3<%�P�#$9a+-'*6&) � +�.FK-IL14.<)�i8#&P{+Gk � PD#�/ � %T'*#o?<#&.0/2B<) � 3<i � BC+�P|#&%t9;68'*l<1D?<#&% H .<#:3<14.<%�B<)>6&%>#&35'*#&)>143<%(?C+�3<%
P{+`?<#&.0/ � �&9;#�BC+�)T' � #�K

$ ���?��� �l��Ê«����§©È1�+È<�

��#J3 � 14cC+-'*#J?<#JP � '*l � .<9ü+\.<3<#�%T'*)>.<i8'*.<)>#�i&) � %T'm+�P�P � 3<#:)>l<149`c�1068?<) �|H .<#�+�B<BC+�)T'*#&3C+�35'$+�. _ )>14.<B�#
?<#�%Tf09;68'*) � #�E&º�9lEA#8'J#&%T'�?<6&i&) � '*#�i&149;9;#b.<3X#&9=B � P�#&9;#&35':?<#�B<P{+�3<%:i&149;B�1�%*68%Ji�lC+�i&.<3X?<#\'*)>1 � %
+-'*149;#&%A?FE 1�/0f _ �83<#=1NM�?<#&.0/�B<P{+�3<%�xy14)>9;#&35'b.<3�10i8'm+��&?<)>#�K��(E +�)>)*+�3 _ #&9;#&35'b?<#&%\iu+-' � 143<%b+�.�%># � 3
?<#&%A10i8'm+��&?<)>#&%A%>#^B<)>6&%>#&3D'*#`%>14.<%AP{+2xy14)>9;#�?FE .<3<#^%>6 H .<#&3<iu#2n�cFk�P � c<)>#�k�� � k�n�cFk�P � c<)>#�k�� � i&149;9;#
P�#r%>iml<6&9a+-' � %>#^P{+2O _ .<)># ¼ K µ K�"$#8'>'*#^%T'*)>.<i8'*.<)>#`i&) � %T'm+�P�P � 3<#�)>#&3<?dP�#r9a+-'*6&) � +�.h.<3 � +�/ � +�P�+�.d3 � ,4#u+�.
14BG' ��H .<#�KLRSP7B�14%>%>�&?<#z?<143<ia?<#&.0/ � 3<? � i&#&%r?<#a)>68xy)*+�i8' � 143Fk�.<3�14)>? � 3C+ � )>#��

no

��#8'^PQE +�.G'*)>#;#�/0'*)*+�14)vZ
? � 3C+ � )>#��

ne

��KL��#&%r,-+�P�#&.<)>%^?<#;i&#&% � 3<? � i&#&%r%>143D'^%>.<B�6&) � #&.<)>#&%`q � ?C+�3<%^P{+ _ +�9;9;#2%>B�#&i8'*)*+�P�#;?<#
'*)*+�3<%>BC+�)>#&3<i&#�KC��+`c � )>68xy) � 3 _ #&3<i&#A?<#bi&#b9a+-'*6&) � +�.Fk0?<6�OC3 � #\BC+�)

no − ne

k0,�+�) � #A%>#&P�143zP{+rxy)>6 H .<#&3<i&#
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?<#�PQE 143<?<#\%>#rB<)>14BC+ _ #u+�3D'J?C+�3<%JP�#\9a+-'*6&) � +�.FK

I ò7JK* ¼ K µ¢L [D'*)>.<i8'*.<)>#ri8) � %>'m+�P|P � 3<#b?<.X3 � 14cC+-'*#\?<#�P � '*l � .<9XK
��#&%AB<)>14B<) � 68'*6&%�14BG' ��H .<#&%�?<.d3 � 14cC+-'*#�?<#rP � '*l � .<9Ú%>1435'b#�/GB�14%>6&#&%\?C+�3<%�P�#�'m+�c<P�#u+�. ¼ K µ K�n�14.<%

)>#&9a+�) H .<143<%t#&3`BC+�)T' � i&.<P � #&)�P�#&%Lxy1�)>'*%�,-+�P�#&.<)>%t?<#&%�i&1D#8�;i � #&3D'*%t3<143`P � 3<6u+ � )>#
d33

#8'�6&P�#&i8'*)>1-ZS14BG' ��H .<#
r33
K

$ ���?�]¥ ÄÅ�<�³ª?��§©���<���p�gÊ?²����<�³�U� ��ÄÅ§V ̄ °¢¡
3

RSPJ#�/ � %>'*#hB<P�.<% � #&.<)>%2'*#&iml<3 ��H .<#&%a?<#gx�+�c<) � iu+-' � 143�?<# _ . � ?<#&%=?FE 143<?<#&%;14BG' ��H .<#&%;%>.<);� � n�c�Y
3

K
It+�)>9 � P�#&%`B<P�.<%`.G' � P � %>6&#&%&kt143�B�#&.G'=i � '*#&)`PQE 6&imlC+�3 _ #zB<)>1�'*143 ��H .<#n& �4�YLG� ¹ ( #8'2P{+d? � Õ .<% � 143�?<#a' � Z
'm+�3<#�& � � ky� µ�( K���#&% _ . � ?<#&%(14cG'*#&3D.<%(BC+�)(? �|Õ .<% � 143^' � 'm+�3<#$)>#&B�14%>#&35'
%>.<)(PQE +�. _ 9;#&35'm+-' � 143`?<#:PQE � 3<? � i&#
?<#A)>68xy)*+�i8' � 143;?<.a%>.<c<%T'*)*+-'o?<#b� � n�c�Y

3

?C+�3<%$P{+�)>6 _4� 143a?<#�B<)>6&%>#&3<i&#\?<#&% � 143<%7W � 4+ KG��+\,�+�) � +-' � 143
?FE � 3<? � i&#`P�10iu+�P�#^#&%T'�?FE +�.G'm+�35'�B<P�.<% � 9;B�14)T'm+�3D'*# H .<#2P{+zi&143<i&#&35'*)*+-' � 143~?<#`' � 'm+�3<#`#&%T'�6&P�#8,46&#hjFP�#
_ . � ?<#\14cG'*#&3D.X#&%T'�.<3 _ . � ?<#�q _ )*+�? � #&35'J?FE � 3<? � i8#�KCIt14.<):14cG'*#&3 � ):.<3 _ . � ?<#\? �|Õ .<%>6b' � 'm+�3<#;�°O _ .<)>#
¼ K � ��k0143zi&149;9;#&3<i&#bBC+-)o?<6&B�14%>#&):.<3<#b)>6&% � 3<#bB<l<1�'*14%>#&3<% � c<P�#bq^P{+�'*14.<)>3<#8'>'*#b%>.<)oP�#A%>.<c<%T'*)*+-'uK<��#&%
9;1�' � xy%(?<#&% _ . � ?<#&%
%>1435'$?<68OC3 � %$qrPQE + � ?<#:?FE .<3<#AP � '*l<1 _ )*+-B<l � #J}JwÏjD143a.G' � P � %>#J.<3<#�)>6&% � 3<# � 3D,4#&)>%>6&#
�yW � � ¹-�b)`BC+�)2#�/G#&9;B<P�#���k(?<1435'=.<3<#hBC+�)T' � #g%>#&)*+~iu+�iml<6&#XBC+�)2P�#z9;1�' � x�?<#&% _ . � ?<#&%=+�.�i814.<)>%=?<#
PQE � 3<%>14P{+-' � 143�}Jw`Kt¢AB<)>�&%`?<68,5#&P�14B<B�#&9;#&3D'uktP{+X)>6&% � 3<#z)>#&%T'*#gBC+�)T'*14.G'`%*+�.GxA+�.�3 � ,5#&+�.�?<#&%29;1�' � x°%
?<#&% _ . � ?<#&%&KG}�3<#Ai&14.<iml<#b?<#�' � 'm+�3<#�?<# µ�� q µ��4� 3<9Û#&%T'J+�P�14)>%
?<6&B�14%>6&#\%>.<)$P{+r)>6&% � 3<#A?<68,4#&P�14B<B�6&#
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÷ ½DÇlÀ-½v¼;¿<Ì9¿q¹�º<Ìa¬ÞÇ
º�£�¬<¼;º0«BÌD¹ Å�Â�½DÂC¬úÌ9¿�½v¼©¹ÊÌD¼�Ä
È¸ºq¹^»¸ºq¹i¤�Â�ö º�½v¹

LiNbO3I(P{+ _ #\?<#\'*)*+�3<%>BC+�)>#&3<i&#
0.35µm

q
4.5µm@A#&3<% � '*65� _ C

cm3
� ¼ K ½5·

M�+�%>%>#r9;14P�+ � )>#=� _ C-9;14P°� µu¼D� K � ¼ ½
It1 � 35'J?<#\xy.<% � 143�� 0C � ∼ µ�� · �WL#&9;B�6&)*+-'*.<)*#�?<#^"$.<) � #;� 0C � ∼ µ4µ · �¢Ac<%>14)>BG' � 143��

cm−1
� � K µ

@ �|Õ .<% � 143��
2730K

� ¼
W/m/0KV H .C+-' � 143X?<#

n2
o(λ) = 4.9048 + 0.1177/(λ2 − 0.0475) − 0.0272λ2[0#&P�P�9;# � #&)
n2

e(λ) = 4.5820 + 0.0992/(λ2 − 0.0444) − 0.0219λ2¢A3 � %>1�'*)>14B � #\q
λ = 1550nm no = 2.210, ne = 2.138"$1D#8�;i � #&35'm%

r33 = 30.8, r31 = 8.6
k

#&P�#&i8'*)>1-ZS14BG' ��H .<#&%r�yB<9'C�w��
r22 = 3.4, r51 = 28"$1D#8�;i � #&35'm%
d22 = 3, d31 = 5

k
3<1430ZSP � 3<6u+ � )T#&%r�yB<9'C�w��

d33 = 33

É7êtë�* ¼ K µ¢L w
+�P�#&.<)>%:?<#&%�? �|Õ 6&)>#&35'*%Ji&1D#8�;i � #&3D'*%J?<.
LiNbO3

?<143<3<6&#&%�BC+�)A"$)Tf0%T'm+�P|'*#&imlp& µ��Q(

BC+�)268,�+�B�14)*+-' � 143�%>14.<%2, � ?<#�K(W7f0B ��H .<#&9;#&35'uk7B�14.<)214cG'*#&3 � )2.<3 _ . � ?<#g9;143<149;10?<#zq µ ·4· � 3<9Xk
PQE 6&BC+ � %>%>#&.<)
#&%T'$?<#�PQE 14)>?<)>#J?<#A�5·-3<9 B�14.<)7.<3a%>.<c<%T'*)*+-'o#&3ai&14.<B�#J�`K U � 3C+�P�#&9=#&3D'uk4PQE #&3<%>#&9`c<P�#J#&%T'
B<P�143 _ 6\?C+�3<%�.<3XcC+ � 3h?FE +�i&68'*143<#r%>14.<9 � %J+�.0/h.<P|'*)*+�%>143<%&kCi&# H . � B�#8)*9=#8'�?FE 6&P � 9 � 3<#&):P{+`)*68% � 3<#r#8'
P�#J' � 'm+�3<#�?<6&B�14%>6\+�.z?<#&%>%>.<%&K�"$#bB<)>1Di&6&?<6b#&%T'J+�B<B�#&P�6�P � x°'TZS1 Õ j0¢�P{+�OC3z?<#bPQE 14B�6&)*+-' � 143Fk5%>#&.<P�#&%oP�#&%
cC+�3<?<#&%�?<#\' � 'm+�3<# H . � i&1�)*)>#&%>B�143<?<#&35'b+�.0/gxy.G'*.<)>% _ . � ?<#&%J)>#&%T'*#&35'uK���#\' � 'm+�3<#b)>#&%T'm+�3D'�#&%T'�? �|Õ .<%>6
+�.�%># � 3�?<.di&) � %T'm+�P�#&3dB<P�+��u+�3D'�P�#�'*14.G'A?C+�3<%A.<3Xxy14.<)Aq;lC+�.G'*#r'*#&9;B�6&)*+-'*.<)>#g�

10200C
�:B�#&3<?C+�35'

µ�� ldl<#&.<)>#&%&K V 3dxy143<i8' � 143�?<#&%b? �|Õ 6&)>#&3D'*%ABC+�)*+�9;�8'*)>#&%b?<.dB<)>10i&#&%>%>.<%\?<#`? �|Õ .<% � 143��y6&BC+ � %>%>#&.<)b?<#
P{+gi&14.<i�l<#;?<#;W � k�?<.<)>6&#;#8'r'*#&9;B�6&)*+-'*.<)>#=?<#;? �|Õ .<% � 143���k�P�#&%�B<)>1�OCP�%�?FE � 3<? � i&#=?<#;)>68xy)*+�i8' � 143N?<#&%
_ . � ?<#&%bB�#&.G,5#&35'��8'*)>#`i&1435'*)>�4P�6&%&KF��#`B<)>1�OCPL#&%T' _ +�.<%>% � #&3�#&3�B<)>1�xy143<?<#&.<)=�°,41 � )�O _ .<)># ¼ K ºC��+5�>��k�#8'
143�B�#&.G'=+ � 3<% � x�+�c<) ��H .<#8)^?<#&% _ . � ?<#&%^9;143<149;10?<#&%rB�14.<)^P�#;, � % � c<P�#;#8'`P�#aB<)>1Di�l<# � 3Gxy)*+�)>14. _ #;#8'
i&#&P{+ H .<#&P H .<#r%>1 � ':P{+2i&14.<B�#r?<#�PQE 6&imlC+�35' � P�P�1�3N�°�`k ý2kk'���kC9a+ � %:B<P�.<%:?<.<)J%>.<)JP{+`i&14.<B�#bý2K

��14)>% H .<# ] K �(K ] +�im 4#&P-f%ã8^>V�x�+�c<) ��H .<�&)>#&35'7#8'7iu+�)*+�i8'*6&) � %>�&)>#&35'7B�14.<)(P{+AB<)>#&9 � �&)>#oxy1 � %�?<#&% _ . � ?<#&%
xy14)>9;6&%�BC+�)�6&imlC+�3 _ #
B<)>1�'*143 ��H .<#7?C+�3<%�P�#7� � n�c�Y

3

k�P�#&.<)>%�)>6&%>.<P|'m+-'*%�%>.<%>i � '*�&)>#&35't.<3�, � x � 3D'*6&)>�8'~& �4�Q( K
��#=B<)>1Di&6&?<6;?<#`x�+�c<) � iu+-' � 143d?FE .<3 _ . � ?<#2?FE 143<?<#=BC+�)\6&i�lC+�3 _ #=B<)>1�'*143 ��H .<#X��I V �b#&%T'r)>#&B<)>6&%>#&35'*6
?C+�3<%7P{+bO _ .<)># ¼ K ¼ K5��#Ji&) � %T'm+�P<#&%T'$B<P�143 _ 6:?C+�3<%7.<3<#�%>14.<)>i&#J?FE +�i � ?<#Jc�#&3<¡&1�£ H .<#�) � iml<#:#&3aB<)>1�'*143<%&K
IL#&3<?C+�3D'Ai&#8'>'*# � 9;9=#&)>% � 143h.<3�6&imlC+�3 _ #r#&3D'*)>#rP�#&% � 143<%

Li+
?<#rP{+2%>.<)>x�+-i&#^?<.�i&) � %T'm+�P�#8'AP�#&% � 143<%
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Dépôt de titane

Lift off

Développement
de la résine

LiNbO3 Titane Résine

Dépôt de résine
(Ti09Xr)

Masquage
+

Insolution UV

Diffusion thermique

I ò7JK* ¼ K ��L I() � 3<i � B�#\?<#�)>6u+�P � %*+-' � 143z?FE .<3 _ . � ?<#\W � %>.<)
LiNbO3

K

H+
?<#�PQE +�i � ?<#\+�.<)*+=P � #&.g%>#&P�143hP{+2)>6u+�i8' � 1�3h%>. � ,�+�35'*#=j

LiNbO3 + xH+ → HxLi1−xNbO3 + xLi+
� ¼ K µ �

"$#8'>'*#z'*#&iml<3 ��H .<#hB�#&)>9;#8'2?FE 14cG'*#&3 � )`?<#&% _ . � ?<#&%2qd%*+�.G'=?FE � 3<? � i&#z+�,4#&ig.<3<#zxy14)T'*#a,-+�) � +-' � 143�?<#
PQE � 3<? � i&#�#�/0'*)m+-14)>? � 3C+ � )>#�KG}�3 _ . � ?<#A¢bI V jC� � n�c�Y\ºh�y¢A3<3<#u+�P|#&?XI()>1�'*143 V /GimlC+�3 _ #r� � n�c�Y

3

�
#&%T'
14cG'*#&3D.�BC+�)b)>#&i&. � 'b?FE .<3 _ . � ?<#`I V qz.<3<#^'*#&9;B�6&)*+-'*.<)>#^?FE #&35, � )>143

300 − 4000C
K�¢A.di&14.<)>%\?<.

)>#&i&. � 'bP�#&%AB<)>1�'*143<%bB�6&3<�8'*)>#&3D'\#&3�B<)>1�xy143<?<#&.<)b?C+-3<%bP�#^9a+-'*6&) � +�.�#8'bP�#^B<)>1�OCPL?FE � 3<? � i&#^)>6&%>.<P|'m+�35'
i&14)>)>#&%>B�143<?�q=.<3 _ )*+�? � #&3D':?FE � 3<? � i&#;�°,51 � )$O _ .<)># ¼ K ºC�yc��>��K

��+X? �|Õ 6&)>#&3<i&#;P{+gB<P�.<% � 9;B�14)T'm+�35'*#2#&35'*)>#aP�#&% _ . � ?<#&%r14cG'*#&3D.<%^BC+�)�? �|Õ .<% � 143~' � 'm+�3<#=#8'^i&#&.0/
14cG'*#&3D.<%7BC+�)(6&imlC+�3 _ #JB<)>1�'*143 ��H .<#o#�/ � %T'*#J#83='*#&)>9;#o?<#JB�14P{+�) � %*+-' � 143`?<#:P{+bP�.<9 � �&)>#o?C+�3<%(P�# _ . � ?<#�K
IL14.<)bP�#&% _ . � ?<#&%bW � j � � n�c�Y

3

k�PQE � 3<? � i&#r14)>? � 3C+ � )>#r#�'\PQE � 3<? � i&#r#�/0'*)*+�14)>? � 3C+ � )>#r%>.<c � %>%>#&3D'b'*14.<%bP�#&%
?<#&.0/�.<3<#g+�. _ 9;#&35'm+-' � 143 jL?<#&.0/�B�14P{+�) � %*+-' � 143<%�%>143D' _ . � ?<6&#&%&K�It+�)^i&1435'*)>#�ktP{+XB<)>14BC+ _ +-' � 143N?<#
P{+=P�.<9 � �&)>#�?C+�3<%bP�#8% _ . � ?<#&%A¢bI V 3FE #&%T'\B�14%>% � c<P�# H .<#^B�14.<)AP�#&%�B�14P{+�) � %*+-' � 143<%JBC+�)*+�P�P��&P|#&%Aq;PQE +�/G#
#�/0'*)*+�14)>? � 3C+ � )>#\iu+�)JP{+29;10? � OCiu+-' � 143h?FE � 3<? � i8# � 3<?<. � 'JBC+�)JP�#�B<)>1Di&#&%>%>.<%b?<#\x�+�c<) � iu+-' � 143g3FE #&%T'bBC+�%
� %>1�'*)>14B�#\#8'J%>#&.<P�PQE � 3<? � i&#b#�/0'*)*+�14)>? � 3C+ � )>#\+�. _ 9;#&35'*#�K

n�1�'*)>#�14cGeT#&i8' � xt#&%T'�?FE � 3-eT#&i8'*#&)JP{+2P�.<9 � �&)>#b?C+�3<%�P|#&%Jiu+�, � 'm68%�B<l<1�'*143 ��H .<#&%�q=PQE + � ?<#b?<#&% _ . � ?<#&%



� ¼ ¶�*�ÝAêc5�ò{ñ�;�ï�@Ax-/tñ�/8.Lò7j80Lí�ïÖ3LÍoñ�0Lîtí~ñ�x-;A/�ô�ò7j80LíNíCñ�í�B8@A;�ô�ò°ð\íA.�ñ0êtì0í

Dne

Saut d ’indice (guide PE)

Gradient d ’indice (guide APE)

Profondeur

X

Y
Z

(a)                                                       (b)

I ò7JK* ¼ K º L ��+5�\pJ#&B<)>6&%>#&35'm+-' � 143�%>iml<6&9a+-' ��H .<#;?<#;P{+h? �|Õ .<% � 143~?<#=' � 'm+�3<#=?C+�3<%rP�#;� � n�c�Y
3

K$�yc��
[0iml<6&9a+^?<.zB<)>1�OCP�?FE � 3<? � i&#A?<#A)>68xy)*+�i8' � 143a#�/0'*)*+�14)>? � 3C+ � )>#J?FE .<3 _ . � ?<#AI V #8':?FE .<3 _ . � ?<#�)>#&i&. � 'bj
P�#\)>#&i&. � 'J)>6&?<. � 'JP{+`,-+�) � +-' � 143g?FE � 3<? � i&#\#&3X%>.<)Tx�+�i&#�#8'A+�. _ 9;#&35'*#�P{+`B<)>1�xy143<?<#&.<)J?<. _ . � ?<#�K

Dépôt de résine

Masquage
+

Insolution UV

Dépôt de SiO2

Stripage
(Enlever la résine)

LiNbO3 Silicium Résine

Développement
de la résine

Bain dans l ’acide benzoïque
+

Enlever la couche de SiO2Recuit

I ò7JK* ¼ K ¼ÅL I() � 3<i � B�#\?<#\x�+�c<) � iu+-' � 143g?FE .<3 _ . � ?<#\BC+�):6&i�lC+�3 _ #�B<)>1�'*143 ��H .<#�I V #8'J¢bI V K

¢bI V 14.=? �|Õ .<%>6&%�' � 'm+�3<#�K4RSPGx�+�.G' H .<#:PQE � 3D'*#&)*+�i8' � 1432#83D'*)>#:P�#:9;10?<# _ . � ?<6:#8'7P�#oi&) � %T'm+�P<B<l<1�'*143 ��H .<#
%>1 � 'J9a+�/ � 9a+-P�#�KC"$#8'>'*#�i&143<? � ' � 143g#&%T'A.<3XB�#&.X? � �;i � P�#\q214cG'*#&3 � ):?C+�3<%�P�#\iu+�%J?<#&% _ . � ?<#8%J?FE 143<?<#
%>.<)L3 � 14cC+-'*#
?<#
P � '*l � .<9Xkuiu+�)LP�#7i&10#&.<)L?<.`9=10?<#7xy143<?C+�9;#&35'm+�P5#&%T'�#&35'*#&)>)>6oq�B<P�.<%�?<#$?<#&.0/^9 � i&)>143<%
?<#2P{+a%>.<)Tx�+�i&#2?<.~%>.<c<%T'*)*+-'uK�IL14.<)\i&# H . � i&143<i&#&)>3<#=3<1�'*)>#`68'*.<?<#�kFP�#^�o+-xy#&)\.G' � P � %>6`#&%T'�#&3�i&14.<B�#
�`k�#8'`143�iml<1 � % � 'r.<3<#;B<)>14BC+ _ +-' � 143N%>. � ,-+�3D'^PQE +�/G#;i&) � %T'm+�P�P � 3�ýÖB�14.<)^P{+g)*6&+�P � %*+-' � 143~?<#&% _ . � ?<#&%
?FE 143<?<#�K$n�14.<%a68'*.<? � 143<%;P�#hi&149;B�14)T'*#&9;#&35'a?<#&%aiu+u, � '*6&%a%>.<);P�#&% _ . � ?<#&%;14cG'*#&30.<%aBC+�);6&imlC+�3 _ #
B<)>1�'*143 ��H .<#\%>. � , � ?FE .<3X)>#&i&. � 'uK
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It14.<)\P�#&%\?<#&.0/~'Sf0B�#&%r?<# _ . � ?<#&%�?FE 143<?<#�k�P{+zP�143 _ .<#&.<)\?<. _ . � ?<#2#&%T'�OG/G6aq µ K � i&9XK���+gP{+�)vZ
_ #&.<)o?<. _ . � ?<#bq`P{+rx�+�i&#\?FE #&35'*)>6&#\#&%T':OG/G6&#rq �

µ
9Xk0B<. � %o.<3<#b'*)*+�3<% � ' � 143aE&+�? � +�cC+-' �|H .<#cE�6&P{+�) _4� '

B<)>1 _ )>#&%>% � ,4#&9;#&3D'aP�# _ . � ?<#�kFeT.<% H .FE q�.<3<#h,�+�P�#&.<) H . � ,�+�) � #h?<# � q µ º
µ
9 %>. � ,�+�35'aP�#&% _ . � ?<#&%

68'*.<? � 6&%&Kt}�3<#a,0.<#z%>iml<6&9a+-' ��H .<#a?<#&% _ . � ?<#&%^#&%T'`9;1435'*)>6&#a?C+�3<%^P{+hO _ .<)># ¼ K�·0Kt��#8%`BC+�)*+�9;�8'*)>#&%
_ 6&149;68'*) ��H .<#&%J#8'A?<#�x�+�c<) � iu+-' � 143g?<#&% _ . � ?<#&%J143D'�68'*6riml<1 � % � %JB�14.<):x�+ � )>#�B<)>14BC+ _ #&)JP�#�9;10?<#\xy1430Z
?C+�9;#&35'm+�P
q

λ
y µ ·4· � 3<9ª#8'^)*#89;143D'*#&)rP�#=9;10?<#aqXP{+h%>.<)Tx�+�i&#a?<. _ . � ?<#;#&3�i&149;BC+�)*+ � %>1�3�+�,4#&i

?<#&% _ . � ?<#&%�i8P{+�%>% ��H .<#&% H . � 3<#=xy1435' H .<# �
µ
9
?<#;P{+�) _ #�K V 3GOC3Fk�P�#&%\x�+�i&#&%�?<#&%r6&imlC+�3D' � P�P|143<%\1435'

68'*62B�14P � #&%AB�14.<)�+u,41 � )b.<3�c�143~i&14.<B<P{+ _ #2+u,4#&i=P�#^x�+ � %>i&#u+�. � 3<i � ?<#&35'\#8'�B�14.<)b)>6&?<. � )>#2P�#&%bB�#&)T'*#&%
14BG' ��H .<#&%�q2PQE #&35'*)>6&#�?<#&% _ . � ?<#&%&K

Face 5.6 Face 90
0 0

Début
taper

Fin
taper

L
entrée

L’

sortiea

I ò7JK* ¼ K�· L [0iml<6&9a+�?FE .<3 _ . � ?<#�14BG' ��H .<#~%>.<)X.<3�6&imlC+�3D' � P�P�1�3�?<#~3 � 14cC+-'*#�?<#NP � '*l � .<9hko�-y �
µ
9Xk �(E y � k µ4µ k µ�� k µ º

µ
9Ú#8'

α = 0.10
K

��#&% _ . � ?<#&%(%>143D'7x�+�c<) ��H .<6&%(#&3ai&14P�P{+-c�14)*+-' � 143=+u,4#&iAI(l<1�'*P � 3<#$'*#&i�l<3<14P�1 _�� #&%�-�#8'
BC+�)(P{+\i&#&35'*)*+�P�#
'*#&iml<3<14P�1 _4��H .<#AMXRTM V n�W�Y¿?<#�PQE � 3<%T' � '*.G' U�V MXW�Y�ZT[0W\KDRSP�#�/ � %T'*# ¼ BC+ � )>#&%7?<# _ . � ?<#&%7%*.<)7i�lC+ H .<#
6&imlC+�3D' � P|P�143 .G' � P � %>6�Ko"$lC+ H .<#dBC+ � )>#�#&%T'g? �|Õ 6&)>#&35'*#d?<#dPQE +�.G'*)>#d+�.�3 � ,4#u+�.é?<#dP{+NP{+�) _ #&.<);?<#dP{+
%>14)T' � #g?<. _ . � ?<#�K(IL14.<)=imlC+ H .<#XBC+ � )>#�k�.<3 _ . � ?<#g#&%T'a.G' � P � %>6zB�14.<)2P{+�)>6u+�P � %*+-' � 143�?<#&%;i&) � %T'm+�.0/
1m¥|G\PC@CBA=F@COkH`B�OkHCH`TFBdDLBd6+¥§¦¨9hf_©%ªL9,BVP(Z\TFOoB[H%P�M7;>GIDLOk4�J BAM7BAG\P«SV;>GFG\TFB�=I4�@�J B[H�M7;LDLTFJk4~PCBATF@mH�UAJ B[S3PC@C;�©;>=LPCOkZ\TFB[H¢BVP¬J B[H¬SV;>M7MKTFGFOkSA4~PCO ;>G<BAG<;>=LPCOkZ\TFB�O G\PCUAn>@CU�H`TF@¢GFO ;>aI4~PCB�DLB�J O PClFO TFM�bX¥|J J B�H`B�H`O PCTFB�u«­®B[HC4�GI¯V;>G^bl\P`PC=p° ±>±g²�²�²Eb =FlF;�PCJ O GFB>b SV;>M



�4½ ¶�*�ÝAêc5�ò{ñ�;�ï�@Ax-/tñ�/8.Lò7j80Lí�ïÖ3LÍoñ�0Lîtí~ñ�x-;A/�ô�ò7j80LíNíCñ�í�B8@A;�ô�ò°ð\íA.�ñ0êtì0í
B<l<1�'*143 ��H .<#&%a#8'aPQE +�.G'*)>#hi&149;9;# _ . � ?<#X?<#X)>68xy6&)>#&3<i&#dB�14.<);P{+�3<14)>9a+�P � %m+�' � 1�3�?<#&%a%>B�#&i8'*)>#&%z?<#
'*)*+�3<%>9 � %>% � 143FK

Echantillon
+

guides

XYZ axis - 3 angles tilt
micro-positionneur

Tunics BT
1500-1600 nm

Objectif
x 40

Caméra IR

I ò7JK* ¼ K ½ L [0i�l<6&9a+2?<.X9;1435'm+ _ #\#�/GB�6&) � 9;#&3D'm+�PF.G' � P � %>6bB�14.<):P�#&%:'*#&%T'*%J?<#&% _ . � ?<#&%:?FE 143<?<#&%&K
��#\9;1435'm+ _ #A#�/GB�6&) � 9;#&35'm+�P�?<#\P{+rO _ .<)># ¼ K ½`#&%T'J.G' � P � %>6AB�14.<)$'*#&%T'*#&):P�#&% _ . � ?<#&%&K<}�3hP{+�%>#&)o+�i�Z

i&14)>?C+�c<P�#o#&32P�143 _ .<#&.<)t?FE 143<?<#:#&%T'7.G' � P � %>6$B�14.<)�#&35,41�f5#&)(.<3`x�+ � %>i&#u+�. � 3<i � ?<#&35'(9;143<1Di�l<)>149a+-' �|H .<#
q
λ
y µ ·4· � 3<9XK0��+rP�.<9 � �&)>#J#&%T'oi&14.<B<P�6&#bq^P�E #&3D'*)>6&#A?<. _ . � ?<#�BC+�)
.<3<#�OCc<)>#b14BG' ��H .<#b[<M U � �GKG}�3

14c0eT#&i8' � xJ?<#a9 � i&)>14%>i&14B�#d� × ��� �\#&%T'2.G' � P � %>6aq�P{+X%>14)T' � #;B�14.<)rx�+ � )>#;PQE � 9;+ _ #=?<#a%*1�)>' � #;?<. _ . � ?<#
%>.<)b.<3<#2iu+�9;6&)*+aRvp�KF��+aO _ .<)*# ¼ K � )>#&B<)>6&%>#&3D'*#2.<3<# � 9a+ _ #r?FE .<3�9;10?<#^14cG'*#&30.<#2%>.<)bP{+aiu+-9;6&)*+
B�14.<)

λ
y µ ·4· � 3<9XK5¢AB<)>�&%$+u,51 � )�'*#&%T'*6AP�#&% _ . � ?<#&%&kD3<14.<%
B<)>10i&6&?<143<%$qrP{+bx�+�c<) � iu+-' � 1432?<#&%$i&) � %T'm+�.0/

B<l<1�'*143 ��H .<#&%J#&3X%*+�P�P�#bc<P{+�3<i�l<#�K

¸!�_{ ! ��� ����} � ����� � �§� �ð}~������� � ��� �Á� ����� � ����� � �

��#A3 � 14cC+-'*#J?<#AP � '*l � .<9Xk4i&149;9;#JP{+�B<P�.<BC+�)T'
?<#&%:+-.G'm)>#&%
9a+-'*6&) � +�.0/=B � 6&¡&106&P�#&i8'*) ��H .<#&%&k0+rP{+�)>6�Z
B<.G'm+-' � 143\?FE �8'*)>#(BC+�)T' � i&.<P � �&)>#&9;#&35'F? � �;i � P�#�q:.<% � 3<#&)&K�M�+ � %FP�#�?<68,5#&P�1�B<B�#&9;#&35'L)*+�B � ?<#�?<#&%�i&) � %T'm+�.0/
B<l<1�'*143 ��H .<#&%$#8':PQE � 9;B�14)T'm+-3<i&#A+�i H . � %>#bBC+�)
i&#b9a+-'*6&) � +�.;?C+�3<%oP�#�?<149a+ � 3<#J?<#bPQE 14BG' ��H .<# � 35'*6 _ )>6&#
#8'
P{+\3C+�3<14B<l<1�'*143 ��H .<#:143D'(, � '*#Ji&143<?<. � '
q�%&E � 35'*#&)>)>1 _ #&)7%>.<)7P�#&%7B�14%>% � c � P � '*6&%�?<#�P�#:%T'*)>.<i8'*.<)>#&)$+-OC3
?FE +�9;6&P � 14)T#&)oPQE #8�;iu+�i � '*6\?<#&%�? � %>B�14% � ' � xy%o#�/ � %T'm+�35'*%J#8'�?FE 14cG'*#&3 � ):?<#�3<14.G,4#&P�P�#&%J%T'*)>.<i8'*.<)>#&%&K
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(a)

l=1550 nm

I ò7JK* ¼ K �oL RS9a+ _ #r?<.�9;1D?<# _ . � ?<6`q='*)m+u,4#&)>%bP�#&% _ . � ?<#&%A¢bI V 14cG'*#&3D.<#`BC+�)A.<3<#`iu+�9;6&)*+aRvpä#8'
.<3X14c0eT#&i8' � x × ��� K

@ �|Õ 6&)>#&3D'*#&%`'*#&i�l<3 ��H .<#&%=?FE .<% � 3C+ _ #gB�#8.G,5#&35'a��'m)>#g#&9;B<P�1�f46&#&%;+�OC3�?<# _ )*+u,4#&)2P�#z3 � 14cC+-'*#z?<#
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MXRTM V n�W�Y�?<#oPQE � 3<%T' � '*.G' U�V MXW�Y�ZT[0W\K��yc��LI(l<1�'*1\?<#:P{+�i�lC+�9`c<)>#o9;1435'*)*+�3D'tP�#o?<14.<c<P�#
x�+ � %>i&#u+�.
M V sKC U RvsAK
��#AB<) � 3<i � B�#�?<. U RvsAk0)>#&B<)>6&%>#&35'*6\?C+�3<%$P{+�O _ .<)># ¼ K ¹C��+5�(#&%T'$'*)>�&%$% � 9;B<P�#rjD.<3<#bi&14.<iml<#AOC3<#A?<#

"$l<)>149;#z� ��� 3<9z�o#&%T'b?<6&B�14%>6&#`%>.<)AP�#�%>.<c<%T'm)*+-'uk�+u,�+-3D' H .<#^i&#&P�. � ZSi � %>1 � ' � 35'*)>10?<. � '�?C+�3<%�P�#rc[»-' �
?<. U RvsAK���#�%Tf0%>'*�&9=# U Rvs�#8%>'�.<3�YA)*%*+ufhI(l5f0% � i&%b� V Y U Rvs ¼4¼5�4� kC+u,4#&ir.<3<#r%>14.<)>i&#r?FE � 143<%A��+ +
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(a)                                                                                                                      (b)

I ò7JK* ¼ K ¹ L ��+5�tI()>10i&6&?<6:?<#$x�+�c<) � iu+-' � 143^BC+�)tx�+ � %>i&#u+�.2?FE � 143^xy10iu+�P � %>6�k�1NM2PQE 6&i�lC+�35' � P�P|143^#&%T'7i&14.G,4#&)T'
?FE .<3<#oi&14.<iml<#:?<#$iml<)*1�9;#\� µ ��k-%>. � , � BC+�)tP�+�?<68OC3 � ' � 143^?<#&%(9;1�' � x°%L#8'�.<3<# _ )*+u,0.<)>#oBC+�)t.<3^x�+ � %>i&#u+�.
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I ò7JK* ¼ K µ4µÅL "o+�)T'*#=?<#;cC+�3<?<# � 3D'*#&)>? � '*#2B�14.<)�.<3<#;9a+ � P|P|#`'*) � +�3 _ .<P{+ � )>#�kF)>#&B<)>6&%>#&35'*6&#zq _ +�.<iml<#�k
1NMhP�#\)*+�B<B�14)T' r

a

,-+�) � #�?<# � K � q � K ¼ ·0k<?C+�3<%JP�#\iu+�%J?FE .<3<#rB�14P{+�) � %*+-' � 143gW�MNK

¢ � 3<% � k0B�14.<)oP�#&%$?<#&.0/gi&143GO _ .<)*+-' � 143<%$iml<1 � % � #&%&k0?<#&.0/giu+�P�i&.<P�%$B<)>6&P � 9 � 3C+ � )T#&%$%>1435':)>6u+�P � %>6&%&KG��#
B<)>#&9 � #&)Ai&143<% � %T'*#=qg?<68'*#&)>9 � 3<#8)bP{+zP{+�) _ #&.<)A?<#2P{+acC+�3<?<# � 35'*#&)>? � '*#`B<l<1�'*143 ��H .<#`#&3�xy143<i8' � 143�?<.
)*+�B<B�14)T' r

a

?C+�3<%AP�#riu+�%A?FE .<3<#`9a+ � P|P|#\'*) � +�3 _ .<P{+ � )>#�K���#^?<#&.0/ � �&9;#�k�i&143<% � %T'*#`q;14c<%>#&)T,5#&)bP{+=B�14% � Z
' � 143;?<.z9;1D?<#�?<#Aiu+u, � '*6�?C+�3<%$P{+�cC+�3<?<# � 3D'*#&)>? � '*#JB<l<1�'*143 ��H .<#�#&3axy143<i8' � 143;?<.a)*+�B<B�14)T' rd

a

B�14.<)
imlC+ H .<#\iu+u, � '*6�K0¢�BC+�)T' � )
?<#Ai&#&%:?<#&.0/ziu+�P�i&.<P�%
3<14.<%oB�14.G,5143<%o?<68'*#&)>9 � 3<#&)
P{+rB�6&) � 10?<#

a
k0P�#�)*+�f4143

r
?<#&%J'*)>14.<%:?FE + � ):#8'�P�#\)*+uf4143X?<.X?<68x�+�.G'

rd

?<#\x�+��&143 H .<#�P{+2)>6&%>143C+�3<i&#r+ � 'JP � #&.hq
λ
y µ ·4· � 3<9XK

��+2O _ .<)># ¼ K µ4µ )>#&B<)>6&%>#&3D'*#^P{+2iu+�)T'*#�?<#rcC+�3<?<# � 35'*#&)>? � '*#\?FE .<3<#r9a+ � P|P|#b'*) � +�3 _ .<P{+ � )>#b?<#�'*)>14.<%
?FE + � )=i8f0P � 3<?<) ��H .<#&%;)>6u+�P � %>6&%=%>.<)a.<3 _ . � ?<#X?FE 143<?<#�¢bI V #&3�3 � 14cC+-'*#h?<#�P � '*l � .<9XK7"$#8'>'*#�iu+�)T'*#
?<#acC+�3<?<#a#&%T'`)>6u+�P � %>6&#;?C+�3<%^P�#;iu+-%^?FE .<3<#zB�1�P{+�) � %*+-' � 1�3NW�M 1NM�P�#;imlC+�9;B�9;+ _ 3<68' ��H .<# −→

H
#&%T'

BC+�)*+�P�P��&P|#�q�PQE +�/G#�?<#&%
'*)>14.<%&KGYb3aB�#&.G'o14c<%>#&)T,4#&) H .<#A#&3D'*)># r
a

= 0.4
#8' r
a

= 0.43
3<14.<%o+u,4143<%$.<3<#

P{+�) _ #\cC+�3<?<# � 35'*#&)>? � '*#�KCIt14.<)JP�#&%:iu+�, � '*6&%J?<#\'vf0B�#&%b[G�A@¨#8'A� µ kCP�#\iml<1 � /h?<.X)*+�B<B�14)T' r
a

#&%T'�OG/G6
q � K ¼ k�9;1�' � ,56�BC+�)�PQE 14cG'*#&35' � 143X?FE .<3<#`P{+�) _ #�cC+�3<?<# � 35'*#&)>? � '*#r?FE .<3<#^BC+�)T'uk�#8'ABC+�)�P�#r)>#&%>B�#&i8'\?<#&%
i&1435'*)*+ � 3D'*#&%A'*#&iml<3<14P�1 _4��H .<#&%&k�?FE +�.G'*)>#2BC+�)T'uK V 3~# Õ #8'uk�P�#&%\c�14)>?<%\?<#&%b'*)>14.<%\B�#&.G,5#&35'r%&E # Õ 143<?<)>#&)
?C+�3<%:P�#biu+�%:?<# _ )>14%:)*+uf4143<%&KCn�14.<%J+�P�P�143<%$9a+ � 3D'*#&3C+-3D'o%>6&BC+�)>#&):PQE 68'*.<?<#\?<#\imlC+ H .<#�iu+�, � 'm6-KC@b+�3<%
imlC+ H .<#h68'*.<?<#h3<14.<%=3<14.<% � 35'*6&)>#&%>%>143<%;+�.�?<68x�+�.G'uk(q�P{+�xy)>6 H .<#&3<i&#h?<#h)>6&%>143C+�3<i&#�k7+�.�%>B�#&i8'*)>#&%
?<#a'*)*+�3<%>9 � %>% � 143�#8'2?<#z)>68åC#�/ � 143Fkt#8'2qdP{+X? � %T'*) � c<.G' � 143�?<.�i�lC+�9;B V MÀ?C+�3<%`i&#&%2iu+u, � '*6&%2q�P{+



¹ � ¶�*�ÝAêc5�ò{ñ�;�ï�@Ax-/tñ�/8.Lò7j80Lí�ïÖ3LÍoñ�0Lîtí~ñ�x-;A/�ô�ò7j80LíNíCñ�í�B8@A;�ô�ò°ð\íA.�ñ0êtì0í
P�143 _ .<#&.<):?FE 143<?<#�?<#�)>6&%>143C+�3<i&#�K

$ ���
��� Ïw¨�ÐK§µ�+È<��·N¸±¦

¢�f5+�3D'bOG/G6`P�#^)*+�B<B�14)T' r
a

q � K ¼ k�3<14.<%\+�P�P�143<%�9a+ � 35'*#&3C+�35'AB<)>10i&6&?<#&)�qaP{+;?<68'*#&)>9 � 3C+-' � 143�?<.
)*+uf5143�?<#X?<68x�+�.G';?C+�3<%=P�#giu+�%;?<#hP{+�iu+u, � '*6�[G�A@^K7��+�O _ .<)># ¼ K µ�� 9;143D'*)>#gP{+�,�+�) � +-' � 143�?<#hP{+
B�14% � ' � 143a?<.h9;1D?<#b?<#\)>6&%>143C+�3<i&#\?C+�3<%:P{+^cC+�3<?<# � 35'*#&)>? � '*#AB<l<1�'*143 ��H .<#b#&3gxy143<i8' � 143z?<.h)*+�B<B�14)T'
rd

a

K$WL14.G'g?FE +�c�14)>?�143é)>#&9a+�) H .<# H .<#�P{+�) _ #&.<)a?<#dP{+�cC+-3<?<# � 35'*#&)>? � '*#�3<#�,�+�) � #�BC+�%g+�,4#&i�P�#
)*+uf5143<%^?<.�?<6�x�+�.G'uK V 3�B<P�.<%&kL143�B�#&.G'2)>#&9a+�) H .<#&) H .<#zP{+XB�14% � ' � 143�?<.�9;10?<#;?<#z)>6&%>143C+�3<i&#z%>#
?<6&iu+�P�#2,4#&)>%�P�#&% _ )*+�3<?<#&%\,-+�P�#&.<)>%�?<#

ω
P�14)>% H .<# rd

a

+�. _ 9;#&35'*#�k�#8'�'*#&3<?~,4#&)>%rP�#`c�14)>?N%>.<B�6&) � #&.<)
?<#�P{+NcC+�3<?<# � 35'*#&)>? � '*#XP�14)>% H .FE 143�%&E +�B<B<)>1Di�l<#d?<#�P{+�,�+�P�#&.<);?<.�)*+�f4143�?<#&%;'*)>14.<%

r
K$��#�iml<1 � /

)>#8'*#&3D.Fko#&3é)>#&%>B�#&i�'�+-3D'g'*14.-eT14.<)>%aP�#&%zi&1435'*)*+ � 35'*#&%a'*#&iml<3<14P�1 _4��H .<#&%a?<#dP{+Nx�+�c<) � iu+-' � 1�3 #&%T'gB�14.<)
rd

a
= 0.16

i&14)>)>#&%>B�143<?C+�35'Jq^.<3g9;1D?<#A?<#biu+u, � '*6b% � '*.<6b+�.z9 � P � #&.;?<#bP{+rcC+�3<?<# � 3D'*#&)>? � '*#�K5w � %*+�35'
.<3<#A)>6&%>143C+�3<i&#bq

λ
y µ ·4· � 3<9 P�#&%
BC+�)*+�9;�8'*)>#&% _ 6&149;68'*) ��H .<#&%
%>1435'$% � 9;B<P�#&9;#&35'
?<6&?<. � '*%$qrBC+�)T' � )

?<#rP{+2,�+�P�#&.<)J?<#^P{+`xy)>6 H .<#&3<i&#`3<14)>9a+�P � %>6&#�?<.�9;10?<#r?<#r)>6&%>143C+�3<i&#�k�#8'A143�14cG' � #&35' Â§¹hÙ�á[ø�«L® ±
½z¹ Á àCÙN«L® º<Ì

rd
¹�­�­:ø�«L® � rd
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I ò7JK* ¼ K µ���L RS3GåC.<#&3<i&#a?<.N)*+uf51�3N?<#=?<68x�+�.G'
rd

%>.<)rP{+zB�14% � ' � 143�?<#=P{+zxy)>6 H .<#&3<i&#;?<#;)>6&%>143C+�3<i&#
�yP ��_ 3<#�c<P�#&.��7?<#AP{+^iu+u, � '*6bq^PQE � 35'*6&) � #&.<)
?<#bP{+rcC+�3<?<# � 35'*#&)>? � '*#�)>#&B<)>6&%>#&35'*6u#\BC+�)$P{+r¡&143<#b)>14. _ #A?<#
P{+`%T'*)>.<i8'*.<)>#^q _ +�.<i�l<#�K
��+XO _ .<)># ¼ K µ º�9;1435'*)>#aP{+X%T'*)>.<i8'*.<)>#g?<#zcC+�3<?<#z?<#zP{+Xiu+u, � '*6g[G�A@ 68'*.<? � 6&#aB�14.<)`P�#&%^?<#&.0/
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¹4º

B�14P{+�) � %*+-' � 1�3<%(W V �°O _ .<)># ¼ K µ ºC��+5�>�t#8'$W�M¸�°O _ .<)># ¼ K µ ºC�yc��>��K4¢�3<1�'*#&) H .<#�P{+b%>'*)>.<i8'*.<)>#�?<#JcC+�3<?<#
#&%T'\14cG'*#&3D.<#2BC+�)AP{+;9;68'*l<10?<#`?<#^%>.<B�#&)>i&#&P�P�?<6&i&) � '*#^?C+�3<%bP�#^imlC+�B � '*)># � #8'\+�,4#&i`.<3<#`? � 9;#&3<% � 143
?<#

7 × 7
K���#b'm#89;B<%J?<#�iu+�P�i&.<PFB�14.<)JimlC+ H .<#rB�14P�+�) � %*+-' � 1�3g?<6&B�#&3<?�?<.h3<1492c<)>#\?<#�cC+�3<?<#&%�#8'J?<#

PQE 6&imlC+�35' � P�P�143<3C+ _ #�?<# −→
k
%>.<)oP�#�i&143D'*14.<)$?<#bP{+r¡&143<#A?<#\s$) � P�P|14. � 3FK0IL14.<)$i&#biu+�P�i&.<PQkD1NMzP�#A3<149`c<)>#

?<#^cC+�3<?<#8%b#&%T'b?<#^½ � #8'AP�#\,5#&i8'*#&.<)A?FE 143<?<# −→
k
#&%T'A? � , � %>6r#&3�¹ � B�1 � 35'*%&k�P�#�'*#&9=B<%A?<#riu+�P�i&.<P�#&%T'

#&%T' � 9;6�q=º5·`9 � 3D.G'm#8%$C�B�14P{+�) � %*+-' � 1�3g%>.<)J.<3<#�9a+�i�l � 3<#r"$14)>#^¦b.C+�?X?<# ¼ �\c � '*#&%:?<#rpJ¢\MNK
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(c)

I ò7JK* ¼ K µ º L ��+5�J[D'*)>.<i8'*.<)>#^?<#^cC+�3<?<#r#&3dB�14P{+�) � %*+-' � 143hW V K��yc���[D'*)>.<i8'*.<)>#^?<#rcC+�3<?<#^#83dB�14P{+�) � Z
%*+-' � 143gW�MNKL�yi��:[0B�#&i8'*)>#�?<#\'*)*+�3<%>9 � %>% � 143~�yc<P�#&.��$#8'J?<#\)>68åC#�/ � 143��y)>14. _ #��
?FE .<3<#�iu+�, � '*6\?<#b'Sf0B�#
[G�A@ä1NM�+cy\½4¹ � 3<9Xk<)Dy �4� ½�3<9Ú#8'

rd

y µ4µ�� 3<9XK
}�3<#`6�'m.<?<#^#&3 U @AWJ@ü#&%T'b#&3<%>. � '*#^)>6u+�P � %>6&#rB�14.<)�?<68'*#&)>9 � 3<#&)AP�#8%A)>6&B�143<%>#&%b%>B�#&i8'*)*+�P�#&%A?<#^P{+

iu+u, � '*6�K���+�O _ .<)># ¼ K µ ºC�yi��r9;1435'*)>#aP�#&%`?<#&.0/�%>B�#&i8'*)>#&%=?<#a'*)*+�3<%>9 � %>% � 143��yc<P�#&.���#8'2?<#g)>68åC#�/ � 143
�y)>14. _ #��\14cG'*#&3D.<%^BC+�) U @AWJ@Ú#&3�B�14P{+�) � %*+-' � 143~W�M #8'`%>. � ,-+�35'`P{+g? � )>#&i8' � 143

Γ
MNKt@A#ai&#&%^?<#&.0/

%>B�#&i8'*)>#&%�143gB�#&.G'�i&143<i&P�.<)># H .<#�P�#b9;10?<#b?<#\iu+�, � '*6\#&%T'�+�c<%>#&35'�#&3X9;1D?<#\?<#b'*)*+�3<%>9 � %>% � 143FKC"$#&i �
#&%T'A?�sdq=P{+=P{+�) _ #&.<):?<. _ . � ?<#�14BG' ��H .<# H . � #&%T'A?<# µ��

µ
9
j�P�#�i&14.<B<P{+ _ #�#&35'*)>#rP�#�9;10?<#�14BG' ��H .<#

#8'2P�#a9;1D?<#aB<l<1�'*143 ��H .<#z#&%T' H .C+�% � ZS3D.<P$?C+�3<%`i8#giu+�%&K(M�+ � %&kLi&#z9;10?<#a#�/ � %T'*#z#&3�)>68åC#�/ � 143�#�'=q
P{+hP�143 _ .<#&.<)r?FE 1�3<?<#a%>14.<lC+ � '*6&#�Kt}�3<#a6�'m.<?<#;'*l<6&14) ��H .<#;?C+�3<%^P�#=?<#&)>3 � #&)ri�lC+�B � '*)>#;3<14.<%r9;143D'*)>#
PQE # Õ #8'2?<#gP{+�P{+�) _ #&.<)^?<. _ . � ?<#z14BG' ��H .<#z%>.<)2P�#z%>B�#&i8'*)>#h?<#z'*)*+�3<%>9 � %>% � 143�?<.�9;10?<#z?<#giu+u, � '*6�K
n�14.<%J+u,5143<%J+�.<%>% � i&149;BC+�)>6bP�#&%:%>B�#&i8'*)>#&%�?<#b'*)*+�3<%>9 � %>% � 143g#8'J?<#\)>68åC#�/ � 143h?<#\i&#8'>'*#\iu+�, � '*6b?C+�3<%
?<#&.0/ziu+�%o+�,4#&ib?<#&%$BC+�)*+�9;�8'*)>#&%$? �|Õ 6&)>#&35'*%oB�14.<)$)># _ +�)>?<#&)$PQE � 3GåC.<#&3<i&#A?<.z)*+uf5143a?<#b?<68x�+�.G'o%>.<)$P{+
)>6&B�143<%>#�%>B�#&i8'*)*+�P�#�?<#&%�i&+�, � '*6&%&K

��#&%gO _ .<)>#&% ¼ K µu¼ ��+5�=#8'��yc��;9;143D'*)>#&35'uk$)>#&%>B�#&i8' � ,4#&9;#&35'uk:P�#&%g%>B�#&i8'*)>#&%X?<#d'*)*+�3<%>9 � %>% � 143�#8'
?<#;)>68åC#�/ � 143�?<#='*)>1 � %�iu+u, � '*6&%&kL1NMNP{+hi&14.<)>c�#a)>14. _ #=i&14)>)>#&%>B�143<?�qhP{+hiu+u, � '*6;?<6&i&) � '*#;+�.0ZS?<#&%>%>.<%
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(a)                                                                    (b)

I ò7JK* ¼ K µu¼ÖL [0B�#&i8'*)>#&%2?<#;'*)*+�3<%>9 � %>% � 143é��+5��#8'`?<#a)>68åC#�/ � 143��yc���?<#;'*)>1 � %^iu+u, � '*6&%2[G�A@Ö1NM�P�#&%
i&14.<)>c�#&%A#&3�c<P�#&.�i&14)>)>#&%>B�143<?<#&3D'\q rd

a

y � K µ ºGkCP�#&%�i&14.<)>c�#&%A#&3d)>14. _ # rd

a

y � K µ ½=#8'AP�#&%�i&14.<)>c�#&%A#&3
3<1 � )>#�q rd

a

y � K µ ¹GK

� rd

a
= 0.16

��kFP{+gi&14.<)>c�#=c<P�#&.<#;qg.<3<#=iu+u, � '*6=+�f5+�35'r.<3N)*+�B<B�14)T' rd

a
= 0.13

#8'�P{+gi&14.<)>c�#=3<1 � )>#
qd.<3<#hiu+u, � '*6g+�,4#&i rd

a
= 0.19

K(��#&%2?<#&.0/�O _ .<)>#&35'=9;1435'm)>#&35'2.<3<#z,�+�) � +-' � 143�+�.�3 � ,4#u+�.�?<#gP{+
B�14% � ' � 143�?<#dP{+N)>6&%>143C+�3<i&#�#&3é)>68åC#�/ � 143�#8'g.<3<#dB�#�' � 'm#X,-+�) � +-' � 143 +�.é3 � ,4#u+�.�?<#&%g%>B�#&i8'*)>#&%g?<#
'*)*+�3<%>9 � %>% � 143;#&%T' � 9;6&#Aq

∆λ
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B�14.<);+-'>'*# � 3<?<)>#h.<3�9a+�/ � 9`.<9ÇB�14.<)=.<3<#X%T'*)>.<i8'*.<)>#�i&143<%T' � '*.<6&#h?<#�¹~)*+�3 _ 6&#&%�� ¼ × ¼ �^#8'a% � i&#3<149`c<)>#g? � 9 � 30.<#aP{+�'*)*+�3<%>9 � %>% � 143�?<.�9;10?<#z?<#giu+u, � '*6g?<6&i&)>1���'=q�3<14.G,4#u+�.FK7@A#hi&#zx�+ � 'ukL?C+�3<%
'*14.G'*#&%`P�#&%^68'*.<?<#&%^'*l<6&14) ��H .<#&%`#8'`#�/GB�6&) � 9;#&35'm+�P�#&%^3<14.<%`+�,4143<%^OG/G6zi&149;9;#;3<149`c<)>#a?<#a)*+ _ 6&#&%
P{+-'*6&)*+�P�#b?<# ¼ × ¼ K

It14.<)r,46&) � OC#&)^P{+hx�+ � %*+�c � P � '*6=?<#&%`iu+u, � '*6&%&ktP�#&%r68'*.<?<#&%`'*l<6&14) ��H .<#&%^1435'`68'*6z%>. � , � #&%^BC+-)^P{+hx�+�Z
c<) � iu+-' � 143�?<#&%;iu+u, � '*6&%=#&3�%*+�P�P�#gc<P{+�3<iml<#h#&3�.G' � P � %*+�35'=P|# U RvsAK(��#&%=O _ .<)>#&% ¼ K µ ¹C��+5��kJ�yi��`#8'd�y#��
)>#&B<)>6&%>#&35'*#&3D':?<#&% � 9a+ _ #&%oM V s B�14.<)$P�#&%7'*)>1 � %
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3<9Ö#8' µ ½ �4� 3<9z��k<14cG'*#&30.<#�BC+�) U @AWJ@^k�#&3hxy143<i8' � 143h?<#�P{+^'m+ � P�P|#b?<#�P{+`iu+�, � 'm6�� µ
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K

¸!�¹¸ ½¾�-� �§� � � �n ����� �'� � ���Ê� �§� �ð} �
º �$�  �

n�14.<%o+u,4143<%$9a+ � 35'*#&3C+�35'7'*14.<%
P�#&%
BC+�)*+�9;�8'*)>#&%7#&3z9a+ � 3=B�14.<)7BC+�%>%*#8)oqrPQE 68'*.<?<#�?<#Jx�+ � %*+�c � P � '*6
?<#&%biu+u, � '*6&%bq µ ·4· � 3<9XK�@b+�3<%A.<3dB<)>#&9 � #&)J'*#&9;B<%&k�3<14.<%b+�P�P�143<%J?<6&i&) � )>#r'*14.G'*#&%AP�#&%�#�/GB�6&) � #&3<i&#&%
9;#&3<6&#&%
+�.=i&14.<)>%(?<#Ji8#8'>'m#o'*l<�&%>#JB�14.<)�,�+�P � ?<#&)tP{+Ax�+ � %*+�c � P � '*6o?<#&%(iu+�, � '*6&%()>6u+�P � %>6&#&%(%>.<)(?<#&% _ . � ?<#&%
?FE 143<?<#&%�#&3X3 � 14cC+-'*#b?<#rP � 'ml � .<9hK

$ �%$ ��� ú'�+�������<²Á�U��¨?²��+¬®§©�U�U§©Ê?² ���<���1¨�ÐK§µ�+È<�

��#`? � %>B�14% � ' � x(.G' � P � %*6rB�14.<)biu+�)*+�i8'*6&) � %>#&)bP�#^i&149;B�14)T'*#&9;#&35'\?<#&%biu+�, � '*6&%bB<l<1�'*143 ��H .<#&%\#&%T'\)>#�Z
B<)>6&%>#&35'*6r?C+�3<%:P{+rO _ .<)># ¼ K ��� KGRSPFB�#&)>9;#8':.<3<#�9;#&%>.<)>#\?<#\P{+�) _ #&%o%>B�#&i8'*)>#&%�#&3g'*)*+�3<%>9 � %>% � 143FKG}�3<#
%>14.<)>i&#^%>.<B�#&)>i&1435' � 3D.<.<9 i&149;9;#&)>i � +�P|#�?<#�'vf0B�#`��#&.< �14%vZT[<M �°,51 � )J¢A3<3<#�/G#��J#&%T'bi&14.<B<P�6&#^q;PQE #&30Z
'*)>6&#�?<. _ . � ?<#J, � +�.<3<#JOCc<)>#b[<M U � ��OG/G6&#bq�%>143a#�/0'*)>6&9 � '*6�?C+�3<%
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# Õ #&i8'*.<6;#&3~i&149;9;#&3<�u+�35'�BC+�)\)>#&P � #&)bP{+aOCc<)>#=?<#=%>14)T' � #2qg.<3NB<. � %>%*+�3<i&#=9;�8'*)>#�K�Yb3~B�14% � ' � 143<3<#
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(a)                                    (b)

(c)                                    (d)

(e)                                    (f)

I ò7JK* ¼ K µ ¹ L RS9a+ _ #8%AM V s�?<#&%�? �|Õ 6&)>#&35'*#&%Jiu+u, � '*6&%J)>6u+�P � %>6&#&%JBC+�) U RvsAK

%>14)T' � #�K<@b+�3<%:.<3h?<#&.0/ � �&9;#b'*#&9;B<%&k<P�+^OCc<)>#\?<#\%>14)T' � #b#&%T'Ji&143<3<#&i8'*6&#rq`.<3X+�3C+�P|f0%>#&.<):?<#\%>B�#&i8'*)>#
B�#&)>9;#8'>'m+�35'J?<#�)>#&P�#8,5#&)J?<#&%J%>B�#&i8'*)>#&%�P{+�) _ #\cC+�3<?<#r+�P�P{+�35'o?<#`· ��� q µ����4� 3<9XK

}�3<#$B<)>#&9 � �&)>#768'*.<?<#$#&%T'�)>6u+�P � %>6&#7B�14.<)LP�#&%Liu+u, � '*6&%t?<#7'Sf0B�#&%([G�A@ )>#&B<)>6&%>#&35'*6u#&%�?C+�3<%tP{+:O _ .<)>#
¼ K µ ·0K���#&%�'*#&%T'*%b#m/GB�6&) � 9;#&35'm+�.0/�143D'A68'*6rx�+ � '*%JB�14.<)A.<3<#^P{+�) _ #&.<)J%>B�#&i8'*)*+�P�#^?<# µu�4�4� 3<9 q µ�� · �
3<9Ûi&14)>)>#&%>B�143<?C+�35'JqrP{+�¡&143<# H . � 3<14.<% � 35'*6&)>#&%>%>#�K<�(E 6&imlC+�3D' � P�P|143='*#&%T'*6b#&%T'oi&149;B�14%>6A?<#b� _ . � ?<#&%
�yBC+�)oBC+ � )>#A?<# � ��K<��#bB<)>#&9 � #&)$%>B�#&i8'*)>#�?<68'*#&)>9 � 3<6A#&%T'Ji&#&P�. � ?FE .<3 _ . � ?<#b%*+�3<%:iu+u, � '*6bB<l<1�'*143 ��H .<#
eT14.C+�35'aP�#h)>�4P�#h?FE .<3 _ . � ?<#X)>68xy68)*#83<i&#dB�1�.<);P{+~3<14)>9a+�P � %*+-' � 143FK(��+Ni&14.<)>c�#�)>14. _ #X?<#XP{+�O _ .<)>#
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I ò7JK* ¼ K ���OL MX1435'm+ _ #�#�/GB�6&) � 9;#&35'm+�P�?<6&? � 6r+�.0/h9;#&%>.<)>#&%�?<#\'*)*+�3<%>9 � %>% � 143g#&3XP{+�) _ #b%>B�#&i8'*)>#�K

¼ K �0µ ��+5��)>#&B<)>6&%>#&35'*#bP�#J%>B�#&i8'*)>#b?<#J'*)*+�3<%>9 � %>% � 143=?FE .<3 _ . � ?<#�3<14)>9a+�P<%*+�3<%$iu+u, � '*6�B<l<1�'*143 ��H .<#�K0��#
B � i=q

λ
y µ�� ½ ¼ 3<9â)>#&B<)>6&%>#&3D'*#;i&#8P�. � ?<#2P{+z%>14.<)>i&#�KLYb3~)>#&9a+�) H .<# H .<#=P�#`%>B�#&i8'*)>#=?<. _ . � ?<#`#&%T'

B<P{+-'^#8'23<#z)>#&B<)>6&%>#&35'*#gBC+�%`?<#&%^åC.<i8'*.C+-' � 143<%&K���+�i&14.<)>c�#z3<1 � )>#��°O _ .<)># ¼ K �0µ ��+5�>�\)>#&B<)>6&%>#&35'*#hP�#
%>B�#&i8'*)>#b?FE .<3 _ . � ?<#A+�,4#&ib.<3<#Aiu+�, � '*6AB<l<1�'*143 ��H .<#�k H . � #&%T'o,41 � % � 3z?<. _ . � ?<#�?<#b)>68xy6&)>#&3<i&#�K<�(E # Õ #8'
?<#`P{+aiu+u, � '*6`#&%T'�i&P{+ � )>#&9;#&35'b14c<%>#&)T,-+�c<P�#=+�.�3 � ,4#u+�.�?<#`PQE � 3D'*#&3<% � '*6�'*)*+�3<%>9 � %>#`#8'�+�.�3 � ,4#u+�.�?<#&%
14%>i � P�P{+-' � 1�3<%AB<)>6&%>#&35'*#&3D'�?C+�3<%\P�#^%>B�#&i8'*)>#�K�It14.<)b14cG'*#&3 � )AP�#&%b%>B�#&i8'*)>#&%\?<#`'*)*+�3<%>9 � %>% � 143�B�14.<)bP�#&%
?<#&.0/�iu+�, � '*6&%b?<#2P{+;O _ .<)># ¼ K µ ·0k�.<3<#23<14)>9a+�P � %*+-' � 1�3d?<#&%\%>B�#&i8'*)>#&%�?<#&% _ . � ?<#&%\+�,4#&i2?<#&%\iu+�, � '*6&%
BC+�)\)*+�B<B�14)T'�+�.~%>B�#&i8'*)>#;?<. _ . � ?<#2?<#2)>68xy6&)>#&3<i&#;#&%T'r)>6u+-P � %>6&#�K���#&%\O _ .<)>#&% ¼ K �0µ �yc��v#8'a�yi��A)>#&B<)>6�Z
%>#&35'*#&3D'AP�#�%>B�#&i8'*)>#r?<#�'*)*+�3<%>9 � %>% � 143h?<#rP{+2iu+u, � '*6

SHD016

K���+2O _ .<)># ¼ K �4� ��+5�o9;1435'*)>#�P�#&%J?<#&.0/
%>B�#&i8'*)>#&%�3<14)>9a+�P � %>6&%:?<#&%�?<#&.0/hiu+�, � '*6&%J68'*.<? � 68#&%&K

¢üBC+�)T' � )�?<#&%\%>B�#&i8'*)>#&%�#�/GB�6&) � 9;#&3D'm+�.0/d3<14.<%b)>#&9a+�) H .<143<%bPQE +�B<BC+�) � ' � 1�3�?FE .<3<#2cC+�3<?<# � 35'*#&)vZ
? � '*#2B<l<1�'*143 ��H .<#=#83D'*)>#

λ
y µ����4� 3<9
#8'

λ
y µ����4� 3<9û+u,5#&i=.<3~'m+�.0/~?FE #�/0' � 3<i8' � 143~?<# µ ·z?Csç#&3

%>143�i&#&3D'*)>#�K�n�14.<%^)>#&9a+�) H .<143<%`+�.<%>% �$H .<#zP�#&%^?<#&.0/�%>B�#&i8'*)>#&%21435'`P{+X9;�&9;#a+�P�P�.<)>#=9a+ � % H .FE � P�%
%>1435'2?<6&iu+�P�6&%^#&3�P�143 _ .<#&.<)^?FE 1�3<?<#�K���+XO _ .<)># ¼ K �4� �yc��\9;143D'*)>#;.<3�+ _ )m+-3<? � %>%*#89;#&3D'2+�.�3 � ,4#u+�.
?<#&%o1�%*i � P�P{+-' � 143<%&KDn�14.<%$?<6&?<. � %>143<% H .FE .<3z?<6&iu+�P{+ _ #�?<#

∆λ
y ¼ 3<9Û#&%T'oB<)>6&%>#&35':#&35'm)>#AP�#&%
%>B�#&i8'*)>#&%

q
λ
y µ º ��� 3<9XK���#&%r14%>i � P|P{+-' � 143<% H . � %>#=B<)>6&%>#&3D'*#&35'^?C+�3<%�P�#&%�%>B�#&i8'*)>#&%^#�/GB�6&) � 9;#&3D'm+�.0/~1435'�68'*6
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I ò7JK* ¼ K �0µ¢L [0B�#&i8'*)>#&%A#�/GB�6&) � 9;#&35'm+�.0/X?<#�P{+`iu+u, � '*6
SHD016

K

'*)*+ � '*6&#&%:i&149;9;#b68'm+�35'J?<.<#&%�q2.<3h# Õ #8' U +�c<)Tf5ZvIL6&)>1�'uK�Yb3X+`?<143<i�?<68'*#&)>9 � 3<6bPQE � 3D'*#&)T,-+�P�%>B�#&i8'*)*+�P
P � c<)>#z�yRT[G��j�P{+;? � %T'm+�3<i&# H . � %>6&BC+�)>#2?<#&.0/d9a+�/ � 9a+=#8' H . � ,�+�.G'\RT[G�-y λ2

2nL

�J#8'\143�+ziu+�P�i8.<P�6^P{+
? � %T'm+�3<i&#X��6 H . � ,-+�P�#&35'*#Xq�i&#8';RT[G�(K(��+�P�143 _ .<#&.<)2?<#hiu+u, � '*6 H . � i&14)>)>#&%>B�143<? +�.0/�14%>i � P�P{+-' � 143<%
14c<%>#&)T,46&#&%=#&%T'2?<#aPQE 14)>?<)>#a?<#g·

µ
9Xk�i&# H . � i&14)>)>#&%>B�143<?�q�P{+XP�143 _ .<#&.<)^?<.�i&) � %T'm+�P
B<l<1�'*143 ��H .<#

?C+�3<%JP{+`? � )>#&i8' � 143h?<#�B<)>14BC+ _ +-' � 143g?<#�P{+`P�.<9 � �&)>#�K

"$149;9;#:P�#&%(iu+�P�i&.<P�%(3D.<9;6&) ��H .<#&%7PQE +�,-+ � #&3D'(B<)>6&? � '7#&3=O _ .<)># ¼ K µ ºC�y?���k43<14.<%
+u,5143<%714cG'*#&3D.;.<3<#
cC+�3<?<# � 35'm#8)*? � 'm#�B<l<1�'*143 ��H .<#b%*+�3<%oPQE +�B<BC+�) � ' � 143a?<.g9;10?<#A?<#biu+u, � '*6�K<It+�)oi&1435'*)>#�kGP{+^B�14% � ' � 143a?<#
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P{+acC+�3<?<# � 35'*#&)>? � '*#^#�/GB�6&) � 9;#&35'm+�P�#^3FE #&%T'�BC+�%b#�/<+�i8'*#&9;#&35'r+�.�9;�&9;#^#&3<?<)>1 � ' H .<#2i&#&P�P�#^B<)>6&? � '*#
3D.<9;6&) ��H .<#&9;#&35'uK4"$#&P{+�B�#&.G'��8'*)>#$?�s2+�.0/r?<68x�+�.G'*%t?<#
x�+�c<) � iu+-' � 143�#8'(q�P{+Ji&143 � i � '*67?<#&%L'*)>14.<%t?FE + � )&K
It+�)J+ � P�P|#&.<)>%&k0P�#&%:)>6&%>.<P|'m+-'*%:#�/GB�6&) � 9;#&3D'm+�.0/gi&143GOC)>9;#&35'JP�#b?<6&iu+�P{+ _ #b?<#&%:%>B�#&i8'*)>#&% H . � #&%T'JB<)>6&? � '
'*l<6&14) ��H .<#&9;#&35'$q
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_ . � ?<#���K

n�14.<%L+�,4143<%L+ � 3<% � )>6u+�P � %>6�?<#&%�'*#&%T'*%�#&3r)>68åC#�/ � 143 H . � 3<14.<%�143�B�#&)>9 � %F?<#(,51 � )FB�14.<)�P{+:B<)>#&9 � �&)>#
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I ò7JK* ¼ K � ½ L pJ6&%>.<P|'m+-'*%o#m/GB�6&) � 9;#&35'm+�.0/g14cG'*#&3D.<%:+�,4#&i\.<3<#b)>6&%>14P�.G' � 143a?<#b9;#&%>.<)>#b?<# � K �Gµ 3<9Û1NM
��+5�()>#&B<)>6&%>#&3D'*#bP�#A%>B�#&i8'*)>#\?<#�'*)*+�3<%>9 � %>% � 143d�y#&3g3<1 � )m��#8'o?<#b)>68åC#�/ � 143~�y#&3z)>14. _ #��7B�14.<)$.<3 _ . � ?<#
+u,5#&i�P{+`iu+�, � '*6\B<l<1�'*143 ��H .<#�#8'`�yc��$)>#&B<)>6&%>#&35'*#^P�#&%:%>B�#&i8'*)>#&%A1�cG'm#830.<%JB�14.<)J.<3 _ . � ?<#�3<14)>9a+-PQK

xy1 � %:PQE # Õ #8'�%>.<)JP{+2)>68åC#�/ � 143X?FE .<3<#riu+u, � '*6�)>6u+�P � %>6&#\%>.<)�.<3 _ . � ?<#\?FE 143<?<#r#&3X3 � 14cC+-'*#�?<#�P � '*l � .<9XK
}�3<#�xy1 � %J#&3<i&14)>#�P�#�9;1D?<#�?<#�iu+�, � '*6�3FE #&%T'ABC+�%�+�B<BC+�)>.X?C+�3<%JP�#&%J%>B�#&i8'*)>#&%A?<#�)>68åC#�/ � 143�14cG'*#&3D.<%&k
i&# H . � #&%T'r#&3�+�i&i&14)>?�+u,4#&i;P�#&%�B<)>68, � % � 143<%�3D.<9;6&) ��H .<#&%�#8'rP�#&%�9;#&%>.<)>#&%r#&3~'*)*+�3<%>9 � %>% � 143FKFIt14.<)
i&143GOC)>9;#&)r3<6u+�3<9;1 � 3<%�P{+h)>6&%>143C+�3<i&#a?<#aP{+hiu+u, � '*6�k�#8'^68,�+�P�.<#&)rP{+h? � %T'*) � c<.G' � 143~?<#;i�lC+�9;BN?C+�3<%
P{+ziu+u, � '*6=B�14.<)�P{+zP�143 _ .<#&.<)\?FE 143<?<#=?<#2)>6&%>143C+�3<i&#;#8'rB�14.<)�?FE +�.G'*)>#`,�+�P�#&.<)>%r+-.<%*% � kF3<14.<%r+u,4143<%
B<)>10i&6&?<6rq=?<#&%:'*#&%T'*%�#&3XimlC+�9;BhB<)>10iml<#r14BG' ��H .<#�K
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I ò7JK* ¼ K �4��L pJ#&B<)>6&%>#&3D'm+-' � 143h?<#&%�? �|Õ 6&)>#&35'*%J)>68åC#�/ � 143<% H . � %>#�B<)>10?<. � %>#&35'�?C+�3<%JP�# _ . � ?<#�K

¸!�_¼ Õ � � � }~�  ����� � ����� � � � ������� � �'� } �X� � � � ����} �§�

[ � PQE 143�+�3C+�P|f0%>#;P{+hP�.<9 � �&)>#=? �|Õ .<%>6&#aBC+�)r.<3�14c0eT#8'^P � 9 � '*62?C+�3<%^PQE #&%>BC+�i&#;#8'`6&i&P{+ � )>6=BC+�)r.<3
)*+uf5143<3<#&9;#83D'X9;143<10iml<)>149a+-' ��H .<#�?<#NP�143 _ .<#&.<)h?FE 143<?<#

λ
� U ��_ K ¼ K � �4�8ko143�%uE +-B�#&)>�&1 � ' H .FE #&P�P�#
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%>#zB<)>14BC+ _ #&)^P�1 � 3�?<#zPQE 14c0eT#8'h��eT.<% H .FE qdPQE � 3GOC3 � #&3�PQE +�c<%>#&3<i&#z?FE +�c<%>14)>BG' � 143���#8'`?<#&%2143<?<#&%`? � '*#&%
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I ò7JK* ¼ K � � L [0iml<6&9a+ � P�P|.<%T'*)*+�3D'FP{+o? �|Õ )*+�i8' � 143\?<#(P�.<9 � �&)>#�#&3�143<?<#&%�B<)>14BC+ _ +-' � ,5#&%�#�'L68,�+-3<#&%>i&#u35'*#u%
BC+�):.<3X14cGeT#8'J6&i&P{+ � )>6\#&3X)>68åC#�/ � 143FK

Yb3zB�#&.G'o?<68OC3 � )$P�#�imlC+�9;BaB<)>10iml<#A?<#Ai&#8'o14c0eT#8'oi&149;9;#JP{+�¡&143<#A?<#APQE #&%>BC+�i&#A1NMzPQE +�9;B<P � '*.<?<#
?<#&%(143<?<#&%(68,�+�3<#8%*i&#&35'*#u%73FE #&%T'7BC+�%(3<6 _ P ��_ #u+�c<P�#$?<#8,-+�35'7i&#&P�P�#o?<#&%(143<?<#&%()*+�? � +-' � ,5#&%&K-RSPG%&E + _4� '(?<1�3<i
?FE .<3<#:¡&143<#:% � '*.<6&#J+�.`,41 � % � 3C+ _ #$?<#:PQE 14c0eT#8'uk4qb.<3<#:? � %T'm+�3<i&#$'*)>�&% � 3Gxy6&) � #&.<)>#:qbP{+AP�143 _ .<#&.<)�?FE 143<?<#
?FE � P�P|.<9 � 3C+-' � 143FKLM�+ � % H .FE 1435'2?<143<iz?<#a% �$� 35'*6&)>#&%>%*+�3D'`i&#&%`x�+�9;#&.<%>#&%^143<?<#&%`68,�+�3<#&%>i&#&3D'*#&%�H�Yb3
B�#&.G'`9;1435'*)>#&) H .<#zPQE � 3Gxy14)>9;+-' � 143N%>.<)^P�#&%^lC+�.G'*#&%^xy)>6 H .<#&3<i&#&%2%>BC+-' � +�P�#&%r#&%T'`i&1435'*#&30.<#z?C+�3<%^P�#&%
143<?<#&%b68,�+�3<#&%>i&#&3D'*#&%�#8'b'*14.G'*#^14c<%>#&)T,�+-' � 143d?FE .<3�14c0eT#8'\#&3�imlC+�9;BdP�1 � 3D'm+ � 3X#&%T'bxy14)>i&6&9;#&35'\P � 9 � Z
'*6&#:#&32)>6&%>14P�.G' � 143FK4"$#:)>6&%>.<P|'m+-'(#&%T'7c � #832i&143<30.2#&3=14BG' ��H .<#o%>14.<%(P�#$3<149Ï?<#oP � 9 � '*#
?<#:? �|Õ )*+�i8' � 143FK

V 32# Õ #8'uk�P�#
i&) � '*�&)>#$?<#:p�+uf0P�# ��_ l0ZS¢Ac<c�#
B�14.<)�P�+�9 � i&)>14%>i&14B � #
14BG' ��H .<#$i&P{+�%>% ��H .<#o%T' � B<.<P�# H .FE .<3
9 � i&)>14%>i&14B�#A+uf5+�3D'$.<3<#bB<.<B � P�P�#Ji � )>i&.<P{+ � )>#�k5.<3g+�3 _ P�#J?FE 14.G,5#&)T'*.<)>#

θ
#8'ocC+ ��_ 3C+�35'$?C+�3<%$.<3z9 � P � #&.

?FE � 3<? � i&#
n
B�14%>%>�&?<#^.<3<#�P � 9 � '*#b?<#�)>6&%>14P�.G' � 143hP�+-'*6&)*+�P�#b?<143<3<6&#rBC+�)\j

d =
0.61λ

n sin(θ)

� ¼ K � �

IL14.<)r+u,41 � )\.<3<#=)>6&%>14P�.G' � 143�6&P�#8,46&#�k�143~B�#&.G'riml<1 � % � )bP{+gB�14%>% � c � P � '*6^?<#=)>6&i&.<B�6&)>#&)rPQE � 3Gxy14)>9;+-' � 143
%>.<)\P�#&%blC+�.G'*#&%bxy)>6 H .<#&3<i&#&%r%>BC+-' � +�P�#&% H . � #&%T'�i&1435'*#&3D.<#=?C+�3<%\P�#&%b143<?<#&%�68,-+�3<#&%>i&#u35'*#&%uk � ?<6&#=+�30Z
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%>.<)$PQE 14c0eT#8'$68'*.<? � 6�KGIL14.<)$i&#&P{+Gk
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%>i&14B�#&%:#&3gimlC+�9;BgB<)>1Di�l<#b#&3g?<#&.0/ _ )*+�3<?<#&%$x�+�9 � P|P|#&%AjGP�#&%$9 � i&)>14%>i&14B�#&%oq`%>143<?<#\+�,4#&i\14.G,4#&)T'*.<)>#
#8'JP�#&%:9 � i&)>14%>i&14B�#&%Jq2%>143<?<#�%*+�3<%:14.G,5#&)T'*.<)>#�K�n�14.<%:?<6&% ��_ 3<#&)>143<%JBC+�)oP{+`%>. � '*#\PQE #&3<%>#&9`c<P�#b?<#�i&#&%
9 � i&)>14%>i&14B�#&%\%>14.<%�PQE +�i&)>1435f09;#;[GnbY�M �yB�14.<)r[0iu+�3<3 � 3 _ n�#u+�)vZ U � #&P�?~YbBG' � iu+�P7M � i&)>14%>i&14B�#���K V 3
i&# H . � 3<14.<%�i&1�3<i&#&)>3<#r143X%&E � 35'*6&)>#&%>%>#^+�.d[GnbY�Mª+u,4#&ir?<#&%J%>143<?<#&%�%*+�3<%�14.G,4#&)T'*.<)>#�K

��#`iml<1 � /�?<#^P{+;%>143<?<#`3FE #&%T'\BC+�%A.<3dB�1 � 35'b?<#^?<68'm+ � P�B�14.<)APQE #�/GB�6&) � 9;#&35'm+-'*#&.<)&KF"AE #8%>'\9;�&9;#
P{+�B<)>#&9 � �&)># H .<#&%T' � 143 H . � %>#AB�14%>#\+u,-+�3D'$?<#Ai&149;9;#&3<i&#&)
.<3<#A#�/GB�6&) � #&3<i&#�K<��+�'*#&iml<3 ��H .<#A.G' � P � %>6&#
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P{+�%>#&) � 35'*#&3<%># � %>%>.�?FE .<3�P{+�%>#&)a":Y

2

imlC+�. Õ #�P�1Diu+�P�#&9;#&35'=.<3<#XOCc<)>#X14BG' ��H .<#g'm+�3<? � % H .<#Xi&#&P�P�#�Z
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#&35'*)*+-�{3<#2.<3N?<6&%>6 H . � P � c<)>#�K��(E +�3C+�P|f0%>#=?<.N% ��_ 3C+�Pt%>#=x�+ � '�qgPQE + � ?<#`?<#=PQE 6&P�#&i�'m)>143 �|H .<#2B�#&)>9;#8'>'m+�35'
?<#;9a+ � 35'*#&3 � )\i&143<%T'm+�35'*#aP�E +�9;B<P � '*.<?<#2?<#=, � c<)*+-' � 143~?<#;P{+h%>143<?<#;#8'^?<143<i;P{+h? � %T'm+�3<i&#;#&35'*)>#;P{+
%>143<?<#�#8'
PQE 6&imlC+�35' � P�P|143FK4��#JB<)>10i&#&%>%>.<%$?<6&i&) � '7#&%T'$i&143<3D.;BC+�)Jj�E&+�%>%>#&)T, � %>%>#&9;#&35'$?<#JP{+\B�1 � 3D'*#cE-K5��#
%Tf0%T'*�&9;#rB<)>6&%>#&35'*6r3<14.<%JB�#&)>9;#8'J?FE 14cG'*#&3 � ):?<#&.0/ � 9a+ _ #&%o% � 92.<P|'m+-3<6&9;#&35'\jC.<3<# � 9a+ _ #A'*14B�1 _ )*+�Z
B<l ��H .<#g��%>l<#u+-)Axy14)>i&#��J#8'\.<3<# � 9a+ _ #r14BG' ��H .<#`q;PQE + � ?<#r?<.d?<68'*#&i8'*#&.<) � 3Gxy)*+�ZS)>14. _ #�K��(E 6&i�lC+�35' � P�P�143
#&%T'o6&i&P{+ � )>6JBC+�)$.<3aP{+�%>#&)7'm.<3C+-c<P�#2� µ · ��� Z µ ½ �4� 3<9z�(i&14.<B<P�6A+�. _ . � ?<#�14BG' ��H .<#�BC+�)
.<3<#�OCc<)>#b14B0Z
' ��H .<#\9;143<149;1D?<#�K<�(E 6&imlC+�35' � P�P�143z#8'�P�+^OCc<)>#�?FE #&35'*)>6&#�%>1435'�B<P{+-i&6&%J%>.<):?<#&%J9 � i&)>1-ZSB�14% � ' � 143<3<#&.<)>%
��ý¢'tK(��#h9 � i&)>14%>i&14B�#hq�imlC+�9;B�B<)>10iml<#h14BG' ��H .<#X+uf5+�35';68'*6hB<)>6&%>#&35'*6�k73<14.<%=3<14.<% � 35'*6&)>#&%>%>143<%
?C+�3<%JP�#\B<)>10imlC+ � 3hBC+�)*+ _ )*+�B<l<#�q=?<6&i8) � )*#\P�#&%J)>6&%>.<P|'m+-'*%:14cG'*#&30.<%&K
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I ò7JK* ¼ K º �'L [0iml<6&9a+X?<.�9;1435'm+ _ #=#�/GB�6&) � 9;#83D'm+�P7.G' � P � %>6=B�14.<)rP�#&%�iu+�)*+�i8'*6&) � %*+-' � 143<%�#&3�imlC+�9;B
B<)>10iml<#�K

$ �]ÃK�]¥ Ò�È<�U��Ëµ�+¨8�+�³�1ÉK�OÈ���§�¬®�<²~�+¨?�
É

��#&%aB<)>#&9 � �&)>#&%;%T'*)>.<i8'*.<)>#&%gq~i&) � %T'm+�PJB<l<1�'*143 ��H .<#X68'*.<? � 6&#&%a#�/GB�6&) � 9;#&35'm+�P�#&9;#&35';#&3�imlC+�9;B
B<)>10iml<#r14BG' ��H .<#^+�.�%># � 3X?<.�P{+�c�14)*+-'*1 � )>#\143D'�68'*6r?<#&%Ai&) � %T'm+�.0/XB<l<1�'*143 ��H .<#&%Aq=9a+ � P�P|#\iu+�)>)>6 � 3<%vZ
i&) � '*#&%J%>.<)J.<3h%>.<c<%T'*)*+-'A?<#�3 � 14cC+-'*#b?<#�P � '*l � .<9 & � �Y( K V 3<%>. � '*#�?<#&% _ . � ?<#&%JB<l<1�'*143 ��H .<#&%J?<#\'Sf0B�#&%
Ý µ 1435'b68'*6`6�'m.<? � 6&%bBC+�)\MNK ILK�s$#&)>3C+�Pt#8'\+�PQK-& � · ( K�RSi � k�3<14.<%bB<)>6&%>#&35'*143<%\?<#&%b)>6&%>.<P|'m+-'*%A14cG'*#&3D.<%
%>.<)
?<#&%
9 � i&)>1Diu+�, � 'm68%
q\9a+ � P|P�#$'*) � +�3 _ .<P{+ � )>#o?<#J'Sf0B�#A� µ %>.<)73 � 14cC+-'*#:?<#�P � '*l � .<9XK4��#&%
iu+u, � '*6&%7?<#
i&#J'Sf0B�#�1435'$?<6ve>q�68'*6�68'*.<? � 6&#&%
#&3a9 � i&)>14%>i&14B � #:?<#Ji�lC+�9;B;B<)>1Di�l<#�14BG' ��H .<#J#8'$#83ai�lC+�9;B;P�1 � 3D'm+ � 3
%>.<)�?FE +�.G'*)>#&%\'Sf0B�#&%�?<#=%>.<c<%T'*)*+-'�& �4�Gk*�4¹ ( K�"$#&B�#&3<?C+�35'uk�B�#&)>%>143<3<#beT.<% H .FE qhB<)>6&%>#&3D'r3FE +gB<)>6&%>#&35'*6
.<3<#g68'*.<?<#h#&3�imlC+�9;B�B<)>10iml<#h%>.<)2P�#&%29;10?<#&%2?<#giu+u, � '*6&%2#&3�3 � 14cC+-'*#z?<#gP � '*l � .<9XKt@A143<ig3<14.<%
B<)>6&%>#&35'*143<%:PQE #&3<%>#&9`c<P�#A?<#&%o)>6&%>.<P|'m+-'*%$14cG'*#&30.<%o%>.<)$P�#&%oi&+�, � '*6&%o+�f5+�35'o68'*6b68'*.<? � 6&#&%o?C+�3<%oP�#�iu+�?<)>#
?<#�i&#8'>'*#\'*l<�&%>#�K

��+`B<)>#&9 � �&)>#A9 � i&)>1Diu+�, � 'm6�68'*.<? � 6&#b#&%T':.<3<#biu+�, � 'm6A?<#A'vf0B�#�� µ k0i�E #&%T'TZvq�ZS? � )># H .FE +�.h%># � 3z?FE .<3
i&) � %T'm+�P<B<l<1�'*143 ��H .<#Jc � ZS? � 9;#&3<% � 143<3<#&P<q\9a+ � P|P|#$'*) � +�3 _ .<P{+ � )>#o.<32'*)>14.a+\68'*6J149 � %&K4��#&%7BC+�)*+�9;�8'*)>#&%
?<.�i&) � %T'm+�P�B<l<1�'*143 ��H .<#r1435'A68'*6^B<)>68,0.<%AB�14.<)�B<)>6&%>#&35'*#&)b.<3<#rcC+�3<?<# � 35'*#&)>? � '*#�B<l<1�'*143 ��H .<#rP{+�) _ #
+�.G'*14.<)r?<# µ ·4· � 3<9¸+u,4#&ia.<3�9;10?<#;?<#;iu+�, � '*6;.<3 ��H .<#a% � '*.<6=,4#&)>%

λ
y µ ·4· � 3<9XK���#a)*+uf5143�?<#&%
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FEMTO-ST-Besançon                                                               Détecteur SE1
Date :9 Dec 2009                                                     Double faisceau MEB/FIB

2 mm

S1(5.287 m)m

(a)                                                            (b)

(c)                                                            (d)

I ò7JK* ¼ K º µ#L RS9a+ _ #�M V s�#&3d��+5�t#8' � 9a+ _ #o¢ U MÚ'*) � ? � 9;#&3<% � 143<3<#&P�P|#o#&3d�yc��t?<#JP{+\iu+u, � '*6:68'*.<? � 6&#�K
�yi��^RS9a+ _ #z¢ U M � @ ?<#hP�+diu+u, � '*6h+�,4#&ih.<3<#gi&14.<B�#g9;143D'*)*+�35'2P{+�B�6&) � 10? � i � '*6a?<#&%2'*)>14.<%2?FE + � )
)>#&B<)>6&%>#&35'*6&#^#&3��y?���K

'*)>14.<%:?FE + � )o#&%T'�?<#�)Dy � ½4º`3<9Ú#8' � P�%$%>143D'J#&%>BC+�i&6&%�?FE .<3<#�B�6&) � 1D?<#�+cy\½5·�º`3<9XKC��+`O _ .<)># ¼ K º µ ��+5�
)>#&B<)>6&%>#&35'*#�.<3<# � 9a+ _ #g14cG'*#&3D.<#XBC+�)=.<3 9 � i&)>14%>i&14B�#h6&P�#&i8'*)>143 ��H .<#X+�B<)>�&%;P{+�)>6u+�P � %*+-' � 143�?<#XP{+
iu+u, � '*6:BC+�) U RvsAK5}�3<#J68'*.<?<#J?<#&%76&i�lC+�35' � P�P�143<%�B�#&.G'
6 _ +�P�#&9;#&35'(%*#ox�+ � )>#:q\PQE + � ?<#o?FE .<3;9 � i&)>14%>i&14B�#
q^xy14)>i&#\+-'*149 ��H .<#A14.z¢:'*149 � i U 14)>i&#�M � i&)>14%>i&14B�#=�y¢ U Md�
i&149;9;#AP�#A9;143D'*)>#AP�#&%$O _ .<)>#&% ¼ K º µ �yc��
#8'=�yi���K���#&%A9;#&%>.<)>#&%b¢ U M¸143D'AB�#&)>9 � %�?<#r,-+�P � ?<#&)�P�#&%�? � 9;#&3<% � 143<%�?<#^P{+=%T'*)>.<i8'*.<)>#`68'*.<? � 6&#�k�1NM
P{+aP ��_ 3<#r,4#&)T'*#2i&14)>)>#&%>B�143<?Nq�j 7 × Periode√

3/2

K�¢ � 3<% � P{+a9;#&%>.<)>#`¢ U MÇ3<14.<%b?<143<3<#`.<3<#2B�6&) � 10?<#
?<#r½5· ¼ 3<9 H . � i&1�£¤3<i � ?<#�+�,4#&i�P{+`,-+�P�#&.<)J?<#�cC+�%>#�B<)>1 _ )*+�9;9;6&#\+�. U RvsAK

¢A.2?<6&c<.G'uk4PQE 6&imlC+�3D' � P�P|143^#&%T' � P�P�.<9 � 3<6
BC+�)�.<32P{+�%>#&)�?<#oB<. � %>%*+�3<i&# µ�� 9AÝäK4��#oP{+�%>#&)t.G' � P � %>6
#&%T'
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.<3zP{+�%>#&)$+�i&i&14)>?C+�c<P�#�#&3zP�143 _ .<#&.<)7?FE 143<?<#bB�14.G,�+�35'o�8'*)>#b+�i&i&14)>?<6A?<# µ · �4� q µ ½ �4� 3<9XK0I(P�.<% � #&.<)>%
'*#&%T'*%^143D'^68'*6;)>6u+�P � %>6&%rB�14.<)r? �|Õ 6&)>#&35'*#&%^P�143 _ .<#&.<)>%r?FE 143<?<#&%&K���#&% � 9a+ _ #&%�14BG' ��H .<#&%&kLB<)>6&%>#&35'*6&#u%
?C+�3<%\P{+aO _ .<)># ¼ K º � 9;1�3D'*)>#`P�#&%\)>6&%>.<P|'m+-'*%\14cG'*#&3D.<%�B�14.<)

λ
y µ · ��� 3<9 ��+5��k

λ
y µ · ¼5� 3<9Æ�yc��A#8'

B�14.<)
λ
y µ ·�½ � 3<9ª�yi���K
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I ò7JK* ¼ K º �OL RS9a+ _ #&%�14BG' ��H .<#&%�#&3dimlC+�9;B�B<)>10iml<# � @Ö�>��+5��kt�yi���kt�y#��>�:#8'bº4@Ö�*�yc���kt�y?���kt�°xm�>�oB�14.<)
? �|Õ 6&)>#&35'*#&%JP�143 _ .<#&.<)>%J?FE 143<?<#�K

I�+�)`+ � P�P|#&.<)>%&kLP{+XO _ .<)># ¼ K º � �yc���)>#&B<)>6&%>#&3D'*#g.<3<#z,0.<#z'*) � ? � 9=#&3<% � 143<3<#&P�P|#;?<#zP{+�? � %T'*) � c<.G' � 143
?<.gimlC+�9;B V Mâ?C+�3<%oP{+^iu+u, � '*6AB�14.<)oP�#&%$? �|Õ 6&)>#&35'*#&%oP�143 _ .<#&.<)>%o?FE 143<?<#&%&KC@^E +�B<)>�&%oi&#&% � 9a+ _ #&%
143
B�#&.G'(? � %T' � 3 _ .<#&)tP�#$9a+�/ � 9`.<9ä?FE � 35'*#&3<% � '*6o% � '*.<6o+�.23 � ,4#u+�.2?<.2?<68x�+�.G'(#8'7?<#&%�B�#8' � '*%�P�14c�#&%t,41 � % � 3<%
H . � i&14)>)>#&%>B�143<?<#&35':+�.0/='*)>14.<% H . � #&3D'*14.<)>#&35'$P�#J?<68x�+�.G'uK V 3aB<P�.<%&kD143;14c<%>#&)T,4#AP{+\? � %T'*) � c<.G' � 143=?<.
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imlC+�9;B�?C+�3<%�P�#&%J'*)>1 � %Jiu+�%A9a+ � %:P{+=? �|Õ 6&)>#&3<i&#r#&%T'\+�.�3 � ,4#u+�.�?<#rPQE � 3D'*#&3<% � '*6�+-'>'*) � c<.<6&#^q=i�lC+ H .<#
� 9a+ _ #b14BG' ��H .<#�K
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I ò7JK* ¼ K º4º L "$14.<B�#Nl<14) � ¡&1435'm+�P�#��°,41 � )zO _ .<)># ¼ K º � #&3�,4#&)T'��g+�.�3 � ,4#u+�.�?<.�?<68x�+�.G'X#8'XB�14.<)
? �|Õ 6&)>#&35'*#&%JP�143 _ .<#&.<)>%J?FE 143<?<#�K

��+2O _ .<)># ¼ K º4º2)>#&B<)>6&%>#&3D'*#^.<3<#ri&14.<B�#r9;143D'*)*+�35'JP�#�9a+�/ � 9`.<9Ú?FE � 35'*#&3<% � '*6�B�14.<)J? �|Õ 6&)>#&35'*#&%
P�143 _ .<#&.<):?FE 143<?<#&%&K�Yb3hB�#&.G'�?<6&?<. � )># H .<#�P�#\9a+�/ � 9`.<9�?FE � 35'*#&3<% � '*6\#&%T'�B�14.<)

λ
y µ · ¼5� 3<9XkGi&#&P{+

i&14)>)>#&%>B�143<?�qdP�+�)>6&%>143C+�3<i&#h?<#zP{+�iu+u, � '*6�K�@A#&%=iu+�P�i&.<P�%r'*l<6&14) ��H .<#&%&kt'*14.-eT14.<)>%`BC+�) U @AWJ@^k�1435'
68'*6�)>6u+�P � %>6&%7B�14.<)(,�+�P � ?<#&)(P�#&%7)>6&%>.<P|'m+-'*%
#�/GB�6&) � 9;#83D'm+�.0/�K0��+�iu+�)T'*1 _ )*+�B<l � #:30.<9;6&) ��H .<#J?<.aimlC+�9;B
6&P�#&i8'*) ��H .<#:#8'(9a+ _ 3<68' ��H .<#o#&%T'
)>#&B<)>6&%>#&35'*6&#�?C+�3<%(P{+�O _ .<)># ¼ K º ¼ 1NM=P{+A)>6&%>143C+�3<i&#�+\P � #&.2q

λ
y µ ·4· �

3<9XK

�(E � 9a+ _ #hM V sÛ?<#XP{+d%T'*)>.<i8'*.<)>#XB<l<1�'*143 ��H .<#giu+�)*+�i8'*6&) � %>6&#X#&3�imlC+�9;B�B<)>10iml<#X#&%T';9;1435'*)>6&#
?C+�3<%^P�+gO _ .<)># ¼ K º5·<��+5��K���+gO _ .<)># ¼ K º5·<�yc��b)>#&B<)>6&%>#&35'*#zPQE � 9a+ _ #=1�BG' �|H .<#;?<#aP{+h? � %T'*) � c<.G' � 1�3N?<.
imlC+�9;B�6&P�#&i8'*) ��H .<#;B�14.<)rP{+hP|143 _ .<#&.<)r?FE 143<?<#;?<#;)>6&%>143C+�3<i&#

λ
y µ · ¼5� 3<9û#8' H . � i&1 � 3<i � ?<#;+�,4#&i

P�#&%;B<)>6&? � i8' � 143<%2'*l<6&14) ��H .<#&%a)>#&B<)>6&%>#&35'*6&#&%z?C+�3<%aP{+dO _ .<)># ¼ K º ¼ ��+5��K7��+�'m+�iml<#�P{+�B<P�.<%;c<) � P�P�+�35'm#
#&%T'bP�1Diu+�P � %>6&#^+�.�i&#83D'*)>#^?<#rP{+=iu+u, � '*6^+�,4#&i^.<3�9a+�/ � 9`.<9Ö?FE � 3D'*#&3<% � '*6r#8'AB�#8.G'b�8'*)>#`+�%>% � 9 � P|#&)J+�.
9;10?<#b?<#�iu+�, � '*6\?<#�P{+^O _ .<)># ¼ K º ¼ ��+5��K�[ � /h+�.G'*)>#&%:'m+�iml<#&%J9;1 � 3<%oc<) � P�P{+-3D'*%$%>#rB<)>6&%>#&35'*#&35'b+�.G'*14.<)
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# H .C+-' � 143<% � 3 � %>1�'*)>14B � i~9;#&? � +Gk Âpà e[ã¹f%e[e�^QX ^>e�á�Rûå_WDZ�^Ybc^>ã�T]Wqe+Ò¬×gÎKÎKÎ Ô+å_^>e+X�^:\%ã�T]Wqe+XpWqeCk
,514PQK µu¼ k<BFK�º �5� k µ ¹4½4½GK

& · �Q( ] K ZvILKrs$#&)>#&3 _ #&)&koÀS¢ÆB�#&)Txy#&i8'*P|fä9a+-'*iml<#&?ÏP{+uf5#&)�xy14)�'*l<# +�c<%>14)>BG' � 143¨1�xg#&P|#&i8'*)>149a+ _ 3<#8' � i
�:+u,4#&%&k Â¾Ê[WqæUå$e�^>V<W�¤Åé~Wqê�Z�æUãµ^>ã�T]Wqe�^>V�R?S5ÄYX%T]\DX8kG,514P�K µ4µu¼ k<3<1<K � k<B<BFK µ �5· Lg���4� k µ ¹4¹ ¼ K

& ·�� ( ¢AP�P�#&3<Wt+-åC1�,5#�k¢é~Wqê�Z�æUãµ^>ã�T]Wqe�^>VEÎûV6fD\%ã�å_WYá
Äqe�^>êoT]\DX�ÇiÔ�S[f�È?T7e[T7ã¹f'ç�ë�T ã�f%å_f%e1\DfÑÔ�T7ê�f'ç�ëÅWqç
ê�^NT7e<K
¢A)T'*#&i�l���14.<%>#�kCRS3<i&14)>B�14)*+-'*#&?Fk�eT.<P|f ���4� ·0K

& ·�¹ ( ¢^K4w � +�PQk�¢rK ZT[�K0�\) � 9a+-.<P|'uk�@^K0M�+�i\ä{+�%&k5@^KDso+�)>iml � #&% � k5+�3<?zMNKD��K5?<#JP{+�"$lC+�B�#&P�P�#-k
ÀSRS9;B<)>1�,4#&?
+�3C+�P|fD' � iu+�P7O<'21�x _ 14P�?�? � %>B�#&)>% � 143éjt¢AB<B<P � iu+-' � 143N'*1d'*l<#z9;10?<#&P � 3 _ 1�xJ#�/0' � 3<i8' � 143�%>B�#&i8'*)*+
� � '*lh+^OC3 � '*#�ZS? �|Õ #&)>#&3<i&#A' � 9;#�ZS?<149;+ � 3z9;#8'*l<1D?Fk Â�R?S5ÄYXv� Å f%âI��èJk0,514P�K �0µ kG3<1<K<�GkGBFK � �5· ¼<µ ½Gk
U #&c ���4� ·0K

& ½ �q( U K7so+ � ?C+Gk(@^K�w`K7��+�c�#& �#�k�ý2K7I�+ _ +�3 � k�sAK
��. � ¡u+�PQk�+�3<?�MNK7¢^K7nA+�c�14.<P�% � khÀ¤Ý�+u,4# _ . � ? � 3 _
'*l<)*1�. _ lª+Ú'v�$1-ZS? � 9;#&3<% � 143C+�P~9;#8'm+�P�P � iÏB<l<1�'*143 � iÏi&)Tf0%T'm+�PQk ÂåÊ��w`lT]\%å_WYXY\v��kX,414PQK � k�B<BFK
µu¼4¼qL�µu¼ �Gk ���4��¼ K

& ½ µ�( MNKApJ14.<%>%>#8f4k\MNK ZvILKAs$#&)>3C+�PQk�nrKb"$14.<)ye>+�PQkJ@^KJw`KA��+�c�#& �#�k U K�RmK�so+ � ?C+Gk�+�3<?¿p�Kb[G+�P�.G'uk
À V P�#&i8'*)>1-ZS14BG' � i�# Õ #&i8'�#�/<+�P|'m+-' � 143Ï143 P � '*l � .<9 3 � 14cC+-'*# B<l<1�'*143 � i i&)Tf0%T'm+�P�%�?<.<# '*1¿%>P�1��
B<l<1�'*143<%&k ÂOàûZcZ�V·T]f_áOR?S5ÄYX%T]\DX.Æ�f%ã�ã¹f%å_X8k<,414PQKC�4¹GkC3<1<K �-¼ k<BFK �-¼<µ4µ4µ�� k ���4� ½GK

& ½ �Q( nrK�"$14.<)ye>+�PQkX[�Khs$#&3<i�lC+�cC+�3<#�k ] Kh@b+�l<?C+�lFkd�2Kh}�P�P � +�i�k;ý2K��\)>.<%>143Fkh+�3<? w`Kh��+�.<?<#�k
ÀS¢Ji&14.<%T'*1-ZS14BG' � iu+�P|P|f`'*.<3C+�c<P|#AP � '*l � .<9ü3 � 14cC+-'*#�B<l<1�'*143 � i�i&)Tf0%T'm+�PQk Â4àûZcZ�V·T]f_á¢R?S5ÄYX%T]\DX7Æ�f%ã]ã¹f%å_X8k
,514PQKC¹4½Gk<3<1<K µ ºGkCBFK µ º µ4µ�� ºGk ���Gµ�� K

& ½4º ( nrK�"$14.<)ye>+�PQkLMNK ZvILKts$#&)>3C+�PQkL�2KL}�P�P � +-i�k ] KL@\+-l<?C+�lFk�[�Kts$#&3<imlC+�cC+�3<#�k�+�3<? ] K ZTMNK�MX#&)>14P�P{+0k
Àv� � 30c�15º:+�i&14.<%T'*1-ZS14BG' � iu+�P5+�3<?�#&P�#&i8'*)>1-ZS14BG' � iu+�P�9 � i&)>149;1D?<.<P{+-'*1�)>%&k Â�Ê[WqæUå$e�^>V+W�¤?ã7S[fEÎûæUåDWDZ[f_^>e
Ë-Z�ã]T]\_^>V1ä�WY\%T]f%ã̀ Ä-kG,414PQK ¼ kCBFK � ¹ �Gµ �Gk ���4� ¹GK



ËAò°ë�ì0ò7/8J(ô�ê�@AxLò°í µ º µ

& ½ ¼>( @^K�¢^K�s$)Tf5+�3Fk�p�K��\#&)>%>143Fk�+�3<?��rK V K�WL149a+�%>iml< �#�k|ÀSRS3<i&)>#u+�%>#&?d14BG' � iu+�P�?C+�9a+ _ #�)>#&% � %T'm+�3<i&#
� 3hP � '*l � .<9�3 � 14cC+�'m#-k Â�àûZcZ�VAR?S5ÄYXv�®Æ�f%ã�ãm��k<,414PQK ¼4¼ k<B<BFK�� ¼D�YL � ¼ ¹Gk µ ¹4� ¼ K

& ½5· ( @^K V KK'�#&P�9;143Fkt@`K(�(K7[09a+�P�P�kt+�3<?�@^K ] .<3<?G'ukhÀSRS3Gxy)*+�)>#&?�i&14)>)>#&i8'*#&?�%>#&P�P�9;# � #&)^i&10#8�;i � #&3D'*%
xy14)oi&143 _ )>.<#&35'*P|f _ )>1��J3gP � '*l � .<9 3 � 14cC+-'*#\+�3<?X·^9;14PQK mü9a+ _ 3<#&% � .<9Û1�/ � ?<# L ?<14B�#&?hP � '*l � .<9
3 � 14cC+-'*#�k ÂpÊ��KË-Z�ã3��ä�WY\v��à ê���èJkG,414PQK µu¼ k<3<1<K µ�� k<B<BFK�º4º µ ¹ L º4º �4� k µ ¹4¹ � K

& ½4½ ( ¡2K7Ybl5'm+�+�3<?��rK�RS%>l � ?C+Gk_ÀT"$149;BC+�) � %>143�+�9;143 _ %>#8,5#&)*+�Po30.<9;#&) � iu+�P � 3D'*# _ )*+-' � 1�3�9;#8'*l<10?<%
xy14): D)m+-9;#&)>%vZS D)*1�3 ��_ '*)*+�3<%Txy14)>9a+-' � 1�3Fk Â�àûZcZ�V���äNZ[fD\%ã�å_WYXY\v��kG,414PQK ¼D� k<B<BFK�¹5· �YL ¹5· � k µ ¹4�4�GK

& ½ �Q( ] KF@b+�l<?C+�lFk�nrK�"$14.<)ye>+�PQk�+�3<? U K�RmK�so+ � ?C+Gk�ÀS¢A3C+�P|f0% � %�1�x
+aB<l<1�'*143 � iri&)Tf0%T'm+�Ptiu+�, � 'SfXcC+�%>#&?
143�+�c<%>14)>c�#&35'^P{+uf4#&)\xy14)\%>#&3<% � 3 _ +�B<B<P � iu+-' � 143<%&k Â�Ê��.Ë-Z�ãm�8ä�WY\v�-à�ê��8èJk�,414PQK �4� kF3<1<K � k�B<BFK
º � · L º µ�� k ���Gµ�� K

& ½4� ( �2KDÝäK<s$.<)>)&kC[�KG@ � ¡ � + � 3Fk0+�3<?hMNK ZvILK<s$#&)>3C+�PQk�ÀSW:l<# � 9;BC+�i8'$1�xFOC3 � '*#�ZS?<#&BG'*lgi8f0P � 3<?<) � iu+�P�+�3<?
i&143 � iu+�Pol<14P�#&% � 3�P � '*l � .<9¸3 � 14cC+-'*#&B<l<1�'*143 � iai&)Tf0%T'm+�P�%&k ÂÍË-Z�ãm�sÎXÏ%Z�å_fDXDX8kt,414PQK µ ½Gk�3<1<K(¹Gk�B<BFK
½4º �5�YL ½4º µ ½Gk ���4� �GK

& ½4¹ ( MNK4pJ14.<%>%>#8f4k U K-RmK4so+ � ?C+Gk-+�3<?;MNK ZvILK4s$#&)>3C+�PQkLÀ V /GB�#&) � 9;#&35'm+�PG+�3<?`'*l<#&14)>#8' � iu+�P014c<%>#&)T,�+-' � 143<%
1�x:'*l<#;%*P|1��oZSP �|_ l5'r# Õ #&i8'`143�+h'*.<3C+�c<P�#;B<l<1�'*143 � i;i&)Tf0%T'm+�PQk Â«Ê���Ë-Z�ãm�?ä�WY\v�8à�ê��«èJk�,414PQK �-¼ k
B<BFK µu¼<µ ½ L�µu¼D�4� k ���4�5� K

& ���q( RmK7MNKLÝ�l � '*#g+�3<?��`K U +�3Fk_ÀTYb3�'*l<#gB�#&)Txy14)>9a+�3<i&# H .C+�35' � OCiu+-' � 143�1�x�)>#&%>143C+�35'=)>#8xy)*+�i8' � ,4#
� 3<?<#�/h%>#&3<%>14)>%&k Â�Ë-Z�ãm�®ÎXÏ%Z�å_fDXDX8kG,514PQK µ ½GkC3<1<K � kCB<BFK µ��5���QL�µ��5� �Gk ���4� �GK

& �0µ�( ] K�¢A9 � 3Fk�sAK�@A.<%>%*+�)>? � #&)&k�W\K�[0i�l5�$# � ¡&#&)&kF+�3<?�MNK���#&9;B<%T'*#u+�?FkÁÀT[0B�#&i8'*)>14%>i&14B � i^+�3C+�P|f0% � %J1�x
#&)*º5æü'*)*+�3<% � ' � 143<% � 3dP � '*l � .<9 3 � 14cC+-'*#�k Â¾Ê[W>æ:å%eA^NV�W�¤)Æ�æUêoT7e1fDXY\Df%e1\Df8k�,414PQK�½4¹Gk�3<1<K µ k�B<BFK µ��
Lh� ½Gk µ ¹4¹4½GK

& �4�Q( ¢^K\IL14P�9a+�3FkNÀ V )>c � .<9 � 9;B<P�+�35'*#&?�'*l � 3¿OCP�9 B<l<1�'*143 � i�9a+-'*#&) � +�P|%&k ÂÍÊ[WqæUå$e�^>VÅW�¤ÛàûZcZ�V·T]f_á
R?S5ÄQX$T]\DX8k<,414PQKC� � k<3<1<K µ k<B<BFK µ%L º4¹Gk µ ¹4¹ � K

& � º ( @^K�ILK�s � )>3 � #�k5ÀS¢A3C+�P|f0% � %J1�x(? �|Õ .<% � 143 � 3XP � '*l � .<9Ú3 � 14cC+-'*#�k ÂiÊ[WqæUå$e�^>V�W�¤ `a^>ã¹f%å$T�^>V X¢ä�\%T]f%e1\Df8k
,514PQK � �Gk<B<BFK�º �5�YL º µ ·0k µ ¹4¹4ºGk µ�� K µ��4�5� C�s U �4� º5· � � �4� K

& �-¼>( @^K^�rK ] .<3<?G'�+�3<? �2K U 14.<P�143FkORûå_WDZ[f%å$ã�T]fDXiW�¤ÑÆ�T7ã7SUT7æUêæÌ¢T]WzÓD^>ã¹f�ÇGè¢WqæUV6fDXiW�¤ÞÆ�TRÌ¨ÓzËNç
\$WqeUb>å$æ[f%e�ã]VkÄnb>å_WIÉ«e�Ó\Äpã7S[f é�dQWY\DSUåt^>V X~èqT¢ã¹fD\DSUe[T`é�æ[f8k
�(K$}rK�K
W:l<#dRS3<%T' � '*.G' � 143�1�x V P�#&i8'*) � Z
iu+�P V 3 _4� 3<#&#&)>%��yRvnb[GI V "Ak V ?FK �yRvnb[GI V "Ak�k���143<?<143FkC}�¡2k ���4�5� ��k ���4�5� K
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& � · ( ¢^K ¢^KFso+�P�P�9;+�3Fk ] K�¢A9XK�"$#&)*+�9 � i2[01Di�K ¼ �C� � ��k�ÀT�\)>1��:'*l�1�x7B � #&¡&1D#&P�#&i8'*) � i`+�3<?�xy#&)>)>10#&P�#&i8'*) � i

9a+-'*#&) � +�P�%`c5f�'*l<#hi&¡&10iml<)*+ � %>  � '*#&iml<3 ��H .<#�k Â<Ê[WqæUå$e�^>V W�¤'ã7S[f'à ê�f%å$T]\_^>e é~f%åt^>êoT]\'ä�WY\%T]f%ã̀ Ä-k
,514PQK ¼ �Gk<BFK µ4µ�� k µ ¹4½5·0K

& � ½ ( W\K�w714P� \+�3<?`MNKuÝ��4l<P�#&im 4#�kzÆ�T7ã7SUT7æUê	Ì¢T]WzÓD^>ã¹fNÇUëÅf�¤�fD\%ã7X~Ò[R?S[Wqã©Wqå_f�¤Dåt^:\%ã�T]Wqe�^>e�ájÈ-f%å$å_WYf%V6fD\%ã�å$T]\
ä|É«T7ã¹\DS+T7e:b�Kª[0B<) � 3 _ #&)&k ���4� �GK

& �4�Q( ] K �(K ] +�im 4#&PQk�"AK p�K�p � i&#�k�+�3<? ] K ] KCw7#&%>#&P� �+Gk�ÀvI()>1�'*143X#�/GimlC+�3 _ #rxy14)Jl ��_ l � 3<?<#�/h�o+�,4# _ . � ?<#&%
� 3hP � 3Dc�15ºGk Â�àûZcZ�V·T]f_áoR?S5ÄYX%T]\DX�Æ�f%ã�ã¹f%å_X8k<,514PQK ¼<µ kCBFKC½ �5� k µ ¹4� � K

& � � ( MNK @`K�M � iml<#&P � k ] KCs$1�' � 3<#u+�.FkC[�KCn�#8,4#&.Fk�ILK�[ � c � P�P|1�'ukG@^KCsAK�Yb%T'*)>1��J%> 5f4k�+�3<?�MNKCI�+�B<.<iml<143Fk
ÀSRS3<?<#&B�#&3<?<#&35'ri&1435'*)>14Pt1�x � 3<?<#�/�+�3<?dB<)>1zê>P�% � 3dB<)>1�'*143d#�/GimlC+�3 _ #&?NP � 3Dc�15º _ . � ?<#&%&k ÂdË-Z�ã�T]\DX
Æ�f%ã]ã¹f%å_X8kG,514PQKC�Gk<BFK µ4µu¼ k µ ¹4�4ºGK

& � ¹ ( U K®'�l<14.FkC¢^K�MNK�M�+-'>'*#&1<k�MNK�?<#�P{+;pJ.<#�k�+�3<?�"AK nrK�RS)>143<% � ?<#�k+ÀT[D�o#&P�P � 3 _ imlC+�)*+�i8'*#&) � %T' � i&%J1�x
B<)>1�'*1430ZS#�/Gi�lC+�3 _ #�P � 3Dc�15º^�o+u,4# _ . � ?<#&%&k ÂiÎûV6fD\%ã�å_Wqe[T]\DX�Æ�f%ã�ã¹f%å_X8k<,414PQK � �Gk<BFK�� � k µ ¹4¹ � K

& � �q( [�K U 14.<iml<#8'ukC¢^K�"o+�)>#&3<i&1<k�"AK�@b+ _ .<#�'�k�+�3<?�p�K��\. _ P � #89 � k^À¤Ý�+u,5#&P�#&3 _ '*lh? � %>B�#&)>% � 143X1�xL' ��� 30Z
?<.<i&#&?a)>#8xy)*+�i8' � ,4# � 3<?<#�/=imlC+�3 _ # � 3=P � 3Dc�15ºb+�%
+bxy.<3<i8' � 14321�x�? �|Õ .<% � 1432BC+�)*+�9;#8'*#&)>%&K Â�Ê[WqæUå$e�^>V
W�¤)Æ�TvbQSUã`É~^>â>f�Ô�fD\DSUe1WqV6W_b
Ä-k0,414PQKC�0W$ZT·0k<BFK ���4� k µ ¹4� � K

& � µ�( [D'm+�)> 4#�kD�2K4so+u,�+Gk4+�3<?=RmK5MX143D'*)>14%>%>#8'uK|k
ÀT�\. � ?<#8?29;10?<#&%�1�x�' � j5� � 3Dc�15ºAimlC+�3<3<#&P<�o+u,5# _ . � ?<#&%&K
+A3<1�,4#&P H .C+�% � Zv+�3C+�P|fD' � iu+�P5'*#&iml<3 ��H .<# � 3^i&149;BC+�) � %>143r� � '*l^'*l<#$%>iu+�P{+�)LOC3 � '*#�ZS#8P�#&9;#&3D't9;#8'*l<1D?
i�lC+�3<3<#&PQK ÂpÊ[WqæUå$e�^>V�W�¤.Æ�TvbQSUã`É~^>â>f�Ô�fD\DSUe1WqV6W_b
Ä-k0,414PQKC½GkCBFK µ4µ�� ½Gk µ ¹4�4�GK

& � �Q( ] K4�(K ] +�im �#&PQk�p�K V K���1��o+�)>?Fk V K �(K4��.Fk�+�3<?=[�K�ILK��Ff09a+�3FkLÀvpJ#u+�i8' � ,4# � 1430ZS#8'*iml � 3 _ 1�x�P � 3Dc � ºGK Â
àûZcZ1V T]fDáoR?S5ÄYX%T]\DX�Æ�f%ã�ã¹f%å_X8k<,414PQKCº4�GkCBFKC¹ �5� k µ ¹4� µ K

& �4º ( ILK([�K�"$l0.<3 _ k("AK�MNK���14)T� � '*¡�kt+�3<?�ÝäK �(K��\.<1<k�Àv@A)Tf�#8'*iml � 3 _ imlC+�)*+�i8'*#&) � %T' � i&%^1�xJP � 3Dc � ºGk Â
ÎûV6fD\%ã]å_Wqe[T]\DX�Æ�f%ã�ã¹f%å_X8k<,414PQK �4� k<BFK ¼ � ¼ k µ ¹4�4½0K

& � ¼>( w`K U 1 _ P � #8'>' � k V Kt" � +�3<i � k�@^KLIt#&¡&¡&#8'>'m+Gk�"AKt[ � c � P � +�cFk�MNKtM�+�)*+�3 _ 143 � i�k�p�KtYb%>#&P�P{+�9;#&i�k�+�3<?
"AK p�K5p�+�9;B�143 � kvÀ U +�c<) � iu+-' � 143^1�x�cC+�3<?0Z _ +�B2%T'*)>.<i8'*.<)>#&% � 3`B<P{+�3C+�)�3<143<P � 3<#u+�)L�:+u,4# _ . � ?<#&%(xy1�)
%>#&i&143<?�lC+�)>9;143 � i _ #&3<#&)*+-' � 143Fk ÂO`lT]\%å_WYf%V6fD\%ã�å_Wqe[T]\�ÎûeUb>T7e1fDf%å$T7eUb�k0,414PQKC½ � Zv½4�GkGBFK �-¼D� k ���4� ºGK

& �5· ( V K��rKF[Df03 _ #�k§ÀT[0. _4_ #&%T'*#&?~9;#�'ml<1D?dxy14)A#�/0'*#&3<? � 3 _ 9 � i&)>14%>i&14B � ir)>#&%>14P�.G' � 143 � 35'*1;'ml<#`.<P|'*)*+�Z
9 � i&)>14%>i&14B � i\)># _4� 143Fk Â�R?SUT7V6WYXYWDZ[SUT]\_^>VA`a^Ybc^Yd�T7e1f8kG,414PQKC½Gk<BFK�º5·�½Gk µ ¹ � �GK

& �4½ ( @^KC"$14.<)yeT143Fk+¡2K<[G+�)*+uf4#&?<? � 3<#�k<+�3<?hMNK<[0BC+�eT#&)&k̂ ÀT[0iu+�3<3 � 3 _ '*.<3<3<#&P � 3 _ 14BG' � iu+�P�9 � i&)>14%>i&14BDf4k Â
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We report on acousto-optical (AO) and electro-optical (EO) LiNbO3 modulators with an active length of only 11 µm. The miniature devices

are based on photonic crystal (PhC) structures that are controlled by an external effect (DC electric field or Surface Acoustic Waves). Two

processes are presented for realizing the PhCs despite the resistance of the material to etching. The first method is based on direct FIB

writing and can yield the fabrication of holes with depth of 3 µm and diameter of 1 µm or less. The second method consists in FIB

patterning of a mask which is deposited on the substrate. This process is followed by proton exchange (PE) and reactive ion etching

(RIE). Thus, structures with a diameter of 400 nm and an aspect ratio of 3:1 have been fabricated. The methods have been applied to the

fabrication of EO and AO micromodulators showing a driving voltage of 13,5 V and a driving electric power of 20 mW respectively. These

developments open the way to dense integration of dynamic optical functionalities. [DOI: 10.2971/jeos.2009.09018]

Keywords: scattering loss, sidewall roughness, bent waveguides, silica-on-silicon, indium phosphide

1 INTRODUCTION

Recently, great efforts have been dedicated to the fabrication

of tunable photonic crystal (PhC) devices, which offer promis-

ing ways of integrating optical functionalities into minia-

ture circuits. Micron-size electro-optical (EO) interferometers

or resonators have been demonstrated on silicon substrates,

stimulated by the perspective of integrating compact high fre-

quency modulators on miniature circuits for telecommunica-

tion systems. [1, 2]. Acousto-optical (AO) micromodulators

have also been the subject of recent developments on GaAs

or silicon substrates [3, 4] and offer attractive possibilities for

the development of new acousto-photonic or photo-phononic

devices [5].

Here we propose a new configuration for modulating light,

which can be employed for either acousto-optic or electro-

optic modulation. It relies on the use of lithium niobate

(LiNbO3) substrates. Due to its high electro-optical, acousto-

optical and nonlinear coefficients, LiNbO3 represents indeed

an excellent candidate for the realization of dynamic PhC

structures.

The fabrication of LiNbO3 PhCs represents however a chal-

lenging task, due to the well known resistance of the material

to standard machining methods. Different approaches have

been conducted for achieving nanostructures with depths

larger than 1 µm. Domain engineering followed by wet etch-

ing represents a possible way of fabricating submicrometric

holes [6], but the method is limited to Z-cut substrates. An

alternative relies on ultrafast laser machining [7], but its ap-

plication to PhCs requires the laser spot to be focused near

the diffraction limits. Another common approach consists in

preparing the etching of the substrate by modifying the crystal

lattice [8]–[13]. Particularly, the method based on proton ex-

change followed by Reactive Ion Etching (RIE) or Inductively

Coupled-Plasma-RIE (ICP-RIE) has shown to be applicable to

the fabrication of PhCs [11, 12]. Such a method implies how-

ever a consequent number of steps, including the patterning

of the mask by electron beam lithography followed by RIE, the

proton exchange step and finally the dry etching step. Here we

propose to write the patterns directly in the mask by Focused

Ion Beam (FIB) milling, which avoids the e-beam lithography

and the RIE of the mask. An alternative approach consists in

a direct FIB patterning of the substrate [17]. Both methods are

suitable for the etching of either X-cut or Z-cut substrates.

The possibility of realizing miniature LiNbO3 components

arises with these fabrication methods. Here we show the fea-
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sibility of two particular modulators driven by EO or AO ef-

fects.

2 THEORY

The proposed devices are schematically depicted in Figures 1

and 2. They consist of a photonic crystal (PhC) integrated on

a gradient index optical waveguide. The photonic structure is

chosen to be simple (i.e. without any defect), which eases the

fabrication processes. The purpose is to exploit the photonic

gap in the transmission response of the PhC. More precisely,

the PhC is designed so that an edge of the gap corresponds to

the operating wavelength. The edge spectral position and con-

sequently the output intensity are dependent on the refractive

index. So a periodic array that features gaps in its band struc-

ture can become a modulator if it is submitted to an exter-

nal stimulus (electric field or acoustic wave) that changes the

refractive index. The electrodes surrounding the PhC in Fig-

ures 1 and 2 are dedicated to the generation of the external

stimuli.

The configuration of an electro-optical LiNbO3 modulator has

been described in [14], and is reminded in Figure 1(a). The

electrodes and the optical waveguide are designed in order to

benefit from the highest electro-optic coefficient of the crys-

tal, which is r33. Hence, the electro-optic interaction is op-

timal if both the electrical and the optical fields are paral-

lel to the Z-axis of the crystal. In the case of an X-cut sub-

strate, the Z axis is in the plan of the substrate, which implies

a TE-polarized light wave propagating along the Y axis (see

Figure 1(a)). The electric field is made parallel to the Z-axis

by coplanar electrodes placed on both sides and parallel to

the optical waveguide. The realization of a Z-cut modulator

would imply a TM-polarized light, and a push-pull configu-

ration of the electrodes, with the central electrode overlaying

the photonic crystal (see Figure 1(b)). Owing to the drift ef-

fects, the Z-cut configuration is however less attractive than

the X-cut one. Taking for granted that the length of the active

section is typically of 11 µm, there is no need of progressive

electrodes for achieving large modulation bandwidth.

The basic principle of the acousto-optical modulators is

schematically depicted in Figure 2(a). Here the external

stimulus is a surface acoustic wave (SAW) generated by an

interdigital transducer (IDT) that is placed on one side of

the PhC. Due to the piezoelectric interaction in the material,

an electric signal applied on the IDT generates a Rayleigh

acoustic wave which propagates toward the Z-axis of the

crystal. The acoustic wave locally induces a modulation of the

refractive index by elasto-optic effect. The effective index of

the PhC is modulated provided that the acoustic wavelength

is larger than the width of the optical waveguide. The IDT

is designed with a period of p = 9 µm, which corresponds

to an acoustic wavelength of 18 µm. The width of the optical

waveguide is of 7 µm. The amplitude of modulation is

optimal if it corresponds to the resonance frequency of the

IDT which is calculated to be 191 MHz for p = 9 µm.

In view of increasing the acousto-optic interaction we propose

to exploit a second IDT on the opposite side of the PhC, at the
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same distance as the first one (see Figure 2(b)). The second IDT

is similar to the first one, and stimulated by the same electric

signal. Thus two SAWs are induced with identical amplitudes

and frequencies, but with opposite directions of propagation.

The interest of the configuration relies on the resulting station-

ary acoustic wave, which exhibits amplitude twice as large as

the one obtained with a single IDT. The modulation amplitude

of the output optical intensity depends on the phase between

the two applied signals: it is maximal if the phase is equal to

zero and minimal if the phase is equal to 90◦.

The first step toward the fabrication of the modulators con-

sists in determining theoretically the optimal geometric pa-

rameters of the PhCs. As previously mentioned, we target a

simple photonic structure (without any line of defect) featur-

ing a photonic gap. The TE polarization is imposed by the

choice of the X-cut substrate and the fabrication process. The

gradient index waveguides are indeed achieved by annealed

proton exchange (APE), which increases only the extraordi-

nary index of the substrate. We have focused on structures

with low group velocity in view of enhancing the optical field

in the PhC and increasing the interaction time. The aim is to

compensate for the small length of the active section. A quan-

titative description of the influence of group velocity can be

found in [14] for EO devices.

By plane wave expansion (PWE) calculation using the Band-

solve software of Rsoft®, we have determined that a good

compromise can be reached between low group velocity, and

low radiation losses if the PhC is made of a square array of

holes with a ratio of d/a = 0.5 between the diameter d of

the holes and the period a of the array. Indeed, the fourth

band of the band diagram exhibits a flat band edge in the

ΓX direction of propagation, as can be observed in Figure 3.

The group velocity is deduced from the slope of the band

and estimated to be 0, 024c, which is 21 times slower than the

group velocity in a regular straight gradient index waveguide.

The normalized frequency of the fourth band corresponds to

a/λ = 0, 55 where λ denotes the wavelength. So the period

will be a = 825 nm if the operating wavelength is 1500 nm.
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the lattice period. The calculations were performed by PWE.

By using two-dimensional finite difference time domain (2D-

FDTD) homemade calculations, we have determined that a

minimal number of rows of 15 is required for obtaining an ex-
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FIG. 4 Theoretical transmission response calculated by 2D-FDTD method for a 15 × 15

square array of holes with a period of 825 nm and a hole diameter of 412 nm. Gray

line: transmission response through the PhC without external stimulus. Black line:

expected transmission response for an induced variation of the refractive index of

0.01.

tinction ration better than −13 dB. Details about the FDTD-2D

calculations are provided in [19]. The resulting transmission

response is reported in Figure 4 with (black line) and without

(gray line) an external stimulus. A shift of 7 nm is expected in

the transmission spectrum if the refractive index is submitted

to a variation of 0.01. In a regular straight optical waveguide,

this refractive index variation would imply an unacceptable

driving power, corresponding to an 863 V applied voltage for

the EO devices or to an acoustic power of 2 W for the AO de-

vices (see [14] and [15] for more details on the calculations of

the driving powers). We are going to see in Section 4 that the

required external driving power is significantly reduced ow-

ing to slow light effects in the PhC.

3 FABRICATION

The chips are fabricated on a 0.5 mm thick X-cut LiNbO3

wafer. The optical gradient index waveguide is realized in

a first step by annealed proton exchange (APE). This step is

achieved through a SiO2 mask in benzoic acid at 180◦C for 1.5

hours. The process is followed by an annealing of the optical

waveguide at 333◦C for 9 hours. The parameters are chosen

in order to make the optical core as close as possible to the

surface while keeping an electro-optic coefficient of 30 pm/V

at 1.55 µm wavelength. With such experimental parameters,

the optical core is estimated to be at 1.4 µm from the sur-

face, which can be compared to the 3 µm depth that would

result from a standard Ti-diffusion process. The electrodes are

sputtered onto the surface in a second step. Capacitive Ti elec-

trodes are deposited with a thickness of 200 nm for EO de-

vices, while Al IDTs are designed with a thickness of 200 nm

for AO devices.

The key fabrication step is the etching of the PhCs. In what fol-

lows, we are going to show two methods that were developed

for the fabrication of the LiNbO3 PhCs.
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3.1 Fabricat ion of l i thium niobate photonic
crystals by direct FIB mil l ing

The first method relies on direct FIB patterning of the sub-

strate. This method was firstly employed by S. Yin et al. to etch

submicrometric 1D LiNbO3 structures in 1999 [16]. In [17], we

have extended the method to the fabrication of 2D PCs with

depth of 2 µm. The method begins with the sputtering of a Cr

layer with a thickness of 15 nm on to the substrate. The sub-

strate is then introduced into the FIB chamber and exposed

to a Ga+ liquid metal ion source (LMIS) with ion acceleration

energy of 30 keV. The pseudo-Gaussian shaped spot size is

estimated to be 40 nm on the target. Multiple exposures are

mandatory to avoid redeposition of the material in the neigh-

borhood. Typically, the achievement of a hole with a width of

400 nm and a depth of 2 µm requires fifty loops. The dwell

time is 0.5 ms, the step size is 11.4 nm and the total exposure

time is typically 2 hours for a 15 × 15 array of holes. With this

method, we have managed to obtain matrices with holes as

small as 110 nm (see Figure 5(a)), and depth larger than 1 µm.

A few realizations are shown in Figure 5. Figure 5(a) shows

a triangular array of 5 × 5 holes with a depth of 1.5 µm and

a diameter of 330 and 110 nm respectively. In Figure 5(b), we

can see that depths of 2 µm can be reached when the period

is of the order of 1 µm. The conical shape seen in the image

is intrinsic to the method, and cannot be improved, unless by

using additional gases that would help removing Nb from the

etched substrate. In [14] and [18], some of the authors have

demonstrated that photonic bandgap structures could be ob-

tained with this method, despite the conical shape of the holes.

3.2 Fabricat ion of l i thium niobate PhCs by
FIB mil l ing fol lowed by RIE etching

A second method based on PE and RIE has been developed

to reduce the fabrication time linked to the FIB process, and

to fight against the conical shape of the holes. Indeed, the fab-

rication of 100 × 50 holes would require 44 hours of total FIB

exposure, which is unacceptable. The first step of the second

method consists in sputtering a 650 nm thick layer of poly-

silicon onto the substrate. The sample is then introduced into

the FIB vacuum chamber. The parameters for etching are the

same as previously described, but the dwell time is reduced

to 0.2 ms, and the number of exposure is now of 30. A cross

section of the polysilicon mask after FIB milling can be seen in

Figure 6(a).

The method is followed by proton exchange (PE) in molten

benzoic acid at 190◦C. This step is essential to produce a sig-

nificant lattice deformation which facilitates the etching step

to come. Moreover, the replacement of Li+ ions with H+ ions

helps preventing from LiF redeposition during the etching

step, which plays a role in both the verticality of the substrate

and the etch-rate. The pattern is then transferred to the sub-

strate by CHF3 RIE etching with a Plassys reactor. In order to

enhance the chemical aspect of the RIE etching, we work with

CHF3 at pressures of 25-100 µbar, and RF power levels of 50-

150 W.

The role of each parameter is detailed in [12]. After two hours

of RIE at 100 W RF power and 60 µbar operated pressure, we

500nm 

2µm 

330nm 110nm 

(a)

(b)

FIG. 5 SEM views of LiNbO3 photonic crystals fabricated by FIB milling. (a) Triangular

arrangement of 5 × 5 holes with a diameter of 130 nm and a center hole of 110 nm.

(b) FIB cross section of a triangular arrangement of 4 × 4 holes with diameter of

500 nm, and depth of 2 µm, tilt = 52◦.

have achieved matrices of holes with a diameter of 420 nm

diameter and a depth of 1.2 µm (see Figure 6(b)). The side

wall verticality is of the same order as that achieved by di-

rect FIB patterning, but it should be improved by replacing the

RIE step with an ICP-RIE step, which is currently under test.

With such parameters, the total exposure time for a matrix of

100 × 50 holes is reduced to 10 hours for the FIB exposure, in

addition to the 6.5 hours of proton exchange and 2 hours of

RIE etching. Thus, the total duration of the process is 19 hours

that can be advantageously compared with the 44 hours asso-

ciated with direct FIB milling. This method is currently under

test for the fabrication of photonic bandgap structures.

Demonstrators of EO and AO micromodulators were fabri-

cated by direct FIB milling. The detail of the characterization

of EO modulators has been reported elsewhere [14]. Here we

report the main associated results and detail how the actual

performances of EO micromodulators can be improved. A sec-
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85

FIG. 6 SEM images of patterns, tilt = 50◦. (a) Cross-view of the polysilicon mask af-

ter FIB milling. (b) Image of an X-cut substrate after etching of the Si mask layer,

and 120 min of RIE etching. Pressure = 60 µbar – Power = 100 W – Resulting

depth = 1.2 µm.

ond subpart is dedicated to the characterization of AO modu-

lators.

4 CHARACTERIZATION OF THE
MODULATORS

4.1 Electro-optical modulators

An overview of the electro-optical structures is given in Fig-

ure 7: the component is connected to a DC power supply via

a printed circuit board (PCB) and wire bonding.

The resulting experimental large spectrum transmission is

represented in Figure 8, while Figure 9 shows the figure of

modulation at a wavelength of 1286 nm. These results demon-

strate experimentally that an applied voltage induces a shift

of 5 nm/V. The sign of the wavelength shift depends on the

sign of the applied voltage, which shows that the modula-

tion is due to an electro-optical effect, rather than to a thermo-

optical effect. The driving voltage is measured to be 13.5 V,

and the extinction ratio is of 5.2 dB (see Figure 9) at a wave-

Wire
bonding

PCB
Electrodes

Photonic
crystal

Electrode

Electrode

APE
waveguide

APE
waveguide

11µm(a)

(b)

FIG. 7 Electro-optic photonic crystal modulators. (a) SEM view of the photonic crystal.

(b) Picture of the connected PC modulator.
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FIG. 8 Measured transmission of the photonic crystal for different applied external

voltages (0, 40, and 80 V).

length of 1286 nm. These results confirm the significant role

of low group velocity for reducing the driving power. Indeed,

the calculations led to a shift of 7 nm for 863 V (that is 8 pm/V)

for a regular optical waveguide. The experimental shift of

5 nm/V demonstrates that the employment of low group ve-
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FIG. 9 Figure of modulation at 1286 nm for an optical input power of 1 mW. Top: optical

response at the output of the modulator. The output intensity is represented relatively

to the maximum output intensity. Bottom: driving voltage.

locity helps reducing more than 100 times the device driving

voltage.

The measured bandwidth is 500 MHz, but it can be enlarged

with an appropriate circuit. Indeed, the picture of Figure 7

clearly shows that the PCB circuit and the electrodes are not

optimized for high bandwidth modulation and low driving

voltage. More precisely, the use of a matched PCB with K con-

nectors should help improving consequently the bandwidth.

Further improvement of the bandwidth can be reached by re-

ducing the capacity of the electrodes, which is measured to be

C0 = 6.2 pF. This capacity can be reduced to C1 = C0 · L1/L0

if the length of the electrodes is reduced from L0 = 1 cm to

L1 = 11 µm, which are respectively the actual length of the

electrodes and the length of the PhC. With reduced electrodes,

the bandwidth will be increased from f0 = 1/(2πR · C0) to

f1 = f0 · L1/L0 = 450 GHz. This limit can even be increased

to THz by lowering the effective dielectric permittivity of the

device with a ridge structure or a thin substrate.

The slope of the edge gap is one of the most important param-

eters that influence the driving voltage. The actual demon-

strator exhibits a slope of 0.15 dB/nm in the transmission re-

sponse, which means that a shift of 70 nm of the spectrum in-

duces a variation of −10.5 dB of the transmission response at

the operating wavelength of 1300 nm. Such experimental pa-

rameters should be dramatically improved by enhancing the

slope of the edge gap. The 2D-FDTD calculations of the trans-

mission response allow estimating that the maximum reach-

able slope with such a structure is 0.8 dB/nm. If this limit were

reached, the driving voltage would be reduced by a factor of

5. We will see in Section 4.2 that an improvement of the as-

pect ratio of the holes enables a consequent improvement of

the gap slope.

4.2 Acousto-optical modulators

An SEM image of the AO modulators can be visualized in Fig-

ure 10. The acoustic aperture of the IDTs is of 400 µm, and their

configuration has been studied for reducing capacitive effects.

They are wire bonded to a PCB which is itself connected to

SMA wires via SMA connectors. The PCB is designed for en-

suring impedance matching. The electric transmission (s21)

and reflection (s11) through the IDTs were measured with a

ZVRC vector network analyzer (Rhode & Schwarz). The re-

sults are reported in Figures 11(a) and (b) respectively. From

these measurements, we can deduce that the resonance fre-

quency is confirmed to be 191 MHz, and that the maximum of

transmission through the connected IDTs is be −6.5 dB. The

minimum of reflection corresponds to −32 dB. So 47% of the

electric input power is converted into acoustic power at the

frequency of resonance of the IDT.

APE
waveguide

PhC

13µm

IDT
=9µmp

V cos(2 ft)0 �

V cos(2 ft+ )0 � �

FIG. 10 Acousto-optical PhC modulators. Lefts: scheme of the device. Rights: photo-

graph of the IDTs (20x), and SEM view of the photonic crystal surrounded by the

IDTs.

The optical spectrum through the PhC was measured with

a supercontinuum source as described in [14]. An extinction

ratio of −30 dB is achieved (see Figure 12), which is due to

an improvement of the nanostructuration since the fabrication

of the EO modulators. The acousto-optic characterization was

performed with a DFB laser diode emitting at 1400 nm wave-

length. The laser light was injected into the optical waveguide

on which was written the PhC. A high frequency generator

(HF) was employed for generating a sinusoidal signal with a

power of 13 dBm and a frequency of 191 MHz. The electric

signal was divided in two signals by a delay line. Each of the

two outputs of the delay line was connected to an IDT. Thus,

the delay line enabled a control of the phase between the two

signals applied on the IDTs. The maximum of modulation is

achieved for a phase equal to zero between the two IDTs, and

at the resonance frequency of the IDT. The two applied signals

and the resulting modulation in these conditions are shown in

Figures 13(a) and (b) respectively. It can be seen in Figure 13(a)

that the delay line induces a slight difference between the two
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FIG. 11 Electrical characterization of the IDTs. (a) Transmission, (b) Reflection.

voltages applied on the IDTs. The extinction ratio is estimated

to be −5.4 dB at 191 MHz for a driving power of 13 dBm

(20 mW) (see Figure 12(b)). The corresponding acoustic power

is evaluated to be 9 mW.

The amplitude of modulation is maximal at 191 MHz and de-

creases all the more than the operating frequency differs from

the frequency of resonance of the IDT. If a thermo-optic ef-

fect or an electro-optic effect were responsible for the modu-

lation, its amplitude would not depend on frequency. Conse-

quently, these results demonstrate that the modulation is due

to an acousto-optic effect.

5 CONCLUSION

We have demonstrated the feasibility of LiNbO3 AO and EO

micromodulators, and developed two methods for nanos-

tructuring LiNbO3 substrates. The two methods are well-

suited for the fabrication of holes with diameter as small as

180 nm, for either X-cut or Z-cut substrates. Aspect ratios of

3:1 or more have been achieved with both methods. The first
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FIG. 12 Optical transmission through a single APE waveguide (dashed line), and through

an APE waveguide realized in the same conditions, on which is written a square array

of 15 × 15 holes (solid line) with a period of 826 nm and a diameter of 413 nm

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

0 5 10 15 20
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0
 

 

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

0 5 10 15 20

-1,0

-0,5

0,0

0,5

1,0

 

 

A
p

p
lie

d
 v

o
lt

a
g

e
 (

V
)

O
u

tp
u

t 
in

te
n

s
it

y
 	

(a
.u

.)

T ime (ns )

T ime (ns )

 S ignal on IDT
1

 S ignal on IDT
2

(a)

(b)

FIG. 13 Acousto-optic characterization of the micromodulators at 191 MHz frequency.

(a) Electric signals applied on the IDTs. (b) Resulting intensity modulation at the output

of the optical waveguide.

method, based on direct FIB patterning, is adequate for fields

of photonic crystals smaller than 50 × 50 µm2. The second

method implies using the FIB as a lithographic tool that pat-
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terns a polysilicon mask. In this case, subsequent steps of pro-

ton exchange and CHF3 RIE are required. This method shows

out to be interesting for structures exhibiting more than 500

holes. The methods enable the fabrication of new miniature

modulators, with active length of only 11 µm. An EO modu-

lator with a driving voltage of 13.5 V and an AO modulator

with a driving power of 20 mW have been demonstrated. Fur-

ther improvements can be reached by optimizing the capaci-

tive electrodes of the EO modulator, and by achieving a better

side wall verticality of the nanostructures. Appealing perspec-

tives of fabricating miniature dynamic optical circuit can arise

with these developments.
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We present a photonic crystal (PhC) cavity based on a single hole defect filled with a sensitive absorbent layer
for sensing applications. A preliminary study performed with the plane wave expansion method shows that the
resonance peak of the cavity mode is 0.5 nm shifted for a 1 nm thickness variation of the sensitive layer. A
Lorentz dispersion model implemented in a two-dimensional–finite difference time domain homemade code
shows that the absorption of the layer can be exploited for enhancing the sensitivity of the sensor. With the
proposed geometry, we find that a variation in the refractive index of 10−7 leads to a variation in the trans-
mittivity of 23% at the resonance peak. This study is proposed for the development of a compact benzene sen-
sor on a MgO doped lithium niobate PhC. © 2010 Optical Society of America

OCIS codes: 230.5298, 230.5750, 280.4788, 350.4238.

1. INTRODUCTION

Photonic crystals (PhCs) have been studied in the past
years as attractive platforms for sensing applications
[1–9]. Introducing a point defect in the otherwise perfect
PhCs allows the electric field to be strongly confined
around the defect region for a specific frequency. This
leads to narrow transmission peaks inside the photonic
bandgap. The high confinement of the optical mode in the
small modal volume leads to a high quality factor [10,11]
resulting in a high sensitivity of the microcavities toward
local changes in their environment (temperature, pres-
sure, refractive index, etc.). In the last decade, many stud-
ies have demonstrated, both experimentally and theoreti-
cally, the attractive potential of microcavities for
detecting the presence of specific molecules. These sen-
sors rely on a microcavity coated with a functional layer
that reacts specifically with a given analyte. The physico-
chemical reaction induces a change in the refractive index
[1,8] together with a variation in the layer’s thickness,
which causes a frequency shift of the resonance peak
[2,5].

In this paper, we present a single hole defect (SHD) mi-
crocavity functionalized by a sensitive layer having an ab-
sorption peak at the resonance wavelength. The presence
of the analyte is thus detected by a variation in the output
intensity that is not only due to the variations in thick-
ness and refractive index, but also to the modification of
absorption. We are going to show that this configuration
helps in increasing the sensitivity of the sensor.

The theoretical study of the microcavities coated by a
thin sensitive layer can be performed by the finite differ-
ence time domain (FDTD) method, but the calculation is
highly time consuming due to the small thickness of the
layer. Here, we propose a preliminary approach based on
plane wave expansion (PWE) associated with the super-
cell method, which enables a significant gain of time cal-

culation for establishing the optimal parameters of the
cavity. A 2D-FDTD homemade code [12] is exploited only
in a second time, in order to take into account the absorp-
tion of the sensitive layer and to evaluate its contribution
to the sensor’s sensitivity.

2. SHD CAVITY DESIGN

The proposed structure is schematically depicted in Fig.
1(a). It consists of a biperiodic triangular lattice of circu-
lar air holes, in which a defect is introduced by reducing
the center pore radius. A third medium is introduced as a
ring-shaped intermediate layer around all the holes’ sur-
faces. This medium corresponds to a sensitive layer that
can react selectively with a specific analyte. The reaction
induces a change in the properties of the layer (refractive
index, absorption, and thickness) that can be measured
by a variation in the light intensity transmitted at the
cavity mode resonance frequency. In view of enhancing
the intensity variation, the parameters of the cavity are
determined to make the resonance peak of the cavity co-
incide with the absorption peak of the sensitive layer.

Here we propose to study a MgO:LiNbO3 substrate
coated with a porphyrin layer. The choice of the lithium
niobate substrate is motivated by the possibility of tuning
the transmission response by an external effect. A dy-
namic control of the operating point can for instance be
provided by an electro-optic effect. Consequently, the reso-
nance peak of the cavity can be adjusted electrically to
correspond to the maximum of absorption of the porphy-
rin layer, which occurs at �=419.5 nm. The LiNbO3 sub-
strate is doped with MgO to avoid the optical damages
due to the photorefractive effect at visible wavelengths
[13]. The possibility of functionalizing lithium niobate
substrates has recently been demonstrated in [14]: the
same method can be applied for grafting porphyrin layers
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on lithium niobate substrates. The porphyrin layer plays
then the role of a probe for benzene molecules.

The dielectric permittivity of the MgO:LiNbO3 sub-
strate is �b=5.3190 at ��420 nm. The dielectric permit-
tivity of the porphyrin layer is �c=2.7225, and its thick-
ness is denoted as d as shown in Fig. 1(b). Its absorption
properties are described in the third section.

This choice of benzene sensor was motivated by numer-
ous reports that denounce its high concentrations in habi-
tations and the consequent impacts on health. Indeed,
benzene is myelo-toxic and it is a leukemia-inducing com-
pound. So, a compact sensor can be very attractive for
evaluating personal exposures to benzene pollutants. It
should be emphasized that the presented configuration is
not limited to one application. For instance, the porphyrin
layer could be replaced by a metallophthalocyanine layer
if volatile organic compound vapors were targeted. In this
case, the operating wavelength would be 600 nm [15].

First, we have developed a PWE based code which
takes into account the presence of a thin layer coating the
holes. The first step was to determine the band structure
of the 2D triangular lattice PhC. The band structure is
determined by the Fourier coefficients of the reciprocal di-
electric functions [16], which in our case are given by

��0� = f1� 1
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−
1
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� + f2� 1
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−
1
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� +

1
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−
1
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��J1�G�R + d��

G�R + d�
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where f1= �2� /�3��R2 /a2�, f2= �2� /�3���R+d�2 /a2� are the
filling factors, J1�x� is the Bessel function of the first kind,
and G is the reciprocal lattice vector in two dimensions.
The band structure shown in Fig. 2(a) corresponds to a
triangular lattice of air holes coated with a thin layer
�0.1a� of porphyrin for the TE polarization meaning that
the magnetic field H is parallel to the hole axis. The TE
polarization is chosen because there is no photonic band-
gap for the TM one.

To model the SHD cavity we have developed a code
based on the supercell method that takes into account the

defect center inside the hexagonal matrix of holes and the
porphyrin layer around the holes. The supercell unit is
defined by 9�9 holes, which is the minimum superlattice
size that avoids splitting of resonances. All parameters of
the SHD simulations are defined relative to the period a

of the lattice. By studying the influence of the radius R of
the lattice holes, the thickness d of the sensitive layer,
and the radius r of the defect hole, we have determined a
configuration that enables a resonant mode at the center
of the bandgap while meeting the technological require-
ments of fabrication. This compromise was found with the
configuration d=0.1a, R=0.3a, and r=0.1a. With such a
configuration, the defect hole is totally filled by the por-
phyrin layer.

Figure 2(b) shows the resonant mode for the SHD cav-
ity for TE polarization. As can be seen in the figure, the
configuration leads to a normalized resonance frequency
of �a / �2�c�=0.3761, which implies a lattice period a

=158 nm for the operating wavelength �=419.5 nm.
The sensitivity of the structure to changes in the thick-

ness of the porphyrin was evaluated by the PWE method
combined with the supercell method as described above.
The results can be seen in Fig. 3 and they show that the
resonance shift increases with the thickness of the sensi-
tive layer. More precisely, we can conclude from Fig. 3
that a variation in thickness of 0.04a leads to a shift in
the resonance frequency of 16.10−3�c /a�, which means
that a variation in thickness of 1 nm of the sensitive layer

(a) (b)

Fig. 1. (a) SHD studied cavity, where dark gray corresponds to
substrate ��b=5.319�, light gray indicates the sensitive layer ��c

=2.775�, and white areas are air holes ��a=1�. (b) Zoom-in made
around the defect region where r is the defect radius, d is the
thickness of the layer, R is the air hole radius, and a is the period
of the PhC.

(a) (b)

a
/�

a
/�

Fig. 2. (Color online) (a) Dispersion diagram of a triangular lat-
tice without a defect, where a photonic bandgap gives rise be-
tween �a /2�c=0.334 and �a /2�c=0.415. (b) Zoom-in on the pho-
tonic bandgap of the cavity where the resonant mode of the SHD
cavity appears at �a /2�c=0.3761.

�
�

(c
/a

)
R

e
s

Monolayer thickness (a)

Fig. 3. Plot of resonance shift as function of monolayer optical
thickness.

306 J. Opt. Soc. Am. B/Vol. 27, No. 2 /February 2010 Dahdah et al.



implies a shift of 0.5 nm of the resonance peak at the op-
erating wavelength of 419.5 nm.

Though difficult to realize, such a device is neverthe-
less compatible with the actual machining techniques.
Until now, the best reported performances on lithium nio-
bate nanostructuration have been achieved by focused ion
beam (FIB) milling. The Carz Zeiss XB1540 FIB system
or FEI’s newest dual beam TM (Helios Nanolab family)
exhibit a resolution of 5 nm at 30 keV. These new tech-
niques enable us to be confident about the realization of
holes with a diameter of 32 nm (radius of 16 nm). More-
over, the scaling of PhC features for sensitive layers hav-
ing an absorption peak �420 nm is also possible.

These preliminary results show the interest of the
PWE method for estimating the optimal parameters of
the cavity coated with a thin sensitive layer. They also
emphasize a sensitivity that can advantageously be com-
pared to what can be reported with other configurations
(see [5] for example). However, a wavelength shift lower
than 1 nm is very difficult to detect: we propose to exploit
the absorption of the layer in view of enhancing the varia-
tion in the transmission response in the presence of ben-
zene. These further developments have been investigated
by the 2D-FDTD method.

3. ANALYSIS OF THE PORPHYRIN
MONOLAYER

As previously explained, the aim is to make the resonance
peak of the PhC microcavity coincide with the absorption
peak of the porphyrin layer. The purpose is to exploit both
the maximum variation of the imaginary part of the di-
electric constant and the maximum variation of the re-
fraction index, as can be deduced from the Kramers–
Kronig relations.

In view of evaluating the influence of the layer’s ab-
sorption on the transmission response, we propose to fit
the permittivity �L of the porphyrin’s layer with a Lorentz
dispersion model that will be implemented in a FDTD
code [17]. More precisely, the analytical expression of di-
electric permittivity �L is modeled as

�L��� = �	 −

��L

2

��2 − �L
2� + ı�L�

, �3�

where �L is the oscillator strength, �L is the spectral
width of the Lorentz oscillators, 
� is the weighting factor

[18], and finally �	=n0
2 where n0=1.65 denotes the refrac-

tive index of the layer far from the resonance. The refrac-
tive index n and the extinction coefficient � are deduced

from the real and the imaginary parts of ��L, respec-
tively:
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The extinction coefficient � can be evaluated from the ex-
perimental measurement of absorbance as described in
[19]. The resulting experimental curve is reported with a
solid line in Fig. 4(a). This experimental curve was fitted
to the Lorentz dispersion model expressed in Eq. (5) by a
least-squares method. The fitting parameters are pre-
sented in Table 1, and the resulting fitting curve is repre-
sented with a dashed line in Fig. 4(a).

The frequency dependence of the refractive index was
then deduced from the Lorentz model expressed in Eq. (4)
and from the fitting parameters reported in Table 1. The
resulting figure of dispersion is reported in Fig. 4(b) show-
ing a maximum index variation of only 10−5.

The adsorption of gas molecules by the porphyrin layer
provokes a change in the layer’s absorption peak. This
variation can be modeled by a variation in the weighting
factor 
�. The relationship between the weighting factor

� and the concentration of gas molecules has been esti-
mated from [19] and experimental results that were per-
formed in our laboratory. In the absence of benzene, the
weighting factor is estimated to be 
�=8.6�10−6 while it
becomes 
�=7.7�10−5 in the presence of 45 ppm of ben-
zene. Thus, a concentration of benzene of 5 ppm corre-
sponds to a weighting factor of 
�=8.6�10−6, and it be-
comes 
�=8.6�10−5 in the presence of 50 ppm of
benzene.

The variation in the weighting factor is reverberated on
both the extinction coefficient and the refractive index, as
can be seen in Eqs. (4) and (5). We have represented the
influence of the weighting factor on the refractive index
and on the extinction coefficient in Figs. 9(a) and 9(b), re-
spectively. The refractive index and the extinction coeffi-
cient were evaluated at the maximum of absorption of the
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Fig. 4. (a) Spectral variation of the extinction coefficient of the porphyrin layer; the solid line corresponds to the experimental data and
the dashed line corresponds to the Lorentzian fitting. (b) Refraction index variation of the porphyrin layer.
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porphyrin layer. We can conclude from Figs. 9(a) and 9(b)
that the weighting factor 
� influences more the extinc-
tion coefficient than the refractive index. Indeed, a
weighting factor of 
�=8.6�10−5 induces a variation in
the refractive index of only 10−7, which can be compared
to the 6�10−4 variation in the extinction coefficient. This
behavior was implemented in a 2D-FDTD code in order to
evaluate the changes in the transmission response in the
presence of benzene molecules.

4. FDTD SIMULATIONS AND ABSORPTION
EFFECT

2D-FDTD calculations based on a homemade code were
performed to analyze the resonant mode. Indeed, 2D-
FDTD calculations provide an estimation of the peak be-
havior provided that the holes are deep enough [20] (typi-
cally deeper than six times the diameter). The SHD cavity
structure data were generated using MATLAB, and the de-
fect hole position was then integrated to define the com-
plete PhC structure [Fig. 1(a)]. The PhC structure was
modeled with an incident beam which consists of a Gauss-
ian pulse centered at �=419.5 nm and having a temporal
width allowing the calculation of transmission over a
wide spectral range. In order to faithfully describe both
the holes and the porphyrin monolayer, we used a sub-
gridding technique [21]. By the way, one period of the PhC
is initially discretized with �20�82�� �20�41� nodes.
Then, an average value of the permittivity is calculated
over 20�20 nodes in order to get 82�41 nodes for one pe-
riod in the FDTD calculations. Simulations were made for
the TE polarization and for the �M direction. The differ-
ent transmission spectra of the cavity were calculated for
wavelengths ranging from 350 to 550 nm. Figure 5(b) pre-
sents the transmission spectrum of the configuration
shown in Fig. 5(a): the resonance peak appears at �

=419.5 nm in the photonic bandgap, with a quality factor
of Q around 700. Such a quality factor is not so adequate
for the refractive index sensor [22], but in our case, we
studied the influence of the layer’s absorption on the
transmittivity of the PhC and not the mode shift.

In Fig. 6 we present the influence of the mode cavity
resonance versus 
�. Both the amplitude and the position

of the transmission peak are affected. The transmittivity
at the resonance peak is plotted as a function of the wave-
length peak �r in Fig. 7(a) and as a function of 
� in Fig.
7(b). In addition, we have determined the electromagnetic
field distribution using our FDTD code (Fig. 8) without
and with the absorption phenomenon. Figures 8(a) and
8(d) show the square root of the magnetic field amplitude
for 
�=8.6�10−6 (i.e., without benzene) and for 
�=8.6
�10−3 (i.e., in the presence of 5000 ppm of benzene), re-
spectively. As it is shown, the magnetic field is strongly
confined around the defect. Figures 8(b) and 8(c) and Figs.
8(e) and 8(f) present, respectively, the square root of the
electric field’s amplitude for the same cases as described
above. As it is well shown on these last figures, the elec-
tric field is confined in the defect region where the defect
hole was totally filled by the porphyrin layer. Note that
the confinement of intensity inside the cavity is almost 60
times smaller when the weighting factor is increased
1000 times. Though not realistic (
�=8.6�10−3 corre-
sponds to 5000 ppm of benzene), the use of such values
helps emphasize the influence of absorption upon the in-
tensity distribution.

Table 1. Parameters for the Lorentz Dispersion Model Described in Eq. (3)

Dispersion Model Resonance Frequency FWHM Weighting Factor

Lorentz model �L=4.534�1015 rad/s �L=2�1014 rad/s 
�=0.086�10−4

(a) (b)

� (nm)

Fig. 5. (a) Scheme of the photonic structure simulated by FDTD
where the light propagates in the �M direction. The incident
Gaussian beam has a beam waist W0=2 
m. (b) Transmission
spectrum of the PhC cavity, where the resonant mode appears in
the photonic bandgap at ��419.5 nm.
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Fig. 6. (Color online) Variation in the transmittivity at the cav-
ity mode for different values of 
�.
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Fig. 7. (Color online) (a) and (b) present, respectively, the
square root of the amplitude of the magnetic and electric fields,
without considering the absorption effect. (d) and (e) present
those for 
�=8.6�10−3 (corresponding to 5000 ppm of benzene).
[(c), (f)] Zoom-in at the defect region in the case of the electric
field distribution.
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From these results, we can conclude that the resonance
peak encounters a variation in transmittivity of 23%
when the weighting factor varies from 8.6�10−6 (i.e.,
without benzene) to 8.6�10−5 (i.e., in the presence of 50
ppm of benzene), which corresponds to a variation in the
refractive index of 10−7 [see Fig. 9(a)] and a variation of
6�10−4 for the extinction coefficient [see Fig. 9(a)]. Con-
sequently, the sensitivity of the device is estimated to be
of about 3 ppm. Indeed, by considering that the minimum
detectable variation in transmittivity is of 1%, we have
calculated that 2.3 ppm is the minimum concentration of
benzene that can be detected. This value is strongly de-
pendent on the performances of the sensitive layer: im-
proving its sensitivity would enable detection of lower
quantities of benzene.

5. CONCLUSION
We have presented a PhC with a single-hole defect (SHD)
functionalized by a sensitive absorbent layer for sensing
applications. The advantage of this configuration relies on
an enhanced sensitivity that is not only due to a variation

in the thickness and refractive index, but also to the
variation in absorption in the presence of the targeted
molecules.

We have implemented a supercell method that takes
into account the thin sensitive layer. First, the resonance
peak has been estimated to encounter a shift of 0.5 nm
per 1 nm variation in the layer’s thickness. Second, we
have studied the behavior of the cavity by using 2D-
FDTD simulations that includes a Lorentz dispersion
model to take into account the layer’s absorption. The
sensitivity of the sensor is considerably enhanced by
working at the peak of absorption of the sensitive layer.
The variation in transmittivity at the resonance peak was
estimated to be of 23% for an index variation of only 10−7.
This study was dedicated to the detection of benzene, but
it can be applied to the realization of new compact dy-
namic sensors for biomedical or environmental applica-
tions.
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We report on an active two-dimensional lithium niobate photonic crystal �PhC� driven by stationary

Rayleigh surface acoustic waves. The configuration relies on two interdigital transducers that

modulate the refractive index through the acousto-optical effect. Highly efficient, compact

acousto-optical PhCs with an active length of only 13 �m and a driving electrical power of 20 mW

have been fabricated and characterized. Experiments show that an enhancement factor of the

elasto-optical interaction of the order of 61 is obtained thanks to slow light effects in the PhC.

© 2010 American Institute of Physics. �doi:10.1063/1.3374886�

Photonic crystals offer a unique means of controlling

light propagation at the wavelength scale. Their intrinsic ca-

pability to tailor the dispersion properties of light positions

them as very powerful tools for the implementation of

complex integrated optical functionalities. If the focus has

initially been set on the realization of passive devices, the

possibility to fabricate these photonic crystals �PhCs� on

materials that are strongly sensitive to external stimuli

has opened the way toward the development of tunable

optical components. Different approaches have already

been reported, relying on the use of electro-optical,
1,2

magneto-optical,
3

carrier injection,
4

or thermo-optical
5

modulation. Another versatile way to control the refractive

index profile of the propagation medium is to make use of

elastic waves. Acousto-optical devices have been widely

used in their bulk configuration for instance for acousto-

optical tunable filtering of laser sources or for pulse shaping

in ultrashort lasers.
6

In integrated optics, most of the reported

solutions rely on the use of surface acoustic waves �SAW�
that can be easily generated atop a piezoelectric surface.

7

Their use however remains to date limited by their relatively

low efficiency. There is hence a need for integrated device

geometries allowing for an enhanced coupling between opti-

cal and elastic waves. In PhC-based solutions, slow light

effects at the band gap edges allow for an increase in the

interaction time and therefore in the effective interaction

strength between the optical field and any external field ap-

plied to the medium. It has, for example, been shown that an

enhancement factor of 312 times can be obtained in the case

of an electro-optical modulation of an optical signal going

through a two-dimensional �2D� PhC.
2

In this paper, we in-

vestigate the acousto-optical counterpart of such an effect.

Up to now, acousto-optical control of PhCs has mostly

been investigated for one-dimensional structures, as in

semiconductor-based PhCs.
8–10

Here, we focus on a fully

integrated configuration exploiting SAWs and 2D-PhCs writ-

ten on optical waveguides. The developments are performed

on a lithium niobate �LiNbO3� substrate in view of exploiting

its strong acousto-optical and piezoelectric coefficients.

The proposed device is schematically depicted in Fig. 1.

It consists of a square lattice PhC integrated on a graded-

index optical waveguide for transverse electric �TE� waves

and surrounded by a pair of interdigital transducers �IDTs�.
Each IDT generates a Rayleigh SAW that propagates along

the Z-axis of the LiNbO3 crystal. The PhC was initially de-

signed to have one of its spectral gap edge at 1500 nm for

TE-polarized waves. This configuration offers the ability to

control the output intensity; any external effect applied to the

crystal and affecting the material refractive index will result

in a shift in the band edge and hence in a modulation of the

output optical signal. In this particular case, the strain and

the piezoelectric field accompanying the acoustic wave

propagation are expected to induce, respectively, an elasto-

and an electro-optical modification of the refractive index.

These contributions cause a change in the optical and struc-

tural properties of the PhC, provoking a shift in the spectral

position of the photonic gap in the transmission response.

To increase the acousto-optical interaction strength, the

geometrical properties of the fabricated PhC were initially

a�
Electronic mail: nadege.bodin@univ-fcomte.fr.

FIG. 1. �Color online� �a� Schematics of the acousto-optic modulators. �b�
Scanning electron microscope image of the fabricated square lattice

air /LiNbO3 PhC. Pitch a=825 nm, diameter d=412 nm. �c� Measured op-

tical transmission through the PhC �solid red line�. Results obtained by

normalizing the optical intensity transmitted through the nanostructured

waveguide with the intensity through a single waveguide realized in the

same conditions without any PhC. The dashed green line is the experimental

result filtered using a low pass filter. �d� Corresponding band structure.
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chosen to compensate for the small length of the active sec-

tion by increasing the interaction time and enhancing the

optical field within the PhC. By using plane wave expansion

calculations performed using the RSOFT BANDSOLVE™ soft-

ware, we have determined that a good compromise can be

reached between low group velocity and low radiation losses

if the PhC is made of a square array of air holes with a

diameter to pitch ratio d /a equals to 0.5. Under these condi-

tions, the dispersion relation exhibits a flat band in the �X

direction, as seen in Fig. 1�d�. The group velocity was then

deduced from the slope of this fourth band and estimated to

be around 0.024c, i.e., 21 times slower than the group veloc-

ity in a regular straight graded-index waveguide. This band

lies at a normalized frequency a /�=0.55, where � is the

wavelength, hence imposing a period a=825 nm for opera-

tion at a wavelength of 1500 nm.

The PhC was fabricated on a 0.5 mm thick X-cut

LiNbO3 wafer. The optical graded-index waveguide was ob-

tained through annealed proton exchange which, in the case

of X-cut LiNbO3, induces a guiding of the TE-polarized

wave only. Proton-exchange was first achieved through a

SiO2 mask in benzoic acid at 180 °C for 2 h. The process

was followed by an annealing of the obtained step-index

optical waveguide at 333 °C for 4 h. With such experimental

parameters, the optical core of the TE-polarized guided mode

is estimated to be at 0.9 �m below the surface. The PhC

itself was written on the waveguide by focused ion beam

milling, as described in Ref. 11. The optical spectrum

through the PhC was measured with a supercontinuum

source and an Optical Spectrum Analyzer �Anritsu

MS9710A� as described in Ref. 2. The resulting normalized

transmission through the PhC is displayed in Fig. 1�c�; it

showed a gap between 1300 and 1750 nm and an extinction

ratio of �30 dB between the maximum output intensity at

1300 nm and the minimum output intensity at 1500 nm. The

small peaks that can be seen in the measured transmission

response �see for example the one at 1400 nm in Fig. 1�c��
are assumed to be due to a Fabry–Perot effect between the

PhC structure and the output of the waveguide. A smoothing

of the transmission response using a low-pass filter was then

performed in order to eliminate this contribution and evalu-

ate the mean slope between 1410 and 1430 nm. The

smoothed transmission response is represented with a dashed

green line in Fig. 1�c� and exhibits a mean slope value of

−0.3 dB nm
−1�1 dB nm

−1
at the operating wavelength of

1420 nm.

The two IDTs were subsequently fabricated by optical

lithography and lift-off of a 200 nm thick evaporated alumi-

num layer. The transducers are identical, with an acoustic

aperture of 400 �m and a period p=9 �m. The correspond-

ing acoustic wavelength of 18 �m is then much larger than

the optical waveguide width w=5.5 �m. This feature helps

ensuring a constant amplitude of the acoustic wave across

the PhC width. The overall electrical configuration was stud-

ied to reduce capacitive effects. The IDTs were then wire

bonded to a printed circuit board designed to ensure imped-

ance matching. Electrical excitation was achieved thanks to a

single input electrical signal splitted and phaseshifted.

The SAWs are therefore generated with identical ampli-

tudes and frequencies but with opposite directions of propa-

gation. The resulting acoustic wave is then expected to ex-

hibit an amplitude twice as large as the one obtained with a

single IDT. The position of its maxima can be adjusted by

changing the phase between the electric signals applied on

each transducer. The resulting electrical transmission re-

sponse S12 through the IDTs was measured with a network

analyzer �Rhode & Schwarz ZVRC� and is reported with a

solid black line in Fig. 2. The resonance frequency lies

around 191.3 MHz, and the maximum of transmission

through the connected IDTs was measured to be �7 dB,

meaning that 44% of the electrical input power is converted

into acoustic power at the resonance frequency.

Acousto-optical characterizations were then performed

with a distributed feedback laser diode emitting at a wave-

length of 1420 nm. The laser light was injected into the

optical waveguide hosting the PhC. A power of 13 dBm at

191.3 MHz was here again applied at the entrance of the

delay line, and the output voltage measured at the entrance of

each IDT can be visualized in Fig. 3�a�. As expected, the

maximum of intensity modulation was obtained for an emis-

sion in phase and is reported in Fig. 3�b�. The overall extinc-

tion ratio is around �5 dB. For a fixed delay between the

two IDTs, the amplitude of modulation is maximum at the

IDT resonance frequency and decreases when trailing away

from it, as can be seen on the dashed line of Fig. 2. These

results confirm that the acousto-optical effect predominates

over pure electro-optical or thermo-optical effects, which are

frequency independent. A contribution of the electro-optical

effect can nevertheless be observed. Indeed, a residual modu-
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lation was measured far from the resonance, where the

acousto-optical coupling is negligible �dashed curve of

Fig. 2, i.e., at frequencies lower than 188 MHz or higher than

194 MHz�. This residual modulation may be explained by

the difference in amplitude between the signals applied to the

IDTs. It can be seen in Fig. 3�b� that the signal applied to the

first IDT is 0.23 V lower than the signal applied to the sec-

ond one. This difference in amplitude generates an electrical

field between the IDTs that does not depend on frequency.

Previous works report that the electro-optically induced

wavelength shift for the very same PhC structure is of

5 nm V
−1

,
2

resulting here in a shift of 1.15 nm and hence in

a �0.35�0.11� dB variation in the output intensity. This

electro-optical contribution to intensity modulation should

disappear with the use of a symmetric electrical splitter en-

suring two strictly identical output voltages. Thus, an im-

provement of �0.35�0.11� dB of the extinction ratio should

be achieved. The frequency shift imputable to the acousto-

optical modulation, corresponds to an extinction ratio of

�5.4�0.1� dB, hence resulting in a wavelength shift of

�18�6� nm as deduced from the mean slope value at 1420

nm measured on the transmission response. This change in

wavelength can be directly translated in a variation in the

refractive index using the simple relationship ��=� ·�n /n

where n=2.143 is the effective refractive index. The ob-

tained index change is therefore as high as �2.5�0.8�
�10

−2
.

The actual refractive index induced by the surface wave

in the homogeneous medium was then worked out indepen-

dently from measurements of the elastic displacement field.

A scanning heterodyne laser interferometer
12

was used to

characterize the displacement field over a scan area of 100

�150 �m
2

encompassing the PhC, with a lateral scanning

step of 1 �m. The maximum amplitude was obtained for

devices emitting in phase and the corresponding scanned am-

plitude field is reported in Fig. 4. The amplitude data were

then averaged in the y direction to retrieve the vibration am-

plitude. For an applied electrical input power of 13 dBm

�before splitting� at 191.3 MHz, the measured vibration am-

plitude is of about 1.2 nm. The corresponding refractive in-

dex change was eventually calculated following Ref. 13. The

so-called indirect photoelastic effect, linked to the electro-

optical contribution caused by the piezolectric field carried

by the propagating elastic wave,
14

was in addition taken into

account, and the total refractive index change was then

evaluated to be around 4.4�10
−4

. The effective refractive

index variation as felt by the PhC structure is then 61 times

higher than the actual index change. Much similarly to what

was observed with the electro-optical effect in Ref. 2, slow

light phenomena linked to the dispersion properties of the

PhC allows for a significant enhancement of the elasto-

optical interaction, hence allowing for highly compact and

efficient devices.

As a conclusion, we have demonstrated the feasibility of

an acousto-optical micromodulator on LiNbO3 substrates

with an active length of only 13 �m. Modulation with an

extinctio ratio of 5 dB was achieved at 200 MHz for a driv-

ing power of 20 mW only. The low driving power required

demonstrates the influence of the photonic structure which

increases the overall device efficiency by a factor of 61.

Higher extinction ratios along with increased efficiency can

be expected from an improvement of the PhC fabrication

process �increase in side wall verticality� or by ensuring a

joint confinement of sound and light. The obtained results

open appealing perspectives for the realization of miniature

dynamic optical circuits.

The authors gratefully acknowledge O. Gaiffe for his

help with elastic displacement field measurements.
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a b s t r a c t

This paper presents a theoretical study showing the mechanism of light transmission through opaque

metallic films perforated with nanocoaxial apertures thanks to the excitation of their cutoff-free TEM

(Transverse ElectroMagnetic) guided mode. Full three-dimensional Finite Difference Time Domain (3D-

FDTD) together with a Body-Of-Revolution FDTD simulation results are presented and discussed in order

to optimize this extraordinary transmission. Very promising findings are pointed out opening the path

to the design of new devices for both nano-optic and photovoltaic applications.

© 2010 Elsevier Ltd. All rights reserved.

Extraordinary optical transmission (EOT) has became a

well-known phenomenon thanks to extensive theoretical and

experimental studies. The EOT accounts for the transmission

enhancement of the electromagnetic waves through opaque plates

(generally fabricated with metal) perforated with subwavelength

apertures. The term EOT is used every time the obtained transmis-

sion through the set of apertures is more larger than the sum of the

transmission through the apertures considered separately [1]. The

origin of the light transmission depends on the considered struc-

ture. For 1D periodic slits, the excitation of the TEM guided mode

i.e. the mode where the electric field is perpendicular to the slit

direction gives rise to large transmission [2] because of the effi-

cient overlap between the incident plane wave and this mode. This

TEM mode does not have a cutoff frequency and the transmission

peak position is given by a phase matching resonance condition.

The drawback of such structures is their polarization sensitivity.

In fact, only the electric field component that is perpendicular to

the slit direction can be transmitted through the structure acting

exactly like a polarizer.

In order to enhance the transmission independently of the

polarization, one can consider cylindrical aperture arrays. In this

case, an increased transmission is obtained for wavelengths corre-

sponding to the excitation of surface plasmon resonances of the

metal-dielectric interfaces [3,4]. Consequently, the transmission

∗ Corresponding author. Tel.: +33 3 81 66 64 21; fax: +33 3 81 66 64 23.

E-mail address: fbaida@univ-fcomte.fr (F.I. Baida).

peak position is directly related to the grating period through a sim-

ple equation. In addition to the polarization, this kind of structures

are also sensitive to the angle of incidence because of the surface

plasmon excitation.

In order to combine the advantage of these two structures (slits

and cylindrical apertures), annular aperture arrays (AAA) were pro-

posed [5,6], theoretically studied [7–11] and characterized [12–16]

over a large interval of the electromagnetic spectrum (see Fig. 1).

In all these studies, the EOT is associated with the excitation, inside

the apertures, of the the TE11 mode which has a cutoff wavelength.

The excitation of the annular apertures TEM mode was firstly pro-

posed in Ref. [5]. Only few papers have discussed on this mode

[17,18] while its excitation conditions were recently pointed out in

Ref. [19]. In this letter, we discuss the potential role of this mode in

the context of the EOT.

As mentioned above, in the case of AAA, the EOT can be effi-

ciently obtained thanks to the two higher guided modes namely

the TEM and the TE11 modes. Historically, and due to symmetry

considerations, EOT was firstly demonstrated (theoretically and

experimentally) by exciting the TE11 mode at its cutoff wavelength

[13,14,20]. On the other hand, it was demonstrated that the TEM

mode, which has no cutoff frequency, can only be excited with an

incident plane wave under two conditions: an off-normal incidence

(wavevector not collinear with the symmetry-axis of the waveg-

uide) and a TM polarization [19].

EOT in which the TEM mode is excited displays new charac-

teristics. One of the most important properties of the TE11 mode

is the fact that it is the “higher” guided mode that has a cutoff

0968-4328/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic of a conventional annular aperture array (AAA) structure. Ro is the

outer radius, Ri is the inner one, P is the period and � is the angle of incidence.

frequency. When illuminating the AAA structure by a plane wave

(independently of the incidence direction), the transmission spec-

trum always presents a peak at the cutoff wavelength of the TE11

mode [21]. In addition, if the metal is thick enough, Fabry–Pérot

harmonics of this mode appear (see Fig. 3 of Ref. [5]). The existence

of a cutoff frequency insures the presence of EOT at this frequency

as long as it is not disturbed by Rayleigh or Wood anomalies. Unfor-

tunately, the TEM-based EOT can only be obtained for thick metal

plates. In fact, the wavelengths of the transmission peaks are only

given by a phase matching condition that can be written as:

�TEM =

2�n′

eff
H

m� − �r
(1)

where n′
eff is the real part of the effective index of the TEM mode,

�r is the phase change induced by the reflection on the two ends

of the coaxial waveguide, H is the metal film thickness and m is

an integer. Note that both n′
eff and �r depend on the wavelength

value. Consequently, similarly to a conventional Fabry–Pérot inter-

ferometer, by changing H, it is possible to tune the value of the

transmitted light wavelength. Thus, the question is: can we obtain

more efficient EOT through the TEM mode than with the TE11 one?

The answer is not obvious because, in addition to the geometrical

parameters, the metal dispersion (more precisely the absorption)

plays a key role in the determination of the transmission at a given

wavelength. For an AAA made in a perfect electric conductor (PEC),

the response of the above question becomes simpler. A PEC is an

ideal material without losses and with an infinite conductivity. In

this case, the absence of the absorption allows the presence of an

efficient TEM peak at oblique incidence for a given value of the

wavelength by adjusting the metal film thickness. This becomes

dramatically difficult in the case of a real metal with absorption

especially in the visible range. In this case, both real and imaginary

parts of the effective index of the TEM-like mode depend on the

nano-waveguide radii (see Fig. 2). Therefore, in order to optimize

the light transmission through an AAA thanks to a TEM mode, we

have to optimize the transmitted efficiency by determining all the

structure parameters including the optical parameters of the used

metal.

Fig. 3 shows the transmission spectra of a perfectly symmetrical

AAA (perfect conductor in (a) and silver [27] in (b)) illuminated with

a TM polarized plane wave impinging on the structure at � = 45◦. The

geometrical parameters of the considered structures are given in

the caption of the same figure. One can conclude that the appear-

ance and the position of the TEM peak transmission are directly

related to the metal thickness.

In addition, one notices that, even if the imaginary part of the

TEM mode effective index decreases with increasing wavelength

values (see Fig. 4d of Ref. [19]), the height of the TEM peak decreases

due to the larger value of the thickness needed to obtain the first

harmonic of the Fabry–Pérot resonance inside the apertures. On

Fig. 2. Real part n′

eff
and log10 of the imaginary part n

′′

eff of the effective index asso-

ciated with the TEM-like mode of an infinite coaxial waveguide as a function of the

outer radius Ro . The inner radius is set to Ri = 65 nm and the working wavelength is

� = 1550 nm.

the other hand, it is clearly seen from the same Fig. 3a and b, that

the coupling between the TE11 and the TEM modes plays a negative

role on the global transmission. The linear behavior obtained else-

where is completely broken near the coupling zone. Furthermore,

the values of the phase shift �r can be deduced from Fig. 3a and

b replacing in Eq. (1) neff by 1 for a perfect conductor AAA and by

1.35 in the case of silver (deduced from Fig. 2). This leads to almost

constant and small values of �PC
r = 7.34◦ and �

Ag
r = 1.84◦.

From Fig. 3b that corresponds to a silver AAA, we set the geo-

metrical parameters to Ro = 130 nm, Rt = 65 nm and H = 495 nm in

order to get a TEM transmission peak at the operating wavelength

� = 1550 nm (see Fig. 4a). Note that the peak position is indepen-

dent of the incidence angle. Only its amplitude is affected by this

value [19]. In addition, we demonstrate that EOT can be obtained for

wavelengths greater than the peak position of the TE11 mode. Con-

sequently, light propagation and transmission through a very long

(transmission line) nanocoaxial waveguide is prohibited because

of the absorption associated with the TEM mode. The imaginary

part of the wavevector associated with the TEM mode is too large

to reckon on light propagation over distance greater than 30 �m

Fig. 3. Zero-order transmission spectra of two AAA made in perfect conductor (a)

and in silver (b) as a function of the metal film thickness. The geometrical parameters

of the structure are: Ro = 130 nm, Ri = 65 nm and p = 65 nm. In both cases, the incident

plane wave illuminates the structure at � = 45◦ and it is TM polarized (magnetic field

parallel to the metallic film).
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Fig. 4. Zero-order transmission spectra for various AAA configurations where outer

and inner radii are fixed to Ro = 130 nm and Ri = 65 nm, respectively. (a) Conventional

structure illuminated at 45◦ corresponding to the dashed blue line of Fig. 3b (metal

thickness of H = 495 nm). (b) Tilted AAA of 25◦ with respect to the vertical direction.

The thickness of the metallic film (H = 430 nm) was chosen to correspond to a TEM

peak transmission at � = 1550 nm. (c) Classical AAA structure with inner metallic

parts that stretch out from the metallic film over a distance h = 80 nm. This allows

increasing of the impedance matching between the in- and out-coming plane waves

with the TEM guided mode inside the apertures. The metal thickness is also adjusted

to H = 418 nm in order to get a TEM peak at � = 1550 nm. (d) Combination of the

two last configurations demonstrating efficient TEM-mode excitation under normal

incidence.

in the visible and the near infrared domains [22]. This can be par-

tially bypassed by replacing the inter-conductor material, which is

vacuum, by a high dielectric constant one. Consequently, the TEM

peak transmission efficiency can be enhanced considering a thinner

metallic film allowing the same optical path inside the apertures.

Unfortunately, the original idea of using coaxial nano-

waveguides as transmission lines seems to be hardly applied [23]

using conventional AAA [24] not only because of the absorption

occurring during the propagation but also because of the small

overlap between the incident wave and the TEM guided mode. In

fact, independently of the incident homogeneous beam, the cou-

pling remains weak because every nanoguide locally “sees” a plane

wave due to its dimension compared with the illuminating wave-

length. Therefore novel solutions must be found to get around this

difficulty.

Fig. 5. Transmission spectra through the AAA structure presented on the top. The

outer and inner radii are fixed to � = 130 nm and Ri = 65 nm, respectively. As in Fig.

4c and d, the length of the conductor core part (H + 2h) is larger than the metal film

thickness (H). The dashed red curve corresponds to the case where only the inner

part of the apertures is filled with a dielectric material (n = 2.2) as presented on the

above schema while the whole structure is surrounded by this dielectric for the

blue solid curve. Normalized electric field amplitude distribution in the plane (x,

z) passing through the aperture axis at � = 1550 nm is presented on the right. (For

interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.)

In the same paper [23], the authors suggested the use of specific

nano-antennas that allow enhancement of the radiation coupling.

Here we propose to study some configurations consisting on orig-

inal ways for the excitation of the TEM mode without respecting

either the angle of incidence or the polarization. The first proposed

configuration was suggested by the group of J.J. Greffet at Ecole

Centrale Paris [25]. It consists on the excitation of the TEM mode at

normal incidence by tilting the axis of the annular apertures (see

inset of Fig. 4b). Such structure is equivalent to conventional AAA

illuminated at oblique incidence and does not bring substantial

improvement to the enhancement of the coupling with the TEM

mode. Nevertheless, it can be useful for photovoltaic applications

where it is possible to sacrifice certain directions of illumination

and certain polarizations. A typical transmission spectrum is pre-

sented in Fig. 4b where geometrical parameters were adapted to

get the TEM transmission at � = 1550 nm.

Another well-known solution that is currently used in the radio-

frequency domain to increase the impedance adaptation between

a coaxial antenna and the vacuum consists in stretching out the

central metallic part of the nanocoax with respect to the outside

electrode. This configuration was implicitly used in Ref. [23] to

achieve 90% light transmission thanks to the excitation of the TEM

mode. This kind of structure modification is readily achievable at

radio frequencies. This is more difficult in the visible range but

remains possible through manufacturing process having a nano-

metric resolution (Focused Ion Beam, Reactive Ion Etching, . . .).
Nonetheless, as in the case of conventional AAA, the TEM mode is

not excited neither at normal incidence nor in TE polarization. The

main advantage of this solution is to increase the coupling both at

the entrance and the exit sides and to allow decreasing the metal

film thickness for a fixed wavelength value (see Fig. 4c).

According to these last results, one can propose a hybrid con-

figuration such as the one presented in Fig. 5 combining all the

possible schemes and corresponding to a “realistic” model of the

AAA structure considered in the studies of Kempa team [26]. From

all geometrical parameters of the nanotube array, only the period

and the radii are fixed as in Fig. 4. However, the axis-symmetry of

the aperture is broken by shifting (both in the x and y directions) the

center of the circular section of the nano-waveguide with respect
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to the vertical axis. In addition, the inner part is stretched out differ-

ently from the two sides of the metallic film and the inter-conductor

space and/or the (substrate + superstrate) are filled by a dielectric

material (ε = 4.84). The obtained transmission spectrum shows a

complex structure composed of both TE11 and TEM peaks so in

which one gets non-zero transmission for almost every wavelength

between 500 and 2000 nm. The complex structure of the calculated

spectra cannot simply connect the transmission value for a given

wavelength to the geometric parameters of the structure. Roughly,

one can insure that the minima appearing in these spectra, looking

like absorption peaks on a continuum (see for instance peaks ˛ and

ˇ in Fig. 5), are directly linked to the presence of a strong coupling

between the TE11 mode and the various TEM peaks as it is shown

in Fig. 3.

This result points out the reason of the light transmission experi-

mentally observed in Refs. [17,26] even if the transmitted efficiency

is weak. We can say that a coaxial structure with some defects

(protuberances breaking the axial symmetry of one coaxial aper-

ture) at the entrance and the exit sides seems more appropriate

for transmission through the TEM mode than the perfect conven-

tional structure. In this case, the fabrication defects are beneficial

and could lead to more efficient structures.

References

Ebbesen, T.W., Lezec, H.J., Ghaemi, H.F., Thio, T., Wolff, P.A., 1998. Extraordinary
optical transmission through sub-wavelength hole arrays. Nature 391, 667–669.

Astilean, S., Lalanne, Ph., Palamaru, M., 2000. Light transmission through metallic
channels much smaller than the wavelength. Opt. Commun. 175, 667–669.

Ghaemi, H.F., Thio, T., Grupp, D.E., Ebbesen, T.W., Lezec, H.J., 1998. Surface plasmons
enhance optical transmission through sub-wavelength holes. Phys. Rev. B 58,
6779–6782.

Martin-Moreno, L., Garca-Vidal, F.J., Lezec, H.J., Pellerin, K.M., Thio, T., Pendry, J.B.,
Ebbesen, T.W., 2001. Theory of extraordinary optical transmission through sub-
wavelength hole arrays. Phys. Rev. Lett. 86 (6), 1114–1117.

Baida, F.I., Van Labeke, D., 2002. Light transmission by subwavelength annular aper-
ture arrays in metalic films. Opt. Commun. 209, 17–22.

Baida, F.I., Van Labeke, D., 2003. Three-dimensional structures for enhanced trans-
mission through a metallic film: annular aperture arrays. Phys. Rev. B 67, 155314.

Baida, F.I., vanLabeke, D., Guizal, B., 2003. Enhanced confined light transmis-
sion by single subwavelength metallic apertures. Appl. Opt. 42 (34), 6811–
6815.

Baida, F.I., Poujet, Y., Guizal, B., Van Labeke, D., 2005. New design for enhanced trans-
mission and polarization control through near-field optical microscopy probes.
Opt. Commun. 256, 190–195.

Haftel, M.I., Schlockermann, C., Blumberg, G., 2006. Role of cylindrical surface plas-
mons in enhanced transmission. Appl. Phys. Lett. 88, 193104.

Orbons, S.M., Haftel, M.I., Schlockermann, C., Freeman, D., Milicevic, M., Davis, T.J.,
Luther-Davies, B., Jamieson, D.N., Roberts, A., 2008. Dual resonance mechanisms
facilitating enhanced optical transmission in coaxial waveguide arrays. Opt. Lett.
33, 821–823.

Baida, F.I., Poujet, Y., Salvi, J., Van Labeke, D., Guizal, B, 2009. Extraordinary transmis-
sion beyond the cut-off through sub-� annular aperture arrays. Opt. Commun.
282, 1463–1466.

Fan, Wenjun, Zhang, Shuang, Minhas, Babar, Kevin, J.M., Brueck, S.R.J., 2005.
Enhanced infrared transmission through subwavelength coaxial metallic arrays.
Phys. Rev. Lett. 94, 033902.

Salvi, J., Roussey, M., Baida, F.I., Bernal, M.-P., Mussot, A., Sylvestre, T., Maillotte, H.,
Van Labeke, D., Perentes, A., Utke, I., Sandu, C., Hoffmann, P., Dwir, B., 2005. Annu-
lar apertures arrays (AAA): first study in the visible region of the electromagnetic
spectrum. Opt. Lett. 30 (13), 1611–1613.

Poujet, Y., Salvi, J., Baida, F.I., 2007. 90% extraordinary optical transmission in the
visible range through annular aperture metallic arrays. Opt. Lett. 32, 2942–2944.

Fan, W., Zhang, S., Panoiu, N.-C., Abdenour, A., Krishna, S., Osgood, R.M., Malloy, K.J.,
Brueck, S.R.J., 2006. Second harmonic generation from a nanopatterned isotropic
nonlinear material. Nano Lett. 6, 1027–1030.

Rollinson, C.M., Orbons, S.M., Huntington, S.T., Gibson, B.C., Canning, J., Love, J.D.,
Roberts, A., Jamieson, D.N., 2009. Metal-free scanning optical microscopy with
a fractal fiber probe. Opt. Eng. 17, 1772.

Rybczynski, J., Kempa, K., Herczynski, A., Wang, Y., Naughton, M.J., Ren, Z.F., Huang,
Z.P., Cai, D., Giersig, M., 2007. Subwavelength waveguide for visible light. Appl.
Phys. Lett. 90, 021104.

Thio, T, 2007. Photonic devices: coaxing light into small spaces. Nat. Nanotechnol.
2, 136–138.

Baida, F.I., 2007. Enhanced transmission through subwavelength metallic coaxial
apertures by excitation of the TEM mode. Appl. Phys. B 89 (2–3), 145–149.

Baida, F.I., Van Labeke, D., Granet, G., Moreau, A., Belkhir, A., 2004. Origin of the super-
enhanced light transmission through a 2-d metallic annular aperture array: a
study of photonic bands. Appl. Phys. B 79 (1), 1–8.

Belkhir, A., Baida, F.I., 2008. Three-dimensional finite-difference time-domain algo-
rithm for oblique incidence with adaptation of perfectly matched layers and
nonuniform meshing: application to the study of a radar dome. Phys. Rev. E 77,
056701.

Peng, Y., Wang, X., Kempa, K., 2008. TEM-like optical mode of a coaxial nanowaveg-
uide. Opt. Eng. 16, 1758.

Kempa, K., Wang, X., Ren, Z.F., Naughton, M.J., 2008. Discretely guided electromag-
netic effective medium. Appl. Phys. Lett. 92, 043114.

Conventional AAA corresponds to coaxial apertures with cylindrical axis perpendic-
ular to the mean plane of the metal interface. In addition, for all apertures, the
inner and the outer parts have the same thickness than the metallic film (see
Fig. 1).

Samuel Nosal, 2009. Modélisation de structures périodiques et matériaux artificiels:
application à la conception d’un radôme passe-bande. PhD thesis, Ecole Centrale
Paris.

Wang, Y., Kempa, K., Kimball, B., Carlson, J.B., Benham, G., Li, W.Z., Kempa, T.,
Rybczynski, J., Herczynski, A., Ren, Z.F., 2004. Receiving and transmitting light-
like radio waves: antenna effect in arrays of aligned carbon nanotubes. Appl.
Phys. Lett. 85, 2607.

A Drude model is used to describe the metal dispersion ε(ω) = 1 −

(
ω2

p/ω(ω + i
)
)

with wp = 0.138 × 1017 rad/s and 
 = 0.307 × 1014 rad/s.



���������	�


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


!�*�?(*= %3@0�����A�B�A+ = ���*= �*6C#&%3�*�D����
?��#*#*+ =4:$����= %3(0

:$��#����$�*��
E���GF'��H3IJ
K, %3��= F3= (0��+ = ��.G���L����������= +���
9�
�M, ./���0��= �$�N+-, �/O5�/�P���Q+-, ��@0
!%3��#���= %3(�����
N:/%3�0:��*�$
N���
#&%3��#*�BRB��= (*��
N
!#&.�:/= S&>'�*��
PTU+4�)��./����:;��= %3(A���"@&�$(�V
H$ $(*���/�J��.$#5%'
!.$��
W
!�*�W+ �):/��=4
9����+1#*�*%���%3(*=4>'�*�U
!�*�
+4����.$#&%3(0
!�Q
!#&��:;������+ �Q����:/�J���$��(*= �$��I�XK(Y#*���$67= �$�
+ = �$��Z0�*(*�[./���0���\���*.$%3��=4>'�*�2#0���8����
167./���*%�����
1(B��V
67.$��=4>'�*��
$Z26P��] ����=4
!.$��
D���^+4��@&%3������%3= �!�_�M, %3#���=4>'�*�
`badcfe�c Z\gKh_Xji;Zk./����= �)(*.�:/��
�
���= ���D#5%3�*�U./���0��= �$�
+-, �/O5�/�7���W+l��#*��.�
!�$(0:/�Q���Q:/�$�!����= (0
2F'��HW
!�*�[+4�m��./V
#&%3(0
!�[
!#&��:;������+ �[����
8:/��=4
9��������#*��%���%3(�=l>'�*�$
$I&n1%3�0

����%3(0
[67%3(3����.J>'��, ���3��:P+4�U
9�����0:;���*���J:��*%3=4
!= �3Zo�*(*�
������=4����=4%3(A���U+4�?������(0
!67=4
�
!= %3(_���?p�qBrs��
9�J%3@B���;V
(B�*�N+ %3��
�>'�*�[+ �7
!R�
9�� $67�N��
9�k�/��#5%'
!.NT�t�uW#*#*6v���
@&�$(*H$ $(*�3Io
���
!�$(0
!= @*= + = ��.Q���P+l�m
9�����0:;���*���W���D@&�$(�V
H$ $(*�<��
9�w��
9��= 67.$�1Tkp�I qf#*#*6�I�XK(7
!��:/%3(0�[+ = �$��Z�(�%3�0

����%3(0
�./���0��= .<����
o��.$��+4=4
�����= %3(*
��$(N
���+ + �x@*+4��(0:��*�j����


9�����0:;���*����
K#*�*%���%3(*=4>'�*��
$I3XK(Q����= + =4
���(3�j+4�267./���*%����

���UF3�����B�*������= ����:;���U#0���Wyb��=4
�:/�����E�M, = %3(0
Wyz%�:$��+ =4
!.
`bao{9| i;Z�%3(7�f��.���+ =4
!.j#*+ �0
!= �$�*��
w:$���B= ��.�
d#*�*%���%3(*=4>'�*��


!�*�w����
dF3�*=4����
d�M, %3(0����
o%3#���=4>'�*��
�yb��@*��=4>'�*.�
o�$(7:/%3+ V
+4��@&%3������= %3(Q���3��:1gK�*%���+ = (*� e ��:��*(*%3+ %3F3= ��
$IB}1(Q@0��(0:
���7:$�����3:;��.$��=4
�����= %�(U������%36P����=4
!. ` =4(3���$�!yb�3:/�P~fg {9| i
�$(?��./�0�/��= %3()�/�2�$()������(0
!67=4
�
!= %3()��
9�267%3(3��.P#5%3�*�
�3.$��= S0�$�8+ ��
f#*��.���=4:;��= %3(0
1���*.$%3��=4>'�*��
$I5
���
f��.�
!�*+ ������

�/��#&.$��= 67�$('�������J%3@����$(B�0
8:;%3�-(0:/=4���$('�f���3��:k+ ��
1#*��./V
��=4:;��= %3(0
W���*.$%3��=4>'�*��
$IxXK(E#*+ �0
$Z<����
Q./���0����
W���*.$%�V
��=4>'�*��
N�/�W�/��#&.$��= 67�$('����+ ��
N�$(A:��*��67#A#���%*:��*��%3#�V
��=4>'�*�7%3(3�\./��.N��.���+ =4
!.$��
8#&%3�*�k67�/�!�����7�$(U.$�B=4���$(0:/�
+4�Q��.�
!%3(0��(0:/�N����
k:$���B= ��.�
fF3������.$��
f
!�*�k(*= %3@0�����7���
+ = ���*= �*6�I��1= (0
!=-Z<:/��
W./���0����
Q�/��#&.$��= 67�$('����+ ��
Q
!%3(3�
+ ��
<#*���$67=  $����
�
!�*�1:/�f�9RB#&�2���\6P����.$��=4����I

�G�0�$�Q�3�b�B�x�d�x��=4
9����+�#*�*%���%3(*=4>'�*�3Z&n1= %3@0�����[���
+ = ���*= �*6�Z adcfe�c Z'gKh_X1ZB:$���B= ��.�#*�*%���%3(*=4>'�*�3Z�F3�*=4���
�M, %3(0���3I

��� �M���d�2�K�

{ (_���*=4
W���*��
!=4
Q�x�)
!�*%��L�*%��L#*�*%���%3(*=4:�:/��R�
9V
����+J:$���B= ��= ��
�:$��(�@5�E�/��#*+ %3= ������yz%3�"
!�$(0
!= (*FG��#�V
#*+ =4:$����= %3(�ZP#*��%��B=4�����^���0���A�����$R������ES0+ + ������= ���
��
!�$(0
!= ��= �3�U��@0
!%3��@&�$('�W+4��R��$��Ij��
�%3���$('��HU��=4
!#&�$�!V

!= %3(�67%����$+k= 67#*+ �$67�$(3������=4(��Ap c V adcfe�c :/%*���

!�*%��L���0���J���*�?��@0
!%3��#���= %3(_%�y2���*�)+4��R3�$�J:$��(�@&�
�/��#*+ %3= ������yz%3�U�$(*�0��(0:/= (*FA���*�Y
!�$(0
!= ��= �B= �9R�%�y7���*�

!�$(0
!%3��I�h)�kyz%3�*(0�Q���0���f�N������=4����= %3(Q%�yo���*�2���/yz���3:;V
��= �3��= (0���/�A%�yP��u

−7
+ ���3�*
P��%Y�?������=4����= %3(A%�yk���*�

������(0
!67= �!��= �B= �9R�%�yQp�qBr����m���*������
!%3(0��(0:/�?#5�����5I
�1+4
!%0Zx�x����= + +8���$#5%3�!�P���*�mS0��
9�Q
9���*��R_��(0�"������+ = V
H�����= %3(_%�y\�9�x%��9RB#&��
Q%�y2+ = ���*= �*6	(*= %3@0�����U#*�*%���%�V
(*=4:W:$���B= ��= ��
 ` 
�=4n1@5�

3

gK�5�j
�i;I e �*�Q:��*%3=4:/�P%�y<���*�

�=4n1@5�

3


!�*@0
9���������U=4
J67%���= ���������_@BR_= ��
�:$��#0��@*= V
+ = �9RA%�y[:/%362@*= (*= (*FY#*= �$H$%B�$+ ��:;����=4:�Zx�$+ ��:;����%�V�%3#���=4:$��+-Z
�3:/%3�0
9��%�V�%3#���=4:$��+�ZN(*%3(�V�+ = (*�����_%3#���=4:$��+m#*��%3#&�$�!��= ��
$Z
���*=4:��A%�O5�$��
N������#&�$��
!#5��:;��= ���m%�y\:/%3('����%3+ + = (*F)���*�
%3#&�$������= (*F2#&%3= ('�j%�yM#*�*%���%3(*=4:8���$�B=4:/��
x
!�0:��W�3
j
!�$(BV

!%3��
$I e �*�Y:$���B= ��= ��
m�j�$���Dyb��@*��=4:$��������@BR�yz%�:/�0
!���
= %3(W@5����6 `bao{9| ix67= + + = (*F0Z'%3(J��(*(*����+ ���P#*��%���%3(W�/�BV

:��0��(*F3� ` �1gKXjif
9����= #m�j���3�$F3�*=4���3I0n1�*67�$��=4:$��+o��(0��V
+ R�
!=4
w��= ���P#*+4��(*���j���3�<�/��#0��(0
!= %3(N67�/���*%*� ` gKh_Xji
�0�3
\@&�$�$(?������+ = H$������%����/S0(*�P���*�P+4���!��=4:/�P#0������67�/V
���$��
[%�y����*��
9���0�B=4�$�Y
9�����0:;���*����
$I e �*�Q#0������67�/���$��

�j�$����:��*%'
!�$(^��%�%3@�����= (�������
!%3(0��(0:/�E67%��������
λ � ��t3t�u�(*6�I e �*=4
N
9���0��R?�j�3
\yz%3+ + %��j���?@BR)S*(*= �����= O5�$���$(0:/�N��= 67�P��%36P��= ( `badcfe�c ik
!= 6[�*+4����= %3(0
8��%
�/�B�����3:;�P���*�m������(0
!67=4
�
!= %3(A��(0�A���/�0�/��= %3(_
!#&��:;�����
%�y<���*�Q:$���B= ��= ��
$I�Xw��#&�$��= 67�$('����+j
!�/���*#D�j�3
\67%3�*(�V
�����7��%[:��0�����3:;���$��= H$�j���*�8gK�5�j
x:$���B= ��= ��
$Z3���*�$�������*�
= (0:/=4���$('�W+ = F3�'�Q:/%3(0
!=4
9��
P%�y\�D
!�*#&�$��:/%3(3��= �*�*6�#5%�V
�j�$�!yz�*+<���*= ����
!%3�*��:;�3I { (A�3�*��= ��= %3(�Zw�/��#&�$��= 67�$('����+
(*�����KS0�$+4�W67�$�3
!�*���$67�$('��
 `-� nk�f Uix
!�*%��"���*�f#*���/V

!�$(0:/�N%�yj�Q����
!%3(0��(0:/�267%*���7���f���*�P���/yz��:;�k���$F3= %3(
%�yo���*�\:$���B= �9R3I

¡m¢'£M¤[�0¥�¦o�3�_gK�*%���%3(*=4:§:/��R�
9����+�:$����= �¨R3ZY
�= V
���*= �*6©(*= %3@0�����3Z adcfe�c ZWgKh_X1Z��8#���=4:$��+��<���3�/V
F3�*�*=4���3I

�


	INTRODUCTION
	THEORY
	FABRICATION
	Fabrication of lithium niobate photonic crystals by direct FIB milling
	Fabrication of lithium niobate PhCs by FIB milling followed by RIE etching

	CHARACTERIZATION OF THE MODULATORS
	Electro-optical modulators
	Acousto-optical modulators

	CONCLUSION
	Enhanced optical transmission by light coaxing: Mechanism of the TEM-mode excitation
	References


