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gi�Th�zfdTZiUPgmao�Rj¨�`v�gm�fh�ey�Rqodcgiao�`j9gmZmhIUPgisJhIjYgbaoe~dfjfÁujf�;�Gj¾�G´��fh�ey�Rqodcgiao�`jc\½gmZmh�U�gisJhIjYg�gihkst��hIZmUPgidfZyh
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Ö�×·Ø�Ù`Ú Û�Ü Ý>Þ ßWà ßWá â�Þ Ý·ã ä¾Þ Ý Û å æ
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�ã���Ý��¦ýüÞôáxà����cæfá����]Ü ì�¡à�ãPáxý������kû��mû��µâbÞôû ë�ì ëkëµò �¾ý��

sJhIjYgial�RjfhIz9{�hIql�µ� U`Zyh�zThIemnkZmal{�hkz�alj¨�`Zmh�U�gihIZ�zThkg�UPaoq¾alj¨n��fU`�TgihkZ�N��
�TU`sJ�fqohke��[hkZmh�eyh�U`qlhIz¨aoj�U`Zm�`�Rj.UPjfz�U`�`hIz¨aoj9v�dfZmj�UPnIhIeMUPgMNR_`OJU`jfz.¸RORO ¿ XM���c��hknIalsthkjfe~v��`Z

�R�TgmaonIU`q4stalnIZy�Remnk�R�Y}E�[hkZmh£hkqohknkgiZy�Rql}ugmaon�UPqoql}.hkgmn��fhIz��Ga�gi��U�em�`qodTgmao�Rj �`v�¹�O! #"w{Y} s£UPeme�$����TU`qoaln
U`nkaoz¤aoj¤zfaoe]giaoqlqohkz��pUPgmhIZ�v��RZ��RhIjThIZiUPq~hxgin��faljf�fS�UPjfzÐaljÐU�em�RqldTgial�Rj �`v�_&%|�t§�¹;ORO|sJq�')(�*!alj
zfaleygialqoqlhIz£�[UPgihkZ�v��RZ��RdTgmqoaojTaojf�,+�\ �f��UPemh`S�UPnInI�`Zmzfaljf�|gi�|gi�fhW�fZy�cnkhIzfdTZmhIe~zfhkemnIZyao{�hIz�aoj.- ¸0/r�

´��faojEv��Ralqoe~v��RZ�´�132 "¡giZiUPjfemsJaoeyemao�`jEhIqohknkgmZm�Rj�sJaonIZy�Remnk�R�Y}4$Mhx�TU`sJaoj�UPgmao�Rj��[hkZmhJhIqohknkgmZm�R���Rq�\
aoey�fhIzJdfeyaojf��U�em�RqldTgial�Rj��`v¾_5 ���hIZmn��Tqo�RZyaonGU`nkaoz�aojtVPjc\½hkgm�f���c}Y\½{fdTg�UPjf�RqrSYaljJUWg �Galjc\76yhxghIqohknkgmZm�R���Rq�\
aoey�fhIZk�

1��cgmZiU`nxgial�Rj��[U`eM��hIZ]v��RZmsJhIz�{Y}�zTaoemey�Rql��aljf�Jgm�fh�s£UPgmZma �9hIqlhInkgmZm�Rq�}ugiaonIU`qoq�}t�Ga�gi�.Utem�`qodTgmao�Rj9�`v
¹;O! 8*MX[q¾aoj�sJhkgm��U`jf�`q UPg�_µ\9%;:��T´��Th�ZmhIeyaozfdThIep�ÂhIZmh�gm�fhIj=<fqlgihkZmhkz��Galgi��U�sthks�{fZiUPjfh><�q�gihkZ[�`v
OT�ôV,?¾s)���`Zmh�eyaA@kh`�CB½gM�[U`eb�`hIZmaD<�hIzE{Y}¨�fZy�Rqo�RjT�RhIz�nIhIjYgmZmalv�dT�YUPgial�Rj9gi��UPgMjf�£zThkgihknkgiU`{fqoh�U`st�`dfjYg
�`v���U`Z]giaonkqohke�ÂhIZyhbqlhkv¡g�aoj|gm�fhbey�Rqodcgiao�`j�UPv¡gihkZE<fqlgiZmUPgial�Rj¾�GFb\½ZiU�}JU`j�U`q�}�emaoe/�[U`e���hkZyv��RZysthkztalj£U�Vµ\�H
zfaDI ZmU`nkgm�RsthxgihkZI�
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B½gJaoe|zfaDrtnkdfqlg|gm��stU`ÁPh¨sJh�UPjfaojf�Pv�dfqp�fZyhIzfalnkgial�Rjfe�v��RZ|gm�fh¨U`e]\½ZmhInkhIa��RhIz eygiUPgih�U`e|gi�fh9h¦�fUPnkg
nI�`jfzfalgmao�RjTe��`vGey�RqodTgmao�Rj�giZmhIUPgisJhIjYg�UPZmh�jf�Pg�Áujf�;�Gj¾��´�U`{fqlh�¸T�ôV.em�T�µ�Ge|gm�fh��fZyhIzfalnkgihkz �f��U`eyhIe
U`jfz�gm�fhIalZ�U`sJ�RdfjYgieGU�gpgi�fh��`al�Rhkj9em�RqldTgial�Rj£giZyh�UPgmsthkjYgpgihkst��hIZmUPgidfZyhIekS¾¹R¹;ORO ¿ X v��RZpKML4N`O`Q|U`jfz
¹µV`O`O|¿¦X v��RZGKbL4N`ORQR¼W�

�caojTnIh�{��`gm��gidT{�hke�dfjfzfhkZy�ÂhIjYgWzfaDI hkZmhIjYgMem�RqldTgial�Rj¨gmZmhIUPgisJhIjYgie�U`jfz��fZy�R{�U`{Tql}9zfaDI hkZmhIjYgMsth¦\
n���U`jTaon�UPqcgiZyh�UPgmsthkjYgieISua�g��[U`ejfhInkhIememU`Zy}|gm��n���U`ZmU`nkgmhIZmalemh�gi�ThGU`e]\½ZmhInkhIa��RhIzJnI�`jfzfalgmao�Rj�gi�f�RZy�Rdf�R�Tql}R�
´��fhpg �Â��s£U�gihIZya�U`qle��fU`z|emdf{Teyg�UPjugma�U`qlql}�zfaDI hkZmhIjYgaljfalgma�U`qY��UPZmzfjfhkemeyhIe�U`jfz��RZmU`aoj�emaA@khIeC"¡g�U`{fqlhp¸T�ts!$¦�
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�ý����yÞøÜ����]Þ}���Iý>ÿ Ü	��� ýrÞøákà�ûq��ý·ý~���pûwá��
�t{µýüÞôáxàMýüÜ~���¦ýüù��]àIý¾ý��yù[ú&�]Ü	��ý~{µÜ~�yû ÿ áxÜn�y���	��û�ý~����� ì

*�:&¹;O|Á�� �b�RhkZiU`�`h��`ZiU`alj¨eyaA@kh
KbL4N`ORQ ¹µN`¸C� ¹5�øO _c¹Y?¾s
KbL4N`ORQR¼ ¹�%YV�� ¹5�t% QRO�?¾s

´�U`{fqlh9¸T�}sc» �¡àµÞøýüÞ��w�����xÜ~
;à��yûrû��mû_�xà�
��xÜ	�¦ÞôàJûüÞt���yûÂá¦ÿ·Ý� õ¦ëxð �¦à�
�Ý� õ�ëxð��4ìV� Ü~�xÞøàJûüÞ}���yû�����}��{��}�¦ý��y
>�����^ákÜ~
µÞøà��Âýüá�� òyëkó��oì
´��fh�F~\ ZmU;}@U`j�U`q�}ceyaoeG�`v4h¦��giZiUPnkgial�Rj¨ZmhIeyaozfdThIeMey�f�;�[hkz.v�dfZ]gi�fhkZMzfaDI hkZmhIjTnIhIe~{�hkg �ÂhIhIj�gm�fhWg �[�

eygmhIhkqoeI���Me�aojfzTaon�U�gihIz�alj�g�U`{Tqoh@¸T��xfS�KML/N`ORQ�zf��hIe�jf�`g�eyhIhks gi��nI�`jugiU`aoj¤U`jY}���\ �f��UPemh@aoj�gm�fh
U`e^\ ZmhknIhkal�Rhkz@eygiUPgih�{TdTgpaljfeygmh�U`z�nk�RjYg�U`aljfepeydf{feygiU`jYgiaoU`q UPst�RdTjugme[�`v·K~{�K��4�Â}tnI�RjYgiZmU`eygISfKbL4N`ORQR¼
zf��hIeGjf�`gGey�f�;� Kb{fK {TdTg�giZmU`nIhkeb�`v���\ �T��U`emhP�

�_�4� �3��� �E�A� ���_�v���E�A��� �3��� �q ��3���
�¢¡�£�¤�¥w¡�¦|§0� �¢¡�£�¤�¥�¥w¨�¨�� �¢¡�©�¤�¥w¡�£�¡�� �A§0ª�¤�¥�§m¥w£�� �¢¡�£�¤�¥�§�©�«�� �¢©�¨�¤�«�¨�¬5¥��

�iGª|«�¬ ®�¯ ®P¯ ®�¯
�iGª|«�¬�° ¯ ®_±
´�U`{fqlh�¸T�txT» � �mû�{��þý½û�áxÿ³²G��Ü	���)�xà��w�}�;ûwÞ û�á¦ÿ´��µ�ýüÜ	��� ýrÞøákàWÜ~�yûüÞ}
�{��yû�ÿ áxÜ�ý�����ý�� á¶�kû���Ü~���9�yÞt����
ùP��ý��yÜüÞ��w� û�·�¸/â5¹����]Ü~�Gû�ýrÜüákà�����â5¹µûwýüÜráxà�����º»¹�������¼&��¸�º»¹����yÜ��P������¼�½ ì

´��fhIeyh�Zmhkemdfq�gie4U`Zyhpaoj�U`�RZyhIhIsJhIjYg/�Ga�gi���¾1_2¿"�emn�UPjfjfaojT��hIqlhInkgmZm�Rj�stalnIZm�`emnI�`�u}4$��`{femhkZy�PUPgial�Rjfek�
¼GhIq�U�gial�`hIq�}9q�U`Zy�Rh��TZmhInkao�fa�g�UPgmhIeMU`Zmh�v��`dfjfz�alj�{��Pgi��e]gihIhkqoeÀ"�df�.gi�ÁsÂ?¾s)v��RZM´�aoK3U`jfz�¹Ã?¾s!v��`Z
Kb{¾FY$x��´��ThIaoZ~ema7@IhkeMU`Zyh�g }c�Taon�UPq��`v/ZyhIemalzfd�U`q>�fZyhInkao�fa�g�UPgmhIeISf�G�Taon���UPZmhWjf�`g~zfalemem�`ql�Rhkz.zfdTZmaojT�Jgm�fh
em�`qodTgmao�Rj¨giZmhIUPgisJhIjYgI�,�[dTgIS �G�falqoh�´�aoK3aoeMv��`dfjfzEaojE{��`gm�EeygihkhIqleIS¾gi�ThÄ13ÅPFj"whkjfhIZy�`}�zTaoem��hIZyema��Rh
Fb\½ZiU�}4$~ey��hknkgiZmU@�`v�Kb{EZyaon��E��U`Z]gialnIqohkeMZyhk�RhIU`qohkzEgi�fh��TZmhIeyhIjfnkh��`v�U�emdf{Teyg�UPjugma�U`q�U`sJ�RdfjYg��`v[X[ZkS
�Ra��caljf�|U�nI�RsJ���Rema�giao�`j�nIql�RemhkZpgi��gi��UPgGh¦�c��hknkgihkz.v��RZC��\½�f��U`eyh`�

�[hInIU`dfeyh@alg��[U`e|jf�Pg�nIqlh�U`Z��G�fhkgm�fhIZ�gm�faoe�zfa7I�hIZyhIjfnkh@em�f�RdTqoz�{�h@UPgygiZmal{fdTgmhIz�gi��U�zfa7I�hIZyhIjYg
em�`qodTgmao�Rj�giZyh�UPgmsthkjug��RZ�gm�.gi�fh£zfa7I�hIZyhIjfnkh�aoj�n��ThIsJaon�UPqÂnk�Rst���Reyalgial�Rj¾S·eiU`sJ�fqlhIe��PvG{��`gm��eygmhIhkqoe
�ÂhIZmhJem�`qodTgmao�Rj�gmZmh�U�gihIz�V9��UPg�¹µVPORO ¿ XM�G�[�`gi� eygmhIhkqoe�Zmh�UPnkgihkz�vwU`alZmq�}.zfaDI hkZmhkjugmql}`S>�Ga�gi��KML4NPORQ
em�T�µ�Galjf��h¦�TU`�R�RhkZiUPgmhIz£�`ZiU`aljt�RZy�;��gi��UPjfz£�fZyhIeyhIjYgialjf��U�{faosJ�czfU`qf�RZmU`aoj�ema7@Ih~zfaoe]giZyao{fdTgmao�Rj SR�G�faoqlh
KML/N`ORQR¼3e]gialqoq4�fZyhIemhkjYgihIz U¨jf�RZys£U`q4�`ZiU`alj�eyaA@IhJzfaleygiZyao{fdcgiao�`jÆ"�emhkhÂ<��RdTZmht¸T� V&$x�=B j�{��`gm��n�UPemhIekS
gi�Th��ÂhIal�R�Yg�v�ZmU`nkgmao�Rj��`v_<�qlgmhIZyhIz ZmhIeyaozfdThIeW�pU`e�emstU`qoqlhIZMgm��U`j aoj�gi�fhJU`e^\ ZyhInIhkal�`hIz�e]g�UPgmh`�ÂF~\ ZmU;}
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L�al�RdfZyht¸c�l¹R» ²G� � ���;
µÞ�ÈRÜ~��� ýrÞøákà�ákà,�9µ�ýüÜ	���^ýüÞôáxà�Ü��mûwÞ�
�{��mû�ÿ áxÜE�xû/Ü~�����]Þ}���y
�Ý� õ¦ëxð�� �Rý����ùP�¦Þôà�ú&���w¼;û�ÿ áxÜ/Þ�
��]àIýrÞ�É��y
�ú����xû��yû��¦Ü~�3�kÞt���]àm�Yáxý����yÜ�ú&����¼;ûq�xÜ����w�}�fÜ����}�¦ý��y
�ýüáMáxà��Âáxÿ�ý����ý���ápú��0�xû��yû¾áxÜ ý~���EÊG��û�{µúµú`áxÜüý
U`j�UPql}�emale�zfalz�jf�`g�Zmhx�RhIU`qGU`jY}�n���UPjf�Rh@aoj�gm�fh@j�UPgmdfZmh@�Pv~gm�fh@�f��UPemhIe��fZyhIeyhIjYgË"wemhkh@g�U`{fqlh�¸T��xm$¦S
�G�faln�� �ÂhIZyh@gi�fh@emU`sth9UPe�v��RZ�gi�fh9UPe]\ ZyhInkhIal�`hIz¤eiU`sJ�fqlhIeI��´��fh9jfhk���RZiUPaoj�eyaA@IhkeJU`Zmh@�Ra��Rhkj¤alj
g�UP{fqoh�¸c� _c�

*C:&¹;O|Áu� �~�RhkZiU`�Rh��RZmU`aoj@eyaA@Ih
KML4N`O`Q ¹µ_RNP� V ¹�x!%��hs`O&?¾s
KML4N`O`QR¼ ¹µ_`¸�� V ¹µV`¸�� ¹�O&?¾s

´�U`{fqlh�¸T�ô_c»�Ì �xÜ~
µà��yûrûE�¦à0
,�xÜ	�¦Þôà�ûüÞ}���Gáxÿ�Ý� õ�ëxð �xà�
|Ý� õ¦ëxð�� �¦ÿ ý��yÜ ê �Ä��ý òmê¦ëkëYÍ Û ì
� Ü~�xÞøà�ûüÞt�������w���9{�����ý~��
¶�����^áxÜ	
;Þôà��ÂýüáY� òyëxóy��ì
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L�al�RdfZyh�¸T�ôVc» ß�Þ��^ÜrákûwýüÜ~{�� ý~{µÜ��¾áxÿRÝ� õ¦ëxð �¦à0
[Ý� õ�ëxð�� ��ÿ ý��yÜ ê �P��ý òiê¦ëxë Í Û ì�Î ý	�	����
 ókë ûÞøà�� òyë �¾ý9��ûüá��}{;ýüÞôáxàMá¦ÿTá�µ����øÞ������]Þ}
bÞøà)�Ï��ý~�]Ü ì
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798�× ØÁÙ�BtA/?2?/¬�A�² «ÃÚ�¬�HI=ÛÚ

�c��hInIalsthkj��`v�KbL4N`ORQ�UPjfz|KML/N`ORQR¼��[hkZmhGU`�`hIz�v��RZÂ¹p�¾S�¹;O`Ob�Ü"üKbL4N`ORQ5$·U`jTzJV`OROM��UPg4NR_`O ¿ XM�
1���giZiUPnkgial�Rj.ZyhIeydfqlgme,"¢<��RdfZyh�¸T�ts!$�em�f�;��gi�fUPgbgm�fh��TZmhInkao�fa�g�UPgmao�Rj9�`vE2ÞÝ�ßxXià��cnknIdfZye�UPg~�RhkZy}¨h�UPZmql}
eygiU`�RhkeIScU`qlgm�f�Rdf�R�JemdT{femhk¢�dThIjYgGn���U`jf�`hIe[aljJgm�fh�Fb\ ZmU�}�em��hInkgmZiU��Pv gi�ThbZyhIemalzfdfhke[aojTzfaonIUPgihGalg�ale�jT�`g
}Rhxg~nI�RsJ�fqohxgihkz¾�
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L�al�RdfZyh�¸T�tsT» ²��oÜ	���C�¦à0�w�}��ûüÞ û�áxÿ¾��µIýrÜ~��� ý~��
bÜ��mûwÞ�
�{��mû ÿ áxÜ>Ý� õ¦ëxð �w����
 ò �,·DÊq½n�¦à0
 êxëxë �·�ån½���ý õxñ¦ë Í Û��5�¦à�
�Ý� õ�ëkð�� ������
 ê¦ëxë �Â·oÛÏ½���ý õ¦ñxë Í Û ì!â à��}�Mý����[ùpákûwý�ÞôàIý��yà�û��Âú0�y�w¼ÿ áxÜ������	�Wú����kû��[Þ û�Þôà�
;Þ����¦ý��y
!�m�w�}�fá¦ý����]Ü/ú0�y�w¼;ûq�������Âã0���]à�Þ}
��yàIýüÞtÉ���
Ã�xû�ã&���ôáxà��kÞøà��~ýüábý����Þ}
��]àIýüÞtÉ���
Mú��0�xû��yû��;ã�{;ý��¦Ü~�/àµá¦ý�Þôà�
���µ��y
bÿ áxÜG�9���¦ÜrÞøý�� ì
´��fh�sJ�RZm�T�f�Rqo�`�`}¨U`jfz�zTaoeygmZmal{fdTgial�Rj¨�`v4gi�fh��fZmhknIao�Talg�U�gihIebzfa7I�hIZyeMeyao�RjfaD<�n�UPjugmql}9{�hkg �ÂhIhkj gm�fh

g �Â���PU`Zya�U`jYgie�`v KML/N`ORQT�4L�ao�RdfZyhG¸T��x�ey�f�;�Ge[�R�cgiaonIU`qfsJaonkZm�R�RZmU`�f�fe4�Pv�KML/N`ORQWU`jfztKML4NPORQR¼¯U`�`hIz
V`ORO��¨UPgbN`_`O ¿ XM��´��fh�U`qlao�RjfsJhIjYg[�`v·�fZmhknIao�Talg�U�gihIe��`{femhkZy�Rhkz.alj�gi�fh�VRVRX[ZÂ�`UPZma�UPjugGalepjf�`g�v��`dfjfz
aoj|gm�fhbV`OYX[ZeiU`sJ�fqlh`���Â�`gi��eygmhIhkqoe�em�f�;� ZyhIq�U�gial�`hIq�}�aljugmhIjfeyhb�TZmhInkao�fa�g�UPgmao�Rj|�`jt�RZmU`aoj|{��RdfjTz�U`ZmalhIekS
aojTnI�R�fhkZmhkjugGg �Galj¨{��RdfjTz�U`ZmalhIekS�U`jfz¾Sfgm�tU|qlhIemeyhIZGhx��gmhIjYg�S��Rj¨nI�R�ThIZmhkjYgbg �Galj¨{��RdfjTz�U`ZmalhIek�
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1
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µ

(a)

20   m

1

(b)

20 mµ

L�al�RdfZyh�¸T��xf» Ý� õ�ëkð ·D�|½E�xà�
�Ý� õ¦ëxð�� · ã0½_��ÿ ý~�]Ü êxëxë �ã��ý õ¦ñ¦ë�Í Û��4�^ý	�	����
 òmë ûÂÞøàÂ�òyë �¾ý�� ûwá��t{;ýrÞøákàbáxÿcá�µ��w�ôÞ������^Þ�
~Þôà)���¦ý��]Ü ì ·D��ä ò ½�ú`áxÞôàký½û ýüáP�kÜ~�xÞøàbãPá�{µà�
��xÜ���úµÜ~���]Þøú�Þþý	��ý��mû��·D��ä ê ½�ýüápÞôà��^á����]Ü~�]àIý ý���ÞøàMã`á�{µà�
��¦Ü~��úµÜ��y�^ÞôúµÞøý~��ý~�yûn�xà�
�·7�|ä ÷ ½�ýüá��^á����]Ü~�]àIý�ý���Þôà�ãPá�{µà�
��xÜ��úµÜ~���^ÞôúµÞøý~�¦ý��yû ì · ã&ä ò ½¾û��µá��>ûÏ�w�ôÞt�kàµù��]àIý�á¦ÿfúµÜ~���^ÞôúµÞøý~�¦ý��yû ì
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NPO�å>O�R æ�çÞè X9W�U�^i[VX�éYZnRq[VX9]_^¿]3a=[Vc)Ued�c)Rgf4UGfÆd)TVU�f¾U�^�[hX�^`êìëËígîiï

B j�U`zTzfalgmao�Rj@gi�Jgi�fh��f��UPemhIebaozfhkjYgia7<fhIz.{Y}bF~\ ZiU�}¨U`jfU`ql}�emaleb�Pv/hx��gmZiU`nxgihIz.ZmhIeyaozfdThIeIS�´�132 aoj�\
�Rhkeygmao�YUPgmao�Rj��`v n�U`Zy{��`jtZyhI�fqlaon�UPe�Zyhk�`h�U`qlhIztgm�fhGv��RZmstUPgial�Rj��`vn��\ �f�fU`emhÃ"rX[ZmKb{�K¶$�RjJzfalemqo��n�U�giao�`jfeIS
U`e�ey�f�;�Gj.aojb<��`dfZmh�¸T�ô_c�

2ÞÝ�ßxXiàM�[U`ebv��`dfjfz�U�gMjudfsJhIZy�Rdfe~emalgmhIekS U`e~em�T�µ�GjEaljÜ<f�RdfZmh�¸T�t%T»[e]giZy�Rjf�£�TZmhIeyhIjfnkh��Rj��RZiU`alj
{��Rdfjfz�UPZmaohkeIS��Galgi��UM�Rqo�`{fdfq�UPZ·sJ�RZy�f�f�Rql�R�`}RS��Rj�aljfnI�`�fhIZyhIjYgU`jfz�nI�R�fhkZmhkjug4g �Galj�{��Rdfjfz�UPZmaohke��Ga�gi�
UW�fq�UPgmh�st�`Zm�f�f�`qo�R�`}`SYU`jfz£U`Zm�`dfjfzJZmhIeyaozfdfU`q�Kb{4F Zmhkemalzfd�U`q��fZyhInkao�fa�g�UPgmhIeI�q�Mqoqfgm�fhIeyhb��nInkdfZmZyhIjfnkhIe
U`ZyhW�ÂhIqlq�zf��nIdfsJhIjYgihkz�U`jTz.��U��Rh�{�hIhIj�Zmhk���RZ]gihkz.�Rj¨judfsthkZm�RdTeb��nInIU`emal�RjfeIS��Ga�gi�9gi�fhWhx�cnkhI�Tgmao�Rj
�`v/gm�fh�v��RZys£U�giao�`j��`v�Tq�UPgmhIe�UPZm�RdfjTz�ZmhkemaozTd�U`q�Kb{4F��fU`ZygmaonIqlhIeG�G�faon��EaleMsJ�RZmh�emhkqozf�`s(ZyhI���RZygmhIz
"wn��fU`�TgihkZJV5$x���Me|Zmhk���`Zygihkz aoj�gi�fh@qlalgmhIZiU�gidfZyh`S32ÞÝ�ßxXiàJ��U`e�UEnIdT{�h¦\½gi��\ nIdT{�h@�RZyaohkjugiUPgial�Rj�ZyhIq�Uµ\
gial�Rjfey�fao���Ga�gi�Egi�fhJU`dTeygihkjfalgmh`S·U`jfz algme�q�UPgygialnIh���UPZiU`sJhkgmhIZ�ale�gi�fZyhIh�giaosJhIebgi��UPg��`v�gi�Th|s£UPgmZma � À
g }��faonIU`q�zfa7I�ZiU`nxgial�Rj��fUPgmgmhIZmjTe|U`�f��h�U`Z�U`e�ey�f�;�Gj¤aljð<��`dfZmh@¸c�}%�"�zv$�UPjfzñ"�v�$x�Ë�bv¡gihkZ�alzfhIjYgiaD<�n�Uµ\
gial�Rj¨{u}�zfaDI ZmU`nkgmao�Rj�U`jfzò1EÅPF�S�algb{�hkn�U`sJh�hx�calzfhIjYg�gm��UPg¶1EÅ�Fe<�jf�RhkZm�fZyaojYgieM�ÂhIZyh�emd¾rtnkaohkjugMgi�
zfaleygialjf�Rdfalem�Ü2ÞÝ�ßxXiàbU`jfzË��\ �T��U`emh��Ga�gi�f�RdcgG���Reyemal{fqoh�nk�RjTv�dfeyao�Rj¾�

B½gpale[aojYgmhIZmhkeygmaojf��gm��jf�`gmhMgi�Th�zfa7I�hIZyhIjfnkhIep{�hkg �ÂhIhkj¨gm�fhMZyhIeydfqlgmep�R{TgiU`aojfhkz�{Y}ÂF~\ ZmU;}£U`j�UPql}�emale
�`v�h¦�cgmZiU`nxgihkzJZyhIeyaozfdfhkeIS�U`jfz�gm�f�Reyh��R{Tg�UPaojfhkz�dfemaljf��´�132�SR��UPZygialnIdfqoU`Zmq�}��Galgm��Zmhk�YU`Zmz�gm�;��\ �f�fU`emhP�
�Mq�gi�f�`df�R�|gi�fale4�f��U`eyhbale4v��Rdfjfz��Galgm�Jgm�fhGq�UPgygihIZkSYalg4�[U`e�jf�`g�zfhkgmhInxgihIzJ�Galgm�Jgm�fh�v��RZmsJhIZsJhkgi�T�cz¾�
(�jfh.�Pv�gi�fh.���Reyemal{fqoh¨n�U`dTemhIe£aoetgm�fh.eyaA@kh.�`v�gm�fhò��\½�f��U`eyh.�fZyhInIal�falgiUPgihkeI�ó�Metn�U`j¯{�h�eyhIhIj alj
<��RdTZmh�¸c� _cS�gi�ThIemh�U`Zmh�emhIqlzf�Rs!st�`ZmhWgi��U`jE_`Otjfs!aoj�qohkjf�`gi��UPv¡gihkZ�V`O`O£���`v4�Th�UPgbgiZmhIUPgisJhIjYg�UPg
NR_`O ¿ XM�·´��faoe�aoe�emal�Rjfa7<fn�U`jYgiq�}�emstU`qoqlhIZ�gm��U`j�gm�fh@V`O`O¨jfs ���RZmhtema7@IhJ�`vpgi�Th£sJhIs�{fZmU`jfhÄ<�qlgmhIZk�
´·���RhIZyalv¡}¨�G�fhkgm�fhIZ;��\½�f��U`eyh|��U`Z]giaonkqohkeb�ÂhIZmh|ZyhkgiU`aojfhkzE{Y}.gi�Th,<�qlgmhIZIS�gi�fh�<�qlgmhIZmhkz�em�RqldTgial�Rj��[U`e
nIhkjYgiZma�v�df�Rhkz¾���caojTnIhMjT��zfhI���Reyalg��pU`eÂv��Rdfjfz@U�v¡gihIZÂ�fZm�`qo�Rjf�`hIz£nkhIjYgiZyalv�df�`aojf�fS�algÂn�UPj�{�hbnI�RjTnIqodTzfhIz
gi�fUPg_��\ �f�fU`emhG�pUPeÂhkalgi�ThIZ4zfalemem�`ql�Rhkz£�RZa�gie4¢ud�U`jYgia�g }|�pUPe�gm�c�WemstU`qlqTgi�W�Ra��Rh~U�eyao�RjTa7<�nIU`jYgÂeyao�RjfU`qr�
��\ �T��U`emh|ale�v��Rdfjfz¾S��Ga�gi��gi�fale�sthxgi�f��z¾S>aojEgi�ThtUPe]\ ZyhInkhIal�`hIz�KML4N`O`QR¼3{�hIn�UPdfemhJalgWale��fZmhkemhIjYg�U`e
Zmhkemalzfd�U`q���UPZygialnIqlhIeISYgm��UPg�aoekS�nk�YU`Zyemh~��U`ZygmaonkqohIe4v��RZysthkztzTdfZmaljf��ey�Rqoalzfa7<fn�UPgmao�Rj|UPjfz£dfjTzfaoeyem�Rq��RhIzt{Y}
gi�Thtey�RqodTgmao�RjEgmZmh�U�gisJhIjYg��b��}�nI�RjYgiZmU`eygISg��\½�f��U`eyhJv��RZysthkz�zTdfZmaljf�.UP�RhIaljf�¨�[U`e�jfhk�`hIZ�v��`dfjfz�alj
gi�Th�h¦��giZiUPnkgihkz�ZyhIeyaozfdfhkeI�



Ã¾Ä�ÐÒÑÏÓ�Ô�É;Ò�Ò;ÊuÉPÏ Ñ\Õ�Ê�Ì�Ö�Õ Ô�Åvô

(a)

1 µm

1

2

1

200 nm

(b)

0

200

400

600

800

1000

1200

0 5 10

In
te

ns
ityõ

Energy / keV

Cr

Nb

Cu
(c)

L�al�RdfZyh�¸T�ô_c» ä�Ü	�¦àPûwùpÞ ûüûüÞøákà����}���^ýüÜráxàWùpÞ��^Ürá��xÜ	�¦ú���û>áxÿ´�>���¦ÜrãPákàWÜ~�]ú��ôÞ}���Gáxÿ�Ý� õ�ëkð �¦ÿ ý��]Üê¦ëkë �ã��ý õ¦ñ¦ëPÍ Û���·D�|½E�ôá�� ùP�w�kàµÞtÉ0���¦ýüÞôáxà�ÞôùP�w�����V��Þþý~�£ß;ö�÷iÛ�øbákàÞ·7�|ä ò ½4Ü~�yûüÞ}
�{��w�¾Ý>ã�Ý�¦à�
�ákàÄ·D��ä ê ½n�xÜ	�¦ÞôàMã`á�{�à�
��¦ÜrÞ}�yû�ù¾· ã&½n�µÞ}���WùP���xàµÞtÉ0���¦ýüÞôáxà�Þôù�������û��µá���Þôà��Y· ã5ä ò ½�ú0�oú����xû��úµÜ~���^ÞôúµÞøý~�¦ý��yû>áxàY�P
;Þ û��ôá����¦ýüÞôáxàm���xà�
�·D�y½ Î³û ² ûwú&���^ýüÜ~{µù ÿ Üüákù¤ý~���ú��xÜwýrÞ}���t�mû�Þ}
��]àIýüÞtÉ���
�ã��ý����q�¦ÜrÜüá��tÞøàY·�ã0½��Iý~���·ûwýüÜráxà��E�]áxúµú&�]Ü ûwÞ}�xà����0�]áxù��yûfÿ Üráxù�ý������xÜrÞ�
[û�{µúµú`áxÜüýüÞôà��4ý~���·Ü~�]ú��øÞ���� ì
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L�ao�RdfZyhp¸T�t%T» äÏ���Ï���¦ÜrÞôá�{�û4�ôá�����ýrÞøákà�û\�¦à�
ÂùpáxÜrú��µá��ôá��kÞt�mû�áxÿRß ö�÷ Û ø ÞøàpÝ� õ�ëkð �¦ÿ ý��yÜ òyëxë ����ý õ¦ñxë�Í Û�¹�·D�|½ÿ áxÜrù[Þôà��/áxài�xÜ	�¦Þôà[ãPá�{µà�
��xÜüÞ}�yû���· ã&½V�xûfú�����ý~�yû�ákàÂÞôà��]á����yÜ��yàkýfý���ÞôàpãPá�{µà�
��xÜüÞ}�yû����¦à0
¶·7��½Tákà��]á����yÜ��yàIýTý���ÞôàãPá�{µà�
��xÜüÞ}�yûE·D�t�mûüû�ÿ Ü��yz�{��]àIý	½ ì ·7
�½ û Þ�ÈRÜ	��� ýrÞøákà�ú���ýüý��yÜüàMÿ Üráxù ý����ú�Ü��y�^ÞôúµÞþý	��ý~�û��µá���à�ÞôàÄ·D�y½��Pý����Þôà�
���µ���
úPákÞøàIýrû��¦Ü~�/ÿ áxÜ���{�û�ý~�]àµÞøý��_�¦à�
�û��µá��¨ý~���4ý�� á�áxÜrÞt�yàIý~��ýrÞøákà�û¾áxà)�y���	��ûwÞ�
��4áxÿTý~���4ý���Þôà�ãPá�{µà�
��xÜ��5ù�ß ö�÷ Û ø
���xûv������ýüýüÞ��9�>ú0�¦Ü	�¦ù��^ý~�]Ü³�xãPá�{;ý�ý���Ü����¾ýüÞôùi�mûv���¦Ü~���yÜfý����xàpý����¦ý�á¦ÿ!�w{Pû�ý~�]àµÞøý����kã�{µý´���kûfý�����û��xùi��û�ýrÜ�{��^ý�{µÜ~�
�¦à�
Â����{µã0���lýráw�¢�9{µã&��áxÜrÞt�yàIý~��ýrÞøákà�Ü~������ýüÞôáxàPû��µÞôú ì ·D�y½pæ³�}�¦ý��bÿ áxÜrù[Þôà��,�¦Ürá�{µà0
Ä��Ý·ã�² Ü~�yûüÞ}
�{0�w�¾ú��¦ÜüýüÞ��9�}�· ÿ áxÜrù���
Â
�{µÜrÞøà���ûüá��ôÞ}
;ÞtÉ0����ýüÞôáxàÂ�¦à�
À{µà�
;Þ ûüûüá��}���y
�ã���ý����Mûüá��}{;ýüÞôáxàJýüÜ~���¦ýüù��]àIý	½9��· ÿ~½Âý���úµÞ}���w�Ï
;ÞtÈ`Ü	���^ýüÞôáxàú���ýüý��]Üràbÿ Üüákù¤ßYö~÷iÛ�ø���Þøý��Mý����E�w{�ûwý��yàµÞþý~�/úPákÞøàIýrû>Þøà�
��9µ���
!�0�¦à�
Ã·���½�ý��Iú�Þ}���w� Î³û ²�ûwú&���^ýüÜ~{µù ì
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NPO�å>O�ÿ � ê¦÷��Jó Rga�[4UGT oiUGT��jf\c)]3T4[hR��3U�X�^��
´��fh��TZmhInkao�fa�g�UPgmao�Rj �PvÄ2ÞÝ�ßxXià�ale@�[hkqoq�U`zT�PU`jfnkhIz�U�v¡gihIZ�V`O`O¤� UPgEN`_`O ¿ XM�>�Â�`gi� �R�Tgialn�U`q

sJaonIZy�Remnk�R�Y}¤U`jfz ´�132 Zmhx�RhIU`qMnk�RjYgiaojudf�`dfe@U`ZyZiU�}�e£�`vWZyhIq�U�gial�`hIq�}�nI�YUPZmemh.�fZmhknIao�Talg�U�gihIet�RjÐgm�fh
�RZmU`aoj9{��Rdfjfz�UPZmaohkeI�3:hIZy}9ey�f�RZ]gbgmhIZms2UP�Raojf�|�[U`e~��hkZyv��RZysthkz.UPgMNR_PO ¿ X gi�JhIeygmaostUPgih�gm�fh�ey��hkhIz
�`v�gmZiU`jTeyv��RZys£UPgmao�Rj¤U`jTzÐgi� �RhIZyalv¡} �G�fhxgi�fhkZ£gi�fh��fZmhkzfaonxgihkz¯nI�RsJ���Rema�giao�`j¤ey�falv¡gJ�[U`e��R{feyhIZ]�RhIz
"wn��fU`�TgihkZC%!$x�

L�ao�`dfZmh¸T�ôN~ey�f�;�Geg2ÞÝ�ßxXià��fZmhknIal�falgiUPgihke·�`j��RZmU`aojW{��Rdfjfz�UPZmaohke>aoj�KML4N`O`QTS`U�v¡gihIZ¹W��U�g/N`_`O ¿ XM�
´��fh�nk�RsJ���Reyalgmao�Rj¾SuU�v¡gihIZÂnI�RZyZmhknkgial�Rj£gm��aojfnkqodfzThbgi�Th�hx�c��hInkgmhIz9stU`eme�v�ZiU`nxgiao�`j£�`v>nIU`Zm{��Rj."��G�Taon��
aoe�jT�`g~sthIU`emdfZyhIz¨{Y}Ü13ÅPFY$pale~�TZmhIeyhIjYgihkz�aoj@giU`{fqohW¸c�}%T�´��fh�L�hWnI�RjYgihkjYgMale�emao�`jfa7<�nIU`jYgiq�}�q�UPZm�RhkZ
gi�fU`j@gi�fhWhI¢udfalqoal{fZmaldfs&�PU`qldfh`�

200 nm

L�al�RdfZyh£¸T�ôNc» ä�Ü	�¦à�ûüùpÞôûrûüÞøákà����t�y� ýüÜráxà�ùpÞ��^Ürá��xÜ	�¦ú���áxÿÏ�����¦ÜrãPákà�Ü~�]ú��øÞ�����áxÿ¾Ý� õ¦ëxð �¦ÿ ý��]Üò �)�¦ý õ¦ñ¦ëPÍ Û��µû���á���Þøà���ßYö~÷mÛ�ø�ÿ ákÜüù��y
~ákà¶�kÜ~�xÞøàbãPá�{µà�
��xÜüÞ}�yû ì

� Ó�Ê�Ï�Ê�Ö�Ò X[Z L�h K~a 2¨�
	 Ò�
 _R_c�øO ¹�%T�ô¸ sT� V ¹;OT�ø¸

´�U`{TqohW¸T�t%T» äÏ���E�����]Ü	�w���q�^ákù[ú`ákûüÞøýüÞôáxàMá¦ÿTß ö�÷ Û ø ��ÿ ý��yÜ ò ����ý õ¦ñxë Í Û ì

NPO�å>O�Z æðçËè X�W�U�^i[VX�éYZnRq[\X�]_^ ]3aÜd�c)Rgf4UGfhX�^`êìëËí�î�ï��
´��fh@eiUPsth@�f�fU`emhke��ÂhIZyh@aozfhkjYgia7<fhIz aoj KbL4N`ORQR¼&U`e|alj�KML4NPORQT��L�ao�RdTZmh�¸c�ô¸�ey�f�;�GeJnk�YU`Zyemh

2ÞÝ�ßxXià��fZyhInIal�falgiUPgihke�v��RZysthkz��Rj�gi�fh@�RZmU`aoj�{��RdTjfz�U`ZyaohIekSaoj KML/N`ORQR¼&UPv¡gihkZ�V`ORO|�¤UPgJN`_`O ¿ XM�
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*b�;�Âhk�`hIZIS¾gm�fh�UPqoao�`jfhIz¨�fZmhknIal�falgiUPgihkeb��aoeyao{fqlh�aljÞ<��RdTZmh|¸T��xt�ÂhIZyh|aozfhkjYgia7<fhIzEU`e)��\ �f�fU`emh�U`jfzEU`Zyh
gi�ThIZmhxv��RZmh.�fZmhkemhIjYg¨aoj ¢ud�UPjugmalgmaohIe£emao�`jfa7<�nIU`jYgiq�} �`Zmh�U�gihIZtgi��U`j alj KML/N`ORQT�k�Mqlem�fS�gm�fh�U`qoal�Rjfhkz
��U`Z]gialnIqohke��R{feyhIZ]�RhIz "�<��`dfZmh9¸T�ø¸Ò"üU!$�$xS4�G�faln��¤nkqohIU`Zmq�}�nk�RZmZyhIem���Rjfz gi���fZyhInkaoemh9nkZy}�eygiU`qoql�R�RZiUP�f�faon
�fqoU`jfhIekSRU`Zyh[jf�Pg�v��RdTjfz�aoj�KML4NPORQT�·´�1_2�aljY�RhIe]gial�YUPgial�Rj��`v�gi�falj�v��Ralqoe>�`vfgm�fhpUPe]\ ZyhInkhIal�`hIz�KbL4N`ORQR¼
zfalz�jf�`g[Zmhk�`h�U`q¾U`j@�R{Y��ao�Rdfe[zfa7I�hIZyhIjfnkh�aoj�zTaoemql�cnIUPgial�RjJzfhIjfeyalg }`STgi�fhkZmhxv��RZmh�stU`Áuaojf��alg[zfa7rJnIdTqlg�gi�
hx�c�fqoU`aoj�gm�fhWzfa7I�hIZyhIjfnkh�alj�gi�fh��[U�}@gi�fhW�fZyhInIal�falgiUPgial�Rj@�`v���\ �f�fU`emh���nInkdfZme~aoj�gm�fh�g �[�teygihkhIqleI�

500 nm

(a)

(b)

200 nm

L�ao�RdfZyh�¸T�ø¸T» ä Î ß�ù[Þ��^Ürá��kÜ~�xú���û�·7��½á¦ÿ���ý~�µÞøàJÿ áxÞ}��áxÿ·Ý� õ�ëkð�� ��ÿ ý~�]Ü ê¦ëkë �À�¦ý õxñ¦ë�Í Û���û��µá���Þôà��Y��xÜ	�¦ÞôàGãPá�{µà�
��xÜ���
����^ákÜ~�¦ý��y
Gã��GßYö~÷iÛ�ø��¦à0
>���øÞ}�xàµù��yàký¾á¦ÿvú0��ú����xû��·ú0�¦ÜüýüÞ��9�}�yû��5·�ã0½ á¦ÿ\��Ü~�]ú��øÞ����i��ýn�µÞ}�����yÜù����xàµÞtÉ0����ýüÞôáxà���û��µá���Þôà��Cú0��ú����xû���ú��¦ÜüýüÞ��9�}�yûÏ�kÜüá���Þôà��[áxà)�i
µÞôû��øá�����ýüÞôáxà ì
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L�ao�`dfZmhÂ¸T�øQbem�T�µ�Ge��R�Tgialn�U`qusJaonkZm�R�RZmU`�f�fe>�`v�KbL4N`ORQ~U`�Rhkz�VR_`O`OMU`jfz|_`ORORO��|U�g/{��`gi��gihIsJ��hIZiUµ\
gidTZmhIek»�{��`gm��gi�fhp�`ZiU`alj|U`jfz�aljfnI�`�fhIZyhIjYg4g �Gaoj�{��RdfjTz�U`ZmalhIe4UPZmhpnk�µ�`hIZyhIz��Galgi��nI�YU`Zyemhp�TZmhInkao�fa�g�UPgmhIekS
gi�`�Rhkgm�fhIZ4�Galgm��st�Re]g��`v�gm�fh~nI�R�fhkZmhkjug�g �GaojJ{��Rdfjfz�UPZmaohkeI��B jYgmhIZmhkeygmaojf��Zmhkemdfq�gie�nI�Rdfqlz�{�h~�R{TgiU`aojfhkz

µ10 m

(a)

mµ20

(b)

10µm

(c)

50µm

(d)

L�al�RdfZyh�¸T�øQT» â ú;ýrÞ}���w��ùpÞ��^Ürá��kÜ~�xú���û�áxÿ�Ý� õ�ëkð �w����
�·D�|½ êkñ¦ëxë ���\·�ã0½ ñ¦ëxëkë �;��ý õ¦ñxëCÍ Û���¦à�
Ã·D�y½ êxñxëxë �m��·D
0½ ñ¦ëxëkë ���¦ý îkëxëPÍ Û
v�Zm�`seFb\½ZiU�}JU`j�UPql}�emale4�`v¾h¦�cgmZiU`nxgihkz£ZmhkemalzfdfhIek»�gi�ThbZyhIq�U�gial�`h�aojYgihkjfema�g }��`v�gi�fh~s£UPaoj|��h�U`Á�v��RZ�K~{�K
aoe~nIqlh�U`Zyql}@ZyhIzfdTnIhIzE{�hkg �ÂhIhkjEgi�fh�eiU`sJ�fqohkeMUP�RhIz�V`_`ORO��EU`jfz�_PORORO��EUPgM¸RORO ¿ XMS UPeMaoqlqodfe]giZmUPgihkz
aojÞ<��RdfZyh�¸T�l¹�OT��´��faoe�nIU`jE{�h|UPgmgmZmal{fdTgihkz�gi�9U�zfalemey�RqodTgmao�Rj��`vgi�fh|ZyhIeyaozfd�UPq/Kb{fK3gi�£gm�fh|�fZm�0<fg
�`v���\ �f�fU`emhÀ"üX[ZiKb{fK)$x�

�1nIU`Zmhxv�dfqhx�TU`sJaoj�U�giao�`j �Pvpgi�fhÄFb\½ZiU�}�em��hInxgiZmUTS�v��RZ�{��`gi��VR_`ORO9��UPjfz�_`O`ORO¨��UPg�¸RORO ¿ XMS
U`qlem��Zyhk�`h�U`qlhIz U�emhk��U`ZmUPgial�Rj¯aoj gi�fhò2ÜÝ�ßxXià¨��h�UPÁ�e��G�Taon��¯�[U`e�jf�`g�zfhkgmhInkgmhIz {Y} U`dcgi�RstUPgihkz
sJhkgi�T�czfek���MeWaoqlqodfe]giZmUPgihkz�aoj»<��RdTZmhJ¸T��¹;O."wn�$¦S�gi�fale�aoe�giZydfh|v��RZ�em��hInkaosJhIj U`�Rhkz�U�g�¸RORO ¿ X	{TdTg
jf�`g[UPg�NR_`O ¿ X �[hkZmh��RjTql}tU�eys£U`qlq�em�f�RdTqozfhkZ[aoe��aoeyao{fqlhbjfhIU`ZÂgm�fhbgm�R�£�Pv�gi�fhb��hIU`Á��4´p�[�|zfaleygmaojfnxg
q�U�gmgialnIh4��UPZiU`sJhkgmhIZme·nI�`dfqoz�{�hÂhIeygmaostUPgihkz�nk�RZmZyhIey���RjTzfaojf�~gi�MUbnIdT{faonÂ�f��U`eyhpU`jfz�Ubnkdf{faonÂzfa�UPst�RjTz
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cos2(θ)/sin(θ) + cos2(θ)/θ

(d)

L�al�RdfZyh@¸T��¹;OT» ²G��Ü	����ûüú&��� ýrÜ�{�ù�á¦ÿ���µIýrÜ~��� ý~��
�Ü~�yûüÞ�
�{��yû�ÿ Üráxù Ý� õ¦ëxð �����y
Á·D�|½ êkñ¦ëxë ��¦à�
Ü· ã0½ ñ¦ëkëxë �À�¦ý îxëkë;Í Û��4�xà�
Á·D�y½3�]áxùpú��xÜüÞ ûwákà�ã0�]ý��´���]à|ý~��� êkñ¦ëkë �À��ý õ¦ñ¦ë�Í Û��xà�
îxëkëiÍ Û�û��µá���Þôà����q���t�y�¦Ü�û��]ú��xÜ~�¦ýüÞôáxà�Þôà[ý����(' óxóxë*) ú&����¼�á¦ÿRß ö~÷ Û ø ��ý îkëxë�Í Û�ù�·7
�½\�����9{µÜ	��ý~�
��^ý~�]ÜrùpÞøà��¦ýüÞôáxà�á¦ÿ¾ý~���P�}�¦ýwýrÞ}���Gú��¦Ü	�¦ù��]ý��]Ü4áxÿ>ß ö�÷ Û ø Þôà�Ý� õ�ëkð �¦ÿ ý��yÜ êxñxëxë �Ä��ý îkëxëPÍ Û���xÞ}��Þøà��,+.- òyë0/ ókîx÷21Ê
�f��UPemh»"436587�5:9GU`qoq4hx�RhIj��Ga�gi�;3<5�7�589�=> x@?¤�[hkZmh@UP{femhkjug�em�.gm��UPg�gi�fht��hIU`Áue�v��RZWgi�fhkemh
aojTzfaonkhIe4�[hkZmh�dTjfao¢udfh~ZiUPgm�fhIZ�gi��UPj£em�T�µ�Galjf��gm�fhMeyhI��UPZiUPgmao�RjJaoqlqodfe]giZiU�gihIzJU`{��;�Rh�$x�4´��fhbsthIU`emdfZyhIz
q�U�gmgialnIh���U`ZmU`sthxgihkZme/UPZmhp�fql�`gmgmhIz|UPe4Ubv�dfjfnxgial�Rj��`v�nk�Re Ý "�H&$BA/emaljn"�H5$*5tnI�`e Ý "�H&$BA&H�S`gi�Th�Kbhkqoem�`jc\^¼Gaoqlhk}
v�dfjfnxgial�Rj¾S�U`jfz�h¦��giZiUP���RqoUPgihkz�gm�=H > QRO ¿ gi�£sJaojTaosJaoemhMhIZmZy�RZmebzfdfh�gi�@U`{Tem�RZy�Tgial�Rj - ¹;OYN�/rÀ�gi�falebale
aoqlqodfe]giZmUPgihkzJaljÀ<f�RdfZmhM¸T��¹;Oã"�zv$x�4´�U`{fqlhM¸c� N��fZmhkemhkjugmepgi�fh~zfaDI hkZmhIjYg[q�UPgygiaonkh���U`ZmU`sthxgihkZme�sthIU`emdfZyhIz
v��RZ�gm�fhIeyh.U`�`hIaojT��giaosJhIek��´��fh9q�UPgygialnIh@��U`ZmU`sJhkgihkZ|sthIU`emdTZmhIz v��RZ�gm�fh9zfa�U`sJ�Rjfz�nkdf{faln¨�T��U`emhPS
q�U�gihIZ�alzfhIjYgma7<�hkz�UPe�X[Z�ß¦KbaDÝ¦�calK	ale�emao�`jfa7<�nIU`jYgiq�}��RZyh�UPgmhIZ�gi��UPj¨gm�fh��`jfhWZmhI���RZ]gihIz9v��RZbX[Zyß¦K~a7Ý��ca¡X
"]¹�OT�}%RVDC��S#EYXp¶EÅW��¹µNµ\ O5s5sRO!$¦�b´�U`ÁuaojT�@U`nInk�RdfjYg��`v4gm�fh�qlalgihkZiUPgmdfZmhWnk�µ�`hIZyhIz aoj.n��fU`�TgihkZWVcS�gi�fhkZmh
aoejf���fZyhk��ao�RdTe[ZmhknI�RZyz£�`v�gi�fh~q�U�gmgialnIh���UPZiU`sJhkgmhIZ�`v·X[Z�ß�Kba7Ý¦�calK��4´��fh~em�f�`dfqozfhkZ���alemao{TqohGaojÄ<��RdfZyh
¸T��¹;O»"�n�$xS�v��RZMgm�fh���h�U`Á�"�B�$baleMhx�calzfhIjTnIh�gi�fUPg�gi�Th�q�UPgygialnIh���U`ZiUPsthxgihIZb�`v4gi�Taoe��f�fU`emhPS v��RZmsJhIz�UPg
qo�;�ÂhIZGgihkst��hIZmUPgidfZyh`S�aoe~emal�Rjfa7<fn�U`jYgiq�}@nIql�RemhkZ~gm�£gi�fUPgM�Pv32ÞÝ�ßxXià;��´��faleMsJao�R�Yg~{�h�Zmhkq�UPgmhIz�gm�tgm�fh
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nI�`st���Rema�gial�RjEn���U`jf�`h£�`v~X[Z�ß�Kba7Ý¦�ca�F "¡�G�fhIZyhãF1Zmhkv�hkZmeWgi��X��RZ�K)$x»GF alqoqoaoU`sJe�-þ_&s0/�Zmhk���RZ]gihkz�U
emal�RjfaD<�n�U`jYgbaojfnkZmhIU`emh�alj�gm�fhÄ2��@nk�RjYgihIjYg��Pv4gi�faleM�f��UPemh��Ga�gi�.gmhIsJ��hkZiUPgmdfZmh="üU`{��RdTg�NJ��gw )��hkZ
¹;ORO ¿ XP$¦Sf�G�faon��¨nI�`dfqoz9hx�c�fqoU`aoj@gm�fhWemao�`jfa7<�nIU`jYgGn���U`jf�`h�alj@gi�fhWq�U�gmgialnIh��fU`ZiU`sJhkgmhIZk�

¶4��U`eyh�§,�M�`hIaojT��gmaosJh V`_`ORO|� _`O`ORO|�
2ÞÝ�ßxXià ¹;OT�t%R¸5s C� ¹;OT�t%R¸&x C�
X[Z�ß�K~a7Ýx��aoK ¹;OT�ôNc¹�s C� ¹;OT�ôNRVRV C�

´�U`{fqlh�¸T� N�» äÏ�����}�¦ýwýrÞ}����ú��xÜ~�xùi�]ý��yÜrû�áxÿ�ßYö~÷mÛ�ø;�xà�
�Û�Ü	÷]Ý·Þ}ömâ�Þ Ýó��ý îxëkëÄÍ Û¤ÿ ákÜ~ý�� á
;ÞtÈ&�yÜ��yàký������yÞøà��ÂýüÞôù��yû ì

´�132 hx�TU`sJaoj�UPgmao�Rj9�`v�gi�falj�v��RalqoeGnI�Rj¾<�ZmsJhIz.gm�fh��TZmhIeyhIjfnkh��`vUtjfhk� �f�fU`emh��G�T�Remh�nI�RsJ����\
ema�gial�Rj�stUPgin��fhke�nIqo�`emhIq�}�gm�fh9Zmhk���RZ]gihkz¤nk�RsJ���Reyalgmao�Rjfe��`v�X[Zyß¦KbaDÝ¦�caDF�ÀpzTa7I�ZiU`nxgiao�`j�nI�Rj¾<�ZmsJhIz¤U
q�U�gmgialnIh���U`ZiUPsthxgihIZMnIqo�`emh�gm�E¹;OT�ôNHC��S�U`jTz�gi�fh|zfaoU`sJ�Rjfzc\½nIdf{faln�e]giZmdTnkgidTZmh|v��RZM�G�faln�����U`Zygmaonkdfq�U`Z
hx��gmaojfnxgiao�`j ZydfqohkeWhx�caoe]g��G�faln����fU;�`h£{�hIhkj�sJhIjYgial�RjfhIz�hIU`ZmqlaohIZk��´��faoe��[U`eIS��f�;�[hx�RhIZkS/�Rjfq�}EemhkhIj
aoj.Utv�hk�	zfaDI ZmU`nkgmao�Rj¨��UPgygihkZmjfekÀ gi�fh��fZmhkemhIjTnIh|�`v4gm�fh�dfjfh¦�c��hknkgihkz�zfa7I�ZiU`nxgial�Rj.ey���`gme�"�h`�þ�f�WV`ORO5$
aoj9stU`jY}��`gm�fhIZye~�[U`e~UPgygiZmal{fdTgmhIz@gi�Jzf�Rdf{Tqoh�zfaDI ZmU`nkgmao�Rj¾STU`eGeygmZm�Rjf�JzfaDI ZmU`nkgmhIz¨{�hIU`stepv�Zy�Rs�gm�fh
U`dfe]gihkjfalgmh�s£U�}9U`nxg~U`eGemhknI�RjfzfU`Zy}9zfaDI ZmU`nkgmao�Rj@ey�RdfZynIhIek�

500 nm

0 2 0 γ

γ2 0 0

2 0 0 θ

L�al�RdfZyh[¸T��¹R¹R» ä Î ß¤ùpÞ}�]Üüá��xÜ	�¦ú���û�á¦ÿ5�>ý~�µÞøàÂÿ áxÞ}�;á¦ÿRÝ� õ�ëkð �¦ÿ ý��]Ü êkñ¦ëkë �i�¦ý õ¦ñ¦ë�Í Û��xû���á��Ï�Þøà������]á��¦Ü½û��/Û�Ü	÷]Ý>Þ�öiâ�ÞôÝ�ú�Ü��y�^ÞôúµÞþý	��ý~��ákà¶���]á����yÜ��yàký ý���ÞôàMã`á�{�à�
��¦Ü~� ìVû Þ�ÈRÜ	��� ýrÞøákàbú0��ýwý~�]Üràá¦ÿcÛ�Ü	÷]Ý>Þ�öyâ;Þ Ý9úµÜ��y�^ÞôúµÞøý~��ý~���|�]ákà�����µ;Þ û ëkëµò �xÞøà�
��9µ���
pÿ ákÜ´��{�û�ý~�]àµÞøý��_·JIm½V�¦à�
MÛ�Ü�÷]Ý·Þ öyâ�Þ Ý.·LK�½��û���á���Þøà��[ú��xÜwýrÞ}���!�9µ�ýüÞôà�� ýrÞøákà�á¦ÿ êxëxë ÿ Üráxù�ý~���4úµÜ~���^ÞôúµÞøý~�¦ý��P·MK�½ ì
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�Me>�GaoqlqR{�h�em�T�µ�Gj�aoj�gi�fale>emhInxgial�Rj¾SPgm�fh��fZmhknIao�Talg�U�giao�`j�emhI¢udfhkjfnIhpv��`Z¾gi�fh[VRVRX[Z>�RhkZmemal�Rj�ale�vwU`aoZyql}
zfaDI hkZmhIjYg�v�Zy�Rs�gi�fUPgG�`v�KML4N`O`QTSfaoj9ey�falgmh��`v�gm�fhIalZ�Zmhkq�UPgmal�Rhkql}£emaosJaoqoU`Z�n��fhIsJaonIU`q¾nI�`st���Rema�gial�RjfeI�

(a) (b)

(c) (d)

L�al�RdfZyh�¸T�l¹;Vc» â ú;ýrÞ}���w��ùpÞ��^Ürá��xÜ	�¦ú���û·áxÿ Ý� õ¦ëxð�� �!�w���y
À·7��½ êxñxëxë ���xà�
Â·�ã0½ ñ¦ëkëxë �Ã�¦ýõ¦ñxëiÍ Û����¦à�
,·7��½ êxñxëxë �¦à�
Ã·D
�½ ñxëxëkë �)��ý îxëkëiÍ Û ì äÏ���g�xÜüÜrá��>û�ú`áxÞôàIý�ýüá,V&��ú����xû������n��Þ}�	�m���ÿ ý~�]Ü êxñxëxë �Ã�¦ý/ã`á¦ý~��ý~�]ùpú&�]Ü	��ý�{�Ü��mû/áxÜ ñ¦ëkëxë ���¦ý îkëxë)Í ÛEÞôû�ÿ á�{µà�
�áxà��}��Þôà�ý~�����}�xÜ����yûwý�w{�ûwý��yàµÞøý����xÜ	�¦Þôà�û ì
�bv¡gmhIZbVR_`ORO���UPgMNR_`O ¿ XMSfgm�fhWstalnIZy�ReygmZmdfnxgidfZyh�Zyhk�`h�U`qle~ZyhIqoUPgia��RhIq�}�zfhkjfemh�aojYgmZiU`�RZmU`judfq�UPZp�fZmh¦\

nIal�falgiUPgial�Rj¾��¶4ZmhInkao�fa�g�UPgmhIe��PvGjfhk�1st�`Zm�f�f�`qo�R�RalhIe�U`Zmhtv��Rdfjfz��Rj��RZiU`alj�{��Rdfjfz�UPZmaohkeIS4eyaosJaoq�UPZ�gi�
gi�T�Remh�em�f�;�Gj�aojÜ<��RdfZyh�¸T��¹µVÛ"�{v$xS U`jfz.�Ga�gi�falj�gi�Th��RZmU`aojfekS UPe����`aojYgihkz.aojÞ<��RdfZyh�¸T��¹µVË"wU!$x�b´��fh
q�U�gmgihkZWU`Zmh|v��RdTjfz��RjTql}Ealj�qoU`Zm�Rh|�`ZiU`aljfeI�J´��fh£emU`sJhJ�`{femhkZy�PUPgial�Rjfe�n�U`j {�htstU`zfhJUPv¡gmhIZ�_`ORORO9�
UPg~¸RO`O ¿ XMS�U`qlgm�f�Rdf�R�@gm�tU|qlhIemeyhIZ~hx��gihkjYg�S�U`eGaoqlqodfe]giZiU�gihIz£{u}b<f�RdfZmh�¸T��¹µVÁ"wn�$[�G�fhIZyh�sJ�Re]gG�`v�gm�fh
emstU`qlqohIZ�RZmU`aojTeÂzf��jf�`gpey�f�;� jfhk� �fZyhInIal�falgiUPgihke[U�g[gi�Th��RZiUPaojJ{��RdTjfz�U`ZyaohIeÂ�RZ[jThk� aojYgiZmU`�RZmU`judfq�U`Z
�fZyhInIal�falgiUPgihkeI�

�bv¡gmhIZW_`O`ORO£��UPg�N`_`O�¿¦XMS�gm�fh|¢ud�U`jYgia�g }��`v4gm�fh|nI�RU`Zmeyh��RZiUPaojc\½{��RdTjfz�U`Z]}.UPjfz¾S¾��UPZygialnIdfqoU`Zmq�}RS
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�`v/gm�fh��fqoUPgih¦\ ey��U`��hIz.�TZmhInkao�fa�g�UPgmhIeb��U`e�nk�RjfemalzfhIZmU`{fq�}�aljfnIZyh�U`eyhIz¾S U`e�ey�f�;�GjE{u}Ü<��RdTZmh�¸c�l¹µVË"w{v$¦À
�G�falqoh�UPg�¸RORO ¿ XMSfgi�Th��fq�UPgmhx\½em��U`��hIz9aljugmZiU`�`ZiU`judfqoU`Z[��UPZygialnIqlhIe�U`Zyh�eygmaoqoq�hIeyemhIjYgma�U`qlql}Jv��Rdfjfz9aoj@gm�fh
q�UPZm�RhkZp�RZiUPaojfek�

�[�`gm��gi�fhkemh�jfhx� ��UPZygialnIqlhIeÂ�ÂhIZyh�aozfhkjYgia7<fhIz¾Scdfemaljf���4132�S�UPe�+�\ �T��U`emhPSf�`v·nI�`st���Rema�gial�Rjtnkqo�Reyh
gi�Âx5xuX[Z>xYORL�h£¹;O`Kba�%!2��fS UPgw �S��G�faon���aleMalj.eiU�giaoe]v¡}�aojf�£U`�RZmhkhIsJhIjYg��Ga�gi��gm�fh,x!%RX[Z)sR¸RL�hJ¹;ORK~a
%!2����fZyhIzfalnkgmhIz9�Galgi�Þ2�´�Å��4´��	v��RZpgm�fhWeiU`sJh�gihkst��hIZmUPgidTZmh`�

´��fh�aljugmZiU`�`ZiU`judfqoU`Z�fZmhkemhIjTnIh��`vG+�\½�f��U`eyhM�RjTql}Jaojtq�U`Zy�Rhb�`ZiU`aljfeÂale[h¦�T�Tq�U`aljfhIz�hIU`emalql}�aljtgihkZmsJe
�`v��ThkgihkZm�R�`hIjf�RdTe�j�dTnIqohIUPgial�Rj¾»�+�\ �f�fU`emh�judfnkqohIUPgial�Rj�aoe�h�UPemaohkZ[�Rj@eyalgmhIe[eydfn��¨U`eÂgmZmal�fqoh~���`aojYgie[U`jfz
�RZmU`aoj {��`dfjfz�U`ZyaohkeI�ÁB j��RZmU`aojfe��`v�eys£UPqoq4ema7@IhkeIS�gm�fh�U`sJ�RdfjYg��`v�eydfZyvwU`nkh£v��RZ�U��Ra��Rhkj��R�RqldfsJhJale
sJ�RZmh�gi��U`j.aoj�qoU`Zm�Rh��RZiUPaojfekS¾U`jfz�gm�fhIZyh�aoebgi�fhkZmhkv��`Zmh|U£�`Zmh�U�gihIZMj�dTs�{�hkZ�zfhkjfema�g }��`vhIU`ey}.�RZiU`alj
{��Rdfjfz�UPZy}�judfnkqohIUPgial�Rj�ema�gihIe|v��RZÃ+�\ �f�fU`emhP� �[hInIU`dfemh9judfnkqoh�U�giao�`j�aoe|sJ�RZmh�zTa7rJnIdfq�g|�Galgm�faoj�gm�fh
�RZmU`aoj¾SRgm�fhbgmhIjfzThIjfnx}£alev��`Z_+�\½�f��U`eyh~gm��v��RZys�aojYgiZmU`�RZmU`judfq�U`Zyql}��Rjfql}�alv¾�`ZiU`aljt{��RdfjfzfU`Zy}Jema�gihke[U`Zyh
jf�`g~U��PU`alq�U`{fqlh`ScU`jfz¨alv>gi�Th�zTZmal��aljf��v��RZmnkh�v��RZ�judfnIqlh�UPgmao�Rj9aoe�qoU`Zm�`h�hIjf�RdT�R�¾�

�Me~aoe�gi�Th�nIU`emh�v��RZ~KML4N`O`QTS�UteyhI��U`ZmUPgial�Rj¨aoeG�R{feyhIZy�`hIzE{�hkg �ÂhIhkjò2ÞÝ�ßkXià�U`jTzEX[Zyß¦K~a7Ý��ca�K�S�alj
gi�ThiFb\½ZiU�}�zfa7I�ZiU`nxgial�Rj�ey��hknkgiZmU��`v�hx��gmZiU`nxgihIz�ZyhIemalzfdfhkeISRv��RZ�KML4N`O`QR¼�SPUPv¡gmhIZ4_POROROM�|U�g¸RORO ¿ X�{TdTg
jf�`gpUPg~NR_PO ¿ XM�4�be�em�f�;�Gj9aojã<f�RdfZmhW¸c�l¹�scS�gm�fh�emhk��U`ZiU�giao�`j�aoepjT�`gGU`e[�ÂhIqlq zfh�<�jfhkz�UPe�aoj@KbL4N`ORQTS
U`jfz£U`nInkdfZiU�gihMqoUPgmgmaonkh~�fU`ZiU`sJhkgmhIZye[nI�`dfqoztjf�`gÂ{�hbzfhkgmhIZmsJaojThIz¾�g*~�;�[hx�RhIZkSfg �[����hIU`ÁuepU`ZyhMnIqlh�U`Zyql}
�;�RhkZmq�UP�f�faojT�fS�gm�fh��Rjfh�nI�RZyZmhIey���`jfzfaojT�£gi��gm�fh�emstU`qlqohIZGqoUPgmgmaonIh���U`ZmU`sthxgihkZbgi�TaoebgmaosJh���U���aojT�@U`j
aojYgmhIjfeyalg }W�`vT�Rjfql}�_PO! �`vTgm�fh[�Pgi�fhkZI��´��Taoe·n�U`j�{�h�hx�c�fqoU`aojfhkz�{Y}Wgi�fhÂnI�RsJ���Rema�giao�`j�st��zfa7<fn�UPgmao�Rjfe
�fZyhIemhkjYgihIz|{Y}�KML/N`ORQR¼W»�gi�fh�hIqlhIsJhIjYgie�qoalÁ`hIq�}�gi�~nI�`jugmZm�Rqugi�Th[U`sJ�RdfjYg��`v�X[Zyß�KbaDÝx�calK¤eydfn���U`e��cau�RZ
K¯U`Zyhp�fZyhIemhkjYgÂalj�emalstalq�U`Z>¢ud�U`jYgmalgialhIekS`�G�faoqlhÂgm�fhGU`sJ�RdfjYg/�`v X�aoe���U`ql�`hIz¾SuUPjfz�U`e4U�nk�Rjfemhk¢udfhIjfnkh`S
gi�Th�UPst�RdTjugG�Pvg2ÞÝ�ßxXià~aoe�ZyhIzfdTnIhIz �
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L�al�RdfZyh�¸T��¹�sT» äÏ���X' óxókëY) ú&����¼Âÿ ákÜ�ß ö�÷ Û ø �¦à�
�Û�Ü ÷ Ý>Þ ö â�Þ Ý.ÞøàMÝ� õ�ëkð�� �¦ÿ ý��yÜ ñxëxëxë �>�¦ýîxëkëiÍ Û���û��µá���Þøà��_�}�yûrû�û��yú��¦Ü	��ýrÞøákàGý~���¦à�Þôà�Ý� õ�ëxð �µû���á���àbÞôàCÉ0��{µÜ~� îµìôòyë ·7��½ ì
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14qohInxgiZy�Rj�zfaDI ZmU`nkgmao�Rj�U`jfzÃ1EÅ�FÐaoj�´�1_2�nk�Rj4<�Zysthkz�gi�ThÂ�fZyhIeyhIjfnkh��`vV+�\½�f��U`eyh`SRUPe�aoqlqodfe]giZmUPgihkz
aojÜ<��RdfZyh|¸T��¹�xò"�n�$xS��G�faoqlh�Zmhk�fqoaln�U`ebZmhx�Rh�UPqohIz�gm�fh��fZyhIeyhIjfnkhJ�Pv�U`qoal�RjfhIzÛ��\ �f�fU`emh��TZmhInkao�fa�g�UPgmhIeMU`e
�R{feyhIZ]�RhIz.UPv¡gihkZ~V`ORO|�¾S\<��`dfZmh�¸T��¹�xÞ"üU!$¦�

1 µm

(a)

1 µm

(b)

1 µm

(c)

(2)

(1)

1 0 0

0 3 1

Z�a\[RdfZ^]`_badcfe�g�h#i�jlknmOo.j4p^q*rtsvuwiOxym�z|{~}y�Q���O��iQzJ�lpwj#�O���O�~��iQ�G��������h<x��*mQ�Gs�o*�`�diO�b�l�*p����\q*�ni�x4p�q*jlp^u�s�q*st��liQ�lp^x�iOxbzMm��*o0�,i�zJ�4p^jU�����~���fi�o0���Mk���u�mfi�j�x�p�h�j4�^{�sJ�^� sv{�i�on�¢¡£�4��h#¤¥q*j4pBu�s�q*st�liQ�lp^x�mOo¢i�o.sto0uwm��*p^j4p^of�b�¦�Gs�oknmO�*o0�*i�j4§O¨(�du^�G©¥�*s�o�zMm�s�rªm�zy{«}y�Q�O���¬iQzJ�lpwj~��������®iQ������� � h¯x4�*mQ�Gs�o*�°i.rvi�jl��p°�Lu�± ²��¥³��\q*�ni�x4p�q0i�j4�4svu�r�p�4m��Op��l�*pwj¥�Gst�4� �Lu�±�����h�j � {«s � � sv{¬m�o�i.��j�i�s�o`k�m��*o0�0i�jl§�¨
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ÑÓÒ�Ô Õ;Ö�×¬Ø�ÙÛÚÝÜ(ÙÛÚ�Þ ßàØ�Ù�á ×¬Ø Ö�âDã ä�Ô�å�æ ß�×èç ã ä�Ô�å�æ é

êìëdëí^î ]OïIa\ð�]fñ í�ò ]kZB]¯ó�[@]Oôõónö ë ] ó í ö�cY÷@÷�÷@÷2øùónö�ú�û�öBøÄö�]Oð î ]IZBónöidfZ^] íOü ö�ø�] ë û@ñ�[@] í ö ón[@]Iadñ�[
öiZ^] ónöBð<]Oñ|ö>ZB] ónïQøfa\ñ�[ÛcYýR_�÷@÷.ø£ónö~ýR_n÷,þ¦Xèÿ¦ûRZ���Z�ý�÷����£a��Ûñ ë	� ZB] í d ë ö í d î ö�û®cY÷@÷@÷�÷.øàóPZB] î Z^] í ]Oñ|ö�]fô
ø�]kZB]�a
Z�a\[`dfZB]`_baLcµ_ í ø�û ò°í û î öma\ï ó ë ðtadïIZBû�[RZ�ó î ø í ûnÿ��ìZ�ýn÷��àónñ�ô
�ìZ�ý�÷���� ónÿ öB]IZ`cY÷@÷@÷@÷®ø�ónö.ýR_�÷�þ��

ó�ñ�ô _@÷@÷Êþ��ìa�,ø�] î�� ]Oï�� î �döQó0ö��\û�ñ�� í ï ë ]fó �Bë�� ô�]Oñ í ] � �\ñ;öBø�] í^î ]Oï��dð<]Oñ ó�[@]Oô ónö6ý��n÷�þ�� ü�ò �Lö�ø

30 µm

(a)

30 µm

(b)

(c)

30 mµ
50 mµ

(d)

Z��d[�� � ]�_baLc��Ãg��~qY�ls�u^i�r��.s�uwj4mO��j�i�q*�0x«m�zU{~}�������i�o0�®{~}y�Q���O�¹i��Op^� ²B���O���.�ài�������� � h�Li.i�on�ìu(jlp^x4qnpBu �ls �Opwr�§Y�#i�o0�"!���� � hÊ�MkÛi�o0����j4pBx�q�p^u��4s#��p^rt§*� ¨
�ìZ�ý�÷�� í ø�û ò �\ñ�[Äó í ö � û@ñ�[�] �6î�� ] í ]fñ�ïO]èû�ÿ%$ÞÝ�ß&�iàÓó�ñbô'� � ß��(�7Ý&)*�	�Ýû�ñ ö ò �\ñ úUû���ñbô�ó � �d] í ó�ñ�ô
�\ñ|ö � ó�[ � ó�ñ+� ë ó �Bë	�-,/. [�� � ]<_Ãadc�� , ó�0�ó�ñ�ô , ú1020&34��Z�ý�÷���� í øbû ò°í ó�ð<û � ]�]65@]Oñ ô�� í ö � �\ú��bö��dû@ñèû�ÿ87:9



´¥µ·¶¹¸�º�»�¼y½�¾6¿Y½�¾0À Á�¼y½ÃÂ�»�¼ÄºyÅ�Æ2Ç�¶bÈ�ÉÊÁ�»~ËÌÆ2Ç�¶bÈ�É�Í Î|Ï<;

0

200

400

600

800

1000

1200

1400

30 32 34 36

C
ou

nt
s=

2θ

NbN main peak

104 h

2500 h

(a)

0

200

400

600

800

1000

1200

30 32 34 36

C
ou

nt
s=

2θ

NbN main peak

104 h

2500 h

(b)

Z��d[�� � ]®_badc�>bg�©¥�*p?�,i�stoÛ�Ys @�j�i�u��4s�m�oìqnpBi�A`zMm�j�{�kn{��Ã�diO�¥i��(����� � h�i�o0���Mkn�B!O��� � h�zMm�j{«}y�Q�O�.i���pB���O�����¢i�on�£²B�����O�X�ª¨
î ø�ó í ] î�ë ónö�] í ó0ö®ý���÷<þ�� ,C. [�� � ] _Ãadc�� , ï�0D0�aìZ�û ë\ë û ò �dñ�[�ø�] ó0ö29�ö � ]fónö�ð�]fñ|öÛó0öÛ_@÷@÷<þ�� ü 7:9 î ø�ó í ]E� í
î�� ] í ]Oñ|ö.û@ñ [ � ó��dñ<úUû���ñ�ô�ó � �d] í ó�ñ�ôF�dñ|ö � ón[ � ó�ñ+� ë ó �Bë��G, ð6ó��dñ ë	� �\ñ�ö�ø�] ë ó � [@] � [ � ó��\ñ í 0?�\ñH�ìZ�ý�÷����£a

,ø�]
IJ9 � ó � ó�ñ�ó ë	�ªí � í û�ÿì]�Kªö � ónïOö�]Oô � ] í �dô���] íH� ]65@]fó ë ]OôùöBø�ónö ü �dñL��Z�ý�÷�� ü �`úM�Sïfû@ð î�ë ]Oö�] ë	�
ô�� í ó î�î ] ó � ]fô�ÿ¦û ë\ë û ò �dñ�[¯ø�] ónöN9�ö � ] ó0ö�ð�]fñ|ö�ónö�_@÷@÷¬þ�� ó�ñ�ôõó ë ð�û í ö í û¹ónö ý���÷¬þ�� ,/. [�� � ]�_baLcO>P0�a
,ø�� í ð�û í ö ë �RQn] ë�� ÿ¦û ëdë û ò°í ö�ø�]�ÿ¦û � ð6ó0ö��\û�ñÛû�ÿM� � ��úM� ,TS 9 î ø�ó í ]O0�a ê�í ð�]fñ|ö��dû@ñ�]Oô£]fó �Bë �\] �füUS 9 î ø�ó í ] ü
ò ø��dïQø�� í û@ú í ] � 5@]fô��\ñÄö � ó�ñ í ðV� íBí �\û@ñ;] ë ]OïOö � û@ñ;ðV�\ï � û í ïOû îP� � í ñ�û�ö�ÿ¦û���ñ�ôW� í �dñ�[¬ö�ø�� í ð�]Oö�øbûÃô ü
î�� û@ú�ó�ú ë�� úU]fï óU� í ] í ð<ó ë\ë � � ��úM� î ó � ö��\ï ë ] í ó � ]£ô�� í^í û ë 5@]fô�ô�� � �dñ�[�ö�ø�]£]&Kªö � ó�ïOöD�\û@ñ î�� ûªïf] íBí a êìí
ÿ¦û ��í^î ]Oï��dð<]Oñ í ó�[@]OôVX���÷@÷Ûó�ñbôF�n÷@÷@÷ìø ü ó í ] î ó � ónö��dû@ñY� í 5*� í �dú ë ]ú�]�ö ò ]O]fñ
$ÜÝ�ß&�iàónñ�ôH� � ß��J�DÝ&)*�	�
�\ñ öBø�] í^î ]Oï��dð<]Oñ ó�[@]Oô6ó0ö._@÷�÷£þ��ùú��böñ�û�ö�ÿ¦û � ý���÷£þ���3|ö�ø�] ë ó0öBö��dïf] î ó � ó�ð�]OöB] �Bí�ò ] � ]�ï ó ë ï�� ë ónö�]Oô
ö�û�úU]�g

Z�ø�ó í ]\[ ê [�]��\ñb[�öD�\ð�] �n÷@÷@÷ ø cY÷@÷�÷@÷�ø
$ÞÝ�ß&�ià cY÷ba >@_�e^]ê cY÷ba >|ý��_]ê
� � ß �(� Ý )`�R� cY÷ba�ý�X�X ]ê cY÷ba�ýÃc�X ]ê

~ó�ú ë ]¹_ba�_ÃgÄ©¥�*pàr�i����ls�uwp£q0i�jli&�¢pw�4p^jlx,m�zX¡®�l�Bh#¤£i�o0�2h�j��w{«s��B� sJ{:iQ�"!��O� � hùzMmOj`�¦�#m�Ys @�p^j4p^oO�«i���p^sto*��4s#�.p^x^¨

a í �\ñ�[bdce$ ü �dö ò ó íÛî û íBí �\ú ë ]àöBû ïfû@ñ .M� ð ö�ø�] ñ�ónö�� � ]�û�ÿ�öBø�]\�\ñ|ö � ó�[ � ó�ñ+� ë ó ��î�ë ónö�] í g . [�� � ]
_baLc*ý , óP0 í ø�û ò°í ó�öBø��\ñ2ÿ¦û�� ë û�ÿ?�ìZ�ý�÷����Dónÿ ö�] � cY÷@÷�÷@÷�ø¬ónö®ý��n÷6þ�� ü �\ñ ò ø��\ïQø ë ó � [@] î�ë ónö�] í û�ÿ�7:9
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ÿ¦û���ñbô©�dñG� �D� ó�ô��\ónö�]OôÓó�� í öB]fñ��Lö��dï í öQóU�\ñ ë ] íBí,í ö�]O] ë\í a

Ó ñ2c��@_bc ü ¡�Lö�ïQø�ð<ó �^í ø<ó�ñ�ôYÔ'� ëdë �·ónð í Æ �0eUÈ � ] î û � ö�]OôH�Lö í�î�� ] í ]fñ�ïO]J�dñ<Z�ÒÄ�ne|_ ü ó%�`ú í öQónú�� ë � í ]Oô
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ð<ó � ñ�ûnö.úU] � ]6Ã`��� � ]Oô
�\ñ í ��ïQø í öB]f] ëdífü�í �\ñ�ïO]ìö�øb]��J��ïfû@ñ|ö�]Oñ|öd� í ð�û � ]�ö�ø�ó�ñ ô�û��bú ë ]ìöBø�ónö¢û�ÿ ê ÓN)*Ó
ÐbcO> í öQó��dñ ë ] íBí°í öB]f] ë a
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��ñÓöBø�]Ûú�ó í � í ûnÿ~öBø�] í ]£û�ú í ] � 5nónö��dû@ñ íOü �döÝ� í,î û íBí �\ú ë ]ìö�û�ó � [���]�öBø�ónö(á�9 î ø�ó í ]�� í ð<û � ] í öQó�ú ë ]
ö�ø�ó�ñ
� � ß��J�DÝ�)*�/���\ñ<öBø�] í ] í öB]f] ë\í g í ]f[ � ]f[@ónö��dû@ñ î�� ûO5*�dô�] í ö�ø�]J�\ñ�ï � ]fó í ]OôG)*� ë ]&5@] ë:� ]6Ã+��� � ]fô üªò ø�� ë ]
ö�øb]�ô�� í^í û ë �bö��dû@ñ;û�ÿJ��ú1�Ì� í ]�K î ]fï�ö�]Oô ö�û � ó�� í ] ë ûªï ó ëdë	� ö�ø�]�ïfó � úUû@ñ ë ]&5@] ë aWî¢û�öBø î ø�]fñbû@ð<]Oñ�ó
ó � ]�]�K î ]OïOö�]OôÄö�û¯ú�]�ÿ�ó�5@û�� � ó�ú ë ]�öBû¯öBø�]�ÿ¦û � ð<ónö��dû@ñ¹û�ÿd� � ß��J�DÝ�)*��� ü«ò ø��dïQøï� í ñ�]&5@] � ö�øb] ë ] íBí ñbû�ö
û@ú í ] � 5@]fô#a

Ó�ö í ]O]fð í öBø�] � ]Oÿ¦û � ] � ] ó í û@ñ�ó�ú ë ]�ö�û í ó � ö�ø�ónö(�Lÿ~]6�döBø�] �,î ø�ó í ] ò ó í öBû�ú�]Ûÿ¦û���ñbô©�dñ©�ìZ�ý�÷���û �
�ìZ�ý�÷���� ü �Lö ò û�� ë ô¯ú�]%á�9 î ø�ó í ]�aeç`û ò ]65�] �Oü ñ�û@ñb]�� í û@ú í ] � 5�]fô üyò ø�� ë ]�� � ß��(�7Ý&)`�R�ð� í,î�� ] í ]fñ|ö"�dñ
í �d[@ñ�� . ï ó�ñ|ö?Ã+��ónñ�öD�döD�\] í a�Ó ñ�ïQø�ó î ö�] � X ü �dö�ø�ó í ú�]O]fñ î�� û î û í ]fô ö�ø�ó0ö�û@ú í ] � 5nónöD�\û@ñ í û@ñ ö�ø�],]&�#]OïOö�û�ÿ
ñ��Lö � û�[@]fñ û�ñÓöBø�]�ÿ¦û � ð6ónöD�\û@ñ<û�ÿ�$Þà&� ò ] � ]®ú�]�öBöB] � ��ñ�ôb] �Bí ö�ûªûÃôÓú � ïOû@ñ í �\ô�] � �\ñb[V$Þà&�:ónñ�ôÓû�ö�ø�] �
ïfû�ð î û í �Lö��dû@ñ í ó í ûÃïOï�� �2� ]fñbïf] í û�ÿ«ö�øb] í ó�ð�] Å6í ö � �bïOö�� � ]�a ê [@ó��\ñ ü ö�ø�] � ] í � ë ö í øb] � ] í � î�î û � ö°öBø�]
�\ôb] ó�ö�ø�ónö®öBø�] Å¹í ö � �bïOö�� � ]F� í [@]fñ�] � ó ëdë	�èí öQó�ú�� ë � í ]OôÊú � ñ��Lö � û�[@]fñ ü�ò ø�]�ö�ø�] � �dö í ïfû@ð î û í �döD�\û@ñ|� í
$2ûU9 � �dïQø¯û � �J�/[�)*��9 � �\ïQø#a
�¡ ¢�¡ jñ òÝ¯�±�²"}?³*´¶ó�ôe�1��}�À�µÂôÝ«õ}�«"¬õ´Bö\´�ñ»À°ô¼«÷�Ì´�ñ<²"}�«�µÂñB}�Áb±"�Mô¼±E´���ÀMµÂ´�³

,ø�]�ô����#] � ]fñbïf]�úU]Oö ò ]f]fñø�ìZ�ýn÷��¬ó�ñ�ô���Z�ý�÷����Ì� í ñ�û�ö��dïf]fó�ú ë ]6[��	5�]fñÄö�øb] � ] ë ónö���5@] ë	�Êí ð<ó ë\ë
ïfû�ð î û í �Lö��dû@ñ2ïQø�ó�ñ�[@] í a êìí ]�K îbë ó��dñ�]fôë�dñ¬ïQø�ó î ö�] � X ü 7<9 î ø�ó í ]àÿ¦û � ð<ónö��dû@ñ©� í ÿ�ó�5@û�� � ]OôÊú � ú�ûnö�ø
ó�ø��\[�øg� � ónñ�ôÊó ë û ò �Dïfû@ñ|ö�]Oñ|ö a�,ø�] î�� ] í ]Oñ�ïf]�û�ÿ¼7<9 î ø�ó í ]��\ñg��Z�ý�÷���� ú��bö®ñ�ûnöÄ�\ñg�ìZ�ýn÷��
� í öBø�] � ]Oÿ¦û � ]�ñbû�ö í � �^î�� � í �\ñb[ ó�ñbôù� í �dñÌÿ�ó�ïOö î�� ]fô��dïOö�]Oô8ÿ � û@ð ö�øb]ï)�á�dc , )Ãï��d]fñ|ö�� . ïäá � û�� î
,ø�] � ð�ûÃô�ó0öQóYc?� � û î ]�0,ô�ónöQó�ú�ó í ] ífü � í �dñ�[H$ÇÝ9ÂÏ ê  ê g

Æ2Ç�¶�ÈUÉ Æ�Ç�¶bÈUÉ�Í
¶�Ð�È þ6ú ÷bat_ �ªa#�
´�ÈyÈ þ6ú ÷ Xªate+�

~ó�ú ë ]�_baLc@c@g.©¥�*pi&�¢mO�*of�«m�zU³��·q*�0iOx�pXsto®�¥�Âß`��q0j4pB�Ys�u��4pB���Gs �l�£¡®©#�/û�ü�©*üÊzMm�j({«}y�Q�O�i�o0��{~}y�Q���O����i�r�rtmQ�Gs�o*�¥zMm�jbi��0x��4p^o*st�4p���¡ �4� h ¤ ��¡ ¤ h~��{�k0{X�B{«k�h~�B©¥sv{��Q©¥sMh~�Bi�o0��³��·q*�0i�x4p�¨

,ø�] � û ë ]�ûnÿ¼7:9 î ø�ó í ]�û@ñèð�]fïQø�ó�ñ��\ïfó ë(î�� û î ] � ö��\] ífü ónñ�ô î ó � öD�\ï6� ë ó �^ë	� û@ñèï � ]O] î¹í ö � ]fñb[�ö�ø ü �dñ
ó�� í ö�]Oñ��döD�\ï í öQóU�\ñ ë ] íBí�í öB]f] ëdífü � í ñbû�öìï ë ]fó �Bë�� ôb] . ñ�]Oô ü ó�ñbô í û@ð�]�ó0öBö � �\ú��Ãö�]®ö�ø�]àð6ó��dñ�ïfó�� í ]�û�ÿ�ó
� ]Oô���ï�ö��\û�ñ¯ûnÿ~öBû���[@ø�ñb] íBí ö�û öBø�]®[@]fñ�] � ó ë ÿ¦û � ð<ónö��dû@ñ û�ÿ(ï ó � ú��\ô�] í ó�ñ�ô¯ñ��dö � �dô�] í ÆJcY÷@_�Èla

,ø�],ÿ¦û � ð<ónöD�\û@ñàû�ÿ#ïOû î �dû�� í ó�ð�û���ñ|ö í û�ÿ»7:9 î ø�ó í ],ï óU� í ]Oô6[ � ] ónö�ïOû@ñ�ïO] � ñ<ó�úUû��bö�öBø�],ô���ï�ö�� ë �dö �
û�ÿe��Z�ý�÷���� ónÿ öB] ��ë û@ñ�[6öB] � ð í ] � 5`�\ïO]�a%,ø�] � ] í � ë ö í û�ÿXï � ]f] î ö�] í ö íÛî�� ûO5*�dô�]fô¹ú � �(� î�î û@ñÕ)�ö�]f] ë
ò ] � ]�]&Kbó�ðV�\ñ�]Oô¬ö�ûb�dô�]fñ|ö��Lÿ � ö�ø�] î û í^í �\ú ë ]�]&�#]OïOö í û�ÿ�ö�ø�] î�� ] í ]fñbïf]�û�ÿ�ö�ø�� íìî ø�ó í ]�û@ñ¬ö�ø�]�ï � ]O] î
ô���ï�ö�� ë �dö � a4Ó�ö(� í ñ�ûnö�ï ë ]fó �.ò ø�ónö ò ] � ]®ö�øb]£]�Kbó�ïOö�ïfû@ð î û í �Lö��\û�ñ í û�ÿ«ö�ø�] í ö�]f] ë\í � í ]Oôê�dñÓöBø�]Ûö�] í ö íOü
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ó í û@ñ ë	� ó ë ó�ú�] ë?þ X�X�� �DÿÛò û�� ë ô�ô�� í öD�\ñ�[���� í ø í û@ð�],û�ÿ�öBø�],ïfû�ð î û í �Lö��dû@ñ í öB] í öB]fô¥a?Ó�ö ò ó í ó í^í ��ð�]fô
ö�ø�ónö,ö�ø�] þ X�X�� �Dÿ�ë ónú�] ë\ë ]Oô ô�ónö�ó ò ] � ]®ÿ¦û � �ìZ�ýn÷���� ò ø�� ë ]®ó ëdë û�öBø�] �^í,ò ] � ]®ÿ¦û � �ìZ�ýn÷��ba
êìí ï ó�ñ�ú�] í ]f]fñ-�\ñ . [�� � ]6_ba#X�÷ ü öBø�] � ] í � ë ö í ó � ] ö�ø�]�û î�î û í �Lö�]�û�ÿö�ø�]�]&K î ]fïOö�ónö��dû@ñ íOü«ò �Lö�ø

�ìZ�ý�÷���� í ø�û ò �\ñ�[ í �d[@ñ�� . ï ó�ñ|ö ë�� úU]OöBöB] � ï � ]f] î ô���ïOöD� ë �dö �@ü ]&5@]fñÄÿ¦û �£í^î ]Oï��dð<]Oñ í£ò �Lö�ø ó � � î ö�� � ]
ë �Lÿ¦]ìû�ÿ?��÷@÷@÷�ø2ó�ñ�ô¯ð�û � ] üÃò ø�] � ]�7<9 î ø�ó í ]Ä� í ]�K î ]OïOö�]Oôë�\ñ í �\[@ñ�� . ï ónñ�ödÃ+��ónñ�öD�döD�\] í a
ê ñ�ó�ô�ô��Lö��\û�ñ�ó ë ]�K î ] � �\ð�]fñ|ö ò ó í ï ó �2� �\]Oô2û��bö�öBûH5�] � �Lÿ � ö�ø�]àô�]Oÿ¦û � ð<ónö��dû@ñÓú�]Oø�ó�5*�dû�� � û�ÿ�öBø�]

í öB]f] ë\í�î�� ûO5`�\ôb]fô¥g(ónÿ ö�] � ó�[@]��dñ�[ cY÷@÷�÷@÷�ø6ó0öý���÷Ûþ�� ü|í ónð î�ë ] í û�ÿ�úUû�ö�øV�ìZ�ý�÷��Ûó�ñ�ôV��Z�ý�÷���� ò ] � ]
ô�]�ÿ¦û � ð�]fô©Ð@÷PåÌ�\ñÓïfû�ð î�� ] í^í �\û�ñ¥a
Z��\[�� � ]¯_baLcO� í ø�û ò°í ö�ø�ónö [ � ó��\ñùúUû���ñ�ô�ó �2� ï � ó�ï�Q+�\ñ�[ ò ó í û@ú í ] � 5�]fô:ónöV5�ó � �\û�� í<îbë ó�ïO] í �dñ

�ìZ�ý�÷�� ü ú��bö°ñ�û ò ø�] � ]Ä�\ñG��Z�ý�÷����®aM$¯û � ]Oû�5�] �Oü ö�ø�]®ðV�\ï � û@[ � ó î ø íí ø�û ò öBø�ónö,öBø�]��\ñ|ö � ó�[ � ó�ñ+� ë ó �
î�ë ónö�] í ï ó�ñ¯ô�]Oÿ¦û � ð öBû<ó ë �\ðV�dö�]Oô ]&KªöB]fñ|ö a

,ø�] í ]àû�ú í ] � 5nónö��dû@ñ í,í � î�î û � ö°ö�øb]®ÿ�ónïOö,ö�ø�ónö°ï ó � ú��\ôb]®ó�ñ�ô¯ñ��dö � �\ôb] î�� ]Oï�� î �dö�ónö��dû@ñb�\ñ�[�]fñ�] � ó ë4ü
� ó0ö�ø�] � ö�ø�ó�ñ©7<9 î ø�ó í ]àó ë û@ñ�] ü ï óU� í ]Ûö�øb]£]Oð�ú � �döBö ë ]Oð<]Oñ�ö8�\ñ�ö�ø�] í ] í öB]f] ëdí a

50µm (a)
30 mµ (b)

Z��d[�� � ]Û_baLcO�bge�~qY�ls�u^i�rP�.s�uwj4mO��j�i�q*�nxUm�z#�Lif�#{«}y�Q�O�¢i�o0���Mkn�¥{~}������O�2�YpwzMm�jT�.p^��kf§ ¦ ��ßsto¢u�m6�¢q0j4pBx4x4stmOo�iQzJ�lpwj�i���p^sto0�X²^�O���O�¥�iQ�U����� � h~¨��(j�i�s�o�k�m��*on�*i�jl§�u�j�i�u¢A sto0��s�xbmOk0x�p^jm�Op^��i���4�*p~u�m�jlo*p^jlxbm�z@�l�*p«x4qnpBu�s#�¢p^o,sto,{~}������,�Lo*mQ�G�*pwjlp¥sto.�l�*p�k*�0r AÝ�,iQ�4p^j4svi�rJ� ��o*m��Us�o°{«}y��������¨©¥�*p�s�oO�ljli���j�i�o �*rvi�j�q*r�i��4pBx¥m�z�³��\q*�ni�x4p�i�j4p(zMmO�*o0���4m,�YpwzMm�jT�;�4m°i¢r�s �.st�4p^�ìp��f�lpwof�^¨



´¥µd´onqp~ÀÄÀ�Á�¾Or Á�»~Ë'sÓÂmt�uPplt�tfÂ�ºU» ÎªÐ��

0

20

40

60

80

100

120

10 100 1000 10000 100000

E
lo

ng
at

io
n 

/ %�

Rupture life / h

(I)

0

20

40

60

80

100

120

10 100 1000 10000 100000

A
re

a 
re

du
ct

io
n 

/ %�

Rupture life / h

0

20

40

60

80

100

120

10 100 1000 10000 100000

E
lo

ng
at

io
n 

/ %�

Rupture life / h

(II)

0

20

40

60

80

100

120

10 100 1000 10000 100000

A
re

a 
re

du
ct

io
n 

/ %�

Rupture life / h

0

20

40

60

80

100

120

10 100 1000 10000 100000

E
lo

ng
at

io
n 

/ %�

Rupture life / h

(III)

0

20

40

60

80

100

120

10 100 1000 10000 100000

A
re

a 
re

du
ct

io
n 

/ %�

Rupture life / hZ��d[�� � ]¬_ba#X�÷bg h�jlpwp^q6p^rtmOo*�Oi��4s�m�o�i�on� j4pB�Y�0u �lstmOo m�z�i�jlp^i�zMmOj,�4�*p�u�jlpwp^q<�lp^x��lx`j4pBx��*rt�lxq*jlm��fsv�YpB�`k §�{�s�q*qnmOo£�f�4p^pwrbiQ��	���«�Q�O� � h~�ª�	�
���(����� � h~�Ã�	�
�
����!��O� � h~¨��ùi�jlp�zMm�j«{~}������0� zMm�j�{«}y��������¨
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�¡ ¢�¡ j¬ �ø�"}�«ÝÀ�µNó��Jµ2«��ÌÀM²"´¶±"�M´�ñ�µN±�µÑÀ�}�ÀMµÂô¼«
,ø�]�öQó í Q6ûnÿlÃ+��ónñ�öD�dÿ � �\ñb[�ö�ø�]®ónð<û��bñ�ö.û�ÿ�ö�ø�]�ô��	��] � ]Oñ|ö î�� ]Oï�� î �döQó0ö�] í ÿ¦û���ñ�ô
�dñ�ú�û�öBøG�ìZ�ýn÷��

ó�ñ�ôE�ìZ�ýn÷����õónÿ ö�] � ô��	��] � ]Oñ|ö�ó�[@]6�\ñ�[`ö��dð<] í ó îbî ]fó � ]Oô\�\ð î û íBí �dú ë ]��dñ î�� ó�ïOöD�\ïf]nalÓ ñàö�ø�]¢ÿ¦û ë\ë û ò �dñ�[ ü
ö�øb]£ô��	��] � ]Oñ|ö°ð<]�ö�ø�ûªô í ó � ] î�� ] í ]fñ|ö�]Oô ò �döBø�ö�ø�]6� �,ë �dðH�LöQónöD�\û@ñ í a� ��� Ø ��� Ù�Ú�� ��������������� � Ù"! # ��� Ù"!$! � !�%G×&ÚR× � Ø ��� !&� ��������������� �
Z�û � û@úP5`�\û�� íV� ]fó í û�ñ ífü ð<û í ö�û�ÿìöBø�] î�� ]Oï�� î �döQó0ö�] í ó � ]Óñ�û�ö�5`� í �dú ë ]
�dñ û î ö��dï ó ë ðV�\ï � û í ïfû îP� a

)Ãð<ó ë\ënî�� ]Oï�� î �dö�ónö�] í ó � ]�ñ�û�ö�5`� í �\ú ë ] üYò ø�� ë ] ë ó � [@] � û�ñ�] í ï ó�ñbñ�û�ö«ú�]�ô�� í öD�\ñ�[���� í øb]fô£ú � ð�û �^î ø�û ë û@[ �
ó ë û@ñ�]�aE��ñ ë	� 7<9 î ø�ó í ]YÃ+��ónñ�öD�döD�\] í ïOû�� ë ôÊúU] ] í ö��dð6ónöB]fôèúU]fïfó�� í ]�û�ÿ¼�dö í�î ó � ö��dï�� ë ó � ó îbî ]fó � ó�ñbïf]
�\ñ í ïfó�ñ�ñ��dñ�[�] ë ]fï�ö � û�ñ ðH�dï � û í ïOû îP�@ü�ò ø�]fñ
� í �\ñ�[�ú�ó�ï�Q í ïfónöBöB] � ]OôÓ] ë ]OïOö � û@ñ í �\ð<ó�[@] íJ,/. [�� � ]Û_ba#XÃc�0�a

µm20

Z��d[�� � ]�_ba#XÃc@g('#iOu¢AYx4u^iQ���lpwjlp^�<pwr�p^u��4jlm�o6s �,i��OpÛm�z���j�i�s�o<k�m��0o0�*i�jl§<i�o0�6stof�ljli���j�i�o �*rvi�j³��\q0�0i�x4p,zMm�jT�.p^� s�o�{~}������O�;iQzJ�4p^j�²B���O�����<iQ�,����� � h~��mOkY�li�sto0p^��s�o�x4u^i�o*o0sto*�àpwr�p^u��4jlm�o
�.s�uwj4mfx4uwm�q §�¨)'#p^u^i��0x4p¢³��·q*�0iOx�p.�Ym p^x(o*m���uwm�of�li�stoàstof�lpwj�x¦�ls �ls�i�rbp^rtp2�.pwof�lx�x4�0u��àiOx�hèm�j�{��s ��0i�x^�Ãs�o�i��Opwj�i���pO��iÛ��jlp^i��4p^j�iQ�4m6�.s�u,o ���knp^j��4�ni�o �l�*pd�,iQ�lj4s*��i�o0� i�q*q�p^i�jlx�k*j4s����f�lpwjB¨h#i�jlk*sv�Yp^x�i�o0�,o0s �lj4sv�Yp^x^� k §.uwm�of�4j�i�x��^�fi�jlp«s�o`i���p^jli���p¥r�st�O�O�lpwj��4�0i�o,�4�0pl�,iQ�lj4s*�°i�o0�`i�q*q�p^i�j�*i�jTA�p^j^�YiOxGuwi�oìk�p�x�p^pwoìm�o�x�m6�¢p��Ojli�stoìknmO�*o0�*i�j4s�p^x^¨

�+� ,.-/� Ù � Ù"!:Ù�Ú �����0�1�32 ×54�Ø � Ù � ØÑ×6# � × ��� #"71× �
,ø�] î�� û�ú ë ]Oð�û�ÿ*Ã+��ó�ñ|ö��Lÿ � �dñ�[,ö�ø�]Xó�ð�û���ñ|öGûnÿÃöBø�]�ô��	��] � ]fñ|ö î ø�ó í ] í�î�� ] í ]Oñ�öl�\ñ£ó î û ò ôb] � ÿ � û@ð

�dö í IJ9 � ó � ô��	� � ó�ï�ö��\û�ñ íBî ]fï�ö � �bð÷� í�ò ] ëdë ] í öQó�ú ë � í ø�]fô¥aEÓ�öÄ� í ñ�ûnö î û í^í �dú ë ]�öBûÓïfû@ð î ó � ] ô�� � ]fïOö ë	�
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