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B�jZ�c:B�jZ�[ ��_b\�e�kZ�[FfmZi_b_b\�[&[mZ�[=D�[&j_0c`\;[mfm_bjL�'f&j_bZ�kZ w D ( L 4 [~jLeZ5B�]�_&fmZHkZ�eL[b^lf*!Z�k.- I vucl]�f&[F\��L��\�_b\hI vlf
�ic`\�^l_bZA@dZ�eqf 	 * \nf&\�^`c`clZHkZ��'Z�[ I v`cl]�f&[0Z�[&f9f�M���:̂B�jZA@dZ�egf	kZac7-t]�_bk_&ZHkZ I e @ kZ?�\�jf0Zif g�  e @ kZ
kL^`\*@J0Zifm_bZP\���Z��rjLeZ�kZ�e�[&^lf*!ZPk.-tZ�e ��^`_&]Me g � ;   	 z ��@ ! } 	 * \9F&�MjL_&Z ;
	 ( _[!Z �C0Z�clZr\�j�[&[&^ B�jZ��'Z�[;I v`cl]�f&[[m]Megf�[&]Mj���Z�eqfa\�eL^u[m]�fm_&]��VZ�[ 	 &j_�cu\lF&�Mj_bZ ;
	 ( clZ�[PI v`cl]�f&[�[mZA@s��clZ�egf��L_[!Z=B>!Zi_&Z�egf&^lZ�c`clZA@dZ�egf�]�_b^lZ�egf*!Z�[[&jL^ ��\�egf;c7-�\,>�Z�� ;*;  �� D @p\�^`[rZ�e B!\�^lfr\�j��ijLeZOkL^l_&Z��'f&^l]MeT�L_b^ ��^`c�!Z �M^�!ZiZs�V]Mj_rc/-t]�_b^lZ�egf&\�f&^l]Me kZ�[I v`cl]�f&[aeLZ���Z�jLf IZifm_bZsk^!Z�kLjL^`fmZy[&^-]Me�\�eL\�c M�[mZyk�^ �a!Zi_&Z�egfmZ�[P^C@p\
��Z�[ 	

 10 nm 

[001]

  3 nm

(a)

(b)

   0            8           22            36           50        64% Cd

�����  (!$# %('�� * 4 � 6 � �������;��
����!$& ����i$��T����� .�����%$%�! ���
 ���"g����
T�! ���
L�&���`�b�G����
 ��H���"�>�� .���h���>"L�����

��� ����� ���0�H���n����	��H��
V$h���-�%"M� .�i���H����
L���V
 	���� 4 . 6 �r
����  L�h�����P$����m�>� �`�������a��
�$���� �0�����C�����
$h�������
 ��"q���
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	 * 	 4 ZifmfmZJF-�Mj_&Z
@d]Megfm_&Z;j�eZP^:@p\
��ZnkZ-@p^`�'_&]M[&�']���^lZN!Z�clZ��'fm_&]MeL^CBgjZ;Z�e�fm_h\�eL[G@p^`[b[&^l]Me 0\�L\�jfmZP_[!Z�[&]Mc`jf&^l]Me 	 ��� EZ�� L �d]��LfmZ�egjLZT[&j_�jLeZ�[&Z��'f&^l]Me k3-�jLe !Z����\�eqf&^`cucl]Me w D ( L 4 [�kLZ 4 k Z Z 	 � e @dZ�[&jL_b\�eqf�c`\
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kL^u[mfm]�_b[&^l]Me�cl]��i\�clZrk�j�_[!Z�[mZ�\�j��'_b^`[mf&\�c`cu^`epkL^l_bZ��'fmZA@dZ�eqfa[&jL_�c7-�^C@p\
��Z���� Z�� L 	 F&�Mj_&Z ;
	 * 	 \���DL]Me�VZ�jf�]���fmZ�eL^l_PkZ�[r^`e]B/]�_�@p\�f&^`]MeL[�Bgj�\�eqf&^lf&\�f&^ ��Z�[r[bj_PclZy��_&]�F�c �%L^:@p^:B�jZykZwc`\p�']MjL�%ZO^`eL[;!Zi_[!ZiZ	 F&�MjL_&Z ;
	 * 	 ��� 	 * Z ��_b\�k�^lZ�eqfskL\�eL[oc/- !Z��%Z�c`clZ�kZ ��_b^`[E@d]Meqfm_bZ�c7-�\�j��%@pZ�eqf&\�f&^l]Me�kZ�c`\��']MeL�'Z�e�E
fm_b\�f&^`]Me�Z�e��i\�k @p^`j @ Z�e���\�_&f&\�eqf�kLZ   � �V]Mj_aclZ6@Ve Z Zn��j_akL\�e�[�c`Z�[H��\�_&_b^70Zi_&Z�[)Dh+&jL[GB�j.- 0\OjLe
@p\,>^:@wj @ k.-tZ�e ��^l_&]Me (�  � �V]Mj_sclZ�[GI v`c`]�f&[y_b^`�%Z�[o�i\�k @p^`j @ 	 @ cPM�\xk]MeL�pj�eZ1B/]�_&fmZ�^`egfmZi_HE
kL^ �VjL[b^l]Me�Z�egfm_&ZdclZw�i\�k @p^`j @ Zif�clZ�[�^ueL� 	 * -�^:@d�V]�_&f&\�eL�'ZOkZO�'ZifE!Z���L\�e���ZdZ�egfm_&Zd�i\�f&^l]MeL[n�VZ�jfIZifm_&ZpkLjLZJ0\�c`\���^`fmZ�[&[mZdkZd�'_&]M^`[&[b\�eL�'Zsfm_)0Z�[oclZ�eqfmZdkL\�e�[rcu\�fmZ��%LeL^:B�jZ Y * � 	 @ c0\��L��\�_b\hI vlfn\�jL[&[&^�ic`\�^`_&ZA@dZ�egf�[&jL_��'ZifmfmZy:̂@�\
��Znc/-�\���[mZ�eL�'ZnkZn�']MjL��Z�kZ1@d]MjL^uc`c`\
��ZPZ�egfm_&Z��'Z�[ [i]MeZ�[H_b^u��Z�[��i\�k�E
@p^uj @JD �']Megfm_b\�^l_&ZA@dZ�egfs\�j]> _[!Z�[bjLclf&\�f&[w�']MeLegj�[o[&j_sclZ�[HM�[mf?0ZA@dZ @ e Y [ >��n\ Y [ 	 * Z�[ I v`cl]�f&[�_b^u��ZZ�e��i\�k @p^`j @iDM�']MeqfmZ�eL\�egf�f�M���^:B�jZA@dZ�egf d� �� kLZ [�^`eL�
DM]Megf�j�eZaZ?>�fmZ�e�[&^l]Me�cu\�f*!Zi_h\�clZ;kZ;c7-t]�_bk_&Z
kZ ;   e @��']%@d��\�_b\���clZr\�j�_b\hM�]Me�kZ 
 ] L_HkLZnc/-tZ?>��i^lfm]Me�kL\�e�[�clZ 4 k Z Z1@p\�[&[&^�B 	 � � � ( e @ � 	
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) Zw�'ZifmfmZp\�e�\�c�M�[&ZwkZ�[n:̂@�\
��Z�[���� Z�� L ]MeT�VZ�jfr�']MeL�ic`j_bZ&B�jZsc`Z�[r[&fm_bjL�'f&j_&Z�[ 4 k Z Z?>A@Ve Z Z
!Zif&jLkL�̂!ZiZ�[y[&]Meqf��']MeL[mf&^`f&jP!ZiZ�[�k.- I v`cl]�f&[-Bgj�\�[&^ EC��^`k�:̂@dZ�eL[&^`]MeLeZ�c`[��L_[!Z�[mZ�egf&\�egfoclZs�']Me�F�eZA@dZ�egf�k.-�jLe
��jL^`f&[/B�jL\�eqf&ĈBgjZ [&jL^ ��\�egf�c7-�\,>�Z�kZ �'_&]M^`[&[&\�e��'ZTZif�jLe7�']Me]F�eZA@pZ�eqf�c`\�f;!Zi_b\�c�@d]M^ueL[�\���_bj�Lf
�L_&] ��Z�eL\�egfPkZyc7-�^`egfmZi_bkL^ �VjL[b^l]Me��i\�k @p^`j @\E/[�^ueL� 	* \�c`j @p^ueZ�[&�'Z�eL�'Zd�ic`\�[&[b^:BgjLZ 0\���\�[&[mZ�fmZA@d�^!Zi_b\�f&j_&Z 	 I 	��nk3-�jLeZp[mfm_bj��'f&j_&Zp�']%@d�V]�_&f&\�egfw D ( L 4 [HkZ 4 k Z Z;Z�[mfa��_;!Z�[mZ�eqf;!ZiZo[bj_ac`\aF&�Mj_&Z ;
	 � 	 * Z�[ <�j��'f&jL\�f&^l]MeL[HkZrf&\�^`c`clZ�D�kZ B/]�_�@dZn]MjkZy�']%@d�V]M[&^`f&^l]Me�kZ�[5I v`c`]�f&[a�L_&]�kLjL^`[&Z�eqfajLe !Z�c`\�_��M^`[&[mZA@dZ�egfP^`e-]%@d] ��0Z�eZo^:@p��]�_bf&\�eqf�kZycu\O_b\�^lZ
kZHc`j @p^ueZ�[&�'Z�eL�'Z>BgjL^g�L_[!Z�[mZ�egfmZ�jLeZ�c`\�_���Z�j_ 0\1@p^ E �\�jfmZ�j_0kZ�c/-t]�_bk_&Z�kZ I   @dZ � 	 * -�\�j��%@pZ�e�Ef&\�f&^l]MeTkZoc`\OfmZA@d�Z!Zi_h\�f&j_&Zw�L_&]�kLjL^lfHjLeZ�_b\���^`kZykL:̂@�^`egjLf&^l]Me�kZoc7-�^`egfmZ�eL[&^`f*!ZykLZoc`j @p^ueZ�[&�'Z�eL�'Z
\���Z���jLeZ !Z�eLZi_��M^lZpk.-�\��'f&^'��\�f&^l]Me�kZOc7-t]�_bkL_&ZwkLZ I   @dZ � 	 4 ZifmfmZd�VZi_&fmZOk.-tZ����i\��i^lf;!Zpfm_h\�kLjL^lfnc`\�L_[!Z�[mZ�e��'Z�kZ�@h!Z��i\�eL^`[�@dZ�[ykZd_&Z��']%@s��^`e�\�^`[m]Me�e]Me�_h\�kL^`\�f&�̂B![1BgjL^9kLZ ��^lZ�e�eZ�eqfn�L_[!Z�kL]%@p^`eL\�egf&[0\OfmZA@d�Z!Zi_b\�f&jL_&Z�[L!Z�clZ �`!ZiZ�[ 	
� %42����
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* ZOcu^`[&[&\
��ZdkZ�[�^`egfmZi_NB!\��'Z�[yk.-�jLex��j�^lf&[1BgjL\�egf&^:B�jZi!Zifm_&]M^lfy]Mj�c`\�_&Z�cu\,>�\�f&^l]MeA!Z�cu\�[mf&^:B�jZdkZ�[
�']Megfm_b\�^`egfmZ�[�kL\�e�[�kZ�[�[mfm_bjL�'f&jL_&Z�[ 4 k Z Z?>A@Ve Z Zx�']MeLkLjL^`[&Z�eqf 0\�c`\ B/]�_�@p\�f&^l]Me7k.- I v`c`]�f&[�Bgj�\�[&^ E
��^`k�^:@dZ�eL[&^`]MeLeZ�c`[P��]Mj&��\�egfy�']Me]F�eZi_wclZ�[��V]�_&fmZ�j_h[ 	 4 Z�[ok3- I v`cl]�f&[��L_[!Z�[&Z�eqfmZ�egfwj�eZ ��_b\�eLkZ�kL^`[�E
fm_b^l��jf&^l]Me�Z�eEf&\�^`cuclZ�DPB/]�_�@dZ�]Mj �']%@d�V]M[&^lf&^l]Me.D B�jL^�[&Z�fm_b\�kLjL^`fd��\�_�jLe !Z�cu\�_��M^`[&[mZA@pZ�eqf�^`e&]
E
@d] �]0Z�eZxfm_=0Z�[�^C@d�V]�_&f&\�eqfpkLZ�[pfm_b\�eL[b^lf&^l]MeL[OZ?>�i^lfm]MeL^:B�jZ�[pk�\�eL[pclZ�[�Z?>��Z!Zi_b^`Z�eL�'Z�[�kLZ�[m�VZ��'fm_&]
E
[&�']���^`Zo�']Me ��Z�egf&^l]MeLeLZ�c`clZ�[ 	 4 Zif"!Z�c`\�_��M^`[&[mZA@dZ�egf;^ue&]%@d] �]0Z�eZwZA@d�3IZ���LZOc/- !Zif&j�kZskZ�[;�L_&]���_b^�!Zif*!Z�[^`egfm_b^`eL[=0ZAB�jZ�[dkLj@�']Me�F�eZA@dZ�egf   ) 	 * \ @�^`[mZ�\�j@�V]M^`egfdk.-�jLeZ�fmZ��%LeL^:B�jZ�kZ�[m�VZ��'fm_&]M[b�']���^lZ
_[!Z�[m]Mc`jLZ;[m��\�f&^u\�clZA@dZ�egf4��\oe]Mj�[U�VZi_�@dZifmfm_bZ;k.-�^`[&]MclZi_)DqkL\�e�[U�'ZifmfmZ�kL^`[mfm_h^l��jf&^l]Med^ue&]%@d] �]0Z�eZ�D�c`\
�']Megfm_b^l��jf&^`]Me�kZ��V]rI vlfmZ�[�Bgj�\�eqf&^:B�jZ�[�j�eL^:B�jZ�[ 	
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L \�c'��_[!Z�clZ�[OkL^ �a!Zi_&Z�egfmZ�[OfmZ���Le�:̂BgjLZ�[dkZ��'_b]M^`[&[&\�eL�'Z�k^!Z ��Z�cl]����^!ZiZ�[=DUclZ�[w�V]rI vlfmZ�[ Bgj�\�eqf&^:B�jZ�[kZ�[mZA@p^`�']Me�kLjL�'fmZ�j_b[s�L_[!Z�[mZ�egfmZ�egfwfm]Mj
+ ]Mj_h[sjLeLZ ��_b\�eLkLZ�kL^u[m�VZi_b[&^l]Me Z�e�f&\�^`c`clZ�D�Z�e B�]�_�@pZ�]Mj
Z�e3�']%@p��]M[b^lf&^l]Me 	 4 ]%@�@pZ�e]MjL[�c7-�\���]MeL[ ��j.D �'ZifmfmZ�kL^`[m�VZi_b[b^l]MeT^ueLkLjL^lfrjLeA!Z�c`\�_��M^u[&[mZA@dZ�egfo^`e�E]%@p] ��0Z�eLZykZ�[�fm_b\�eL[&^lf&^`]MeL[U]���f&^:BgjLZ�[ B�jL^�ZA@d�.IZ���Zyc/- !Zif&j�kZ�[m�VZ��'fm_&]M[&�']���^:B�jZrkZ�c`\o[mfm_hjL�'f&j_&Z
!Z�clZ��'fm_&]Me�^:BgjLZ�[�k�^`[&�'_)0ZifmZ kZT�'Z�[��V]rI vlfmZ�[ 	 * \��']%@d�L_[!Z�Z�eL[b^l]Me k^!Zif&\�^uc`c�!ZiZ�kZ�[���_&]��L_b^�!Zif;!Z�[��-'M�E
[&^CBgjZ�[dkLZ�[p�V]rI vlfmZ�[pe^!Z��'Z�[&[b^lfmZTc7- !Zif&jLkLZTk.-t]���+mZif&[/B�jL\�egf&^:B�jZ�[p^`[m]Mc�!Z�[ 	,� ]Mj_�\��i�M!Z�kZi_�\�j�>@�L_&]
E
�L_h^�!Zif*!Z�[;^`egfm_b^`eL[=0ZAB�jZ�[ak.-�jLeLZr�V]rI vlfmZ�jLe�:̂BgjLZ�D�eL]MjL[a\���]MeL[;kP!Z ��Z�cl]��L�Z!ZwjLeZnfmZ���Le�:̂BgjLZnkLZH@p^`�'_&]
E
[m�VZ��'fm_&]M[b�']���^lZ 	* Z�[�[m�VZ��'fm_&Z�[�]��LfmZ�e�jL[�[&jL_nkLZ�[�[mfm_bjL�'f&j_bZ�[_0\���]rI v`fmZ�[�BgjL\�egf&^:B�jZ�[r��\�_ykZ�[nfmZ��%LeL^:B�jZ�[�kZ
[m�VZ��'fm_&]M[b�']���^lZ��icu\�[&[&^:B�jZ�[m]MegfOclZ�_[!Z�[&j�clf&\�fwk3-�jLeZM@p]hM�Z�eLeZ�[&j_wjLe ��_h\�eLk�eL]%@o�L_bZ�kZ�[&^lfmZ�[
]��Lf&^CBgjZA@pZ�eqf	\��'f&^�B![ 	 * \H@p^`�'_b]
EC�-]�fm]Mc`j @�^`eZ�[&�'Z�eL�'Z�D�Z�epZ?>��i^lf&\�egfUZifUZ�ep_&Z��ijZ�^uc`c`\�egf0cu\n�-]�fm]
Ec`j @p^`eZ�[&�'Z�e��'Zrk.-�j�eZ [i]MeZ�_;!Z�kLjL^lfmZykLZyc7- !Z���L\�egf&^`c`cl]Me3D ��\pe]Mj�[H��Zi_(@dZifmfm_&Z�kZye]MjL[a\ �V_b\�eL�%L^l_
kZO�'ZifmfmZpc`^:@�^lf&\�f&^l]Me 	 � e�Z?>�i^lf&\�egf�jLe��VZif&^lfne]%@s�L_&ZOk.-t]���+mZif&[1BgjL\�egf&^:B�jZ�[;]Me ��\�[*!Zi��\�_&Zi_yc`\
_b\�^`Z�^ue&]%@d] �]0Z�eZ�[dZ�e jLeZ�[m]%@�@dZ�kZ���^`�i[�]%@d] ��0Z�eZ�[��']�_&_&Z�[m�V]MeLkL\�egfd��L\��ij�e 0\�jLe�[&^lfmZ
^`[&]Mc�!Z 	 � e��VZ�jf�\�cl]�_b[P\���]�_hkZi_�c7- !Zif&jLkZok3-t]���+ Zif&[PjLeL^:B�jZ�[ 	

) \�eL[s�'Z����\���^lfm_&Z�eL]MjL[y\�c`cl]Me�[��L_[!Z�[mZ�egfmZi_sclZ�[skL^ �a!Zi_&Z�eqf&[s\�[m�VZ��'f&[okZpcu\ @p^`[mZdZ�e3]gZ�j���_&Z
Z?>��^!Zi_b^:@dZ�egf&\�clZdkZd�'ZifmfmZdfmZ����eL^:B�jZdkZw[&��Z��'fm_b]M[&�']���^lZ 	 � ]MjL[��']%@�@dZ�eL�'Zi_b]MeL[n��\�_n�L_[!Z�[mZ�egfmZi_clZ�[Q!Zif&\��VZ�[�kLjOkP!Z ��Z�cl]��L�VZA@dZ�egfUk.-�jLeZHfmZ��%LeL^:B�jZ�kZ�c`^`f�] ��_b\��-L^`Z=!Z�clZ��'fm_&]Me�^:BgjLZ�e]MjL[0�VZi_�@dZif�E
f&\�egf�k.-�\�fmfmZ�^`e�k_&Z�D	[&j_�e]M[ !Z���L\�egf&^`c`c`]MeL[=DUjLeLZ�_[!Z�[&]Mc`jf&^l]MeE[&��\�f&^`\�clZ�[&j���[&\�egfmZ���]MjL_pc7- !Zif&jLkZ
kZ��V]rI vlfmZ�[MBgj�\�eqf&^:B�jZ�[pj�eL^:B�jZ�[ 	 � ]Mj�[d�L_[!Z�[mZ�egfmZi_&]MeL[�Z�eL[&jL^`fmZ�clZ @d]Megf&\
��Z�]��Lf&^CBgjZ @�^`[dZ�e��cu\��'Z��V]Mj_�clZ�[M@dZ�[&j_bZ�[�kZ @�^`�'_&]
EC�-]�fm]Mcuj @p^`eZ�[b�'Z�eL�'Z�Zif�kLZ @p^`�'_&]
ECZ?>�i^lf&\�f&^l]Me7kZxc`\3c`j�E
@p^ueZ�[&�'Z�eL�'Z�DF[&]MjL[y���\*@d�5@p\
�Me^!Zif&^CBgjZ�ZifyZ�e3fmZA@p�^!Zi_b\�f&j_&Z���\�_b^u\���clZ 	 � e�F�e.D-e]MjL[yk�^`[&�ijfmZ?E_&]Me�[�kZ�[a�L_bZA@p^�0Zi_&Z�[P^ue]B�]�_(@p\�f&^l]MeL[a[mfm_hjL�'f&j_b\�clZ�[�B�jZoc/-t]Me��VZ�jfa]��LfmZ�eL^l_P��\�_P�'ZifmfmZofmZ��%LeL^:B�jZ
Z?>��^!Zi_b^:@dZ�egf&\�clZo[bj_�clZ�[N!Z����\�eqf&^`cucl]MeL[a�L_[!Z�[&Z�eqf;!Z�[nkL\�eL[�c`Zy��L\���^`fm_&Z ;
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* Z�[��L_&ZA@�^�0Zi_&Z�[�Z?>��^!Zi_b^lZ�eL�'Z�[;kZE@p^u�'_&]
E>c`j @p^ueZ�[&�'Z�eL�'Z�]MegfL!Zif*!ZO_;!Z�\�c`^`[;!ZiZ�[;Z�e�jf&^`cu^`[&\�egf�[&^:@\E
��clZA@pZ�eqfw�']%@�@dZ�_;!Z�[m]Mc`jf&^`]Me�[&��\�f&^`\�clZ�clZ�k�^`\*@L0Zifm_&Z�kLj�[m�V]�fwc`\�[&Zi_w]���fmZ�egj���\�_\B/]��i\�c`^u[&\�f&^l]Me0\�fm_b\���Zi_h[ojLex]���+mZ��'f&^�B�kLZO�']MjL_&fmZtB�]��i\�clZOZifykZ���_b\�eLkLZw]Mj&��Zi_&f&j_&Zpe�j @h!Zi_b^:B�jZ 	 * ZdkL^u\*@L0Zifm_&Z
@p^`e�^:@p\�cqk�j�B!\�^`[&�'Z�\�jO]��LfmZ�e�j.DMk]Me���c`\r_[!Z�[m]Mcujf&^l]MeO[m��\�f&^`\�c`Z @�\,>�^:@�\�clZ�D#Z�[&f9Z�esf�^!Zi]�_h^lZ�^:@d�V]M[;!Z
��\�_rc`\�kL^ ��_b\��'f&^`]Me 	 ) \�eL[rc`\d�L_b\�f&ĈBgjZ�D�c`\p[mf&\���^`c`^lf;!Zs[&��\�f&^`\�clZok�j�[m�V]�f;cu\�[mZi_;[&jL_;c7- !Z����\�eqf&^`cucl]MeZ�[mfw�i\���^lf&\�clZ��V]Mj_o�'Z�f�M���Z�k.-tZ?>��^!Zi_b^lZ�eL�'Z�D~ZifOjLeZ�_[!Z�[&]Mc`jf&^l]Me5@p\,>�^C@p\�clZ�kLZ�c7-t]�_bkL_&Z�kLj5@p^ E
�'_&]%@J0Zifm_&Z�Z�[mfsZ?>�fm_)IZA@dZA@pZ�eqfOkL^ ���i^uclZ 0\�]��LfmZ�eL^`_okL\�eL[yj�e�kL^`[&��]M[b^lf&^�B;B!\�^`[&\�egfs^`egfmZi_���Z�eL^l_ 0\Tc`\B/]M^`[akZ�[a��\�[b[mZ�[�fmZA@d�Z!Zi_h\�f&j_&Z�[�Zif;jLe���L\*@p��@p\
�Me^!Zif&^:B�jZ 	

Al (100nm) PMMA (150 nm)

  Insolation
électronique

      Dépôt
d'aluminium

     Dépôt de
résine + recuit

      Dev. résine
        (MIBK)
        + recuit 

      Gravure chimique
              (H3PO4)

      Acétone
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� ]Mj_�_bZA@ !Z�kL̂lZi_\0\��'Z�[��L_&]���c�0ZA@dZ�[�kZo[&f&\���̂ c̀̀ l̂f;!Z�DLc̀ \\[i]MeLZo]���[mZi_��̀ !ZiZseLZyk]M̂lf���cujL[GIZifm_&Z�F]>W!ZiZ��\�_aclZ�@d]Megf&\
��Zy]��Lf&̂:B�jZ�@p\�̂ [̀HkL̂ _̀&Z��'fmZA@dZ�egf @p\�f*!Zi_b̂ \̀�c̀ ^̀ [;!ZiZy[bj_�c7- !Z���L\�egf&̂ c̀̀ c̀ ]Me 	 ) Z�j]>�[m]Mc̀ jLf&̂l]MeL[fmZ����eL̂:B�jZ�[P[m]Megf;\�c̀ ]�_b[�Z�e ��̂u[&\
��Z�\���clZ�[�̂�]Me��VZ�jfPfm]Mjf;k.-�\��V]�_bk ��_b\���Zi_�c7- !Z����\�eqf&̂ c̀ucl]Me�kZofmZ�c̀ clZ
@p\�eL̂70Zi_bZ B�jZs[mZ�j�c̀ [P[&jL��[&̂ [̀mfmZ�egfPkZ�[;��cl]�f&[rkZwkL̂:@dZ�eL[b̂l]MeL[â è]B>!Zi_b̂lZ�j_bZ�[P\�j�@p̂ �̀'_&]%@J0Zifm_&ZO�']MegfmZ?E
eL\�egf;clZ�[;]���+mZif&[10\�]���[&Zi_���Zi_)D�c̀ Zo_&Z�[mfmZOkZOc̀ \�[&fm_bjL�'f&j_&Z9!Zif&\�eqf6!Z�c̀ :̂@�̂ èP!Zscl]�_h[PkZwc̀ \ ��_b\���jL_&Z 	 * Zk̂ !Z�[&\���\�egf&\
��ZykZ;�'ZifmfmZrfmZ����eL̂:B�jZPZ�[mf>BgjLZ�Dq�V]Mj_UkZ�[���cl]�f&[�kZ B!\�̂l��c̀ Z�kL̂:@dZ�eL[b̂l]Me 	��   	 g�( L @ ��D
clZ�[yk̂ !Z=B!\�jf&[oZifoclZ�[6!Zif&\�f&[Ok.-�̂ ègfmZi_NB!\��'Z�[ŷ ègfm_&]�k�jL̂lf&[r��\�_oc̀ \ ��_b\���j_&Zd�VZ�j���Z�egfo\ �VZ��'fmZi_wclZ�[y�L_&]
E
�L_b̂�!Zif;!Z�[�kZ�[�[&fm_bjL�'f&j_&Z�[F!Zif&jLkL̂�!ZiZ�[=DHe]�f&\*@�@dZ�egf�[b̂�Z�c̀ clZ�[p�L_;!Z�[mZ�egfmZ�eqf�jLe B!\�̂l��c̀ Z��']Me]F�eZA@dZ�egf	 <�jL�'f&j�\�f&̂l]MeL[�k.-�̂ ègfmZi_NB!\��'Z3k.-�jLe ��j�̂lf&["Bgj�\�eqf&̂:B�jZ ��\�_�Z?>�ZA@d��c̀ Zr� 	 � ]MjL[�\���]MeL[T��]M̂ [̀b̂�jLeZ@h!Zif�]�kZ�@d]M̂ èL[�kZ�[mfm_hjL�'f&̂'��Z�D Bgj�̂��']MeL[b̂ [̀mfmZ10\wk̂ !Zi�V]M[mZi_�[bj_�c/- !Z��%L\�egf&̂ c̀̀ cl]Me�jLeZn[&j_"B/\��'Zr]���\*B�jZ
kL\�eL[�c̀ \*B�jZ�c̀ clZ;�VZi_b�'Zi_b\OkZ�[�]Mj���Zi_&f&j_bZ�[�[bj�]E7@p̂ �̀'_b]MeL̂:B�jZ�[ 	 * \wcuj @p̂ èZ�[b�'Z�eL�'Z;kZnc7- !Z����\�eqf&̂ c̀ucl]Me
Z�[mf�\�cl]�_b[	Z?>�îlf;!ZiZrZif�k̂ !ZifmZ��'f*!ZiZj0\yfm_h\���Zi_b[��'Z�[U]Mj&��Zi_&f&j_&Z�[�k]Megf�c̀ \y[bj_NB!\��'ZPkP!Z=F�eL̂lf�c̀ \�_[!Z�[m]Mc̀ jLf&̂l]Me
[m��\�f&̂u\�clZokLj�k�̂ [̀m�V]M[&̂lf&̂�BFZ?>��Z!Zi_b̂C@dZ�eqf&\�c/D�̂ èLk̂ !Zi�VZ�eLk�\*@�@dZ�egf�kZ�[P_[!Z �Mcu\
��Z�[;ZifrkZscu\p[mf&\���̂ c̀ûlf*!ZokLj
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kZsc7- !Z���L\�egf&^`c`cl]Me 	 4 Z��i^ kZ ��_b\�^lf;e]MjL[a�VZi_�@dZifmfm_bZ�D�kL\�eL[PjLe��L_&]���LZo\���Z�eL^`_)D�c7- !Zif&jLkZwkZy�V]rI vlfmZ�[^`[&]Mc�!ZiZ�[a0\d�']MeL�'Z�egfm_b\�f&^l]Me ��\�_h^`\���clZ�k.- !Z�clZ��'fm_&]Me�[ 	

20 µm

5 µm

1 µm

0.5 µm

0.25 µm

0.125 µm

(..... X 40 motifs)

5 µm

250 nm

(a) (b)

(c)

������ ��� � ' � * 4 � 6 ,�$!� .��������� � �����>� �M h����� �/�s�T�9���"q�p�)' "M
T�������a���s�����T�L"q��"��̀ �C�̀ � .� �9��"� 
�u�y���!$& �� �!�7�9�%$%�! ����i$��T�������G�0���H��" 2%�h #�&"� ����U����
���� .��� �� .�i���a�����;"M
����a�������"�! ������0��"� �9�h b�����m�! ��
"�
��9����$��C�C����/��
 �̀ 
-� .���0��
-����
��>���A������������
o��� $& ����'$��T����� .���/�%$%�! ���
 ���L"q� �� . ���u�� ������a�)' ��" 2%�h #�&"� ����
���w�C� �u�̀ ���;
������̀ 
�������� L � 4 � 6 ����� �u��� � L � �-����
��y"�
��o$���"�$����w���w�����s
L� �)' ���>"M���̀ 
 �>"M���

* \n[m�VZ��'fm_&]M[&�']���̂lZa\���Z���_[!Z�[m]Mc̀ jLf&̂l]Med[m��\�f&̂ \̀�c̀ Z���\�[b[mZak]MeL�
D�fm]Mjf9k.-�\��V]�_bk.D���\�_9c̀ \r_[!Z�\�c̀ û[&\�f&̂l]Me
kZ @p\�[GB�jZ�[dkZ�_[!Z�[m]Mc̀ jLf&̂l]Me@[&j ��[b\�eqfmZ��V]Mj_Oc7-t]���[mZi_���\�f&̂l]Me�k.-t]���+mZifdjLeL̂:B�jZ�[ 	 4 Z�[ @p\�[GB�jZ�[
[m]Megf�]��LfmZ�e�jL[P��\�_Pc̀ l̂f�L] ��_b\��-L̂lZE!Z�clZ��'fm_&]Me�̂:BgjLZyZifP\�fmf&\*B�jZw�%L̂:@p̂CBgjZ 	 * Z�[��L_b̂ueL�îl��\�clZ�[]!Zif&\��VZ�[kZ��'Z��L_&]��7!Z�kP!Z�[&]Meqfs�L_;!Z�[mZ�egf*!ZiZ�[d[bj_oc̀ \JF-�Mj_&Z g 	:;
	 * \���_&ZA@p̂70Zi_&ZF!Zif&\��VZ��']MeL[&̂ [̀mfmZ 0\�k̂ !Zi�V]M[mZi_
[&jL_�c̀ \w[&j_"B/\��'ZnkZ;c/- !Z��%L\�egf&̂ c̀̀ cl]Me�jLeZn�']MjL�%Zn]���\*BgjLZ 	 � ]MjL[H\���]MeL[P��]M̂ [̀b̂�c7-�\�cuj @p̂ èL̂uj @ Bgj�̂7D 0\
��\�_bf&̂l_Pk.-�jLeLZ6!Zi��\�̂ [̀&[mZ�jL_;k.-tZ�e ��̂ _̀&]Me ;  �  e @JDLZ�[mf;]���\*B�jZL0\�e]M[Pcl]Me&�MjZ�j_b[�k3-t]MeLkZokZofm_b\���\�̂ c̀	 \�jfm]MjL_~kZ w� �  e @ ��Zif)BgjL̂M�L_;!Z�[mZ�egfmZHj�eZ	�V]MeLeZ	\�k&̂ !Zi_bZ�eL�'Z�[bj_�clZ>@p\�f*!Zi_b̂ \̀�j 4 k Z Z 	 4 Z>@ !Zif&\�c�L_[!Z�[&Z�eqfmZ�[&j_&fm]Mjfsc7-�\���\�eqf&\
��Z�kZd�V]Mj���]M̂l__IZifm_&Z�\�fmf&\*B�jP!Z B!\��î c̀lZA@pZ�eqfy��\�_okZ�[o\��îukZ�[9B!\�̂l��clZ�[ 	4 ZifmfmZ��']MjL�%Z�Z�[mfwk̂ !Zi�V]M[;!ZiZ���\�_i!Z ��\��V]�_b\�f&̂ ]̀Me�k�\�eL[ojLe�� I\�f&̂90\��i\�e]Me 0\e!Z�clZ��'fm_&]MeL[ 	 I e��V]Me��̂ k̀Z 	 ;   ! K @o��\�_K�FZ�[mf9eP!Z��'Z�[&[&\�̂l_&Z�k�\�eL[9c7-tZ�eL�'Z�̂ ègfmZakZakP!Zi� I]�f9�V]Mj_0eZH��\�[9̂ èL�']�_&�V]�_&Zi_0k.-t]h>AM�kZ
kL\�e�[;c̀ \��']MjL�%Z 	 * \��L_;!Z�[mZ�eL�'Zdk.-t]h>AM�kZw_b\�clZ�egf&̂FZ�exZ��VZifn�']Me�[&̂ k̂̀ !Zi_b\���c̀ ZA@dZ�eqfnc7-�\�fmf&\*B�jZd\��î k̀Z 	* \��']Mj���Zdk.-�\�c̀ j @p̂ èL̂ j̀ @ Z�[mfnZ�eL[&jL̂ f̀mZs_&Z��']Mj&��Zi_&fmZpkZ ; (�  e @ kZ � L L Y 	 � ]Mc M L Zif��M�c L Z?Ef Y �'_NM�c̀ \�fmZr��DV_;!Z�[&̂ èZs��]M[b̂lf&̂'��Zo[mZ�e�[&̂l��clZL0\�jLeT�V]%@o��\�_hkZA@dZ�egf�!Z�clZ��'fm_&]MeL̂CBgjZ 	 Y �L_=0Z�[njLeZ9!Zif&\��VZ
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kZy_bZ��ijL^lf=D�cu\p_[!Z�[&^`eLZoZ�[mfr^`eL[m]Mc�!ZiZs��\�_rc`ZlB/\�^u[&�'Z�\�jTk3- !Z�c`Z��'fm_&]MeL[nk.-�jLe�@p^`�'_&]M[&�']��VZ9!Z�c`Z��'fm_&]MeL^:B�jZ0\���\�cu\)MM\
��Z 	 L � 
 � 	 ) j�\�c &�f&\
��Z &��i\�eLeL^`e&� � clZ��'fm_&]Me L ^`�'_&]M[b�']���Z Y ��\���L^ ) &'E ; d�  &�� 	 * \�V]M[&^lf&^l]Medk�j1B!\�^`[&�'Z�\�j�kLj L � 
 [bj_�c`\o[&j_NB!\��'Z;kZ;c7- !Z���L\�egf&^`c`cl]Me�Z�[mf��']Meqfm_,I]Mc�!ZiZn��\�_�jLe�c`] �M^`�i^lZ�c	 � * � ���l��B�jL^e]Mj�[0��Zi_(@dZif	kZ�k^!Z=F�eL^`_)D�[&j_9c`\��']MjL�%ZPkZ � L�L Y DgclZ @d]�f&^�B�[m]Mj&L\�^lf;!Z 	 F-�Mj_&Zg 	 g � 	 Y �L_=0Z�[�jLeZw]��Lf&^:@p^u[&\�f&^l]MexkZ�[nk]M[mZ�[�k.-�^`e�[m]Mc`\�f&^l]Me�Bgj�7̂D 0\��i\�jL[mZpk3-tZ���Zif&[�kZO�L_b])>^:@p^lf;!Z�D
k^!Zi�VZ�eLkZ�egfoc�!Z ��0Zi_&ZA@dZ�egfdkZ�c`\�f&\�^uc`clZ�kZ�[ @d]�f&^�B![o^`e�[m]Mc�!Z�[=DF�'ZifmfmZ @ !Zif�]�kZ�k.-�^ueL[m]Mc`\�f&^l]Me�eL]MjL[
�VZi_�@dZifok3-�\�fmfmZ�^`eLk_&Z�jLeZp_[!Z�[m]Mcujf&^l]Me�kZ�c7-t]�_bkL_&Z�kZ�c`\��'Z�egf&\�^`eZ�kZ�eL\�e]%@J0Zifm_bZ�[ 	 * \�_[!Z�[b^`eZ^`eL[&]Mc�!ZiZwZ�[&f�Z�eL[&jL^lfmZO[&j���L_b^:@h!ZiZw��\�_�jLe�[m]Mc'��\�egf 	 L Zif�'M�c @ [m] 
 jf$M�c 	�Zifm]MeLZ�D L @ 
 	���D-ZifyjLe
[mZ��']MeLk3_&Z��ijL^lf��VZi_�@dZifykLZpkLj_b�i^l_�c`\�_[!Z�[b^`eZp_&Z�[&f&\�eqfmZ�\���\�eqfwc7-�\�fmf&\*BgjLZ�\��i^`kZ 	 � jZ�c:B�jZ�[1@p^ Ee�jfmZ�[Hk.-�\�fmf&\*BgjLZykL\�eL[�jLe���\�^`e�k.-�\��i^`kZr]�_&f�]��-L]M[m�-]�_b^CBgjZP��Zi_(@dZifmfmZ�eqfHZ�e]F�e�kZr_[!Z �`!Z�c`Zi_PclZ
@d]�f&�̂B0k^!Z=F�eL^`f&�̂BFkL\�eL[Pc`\d�']MjL��LZok.-�\�c`j @�^`eL^`j @ 	
I eZa�-]�fm] ��_h\��-L^lZak.-�jLe @d]�f&^ B�jf&^`cu^`[*!ZHZ�[mf9�L_[!Z�[mZ�egf*!ZiZr[&jL_	c`\GF&�Mj_&Z g 	 g 	 * Z�[9fm_&]MjL[9clZ�[	��c`jL[c`\�_���Z�[ 	 g�  L @ ���VZi_�@dZifmfmZ�egf=D#c`]�_b[ kZ�[-Z?>��Z!Zi_b^lZ�e��'Z�[Fk.-t]��Lf&^CBgjZ�D�kLZ	_&Zi�Z!Zi_&Zi_~clZ @d]�f&^�B�k.- !Zif&jLkZ�[&j_

c7- !Z����\�eqf&^`cucl]Me 	 * \;f&\�^`c`clZ�e]%@p^`eL\�c`Z�kZ�[~]Mj���Zi_&f&jL_&Z�[0kL^:@p^`e�jZ	Z�e�[&jL^lfmZ��L_&] ��_&Z�[&[b^'��ZA@dZ�egf�+&jL[GB�j.- 0\  D ; g�( L @ 	 I eLZp�i\�_b\��'f*!Zi_b^`[&\�f&^l]Me�\�j L � 
 _[!Z �C0Z�clZ�Z�e B!\�^lfyjLeZp[&jL_HE���_b\���j_&ZpkLZ�[y]Mj���Zi_&f&jL_&Z�[
kZr�VZif&^lfmZ;f&\�^uc`clZ 	 * Z�[�]Mj���Zi_&f&j_bZ�[ak.-�jLe�kL^`\*@J0Zifm_&Z�e]%@p^ueL\�c�kLZ ; g�( e @�\��L��\�_b\�^`[&[mZ�egf=D�kL\�eL[HclZ
@dZ�^`cuclZ�j_�kLZ�[a�i\�[=DL�']%@�@dZykZ�[�fm_&]Mj�[a�i^l_b�ijLc`\�^`_&Z�[�kLZ g�(�  e @ 	 * Zn�VZi_���i\
��Zy�']%@d��clZifakZ�[Hfm_b]MjL[clZ�[H��cujL[H�VZif&^lf&[aeP!Z��'Z�[&[&^lfmZwjLe�fmZA@d��[Pk.-�\�fmf&\*BgjLZs\�[&[mZ=[scl]Me��d�VZ�eLkL\�egfaclZABgjLZ�c-jLeZ���\�_&f&^`ZykZyc`\
_[!Z�[&^`eLZyZ�[mf;\�j�[&[&^ kL^u[&[m]MjfmZ 	 * Zy�L_&]�F�c kZ ��_b\���jL_&Z B�jL^-Z�e�_;!Z�[&jLclfmZwe.-tZ�[mf;\�c`]�_b[���\�[;k_&]M^lf=D @�\�^`[
�L_[!Z�[mZ�egfmZnjLeZ B/]�_�@dZrkZ;�'_h\�f?0Zi_bZnkL]Meqf�c`\oc`\�_���Z�j_UZ�[mfH[&j�Z!Zi_h^lZ�j_&ZP\�j]>�kL:̂@dZ�eL[b^l]MeL[9e]%@p^ueL\�clZ�[ 	* \dk�^:@dZ�eL[&^`]Me�c`\�f;!Zi_b\�c`ZH@p^`eL:̂@�\�clZ;]���fmZ�egjZ�Z�[&f�c`^:@p^lf;!ZiZ�DLcl]�_h[akZ�c7-�\�fmf&\*BgjLZo��L^C@p^:B�jZ�Dg��\�_�clZ�[
!Zi��\�^`[&[&Z�j_b[Ok.-�\�c`j @�^`eL^`j @ ZifdkZ�_[!Z�[&^`eLZ�jLf&^`c`^`[;!ZiZ�[ 	 ;  �  e @ : ; (�  e @ � 	 * -�\*@h!Z�c`^l]�_h\�f&^l]Me@kZ
�'ZifmfmZH@h!Zif�]�kZn��\�[&[mZi_h\�^lf�kL]MeL�P��\�_Hj�eZ;kL^C@p^`e�jf&^l]Me�kLZr�'Z�[U!Zi��\�^`[b[mZ�j_b[=D	@p\�^`[�jLeZ"!Zi��\�^`[&[&Z�j_
@p^`e�^:@p\�clZakZrc7-t]�_bk_&Z;kZ ;  �  e @5kLZ;c`\y�']Mj���ZnkZ;k3-�\�c`j @p^`e�^`j @ Z�[mf�e^!Z��'Z�[b[&\�^l_&Zr�V]Mj_�\�[&[bj_&Zi_
jLeZP��]Me�eZa]���\��i^lf;!ZnZif�jLeLZ�!Zi��\�^`[&[&Z�j_ @p^ueL:̂@p\�clZakZ;_;!Z�[&^`eZrk]M^lf IZifm_&Zn�']MeL[mZi_��`!ZiZn�V]Mj_	_[!Z�[&^`[&fmZi_0\�c7-�\�fmf&\*B�jZP\��i^`kLZ 	 * Z�[9��\�_h\*@L0Zifm_&Z�[�jLf&^`c`^`[;!Z�[0^`�i^[mZA@s��clZ�egf	k]MeL�H]���f&:̂@p\�j�>wZif=Dq�']%@�@dZPeL]MjL[9clZ��Zi_&_&]Me�[~k�\�eL[9c`\r[&jL^lfmZ�D�e]MjL[~�VZi_�@dZifmfmZ�egf	k.-�\�fmfmZ�^`e�k_&ZHjLeZH_;!Z�[m]Mc`jf&^`]Mew[bj ��[&\�egfmZa�V]Mj_~c/- !Zif&j�kZ
kZ��V]rI vlfmZ�[�B�jL\�egf&^:BgjLZ�[�^`[m]Mc�!ZiZ�[ 	
I eZ @dZ�^`c`clZ�jL_&Zy_[!Z�[m]Mc`jLf&^l]Mex��]MjL_&_b\�^lf �������	�
��� IZifm_bZd]��LfmZ�egjLZsZ�e�[=-�\ �V_b\�eL�%L^`[&[b\�eqfnkZOc7-�\�f�E

f&\*B�jZ����^:@p^:B�jZOZifyZ�e3jf&^uc`^`[&\�egf�jLe �L_&]��7!Z�kP!Z�\��L�VZ�c�!Z���c`^ B�f�EC] �� 	 ) \�eL[y�'Zp��_&]��M!Z�k^!Z�jf&^`c`^u[&\�eqfjLeZ�_;!Z�[&^`eZ�e^!Z �M\�f&^'��Z�D	c`\�_;!Z�[&^`eZ�Z�[mfOkP!Zi�V]M[*!ZiZ�D	^`eL[m]Mc�!ZiZ�ZifdkP!Z ��Z�cl]��L�Z!ZiZ�\���\�egfOc`Z�k^!Zi� I]�fOkZ�c`\
�']MjL�%ZdkZ&@h!Zif&\�c 	 * -�^`eL[m]Mcu\�f&^l]Me !Z�clZ��'fm_b]MeL^:B�jZs�VZi_�@pZif;kZOkP!Z=F�eL^l_nkZ�[r��^`cu^lZi_b[�kZs_;!Z�[&^`eZwZif�clZ
@h!Zif&\�c9Z�[mfnZ�eL[bjL^lfmZdkP!Zi�V]M[*!Z 0\�c`\jB�]M^`[n[&jL_ncu\�[bj_NB!\��'ZOkLZOc/- !Z��%L\�egf&^`c`cl]Me Zif�\�j�[m]%@�@pZifykZ�[n��^ E
c`^lZi_h[ 	 * ]�_b[GB�j.-t]Me�Z�e�c�0Z ��Zsc`\O_[!Z�[&^ueZo\���Z��wjLe�[m]Mc ��\�egf=D�kZ�[Pfm_&]MjL[�[m]Megf�]Mj���Zi_bf&[PkL\�eL[Pc`\p�']MjL�%Z@h!Zif&\�c`c`^CBgjZ�\�j�eL^'��Z�\�jpkZ��%L\*B�jZ���^`cu^lZi_9kZa_;!Z�[&^`eZ 	 * ]�_b[	kLZ�c`\H@p^`[&Z�Z�ep]gZ�j���_&ZPkLZ��'ZifmfmZPfmZ���]EeL^:B�jZ	[&jL_�clZ�[�[mfm_bjL�'f&j_bZ�[ 4 k Z Z�D#eL]MjL[Fe]Mj�[F[m]%@�@pZ�[(Z�jL_&f*!Z�[ 0\;jLey�L_b]���c�0ZA@dZUk.-�\�k-P!Zi_&Z�eL�'ZHkZ�[
��^`cu^lZi_b[9kZr_;!Z�[&^`eZ 	 * Z�[���^uc`^lZi_b[ B�jL^�e]MjL[�^`eqf;!Zi_&Z�[b[mZ�eqf=DLk3-�jLe�kL^u\*@L0Zifm_&Z�kZ;c7-t]�_hk_&Z;kLZ ;  �  e @ Zif
k.-�jLeLZ?L\�jfmZ�j_�kZ�B�jZ�c:B�jZ�[	�'Z�egf&\�^`eZ�[UkLZ;eL\�e]%@J0Zifm_bZ�[=Dg[m]MegfUfm_)0Z�[ B/_b\
�M^`clZ�[	Zif�e.-�\�k&^!Zi_bZ�eqf���\�[
[&j ��[&\*@�@dZ�egf\0\�c`\�[&j_NB!\��'Zo�V]Mj_n[&j��^`_P[&\�eL[nk]%@�@�\
��Zsfm]MjfmZ�[�c`Z�["!Zif&\��VZ�[nkLjT�L_&]��'Z�[&[&jL[rkZ
c`^lf�L] ��_b\��-L^lZ 	 * \E@p^`[mZ�\�jd�V]M^`egf	kZ��'ZifmfmZ1@ !Zif�]�kZPkZA@p\�e�kZ�0\1IZifm_&Z��V]Mj_h[&jL^'��^lZHe]�f&\*@�@dZ�egf
\���Z��sc7-�jf&^`cu^`[&\�f&^l]Me�kZy�L_b]%@d]�fmZ�j_b[ak.-�\�k-P!Zi_&Z�eL�'Zs\�k^!ZAB�jL\�f 	
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I e�[&��^!ZA@p\dk�j�kL^u[m�V]M[&^lf&�̂B�Z?>��Z!Zi_b^C@dZ�eqf&\�cVjf&^uc`^`[;!Z��V]Mj_HclZ�[�Z?>��Z!Zi_b^`Z�eL�'Z�[HkZ-@�^`�'_&]
E>[m�VZ��'fm_&]
E[&�']���^lZTZ�[&f��L_[!Z�[&Z�eqf;!Z�[&jL_�c`\YF&�Mj_bZ g 	 d 	 ) Z�j�>7[&]Mj_b�'Z�[�k.-tZ?>�i^lf&\�f&^l]Me kL^ �a!Zi_&Z�eqfmZ�[�[&]Meqf�ZA@\E
��c`]hM`!ZiZ�[_^FjLe�c`\�[&Zi_o\�_���]Me3kZpc`]Me��MjZ�j_yk.-t]Me�kZ I *�* e @ �V]Mj_yc`Z�[nZ?>��Z!Zi_b^`Z�eL�'Z�[okZpcuj @p^`eZ�[HE
�'Z�eL�'Zde]Mex_[!Z�[m]Me�\�eqfmZdZifnjLe c`\�[mZi_10\��']Mcl]�_b\�egf 	 4 ZwkZi_heL^lZi_GB�]MeL�'f&^`]MeLeL\�egfr\���Z��dkZwcu\�_�L]�kL\,E@p^ueZ w �aD~Z�[mfs\��i�']�_hkL\���clZ�Z�e�cl]Me&�MjZ�j_sk3-t]MeLkZpZ�egfm_&Z (M(�  Zif w�d�  e @JDFZifsZ�[mfwjLf&^`c`^`[;!Zd�V]Mj_
clZ�[OZ?>��Z!Zi_b^lZ�e��'Z�[pk.-tZ?>�i^lf&\�f&^l]Me@kZ�c`\ c`j @p^`eZ�[&�'Z�e��'Z 	 * ZJB/\�^`[b�'Z�\�j@c`\�[mZi_pk.-tZ?>�i^lf&\�f&^l]Me@Z�[&faB/]
E
�i\�c`^u[*!Z�[bj_wcu\T[&jL_NB/\��'Z�kZ�c7- !Z����\�eqf&^`cucl]Me 0\Tfm_h\���Zi_b[pj�e�]���+mZ��'f&^�BPkLZ @�^`�'_&]M[&�']��VZ�[m]Mc`^`kL\�^`_&Z�kLj
�V]�_&fmZ?E8!Z����\�eqf&^`cucl]Me.D�0\yc/-�^`eqf;!Zi_b^`Z�j_UkLjd�'_NM�]M[&f&\�f 	 * -tZ�eL[mZA@s��clZ�Z�[mfU��c`\��7!Z;\�jp�'Z�egfm_&Zrk.-�jLeZa�V]���^`eLZ[&jL�L_b\��']MeLkLj��'fm_b^`�'Z���Zi_(@dZifmf&\�eqfpk3-�\��L��c`^:B�jZi_wjLe@��L\*@p� @p\
�MeP!Zif&^:B�jZ��VZi_&�VZ�eLkL^`�ij�c`\�^l_&Z 0\ c`\
[&jL_NB/\��'Z�kLZ�c7- !Z���L\�egf&^`c`cl]Me ��\�_b^u\�eqfpkZ   0\ * Z 	 * \�c`j @p^`eLZ�[&�'Z�eL�'Z !ZA@p^`[mZY0\�fm_h\���Zi_b[�clZ�[d]Mj�E��Zi_&f&jL_&Z�[PeL\�eL]%@ !Zifm_b^:B�jZ�[�Z�[mf;_&Z��ijZ�^`cuc`^lZr��\�_;clZ @LIZA@dZo]���+mZ��'f&^�B0ZifPZ�[&f B�]��i\�c`^`[;!ZiZwkL\�eL[;clZ���c`\�e
k.-�j�e�kL^`\���_b\
�%@dZ�kLZ_B!\�^l��clZ�k�^`\*@L0Zifm_&Z 	 * -�^:@�\
��Z�kZ�c7-t]Mj���Zi_&f&jL_&Z�Z�[mfO\�cl]�_b[�B/]��i\�c`^u[*!ZiZ�[&jL_sc`\B/Z�eqfmZnk.-tZ�egfm_;!ZiZ�k.-�jLe/@p]Me]��%_&]%@p\�fmZ�jL_�k.-�j�e/@J0Zifm_&Z�kZ B�]��i\�clZ 	 � ]Mj_HclZ�[�_;!Z �Mc`\
��Z�[=Dc`\sc`j @p^70Zi_&Zk.-�j�eZdc`\*@d�VZs��c`\�eL��LZd��Z�jLfaIZifm_&Z�^`e,+mZ��'f*!ZiZ 0\�fm_b\���Zi_b[sjLeZtFL��_&Zs]���f&^:BgjLZ�D-Z�e B/\��'Z�\�_b_b^�0Zi_&ZpkZ
c7- !Z��%L\�eqf&^uc`cl]Me 	 � e�fm_b\�eL[�@p^`[&[&^`]Me�]Mj�Z�e�c`j @�^`eZ�[&�'Z�eL�'Z�jLeLZy��\�_&f&^lZyk�jLB/\�^`[b�'Z�\�j��L_&] ��Z�eL\�egf;kZc7- !Z��%L\�eqf&^uc`cl]Me��VZ�jf IZifm_bZ�kP!Z ��^�!ZiZ ��Zi_h[pjLeZ��i\*@ !Zi_b\ 4 4 ) 	 4 ZifmfmZ��i\*@h!Zi_h\3e]MjL[aB/]Mj_beL^lfOjLeZ
^:@�\
��ZskZwc`\�[&jL_NB/\��'ZwkZsc/- !Z��%L\�egf&^`c`cl]Me�ZifrkLjT[m�V]�f;c`\�[&Zi_)D�\���Z��wj�eZy_[!Z�[m]Mc`jLf&^l]MeTkLZsc7-t]�_bkL_&ZokLj
@p^u�'_&]%@L0Zifm_&Z�D �'Z+Bgj�^~eL]MjL[r��Zi_(@dZifrkLZO�']Megfm_,I]MclZi_ 0\�c`\ B/]M^`[nc`\jB�]��i\�c`^`[&\�f&^`]Me�Zifyc`\��V]M[&^lf&^l]MexkLj
[m�V]�fa��\�_P_b\��L�V]�_&fa\�j�>�]Mj���Zi_&f&j_&Z�[;kLj"@p\�[GB�jZ 	

� ]Mj_rclZ�[�Z?>��Z!Zi_b^lZ�e��'Z�[PkZE@�^`�'_&]
EC�-]�fm]Mcuj @p^`eZ�[b�'Z�eL�'Z�DLc`\pc`j @p^`eZ�[&�'Z�e��'Z�D_&Z��ijZ�^`c`cu^lZ_0\dfm_b\,E��Zi_b[oclZ�[r]Mj���Zi_&f&j_&Z�[)D-Z�[mfykL^`[m�VZi_b[;!ZiZO��\�_yj�eT_[!Z�[&Z�\�j ; *� �  fm_b\�^`f&[n��\�_H@p^`c`cu:̂@L0Zifm_&ZwZifykP!ZifmZ��'f*!ZiZ��\�_pj�eZ��i\*@h!Zi_h\ 4 4 ) [&^`c`^u�i^`j @ _bZ=B�_&]M^ukL^ 0\�c/-�\
[i]�fmZ 	 * \x_[!Z�[m]Mc`jLf&^l]Me@[m�VZ��'fm_b\�clZ�kLj @d]Megf&\
��Z
\�jfm]MjL_skZ�eL]M[ocl]Me��MjLZ�j_ok.-t]MeLkLZ�[yk.-t]���[mZi_���\�f&^l]Me 	 Z�e ��^l_&]Me w� �  e @j�rZ�[mfokZ (�  L-Z � 	�� ]Mj_clZ�[UZ?>��Z!Zi_h^lZ�eL�'Z�[Hk.-tZ?>�i^lf&\�f&^l]Me�kZ;cu\oc`j @�^`eZ�[&�'Z�eL�'Z 	 � * � ��D�\
F�e�k.-�\���]M^l_�j�epf&\�j�>�kLZP_&Z�+mZ��'f&^l]Me[&j���[&\�egfr�V]Mj_rZ?>�fm_b\�^l_&ZdclZ\B!\�^l��clZw[&^'�MeL\�c0kZdc`j @�^`eZ�[&�'Z�eL�'ZwkZdc`\�c`j @p^70Zi_bZs��\�_h\�[&^lfmZdkLjxc`\�[mZi_
k.-tZ?>�i^lf&\�f&^l]Me3D�clZw[&^'�MeL\�c�kL^`[m�VZi_b[;!Zo��\�_rc`Zo�L_&ZA@�^lZi_8@d]MeL]��%_&]%@p\�fmZ�j_rZ�[mfn^`e,+mZ��'f*!ZwkL\�e�[;jLeT[mZ?E
�']MeLk @d]MeL]��%_&]%@p\�fmZ�j_ak.-�j�eM@J0Zifm_&ZykLZ B/]��i\�c`Z�D���jL^`[Uk^!ZifmZ��'f;!Zs��\�_ajLe���]�fm]%@sj�clf&^l��c`^u�i\�fmZ�j_ 0\
�i\�f�]�kZ �n\ Y [�_&Z=B/_&]M^`kL^F��\�_yjLe�@d]�kLjLclZ � Z�c`f&^lZi_ 	 * ZO�-]�fm]%@wjLclf&^`��c`^`�i\�fmZ�j_;Z�[mfy�']Mj��c�!Z 0\�jLe\*@d��c`^�F��i\�fmZ�j_�0\dk^!ZifmZ��'f&^`]MeT[HM�eL�%_&]MeZ�Zifa0\�jLe�[HM�[mf?0ZA@dZsk.-�\���B�jL^`[b^lf&^l]Me 	* -tZ?>��i^`f&\�f&^l]Me [mZ�B!\�^lfnkL\�eL[rc`\p�V]Mc`\�_h^`[&\�f&^l]MeTc`^`e^!Z�\�^l_&Z�B�]MjL_beL^lZy��\�_rclZ�[nc`\�[&Zi_b[ 	J� ]Mj_�eZs��\�[^`egfm_&]�kLjL^l_bZ	kZUf&\�j�>wkZU�V]Mc`\�_b^u[&\�f&^l]Meocu^`eP!Z�\�^l_&Z	��\�_b\�[&^lfmZHkL\�eL[~c`\Pk^!ZifmZ��'f&^`]Me.D�c`\Pc`\*@pZ�[;!Zi��\�_h\�fm_b^`�'Z
jf&^uc`^`[;!ZiZ9�V]Mj_ c7-�^`e
+ Z��'f&^l]Me�k�j B/\�^`[b�'Z�\�joc`\�[mZi_�eZPB!\�^lf Bgj3-�jLey\�e��MclZ	kLZ BgjLZ�c:BgjLZ�[-kZ ��_;!Z�[�\���Z���c/-�\,>�Z
kLj�@d]Megf&\
��Zd]��Lf&^:B�jZ 	J� ]Mj_�[=-�\ �V_b\�eL�%L^l_n\�jL[&[&^~kLjTf&\�j�>TkZw�V]Mc`\�_b^`[b\�f&^l]Me�c`^ueP!Z�\�^l_&Zs^ueqfm_&]�kLjL^`f��\�_;clZy_[!Z�[mZ�\�jxkLj @d]MeL]��%_&]%@p\�fmZ�j_hD�clZ�[�\�e�\�c�M�[&Z�[PkZy�V]Mc`\�_h^`[&\�f&^l]Me�c`^ueP!Z�\�^l_&Zy[mZlB/]Megf;\���Z��wjLe
�V]Mc`\�_b^u[mZ�j_�cu^`eP!Z�\�^l_&ZHZif	jLeZHc`\*@dZ�� e I DM\
F�edk.-�^`e
+ Z��'fmZi_	kL\�e�[~c`Z @p]Me]��%_&]%@p\�fmZ�jL_	jLeO[&^'�MeL\�c�Z�e
�V]Mc`\�_b^u[&\�f&^l]Me �i^l_b�ijLcu\�^l_&Z 	 * -�\�eL\�c�M�[mZpkZ�[y��]Mcu\�_b^`[&\�f&^l]Me�[;�i^l_h�ijLc`\�^l_&Z�[n[m]Mj�[y��L\*@p� @p\
�Me^!Zif&^:B�jZ
[mZ9B!\�^lfa0\dc/-�\�^`kZyk.-�jLeLZncu\*@dZ�� e I ZifPk.-�jLe��V]Mc`\�_h^`[mZ�j_Hc`^`ê !Z�\�^l_bZ 	
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Camera CCD 

Plan focal F

M: Miroir
IF: Filtre interférentiel (488 nm)
NDF: Densité optique
PM: Photo multiplicateur refroidi
Det CCD: Détecteur CCD refroidi à l'azote
CGF: filtre (verre coloré)
BS: Lame séparatrice
λ/4: Lame λ/4
LP: Polariseur linéaire
D: Diaphragme 

Image d'une ouverture de
0,5 micron dans le plan focal F 
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\��L��\�_h\�^`[&[mZ�egf 	 4 Z�c`\�[&Zsfm_b\�k�jL^lfrZ�eT]���f&^:BgjLZo��\�_�jLeZOkL:̂@�^`egjLf&^l]Me��L_bjLf&\�clZo��j�^`[PjLeLZwkL^u[m��\�_b^ Ef&^l]Mex�']%@d��c70ZifmZpkZOc7-�^`egfmZ�eL[&^`f*!ZOkZOc`j @p^ueZ�[&�'Z�eL�'Zw^`eqf;!Z ��_[!ZiZ 	 I eZi!Zi��\�^`[&[&Z�j_rkLZ 4 k Z ZOkP!Zi�V]M[*!ZiZk.-tZ�e ��^`_&]Me w ]Mj ( L 4 [�[mZA@s��clZ�jLed�V]Med�']%@d��_&]%@p^`[9�V]Mj_U]��LfmZ�eL^l_	kZ�[�[mfm_bjL�'f&jL_&Z�[9�L_[!Z�[mZ�egf&\�egf
jLeZ�kZ�eL[b^lf*!Z�k3- I v`cl]�f&[w\�[&[mZ=[JB!\�^l��clZ�D���Zi_(@dZifmf&\�eqfpc`Z�[ !Zif&jLkLZ�[d��\�_+@p^`�'_&]
E>[&��Z��'fm_b]M[&�']���^lZ�D~ZifpeZ
�']%@d�V]�_&f&\�egf	��\�[UZ�eL�']�_&ZPfm_b]���kZPk^!Z=B!\�jf&[�[mfm_bjL�'f&j_h\�j�>�BgjL^k̂ !Zif;!Zi_b^`]�_&Zi_b\�^lZ�egf�cu\yc`j @p^ueZ�[&�'Z�eL�'Z 	) \�eL[�c`\d[bjL^lfmZ�Dfm]MjfmZ�[;clZ�[�!Zif&jLkZ�[���]�_bfmZi_&]Meqf;[&j_�kZ�[�[&fm_bjL�'f&j_&Z�[PkZ w D ( L 4 [ 	Y B!\�^l��clZy��jL^`[&[&\�e��'Zyk.-tZ?>��i^`f&\�f&^l]MeT�%L\*B�jZo��^u�ykZoc`j @p^`eZ�[&�'Z�e��'Zy�']�_&_&Z�[m�V]MeLk 0\�c`\d_bZ��']%@\E
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* \9F&�Mj_&Z g 	 ( �L_[!Z�[mZ�egfmZnjLeZP[;!Zi_b^`ZPkZ;[&��Z��'fm_bZ�[UkZ���]�fm]Mc`j @p^ueZ�[&�'Z�eL�'Z�k.-�j�eZa�V]rI vlfmZ�B�jL\�e�Ef&^:B�jZ�^`eLkL^ ��^`k�jZ�c`clZpZ�eL_&Z �M^`[mfm_[!Z�[�[&jL�i�'Z�[&[&^ ��ZA@dZ�eqf=D�\���Z��xjLe�fmZA@d��[pk3-�^`eqf;!Z ��_b\�f&^`]MeEfm_)0Z�[��']MjL_&f	   	 ( [�� 	 � ]Mj_0�'ZifmfmZa�V]rI vlfmZ	��\�_bf&^`�ijLc`7̂0Zi_&Z�D�kZ�[�<�jL�'f&jL\�f&^l]Me�[FfmZA@d�V]�_&Z�cuclZ�[FkZ�c7- !Z�eZi_��M^lZHk.- !ZA@p^`[b[&^l]Me[m]Megf��icu\�^l_&ZA@dZ�egf�]���[mZi_��`!ZiZ�[�kL\�eL[�jLeZe!Z��%Z�c`clZ�kZxfmZA@d��[�kZ c7-t]�_bk_bZTkZ   	 ( [ 	 4 ZTfmZA@p��[�']�_&_&Z�[&��]Me�k 0\�c`\�kLjL_;!ZiZxk.-�^ueqf;!Z ��_b\�f&^l]Me @p^ueL:̂@p\�clZ��VZi_�@pZifmf&\�eqf�c7-�\���B�jL^`[&^lf&^`]MeEk.-�jLe [m�VZ��'fm_&Z 	) Z�[nkP!Z��i\�c`\
��Z�[�_[!Z ��Zi_b[&^`��clZ�[rk.-tZ�e ��^l_&]Me ;  �  L-Z �5[m]Megf;]���[mZi_��`!Z�[)D�Zifnc7-�\*@d��c`^lf&jLkZs\�^`eL[&^ BgjZwc`\B/_;!ZABgjZ�e��'ZokZ�[ <�j��'f&jL\�f&^l]MeL[a\�j��%@pZ�eqfmZ�egf;\���Z��sc`\O��jL^`[&[&\�e��'Znk3-tZ?>��i^lf&\�f&^`]Me 	 F&�Mj_&Z g 	 ( � 	
I e fmZ�c��']%@d�V]�_&fmZA@dZ�egf�\ !Zif*!Z�_[!Z��'ZA@�@dZ�egf�]���[mZi_��`!Z3[bj_�k.-�\�jfm_&Z�[�[NM�[mf=0ZA@dZ�[TkZ �V]rI vlfmZ�[

!Zi��^lf&\,>^�!ZiZ�[ v g�* D g��,x Zifa\i!Zif*!Zs\�fmfm_b^l��jP!Zr��\�_ & 	 Y 	 � @d�VZ�k]��ic`Z�[ ��� �	�l� v d� 
x DkL\�e�[aclZr�i\�[PkZ�[aeL\,E
e]��'_b^`[mf&\�j]>�D�0\yjLewZ��VZif &�f&\�_��OkZ�[0Z?>�i^lfm]MeL[	�']Me]F�eP!Z�[	^`eLkLj�^lfF��\�_	c`Z�[9<�jL�'f&jL\�f&^l]Me�[9k.-�jLed���\*@d�
!Z�clZ��'fm_b^:B�jZacl]��i\�c 	 &�]MjL[0jLeZHZ?>�i^lf&\�f&^l]Med�']Megf&^`e�jZ�DMclZ�[0�V]�_&fmZ�j_b[�� !Z�e^!Zi_[!Z�[���Z�j&��Z�eqf	[mZH���̂!Z ��Zi_�[&j_
kZ�[rkP!Z=B/\�jLf&[r\�j ��]M^`[&^ueL\
��ZwkLZsc`\���]rI v`fmZoZifn�'_;!ZiZi_yjLe��%L\*@d� !Z�clZ��'fm_b^:B�jZOcl]��i\�c�B�jL^ ��\ <�jL�'f&jZi_
kL\�eL[UclZafmZA@d��[=D�cl]�_b[GB�jZ�clZ�[	��]�_bfmZ�j_b[	[m]MegfUk^!Zi��^�!Z � !Z�[ 	 * - !Z��%Z�c`clZnkZafmZA@d��[UkZP�'Z�[ <�jL�'f&j�\�f&^l]MeL[Z�[mf�_&Z�c`�̂!ZiZT\�j fmZA@d��[�kZ��i\���f&j_&ZTkLZ�[��V]�_&fmZ�j_h[ <��'ZxfmZA@d��[�k̂ !Zi�VZ�eLk kZTcu\3�L_&]�B/]MeLkZ�jL_�kLj
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��̂�!Z ��ZPZif�kZ�c̀ \okL̂ �-jL[&̂l]Mew��\�_Uc̀ Z�[9�-]Me]Me�[ 	 ) \�e�[Ue]�fm_&Z;[mfm_bjL�'f&j_bZ�DqkZ�[ <�j��'f&jL\�f&̂l]MeL[	\���_bj�LfmZ�[[m]MegfP]���[mZi_�� !̀ZiZ�[10\�c7- !Z���Z�c̀ c̀ ZwkZsc̀ \�[mZ��']Me�kZ�D[@p\�̂u[=D��V]Mj_PkLZ�[��V]�_&fmZ�j_b[ B/\�̂ �̀�clZA@dZ�egf���̂�!Z � !Z�[=D-clZ�[
<�j��'f&jL\�f&̂l]MeL[;��c̀ jL[;_b\���̂ukZ�[�Zif�eZO[m]Megfr��\�[;_[!Z�[&]Mc̀ jZ�[n��\�_�e]�fm_&Z @d]Megf&\
��ZdZ?>��Z!Zi_ĥ:@dZ�egf&\�c 	 * Z�[kL̂u[&cl]��i\�f&̂l]MeL[d�VZ�j���Z�egf IZifm_&Z 0\�c7-t]�_b̂'�M̂ueZ�kZ �'Z�[H<�jL�'f&jL\�f&̂l]MeL[ 	 ) Z�[���]rI v̀ fmZ�[�\�j/��]M̂ [̀&̂ è�\
��ZTkZ
�'Z�[n��̂�!Z ��Z�[n��_;!Z�[mZ�eqfmZ�egfykZ�[4<�jL�'f&j�\�f&̂l]MeL[rk.- !Z�eZi_��M̂lZd[&̂'�Me�̂�F��i\�f&̂'��Z�[n\�cl]�_b[1B�jZOkL\�eL[rkZ�[G[i]MeZ�[
Z?>�ZA@d�LfmZ�[;kZykL̂ [̀&c̀ ]��i\�f&̂l]Me�[=D�Z�c̀ clZ�[aeZy[m]MegfP\ �VZ��'f*!ZiZ�[�BgjZ���\�_PclZ�[a�V]�_&fmZ�j_h[ac̀ l̂�L_&Z�[ 	4 Z�[ <�jL�'f&j�\�f&̂l]MeL[�k.- !Z�eZi_��M̂ Z̀�kZ�[�fm_h\�eL[&̂lf&̂l]Me�[�̂ è <�jLZ�eqf�[&j_TclZ�[�c̀ \�_���Z�jL_b[�kZ�_b\�̂ Z̀3Z�e_&Z?E�M̂ [̀&fm_;!ZiZ�[ ^��VZ�eLkL\�egf�c7-�\���B�jL̂ [̀&̂lf&̂ ]̀Me.DaclZ�[�kL̂ �a!Zi_&Z�egfmZ�[��V]M[&̂lf&̂l]Me�[ !Z�eLZi_��b!Zif&̂:BgjLZ�[TkZ3cu\�_b\�̂lZ ]
E
@d] �]0Z�eZŝ èLkLjL̂u[mZ�eqf�jLeZn\�j��%@dZ�egf&\�f&̂l]Me�kLZncu\sc̀ \�_���Z�j_�0\+@p̂ E L\�jLfmZ�j_�Z��VZ��'f&̂'��ZA@dZ�egf8@pZ�[&j_[!ZiZ 	* \xk�̂ [̀mfm_b̂l��jf&̂l]Me�kLZ�[dc̀ \�_���Z�j_b[OkZ�_b\�̂ Z̀ @pZ�[&j_[!ZiZ�[O_&Z�<30ZifmZ�\�c̀ ]�_b[dkL̂l_&Z��'fmZA@pZ�eqfdclZ�[O�L_b]��L_b̂�!Zif*!Z�[
^̀ e-]%@d] ��0Z�eZ�[Pk�j"@p̂ c̀̀ l̂Z�j�Z�e ��̂ _̀&]MeLeL\�egf�clZ�[H�V]rI vlfmZ�[ 	* -t]�_b̂'�M̂ èLZnkLZy�'Z�[ <�jL�'f&jL\�f&̂ ]̀MeL[a[mZi_b\pk�̂ [̀&�ijf;!ZiZ���c̀ j�[�Z�e�kP!Zif&\�̂ c̀FkL\�e�[aclZ���L\���̂ f̀m_&Z ( D�cl]�_b[�BgjZ
e]Mj�[�\�e�\�c�M�[&Zi_&]MeL[�c7-�̂ è <�jZ�eL�'Z�kLj �%L\*@d� !Z�clZ��'fm_b̂:B�jZ cl]��i\�cr[bj_�clZ�[ !Z�eLZi_��M̂lZ�kZ�c̀ ^̀ \�̂ [̀&]Me kZ
c7-tZ?>�îlfm]Me.D	k�j���̂lZ?>�îlfm]Me�Zif�kZ�c7-tZ?>�îlfm]MeE�%L\�_��b!Z 	 ) \�eL[�c̀ \�[&jL̂lfmZ�D9e]Mj�[p\�c̀ cl]MeL[ !Zif&jLk�̂lZi_pkZ�[
�V]rI vlfmZ�[r�L_[!Z�[mZ�egf&\�egfokZ�[n_b\�̂lZ�[�kLZOcuj @p̂ èZ�[b�'Z�eL�'Zsfm_)0Z�[lF�eZ�[=DV�V]Mj_�clZ�[GB�jZ�c̀ clZ�[r�'Z�[ <�j��'f&jL\�f&̂l]MeL[
k.- !Z�eZi_��M̂lZoeZy[m]Megf���\�[PkL̂l_&Z��'fmZA@dZ�egf�]���[&Zi_��̀ !ZiZ�[r\���Z��se]�fm_&Zy_[!Z�[m]Mcujf&̂l]Me�Z?>��̂ !Zi_b̂:@dZ�egf&\�clZ 	
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* \ @�^`[mZ�\�j �V]M^`eqf�k.-�jLeLZxfmZ��%LeL:̂B�jZ�kZ�[m�VZ��'fm_&]M[&�']���^lZ _;!Z�[m]Mc`jZ3[m��\�f&^`\�clZA@dZ�egf�e]MjL[�\
�VZi_�@p^`[Uk.-�^`[m]MclZi_�kL\�eL[HjLeZrkL^`[mfm_h^l��jf&^l]Med^ue&]%@d] �]0Z�eZnc`\wc`j @p^`eLZ�[&�'Z�eL�'ZPkZ;�V]rI vlfmZ�[ BgjL\�egf&^:B�jZ�[
jLeL^CBgjZ�[ 	 �r_
I\��'Z 0\��'ZifmfmZxfmZ���LeLĈBgjZ�eL]MjL[d\�c`cl]MeL[O�V]Mj���]M^`_p\���]�_hkZi_�c7- !Zif&jLkZTkZ�[d�L_&]���_b^�!Zif*!Z�[
]��Lf&^:B�jZ�[a^`egfm_b^`e�[?0ZABgjZ�[akLZ�[��V]rI vlfmZ�[�B�jL\�eqf&^CBgjZ�[ 	
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4 Zw�%L\���^lfm_&ZOZ�[mf��']MeL[b\��'_;!Z 0\�c/- !Zif&j�kZdkZwc/- !Z�cu\�_��M^`[&[mZA@pZ�eqf�kZ�[rfm_b\�eL[b^lf&^l]MeL[;]��Lf&^:B�jZ�[nkL\�eL[
kZ�[F�V]rI vlfmZ�[ B�jL\�egf&^:B�jZ�[ ��������%���	��� ���l� � 	 � ]MjL[~�']%@�@dZ�e��'Zi_&]MeL[���\�_�_h\��L�VZ�clZi_FkL\�eL[�jLeZ	��_&ZA@p^��Zi_&Z
��\�_bf&^lZaclZ�[0kL^ �a!Zi_bZ�eqf&[ @h!Z��i\�e�^`[G@dZ�[9_bZ�[m�V]MeL[&\���clZ�[~kZac�� !Z�c`\�_��M^u[&[mZA@dZ�egf	kZ�[0fm_b\�eL[b^lf&^l]MeL[~]��Lf&^:B�jZ�[
Z�egfm_&ZnkZ�j�> !Zif&\�f&[akL^`[&�'_&Zif&[)Dg\
F�e�k���^`egfm_&]�k�jL^l_&Zac`\se]�f&^l]Me�kLZ ���� ��� � � ���g� � � � 	 Y �L_��Z�[HjLep_b\�����Z�ckZ�[P�L_&]��L_h^�!Zif*!Z�[;]��Lf&^:B�jZ�[;kZsc��tZ?>�i^lfm]MeTkL\�eL[Pj�e�[mZA@p^`�']Me�kLjL�'fmZ�j_)D�e]MjL[ B/Zi_&]MeL[;jLe���^uc`\�e�kZ�[
_[!Z�[&j�clf&\�f&[PkZycu\dc`^lfmf*!Zi_b\�f&j_&Zs�']MeL�'Zi_beL\�egfP�'ZifL!Z�c`\�_��M^`[&[mZA@dZ�egfPkL\�e�[�clZ�[H�V]rI vlfmZ�[ B�jL\�egf&^:BgjLZ�[ 	

) \�eL[�jLeZ�kZ�j]>�^��ZA@dZP��\�_&f&^lZPeL]MjL[	\�eL\�c�M�[mZi_&]Me�[	clZ�[Ucu\�_���Z�j_b[	kLZa_b\�^lZ�Zif�c`\�k]M�eL\*@p^:B�jZakZ�[
Z?>�i^lfm]MeL[~kL\�eL[ kLZ�[F�V]rI vlfmZ�[ B�jL\�egf&^:B�jZ�[FjLe�^:BgjLZ�[��\���\�[b[mZ	fmZA@d�Z!Zi_b\�f&jL_&Z 	 � e]F�e.D�eL]MjL[�!Zif&jLk�^lZi_&]MeL[c�� !Z ��]Mc`jLf&^l]Me3Z�eYB�]Me��'f&^l]Me�kZ�c`\�fmZA@d�Z!Zi_b\�f&jL_&Z�kLZ�[y�L_&]�F�c`[ykZp_h\�^lZ�[ok�� !ZA@p^u[&[&^l]Me�k���jLe�Z?>�i^lfm]Me
�']Me]F�eP!Z 	�� Z�c`\�eL]MjL[P�VZi_�@pZifmfm_b\�kLZ&@dZifmfm_bZsZ�e !Z ��^`kZ�eL�'ZOjLex�']Mj��c`\
��ZwZ�eqfm_bZOc��tZ����i^lfm]MexZif�clZ�[
�-L]Me]MeL[�\��']MjL[&f&^:BgjLZ�[;kZo��\�[&[mZ !Z�eZi_��M^lZ! �ZifrkZ#"/\�^l_bZojLe�cu^lZ�e�kL^l_bZ��'f�Z�eqfm_bZs�'ZifmfmZd^`egfmZi_b\��'f&^l]Me
ZifPcu\de]�f&^l]Me�kZ ���� ��� �	� ������� � � 	
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�VUXWOY[Z]\_^`�a UXW�Y�bOWcYedfY[g �`�hi`c�j \ ` b � WOZ �!`�j b � \ j WOY�YeUXW<^` g j g `��lk Z]gm^`! nk UXbpo�qr^`sj b k UXWmg[Z]WfbOb h
\ ` Yt^` g j g[YJ\Ob k�Oj!h oD^` q `�k g a U hij
� W_^` g[Z]ufb ` \Ob � Zv\ ` 	mw j WOYVq `xk�j \ a[` \ ` q �yj oOo a U � Z htj g[ZzUXWt\OZ]onU8{
q j Z a[` ^` q `�k g a Z]umb `! q `_k UXbpo�q j
�!` o ` bOg�|` g a[` \_^`�k�a Z]g}o j8a q �*Oj!h Z]q]geUXWOZ ` W~o `�a g[b a���j g[Z "O�i�n�����J�F�y� 	� � ^` � UXq]bpg[ZzUXW�\ � bOW�^` g j g `��lk Zzgf^` YeUXb h ZvY �jJk�` geg ` o `�a g[b a[��j g[ZzUXW ` Yeg?\�^`�k�a Zzg�o j8a q j�a��` � q ` \ � U a \ `� `�a�h Z  ufbOZ�\pUXWOW ` q j o a U ��j8� Z]q]Zzgf^` o4UXb a q ` YedlYeg �`�h*` \ ` o j Y[Y `�a \ `�"�j �k UXW�Z a[a ^` �!`�a Y[Z � q ` \ ` q � ^` g j g
\OZvY k�a[` gs��\OZzo}|UXq `x`��pk Zzgf^`#` g k�Oj!h o�\ j WOY�YeUXW<^` g j g " UXWO\ j!h*` Wmg j qL� �!`�a Y'bOW�^` g j gx\Ob k UXWmg[Z]WfbOb h
��\OZ]o}|UXq ` \ j WOY�YeUXW�^` g j g " UXWO\ j!h*` Wmg j q ` g�bOWco  U!geUXW��%	n� ` geg ` ^` � UXq]bpg[ZzUXW�Z a[a ^` �!`�a Y[Z � q ` \ ` q � ^` g j g
\OZvY k�a[` g �!`�a Y~bOWP^` g j g#\Ob k UXW�g[ZvWmbOb h \ ` q ��` Yeo j!k�` q]Z �Oa�`! �j��!`�k bOW�g `�h o�Y k�j8a�j!k gf^`�a Z]Y[g[Z]umb `i���N 
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Y ` g a�j \ObOZ]g�o j8a bOW �5 � �
����6 � � 5	785 � � � �X�'6 �A��6 9 \ ` q j g a�j WOY[Z]g[ZzUXW;: ��< �/=?>@ � ` g�^` q j8a�A Z]Y[Y `�hi` W�gB: �` Yegx\pUXWOW_^` o j8a q ` o a Uf\�bOZzg�\ ` q � ^` qr^`�h*` Wmg~\ `#hij g a Z k�` \ ` g a�j WOY[Zzg[Z]UXW o j8a q j \ ` WOY[Z]gm^` \ ` Y ^` g j g[Yj!k�k�` Y[Y[Z � q ` YBC
: �J�ED��� �GF'HD

IKJ4LMI �F�y� I NPO	I Q?R �TSVU � � �&@W= �
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X � Y � � X �#V � � Y
U :S � � R Y f O RWl NDY d�R�d�\ Y [ Q ^R]fZ\ Y�N fZ\gU'X [ ��U'\ Y \ V|o`N X Y [aR]fhfhR�d�R Y [ Q \gl�fZ\gU'XrV�S O fZ\�k VeU(d�R Y dc\ Y [ Q R]f Y �
O R�[aUiR � []\?RTX
f�d�Rn[aU'S�l O�N WDRn\?Xifi^R�W Q ^R � 	

� - � � �{R Y f_[aU'X Y R Q `:^R V+MFN dc\ Y [ Q ^R]fZ\ YZN fZ\?U'X � RED RT[afZS2^R]R
N `DRT[�ScX�l NDY � �

	
� 4 /'� N _]t��?# � � X Y U'\gf � � L 4�tDt G �

S Y R]f �
	
_ 4nVWU"d�R Y RED�RT[afZ\ � Y � R Y f

l Q ^R Y RTX
f(^R]R Y S Q{O?N �%W'S Q R �#V _as V
] \?X NDO RTVWRTXif � l U'S Q UDbcfhRTX�\ Q2O�N ` Q%N \gR � U Q VWR#d�R Q�N \?RmX�U'S Y d�R	`DU'X Y2Q RTVWl O�N [aR Q�O R Y4Q ^R]l O \?z(S�R Y

l���U'X�U'X Y d�\ Y [ Q :R]fhR Y X � U'Xc[afZ\gU'X � d N X Y:O < ^RTz(S N fZ\gU'X �#V 4 � Y � O \�^R]R Y:N Se[aU'S�l O?N WDR N `DRT[m[ � N z(S�R{VWU"d�R
RED RT[afZ\ � � l N�Q d�R Y�Q%N \gR Y�O U Q RTX
f��T\gRTXcX�R Y{Q R O ^R]f N Xif O < ^R O?N�Q W'\ Y�Y RTVWRTXifmd�R O�NWQ�N \gR ��^R Q U�k l���U'X�U'X�l N�Q
O RPd�^RT[ O \?Xvd�RPl UDlcS O�N fZ\gU'X V

MLN �%W'S Q R �#V _ � l Q ^R Y RTX
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o`N X Y [aR`[ NDO []S O � Y RTS O R Y2O R Y f Q�N X Y \?fZ\gU'X Y :N t � _mU'S 4yl���U'X�U'X Y RED RT[afZ\ � YuY U'Xif�l Q \ Y R Y RTX~[aU'VWl�fhR
d N X YnO?N Y U'VeV N fZ\gU'X d�R O < ^RTz(S N fZ\gU'X X �#V 4 � Y�V�� X b U'X N [][aU Q d R Y f�f Q U'S-`:^R�RTXif Q R O R Y � U Q VWR Y
d�R Q�N \gR Y R � lu^R Q \?VWRTXif NDO R Y X ��W'S Q R �#V _'_ Y R]f O R Y�Y l RT[af Q R Y [ NDO []S O ^R Y � l�U'S Q S�X l N�Q�N V :R]f Q Rrd�R
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l���U'X�U'X Y U'X
fWRTXwb�U'X N [][aU Q d N `DRT[ O R YWY l RT[af Q R Y R � lu^R Q \�VWRTX
f N S � � l U'S Q d�R Y fhRTVWlu^R Q�N fZS Q R Y
\?X � ^R Q \gRTS Q R Y :N RTX�`"\ Q U'X`s � �"V � l O S Y � N S�fhR:fhRTVWlu^R Q�N fZS Q R � O R:[aU'S�l O?N WDR:R � []\gfhU'X"k l���U'X�U'X Y RTV_b O RY U'S Y k R Y fZ\?VI^R V

M R`VeU(d :R O R Y \�VWl O R#ziS�RjX�U'S Y�N `DU'X Y d�^R	`DR O UDl�l�^RPX�R`l Q ^R]fhRTX�dvl NDY d�U'X�X�R Q S�X�Rjd�R Y [ Q \gl�fZ\gU'XR � N [afhRPd�S�[aU'S�l O?N WDR#R � []\gfhU'X�k l���U'X�U'X � V N \ Y \ O X�U'S Y l R Q VWR]f�d�R#[aU'Vel Q RTX�d Q R O?N l�� �(Y \�ziS�R#d�R
[aR`V ^RT[ N X�\ Y VWR#R]f X�U'S Y d�U'X�X�Rmd�R Y U Q d Q R Y d�R;W Q%N X�d�RTS QIV � \�X Y \ � O Rm[aU'S�l O�N WDRmR � []\gfhU'X"k l���U'X�U'XN [aU'S Y fZ\�ziS�R�R Y f4l Q \?X�[]\gl NDO RTVWRTX
f O \�Ve\gfi^R l N�Q2O < R � fhRTX Y \gU'X O?N f(^R Q�NDO R`d�R O < R � []\gfhU'X�d N X Y2O?N [aU'S�[���Rd�R  d � R R]f O R Y b N X�d�R Y R � []\gfhU'X�k l���U'X�U'XnUDb Y R Q `:^R]R Y [aU QZQ R Y l U'X�d�RTXif :N d�R Y d�\�VWRTX Y \gU'X Y d < � � O UDf Yd�R O < U Q d Q Rrd�R _]t=X�V � RTX N [][aU Q d N `DRT[ O R Y d�\?VWRTX Y \gU'X Y d2^RTd�S�\gfhR Y d�R Y \?V N WDR Y � �#; d�R Y
Y f Q Sc[afZS Q R Y�V

� X VWU"d :R O R l O S Y�Q \4WDU'S Q RTS � l NDYZY R Q�N \?fvl N�Q S�X�R d�R Y [ Q \gl�fZ\gU'X d�^R]f N \ O�O ^R]R�d�R Y l UDfhRTX
fZ\?R O?Y
d�R�[aU'X-��X�RTVWRTXifWR]fnS�X�R Q R]l Q ^R Y RTX
f N fZ\gU'X l Q ^RT[]\ Y R�d�R Y � U'Xc[afZ\gU'X Y d < U'Xcd�R V:o < N S�f Q R�l N�Q f � O R Y
f Q�N X Y \gfZ\gU'X Y UDl�fZ\?z(S�R Y \?VWl O \?z(S N X
f_l O S Y d�R�d�RTS � l���U'X�U'X Y l�RTS(`DRTX
f N `DU'\ Q S�X�R�l Q UDb N bc\ O \gf(^R
X�U'X~X2^R�W O \4WDR N b O R :N � N S�fhRmfhRTVWl�^R Q�N fZS Q R � R]f O R Y fhR Q VWR Y X�U'X~d�\ N WDU'X N S � d�R O�N V N f Q \�[aR = � X�RY U'XifPl O S Y X�^R�W O \4WDR N b O R Y_O U Q�Y z(S�R O < ^RTX�R Q W'\?Ref ��R Q Ve\�ziS�R Y R Q�N l�l Q U"[ ��Red�R O < ^RT[ N�Q f ^RTX�R Q WL^R]fZ\?ziS�R
RTXif Q RyX�\z`DR N S � [aU'X-��X2^R Y�V
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� b NDY�Y R{fhRTVWlu^R Q�N fZS Q R X L � �LY � O < ^R O?N�Q W'\ YZY RTVWRTXif ��U'VWU'W :RTX�R#d�R Y f Q�N X Y \?fZ\gU'X Y R � []\gfhU'X�\?z(S�R Yd N X Y S�X�R�b U6� �gfhR:z(S N X
fZ\�ziS�R+R Y fL[aU'X
f Q �U O ^R2l N�QFO R:d�^RT[ O \?Xjd�R�l UDlcS O?N fZ\?U'X V]o :R Y ziS�R O?N fhRTVWlu^R Q�N fZS Q RN S*W'VeRTX
fhR � d�R Y ^R]f N f Y Ve\ � fhR Y R � []\?fhU'X"k l���U'X�U'X N [aU'S Y fZ\?z(S�R_l�RTS(`DRTX
f Y R Q RT[aU'V_bc\?X�R Q#N `DRT[ S�X
[�� N X*WDRTVWRTXif d�S�X�U'Vyb Q R#d < U"[][]S�l N fZ\?U'X~d�R Y VWU"d�R Y d�R#l���U'X�U'X � [aRjziSc\cd�U'X�X�R O \?RTS :N�O < N l�l N kQ \?fZ\gU'X�d < S�X�R�b N X�d�R O?N�Q WDR`RTX
fhU'S Q�N X
f O?N_Q�N \gR ��^R Q U�k l���U'X�U'X V  R]fn^R O?N�Q W'\ YZY RTVWRTX
f Y R Y S�l�R Q l�U Y R
N S d�^R]l�� NDY�N WDR�l Q U�`DRTX N Xif�d�S�d2^RT[ O \?X�d�R2l UDlcS O?N fZ\gU'X > [ < R Y f O R 254q 687 ��� �9 q 6�� � VDMFN d2^R]l RTX�d N X�[aR
RTX�fhRTVWlu^R Q%N fZS Q Red�R Y l Q U*� O?Y d�R Q%N \gR�VeU'X
f Q R Y�N X Y`N Vybc\<W'S�' �gfi^RWziS�R � d N X Y X�UDf Q RW[ NDY � O?N d�R Y k
[ Q \?l�fZ\gU'XWd�SWd�^R]l�� NDYZN WDR�lcS Q l N�Q S�X fhR Q VeR Y S�l�l O ^RTVWRTX
f N \ Q R{d�R l R Q fhR�d�R l�� NDY R O \?X�^R N \ Q R{X < R Y fl O S Y ` NDO?N b O R V�MLN l Q \ Y RnRTX=[aU'Vel�fhRvd�S�V ^R O?N X*WDRvR � []\gfhU'X"k l���U'X�U'X Y RTVyb O R��R]f Q R�S�X�R�b U'X�X�R
VI^R]f ��U"d�RPl U'S Q d�^RT[ Q \ Q R O R Y l Q U*� O?Y d�R Q%N \gRjUDb Y R Q `:^R Y�V
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G]abE�67JDIL278uIKÀ 0L;1J�?zX¬MA58	AQJL�9GBA[=1À ?]G]27G]0K698�=	A50f5V69a�E:?BAV�NA50ªAV�	5QGBIK6981G]R<;	A50Q|

~SA�5Q27?j5Q;1?H=1A@?zX½MA58	AQJD�9GBA@=1A@?]GU27G]0K698=YXZ;18b�:G]AV�P5QGBIK698�=127810";181A���6À� �BIKA�R<;1278OILG]R<;	A�A50KIª;18�=�MAQ²
E�69;	J̀ ?BA50[ILC�MAQ67JDG45QGBA58:0Q|S±327810[?]Aab2FIOMAQJDG]27;©ab270L0LG]e�69;w=127810̀ ;18\E:;1GBIL0�R<;1278OILG]RO;1A7PS;18W�:G]AV�P5QG ^
IK698�A50LI�eµ67JDa©MAyE:2FJW5VJ<MA52FILGB698�=hXZ;18	A�?]G]27G]0L698wAV�	5QGBIK698N̂qAV�	5QGBIK698$5V6981=1;1G]0D278uIyc2W;18	A�IKJD278:0LGBILGB698
�:G]AV�P5QGBIK698:G]RO;1AT=�MAC5Q27?MAQA�47AQJD0̀ ?BA503�:270D0KA50�MA58	AQJL�9GBA50̀ E:2FJ�JD2FE1E�67JLIc2f?]2�IKJD27810DGBILGB698>=	Ab?zX�AV�	5QGBIK698h|



�7� � �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

±327810";18	A���6À� �]IKA@R<;1278OILG]RO;1A7Phc2@5Q27;10KA�=1;p5V698	²:8	A5abA58uI"=127810�?BA50�IKJL69G]0�=1GBJLAC5VILG]69810�=1A@?zX�A50LE:2.5VA7P
?]2W0LG]IL;12FILGB698ºA50KIb�HGBA58�E:?];:0@5V69abE:?BAV�NA7|�±327810?BAr5Q270�=hXZ;18 5V6981²:8	A5a�A58OI�eµ67JDIQP�A58tE1JDA5abGocAQJLA
2FE1E1JD65�	G]ab2FILGB698hPh?zX½MA58	AQJD�9GBA=	Ab?]GU27G]0K698>=1;>�:GBAV�	5QGBIK698WA50LI`=�MAQIKAQJDabG]8�MAQA�E:2FJ[?zX½MA5R<;1G]?]GB�:JLAT=1A50`G]8N^
IKAQJD2.5VILGB698:0�JNMAQEH;1?]0LGB47A50�AQI32FIKIKJD2.5VILGB47A50�A58OIKJLA«?BA50@E�67JDIKA5;	JD0�eg67JDab278OI3?BA}5V69a�EH?BAV�<ATAV�	5QGBIK6981G]R<;	A
AQIf5VA503G]8OIKAQJD2.5VILGB698:0�0K698OI@27abE:?]GB²"MAQA50�E:2FJ�?BA}5V698	²:8	A5a�A58OIQ| Q�8 5}C1278	�7A5278OI�?]2b0KIKJD;:5VIL;	JLA[=	AT?]2
��6À� �BIKA7Pu698n5}C1278	�7A3A58�E:2FJLILG45Q;:?]GBAQJ�?U2�=	A58:0LGBIOMA@=1A�5}C12FJL�7A�AQI"?BA50"G]8uIKAQJ}2.5VILGB69810"0KAQJL698OIªa�6<=:GB²�MAQA50Q|
��69;	J�=1A50�5V698	²:81A5a�A58uIL0�0K�NawMAQIKJDG]R<;	A50@¦½m Coi CB5V69a�E:2FJD2F�H?BA50�E�69;	J�?zX½MA5?BAC5VIKJD698�AQI�?BA�IKJL69; ¨ Pu?zXZG]8OIKAQJK^
2.5VILGB698\2FIKIKJ}2.5VILGB47A�=	69aG]8	ATAQI[G]81=1;:GBI�;181A«27;1�9a�A58uIL2FILG]698\8	AQIKIKA=	Ab?qX¬MA581AQJL�9GBAb=	Ab?]GU27G]0K698�E:2FJ
JD2FE1E�67JLI�27;�0K�<0LIVcA5abA�KF±T|1±327810"?BA,5Q270"=hXZ;18p5V698	²:8	A5a�A58OI"=1G S�MAQJDA58uI"E�69;	J"?BA50bMA5?]AC5VIKJL69810�AQIª?BA50
IKJL69;105P:;18	A�E"MA58�MAQIKJD2FILG]698 =:G S�MAQJLA58OIKA�=1A50�eg69805VILGB69810�=YX�6981=	A[=1278:0�?BA50ª�H2FJLJDGzcAQJLA50f5V6981=1;1GBI�c2;18	A
=1G]aG]8O;1ILGB698�=:;WJLAC5V69;	4<JLA5a�A58OI�=1278:0`?zX¬MA5?}MA5a�A58OIT=	A�ab2FIKJDG45VA=1A?zXZG]8OIKAQJD2.5VILGB698�5V69;:?B69a[�HGBA5818	A
2FIKIKJD2.5VILGB47A7| Q�8«=1G]abGU8O;1278OI�?U2�=1GUa�A5810LGB698T=	A"?]2@��6À� �BIKA7P�?]A50¿IKAQJDa�A50"5V69;1?B69a��:GBA58:0�JNMAQEH;1?]0LGBeo0S=:27810
?BAb�HGBAV�P5QG]IK698_27;	�9a�A58OIKA58OIT27?B67J}0`E:?];:0�JD2FE:G]=1A5a�A58uI�RO;	A�?BA50`IKAQJDabA50�2FIKIKJD2.5VILG]eg0QP�AQI}5VA5?U2yE�A5;	I
5V6981=1;:GBJLAc2�;18	A`=1GUabG]8<;	ILGB698�=	A`?zX¬MA58	AQJL�9GBA�=	A`?]G]27G]0L698f2547AC5[?qXZ27;	�9a�A58OIL2FILGB698y=1;n5V6981²:8	A5a�A58OIQ|

¶ ?�A50KI�=	69805TAV�<IKJ5�A5abA5a�A58uI�=1G �5QG]?]A�=hX�A50KILGUa�AQJ�?zX¬MA58	AQJL�9GBA�=	A�?]G]27GU0K698�=YXZ;18 �:GBAV�	5QGBIK698�=:27810
;18	A���6À� �BIKA R<;1278OILG]R<;	A7Py5VAQIKIKA MA58	AQJD�9GBAW=�MAQE�A58:=1278uI�eg67JLIKA5a�A58OI�=1A50�=�MAQIL27GU?]0�=1;jE�67IKA58OILGBA5?3=	A
5V698	²:81A5a�A58uIQ|�±327810�?BAl5Q270�=hXZ;18�0K�N0KIVcA5a�A ?U2FJL�7A5a�A58OIjMAQIL;1=:G}MA7P�?BA50���6À� �BIKA50b¶ 8&6@087:932:6@0�E:2FJ
AV�NA5a�E:?BA7P�?BA50©MA581AQJL�9GBA50=1Ay?]G]27G]0L698wEH;	�:?]GMAQA50«4F2FJDGBA58OI=	A-GWabAQ· ��� ® �Tc2>^ ® P ^wa�AQ· ��� � �qPL5VA50
=1G S�MAQJLA5805VA50fMAQIL278uI�=1;	A50�E1JDG]8:5QGBE:27?BA5a�A58OI[c2=	A50�=1G S�MAQJLA5805VA50@=	A}5V69a�E�690LG]ILGB698fA58yGU81=1G];1a�69;ºc2
=	A50ªÁH;05VIL;12FILGB69810ª=1A�eµ67JDabA[=	A50ª��6À� �BIKA50Q|

� /62DL���7R2*:�2<;>7RN�7R50K�/T:�= 
�7R2BIJC
7�13K�/T:AN�/65 =�/A2 
 K�� �81,2 �J=AN�/�1,7��J=A2��Z:�� 2

Q��<E"MAQJDGUa�A58uIL27?]A5a�A58uIQP�?zX¬MA58	AQJL�9GBA�=	A?]G]27GU0K698W=1;W�:G]AV�P5QGBIK698\A50KI`��MA58�MAQJD27?BA5a�A58OI�270L0LG]aG]?}MAQA�c2
?]2 =1G S�MAQJLA5805VAd=hX½MA58	AQJL�9G]Ay¸ ¹Q¹ A58OIKJLAd?BA�E:G45�=hX½MA5abG]0D0LGB698º=	Af?zX�AV�	5QGBIK698ºJD27=1G]2FILG]eªAQIb?BA�E:G45p5V67JK^
JLA50KE�6981=:278uI[c2b?]2«IKJ}27810LGBILGB698d�:GBAV�	5QGBIK698N^qAV�	5QGBIK698h|&Q�8deg27GBIQP�5VAQIKIKA�=1G S�MAQJLA5805VA[=YX¬MA581AQJL�9GBA`A50KI�;18	A
MA58	AQJL�9GBA�=	Ay?]G]27GU0K698 i��@iDl5nom��Fi�R<;1G�5V69a�E1JLA58:=(c2_?]2>eg69G]0b;:8	A�MA58	AQJL�9GBAl5V69;1?B69a��:GBA5818	Ad=:GBJLAC5VIKA
¸ �¹Q¹ AQI";18	AfMA58	AQJL�9GBA�=hX½MAC5DC:278	�7A K 5 � |	³"69aba�A�?]A�a�698OIKJLA�?]2`²:�9;	JLA Â | �OP	?zXZ270D0K6B5QGU2FILGB698�=1A�=	A5;N�
AV�	5QGBIK69810�J}27=1G]2FILGBeo0[¦ ����� �«� ¨ 0KA`IKJD27=1;:GBI�=hXZ2F��67JD=fEH2FJ�;18	A`=:G]abG]8<;	ILGB698�=	AMK 5 � =	A[?zX½MA58	AQJD�9GBA
=	A?qX�A5810KA5a��:?BA?]GMAQAWc2y?zXZGU8uIKAQJD2.5VILG]698_=hX½MAC5DC:278	�7A�AQI}5V67JLJLA50LE�698:=1278uIfc2y?]2y=1G S�MAQJDA5805VA�=hX½MA58	AQJD�9GBA
A58OIKJLAf=	A5;N�_AV�	5QGBIK698106� � � �«��AQI�=	A5;N�_AV�	5QGBIK698106� � � ��K<|���;:G]0�?qX¬MA581AQJL�9GBAf=1; 5V69a�E:?BAV�NA
A50KIª=1G]aG]8O;�MAQA�=	A�?zX½MA58	AQJD�9GBA`=	A�?]G]27G]0L698E1JD67E1JLA5a�A58OIª=1GBIKA�¸��¹Q¹ |N~�X¬MA58	AQJL�9GBA`=	A`?UG]27G]0K698�A�S�AC5VILG]47A7P
=�MAQIKAQJDabGU8�MAQA[AV�NE�MAQJDG]a�A58OIL27?BA5a�A58OIQP:5V67JLJLA50LE�698:=f27?B67JD0�c2f¥

¸ ¹Q¹ � ¸ �¹Q¹ � K 5 � ¦ Â | ^ ¨
6@?B67JD0[R<;	A?qXZG]8uIKAQJ}2.5VILGB698w=YX¬MAC5}C1278	�7A 5 � A50KI«8�MAQ�9?]GB�7A52F�H?BA�=1278:0[;18WEH;1GBIL0[R<;1278OILG]R<;	A7PS=127810�?BA
5Q2703=	A50���6À� �]IKA50QP:A5?]?]A}5V69810KILG]IL;	A�;181A[E:2FJLI@G]a�E�67JLIL278OIKA�=	A«?zX½MA58	AQJL�9G]AT=	AT?]G]27G]0L698d�:GBAV�	5QGBIK6981GURO;	A
A�S�AC5VILGB47A5a�A58OI�a�A50L;1J<MAQA7|

±327810T?BA50T0KIKJD;05VIL;	JDA50«³"=�>SA 7:E�8�>SA�RO;1GqP`5V69aba�A�8	69;10�?zXZ2547698:0�=�MA½´�c2 0LGB�98127?MA7P�E1JNMA50KA58OIKA58OI
;18	A�eµ67JDIKA«GU81C	69a�67��MA58�MA5GBI<MAbA58 IL27G]?]?]A7P:eg67JDa�AT69;N5V69abE�690DGBILGB698hPH698�E�A5;	I30QXZ2FIKIKA581=1JLAyc2�=	A50@4F2�^



�����:�����M*:	����#"�	��$��%��<�B%�� ��� ��* ���� �$� � '&(��B%#� 	�' ( � ���	��
#���� %�
#� �7���

G.S

X2

δ0

2Xb
2Xd

Xb
Xd

Exx

Ex

∆xx∆∗
xx

2δ0

2Xb

X2

����� �P�
	 ����S���0� �$(:� ��8� � 	 ��% ��"0��3� � � � 	 ' (��,� ����� � � ��@� � 	���% ��� (�% *:	����#"�	��$��% ��L� �� � 	D�� � �&� �B�V'
�8� "�	 � � 	���% � ��� �B(�� ���,"�	��$��%�� ��� � ��� � � � � �$�8��@� �4��� 	 %#�$�88� " � 	���% ��� 3� "0�,�B% 1<� ��' (:	 � *��B	 � � � %,�
�&� 3� %,�8 1�	�� �#(M���&� � �� �@� � �8��%,� � � � 3�8�	 �B� 	 �+3� � � ���� � ��� �� "0�,� ��� % � ��	 %#� 	 � ��3��� � �

JDGU2FILGB69810�0LGB�98:GB²:5Q2FILGB47A50`=1A�¸ ¹Q¹ |S~YA50>MA58	AQJL�9GBA50�=	A?]G]27GU0K698Wa�A50L;	JNMAQA505PSE�69;	J[R<;	A5?]R<;	A503��6À� �BIKA50QP
0K698OI3=	69818�MAQA5030L;	J3?]2b²:�9;	JLA Â | �<Ph6Yc; 8	69;10@2547698:03E�67JDIOMA�¸ ¹Q¹ A58 eg69805VILGB698 =1; =�MA5=	69;	�:?BA5abA58uI
=hX½MAC5}C1278	�7A�=	Aª?zX�AV�	5QGBIK698�5 � 67�1IKA58<;�=127810¿?]23af�A5a�Aª��6À� �BIKA7|  @8	A�5V67JLJ<MA5?]2FILGB698�A58OIKJLAX5VA50�=	A5;	��E:2�^
JD27afcAQIKJDA50�0KA5a��:?BA�2FE1E:2FJD2�� �BIKJDA7|u~�X½MA58	AQJL�9G]A@=	A�?]G]27G]0K698b¸�¹Q¹327;1�9a�A58uIKAbc2`EH2FJLILGBJ�=hXZ;181A�4�27?]A5;	J�=	A
�ba�AQ·�P�MA58	AQJL�9GBAT=	A�?UG]27G]0K698f=hXZ;:8d�:GBAV�	5QGBIK698�?B6B5Q27?UG]0OMA[=127810�;18	A`ÁH;05VIL;12FILGB698�=hXZG]8OIKAQJLeg2.5VAT=hXZ;18
E:;:GBIL0[R<;1278OILG]RO;1Af³"=�>SA 77³"=,5d��>�A7P�E�69;	J«2FIKIKA5G]81=1JLA � ^Wa�AQ·�=127810T?BA50T��6À� �]IKA50«³"=�>SA 7:E�8�>SA7|
�NGUa�;1?]IL278�MA5a�A58uIQP 5 � 27;	�9a�A58OIKA_=	A ® P G c2 �FP ® a�AQ·T|���;:G]0QP"?zX¬MA58	AQJL�9GBA\=	AW?]GU27G]0K698�0L2FIL;	JLA>AQI
5V69ababA5805VA�c2b=�MAC5VJL6À� �]IKJLA[?B67JD0DRO;	A 5 � 27;1�9a�A58uIKA[A5805V67JLA7|

³"A,5V69abE�67JDIKA5a�A58uI�A50KI"A58d2.5G5V67JD=dR<;127?]GBIL2FILG]eS2547AC5`?]A50"E1J<MAQ4<GU0LGB69810�ILC�MAQ67JDG]R<;	A50Q|1~SA�=�MA5=	69;N^
�:?]A5a�A58uI 5 � E1JL6�4NGBA58OI�E:JDG]805QGBEH27?BA5a�A58OI�=1; IKAQJDa�A[5V69;	JLIKA«E�67JLI<MAQA�=	A�?zXZG]8OIKAQJD2.5VILGB698>=hX½MAC5DC:278	�7A
R<;1G3A50KIfE1JD67E�67JDILGB69818	A5?bc2�?]2ºE1JD67�:2F�:G]?]G]IOMA>=	AWIKJL69;147AQJ�?zX½MA5?BAC5VIKJL698 AQIy?BAWIKJL69; A58 ;18 a��A5a�A
E�69G]8OI�=	Ay?zX�A50KEH2.5VA7|�~�XZ27;	�9abA58uIL2FILGB698�=	A 5VAy=�MA5=169;	�:?BA5a�A58OI=hX½MAC5}C1278	�7AyIKJ}27=1;1GBIb=	698:5f27;10L0LG
;181A�27;	�9a�A58OIL2FILGB698 0LGUa�;1?]IL278�MAQA>=1A ?zXZ2FIKIKJ}2.5VILGB698�5V69;1?B69a��:GBA58181A�=1GBJDAC5VIKA�A58OIKJLA MA5?BAC5VIKJL698-AQI
IKJL69;Y|	¶½?Y05X�A5810L;1GBIª27?B67J}0�;18	A`27;	�9abA58uIL2FILGB698�=	A`?zX½MA58	AQJL�9G]A[=	A`?]G]27GU0K698�=1;f�:GBAV�	5QGBIK698h|

³"AQE�A58:=1278uIQP<?zX¬MA58	AQJL�9GBA�=	A3?]G]27GU0K6988	A@=�MAQE�A581=�E:270�0LA5;1?BA5a�A58OI�=:;�:GU?]278�MA58	AQJD��MAQILGURO;	A3A58OIKJLA
?]2>JNMAQEH;1?]0LGB698�MA5?]AC5VIKJL698N^�MA5?BAC5VIKJL698 ¦gIKJL69;N^qIKJD69; ¨ AQI?qXZ2FIKIKJD2.5VILGB698°MA5?]AC5VIKJL698N^qIKJL69;�=127810b?]Ad81GB47A527;
eg6981=127a�A58OIL27?z|1¶ ?Yeo27;	I@27;10L0LGhIKA58:GBJf5V69a�E:IKA�=	A50�awMA5?]278	�7A5032547AC5«?zX�A5810LA5a[�:?]A`=	A50fMAQIL2FIL0@AV�	5QGBIOMA50
c2�R<;12FIKJLATE:2FJLILG45Q;1?]A50�G]8:=1;1GBIL0�E:2FJ�?zXZG]8OIKAQJD2.5VILGB698�5V69;1?B69a��:GBA58181A7|�³�A503a©MA5?]278	�7A50`JLAQ4<G]A5818	A58OI�c2
IKA581G]J\5V69a�E1IKAT=	A�?]2bJ<MAQ67JL�92781G]0L2FILG]698�=	A50�eµ698:5VILGB69810�=YX�6981=	A50�=	A50�=1G S�MAQJLA58uIKA50@E:2FJDILG45Q;1?BA50"E�69;	J
abGU81G]abG]0LAQJ�?zX½MA58	AQJD�9GBA[=1;n5V69a�EH?BAV�<A7|



�7� � �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

4

6

8

10

12

14

δδ
0  C

d
T

e
  m

a
ssif

Puits CdTe/CdMgTe

 

 

∆∆ xx
 (

m
e

V
)

δδ
0
 (meV)

���������
	 ������<� %,�821�	 � � � � 	 �B	 �8��% �#( *:	����#"�	��$��%/� � (B/� 	
	M3�8 � %,�$� � * ���� �$� � '&(��B%#� 	�'&(�� � �.� %
� ��% " � 	���%��#(b� 3� � � (&*:��� �@� %#� ��� 3� "0�,�B% 1<� 5 �:�

Q�8t5V698:0OMA5RO;	A58:5VA7P�2547AC5d?qXZ27;	�9a�A58OIL2FILGB698t=1; 5V698	²:81A5a�A58uIQP¿698�0QXZ2FIKIKA58:=t=hXZ2F��67JD= c2>;18	A
27;	�9a�A58OIL2FILGB698�=	A�?zX¬MA58	AQJL�9GBA�=	A�?]G]27G]0L6983¸ ¹Q¹ E:2FJSJD2FE1E�67JLI�c2�?]2ª0LG]IL;12FILGB698 KF±TP�E:;:G]0�MAQ47A58OIL;	A5?]?]A5a�A58uI
c23;18	A"=1G]abGU8O;	ILG]698`=	Ae5VAªE:2FJD27afcAQIKJLA�?B67J}0LRO;1A�?zX½MA58	AQJL�9G]A"=1A"R<;1278OILGB²:5Q2FILGB698«=	A50[MA5?BAC5VIKJL698:0�AQI�=	A50
IKJL69;10"4F2�=	AQ47A581G]J�0L;	E"MAQJDGBA5;1JLAc2�?zX¬MA58	AQJL�9GBA[=1A3?UG]27G]0K698�=	A`?zX�AV�	5QGBIK698h|1±327810�;18	A3IKA5?]?BA`0LG]IL;12FILGB698hP
?]2�J<MAQE:;1?]0DGB698tMA5?]AC5VIKJL698N^�MA5?BAC5VIKJL698�AQIªIKJL69;N^qIKJL69;f8YX�A50KI"E:?];10e5V69a�E�A5810<MAQA�E:2FJ�?U2�=�MAQeg67JDab2FILGB698y=	A50
eg69805VILGB69810ª=hX�698:=	A50�?]GMAQA[27;ya�69;	47A5a�A58OI�JLA5?U2FILGBe�=	A50�RO;12FIKJDA`E:2FJLILG45Q;:?BA50���� Â �q|

5�27?B�7JNMA�=	A@eµ67JLIKA50�4F2FJDG]2FILGB698:0QPO��A527;05V69;1E�=	A50���6À� �BIKA50bMAQIL;1=1GMAQA50"E1JNMA50LA58uIKA58OI�;18	AfMA581AQJL�9GBA�=	A
?]G]27GU0K698«=1;«�:GBAV�	5QGBIK698b27;	IK69;1J�=	A`� G�a�AQ·T|<³�A50�J<MA50L;1?BIL2FIL0�0K698uIL5V698	²1JDa©MA50�E:2FJ�=	A50�AV�NE"MAQJDGBA58:5VA50
=	A_a©MA5?U278	�7A c2�RO;:2FIKJLA_6981=1A50QP�JNMA527?]GU0OMAQA50 0D;	Jy8	690 0KIKJD;05VIL;1JLA50 ³"=�>SA 7:E�8�>SA\EH2FJ���|�9�G]?]?]GB67I
=1; 9@JD69;	E�Ab=hX��@E1ILG]R<;	A«/�698	^¡~SG]8�MA527GBJDA=	Ab?zXZ;18:GB47AQJD0LGBI<MA�=	A��NIKJD270K��69;	JL��¶|�³�A50`a�A50L;1JLA50`0K698OI
JNMA527?]G]0<MAQA50y0L;	Jf;18	AW0KIKJD;:5VIL;	JLA�5V69a�E�67JLIL278uId=:G �jE:?]278:0�=	A_³"=�>SAW=	A � P Â 5>³"0f=hX¬MAQE:27G]0L0LA5;	J5|
~�X½MAC5}C1278uILGU?]?B698�A50KI�AV�	5QGBI<MA3E:2FJ�=1A5;N�G]a�E:;:?]0LGB69810�egA5a[IK690LAC5V6981=	A50ª=127810�?BA50�=1GBJLAC5VILGB698:0�����AQI��
	
AQI�=�MAC5Q27?MAQA50�?qXZ;18	A`E:2FJ�JD2FE1E�67JLI�c2�?zXZ27;	IKJLAT=hXZ;18fJLAQIL2FJ}=*Y�|  @8y0DGB�98127?S=1A[awMA5?]278	�7A«=hX�6981=	A[A50KI
JLAC5Q;	A5GU?]?]G9=1278:0�?]2@=1GBJDAC5VILGB698LK�� 	 ¾ � � AQI�G]8OIOMAQ�7J<MA�=127810�?BA�IKA5abE:0Q|9³�A�0DGB�98127?u=1A�a©MA5?]2781�7A"=YX�6981=	A
G]8OIOMAQ�7J<MA�A58�IKA5abE:0�¦�>ª¶¡^� J 5 ¨ eo27GBI"2FE1E:2FJD2�� �]IKJLA7POA58�eg69805VILGB698�=1;�JLAQIL2FJD= Y�A58uIKJLA�?BA50"=	A5;	�G]a«^
E:;1?U0LGB69810QP�=	A50��:2FIKIKA5abA58uIL0�=hXZ;18	A�E"MAQJDGB6N=	A $ [ � G:K ® eg0d¦g²1�9;1JLA Â | � ¨ |�±@AdIKA5?]0«�H2FIKIKA5a�A58uIL0
=127810«?BAf0LG]�98127?"=	A >ª¶¡^� J 5 =YXZ;18	A�=1G]0KIKJDG]�:;	ILGB698wG]81C	69a�67�	cA58	Ad=YX � �]?B67IL0T698uI©MAQI<MA�GU8uIKAQJLE:J<MAQIOMA50



�����:�����M*:	����#"�	��$��%��<�B%�� ��� ��* ���� �$� � '&(��B%#� 	�' ( � ���	��
#���� %�
#� �7�5�

0 2 4 6 8 10

10
2

10
3

10
4

10
5

10
6

k
2

k
1

2k
2
-k

1

c.ττ
T

b
≈≈ 320 fs

 

 

In
te

n
si

té
 d

u
 s

ig
n

a
l T

IF
W

M
 in

té
g

ré
 s

p
e

ct
ra

le
m

e
n

t

Retard (ps)

����� �P�
	����� ��� 	 1�%��B� � � � 3� � �B% 1<� �� '&(�� �� � ��%�� � ��	 %#� 3��1�+3� � % �$� �L�
� �D
 � '������ � � * �$� % (
� (: (:%,� � �� (<" � (: � �	�5
,���� % 
,�M" ����� �  ���B%,� � 	 � �
���B%&��� �@�	��
#��� � � �D�������4��� 3� � �B	 ���8�B(B �
� � � % "8�� ��	 � �$(:� �� �4� �L1!3����� 3�����	���� � �&� ����� 3�8�	�� %
" ���

E:2FJ 6@?B�1JLAC5}CuI�iQnªxBADC����N�V�z5V69aa�AT?U20LGB�98:2FIL;	JLA�=1A�?]2�=	�<8:27abG]R<;	A`=1;d�HGBAV�P5QG]IK698h|H~�2bE"MAQJDGB6N=	A
=	An5VA50«�:2FIKIKA5abA58uIL0y¦ � G:K ® eg0 ¨ 8	69;:0T=169818	A�;18	AjMA58	AQJL�9GBAf=	Af?]G]27GU0K698_a�6À�7A5818	Ad=1;©�:G]AV�P5QG ^
IK698t=YX�A58u4NGBJL698 � G>a�AQ·TP�4F27?BA5;	JW5V69a�EH2FJD2F�:?BA_c2Q5VA5?]?BA50b67�1IKA58O;1A50b=127810�8	690bAV�<E"MAQJDG]A5805VA50b=	A
abGj5VJL6F^qE:C	67IK69?];:abG]8	A50U5VA58:5VA7|

A�BDC5B
	 �`GPQ�	GIL��V N��V K�� H �SJ��VXNZQ�[]Q�� NPL��  V K ��.T LRVXW YXLRNMQ�J

/�69;10"27?]?B698:0�ab27GU8uIKA581278OI"8	69;10�G]8uI<MAQJLA50D0KAQJ�27;N�E1JD67E1JDGMAQIOMA50ªab2F�98�MAQIK6F^q67E1ILG]R<;	A50�=:;�:G]AV�P5QG ^
IK698h|�~S2�²1�9;	JLA Â |]� ® ab698uIKJLA�?zX¬MAQ4769?];	ILGB698T=	A�?]2�?];:abG]8	A50U5VA58:5VA�=hXZ;18	A���6À� �]IKA�;181G]R<;	A�³"=�>SA 7:E�8�>SA
A58[eµ69805VILG]698`=hXZ;18g5}C127a�ETab2F�98�MAQILG]R<;	A�2FE1E:?UG]RO;�MA�0D;1GB4F278uIY?]2�=1GBJLAC5VILGB698�=1A�5VJL69G]0L0D27805VA�� ®7® ��q|F~YA50
0KE�AC5VIKJLA50¿E�69?]2FJ}G]0OMA50 �#�-0K698OI�=	69818�MA50�A58bE�69GU8uILG]?U?}MA50�AQI�?]A50�0KE�AC5VIKJLA50�E�69?]2FJDG]0<MA50 � ¾ 2FE:E:2FJD27G]0L0LA58uI
A58�?]GB�981A50�5V698OILG]8O;1A50Q|	~Y67JD0LR<;	A@?BA�5}C127a�Efab2F�98�MAQILG]R<;	A�27;	�9a�A58OIKA7P1?BA�E:G45@=	A�?];:abG]8	A50U5VA58:5VA�=	A
?zX�AV�	5QGBIK698�A50KI"=�MA5=	69;	�:?MA3AQI"?]2[=1GDS�MAQJLA5805VA3=hX½MA58	AQJL�9G]A,5V67JDJLA50KE�6981= c2T?zX½MA58	AQJL�9G]A�E�AQA5a278h|<6 �:270L0KA
MA58	AQJL�9G]A7P¿?]A50\MAQIL2FIL0b81698N^qJD27=1G]2FILG]eg0��92F�98	A58OI�E1JL67�7JLA50L0DGB47A5a�A58OI�A58ºG]8OIKA5810LGBI<MA7|��NG]aT;1?BIL278�MA5abA58uIQP



� K ® �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

8 T

7 T

6 T

5 T

4 T

3 T

2 T

1 T

0 T

σσ-
σσ+

X
2

X

 

 

Energie (meV)

2038 2040 2042 2046 2048 2050 2052

 

 

 

In
te

n
si

té
 d

e
 P

.L
. 

(u
.a

.)

���������
	<��>�����S��� ���$( � 	 ��% � � � �$� � " �� � � � � �$(:� 	 %#� ��" � % " � ��� (:%,�M* ���� �$��'&(��B%#� 	�'&(��!	 �8�<�� ��� �
�8� (:� (:% "0�,�B��� � � 1�%�3��� 	�'&(�� � ��8	 �B%,� � �® $ ��� � $ � � ����8�B%�� 	�� 	���% *:	����#"�	��$��%�'����#"�	��$��%���
*��B� � ��3� %#�821�	��  � �
 ��� (:	�� � �M� �� (<" � (: �4� � � � 8�B	 �����,"�	��$��%�	�' ( ���

?]2_JD27GBA>=	A�?];:abG]8	A50U5VA58:5VA�=1;��:GBAV�	5QGBIK698�0KA5a[�H?BAyE1JNMA50LA58uIKAQJd?BA>af�A5a�AW=�MA5=	69;	�H?BA5a�A58OI�AQI�?]2
=�MAQE�A581=127805VA[A58l5}C127a�E�a2F�98�MAQILG]RO;1AT=	A�0KA50fMA58	AQJD�9GBA50�=1A`IKJD27810LG]ILGB698fA50KI@0LG]abG]?U27GBJLAc25VA5?]?]A[=	A
?zX�AV�	5QGBIK698h|

~�2�²:�9;	JLA Â |]�7�ba�698OIKJLA�?zX¬MA58	AQJL�9GBAb=1A503E:G45Q03=hX¬MA5abG]0L0DGB698>=	A�?zX�AV�P5QG]IK698WAQI�=1;>�:GBAV�	5QGBIK698 A58
eg69805VILGB698f=1;n5}C127a�Eyab2F�98�MAQILGURO;	A7|�~YAg5VA58OIKJLA[=1;f=169;	�:?BAQI"JD27=1GU2FILGBe�=	A`?qX�AV�P5QGBIK698YP1G]81=1G]R<;�MA@E:2FJ
;18	A�?]GB�98	A�EH?BA5G]8	A7P9E:J<MA50KA58uIKA�;18�?}MAQ�7AQJ�=�MAC5Q27?]2F�7A�=1G]27ab2F�98�MAQILGURO;	A7|N��69;	Jª;180L�<0KIQcA5a�A3eg67JLIKA5a�A58OI
5V698	²:8�MA7PY?]AT=�MAC5Q27?]2F�7A�=1G]27ab2F�98�MAQILG]R<;	Ab=	A«?zX�AV�	5QGBIK698>A50KI`=	698:8�MA«=:278103;18	ATE1JLA5abGzcAQJLA�2FE1E:JL65�	G ^
ab2FILGB698dE:2FJ����:K���¥

¸b»  � �� � ) £
� ����� £¼��

$d¼ � ���
£

! �
$ ! 
	�

£ ¦ Â | Â ¨



�����:�����M*:	����#"�	��$��%��<�B%�� ��� ��* ���� �$� � '&(��B%#� 	�' ( � ���	��
#���� %�
#� � KN�

0 2 4 6 8
2040

2041

2042

2049

2050

2051

X
2

X

σσ-

σσ-

σσ+

σσ+

 

 

E
n

e
rg

ie
 (

m
e

V
)

B (T)

����� �P�
	 ������ � �.%,�821�	�� � �/�$(:� 	 %#� ��" � % " � � � �&� ���#"�	��$��% � § � ���@�#( *:	����#"�	��$��% � § £ � � %
� ��% " � 	���% � ( "0���B��� � � 1�% 3��� 	�'&(���� � � �-��8�B%&� 	�� 	 ��%&� �8��%#�� � � 3�8 3��� �M� �� ���B(B8� � ��� ��8	 ��� � 	���%&�
 � � ��� " � 	 � � � ��� � � ���&� * ��� � ��� ��� 	 %&�4" �   � �$� ��%�� � %,� � (�� ��8�B%&� 	�� 	 ��%M� �8�� 	 �8� � ��� ��� � ���&� * ����� �
��	 � � � � ( �� �B%&� 	�� 	���%�� 	 %,�$�8 � 	��$� � �

6Yc; ���
£¼ � AQI ���

£
! � 0K698uI�?BA50�4F27?BA5;	J}0�a�6À�7A5818	A50�=	A50�5Q2FJLJNMA50"=	A�?zX�AV�<IKA58:0LGB698?U2FIOMAQJ}27?BA�=	A50�eµ698:5VILGB69810

=hX�698:=	A=	A?qX¬MA5?]AC5VIKJL698_AQI�=1;\IKJL69;w=127810`?U2f��6À� �BIKAbRO;:278uILG]R<;	A7|+Q�8_0L;1E1E�690L278uI`;:8	A�AV�<IKA58:0LGB698
G]=1A58uILG]R<;	A"E�69;	J�?zX½MA5?BAC5VIKJL698�AQI�?]AªIKJL69;hPu?BA�=�MAC5Q27?U2F�7A@=1GU27ab2F�98�MAQILG]R<;	A�a�A50L;1J<MATc2 ��> 5V67JLJLA50KE�6981=
c2@;18	A�AV�<IKA58:0LGB698«?]2FIOMAQJD27?BA�� ���

£¼�� ! � � G<; Â 81a =1;Ta��A5a�A"67JD=	JLA"=	A��7JD2781=	A5;1J�R<;	A"?BA�E:2FJ}27a�cAQIKJLA
=hX�AV�NIKA5810LG]698f?]2FIOMAQJD27?BA[;	ILGU?]G]0<MA3=127810ª?BAg5}C12FE:GBIKJLA KTE�69;	Jª=�MAC5VJDGBJDA`?BAg5V69;	E:?]2F�7A�AV�	5QGBIK698N^qEHC	698	69810
2.5V69;10LILG]RO;1A50Q|	±�A�EH?];10e5VAC5QG�A50KIªA58f2.5G5V67JD=�2547AC5`?]2«=1GUa�A5810LGB698�=	A50 �Q698	A50�JDG45DC1A50�A58n5Q27=:abG];1a
a�A50D;	J<MAQA50�A58daG45VJL690U5V67E:G]A�MA5?]AC5VIKJL6981G]R<;	A`A58fIKJ}27810LabG]0D0LGB698h|

³"69aba�A�698W?zX�67�:0LAQJL47Ab0L;	J`?]2�²1�9;1JLA Â |]�7�FPS?BAb=�MAC5Q27?]2F�7A�=1G]27ab2F�98�MAQILG]R<;	Ab=	A�?]2�IKJD278:0LGBILGB698
�:G]AV�P5QGBIK698	^qAV�P5QGBIK698�A50KI�MAQ�927?`27; =�MAC5Q27?U2F�7A_=1G]27ab2F�98�MAQILGURO;	A\=1A ?zX½MA5abGU0L0LGB698-=	AW?zX�AV�	5QGBIK698h|�³�A
=�MAC5Q27?]2F�7A�A50LI�=	698:8�MA�E:2FJ"?]2�=1G S�MAQJDA5805VA@=:;�=�MAC5Q27?]2F�7A`=:G]27ab2F�98�MAQILG]R<;	A3=1;81G]47A527;�=1;��:GBAV�	5QGBIK698
=1278:0�?zX¬MAQIL2FI[G]81GBILGU27?�=	Ab?U2�IKJ}27810LGBILGB698 67E1ILGURO;	A«AQI[=:; =�MAC5Q27?U2F�7A�=1;W81G]47A527;W=	A�?zX�AV�P5QG]IK698\=127810
?zX½MAQIL2FI"²:8127?q| �38bIKJD69;	47A@27GU810LG:R<;	A@?BA�=�MAC5Q27?]2F�7A�=1GU27ab2F�98�MAQILG]R<;	A�=1;��:GBAV�	5QGBIK698A50KI�AV�	2.5VIKA5a�A58OI
MAQ�927?ªc2b=	A5;N��eµ69GU0ª?BA[=�MAC5Q27?]2F�7AT=	A[?zX�AV�	5QGBIK698h|H³�A[J<MA50L;1?BIL2FI�A50LI�A58y2.5G5V67JD=�2547AC5T?BA50ªA50KILGUab2FILGB69810
ILC�MAQ67JDGURO;	A50@R<;1GS=	698:8	A58uI�E�69;1J�;18f�HGBAV�P5QG]IK698deg67JLIKA5a�A58OI�5V698	²H8�MAT=1278:0�;18	A[��6À� �]IKA�R<;1278uILGURO;	A
;18f=�MAC5Q27?U2F�7AT=1GU27ab2F�98�MAQILG]R<;	A�¥



� K:K �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

G.S

X2

X

Jz=+1

Jz=-1

Jz=-2
Jz=+2

X2

X

G.S

σ+

σ+ σ−

σ−

J=0

J=0

B=0 B=0

���������
	<��>� � � �,"0��3� �@�@� � � �� �B%&� 	�� 	���%��4��� � 	�'&(�� � � � �%� ���,"�	��$��% ��� �#( *:	 ���,"�	��$��% � %/"0�,�B���
� � 1�%�3��� 	�'&(�� % (:�
��� �8� (:� "0�,�B��� � � 1�%�3��� 	�'&(����X� � ���=�� "0�,� �!� % � ��	 %#� 	 � ��3� �4" �   � � ����%5� � %,� � (��
��8�B%&��	�� 	���%&� �B� �8� "�	�3��� � � (�� 3����� � � %,��%�'  � � 	 � � 	 � � �

¸�»  � �� � � ) £
��� ���

£¼�� �
$d¼ � ���

£¼ � �
$d¼ � ���

£
! � �
$ !

� ���
£

! � �
$ !�� �

£ � K7¸�»  � �� ¦ Â | � ¨

�38y67�:0KAQJL47A«R<;	A�?BAT=�MA5=	69;	�:?]A5a�A58uI@=1;d�HGBAV�P5QG]IK698�G]8:=1;1GBI"E:2FJ3?BA}5}C127a�E>ab2F�98�MAQILG]R<;	ATA50KI
27;10L0DGMAQ�927?«c2�5VA5?];1G"=	Ad?qX�AV�P5QGBIK698Y|�~YAf�:G]AV�P5QGBIK698 MAQIL278OI�;18�MAQIL2FI�0LG]8	�9;:?BAQI�=	Ad0KE:G]8 ¦ � � ® ¨ P
0K698 MA58	AQJD�9GBA8	A�E�A5;	I�E:270��AQIKJDA�=1GBJDAC5VIKA5a�A58uI�2�S�AC5VI<MAQA�E:2FJ[?BAW5}C127a�E_ab2F�98�MAQILGURO;	A�2FE1E:?]GURO;�MA7|
³�AQE�A581=1278OIQPo5V69aba�Ab?BAbab698uIKJLAb?U2�²:�9;	JLA Â |]� K<PS?zX½MAQIL2FI�²:8127?¿=	Ab?]2�IKJD27810DGBILGB698>�:GBAV�	5QGBIK6981GURO;	A
A50KI3;18�AV�P5QGBIK698Y|#6@G]810LGqP:A58 2.5G5V67JD=W2547AC5�?BA50�JNMA50L;1?]IL2FIL03AV�<E"MAQJDGUa�A58uIL27;	��Ph?BAT=�MA5=	69;	�:?BA5abA58uI3=	A
?zX½MA5abG]0D0LGB698[=:;`�:GBAV�	5QGBIK698�A50KI�²	��MA"E:2FJ¿?BA�=�MA5=169;	�:?BA5a�A58OI�E�AQA5ab278«=	A�?zX�AV�	5QGBIK698h|BQ�8�E:2FJLILGj5Q;1?]GBAQJ5P
0K69;10�AV�	5QGBIL2FILGB698�eg27GB�H?BA�E�AQJDa�AQIKIL278OI�?qX�67�:0KAQJL4F2FILGB698T=	A50SAV�	5QGBIK69810¿8	698	^qJD27=1G]2FILGBeo0QP5;181A�IKJD27810DGBILGB698
=1;��:GBAV�	5QGBIK698�47AQJD0ª?zX½MAQIL2FI�G]8OIKAQJDa©MA5=1G]27G]JLA@=YX�AV�P5QGBIK698 ��� � ��K`A50LIª67�:0KAQJL4�MAQA`0L;	J"?BA�ÁH278053C127;	IKA
MA58	AQJL�9GBA�=	A`?zX¬MA5abG]0L0DGB698f=1;f�:G]AV�P5QGBIK698\¦g²:�9;	JLA Â |]�7� ¨ |

~�XZG]8uIKA58:0LGBIOMA[JLA5?U2FILGB47A[=	A50�=1G S�MAQJDA58uIL0�E:G45Q0�=1A�?];1aG]8	A50U5VA5805VA`=1A[?zX�AV�	5QGBIK698y=�MA5=	69;1�:?}MA[E:2FJ@?BA
5DC:27a�E_ab2F�98�MAQILG]R<;	A�A50KI[0KA5810DGB�:?BAyc2d=	A50`A�S�AQIL0�=	AbE�67E:;1?]2FILG]698h|S³�69aba�Ab8	69;:0�47A58	69810�=	Ab?BA
4769GBJ5PO?BA�=�MA5=	69;1�:?BA5a�A58OI�=	A@?]2�IKJD278:0LGBILGB698�=1;��:GBAV�	5QGBIK698JLAQÁhcAQIKA�;181G]R<;	A5a�A58OI�?BA�=�MA5=169;	�:?BA5a�A58OI
=	A�?zX�AV�	5QGBIK698�=127810«?zX½MAQIL2FI�²:8127?q|�~SA50�G]8uIKA58:0LGBIOMA50�=	A50TIKJD27810LG]ILGB69810T270L0K6P5QG}MAQA50b27;º�:GBAV�	5QGBIK698º8	A
E�A5;	47A58OI�=	698:5�EH270@�AQIKJDA`2�S�AC5VI<MAQA50�E:2FJª=hX¬MAQ47A58uIL;	A5?U0ªIKJD27810KegAQJLIL0ª=	A@E�67E:;1?]2FILG]698h|O~SA50ªG]8uIKA58:0LGBIOMA50
=	A50«E:Gj5Q0«�:GBAV�	5QGBIK6981G]R<;	A50TIKJD27=1;1GU0KA58uI�=	698:5�=:GBJLAC5VIKA5a�A58OIb?BA50�eg67J?5VA50b=hX�690?5QG]?]?]2FIKA5;	J�=	A50bIKJD278N^
0LGBILG]69810Q|+Q�8_E:2FJDILG45Q;1?]GBAQJ�PS?zXZ27;	�9a�A58OIL2FILGB698º2547AC5f?]A�5DC:27a�E�ab2F�98�MAQILG]R<;	A�=1A�?zXZGU8uIKA5810DGBIOMA�=	A�?]2



����� � 
F	����#"�	��$��% �<�B%&� (:% � �<�$� %#� 	�� � �B%&	 � �<�� ��� � � K:G

5V69a�E�690L278OIKA��:270L0LAyMA58	AQJD�9GBA�=	A�?zX�AV�P5QG]IK698hP	RO;	A�8	69;:0�2�4<G]69810ª2FIKIKJDGB�:;�MAQAc2«;18�IKJD27810LeµAQJLIª=hX�AV�	5QG ^
IL2FILGB698�=	A50TMAQIL2FIL0"8	698N^qJD27=:G]2FILGBeo0¿47AQJD0�?BA50TMAQIL2FIL0�JD27=:G]2FILGBeo0QP78	A�0KA�JLAQIKJD69;	47A�E:270�0L;	J�?]23IKJD278:0LGBILGB698
�:G]AV�P5QGBIK698:G]RO;1A7|

����� �U����� � � !$#&%('�)*%,+U3�%��/# !�� %&!5��� -;)*%���+$# !��5#	�/�

/�69;10@254769810@4N;yR<;	A[?]2�0KIKJD;05VIL;1JLA[=	A50�IKJD27810LGBILG]69810�AV�	5QGBIK6981G]R<;	A50�=127810�;:8fE�67IKA58uILGBA5?�2781G ^
0K67IKJD67E�A(MAQIL27GBI��769;	47AQJD8�MAQAWEH2FJ�?]AyIKAQJDa�AW?B6981�9;	A�E�67JLI<MAQAW=	A>?zXZG]8OIKAQJD2.5VILGB698-=hX½MAC5DC:278	�7A7|�³�AC5QG
5V6981=:;1G]0L27GBI�c2�;181A�?BAQ4�MAQA�=1A�=�MAQ��MA58�MAQJLA50U5VA58:5VA�=	A50TAV�	5QGBIK69810�JD27=1G]2FILGBeo0�AQIfc2 ;18	A�E�69?U2FJDG]0L2FILGB698
?]GU8�MA527GBJLA�=	A50ªIKJD278:0LGBILGB698105|&H�;hX�A58fA50KI ^¡G]?YE�69;1J�?BA��:GBAV�	5QGBIK6984I

A�B���BEC 
 LRVXW YXLONZQSJUVXN;LDJ�NMV GPH5Y�NZLEQSJ ��� �V Y� H5J � V

2065 2067 2069 2082 2084 2086

δδ
0

∆∆
XX

=13.2 meV

25 P
0

P
0

X
2

X ππx

 ππy

B=0T

 

 

P
h

o
to

lu
m

in
e

sc
e

n
ce

 (
u

.a
)

Energie (meV)

����� �P�
	 ��>� � � �:� � " �� � �=� � �$(�� 	 %,� ��" � %
" � � ��� ��8	 � 3� � � 	 %�3���B	D�� �@� %,� � � (:%,� * ���� �$� 	 %�� 	 � 	 � (�� � ���
� � � � � 3�����	 � +3� �#(:	��$�F� � (B � �B(�� � (:	 � ���B%
" � �&��� ���,"�	$��� � 	���%�� 	
	M3�8 � %#�$� � ������� KS�! #"&$>¤ £ �

~�2`²1�9;1JLA Â |]� G[E1J<MA50KA58OIKA@?BA�0KE�AC5VIKJLA�=hX½MA5abGU0L0LGB698�=hXZ;18	Aª��6À� �BIKA@2781G]0K67IKJL67E�AªE�69;	J�=	A5;N��E:;1G]0K^
0L278:5VA50�=hX�AV�	5QGBIL2FILGB698�=1G S�MAQJLA58uIKA505|���69;	J�;:8	Adeo27GB�:?BAfAV�	5QGBIL2FILGB698hP�698tJLAQIKJD69;	47A�?BA�0KE�AC5VIKJLAy=	A



� Kc^ �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

?zX�AV�	5QGBIK698-?B69;	JD=�=�MA5=	69;	�H?}MAWE:2FJf?zXZG]8OIKAQJD2.5VILGB698 =hX½MAC5DC:278	�7A7P�=127810�?zXZ270L�<a©MAQIKJDG]A\?B6B5Q27?]A =1;�E�6F^
IKA58OILGBA5?�=	A[5V698	²:8	A5abA58uIQ|Y~S67JD0LR<;	A�?]2�E:;1G]0L0D27805VAT=YX�AV�P5QGBIL2FILG]698>A50KI`27;	�9a�A58OIOMAQA7P�?]2�IKJD27810DGBILGB698
�:GBAV�	5QGBIK6981GURO;	A7P85Q2FJD2.5VI<MAQJDG]0<MAQA@E:2FJ�0K698©MAQ4769?U;	ILGB698b0L;1JK^¡?]G]8�MA527GBJDA7P�2FE1EH2FJD2�� �BIª� G<| K�a�AQ·-27;N^¡=	A50L0L69;10
=1;�5VA58OIKJLA�=1;_=169;	�:?BAQI[=1A�?zX�AV�	5QGBIK698\J}27=1G]2FILGBe½|S~S2�0KIKJD;05VIL;1JLA=	Ap5VAQIKIKA�IKJ}27810LGBILGB698\JLAQE1JL6N=1;1GBI
=	A«ab2781GzcAQJLA«0K�NawMAQIKJDG]R<;	A65VA5?]?BA«=	AT?qX�AV�P5QGBIK698©¥h?BAT=�MA5=	69;	�:?BA5abA58uI@A50KI�G]=	A58OILG]R<;	A[AQI�?BA50�E�69?]2FJDG ^
0L2FILGB698:0�AQI�?]A50�G]8OIKA5810LG]IOMA50�0QXZG]8O47AQJD0KA58OIQ|h³"AC5QGYA50KI@;18	A[G]8:=1G45Q2FILGB698d0D;	E1E:?MA5a�A58OIL27GBJLA}5V698	²1JDab278OI
?zXZ2FIKIKJDG]�:;	ILGB698\=1A�?]2l5V69a�E�690L278OIKA��H270L0KAjMA58	AQJL�9GBA�27;_�HGBAV�P5QG]IK698w=1278:0�?]2 af�A5a�A���6À� �BIKA�278:G]0K6F^
IKJL67E�A7|	¶ ?h8hX�AV�NGU0KIKA�A58fA�S�AQI�RO;YXZ;18	A�0KA5;1?BAg5V6981²1�9;	JD2FILGB698�E�69;	J�?]A@�HGBAV�P5QG]IK698hP1;18jMAQIL2FI�0LGU8	�9;1?BAQI
=	A"0KE:G]8�¦�� � ® ¨ |�¶ ?N8	A�E�A5;1I�=	698:5�E:270"�AQIKJLA�=�MA5=169;	�:?MA"E:2FJ�?zXZG]8OIKAQJD2.5VILGB698«=hX½MAC5DC:278	�7A7|u�¿2FJx5V698uIKJDA7P
5V698OIKJD27GBJLA5a�A58OIª27;N�IKJD278:0LGBILGB69810�270L0K6P5QG}MAQA50�c2«?zX�AV�	5QGBIK698hPN?zX¬MAQIL2FIª²:8127?�?B67JD0�=	A@?U2[JLAC5V69a��:G]8:27G]0K698
=1;©�:GBAV�	5QGBIK698º8hX�A50KI�EH?];10T?zX¬MAQIL2FIbeµ698:=127a�A58OIL27?ª=1;�0K�N0KIVcA5a�A7P�ab27G]0«;18 MAQIL2FI=YX�AV�P5QGBIK698�?]69;	JD=
=	698OI�?]2�=�MAQ��MA58�MAQJLA50U5VA58:5VA`RO;12FIKJDA�E�A5;	Iª�AQIKJLA�?]AQ4�MAQA7|N³"69aba�A�8	69;:0�254NGB69810�4<;�E�69;	J�?]A��:GBAV�	5QGBIK698
0K69;10y5DC:27a�Efab2F�98�MAQILG]R<;	A7P1?BA50�E�69?U2FJDG]0L2FILGB698:0�AQIª?]2[0LIKJD;05VIL;	JLA@²:8	A@=	A3?]2[IKJ}27810LGBILGB698�0K698OI�27?]67JD0
5V698OIKJ��69?}MAQA50�EH2FJ�?zX¬MAQIL2FI�²:8:27?¿¥:?zX�AV�	5QGBIK698h|

B

E

B=0

ΠxΠy

ΠxΠy

XX  (J = 0)

Ground state

   (J = 0)

-1

-2
+1

+2

1 2 +1 − −1[ ]
1 2 +1 + −1[ ]
1 2 +2 − −2[ ]
1 2 +2 + −2[ ]









î





X

σ −

σ −σ +

σ +

���������
	 ���� ��� �," � 3� � � � � � �� �B%&� 	�� 	���%�� ��� � 	�'&(�� � � �/�&� ���#"�	��$��% ��� �#(O*:	����#"�	��$��% � �B%&�
(:%,� * ���� �$�/' (��B%#� 	�'&(�� � �-��� � 3����8	�� +3� �#(:	��$� �!� % " ���B��� � � 1�%�3��� 	�'&(�� % (:����� �8� (:� "0�,�B���
� � 1�%�3��� 	�'&(������ ¹ ������� " �   � �$� ��%�� � %,� ��b� �B(��;� 	D � " � 	���%�� � �.� ��� ��8	 ��� � 	���% � 	 %�3���B	D��!�  � �#� 1<� '
%��B��� � �

³�AQIKIKAb0DGBIL;12FILGB698 A50KI�G]?]?U;10KIKJNMAQA«0L;	J�?]2�²1�9;	JLA Â |]� ^f6Yc;W0K698OI�G]81=1G]R<;�MAQA503?BA50@IKJD27810LG]ILGB69810@67E	^
ILG]R<;	A50«=	Ad?zX�AV�	5QGBIK698ºAQIb=1;©�:GBAV�	5QGBIK698ºE�69;	J�;18	A���6À� �BIKA�RO;:278uILG]R<;	Af=	Ad0K�Na©MAQIKJDGBA�JNMA5=1;:GBIKAfA58
5DC:27a�Eyab2F�98�MAQILG]R<;	AT8O;1?�AQI@0K69;10X5}C127a�E ab2F�98�MAQILG]R<;	A7|,Q�8r5DC127abE�8<;1?zP	?BA50�MAQIL2FIL0�E1JL67E1JDA50�=	A
?zX�AV�	5QGBIK698_0L698uIT?BA50}5V69a��:G]8:27G]0K69810`?UG]8�MA527GBJLA50�0K�<a©MAQIKJ}G]RO;1A50�� � ¹ � AQIT278OILG]0K�NawMAQIKJDG]R<;	A50	� � � � =	A50



����� � 
F	����#"�	��$��% �<�B%&� (:% � �<�$� %#� 	�� � �B%&	 � �<�� ��� � � K Â

2063 2065 2067 2069 2080 2082 2084 2086

 

 

 

X
2

X

8T

7T

6T

5T

4T

3T

2T

1T

0T

 

 

In
te

n
si

té
 d

e
 P

.L
. 

(u
.a

)

Energie (meV)

����� �P�
	 ����W��� � � ���$( � 	���% � �8� (:�4"0���B�L� �@� 1�% 3��� 	�' ( � �$� � � � ��� " ���� � � � �$(:� 	 %,� ��" � % " � ��� (:%,�
* ���� �$� '&(��B%#� 	�' ( � �B%&	 �8�<�������� � �B	 �8�B%,�4����� ��8�X�� �� � ��� � ��8�B%&��	�� 	���%&�L���#"�	��$��%&	 ' (�� � ���L*:	����#"�	��$� '
%&	 ' (�� � �

MAQIL2FIL0 ��� � �«�b¦ � �#� � ¨ AQI ��� � ¾ ��¦ � � ¾ � ¨ ¥

� � ¹ � � �
� K ¦ � � ¾ � � � �#� � ¨

� � � � � �� K ¦ � � ¾ � ¾ � �#� � ¨ ¦ Â | � ¨

2�47AC5FPHA58d0LAC5V6981=	A[R<;1278OILGB²:5Q2FILGB698>¥



� K � �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

� �#� � � "��� ����� �� ��� � ® �
� � ¾ � � "��� ��� � �� ��� � ® � ¦ Â | � ¨

6Yc; " �� � � AQI � �� � � 0K698uI�JLA50KE�AC5VILGB47A5abA58uIª?BA50�67E�MAQJD2FIKA5;	JD0\5VJ<MA52FILGB698f=	A3?zX¬MA5?BAC5VIKJL698�AQIª=1;�IKJL69;�=:27810
?BA«E1JLA5aGBAQJ`81GB47A527;\=1Ab?]2���6À� �BIKA«AQI�� ® � ?zX½MAQIL2FITeµ6981=:27a�A58uIL27?�=1;W0K�N0KIVcA5a�A�¦g��6À� �BIKA�4NG]=	A ¨ | 6�47AC5
?BA50ªaf�A5a�A50@8	67IL2FILGB698:0QP1698fE�A5;	I�=�MAQ²:8:GBJ�?BA50ª67E"MAQJD2FIKA5;1JD0\5VJNMA52FILGB698 =	A[?qX�AV�P5QGBIK698y=127810ª?BA50�MAQIL2FIL0
=	A�E�69?]2FJDGU0L2FILGB698 � � ¹ � AQI � � � � E:2FJ[¥

� �¹ � �
� K

� "��� ����� �� ��� � "��� ����� �� ���	�
� �� � �� K

� " �� ��� � �� ��� ¾ " �� ��� � �� ��� � ¦ Â | � ¨

Q�8weo27G]0L278OI�2F�9GBJ[5VA50T67E�MAQJD2FIKA5;	JD0�0D;	JT?]A50WMAQIL2FIL0 � � ¹ � AQI � � � � G]?�A50KI�27?B67JD0�eg2.5QG]?]A�=	A�a�698OIKJLAQJ
R<;	A@0LA5;1?BA�?]2@5VJ<MA52FILGB698d=	A�=	A5;N��AV�P5QGBIK698:0 � � ¹ � 69;�=	A�=	A5;N�AV�	5QGBIK69810 � ��� � E�A5;	Iy5V698:=1;1GBJLAbc2«?]2
eg67JDab2FILGB698d=YXZ;18��:GBAV�	5QGBIK698f=127810�0K698�MAQIL2FI�eg6981=127abA58uIL27?�¥

� § £ � � ¦>"��� ��� "��� ��� ¨ ¦ � �� ���
� �� ��� ¨ � ® � ¦ Â |]� ® ¨
~S23E:J<MA50KA5805VA�0DG]a�;:?BIL278�MAQA�=127810�?U23��6À� �]IKA�=hXZ;18�AV�	5QGBIK698 � � ¹ � AQI�=hXZ;18�AV�	5QGBIK698 � ��� � A50LI�G]8OIKAQJD=1GBIKA
E:2FJ�?BA"E1JDGU805QGBE�A�=hX�AV�	5Q?];10DGB698�=1A���27;:?]Gz|B=�MAC5QGBE1JL6NR<;	A5a�A58OIQP9?zXZ2FE1E:?]Gj5Q2FILGB698�=1A50¿67E�MAQJD2FIKA5;	JD0�278181G ^
C1G]?U2FILGB69810 � ¹ 69; � � 0D;	J�?zX¬MAQIL2FI�=	A"�:GBAV�	5QGBIK698 � § £ � a�698OIKJLAªR<;	Aª?]2�JDAC5V69a[�:GU8127G]0K698T=1;T�:GBAV�	5QGBIK698
8	A�E�A5;	I�0KA�eo27GBJLA@RO;YX�A58bE�69?]2FJDG]0D2FILGB698b?]G]8�MA527G]JLA � ¹ POA58�?]27GU0L0L278OI�=127810�?]2���6À� �BIKA@;18bAV�	5QGBIK698 � � ¹ � P
69;bA58bE�69?U2FJDG]0L2FILGB698�?UG]8�MA527GBJLA � � P9A58�?]27G]0L0L278OI�=127810�?]2���6À� �BIKA�;18�AV�	5QGBIK698 � � � � | �38@´L;10KILGB²:A"27GU810LG
?]2�0<MA5R<;	A5805VA[=1A`E�69?]2FJDG]0L2FILG]69810"?]G]8�MA527GBJLA50ª=1A`?]2«²1�9;	JLA Â |]� ^�A58r5DC:27a�E�ab2F�98�MAQILGURO;	A�8O;1?q|

�<69;:0T;:8t5}C127a�Etab2F�98�MAQILGURO;	A�2FE1E:?]G]R<;�MA�0D;1GB4F278uI�?zXZ2��NAf=	An5VJL69G]0L0L278:5VA7P�?]2>0K�<a©MAQIKJ}GBAn5QGBJK^
5Q;1?]27G]JLA�=	A50�MAQIL2FIL0@=hX�AV�P5QG]IK69810�A50KI�E1JL67�7JLA50L0DGB47A5a�A58OI�JLA50KIL27;	JNMAQA7|���69;	J�;18n5}C127a�E ab2F�98�MAQILG]R<;	A
0L; ��0L27aba�A58OIbMA5?BAQ4�MA7P:?]2�IKJD27810LG]ILGB698�=:;�:G]AV�P5QGBIK698�JLAQE1JD6<=1;:GBI�27?B67JD0"?BA3=�MA5=	69;	�H?BA5a�A58OI E�AQA5ab278
=	A�?zX�AV�	5QGBIK698W2547AC5=	A50�0OMA5RO;1A5805VA50[=	A«E�69?]2FJDGU0L2FILGB698�5QGBJ?5Q;1?U27GBJLA�GU=	A58uILGURO;	A50�¦g²1�9;1JLA Â |]� Â ¨ |S�¿2FJ
5V698OIKJLA7PL5V698OIKJD27GBJLA5abA58uI\c2\?zX�AV�	5QGBIK698hP�?zX¬MAQIL2FI�G]8:GBILG]27?ª=1;��HGBAV�P5QG]IK698j8hX½MAQIL278OI�E:270�=�MA5=	69;	�:?MA7P�G]?
8hX�A50KI�E:270�2�S�AC5VIOMA�E:2FJ�=	A50�A�S�AQIL03=	A`E�67E:;:?]2FILGB698h| 6@?B67JD0�R<;hXZG45QGS27;10L0LGY?]A50�G]8OIKA5810LGBI<MA50�G]8uI<MAQ�7JNMAQA50
=	A50y5V69a�E�690L278OIKA50ª=	A@?qX�AV�P5QGBIK698�0K698OIªG]8	Á:;	A58:5:MAQA50�E:2FJª?BA50�IKJD27810KegAQJLIL0"=	A�E�67EH;1?]2FILGB698�=	A50bMAQIL2FIL0
8	698N^qJ}27=1G]2FILGBeo0"47AQJD0�?]A50�MAQIL2FIL0�J}27=1G]2FILGBeo0QP1?BA50ªIKJ}27810LGBILGB698:0ª=1;f�:GBAV�	5QGBIK698fJDAQÁhcAQIKA58uI@RO;1278OITc2A5?]?BA50
=1GBJDAC5VIKA5a�A58uI`?]A50�eµ67Jq5VA50[=hX�690U5QGU?]?]2FIKA5;	J5| 6 5Q27;10KA�=	A5VA50`IKJ}27810KegAQJLIL0`=	AbE�67E:;:?]2FILGB698 A58uIKJDAb§ 
AQI�§ [ Ph?]2n5V69a�E�690L278OIKA�c2��:270L0KAºMA581AQJL�9GBAb=	A�?zX�AV�	5QGBIK698W�92F�98	A�J}2FE:G]=	A5a�A58OI3A58\G]8OIKA5810LGBI<MAb2�47AC5
?zXZ27;	�9abA58uIL2FILGB698�=1;�5}C127a�Efab2F�98�MAQILG]R<;	A7P127?B67JD0"R<;	A3?]2�=:G S�MAQJLA58:5VA3=YXZG]8uIKA58:0LGBIOMA�A58OIKJLA`?BA50�=	A5;N�
5V69a�E�690L278OIKA50�67�:0LAQJL4�MAQA�A58r5DC127abEy8O;:?�A50KI\5V69810KAQJD4�MAQA«0L;	J�?]2«IKJD278:0LGBILGB698��:G]AV�P5QGBIK698:G]RO;1A7|

/�69;10�27?]?B69810�ab27G]8OIKA581278uI�4769GBJ�5VA�R<;	A�=	AQ4<G]A58uI�?]2�0KIKJ};05VIL;	JLA�²:8	A�=	A�?zX�AV�	5QGBIK698}5V6981²:8�MA�=:27810
;18�E�67IKA58uILGBA5?<2781G]0L67IKJL67E�A�eo27GB�:?BA5a�A58OI`5V698OIKJD27G]8OIQPFeµ67J}awMA�EH2FJ¿?]A50SÁ:;:5VIL;12FILGB69810�=hX¬MAQE:27G]0L0LA5;	J�=hXZ;18
E:;1G]IL0�R<;1278OILG]R<;	A MAQIKJL69GBIQ|



����� � 
F	����#"�	��$��% �<�B%&� (:% � �<�$� %#� 	�� � �B%&	 � �<�� ��� � � K9�

A�B���B�� 
 LRVXW YXLONZQSJ 
RQ\Y�H 
ELDK �V � H5J K� J V��  Y�N� H$NPLRQ�J ��� LEJ�NZV G��"H5Y�V � � 	J �  LRNPK
�  H5JSNPL �  V�� H5LET 
RV � V JSN�Y�Q�JSNZGPH5LDJSNXB

1 8 0 6 1 8 0 8 1 8 1 0 1 8 1 2 1 8 1 4 1 8 1 6 1 8 1 8

L
u

m
in

e
sc

e
n

ce
 

n
o

rm
é

e

Energie (meV)

X
2

X

7.2 meV

P
0

2P
0

4P
0

8P
0

11P
0

����� �P�
	 ������ � ����� " ���� ��� � � (:� 	 %,� ��" � % " �4��� (:% ���#"�	��$��% ��� ��� (:% *:	����#"�	��$��%-��� "8�B� 	 �+3� � �<�B%&�
(:%.�� ���<� � � �� 3� � �� (�%,� � (<" � (�� � 	���% ���03� � �B	 � � �B(B ��� (:% ��(:	�� �-' (��B%,� 	�'&(�� ��� (:�� 	 	M3�8 � %#�$� �
��(�	 � ���B% " � �*��� ���#"�	���� � 	���% ��� � �F�$� � " �� � �F�8��%#��� %  ��1�	 � ��+3� � �� ��8�
� �8�� (:%,� � (W� �8 � (: � � � � %���	D ��%
® ;�G _ $ ��� � � � �Z�  #"%$>¤ £ �

/�69;10`2�4769810T27;10L0LGTMAQIL;1=:G}MA?]2�eg67JDab2FILGB698\=:;W�:GBAV�	5QGBIK698W=127810[=	A50`0KIKJD;:5VIL;	JLA50�E1JNMA50LA58uIL278OI
;18©eo27GB�:?BAn5V698	²H8	A5a�A58OI�AQI�E�A5;�=1A�5V698OIKJD27G]8OIKA\¥�=	A50[� �U?B67IL0«A58	�7A581=	JNMA50E:2FJb?BA50«Á:;:5VIL;12FILGB69810
=hXZGU8uIKAQJLeo2.5VA50¿=127810�;18�E:;1GBIL0�RO;1278OILG]R<;	AbMAQIKJD69GBIQ|7~S2@0KIKJD;05VIL;	JDA�=	Ae5VA50[MAC5DC1278OILG]?]?B698:0�2dMAQIOMA�=�MAC5VJDGBIKA
A58�=�MAQIL27G]?�=127810�?]A\5DC12FEHGBIKJLA��F|<¶ ?]0�5V69810DG]0KIKA58OI�A58�;18bE:;:GBIL0�R<;1278uILGURO;	A3³"=&>�A�MAQIKJL69GBI�J<MA527?]G]0<MA30L;	J
;18T0L;	�H0KIKJD2FI�4<G45QGU8127?O2�47AC5ª?]G]0L0D2F�7A�=	A50¿G]8OIKAQJLeo2.5VA50QP7RO;:G<GU81=1;1GBIY?U2�eg67JDab2FILGB698«=hX � �U?B67IL0¿2781G]0K67IKJL67E�A50
67JDG]A58uI<MA50Q|

~�X¬MAQ4769?];	ILGB698hPOA58beg69805VILGB698b=1A�?]2�E:;:G]0L0L27805VAª=hX�AV�	5QGBIL2FILGB698YPO=	A�?U2�?];1abG]81A50U5VA5805VA�=hXZ;18=	AX5VA50
� �]?]67IL0�2781G]0L67IKJL67E�A[A50KI@E1JNMA50KA58OIOMAQAb0L;	J3?]2b²1�9;1JLA Â |]� � | �38yJLAC5V6981812�� �BIQP�c2�eg27GB�H?BA�E:;1G]0D0L27805VA�=YX�AV�O^
5QGBIL2FILG]698hP	?BA50"IKJD27810LG]ILGB69810�270L0K6P5QG}MAQA50�c2�?zX�AV�	5QGBIK698f?B69;	JD=�=�MA5=	69;	�H?}MA�E:2FJª?zXZG]8OIKAQJD2.5VILGB698f=hX½MAC5DC:278	�7A
?B6981�9;	A�E�67JLI<MAQA7|u~S67JD0LR<;hX�698«27;	�9a�A58OIKA�?zX�AV�	5QGBIL2FILGB698hP7;18	A"IKJD278:0LGBILGB698T0L;	E1EH?}MA5a�A58uIL27G]JLA�2FE:E:2FJD2�� �BI
0L;1JS?BA�ÁH27805��:270L0LA«MA58	AQJL�9GBA�=1;[0LE�AC5VIKJDA7|F³�69ababA�=127810�?BA�5Q270�=	A50S��6À� �BIKA50¿³"=&>�A 7:E�8&>�A7P�0L2�0KIKJD;05^



� K�� �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

1808.5 1809 1809.5 1810

Energie (meV)

X
2

0T

8T

1T

2T

3T

4T

5T

6T

7T

In
te

n
si

té
 d

e
 P

.L
. 

 (
u

.a
)

σ−
σ+

Π y

Π x

B=0T  (4P
0
)(a') (a)

(b ')

X
2,dark

X
dark

X
dark

1816 1816.5 1817 1817.5

X

0T

8T

1T

2T

3T

4T

5T

6T

7T

σ−
σ+

Π y

Π x

B=0T  (P
0
)

(b)

���������
	 ���� ����� � � ��� � �J� � ) ����� " ���� � � � �$(:� 	 %#� ��" � % " ����� (:%U�� ���<�,� � ���&� 3�����	��  3� � (:	��$�
� % "0�,�B��� � � 1�%�3��� 	�'&(�� % (:�?�!3���$� " � 3� � � % � ��� ��8	 ��� � 	���%�� 	 %�3���B	D���� �$* � ��� �$*6� � ) �:� � " �� � �/� �
�$(:� 	 %,� ��" � % " � ���!3���$� " � 3� � � % � ��� ���	 ��� � 	���% "�	D " (:� �B	D � � � (B:� 	
	M3�8�� %,� � "0���B�L�
�L�@� 1�% 3��� 	�' ( � �
�����	 �B%#� � ��® $ �� � $ ��� � � (:	 � ���B%
" �&��� ���#"�	���� � 	���% � � � ����� �3�! #"&$>¤ £ � � (B ��� �F�$� � " �� � �?� �
�&� ���#"�	��$��% � � � � �$* � ��� ^ � � � � (B ��� *:	����#"�	��$��% � �J� � ��� �$*6� � �

IL;	JLA�JLAQE1JL6N=1;1G]I[=	A�ab2781GzcAQJLA�0K�NawMAQIKJDG]R<;	Ap5VA5?U?BA�=1A�?zX�AV�	5QGBIK698hP�AQI�0K698 MAQ4769?U;	ILGB698º0L;	JK^¡?UG]8�MA527GBJLA
8	69;10�E�AQJDa�AQIQP10D27810ª27a[�HGB�9;u� �BI<MA7P1=	A�?zXZ2FIKIKJDG]�:;	AQJ[c2�?]2TIKJD27810LG]ILGB698��:GBAV�	5QGBIK698N^qAV�	5QGBIK698h|1~�X½MA58	AQJD�9GBA
=	A3?]G]27G]0L698bA�S�AC5VILGB47A`=1;��:GBAV�	5QGBIK698A50LI"Gj5QGH=	A`�OP K«a�AQ· AQIQPSc265Q27;10KA�=1;�eo27GB�:?BA�5V698	²:8	A5a�A58OIQP	0KA
JD2FE1E:JL6B5}C	A34OJ}27G]0KA5a��:?]2F�:?BA5abA58uIª=	A[?U2«4�27?BA5;1J�2FIKIKA581=1;	A`E�69;	J�;:8f0K�<0LIVcA5abA[E:;	JDA5a�A58uI4KF±T|

�<69;:0f5}C127a�E\ab2F�98�MAQILG]R<;	Ad¦g²1�9;	JDA Â |]��� ¨ PS?U2�0LGUabG]?]GBIL;:=	A�2547AC5b?BA5030KE�AC5VIKJLA50@67�1IKA58<;10@E�69;	J
?BA50S��6À� �]IKA50¿³"=�>SA 7:E�8�>SA�278:G]0K67IKJL67E�A50�A50KI�egJD2FE1EH278uIKA7|�~YA50�0OMA5RO;	A58:5VA50�=	A�E�69?]2FJDGU0L2FILGB698g5QGBJq5Q;1?]27GBJLA
0K698OIy5VAQE�A581=:278uI"G]8O47AQJD0OMAQA50[c265Q27;10KA3=hXZ;18�eg2.5VIKA5;	J��b=1GDS�MAQJLA58OI"AQI�;18�=�MAC5Q27?]2F�7A[=:G]27ab2F�98�MAQILG]R<;	A



������� � �#"�	��$��%&� " ����21!3� � � K7�

IKJ5cA50�E1JL698	698:5:MA7PN?]GMATc2[;18	A�AV�NIKA5810LGB698�?]2FIOMAQJD27?BA@=	A50�eg69805VILGB69810�=hX�6981=	A�E:?];10�G]abE�67JDIL278uIKA7P9A50LI�67�	^
0KAQJD4�MA7|	~�XZ2781GU0K67IKJL67E:GBA3=	A@E�69?]2FJDG]0L2FILG]698?]G]8�MA527G]JLA�A58�5DC:27a�Ef8O;1?HA50KIªG45QGHeµ67JDIKA5a�A58uIªab2FJ}RO;�MAQA3AQIQP
5V69ababA@E:J<MAC5:MA5=1A5aba�A58OIQPH?]2T=1G S�MAQJLA5805VA�=hXZG]8OIKA5810LGBI<MA3A58OIKJLA`?BA50"=	A5;N��5V69abE�690D278uIKA50�0LA,5V698:0KAQJL47A
0K69;:0y5}C127a�Efab2F�98�MAQILG]R<;	A3E�69;	J"?BA��HGBAV�P5QG]IK698hP<27?]67JD0"RO;hX�A5?U?BA�=1GU0KE:2FJD2�� �BIy5V69a�E:?zcAQIKA5a�A58OI�=127810�?BA
5Q270@=	A�?qX�AV�P5QGBIK698yE�69;	J�?BA5R<;	A5?h698�67�:0KAQJD47A�;18	A�27;	�9a�A58OIL2FILGB698 IKJQcA50@81AQIKIKAT=	A�?]25V69a�E�690L278OIKA
�:270D0KAtMA58	AQJD�9GBAf?]G}MAQAWc2>;18wIKJD27810LeµAQJLI«=	A�E�67E:;1?]2FILGB698Y|  �81A�IKA5?]?]A�2781GU0K67IKJL67E:GBA�=	A�E�69?U2FJDG]0L2FILGB698
E�69;	J3?BA503IKJD27810DGBILGB69810@=1; �:GBAV�	5QGBIK698>2jMAQIOMA67�:0KAQJL4�MAQAbJ<MAC5VA5aba�A58OI[=1278103?BA«0K�N0KIVcA5a�A=	A«��6À� �BIKA50
R<;1278OILG]RO;1A50ª³ª=H�&7:E�8H�bRO;:G:E1JNMA50LA58uIKA`=	A50"=�MA5=	69;1�:?BA5a�A58OIL0ª=hX¬MAC5DC12781�7A[=	A@E:?];10LG]A5;	JD0�a�AQ·����:GF�q|
³�AQI�A�S�AQI�JDA50KIKA`E�69;	J�?zXZG]8:0KIL278uIªG]81AV�<E:?UG]RO;�MA7|

¶ ?Heg27;	Iª27;10D0LG:JDA5ab2FJDR<;	AQJ�R<;hXZG45QGqP<;181A�JLAC5V69a��:G]8127GU0K698�=:;��HGBAV�P5QG]IK698�5V67JLJDA50KE�6981=1278OI�c2«;18	A
IKJD278:0LGBILGB698�47AQJD0@;18�MAQIL2FI�=hX�AV�	5QGBIK698y81698N^qJD27=1G]2FILG]eSA50KI�5Q?]27GBJLA5a�A58OI�67�:0LAQJL4�MAQA7|�~S2�eg67J?5VAT=hX�690U5QG]? ^
?]2FIKA5;1J[=	AW5VAQIKIKAIKJ}27810LGBILGB698YP�=:GBJLAC5VIKA5a�A58OI�J<MAQ4�MA5?MAQA�E:2FJ`?BAb0LE�AC5VIKJDAb=hX¬MA5abG]0L0LG]698\=1;>�:GBAV�	5QGBIK698hP
A50KI3c2 ��>$5V69a�E:2FJD2F�:?]ATc2`?]2�IKJ}27810LGBILGB698b47AQJD0�?]2K5V69a�E�690L278uIKA��:270L0KAfMA58	AQJL�9GBA�=:;b=	69;	�:?]AQI�JD27=1G]2�^
ILGBe½|�³�AQIKIKA�eµ67J?5VA�=hX�690U5QG]?U?]2FIKA5;	J`0L;	J�?BA50>MAQIL2FIL0��78	698N^qJD27=1GU2FILGBeg0���E1JL6�4NGBA58OI`4<JD27G]0KA5a��:?]2F�:?]A5a�A58uIQP
5V69ababA[?zXZ2781G]0L67IKJL67E:GBA`=	A[E�69?U2FJDG]0L2FILGB698YPN=YXZ;18fawMA5?]278	�7AT=	A50�81G]47A527;N��=1A[?]2��:278:=	A`=	A`4F27?BA5805VA
R<;1G90KAQJ}27GBISG45QG7EH2FJLILG45Q;1?]GzcAQJDA5a�A58uISE1JDGB4NG]?MAQ�9GMA�E:2FJ�?]2ªeo27GB�:?BA�?]AQ4�MAQA�=1A�=�MAQ��MA58�MAQJLA50U5VA5805VA�=1A50S81GB47A527;	�
=	A�IKJD69;10�?B69;	J}=10"AQI�=	A�IKJL69;:0�?}MAQ�7AQJD0Q|

����� � � � � !$#?%,+.���,) �	��
� +

±327810@5VAQIKIKA�E:2FJLILGBA8169;10[27?]?]69810`8	69;10[G]8uI<MAQJLA50D0KAQJ�27;N�WA�S�AQIL0T=	AÁH;05VIL;12FILGB69810[?B6B5Q27?]A50[=	A
5}C127a�E(MA5?BAC5VIKJDG]R<;	A�0L;	J3?BA50,5V69a�E:?]AV�<A503AV�	5QGBIK6981G]R<;	A50Q|�~YA50@JD27G]A50@=YX¬MA5aG]0L0LGB698>=	A«?zX�AV�	5QGBIK698hPh=1;
�:G]AV�P5QGBIK698�AQI�=	A"?zX�AV�P5QG]IK698@5}C12FJL��MA�8�MAQ�92FILGB47A5a�A58OI�0K698OI�G]=	A58OILGB²"MAQA50¿=127810¿?BA50�0KE�AC5VIKJLA50¿=	A"abG45VJL6F^
?];:abG]8	A50U5VA58:5VA`=	A[0KIKJD;:5VIL;	JLA50�=167E�MAQA50�EH2FJ�a�6N=1;1?]2FILG]698h|	~�X�A�S�AQI��<IL2FJ �HPHJ<MA50L;1?BIL278OI�=	A[Á:;05VIL;12�^
ILGB698:0ª=	Ag5DC12FJD�7A50�E:GMAQ��MAQA50@27;f4769G]0LGU812F�7A`=	A50ª��6À� �BIKA50QP	A50LI�MAQIL;1=1GMA7|:~�2W5V67JLJNMA5?]2FILGB698dE:2FJLeo27GBIKA`=	A50
=�MAC5Q27?]2F�7A50_MA58	AQJL��MAQILG]R<;	A50�=	AW5DC127R<;	AbJ}27GBAb=1;W0KE�AC5VIKJLA�E�AQJDa�AQI`0D27810�27a[�HGB�9;u� �BI<MA?zXZ2FIKIKJ}GB�:;	ILGB698
=	A,5VA50�JD27GBA50`c2T;18	A3a��A5a�A3��6À� �]IKA7|� @8	A3278127?B�N0KA@=�MAQIL27GU?]?}MAQA�=	A@?U2�=1GDS�MAQJLA5805VA3=hX½MA58	AQJL�9G]A@A58OIKJLA�?BA50
=1GDS�MAQJLA58OIKA50L5V69abE�690D278uIKA50�=1;b0KE�AC5VIKJLA�8	69;10�E�AQJDabAQIKIKJD2`=	A�abAQIKIKJLA�A58ºMAQ4NG]=	A58:5VA�;18	A�G]8	Á:;	A58:5VA
0LG]�981GB²:5Q2FILGB47A�=:;g5DC127abE\MA5?BAC5VIKJDGURO;	A�0L;	J�?qX¬MA581AQJL�9GBA�=	AL5V67JLJ<MA5?]2FILGB698T=	A50�5V69abE:?BAV�NA50YAV�	5QGBIK6981G]R<;	A50Q|
~�X¬MA581AQJL�9GBA�=1A[?]G]27G]0L698�=:;f�:GBAV�	5QGBIK698fAQI@=	A[?zX�AV�	5QGBIK698r5}C12FJL��MA�=1G]abG]8<;	A58OIª2547AC5T?zXZ27;	�9a�A58OIL2FILGB698
=1;65}C127a�EºMA5?BAC5VIKJDGURO;	Aª?B6P5Q27?z|u³�AQI�A�S�AQI�A50KI�E:2FJLILGj5Q;1?]GzcAQJLA5a�A58OI¿E1JL698	698:5:MAªE�69;	J�?zX�AV�	5QGBIK698[5}C12FJL��MA
R<;1G�E1JNMA50KA58OIKA�;:8f=�MAC5Q27?]2F�7A�47AQJ}0�?BA��:?BA5;f2�47AC5�?qXZ27;	�9a�A58OIL2FILGB698d=1;r5}C127a�E MA5?]AC5VIKJDG]R<;	A7|

A�B 	�BEC ��NZG  Y�N� GPV K � Q���V K � H�G �8Q ���
EH$NZLEQSJ

~SA50�0LIKJD;05VIL;	JLA50WMAQIL;1=1GMAQA50«G45QGL5V69810LG]0KIKA58OI[IK69;F´ 69;	J}0`A58 � P Â 5>³"0T=	A�³"=�>SAGU810OMAQJ<MAQA50�=127810
=	A50[�:2FJLJDGzcAQJDA50`=	A E�8�>SA7|S��69;	JTG]8OIKJL6<=:;1GBJLA«;18WAV�	5�cA50T=YX¬MA5?]AC5VIKJL69810T=127810`?]2 5V69;05DC	A�=	A�³"=�>SA7P
;18©E:?U278w=	Af=	698:8	A5;	JD0T27?];1abGU81G];1a A50LI«GU8uIKJL6N=1;1G]I�=127810«?]2 �:2FJDJDGocAQJLA�5u�67IOMA 0L;	JLeo2.5VA�2FE1JQcA50b;18
A50KEH2.5VA5;	J � =1A G ®7® NP |"��69;	J�67�1IKA581GBJ�;18	AyabA5G]?]?BA5;	JDAfA	�5Q2.5QGBIOMA\=	A�=167E:2F�7A7Pª?BA50�=169818	A5;	JD0
27?];:abG]81G];:a 8	A@0L698uI�E:270"=1GBJLAC5VIKA5abA58uI"G]8OIKJL6<=:;1GBI�=1278:0�?]2��:2FJLJ}GocAQJLA�Eh8&>SA@ab27G]0�=127810";18�E:;1GBIL0



� G ® �������
	�����������������
������� �!���#"�	��$��%&	�'&(�� ��)+*�	����,"�	$�$��%-���.���,"�	$�$��%/"0�,��2143�

E

-

s 

+
Ef 

NAl  

Ds 

���������
	(���� �Z� � 	 � 1�8�B� � � � �4*��B%5� �=� � (:%,� � �� (<" � (B � �	��
#���� %�
#� � ��� 3��� � �� �@��� (:� � � 	���%
��@�&�03� ' (:	 � 	$*B � 3� ��� " ������ ��� � 	�'&(������ � "8�B�4� � � 1,(: �  � �  3� � � %,�&3� " �   � � ����%5� �� (:%,� ��	�� (�� � 	���% � �
� ��� � 1<� � �B	$*���� � �( �&� � %&�8� � *:��� � � ��� ��%&%,�B(B8� �8��%,� 	���%&	 �+3� � �

³"= � � ����5y� � � ��� >SA65V698OIKJD27G]8OI3=1A ^ 5>³"0Q|�~YATE�69;1J?5VA58uIL2F�7A�=	A«ab2F�98�MA50LGU;1a�5DC	69G]0DGBI@270D0L;	JLAT;18	A
5V6�� �]805QGU=	A5805VA=	A�?]2d�H2781=	A=	Ap5V6981=1;05VILG]698w=	A�?zXZ27?]?]GU2F�7A2547AC5�5VA5?]?BA�=	A50��:2FJLJDGzcAQJLA50 E�8&>�A7|�~SA50
MA5?BAC5VIKJL69810�=	A50�=	698:8	A5;	JD0�E�A5;	47A58OI�27G]810LG<IKJD278:0Ke5MAQJLAQJ�=127810�?BAªEH;1GBIL0¿69;�47AQJD0�?BA50«MAQIL2FIL0�=	A�0L;	JLeo2.5VA
A58y?U27G]0L0L278OI�=	A50@=	698181A5;	JD0�GB698:G]0OMA50�́L;10LR<;hXµc2W5VA«R<;hXZ;18-MA5R<;1G]?]G]�1JLA�MA5?BAC5VIKJL690KIL2FILGURO;	A�0K69G]I�2FIKIKA5G]8OIQ|
6 ?zX½MA5R<;1G]?]G]�1JLA7PS0K69G]I�?zX�A5810LA5a[�:?]A�=	A50wMA5?BAC5VIKJL698:0T0L698uI«IKJD27810Le5MAQJNMA50b=1278:0�?BA�E:;1GBIL0TR<;1278uILGURO;	A�AQI
?]2�IK67IL27?]G]IOMA�=	A50̀ =169818	A5;	JD0[0K698uI�GB6981G]0<MA50QP�0K69GBÌ ?BA8:GB47A527;\=	A50�=	69818	A5;	J}0�2FIKIKA5G]8uIT?BA81G]47A527;\=	A
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