
HAL Id: tel-00008370
https://theses.hal.science/tel-00008370

Submitted on 7 Feb 2005

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Contrôle du ferromagnétisme dans des puits quantiques
de CdMnTe réalisés en Epitaxie par Jets Moléculaires.

Mikael Bertolini

To cite this version:
Mikael Bertolini. Contrôle du ferromagnétisme dans des puits quantiques de CdMnTe réalisés en
Epitaxie par Jets Moléculaires.. Matière Condensée [cond-mat]. Université Joseph-Fourier - Grenoble
I, 2004. Français. �NNT : �. �tel-00008370�

https://theses.hal.science/tel-00008370
https://hal.archives-ouvertes.fr


���������	��
��
��������
��	���������������	����������� ��!#"$�&%

')(+*-,.*

/103254603798;:
<5=>4@?>:�AB4DCFE5:GE5:
HJILK ')*NMPO H * QSRTMPU+VXWP*NOY,.VZ'[* \ I ,.*N][( ^ I MPO&V1*NO

_S`Ta5bc`TdGef`TgGhji�kml@noa5`fp@qGh

r 4ts
ut:
<v8;s
:�:�86ut03298;:
<w25:�/52575?>=yxz25:
{�:
<z8
/XCB4

|~}��	�G�@��� *NO�' I Q�V1U+V
?>:����tCB<v�w=>:
4��B�3�B�

���������	���v���N� �����o�	��� �  ��¢¡£�o¤z¥�� ���N���N¥¦�¢��¥¨§��¢¤B�	¥
© �N���ª�o¤ © �¢��¥«�¢�¬�­�N® ��¯��°�	¡�� �v¤z¥�¡�¥«��� ±²§N¤B�	��³´¤v�

§��µ�·¶��£�	¥«® ���v¡�¸£�¢�z� ¤v����¥£¹

º 03{�/103ut=y8;=>03<�E52#�f254f»
¼£½Z¾À¿�ÁÃÂNÄ�Å�¼�Æ�Ç�È É�Ê
ËwÌÎÍÏÂÑÐwÁZÒ
Ó�ÍÏÔ3ÒÎ½ZÊ�ÄµÕ$Å�Ö�×µÅ�Ç�Ø ¼.¿�ÙÃÙÚ½ZÊ�ÒÎÐwÛÃÊ
Ü�Ð9¿�ÁÞÝSßmØÃØÃÆ�Å�Ø ¼.¿�ÙÃÙÚ½ZÊ�ÒÎÐwÛÃÊ
×�Û�à¢Ü�Å�á@Å�âµã�Å�ä Å�åæ¿�çèÍÏÁæ¿5ÒÎÐwÛÃÊ
Ý¢ÍÏÔBéæ¿XÐw¾@× ¼#ã�Å�Ç Åoåæ¿�çèÍÏÁæ¿5ÒÎÐwÛÃÊ
ØcÐwÊ
ê1ÐµÖ�ßGÖ�ßm¼�Å�Ç�ëµÈ ì�ÍÏÊ
ÐwÔ3ÒÎÐwÛÃÊ£ÂÑÐ�ÒíéÑîwÌïÐ
ðñÊïÛÃÁÑ½ò×µÆ�ä6ä6Å�Ø ì�ÍÏÊ
ÐwÔ3ÒÎÐwÛÃÊ£ÂÑÐmÒíéÑîwÌïÐ

ó CB7�034;CF8;03=>4t:	E5:�ôw/1:
õ�8;4t03{�s�8;4t=>: rÚö »wu;=yxz25:÷ <5=y�3:
4tut=y8;s�øB03ut:
/ öµù 03254t=>:
4Túfû�4t:
<50375?>:ñü	ú º�ýoþ ô�ÿ ÷�� þ����������	 xz25=>/1:G{�=�
w8;: º 	
� ú º�ýoþ ô�� ý CB<503/ ö »wut=>xz25:�:�8oôw:
{�=>õ
03<5E525õ�8;:
254tu����





���������	��
��
��������
��	���������������	����������� ��!#"$�&%

')(+*-,.*

/103254603798;:
<5=>4@?>:�AB4DCFE5:GE5:
HJILK ')*NMPO H * QSRTMPU+VXWP*NOY,.VZ'[* \ I ,.*N][( ^ I MPO&V1*NO

_S`Ta5bc`TdGef`TgGhji�kml@noa5`fp@qGh

r 4ts
ut:
<v8;s
:�:�86ut03298;:
<w25:�/52575?>=yxz25:
{�:
<z8
/XCB4

|~}��	�G�@��� *NO�' I Q�V1U+V
?>:����tCB<v�w=>:
4��B�3�B�

���������	���v���N� �����o�	��� �  ��¢¡£�o¤z¥�� ���N���N¥¦�¢��¥¨§��¢¤B�	¥
© �N���ª�o¤ © �¢��¥«�¢�¬�­�N® ��¯��°�	¡�� �v¤z¥�¡�¥«��� ±²§N¤B�	��³´¤v�

§��µ�·¶��£�	¥«® ���v¡�¸£�¢�z� ¤v����¥£¹

º 03{�/103ut=y8;=>03<�E52#�f254f»
¼£½Z¾À¿�ÁÃÂNÄ�Å�¼�Æ�Ç�È É�Ê
ËwÌÎÍÏÂÑÐwÁZÒ
Ó�ÍÏÔ3ÒÎ½ZÊ�ÄµÕ$Å�Ö�×µÅ�Ç�Ø ¼.¿�ÙÃÙÚ½ZÊ�ÒÎÐwÛÃÊ
Ü�Ð9¿�ÁÞÝSßmØÃØÃÆ�Å�Ø ¼.¿�ÙÃÙÚ½ZÊ�ÒÎÐwÛÃÊ
×�Û�à¢Ü�Å�á@Å�âµã�Å�ä Å�åæ¿�çèÍÏÁæ¿5ÒÎÐwÛÃÊ
Ý¢ÍÏÔBéæ¿XÐw¾@× ¼#ã�Å�Ç Åoåæ¿�çèÍÏÁæ¿5ÒÎÐwÛÃÊ
ØcÐwÊ
ê1ÐµÖ�ßGÖ�ßm¼�Å�Ç�ëµÈ ì�ÍÏÊ
ÐwÔ3ÒÎÐwÛÃÊ£ÂÑÐ�ÒíéÑîwÌïÐ
ðñÊïÛÃÁÑ½ò×µÆ�ä6ä6Å�Ø ì�ÍÏÊ
ÐwÔ3ÒÎÐwÛÃÊ£ÂÑÐmÒíéÑîwÌïÐ

ó CB7�034;CF8;03=>4t:	E5:�ôw/1:
õ�8;4t03{�s�8;4t=>: rÚö »wu;=yxz25:÷ <5=y�3:
4tut=y8;s�øB03ut:
/ öµù 03254t=>:
4Túfû�4t:
<50375?>:ñü	ú º�ýoþ ô�ÿ ÷�� þ����������	 xz25=>/1:G{�=�
w8;: º 	
� ú º�ýoþ ô�� ý CB<503/ ö »wut=>xz25:�:�8oôw:
{�=>õ
03<5E525õ�8;:
254tu����





� ��� ����������� ��� �"!

º :o8;4;Cï�BCB=>?1Cñs�8;s	4tsïCB?>=>utsoCB2 ó CF71034;CF8;03=>4t:�E5:Gôw/1:
õ�8;4t03{�s�8;4t=>: rÚö »wut=>xz25:�#5A34t0325/1:%$	/98;=>xz25:	E52
ôw03?>=>E5:�#zEXCB<5u�?>:oõïCBE54t:	E5:	?'& s
xz25=>/1:o{�=�
w8;: º 	
� ú º�ýoþ ô(� ý CB<503/ ö »wut=>xz25:�:�8�ôw:
{�=>õ�03<5E525õ�8;:
254tu����
øB:�8;=>:
<5u�E503<5õ*)m4t:
{�:
4tõ
=>:
4 ó :�ôw=,+	CB<5Aµ:�8ñ?>:
u�4t:
ut/103u;CB75?>:
uñut25õ
õ
:
u;ut=.- uñE52 A34t0325/1: ý r ô º CB2º 	
� û�4t:
<50375?>:�# 	 <5A3=>< � 03?y�BC/# þ 03<XCB?>E º 00
�:�8�øB:ïCB<wú � =>õ ö :
?cû�s
4;CB4tE�#9E5:	{"& Cï�v03=>4 CBõ
õ
25:
=>?>?>=1CB2
ut:
=><�E5:Gõ
:�8t8;:�s
xz25=>/�:��
ø/& :1
9/54t=>{�: 8;03298;:�{.Co4t:
õ
03<5<XCB=>utu;CB<5õ
:2) þ 03? CB<5E43�s
4t=><505#Bxz25=9{"& C6-ÏCB=y8Ã?'& ö 03<5<5:
254æE5:�/54ts
ut=>E5:
4

?>:Ñ�f254f»�#7)�øB:ïCB< � CButut=>:
u$:�898	=>õ�8;034
3:� 	 8;A3:
<5u$xz25=X03<z8$s�8;s6?>:
uÚ4;CB/5/1034f8;:
254tu$E5:6õ
:�8t8;:@8 ö5; ut:�#wCB=><5ut=
xz2�& ).û�29»�øB:=<
:
xz25:ï?�:�8 � =>õ ö CB:
?Ñû�4t25:
<�xz25=c03<v8675=>:
<��30325?>2ñ�f25A3:
46õ
:�8;4;Cï�BCB=>?'�
ø/& CB=>{�:
4;CB=yuo4t:
{�:
4tõ
=>:
4oõ ö CB?>:
254t:
25ut:
{�:
<v8G{�:
u	E5:
2>
 E5=>4t:
õ�8;:
254tu�E5:ñ8 ö5; ut:�#�ôw:
4tA3:4?ÃCF8DCB4t:
<5@30

:�8BA 4t25<50�û�=>?y?y:
u=#Xxz25=�{"& 03<v8�AB25=>E5s�8;03298	CB2�?>03<5A£E5:�õ
:G8;4;Cï�BCB=>?'�Xôw:
4tA3:�{"& C4- 034t{�s:)£?'& 	 /5=y8DCC
9=>:
/XCB4ÚøB:�8;u � 03?>s
õ�25? CB=>4t:
u=#F:�8Ú{"& C2-ÏCB=y8Ã/54t0�D58;:
4ÃE5:�ut:
uæõ
03<5<XCB=>utu;CB<5õ
:
uÚ:�<#/ ö »wut=>xz25:@E5:�?>C�õ
4t03=>utu;CB<5õ
:
E5:
u 8;:
?y?>254t254;:�u0�7A 4t25<50�{"& CG=><5=y8;=ys6CB2>
�8;:
õ ö <5=>xz25:
u E5:oõïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u$E5:�ut254E-ÏCBõ
:o:�8�CGõ
03<5E525=y8
?>:
u�:1
9/1s
4t=>:
<5õ
:
u#õ
034t4t:
ut/103<5EXCB<v8;:
u=�F?Ñ032F�f03254tu�E5=>ut/103<5=>75?>:
u=#�=>?>uG03<z8�ut2 E5s
{HG
?>:
4�?>:./�03utut=>75?>:.E52
-ÏCB4E- :
?>2�:�8�E5sT�f0325:
46?>:
u@<503{#754t:
25ut:
u6E5=.I�õ
25?y8;s
u6xz25:G<50325u�CÎ�303<5u64t:
<5õ
03<v8;4ts
:
u=�
÷ <�A34;CB<5E�{�:
4tõ
=�)�8;0325u@?>:
u�/1:
4t{.CF<5:
<z8;u@xz25=Z{"& 03<z8�E503<5<5s�E5:�?y:
254 8;:
{�/5u@:�8J-ÏCB=y8�/XCB4f8DCBA3:
4

?>:
254�:�<z8 ö 0325ut= CBut{�:�� � :
4tõ
=�)ªøB07K
? º =>71:
4f8./103254�ut:
u�=>E5s
:
u�:�8�ut:
u�ut03?y298D=y03<5uµÿ 8;032F�f03254tu�?>25{�= ú
<5:
25ut:
u � CB2>
m/54t0375? ; {�:
u�4t:
<5õ
03<v8;4ts
u=� � :
4tõ
=F) þ s
A3=>u � <5E54ts�#Zxz25=L- 298o{�03<mõ
03?>? ; A325:�E5:�75254t:ïCB2
:�86?>:�u;CB29�v:
254�E5:G?'& s
/5=y8DCC
9=y:%)£E5:�8;4 ; u6<503{ñ754t:
25ut:
u�4t:
/54t=>ut:
u=�
ó :G/5? CB=>ut=>4�xz25:��M& CB=c/54t=>u6)ñ8;4;Cï�BCB=>?>?y:
4�EXCB<5u�?'& s
xz25=>/�:GE5254;CB<v8�õ
:
u68;4t03=>u6CB<5u�:
uf8oCB2�{�03=><5u6CB2wú

8DCB<v8@?>=>s%)ñ? Cñ7�03<5<5:�CB{ñ75= CB<5õ
:	xz25=Z»�4 ; A3<5:Gxz2�& )#? Cñxz2XCB?y=y8;s	E5:�? Cñutõ
=>:
<5õ
:Gxz25=Z»�:
uf8�/54;CF8;=>xz25s
:��� :
4tõ
=L)ñ8D0B25u6õ
:
2>
�xz25:@�M& CB=�õ
4t03=>uts��
+o:#<503{ñ754t:
2>
µõ ö :
4tõ ö :
254tuG/�:
4t{.CB<5:
<z8;u=#18 ö s
u;CB4tE5u�:�8�uf8DCBA3= CB=>4t:
uo03<v8�/XCB4f8;=>õ
=>/�sñCï�v:
õñ{�03=N)

õ
:�8t8;:os�8;25E5:��PO	2�& =>?>u$8;4t0329�3:
<z8 8;0325u =>õ
=1?'& :1
9/54t:
utut=>03<�E5:o{.C�A34;CF8;=y8;25E5:���Q¢=R@v8;034 � CBut? CB<XC/#/3�:
4f�3s
A 0325@íCB4t='# r =>0B8;42S�03utu;CBõ1@z=�:�8�+	Cï�w=>E ù :
4t4;CB<5E�03<v8�{�:
<5s�?>:
u6õïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u@ut/1:
õ�8;4t03utõ
03/5=>xz25:
u
:�8Ú?>:
254tuÃ=><z8;:
4t/54ts�8DCF8;=>03<5u�ÿT)Gû�4t:
<50375?>: :�8F8 CB4tut0Î�w=>: � � r CF8;4t=>õU@VQªCB4t=><�# � CF8t8 ö =>:
2£ø3CB{�:�8æ:�8 r =>:
4t4t:
E5: r :
4tut03<µ03<v8o{�:
<5s�?>:
u�s�8;25E5:
u	ut254�?>:
uoE5s
/XWB8;uo{�s�8DCB?>?>=yxz25:
u�ut254o?y:
uo/525=y8;u�/54t0zõ ö :
uoE5:�? C£ut254Tú
-ÏCBõ
:mÿÏCB2 ó CB71034;CF8;03=>4t:ñE5: ý CB<503uf8;4t25õ�8;254t:
u � CBA3<5s�8;=>xz25:�u0# º 	
� û�4t:
<50375?>: � � � :
4tõ
=$s
AvCB?>:
{�:
<v8
)*Y CF<5<èû�:
<z25=>uf80#c8;:
õ ö <5=>õ
=>:
<ªE5:�õ ö 0zõ�#Ñ/103254�CÎ�303=>4G4t:
utut25utõ
=y8;s�?>:�7PZF8;=$E�& s
/5=y8DCC
9=>:H)�8;:
?>?>:
{�:
<z8
E�& 0zõ
õïCBut=>03<5u6xz25:@�M& :
<mCB=�/1:
4tE52�?>:�õ
03{�/98;:��
+	CB<5u$?>:@õïCBE54t:6E5:6õ
:�8t8;:@8 ö5; ut:�#
�M& CB=Xs�8;s6CB{�:
<5s6)	8;4;Cï�BCB=>?>?y:
4Ã:
<�õ
03?>? CB71034;CF8;=y0B<£Cï�v:�õ�?>:�? CB71034;Cíú

8;03=>4t: rX�	ó[� ô�E5:o?'& 25<5=y�3:
4tut=y8;s6E5: þ :
<5<5:
u	ü�#z/103254 /54t0wõ
s
E5:�4,)�E5:
u õïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u$E5:�ut254E-ÏCBõ
:��� :
4tõ
=P)Gû�29»#øB:=<
:
xz25:
?XE5:@{"& »ñCï�303=>4æCBõ
õ
25:
=>?>?>='#í:�89) rÚö =>?>=>/5/1:�ôwõ ö =>:M\Z:
4æ/103254æ?>:
uæ{.CB<5=>/5u=�3øB:@{�:
ut25=>u@s
AvCF?>:
{�:
<z8@4t:
<5E52")#? C r 03?>=>u ö*� õïCBE5:
{ñ»�0�-æôwõ
=>:
<5õ
:GE5:�8 CB4tut0Î�w=>:�#5EXCB<5u@?>:	752986E5:�E5s
/103ut:
4
E5:
u�/5?>0B8;u�E5:	{�s�8DCB2>
]- :
4t4t03{.CBA3<5s�8;=>xz25:
u ut254@E5:
u�/525=y8;u�/54t0wõ ö :
u@E5:	? C�ut254E-ÏCBõ
:�#50�^��M& CB=Zs�8;s	4t:=_
2



/XCB4oø3CBõ
:=@*So03utut2980�
ø/& CB=$25<5:./1:
<5uts
:�/�03254G8;03298;:
u�õ
:
?>?>:
u�:�8�8D0B25u�õ
:
2>
�xz25:��M& CB=Úõ=WB8;0í»3s�CB2�õ
03254tu�E5:�õ
:
u�8;4t03=>u

CB<5<5s
:
u=#Zxz25:ñõ
:
? C�ut03=y8�/103254o4ts
ut0325E54t:�25<µ/54t0375? ; {�:�8D:�õ ö <5=>xz25:�#1/XCB4f8DCBA3:
4�25<µõïC�- s�#1õ
03?>? CB71034t:
4=#
-ÏCB=>4t:��tCB=>?>?y=y4�25<5:@=>E5s
:�#>�.�.� � :
4tõ
=5E503<5õGÿ EXCB<5uæ?>: E5s
ut034tE54t: � ) � CB4t? ; <5:`?Ñ:
4t4t=>:
4=#vøB0>K
?5A ?>:
25ut:�# � ? CB=><� CB4f8T»�#�øB0>K
? 	 »w{�:
4f»�# ù CB75=>:
< ó :
4t0Î»�# þ 03<XCB?yE º 00
a# � CB4tõ48$:
4tE5=>:
4=� ó C�?>=>uf8;:ñ<5:#/1:
298VG�8;4t:£:1
zúö CB25uf8;=y�v:��XøB:	ut032 ö CB=y8;:o7�03<5<5:�õ�03<z8;=><z2XCF8;=>03<b)�8;0325u�?>:
u <50329�3:ïCB2>
a#5xz25:�?>:
254tu /XCBu�ut03=>:
<v8@/�034f8;s
u
/XCB46E5:
u6õ
0325õ ö :
u�E�& CF8;03{�:
u@u;CB<5u6E5sM-ÏCB298;uñÿ 032�ut=c/1:
2 � �
øB:�4t:
{�:
4tõ
=>:�{.Cc-ÏCB{�=>?y?>:�#X/�03254o?>:�ut03298;=>:
<µCB/5/1034f8;s�� º :
u�CB<5<5s
:
u	03<v8os
AvCB?>:
{�:
<v8os�8;s�4t=>õ ö :
u

E�& :1
9/1s
4t=>:
<5õ
:
u�/1:
4tut03<5<5:
?>?>:
u=��øB:�<�& 032575?>=>:
4;CB=yu�/XCBu�8;03298;:
uo?>:
u�710375=><5:
uo4t:
<5õ
03<v8;4ts
:
u%)�û�4t:
<50375?>:
032¢CB=>?y?>:
254tu=�9d {�/103utut=>75?>:�E5:
u�?>:
u.õ
=y8;:
4�8;03298;:
u�:�8.8;0325u=#�CB?>034tue-ÏCB=>ut03<5u.25<5:µuts
?>:
õ�8;=>03<´/5?>25u.032
{�03=><5u�CB4t75=y8;4;CB=y4t::f/+o4t=>utu=# � =R@B:�# ó 25õïC�ÿ 4t:
ut/�03<5u;CB75?>:	{�0wxz25:�8t8;: � # � 25E54t:�»�# � :
E ö ='#5S�=R@X# � ?>7�:
4f8
3:#[$	?>=y� � #g$	?>=y� r # ó 25õ
=>:�# r CB4tu=#�øvCFõ1@X# 	 {�=>?y=>:�#�øB25?>=>:c+o:mÿ <50375?>:
utut:£u;CÎ�30Î»zCB4tE5: � # 	 � þ CF8t8;4;CBõU@X#
?Ñ4t:�» r CB4h@B:
4Gÿ /103254 ut03<�0w:
29�w4t: � # º ? CB=>4t:vÿ 8t8;: � #7?Ñ4t=>u=# þ C�-i# º s
?>=><5:�#5øBs
4hW3{�:�# � CF8;xmÿ E525<5@3:
4txz2503=>u
E5:out03<.s�8DCF8 � # r CB{"#zCB=><5ut=Xxz25:o?>:
u ö 034tufú /5=yut8;:
u$E5:
u@� ó CB2>
µÿj_ïCG/XCButut:o?k)/#v<503<6l � :�8,+�»w<XCBuf8DCB4=#w?>:
u
4;CB<5E503uB8�?J? ÿj_ïC�/XCButut:#?R)ml ý 03< � #Z?>:
u	A3<50325u=#Z?>:
uos
õ
?>=>/5ut:
u	:
<on�CB{#75=y:�#[�.�.� ó :
u�ut03=>4ts
:
u	/XCB4oõ
='#
:�8�/XCB4o?k).CB25utut='� ó & s
xz25=>/1:c3oCBE54;C.EXCB<5u	u;C�8;0B8DCB?>=y8;sG7XCB4t=>03?>s
:�#�/103254oõ
:ñxz25=ÚC.s�8;sp-ÏCB=y8o:�8	õ
:ñxz25=
4t:
uf8;:p)4-ÏCB=>4t:��



qsrutwv � xy��! � r �"��z��"��!

%|{~}/���7���j}P�g� %>�
ü��yü ôw:
{�=>õ
03<5E525õ�8;:
254tu � CBAB<5s�8;=>xz25:
uB+o=>?>25s
u��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü��

ü��yü��yü ôw:
{�= ú õ
03<5E525õ�8;:
254tu2d�8�ú�8�dw�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü��
ü��yü�� � ôw25/1:
4ts
õ ö CB<5A3::- :
4t4t03{.CBA3<5s�8;=>xz25:��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü��
ü��yü�� � + � ô�dhdEdÀú�8):�86dEdÀú�8�d,)#7XCBut:�E5: � <��:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü��

ü�� � � �BCB<v8DCBA3:
u�E5:
u6+ � ô�dEdhdÀú�8):�86dEdÀú�8�d��:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²üï�
ü�� �>�yü û�s
<5s
4;CB?>=y8;s
u��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü �
ü�� �>� � º E � <5?Ñ:��:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü �

ü�� � ó :
u68;:
?y?>254t254;:�u��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü �
ü�� �/�yü ôz8;4t25õ�8;254t:�õ ö =>{�=>xz25:��:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü �
ü�� �/� � ôz8;4t25õ�8;254t:�õ
4t=>uf8DCB?>?y=><5:e�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²ü��
ü�� �/� � ôz8;4t25õ�8;254t:�E5:G7XCB<5E5: �:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²üí�
ü�� �/� � r 4t03/54t=>s�8;s
u6/ ö »wut=>xz25:
u��V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�²üí�

ü�� � º CB4;CBõ�8;s
4t=>u;CF8;=>03<5u@uf8;4t25õ�8;254;CB?>:
uo�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �B�
ü�� �5�yü º 03{�/103ut=y8;=>03<5u��:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �B�
ü�� �5� � +o:
<5ut=y8;s�E5:G/�034f8;:
254tu��:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �wü

� �p�[���C�c���L}P���C�T���L�>�e���H���7�C�C����}5���L���C�T�0��� � �
�>�yü ôz8;4t25õ�8;254t:�E5:G7XCButut:GE5=>{�:
<5ut=>03<5<XCB?>= 8;s4fX?>:�/525= 8Du@xz2XCB<v8;=>xz25:��:�:�:�:�:�:�V�:�:�:� ���
�>� � � s
õïCB<5=>ut{�:
u6E�& CB/5/XCB4t=y8;=>03<�E52�- :
4t4t03{.CBA3<5s�8;=>ut{�:6�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �F�

�>� �>�yü ó :G{.CB<5AvCB< ; ut:ef5{.CBA3<5s�8;=>ut{�:��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �F�
�>� �>� � d <z8;:
4;CBõ�8;=>03<5u6CB<z8;=.- :�4;4t03{�CBA3<5s�8;=>xz25:
u��:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �F�
�>� �>� � º 0325/5? CBA3:�- :
4t4t03{.CBA3<5s�8;=>xz25:y�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� ���
�>� �>� � � 0wE ; ?>:
u��:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �3�

�>� � +o03{.CB=><5:
u@{.CBA3<5s�8;=>xz25:
u@EXCB<5u�25<�/525=y8;u��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �
�>� �/�yü d <z8;s
4hG�8�E5:
u6/525=y8;uJ�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �
�>� �/� � � =>ut:G:
<�s��w=>E5:
<5õ
:�E5:G? Cñ/ ö CBut:�034tE503<5<5s
:¡�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �
�>� �/� � 	 �v03?>298;=>03<�Cï�v:
õG? C�8;:
{�/1s
4;CF8;254t:��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �
�>� �/� � 	 �v03?>298;=>03<�Cï�v:
õG?>:�õ ö CB{�/�{.CBA3<5s�8;=>xz25:¢�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£�3�

�¥¤p�������C¦�§j��¨[�����7�C�C����}5���L���C�T�0��� �X�
�/�yü º 03<v8D4hW3?y:�/XCB4625<�õ ö CB{�/�s
?>:
õ�8;4t=>xz25:��:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£���

�/�yü��yü d <z8;4t0zE525õ�8;=>03<��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£���
�/�yü�� � nZ03<5:
u6<503<�E503/�s
:
u©�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£�B�
�/�yü�� � nZ03<5:GE503/�s
:�<��:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£� �
�/�yü�� � nZ03<5:GE503/�s
:�/��:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£�v�

ü



�/�yü�� � º 03<v8DCBõ�8;u��:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:����ª
�/�yü�� � ôz8;4t25õ�8;254t:�4t:�8;:
<z25:u�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �v�
�/�yü�� � º CB4;CBõ�8;s
4t=>uf8;=>xz25:
u2d�ÿ�8 � �:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �5ü
�/�yü�� � rÚö 0B8;03?>25{�=><5:
utõ
:
<5õ
:G:
<�- 03<5õ�8;=>03<�E5:G? Cñ8;:
{�/1s�4DCí8D254t:��:�:�V�:�:�:�:�:�:� �5ü
�/�yü�� ª rÚö 0B8;03?>25{�=><5:
utõ
:
<5õ
:G:
<�- 03<5õ�8;=>03<�E52�õ ö CB{£/�s
?>:
õ�8;4t=>xz25:«�:�V�:�:�:�:�:�:� �5ü
�/�yü��yüÎ� rÚö 0B8;03?>25{�=><5:
utõ
:
<5õ
:G:
<�- 03<5õ�8;=>03<�E52�õ ö CB{£/�{.CBA3<5s�8;=>xz25:��V�:�:�:�:�:�:� �3�
�/�yü��yü3ü º 03<5õ
?>25ut=>03<��:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �3�

�/� � º 03<v8;4hW3?>:�/XCB46=>?>?y25{£=y<XCF8;=y03<(f5E5=>0wE5:B¬�­ ¬®�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�/� �>�yü � s
õïCB<5=>ut{�:%�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�/� �>� � ?Ñ4;CB<5ut=y8;=>03<�)£E5:
<5ut=y8;sGE5:G/�034f8;:
254tu�õ
03<5uf8DCB<v8;:��:�:�:�:�:�:�V�:�:�:�:�:�:� ���
�/� �>� � ?Ñ4;CB<5ut=y8;=>03<�)#8;:
{�/�s
4;CF8;254t:Gõ
03<5uf8DCB<v8;:¯�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �z�
�/� �>� � º 03<5õ
?>25ut=>03<��:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �z�

�/� � º 03<v8;4hW3?>:�E52�- :
4t4t03{.CBA3<5s�8;=>ut{�:	/XCB4@?>:
u6õ
03<v8;4;CB=><v8;:
u6:�86?>:�õ
03</DX<5:
{�:
<z8¯�:�:�:�:� �z�
�/� �/�yü d <v8;4;0zE525õ�8;=>03<��:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� �z�
�/� �/� � rÚö CBut:�034tE503<5<5s
:u�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� ��ª
�/� �/� � � =>{.CB<v8DCF8;=>0B<°�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�/� �/� � º 03<5õ
?>25ut=>03<��:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �

�/� � º 03<5õ
?>25ut=>03<�A3s
<5s
4;CB?>:"�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
± ² �X³[}5�X�´³[}5�*§j}o�0�L�C��}Pµ�� ¶X�
�5�yü þ CB/5/1:
?
f5E503/XCBA3::)#?'& C�<
0B8;:c�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �

�5�yü��yü +o03/XCBA3:·�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�5�yü�� � þ :
uf8;4t=>õ�8;=>03<5u��:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �

�5� �¥+o03/XCBA3:Gu;CB<5u6õ
0325õ ö :�=><v8;:
<z8;=>03<5<5:
?>?y:
{�:
<v8@E503/1s
:¸�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� ���
�5� �>�yü þ s
ut25?y8DCF8;u6:1
9/�s
4t=>{�:
<v8DCB2>
 �:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� ���
�5� �>� � ÷ 8;=>?>= 8;s	E5:G? C#õ
0325õ ö :�E�& s
õ
4;CB<v8DCBA3:w�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �

�5� � ó :
u6/1034f8;:
254tu(�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�5� �/�yü ý CF8;254t:��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�5� �/� � $	4t=>A3=><5:	E52�/ ö s
<503{ ; <5:¹�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � �
�5� �/� � d </ºX25:
<5õ
:�E5:G?'& s
/XCB=>utut:
254@E5:G? Cñ7XCB4t4;= ; 4t:�E5:�ut254E-ÏCBõ
:��:�:�:�V�:�:�:�:�:�:� � �

�5� � � �BCB<v8DCBA3:
u6E52�E503/XCBA3:G/XCB4@? Cñut254h-ÏCFõ
:y�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � ª
�5� �5�yü ?Ñ:
{�/1s
4;CF8;254t:GE5:Gõ
4t03=>utu;CB<5õ
:«�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � ª
�5� �5� � r 03254tõ
:
<z8DCBA3:GE5:G{.CB<5AvCB< ; ut:»�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:� � ª

¶ �B�C�[¨L�´¨L�(§i¼��7��½L¨[}/�C�j��� ¾X�
� �yü¿d <v8;4t0wE525õ�8;=>03<À�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:������ � � r 4t0wõ
:
utut25uo:1
9/�s
4t=>{�:
<v8�CF2>
Á�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:���B�� � �>�yü +o:
utõ
4t=>/98;=>03<Â�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:���B�� � �>� � 	 
9/103ut=y8;=>03<©�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:���B�� � �>� � � s�8 ö 0wE5:
u�E�& CB<XCB?y»wut:(�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:���B�� � � þ s
ut25?y8DCF8;u@75=>75?>=>03A34;CF/ ö =>xz25:
uu�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:������ � �/�yü ý CF8;254t:GE5:
u60�
w»wE5:
u¿�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:������ � �/� � ? ö :
4t{�0wE9»w<XCB{�=>xz25:�:�8�õ
=><5s�8;=>xz25:Ã�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:������ � �/� � $6
w»wE5:
u2- 034t{�s
u6EXCB<5u º E5?�:�# º EXnZ<5?Ñ:�:�8 � AÄ�:�:�:�:�:�:�V�:�:�:�:�:�:���v�� � �/� � 8	=y8;:
utut:GE�& 0�
w»wEXCF8;=>03<�E5: º E5?Ñ:��:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:��� �� � �/� � $6
w»wEXCF8;=>03<�E5:G<503u6s
õ ö CB<v8;=>?>?>03<5u��:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:����ª

�



� � �Å$6
w»wEXCF8;=>03<�u;0B25u�/54t:
utut=>03<�E�& 00
w»wA ; <5:��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �B�� � �5�yü 	 8DCF8�E5:Gut254E-ÏCBõ
:�Cï�BCB<v8�00
w»wEXCF8;=>03<��:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �B�� � �5� � 	 
9/103ut=y8;=>03<5u2)£?'& 00
w»wA ; <5:c�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �wü� � �5� � r 4t:
{�= ; 4t:
u6õ
03<5uf8DCF8DCF8;=>03<5u��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �3�� � �5� � ó :�8;:
?>?>254t:Æ�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� �3�� � �5� � O	2XCB<z8;=y8;s	E�& 0�
w»wE5:�E5:�8;:
?>?>254t:B- 034t{�s
:¢�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � �5� � ó :GõïCBE5{�=>25{s�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � �5� � þ CB/5/1034f86õïCBE5{�=>25{bÇí8;:
?y?y254t:È�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � �5� � ôw/1:
õ�8;4t03utõ
03/5=>: � 25A3:
4Ã�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � ü� � �5� ª $6
w»wEXCF8;=>03<�E52�{.CBA3<5s
ut=>25{ �:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � �5�yüÎ�¯$6
w»wEXCF8;=>03<�E52�<
=><5õÉ�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � �5�yü3ü r =>õ%Ê r ô�E�& 00
w»wA ; <5:��:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � � +o=>utõ
25utut=>03<ofX{�s
õïCB<5=>ut{�:�E�& 00
w»wEXCF8;=>03<Ë�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � � �yü � s
õïCB<5=>ut{�:G/54t03/103uts��:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �� � � � � º 03<5õ
?>25ut=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� ���
¾��c��½L¨L}/�C�j����Ì�§i¼�}P�j�]§T�jÍ[�C� Î�Ï
�/�yü¿d <z8;4t0zE525õ�8;=>03<À�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �

�/�yü��yü r 4tsïCB{#7525?>:´�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �
�/�yü�� � ÐÚõ ö CB<v8;=>?>?>03<5uo�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � �

�/� � ó :�8;:
?>?>254t:¸�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� ���
�/� �>�yü þ CB/5/1034f8 RTe

�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� ���
�/� �>� � O	2XCB<z8;=y8;s	E�& 0�
w»wE5:�E5:�8;:
?>?>254t:B- 034t{�s
:¢�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:� � ª
�/� �>� � ÐÚõïCB4f8�:
<v8;4t:�?>:
u@/5=>õ
uJÊ r ôÑ�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ª9ü
�/� �>� � º 03<5õ
?>25ut=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ªv�

�/� � ó :GõïCBE5{�=>25{Æ�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ª��
�/� �/�yü ôw/1:
õ�8;4t:
u2Ê r ô�E52�õïCBE5{�=>25{Ä�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ª��
�/� �/� � ôw/1:
õ�8;4t:
u ÷or ô�E52�õïCBE5{�=>25{j�3E��:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ªB�
�/� �/� � º 03<5õ
?>25ut=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ªv�

�/� � ôw/1:
õ�8;4t03utõ
03/5=>: � 25A3:
4É�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ªv�
�/� � ó :G{.CBA3<5s
ut=>25{��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ªv�
�/� �¬ôw03<5EXCBA3:�CB2>
�7XCButut:
u�s
<5:
4tA3=>:
u6E5:G?>= CB=yut03<(f ÷or ô©�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ª�ª

�/� �/�yü d E5:
<z8;=.DXõïCF8;=>03<�E5:
u�/5=>õ
uB�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�£ª�ª
�/� �/� � 	 8;25E5:�E5:
u6/5=>õ
u ÷or ô�?>=>s
u2)#?'& 00
w»wA ; <5:Ò�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ�3�
�/� �/� � � <XCB?y»wut:GE5:G?'& s�8DCF8�ÓÔ�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ���
�/� �/� � º 03<5õ
?>25ut=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ�B�

�/� � � 034t/ ö 03?>03A3=>:	E5:Gut254E-ÏCBõ
:Á�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ� �
�/� � � s
õïCB<5=>ut{�:GE�& 00
w»wEXCF8;=>03<��:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ���

�/� � �yü A�CB4t4t= ; 4t:�E5:Gut254E-ÏCBõ
:�E5:�� � <5{y�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ���
�/� � � � A�CB4t4t= ; 4t:�E5:Gut254E-ÏCBõ
:�E5:£ü � <5{y�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ�v�
�/� � � � º 03<5õ
?>25ut=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ�v�

�/� ª¥d </ºX25:
<5õ
:�E5:
u6õ
03<v8;4DCF=><z8;:
u@ut2546?>:�AvC�<GE5:�8;4t0325uÈ�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ� �
�/� ª/�yü ÐÚõ ö CB<v8;=>?>?>03<5uo�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ� �
�/� ª/� � +o:
<5ut=y8;s�E5:�8;4t0325u2�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üÎ��ª
�/� ª/� � ?Ñ:
{�/1s
4;CF8;254t:Gõ
4t=y8;=>xz25:«�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6ü3üÎ�

�/�yüÎ��Ðæ8DCF8;u6E5:Gut254E-ÏCBõ
:�=><5E525=y8;u�/XCB4�CBE5ut034t/98;=>03<�E�& 0�
w»wA ; <5:y�:�:�:�:�:�:�:�:�:�V�:�:�:�6ü3üÎ�
�



�/�yüÎ�/�yüu+o=.\Zs
4t:
<v8;u�s�8DCF8;u��V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3üÎ�
�/�yüÎ�/� � $6
w»wA ; <5:�CBõ
õ
:
/98;:
254�EXCB<5u6?>:
uJdhdÀú�8�d��:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü3ü
�/�yüÎ�/� � +o:
<5ut=y8;sGE5:�8D4t0325u@:
<�- 03<5õ�8;=>03<�E5:G?'& 00
w»wEXCF8;=>03<��:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü��

�/�yü3ü º 03<5õ
?>25ut=>03<o�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü��
Ï �"�����7�C���M�����[µ��C�L�C�>�m������}P§P���7�C�C����}5���L���C�T���L�5Õ5�=�>�°� �Uµ����[¨[�[µ����>�L�2�=�>�°� �U�o}5�a�L���C�T���L�Ñ%�%>¶
�>�yü¿d <v8;4t0wE525õ�8;=>03<À�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü �

�>�yü��yü û�s
<5s
4;CB?>=y8;s
u��:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü �
�>�yü�� � � /5/5?>=>õïCF8;=>03<�/103utut=>75?>:cfX=><F�f:
õ�8;=>03<�E5:Gut/5=><5u��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü��
�>�yü�� � ôz8;4t25õ�8;254t:�E5:
u6s
õ ö CB<z8;=>?>?>0B<5uÔ�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü��

�>� � � CBA3<5s�8;=>ut{�:�E5:
u�{ñ25?y8;=yõ
0325õ ö :
u º 07Ç r 8Ö�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3üí�
�>� �>�yü º »wõ
?>:
u�E�& CB=>{.CB<v8DCF8;=y03<��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3üí�
�>� �>� � +o03{.CB=><5:
u@{.CBA3<5s�8;=>xz25:
u��:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü3ü�ª

�>� �¬ôw/1:
õ�8;4t03utõ
03/5=>:G{.CBA3<5s�8;0Fú 03/98;=>xz25:¥�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí�B�
�>� �/�yü d </ºX25:
<5õ
:�E52�8DCB{�/103<�E5:G/5? CF8;=><5:¡�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí�B�
�>� �/� � rÚö s
<503{ ; <5:
uoCF8t8;:
<5E525u6�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí�wü
�>� �/� � +os
/�WB8;u�{�s�8�CF?>?>=yxz25:
u2)e�3�3�eS �:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí�3�
�>� �/� � +os
/�WB8;u�{�s�8�CF?>?>=yxz25:
u2)eª3�eSÈ�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí�F�

�>� � º 03<5õ
?>25ut=>03<o�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí���
Î ¤p���[µ�§T�[�0�j��� % �X×
� �yü¿?Ñ4;Cï�BCB=>?�4tsïCB?>=>utsu�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üí��ª� � � r :
4tut/1:
õ�8;=y�3:
uÒ�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü��3�

ØÚÙ ³N����}/�L�j��³[}5���a���C�e{~��§j�>µ��[§j}P�T���>� %>�X�
� �yü r 4t=><5õ
=>/1:��:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü����� � � ó :G7PZF8;=�E�& s
/5=y8DCC
9=>:Ë�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü����� � � ó :
u6õ
:
?>?>25?>:
u@E�& :M\Z25ut=>03<~�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü��B�� � � ó : þ 3 	9	 + �:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü�� �� � �5�yü ù 03<5õ�8;=>03<5<5:
{�:
<v8´�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü�� �� � �5� �È$	utõ
=>?>? CF8;=y03<5u�E52 þ 3 	9	 + �:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü����� � �5� �ÈÐæ8DCB?>03<5<XCBA3:
u��:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü��v�� � �5� � º 4t03=>utu;CB<5õ
:GE5:
u�õ
0325õ ö :
uË�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6ü�� �

!¬
�³
�>µ����C���0µ��X³N�j��¨m¼Û�>§T�>µ����C���[�bÜFÝ��#
FÞ Ø ��
FÞÃ���#
 % ±�ß
AB�yü r 4t=><5õ
=>/1:
u@E5:G?'& Ê r ô�:�86E5:G?'& ��	 ô �:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�v�
AB� � � <XCB?y»wut:GE5:G?'& Ê r ô¹�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�5ü

AB� �>�yü ôw0325uf8;4;CBõ�8;=>03<�E52�- 03<5E�õ
03<z8;=><z2*�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�5ü
AB� �>� � ù 03<5õ�8;=>03<�E5:%D58J�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�z�
AB� �>� � º 03{�/103ut=y8;=>03<�õ ö =>{�=>xz25:Ô�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�z�

AB� � ôw/1:
õ�8;4t03utõ
03/5=>:GE�& s
?>:
õ�8;4t03<5u ÷ 8¯f ÷or ôË�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�z�
¤�
�³
�>µ����C���0µ��X³N�j�"��³L�C�T���L� % ±X±
º �yü rÚö 0B8;03?>25{�=><5:
utõ
:
<5õ
:.ÿ r$ó � �:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï�3�º � � 	 
9õ
=y8DCF8;=>03<�E5:G? C rÚö 0B8;03?>25{�=y<5:
utõ
:
<5õ
:�ÿ r$óL	 � �V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï� �º � ��?Ñ4;CB<5ut{�=>utut=>03< �:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�6üï� �

�



º � � þ sMºX:
õ�8;=y�w=y8;sà�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üï� �º � � +o:
<5ut=y8;s�E5:G/�034f8;:
254tuo�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�V�:�:�:�:�:�:�:�:�:�:�V�:�:�:�6üï� �

�



�



ác� ���"â�x�ã����"��â��

ä �Må2æmçgèNépê�}=ëHì*å�í*åïîgð�}=ê
ó & CBõ�8;:]- 03<5EXCF8;:
254�E5:�?'& s
?>:
õ�8;4t03<5=>xz25:.:
uf8#?'& =><v�3:
<z8;=>03<�E52�8;4;CB<5ut=>uf8;034=#Ñxz25= 4t:
{�03<z8;:b)�ü�ªB� � �÷ <5:ñs
?>:
õ�8;4t03<5=>xz25:*��õ
? CButut=>xz25:���:
uf8�E5:
/525=>u	?>034tuoõ�:
<z8;4ts
:#ut254o? C.{.CB<5=>/525?>CF8;=y03<mE5:�u�/1034f8;:
254tu	E5:

õ ö CB4tA3:
u=#XA34ñZBõ
::)#E5:
u�õ ö CB{�/5u6s
?>:
õ�8;4t=>xz25:
u=#XEXCB<5u6E5:
u ö s�8Ds�4;0But8;4t25õ�8;254t:
u�ut:
{�= ú õ
03<5E525õ�8;4t=>õ
:
u=�
ó C E5s
õ
0329�3:
4f8D:�E5:�?'& :M\Z:�8�E5:�{�CBA3<5s�8;0Fú 4ts
ut=>uf8DCB<5õ
: A3sïCB<z8;:©ò ü=óGCè=><5= 8D=ysµ25<5:�s
?>:
õ�8;4t03<5=>xz25:

298;=>?>=yu;CB<v8£?>:
u#/54t03/54t=>s�8;s
u£?>=>s
:
u�CB2èut/5=><�E5:
u�/1034f8;:
254tu=� ó & :1
9/5?>034;CF8;=>03< E5:�õ
:
u./54t03/54t=>s�8;s
u£:�8�?>:
E5s��3:
?>03/5/1:
{�:�<z8oE5:�uf8;4t25õ�8;254t:
uB)£7XCBut:�E5:�{�s�8DCB2>
�{.CBA3<5s�8;=>xz25:
u�C£E5sT�h)�/�:
4t{�=>u=#X/XCB46:1
9:
{�/5?>:�#
E�& CB25A3{�:
<v8;:
4ñE54;CBuf8;=>xz25:
{�:
<z8#? CµE5:
<5ut=y8;s�E5:�uf8;0zõ1@íCBA3:�E5:�?'& =y</- 034t{.CF8t=y03<ª:�8£?>:
uñ/1:
4E- 034t{.CB<5õ
:
u
E5:
u@8ñG�8;:
u�E5:G?>:
õ�8;254t:
u6{.CBA3<5s�8;=>xz25:
u=�
º :
/1:
<5EXCB<v8£õ
:�8t8;:.8;:
õ ö <503?>0BA3=>:.:
uf8#E5=.I�õ
=>?>:])m=><v8;s
A34t:
4�EXCB<5uñ?'& s
?>:
õ�8;4t03<5=>xz25:.õ
? CButut=>xz25:�� ÷ <

/54t:
{�=>:
4Ú0375uf8DCBõ
?>:6:
uf8 ? C�4tsïCB?>=>u;CF8;=>0B<£E�& ö s�8;s
4t03uf8;4t25õ�8;254t:
u ö »w754t=>E5:�u ut:
{�= ú õ
03<5E525õ�8;:
254UÇF{�s�8DCB?5- :
4Tú
4t03{.CBA3<5s�8;=>xz25:�f õ
:
u�E5:
2>
�-ÏCB{�=>?y?y:
u.E5: {.CF8;s
4t= CB2>
ò03<v8�E5:
u�õ
4t=>uf8DCB?>?>=y<5= 8;s
u.:�8�E5:
u�õ
03<5E5=y8;=>03<5u
E�& s
? CB7�034;CF8;=>03<�C#/54t=>034t=�8;4 ; u6E5=.\Zs
4t:
<v8;:
u=� ÷ <5:�CB298;4t:�E5=�I�õ
25?y8;s�4ts
ut=>E5:�EXCB<5u@? Cñ{�CB<5=>/525? CF8;=y03<�E5:
õ
03254;CB<v8;uñ/103? CB4t=yuts
u�:
< ut/5=><�#Ã:�8ñ<50B8DCB{�{�:
<z8�EXCB<5uñ?>:
254�=><F�f:
õ�8;=>03<�EXCB<5uñE5:
uñuf8;4t25õ�8;254t:
u#ut:
{�= ú
õ
03<5E525õ�8;4t=>õ
:
u=#X/54tsïCB? CB75?>:�=><5E5=>ut/�:
<5u;CB75?>:V)£?'& 298;=>?y=yu;CF8;=y03<�E52�ut/5=><�EXCB<5u625<�õ
03{�/103u;CB<v80�
] èNé:ô��Mõ2ö �%ç�}=ëHì*å
÷�øNù�úgûXü/ýiþ9ø¹ÿBú�����ýiø��
÷ <è/54ts
?>=>{�=y<XCB=y4t:]) ?'& 298;=>?y=yu;CF8;=y03<ªE52èut/5=>< EXCB<5u#25<èõ
03{�/�03u;CB<z8#:
uf8£E503<5õ�? CmõïCB/XCBõ
=y8;s�)m»

=><F�f:
õ�8;:
4�{.CButut=y�v:
{£:
<z8oE5:
u	/�034f8;:
254tu	/103? CB4t=yuts
u=�Xd ?L-ÏCB298	/�03254oõ
:
? C�xz25:ñõ
:
2>
zú õ
=Ã/525=>utut:
<v8	»�4t:
uTú
8;:
4�/10B? CB4t=>uts
u�ut2/I�u;CB{�{�:
<v8@?>03<5AB8;:
{�/5u /103254,G�8;4t:	298;=>?>=yuts
uGÿ <5s
õ
:
utut=y8;s�E�& 25<�?>03<5A�8;:
{£/5u@E5:o�w=>:�#
E�& 25<5:GA34;CB<5E5:Gõ
0 ö s
4t:
<5õ
: � �
	 <´/54t:
{�=>:
4£?>=>:
2�#Ú/54ts
õ
=>ut03<5u.xz25:m?>:��v:
4�? C�E5s
A3s
<5s
4t:
utõï:
<5õ
: E5:
u.ut0325uTú 7XCB<5E5:
u�E5:mut/5=><-ÿ :�8

E503<5õ"��8;4t=>:
4���?>:
u�ut/5=><5u � :
uf8G8 ö s
034t=>xz25:
{�:
<z8G/�03utut=>75?>:#EXCB<5uG?>:
u�ut:
{�= ú õ
03<5E525õ�8;:
254tu�õïCB<503<5=>xz25:
u
E5:.?'& s
?>:
õ�8;4t03<5=>xz25:�{�0wE5:
4t<5: ÿÀôw='#ÃûGC � u=#m�.�.� � � º :
/1:�<5EXCB<z8#õ
:
? Cm<5s
õ
:
utut=y8;:�E5:
uñõ ö CB{�/5u�{.CBA3<5s�ú
8;=>xz25:
u6:1
w8;4hG
{�:
{�:
<v8�s
?>:��3s
u�:�86/54;0Bu;õ�4;= 868;03298;:�298;=>?>=>u;CF8;=y03<*)£A34;CB<5E5:�s
õ ö :
?y?>:��
÷ <5:�ut03?>298;=>03<è<XCF8;254t:
?>?>:�ut:
4;CB=y8£E�& =><F�f:
õ�8;:
4£E5:
u�ut/5=><5u£/103? CB4t=>uts
u#A34ñZBõ
:") E5:
u�õ
03<v8DCBõ�8;u�0 ö ú

{�=>xz25:
u	:
<�{�s�8DCB?[- :
4t4t03{.CBA3<5s�8;=>xz25:�� º :
/1:
<5EXCB<v8�?'& :MI�õïCBõ
=y8;sñE5:£?'& =><F�f:
õ�8;=>03<µuts
?>:
õ�8;=y�3:#E5:£ut/5=><5u
/XCB4G25<�8;:
?$E5=>ut/103ut=y8;=.- 4t:
uf8;:H-ÏCB=>75?>:#ut=$?>:£{�s�8DCB?Ú<�& :
uf8�/XCBu�:
<z8;= ; 4t:
{�:
<v8�/103? CB4t=>uts#:
<�ut/5=><�� º :
õ
=

�



:
uf8�CF8t8;4t=>7525sGCB2>
�A34;CB<5E5:
u�E5=.\Zs
4t:
<5õ
:
uoE5:�õ
03<5E525õ�8;=y�w=y8;sG:�8oE5:�?>03<5A325:�2546E5:�4t:
? CC
5CF8;=>03<�E5:�ut/5=><
:
<z8;4t:£?>:
uGE5:
2>
�{.CF8;s
4t= CB2>
�ò �Có'� þ s
õ
:
{�{�:
<v80#cE5:
uG8;4;Cï�BCB2>
�298;=>?>=>u;CB<v8�25<5:��f03<5õ�8;=>03< 8;25<5<5:
?$03<v8
4ts
25utut=L)#CF8t8;:
=><5E54t:	E5:
u@8DCB2>
�E�& =><F�f:
õ�8;=>03<�/5?>25u@s
?>:��3s
u=#P)ñ8;:
{�/�s
4;CF8;254t:GCB{ñ75= CB<v8;:�� r CF4@:1
9:
{�/5?>:�#
3oCB<w75=>õU@z=����
	��c03798;=>:
<5<5:
<v82�3��
 )4�3�3��S-:
<�25u;CB<v8@E5:	?'& =><v8;:
4E-ÏCBõ
: ù :�Ç � ? ûGC � uBò ��óZ/103254 ?'& =><F�f:
õ�ú
8;=>03<G8;25<5<5:
?'#Î:�8[8 CB<4+o034t/�:�����	��503798;=>:
<5<5:
<v8Ú�F��
«) � ��SòA34ñZBõ
:`)625<5:c�f03<5õ�8;=>03< CoFe/AlOx

ò ��ó'�
d ?
-ÏCB298ñE5:�/5?>25u�/�:
<5ut:
4c)�?'& =><z8;s
A34;CF8;=y03<�E5:.õ
:
uñE5=>ut/103ut=y8;=.- u�EXCB<5u�?'& s
?>:
õ�8;4t03<5=>xz25:�:1
9=>uf8DCB<v8;:�#

<50B8DCB{�{�:
<z8 :
<�u=& CButut254;CB<z8�E5:	?>C�õ
03{�/XCF8;=>75=>?y= 8;s6E5:
u õ
4t03=>utu;CB<5õ
:
u�õ
4t=>uf8DCB?>?>=y<5:
u=� º :
õ
=1=><z8;:
4tE5=y8 /XCB4
:1
9:
{�/5?>:G?'& 298;=>?y=yuDCí8D=y0B<�E�& 0�
w»wE5:�uo{.CBA3<5s�8;=>xz25:
u@õ
03{�{�:�?>:
u@ut/5=><5:
?>?>:
u=�
º :
u�/54t0375? ; {�:
u�/�03254t4;CB=>:
<z8bG�8;4t:µ4ts
ut03?>25u�:
<S298;=>?>=yu;CB<z8.E5:
u�{.CF8;s
4t= CB2>
ò{.CBA3<5s�8;=>xz25:
u�CB2>


/54t03/54t=>s�8;s
u6/54t0zõ ö :
u6E5:Gõ
:
?>?>:
u@E5:
u6ut:
{�= ú õ
03<5E525õ�8;:
254tu%fX=>?Zu=& CBA3=>4;CB=y8�E�& CB{�:
<5:
4@E5:
u6/1034f8;:
254tu6<503<
/103? CB4t=>uts
u	EXCB<5u�25<5:#õ
0325õ ö :£E5:#ut:
{�= ú õ
03<5E525õ�8;:
254�{.CBA3<5s�8;=>xz25:�#Zxz25=æut:
4f�w=>4;CB=y8GCB?>034tuoE�& CB?>=>A3<5:
254
E5:#ut/5=><��ad ?Ãut:
4;CB=y8�:
<5ut25=y8;:ñ/103utut=>75?>:�E�& =><F�f:
õ�8;:
4�õ�:
uGut/5=><5u	/103? CB4t=yu;s�u	EXCB<5u	25<�õ
03{�/�03u;CB<z8	ut:
{�= ú
õ
03<5E525õ�8;:
254�CBõ�8;=.-i#$/XCB4.:1
9:�{�/5?>:µ25<5:mE5=>0wE5:�s
?>:
õ�8;4t03?>25{�=><5:
utõ
:
<v8;:�# xz25=out:
4f�w=>4;C°)�{�:
ut254t:
4.? C
/103? CB4t=>u;CF8;=y03< ÿ /XCB4�E5:
u@{�s�8 ö 0wE5:
u�03/98;=>xz25:
u � � � �f03298;03<5u�xz25:�õ
:�8t8;:�/5=>uf8;:	u;=y{�/5?>=.DX:
4;CB= 8 ?'& =><v8;s
A34;Cíú
8;=>03<�E5:Gõ
:
u2- 298;254tu6E5=>ut/�03ut=y8;=.- u�EXCB<5u6?'& s
?>:
õ�8;4t03<5=>xz25:GCBõ�8;25:
?>?>:��
º :
u�CB4tA325{�:
<v8;u /5? CB=>E5:
<v8 :
<]-ÏCï�3:
254 E5:
u ut:
{�= ú õ
03<5E525õ�8;:
254tu ut:
{�= ú {.CBA3<5s�8;=yxz25:
u	ÿT+ � ô�/103254

+o=>?>298;:
E � CBA3<5:�8;=>õ�ôw:
{�=>õ
03<5E525õ�8;034tu � #æxz25=@ut03<v8�E5:
u�CB?>?>=>CBA3:
uñut:
{�= ú õ
03<5E525õ�8;:
254tu£03798;:
<z25u£/XCB4
ut2575uf8;=y8;298D=y03<.E�& 25<�s
?>s
{�:
<v8 {�s�8DCB?>?>=yxz25:6/XCB4 25<�s
?>s
{�:
<v8 E5:o8;4;CB<5ut=y8;=>03<�#v:�8�/54ts
ut:
<v8DCB<v8@25<�õ
03{#ú
/1034f8;:
{�:
<v8,- :
4t4t03{.CBA3<5s�8;=>xz25:�)�7XCButut:	8;:
{�/1s
4;CF8;254t:�� º :
u2+ � ô�/1:
4t{�:�8t8;4;CB=>:
<v8�:
<�:M\Z:�8@E�& Cï�v03=>4
E5:
u�õ
03{£/103u;CB<v8;ub��8;03298�ut:
{�= ú õ�03<5E525õ�8;:
254��£:�8�E503<5õ�E5:£71s
<5sMDXõ
=>:
4�E5:�?>:
254tu�Cï�BCB<v8DCBA3:
u�=><v8;4t=><wú
u ; xz25:
u0�þ s
õ
:
{�{�:
<z80#5xz25:
?>xz25:
u�E5=>ut/103ut=y8;=.- u�03<v8�E5s
{�03<v8;4ts�? C#/�03utut=>75=>?>=y8;s	E�& =><F�f:
õ�8;:
4@E5:
u�/1034f8;:
254tu6/103? Cíú
4t=>uts
uoA34ñZBõ
:p)�E5:
u	õ
0325õ ö :
u	E�& CB?>=>A3<5:
2546)�7XCBut:�E5:p+ � ô�f ù =>:
E5:
4t?>=><5A£:�8	CB?mò � óÑ03798;=>:
<5<5:
<z8�ª3��

E�& =><F�f:
õ�8;=>03<£:�8J$ ö <50�:�8 CB?Lò ��ó�/5?>25ut=>:
254tu$/103254tõ
:
<v8;u	ÿ 25<5:�754 ; �3:oE5:
utõ
4t=>/98;=>0B<�E5:�?>:
254tu$E5=>ut/�03ut=y8;=.- u
:
uf8oE503<5<5s
:G:
<�ü��yü�� � � �
�������>ú��Uú����Pþ
�����9ø��aü/ý�� �6úËÿ��9ø��"!iú#�"$&%('
+	CB<5u ?'& s
?>:
õ�8;4t03<5=>xz25:�CBõ�8;25:
?>?>:�#z?>:
u {.CF8;s
4t= CB2>
£{.CBA3<5s�8;=>xz25:
u ut03<z8 õ
03254;CB{�{�:
<z8 298;=>?>=yuts
u=#z/XCB4

:1
9:
{�/5?>:�EXCB<5u ?>:�uf8;0zõ1@íCBA3:oE5:�?'& =></- 034t{�CF8;=y03<�#30�^�25<.75=y8 :
uf8�4t:
/54ts
ut:
<v8;s	/XCB4$25<5:oE5=>4t:
õ�8;=>03<£E�& CB= ú
{.CB<z8DCF8;=>0B<m{.CB<5=y/525?>s
:�/XCB4oE5:
u	õ ö CB{�/5uo{.CBA3<5s�8;=>xz25:
uo:1
w8;:
4t<5:
u=� ó :
u	/54t03/54t=>s�8;s
uo{.CBA3<5s�8;=>xz25:
u
E5:Gõ
:
u�E5=>ut/103ut=y8;=.- u�<5:G/1:
29�3:
<v8BG�8;4t:G{�0wE5=.DXs
:
u=�ó & s
? CB71034;CF8;=>03<�E5:�uf8;4t25õ�8;254t:
u	ut:
{�= ú õ
03<5E525õ�8;4t=>õ
:
u�/54t0wõ ö :
u	E5:
uout:
{�= ú õ
03<5E525õ�8;:
254tuo25ut25:
?>u=#1{.CB=>u
/54ts
ut:
<z8DCB<v8ñs
AvCB?>:
{�:
<z8�E5:
u�/54t03/54t=>s�8;s
u�{�CBA3<5s�8;=>xz25:
u�õ
0325/5?>s
:
uñCB2>
�/54t03/54t=>s�8;s
u�s
?>:
õ�8;4t03<5=>xz25:
u=#
/1:
4t{�:�8t8;4;CB=y8GE5:£õ
03<F�f25A325:
4�?>:
u�Cï�BCB<v8DCBA3:
u�E5:£?'& s
?>:
õ�8;4t03<5=>xz25:£E5:£ut/5=><�:�8�?>:
uG/�03utut=>75=>?>=y8;s
u	E5:�? C
{�=>õ
4t0ws
?>:
õ�8;4t03<5=yxz25:�� ó & 0375ut:
4f�BCF8;=>03<�4ts
õ
:
<v8;:�E5:G/ ö CBut:
u2- :
4t4;0B{.CBA3<5s�8;=>xz25:
u6EXCB<5u6?>:
u6+ � ô�#�?>=>s
:
u
CB2 õ
0325/5? CBA3:�:
<v8;4t:ñ?>:
u	/1034f8;:
254tu	:�8�?>:
uo=>03<5uo{.CBA3<5s�8;=>xz25:
u=#Z0329�w4t:ñE5:ñ<50329�3:
?>?>:
uo�303=>:
u%).?'& s
?>:
õ�ú
8;4t03<5=>xz25:GE5:Gut/5=><oò �Có'��O	25:
?>xz25:
uJ-ÏCB{�=>?y?y:
u@E5::+ � ô�ut03<z86E5s
õ
4t=y8;:
u�:
<�ü��yü��
ó C�/ ö CBut:6- :
4t4t03{.CBA3<5s�8;=>xz25:�=><5E525=y8;:�/XCB4 25<�AvC�<�E5:o/1034f8;:
254tu :
uf8�õ
03<5<w25:o/103254 E5:
u�õ
0325õ ö :
u

s
/XCB=>utut:
u#E5: ZnMnTe ò � ó'#æE5: InMnAs ò ª�ó'# GaMnAs ò üï��ó'#`�.�.� 	 ?>?>:�Cµs�8;s�0375ut:
4f�3s
:�CB2 ? Cíú71034;CF8;03=>4t:�EXCB<5u£E5:
u£/525=y8;u#xz2XCB<v8;=>xz25:
u£E5: CdMnTe /XCB4H3oCB254f»)���*	��pò ü3ü=ó'�
+p& 25<5:�{.CB<5= ; 4t:A3s
<5s
4;CB?>:�#Z?>:
uo8;:
{�/1s
4;CF8;254t:
u�õ
4t=y8;=>xz25:
u	{�=>ut:
u	:�<�s��w=>E5:
<5õ
:£ut254	?>:
u%+ � ô´dhdÀú�8�d6ut03<z80#z�f25utxz2�& =>õ
='#
�



75=>:
<�/5?>25u:-ÏCB=>75?>:
u�xz25:�/103254�?>:
u�ut:
{£= ú õ
03<5E525õ�8;:
254tu4dhdEdÀú�8�fÑ=>?$u=& CBA3=y8�/XCB4�:1
9:
{�/5?>:.E5:mü*)´��S
/�03254 ZnMnTe õ
03<v8;4t:.E5:
u�8;:
{�/1s
4;CF8;254t:
uñCB?>? CB<v8@�f25utxz2�& )ªü3üÎ��Sj/103254�E5:
uñõ
03{�/�03uts
uc)�7XCBut:E5:�ûGC � ueò üÎ�CóÚ:�8�{HG
{£:#ut25/�s
4t=>:
254t:
up)�? C.8;:
{�/1s
4;CF8;254t:£CB{ñ75= CB<v8;:ñ/�03254 GaMnN ò üí��ó'� ý 0325u�3:
4t4t03<5u	xz25:#?'& =><v8;s
4hG�8	/54t=><5õ
=>/XCF?ÑE5:
u	{.CF8;s
4t= CB2>
"dhdÀú�8�d64ts
ut=>E5:ñEXCB<5u	?>::-ÏCB=y8oxz25:ñ?>:
uoE5:
2>
 /XCB4;Cíú
{ ; 8;4t:
u
- 03<5EXCB{�:
<v8DCB2>
£xz25:�ut03<v8 ? C�E5:
<5ut=y8;s6E5:68;4t0325u$:�8 õ
:
?>?>:@E5:�{.CB<5AvCB< ; ut:@»£ut03<v8 E5s
õ
0325/5?>s
u=#
CB2�õ
03<v8;4;CB=>4t:�E5:
uB+ � ô*dhdhdÀú�84�

� ìbç�í�ìÈçgèæ�,+��G}��
º :ñ{�s
{�03=>4t:�:
uf8�õ
03<5u;CBõ
4tse)�?'& s�8;25E5:ñE52 õ
03<v8;4hW3?>:�E5:ñ? C./ ö CBut:p- :
4t4t03{.CBA3<5s�8;=>xz25:�EXCB<5u	E5:
u

/525=y8;ucxz2XCB<z8;=>xz25:
u�E5: Cd1−xMnxTe
� 	 
9/1s
4t=>{�:
<v8DCB?>:
{�:
<v80#ïõ
:�8t8;: E5:
4t<5= ; 4t:$:
uf8Ñ{�=>ut:Ú:
<�s��w=>E5:
<5õ
:

)�7XCButut: 8;:
{�/1s
4;CF8;254t: :�8æ:
<ñ/54ts
ut:
<5õ
:@E�& 25<ñAvC�< E5: 8;4t0325uÃE5:�E5:
<5ut=y8;s ut2/I�u;CB<v8;:�#3/XCB4ÑE5:
uæ{�:
ut254t:
u
E5:.ut/1:
õ�8;4t03utõ
03/5=>:�{.CBA3<5s�8;0Fú 03/98;=>xz25:�� ý 0325uñCB71034tE5:
4t03<5uñut25õ
õ
:
utut=y�v:
{�:
<v8#8;4t03=>u�{�s�8 ö 0wE5:
u�xz25:
<50325u�Cï�303<5u6E5s��v:
?>03/5/�s�EXCB<5u6?>:�75298�E5:G/�0329�v03=>4�8;4;Cï�3:
4tut:
4�? C�8;4;CB<5ut=y8;=>03<b- :
4t4t03{.CBA3<5s�8;=>xz25:�Ç
/XCB4;CB{.CBA3<5s�8;=>xz25:�#�:�8	E503<v8	?>:�/103=><v8oõ
03{�{ñ25<m:
uf8�E�& CBA3=>4�ut254o? C�/103/525? CF8;=>03<�E5:�8;4t0325uo/54ts
ut:
<v8D:
EXCB<5u�?>:µ/525=y8;u=� ý 0325u�õ
03<5u;CBõ
4t:
4t03<5u�s
AvCB?>:
{�:
<v8�25<5:µs�8;25E5:»)ª?'& s�8DCB75?>=yutut:
{�:
<z8�E�& 25<5: E5:
<5ut=y8;s
E5:�8;4t0325uout2/I�u;CB<v8;:#/10B254o=><5E525=>4t:�25<5:ñ/ ö CBut:ñ0B4;E50B<5<5s
:�#�)�8;4;Cï�3:
4tu	25<µE503/XCBA3:�/XCB4o? C£ut254E-ÏCBõ
:��r 25=>uæ<50325uÚ<50325uÚ=><z8;s
4t:
utut:
4t03<5u$/5?y25uÚ754t= ; �3:
{�:
<v8m)	25<£uf»wuf8 ; {�: ö »w754t=>E5:@ut:
{�= ú õ
03<5E525õ�8;:
254æut:
{�= ú
{.CBA3<5s�8;=>xz25:�ÇF{£s�8DCB?a- :
4t4t03{.CBA3<5s�8;=>xz25:��

] �
�:êÉí�ìÉöÔõ2öÔé�}1èNå
� /54 ; uÚCï�303=>4Ñ/54ts
ut:
<z8;s�xz25:
?>xz25:
u9+ � ô�:�8æ?>:
uÃ{.CF8;s
4t= CB2>
G298;=>?>=>uts
uÑEXCB<5uÃ<50B8;4t: s�8;25E5:Gÿ õ ö CB/5=y8;4t:

ü � #3<50325u CB7�034tE5:
4t03<5u$25<5:6E5:
utõ
4t=>/98;=>03<£/ ö s
<503{ ; <503?>03A3=>xz25:�E52e- :
4t4t03{.CBA3<5s�8;=>ut{�: EXCB<5u$?>:
uÚ/525=y8;u
xz2XCB<v8;=>xz25:
uñÿ õ ö CB/5=y8;4t:�� � �

∗
{~�g¨[�[§j}/�C�j����¨L�´§j}o¨L�>�[�0�����´¨L�´³
�X�����>�L���

ó :�õ ö CB/5=y8;4t:B�GE52�{.CB<z25utõ
4t=y8 /1034f8;:�ut254 ?>:6õ
03<v8;4hW3?>:�E5:�? CG/ ö CBut:2- :
4t4t03{.CBA3<5s�8;=>xz25:6)G8;4;Cï�3:
4tu
? C�E5:
<5ut=y8;s.E5:./�034f8;:
254tu0� ý 0325uñCB7�034tE5:
4t03<5u�ut25õ
õ
:
utu;=y�3:
{�:
<v8ñ8;4t03=>u�{�s�8 ö 0wE5:
u�xz25:.<50325uñCï�v03<5u
E5s��3:
?>03/5/1sGEXCB<5u6õ
:G75298
ý 0325u /�03254t4t03<5u /XCB4$:1
9:
{�/5?y:�#zA34ñZBõ
:6)G?'& CB/5/5?>=yõïCF8;=y03<#E�& 25<5:�/103? CB4t=>u;CF8;=y03<#s
?>:
õ�8;4t=>xz25:�#zCB4t4t=y�v:
4

)#E5s
/5?>s�8;:
46?>:	/525=y8;u6E5:Gut:
u6/1034f8;:
254tu6:�8oCB=><5ut=Z8;4;Cï�3:
4tut:
4�4ts��3:
4tut=>75?>:
{�:
<v8�? C�8;4;CB<5ut=y8;=>03<b- :
4t4t03{.Cíú
A3<5s�8;=>xz25:�ÇF/XCB4;CB{.CFA3<5s�8;=>xz25:�� º :�8t8;: s�8;25E5:�C6s�8;s {�:
<5s
: ut254ÑE5:
uÑE5=>0wE5:
u�¬�­.-P� ó :
uÑõïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u
ut03<v8�E5:#8 »w/1:�ut/�:
õ�8;4t03utõ
03/5=>:�{.CBA3<5s�8;0Fú 03/98;=>xz25:ñ:�8�03<v8�s�8;sc-ÏCB=y8;:
u�/XCB4:3�:
4f�3s]A 0325@FCB4t=æEXCB<5u�?>:
õïCBE54t:�E5:Gu;C#8 ö5; ut:G:�8B+	Cï�w=>E ù :
4t4;CB<5E�ÿ ó CB71034;CF8;03=>4t:	E5:�ôw/1:
õ�8;4t03{�s�8;4t=>: rÚö »wut=>xz25:�# º�ýoþ ô�û�4t:�ú
<50375?>: � �
ý 0325uo/�03254t4t03<5uos
AvCB?>:
{�:
<v80#X:
<µ298;=>?>=yu;CB<z8625<5:�uf8;4t25õ�8;254t:V¬�­ ¬�#�{�0wE525?>:
46? C£E5:
<5ut=y8;s�E5:�8;4t0325u

/XCB4os
õ
? CB=>4t:
{�:
<v8oE5:ñ? C.uf8;4t25õ�8;254t:c).25<5:#s
<5:
4tA3=>:�ut25/1s
4t=>:
254t:#CB2 AvCB/µE5:
u	7XCB4t4t= ; 4t:
u=� ý 0325uo�3:
4Tú
4t03<5u$xz2�& =>?Xut:
4;C�CB?>034tuÚ/�03utut=>75?>:6E5:@8;4;CÎ�3:
4tut:
4 ? Co8;4;CB<5ut=y8;=>03<£{.CBAB<5s�8;=>xz25:6:
<�õ ö CB<5A3:ïCB<z8 ? C�E5:
<5ut=y8;s
E5:�8;4t0325u%)�8;:
{�/�s
4;CF8;254t:pD/
9:�#Z032µ=><v�3:
4tut:
{�:
<z8	E5:ñ{�0wE5=.DX:
4�? C£8;:
{�/�s
4;CF8;254t:ñE5:�8;4;CB<5ut=y8;=>03<m:
<

ª



CBA3=>utu;CB<z86ut2546? Cñ/103/525? CF8;=>03<�E5:G/1034f8;:
254tu=�
	 </DX<�#æ:
<è4ts
A3? CF<z8ñ?>:�õ
0B</DX<5:
{�:
<z8£:�8#?>:
uñõ
03<v8;4DCF=><z8;:
uñ:1
9:
4tõ
s
:
u�ut254ñ?>:�/525=y8;u=#Ã<50325u#/�03254Tú

4t03<5u�õ ö CB<5A3:
4�? Cª4ts
/XCB4f8;=y8;=>03<´E5:
u�<5=y�v:ïCB2>
SE5: 8;4t0325u�/�:
25/5?>s
u�ÿ <5=y�v:ïCB2>
´8;4t0325u�?>03254tE5u0/�/N:�8
8;4t0325u	?>s
A3:
4tu1� / � :�8GCB=><5ut=Ñ{�0zE5=.DX:
4o?>:
uo/54t03/54t=>s�8;s
u	E5:ñ? C�/ ö CBut:p- :
4t4t03{.CBA3<5s�8;=>xz25:�� 	 < /XCB4f8;=>õ
2wú
?>=>:
4=#Z<50325u�{�03<v8;4t:
4t03<5u	xz2�& =>?æ:
uf8G/103utut=>75?>:ñE5:4-ÏCB=>4t:ñ/XCButut:
4G? C.E5=>4t:
õ�8;=>03< E5:4-ÏCBõ
=>?>:ñCB=>{.CB<v8DCF8;=y03<
E5:�/1:
4t/1:
<5E5=>õ
25? CB=>4t:�CB2�/525=y8;ue) /XCB4;CB?>? ; ?>:*) õ
:
?>25= ú õ
='� ó :
u�õïCB4;CBõ�8Ds�4;=yuDCí8D=y03<5u#:
<�ut/1:
õ�8;4t03utõ
03/5=>:
{.CBA3<5s�8;0Fú 03/98;=>xz25:�:�8�?>:
uoõïCB?>õ
25?>u�03<v8�s�8;s�{�:
<5s
u	/103254oõ
:
u�E5:
2>
µ/XCB4f8;=>:
uo/XCB46Q¢=R@v8;034 � CBut? CB<XC
ÿ ó CB71034;CF8;03=>4t:oE5:�ôw/1:
õ�8;4t03{�s�8D4t=>: rÚö »wut=>xz25:�#Zû�4t:
<50375?>:�#9:�86d <5uf8;=y8;298;:�0�- 	 
9/1:
4t=>{�:
<v8DCB? rÚö »wut=>õ
u=#
8 CB4tut0í�w=>: � EXCB<5u6?>:GõïCBE54t:�E5:�ut03<�8;4;Cï�BCB=>?�E5:G8 ö5; ut:�#�:�8o/XCB4 r =>0B8;42So03utu;CBõU@z= ÿjd <5uf8;=y8;298;:�0�- 	 
9/1:�ú
4t=>{�:
<z8DCB? rÚö »wut=>õ
u � �

∗
² ��³[}5�X�´³[}5�b§j}o�0�L�C��}Pµ��

d ?L-ÏCB2980#1/103254o=><5E525=>4t:�25<5:ñ/ ö CBut:p- :
4t4t03{.CBA3<5s�8;=>xz25:�EXCB<5u	25< /525=y8;u=#1/XCB4f�3:
<5=>4%)�»�?>0wõïCB?>=yut:
4
25< AvC�<.E5:�8;4t0325u=#ÑA34ñZBõ
:b)m25<ªE503/XCBA3:.E5:�8 »w/1:./��F$	< CF8t8;:
=><v8�E5:
uñE5:
<5ut=y8;s
uñut2/I�u;CB<v8;:
u�ÿ ut03=y8
xz25:
?>xz25:
u 1011cm−2

� :
<µ=><z8;4t0zE525=>u;CB<z8�/XCB4o:1
9:
{�/5?>:�EXCB<5u	?>:
uo7XCB4t4t= ; 4t:
uoE5:
u�<
03<5:
u	E503/1s
:
u	/XCB4
25<5:�õ
:
?>?>25?y:�E5:G/5? CBut{.CñE�& C�<
0B8;:32X=>?�u=& CBA3=y8@E5:G{�0wE525? CF8;=y03<�E5:GE503/XCBA3:��
$	4o<50325u	<50325u	ut03{�{�:
u	CB/�:
4h_
25u�xz25:ñ?>034tutxz25:ñ?'& 03<m/5? CBõ
:ñ25<µ/525=y8;uoxz2XCB<z8;=>xz25:c).25<5:��w=><5AFú

8DCB=><5:�E5:�<XCB<503{ ; 8;4t:
u�E5:�? C£ut254E-ÏCBõ
:�#1=>?cut:�õ
4ts
:�E5:
uos�8DCF8;uoCBõ
õ
:
/98;:
254tu	:
<mut254E-ÏCBõ
:�:�8o25<mAvC�<GE5:
8;4t0325u6EXCB<5u6?>:�/525=y8;u=� º :�8t8;:Gs
/XCB=>utut:
2546E5:G? Cñ7XCB4t4t= ; 4t:�E5:�u;254E-ÏCBõ�:�:
uf8�25<�/XCB4;CB{ ; 8;4t:�=>{�/1034f8DCB<v8
/525=>utxz25:	?>034tutxz2�& :
?>?>:�:
uf8 8;4t03/]-ÏCB=>75?>:�#zCB25õ
25<�AvC�<oE5:�8;4t0325u <�& :
uf8@E5s�8;:
õ�8DCB75?>:�� º :
õ
=Z:
uf8�?'& 0379�f:�8 E52
õ ö CB/5=y8;4t:��5�ó :
u	õ ö CF/5=y8;4;:�u � :�8%�.ut03<v8�õ
03<5u;CBõ
4ts
u%).?'& s�8;25E5:�:�8�? C�õ
03{�/54ts ö :�<5u;=y03< E52µ{�s
õïCB<5=>ut{�:�E�& CB/5/XCíú
4t=y8;=>03<�E5:Gõ
:
u�s�8DCF8;u�CBõ
õ�:
/98;:
254tu0#�E503<v8�<50325u@�3:
4t4t03<5u�xz2�& =>?>u@ut:Gõ
4ts
:
<v8o/XCB4@0�
w»wEXCF8;=>03<��
º :�8t8;:ms�8;25E5:µu=& =><5utõ
4t=y8.EXCB<5u.?'& :
ut/103=>4£E5:µ/�0329�303=>4�u0& CC\Z4DCF<5õ ö =>4�E5:
u�4t:
uf8;4t=>õ�8;=>03<5u£8;:
õ ö <503?>0Fú

A3=>xz25:
uñ=>{�/103uts
:
u�/XCB4�?>:.E503/XCBA3:b)µ?'& C�<
0B8;:�� 	 < /XCB4f8;=>õ
25?>=>:
4G<50325uñ{�03<z8;4t:
4t03<5u�xz25:�?>:.E503/XCBA3:
/XCB4ñ? C�ut254h-ÏCFõ
:�/1:
4t{�:�8ñE�& 03798;:
<5=>4ñE5:
uñuf8;4t25õ�8;254t:
u£E5:�{�:
=>?>?y:
254t:�xz2XCB?>=y8;s.:�8#E�& =><5õ
?>254t:./5?>25u�E5:
{.CB<5AvCB< ; ut:.EXCB<5uñ?>:�u�/525=y8;u=#Ñõ
:.xz25=�CB=>E5:
4;C")m? C�õ
03{�/54ts ö :
<5ut=>03<ªE5:
uñ{�s
õïCB<5=>ut{�:
up)m?'& 034t=>AB=y<5:
E52´- :
4t4t03{.CBA3<5s�8;=>ut{�:�� ý 0325u	E5s
õ
4t=>4t03<5uos
AvCB?>:
{�:
<v8	?>:
uo{�s
õïCB<5=>ut{�:
uoE�& 00
w»wEXCF8;=>03<�CB=><5ut=Ñxz25:ñ?>:
u
E5=.\Zs
4t:
<5õ
:
u�xz25=�:1
9=>uf8;:
<z8�ut:
?>03<òxz25:µ?'& s
/XCB=>utut:
254�E5:m? C�7XCB4t4t= ; 4t:�E5:mut254E-ÏCBõ
:µCB298;034t=>ut:�032´<503<
?'& CB/5/XCB4t=y8;=>0B<�E52�AvC�<�E5:�8;4t0325u6EXCB<5u6?>:�/525=y8;u=�
ó C£ut/�:
õ�8;4t03utõ
03/5=>:�0B/98D=yxz25:�E5:Gõ
:�8t8;:�/XCB4f8;=>:GC£s�8;sV-ÏCB=y8;:�/XCB4JQ¢=R@v8;034 � CBut? CB<XCmÿ ó CB71034;CF8;03=>4t:

E5:�ôw/1:
õ�8;4t03{�s�8;4t=>: rÚö »wut=>xz25:�#Zû�4t:
<50375?>:�#5:�82dT<5uf8;=y8;298;:�0�- 	 
9/1:
4t=>{�:
<v8DCB? rÚö »wut=>õ
u=#P8 CB4tut0Î�w=>: � �ó :
uoõïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u6uf8;4t25õ�8;254;CB?>:
u�03<v8os�8;s�{�:
<5s
:
uoA34ñZBõ
:p)£? C£õ
03?>? CB71034;Cí8;=y03<�E5:4A 4t25<50�û�=>?>?y:
u
ÿ547698:	�;7<�/>=?�9=@���A�CB��58:=?-ED�¬>�CB��58:=GFGBH=U¬I;�:�8KJ�LNM���8,OP�A�CB��58:=?-QD�¬>�CB��58:=GFGBC=U¬I; � :�8 � CB4tõ28$:
4tE5=>:
4	ÿRJ��9=?6
Sc­RBUT�=?8:BC�1V´­RB�8C=GFGBC=U¬I; � E52 ó CB71034;CF8;03=>4t:ñE5:H? ö :
4t{�0wE9»w<XCB{�=>xz25:£:�8 rÚö »wut=>õ
0Fú º ö =>{�=>: � s�8DCB? ú
?>254tA3=>xz25:
u=# º�ýoþ ô�û�4t:
<50375?>:�#�:�8�?>:
u�{�0Î»3:
<5u�8;:
õ ö <5=>xz25:
uñE52 ó CB71034;CF8;03=>4t:#E5: ý CB<503uf8;4t25õ�8;254t:
u� CBA3<5s�8;=>xz25:
uGÿ º 	
� û�4t:
<50375?>:�Ç�+ þ ù
� ºJ� 2wCB=><5ut=Xxz2�& :
<�õ
03?>? CB7�034;CF8;=y03<�CÎ�3:
õ rÚö =>?>=>/5/�:oôwõ ö =>:M\Z:
4
:�8�û�29»�øB:=<
:
xz25:
?$ÿ547698W	�;*<�/>=?�9=G���A�CB��58:=?-XD�¬>�CB��58:=GFGBC=U¬I;ñ:�8XY��Z�58W	�6?[g­R=?�A���\<�/>=?�9=G���A�CB��58:=?-XD�¬>�CB��58:=?6
FGBC=U¬I; � #3E52 ó CB71034;CF8;03=>4t:�E5: rÚö »wut=>xz25:6E5:
u � 8;03{�:
u=# ó CBut:
4tu=# � 03?>s
õ
25?>:
uÚ:�8�ôw254E-ÏCBõ
:
uoÿ ÷ <5=y�3:
4tut=y8;s
E5: þ :
<5<5:
u�ü � �

üÎ�



∗
² �7³
¦P�]¨L�(������}P§m���7�C�C����}5���L���C�T���L�

	 </DX<�#9?y:oõ ö CB/5=y8;4t:	��:�ut8�õ
03<5u;CBõ
4ts%)�?'& s�8;25E5:oE5:ouf»wuf8 ; {�:
u ö »w754t=>E5:
u�ut:
{�= ú õ
03<5E525õ�8;:
254 ut:
{�= ú
{.CBA3<5s�8;=>xz25:�ÇF{£s�8DCB?�- :
4t4t03{.CBA3<5s�8;=>xz25:��5d ?�u=& :
uf8	CBA3=y8�=>õ
=�E5:GE5s
/�03ut:
4�E5:
u6{ñ25?y8;=>õ
0325õ ö :
u º 07Ç r 86)
CB=>{.CF<z8DCF8;=y0B<	/1:
4t/1:
<5E5=>õ
25? CB=>4t:æut254cE5:
u�uf8;4t25õ�8;254t:
u�õ
03{�/1034f8DCB<v8c25<G/525=y8;ucE503/1sÚ/XCB4c? C ut254E-ÏCBõ
:�� ó :
75298 s�8DCB=y8$E�& CF8t8;:
=><5E54t:625<�õ ö CB{�/�{.CFA3<5s�8;=>xz25:6ut2/I�u;CB<v8 EXCB<5u ?>:@/525=y8;u$/�03254$/10329�303=>4Ú=></ºX25:
<5õ
:
4
ut03<Gõ
03{�/1034f8;:
{�:
<v8g- :�4;4t03{�CBA3<5s�8;=>xz25:�� º :�8t8;:$s�8;25E5: C@s�8;s$?'& 037w�f:�8cE52�uf8DCBA3:ÚE5:m+ 	
� E5: r =>:�4;4t:ÚE5:r :
4tut03<�#X:�<5õïCBE54tsG/XCB4 r CF8;4t=>õU@eQªCB4t=><�:�8 � CF8t8 ö =>:
2mø3CB{�:�8�E52 ó CB71034;CF8;03=>4t:oE5: ý CB<503uf8;4t25õ�8;254t:
u� CBA3<5s�8;=>xz25:
u�ÿ º 	
� û�4t:
<50375?>:�Ç�+ þ ù
� ºJ� �

ü3ü





] ^ r`_ �����"� a

b r �Xc���� r ãed

fhgif , å2ö }=æ`épê�í�ì�æmçLå2ìbèFî |��7jpê*õ,ç�}=ëHì*å2î HY}��=ì*õ2î
º :�/XCB4;CBA34;CB/ ö :�4t:
A34t0325/�:�xz25:
?>xz25:
u£4ts
ut25?y8DCF8;u£õ
03<5õ
:
4t<XCB<v8�?>:�{.CBA3<5s�8;=>ut{�:�EXCB<5u£E5=y�3:
4tut:
u

-ÏCB{�=>?y?y:
u�E5:Gut:
{�= ú õ
03<5E525õ�8;:
254tu=�
k�lmk�lmk 'Jú���ýRn�ûaþ9øBÿ��BûXü/ú#�o�p��÷�qrn@q�÷
ó :
umCB?>?y= CFA3:
u�E5:�ut:
{�= ú õ
03<5E525õ�8;:
254tu"d�8�ú�8�d.:�8mE5: � <N03<z8�E5:
u�/54t03/54t=>s�8;s
u�{.CBA3<5s�8;=>xz25:
u=�� õïCB25ut:�E5:è?'& s
õïCB4f8o)S? CSuf8;0z:
õ ö =>03{�s�8;4t=>: xz2�& =>?>u /54ts
ut:
<v8;:
<v80#�õ
:
u�{.CF8;s
4t= CB2>
-03<v8�25<5: 8D4 ; u

A34;CB<5E5:�E5:
<5ut=y8;s�E5:�/1034f8;:
254tu=# ut2/I�u;CB<v8;:m/103254£xz25:m?>:
u£=><z8;:
4;CBõ�8;=>03<5u4- :
4t4t03{.CBA3<5s�8;=>xz25:
u#�vs ö = ú
õ
25?>s
:
u�/XCB4�õ
:
u�/1034f8;:
254tu�ut03=>:
<v8�/5?>25ub- 034f8;:
u�xz25:�?'& CB<v8;=.- :
4t4t03{.CFA3<5s�8;=>ut{£:�� ó C /103utut=>75=>?>= 8;sµE5:
õ
03<v8;4hW3?>:
46?'& CF/5/XCB4t=y8;=>0B<�E�& 25<5:�/ ö CBut::- :
4t4t03{.CFA3<5s�8;=>xz25:G/XCB46? C#E5:
<5ut=y8;s�E5:�/1034f8;:
254tu�:
uf8oõ
03<5<z25:
EXCB<5u Pb1−x−ySnxMnyTe

E5:
/525=>u.ü�ª � �oò ü���ó'�[?�03298;:M- 03=>u�õ
:
uñ{.CF8;s
4t= CB2>
�<5:.ut03<v8ñ/XCBu�õ
03{�/XCíú
8;=>75?>:
u�Cï�3:
õ�õ
:
2>
mõ
03<5uf8;=y8;2XCB<v8o?'& s
?>:
õ�8;4t03<5=>xz25:G{�0wE5:
4t<5:�#�õ
CB4�?>:
254�uf8;4t25õ�8;254t:�õ
4t=>uf8DCB?>?y03A34;CB/ ö =yxz25:
:
uf868;4t03/�E5=.\Zs
4t:
<v8;:��
k�lmk�lRs 'K�o�pú��p�gûp���9ø��9út�Uú����5þ
�����9ø��aü/ý�� �Bú
r 03254�õ
:
4f8DCB=><5u�=>03<5u�{.CBA3<5s�8;=>xz25:
u=#�õ
03{�{�:�?>:�õ ö 4t03{�:�EXCB<5u�E5:
u�ut:
{�= ú õ
03<5E525õ�8;:
254tupdhdÀú�8�dU#

=>?ÑC�s�8;sñ/54ts
E5=y8o8 ö s
034t=>xz25:
{�:
<v8�xz25:#?>:�ut25/�:
4ts
õ ö CB<5A3:#:
uf8GE5:�8 »w/1:p- :
4t4t03{.CBA3<5s�8;=>xz25:bò üï��ó�2125<5:
/ ö CBut:p- :
4t4t03{.CBA3<5s�8;=>xz25:�E5:��w4;CB=y8GCB?>034tuou=& s�8DCB75?>=>4�uf»wuf8;s
{.CF8;=>xz25:
{�:
<z80#Zõ
:ñxz25=ÚC�s�8Dsñ4ts
õ
:
{�{�:
<v8
{�=>ut: :
<ñs��w=>E5:
<5õ
:J)68;:
{�/1s
4;CF8;254t:�CB{ñ75= CB<v8;: EXCF<5u9nZ< º 4h?Ñ:�ò ü � ó'� r CB4;CBE500
5CB?>:
{�:
<v8Ãõ
:
? Co/�03254t4;CB=y8
G�8;4t:625<�E5s
u;Cï�BCB<v8DCBA3:6õïCB4$=>?5<�& :
uf8 CB?>034tuÚ/5?>25uÚ/103utut=>75?>:@E5:Ú�f0325:�4$ut254$? C�õ
03{�/�s�8;=y8;=>03<#=><v8;:
4;CBõ�8;=>03<5u
CB<v8;=.- :
4t4t03{.CBAB<5s�8;=>xz25:
uUÇ�=><v8;:
4;CBõ�8;=>03<5um- :
4t4t03{.CBA3<5s�8;=>xz25:
u�/�03254�õ
03<v8;4hW3?>:
4 ? C�<XCF8;254t:	E5:�? C�/ ö CBut:
{.CBA3<5s�8;=>xz25:��
k�lmk�l5u $&%('�÷7÷>÷@n@qÂúaü�÷>÷@n@q�÷wvyxz���>ú«ÿBút%�ø
+	CB<5u$?>:�u9+ � ôcdEdhdÀú�8¢õ
03{�/103uts
uÚE5:@{.CB<5AvCB< ; ut:@:�8$E�& CB4tuts
<5=>254t:
u=#3õ
03{�{�:6ûGC � < � u=#3?>:
uÚ=>03<5u

{.CBA3<5s�8;=>xz25:
u6E5=y�FCB?>:
<z8;u Mn2+ ut03<z8oCBõ
õ
:
/98;:
254tu=� ó :Gõ
0325/5? CBA3:%- :
4t4t03{.CBA3<5s�8;=>xz25:�#5�3s ö =>õ
25?>sG/XCB4?>:
u6/1034f8;:
254tu=#�E503{�=><5:�� ó :�õïCB4;CBõ�8 ; 4t:�{.CBA3<5s�8;=>xz25:G:�8o?>:GE503/XCBA3:�ut03<v8	CB?>034tu@8;0B8DCB?>:
{�:
<v8�?>=>s
u=#Xõ�:
xz25=c:
uf8�25<�=><5õ
03<v�vs
<5=>:
<v8�E5:�8DCB=>?y?y:	/1032546?'& s�8;25E5:�:�8�? Cñõ
03{�/54ts ö :
<5ut=>03<�E5:Gõ
:
u�uf»wuf8 ; {�:
u=�º :
4f8DCB=><5u:+ � ô»dhdhdÀú�8 ? CB=>utut:
<v8�:
<v8;4t:��v03=>4GE5:
uG8;:
{�/1s
4;CF8;254t:
u�õ
4t=y8;=>xz25:
uG? CB4tA3:
{�:
<v8Gut25/1s
4t=>:
254t:
u

ü��



)µ? C�8;:
{�/1s
4;CF8;254t:�CB{ñ75= CB<z8;:µÿÀûGC � < ý�� #Ãõ
03<5E5=y8;=>03<ªut=><5:�xz2XCµ<503< E5:�?'& 298;=>?y=>u;CF8;=y03<�E5:
ue+ � ô
)�?'& s
õ ö :
?>?>:ñ=><5E525uf8;4t=>:
?>?y:�#Z{HG
{�:#ut=æEXCB<5uGõ
:£õïCBuG?>:#{�s
õïCB<5=>ut{�:ñ<�& :
uf8�/XCBuG:
<5õ
034t:£/XCB4E-ÏCB=y8;:
{�:
<v8
õ
03{�/54t=>u=� r CB4.:1
9:
{�/5?>:�#m? ö CB?>:
4{���U	���CB<5<503<5õ
:
<z8�?'& :1
9=>uf8;:
<5õ
:mE�& 25<5: CB=>{.CF<z8DCF8;=y0B<�EXCB<5u.25<5:
õ
0325õ ö :Gs
/XCB=>utut:�E5: Ga0.97Mn0.03N

CB2wú E5:
utut25u�E5:G? C�8;:
{�/1s
4;CF8;254t:�CB{ñ75= CB<v8;:cò üí�Có'�
+	CB<5uo?>:
uB+ � ô"dhdÀú�8�dGÿ º E5?Ñ:�#gnZ<�ôw:�#L�.�.� � #1?>:G{.CB<5AvCB< ; ut:�:
uf8	=>ut0zs
?>:
õ�8;4t03<5=>xz25:�� ó :
uo/54t03/54t=>s�ú

8;s
u6{.CBA3<5s�8;=>xz25:
u�:�86?>:�E503/XCBA3:	ut03<z8�CB?>034tu E5s
õ
0325/5?>s
u=� � =><5ut='#975=>:
<�xz2�& CÎ»vCB<v8�E5:
u@8;:
{�/�s
4;CF8;254t:
u
õ
4t=y8;=>xz25:
uB-ÏCB=>75?>:
u=#1õ
:
u�uf»wuf8 ; {�:
uGut:#/54hG�8;:
<v8G/XCB4f8;=>õ
25?>= ; 4t:
{�:�<z8�)�?'& s�8;25E5:ñE5:#? C./ ö CBut:4- :
4t4t03{.Cíú
A3<5s�8;=>xz25:��
ó :
up+ � ô�#�EXCB<5u�?>:
254G:
<5ut:
{ñ75?>:�#�ut03<v8�E5:
u�{.CF8;s
4t= CB2>
 /54t03{�:�8t8;:
254tuG:�8�E5:�<503{ñ754t:
2>
�8;4;Cíú

�BCB2>
�E5:�4t:
õ ö :
4tõ ö :@?>:
254Ñut03<v8æõ
03<5u;CBõ
4ts
u=� ó C�/1:
4f8;=><5:
<5õ
: E5:�õ
: õ ö 03=�
�CoE�& CB=>?>?y:
254tuÑs�8Ds 4ts
õ
:
{�{�:
<v8
E5s
{�03<z8;4ts
:�� 	 <�{.CF8;= ; 4t:�E�& =><F�f:
õ�8D=y03<�E5:o/1034f8;:
254tu�/�03? CB4t=>uts
u=#5$ ö <500���
	��c03798;=>:
<5<5:
<v8�25<5:	/103? Cíú
4t=>u;CF8;=>03<�EXCB<5u�?>:	/5? CB<�E5:�/5?>25ut=>:
254tu�/103254tõ
:
<v8;u@A34ñZBõ
:V)�25<5:�õ
0325õ ö :�E�& CB?>=>A3<5:
254 :�<mûGC � < � u%f /
ÿT+ � ôcdEdhdÀú�8 � ò �Có'� ù =>:
E5:
4t?>=><5A|���\	��103798;=>:
<5<5:
<v8$:
2>
#25<5:@=><F�f:
õ�8;=>03<ñs
?>:
õ�8;4t=>xz25:@E5:�ut/5=><5uÚ/103? CB4t=>uts
u
/1:
4t/1:
<5E5=>õ
25? CB=>4t:
{�:
<v8�).? C.ut254E-ÏCBõ
:#CB2µut:
=>< E5:�E5=>0wE5:
uos
?>:
õ�8;4t03?>25{�=><5:
utõ
:
<v8;:
u%).7XCBut:ñE5:£ûGC � u
CÎ�3:
õñE5:
u	:MI�õïCBõ
=y8;s
u	E5:cª3�Q
b#1/103254o25<5:ñõ
0325õ ö :ñE�& CB?>=>A3<5:
254�E5:ñut/5=><µ:
<»A :�nZ< � Azôw:bf <èÿT+ � ô
dhdÀú�8�dU#��303=>4�? CcDXA3254t:.ü��yü � ò � ó'��+	CB<5u	?>:
254�uf8;4t25õ�8;254t:�#Z? C£/XCB4f8;=>: � ? ûGC � u:f <XÇ�ûGC � u1Ç � ? ûGC � u:f /
:
uf8£25<5:�E5=>0zE5:.s
?>:
õ�8;4t03?>25{�=><5:
utõ
:�<z8;:.EXCB<5uñ? CBxz25:
?>?>:�?>:
u�s
?>:
õ�8;4t03<5uñ/103? CB4t=yu;s�u�/XCB4�? Cmõ
0325õ ö :�E5:
+ � ô�:�8@?>:
u 8;4t0325u�<503<�/�03? CB4t=>uts
u ut03<z8@=><F�f:
õ�8;s
u�:�8@ut:	4t:
õ
03{#75=><5:
<v8�/103254�s
{�:�8t8;4t:	E5:
u�/ ö 0B8;03<5u=�ó C�?>25{�= ; 4t:@s
{�=>ut:�:
uf8�CB?>034tu$/103? CB4t=>uts
:6õ
=>4tõ
25? CB=>4t:
{£:
<z80� ó :�õ ö CB{�/�{.CBA3<5s�8;=>xz25:�CB/5/5?>=>xz25s�:
uf8 E5:
�e?%�

BeMgZnSe : n

BeMnZnSe : n

AlGaAs : n

GaAs

AlGaAs : p

GaAs : p

puits

aligneur
de spins

H

}P~.�K� ü��yüz�������5���i�5� �R� �>��� � �H�.�W�9�R� ���z�G�R� � ���R�H�i���@���\�h������� � ���H� �����G�m�@���G���5�@� ���@��� �H�@�R�W�3� �W�I�  W¡:�£¢

fhg:¤ ¥ +��:êcçÑ�7j:å2î�í*å2î HP| , VÑV�Vp¦9W å,ç V�Vp¦9WPV
º :	8;4;Cï�BCB=>?1:
uf867XCButs�ut254�25<5:�-ÏCB{�=>?y?y:oE5:V+ � ô�ÿT+o=>?>298;:
E � CBA3<5:�8;=>õGôw:
{�=>õ
03<5E525õ�8;034 � dhdÀú�8�d2f

?>:
u�8D:�?>?>254t254t:
u=� ÷ <�E5:
u�/54t0375? ; {�:
u%- 03<5EXCB{�:
<v8DCB2>
�EXCB<5u�?>:
u:+ � ô»dhdÀú�8�do:
uf8�?'& :1
9=>uf8;:
<5õ
:�E�& =><wú
8;:
4;CBõ�8;=>03<5u	E5:ñut25/�:
4ts
õ ö CB<5A3:£CB<z8;=.- :�4;4t03{�CBA3<5s�8;=>xz25:�:
<v8;4t:#?>:
uout/5=><5u=#Z=><v8;:
4;CBõ�8;=>03<5uoxz25=Ã/1:
29�3:
<v8
G�8;4t:�õ
03{�/1:
<5uts
:
u6/XCB4@25<�õ
0325/5? CBA3:B- :
4t4t03{.CBA3<5s�8;=>xz25:o�3s ö =>õ
25?>s�/XCB4�?>:
u�/1034f8;:
254tu�ÿ õM-i�5/XCBA3:G��� � �

üï�



º :�/XCB4;CBA34;CB/ ö :�4t:
A34t0325/1:�xz25:
?>xz25:
u�Cï�FCB<z8DCBA3:
u�{.Cí�f:
254tu£E5:
u]+ � ô©dEdhdÀú�8Y:�8HdhdÀú�8�dU� º :�? C
/�:
4t{�:�8GE5:£õ
03{�/54t:
<5E54t:£/�03254txz2503=Úõ
:
uG{.CF8;s
4t= CB2>
µut03<z8�CB298DCB<v8G/54ts
ut:
<v8;u�EXCB<5uG?>:
u�4t:
õ ö :
4tõ ö :
u
ut2546?'& s
?>:
õ�8;4t03<5=>xz25:	E5:Gu;/5=y<��
k�lRsKlmk § �gø����p��!iý�ü��#�
?Ñ03298�E�& CB71034tE�#@õ
:
4f8DCB=><5u�ut03<v8�õ
03{�/XCF8;=>75?y:
u�õ
4t=>uf8DCB?>?>03A34tCB/ ö =>xz25:
{�:
<v8�Cï�v:
õ�?>:
u�E5=>ut/103ut=y8;=.- u

:1
9=>uf8DCB<v8;u]fÑ/XCB4�:1
9:
{�/5?>:�#Ñ03<�/1:
298#=><v8;s
A34t:
4�25<5:�õ�0325õ ö :�E�& CB?>=>A3<5:
254GE5:.ut/5=><�)m7XCBut:.E5:.uts
?>s�ú
<5=>254t:
u@ut254625<�E5=>ut/103ut=y8;=.-Ñ/54ts�ú :1
9=>uf8DCB<v8�:
<µûGC � u=�	 <5ut25=y8;:6=>?>uæE5=>ut/103ut:
<v8 E5:�xz25:
?yxz25:
u�Cï�BCB<v8DCBA3:
u$=><v8;4t=><5u ; xz25:
u6f3A34;CB<5E£8;:
{�/5u$E5:@�w=>:�ÿ �f25utxz2�& )�üÎ�3�
<5uHò üí�Có6ò ü � ó � E5:
u�/1034f8;:
254tu�/103? CB4t=yuts
uG/1:
4t{�:�8t8DCB<v8�?>:
254�8;4;CB<5ut/�034f8�ut254G/5?>25ut=>:
254tu�õ
:
<v8DCB=><5:
u�E5:
<XCB<503{ ; 8;4t:
u�2L- 034f8;:.:MI�õïCBõ
= 8Ds.EXCB<5u�? C�/103? CB4t=yu;CF8;=>0B<�:�8ñ?'& =><F�f:
õ�8;=>0B<�E5:�ut/5=><5u�2Ñ?>0wõïCB?>=yu;CF8;=y03<�E5:
u
/�034f8;:
254tu�CB2�ut:
=><�E�& ö s�8;s
4t03uf8;4t25õ�8;254t:
u�EXCB<5uGE5:
uG/525=y8;u�xz2XCB<v8D=yxz25:
u�032�E5:
uG710�¨>8;:
u�xz2XCB<v8;=>xz25:
u=�� �f03298;03<5u�)�õ
:
? C�8;03298;:
uo?>:
uo/103utut=>75=>?>= 8;s
u�xz2�& 0329�w4t:ñ?'& =><5A3s
<5=>:
4t=>:GE5:�7XCB<5E5:ñut254oõ
:
u	{.CF8;s
4t= CB2>
of
Cí�f25uf8;:
{�:
<v8�E52�AvCB/�#5E52�/XCB4;CB{ ; 8;4t:�E5:G{.CB=>?y?y:�#9E5:
u�õ
03<v8;4;CB=><v8;:
u=#X:
<�- 03<5õ�8;=>03<�E5:
u671:
ut03=><5u=�
º :
u {.CF8;s
4t= CB2>
#03<z8 s
AvCB?>:
{�:
<v8 xz25:
?>xz25:
u /54t03/54t=>s�8;s
u {.CBA3<5s�8;=>xz25:
u =><v8;s
4t:
utu;CB<v8;:
u=�/A =>:
<.s��w= ú

E5:
{�{�:
<v80#Ñ?'& :1
9=>uf8;:
<5õ
:�E�& 25<5:�/ ö CBut:b- :
4t4t03{.CBA3<5s�8;=>xz25:�CB2wú E5:
?R)mE5:�? C�8;:
{�/1s
4;CF8;254t:�CB{ñ75= CB<z8;:
:
uf8�=>{�/�034f8DCB<z8;:�� º = 8D0B<5u.s
AvCB?>:
{�:
<v8�?>:�-ÏCB=y8�xz25:m?'& =>{�/10B4f8DCB<5õ
:�E5:m?>:
254e-ÏCBõ�8;:
254.E5: ó CB<5E5s�M�#
xz25=$xz2XCB<v8;=.DX:£?>:£õ
0325/5? CBA3:£:
<v8;4t:�?>:
uG/54t03/54t=>s�8;s
uGE5:�ut/5=><�:�8�?>:£õ ö CB{�/�{.CBA3<5s�8;=>xz25:#:1
w8;s
4t=>:
254=#
CButut254t:�25<�ut/5?>=y8t8;=><5A»nZ:
:
{.CB<èõ
03<5uts
xz25:
<v80� ó :
u£/54t03/54t=>s�8;s
u#E5s
/1:
<5EXCB<v8;:
u.E52èut/5=><�#æ8;:
?>?>:
uñxz25:
? C�4t0B8DCF8;=>03< ù CB4;CBEXCÎ»�A3sïCB<v8;:ñut03<z8GCB=><5ut=,�
CB{�/5?>=�DXs
:
u���#1:�8G25< õ ö CB{�/ {�CBA3<5s�8;=>xz25:#CButut:=<4-ÏCB=>75?>:
/�:
298�ut2/I�4t:£/103254G/103?>CB4t=>ut:
4	8;0B8DCB?>:
{�:
<v8�?>:
uG/�034f8;:
254tu�CB2�<5=y�v:ïCF2�E5: ù :
4t{�=6ÿ xz25:
?>xz25:�{�=>?y?y=y:
4tu
E5:�ûGCB25utu6ut:
4t03<v8�ut2/I�u;CB<v8oEXCB<5u6?>:�õïCBu6E�& 25<�/525=y8;u6xz2XCB<v8;=>xz25:GE5: CdMnTe

� �

k�lRsKlRs © ÿ�%�øzª4ú
+	CB<5u�õ
:�8t8;:.s�8;25E5:.<50325u�<50325u�=><v8;s
4t:
utut:
4t03<5uc) º E � <5?�:�� º :�{.CF8;s
4t= CB2�7�s
<5sMDXõ
=>:.E�& CÎ�FCB<wú

8DCBA3:
u@/XCB4f8;=>õ
25?>=>:
4tuJ)£? Cp-ÏCB{�=>?y?y:	E5:
u6ut:
{�= ú õ
03<5E525õ�8;:
254tu2dhdÀú�8�dU�	 <./XCB4f8;=>õ
25?>=>:
4=#3u;C�xz2XCB?>=y8;s6õ
4t=>uf8DCB?>?>=y<5:6:
uf8 ut0329�v:
<v8�:1
9õ
:
?>?>:
<v8;:o:�8 u;C�7103<5<5:o?>25{�=y<5:
utõ
:
<5õ
:	CB298;0Fú
4t=>ut:�?>:
uo{�:
ut254t:
u�E5:ñut/�:
õ�8;4t03utõ
03/5=>:#{.CBA3<5s�8;0Fú 03/98;=yxz25:�#1:
<5ut:
{ñ75?>:ñE5:ñ{�s�8 ö 0zE5:
uo8;4 ; u	ut:
<5ut=>75?>:
u=�	 <5ut25=y8;:�#B?>:
uÃut/5=><5uæ?>0wõïCB?>=yuts
u@ÿ � < � :�8Ú?>:
uÃ/1034f8;:
254tu6ÿ 8;4t0325u � ut03<v8ÚE�& 034t=>A3=><5:
uÃE5=.\Zs
4t:
<v8;:
u=� 	 <£:M\Z:�80#
õ
03<v8;4;CB=>4t:
{�:
<v8B)£E�& CB298;4t:
u�s
?>s
{�:
<v8;u�E5:G8;4;CB<5ut=y8;=>03<�#9?>:
u�<5=y�3:ïCB2>
w«�E52�{.CB<5AvCB< ; ut:�<5:V- 034t{�:
<v8
/XCBu�E�& s�8DCF8;uoE503<5<5:
254tuo032µCBõ
õ
:
/98;:
254tu	/5? CBõ
s
u�EXCB<5uo? C£7XCB<5E5:�=><v8;:
4tE5=y8;:Hò ü�ª�ómf�?>:
u � s
?y:
õ�8;4t03<5uoE
E52�{.CB<5AvCB< ; ut:J- 034t{�:
<v8 25<5:�7XCB<5E5:6/54t0�- 03<5E5:�ut=y8;25s
:6)G:
<v�w=>4t03<]�G:�8�:�<.E5:
utut0325u E52.{.CC
9=>{ñ25{
E5:G? Cñ7XCB<5E5:GE5:��BCB?>:
<5õ
:GE5: º E5?Ñ:��º :
õ
=c/1:
4t{�:�86E5:GE5s
õ
0325/5?>:
46?>:
u@/XCB4;CB{ ; 8;4t:
u@E5:GE5:
<5ut=y8;sGE5:	8;4t0325u6:�8�E5:�E5:
<5ut=y8;sGE5:Gut/5=><5u=#XE503<5õ
0329�w4t:G? C��v03=y:�CB2>
�s�8;25E5:
u2- 03<5EXCB{�:�<z8DCB?>:
u=�

fhgm¬ Q å2î çLå@���=ìbè
ìbèNå2î
k�l5u,lmk '`ü­�p�BûXü��o�5ú�ûp�Bým��ý�� �Bú
ó :
u�s
?>s
{�:
<v8;u6xz25=�õ
03{�/�03ut:
<z8�?>:
u6s
õ ö CB<v8;=>?>?>03<5u@ut03<v8:fX?>:GõïCBE5{�=>25{"#9?>:%<
=><5õ�#X?>:G{.CBA3<5s
ut=>25{

ÿ s
?>s
{�:
<v8;u�dhd � :�8G?y:�8;:
?>?>254t:�ÿ s
?>s
{�:
<v8�8�d � � ó :#{.CB<5AvCB< ; ut:ñ:
uf8G/5? CBõ
sñ:
< ut2575uf8;=y8;298;=>03< E52 õïCBEwú
ü �



{�=>25{ /�03254@?>:
u�/54t03/54t=>s�8;s
u@{.CFA3<5s�8;=>xz25:
u@xz2�& =>?Z=><5E525=y80�5O	2XCB<v8�CB2>
�s
?>s
{�:
<z8;u�E503/XCB<v8;u=#5=>?Zu=& CBA3=y8
E�& CB?>25{�=><5=y25{Pÿ E503/XCBA3:G< � 032�E�& C�<
0B8;:.ÿ E503/XCBA3:�/ � �
?Ñ0325uo?>:
uos
?>s
{�:
<v8;u6dhd@03<v8��£s
?>:
õ�8;4t03<5uoE5:��BCB?>:�<5õ
:�ut254o25<5:�034t75=y8DCB?>:Gu=#ZCB?>034tu6xz25:�?'& s
?>s
{�:
<v868�d
C���s
?>:
õ�8;4t03<5u�E5:ñ�BCB?>:
<5õ
: (5s25p4) � ó :
u�{.CF8;s
4t= CB2>
´dEdÀú�8�d2- 034t{�s
u	õ
03{�/1034f8;:
<v8GE503<5õ#E5:
u�?>= CB= úut03<5u ö »w754t=>E5:
u sp3 0�^�õ ö CBxz25:�CB<5=>03<�:
uf86EXCB<5u@25<�:
<v�w=>4t03<5<5:
{�:
<v8@8;s�8;4;C ; E54t=>xz25:�E5:�õïCF8;=>03<5u=#9:�8=><z�3:
4tut:
{�:
<v80� º :
u6?>= CB=yut03<5u ut03<v86/�03? CB=>4t:
u=#wE5:�õïCB4;CBõ�8 ; 4t:�=><v8;:
4t{�s
E5= CB=y4t:o:
<v8;4t:�? C�?>= CB=yut03<�=>03<5=>xz25:
:�8�? C#?>= CF=>ut03<�õ
0Î�FCB?>:
<z8;:��
k�l5u,lRs '`ü­�p�BûXü��o�5ú~ûI�5ý���ü���!�!iýEøBú
ó : º E5?Ñ:�#Ñ?>:bnZ<5?Ñ:�#�:�8�?>:
254�CB?>?>=>CBAB: Cd1−xZnxTe õ
4t=>uf8DCB?>?>=yut:
<v8�EXCB<5u�? C�uf8;4t25õ�8;254t:�75?y:
<5E5:E5::<
=><5õ�#XCB25utut=ÑCB/5/1:
?>s
:Gut/ ö CB?>s
4t=y8;:�� 	 ?>?>:	:
uf8oõ
03{�/�03uts
:�E5:GE5:
2>
�ut0325uTú 4ts
ut:ïCB2>
�õ
2575=>xz25:
uB)c-ÏCBõ
:

õ
:
<z8;4ts
:�ÿ õM- õ � #Ñ0wõ
õ
25/1s
uñ?'& 25<ª/XCB4�?>:
u�CB<5=>03<5u�ÿ�8�d � :�8ñ?'& CB298;4t:�/XCB4�?>:
u�õïCF8;=>03<5u�ÿjdhd � #Ñ:�8ñE5s
õïCB?>s
u
?'& 25<./XCB4 4;CB/5/1034f8,)�?'& CB298;4t:6E�& 25<�xz2XCB4f8 E5:o? CGE5= CBA303<XCB?>:Vò ü3ü3ü=ó1E52�õ
257�:£ÿ �303=>4$? C%DXA3254t:�ü�� � � � ÷ <
ut:
{�= ú õ
03<5E525õ�8;:
254$75?>:
<5E5:6E5:2<
=><5õ@E5:6E5=>4t:
õ�8;=>03<"ò üÎ�3��óÑÿ õ
:6xz25=Xut:
4;C�8;032F�f03254tu$<50B8;4t:@õïCBu � :
uf8 E503<5õ
25<�:
{�/5=>?>:
{£:
<z8�E5:G75= ú õ
0325õ ö :
u6E�& s
?>s
{�:
<v8;uJdhd :�8J8�dU� ó CñE5=>uf8DCB<5õ
:G:
<v8;4t:GE5:
2>
�/5? CB<5u@ut25õ
õ
:
utu;=.- u
:
uf8os
AvCB?>:%)£? Cñ{�03=y8;=ys	E52�/XCB4;CB{ ; 8;4t:�E5:G{.CB=>?y?y:�#9ut03=y86�/� �F�|®o/103254 º E5?Ñ:��

Cd

Te

}P~.�K� ü�� �¯�°�7�H� � � �P±@� �m�?�G�K�G�P²m� �?� �G�|³´�@µ­�����G�K�5¶·� ¸��R�R� �
F43m

¢�¹��P�R¸W�5�W�H�hº5ºP»¼�����H� �9½��W�¾���G�m���@��¸P�?�H�3� �W��m�C�R� ���?��»£³´���N¿����?���?�@����½´����� ���R¸W�5�W�H�oÀ�º3»Z�Á���?��¸:½´�?�H�#� �W�#�H�@� ���?��»¼µ­�:½9¢
ó : Cd1−xMnxTe

õ
4t=>uf8DCB?>?>=yut:�<XCF8;254t:
?>?>:
{�:
<v86EXCB<5u�õ
:�8t8;:�uf8;4t25õ�8;254;:�/103254,
´Â��/� � � #X:�8oAvCB4tE5:
õ
:�8t8;:�õ
03</DXA3254;CF8;=>03<	�f25utxz2�& )%
>Ãñü6u=& =>?X:
uf8 s
/5=y8DCC
9=>s@ut254 25<�ut2575uf8;4;CF8 75?y:
<5E5:�E5:2<
=><5õ�� ó :6{.CB<5AvCíú
< ; ut:ñ:
uf8o/1:
2µut03?>2575?>:GEXCB<5u�?>:
u68;:
?>?>254t254t:
u=#X{.CB=>u603<µCB4t4t=y�3:p)£03798;:
<5=>4�25<µCB?>?>=>CBAB:GõïCB4�?'& s
/5=y8DCC
9=y:
/XCB4Ú�f:�8;u�{�03?>s
õ
25? CB=y4t:
u6:
uf8o25<5:�{�s�8 ö 0wE5:GE5:�õ
4t03=>utu;CB<5õ
: ö 034tu�s
xz25=>?>=>754t:G:�8�)c-ÏCB=>75?>:	�w=y8;:
utut:�ÿ =><wú
- s
4t=>:
254t::)�üG{�03<50wõ
0325õ ö :G/XCB46ut:
õ�03<5E5: � �ó : Cd1−xMgxTe

õ
4t=>uf8DCB?>?>=yut:#<XCF8;254t:
?>?>:
{�:
<z8GEXCB<5u�õ
:�8t8;:�uf8;4t25õ�8;254t:G�f25utxz2�& )*
>Ã��/� ��:�8�EXCB<5u�? C
uf8;4t25õ�8;254;:QÄ6254f8ñ<
=y8;:�/103254p
´Å��/� � � � ó ) :
<5õ
034t:�?'& CB?y?>=>CFA3:�AvCB4tE5:
4;C u;C(- 034t{�:�ut/ ö CB?>s
4t=y8;:�u=& =>?�:
uf8
s
/5=y8DCC
9=>sñut254G25< 8;:
?æut2575uf8;4;CF80#�:�8Gõ
:	�f25utxz2�& )b
>Ãñü�� º :
/1:
<5EXCB<v8�?>:
u	õ
0325õ ö :
uGE5: º E � A�?Ñ:£ut03<z8
=><5uf8DCB75?>:
um)G/XCB4f8;=>4$E5:J
>Ã��/� � � fv:
?>?>:
u$ut:�E5s
A34;CBE5:
<v8 8;4 ; u 4;CB/5=>E5:
{�:
<v8 ?>034tutxz2�& :
?>?>:
u$ut03<v8 :1
9/10Bu;s�:ïu
)�?'& CB=>4�ÿ /54t037XCB75?>:
{�:
<v8Ú/XCB4Ú00
w»wEXCF8;=>03< � 032#{HG
{�:�ut0325u CF8;{�03ut/ ö5; 4t:�E�& C�<
0B8;:�ÿ /XCB4Ú00
w»wEXCF8;=>03<#032
<5=y8;4t254;CF8;=>03< � � º :�8t8;:@E5s
A34;CBEXCF8;=>03<ñut254f�w=>:
<v8${HG
{�: ut=5?>:
uæõ
0325õ ö :
u$ut03<z8Ú:
<5õïCB/5ut25?>s
:
u=� 	 <wú E5:
utut0325u
E5:�
>Ã��/� �/#X=>?�<�& »�C£CB25õ
25<5:�E5s
A34;CBEXCF8;=>03<�<50B8DCB75?>:��

ü��



k�l5u,l5u '`ü­�p�BûXü��o�5ú�ÿBú)xz�9øBÿBú

 

  

 

EG

bande de conduction  Γ6

bande de valence  Γ8

±3/2

±1/2

±1/2

lh

hh

}P~.�K� ü�� �*�E�i�R�R�?�9�R�@�R���G�3±?�H�?�G���m�z���m�i�R�R���G��²m���@���G��Æ´�R� � � ���@� ��¢
EG

�W�¾�����P±?�H�?�G��� ���R�m�Ç�G� �R��¢
º :
u�s
?>s
{�:
<v8;u£/103utu ; E5:
<v8�25<�AvCB/èE5=>4t:
õ�80#Úõ�& :
uf8fúi)íú E5=>4t:�xz25:�?>:�{�=><5=>{�25{ E5:�? Cµ7XCB<5E5:�E5:

õ
03<5E525õ�8;=>03<ª:�8ñ?>:.{.CC
9=>{ñ25{²E5:�? C�7XCB<5E5:�E5:.�FCB?>:
<5õ
:�ut:.8;4t0329�v:
<v8£CB2ªõ
:
<v8;4t:�E5:�? C"<
03<5:�E5:
A 4t=>?>?y0325=y<�� ó :#utõ ö s
{.C�ut=>{�/5?>=�DXsñE5:#?>:
254	uf8;4t25õ�8;254t:£E5:#7XCB<5E5:#EXCB<5uGõ
:�8t8;:c<
03<5:£:�ut8G4t:
/54ts
ut:
<v8;s
DXA3254t:ñü�� �/� ó C�8;4;CB<5ut=y8;=>03<�E�& s
<5:
4tA3=>:	{�=><5=>{�CB?y:o:
<v8;4t:�õ
:
u6E5:
2>
�7XCB<5E5:
u6C#CB?>034tu�?>=>:
2�/5?>25u�:MI�õïCíú
õ
:
{�:
<v8#ÿ õ�& :
uf8fúi)íú E5=>4t:Gu;CB<5u�õ ö CB<5A3:�{�:
<z8oE5:G�3:
õ�8;:
254oE�& 03<5E5: � xz25:�EXCB<5u�25<mut:
{�= ú õ
03<5E525õ�8;:
2546)
AvCB/�=><5E5=>4t:
õ�8@õ
03{�{�:�?>:�ut=>?>=>õ
=y25{��

!4}P�[¨L�(¨L�0È5}P§j�>�[µ��
ó : xz2XCBE54t25/5?>:�8 Γ8 ÿ �v03=>4gDXA3254t:oü�� � � :
uf8Úõ
03{�/�03uts E5: E5:
2>
ñ7XCB<5E5:
uÃE5: õ
03254t75254t:
uæE5=.\Zs
4t:
<v8;:
u=#xz25=Zut03<v86E5=.\Zs�4;:�<5õ
=>s
:
u@A34ñZBõ
:%)�? C�{.CButut:	:M\Z:
õ�8;=y�3:�xz25=Z?>:
254 :
uf8�CButut0wõ
=>s
:	EXCB<5u�?'& CB/5/54t0�
9=>{�CF8;=y03<

/XCB4;CB7�03?>=>xz25:Vfv? CG7XCB<5E5:�E5:�/5?>25u A34;CB<5E5:6õ
03254t75254t:o:
uf8�CB/5/1:
?>s
:�7XCB<5E5:�E5:68;4t0325u ?>s
A3:
4tu	ÿ ? ö /103254
?>=>A ö 8 ö 0B?>:�# sz = 1

2

� :�8�?'& CB298;4t:�7XCB<5E5:�#X7XCB<5E5:GE5:�8;4t0325u6?>03254tE5u�ÿ ö5ö /103254 ö :ïCï�z» ö 03?>:�# sz = 3
2

� �ó C�/54ts
ut:
<5õ
:µE�& 25<5:mõ
03<v8;4;CB=><v8;:�E5:�õ
=>u;CB=>?>?y:
{£:
<z8£/1:
4t{�:�8�E5:m?>:��3:
4�? C�E5s�A3s
<5s
4t:
utõï:
<5õï:µE5:�õ
:
u
7XCB<5E5:
u6)e@�Ã��>�

!4}P�[¨L�(¨L�´µ����N¨[�[µ��C�j���
ó Co7XCB<5E5: Γ6 ut=y8;25s
:@CB2wú E5:
utut25uÚ:
uf8$CB/5/1:
?>s
: 7XCB<5E5:@E5: õ
03<5E525õ�8;=>03<�� ó & s
õïCB4f8Ú:
<#s
<5:
4tA3=>: :
<v8;4t:?>:
u 7XCB<5E5:
u�E5:��BCB?>:
<5õ
:o:�8@E5:oõ
03<5E525õ�8;=>03<�#/)p@�Ã��/#w:
uf8@? C�7XCB<5E5:o=><v8;:
4tE5=y8;: Eg

E52�{.CF8;s
4t= CB2�#vxz25=
/�:
298BG�8D4t:�C�\Z:
õ�8;s
:��w= C#25<5:Gõ
03<v8;4;CB=><z8;: ö »wE54t03uf8DCF8;=>xz25:��
k�l5u,l¾É �Ê�5þ����5ý��aü��#�"�z�PËK�>ý�� �Bú#�

�B}5�C}P�ÍÌ����C�´¨L�(��}P�T§T§��

üí�



ó :6/XCB4;CB{ ; 8;4t:@E5:6{.CB=>?>?y:�E�& 25<.CB?>?>=>CBA3: A1−x−yBxCyTe
ut:�õïCB?yõ
25?>:@A34ñZBõ
:6)G? C�?>03=9E5:28	s
AvCF4;E�#

xz25=�:
uf8�25<5:��BCB4t= CF8;=>0B<�?>=><5sïCB=>4t:	E52�/XCB4;CB{ ; 8;4t:�E5:G{.CB=>?>?y:	:
<v8;4t:Gut:
u�E5:
2>
��FCB?>:
254tu6:1
w8;4hG
{�:
u:f
aA1−x−yBxCyTe = (1− x− y)aATe + xaBTe + yaCTe

ó :
u�/XCB4;CB{ ; 8;4t:
uGE5:�{.CB=>?y?y:£C�EXCB<5u�? C�uf8;4t25õ�8;254t:.75?>:
<5E5:�E5:H<�=><5õ�:�8�?>:
u�7XCB<5E5:
u�=><v8;:
4tE5=y8;:
u
03/98;=>xz25:
u Eg

).��S ut03<v8�E503<5<5s
u6EXCB<5u6?>:	8DCB75?>:ïCB2�ü��yüef

õ
03{�/103uts Eg
ÿ :�8 � C�ÿ¾® �

¤4¨Ñ�`� ü�� �3����ò �B��ó �/� � � üÎ��ò �B��óÎ9�Ñ�m� �>� ��ª9üHò �B��ó �/�yüÎ���v�*ò �B��ó
{~�1�m� �/� ��ò �wü=ó �/� �z�B��ò �zü=ó
{��Ñ�m� �/�yü�ª � ò �3�Có �/� ���v�*ò ����ó

Ï
Ð\Ñ\� ü��yüz��Æ��H�?�G�W��� �i�R�m�Ç�G� �R�W�������?�H�Ç�H� ���R�R�W���G���K�H� � � ���G�W�´�R�m� � �@�R�@�R�W�m�@ÒKÓ Ô ¢

4.0 4.5 5.0 5.5 6.0 6.5 7.0
-1

0

1

2

3

4

5

6

7

MgTe

MnTe

ZnTe

CdTe

HgTe

CdSe

ZnSe

MnSe
MgSe

InAs

AlAs

GaAs

InN

GaN

AlN

B
an

de
 in

te
rd

ite
 (e

V
)

Paramètre de maille (Å)

}P~.�K� ü�� �&�Õ¹­�H�R���m�@�*�G��±?�H�?�G��� �i�R�m�Ç�G� �R���m�Ö�Á���?�9�R� ���Í�G�Ö�?�H�Ç�H� ���R�R���G���K�H� � � �������@�U×i�@�m��×i�@�W�*�5�m� � Ø�����?�G�?�9�R�m�@�Ç�m¢@¹��W���N��� ���Ç�������R�R�W�5�����?�@�H���Ç���H�GÙo�K�C�R¸m�R���H�GÙ��G�3��� � Úm� �\�¼�H� � � � ���5���i�#�R�m� � ¸W�#Ò
�R� �R�R��� �?�G���m�C�R� �¾¢
$	<�õ
03<5uf8DCF8;:	ut254@? C:DXA3254t:ñü�� �5#9xz25=ZE503<5<5:�? C��FCB?>:
254�E5:�?>C�7XCB<5E5:�=><v8;:
4tE5=y8;:o:
<*- 03<5õ�8;=>03<�E52

/XCB4;CB{ ; 8;4t:$E5: {�CB=>?>?y:Ú/�03254ÑE5=y�3:
4tuÑut:
{�= ú õ
03<5E525õ�8;:
254tu=#Fxz25: � A�?Ñ: :�8
nZ<5?Ñ: ut03<z8ÑE5:
2>
�{.CF8;s
4t= CB2>

õ
03{�/5?>s
{�:
<z8DCB=y4t:
u=� � A�?�:ñC£25<m/XCB4;CB{ ; 8;4t:GE5:�{.CB=>?y?y:�/54t0wõ ö :�E5:�õ
:
?>25=�E5: º E5?�:�:�8o25<5:�7XCB<5E5:
=><z8;:
4tE5=y8;:�71:ïCB25õ
0325/�/5?>25u A34;CB<5E5:�#903<�ut:	ut:
4f�w=>4;CñE503<5õ	E5:	? C�õ
03{�/�03ut=y8;=>03<.:
<�{.CBA3<5s
ut=>25{ /103254
CF�f25uf8;:
4�? Cñ7XCF<5E5:�=><z8;:
4tE5=y8;:oE5:�?'& CB?>?y=>CBAB:�)ñ? C��BCB?>:
254�E5s
ut=>4ts
:�� � 2�õ
03<v8;4;CB=>4t:�#903<�ut:�ut:
4f�w=>4;CñE5:�? C
õ
03{�/103ut=y8;=>03<�:
<(<
=><5õ�/�03254	CF�f25uf8;:
4o?>:�/XCB4;CB{ ; 8;4t:�E5:ñ{.CB=>?y?y:�� º & :
uf8�/103254oõ
:�8t8;:ñ4;CB=>ut03<mxz25:ñ?>:
u
7XCB4t4t= ; 4t:
uÃE5:�71:ïCB25õ
0325/#E5: <503uæs
õ ö CB<v8;=>?>?>03<5uÑut03<v8Ú:
<#CB?>?>=>CBA3:$xz2XCF8;:
4t<XCB=>4t: Cd1−x−yZnxMgyTe

f
03<./1:
298 »�õ ö CB<5A3:
4 ?>:6/XCB4;CB{ ; 8;4t:�E5:�{.CB=>?y?y:@:�8 ? C��BCF?>:
254 E5:�? CG7XCB<5E5:�=><z8;:
4tE5=y8;:@xz2XCBut=1=><5E5s
/1:
<wú
EXCB{�{�:
<z80�

ü �



"9}5�C�X�>�L�*¨L��Í[}P�[¨L�»�T�����7��¨[�����
ó :
u�- 034t{ñ25?>:
u	ut25=y�FCB<v8;:
uGE503<5<5:�<z8G25<5:£CB/5/54t00
9=>{.CF8;=>0B<µE5:
u�? CB4tA3:
254tu	E5:#7XCB<5E5:#=><v8;:
4tE5=y8;:4)

��S ÿ :
<�:�8 � f

Eg(Cd1−xZnxTe) = 1.606(1− x) + 2.391x− 0.26x(1− x) [ �F� ]
Eg(Cd1−xMgxTe) = 1.606(1− x) + 3.6x− 0.3x(1− x) [ �wü ]

Eg(Cd1−xMnxTe) = 1.606(1− x) + 3.198x [ �3� ]r 03254	?'& CB?>?y=>CBA3: Cd1−x−yZnxMgyTe
#Z? Ce- 034t{#25?>:�:
uf8�E5s
E525=y8;:ñE5:
uo�BCB4t= CF8;=>03<5u�E5:ñ7XCB<5E5:ñ=><wú

8;:
4tE5=y8;:�E5: º EXnZ<5?Ñ:�:�8 º E � A�?Ñ:�ÿ :
<�:�8 � f

Eg(Cd1−x−yZnxMgyTe) = 1.606 + 0.525x+ 1.75y [ � � ]

² �>µ�}P§j}5�X�´¨L�´Í[}P�[¨L�(�T�����7��¨[�����
ó :�E5s
õïCB? CBA3:�E5:�7XCB<5E5:�=><v8;:
4tE5=y8;:�:
<v8;4t: º E5?Ñ:�:�8 º E � A�?Ñ:��BCB298�:
<v�w=>4t03<�25<è8;=>:
4tu#E5:�? C

E5=.\Zs
4t:
<5õ
:�E5:ñ7XCB<5E5:ñ=y<z8;:
4tE5=y8;:�:
<v8;4t:ñ?>:
uoE5:
2>
µ{.CF8;s
4t= CB2>
�/�03254	?>C�7XCB<5E5:ñE5:��FCB?>:
<5õ
:ñ:�8	E5:
2>

8;=>:
4tu@/103254@? C#7XCB<5E5:GE5:Gõ
03<5E525õ�8;=>03<oò ����ó'�Pd ?�:
<�:
uf8oE5:G{HG
{�:	/103254 º E5?Ñ:G:�8 º E � <5?Ñ:��
+	CB<5uæ?>: õïCBuÃE5: º E5?Ñ:@:�8 º EXnZ<5?Ñ:�#3?>: E5s�õïCB? CBA3: E5:�7XCB<5E5:�:
uf8ÚE5:�?'& 034tE54t: E5:oüÎ��
-E5: ? C�E5=.\Zs
4t:
<5õ
:
E5:@7XCB<5E5:
u$=><v8;:
4tE5=y8;:
uÚ/�03254Ú? C	7XCB<5E5:6E5:��BCB?>:
<5õ
:@:�8$E5:6ª3��
-/103254Ú? C	7XCB<5E5:@E5:6õ�03<5E525õ�8;=>03<"ò ����ó'�

¤p���X�C��}P�'�X���>�c���H�C�>§j}/�g}/�C�j���
ó 034tu.E5:µ?'& s
/5=y8DCC
9=>:�E�& 25<S{.CF8;s
4t= CB2òut254.25<Sut2575uf8;4;CF8�E5:µ/XCB4;CB{ ; 8;4t:mE5:µ{.CB=>?y?y:�E5=.\Zs
4t:
<v80#

=>?6CB/5/XCB4;C?¨>8£25<5:�õ
03<z8;4;CB=><v8;:�75= CC
9= CB?>:�EXCB<5u�? C�õ
0325õ ö :ms
/5=y8DCC
9=>s
:�CB=><5ut=6xz2�& 25<5:µCBõ
õ
25{ñ25? CF8;=>03<
E�& s
<5:
4tA3=>:�s
? CBuf8;=>xz25:��� 2wú E5:
?k)�E�& 25<5:�s
/XCB=>utut:
254ñCB/5/�:
?>s
:.s
/XCF=>utu;:�254�õ
4t=y8;=>xz25:�#c?'& s
<5:
4tA3=>:£s
? CBuf8;=>xz25:�E5:��w=>:
<v8�ut2/I�u;CB<z8;:
/�03254 /1:
4t{�:�8t8;4t:o? C�õ
4tsïCF8;=>03<.E5:	E5sM-ÏCB298;u :�8�E5:	E5=>ut?>0zõïCF8;=>03<5u`)�?'& =><v8;:
4E-ÏCBõ
:�#zxz25=Z4t:
? CC
9:
<v8�/XCB4f8;=>:
? ú
?>:
{�:
<v8o?>:
u�õ
03<z8;4;CB=><v8;:
u=� ó :�{.CF8;s
4t= CB2�s
/5=y8DCC
9=>s�C.CB?>034tu68;:
<5EXCB<5õ
:c)�4t:
/54t:
<5E54t:#ut03<µ/XCB4;CB{ ; 8;4t:
E5:G{.CB=>?y?y:	/54t03/54t:�� ó & s
/XCB=>utut:
2546õ
4t=y8;=>xz25:�E5s
/1:
<5EmE52�E5s�uDCFõ
õ
034tEmE5:G{.CB=>?>?y:6-i#Xxz25=c:
uf8:f

f = |
acouche − asubstrat

asubstrat
|

ó & s
/XCB=>utut:
254æõ
4t=y8;=>xz25: :1
9/�s
4t=>{�:
<z8DCB?>: E5: Cd1−xZnxTe ut254æ25<5:@CB298;4t: õ
0325õ ö : Cd1−yZnyTe #034t=>:
<v8;s
:
u ÿÏ�3�9ü � #
:
uf8ÑE503<5<5s
:$/XCB4�? C�4t:
? CF8;=>03<	ut25=y�BCB<v8;:oÿ :
<G{�03<50wõ
0325õ ö :
u � #Î:�8�8;4;CBõ
s
:$ut254�? C`DXA3254t:
ü�� � ò �3��ómò � � ó
f

dc = 0.067 ∗ f−3/2

0�^ acouche :�8 asubstrat ut03<z8�?>:�uG/XCB4;CB{ ; 8;4t:
uGE5:£{.CB=>?y?y:ñu;CB<5uGõ
03<z8;4;CB=><v8;:
uGE5:£? C�õ
0325õ ö :�E5s�ú/�03uts
:G:�86E52�ut2575uf8;4;CF80#5:�8 dc ?'& s
/XCB=>utut:
254@õ
4t=y8;=>xz25:�� ó :
u6CB?>?>=>CBA3:
u º E � <5?�:�:�8 º E � A�?Ñ:G4t:
? CC
9:
<v8/�032546E5:
u�E5s�uDCFõ
õ
034tE5uoE5:G{.CB=>?y?y:	ut25/1s
4t=>:
254tu6)£õ
:
2>
�E503<5<5s
u6/XCB46õ
:�8t8;:G?>03='#5CB25utut=c<50325u6õ
03<5ut=>E5s�ú
4t:
4t03<5u dc õ
03{�{�:Ú? C �BCB?>:
254c?>=>{£= 8;:æE�& s
/XCB=>utut:
254Ñ/�03254�? CBxz25:
?>?>:Ã?>:
u�õ
0325õ ö :
uÑ4t:
uf8;:
4t03<v8Ãõ
03<v8;4;CB=><v8;:
u=�

ü�ª



10-4 10-3 10-2 10-1
10 0

10 1

10 2

10 3

10 4
couche partiellement relaxée

couche contrainte

 

 

Ep
ai

ss
eu

r c
rit

iq
ue

 (m
on

oc
ou

ch
es

)

Désaccord de maille f

}P~.�K� ü�� � �wÛÜ�?�H���R�5�m�@�,���R� �R��×i�@�7��� �@�@�7�����?�ÇÝ@�7�G�*³´��¿��?µ­�7�5�@�K�@�Q�5�@±?�¾�R�Ç�C�o�G�*³´��¿��?µ­���m���Á���?�9�R� ���Q�G��G¸W�R���m�����Ç�o�G���K�H� � � ��¢
ó :$/XCB4;CB{ ; 8;4t:$E5: {.CB=>?y?y:Ú/1:
4t/1:
<5E5=>õ
25? CF=>4t:oÿ ='� :��Î?>:$?>03<5A6E5: ?'& CC
9:$E5: õ
4t03=>utu;CB<5õ
: � E�& 25<5: õ
0325õ ö :

õ
03<z8;4;CB=><v8;:�ut254625<�ut2575uf8;4;CF8ñÿTüÎ�3� � :�8�?>:�/XCB4;CB{ ; 8;4t:�E5:G{.CB=>?y?y:	/XCB4;CB?>? ; ?y:	ut03<v8�E503<5<5s
u�/XCB4%f
a⊥couche = acouche + 2

c12
c11

(acouche − asubstrat)

a
//
couche = a

//
substrat0�^ c12 :�8 c11 ut03<v8�?>:
u6õ
0z:MI�õ
=>:
<v8;u�E5:GE5sM- 034t{.CF8;=>03<�s
? CBuf8;=>xz25:
u@E5:
u�{.CF8;s
4t= CB2>
a�

÷ <5:£õ
03<v8;4;CB=><z8;:#75= CC
9= CB?y:#/54t0Î�30wxz25:�E5:
uGõ ö CB<5A3:
{�:
<v8;u�EXCB<5uG? C�uf8;4t25õ�8;254t:�E5:£7XCB<5E5:�fc25<5:
õ
03<z8;4;CB=><v8;: ö »wE54t03uf8DCF8;=>xz25:µ{�0wE5=.DX:�? C��BCB?>:
254.E5: ? C�7XCB<5E5: =><v8;:
4tE5=y8;:�# :�8�25<5: õ
03<v8;4;CB=><v8;:mE5:
õ
=>u;CB=>?>?y:
{�:
<v8@/1:
4t{�:�86E5:�?y:��v:
4@? C#E5s
A3s
<5s
4t:
utõ
:
<Xõ
:�E5:
u6ut0325uTú 7XCB<5E5:
u�E5:�8;4t0325u6)c@�Ã��/�
fhg9Þ K �%èæ�:æmçLõ,èÃ}0î��%ç�}=é4ê�î�î�çgèFì�æmç[ìbèæ�G�=å2î
k�l¾Éolmk © þ
�y�pþ��>ý�ü/ýiþ9ø��

¤p����³9���0���C�����[�4�>�Ò��}5���L�>�0�T�[�Ô���¯ß7�T�[µ
ó :G8�CF2>
mE5:�{.CBA3<5s
ut=>25{&E5:
u	CB?>?>=>CBA3:
u@8;:
4t<XCB=>4t:
u Cd1−xMgxTe

/1:
298�G�8;4t:�E5s
E525=y8oE5:�? C#�BCíú
?>:
254@E52�AvCB/�E5:G? Cñõ
0325õ ö :�{�:
ut254tsG:
< r$ó ÿ rÚö 0B8;0 ó 25{�=><5:
utõ
:
<5õ
: � �r 03254G?>:
uGCB?>?>=>CBA3:
u	xz2XCF8;:
4t<XCB=>4t:
u=#cõ
03{�{�: Cd1−x−yZnxMgyTe

#c=>?[-ÏCB298�ut25/5/�03ut:
4�xz25:£? C�õ
03{#ú
/103ut=y8;=>03<�:
<�<
=><5õ�:
uf8#õ
03<5<z25:�032ª{�:
ut254t:
4ñ?>:./XCB4;CB{ ; 8;4t:.E5:�{.CB=>?>?y:µÿ :
< 4;Cï»303<5<5:
{�:
<v84Ê&/XCB4
:1
9:
{�/5?>: � /1032546Cï�v03=>4�25<5:�E5:�2>
9= ; {�:Gs
xz2XCF8;=>03<��

¤p����³
���0���C�j�����>�Ò��}P�L�X}P��Ì>�=�
r 03254G�vs
4t=.DX:
4�?>:£/103254tõ
:
<v8DCBA3:.E5:.{.CB<5AvCB< ; ut:�/54ts
ut:
<v8ñEXCB<5u�?>:
u�/525=y8;u=#�<50325u�<50325u�7XCBut03<5u

ut254�?>:
u£{�:
ut254t:
u�E5:�4tsMºX:
õ�8;=y�w=y8;s�ut0325u�õ ö CB{�/�{�CBA3<5s�8;=>xz25:��
d ?@u=& CBA3=y8£E5:�E5s�8;:
4t{�=><5:
4=#Ú/XCB4£25<
�B�



Cí�f25uf8;:
{�:
<v8��w= C�? C]- 03<5õ�8;=>03<µE5:eA 4;=y?>?>0B25=><µ{�0zE5=.DXs
:�ÿ �303=>4	:
<��>� �>� � � #Z? C�õ
03{�/103ut=y8;=y03<µ:M\Z:
õ�8;=y�3:
xeff

4t:MºXs�8DCB<v86? C�uts
/XCB4;CF8;=>03<�nZ:
:
{.CB<�E5:
u@/103? CB4t=>u;CF8;=y03<5u σ+ :�8 σ− E52�/5=>õ	E5:�?'& :1
9õ
= 8D0B<�Cï�v:
õ�?>:õ ö CB{�/�{.CBA3<5s�8;=>xz25:�� ó C£õ
03254t7�: xeff (x) E503<5<5s
:�/XCBA3:�� � /�:
4t{�:�8�E5:GE5s
E525=>4t:G? Cñõ
03{�/103ut=y8;=>03<4ts
:
?>?>:�� 	 <�/54;CF8;=>xz25:�?'& Cí�f25uf8;:
{�:
<v86ut:%-ÏCB=y8J)ñ8;4;CÎ�3:
4tu6E5:
2>
�/XCB4;CB{ ; 8;4t:
u@?>=>754t:
u=# xeff :�8 TAF #5xz25=E503=y�3:
<v8.E503<5<5:
4£8;0325u�E5:
2>
ò? C�{HG
{�:�õ
03{�/103ut=y8;=>0B<°
ò:�<´{.CB<5AvCB< ; ut:��w= C�?>:
u£õ
03254t71:
u.E5:�? C
DXA3254t:��>� �>�
k�l¾ÉolRs $Áúgø��>ý�ü��ËÿBú��:þ��>ü/ú#�o�p�
ó :ñ/5=>õñE5: r$ó /10Bu;u ; E5:#25<�{.CC
9=>{ñ25{LCB2 õ
:
<z8;4t:#E5:ñ? C]<
03<5:#E5:cA 4t=>?>?>0B25=><�#�xz25=æ4t:
/54ts
ut:
<v8;:

?'& s
{�=yu;ut=>0B<�E52�/525=y8;u�xz2XCB<v8;=>xz25:�� r CB4�õ
03<v8;4t:�#Ñ? C r$óL	 ÿÇ<�/>=?�9=Gà\L­Sc­.-´�CFGBC��-´BC�1O3á­BM­.�Ç	��T­R=?-P#c�303=>4
:
< � <5<5:1
9: � #X? C þ :1ºX:
õ�8;=y�w=y8;s	032�? Cp?Ñ4;CB<5ut{�=>utut=>03<�/54ts
ut:
<v8;:
<z8625<�õ
03<v8;=><z2525{ E�& CB75ut034t/98;=>03<�CB2wú
E5:
utut25u�E5:G?'& s
<5:
4tA3=>:�E5: ù :
4t{�='�ó C E5s�8;:
4t{�=><XCF8;=>03<SE5:�? C E5:
<5ut=y8;s�E5:�/1034f8;:
254tu�EXCB<5u�?>:�/525=y8;u�:
uf8�7XCButs
:�ut254�? C {�:
ut254t:�E5:
?'& s
õïCB4f8�:
<v8;4t:#s
{�=>utut=>03<µ:�8�CB75ut034t/98;=>03<�2Zõ
:�8Gs
õïCB4f8G:
uf8�CB/5/1:
?>s#E5s
/5? CBõ
:�{�:
<z8�E5: � 03utuTúiA 254tuf8D:�=><
ÿ �303=>4ñ? C"DXA3254t: ü�� � � �F+	CB<5u#?>:�õïCBu#E5:�8;4;CB<5ut=y8;=>03<5uñ7XCF<5E5:")µ7XCB<5E5:�#æõ
:�E5s
/5? CBõ
:
{�:
<v8£:
uf8£s
AvCB?
) ? C ut03{�{�:�E5:
u�s
<5:
4tA3=>:
u�õ
=><5s�8;=>xz25:
u£E5:
u�/1034f8;:
254tumÿ 8;4t0325u�:�8�s
?>:
õ�8;4t03<5u � =>{�/5?>=yxz25s
u#EXCB<5u�?>:
/54t0zõ
:
utut25u6E�& :1
9õ
= 8�Cí8D=y03<�#9CB2.�3:
õ�8;:
254@E5: ù :
4t{�= kF � ó & :1
9/54t:
utut=>03<�E5:	? C�E5:
<5ut=y8;soE5:	/1034f8;:
254tu :
uf8E5=>4t:
õ�8;:
{�:
<v86/54t03/1034f8;=>03<5<5:
?>?y:%)£õ
:GE5s
/5? CBõ
:
{�:
<v8:f

p =
1

Πh̄2
memh

me +mh

∆MB

0�^#/£:
uf8$? C	E5:
<5ut=y8;s@E5:�8;4t0325u�ÿ :
< m−2
� # ∆MB ?>:�E5s
/5? CBõ
:
{�:
<z8ÚE5: � 03utuTúiA 254tuf8;:
=><mÿ :
<.øB0325?>:
u � #

me
? C#{.CButut:G:M\Z:
õ�8;=y�3:GE5:
u�s
?>:
õ�8;4t03<5u6EXCB<5u6?>:�/525=y8;u@õ
03<5ut=>E5s
4tsG:�8 mh

õ
:
?y?>:�E5:
u68;4t0325u=�

1625 1630 1635 1640 1645 1650 1655

0

100

200

300

400

500

600

700

800

900

 

 

In
te

ns
ité

 (u
.a

.)

Energie (meV)

déplacement de
Moss-Burstein

PL

PLE

}P~.�K� ü�� �h�¯��¸m�@�������m� �m�i���G�����i�R�¾Ø.Æ´�@�Ç�¾�R�m� �7âG¸W�m�H�5�´�m�i�R�R�3� �\�K�CÙG� �
�@�r�G�\���PãI¹*���#� �3����� �i�#��� � �Gä?��ÙG� ���z�G�ä��H�?�3�G�����PãI¹�å

$	<�<5s
A3?>=>A3:	EXCB<5u6õ
:�8t8;:�CB/5/54t00
9=>{.CF8;=y03<�?'& =></ºX25:
<5õ
:GE�& 25<�s��v:
<v8;25:
?�E5s
ut034tE54t:G:�8�?>:
u@=><v8;:
4;CBõ�ú
8;=>03<5uÚ:
<v8;4t:�/1034f8;:
254tu=� ó CG/54ts
õ
=yu;=y03<�E5:�? C	{�:
ut254t:�:
uf8�CB{�s
?>=y034ts
:@/XCB4$?'& CB/5/5?>=yõïCF8;=y03<#E�& 25<.õ ö CB{�/
{.CBA3<5s�8;=>xz25:�xz25=Ã/103? CB4t=yut:�:
<z8;= ; 4t:
{£:
<z8	?>:�AvC�<�E5:ñ/1034f8;:
254tu=#ZCB=><5ut=Ñ?>:�E5s
/5? CBõ
:
{£:
<z80#1{�:
ut254tsñ:
<

�wü



/103? CB4t=>u;CF8;=y03< σ+ #ï�303=y8Ñu;C6�FCB?>:
254ÑE5032575?>s
:$/XCB4�4;CB/5/1034f8ÃCB2�õïCBuÑu;CB<5uÑõ ö CB{�/�CB/5/5?>=>xz25s�� ó C6õ
03<5õ
:
<wú8;4;CF8;=>03<�4t:
?>CF8;=y�v:�E5:�/1034f8;:
254tu�:
uf8oE5s�8;:
4t{�=><5s
:p)£xz25:
?>xz25:
uo/103254tõ
:
<v8;uo/54 ; u=� ý 0B8;03<5u6xz25:�ut=�?'& 03<
/54t:
<5E�:
<�õ
03{�/98;:�?>:
u :M\Z:�8;u�:1
9õ�=y8;03<5=>xz25:
u=#9? CG/54ts
õ
=>ut=>03<.E5:o? C��BCB?>:
254 CB75ut03?>25:�E5:oõ
03<5õ
:
<v8;4;CF8;=>03<
:
uf8�E5s
A34;CBE5s
:�� º :
u6:M\Z:�8;u6:
{�/�G
õ ö :
<v8�s
AvCB?>:
{�:
<v8@E5:G{£:
ut254;:�46E5:
u@õ
03<5õ
:
<z8;4;CF8;=>03<5u�8;4t03/b-ÏCB=>75?>:
u=#
='� :��X:
<wú E5:M_0)�E5:Gxz25:
?>xz25:
u 1010cm−2 ò ��ª�ó'�
º :�8t8;:µ{�s�8 ö 0wE5:µ<5:µ/�:
4t{�:�8�/XCBu�E5:µE5s�8;:
4t{�=><5:
4.ut=o?>:
u�/�034f8D:�254;u�ut03<v8�E5:
u�8;4t0325u.032SE5:
u

s
?>:
õ�8;4t03<5u=� º :
/1:
<5EXCB<v8Gõ
:�8t8;:ñ=></- 034t{.CF8;=y03<�:
uf8GCBõ
õ
:
utut=>75?>:ñ/XCB4o?>:�ut=>A3<5:�E52µõ ö CB{�/µ{.CBA3<5s�8;=>xz25:
<5s
õ
:
utuDCB=>4t:G/103254@/103? CB4t=>ut:
4�?>:�AvC�<GE5:G/�034f8;:
254tu=�

�3�



] ^ r`_ �����"� æ

ç ã����"! è�ã r � �"�#è�ãy��! ��� é9���"�"â�� r`ê �ëc��"�g!*� �

¤|gif , çgèFì�æmç[ìbèNåwí*å¹ô��:îLîgå�í�}=öÔå2ê�îc}Mépê�ê��G�
}MçLõ(ì.�Måyð"ì�}1ç[î ëHì��pê ¦
ç�}=ëHì*å

ôw=Ñ03<mõ
03</DX<5:ñE5:
uo/1034f8;:
254tu�).?'& CB=>E5:GE5:�7XCB4t4t= ; 4t:
u�E5:ñ/�0B8;:
<z8;=>:�?ÑEXCB<5uo25<5:p<
03<5:�E5:ñE5=>{�:�<wú
ut=>03<5u�<XCF<503{�s�8;4t=>xz25:
u=#�?>:
u�<5=y�v:ïCF2>
�E�& s
<5:
4tA3=>:.CB298;034t=>uts
u�ut:.E5=>utõ
4ts�8;=>ut:
<v8�:�8�? C�E5:
<5ut=y8;s�E�& s�8DCF8;u
:
<�- 03<5õ�8;=>03<�E5:G?'& s
<5:
4tA3=>:�õ ö CB<5A3:GE5:%- 034t{�:��ó :�õïCBu�E5s��v:
?>03/5/�s#EXCB<5u	õ
:ñ{�s
{�03=>4t:�:
uf8�õ
:
?>25=ÃE52µ/525=y8;u	xz2XCB<v8;=>xz25:�#Zõ�& :
uf8fúi)íú E5=>4t:�xz25:#?>:
uo/1034Tú
8;:
254tu£ut03<v8£?>0wõïCB?>=yuts
u#EXCB<5u£25<5:�ut:
25?>:�E5=>4t:
õ�8;=>03<Òfæ03<è/XCB4t?>:�E5:�õ
03</DX<5:
{�:
<z8�75=>E5=>{£:
<5ut=>03<5<5:
?'�ó C�E5:
<5ut=y8;s�E�& s�8DCF8;u	s��303?>25:ñCB?>034tu�/XCB4�/XCB?>=>:
4tu�:
<�- 03<5õ�8;=>03<mE5:�?'& s
<5:
4tA3=>:�#�õ ö CBõ
25< E5:�õ
:
u	/XCB?>=>:
4tu
õ
03<5uf8;=y8;2XCB<v8625<�<5=y�3:ïCB2�E5:Gõ
03</DX<5:
{�:
<v8:f5�303=>4@? CpDXA3254t:��>�yü��

D(E)

D(E)

D(E)

E

E

D(E)

D(E)

0 D

1 D3 D

2 D

E

E

}P~.�K� �>�yüz�E���m�?�5� �R¸���� ¸��Ç�C�Ç�#�P»Áå´½#�@�H�?��� �W���m���#í���Ò î��
¢
+	CB<5u.?>:�õïCBu ÿ 8 »w/5=>xz25:mEXCB<5u.<503u.s�8;25E5:
u � E�& 25<´/525=y8;u�xz2XCB<z8;=>xz25:mE5: Cd0.96Mn0.04Te

E5:� <5{"# ut03=y8�� � {�03<50zõ
0325õ ö :
u=# s
/5=y8DCC
9=>s�ut254�25<´ut2575uf8;4;CF8�E5: Cd0.88Zn0.12Te :�8�:
<v8;03254tsmE5:7XCB4t4t= ; 4t:
uoE5: Cd0.65Zn0.08Mg0.27Te
#125< õïCB?>õ
25?�8;:
<XCB<v8�õ
03{�/98;:�E5:
u	:M\Z:�8;u�E5:�õ
03</DX<5:
{�:
<z8�:�8

E5:oõ
03<v8D4;CB=y<z8;:oCB7103298;=y8,)�25<5:	E5=>uf8;4t=>75298;=>03<�E5:o<5=y�v:ïCB2>
.E�& s
<5:
4tA3=>:	xz25=Z:�ut8 8;:
?>?>:�xz25:	?>:
u <5=y�v:ïCB2>

E�& s
<5:
4tA3=>: ö5ö ÿ 8;4t0325u ?>03254tE5u � :�8�? ö ÿ 8;4;0B25u ?>s
A3:
4tu � <5:out03<v8�/5?>25u E5s
A3s
<5s
4ts
u�fw?>:
254 uts
/XCB4;CF8;=>03<�:
uf8
E5:	?'& 034tE54t:oE5:��3�ñ{�:�84#w?>:	/54t:
{�=>:
4 <5=y�3:ïCB2�/1:�25/5?>s�s�8DCB<v8 hh1 � º :�8t8;:	uts
/XCB4;CF8;=>03<�ut:
4;Cc)ñõ ö CBxz25:- 03=>u�ut2/I�u;CB{�{�:
<v8ñA34;CB<5E5:./103254�xz25:.<50325uñ<�& Cï»v03<5u�/XCBuc)�õ
03<5ut=>E5s
4t:
4ñ?>:
u�CB298;4t:
uñ<5=y�3:ïCB2>
ªE5:
8;4t0325u�ÿ õM-i�X/XCBA3::� ��� �

���



¤|g:¤ |Úõ2æ��:ê�}=îLöÔå2î�í R �Vð�ð��%èÃ}1ç�}=é4ê¸í�ìðï�å,è[èNépö �7jpê*õ,ç�}0îLöÔå
sKlRsKlmk ñ úÕ���9ø����9ø�ò#�>úyó������9ø��aü/ý�����ú
ó : � <.C	25<5:6uf8;4t25õ�8;254t: 3d54s2 � ó & 034t75=y8DCB?>:,�BE£s�8DCB<z8m)	{�03=y8;=>s /5?>:
=><5:�#But:
u$s
?>:
õ�8;4t03<5u$03<v8$E5:
uut/5=><5u�/XCB4;CB?>? ; ?y:
u£ÿ 4 ; A3?>:ñE5:e3�25<5E � � ó & =><5õ
0B4;/�034;CF8;=>03<µE52 {.CB<5AvCB< ; ut:#ut:4-ÏCB=>u;CB<v8GCB?>sïCF8;03=>4t:�{�:
<v8

ut254$?>:
uÚut=y8;:
u
dhdÑE52 Cd1−xMnxTe
#303<�C�25<£:
<5ut:
{#75?>:@E5:6ut/5=><5u ô|Ã � Ç3�o4ts
/XCB4f8;=>uÚEXCB<5u$?'& CB?>?y=>CBAB:��	 <�?'& CB75ut:
<5õ
:@E�& =><z8;:
4;CBõ�8;=>03<5uæ:
<v8;4t:@õ
:
u$ut/5=><5u=#v=y?5E5:��w4DCF=y8 CB/5/XCB4;C?¨>8;4t:�25<5:6CB=>{.CB<v8DCF8;=y03<ñ{�0Î»3:
<5<5:

E5s
õ
4t=y8;:G/XCB4@25<5:V- 03<5õ�8;=>03<�E5::A 4t=>?>?y0325=><�õ
? CButut=>xz25:ef

M(B, T ) =
5

2
gµBN0x B 5

2

(
5
2
gµBB

kB(T )
)

0�^ N0 :
uf8 ? C�E5:
<5ut=y8;s6E5:�õïCF8;=>03<5u$EXCB<5u ?>:@õ
4t=>uf8DCB?'# µB ?>:@{.CBA3<5s�8;03<�E5:6A 0 ö 4=# kB ? C�õ
03<5uf8DCB<v8E5:�A 03?y8ñ<
{.CB<5<�#vA�?>:2-ÏCBõ�8;:
254 E5: ó CB<5E5s�#>A�?>:�õ ö CB{�/.{.CBA3<5s�8;=>xz25:�# B 5

2

? C%- 03<5õ�8;=>03<�E5:�A 4t=>?y?>0B25=><
CButut0wõ
=>s
:�CB2�ut/5=>< � Ç3�>#5?�? C�8;:
{�/1s
4;CF8;254t:�#X:�8J
�? Cñxz2XCB<v8;=y8;sGE5:G{.CB<5AvCB< ; ut:��
º :
/�:
<5EXCB<z80#c=>?æC�s�8;s#{�03<z8;4tsñxz2�& =>?Ã:1
9=>uf8;:£25<5:#=><v8;:
4;CBõ�8;=>03< CB<z8;=.- :
4t4t03{.CFA3<5s�8;=>xz25:�:
<z8;4t:#?>:
u

ut/5=><5uÚxz25='#But0325uÚõ ö CB{�/#{.CBA3<5s�8;=>xz25:�:�89)	7XCButut:�8;:
{�/1s
4;CF8;254t:�#B75?>0wxz25:�:
<£/10Bu;= 8D=y03<#CB<v8;=>/XCB4;CB?>? ; ?>:
?>:
u6ut/5=><5u@�303=>ut=><5u=� º :
õ
=�E503=y8JG�8;4t:G/54t=>u6:
<�õ
03{�/98;:�EXCB<5u6? CñE5:
utõ
4t=>/98;=>03<�E5:G?'& CB=>{.CB<v8DCF8;=y0B<��
sKlRsKlRs ÷�ømü/ú��>�9ûPü/ýiþ9ø��ô�9ømü/ý��Uú����5þ
�����9ø��aü/ý�� �Bú#�
÷ <5:�/54t03/54t=>s�8;s	{.CF�f:
254t:	EXCB<5u@õ
:�8 »w/1:�E5:�{.CF8;s
4t= CB2>
�:
uf86?'& :1
9=>uf8;:
<5õ
:�E�& =><z8;:
4;CBõ�8;=>03<5u�E5:�ut2wú

/1:
4ts
õ ö CB<5A3:�CB<v8;=.- :
4t4t03{.CBA3<5s�8;=yxz25:�E525:])�?'& ö »w754t=>EXCF8;=>0B<�E5:
u�s
?>:
õ�8;4t03<5u�EªE52�{.CB<5AvCB< ; ut:.CÎ�3:
õ
?>:
u@7XCB<5E5:
u6E5:Gõ
03<5E525õ�8;=>03<�:�86E5:	�BCB?>:
<5õ
:�� º :
u�=><v8;:
4;CBõ�8;=>03<5u�u=& :1
9:
4tõ
:
<z8B)#õ
03254f8;:�/1034f8;s
:ef5:
?>?>:
u
<5:�õ
03<5õ
:
4t<5:
<z8#xz25:�?>:
u�/54t:
{�=>:
4tu��303=>ut=><5u=�N+	CB<5u#25<5:�õ
0325õ ö :�s
/XCB=>utut:�:
?>?>:
u�ut03<v8#E5s
õ
4t=y8;:
uñ/XCB4
?'& ö CB{�=>? 8;03<5=y:
<�ut25=y�BCB<v8Vf

H = −
∑
ij

Jij
−→
Si .
−→
Sj

0�^ −→Si 4t:
/54ts
ut:
<z8;:�25<�ut/5=><�?>0wõïCB?>=yuts�:�8 Jij ?>:
u6=><v8;s
A34;CB?>:
u�E�& s
õ ö CB<5A3:G:
<z8;4t:G?>:
u@ut/5=><5u6=c:�8Ú�M�ý 0B8;03<5u@xz25:GEXCB<5u@25<�/525= 8Du�xz2XCB<v8;=>xz25:�#X?>:	õ
03</DX<5:
{�:
<v8�=>{�/�03ut:	? CñE5=>4t:
õ�8;=>03<�E52�ut/5=><�E5:
u6/1034Tú
8;:
254tuñÿ /�:
4t/1:
<5E5=>õ
25? CB=>4t:GCB2�/525=y8;u=#Xõ�& :
uf8fúi)íú E5=>4t:�EXCB<5u6? CñE5=>4t:
õ�8;=>03<�E5:Gõ
4t03=>utu;CB<5õ
: � �
ó :
uG=><v8;s
A34;CB?>:
u�E�& s
õ ö CB<5A3:�:
<z8;4t:£/54t:
{�=>:
4tu	�v0B=>ut=><5u��FCB?>:
<z8 J1 = −6K EXCB<5u º E � <5?�:´ò �3�Có

:�8 J1 = −10K EXCB<5u:nZ< � <5?�:mÿ E�& CB/54 ; ucò �3��ó � � 	 <5ut25=y8;:#:
?>?>:
uoE5s
õ
4t03=>utut:
<v8%- 034f8;:
{�:
<z8	/103254	?>:
u
�v03=>ut=><5u�u;25= �BCB<v8;u4f1EXCB<5uVnZ< � <5?Ñ:ñ{.CButut=.-i#�:
?>?>:
u��BCB?>:
<v8 J2 = −0.2K # J3 = −0.16K # Ji s�8�CF<z8?'& =><z8;s
A34;CB?y:	E�& s
õ ö CB<5A3:�:
<v8;4t: ieme �303=>ut=><5u:ò �9üMó'�d ?�:
uf8H)µ<50B8;:
4#xz25:�õ
:
u£=><v8;:
4;CBõ�8;=>03<5u#CB<v8;=.- :
4t4t03{.CBAB<5s�8;=>xz25:
uñ/1:
29�3:
<v8.õ
03<5E525=>4t:�#æ/�03254#E5:
u
õ
03<5õ
:
<z8;4;CF8;=>03<5u s
?>:��3s
:
u :
< � <�#>)�E5:
u 8;4;CB<5ut=y8;=>03<5u$E5:68 »w/1:��3:
4t4t:oE5:�ut/5=><�� º :
õ
=1?>=>{�= 8;:@? CGxz2XCB<wú
8;=y8;s£298;=>?>:ñE5: � <�=><5õ
034t/1034;CB75?>:ñEXCB<5u�?>:#ut:
{�= ú õ
03<5E525õ�8;:
254:)�:
<z�w=>4t03<�üÎ��
ïò � ó'#�C�DX<�xz25:�õ
:�8t8;:
8;4;CB<5ut=y8;=>03<ñ<5:�ut254f�w=>:
<5<5:@xz2�& )�25<5:�8;:
{�/�s
4;CF8;254t: 8D4 ; uæ=></- s
4t=>:
254t:,)	? C�8;:
{�/1s
4;CF8;254t:�E�& CB/5/XCB4t=y8;=>03<
E52�- :
4t4t03{.CBA3<5s�8;=>ut{�:��
r 03254�E5:"-ÏCB=>75?>:
u#õ
03<5õ
:
<z8;4;CF8;=>03<5u=#$03<ò/54t:
<5E´:
<òõ
03{�/98;:�?>:
u�=><v8;:
4;CBõ�8;=>03<5u£:
<z8;4t:�/54t:
{�=>:
4tu

�v03=>ut=><5u A34ñZBõ
:�)�25<�{�0wE ; ?>:�E5:oõ
?>25uf8;:
4tu�fz?'& :
<5ut:
{#75?>:�E5:
u ut/5=><5u :
uf8�uts
/XCB4ts	:
<�õ
?>25uf8;:
4tu�E5:�8DCB=>?y?>:
�F�



õ
4t03=>utu;CB<v8;:#ÿ ut/5=><5u�=>ut03?>s
u=#z/XCB=>4t:
u=#z8;4t=>/5?>:�8;u=#.�.�.� � :�8@?'& 03<�8;=>:
<v8�õ
03{£/98D:�E5:	?>:
254tu /54t03/54t=>s�8;s
u {.CBA3<5s�ú
8;=>xz25:
u6uts
/XCB4ts
{�:
<v80�
� 8;4 ; u@7XCButut:	8D:�{�/1s
4;CF8;254t: (T << |2J1|) :�86õ ö CB{�/�{.CBA3<5s�8;=>xz25:B-ÏCB=>75?y:�#w?>:
u�õ
?>25uf8;:
4tu@E5=>ut/10Fúu;CB<v8	E5:ñ/5?>25uoE�& 25< ut/5=><µut03<v8�75?>0wxz25s
u	CB<z8;=>/XCB4;CB?y? ; ?>:
{£:
<z8�:�8�ut:
25?>u	?>:
uout/5=><5uoE5: � < =>ut03?>s
u�03<v8

25<5:ñõ
03<v8;4t=>75298;=>03< CB2µ{.CBA3<5s�8;=>ut{�:�#�E5:�8T»w/1:ñ/XCB4;CB{.CBA3<5s�8;=>xz25:���$	<µ/54;:�<5E�:
< õ
03{�/98;:ñõ
:ñ/ ö s�ú
<503{ ; <5:�:
<�E5s
õ�4;= �BCB<v8�?'& CB=>{�CB<z8DCí8;=y03<m/XCB4	25<5:p- 03<5õ�8;=>03<µE5:cA 4t=>?>?y0325=y<m{�0zE5=.DXs
:�E�& 25<�E5s
õïCB? CFA3:
TAF

E52�8;:
4t{�:�E5:�8;:
{�/1s
4;CF8;254t:cf

M(B, T ) =
5

2
gµBN0 xeff B 5

2

(
5
2
gµBB

kB(T + TAF )
)

0�^ N0 :
uf8�? C.E5:
<5ut=y8;s#E5:ñõïCF8;=>03<5u	EXCB<5u�?>:�õ
4t=>uf8DCB?'# µB ?>:ñ{.CBA3<5s�8;03<µE5:eA 0 ö 4=#ZA�?>:p-ÏCBõ�8;:
254E5: ó CB<5E5s�#�A ?>:�õ ö CB{�/#{.CBA3<5s�8;=>xz25:�:�8 B 5

2

?>CB- 03<5õ�8;=>03<ñE5:2A 4t=>?>?y0325=y<#CButut0wõ
=>s
:6CB2#ut/5=>< � Ç3�4ò �v�Có'�
xeff

ÿh��õ
03{�/�03ut=y8;=>03<ª:M\Z:�õ�8;=y�v:�� � :�8 TAF ÿh��8;:
{�/1s
4;CF8;254t:�CB<z8;=.- :
4t4t03{.CFA3<5s�8;=>xz25:�� � ut03<v8£E5:
2>
/XCB4;CB{ ; 8;4t:
u / ö s
<503{�s
<503?>03A3=>xz25:
u 4t:
/54ts
ut:
<v8DCB<v864t:
ut/1:
õ�8;=y�3:
{�:
<z8@? C�xz2XCB<v8;=y8;so:M\Z:
õ�8;=y�v:	E5:	ut/5=><5u
=>ut03?>s
uÚ/XCB4f8;=>õ
=>/XCB<v8m)G?'& CB=>{�CB<v8DCF8;=y03<#:�8 25<5:68;:
{�/1s
4;CF8;254t:6:M\Z:
õ�8;=y�3:68;:
<XCB<z8 õ
03{�/98;:6E5:�õ
:
u =><v8;:
4Tú
CBõ�8;=>03<5uo4ts
ut=>E525:
?>?>:
u	E�& s
õ ö CB<5A3:£CB<z8;=.- :
4t4t03{.CFA3<5s�8;=>xz25:�:
<v8;4t:#?>:
u	ut/5=><5u	E5: � < =>ut03?>s
u=� º :
u�E5:
2>

/XCB4;CB{ ; 8;4t:
u�03<v8os�8;s�CF�f25uf8;s
uo/XCB4	ø/� ûGCí�@:�8	CB? ÿEò ����ó � EXCB<5u º E � <5?Ñ:ñ{.CButut=.-i#X:
<�- 03<5õ�8;=>03<�E5:�? C
xz2XCB<v8;=y8;s7áµE5: � <�=><5õ
034t/�034ts
:�#XõM-i�5DXA3254t:��>� �7�

0.0
 0.1
 0.2
 0.3
 0.4
 0.5

0.00


0.01


0.02


0.03


0.04


0.05


0.00


0.01


0.02


0.03


0.04


0.05

 


 


co
m

po
si

tio
n 

ef
fe

ct
iv

e 
  x


 ef
f


composition x en Mn


0.0
 0.1
 0.2
 0.3
 0.4
 0.5

0


1


2


3


4


5


6


7


8


9


10


0


1


2


3


4


5


6


7


8


9


10

 


 


te
m

pé
ra

tu
re

 a
ni

tfe
rr

om
ag

né
tiq

ue
  T



A

F


composition x en Mn


}P~.�K� �>� �z�1õÜ�.�?�¾�R�m� �m�i�Ç�I�@�R�����i�5¸W�>�?�H�Iö?¢ ÷3�H�>�@�H�?�
Cd1−xMnxTe

�K���R�5� ���G���@�?�H�i�I��������� ���i�5� �R� ��� ��øN�W�9�R� ù��
xeff

�������
�R�m� �N¸m�Ç�C�R�@�R�3�H�i�R� �Á�m�R�R���K�H���@¸��R��×i�@�
TAF

�m���Á���?�9�R� ���z�G����� ����� ���i�5� �R� �����m������úU� í�í:�
+	CB<5uñõ
:�E503{.CB=><5:�E5:.8;:
{�/�s
4;CF8;254t:�#Ã? Cmut25utõ
:
/98;=>75=>?>=y8;s�E5:
uñut/5=><5uñE5:�{.CB<5AvCB< ; ut: χMn

:
uf8
E503<5<5s
:G/XCB4625<5:G?>03=ZE5: º 254t=>:�ú�Q�:
=>utuVf

χMn = C0
xeff

T + TAF
avec C0 =

S.(S + 1)

3kB
(gµB)

2

0�^ C0 :
uf8�? Cñõ
03<5uf8DCB<z8;:GE5: º 254t=>:Hò �3��ó'�
d ?�:
uf8�)£<50B8;:
4�xz25:�?'& Cí�f25uf8;:
{�:
<v8�E5: TAF 4t:
/�034f8;s�EXCB<5u�? CcDXA3254t:ñ�>� �#:
uf8o7XCButs�ut254oE5:�uo{�:�úut254t:
uñE5:.õ
0325õ ö :
uñs
/XCB=>utut:
u=�F+	CB<5uñ?>:.õïCBu�E�& 25< /525=y8;u�xz2XCB<v8;=>xz25:�#Ñ?>:.õ
03</DX<5:
{�:
<v8#{�0zE5=.DX:�?>:
u

�FCB?>:
254tu6{�:
ut254ts
:
u�:�8�=>{�/�03ut:�25<�4tsïCí�f25uf8;:
{�:
<z8ñÿ �303=>4Vò �B��ó�/XCBA3:#ü��B� � �

� �



ó :
u@õ
03<5E5=y8;=>03<5u E5:	8;:
{�/1s
4;CF8;254t:	:�86E5:�õ ö CB{�/�{.CBA3<5s�8;=>xz25:	EXCB<5u@?>:
utxz25:
?>?>:
u�õ
:
u@õ
03<5ut=>E5s
4;Cíú
8;=>03<5u@4t:
uf8;:
<z86�BCB? CB75?>:
u@ut03<v8�?>=>{£= 8;s
:
u%f
∗ )�õ ö CB{�/.{.CBA3<5s�8;=>xz25:�s
?>:��3s�#9?>:�u õ
?>25uf8;:
4tu E5:out/5=><�CB/5/XCF4;=ys
u ut:oE5s
75?>0wxz25:
<v8Gÿ B = 12T /103254?>:
u6/XCB=>4t:
u � :�8�?>:
254tu@õ
03<z8;4t=>75298;=>03<5uJ)#?'& CB=>{.CF<z8DCF8;=y0B<�u=& CF�f03298;:
<v8�/XCB4@/XCB?>=>:
4tu=�
∗ ) ö CB298;:G8;:
{�/�s
4;CF8;254t:.ÿj?yÅ�ü � ��S � ?>:
u@ut/5=><5u�75?>0zxz25s
u6u;:GE5s
75?>0wxz25:
<v8�s
AvCB?>:
{�:
<z86:�8�/XCB4f8;= ú
õ
=>/1:
<v8oCB2�/XCB4;CB{.CBA3<5s�8;=>ut{�:��
∗ ) 8;4 ; u�7XCButut:�8;:
{�/1s
4;CF8;254t:�ÿj?oÃ��/� �v��SY/103254 Cd0.99Mn0.01Te

� #$=>? »òC(- 034t{.CF8;=y03<èE�& 25<5:
/ ö CBut:G�3:
4t4t:�E5:Gut/5=><»#X{HG
{�:�/�032546?>:
u,-ÏCB=>75?>:
u�õ
03<5õ
:
<z8;4;CF8;=>03<5u@:
<�{.CB<5AvCB< ; ut:��
+	CB<5u	8;03298;:#õ
:�8t8;:ñ8 ö5; ut:£<50325u�4t:
uf8;:
4t03<5uGEXCB<5u�25<�E503{.CB=><5:ñE5:ñ�FCB?>=>E5=y8;s�4;CB=>ut03<5<XCB75?>:�ÿ x <

10%, 1 < T < 10K,B < 4T
� <50325uo/1:
4t{�:�8t8DCB<v8	E5:�<50325uo7XCBut:
4	ut254o?>:
u	Cí�f25uf8;:
{�:
<z8;uoE5: xeff:�8 TAF /54ts
ut:
<z8;s
u2DXA3254t:��>� �>�

sKlRsKl5u © þ��o�z!����9út�ñú��p�5þ
�����9ø��aü/ý�� �Bú
	 <µ/54ts
ut:
<5õ
:ñE�& 25<µAvC�<�E5:�/1034f8;:
254tu=#125<µõ
0325/5? CBA3:V- :
4t4t03{.CBA3<5s�8;=>xz25:G/1:
298�Cï�303=>4�?>=>:
2�:
<v8;4t:

?>:
uæut/5=><5uæ=>ut03?>s
u=#í�w= Co?>:
uÃ=><v8;:
4;CBõ�8;=>03<5u þ SVSBY)ÿ E5: þ 25E5:
4t{.CB<wúLS�=y8t8;:
? ú SGCBut29»vCíú'Y 03ut=>EXC � fB=>?wu=& CBA3=y8
E�& 25<mõ
0325/5?>CBA3:��3s ö =>õ
25?>s�/XCB46?>:
u@/1034f8;:
254tu�ÿ �303=>4@/XCB4@:1
9:
{�/5?>:Hò ü�ª�ó � �ó & ö CB{�=>?y8;0B<5=>:
<	xz25=3E5s
õ
4t=y8�?>:æuf»wuf8 ; {�:$:
uf8ÑCB?>034tu�? C�ut03{�{�:ÃE5:$?'& ö CB{�=y? 8;03<5=y:
<	E52Gut:
{�= ú õ
03<5E525õ�8;:
254
<503<¢{.CBA3<5s�8;=>xz25:m:�8�E5: ?'& ö CB{£=>? 8;03<5=y:
<´E�& s
õ ö CB<5A3:�:
<v8;4t: ?>:
u�/1034f8;:
254tu�:�8�?>:
u�ut/5=><5u�?>0zõïCB?>=>uts
u
ÿ 7XCB<5E5:GE�E5:
u6=>03<5u Mn2+

� �X$	<�8D=y:
<z8@õ
03{�/98;:�E5:Gõ
:�86s
õ ö CB<5A3:G:
<�E5s
õ
4t=y�BCB<v8�?'& :1\Z:�86{�0í»3:
<�E5:
u
ut/5=><5u6E5: � <�#�ut0325u625<�õ ö CB{�/�{.CBA3<5s�8;=>xz25:�ut25=y�BCB<v8�$�<�#5/XCB46?'& ö CB{�=y? 8;03<5=y:
<�ut25=y�BCB<v8:f

H = α N0xeff < Sz > sz
/103254@?>:
u6s
?>:
õ�8;4t03<5u

H = β N0xeff < Sz > sz
/�032546?>:
u�8;4t0325u

0�^ < Sz >
:
uf8�? C��FCB?>:
254 {�0Î»v:
<5<5:�E5:
u ut/5=><5u`�BE.E5: � <.õïCB?>õ
25?>s
:6ut254 ?'& :
<5ut:
{ñ75?>:6E5:
u ut/5=><5u=#

sz
?>:�ut/5=><�E5:
u�/�034f8;:
254tu#2X:�8 αN0, βN0 ?>:
u6=><v8;s
A34;CB?>:
u�E�& s
õ ö CB<5A3:��ó Cb- 03<5õ�8;=>03<µE�& 03<5E5:£E5:�uG/1034f8;:
254tu�s�8DCB<v8Gut2/I�u;CB{�{�:
<v8Gs�8;:
<5E525:£/103254	xz25:£õ
:
2>
zú õ
=æ�303=>:
<v8G25<

A34;CB<5E�<503{ñ754t:�E5:�ut=y8;:
u£CF8;03{�=>xz25:
u�ÿ :�8�E503<5õ�E�& =>03<5u Mn2+
� #æ03<è/1:
298�{�0Î»v:
<5<5:
4#?'& s�8DCF8£E5:
u

ut/5=><5u −→Si E5: Mn2+ ÿÏCB/5/54t00
9=>{.CF8;=y03< E52�õ ö CB{�/è{�0í»3:
< � /XCB4#25<�8;:
4t{�: < Sz >
25<5=>xz25:�:�8

ut03{�{�:
4o?>:
u	õ
03<v8;4t=>75298;=>03<5uout254o8;0325u	?>:
uout=y8;:
u	E52 ut0325uTú 4ts
ut:ïCB2�E5:ñõïCF8;=>03<5u#ÿÏCB/5/54t0�
9=>{.CF8;=y03<mE52
õ
4t=>uf8DCB?��w=>4f8;25:
? � �
r 032546? Cñ7XCB<5E5:GE5:Gõ
03<5E525õ�8;=>03<�# sz = ±12 :�8 αN0 = 0.22eV EXCB<5u º E � <5?Ñ:��r 03254#? Cm7XCB<5E5:�E5:��FCB?>:
<5õ
:�#æ:
<�õ
:
<v8;4t:�E5:*<
03<5:�E5:�A 4t=>?>?>0B25=><�# sz = ±1

2
ÿ 8;4t0325u | ± 3

2
>
� :�8

sz = ±
1
6
ÿ 8;4t0325u | ± 1

2
>
� � ó & =><v8;s
A34;CB?>:	E�& s
õ ö CB<5A3:G�BCB298 βN0 = −0.88eV EXCB<5u º E � <5?Ñ:��ó :
u$=><v8Ds�A34;CB?>:
uæE�& s
õ ö CB<5A3:6ut03<v8 E503<5õ@�%- 03=>uæ/5?>25uÚs
?>:��3s
:
u /�03254$?>:�uæ8;4t0325u$xz25:6/�03254$?y:
uÚs
?>:
õ�8;4t03<5u=#

õ
:£xz25=Ú:
uf8:)�? C�7XCBut:#E5:
uGõïCB?>õ
25?>u	{�03<z8;4;CB<v8�xz2�& 25<5:£/ ö CBut:c- :
4t4t03{.CBA3<5s�8;=>xz25:ñ/�03254t4;C�u=& s�8DCB75?>=>4
-ÏCBõ
=>?>:
{�:
<v8#ut=�?>:
u#{�s
E5= CF8;:
254tu#E52èõ
0325/5? CBA3:]- :
4t4t03{.CBA3<5s�8;=>xz25:�ut03<z8£E5:
u#8;4t0325u�ò � � ó�ÿÏCï�3:
õ�E5:
u
s
?>:
õ�8;4t03<5u�=>?L-ÏCB25E54;C�E5:
u�õ
03<5õ
:
<v8;4;CF8;=>03<5u�E5:ñ/1034f8;:
254tu�71:ïCB25õ
0325/�/5?>25u	=>{�/1034f8DCF<z8;:
u � � � =><5ut=Ã03<
/103254t4;C�ut:out:
4f�w=>4 E5:	? CGE5:
<5ut=y8;s	E5:�8;4t0325u õ
03{�{�:�E�& 25<�/XCB4;CB{ ; 8;4t:oE5:oõ
03<v8;4hW3?>:oE5:o? CG8;4;CB<5ut=y8;=>03<
- :
4t4t03{.CBA3<5s�8;=>xz25:��

���



º :
u@=><v8;:
4;CBõ�8;=>03<5u E�& s
õ ö CB<5A3:�/54t0Î�30wxz25:
<v80#Xut0325u�õ ö CB{�/�{.CBA3<5s�8;=>xz25:�#9E5:B- 034f8;:
u�uts
/XCB4;CF8;=>03<5u
CB2�ut:
=><�E5:6? C�7XCB<5E5:�E5:6õ
03<5E525õ�8;=>03<�:�8 E5:�? C	7XCB<5E5:�E5:@�BCB?>:
<5õ
:��/$	<.CB/5/�:
?>?>:@õ
:�8 :M\Z:�8 ? CH��uts
/XCíú
4;CF8;=>03<HnZ:
:
{.CF<£A3sïCB<z8;:���/XCB4Úõ
03{�/XCB4;CB=>ut03<£Cï�3:
õ�?'& :M\Z:�8`nZ:
:
{�CB<£E5=>4t:
õ�8$xz25='#3?>25='#B:
uf8 <5s
A3?>=>A3:ïCB75?>:
:
<�/54ts
ut:
<5õ
:�E5: � <��÷ <5:�E5:
uoõ
03<5uts
xz25:
<5õï:ñE5:�? C£?>:��3s
:�E5:�E5s
A3s
<5s
4t:
utõï:
<5õ
:#E5:
uout0325uTú 7XCB<5E5:
u	E5:�ut/5=><m:
uf8	?>:�E5s
/5? Cíú
õ
:
{�:
<v8�E5:
uo8;4;CB<5ut=y8;=>03<5u�03/98;=>xz25:
u	õ
=>4tõ
25? CB=>4t:
u σ+ :�8 σ− E5s
õ
4t=y8�EXCB<5u	? CeDXA3254t:£�>� ��C>#Zxz25:ñ?'& 03</�:
298o{£:
ut254;:�4�/XCF46ut/1:
õ�8;4t03utõ
03/5=y:�03/98;=>xz25:��
ó C£uts
/XCB4;CF8;=>03<´nZ:
:
{.CB<�#X=>?>?>25uf8;4ts
:�DXA3254t:ñ�>� ��7�#5�BCB298 ∆v = β M

gµB

/103254�?>:�u68;4t0325u=#�:�8 ∆c =

α M
gµB

/103254@?>:
u6s
?>:
õ�8D4t03<5u=�ó :�ut/5?>=y8t8;=><5Aµ:
uf8£E503<5õ�/54t03/�034f8;=>03<5<5:
?,)µ?'& CB=>{.CF<z8DCF8;=y0B<��F$	<è298;=>?>=yut:
4;Cmõ
:�8t8;:�/54t03/1034f8;=>03<5<XCB?>= 8;s
/�032546{�:
ut254t:
46?'& CB=>{�CB<v8DCF8;=y03<��

σ + σ -

Bande de
conduction

Bande de
valence

- 1/2

+ 1/2

- 3/2

+ 3/2

+ 1/2

- 1/2

a)

k

E
e

1

hh
1

σ − σ +

+ 1/2

- 1/2

+ 3/2

- 3/2

b)

∆

∆v

c

}P~.�K� �>� �Í�ô�i½Kã������H�R�Z�R�C�R� ���Q��� �Ç���@���H� �R�h�G�W�,�R�Ç�H�?�5� �R� ���?�,���G�R��×i�@�W�o�@�H�?�o�@�X�@�@� �Ç�z×i�?�H���Ç��×i�@�h�5���?���RÝ?�H� ��K�H���@¸��R��×i�@�3���#±�½����Ç�R�@�9�R�@�R���G��±?�H�?�G�m���5���?���ÇÝ?�H� �z�K�H���@¸��R��×i�@����� �@�z�@�@� �Ç���������R�Ç�H� �i���G�
CdMnTe

¢
r CB4�:1
9:
{�/5?>:m/103254.25<5:µõ
03{�/103ut=y8;=>03<�:M\Z:
õ�8;=y�3:µE5:ªü@
 ? C�uts
/XCB4;CF8;=>03<�#`)�u;CF8;254;CF8;=>03<òE5:
u

ut/5=><5u�E5:£{.CB<5AvCB< ; ut:�#Z�BCB298G:
<v�w=>4t03< � {�:�8 /103254�? C�7XCB<5E5:£E5:#õ
03<5E525õ�8;=>03<�#c:�8�� � {�:�8 /103254
?>:
u <5=y�v:ïCB2>
Qû%��Ç3�G:�8 úi��Ç3�GE5:	? CG7XCB<5E5:	E5:��BCB?>:
<5õ
:#ÿ � {�:�8�/103254 ?>:
u <5=y�3:ïCB2>
XûñüCÇ3�G:�8 úDüCÇ3�GE5:
? Cñ7XCB<5E5:GE5:��BCB?>:
<5õ
: � �º :�8t8;:�?>:��vs
:�E5:�E5s
A3s
<5s
4t:
utõï:
<5õ
:µ=>{�/1034f8DCB<v8;:�E5:
u.ut0325uTú <5=y�v:ïCB2>
�E5:�ut/5=><5u.CButu;254t:�25<5:m710B<5<5:
uts
/XCB4;CF8;=>03<�E5:
u6/103/525? CF8;=>03<5u�E5:G/1034f8;:
254tu6/103? CF4;=yuts
u@E5=.\Zs
4t:
{�{�:
<v80�

sKlRsKl¾É %�þJÿ�ò#!iú#�
r 03254$4t:
</- 034tõ
:
4Ú?>:
uÚ=><v8D:�4DCFõ�8;=>03<5uF- :
4t4t03{.CBA3<5s�8;=>xz25:
u=#B=>?/-ÏCB298Ú/5? CBõ
:
4Ú?>:@/5?>25uÚ/�03utut=>75?>:@E5:6ut/5=><5u

E5:6{.CB<5AvCB< ; ut:@EXCB<5u$25<5:�E5=>uf8DCB<5õ
:@E5s�8;:
4t{�=><5s
:6/XCB4Ú?'& =><z�3:
4tut:@E52£�v:
õ�8;:
254 E�& 03<5E5:6E5: ù :
4t{�= k−1f #/525=>utxz25:Gõ
:G/XCB4;CB{ ; 8;4t:�D/
9:�? Cñ/1034f8;s
:GE5:
u6=><z8;:
4;CBõ�8;=>03<5u þ SVSBYc�r 03254�E5:
u@E5:
<5ut=y8;s
u6E5:	/1034f8;:
254tu,-ÏCB=>75?>:
u=#wõ�& :
uf8fúi)íú E5=>4t:	?>034tutxz25:	? C�E5=>uf8DCB<5õ
:	{�0í»3:
<5<5:�:
<v8;4t:�E5:
2>

ut/5=><5u@E5:G{.CB<5AvCB< ; ut:G:
uf82-ÏCB=>75?>:oE5:��BCB<v8 k−1f #5?>:�- :
4t4t03{.CBA3<5s�8;=>ut{�:o:
uf8�E5s
õ
4t=y8�/XCB4@?'& CB/5/54t00
9=>{.Cíú8;=>03<£E5:
u {�=>?y=y:
2>
#õ
03<z8;=><z25u$E52.{�0zE ; ?>: þ SVSBYc#3ut03=y8 ?>:@{�0wE ; ?>:@E5:�nZ:
<5:
46ò ����ó[ò �v�Có'#vxz25=�ut25/5/103ut:
25<5:	CB=>{.CB<z8DCí8;=y03<�:�8@25<5:	/�03? CB4t=>u;CF8;=y03<�25<5=.- 034t{�:
u=� ó :�8;4;CB=y8;:
{�:
<v8 E5:	õ�:	{�0wE ; ?>:�/XCB4 ?>:�{�0wE ; ?>:

�3�



E5:Gõ ö CB{�/�{�0Î»v:
<�ÿ �mù>� /103254�VÖ�:	�-°T9­R���¼«1J`¬�¬I8:=iá�­.S¯	��T­R=?- � õ
03<5E525=y8B)#? Cñut25utõ
:
/98;=>75=>?>=y8;s4f

χMn = C0
xeff

T − TCW
avec C0 =

S.(S + 1)

3kB
(gµB)

2

0�^ TCW :
uf8�? C�8;:
{�/1s
4;CF8;254t:�E5: º 254t=>:�ú�Q�:
=>utu6E503<5<5s
:G/XCB4 TCW = Tf − TAF
# Tf 4t:
/54ts
ut:
<v8DCB<v8? C#õ
03<v8;4t=>75298;=>03<�4ts
ut25?y8DCB<v86E5:
u�=><v8;:
4;CBõ�8;=>03<5u,- :
4t4t03{.CBA3<5s�8;=>xz25:
u@=><5E525=y8;:
u@/XCB46?>:
u@8;4t0325uVò ����ómò � ó'#

:�8 TAF :
uf8o? C�8;:
{�/1s
4;CF8;254t:GCB<z8;=.- :
4t4t03{.CFA3<5s�8;=>xz25:	E5sMDX<5=>:G/54ts
õ
s
E5:
{�{�:
<v80�

¤|gm¬ H¹épö �G}=ê*å2î�ö �7jpê*õ,ç�}=ëHì*å2î�í��:ê�î�ì�êÈð"ì�}1ç[î
sKl5u,lmk ÷�ømü����>üaü©ÿBú#�w�z�Bý�ü��
+	CB<5uÃ?>:$õïCBuÃE�& 25<ñ/525=y8;uÑxz2XCF<z8;=>xz25:�#F? C6õ
03</DXAB254DCí8D=y03<�E52�uf»wuf8 ; {�:�:�8æ?>:
-ÏCB=y8Ñxz2�& 03<ñ=><v8;4t0wE525=>ut:

?>:
u�/1034f8;:
254tuo:
<mE503/XCB<v8o25<5:p<
03<5:�s
?>03=>A3<5s
:GE52µ/525=y8;u64ts
E525=y8o?>:GE5s
ut034tE54t:�:�8	/�:
4t{�:�8oE�& 03798;:
<5=>4
25<5:6-ÏCB=>75?>:@E5:
<5ut=y8;s�E5:�/1034f8;:
254tu=� � =><5ut='#v03<.CB254;C�E5:
u k−1f 8T»w/5=>xz25:
u E5:o?'& 034tE54t:6E5: � úf�B��<5{ EXCB<5u
E5:
u6/525=y8;u�E5: CdMnTe ÿÏCB?>034tu�xz25:�/103254�25<5:Gõ
0B{�/103ut=y8;=>03<�E5:���
 :
<�{.CB<5AvCB< ; ut:�#5? C�E5=>uf8DCB<5õ
:{�0í»3:
<5<5:	:
<v8;4t:	E5:
2>
�CF8;03{�:�u E5:	{.CB<5AvCB< ; ut:o:
uf8@E�& :
<z�w=>4t03<µü�� ��<5{ � #wõ
03<v8;4t:��/� �Îú � <5{ EXCB<5u�?>:
õïCBu�E5:Gõ
0325õ ö :
u�s
/XCB=>utut:
u�E5: ZnMnTe �

sKl5u,lRs %�ý��>úËúgøý��þJýiÿBúgøBûaú~ÿBút!����z�����>ú«þ��5ÿBþ9øBø��gú
+	CB<5u�?>:
u�/525=y8;u�xz2XCB<z8;=>xz25:
u�E5: CdMnTe #@25<5:�{�:
ut254t: E5=>4t:
õ�8;:�E5:�?'& CB=>{�CB<v8DCF8;=y03<´u=& :
uf8CÎ�3s
4ts
:�=y{�/103utut=>75?>: �f25utxz2�& )./54ts
ut:
<v84fX?>:Gut=>A3<XCB?�s��v:
<v8;25:
?Ñ:
uf8o{.CButxz25s�/XCB46? C#õ
03<v8D4t=>75298;=>0B<�E5= Cíú

{.CBA3<5s�8;=>xz25:�E52�ut2575uf8;4;CF80� ó :
u�{�:�u;254t:
u6E5:�8;4;CB<5ut/1034f86s�8DCB<v8�:
?>?>:
u6CB25utut=cE5=.I�õ
=>?>:
u=#5=>?�-ÏCB298�CÎ�303=>4
4t:
õ
03254tue)µ? C�ut/1:
õ�8;4t03utõ
03/5=>:�{.CBA3<5s�8;0Fú 03/98;=yxz25:�#Ñ?'& :M\Z:�8HnZ:
:
{.CB<ªA3sïCB<v8#s�8DCB<v8#/54t03/1034f8;=>03<5<5:
?`)
?'& CB=>{.CF<z8DCF8;=y0B<èÿ õM-i�c�>� �>� � � ��+o:
uG{�:
ut254t:
u�E5:#/ ö 0B8;03?>25{�=><5:
utõ
:
<5õ
:�#�E5:#4tsMºX:
õ�8;=y�w=y8;sñ032 E5:ñ8;4;CB<5uTú
{�=>utut=>03<�/1:
4t{�:�8t8;:
<v8�E503<5õGE5:G{�:
ut254t:
46?'& CB=>{�CB<v8DCF8;=y03<�E5:
u6ut/5=><5u6E5:G{.CB<5AvCB< ; ut:��
sKl5u,l5u ÿ þmþ�!��2ü/ýiþ9ø ��þ9úgû�!�� ü/ú��y�h���p�Fü��o�5ú

��È���§T�g�C�j���
÷ <¢/525=y8;u�xz2XCB<v8;=>xz25: E5: CdMnTe /1:
25/5?>s E�& 25<¢AvC�< E5:µ8;4t0325u�E503<5<5:�#�:
<¢/ ö CBut: /XCB4;Cíú{.CBA3<5s�8;=>xz25:�#Ñ25<ª25<5=>xz25:�/5=>õ�E5: r$ó ÿÇ<�/>=?�9=Gà\L­Sc­.-´�CFGBC��-´BC� � E503<z8ñ? C�/�03ut=y8;=>03<�:
<ªs
<5:
4tA3=>:.:
uf8

=><5E5s
/1:
<5EXCB<v8;:£E5:#? C.8;:
{�/�s
4;CF8;254t:�� � {�:
ut254t:#xz2�& 03<�E5=>{�=y<w25:�? C.8;:
{�/�s
4;CF8;254t:�#�03<�CB25A3{�:
<v8;:
?>:�õ
0325/5? CBA3:�:
<v8;4t:�?>:
uñut/5=><5u#E5:�{.CB<5AvCB< ; ut:�:�8#?>:
uñ/1034f8;:
254tu=#æ:�8#?>034tutxz2�& 03<è/XCButut:�:
<wú E5:
utut0325u
E5:.? C�8;:
{�/1s
4;CF8;254t:�õ
4t=y8;=>xz25: Tc #Ñ?'& 0B4;E54t:£{.CBA3<5s�8;=>xz25:£:
uf8ñut2/I�u;CB<z8ñ/103254�õ
4ts
:
4�E5:
u�E503{.CB=><5:
u{.CBA3<5s�8;=>xz25:
u*L�¬ª:�8|«�=���-�/1:�4;/�:
<5E5=>õ
25? CB=>4t:
u�).? C�ut254E-ÏCBõ
:�#Zxz25=Ãut:�8;4;CBE525=>ut:
<v8	:
< r$ó /XCB4o?'& CB/wú
/XCB4t=y8;=>03<�E�& 25< ut/5?>=y8t8;=y<5A ÿ õ�& :
uf8fúi)íú E5=>4t:.E�& 25< E5:
2>
9= ; {�:�/5=>õ � #Ñõ
03{�{�:�?>:.{�03<z8;4t:�? C�DXA3254t:��>� �5�ó & CB/5/XCB4t=y8;=>03< E5:�õ
:£ut/5?>=y8t8;=><5A�ut254�?>:�uGut/1:
õ�8;4t:
u�E5: r$ó :
uf8�? C�ut=>A3<XCF8;254t:£õïCB4;CBõ�8;s
4t=>uf8;=>xz25:£E5:£? C
/ ö CBut:V- :
4t4t03{.CBA3<5s�8;=>xz25:��
$	<�/1:
298æ4t:
{.CB4txz25:
4=#íõ
03{�{�: ?'& CC
9: E5:m-ÏCBõ
=>?>: CB=>{.CF<z8DCF8;=y0B<�:
uf8æ034t=>:
<v8;s /1:
4t/1:
<5E5=>õ
25? CB=>4t:
{�:
<v8

)£? Cñut254E-ÏCBõ
:�#Xxz25:�? Cñ?>25{�= ; 4t:�s
{�=>ut:�:
uf8�? Cñut03{�{�:�E5:�E5:
2>
�õ
03{�/103u;CB<v8;:
u=#X/103? CB4t=>uts
:
u@õ
=>4tõ
25? CB= ú
4t:
{�:
<z8o:�8oE�& s
AvCB?>:
u�=><v8;:
<5ut=y8;s
u=#�õ
034t4t:
ut/103<5EXCB<v8;u�CB2>
�034t=>:
<v8DCF8;=>03<5u7L�¬�:�8U«�=���-�E5:
uoE503{.CB=><5:
u=�
+o:#/5?>25u=#Z?>:
u	ut/1:
õ�8;4t:
uGE5: r$ó s�8DCB<v8�25<5:#{�0Î»3:
<5<5:#ut254	/5?>25ut=>:
254tu	E503{.CB=><5:
uo{.CBA3<5s�8;=>xz25:
u£ÿ ?>:
u

� �



1680 1690 1700 1710

4.2K

3.0K

2.5K

2.0K

1.71K

1.63K

Energy  ( meV )

}P~.�K� �>� �z�*�·���W�9�R�R�W�Ü�G���@Ý@�H�R��� �@� � �@�W�R���m�?���#��� �@� �@�@� �Ç�Ü×i�?�H�i�R��×i�@�#�G�
CdMnTe

Ò3�G� øN¸m�R�m�i�R�W�p�R�m� ��¸m�Ç�C�R�@�R�W�m¢¹��W�#�5���W�9�R�R�W�#�5���i���G¸W�m�H� ¸W�#�G�3�K�H�@� �m�R���H�R±@� �R�Ç�H� �R��¢G¹��W�´ä?�W�RÝ@�W���5�m�Rù����i��ÒP�N��� ���R�m�#� �W�#�@���m�m¢

E503{.CB=><5:
u$s�8DCB<v8 71:ïCB25õ
0325/�/5?>25u /1:�8;=y8;u xz25:o?>:J-ÏCB=>utõ
:ïCB2.? CBut:
4$E5: r$ó � #z?>:�ut=>A3<XCB?X03798;:
<z2�<5:out:
4;C
/XCBu6/�03? CB4t=>uts	:
<�?'& CB75ut:
<5õ
:�E5:Gõ ö CB{�/�{.CBA3<5s�8;=>xz25:�:1
w8;:
4t<5:��

{~�>�0�L�C�(¨L�(§j}(���>��³
�7�C}/�C�L�C�´µ������C�j���L�
Tc

	 <wú E5:
utut0325umE5: Tc ? C / ö CBut:�:
uf8"- :
4t4t03{.CBA3<5s�8;=>xz25:�� ó & :M\Z:�8(nZ:
:
{.CB<Á-ÏCB=y8�CB/5/XCB4;C?¨>8;4t:�25<ut/5?>=y8t8;=y<5A�EXCB<5u@?>:
u ut/1:
õ�8;4t:
u6E5: r$ó :�86A30329�3:
4t<5:�?>:oE5s
/5? CBõ
:
{�:
<v8@E5:
u@4;CB=>:
u�ÿ �v03=>4 ? CVDXA3254t:��>� � � �
ôw=�?'& 03<�8;4;CBõ
:�? C�/�03ut=y8;=>03<�E52�/5=>õ�E5:o/5?>25u 7XCButut:	s
<5:
4tA3=>:�E5: r$ó :
<]- 03<5õ�8;=>03<�E5:o? C�8;:
{�/1s
4;CF8;254t:�#
?'& CB/5/XCB4t=y8;=y0B<.E52�ut/5?>= 8;8;=y<5A�:�8@?>:o{�0329�3:
{�:
<z8 �3:
4tu@?>:
u�7XCButut:
u@s
<5:
4tA3=>:
u@E5:	õ
:	/5=>õ	/�:
4t{�:�8t8;:
<z8@E5:
/�03=><z8;:
4@/54ts
õ
=>uts
{�:�<z8�? C�8;:
{�/1s
4;CF8;254t:Gõ
4t=y8;=>xz25:�� º :�õ
=�:
uf8�=>?>?>25uf8;4ts	ut2546? C4DXA3254t:��7� � �

1.5
 2.0
 2.5
 3.0
 3.5
 4.0
 4.5

1695


1696


1697


1698


1699


1700


1701


T

c


 


 


P
os

iti
on

 ra
ie

 P
L 

(m
eV

)


Température (K)


}P~.�K� �>� � �"ã��i�5� �R�����Q�G�Q�@���7�G���@� �?�,±?���R�5��¸m�@�m�R��� ���m�EãI¹��m�E�Á���?�9�R� ���X�G�7���*�R�m� ��¸m�Ç�C�R�@�R��¢I¹��W�K�N��� ���Ç������R�R�W�5�����?�·�m�i�#�H�GÙz�5���W�9�R�R�W�#�G�3�����?���@�R��ÓG¢ �?¢

��ª



sKl5u,l¾É ÿ þmþ�!��2ü/ýiþ9ø ��þ9úgû�!iúËûp���
�y�ë�����9ø��aü/ý�� �Bú
º 03{�{�: <50325uÃ?'& CÎ�303<5uÃ{�:
<v8;=>03<5<5s�#F?y:
uÃE5:
2>
ñ8 »w/1:
uæE5: E503{.CB=><5: 25/ñ:�8ÚE50GÄ6<#õ
0z:1
9=>uf8;:
<v8ÚEXCB<5u

? C�/ ö CBut:`- :
4t4t03{.CBA3<5s�8;=>xz25:�� ó & CB/5/5?>=>õïCF8;=y03<�E�& 25<#õ ö CB{�/ñ{.CBA3<5s�8;=>xz25: :1
w8;s
4t=>:
254Ã/1:
4t/1:
<5E5=>õ
25? CB=>4t:
)�? CGut254E-ÏCBõ
:#ÿ õ
03</DXA3254;CF8;=>0B<�E5: ù CB4;CBEXCï» � -ÏCÎ�3034t=>ut:625<.8 »w/1:oE5:�E503{.CB=><5:
uoÿ ?>:
u {.Cí�f034t=y8DCF=y4t:
u � CB2
E5s�8;4t=>{�:
<z8GE5:�?'& CB298;4t:�ÿ ?>:
uG{�=><5034t=y8DCF=y4t:
u � � � {�:
ut254t:£xz25:.?>:#õ ö CB{£/�CB25A3{�:
<z8;:�#c?>:
uGE503{.CB=><5:
u
{�=><5034t=y8DCF=>4f:
u@03<v8@8;:
<5EXCB<5õ
:p)#E5=>ut/XCB4;C?¨>8;4t:GCB2�/54t0�D58�E5:
u6{.Cí�f034t=y8DCB=y4t:
u=�

B

1680 1690 1700 1710

 
 

Energie (meV)

In
te

ns
ité

 (u
.a

.)

240 Gauss

48 Gauss

0 Gauss

1.65K

σ -σ+σ+
σ

 
-

}P~.�K� �>� �7�¯�����K�H� �@�W�´�K�H���@¸��R��×i�@�W����� �@���@�@� �Ç�#×i�?�H���R��×·�G���G�
CdMnTe

�����5���W�9�R�R�W���G�\�@Ý@�H�R��� �@� � �@�W�R���m�?����N�����H�R���5¸m�I���R�5�G��� ¸W�I»
σ+ �m���R�Ç�H� �Ç�­�@� �m� �?�m� σ− �m�
����� �i�R� � � ¸W�Ç½9�CÒ\�·� øN¸��R�m�i�Ç�p�ÇÝ?�H� �?�­�K�H���@¸��R��×i�@�W�­���>Ò��R�m� ��¸m�Ç�C�R�@�R������?�¾�Ç�H�i�R��¢@¹��W�#�5�N�W�9�R�R�W���5���i���G¸W�m�H� ¸W�#�G���K�H�@� �m�R���H�R±G� �R�Ç�H� �5��¢

º 03{�{�:ñõ
:
? C�:
uf8�=>?>?y25uf8;4tsñut254�? C]DXA3254t:��>� �/#�?>:
u�s��303?>298;=>03<5u	E5:
uGE503{.CB=><5:
u	:
<»- 03<5õ�8;=>03< E52
õ ö CB{�/�{.CBA3<5s�8;=>xz25:£CB/5/5?>=>xz25s#ut03<v8�E5=�\Zs
4t:
<z8;:
u=�L+	CB<5u�?>:#õïCBuGE5:
u�E503{.CB=><5:
u�{.Cí�f034t=y8DCF=>4f:
u=#�?>:
u
4;CB=>:
u	õ
034t4t:
ut/103<5EXCB<v8�CB2>
µ/103? CB4t=>u;CF8;=y03<5u σ+ :�8 σ− u=& s
õïCB4f8;:
<z8Gxz2XCB<5E�03<�CB25A3{�:
<v8;:ñ?>:ñõ ö CB{�/{.CBA3<5s�8;=>xz25:�#1:
< E5=>{�=><z2XCB<v8o?>s
A ; 4t:
{�:
<v8	:
< =><v8;:
<5ut=y8;s�õïCB4	?>:�ut/5?>=y8t8;=y<5A5#�:�8	E503<5õñ? C.4t:
? CC
5Cí8D=y03<�#
CB25A3{�:
<z8;:�� 	 <�4t:��BCB<5õ ö :�#5/103254 ?>:
u�E503{�CB=><5:
u {�=><5034t= 8DCB=y4t:
u=#w25<�CBõ
õ
4t03=>utut:
{�:
<v8@E52�õ ö CB{�/�4;CB/wú
/54t0wõ ö :£?>:
u	4;CB=>:
u σ+ :�8 σ− :�8%-ÏCB=y8	E5=>{�=><z25:
46- 034f8;:
{�:
<v8G?>:
254	=><v8;:
<5ut=y8;sñ/525=>utxz25:#?>:
u�E503{.CB=><5:
u{.CBA3<5s�8;=>xz25:
u£E5=>ut/XCB4;CB=>utut:
<v8�/1:
2�) /1:
2�� ó C ?>25{�= ; 4t:�s
{�=>ut:�:
uf8�E503<5õ�/�03? CB4t=>uts
:�:
<ò/54ts
ut:
<5õ
:
E�& 25<mõ ö CB{�/�{.CBA3<5s�8;=>xz25:��ó CbDXA3254t:.�>� ��{�03<v8;4t:#?'& s��v03?>298;=>03< E5:�u�/103ut=y8;=>03<5u�:
<�s
<5:
4tA3=>:£E5:
u�õ
03<v8;4t=>75298;=>03<5u σ+ :�8 σ−E5:
u	E5:
2>
m8 »w/1:
u	E5:�E503{.CB=><5:
u=� ý 0B8;03<5uoxz25:�#ZEXCB<5u	?>C�ut=y8;2XCF8;=>03<�4t:
/54ts
ut:
<v8Ds
:#=>õ
=�:�8	EXCB<5uo?>:�õïCBu
- :
4t4t03{.CBA3<5s�8;=>xz25:�#c25<�õ ö CB{�/�E5:�ü � ��ûGCB25utu�ut2/I£84)*-ÏCB=>4t:£E5=>ut/XCB4;C?¨y8D4t:#?>:
uGE503{.CB=><5:
u�{�=><5034t= ú
8DCB=>4t:
u%fX?>:
u@E503{.CB=><5:
u@{.CBA3<5s�8;=>xz25:
u@ut03<z8oCB?y034tu�8;0B8DCB?>:
{�:
<v8@/103? CB4t=>uts
u=�
$	<�E503<5<5:�/�032546õ
03{�/XCB4;CB=>ut03<�?>:
u@�BCB4t= CF8;=>0B<5u@0375ut:
4f�3s
:
uoEXCB<5u�?>:�õïCBu60�^�? C#/ ö CBut:G:
uf8o/XCB4;CB{.Cíú
A3<5s�8;=>xz25:µÿ ut03=y8GCB2wú E5:
utut25u�E5:£? C�8;:
{�/�s
4;CF8;254t:£õ
4t=y8;=>xz25: � �g+�CF<5u�õ
:�õïCBu=#c?'& s
õïCB4f8G:
<z8;4t:£?>:
uGE5:
2>

/103? CB4t=>u;CF8;=y03<5u#:
uf8�/54t03/1034f8;=>03<5<5:
?6CB2�õ ö CB{�/�{.CBA3<5s�8;=>xz25:"AB#m)�8;4;Cï�3:
4tu.?>:�ut/5?>=y8t8;=><5AonZ:
:
{.CB<
A3sïCB<z80�

�3�



0
 100
 200
 300
 400
 500

1702


1703


1704


1705


1706


1707


1708


1709


1710


1711


1712


Phase ferromagnétique


domaines

majoritaires


domaines

minoritaires
  sigma -


 sigma +
  


 


E
ne

rg
ie

 (m
eV

)


Champ magnétique (Gauss)

0
 100
 200
 300
 400
 500


1702


1703


1704


1705


1706


1707


1708


1709


1710


1711


1712


Phase paramagnétique


 sigma -

 sigma +


 


 

E

ne
rg

ie
 (m

eV
)


Champ magnétique (Gauss)


}P~.�K� �>� �Q�{åÜù���� �G�R� ���|�m�|¸m�@�m�R��� �o�G�W���N�i�5� �R� ���?�
�G�W���@���m�P�G�oãI¹0�������H�R���5¸m�K�m�|�@Ý?���5�K�Á�m�R�R���K�H���@¸��R��×i�@�7»¼Ò�i�H�?�RÝ@�:½I�����?�H�Ç�H�K�H���@¸��R��×i�@� »¼Ò �G�R��� �R�:½9¢

�9ü





] ^ r`_ �����"� �
] â�� ����� v � x�ã é9���"�"â�� r`ê �ëc��"�g!*� �

¬�gif Kuépêcçgè
	��MåÑð��%è£ì�êÉæ����:öÔðÈõ@�Må2æmçgèÃ}0ëHì*å
u,lmk�lmk ÷�ø`ü­�5þ,ÿ��BûXü/ýiþ9ø
ó 034tutxz2�& 25<5:�/ ö CBut:V- :�4;4t03{�CBA3<5s�8;=>xz25:�u=& s�8DCB75?>=y86EXCF<5u�25<�ut:
{�= ú õ
03<5E525õ�8;:
254=#

õ
03{�{�:	õ�& :
uf8o?>:�õïCFu�EXCF<5u�<503u@/525=y8;u6xz2XCB<v8;=>xz25:
u�E5: Cd1−xMnxTe
#5=>?�:
uf8�=><v8;s
4t:
utu;CB<z8�E5:G/�032wú

�303=>4#õ
03<z8;4hW3?>:
4#? Cµ8;4;CB<5ut=y8;=>03<è/XCB4;CB{.CBA3<5s�8;=>xz25:�ÇC- :
4t4t03{.CFA3<5s�8;=>xz25:�#æõ�& :
uf8fúi)íú E5=>4t:�E5:�/�0329�v03=>4#? C
8;4;Cï�3:
4tut:
44)�8;:
{�/1s
4;CF8;254t:£õ
03<5uf8DCB<z8;:�� r 03254�õ
:
? C/#c? C�E5:
<5ut=y8;s�E5:£8;4t0325uG:
uf8ñ25<�7103<�/XCB4;CB{ ; 8;4t:
E5:£õ
03<z8;4hW3?>:�� 	 <�:M\Z:�8�=>?æut2/I�4;CB=y8�E5:£ut:�/5? CBõ
:
4:)�25<5:£8;:
{�/1s
4;CF8;254t:£=></- s
4t=>:
254t:e)�? C�8;:
{�/1s
4;Cíú
8;254t:�õ
4t=y8;=>xz25:�:�8HG�8;4t:�õïCB/XCB75?>:�E5:��w=>E5:
4£?>:�/525=y8;u#E5:�ut:
u�/1034f8;:
254tu£/103254£/XCButut:
4�E5:�? Cµ/ ö CBut:
- :
4t4t03{.CBA3<5s�8;=>xz25:*)�? Cµ/ ö CBut:�/XCB4;CB{.CBA3<5s�8;=>xz25:�#æ:�8�E�& =><F�f:
õ�8;:
4£E5:
u#8D4t0325u#EXCB<5u�?>:�/525=y8;u#/103254
/54t0Î�30wxz25:
4�? C.8;4;CB<5ut=y8;=>03<µ=y<z�3:
4tut:�� 	 <µ8 ö s�034t=>:�#�? C�8;:
{�/1s
4;CF8;254t:ñõ
4t=y8;=>xz25:ñ:
uf8G=><5E5s
/1:
<5EXCB<v8;:£E5:
? C�õ
03<5õ
:
<v8;4;CF8;=>03<µE5:ñ/�034f8D:�254;uoEXCB<5u	25< /525=y8;uoxz2XCB<v8;=>xz25:�� º :
/1:
<5EXCB<v80#�?'& :1
9=>uf8;:
<5õ
:ñE�& :M\Z:�8;u�E5:
E5s
ut034tE54t::-ÏCB=y86xz25:�õ
:�8t8;:�8;:
{�/1s
4;CF8;254t:�<�& :
uf8	/XCBu�{�:
ut254;CB75?>:�:
<wú E5:
utut0325uoE�& 25<µut:
25=>?�E5:�E5:
<5ut=y8;s
E5:G/�034f8;:
254tu=�
÷ < {�0Î»v:
< E�& 03798;:
<5=>4o25<µ8;:
?Ãõ
03<z8;4hW3?>:�:
uf8�E�& 298D=y?>=>ut:
4o25<5:ñuf8;4t25õ�8;254t:#E5:#E5=>0zE5::¬�­.-�CÎ�3:
õ#25<

/525=y8;uoxz2XCB<v8;=>xz25:ñ:
< Cd1−xMnxTe
� ÷ <5:ñE5=>0wE5:V¬�­.-�:
uf8�õ
03{�/�03uts
:#E�& 25<5:4<
03<5:ñ=><v8;4t=><5u ; xz25:b­�#

õ�& :
uf8fúi)íú E5=>4t:@<503<�E503/1s
:�#z:
<v8;03254ts
:oE5:6E5:
2>
H<
03<5:
u E503/�s
:
u 4t:
ut/�:
õ�8;=y�v:
{�:
<v8�-�:�8
¬��wô9CGuf8;4t25õ�8;254t:
E5:£7XCB<5E5:
u�E�& s
<5:
4tA3=>:£ut=>{�/5?>=�DXs
:#:
uf8�=>?>?y25uf8;4ts
:#EXCB<5u�? CbDXA3254t:H�/�yü.C/�g+	CB<5u�<50B8;4t:£õïCBu=#�?>:#/525=y8;u
ut:
4;C£?>0zõïCB?>=yuts�/54 ; u6E5:G? Cc<
03<5:�¬�#5/525=>utxz25:�<50325u6õ ö :
4tõ ö 03<5u�)#?>:�E503/�:
4�CÎ�3:
õGE5:
u68;4t0325u=�º :�8t8;:�uf8;4t25õ�8;254t:�/1:�4;{£:�80#Ã:
<�CB/5/5?>=>xz2XCB<v8ñ25< õ ö CB{�/ s
?>:
õ�8;4t=>xz25:�#ÃE5:�{�0wE5=.DX:
4�? Cm/103ut=y8;=>03<
E52´/54t:
{�=>:
4�<5=y�v:ïCB2´E5:m8;4t0325u./1:
25/5?>smEXCB<5u�?>:m/525=y8;u./XCB4.4;CB/5/�034f8�CB2´<5=y�v:ïCF2SE5: ù :
4t{�='� ôw='#
õ
03{�{�:�utõ ö s
{�CF8;=>uts	EXCB<5u�? C:DXA3254t:%�/�yü�#w? C�uf8;4t25õ�8;254t:	:
uf8@8;:
?>?>:�xz2�& :
<�?'& CB75ut:
<5õ
:	E5:	/103? CB4t=>u;CF8;=y03<
CB2.{�03=><5u$25<.<5=y�3:ïCB2.E5:�8;4t0325u :
uf8�/1:
25/5?>s�#z=>?X»�CB254;C�CB/5/XCB4t=y8;=>03<£E�& 25<5:o/ ö CBut:6- :
4t4t03{.CBA3<5s�8;=>xz25:
:
<wú E5:
utut0325u�E5:G? C�8;:
{�/1s
4;CF8;254t:Gõ
4t=y8;=>xz25:��
	 <#4t:��FCB<5õ ö :�#3ut=903<#CB/5/5?>=>xz25: 25<5:�/�03? CB4t=>u;CF8;=y03<�=><v�3:
4tut:�#3? C�uf8;4t25õ�8;254t:�E5:�7XCB<5E5:�:
uf8Ú{�0wE5=.DXs
:

õ
03{�{�:�4t:
/54ts
ut:
<z8;s£ut254G? CHDXA3254t:e�/�yü£7�� � ?y034tu�?>:ñ<5=y�3:ïCB2�E5:ñ8;4t0325u�?>:ñ/5?>25u�/54t0�- 03<5E /XCButut:£:
<wú
E5:
utut0325u�E52�<5= �v:ïCB2.E5: ù :
4t{�='� r CB4 õ
03<5uts
xz25:
<z80#9?>:�/525=y8;u ut:
4;C��w=>E5s�E5:out:
u�/�034f8;:
254tu :�8�? CG/ ö CBut:
ut:
4;C6/XCB4;CB{.CBA3<5s�8;=>xz25:Úxz25:
?>?>:Úxz25: ut03=y8�? C 8D:�{�/1s
4;CF8;254t:���$	<�/1:
298ÑE503<5õÚ8 ö s
034t=>xz25:
{�:
<z8�8;4;Cï�3:
4tut:
4
? C�8;4;CB<5ut=y8;=>03<�:
<mCB/5/5?>=>xz2XCB<v8@25<�õ ö CB{�/�s
?>:
õ�8;4t=>xz25:��ó :	8;4;Cï�BCB=>?1:1
9/103utsGEXCB<5u6õ
:�õ ö CB/5=y8;4t:�õ
03<5õ
:
4t<5:G? C�{�=>ut:�CB2�/103=><v8@E�& 25<5:	8;:
?>?>:	E5=>0wE5:£ÿ uf8;4t25õ�8;254t:�#

���



Niveau de Fermi

Zone peuplée

(a)

zone n
zone p  

Vpol

V

(b)

}P~.�K� �/�yü��E�����H���Ç�H� � �W���G��±?�H�?�G�W�#�5� � �@� � �?¸W����� �@�@���G� �@�G�

����1���
�R�H�?������±��P�Wù��W�3�@�G���R�m�?�5� �����G���N�����H�R� Ø�R�C�R� ����� �·ù��m�Ç�5��¢
E503/XCBA3:�#F�.�.� � � ó :
u�õïCB4;CBõ�8;s
4t=>u;CF8;=>03<5u	ut/1:
õ�8;4t03utõ
03/5=>xz25:
u�:�8G?>:
254tu�=><z8;:
4t/54ts�8DCF8;=>03<5u=#Z/54ts
ut:
<v8;s
:
u�=>õ
=
754t= ; �v:
{�:
<v80#Xut03<v8�?'& 037w�f:�86E52�8;4;Cï�BCB=>?ZE5:�8 ö5; ut:�E�& 3�:
4f�3spA 0325@FCB4t='�

u,lmk�lRs � þ9øBú#��øBþ9ø£ÿBþ��*�gú#�
"9�´�0�LÍN�M���C}/�
ó C#uf8;4t25õ�8;254t:�E5:
u6E5=>0wE5:
u@:
uf8os
? CB7�034ts
::)#/XCB4f8;=>4�E52�ut:
{�= ú õ
03<5E525õ�8;:
254

CdZnMgTe # :
<´/54t:
<XCB<z8�:
<Sõ
03{�/98;:m?>:
u.=>{�/1s
4;CF8;=�- u�?>=>s
u])�? C�õïCB4;CBõ�8;s
4t=>u;CF8;=>03<òE52´E5=>ut/103ut= ú8;=.-i� r 25=>utxz25:.? C�8;0B8DCB?>=y8;s#E5:
u�{�:
ut254t:
u�ut254�?>:£/525=y8;u�{.CBAB<5s�8;=>xz25:�ut:
4;C�-ÏCB=y8;:£/XCF4�ut/1:
õ�8;4t03utõ
03/5=>:
{.CBA3<5s�8;0Fú 03/98;=>xz25:�#�=>? :
uf8#/54tsM- s
4;CB75?>:.xz25:�?'& :
<5ut:
{ñ75?>:.ut03=y8�8;4;CB<5ut/XCB4t:
<z8c)m? Cm?>03<5A325:�254�E�& 03<5E5:
E�& s
{�=>utut=>03<�E52�/525=y8;u=#XC�DX<�E5:G/1:
4t{�:�8t8;4t:�<50B8DCB{�{�:
<z8@?>:
u@{�:
ut254t:
u�:
<�8;4;CB<5ut{�=>utut=>03<��º 03{�/98;:�8;:
<w2èE5:�? Cµõ
03{�/�03ut=y8;=>03<ª:
<�{.CB<5AvCB< ; ut:�ut032 ö CB=y8;s
:�E5:
u£/525=y8;u=#æ='� :��1�f25utxz2�& ) � 
b#æ?>:
u
E5=>0wE5:
u�ut:
4t03<z8�s
/5= 8�C�
9=>s
:
uGut254GE5:
uGut2575uf8;4;CF8;u Cd0.88Zn0.12Te � � DX<�E�& s��w=y8;:
4G? C�4t:
? CC
5CF8;=>03<�#Z:�8/XCB4tõ
:�xz2�& :
?>?y:
u�CB254t03<z8£/5?>25ut=>:
254tu#õ
:
<z8DCB=><5:�u�E5:�<XCB<503{ ; 8;4t:
u£E�& s
/XCB=>utut:
254=#æ8;03298;:
u�?>:
u#õ
0325õ ö :
u
ÿ u;CB2/- ?>:ñ/525=y8;u � E5:��w4t03<v8�Cï�v03=>4o25<�/XCB4;CB{ ; 8D4t:�E5:#{.CB=>?y?y:�8;4 ; u�/54t0wõ ö :#032 s
AvCB?
)�õ
:
?>25=ÃE52�ut257wú
uf8;4;CF80�ó & s�8DCF86E5:�õ
03<z8;4;CB=><v8;:	E52�/525=y8;u@:
uf8625<�/XCB4;CB{ ; 8;4t:GCï»vCB<z8@25<5:GA34;CB<5E5:�=></ºX25:
<5õ
:�ut2546? C�4ts
/XCB4f8;= ú
8;=>03<�E5:
u6<5=y�v:ïCB2>
�E�& s
<5:
4tA3=>:�#X<50325u@»�4t:��w=>:
<5E54t03<5u=�

Î
���L�(�T�������j�[�iÌ>���[�
ó :£{.CF8;s
4t= CB2 õ
03<5uf8;=y8;2XCB<v8�?>:
uG7XCB4t4t= ; 4t:
u�=><z8;4t=><5u ; xz25:
uGE503=y8�Cï�v03=>4	25<�/XCB4;CB{ ; 8;4t:#E5:£{.CB=>?y?>:

8;4 ; u6/54t0zõ ö :�E5:�õ
:
?>25=�E52�ut2575uf8;4;CF80#5E5:%-ÏC�_�03<")ñõ
:Gxz25:�?'& s
/XCB=>utut:
254@õ
4t=y8;=>xz25:	ut03=y8@? C�/5?>25u@A34;CB<5E5:
/103utut=>75?>:�#9:�8625<5:GE5=.\Zs
4t:
<5õ
:�E5:�7XCB<5E5:�=><z8;:
4tE5=y8;:	CÎ�3:
õG?>:	/525=y8;u�ut2/I�u;CB{�{�:
<v86=>{�/1034f8DCB<v8;:o/103254
xz2�& 25<�032�/5?y25u;=y:
254tu@<5=y�3:ïCB2>
�E5:	8;4t0325u@ut03=>:
<v86/5? CBõ
s�u6CB2wú E5:
utut25u6E5:�?'& s
<5:
4tA3=>:	E�& CBõ�8;=y�BCF8;=>03<�#9C�DX<
xz25:�?>:	8;4;CB<5uE- :
4f8oE5:
u�/1034f8;:
254tu�EXCB<5u�?>:G/525=y8;u6/525=>utut:�Cï�303=>4@?>=>:
2�� r 032546õ
:
uo4;CB=>ut03<5u=#X<50325uoCï�303<5u
õ ö 03=>ut=o?>: Cd0.65Zn0.08Mg0.27Te

# xz25=	/54ts
ut:
<z8;:�25<´8;4 ; ub-ÏCB=>75?>:mE5s
u;CBõ
õ
034tENE5:µ/XCB4;CB{ ; 8;4t:µE5:
{.CB=>?>?y:£ÿj-RÃ6úT�/� ����
 � Cï�3:
õ�?>:Gut2575uf8;4;CF80#1:�8�25<5:�E5=�\Zs
4t:
<5õ
:�E5:G7XCB<5E5:�=><v8;:
4tE5=y8;:�ut2/I�u;CB<z8;:ñCï�3:
õ�?>:
/525=y8;u6/�032546xz2�& =>?�:1
9=>uf8;:�CB2�{�03=><5u�25<�<5=y�v:ïCF2�E5:�8;4t0325u=�

�B�



�p�[���C�c���L}P���C�T���L�

•
¤p����³
���0���C�j���©�>����}P�L�X}P��Ì>�=�

ý 0325uñCï�303<5up-ÏCB=y8G�BCB4t=>:
4�?>:�/103254tõ
:
<v8DCBA3:�E5:.{.CB<5AvCB< ; ut:.E5:mü*) � 
b�N+	CB<5uñ?>:�õ ö 03=�
�E5:.õ
:�8t8;:
õ
03{�/�03ut=y8;=>03<�#æE5:
2>
´/ ö s
<503{ ; <5:
u.õ
03<v8;4;CBE5=>õ�8;03=>4t:
u£:
<z8;4t:
<v8�:
<��f:
2��m+p& 25<5:m/XCB4f8.? C�? CB4tA3:
254H)
{�= ú ö CB298;:
254#E5:�? Cµ4;CB=>:�E5:�/ ö 0B8;03?>25{�=><5:
utõ
:�<5õ
:ªÿ r$ó � E52ò/525=y8;u�CB25A3{�:�<z8;:�Cï�3:
õ�? C õ
03{�/103ut= ú
8;=>03<�:
<m{.CB<5AvCB< ; ut:�#X)�õïCB25ut:�E5:VºX25õ�8;2XCF8;=>03<5u6?>0wõïCB?>:
u@E5:�? C#xz2XCB<z8;=y8;sGE5:�{.CB<5AvCB< ; ut:�#X4t:
<5EXCB<z8
?'& 0375ut:
4f�FCF8;=>03< ÿ /XCB4 :1
9:
{�/5?>:	E5:oE5s
õïCB? CBA3:
u�:
<]- 03<5õ�8;=>03<�E52�õ ö CB{�/�{.CBA3<5s�8;=>xz25:	CB/5/5?>=>xz25s � /5?>25u
E5=.I�õ
=>?>:��m+p& CB298;4t:µ/XCB4f8�? C�8;:
{�/1s
4;CF8;254t:mõ
4t=y8;=>xz25: CF25A3{�:
<z8;:m:
?>?>:µCB25utut=	CÎ�3:
õµ?>:m/103254tõ
:
<v8DCBA3:
E5:.{.CB<5AvCB< ; ut:�#Ã:�8ñ/103254�0375ut:
4f�v:
4ñ? C�/ ö CBut:b- :
4t4t03{.CBA3<5s�8;=>xz25:�=>?$õ
03<z�w=>:
<v8#E5:��w=>ut:
4ñE5:
u�8;:
{#ú
/�s
4;CF8;254t:
uGõ
4t=y8;=>xz25:
u�ut25/�s
4t=>:
254t:
u:)�õ
:
?>?>:
u	xz25:£?'& 03< /�:
298�CF8t8;:
=><5E54t:ñEXCB<5u�<503u�=><5uf8DCB?>? CF8t=>0B<5u	E5:
ut/�:
õ�8;4t03utõ
03/5=>:�#�õ�& :
uf8fúi)íú E5=>4t:GCB2�{�=><5=y{ñ25{ ü�� � Sc�

•
��}5�C}P�ÍÌ����C�´¨L�´��}P�T§T§j�

ó :ñ/XCB4;CB{ ; 8;4t:�E5:#{.CB=>?y?y:�E52 /525=y8;u	xz2XCB<v8;=>xz25:ñ�BCB4t=>:�/1:
2�CÎ�3:
õ#?>:�/103254tõ
:
<v8DCBA3:#E5:ñ{.CB<5AvCB< ; ut:
ÿ õM-o/XCBA3:�ü ��� � r CB4#õ
03<z8;4t:�?>:�E5s
u;CBõ
õ
034tEòE5:�/XCB4;CB{ ; 8;4t:�E5:�{.CB=>?>?y:�:
<v8;4t:�?>:�/525=y8;u#:�8�?>:�4t:
uf8;:
E5: ? Cªuf8;4t25õ�8;254t:�:
uf8�AB4DCF<5E�foû��/� ��
 /�03254�25<N/525=y8;u�Cï�v:
õ���
 E5: � <uf�?>: /525=y8;u�:
uf8�E503<5õ
s
/5=y8DCC
9=>s�:
<�õ
03{�/54t:
utut=>03<èut254�? Cµuf8;4t25õ�8;254t:�� ó C�õ
03<v8;4;CB=><v8;:�:
<z8;4;C?¨ <5:�EXCB<5u�õ
:�õïCBumÿ 7XCB4t4t= ; 4t:
u
:
< Cd0.65Zn0.08Mg0.27Te

ut254 ut2575uf8;4;CF8 Cd0.88Zn0.12Te :�8�/525=y8;u xz2XCB<v8;=>xz25: Cd0.96Mn0.04Te
�

25<5:ñuts
/XCB4;CF8;=>03<mE5:
u�7XCB<5E5:
u	E5:�8;4t0325u	?>03254tE5uo:�8	E5:�8;4t0325u	?>s
A3:
4tuoE5:ñ�v�.{�:�8�:
<v�w=>4t03<�� º :�8G:M- ú
- :�80#ZCBE5E5=y8;=>03<5<5s�CB2µõ
03</DX<5:
{�:
<z8	:�8�CB2�-ÏCB=y8oxz25:ñ?'& s
<5:
4tA3=>:�õ
=><5s�8;=>xz25:�8 »w/5=>xz25:ñE5:
u	/1034f8;:
254tu	CB2
<5=y�3:ïCB2�E5: ù :
4t{�=1:
uf86E5:	?'& 034tE54t:oE5:��ñ{�:�8-/103254 ? C�E5:
<5ut=y8;s�E5:	/1034f8;:
254tu@CF8t8;:
<5E525:�ÿ ut03=y8 2.1011
cm−2

� #�-ÏCB=y8æxz25:@?>:
uÃ8;4t0325uÚ<5:�8;4;CB<5uE- ; 4t:
<v8$xz25:@ut254Ú?>:�<5=y�3:ïCB2c- 03<5EXCB{�:
<v8DCB? hh1 ��+o:@{HG
{�:�#BEXCB<5u8;03298;:
u�?>:
u�uf8;4;25õ�8D254t:
uGE5s
õ
4t=y8;:
uGEXCB<5uGõ
:�8t8;:#8 ö5; ut:�#c<50325uG<�& CB254t03<5u:)�õ
03<5ut=>E5s
4t:
4Gxz25:£?>:#<5=y�3:ïCB2
hh1

ÿ u;CB2/-æ{�:
<v8;=>03<�õ
03<v8;4;CB=>4t: � �
•
�����0���C�j���©¨[��³N�[���C�

ó :�/525=y8;u�E503=y82G�8;4t:�ut2/I�u;CB{�{�:
<v8o/54t0wõ ö :�E5:�? Ce<
03<5:�/µ/�03254�/1:
4t{�:�8t8;4t:�?>:�8;4;CB<5uE- :
4f8oE5:�8;4t0325u
:
<�?'& CB75ut:
<5õ
:�E5:�/103? CB4t=>u;CF8;=y03<���?Ñ03298;:M- 03=>u$ut=�?>:6/525=y8;u$:
uf8 8;4t03/�/54t0zõ ö :�? C%<
03<5:�E503/�s
:�#w?'& :MI�õïCFõ
=y8;s
E52�8;4;CB<5uE- :
4f8�<�& :
uf8�/XCBu6AvCB4;CB<v8;=>:�õ
CB4603<�4t=>utxz25:GE�& G�8;4t:�#X/XCB46:U
9:
{�/5?>:�#XA�G
<5sG/XCB4@? CñE5=.\Z25ut=>03<�E5:
?'& C�<
0B8;:c�
u,lmk�l5u � þ9øBúËÿBþ��*�gú«ø

�=��³N�L�C�����>�e¨L���[�L�>�[�=�>�
+o=.\Zs
4t:
<v8;u�E503/XCB<v8;u�03<z8�s�8;s.298;=>?>=yuts
uGEXCB<5u�?>:£/XCBututs./103254�?>:£E503/XCBA3:�E5:�8 »w/1:�<�E5: º E5?Ñ:��r CB4t{�=w:
2>
ñ=>?v»ñCo?'& =><5E5=>25{�#í?>: õ ö ?>034t: :�8æ?>: 754t03{�:�#F{.CB=>uÑ?>:�254Ã:MI�õïCBõ
=y8;s�õ ö 298;:`- 034f8;:
{�:
<v8æ?>034tutxz25:

? C�õ
03{�/�03ut=y8;=>03<.:
<�{.CBA3<5s
ut=>25{ E5:�? C�õ
0325õ ö :�CB25A3{�:
<v8;:��P$	4�?>:	{�CBA3<5s
ut=>25{ :
uf86=><5E5=>ut/1:
<5u;CB75?>:
EXCB<5uG<503u�uf8;4t25õ�8;254t:
u�/525=>utxz25:�õ�& :
uf8�? C�õ
03{�/103ut=y8;=>03< :
<�{.CBA3<5s
ut=>25{Pxz25=Ú/1:
4t{�:�8�E�& CF�f25uf8;:
4G? C
�FCB?>:
2546E5:G? Cñ7XCB<5E5:G=><v8;:
4tE5=y8;:��÷ <5:$E5:
u�=>{�/5254t:�8;s
uc?>:
uc/5?>25uc:MI�õïCBõ
:
uÑ:
uf8Ñ?'& =>0wE5:,fï03<G/1:
298ÃCF8t8;:
=><5E54t:ÚE5:
u�E503/XCBA3:
u�E5: 7.1018cm−3EXCB<5u º E5?Ñ:�:�8 5.1017cm−3 EXCB<5u Cd0.75Mg0.25Te

ò � � óN2�õ
:
/1:
<5EXCB<v8�? C�{�=>ut:ñ:
<�0w:
29�w4t:£E�& 25<5:
õ
:
?>?>25?>:ñE�& =>0wE5:£EXCB<5u�25<�7PZF8;=ÚE�& s
/5=y8DCC
9=>:£:
uf8�E5s
?>=>õïCF8;:�#L)�õïCB25ut:�E5:�? C�8;4 ; uV-ÏCB=>75?>:�8;:
{�/1s
4;CF8;254t:
E�& s��FCB/1034;CF8;=>03<��

� �



ó :�E503/XCBA3:�)�?'& CB?>25{£=y<5=>25{�C�s�8;s�E5s��v:
?>0B/5/1sµCB2ò? CB71034;CF8;03=y4t:�CB2òõ
03254tu.E5:�? C 8 ö5; ut:mE�& � �� 4t<50325?y8cò � � ó,ò ��ª�ó'��d ?Ñ/1:
4t{�:�8	E�& CF8t8;:
=><5E54t:�25<m8DCB2>
mE5:ñE503/XCBA3:�E5: 1.1019cm−3 EXCB<5u º E5?Ñ:�#�:�8E�& 03798;:
<5=>4o25< E503/XCBA3:�ut2/I�u;CB<v8�/103254	CÎ�303=>4�E5:
u	õ
0325õ ö :
u�E5: º E � A�?Ñ:ñE5s
A3s
<5s
4ts
:
u0�g+o:ñ/5?>25u=#1=>?
»�C�25< 8;4 ; uG7�03<�CBõ
õ
034tE�:
<v8;4t:£? C�õ
03<5õ
:
<v8;4;CF8;=>03<�:
<�CB?y25{�=><5=y25{�ÿ E5s�8;:
4t{�=><5s
:#/XCB4Gô>d � ô�#\D���6
BC=?-I«�	N8H;��·=?-�FoV{	@FCFzD�¬>�CB��58C=GFGBC=U¬I; � :�8@? C�õ
03<5õ
:
<z8;4;CF8;=>03<�E5:	/1034f8;:
254tu%fw?>:
u�õ
0325õ ö :
u6E5s
A3s
<5s
4ts
:
u
ut03<z8�/�:
2�032�/XCBu6õ
03{�/�:
<5uts
:
u=�

{~�>�0�L�C�
ó :�8DCB2>
#E5:6E503/XCBA3:@<£E�& 25<5:6õ
0325õ ö :6s
/XCB=>utut:@�FCB4t=>:@:1
9/�03<5:
<z8;=>:
?y?>:
{�:
<z8$Cï�3:
õ6? Co8;:
{�/1s
4;CF8;254t:

)£? CBxz25:
?>?>:	:
uf8�/1034f8;s
:G? C#õ ö CB4tA3:Gut03?>=>E5:�E�& CB?>25{�=y<5=>25{��/d ?cõ
03<v�w=>:
<v8�E�& s�8DCB?>03<5<5:
46õ
:�8t8;:��BCB4t= CF8;=>03<
)#8;4;Cï�3:
4tu�? CñõïCB4;CBõ�8;s
4t=>u;CF8;=>03< º ÿ�8 � E5:G/5?>25ut=>:
254tu6õ�0325õ ö :
u�E5:GE5=.\Zs
4t:
<v8;:
u6õ
03{�/103ut=y8;=>03<5u=�
ó : /54t=><5õ
=>/1: E�& 25<5: {�:
ut254t: º ÿ�8 � #F032�õïCB/XCBõ
=y8;s�Çí8;:
<5ut=>03<�#í:
uf8æ?>: ut25=y�FCB<v8,fí?>: ut:
{�= ú õ
03<5E525õ�8;:
254

E503/1sG:�86ut03<�õ
03<z8DCBõ�86{�s�8DCB?>?y=>xz25:	õ
03<5uf8;=y8;25:
<v8625<5:G7XCB4t4t= ; 4t:�ôwõ ö 0B8t8ñ@v»�=>E5sïCB?>:��P$	4@? Cñ4ts
A3=>03<�E5s�ú
/5?>s�8;s
:�E�& 25<5:.7XCB4t4t= ; 4t:�ôwõ ö 0B8t8ñ@v»�=>E5sïCB?>:e- 034t{�:�#ÑCï�3:
õ�ut03<ªõ
03<z8DCBõ�80#Ñ25<ªõ
03<5E5:
<5u;CF8;:
254e)�/5? CB<5u
/XCB4;CB?>? ; ?>:
u=� ó C#{�:
ut254t:GE5:G? C#õïCB/XCBõ
=y8;s�:
<�- 03<5õ�8;=>03<�E5:G? C�8;:
<5ut=>03<�- 03254t<5=y8@E5=>4t:
õ�8;:
{�:
<v8�?>:	8DCB2>

E5:GE503/XCBA3:GE�& 25<5:Gõ
0325õ ö :G25<5=.- 034t{�:cò � � ó'�
	 <�/54;CF8;=>xz25:�#æ03<èE5s
/103ut:�E5:
2>
�s
?>:
õ�8;4t0zE5:
u£E5:�{�:
4tõ
254t:�õ
=>4tõ
25? CB=>4t:
uñ:�8£õ
03<5õ
:
<v8;4t=>xz25:
u�ut254

?'& s
õ ö CB<v8;=>?>?y03<�#3õ
:�xz25=1C�?'& Cï�BCB<v8DCBA3:6E�& G�8;4t:�<503<.E5:
uf8;4t25õ�8;=.-i� ó CGõ
03254t71: 1/C2(V ) 03798;:
<z25:o:
uf80#z:
</103? CB4t=>u;CF8;=y03<�=><v�3:
4tut:�#125<5:�E54t03=y8;:GE503<v8o? C#/1:
<v8;:�:
uf8o/54t03/1034f8;=>03<5<5:
?>?y:V)�?>C£E5:
<5ut=y8;s�E5:�E503/XCB<v8;u
=>03<5=>uts
u%f

N−
D =

2

eS2εε0
.(∂

1

C2
/∂V )−1

0�^ N−
D
:
uf8o? C#E5:
<5ut=y8;s�E5:GE503<5<5:
254tuo=>03<5=>uts
u=#�ô�? C#ut254E-ÏCBõ
:�E52�õ
03<5E5:
<5u;CF8;:
254=# ε ? C#/�:
4t{�=y8t8;=y�w=y8;s4t:
? CF8;=y�v:£ÿ ε ÃñüÎ� � :�86:G? C#õ ö CB4tA3:Gs
?>s
{�:
<v8DCB=>4t:��
�b�>�0�[§���}/�C�
ó :
u�E503/XCBA3:
u�{�:
ut254ts
u�ut254�E5:
u�s
õ ö CB<z8;=>?>?>0B<5u�E5:�õ
03{�/103ut=y8;=>0B<5u�E5=.\Zs
4t:
<z8;:
u�:
<�<
=><5õ£:�8�{.Cíú

A3<5s
ut=>25{ ut03<z86/54ts
ut:
<z8;s
u�EXCB<5u�?>C4DXA3254t::�/� �>�ó :
u��FCB?>:
254tuñE5:�E5:
<5ut=y8;s�E5:�/1034f8;:
254tuñõ
034t4t:
ut/�03<5E5:
<z8H)m25<5:.�w=y8;:
utut:�E5:�õ
4t03=>utu;CB<5õ
:�E5:��/� �
{�õ�ÇFu E5:6{.CB<5= ; 4t:6)G/�:
4t{�:�8t8;4t:�25<5:�õ
03{�/XCB4;CB=>ut03<£E5=>4t:
õ�8;:6:
<v8;4t:�?>:
u$4ts
ut25?y8DCF8;u=� ó :
u s
õ ö CB<v8;=>?>?>03<5u
03<z8@8;0325u6s�8;sGs
/5=y8DCC
9=>s
u2).�í�v� ◦ º ut0325u�:1
9õ ; u�E5:GõïCBE5{�=>25{"�
$	<�õ
03<5uf8DCF8;:£xz2�& =>?Ñ»�C�/1:
2�E5:#E5=.\Zs
4t:
<5õ
:
uG:
<v8;4t:£?>:
u	õ
0325õ ö :
uGE5: º E5?Ñ:mÿ uf»w{#7�03?>:
u�õïCB4t4ts
u � :�8
õ
:
?>?>:
u@õ
03<z8;:
<XCB<v8�E52�{�CBA3<5s
ut=>25{²ÿ 4t03<5E5u6:�8@8;4t= CB<5A3?>:
u � #5CB2�{�0B=><5uÃ�f25utxz2�& )£25<�8DCB2>
�E5:GE503/XCBA3:
E5: 2.1018cm−3 � ó C#õ
03254t71:G/54ts
õ
s
E5:
<z8;:�C#E525:VG�8;4t:G{�0wE5=.DXs
:%)#? C#ut25=y8;:�E52�E5s
/5? CBõ
:�{�:
<z86E5:G? Cõ
:
?>?>25?>:GE�& CB?>25{�=y<5=>25{¹fX8;03298�õ ö CB<5A3:
{�:
<z8oEXCB<5u�? C£A3s
03{�s�8;4t=>:�E52muf»wuf8 ; {�:�:
uf8	:
<m:M\Z:�8out25u;õ�:
/wú
8;=>75?>:�E5:o{�0wE5=.DX:
4 ?'& s
<5:
4tA3=>:�E�& CBõ�8;=y�FCF8;=>03<�� ó C�õ
03254t71:	õ
034t4t:
ut/�03<5EXCB<z8J)�? C�<50329�3:
?>?>:�/103ut=y8;=>03<�E5:
? C#õ
:
?>?>25?>:	:
uf8�=>E5:
<v8;=>xz25::)#õ
:
?>?>:�/54ts
ut:
<v8;s
:�=>õ�='#5E5s
õïCB?>s
:GE5:*û ��� ◦ º �

¤p���[µ��L�(¨L�X³
�7���1½g³
�(�
���



580
 600
 620
 640
 660
 680
 700
 720
 740
 760
 780
 800


1E16


1E17


1E18


1E19


 


 


Cd

0.65


Zn

0.08


Mg

0.27


Te


Cd

0.75


Mg

0.25


Te


CdTe


Ta
ux

 d
e 

do
pa

ge
 n

   
(c

m

-3

 
 )


Température de la cellule d'aluminium (˚C)
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Tension de polarisation (V)
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