
���������	� 
���
����	���������������	����
���
�����
�
���� ��
�� !#"$������� %��	��&�')(*��� �	+-,���./���$��
�%��	� �	0)�	�#
����	���-12�4365 7�8 9-:�;<9>=?8 @BA C�D�=�;�8 @*C EGF#5IH$HJH�K��L��� MN.*���	O � 
BP �����QP R��?K���!?F

SUT4V�WYX�Z�[Y\^]`_�a�b cNd�[fe�ghWYT4V�\$[YejilkJmYn^o<mfphphmYq)k�rhp�s�t�rJu�r
vxwzyz{}|}~ ���G|���{�| �B~ ����~��z���B��� ��w�����|��������/� ��������� ��~�� ��~z�
|^w���|}�U�B� |}~����

 G¡ d)cNe¢Z¤£ ¡�¥ Z�V�¦
1
kJ§6[fV�d�¨�cNeNe¢cN\4©YZ�V

12
k$ªl[f\$©hb _4Z�\4©¬«�T

2
k4]­Z)¦�Z�V®]­WY\$©YV�[B¦ ¯

1
k4]­Z)¦�Z�V�«�d�_J[B¦�¦�b d�_$\4Z�c�°�Z�V

1
k$[Y\$°�±®W ¥ Z�V ¦²«�d�_4eN³Y©he

2

1 ´<µh¶>·?¸I·?¹Y·­º�»Y¼G½�¾�¶>·?¿/À�¼?Á�¾�¼`Â#ÃBÄY¶�¸I¿�Å�ÆJ¾�Ç Ãhµ�¸I¶�Ç�Ã�¾2ÈGµ�¸IÉ/¾�¼?¶�¸Ê·�Ë�·�Ì�¸L¾�µJÅYÌ�¸I¾QÍhµh¾�¼UÎ2Ï�¹�Áh·?¶>·�¼�Ï)Ð/¾ÒÑ)Ó�Ô�ÕÖÔQÕ�×/ÕlÌ�´<Ø#Ù�ÅhÚG¹�¶>·�¼?¸LÏ 2 Û2¾�Á�Ï)¼�·?Ü¤¾�µB·�Ý�º
´<µhÝ�¼?Þ/Ï�µ�¸IÇ�ßàÃ�¾�Ü¤¸L¶>·�¼�ÄBÅh½h¼?¸Ê·?á®ÎâÏ�ã�¾�¼U´äµ�¶>·?¸Ê·?¹h·?¾2Ý�º�·?Ã�¾ÒåæÏ)çæÂ�èLÏ�µhÇ ¿ÖéYÝBÇ�¸L¾ ·<ÄBÅ�½�Ï�¼�Ï�Í�Ï�Äfê­¾�Þë×�ÓäìYÅ�Ô�×hÔ�í/îëïà¾�¼?èI¸IµJÅ�ðâ¾�¼?ÜñÏ�µBÄ

ò ¾�Ç�¸I¾�É/¾QÍ�Ô)ólÛ2¾�Ç�¾�Ülã�¾ ¼`ô�Õ�ÕYÔ�Â�¹�ã�èI¸I¶�Ã�¾�Í^ÔQõëÚ`¹�Þ�¹�¶>·Gô�Õ�Õ/ô
ö­÷*ø>ù?ú�û*ü�ù�ý ï­Ï�µ�ÍfÓä¶>·�¼?¹hÇ�·?¹h¼?¾�þ�ï�éhÿÒÇ�Ï�èIÇ�¹�èLÏ)·?¸LÝ�µ�¶ëÝ�ºG·?Ãh¾ Íh¾�µh¶�¸I·äÄ Ý�ºâ¶>·�Ï)·?¾�¶�þ�Û � éhÿ2¹�¶�¸Iµ�Þ¬·?Ã�¾ñº�¹hèIè­Á�Ý�·?¾�µB·?¸LÏ�è­Ï�¹�Þ�Ó
Ü¤¾�µB·?¾QÍëÁhè¢Ï�µ�¾âê­ÏQÉ/¾�¶­Ç�ÝfÍY¾GÌ�´<Ø#Ùâí/ó2ê­¾�¼?¾âÁ�¾�¼�º�Ý�¼?Ü¤¾QÍ¤Ý*µñ·?Ã�¾GºNÝ*¹Y¼�¶�¸Iµ�Þ*èI¾�Ó	É�Ï�èI¾�µhÇ�¾2É�Ï�µ�Ï�Íh¸I¹�Ü�ÝQçY¸¢ÍY¾�¶�� � Å��

2

�
3
Å

� �
2

Ï�µ�Í��
2

�
5 � Æ­Ã�¾ñÛ � é^Ï)¼?¾�ÍY¸I¶�Ç�¹�¶�¶�¾QÍ�êU¸Ê·?Ã ¼?¾�¶�Á�¾�Ç�·²·?Ýæ·?Ãh¾ñÍh¸I¶>·?Ý�¼�·?¸IÝ�µ�¶lÝ�ºU·?Ã�¾�� �

6
ÝBÇ�·�Ï�Ãh¾QÍY¼�ÏfÅj·?Ã�¾ñÝQçY¸ÊÓ

Í�Ï)·?¸IÝ*µ�¶>·�Ï�·?¾�¶âÝ�º#É*Ï�µ�Ï�Íh¸I¹�Ü Ï�µ�Í�·?Ã�¾�Ý�¼?ãh¸I·�Ï�èjÃBÄYãh¼?¸LÍh¸I¶?Ï�·?¸IÝ�µ�¶âÝ�ºàÝQçfÄYÞ*¾�µ�Ï)·?Ý*Ü¤¶ � Æ­Ãh¾Ò¶�¸LÜ²¹�èLÏ�·?¾�Í�ÝQçfÄYÞ*¾�µ	�2Ó	¾QÍYÞ*¾
 µh¾®¶>·�¼?¹�Ç�·?¹Y¼?¾�¶Òþ�Ø��$Ù2Ø-é�ÿ­ÇQÏ�èLÇ�¹�èLÏ�·?¾QÍ�êU¸Ê·?Ãæ·?Ãh¾ÒÆ�Ø��$Ù2Ø-é�Áh¼?Ý*Þ�¼�Ï�Ü�ê­¾ ¼?¾�Ç�Ý*Ü¤Á�Ï)¼?¾QÍÖêU¸Ê·?Ãæ¾�çYÁ�¾�¼?¸IÜ¤¾�µB·�Ï�è$¼?¾�¶�¹hèÊ·?¶
Ý*ãY·�Ï�¸Iµ�¾�ÍlãBÄÒ¾�èI¾�Ç�·�¼?Ý*µl¾�µ�¾�¼?Þ�ÄfÓäèIÝ�¶�¶#¶�Á�¾�Ç�·�¼?Ý*Ü¤¾�·�¼�Äñþ�Ø#Ø
�jé�ÿ Å*Ï�µ�Í²¶�ÃhÝ)êà¾QÍ²Þ�ÝBÝfÍ¤Ï�Þ�¼?¾�¾�Ü¤¾�µB· � Ì ¾­¶�ÃhÝQê�·?Ã�Ï�·�Ç�Ã�Ï�µ�Þ*¾�¶
¸Iµ�·?Ã�¾ 
 µ�¾2¶>·�¼?¹hÇ�·?¹h¼?¾�¶GÏ�èIÝ*µ�Þë·?Ãh¾®¸IµYÉ*¾�¶>·?¸IÞ/Ï�·?¾�Í�É*Ï�µ�Ï�Íh¸I¹�Ü ÝQçY¸LÍh¾�¶UÜñÏ�¸LµhèÊÄ ¼?¾�¶�¹�èÊ·Gº¢¼?Ý*Ü Ç�Ã�Ï�µhÞ*¾�¶U¸Iµ�·?Ãh¾ � Ó p Û � é
Ï�µ�Í�µ�Ý�·�ºN¼?Ý�Ü ·?Ã�¾®¶�Ã�¸Êº¢·GÝ�ºj·?Ã�¾®Û � é Ï�Ç�Ç�Ý�¼�ÍY¸Iµ�Þë·?Ý¤Ï²¼?¸IÞ�¸¢ÍÖã�Ï�µ�ÍÖÜ¤ÝfÍY¾�è �
�Bö
���Jý ó�í � ô�Õ � ÈâÉæófÔ � ô�Õ � Ó	ã ófÔ � ô�Õ � ïà¾¤óBÔ � Ô)î � ÚGÁ�ìYÔ � ÔQÕ � Î`·2Ñ*ô � Ñ*Õ � Â�É¬ó�Ñ � ó�Õ � Û2Ü

������������� ��!"�$#%���
& ' Wh\4©�¦ _4Z)(B[YV cNWYT$b�W+*�c�°�Z�b�W�,-(B[f\$[h°�cNT ' k2¦ _4Z�V Z�[fV�Z.,�WYT4V
o0/21Ök
/

2

1
3

k�/21
2

[Y\$°3/
2

1
5

qñc¢\)4®_4c�d�_5(B[f\J[Y°�cNT ' cNbÖc¢\}[
b c¢\$©YeNZ6(B[feNZ�\Jd)Zæb?¦�[B¦ Zhkjc87 Z97Nk�c¢\./

2+
k:/

3+
k:/

4+
[Y\$°;/

5+
k�V�Z=<

b XJZ*dQ¦�c>(hZ�eNa97@?2_4Z*b�Z�W+*�c�°�Z�b ' Z�V�cL¦ b X�Z�d)c�[feÒ[f¦�¦�Z�\�¦ cNWY\ ¥ Z�d�[YT$b Z
W9,®¦ _4Z�c¢V�WYT�¦�b?¦�[f\$°4c¢\4©zb?¦�V TJdQ¦ T$V�[Ye@A$ZB*�c ¥ cNe¢c¢¦?a�d)W ' ¥ cN\4Z�°54®cL¦�_
d�_4Z ' cNd�[fe�[f\J° X4_�a�b cNd�[fe�X4V�WYX�Z�V ¦ cNZ�bC4®_4c�d�_ [fV�ZlW9,àcN\�¦ Z�V Z*b?¦C,�WYV
d�[B¦�[Ye¢a�¦�cNd�[f\$° Z�eNZ�d)¦ V�W�d�_$Z ' cNd�[fe2[fX4X$e¢c�d�[f¦ cNWY\$bD7FE4WYV�cN\$b?¦�[f\$d�ZYk
/21�c�bG[ ' Z�¦�[feG4®cL¦�_�V�W�dIHJ<�b [YeL¦`b�¦ V�T$d)¦ T4V�Z97K/

2

1
3

cNbGcN\ [¤X$[YV�[�<
' [f©h\4Z)¦�cNd ' Z�¦�[feNeNcNd­X4_J[Yb ZF4®cL¦�_ñd)WYV�T4\$°4T ' b�¦ V�T$dQ¦�T4V�Z2o

α−
& e

2

1
3

q
[ ¥ WL(hZ®uDMKNPO�[Y\$°ñ[Y\ñ[f\�¦ c>,�Z�V�V W ' [f©Y\$Z)¦ c�d­cN\$b�T$eN[f¦ WYV
4®cL¦�_ ' WY\�<
W�d)eNcN\4cNd¤b�¦ V�T$d)¦ T4V�Z ¥ Z�e¢WL4RQNuYkämLST7U/21

2

T$\$°�Z�V�©YW�Z*b®[WV$V�b�¦ÒWYV�°�Z�V
¦�V�[Y\$b�c¢¦ cNWY\W,�V�W ' [ñ°�c�[ ' [f©h\4Z)¦�cNd�b�Z ' c�d)Wh\$°�T$d)¦ WhVUX4_$[hb�Z ¥ Z�eNWL4
X rhp-O�¦ W�[¬X$[YV�[ ' [f©Y\$Z)¦ c�d ' Z)¦�[Ye¢eNc�d¤b?¦�[B¦ ZY4®cL¦�_�V T�¦�c¢eNZ b�¦ V�T$dZ<
¦�T4V Z®[ ¥ WL(hZ X r�p2O[Q¢uhk X S�7+/

2

1
5

cNb�[l°�c�[ ' [f©h\4Z)¦�cNdGc¢\Jb�T4e�[B¦�WYV�[B¦
V�W�W ' ¦ Z ' X�Z�V�[B¦�T4V�Z6QNu=S:4®c¢¦ _ WhV�¦�_4WYV�_4W ' ¥ c�dÒb�¦ V�T$dQ¦�T4V ZK7$/

2

1
5c�b­[f\ñZ*b b Z�\�¦ c�[fe�cN\4©YV�Z�°�cNZ�\�¦à¦ Wl_4Z)¦�Z�V�WY©hZ�\4Z�WYT$b-d�[B¦�[feNa�b�c�b\4®c�°�Z�eNa

T$b Z�° cN\6[	(B[fV�cNZ)¦?a W9,Ud�_4Z ' c�d�[fe#V Z*[YdQ¦�c¢Wh\$b�k$b�TJd�_ [hbÒcN\�X$[fV ¦ c�[fe
W+*�c�°4[B¦�c¢Wh\�V�Z�[Yd)¦ cNWY\$blWhVlcN\z¦ _4Z�b Z�eNZ�d)¦ c](YZ�V Z*°�T$d)¦ cNWY\zW�,_^`1

x

7
?2_4Z ' Z�\�¦ cNWY\4Z*°�b�cN\4©YeNZa(B[feNZ�\Jd)Z	(B[f\$[h°�cNT ' W+*�c�°�Z�bñZ=*�cNb�¦ ¥ Z=<
b cN°4Z�W9,l[b4®cN°4Zc(B[YV cNZ)¦?a�W9, ' cd*�Z*°e(B[feNZ�\Jd)Z W+*�cN°�Z*b�c¢\�4®_4c�d�_
(B[f\J[Y°�cNT ' [f¦ W ' bëZB*�cNb�¦ñc¢\�[f¦ñe¢Z*[Yb�¦¤¦f4GW W�,â¦ _$Z [ ¥ WL(YZ ' Z�\�<
¦�c¢Wh\4Z�°Y(/[Ye¢Z�\$d)Z2b�¦�[B¦�Z�bD7f«�T$d�_ ' c>*�Z�°g(B[Ye¢Z�\$d)ZâW+*�cN°�Z*b-[YV Zh,�WYT4\J°
¦�W ¥ Z`¦�_4Z�V ' W�°�a�\$[ ' c�d�[feNeNaëb�¦�[ ¥ eNZâ[Y\$° d�[f\ ¥ Z2b�a�\�¦ _4Z*b�c�b Z�° ¥ a
(B[fV�cNWYT$b ' Z)¦ _$W�°$b2WYV®d�[Y\ ¥ Z2,�WhV ' Z*°^[hbGcN\�¦ Z�V ' Z�°4cN[f¦ ZlX4_$[Yb Z�b
cN\�d�[B¦�[feNa�¦ c�d²V�Z�[hdQ¦�c¢Wh\$bB7

?2_4ZC(B[fV�cN[ ¥ cNe¢c¢¦?a¤W�,4¦�_4ZC(B[f\$[h°�c¢T ' <>W+*�a�©YZ�\Öb�a�b�¦ Z ' cN\�Z�eNZ�dZ<
¦�V Wh\4cNdlX4V�WYX�Z�V ¦ cNZ�b2d�[feNeNb_,�WhVÒ[�b Z�\Jb�c¢¦ c](YZ¤[f\J°^b X$[B¦�cN[Ye¢eNa�V�Z�b WYe](J<
cN\4©�[f\J[feNah¦�cNd�[fe ' Z)¦�_4W�°�WYeNWY©ha	,�WYV®cN\$(YZ�b�¦ cN©h[f¦ cNWY\^W�,�b?¦�V T$d)¦ T4V�Z=<
,�T4\JdQ¦ cNWY\¤V�Z�e�[B¦�c¢Wh\$b _4c¢X
7)Shi
^�SG«¬o	Z�\4Z�V ©ha�eNWhb�b�\4Z�[YV�Z�°4©YZ`b�¦ V�T$dZ<
¦�T4V Z*b�q^[f\J[feNa�b c�b X�Z�Vj,�WYV ' Z�°�cN\�[Y\�[Y\$[feNa�¦ c�d�[fel¦�V�[Y\$b ' c�b b cNWY\

Z�eNZ�d)¦ V�WY\ ' c�d)V�Whb�d)WhXJZ o0?2SG§�që©Yc](YZ*bl¦ _4Z¬\$Z�d)Z*b b�[fV�a�cN\�,�WYV ' [L<
¦ cNWY\ X4V�WL(�cN°�Z*°�¦�_$[B¦�[�b [�,�Z�T4\$°�Z�V�b�¦�[Y\$°�cN\4©�W�,ë¦ _4Z6b X�Z�dQ¦�V�[Ye
,�Z�[f¦ T4V�Z�b cNbæ[+(B[fcNeN[ ¥ eNZ97�?-W6¦�_4c�bÖZ�\$° [Y\ [f\J[feNa�b c�bñW�,�b X�Z�dQ¦�V�[Ye
X4V�WYX�Z�V ¦ cNZ�bâW�,­V ZB,�Z�V�Z�\$d�Z²W+*�c�°�Z�b2c�b2X4V�Z�b Z�\�¦ Z*° _$Z�V�Z97

^ÒT ' Z�V�WYTJbj¦ _4Z�WYV�Z)¦�cNd�[feBcN\J(hZ�b�¦ cN©h[f¦ cNWY\$bj_$[+(hZ ¥ Z�Z�\¤X�Z�Vj,�WYV ' Z*°�k
WY\6(/[Y\$[Y°4c¢T ' W+*�c�°�Z*bkQ rBtju�p�ST7/§�WYV�ZâV Z*d)Z�\�¦�e¢aë¦f4âWld�[fe�d)T4e�[B¦�c¢Wh\$b
_$[+(YZ ¥ Z�Z�\ X�Z�Vj,�WYV ' Z�°}WY\�/

2

1
5

4®c¢¦ _$c¢\�¦ _$Z6°�Z�\$b c¢¦?a5,�T4\$d=<
¦ cNWY\$[Ye�¦ _4Z�WYV�a"l�S`aYZ�V ¦Ym=nCoLp>qjd�WY\$d�Z�\�¦ V�[B¦�Z�° WY\^¦ _4Z¤V�WYeNZ²W9,#¦�_4Z
°�Z=,�WhV ' [f¦ cNWY\�W9,#¦ _$Zr/21

6

W�dQ¦�[f_4Z*°�V Wh\ Wh\�¦ _$Zëª�1ë« T$b�cN\4©æ[f\
[fT4© ' Z�\�¦ Z*° b X4_4Z�V�c�d�[fe�42[+(YZl[fX4X4V�Wh[hd�_a4®c¢¦ _4cN\ ¦�_4Z¤eNW�d�[fe�°�Z�\�<
b�c¢¦?a�[YX4X4V�W+*�c ' [B¦�c¢Wh\sQNuYuBS<k�[Y\$°   _$[�H�V�[ ¥ [YV�[f¦ cPm=n`oLp>qUb?¦�T$°�cNZ�°
¦ _4Z ¥ T4e]H�[f\$° o	p4u*phqæWhV cNZ�\�¦�Z�°�b T4Vt,	[hd)Z W�,g/

2

1
5

TJb�cN\4©�¦�_4Z
,�T4eNeGX�Wf¦�Z�\�¦ c�[feâ[fT4© ' Z�\�¦ Z�°�X$eN[Y\4Za42[+(YZ�d)W�°�Z ¨vu�Sh^ w�s.Q¢u/m+S�7
u�\�[�b?¦�T$°�a�W�, ¥ T4e]H�[Y\$°�b T4Vt,	[hd)Z X4V�WYX�Z�V ¦ cNZ�b¬W9,�/U[f\$[h°�c¢T '
[f\$° ' WYeNa ¥ °�Z�\�T ' W+*�cN°�Z*b2£ÒZ�V ' [f\4\�[f\$°^¨�c¢¦jHYW¬b _4WL4âZ�°æ¦�_4Z
¦ WY¦�[feGª`1ë«zW9,C/

2

1
5

k
/21
2

[f\J°3/
2

1
3

d�[fe�d)T$eN[f¦ Z�°.4®c¢¦ _�¦�_4Z
¨vu�Sh^ w�s d)W�°�ZxQ¢u X S�7�SF*�XJZ�V c ' Z�\�¦�[Ye¢eNaYk-W+*�a�©hZ�\)O \4Z�[YVñZ�°4©YZ
b?¦�V TJdQ¦ T$V Z*b²_J[+(YZ ¥ Z�Z�\�b?¦�T$°�cNZ�° ¥ a & ¥ ZxmBnro�p>qNk ¥ a ' Z�[Y\$bëW�,
SUShià«�b _4WL4®cN\4©�¦�_4Z ' Z�¦�[Yed<>c¢\Jb�T4e�[B¦�WYV²¦ V�[f\$b c¢¦ cNWY\�cN\./21

2

Q X S�7
1yOr<>Z�°�©hZ�b²c¢\b/

2

1
5

k�/21
2

k:/
2

1
3

[fV�ZÖb _4WL4®\ ¥ a;i#c¢\vm=nroLp>q
' Z�[Yb T4V�Z�° ¥ aÖSki
^ÒSâ«zQNu�r�S�[f\$° & ¥4¥ [f¦ Z6mBnhoLp�V Z*d)WhV�°�Z*°�c¢\a{ <
V�[/a & ¥ b�WhV X�¦�c¢Wh\ «�X�Z�d)¦ V�Whb�d)WYX�a�o|{ & «4q6QNu=S�7jª²Z�b X4c¢¦ ZÖ¦ _4ZW,	[hdQ¦
¦ _$[f¦²[�eNWf¦²W�,@4âWYV�H}42[YbÒd�[fV�V cNZ�°�WYT4¦�kJ¦ _4Z�°�cd~jZ�V�Z�\�¦Ò¦�_4Z�WhV Z�¦ c><
d�[YeàcN\$(YZ*b?¦�c¢©�[B¦ cNWY\Jb 4âZ�V�Z ' [h°�Z-4®cL¦�_�°4cd~jZ�V�Z�\�¦ ' Z)¦ _$W�°$b¤[f\$°
¦ _�T$b�°�c>~�Z�V Z�\h¦Ö¦?a�XJZ*bÖ[Y\$°�eNZB(hZ�e�bñW�,�[YX4X4V�W+*�c ' [B¦�c¢Wh\\7�?2_$Z�V�Z=<
,�WYV�Zñ¦�_4Z�V�Z�b�¦ cNeNeàc�bë[ \$Z�Z�°;,�WYVë[^b a�b?¦�Z ' [B¦�cNd c¢\$(hZ�b�¦ cN©h[B¦�c¢Wh\6W�,
b�cN\4©he¢Z`(B[feNZ�\$d�Z�(B[f\$[h°�c¢T ' W+*�c�°�Z�bC4®c¢¦ _ ¦�_4Z b�[ ' Zë¦ _4Z�WYV�Z)¦�cNd�[fe
[f\$°�ZB*�X�Z�V�c ' Z�\�¦�[fe�¦ W�WYe�bB7 & e�b�W¬\$W °�cNV Z*dQ¦²d�W ' X$[fV�c�b�Wh\^W9,-¦�_4Z
ª`1ë« W�,à¦ _$Z�b Z2,�WhT4V�d�W ' XJWhT4\$°4b2_J[Yb ¥ Z�Z�\�°�Wh\4Z97
u�\�¦ _4Z X4V Z*b�Z�\�¦ 4GWhVjHjkU4âZñ©hc>(hZ [�d)W ' X4V Z�_4Z�\Jb�c](YZ¤cN\$(YZ�b�¦ c><

©h[f¦ cNWY\�W9,�¦ _4Z`(B[fV�c�[B¦ cNWY\ c¢\ ¦ _4ZY1 <�O Shi
^�SG«a4®c¢¦ _�W+*�cN°$[B¦ cNWY\



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ m

b�¦�[f¦ Z cN\�¦�_4Za,�WhT4VÖc ' XJWhV�¦�[f\�¦Öb c¢\$©YeNZ}(B[feNZ�\$d�Z}(B[f\J[Y°�cNT ' W+*J<
c�°�Z�b�k�/21ÖkK/

2

1
3

k9/21
2

[Y\$°W/
2

1
5

79?2_4c�b@H�\4WL4®eNZ�°4©YZ®d�[Y\�_$Z�eNX
T$b�¦ W^T4\$°�Z�V�b�¦�[Y\$°�¦ _$Z Z�eNZ�d)¦ V�WY\4c�d b�¦ V�T$d)¦ T4V�ZñW�,`[Ye¢e#¦ _4Z�Wf¦�_4Z�V
(B[f\J[Y°�cNT ' W+*�c�°�Z�b`4®c¢¦ _�cN\�¦ Z�V ' Z�°�c�[B¦�Z¬W+*�cN°4[f¦ cNWY\zb?¦�[B¦ Z*bB7�E4WYV
[¬V�Z�eNc�[ ¥ eNZñd)W ' XJ[fV�cNb WY\�k4[Ye¢e#¦ _4Z ¥ [f\$°�b�¦ V�T$d)¦ T4V�Zñd�[YeNd�T4eN[f¦ cNWY\$b
4âZ�V�Z X�Z�Vj,�WYV ' Z�°;4®c¢¦ _�¦ _4Z¬b�[ ' Z X$V Wh©YV�[ '-' ZÖd)W�°�Zæ[f\J°6°�c�bf<
d�T$b b Z�°W4®c¢¦ _¬Z ' X$_$[Yb cNbUWY\�¦ _4Z²°�Z�\$b c¢¦?a W�,�T4\$W�d�d)T4X$c¢Z*°¬b?¦�[B¦ Z*bB7
?2_4Z W+*�a�©YZ�\eOr<<Z*°�©YZ*b6,�V W ' ¦ _4Z ,�WhT4VæW+*�c�°�Z*b�[YV Z�Z=*�¦�V�[hdQ¦ Z*°
,�V�W ' SUSki-« b�X�Z�d)¦ V�[�V�Z�d)WhV�°4Z�° 4®c¢¦ _ ¦ _4Zæb [ ' Z ¦�V�[Y\$b ' c�b b cNWY\
Z�e¢Z*dQ¦ V�WY\ ' c�d)V�Whb�d)WhXJZ¤T4\J°�Z�Vëd)W ' XJ[fV�[ ¥ eNZ¤Z=*�X�Z�V�c ' Z�\�¦�[fe-d�WY\�<
°�c¢¦ cNWY\JbB7

�����\�������

u�\�¦�_4Zb?2SG§ ,	[Yb�¦^cN\$d�W ' c¢\$©�Z�eNZ�d)¦ V�WY\$b o�¦?a�X4c�d�[feNeNa ¥ Z)¦f4âZ�Z�\
u*pYp¬[f\J° rhpYp-HhZ�/lqÒe¢W�b�Z¤Z�\4Z�V�©Ya °�T4Z¤¦�W^[	(B[YV cNZ)¦?a^W�,�c¢\�¦�Z�V�[YdZ<
¦�c¢Wh\$b`4®cL¦�_�¦�_4Z�b�[ ' X4eNZ�QNu NLST7�1²\4ZæX�Whb�b�c ¥ eNZÖX$V W�d)Z*b b Z�blc�bl¦ _4Z
ZB*�d�cL¦�[B¦�c¢Wh\�W�,U[�d)WhV Z¤Z�e¢Z*dQ¦�V Wh\�k$[¬X4V�W�d)Z*b bÒb c ' cNe�[fVÒ¦�W¬¦ _$Z WY\$Z
W�d�d�T4V�V cN\4©ñcN\a{ & «�7�§�W�°�Z�V�\�Z�\4Z�V�©Yaæb�X�Z�d)¦ V�W ' Z)¦�Z�V�bUWhV@V$e¢¦ Z�V�b
cN\�¦�_4Zz?2S`§ b T$d�_�[Yb ¦ _4Z ]USUSki-«jk�¦�_4Z��rufE�WYV�c¢\U<>d�WYeNT ' \
V$e¢¦ Z�V�b2d�[f\ V�Z�b WYe](YZlpU7 Në¦�W�ulZ�/Y7�u�\�d)W ' ¥ cN\$[B¦�c¢Wh\}4®c¢¦ _ [gVJZ�e�°
Z ' c�b�b�cNWY\ b WYT$V�d�ZYk�¦�_4Z�b Z cN\$b�¦ V�T ' Z�\�¦�b�[fV�Z^b T���d)cNZ�\�¦�e¢a�b Z�\$b cd<
¦�c>(hZ�¦�W�°�Z�¦ Z*dQ¦_,	[fcN\h¦�(B[fV�c�[B¦ cNWY\JbUcN\ ¦�_4Z²Ski
^ÒSâ«�74§�Z)¦�_4W�°4b_,�WYV
¦�_4Zñd�[YeNd�T4eN[f¦ cNWY\$b2W9,­¦ _4W�b�ZrV$\4ZÖb?¦�V T$d)¦ T4V�Z�bC4âZ�V�ZëV ZD(�c¢ZD4GZ*° ¥ a
±®Z�¯am=n�oLp>qFQ¢u M4k?uBs S�7

u�\ [ ¥ [Y\$° b?¦�V T$d)¦ T4V�Z�[fX$X4V W�[Yd�_ Shi
^�SG« c�b�d�[YeNd�T4e�[B¦ Z*°
4®c¢¦ _4cN\�¦�_4Z;V$V�b�¦^iâWYV�\�<>[YX4X4V�W+*�c ' [B¦�c¢Wh\ T4\J°�Z�V ¦ _4Zz[Yb�b�T ' X�<
¦�c¢Wh\�¦ _J[B¦ ¦ _4Z�cN\$d)W ' c¢\4©�[f\$°�WYT4¦ ©YWhc¢\$©5,	[Yb�¦ Z�eNZ�dQ¦�V Wh\$b�[fV�Z
X4e�[f\$Z 42[+(YZ�b@4®cL¦�_}42[+(YZ�(YZ*dQ¦�WYV�b

ki

[f\$°
kf

7�?2_4Z²°4WYT ¥ eNZ²°4cd, <
,�Z�V Z�\h¦�cN[Ye²d�V W�b bt<>b Z�d)¦ cNWY\s,�WYV�cN\4Z�eN[hb?¦�cNd�Z�e¢Z*dQ¦�V Wh\�b d�[B¦�¦�Z�V�c¢\$©�cNb
V�Z�e�[B¦�Z�° ¦ W�¦ _4Zñª²a�\$[ ' c�d�E4WhV ' EJ[Yd)¦ WYVñoäª2E�E�q`QNu�n�S�[hbBl

∂2σ

∂Ω∂E
=

[

4γ2

a2
0q

4

]

kf

ki

ª2E�E
(q, E)

o�u*q
4®_4Z�V Z

q = ki − kf

c�b²¦ _4Z ' W ' Z�\�¦�T ' ¦ V�[f\$bt,�Z�V*k
a0

¦ _4Z
iâWY_$V²V�[Y°�cNT$b�k

E
¦ _$Z�Z�\4Z�V�©Ya�[Y\$°

γ =
√

1 − β2
cNbl¦�_4ZÖV�Z�e�[L<

¦�c>(�c�b?¦�cNdr,	[hdQ¦ WhVD7U?2_$ZëªrE�E c�b2©Yc](YZ�\ ¥ a�l

ª2E�E
(q, E) =

∑

i,f

|〈i|eiq.r|f〉|2 δ(E + Ei − Ef )
oämYq

?2_4Z b�T 'W' [f¦ cNWY\�c�bÖ°4WY\4Z^WL(YZ�V�[feNeGW�d�d)T4X4cNZ�°�c¢\4c¢¦ c�[fe2[f\J°
Z ' X4¦?aaV$\$[Ye�b?¦�[B¦�Z�b

〈i|
[Y\$°

〈f |
7

u�,F4GZñd�WY\$b c�°�Z�V®[¬d)WhV ZëeNWhb�b2c¢\�[¬d�V a�b�¦�[fe<k�¦ _$Z¤c¢\4c¢¦ c�[fe-b?¦�[B¦ Z
c�b®V�Z�X4V�Z�b Z�\�¦ Z*° ¥ a�[f\�[B¦�W ' cNd¤d�WYV�Z¤b?¦�[B¦ Zñ[Y\$°^¦ _4ZgV$\$[fe-b?¦�[B¦ Z
¥ a�[�iâe¢W�d�_z42[+(YZg4®_$cNd�_6d�[f\ ¥ Z X4V�W! ?Z*dQ¦�Z�° WY\�¦�W [ ¥ [hb�c�b�b Z)¦
W9,�[f¦ W ' c�d¤WhV ¥ c¢¦�[YeNbD7Uu�,U[Y°$°�cL¦�c¢Wh\$[feNeNa ¦�_4Z b�[ ' X4eNZñcNb�XJWhe¢a�d�V a�bt<
¦�[feNe¢cN\4Zë[f\$°æ¦�_�T$bG¦ _4Zëª2E�E�d�[f\ ¥ Zëc¢\�¦�Z�©YV�[B¦�Z�°æWL(hZ�VG[Ye¢e�°�cNV�Z�dZ<
¦�c¢Wh\$b2W�,

q
k�¦ _$Zñª2E�E�c�b®©hc>(hZ�\ ¥ axQ¢u wLS�l

ªrE�E
(q, E) =ol

∞
∑

λ=0

l+λ
∑

l′=|l−λ|

χt
l′(ε

′) × (2λ + 1)

×

(

l λ l′

0 0 0

)2

〈jλ(q)〉2nε′ll′ .

o X q

λ
cNb#¦ _4ZG¦ V�[f\Jbf,�Z�V-W9,J[f\4©hT4e�[fV ' W ' Z�\�¦ T ' cN\ñ¦�_4ZGcN\�¦ Z�V�[hdQ¦ cNWY\#k

l¦ _4Z®cN\4c¢¦ c�[fe�[f\$°
l′

¦ _4ZCVJ\$[fe�[f\4©hT4eN[YV ' W ' Z�\�¦�[ 7
ol = 2(2l+1)cNbâ¦�_4Zñb�¦�[B¦�cNb�¦ c�d�[Ye�W�d�d)T$X$[B¦�c¢Wh\^\�T ' ¥ Z�V®W�,à¦ _4Z¤cN\4c¢¦ c�[fe�b�¦�[B¦�Z97

χt
l′(ε

′)
c�bG¦ _4ZëX$[YV�¦�cN[Yejª�1ë«-,�WhV®[f\4©hT4eN[YV ' W ' Z�\�¦ T '

l′
[B¦

[B¦�W '
t
[f\$°�,�WYV-¦ _4ZGZ�\4Z�V ©ha

ε′
[ ¥ WL(YZhE$Z�V ' cheNZB(hZ�e#"

〈jλ(q)〉nε′ll′cNb¤¦ _4Z ' [B¦�V c>* Z�e¢Z ' Z�\�¦ñW�,â¦ _4Z^b�X4_$Z�V�cNd�[feUiâZ�b�b�Z�e�,�T4\$d)¦ cNWY\�W�,
WYV�°�Z�V

λ
¥ Z)¦f4âZ�Z�\�¦�_4Z V�[Y°�c�[feâX$[YV�¦�bñW�,®¦�_4Z�c¢\4c¢¦ c�[fe®[Y\$°3V$\$[Ye

b?¦�[B¦�Z�bD7
E4WYV-[f\4c�b�WY¦ V�WYX4c�d ' WY\4W�d)V�a�b?¦�[feNe¢cN\4Z�b�[ ' X4eNZ�b�W9,�eNWL4zb a '-' ZB<

¦ V�aYk9,�WYV ' T4e�[¬o X q­_$[YbU¦ W ¥ Z�ZB*�¦ Z�\J°�Z�°¬[hb`b _4WL4®\ ¥ a-^ÒZ�e¢_$c¢Z ¥ Z�e
m=nCoLp>qFQ¢u wLS�7

iGWY¦ _�Z=*�X4V�Z�b�b�cNWY\Jb�kD,�WYVà¦ _$ZÒd�[Yb ZâW�,J[lX�WYeNa�d�V a�b�¦�[Ye¢eNc¢\$Zâb�[ ' <
X4eNZë[Y\$° [fe�b�W6,�WYV²[f\ [f\4c�b�WY¦ V�WYX4c�d ' Wh\4W�d)V�a�b?¦�[fe�d�[Y\ ¥ Z d�[YeNd�T�<
eN[f¦ Z*°}4®c¢¦ _�¦ _$Zg?2Shi
^�SG«^X$[YdIHB[f©hZ24®_$cNd�_�cNb�[f\�Z=*�¦ Z�\$b�cNWY\�W�,
¦ _4Zë¨vu�Sh^2w�s ¥ [Y\$° b?¦�V TJdQ¦ T$V Z¤d)W�°�Z-QÊmfp$käm�uBST7

$&%����D�F!"���_�'�)(

i#[f¦�¦ c�d)Z X$[fV�[ ' Z)¦�Z�V�b�k4b�¦ V�T$d)¦ T4V�Zë¦?a�XJZ�[f\$°�[f¦ W ' XJW�b�c¢¦ cNWY\JbÒW�,
¦ _4Z W+*�cN°�Z*ba/

2

1
5

kk/21
2

k /
2

1
3

[Y\$°v/21 b�¦ T$°4c¢Z*°�[fV�Z�b T ' <
' [fV�cNb Z�° c¢\z?à[ ¥ eNZæu97

& d)W '-' Wh\ñb?¦�V TJdQ¦ T$V�[YeL,�Z�[f¦ T4V�ZUW�,4[Ye¢eY¦ _4Zh,�WYT4Vàd)W ' X�WYT4\J°4b
[fV�Zë¦ _4Z6/21

6

W�dQ¦�[f_4Z*°�V�[¬d)WY\Jb�c�b?¦�c¢\$©�W�,Ub cd*�W+*�a�©YZ�\�[f¦ W ' b²[B¦
¦ _4Z�d�WYV�\4Z�V�b¤[f\J° Wh\4Z	(B[f\$[h°�cNT ' [f¦ W ' c¢\�¦�_4Z�cNV d�Z�\�¦ V�Z97 & d=<
d)WhV�°�cN\4©¤¦�Wñ¦�_4Zlb�¦ V�T$d)¦ T4V�Z�¦?a�X�Z�b`¦ _4Z2,�WYV ' W�,�¦�_4ZlW�d)¦�[Y_4Z�°�V�WY\
(B[fV�c¢Z*b_,�V W ' [¬b�¦ V�WY\4©he¢a °4cNb�¦ WhV�¦�Z�°�WY\4Z�o	c¢\z/

2

1
5

qâ¦ W�[æV�Z�©hT�<
eN[YV�,�WYV ' 4®c¢¦ _�b cd* Z
*�T$[fe�/ <f1 ¥ Wh\$°�cN\4©¤eNZ�\4©Y¦ _$b®o	c¢\	/21ëq=79?2_4Z
¥ Wh\$°�cN\4© /P<t1 eNZ�\$©f¦ _�c�b¤cN\$d)V�Z�[hb�cN\4© 4®cL¦�_�°�Z�d�V Z*[Yb c¢\4©�W+*�cN°$[L<
¦ cNWY\ b?¦�[B¦�Z�b2W�,�(B[f\$[h°�cNT ' o0?à[ ¥ e¢Z¬u¤[f\J°�EàcN©YT4V�Zæu*qZ7

u�\}/
2

1
5

¦�_4Z²W+*�a�©YZ�\�[B¦�W ' b`[YV ZÒWh\¬¦ _$V Z�Zl°�c>~jZ�V�Z�\�¦âb cL¦�Z�bD7
S`[Yd�_�e�[/aYZ�VÒc�b²d�W ' XJW�b�Z*° W�,UZ*°�©YZB<>b _$[fV�cN\4©æW�d)¦�[Y_4Z�°�V�[¬WhV ©�[f\�<
cNb Z�°ëcN\ ¯�c¢©9<<¯*[f©®eNc¢\$Z�b+" ¥ Z)¦f4âZ�Z�\ë¦f4GW²e¢cN\4Z�b�k*W�d)¦�[Y_4Z�°�V�[®[fV�Z`b _$[fVj<
c¢\$©�d�WYV�\4Z�V�b`[Y\$°^[YeNb Wñ¦f4âW e�[/aYZ�V�bâ[fV�Z²d�WY\4\$Z�dQ¦�Z�° ¥ a�d�W '-' WY\
d)WhV \4Z�V�b2Q w4kämhm�kämKN+S�7

/21
2

W�d�d)T$V�b¬cN\�[ ' WY\4W�d�e¢cN\4c�d�o	°�c�b�¦ WYV ¦ Z*°�V T�¦�c¢eNZ*q�b?¦�V T$d=<
¦ T4V�Z [B¦æe¢WL4 ¦�Z ' X�Z�V�[B¦ T$V Z*bÖ[Y\$°}[�V T4¦ cNe¢Z�b�¦ V�T$dQ¦�T4V Z [B¦æ_4cN©Y_
¦ Z ' X�Z�V�[B¦�T4V�Z97âSUe¢Z*dQ¦�V Wh\�°�c>~�V�[Yd)¦ cNWY\�b _4WL4âZ�° ¦�_$[B¦�¦ _4Z./21

24GZ²b?¦�T$°�cNZ�°¬c�bUcN\¬¦ _$Z ' Z)¦�[feNe¢c�dÒV�T�¦ cNeNZ ' W�°�cdV�d�[B¦�c¢Wh\\7K?2_$Z /21
6W�dQ¦�[Y_4Z�°4V Wh\�c�bGe¢Z*b bâ°�c�b?¦�WYV ¦ Z�°¬¦ _$[Y\�c¢\}/

2

1
5

o0EàcN©YT4V�Z u/qZ7$?2_4Z
W�dQ¦�[Y_4Z�°4V�[6[YV Z�[fV�V�[Y\4©YZ*°�[feNWY\4© Z�°�©hZ=<�b�_$[YV cN\4©�eNc¢\$Z�b�X$[fV�[feNeNZ�e
¦ Wë¦�_4Z�dZ<�[L*�c�b�W�,j¦�_4Z�d)V�a�b?¦�[fe<kfZ�[hd�_�¦ T4V�\4Z�°�¦�W¤¦ _$ZÒWf¦�_4Z�V ¥ a-wYp
°�Z�©hV Z�Z�b_4®c¢¦ _, ?WYcN\4Z�°�d)WhV \$Z�V�bB7
/

2

1
3

_$[hb®¦ _$ZÖV�_4W ' ¥ Wh_4Z�°4V�[Ye#d)WhV T4\J°�T ' b?¦�V TJdQ¦ T$V Z�[fe�b�W
4®cL¦�_�eNZ�b�b °�c�b?¦�WYV ¦ Z*° /21

6

W�dQ¦�[f_4Z*°�V Wh\�b�_$[YV cN\4© d�WYV�\4Z�V^[f\$°
Z�°�©hZ�bâcN\ [æ°�WhT ¥ eNZñd�_$[fcN\ b?¦�V T$d)¦ T4V�Z97

/21 _$[Yb�¦�_4Z V W�dIHJ<�b [YeL¦æb?¦�V T$d)¦ T4V�ZYk�d�WY\$b cNb�¦ cN\4©zW�,�X�Z�Vj,�Z�d)¦
/21

6

W�d)¦�[Y_4Z�°�V�[64®cL¦�_ M�Z
*hT$c>(B[feNZ�\�¦P/ <f1 ¥ Wh\$°4bD7

-/.10�2 !�� 230 �$#]���4( 0 �F�5�7698:�@�B##;<�@���!(

  [fe�d)T4e�[B¦�c¢Wh\$b_4GZ�V ZëX�Z�Vj,�WYV ' Z�°^T$b�cN\4©æ¦�_4Z`,�T4eNe�XJWY¦ Z�\h¦�cN[Ye#[fT$©�<
' Z�\�¦ Z*°²X$eN[Y\4Z�b:42[+(YZ*b�X$[YdIHB[f©hZ­¨vu�Sh^ w�srQ m4u=SY[Y\$°²¦ _4Zh?2Ski
^ÒSâ«
X4V�WY©YV�[ ' ,�WhVÒb�c ' T4e�[B¦�c¢Wh\$bâW�,­Shi
^�SG« b XJZ*dQ¦ V�[cQ mYpLS�7�?2_4Zñd)WhV Z
_4WYeNZ�eNZ=,�¦ ¥ a ¦ _4Z6ZB*4d)c¢¦ Z�° Z�e¢Z*dQ¦�V Wh\�42[Yb�\4Z�©he¢Z*dQ¦ Z*°�[f\$°}¦�_4Z
' [f©Y\$Z)¦ c�d�X4V�WYX�Z�V ¦ cNZ�b W9,Ö¦�_4Z d)W ' XJWhT4\$°4b�oäb�X$c¢\�<>WYV ¥ c¢¦�d)WhT�<
X4eNc¢\4©�[Y\$° b X4cN\�<>XJWheN[YV c�b [f¦ cNWY\Jq 4âZ�V�ZÖ\4WY¦¤¦�[9HYZ�\zcN\h¦�W�[Yd�d�WYT4\�¦
c¢\�¦�_4ZÒX4V�Z�b Z�\�¦@4âWYV�H"7K?2_4cNb`b�c ' X4e¢c>VJd�[B¦ cNWY\�°4W�Z*b�\4WY¦Uc¢\�AJT4Z�\$d�Z

����������� 
��J
 �h�	���������������	����
���
�����
�
������ 
�� !-"4������� %��ä��&�'�(��	� �ä+�,j� ./���$��
�%��	� �	0)�ä��
����	���#12�43 5 7>8 9#:�;>9<=?8 @fA ChD�=?;�8 @*C E`F#5IHJH$H�K��L��� MN./����O � 
BP �����)P R��?K���!?F



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ X

���� �
��� ��� ��� ���

	 
 � �

��
����

��
����
��
���� ��
����

��
�����

��
����
���� �

� ��� � �"!#� $�%

��&'� ��%

þ�Ï/ÿ

(*)+,-."/ 0 1 .
2 354 6"7

8"9:4 2 7

þ�ã�ÿ

;:< =">
;:< =">

?@AB

C DE F
G"< H"I
G"< H"I

J"J:< KML

J5G"< KML

H"I5< ;"L

þ�Ç)ÿ

NMO P�Q

þ�Í�ÿ
RTS�UWVYXZV ÝBÇ�·�Ï�Ãh¾QÍY¼?Ý�µ¤¶>·�¼?¹�Ç�·?¹Y¼?¾�¶#Ï�¼?Ý*¹hµ�Ír� ¸Iµ`�

2

�
5
þ�Ï*ÿ Å+� �

2
þ�ã�ÿ Å

�
2

�
3

þ�ÇQÿ­Ï�µ�Í6� � þ�Í�ÿ � Æ­Ã�¾®èI¾�µ�Þ�·?Ã�¶`Ï�¼?¾®¸Iµ\[ �

¦�_4Z�d�[fe�d)T4e�[B¦�c¢Wh\�W�,Ò¦�_4Z;1 <<X °4Z�\$b cL¦?a�W9,�T4\4W�d�d�T4X4cNZ�°}b?¦�[B¦ Z*b�k
[hb�4®c¢eNe ¥ Z °�c�b�d)T$b�b�Z*° c¢\ ¥ Z�eNWL4 ,�WYeNe¢WL4®cN\4© 7J±®Z�e�[L*4[B¦�c¢Wh\ W�,­¦ _4Z
b�¦ V�T$dQ¦�T4V�Z�br4â[hbl\4Wf¦¤X�Z�Vj,�WYV ' Z*°�b c¢\Jd)ZæcL¦ñ°�W�Z*bë\4Wf¦ëV Z*[feNe¢a�cN\�<
A$T$Z�\$d�Zë¦ _4Zñª�1ë« [Y\$°^¦ _�T$bâ¦�_4Z¤Shi
^�SG«.QNu X S�7

E4WhV¬¦ _$Z6d�[fe�d)T$eN[f¦ cNWY\�k­¦�_4Z�\�T ' ¥ Z�V¬W9,rHJ<>XJWhc¢\�¦�b¬[Y\$°}¦ _4Z
X4e�[f\$Za4â[+(hZ�b¤d�T�¦ W9~�4âZ�V�Z¬c¢\Jd)V�Z�[Yb Z�°�T$\h¦�c¢eG\4W�d�_$[Y\4©YZ*b�4âZ�V�Z
W ¥ b�Z�Vj(B[ ¥ e¢ZÖc¢\ ¦ _$Z�Ski
^ÒSâ«�7\/21R42[Ybld�[YeNd�T4eN[f¦ Z*°;4®c¢¦ _ X N}HK<
X�WYcN\�¦�bàc¢\Ö¦ _$ZâcNV�V Z*°�T$d)c ¥ eNZGXJ[fV ¦àW9,$¦ _$Z2iâV�c¢eNeNWYT4cN\ ¯�WY\4Zhk/[²X4e�[f\4Z
42[+(YZ®d)T4¦ W�~

Rkmax

W�,�n¬o	d)WhV V�Z�b X�WY\$°�cN\4©l¦ Wñ[Y\æZ�\4Z�V ©ha d)T�¦�W�~
W9,-uDM 7 nl±®a4qà[f\$° ¦ _$Z2[f¦ W ' c�d2b�X$_4Z�V�Z�bàV�[Y°�cNT$b�4GZ�V ZëuK7 wl[U7 T\7+,�WYV
¥ Wf¦�_z/ [f\$°x167$¨ Z¤¦�W�W9H MYp-HJ<<X�WYcN\�¦�bC,�WhVP/

2

1
3

k�[f\6[B¦�W ' c�d
b X4_4Z�V Z2V�[Y°�cNT$b�W9,àuK7 nYrë[ 7 T
7Y[f\$°

Rkmax

W9,jnæo�Z�\4Z�V�©Ya�d)T�¦�W�~ W9,
uBs$7 wÖ±®a4q=7 X pWHJ<<X�WYcN\�¦�b_4GZ�V Zë\4Z*d)Z*b b�[fV�aW,�WYV�/21

2

k�¦�_4Zñ[B¦�W ' c�d
b X4_4Z�V Z®V�[Y°�cNT$b�42[Yb®uK7 në[ 7 T\79,�WYV ¥ Wf¦�_	/�[f\$°a1�[f\$°�¦�_4Z®X4e�[f\4Z
42[+(YZñd�T�¦ W9~�n 7 N6oäm�u�±®a4qZ7"/

2

1
5

42[Yb²d�[fe�d)T$eN[f¦ Z�°;4®cL¦�_�nfr�HK<
X�WYcN\�¦�b�kf[�X4e�[f\$Z=<�4â[+(hZGd)T4¦ W�~�W9,�n�o X u2±Òa�qà[Y\$° [f¦ W ' c�d2b�X4_$Z�V�Z
V�[Y°�cNc`W9,¤u97 N�[U7 T\7\,�WhVY(B[f\J[Y°�cNT ' kGuK7 r6[ 7 T
7
,�WhVW1�o?u/qñ[f\J° u97 n
[ 7 T\7J,�WhV�1�o<mYqG[f\$° 1�o X q=7�?2_4Z²©hZ�\4Z�V�[Ye¢c�b Z�°æ©YV�[Y°4c¢Z�\h¦2[fX4X$V W+*�c><
' [B¦�c¢Wh\�o#� � & q�42[YbàT$b Z�°æ[YbàZB*�d�_J[f\4©hZ=<�d)WYV�V�Z�e�[B¦ cNWY\ëX�Wf¦�Z�\�¦ c�[fe
QÊm�M�ST7$?#Z*b?¦®d�[YeNd�T4e�[B¦ cNWY\Jb`Wh\}/21 b _4WL4GZ*°¬\4W�\4Wf¦�cNd�Z�[ ¥ e¢Zl°�c>~�Z�Vt<
Z�\$d)Z*b�4®_4Z�\æT$b c¢\$©²¦�_4ZPi#ª & [YX4X4V�W+*�c ' [B¦�c¢Wh\Ö[hb�4â[hb-V�Z�X�WYV ¦ Z*°
¥ a   _$[9H�V�[ ¥ [fV�[B¦�c�mBnCo�p>qG,�WYV�/

2

1
5

QNu*mLS
E4WhV ¦�_4ZzSUShi-«$< ' Z�[hb�T$V Z ' Z�\�¦�b�kh(B[f\$[h°�cNT ' W+*�c�°�Z*ba,�V�W '

EàeNTUHB[   _4Z ' cNZ � ' ¥ £ [fV�ZàTJb�Z*°:7�«�[ ' X$e¢Z*b:4GZ�V Z�©hZ�\�¦ eNa²d�V TJb�_4Z*°

4®cL¦�_�[ ' WYV ¦�[YVUc¢\�d�[fV ¥ Wh\�<<¦ Z)¦�V�[hd�_4eNWYV�cN°�ZK7 & °�V�WYXæW�,j¦�_4Z²b WYeNT�<
¦ cNWY\;4®c¢¦ _6¦ _4Z�d)V�T$b�_$Z�°6d�V a�b�¦�[fe#XJWL4Ò°�Z�V242[Yb�°�Z�X�Whb cL¦�Z�°�WY\6[
_4WYeNZ�a^d�[fV ¥ WY\ b�T4X$XJWhV�¦�V$e ' Wh\�[�d�WYX4X�Z�V�©YV�cN°:7 & e¢e ' Z*[Yb T4V�Z=<
' Z�\�¦�bC4âZ�V�ZëXJZ�Vt,�WhV ' Z�°^cN\ [æ]`_4c¢eNcNX$b   § mfphpgV$Z�eN°�Z ' c�b�b�cNWY\
¦ V�[f\$b ' cNb�b c¢Wh\�Z�e¢Z*dQ¦�V Wh\ ' cNd�V W�b d�WYX�ZñZ+*�T4cNX4X�Z�°;4®c¢¦ _ [ �ë[B¦�[f\
Z�\4Z�V ©harV$eL¦�Z�V�,�WYV­SUSki-« ' Z�[Yb T4V�Z ' Z�\�¦�bB7+?2_4Z ' cNd�V W�b d�WYX�Zh42[Yb
WYX�Z�V�[B¦�Z�°¤[B¦�mfphp�HB/67 ?2_4ZâZ�\$Z�V�©YalV Z*b�Whe¢T�¦�c¢Wh\�k�Z*b?¦�c ' [f¦ Z�°�,�V W '
¦ _4Z ,�T4eNed<�4®cN°�¦ _^[f¦G_$[Yed, ' [�*�c ' T ' W9,�¦ _$Z�¯�Z�V W9<<eNWhb�b�X�Z�[9H�kJ42[Yb
u Z�/67 & e¢eâ¦�_4Z^S`Shi-«J< ' Z�[hb�T4V�Z ' Z�\h¦�bY4âZ�V�Z V�Z�d�WYV�°�Z�°�[f¦ ¦�_4Z
b [ ' ZÒZ=*�X�Z�V�c ' Z�\�¦�[fejd)WY\J°�cL¦�c¢Wh\$blo	b�[ ' Z²d�WY\$(YZ�V ©hZ�\$d�ZÒ[f\$°^d)WYe><
e¢Z*dQ¦�c¢Wh\6[f\4©he¢ZhkJb�[ ' Z ¥ Z*[ ' Z�\$Z�V�©YaYkJ[f\$° ¦�_4ZñX�Whb�¦t<<¦ V�Z�[f¦ ' Z�\�¦
W�,�¦�_4ZÖb XJZ*dQ¦�V�[}4â[hbÒX�Z�Vj,�WYV ' Z*° ¦ _$ZÖb�[ ' ZY42[/a4qZ7G?2_$Z�d�WYeNe¢Z*dZ<
¦ cNWY\�[f\4©he¢Zr4â[hb X ' V�[Y°^[f\$° ¦ _4ZëcNe¢eNT ' cN\$[B¦�c¢Wh\�[Y\4©YeNZ242[YbluK7 N
' V�[h°:7^]Ò\$°�Z�Vl¦ _4Z*b�ZæZ=*�X�Z�V�c ' Z�\h¦�[fe�d)Wh\$°�c¢¦ cNWY\$b�k�¦ _4Z¬ZB~�Z*dQ¦¤W�,
¦�[Y\4cNb Wf¦�V WhX�a�cN\ /

2

1
5

cNb®\$Wf¦Òb�cN©Y\$cdVJd�[f\�¦�Q m�s S

_a` �)(G� 2 �!(
b^c dfehgZikjml n*oqpkrsjtntuvnwgxj
?2_4Zâ¦ WY¦�[fe4ª�1ë«�d�[YeNd�T4eN[f¦ Z*°g,�WhV­¦ _4ZC,�WhT4VUd)W ' X�WYT$\$°4b�[fV�ZâX4V ZB<
b�Z�\�¦ Z�°�cN\;Eàc¢©hT4V ZñmU7G?2_4Zñ°�WY¦�¦�Z�° eNc¢\4Z�oä[B¦²pæZ�/ëq®°�Z�\4Wf¦�Z�b2¦�_4Z
E4Z�V ' cUeNZB(hZ�eT7
E4WhVg/

2

1
5

k�¦�_4Z�W ¥ ¦�[Yc¢\4Z*° ¥ [f\$°�©�[fXzW�,¤u97 n�Z�/
cNb2b ' [feNe¢Z�V`¦�_$[f\^¦ _4ZëZB*�X�Z�V�c ' Z�\�¦�[feNeNa�W ¥ b Z�V�(YZ�°�©h[fX^W�,àmU7 mñZ�/
Q¢uhu=S�7G¨�c¢¦ _ cN\$d)V�Z�[hb�cN\4©�W+*�c�°4[B¦�c¢Wh\�b?¦�[B¦�ZYkâ¦ _4Z.(B[feNZ�\$d�Z ¥ [f\$°
o|/li2q2b _4c>,�¦�bÒ¦ WL42[fV�°4bG¦ _4ZgE$Z�V ' c#e¢ZD(YZ�eT7 ?2_4c�b®c�b®ZB(�c�°�Z�\�¦�b c¢\Jd)Z
¦ _4ZÖ\�T ' ¥ Z�VëW�,`[+(B[Yc¢e�[ ¥ eNZñZ�e¢Z*dQ¦ V�WY\Jb²°�Z*d)V�Z�[hb�Z*b�[YbÒ¦ _4Z�W+*�cN°$[L<
¦ cNWY\ b�¦�[f¦ Z^c¢\$d�V Z*[Yb Z�bD7 & d�d)WYV�°�cN\4© ¦ W�¦ _4Z d�[YeNd�T4e�[B¦ cNWY\#k
/

2

1
5cNb�[f\ c¢\Jb�T4e�[B¦�WYV*k�/21

2

cNb�[ ' Z�¦�[Ye\4®cL¦�_6[	E4Z�V ' c
i#ZB(YZ�e�[B¦®¦�_4Z
(YZ�V a ¥ Wf¦ ¦ W ' W�,l¦ _4Z6d�WY\$°4T$dQ¦�c¢Wh\ ¥ [f\$°:7Fu�\ /

2

1
3

[Y\$°e/21
E4Z�V ' càe¢ZD(YZ�e�bl[fV�Zñc¢\�¦ _4Zæd)Wh\$°�T$d)¦ cNWY\ ¥ [f\$°�k�[hb�c�b²[YeNb W	,�WhT4\$°
Z=*�X�Z�V�c ' Z�\�¦�[feNe¢aK7

?2_4Zñd)W ' X�WYT$\$°4bC4®c¢¦ _ ©YW�W�° d�[B¦�[Ye¢a�¦�cNdlX4V�WYX�Z�V ¦ cNZ�b®[YV Zë[feNe
,�WYT4\J° ¦�W�_$[+(YZ / cN\�[f\ W+*�cN°4[f¦ cNWY\ b?¦�[B¦�Z ¥ Z)¦f4âZ�Z�\

5+
[f\$°

4+
7 & b2[ ' [f¦�¦�Z�VâW�,-d�W ' X$[fV�c�b�Wh\�kY¦�_4Z�V�Z²[YV ZlpU7 p X w9M¤W�d�d�T4X4cNZ�°

b?¦�[B¦�Z�bUcN\�¦�_4Z²d�WY\$°4T$dQ¦�c¢Wh\ ¥ [f\J°¬XJZ�VG\�T ' ¥ Z�VGW9,\(B[feNZ�\$d�Z�Z�eNZ�d=<
¦ V�WY\$bY,�WYV-/21

2

k­p 7 pKw4u X ,�WYV-/
2

1
3

[f\$°}pU7Nu Nfn;,�WYV-/2167F?2_4Z
¦ WY¦�[fe�ª�1ë«�d�W ' X$[YV Z*b 4âZ�eNe�4®cL¦�_zX$V ZD(�cNWYTJb�V�Z�b T4e¢¦�b2,�WYV`/

2

1
5Q¢u/m�k?uhu=S>k$/21

2

QNu X k8N+S#[Y\$°�/
2

1
3

QNu X k<s S
1 mBX b�¦�[f¦ Z�bâ[fV�Z ' [fcN\4eNa¬b�c¢¦ T$[f¦ Z*° ¥ Z�e¢WL4 ¦�_4Z`E4Z�V ' cJeNZB(hZ�eT7

£ÒWL4âZB(hZ�V*k ¥ Z�d�[fT$b Z�W�,�_�a ¥ V c�°�c�b [f¦ cNWY\²¦ _4ZGb�a '-' Z)¦ V�cNZ�b�[YV Z�b e¢cN©Y_�¦ eNa
' cd*�Z�° b�W�¦�_$[B¦¬[�b ' [feNeG[ ' WhT4\�¦ÖW9,r1

2p
c�b X$V Z*b�Z�\h¦�[ ¥ WL(YZ

¦ _4Z-E4Z�V ' c�eNZB(hZ�e®o�WY¦ _4Z�Vj4®c�b�Z�\4W;1yOr<>Z�°�©hZY4âWYT4e�° ¥ Z-(�c�b c ¥ eNZ
c¢\ ¦ _4Z¤b XJZ*dQ¦�V�[�qZ7�E4WhV2[Ye¢e�d�W ' XJWhT4\$°4b�k�¦ _4ZëeNWL4GZ�V`X$[YV�¦�bâW�,�¦�_4Z
d)Wh\$°�T$d)¦ cNWY\ ¥ [f\$°^[fV�Z²°�W ' cN\$[f¦ Z�° ¥ a	/

3d
b�¦�[f¦ Z*b�k$4®_4cNe¢Z²¦ _$Z

_4cN©Y_4Z�VâXJ[fV ¦�b®d)Wh\�¦�[fcN\c/
4s

b�¦�[B¦�Z�b¤o8E-cN©YT$V ZñmYq=7
E-cN©YT$V Z*b X ¦ W M b _4WL4 ¦ _4Z�X$[YV�¦�cN[Ye

d−
ª�1ë«6[f¦²¦�_4ZW/ b cL¦�Z

[f\$°�¦ _$Z¬X$[fV ¦ c�[fe
p−

ª�1ë«z[B¦ë¦ _$Z�1 b cL¦�Z�b`,�WhVë¦ _4Z-,�WhT4Vñd)W ' <
XJWhT4\$°4bD7 & b [Y\�Z=*4[ ' X4eNZa4âZ [Y°4°4cL¦�c¢Wh\$[feNe¢azb�_$WL4�cN\eEàc¢©hT4V�Z�b
X [Y\$°�M6¦�_4Z /�°$<>ª�1ë«�b X4eNcL¦ ¦ Z*°}cN\�¦ W�c¢¦�b¬°�c>~�Z�V Z�\�¦¬d�W ' X�W�<
\4Z�\�¦�b`,�WYV6/

2

1
5

[f\$°3/21 V Z*b�X�Z�d)¦ c](YZ�e¢aK7#iâZ�d�[YT$b Z¬W�,2¦ _4Z W�d=<
¦�[Y_4Z�°�V�[fejZ�\J(�cNV Wh\ ' Z�\�¦®W�,à¦ _4Z�(B[Y\$[Y°�cNT ' [f\$° °�Z*b�X4c¢¦ Z¤W9,#¦�_4Z
W�dQ¦�[Y_4Z�°4V Wh\}°�ZB,�WYV ' [f¦ cNWY\�kà¦�_4Z6d)V�a�b?¦�[fe_V$Z�e�° b�X$e¢c¢¦�¦�c¢\4©�bæe¢Z*[Y°
¦ W b�Z�X$[fV�[B¦�c¢Wh\$bÒW9,U¦ _$Z�eNWL4âZ�VlX$[fV ¦²W9,`¦ _$Z�d�WY\$°�TJdQ¦ cNWY\ ¥ [f\J°4b
c¢\�¦�W

t2g

[f\J°
eg

¥ [Y\$°4bD7
eg

b�¦�[f¦ Z*b²[YV Z¤_4cN©Y_$Z�V�cN\6Z�\4Z�V�©Ya�[f\$°
d)WhV V�Z�b XJWh\$° ¦�W

σ∗ [f\�¦ c>< ¥ Wh\$°4b¤[f\J°
t2g

[YV ZæeNWL4GZ�VlcN\�Z�\4Z�V ©ha
d)WhV V�Z�b XJWh\$°æ¦�W

π∗ [f\�¦ c>< ¥ Wh\$°�cN\4©¬b?¦�[B¦ Z*bB7
E4WYVë¦�_4Z X W+*�c�°�Z*b24®c¢¦ _�b�¦ V�WY\4©�W�dQ¦�[f_4Z*°�V�[Ye�°�Z=,�WhV ' [B¦�c¢Wh\�k

¦ _4Z�b X4eNcL¦ ¦ cN\4©hb ¥ Z�¦f4GZ�Z�\
eg

[f\J°
t2g

[YV Z ' WYV�Z�c ' X�WYV ¦�[Y\h¦ 7

����������� 
��J
 �h�	���������������	����
���
�����
�
������ 
�� !-"4������� %��ä��&�'�(��	� �ä+�,j� ./���$��
�%��	� �	0)�ä��
����	���#12�43 5 7>8 9#:�;>9<=?8 @fA ChD�=?;�8 @*C E`F#5IHJH$H�K��L��� MN./����O � 
BP �����)P R��?K���!?F



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ r

�������

�	�


��

�����





�

�������

�	�


��

���

� �	� ��� � � �	� � � 
��
�


�



����� ����� ��� �!#"

RTS�UWV � V ßàÝ�Ü¤Á�Ï)¼?¸L¶�Ý�µëÝ�º4·?Ãh¾à·?Ý�·�Ï�è�Û � é�Ý�º�·?Ã�¾�×®¶>·�¼?¹hÇ�·?¹h¼?¾�¶�¶�ÃhÝ)ê�Ó
¸Iµ�Þ�·?Ã�¾ Ç Ã�Ï�µ�Þ�¾�¶ë¸Iµ�·?Ã�¾ Û � é�êU¸Ê·?Ã ¸Iµ�Ç ¼?¾QÏ�¶�¸Iµ�Þ ÝQçY¸¢ÍhÏ�·?¸IÝ*µ�¶>·�Ï�·?¾ �� � Å �

2

�
3
Ï�µ�Í2� �

2
Ï)¼?¾UÜ¤¾�·�Ï�èIèI¸IÇUêUÃh¾�¼?¾QÏ�¶��

2

�
5
¸L¶-Ï�µ¤¸Iµh¶�¹�èLÏ�·?Ý�¼ �Æ­Ã�¾®Û � é¤¸I¶GÁhèIÝ�·�·?¾QÍ ¸Lµ�¶>·�Ï�·?¾�¶%$)¾T� É/¾ ¼?¶�¹�¶�¾�µh¾�¼?Þ�ÄÖ¸Iµ�¾T� �

/
2

1
5

ZB*�_$c ¥ c¢¦�b�[f\�[Y°4°4cL¦�c¢Wh\$[fe ¥ [Y\$°�b X4e¢c¢¦�¦�c¢\$©¬c¢\ ¦�_4Z
t2g

T4\�<
W�d�d�T4X4cNZ�°zb?¦�[B¦�Z�b¤[B¦ [ ¥ WhT�¦ m^Z�/ [ ¥ WL(YZÖ¦ _4ZaE$Z�V ' c�eNZB(hZ�eT7 & b
d�[f\ ¥ Z�Z�\zb Z�Z�\�cN\.EàcN©YT4V�Z X ¦�_4cNb ¥ [f\$° ' [Yc¢\$e¢a�T4\J°�Z�V�e¢cNZ�bë[Y\
_�a ¥ V�cN°�c�b�[B¦ cNWY\ ¥ Z�¦f4GZ�Z�\ /

dyz

[f\J° 1�o X q
p

b?¦�[B¦�Z�b`QÊmfnLS�7
& °�Z)¦�[fcNe¢Z*° [Y\$[feNa�b�c�b²W�,`¦�_4Zæ_�a ¥ V c�°�c�b [f¦ cNWY\$b ¥ Z�¦f4GZ�Z�\ ¦ _4Z

/
d−

[f\$°z¦�_4Z 1
p−

b�¦�[f¦ Z�bg4â[hb¤©Yc](YZ�\ ¥ azSUaYZ�V�¦ 7�?2_4Z^d�[fe><
d�T4eN[f¦ cNWY\$b�W9, ¦ _$Z�b�c¢¦ Z�[f\J°�[f\$©YT4e�[fV ' W ' Z�\�¦�T ' X4V�W! ?Z*dQ¦ Z*°
ª�1ë« W�,@/

2

1
5

[fV�Zñc¢\�©YW�W�°�[f©YV�Z�Z ' Z�\�¦ 4®c¢¦ _�¦�_4Whb ZÖ°�Wh\4Z ¥ a
  _$[9H�V�[ ¥ [fV�[B¦�c�mBn_o�p>q�QNu*m+S#[Y\$°^SUaYZ�V�¦6mBn_o�p>q�QNuYu=S�7

b^c'&)(+*-,.(0/

?2_4Z¤T$\4W�d�d)T$X4c¢Z*°x1 <
p

b�¦�[f¦ Z*b®[fV�Z�4GZ�e¢e#b T4c¢¦ Z*°c,�WYV�[¬d�W ' X$[fV�c><
b WY\64®cL¦�_ÖZB*�X�Z�V�c ' Z�\�¦­b c¢\Jd)ZG¦ _4Z�añb�_4WL4 T4X�[hb-[ V$\4Z®b�¦ V�T$dQ¦�T4V�Z
o	Shi
^�SG«4q�c¢\ ¦�_4ZW1 <�O cNWY\4c�b�[B¦ cNWY\ Z*°�©YZK7GEàc¢©hT4V�ZÖsæb�_$WL4Òb2¦ _4Z
1 <

p
X$[fV ¦ c�[fe�ª�1ë«�,�WYV2¦�_4Z�,�WYT$V�d)W ' X�WYT$\$°4b ¥ V�Wh[h°�Z�\$Z�°�4®cL¦�_

[1�ë[fT$b�b cN[Y\ W�,Gu²Z�/ Eà¨�£�§)7UE$WYV®d)W ' X$[fV�cNb WY\}4®cL¦�_^Shi�^ÒSG«
ZB*�X�Z�V�c ' Z�\�¦�b�¦�_4Z²ª�1ë«æW9,�/

2

1
5

_$[Yb ¥ Z�Z�\ b _4c>,�¦ Z�°¬¦ Wñ¦�_4ZÒeNZ=,�¦
¥ a

1.83
Z�/ o�¦�_4Z ¥ [Y\$°æ©h[YXJqZ79?2_$Z�ª`1ë«�W9,j¦ _4Z X cN\4Z
*hT$c>(B[feNZ�\�¦

1 [B¦ W ' b²cN\3/
2

1
5

_J[+(YZ ¥ Z�Z�\�[Y°4°4Z�°z[f\$°b4GZ�c¢©h_�¦ Z�° ¥ a�¦ _4Z
\�T ' ¥ Z�V®W�,�[B¦ W ' b2c¢\^¦ _4Zñd�Z�eNe87

1325476132 4781325698

:<; =

:<; >

?�; :

132 8A@132 4 @CB 6 @

:<; =

:<; >

?�; :

D�E ?7F+GD�E =�F+GD�EIH F+G

:<; J

?�; :

-6 -4 -2 2 4 6 8

K

132

: ?7:
:<; J
?�;LJ
=M; J

RTS�UWVON V
d− ÁY¼?Ý9P<¾�Ç�·?¾QÍñÛ � éëÏ�·à·?Ã�¾h� ¶�¸Ê·?¾âÏ�µ�Í p− Áh¼?ÝCP>¾�Ç�·?¾�Í Û � é

Ï)·�·?Ã�¾�õ � Óä¶�¸Ê·?¾�¶�¸Iµ2�
2

�
5
¸Iµl¶>·�Ï)·?¾�¶%$�¾8� � Ø#µh¾�¼?Þ�Ä�¶�ÇQÏ�èI¾�¸L¶�¸Iµl¾8�zÏ�µ�Í

·?Ãh¾ñ½�¾�¼?Ü¤¸�èI¾�É/¾�è EF
¶�¾�·Ò·?Ý�Õ�¾T� � Æ­Ãh¾ñèLÝBÇ�Ï�è­Ç�ÝBÝ�¼�Íh¸Iµ�Ï)·?¾Ö¶>ÄY¶>·?¾�Ü

Ç�Ý�¼�¼?¾�¶�Á�Ý*µ�Íh¶2·?Ý ·?Ã�¾ëÝ�µ�¾ë¹h¶�¾QÍ^ãBÄ¬Ì�´<Ø#Ùâí/ó ¸Iµ êUÃ�¸IÇ Ã ·?Ã�¾ x Ï�çY¸I¶
¸I¶â¸Iµæ·?Ãh¾²ÍY¸Ê¼?¾�Ç�·?¸IÝ*µ�Ý�º#·?Ã�¾P�`Ó � þ>ÔQÿ­èL¸IÞ*Ï�µ�Í6þ�Á�Ï)¼�Ï�èIèI¾�èj·?Ýë·?Ã�¾�Ç�Ï�çY¸I¶
Ý�º�·?Ã�¾¤Ç�¼�ÄY¶>·�Ï�è¢ÿÒÏ�µ�Í�·?Ã�¾ y Ï�çY¸I¶²¸Iµ ·?Ã�¾ñÍY¸Ê¼?¾�Ç�·?¸IÝ*µ�Ý�º�·?Ã�¾g�GÓ � þ	ô*ÿ
èI¸IÞ/Ï�µ�Í �

Q3RSUT

VXW7Y V[Z Y Z W7Y W7Z \	Y

Y<] Z

W�]LZ

\M] Z

RTS�UWV<^WV
d− ÁY¼?Ý9P<¾�Ç�·?¾QÍñÛ � éëÏ�·à·?Ã�¾h� ¶�¸Ê·?¾âÏ�µ�Í p− Áh¼?ÝCP>¾�Ç�·?¾�Í Û � é

Ï)·ë·?Ã�¾ � ¶�¸Ê·?¾æ¸Iµb� �
2

¸Lµ�¶>·�Ï�·?¾�¶%$�¾T� � Ø#µh¾�¼?Þ�Ä6¸I¶¤¸Iµ ¾8� Ï�µ�Í�·?Ã�¾
½�¾ ¼?Ü¤¸�èL¾�É/¾�è$¶�¾�·U·?Ý¤Õl¾T� �

����������� 
��J
 �h�	���������������	����
���
�����
�
������ 
�� !-"4������� %��ä��&�'�(��	� �ä+�,j� ./���$��
�%��	� �	0)�ä��
����	���#12�43 5 7>8 9#:�;>9<=?8 @fA ChD�=?;�8 @*C E`F#5IHJH$H�K��L��� MN./����O � 
BP �����)P R��?K���!?F



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ N

������

���
	 ��� 	 � �
	 �
� 
�	

	�� �

�����


�� �

RTS�UWV�� V
d− Áh¼?ÝCP>¾�Ç�·?¾�ÍñÛ � éñÏ)·à·?Ãh¾k��¶�¸Ê·?¾2Ï�µ�Í p− Áh¼?ÝCP>¾�Ç�·?¾QÍ¤Û � é

Ï�·Ò·?Ã�¾ � ¶�¸Ê·?¾ñ¸Iµ �
2

�
3

¸Iµ ¶>·�Ï)·?¾�¶%$�¾8� � Ø�µ�¾�¼?Þ�Ä�¸I¶�¸Iµ ¾T� Ï�µ�Í ·?Ã�¾
½�¾�¼?Ü¤¸4èI¾�É/¾�è$¶�¾�·U·?ÝëÕ²¾T� �

�������������� �

!�" #

$�"�#

%�" #

���&�'

( $
! ( # ! # $
! $
# %�!
!�" #

$�"�#

%�" #

RTS�UWV�) V
d− Áh¼?ÝCP>¾�Ç�·?¾�ÍñÛ � éñÏ)·à·?Ãh¾k��¶�¸Ê·?¾2Ï�µ�Í p− Áh¼?ÝCP>¾�Ç�·?¾QÍ¤Û � é

Ï�·`·?Ã�¾ � Ó	¶�¸Ê·?¾®¸Lµ	� � ¶>·�Ï�·?¾�¶%$�¾T� � Ø�µ�¾�¼?Þ�Äæ¸I¶â¸Iµæ¾8��Ï�µ�Í ·?Ã�¾�½�¾�¼?Ü¤¸
èI¾�É/¾�è$¶�¾�·U·?Ý¤Õl¾8� �

0

2

4

6

8

10

−10 −5 0 5 10 15 20

V2O5
VO2

V2O3
VO

RTS�UWV+*kV
p− Áh¼?ÝCP>¾�Ç�·?¾�Í Û � éæÏ)·2·?Ã�¾ � ¶�¸Ê·?¾lºNÝ�¼2·?Ãh¾²× Ç�Ý�Ü¤Á�Ý*¹�µ�Íh¶

ãh¼?Ý*Ï*Íh¾�µ�¾QÍëêU¸Ê·?Ã�Ï²ð2Ï�¹h¶�¶�¸LÏ�µ�Ý�ºàÔ � Õ�¾T� ½�Ì�Î2å � Æ­Ã�¾_�
2

�
5
Û � é

ê�Ï�¶â¶�Ã�¸Êº¢·?¾QÍ�ºN¼?Ý�Ü Ô � Ñ*õñ¾T��·?Ýë·?Ãh¾®èL¾ ºN·2¸IµæÝ�¼�Íh¾�¼G·?Ý¤Á�¹Y·�·?Ã�¾�½�¾�¼?Ü¤¸
èI¾�É/¾�èJÏ�·`·?Ã�¾®ã�Ý�·�·?Ý*Ü�Ý�º�·?Ãh¾®Ç�Ý*µ�Íh¹hÇ�·?¸IÝ*µæã�Ï�µ�ÍÖ¸Lµh¶>·?¾QÏ*ÍÖÝ�º�·?Ã�¾2·?Ý�Á
Ý�ºj·?Ãh¾®É*Ï�èI¾�µ�Ç�¾âã�Ï�µ�Í �

þ�Ï/ÿ��
2

�
5

þ�ã�ÿ�� �
2

þ�Ç)ÿ��
2

�
3

þ�Í�ÿ�� �

RTS�UWV � V Ûâ¸-,�¼�Ï�Ç�·?¸IÝ*µ�Á�Ï�·�·?¾�¼?µ Ý�º®·?Ãh¾�º�Ý�¹h¼ ÝQçh¸LÍY¾�¶�Å��
2

�
5

¸Iµz·?Ã�¾. Õ*ÕfÔ�/GÝ�¼?¸I¾�µB·�Ï�·?¸IÝ�µJÅ�� �
2

¸Lµ6·?Ã�¾ . Ô�ÔQÕ0/âÝ�¼?¸L¾�µf·�Ï)·?¸IÝ*µJÅ��
2

�
3

¸Iµ ·?Ã�¾. ôfÔ�Ô�/�Ý�¼?¸I¾�µB·�Ï�·?¸IÝ*µæÏ�µ�Í6� � ¸LµÖ·?Ã�¾ . ÔQÕ�Õ1/�Ý�¼?¸I¾�µB·�Ï�·?¸IÝ*µ

?2_4Z²d�_$[Y\4©YZ*bUcN\¬¦ _$Zlª�1ë«¬d�[Y\ ¥ Zëb Z�Z�\^[Yb`[ V cN©Yc�°¬b _4cd,�¦2W�,
¦ _4Z2(B[feNZ�\$d�Z ¥ [f\J°¬[Yb�¦�_4Z�W+*�c�°4[B¦�c¢Wh\¬b?¦�[B¦ Zld�_$[f\$©YZ�bF,�V W ' /

5+¦ W6/
2+

[f\$° [Ybâ[ b ' [Ye¢eNZ�Vâb�_$cd,�¦2W�,�¦�_4Z²b�¦ V�T$d)¦ T4V�Z�bGc¢\ ¦ _4Zld)Wh\�<
°�T$d)¦ cNWY\ ¥ [f\J°:7 ?2_4Z�V Zëc�bÒ[fe�b�W¬[Y\�c ' XJWhV�¦�[f\�¦ ' W�°�cdV�d�[B¦�c¢Wh\^cN\
¦ _4ZGV Z�eN[f¦ c](YZF4âZ�cN©Y_�¦#W9,

eg

[f\J°
t2g

4®_4c�d�_ d�[Y\ ¥ Zâ[B¦ ¦ V�c ¥ T4¦ Z�°¤¦ W
°�c>~�Z�V Z�\$d)Z*b2c¢\ ¦�_4Z¤e¢W�d�[fe�Z�\$(�cNV Wh\ ' Z�\�¦®W�,à¦ _4ZñW+*�a�©YZ�\^[f¦ W ' bDl
4®cL¦�_�°�Z�d�V Z*[Yb c¢\4©�W+*�cN°$[B¦ cNWY\zb?¦�[B¦�Z¬W�,C(/[Y\$[Y°4c¢T ' ¦ _4Z�W�d)¦�[f_$Z=<
°�V�[fe$°�ZB,�WYV ' [B¦ cNWY\æc�b�V�Z�°�T$d�Z�°¬[Y\$°Ö¦ _4Zr1�_$[+(hZ ' WhV Z

σ
¥ WY\J°4b

4®cL¦�_�b T4V V�WYT$\$°�cN\4©5(B[f\$[h°�cNT ' kG¦�_�T$b cN\$d�V Z*[Yb c¢\4©�¦ _4Z
σ

o
eg

q
X$[fV ¦Ò[f\$°^V�Z�°�T$d�c¢\$©Ö¦�_4Z

π
o
t2g

qâXJ[fV ¦2W9,#¦�_4Zñª`1ë«:7
& eNe$¦�_4ZP,�WhT4Vh(B[f\J[Y°�cNT ' W+*�c�°�Z*bF4GZ�V ZÒd�_$Z�dIHYZ*° ¥ aæZ�e¢Z*dQ¦ V�WY\

°�c>~�V�[Yd)¦ cNWY\zc¢\�WYV�°�Z�Vë¦ W�Z�\Jb�T4V�Z�¦ _$[f¦¤¦ _4Z SUShi-«$<>b XJZ*dQ¦�V�[�[YV Z
¦�[9HYZ�\Y,�V W ' b XJZ*d)c ' Z�\$b�4®c¢¦ _�¦ _$ZÒb?¦�V T$d)¦ T4V�Zâ¦?a�XJZ®©hc>(hZ�\�c¢\-?-[�<
¥ eNZ�uK7U?2_4Z¤°�c>~�V�[Yd)¦ cNWY\�X$[B¦ ¦ Z�V�\$bâW�,à¦ _$Z2,�WhT4VÒd)W ' XJWhT4\$°4b®[YV Z
b�_$WL4®\ cN\WEàcN©YT4V�Z®nU7�?2_4Z2WYV�cNZ�\�¦�[f¦ cNWY\$b-_$[+(YZ ¥ Z�Z�\¬°�Z�¦ Z�V ' cN\4Z�°
T$b c¢\4©ë¦�_4Z3254
6722X4V�WY©YV�[ ' W�,�¦ _4Z²S`§�«�X$[hdIH/[Y©YZ ¥ aÖ]�7�«�¦�[h°�Z�e><
' [f\�Q m9wLS�7\?2_4Z�a�d�[f\ ¥ Z¬c�°�Z�\h¦�cdVJZ�°�[YbëX$[f¦�¦�Z�V�\$br,�V W ' /

2

1
5Q php4uBS<k$/21

2

Q¢uhu�p�S\/
2

1
3

QÊm�uhu=S�[f\J°}/21 Q¢u*pYpLS
& °4°�c¢¦ cNWY\$[Ye¢eNaYk�°�cd~jV�[YdQ¦�c¢Wh\�X$[B¦ ¦ Z�V \$b�W�,�Z�[hd�_6b [ ' X4e¢ZY4GZ�V Z

V Z*d)WhV�°�Z*° [�,�¦ Z�V`Z�[Yd�_�SUShià« ' Z�[Yb T4V�Z ' Z�\�¦*kBc¢\æWYV�°�Z�V­¦ W`,�WYeNeNWL4
XJW�b b c ¥ e¢Zlb?¦�V TJdQ¦ T$V�[YeJd�_$[Y\4©YZ*b`°�T4V�cN\4©ñ¦�_4Z ' Z*[Yb T4V Z ' Z�\�¦âb c¢\Jd)Z
(B[f\$[h°�c¢T ' W+*�cN°�Z*b-¦ Z�\J° ¦�W ¥ Z®V�Z�°�TJd)Z�° ¥ añZ�eNZ�d)¦ V�WY\ ¥ Z*[ ' Q X pLS
c¢V�V�[Y°�c�[B¦�c¢Wh\\7

?2_4Z�Z=*�X�Z�V�c ' Z�\h¦�[fe	1 <�O�Shi
^�SG«jkëZ=*�¦�V�[hdQ¦ Z*° ,�V W ' ¦�_4Z
SUShi\<>b XJZ*dQ¦�V�[®[�,�¦ Z�V ¥ [YdIH�©YV�WYT$\$°�[Y\$° ' T4e¢¦ cNX4eNZ`b d�[B¦ ¦ Z�V�cN\4©®d)WYVj<
V Z*dQ¦�c¢Wh\xQNu N+S>k�[fV�Zlb _4WL4®\ cN\ E-cN©YT$V Z`wñ¦�WY©hZ)¦ _$Z�VC4®cL¦�_ ¦�_4Z¤b�c ' <

����������� 
��J
 �h�	���������������	����
���
�����
�
������ 
�� !-"4������� %��ä��&�'�(��	� �ä+�,j� ./���$��
�%��	� �	0)�ä��
����	���#12�43 5 7>8 9#:�;>9<=?8 @fA ChD�=?;�8 @*C E`F#5IHJH$H�K��L��� MN./����O � 
BP �����)P R��?K���!?F



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ M

T4e�[B¦�Z�° Shi�^ÒSG«�,�WhV�d)W ' X$[fV�cNb WY\
7U?2_4Z b c ' T4eN[f¦ cNWY\$b®¦�[�HhZëc¢\�¦ W
[hd�d)WhT4\�¦�¦�_4Z ' [f¦ V�cd*�Z�eNZ ' Z�\h¦ë[Ybl°�Z=VJ\4Z�°�c¢\x,�WYV ' T4e�[ X 7"?2_4Z
cN\$b�¦ V�T ' Z�\�¦�[Ye ¥ V�Wh[Y°4Z�\4cN\4© 4â[hb ' W�°�Z�eNe¢Z*° ¥ a�[ �ë[fTJb b cN[Y\ W9,
Eà¨�£�§ u Z�/ÖkU¦ _$Z6d)WYV�Z _4WYeNZ�eNcd,�Z�¦ c ' Z ¥ a�[)i�WYV�Z�\�¦�¯�c�[f\ W9,
p 7 mâZ�/�E-¨�£²§ [f\J°�¦�_4Z`ZB*4d)c¢¦ Z�°¤b�¦�[f¦ ZUeNc>,�Z�¦ c ' Z ¥ al[Y\¤Z�\4Z�V ©haJ<
°�Z�XJZ�\$°�Z�\h¦ i#WYV�Z�\�¦ ¯�cN[Y\�W�,�4®c�°�¦ _ pU7Nu�S�4®cL¦�_ S�Z�\4Z�V�©Ya�[ ¥ WL(hZ
¦�_4ZPE4Z�V ' c�eNZB(YZ�e87�?2_$Z2¦�[fcNe�W�,J¦ _4Z�(B[Y\$[Y°�cNT ' i

23

Z*°�©YZ2_$[hb­\4Wf¦
¥ Z�Z�\�V�Z ' WL(hZ�°e,�V W ' ¦ _$Z�Z=*�XJZ�V c ' Z�\�¦ b c¢\$d�Z ¦ _4Z6¦f4GW�Z�°4©YZ�b
[YV Zâ¦ W�Wñd�e¢W�b�Z2¦�W¤Z�[Yd�_æWY¦ _4Z�V�¦ Wñ[Ye¢eNWL4�¦�_4Z�d)Wh\$(YZ�\�¦�c¢Wh\$[fe ¥ [hdIHK<
©hV WhT4\$°6V4¦�¦�c¢\$© ¥ aÖ[¤X�WL4GZ�Vt<>e�[+4�7+?2_$Z ¥ [YdIH�©hV WhT4\$°Ö_$[Yb­¦�_4Z�V�Z=<
,�WhV Z ¥ Z�Z�\ V Z ' WL(hZ�° cN\ ,�V�WY\�¦ W�,ñ¦�_4Z3/P<�i

23

Z*°�©YZK7_E$WYV�¦ _4Z
b c ' T4e�[B¦ cNWY\#k4¦ _$Z�[ ¥ b�Whe¢T4¦ ZñZ�\4Z�V�©Ya�XJW�b�c¢¦ cNWY\�W�,�¦ _$Z Z�°4©YZÖd�[f\�<
\4WY¦ ¥ Z V Z�¦ V�c¢ZD(YZ�°},�V�W ' ¦�_4Z [ ¥ <<cN\4c¢¦ cNW�d�[YeNd�T4eN[f¦ cNWY\ ¥ Z*d�[YT$b�Z¤W9,
¦f4âW V�Z�[hb�Wh\$bDl#¦�_4ZcV$V�b�¦¬cNbÖ¦�_$[B¦¬¦�_4Z�d�[fe�d)T$eN[f¦ cNWY\ c�b ' [Y°�Z cN\
[¬©hV WhT4\$° b�¦�[B¦�Zg4®c¢¦ _6W�d�d�T4X4cNZ�°6d�WYV�Z¤e¢ZD(YZ�e
4®_4cNe¢ZÖ[�d)WhV Z¤_4Whe¢Z
4®cNe¢e ¥ ZÖd)V�Z�[f¦ Z*°�°�T4V�c¢\4©�¦ _4ZÖc¢\�¦ Z�V�[hdQ¦�c¢Wh\�X4V W�d�Z�b�bB7 & ' Z)¦�_4W�°
,�WhVë¦�[�H�cN\4© ¦ _$cNb¤cN\�¦ W6[hd�d)WhT4\�¦�4GWhT4eN° ¥ Z¬¦ _4Z¬TJb�Z¬W9,®«�e�[B¦�Z�V�� b
¦�V�[Y\$b�c¢¦ cNWY\}b?¦�[B¦ Z*bW4®_4Z�V�Z ¦�_4Z�d)WhV Z^W�d�d)T4XJ[f\$d�azc�b¬b Z)¦�¦ W

0.5Q X uBST7
?2_$Z b�Z*d)Wh\$°�V Z*[Yb WY\�[fX4X$e¢cNZ�bñ¦ W;/
2

1
5

[Y\$°�cNbñ¦ _4Z}4GZ�e¢e
H�\4WL4®\),	[hdQ¦�¦ _$[f¦æ¦ _4Z ª2E�? cNb�\4WY¦æ[ ¥ e¢Z^¦ WzX4V�Z�°�c�dQ¦¬d)WhV V�Z�d)¦
¥ [Y\$°}©h[fXJbB7F?2_�T$b�k�,�WYVæ¦ _$Z d�W ' X$[YV c�b�Wh\e4®c¢¦ _ Z=*�X�Z�V�c ' Z�\h¦�b�k
¦�_4Z b c ' T4eN[f¦ cNWY\ _$[hb ¥ Z�Z�\6[Ye¢cN©Y\4Z*°^¦ Wæ¦ _$ZñZ=*�X�Z�V�c ' Z�\�¦�[f¦Ò¦ _4Z
V$V�b�¦ ' [�*�c ' T ' W�,-¦ _4Z61 <�O Z*°�©YZK7

?2_4Zæ[f©hV Z�Z ' Z�\�¦ ¥ Z)¦f4âZ�Z�\6¦ _4Z�WYV�a [Y\$°�ZB*�X�Z�V�c ' Z�\�¦²c�b�ZB*J<
d�Z�eNe¢Z�\h¦ 7�?2_4Z²[YX4X$[fV�Z�\�¦2°�cNb�d)V�Z�X�Z�\Jd)cNZ�bGc¢\ ¦ _4ZlV Z�eN[f¦ c](YZ²_4Z�cN©Y_�¦�b
W9,�¦�_4Z

eg

[f\$°
t2g

X�Z�[9H�b�,�WYV�/
2

1
5

[f\$°`/21
2

d�[f\ ¥ Z`ZB*�X$eN[Yc¢\4Z*°
¥ aÖ¦ _4Z®¦�V�[Yc¢eNcN\4©¤Z�°�©hZ®W�,j¦ _$ZP/ i

2

4®_4cL¦�Z�eNc¢\$ZP4®_4c�d�_æb T4X�Z�V�c ' <
X�Whb Z�bU¦ _4Z�1 <�O�Shi
^�SG«�[Y\$°¬d�_$[Y\4©YZ*b­¦ _4Z²V Z�eN[f¦ c](YZ®_4Z�c¢©h_�¦�bUW9,
¦�_4Z

eg

[f\$°
t2g

b?¦�V T$d)¦ T4V�Z�bD7GE$WYV2/21 [Y\$°z/
2

1
3

kJ¦ _$Z X$[YV�¦�W9,
¦�_4ZY/Ri

23

Z�°4©YZÖb c¢¦ T$[f¦ Z�° ¥ Z�e¢WL4 ¦ _$Z-1ROr<>Z�°�©hZñd)W ' Z*bP,�V�W '
¦�_4Z

2p
¦ W

4s
¦ V�[f\Jb�c¢¦ cNWY\\7U«�cN\$d�Z ¦�_4Z

4s
ª�1ë«�_J[YbÖWY\4eNa3,�ZB4

b�¦ V�T$dQ¦�T4V�ZYkà¦ _4Z / i�Z�°�©hZ 4®c¢eNe®\4Wf¦æcN\�A$T4Z�\$d)Z�¦ _$Z�XJW�b�c¢¦ cNWY\$b
[Y\$°�cN\h¦�Z�\$b c¢¦ cNZ�b�W�,Ò¦�_4Z b?¦�V T$d)¦ T4V�Z�bD7�?2_4Z

t2g

[f\$°
eg

d�WY\�¦ V�cd<
¥ T4¦ cNWY\$bëcN\z¦ _4Z�1 <�O Z�°4©YZ¬[fV�ZÖWh\4eNa;4GZ�e¢eUb Z�XJ[fV�[B¦ Z*°6cN\b/21

2o|V$©YT4V�Z2w�qZ7Ju�\}/
2

1
5

[Y\$°	/
2

1
3

kY¦�_4Z�¦f4âW X�Z�[9H�bUWL(YZ�V e�[fX#k ¥ T�¦
d�[f\ b�¦ cNeNe ¥ Z¬V�Z�d�WY©Y\$cNb Z�°:7�E4V�W ' ¦�_4ZæT4\ ¥ V�Wh[Y°4Z�\4Z*°.1 <>X ª�1ë«
o|V$©YT4V�Z�b X ¦�W;Mhqlc¢¦ c�bñd)eNZ�[YVë¦ _$[f¦ñ¦ _4Z�[YX4X$[YV Z�\h¦ñWL(hZ�V�eN[YX4X4cN\4©
W9,®¦ _4Z

eg

[Y\$°
t2g

d�WY\�¦ V�c ¥ T�¦ cNWY\Jb¤¦ W�¦ _4Z^Shi
^�SG« W�,P/
2

1
5

k
/21

2

[Y\$°./
2

1
3

c�bñ°�T4Z¬¦�W�¦ _$Z ¥ V�Wh[Y°4Z�\4cN\4©�W�,2¦�_4Z b XJZ*dQ¦ V�[fe
,�Z*[B¦ T$V Z*bB7jª�T$ZÖ¦�W ¦�_4Z�WL(YZ�V�e�[fX4X4cN\4©¬W9,U¦ _4Z

t2g

[f\$°
eg

¥ [Y\$°4b
cN\�/21Ök4[Y\ T4\$c *�T4Z¤[Yb�b c¢©h\ ' Z�\�¦âW9,#¦�V�[Y\$b�c¢¦ cNWY\ ¦ W�¦ _$Z�b Z ¥ [Y\$°4b
cN\�¦ _4Z¤W+*�a�©YZ�\�O Z*°�©YZëc�b®°�c3�¬d�T4e¢¦D7

?2_4ZÒ°�c>~jZ�V�Z�\$d�Z�b ¥ Z)¦f4âZ�Z�\Ö¦�_4Z ¥ V�Wh[h°�Z�\4Z*°-1 <>Xæª`1ë«�o0EàcN©�<
T4V�Z�sYq2[f\$°�¦�_4ZW1 <�O Shi�^ÒSG« o0EàcN©YT4V�Zgwhq®d�[f\ ¥ Z [B¦ ¦ V�c ¥ T�¦ Z*°
¦�W X X4_4Z�\4W ' Z�\J[Ul�V$V�b�¦ÒW�,U[feNe�¦ _$ZñX$[fV ¦�W9,-¦�_4Z ª�1ë« b�c¢¦ T$[f¦ Z*°
¥ Z�eNWL4�¦ _$ZCE$Z�V ' c�eNZB(hZ�e�c�b-\$Wf¦F(�cNb c ¥ e¢Zâc¢\Ö¦ _$ZGShi�^ÒSG«7"B¦ _4c�b�4®cNe¢e
d�T�¦­[²b ' [Ye¢e�X$[YV�¦àW�,4¦�_4Z

t2g

XJZ*[�H¤cN\ñ¦�_4Z ' Z�¦�[fe�b­[f\$°¤¦ _4Z�V ZB,�WYV�Z
V�Z�°�TJd)Z2¦ _$Z

t2g

d)Wh\h¦�V c ¥ T�¦�c¢Wh\�¦ W¤¦�_4Z�b XJZ*dQ¦ V�[U7 & b�Z*d)Wh\$°�Z=~jZ�dQ¦
c�b ¥ [Yb Z�° WY\ ¦�_4Z ' [f¦ V�cd* Z�eNZ ' Z�\h¦æo�Z
*hTJ[B¦ cNWY\ X q ¥ Z)¦f4âZ�Z�\�¦ _4Z
V�[Y°�c�[feGX$[fV ¦�bÖW�,®¦�_4Z�c¢\4c¢¦ c�[fe2[f\J°3V$\$[Ye2b�¦�[f¦ Z*bY4®_4c�d�_ b e¢cN©Y_�¦�e¢a
d�_$[Y\4©YZ*b�¦ _4Z�XJZ*[�H�_4Z�cN©Y_�¦�bD7 & eNb W�¦ _4Z [Y°4°�c¢¦ cNWY\J[fe�d�WYV�Z=<>_4WYeNZ
[Y\$°�Z=*4d)c¢¦ Z*° e¢c>,�Z)¦�c ' Z6i#WYV�Z�\�¦ ¯�cN[Y\ ¥ V W�[Y°�Z�\4c¢\$©æ[YV Z¤\$Wf¦�\4Z�©YeNcd<
©hc ¥ eNZ97

^ÒZD(YZ�V�¦�_4Z�eNZ�b�b�k+,�V�W ' [ld�W ' X$[YV c�b�Wh\ ¥ Z)¦f4âZ�Z�\Ö¦ _$Z®W�d�d)T4X$c¢Z*°
[Y\$°�T4\$W�d�d)T4X$c¢Z*°c1 <>X^ª�1ë«6o VJ©YT4V�Z¤sYqU[Y\$°¬¦�_4ZY1 <�O Shi�^ÒSG«
o|V$©YT4V�Z;whq¬cL¦�cNb^d)eNZ�[fV�¦ _$[f¦�¦ _4Z�c ' X�WYV ¦�[f\�¦^d�_J[f\4©hZ�bæcN\�¦ _4Z
4âZ�cN©Y_�¦ cN\4©�W�,G¦ _4Z

eg

[f\J°
t2g

X�Z�[�H�blcN\ ¦�_4ZæShi
^�SG«zV�Z=A$Z*dQ¦�b
d�_$[Y\4©YZ*b¤cN\�¦ _4Zz1 <<X�ª�1ë«�[Y\$°�\4WY¦ñ¦ _4Z�b�_$cd,�¦æW�,2¦ _$Z�E4Z�V ' c
eNZB(hZ�eT7
?2_4Z�°�Z*d)V�Z�[Yb cN\4©

eg

�
t2g

V�[B¦�c¢W c�b�4âZ�eNe@(�cNb c ¥ e¢Z¬cN\�¦ _4Z
p

530 535 540 545 550 555 560

In
te

ns
it

y 
[a

rb
. u

ni
ts

]

Energy [eV]

V2O5
VO2

V2O3
VO

530 535 540 545 550 555 560

In
te

ns
it

y 
[a

rb
. u

ni
ts

]

Energy [eV]

V2O5
VO2

V2O3
VO

RTS�UWV�� V éY¸IÜl¹hè¢Ï)·?¾QÍ�þ�Ï�ã�Ý)É/¾)ÿ Ï�µ�Í�¾�çYÁ�¾�¼?¸IÜ¤¾�µB·�Ï�èæþ�ã�¾�èIÝQêGÿ � Ó8�
¾QÍYÞ*¾�¶ � Æ­Ãh¾l¾�çYÁ�¾�¼?¸IÜ¤¾�µB·�Ï�è�¶�Á�¾�Ç�·�¼�Ï Ï�¼?¾²ÇQÏ�èI¸Iãh¼�Ï)·?¾QÍ�¸Lµ ¾�µh¾�¼?Þ�Ä�Ï�µ�Í
·?Ãh¾ëÇQÏ�èIÇ�¹hèLÏ�·?¾QÍ ¶�Á�¾�Ç ·�¼�Ï�ê­¾�¼?¾ñÏ�èL¸IÞ�µ�¾QÍ�·?Ýæ·?Ãh¾ë¾�çYÁ�¾�¼?¸IÜ¤¾�µB·�Ï�·Ò·?Ã�¾
 ¼?¶>·UÜñÏ�çY¸IÜl¹�Ü �

����������� 
��J
 �h�	���������������	����
���
�����
�
������ 
�� !-"4������� %��ä��&�'�(��	� �ä+�,j� ./���$��
�%��	� �	0)�ä��
����	���#12�43 5 7>8 9#:�;>9<=?8 @fA ChD�=?;�8 @*C E`F#5IHJH$H�K��L��� MN./����O � 
BP �����)P R��?K���!?F



� ��¾QÍhÞ�¾®¸Iµ�É�Ï�µ�Ï�Íh¸I¹�Ü Ý)çY¸LÍh¾�¶���¶�¸IÜl¹hèLÏ�·?¸IÝ*µh¶GÏ�µ�Í�¾ çhÁ�¾ ¼?¸LÜ¤¾�µf·?¶�Åhß � Î���ã�¾ ¼�·����	��

��� Ø-Â��/ï����$Åh×/Õ*ó��/×hÔ�×�þ	ô�Õ*Õ/ô�ÿ s

X4V�W! ?Z*dQ¦�Z�°�ª�1ë«6[B¦²¦ _4Z	1 b�c¢¦ Z�[f\$°6X4eN[/a�b²[ ' TJd�_ ' WYV�Zñc ' <
X�WYV ¦�[Y\h¦lV Whe¢Z�cN\6¦ _$Z�d�_$[Y\4©YZ*b�W9,U¦ _$ZÖShi�^ÒSG«�¦�_$[f\�¦ _4Z¬b _4cd,�¦
W9,

t2g

b�¦�[B¦�Z�b ¥ Z�eNWL4 E$Z�V ' c#e¢ZD(YZ�eT7
�lW�W�° [f©hV Z�Z ' Z�\�¦ ¥ Z)¦f4âZ�Z�\}b c ' T4eN[f¦ cNWY\�[Y\$°�Z=*�X�Z�V�c ' Z�\h¦

c�bë[fe�b�W�[Yd�_4cNZB(hZ�°�cN\6¦�_4ZÖZ�\4Z�V�©Ya V�Z�©hc¢Wh\$b�W9,U¦ V�[f\Jb�c¢¦ cNWY\$b�¦ Wz1
mfX�[Y\$°c/�rhb ' cd*�Z�° b�¦�[f¦ Z�b¤oTN X nY<kNKN9N Z�/lq=7

?2_4Zk(YZ�V�a�\J[fV�V WL4 ¥ [f\$°ëcN\�/
2

1
5

eNa�cN\4©�[f¦àm2Z�/ d�[f\¤_$[YV�°4e¢a
¥ Z�b�Z�Z�\�[Yb¤[ b _4WYT4e�°�Z�VlWh\�¦�_4Z¬eNZ=,�¦ñW�,G¦ _4Z

t2g

b�¦�[f¦ Z�bëcN\z¦ _4Z
¥ V�Wh[h°�Z�\$Z�°g1 <<Xñª�1ë«¬o8E-cN©YT$V ZâsYq�°�T$ZU¦ WÒ¦ _4ZGZ�\4Z�V ©ha ¥ V�Wh[h°�Z�\U<
cN\4© 7+?2_4c�b-b _4WhT4eN°4Z�V#c�b-\4W ' WYV�Z@(�c�b�c ¥ eNZ`cN\¤¦ _4ZGShi
^�SG«^o0Eàc¢©hT4V�Z
w�q@4®_4Z�V Zë[Y°$°�cL¦�c¢Wh\$[fe ¥ V�Wh[h°�Z�\$c¢\4©64â[hb2[fX4X4eNcNZ�°:7�£ÒWL4âZB(hZ�VG¦ _4Z
d�WY\�¦ cN\4WYTJbGc ' X4V�WL(YZ ' Z�\h¦âW�,àZ�eNZ�dQ¦�V Wh\ ' c�d)V�Whb�d)WYX�Z�b2[Y\$° b XJZ*dZ<
¦�V W ' Z�¦ Z�V�b�[Y\$°l¦ _4Z`X4V W ' cNb c¢\$©2°4ZB(YZ�e¢WhX ' Z�\�¦�W�, ' WY\4W�d�_4V�W ' [�<
¦�WYV�b-Wh\YVJZ�e�° Z ' c�b�b�cNWY\Ö©YT4\$b�4®_$cNd�_�b�_4WhT4e�°Ö[Ye¢eNWL4 [²V Z*b�Whe¢T�¦�c¢Wh\
W9,�[ ¥ WYT4¦

0.1
¦ W

0.2
Z�/�d�[Y\ eNZ)¦�T$b­_4WhXJZG¦ _J[B¦­¦ _4c�b­Z=~jZ�d)¦Ud)WYT$eN°

¥ Z�°4Z)¦ Z*dQ¦�[ ¥ eNZ cN\6¦�_4Z \4Z*[fV2,�T�¦ T$V ZcQ X m+S�7�«�cN\$d�Z ¦�_4Z ' [B¦�Z�V�cN[YeNb
cN\�¦ Z�V�Z�b�¦ cN\4©b,�WYV�d�[B¦�[Ye¢a�b cNbæ[YV Z b�c¢¦ TJ[B¦ Z*° ¥ Z)¦f4âZ�Z�\s/

2

1
5

[f\J°
/21

2

k�[Y\$°�b c¢\Jd)Z²¦ _4c�b2[Y°4°�c¢¦ cNWY\J[fejb�X4eNc¢¦�¦ cN\4©�W�,�¦�_4Zlª�1ë«¬c�bG¦ _4Z
' [fcN\æ°�cd~jZ�V�Z�\Jd)Z ¥ Z�¦f4GZ�Z�\Ö¦ _4Z2¦f4âW ' [f¦ Z�V c�[fe�b­[Yb�b�W�d)c�[B¦�Z�°Y4®cL¦�_
W�dQ¦�[f_4Z*°�V�[fe2°�Z=,�WhV ' [B¦�c¢Wh\�k�b�TJd�_ cN\J(hZ�b�¦ cN©h[f¦ cNWY\$b64GWhT4e�° ¥ Z�W9,
©hV Z*[B¦UcN\h¦�Z�V�Z�b�¦D79?2_$cNb`\$[fV�V WL4 ¥ [f\J°æcNbF4âZ�eNe (�c�b�c ¥ eNZÒcN\æ¦ _4Zr1 <�O
Z*°�©YZëW�,�/

2

1
5

V Z*d)WYV�°�Z*° ¥ a}^�S@{ & E­« b X�Z�dQ¦�V W�b d�WYX�azQ X9X S�7

� . �P��! 2 � ( #]���

¨zZ�_$[+(hZÒb�_$WL4®\Ö¦�_$[B¦G¦ _4Z²Shi
^�SG«æW9,�¦ _4Zr1 <�O Z�°�©hZ®c¢\}(/[Y\$[L<
°�cNT ' W+*�c�°�Z�bld�[Y\ ¥ Z64âZ�eNe­V Z�X4V W�°�TJd)Z�°;4®cL¦�_ ¥ [Y\$°�b�¦ V�T$dQ¦�T4V�Z
d�[fe�d)T4e�[B¦�c¢Wh\$b ¥ [Yb Z�° WY\Ö¦ _4Z � � & [fX$X4V W+*�c ' [B¦ cNWY\#k�ZD(YZ�\W4®c¢¦ _�<
WhT�¦2¦�[�H�cN\4©�¦ _4Zñb X4cN\�<>WYV ¥ cL¦Òd�WYT4X4eNcN\4©æc¢\�¦ W¬[hd�d)WhT4\�¦D7

u�\$°�Z�XJZ�\$°�Z�\h¦�W�,2¦ _$Z^°�c�b?¦�WYV ¦ cNWY\�W�,2¦�_4Z W�dQ¦�[f_4Z*°�V�[4k ¥ Wf¦�_
d�WY\�¦ V�c ¥ T�¦ cNWY\$b

eg

[Y\$°
t2g

[fV�Z_(�c�b�c ¥ eNZ®c¢\�¦�_4ZÒ°�Z�\Jb�c¢¦?a W9,jb�¦�[f¦ Z�b
W9,­[Ye¢e�W+*�c�°�Z�bD7U?2_4ZYE$Z�V ' c�e¢ZD(YZ�e#b�_$cd,�¦�b®WY\4eNa^b eNc¢©h_h¦�e¢a�4®cL¦�_�°�Z=<
d�V Z*[Yb c¢\4©�W+*�c�°4[f¦ cNWY\�b�¦�[B¦�Z}4®_4cNeNZ ¦�_4Z}VJ\4Z�b�¦ V�T$d)¦ T4V�Z�bY4®cL¦�_4c¢\
¦�_4Z)1 <>X ¥ [f\$°�d�_$[f\4©hZ b�¦ V�WY\4©he¢as,�V�W ' /

2

1
5

¦�Ws/2167�?2_4Z
°�c>~jZ�V�Z�\$d�Z�bÒcN\6Shi�^ÒSG«�d�[Y\ ¥ Z ¦ V�[Yd�Z�° ¥ [hdIH�¦ W ¦ _4Z�°�c>~�Z�V Z�\h¦
4âZ�cN©Y_�¦ cN\4©�,	[hdQ¦�WYV�b#W9,�¦ _4ZG¦f4GW ' [Yc¢\�d)Wh\h¦�V c ¥ T�¦�c¢Wh\$b

eg

[f\J°
t2g

7
  _$[Y\4©YZ*b�cN\ ¦ _4Z-4âZ�cN©Y_�¦ cN\4© ¥ Z�¦f4GZ�Z�\

eg

[Y\$°
t2g

¦ V�[f\Jb�c¢¦ cNWY\$b
d�WYT4e�° ¥ Zë[f¦�¦�V c ¥ T�¦�Z�°¬¦�WÖd�_$[Y\4©YZ*b`cN\�¦�_4Zle¢W�d�[YeJW�d)¦�[f_$Z�°�V�[feJZ�\�<
(�cNV Wh\ ' Z�\�¦GW9,�¦ _4Z`(B[f\J[Y°�cNT ' [f\$° \4Wf¦â¦ Wæb _4cd,�¦�b2c¢\ ¦ _4Z`E4Z�V ' c
eNZB(hZ�eT7

1²T4V`b�¦ TJ°�a�b _4WL4Òb­¦�_$[B¦`¦ _4Z�b c ' X$e¢ZP(�cNZB4�W�,�[f\æcNWY\4c�d®d)V�a�bf<
¦�[feh4®c¢¦ _e(/[Y\$[Y°4c¢T ' _$[+(�cN\4©�Z=*4[Yd)¦ eNa b c¢\$©YeNZa(B[feNZ�\$d�Z�b?¦�[B¦ Z cNb
\4WY¦`b?¦�V c�dQ¦�e¢a ¦ V�T4ZÒb c¢\$d�Z2¦ _4Z®_�a ¥ V�cN°4cNb�[B¦�c¢Wh\ ¥ Z)¦f4âZ�Z�\a1�mBXæ[f\J°
/ X °^b�¦�[f¦ Z�b2c�b�(hZ�V�a�b�cN©Y\4c>VJd�[f\�¦D7

?2_4Z�°�Z ' Wh\$b�¦ V�[B¦ Z*°�b Z�\$b cL¦�c>(�c¢¦?a�W�,�Shi
^�SG« ' [9HYZ�b�c¢¦6[
X4V�W ' c�b�cN\4© ' Z�¦ _4W�°�,�WhV#¦�_4Z2°�Z)¦�Z�dQ¦�c¢Wh\ W9,4c¢\�¦ Z�V ' Z*°�cN[f¦ ZGX4_$[Yb Z�b
ZD(YZ�\Öc¢\ ' cNd�V W�b d�WYX4c�d`b XJZ*d)c ' Z�\$b-¦ _J[f\UH�b-¦ W²¦ _4Z2ZB*�d�Z�eNe¢Z�\�¦­b X$[L<
¦�cN[Ye�V Z*b�Whe¢T�¦�c¢Wh\^W9,#¦�_4Zg?2S`§)7

��� !�������� 2 �
�	�9� ; �F���!(

?2_4c�b�4GWhVjH�4â[hb b T4X4X�WYV ¦ Z*° ¥ a�«�E­i NfrKM�W9,¤¦ _4Z�ª²Z�T�¦�b d�_4Z
E$WYV�b d�_�T4\4©�b�©hZ ' Z�cN\$b�d�_$[L,�¦�[f\J° ¥ a�¦ _4Z & T$b�¦ V�cN[Y\¤«4d)cNZ�\$d�Z@E4T4\$°
o	X4V W  ?Z�d)¦U]`£�
�u�rhp X n�qZ7B¨zZ�4GWhT4eN°�eNc>HhZ2¦ Wë¦�_$[f\UHWO-7Y£ÒZ�V ' [Y\4\
o8Eà£ u�<>iâZ�V eNc¢\�q2[f\$°�g 7Ui#T4c¢¦ ¯�o|/²c¢Z�\4\$[ ]�\4c>(hZ�V�b�c¢¦?a�W9,�?-Z�d�_4\4Whed<
Wh©Ya4qh,�WYV®cN\$b?¦�V TJdQ¦ c](YZ¤°�c�b�d)T$b�b�cNWY\JbB7

` �
���F���F�F! �)(

Ô � å � ÚGãhã�Ï)·?¾*Å�ï#¼�Ï�á�¸IèI¸LÏ�µ �*Ý�¹h¼?µ�Ï�è�Ý�º�Â#ÃBÄY¶�¸IÇ�¶Gô�×æþ>Ô�í*í�×Bÿ`ó�Ñ/î �ô � Î � Ú`ã�¾*Å/å � Æ�¾�¼�Ï�¹�Ç�Ã�¸�Åfå � ÆjÏ�µ�Ï�¿�Ï®Ï�µ�Í¤é � éYÃh¸Lµ$Å ��Á�µ � � ÚGÁhÁ�è �Â�ÃBÄY¶Uõ/ó�þ>ÔQí�í*Ñ*ÿGî�Ñ�× �õ � Î � ÚGã�¾�Å#å � Æ�¾�¼�Ï�¹�Ç�Ã�¸�Å-å � ÆjÏ�µ�Ï�¿�ÏYÅ-é � éYÃh¸Lµ6Ï�µ�Í�� � ÈG¾QÍ�ÏfÅ
��Á�µ � � ÚGÁhÁ�è � Â#ÃBÄY¶Uõ*ìæþ>Ô�í*í*ó*ÿâÔQì*î �× � Ø � ß­Ï)¼?¹h·?Ã�¾ ¼?¶�ÅL� � �®èL¾�¸LµhÜñÏ�µhµëÏ�µ�ÍëÎ � ´ ��� Ã�Ï�µ�ÞYÅBÂ�ÃfÄY¶�¸IÇQÏ�è ò ¾�Ó
Éf¸I¾�ê}ï�óÖþ>Ô�í/ó�õ*ÿ`õ*ó*î�õ �î � Ø ����� �®¹Y¼?ÜñÏ�¾�É�ÅB� � å � ßàÃh¾�¼?¿�Ï�¶�Ã�¾�µ�¿/ÝYÅ�� � å � �­Ï)¼?Ü¤Ý*¶�Ã�¾�µ�¿/ÝYÅ
é � ï­Ï)¼�·?¿/ÝQêU¶�¿Y¸I¶�Å)Ú � � � ÂjÝ*¶>·?µh¸L¿*Ý�É�ÅQå � Ùâ¾�¹hÜñÏ�µhµJÅ�� � ß � Ûâ¹�Í�ÏfÅ
� � Î � ðâ¹�ÝhÅ � � ÙGÝ�¼�ÍhÞ�¼?¾�µJÅ�� � Ú � Âj¾�¼?¾�èÊÄfÏ�¾�É Ï�µ�ÍñÌ � ò ¸I¾�Ç�Ã�¾�èÊ·QÅ
��Ý*¹h¼?µ�Ï�èJÝ�º�Â�ÃBÄh¶�¸IÇ�¶���ßàÝ*µ�Íh¾�µh¶�¾QÍYÓ<åæÏ)·�·?¾�¼ÒÔQÕæþ>ÔQí�í*Ñ*ÿ�×*Õ*ÑfÔ �ì � � � Îâ¾�¼?ÜñÏ�µ�µJÅjÚ � ßàÃ�Ï�¿B¼�Ï�ã�Ï�¼�Ï)·?¸�Å#Ú � Î2Ï)¼�Ï�¶�Å-å � Ì�¸I·?¿*Ý^Ï�µ�Í
ï � Æ�¾�Á�Á�¾�¼QÅ�Â#ÃBÄY¶�¸IÇQÏ¤éB·�Ï�·?¹�¶`éfÝ*èI¸LÍh¸-þ�Ï/ÿGÔQÑ*ó�þ	ô�Õ�ÕYÔ)ÿ2ÔQõ*ó �ó � � � ½ � åæÏ�·�·?Ã�¾�¸L¶�¶�Å �*Ý�¹h¼?µ�Ï�è�Ý�º�Â�ÃBÄY¶�¸LÇ�¶��jßàÝ�µ�ÍY¾�µ�¶�¾QÍfÓ<åæÏ�·�·?¾�¼Òì
þ>Ô�í*í�×BÿUì�×Bó�ó �Ñ � Û � Ì � ïà¹hèLèI¾�·�·QÅ �*Ý�¹h¼?µ�Ï�èJÝ�º#Â#ÃBÄY¶�¸IÇ�¶Gß�ÔQõ�þ>Ô�í*Ñ*Õ*ÿh��î�í*î �í � � � ½j¸I¾�¼?ÜñÏ�µ�¶�Å�Â � ß � Ï�µ�ÍYÌ � ��Ï�ÜlãY¼?¾�Ç ÃB·QÅ � � �-Ï�µ�Íh¾�µfãh¼?Ý�¹�Ç�¿/¾
Ï�µ�Í � � �#¾�µ�µh¸I¿4ÅYÂ�ÃBÄY¶ � éB·�Ï�· � éYÝ�è-þ�Ï*ÿ`î�í�þ>ÔQí�Ñ*Õ*ÿU×*Ñ/î �Ô�Õ � � � ß � Â�Ï)¼?¿/¾�¼QÅ�Û � � � �JÏ�ÜæÅ�� � Ù ��� ¹ëÏ�µ�Í²Ì � � � ßàÃ�¸IµhÞhÅ*Â#ÃBÄY¶>Ó
¸IÇQÏ�è ò ¾�Éf¸I¾�ê}ï�×BôÖþ>Ô�í*í*Õ*ÿGî�ô�Ñ�í �Ô�Ô � � � Ø�Ä/¾�¼�·ñÏ�µ�Íx� � Ó	Î � ÎGÀBÇ ¿�Å#Â�ÃBÄh¶�¸IÇQÏ�è ò ¾�Éf¸I¾�ê ï î*ó�þ>Ô�í*í�Ñ/ÿ
ÔQô*ó�ô*ó �ÔQô � Ú � ßàÃ�Ï�¿B¼�Ï�ã�Ï�¼�Ï)·?¸�Åk� � ÎG¾�¼?ÜñÏ�µhµJÅ ò � Ûâ¼?¹�á�¸Iµh¸LÇ�ÅGå � Ì�¸I·?¿*ÝhÅ
½ � Ì Ï�Þ*µh¾�¼`Ï�µ�Íæå � Âj¾�·?¾�¼?¶�¾�µJÅ�Â#ÃBÄY¶�¸IÇQÏ�è ò ¾�ÉY¸I¾�ê ïzÑ*õÖþ>Ô�í*í�í/ÿ
Ô�Õ/î�Ñ*õ �Ô�õ � � � ÎG¾�¼?ÜñÏ�µhµ6Ï�µ�Í å � Ì�¸Ê·?¿/ÝhÅ#¸Iµ���� ����� ����� � 

�"!���#�$��%�&$('*)+-,�. )�
/����$1032-'
�54�0
6�7�� 8 � +-,�. )�
/����$Gþ�¾QÍY¸I·?¾�ÍÒãBÄ®Û � Â � Ì ÝBÝfÍY¼?¹�,àÿ
þ�Ø�èI¶�¾�Éf¸I¾�¼QÅ�ÙG¾�ê�Ó �àÝ�¼?¿4Å�ô�Õ*ÕYÔQÿ®Ô�õ*ì���ÔQí�ÑYÅjÔ�õ*ì���ÔQí�Ñ �Ô�× �9� � Ì � �J¸IµJÅ:� � � � Ì�Ï�µhÞhÅ � � Â � Ûâ¼�ÏQÉf¸¢Í4ÅJÂ � å � å�¸IÇ Ã�Ï�èLÏ�¿*Ý*¶
Ï�µ�Í�å � ß � �®¹�µ�ÞYÅhÂ#ÃBÄY¶�¸IÇQÏ�è ò ¾�Éf¸I¾�ê ï�×/ó�þ>ÔQí*í�õ/ÿUõ�×/ó*ó �ÔQî � ò � ½ � Ø�Þ*¾�¼�·?Ý�µJÅ$Ø�èI¾�Ç�·�¼?Ý*µ^Ø�µ�¾�¼?Þ�Äa�JÝ�¶�¶�éYÁ�¾�Ç�·�¼?Ý�¶�Ç�Ý*ÁBÄ¬¸Iµ¬·?Ã�¾
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éfÁ�Ï�Ç�¾®Þ�¼?Ý�¹�Á èLÏ�·�·?¸IÇ�¾ÒÁ�Ï)¼�Ï�Ó
Ü¤¾�·?¾�¼?¶®þM[âÿ α Ï�·?Ý*Ü Á�Ý�¶�¸I·?¸IÝ�µ�¶ �`Ó � Íh¸I¶>·�Ï�µhÇ�¾�¶�þM[2ÿ

�
2

�
5 Pmmn þ	î�í/ÿ a = 11.512 � þ

4f ÿ x = 0.10118 z = 0.8917Ý�¼�·?Ã�Ý�¼?Ã�Ý*Ü²ã�¸IÇ b = 3.564
� þ>Ô)ÿ2þ

4f ÿ x = 0.1043 z = 0.531 1.57 � 2.79
c = 4.368

� þ	ô*ÿ2þ
2a ÿ z = 0.001 1.78� þ�õ/ÿ2þ
4f ÿ x = 0.9311 z = 0.003 1.88 � 2.02� �

2 P42/mnm þ>ÔQõ�ì/ÿ a = 4.5546 � þ
2a ÿ·?¾ ·�¼�Ï�Þ*Ý�µ�Ï�è c = 2.8514

� þ
4f ÿ x = 0.3 1.921 � 1.932�

2

�
3 R3̄c þ>Ô�ì/ó�ÿ a = 5.4734 î�õ � ó�Ñ ◦ � þ

4c ÿ x = 0.34629¼?ÃhÝ*Ü²ã�Ý*Ã�¾�ÍY¼�Ï�è � þ
6e ÿ x = 0.9382 1.97 � 2.05� � Fm3m þ	ô*ô�î*ÿ a = 4.12 � þ
4a ÿÇ�¹�ã�¸IÇ � þ
4b ÿ 2.06

�������	� XvV éf·�¼?¹�Ç ·?¹h¼?¾�¶$Ý�ºf·?Ã�¾#¶�¸IÜl¹hè¢Ï)·?¾QÍ®Ï�µ�Í2Ý*ãh¶�¾�¼?É/¾QÍ®Ç�Ý�Ü¤Á�Ý*¹�µ�Íh¶ ���Ï)·�·?¸LÇ�¾²Á�Ï�¼�Ï�Ü¤¾ ·?¾�¼?¶âÏ)¼?¾²Þ�¸IÉ/¾�µ�¸Iµ [ � Û®Ï)·�Ïlê­¾�¼?¾Ò·�Ï�¿*¾�µæºN¼?Ý�Ü . ô*ô /
º�Ý�¼C�

2

�
5
Å�ºN¼?Ý�Ü . ×1/jº�Ý�¼C� �

2
Å�º¢¼?Ý*Ü . ô�õ1/�ºNÝ�¼_�

2

�
3
Ï�µ�Í�ºN¼?Ý*Ü . ô�×1/
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