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}�p � p�} � `bo  aje kp�sv e � a v p�}�p�� � m p v ` � p k�vriB� `�a `bo ��§ p�c k�v ` kUk�v p �si }  ` � p ���sk ` k p!x `badc �W�_v h � v
oPpL`Jc �<k e'`ba k h ��� e{}�} i z:` k hPe{aQhPa ¢NQ�� � h f `bzJp �&� e{}�hPz{hPa ` k p �U }�e f ` vN� x[}�hycXh � ` k hqeJa7e  o�>i }  ` � p
`badc �si x �si }  ` � p �>k ` k p � � Q v h �h� e{a � o i crp �!k�v p�`�a `bo ��� h � e  Bk�v p(p�oqp �uk }�eJajh �Z�sk } i��uk�i }�p � h k�v
}�p � m p �uk_k e k�v p,m v p/aje f p/a ` e  h f `�zJp � }�p � p�} � `bo �

3���� � ���'�!* y *l8�#j= -��.-/��#P{�� �<�<8���=���� ����� ���j8�#&% y-8
 �k h ��� p�oPo �XG aje � a &Q( � K k�v ` k k�v p e � p�} `boqo  eJ} f `�a c �sk } i��uk�i }�pUe  k�v p � ¡ � ¢ `badc e  k�v pUx `badc �
�sk } i���k�i }�p�crp/m p/a c e{a k�v p � } ���>k `�o �+�Xf�f p k } �Y���_v hPoPp k�v p ` �uk�i `boUm pL` G m e � h k hqeJa � }�p�o ` k h � p
k e k�v p L p/} f hXp�ajp�}�z �Y� m p�` G(v p�hqz vXk�� e{} p�a[p�}�z � crh � m p/} � hqeJa � cXp�m p�a c�e{a k�v p � } ���sk `bo m e k p/a �
k h `bo+eJ} �
v p f h � `�o p�oqp f p�a kM� }�p � m p �uk h � p�o � � Q vXi��&�<� p � m p �ui o ` k p k�v ` k k�v p�h f `�zJp � }�p � p�} � `bo �
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6m7X9 ; =?> @<B�C��<Dy�8KU\�_�b�\XK [ Vc^ P�bLMtT�KU_cV v K�R�^LP [ M�b�_ [ bLMOVjEaT
KWT�MOVcVjG¦EHR�E�\XK?n�V�M�EaT�pAqOr�r�s�kwKa\QEHR�h [ ~�V �� �dZY	^LNXMOVc_ [ NQEHR
EUT [ ~�V���MONQ\Q\�E�b�N)R /cE�R�V�i d [ K [ VcP�GJK�M>=UVc^";mN [ ~ K!^LN|Y
KZG+EHR�^ K�MOV \QEH_�KU\�N /cVc^ ;8N [ ~ G+E�MOV [ ~LKZR �Zs�� NXR [ ~�V
oaKa_�bLbLG�ijfm~�VW��V�M�G+N V�R�V�MOh�n � t ^LV���R�VcP [ ~�V+V�R�V�MOh�n
/cV�M�E#i

mj}�p�crh ��k p�c  e{} m� 3 3a� � � h � `7}
` k�v p�}�z{p�ajp�} `bo_m v p�aje f p�ajeJa  eJ}(`boqo x ���"�  3 3a� � � k }
`�a � h k hqeJa �
f p k `bo �si }  ` � p � `bo k�v e i z vwk�v p!h f `�zJp �
v `�ajzJp f ` � e � �ui }B` k cXh � p�}�p/a k � eJo k `bz{p � crp/m p/a crhPa[z
eJa k�v p f p k `�o � Q v p�}�p  eJ}�p �'� p v ` � p � `�o �ui o ` k p�c Q `  3 3a� �(` � `�aD`Jc[crh k hPeJad`bo_p�g[` f m[oPp(e  
aje{a ��f `bzJa[p k h � x ���"�  3!3�� � ��k }
`ba � h k hPe{a ��f p k `�o �si }  ` � p � � Q v p � e{}�} i z:` k hPe{aD` f mjoPh k�i cXp�` k `
crh �sk `�a � p!e  � V  a[Z � u> h � crh � mjo ` � pLc3hqa L hPz � ��� 3 a � > �V e{} m� 3 3a� � k�v p�}�pBh � ` � eJ}�} i z ` k hqeJa
}�p � p�} � `bo �_v h �
v hPa k�v h �Z� ` � pwe ����i } � ` k |  � 3 Z i � � Q vXi�� hqa ` � hycrp � e{o k `�zJp�}�p�zJh f p
`b}�e i adc � � eJajo � `�a k h ��� eJ}�} i z ` k hqeJawh f `bzJp �V� hqoPo x p eJx � p�} � p�c � > o � e k�v p � v `bajz{p  }�e f e{ajp
� e{}�} i z:` k hPe{a k�� m p k e k�v p�e k�v p�} k ` G p � mjoy` � p�e{aM` f(i�� v �sf `�oPoqp�} � eJo k `�zJp ��� `�oPp  h � p � k�v p
�ui } � p,h �<f(i��
vP�sk p�p�m p�}Bajp�`b} k�v p � }�h k h � `�o � eJo k `�zJp�� � Q v p �>i }  ` � p ���sk ` k p�x `�a c7}�p � m eJa � hPxjoqp
 eJ} k�v p$p � p �uk v ` � h k�� x `�a c f hPajh f�ijf ` k `�a7p�ajp/}�z � e  � Z � p � x p�oqe � rnt �  �k_v ` �o�sv h  tk p�c
i mwx � � Z ( p � � e f m `b}�p�c k e m ���_v h � v h � c i p k e k�v p  ` ��k_k�v ` k Q ` v ` � eJa[p$p/oPp �uk }�e{a�oPp �H� �

� e � ` � `�aje k�v p�}_m e �H� hPx[oPp � `badcrhycj` k p � h � h � e:p�oPp ��k }�e{ajh �Bk e m `ba c v p�a � p � p,p�gXm p �ukl e{}
k�v p � e  3!3�� � ���si }  ` � p(`ba7h f `bz{p � }�p � p�} � `�o�`b}�e i adc r$t � � xwh � h � e:p�oPp ��k }�e{ajh �!k e Q `�`�a c � p
p �>k h f ` k p k�v ` k�k�v p7x e k�k e f e  ,k�v p �si }  ` � p ���>k ` k p7xd`ba c �>v e i o c x p&`�o � eQ`�}�e i a c � Z � p �
x p�oPe � r$t `badc7`bawh f `bz{p � }�p � p�} � `bo �>v e i o c e ����i }!`�}�e i a c |  � 3 Z i � �
3�� � � 8 ��#'�<�+-�� x �z=�� �`6 =����7�q~!4Z4��,�
> f e{}�p � e f mjoPh � ` k p�c �H� p�a `�}�hqe f ` � crp � p/oPeJm  eJ} k�v p  3!3a� � ���si }  ` � p � e  k�v p f `bz{ajp k h � x ���
i � k }
`�a � h k hqeJa f p k `�o � � } � � a � `�a c L p � Q v pwp�oPp ��k }�e{ajh �A�sk } i��uk�i }�pwh �Z� mjhPa ��� mjoPh k x � `�a
p�g � v `bajz{p � mjoPh k�k hPajz �W�_v e � p � h § p,h � mj}�eJm eJ} k hPe{a `bo k e k�v p!oPe � `�o f `bzJa[p k h � f e f p�a k � Q v p�}�p �
 eJ}�p �rk�v pBh f `�zJp � }�p � p/} � `�o �sv e i o c e � �ui } k�� h � p � e{a � p  e{} k�v p f ` ��e{}�h k�� �sk ` k p � `�a c�e{a � p  e{}
k�v p f hPa[eJ}�h k��z�>k ` k p � �    _k�v p f ` ��e{}�h k��:�sk ` k p � `b}�p�oPe � ` k p�c x p/oPe � rnt `ba c k�v p f hPaje{}�h k��
�sk ` k p � `b}�p oqe � ` k p�c&`bx e � p rnt eJ} ` f `bz{ajp k h �!k hqm7h �_i�� p�c � k�v p�a k�v p e{x � p/} � ` k hPeJa e  x e k�v
`ba k h ��� eJ}�} i z:` k hqeJa �n�sv e i oyc�x p � e f p m e �H� hPx[oPp �   a�z{p�ajp�} `bo � v e � p � p�} � aje{a � f `bz{ajp k h � k hqm � `b}�p
i�� p�c�`badc�p�oPp �uk }�eJa � e  eJajp � mjhqa �
v `b} ` �uk p�}Ucre f hPa ` k p k�v p k�i a[ajp�oPhqajz �ui }�}�p�a k �   a k�v h �'� ` � p
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v NXKaPyoZE�\ [ Kah�V�i�f8~�V�T	b�\Q\�\�NXR�V-^LNQP/I�\XK�n�P+6,8BC 8

� � d E 8 ���  9�_�Ka\Q_�b�\XK [ Vc^ v n F ��i�q x iHGZ��k
9 v V [ ;�VcV�R [ ~�V\XK [ V�M�KU\]I�E�NXR [ Pj=JI�EUT GJK�K�N)G+bLG K�R�^ G+NXR�NXGWbLG _cEHM�M�b�h�K [ NQEHR�;mN [ ~�N)R [ ~�VjP/bLM5T�Ka_cV+bLR�N [ _cVc\Q\2ijf8~�V
^#KaP/~�Vc^ \QNXR�VJ^LNQP/I�\XK?nHPB6,8$CD8 � NqO��"E
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9 [ ~�Vj_cEHM M�b�hHK [ NQEHR`G+V�KaP/bLM�Vc^ v V [ ; VcV�R [ ~�V+ILE�P N [ N�E�R
EaT [ ~�VjK [ E�G KZR�^ [ ~�Vj~�E�\Q\QE�; P�N [ V�i�f8~�V^LNQP [ K�R�_cV T�M�EHG [ ~�VP/bLM5T�Ka_cV_;8KaP+8 VUC xXWHY �l+i

eJa[p!p�gXm p �uk�� eJajo ��k�v p,`ba k h ��� eJ}�} i z:` k hqeJawe  k�v p oPp�`{crhPajz � ` �uiji[f � mjhPa �
v `�}
` ��k p�} � Q v p f h �
aje{} � ` ��ijijf � mjhqa �
v `b} ` �uk p�} ���_v h �
v h � aje k ajp � p �H� `�}�hPo � h crp�a k h � `bo k e k�v p f hPaje{}�h k+�,�>k ` k p �M�
f ` �A� eJa k }�hPx ijk p k e ` �sf `boPo hPa k p�a � h k���� `b}�hy` k hPe{a7e  k�v p k�i aja[p�oPhqajz �ui }�}�p�a k �Q e'p�gXmjoPe{}�p k�v h �  ti } k�v p�} � p v ` � p�hqa � p �sk hqz:` k p�c  p�}�}�e f `bz{ajp k h � L p  3!3�� �,` � ` k�� mjh � `�o
p�g[` f m[oPp7e  ` f `�zJajp k h � x ��� k } `ba � h k hPeJa f p k `bo!hqa f eJ}�p cXp k `�hPo � L p v ` � k�� e � `boqp�a � p
p�oqp �uk }�eJa �Bf eJ}�p k�v `ba m � ¢ hPa � p  p/}�}�e f `bz{ajp k h � L p v ` � ` f e f p�a k e  `�x e ijk C
	�� � x e k�v
`Jc[crh k hPeJad`bo�p�oqp �uk }�eJa � e ���ui m ��f ` ��eJ}�h k��,�sk ` k p � `�a c k�v p,a i[f x p�}+e  L p f hqajeJ}�h k�� p�oPp �uk }�eJa �
`badc7e  'm � `�oPp�a � p$p/oPp �uk }�e{a � m p�} � m[hPa �>k ` k p�`�}�p `bx e ijk,k�v p � ` f p � Q v p�}�p  eJ}�p �!� h f hPoy`�} k e
m � L p f hPa[eJ}�h k��P� mjhqa �>k ` k p ���>v e i o c&cr}�h � p k�v p�`�a k h ��� eJ}�} i z ` k hqeJa p � p �uk ` k p/ajp�}�z{hPp �o� oqe � p
k e k�v p L p�} f h p�ajp/}�z �@� p � z � �>f `boqo�xjhy` � � e{o k `�zJp � `badc k�vXi����>v e i oyc7x p�` ��� p �H� hPx[oPp,x � ¢NQ�� �
p�gXm p�}�h f p�a k�� � Q v p'`ba k h ��� e{}�} i z:` k hPe{a p � p �uk cr}�h � p�a x �Qk�v p f ` ��e{}�h k�� p�oPp ��k }�e{a � f ` � x p
� p/oPo x p�oqe � rnt `�a c m[}�eJxd`bxjo � aje k ` � � p ��� hPxjoqp!x � ¢NQ�� � p�grm p�}�h f p/a kk� �

m p v ` � p � `�o �ui o ` k p�c k�v p�p/oPp �uk }�e{ajh �f�sk } i��uk�i }�p�e  $ p�}�}�e f `bzJa[p k h � L p  3!3�� � � Q v p�x i o G
f `�zJajp k h ��f e f p�a k�� ` � crp k p�} f hPajp�c k e C � � � 	� hqaQzJe:eXc `bz{}�p�p f p�a k
� h k�v k�v p p/grm p�}�h �
f p�a k `�o � `�o i p�e  C � 3 C�	�� � Q v p �>i }  ` � p f `�zJajp k h � f e f p�a kU� ` � p�a v `ba � pLc k e C � i � 	�� �> � p�gXm p �uk pLc � p  e i a c ` � mjhPa ��� m[oPh k p�oqp �uk }�eJa[h �Z�sk } i���k�i }�p � � e:e G hPajz ` k k�v p � ¡ � ¢ e  `
�si }  ` � p L p(` k e f crh � mjo ` � p�c hqa L hPz ��� � 3 � � p ¥ a c `ba p�g � v `�ajzJp � mjoPh k�k hPajz�e  `�x e ijk C p �
 eJ} ` �>i }  ` � pw` k e f � Q v p f hPa[eJ}�h k��z� mjhPa �sk ` k p � `b}�p k�v p cre f hqa ` k hPajz � mjhPa � v `b}
` �uk p/} hPa
k�v p � h � hPajh k+� e  ,k�v p L p�} f h+p�ajp�}�z � � � eJ}�p/e � p/} � ` kDrntDk�v p f ` ��eJ}�h k����sk ` k p � `�}�p f e �>k o �
x i o Gj�>k ` k p � `�a c k�v p f hPa[eJ}�h k��P�sk ` k p � `b}�p f e �sk o �:�si }  ` � p �>k ` k p � oPe � ` k p�c&hPa k�v p k�� mjh � `�o
x ��� x eJa crhqajz � `ba k hqx eJa crhqajz(z:`bm cre f hPa ` k hPa[z k�v p k�i ajajp/oPhPa[z �ui }�}�p�a k k�v }�e i z v'k�v p � ` �uijijf
x `�}�}�hqp�} X�� � L hqz � � � 3 � � �L hPz i }�p � � 3 � p�g v hqxjh kk� k�v p �si }  ` � p�x `ba c �sk } i��uk�i }�p � e  Uk�v p L p  3!3a� � f hPaje{}�h k�� `ba c f ` �
��eJ}�h k��f�sk ` k p � `�oPe{ajz �
 �¢ crhP}�p �uk hqeJa � � e k�v `b}�p � h f hqoy`�} k e k�v p_x `badc �sk } i��uk�i }�p_e  �k�v p m� 3 3a� � �
�si }  ` � p X�" � L hPz � � � � � �   a&m `�} k h �ui o `b} k�v p �si }  ` � p ���sk ` k p�x `�a c � }�p � m eJa � hPxjoqp  eJ} k�v p(`ba k h �
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V�R�V�MOh�n�i0!-ILILV�MJILK�M [ EaT8V�Ka_c~eILKZR�Vc\ ^LNQP/I�\XK?n�P¦G£K��OEHMON [ n P [ K [ VcP�q�P/I�NXR
-k 9}\QE�;�V�M+ILK�M [ G¦N)R�E�MON [ n
P [ K [ VcP�q P/I�NXR E

kciAf EHI{ILK�R�Vc\_cEHR [ KaNXR�P [ ~�V �j�d�NXR [ ~�V o�Ka_�bLbLG K [ K [ NXIZY	P/K�GJI�\QV ^LNQP [ KZR�_cV
EaT+8
V C � �l NXR K�o�E�\XbLG+V£^LV [ V�M�G+NXR�Vc^ v n���8
V!C r W ���l+i�g NQ^L^L\�V�K�R�^ v E [�[ E�G ILK�R�Vc\�P/~�E�; [ ~�V
K�R�hHb�\XK�M�G¦EHG+V�R [ bLG�^LVc_cEHGJI�E�P�Vc^J^LV�R�P�N [ n+EaT�P [ K [ VcPyILMOE��5Vc_ [ Vc^WNXRJG+b�� RZY [ N)R¦P/IL~�V�MOVcP�T2EHM P/bLMtT	Ka_cV
K [ E�G K�R�^e_cV�R [ V�M�K [ EHG�9 MOVcP/I�Vc_ [ NQo�Vc\Qn�i f8~�V�\XK [�[ V�M _cEHM�MOVcP�ILEHR�^LP [ E [ ~�V v b�\5= ���j�d�i ��b�\Q\�\QNXR�V
MOV�ILMOVcP V�R [ P [ ~�V [ E [ Ka\�_cEHR [ MON v b [ NQEHR3;�~�NQ\QV [ ~�V v M�E{=aV�R�\QNXR�VuMOV�ILMOVcP�V�R [ P [ ~�VjNXR�P�NQhHR�N �#_�K�R [ K�G+E�bLR [
EaT ' -�) -��!_cEHR [ MON v b [ NQEHR�i�lM�MOE�;8PNXR�^LNQ_�K [ V [ ~�V�G+NXR�N)G+bLG EUT [ ~�VJP�bLMtT�KU_cVuP [ K [ V v K�R�^<i�f8~�V
�#V�M G+N<V�R�V�MOh�n�NQP [ ~�VEHMONQh�NXR�EaT�V�R�V�MOh�n /cV�MOE#i

� e{}�} i z:` k p�c�h f `�zJp � e  k�v p m� 3 3a� � ���si }  ` � p ��� `ba�x p  e i adc  e{} x e k�v:� mjhqa �
v `�}
` ��k p�} � � L e{}
k�v p L p f hPaje{}�h k�� �sk ` k p �jk�v p,x e k�k e f e  +k�v p �si }  ` � p ���>k ` k p x `�a c�h � oqe � ` k p�cw` k `bx e ijk \ � Z (p � &Q( � K � hqa crp�p�c � oPe � p k e k�v p � `bo i p�e  \ 3 Z i p �  e{} m� 3 3a� � � L eJ} f ` ��e{}�h k+�:�>k ` k p �&�]k�v p
x e k�k e f e  k�v p �si }  ` � p ���sk ` k p_x `ba c h � oPe � ` k pLc ` k \ C Zba p � &)( � K � Q v p § p�}�e �ui } � ` k�i }�pB` k k�v p
x e k�k e f e  Uk�v p �si }  ` � p ���sk ` k p�x `ba c � oPp�`{c k e�ad`b}�}�e � m p�` G�� hPa k�v p � ¡ � ¢ e  Uk�v p �>i }  ` � pL p�` k e f `badc k�v p � ` �uijijf p/g v hqxjh k p�c�hqa L hPz � ��� 3 � �
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DXWo�}476�'U),+o'W:=4fH;'*4KA.D=476�'U),+oRG�m�V¯N����P,%L?9'[RT+10F0/476�'U),+oR1H;0ORTP,03H7'U?94G%B6r4KM[Hs§�MW<&AB4K%,4G03H1cY+1M
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4G%L09c^�/+1+C%dZ,094K'*'*+e2?9%SH;%d?9%Q'*+1MUXKH70a476��«hu+1¢ H7M*4KP,%/2 � | DE?9%]RT+f'*),?3D{?ODI'*)L+f+1%,+1MUJGc^MbH7%,JK+
HGRCRT+;D*DW?9�,0F+t:I?9'U)d�Qn{�/l
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c(2x2) antiferri.

Cr 1 Cr 2

Cr 1 Cr 2

Cr 1 Cr 2

1

1

(c)

(b)

(a)

ferromagnetic

layered antiferro.
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� � � <WDWP,ME6mHKRT+[M*+;DW4G%/H;%/RT+[476�'U),+|�]+w�&iGiQh7�r<WDWP,ME6mHKRT+t?OD�HtAB?F%,4GMU?9'Wc8DEZ,?F%BDW'_H7'U+Ylp\=cuAsH7Z,Z,?F%,Jo'*),+
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