
� ������� �
	���
�� ����� ��
�	���������������	

����������� 	 �!�"������#%$'&(�)&
2
�+*(�+���,�

-�.0/2143�57698;:%<!=>/2/?6@37=BA
∗,1 C .D143�EF=>GDEF6IHJ:�KL1NMO14.0=?PFA 1 Q�R .�ST=?6UHJ:WVX143�3�1NG 1

YNZ\[^]`_ba?Z\c�ced)fgZDa>dBh iDakjl[mZ0n@oqp^akrts0uvs0hxwlZ yLY�wzp{jl[mZ�n,|Nu}jz~�d^r�pBjkc\Zecx�,Z\[�jks0u�Z0_Tced����Drtc\se�mZ�n
�@jz]�c\Z\c�|TuFjz~0dBr{p{j�a?ZDr{jlZ�n7�e�\�\�(���0rtc\s��tZ�n+o%r?�edBu}akj�uvZ

���T���������D�

�2���t�����L���0�t������ ��^�¢¡k�0�m£¥¤¦�0�`�m�¨§ª©��m«¬�g�t�¬£®­�«¯©��t���0�F�x�m�(�t�t­F°²±��t�F��£³©�´D�F�^�t�¬µ�©��t���0�¶�m�B·
¸ �^�m��©�«@£ ��¹��}©������t£º�¬�(¡k�^�t�m�0£³©�´D�F�^�t��¹��t���¬�(»F«¬£ �)�0�g¼}��¼

2 ½ �>�( }©��t�t��¹^­�«¯©���¾'���L�^£®­�«¯©��m� ©
¿ �¬«¯©�±e�^��ÀÁ¼+¤"Â�¼+¤Ã�t�t�t­F¹^�t­��m�D¾e�Ä�F�^�m�Á�t�F�%Àq¼+¤Å�¬���m�^�¢¡l©0¹��q¹^�0�m�m���t ��0�F°��7�m�L©��³­��F¹��0£� ��^�²·
��©��m��°�Æ¢Ç�ÈDÈ\É7 �«¯©��F� ½�Ê �F�q£³©�´D�F�^�t��¹)£ �0£ �^���m�%©��m��£ ��°��^«���° ¿ ±!¹^«¯©0�m�t��¹�©�«'Ëq�^���m�^� ¿ �^�t´ �t ��¬�
¸ ©��t�¯© ¿ «���� ½@Ì ­��®©��}©�«¬±²�t���)¡l��¹^­F�Í�0���t�F���m�0«��³��¡ª�t�F�³�BÎ²¹��}©���´\� �¬���m�^��©0¹^�t���0�ÐÏ AF

¿ �^�2�����^�
�t�F�x¼+¤Ñ�t F�Ò�}�)©��F°(�t�F�L�t ��¬�F� ¿ �^«��0��´D�¬��´��m���t�F�xÀq¼@¤Ñ�¬���m�^�¢¡l©0¹����0�(�t�F�L�m� ¸ �^�m��©�«@£ ��¹��²·
©������t£ �,��¡7�t�F�L£³©�´D�F�^�t�¬µ�©��t���0� ½4Ó ±¦�t�¬£®­�«¯©��t�¬��´���±²�t�m�^�m���t����«����0 F�����x�m�t­F°²±Ô�t�F�x�BÕ'��¹^�)��¡
�m�^£� ��^��©��t­��m�®�0�X�t�F� ¿ �¯©0�Ä»}�^«�° ½
ÖxdBy�×�s0rtc�p�Ø�Ù+Î�¹��}©���´\� ¿ �¯©0��¾�¤(�0���m�®§ª©��t«�� �t�¬£®­�«¯©��t���0�4¾ Ê ���¬��»F«¬£ � ½
ÚÛox�TÜÛØÛÝ0Þ ½ Ý0È ½ ·?�?¾�Ý0Þ ½àß È ½ ÏD�

∗
§��0�t�m���t ��0�F°²�¬��´¨©�­��t�F�0�
á�h Z0jz_TZ\c\c0rmd{p{p�Ø@â}ãDäeä�å0ævã�ç\è²é�ê}éDè7ë?ìeævíTë¢îDïeì7ëðéDñ¦Æ Ì �t«¯©��F°�� ò ½�Ó �Ò«¬«��0���?¾óÉ ½

1
¤¦�^£ ¿ �^�Á��¡�§ Ìqô �¢§�Ù Ê ÆkÀÁõ%ö�Ù ôqÊ � ô À)É

÷�ø^ù2ú�øtû¬ü�ý�þ�ÿ�����û?ýtýðù��(ý��Í÷�ø��
	�ù�ù��\û¬ü���þ
�������������¥÷����Fþtû�	�� � !��"�#��ø�	��%$�&'&'(



� �������	��

�����	�����

������������� �"!�#$��%'&(�*),+-#.%/���0��1��2�435��67#8%9#.�:�;3=<?>�#8�2��@8@A<B�C3D���0#.�E3F��67GH�����I!��43=JK�2���L�;G��26NM
69O P0��� ����3F#.�L&HQ-RS+T����UV���W���E39#.G���6969O�PX�C� �:�43F#.�Y&HZ"Q-RS+"PX�[3F�267#$�C@
JI�:�2�W39�:�0\K]:67#8�
3F��P0>���6F�C39]:69�BO�GD39�:�BG�O 67P0��6;#.%;@$�C69� ��6"3F�����^3F�:�`_ba2��@-39�2P`>��269�C3F]:67�cO�G/3F���c@$�C373F�26�d
efG
39�:�;%7<g%h3F�2Pi#.%5��OgO @8��UY]:�:U:��6I���L��>:>:@.#8��UXj��2@.U

Hcf

!��2@.O	Jk3F�:�TO 69U:��69#.�:�l39�2P`>��26NM
�C3F]�69�`O�GD3F�:�0���E39#.G���6969O�PX�C� �:�43nmo39�:�`�2�2�p3F��6qOCGK3F���0�p<?%h3F��69�2%7#8%q@.OgO >W]�%9]���@.@.<S%9�:#AGr3F%
O >:>�O %7#.39�s3FOt3F���S�2OgO�@8#8���Wj��2@.Uu!p<v���u��P`O ]:�p3

HEB

mD�2��@8@.�2Uw3F���S�4�?��������� �^!:#$�C%
j��2@.Uxd*Z'@.39�:O ]:� �y39�:#8%c>:�:���:O P`�2�:O �zJ5��%0O�!:%9��67{ ��Uu@.O �:�^3F#8P`�L��� O|&h}�+l3F���269�s��69�
%73F#.@8@?P0���E<q�2O �p3F67O	{ ��69%9#.�2%*�2O ���2�267�:#8���~3F���I]:�:U:��69@A<?#.�:�~P`�2�����C�:#8%7P0%�69�2%7>�O �:%7#8!:@.�,G�O�6
3F�:#.%T�41o����3`&��?�o�����E+�dx)K�4< O �:U^3F���l39�:�2O�69��39#8�2��@�#8�p3F�267�2%h3nm�3F��#8%">:�:���:O P`�2�:O���#8%T��@.%9O
69��@8��{[���E3b#.��>:69����39#8�2��@��C>:>:@.#8�n�[3F#.O ��%,@8#.���TG�O 6,#8�:%h3����:����P0�����:��39#8�;%7�2�:%7O 69%"����UsP0���CM
�:��39#8�X67�2��O 69U:#.�:��P0��U:#$�t&(� +4d
�,�:�����:��6F���43F��69#8�2�C3F#.O �VO�G,3F����%7>:#8��%h3F69]���3F]�69��#8�V39�:�
�:�n�C69�2%h30>:@$�����2%B3FO�39�:��#.�E39�267GH�C�2�L#.%`��P0��#8��3FO�>:#8�Y#.�y39�:��]:��U:�267%73��C�:U:#8���VO�G'39�:�
�*)k>��:�2�:O�P0������d:e=�L>���6h3F#.�2]:@8��62mg#8�p3F��67GH�����2%,�2���L!��;67O ]:� ��@.<X��@$�C%9%9#Aj��2UL��%,�2O�P0>����?M
%F�C39�2US���:Us]:�:��O P`>��2�:%9�C3F��Uxm�U:��>��2�:U�#8�:�XO��sJI�:�43F�:��6'3F����<����n{ ���2��69OXO�6b�:O �s�2�267O
�:��3;P0��� ����3F#.�n�[3F#.O �xm�67�2%9>�����39#.{ ��@.<�d�RsO %h3;O�G*39�:�l�2��69@.#8�2%h3TP`OgU:��@8%b3F���C3T���?>:@$��#.�^�*)
��%9%7]:P`�0���W]:�:�2O�P0>����:%F�C39�2Ut#.�E3F��67GH�C�2#$�C@�%7>:#8�W%73969]:�43F]:67�0�4{ �2�VJI�:���V3F�:#.%~69���E]:#867�4M
P0���E3�#.%��:O�3q�C@.J5�n<g%�G�]:@Aj�@8@A�2UW#.�V�4�?>���69#8P`���E3F%�d
e=�VGH���43nm��4�?>���69#8P`�2�p3F%��2��6967#8��UVO ]�3
!E<WRsO 69���u�4�T���A�D&(� +T���:UV_'O � ]��2%Y�4�"���A�D&(� +TO �VQ��Bj�@.P0%T� 69�4J�O	{ ��6�Q��nQ

2

%7#8�:� @.�
�26h<?%h3���@.%q�2]�3B�C@8O �:�sU:#A1o��69���E3qO 69#.�2�p3��C39#8O��V%9�:O�JK��U�39���C3

HEB

#8%�@$�C69� ��6~JI�:�2��39�:�
#8�p3F�26hGH���2�K#8%��2O P`>��2��%F�C39�2Us&9&N} }��p+
>�@$���:�n+�#.�l�2O P`>���67#8%9O��qJI#.39�l3F���,]:���2O P`>��2�:%9�C3F��U
#8�p3F�26hGH���2�c#8��3F�:��&h}����p+T>:@$�C�:��d��,�:#8%��41o����3�J5��%�%7]:>:>�O %7�2Ut3FOs!��0��%9%7Og�2#8�C3F��UVJI#A3F�
%9>:#.��69�2��6969���:� ��P`�2�E3b�C3,3F����#.�E39�26hGH���2�`&(�?��� +4d

e=�w3F�:#.%`JDO 69��JD�S���:��@.<g�2�L3F�:�s�p<g%73F��69��%9#8%X@8OgO >zO�G;�V!:#.@$�n< �26`Q-RY�gQ��nQ
2

JI#.3F�|���
]:�:��O P0>����:%F�[3F�2U�#8�p3F��67GH�����X�2O�6969��%9>�O ��U:#8�:��3FOs3F�:�^&h}n� �p+~>:@8���:�0]:%9#.�:��R���3F67O >�O @.#8%

�



RsO �p3F�B\5��69@.OX%9#.PB]�@$�C39#.O��:%I3FO�������@A<g�2��3F���l���?#8%739�2�:���BO�G-%9>:#.�S69�2��6969���:� ��P0���E3nd��V�
��69�SP0��#.�:@A<z��O �:�2��69�:��UkJI#.3F�|3F�:�S#8���:]:�2�:���^O�G~3F���^%h3F69���:��3F�uO�G~3F�:�S#8�p3F��6F���43F#8O��
!���3=JK�2���s3F�:��Q�R ���:U�Z"Q-R @$�n< �269%�d

� � ��
��	�

�t�c%h3F]:U�#8�2UWO��:�`Q-R j�@8P P0O ]��E39�2UWO�{ �26~OC3F�:��6~ZTQ�R j�@8P�do�,���cj�@.P0%;��67�cP0���CM
�:��39#8�2��@8@A<y�2O�]:>:@.�2Uv�n�����uO�39�:�26X!E<w������������� �^#.�E3F��6F���43F#.O �:%X����Uv39�:�S%h3F67]:��39]:69�SO�G
!�O�3F��j:@8P`%l#.%c�S!�OgU�<pM=���2�E39�267�2Uw�2]�!:#8�Y@8�C3939#.�2�0JI#.39�z�S>��267G�����3`P0�C39���y����69O %7%B39�:�
Q-R�
CZ"Q-R #.�E39�267GH�C�2�Cd ��O�>���67G�O 67P 39�:�I�g]�P0��69#.�n��@�%9#.PB]�@$�C39#.O��:%�JD�b]:%7�2U`3F���,G�O @8@.O�J5M
#8�:�
�"��P`#8@ 3FO��:#8���

H = −JF

∑

<~r,~r′>∈

¼+¤ ~S~r ·
~S~r′ − KF

∑

~r∈
¼+¤ (Sz

~r )
2

−JA

∑

<~r,~r′>∈

Àq¼+¤ ~S~r ·
~S~r′ − KA

∑

~r∈
Àq¼+¤ (Sy

~r )2

−JAF

∑

<~r,~r′>∈

¼@¤"Â�Àq¼+¤ ~S~r ·
~S~r′ − h

∑

~r

Sy
~r

&h}�+

JI�:�267� ~S~r

��67�L��@$��%7%9#8�2��@��b�2#8%7�2�E!��269�W%9>:#.�:%B{ �2�43FO 6cO�G"P`OgU:]:@.�YO��:���C3B3F�:�L%7#.3F�
~r
m

< ~r,~r ′ >
U��2�:OC3F�2%T�:�2��69��%73;�:�2#.� �E!�O 69%">��C#869%'O�G-%9>:#.�:%T��O ]:>:@.�2U�JI#A3F�S������������� �B#.�?M

3F��6F���43F#8O��:%2m
JF > 0

#.%-39�:�I�4�?�������:� �b�2O ��%73��C�E3DOCG�3F�:�bQ-RVm
JA < 0

#.%-39�:�b���?�����C�:� �
�2O ��%73��C�E3'O�G�3F�:��ZTQ�R ���:U

JAF > 0
69�2>�69�2%7�2�p3F%'3F�:�����?�����C�:� ���2O ]�>:@8#.�:�c!���3=JK�2���

3F�:��Q-R �C�:Ut3F�:�XZ"Q-R @$��<��262d
�,�:�Y�C�:#8%7O�3F67O >E<��2O �:%h3����p3
KF < 0

#8�E3969OgU:]��2�2%l�
>:@$�C����6*���:#8%7O�3F67O >E<l#8�c3F���"Q�R ���:U`3F���"�C�:#8%7O�3F67O >E<B��O �:%h3����p3

KA > 0
#.�c3F�:�bZTQ�R

#8�p3F69OgU�]:�2��%'�C���n�C%7<L�[�?#8%,%9#8��� @8�T%9#A3F�~���:#.%9O�3969O >p<Y��@.O �:�l3F���
y
�[�?#.%2d

Lx

�C�:U
Ly

��69�
3F�:�c@$�C39�269��@�U:#.P0���:%9#.O �:%;OCGD3F�:�Bj�@8P`%;#8��]:�:#A3F%~O�G/3F�:�c@$�C373F#.�2�l>���6F�CP0�43F�26~���:U

Lza

���:U
Lzf

��69�~39�:��39�:#8���E�:�2%7%9��%TO�G�39�:�qQ�R �C�:U�Z"Q-R j�@8P`%I#.�s%9��P0�~]:�:#.39%2m�69�2%7>��2��M
3F#A{ �2@.<�d
�,�:�X39O�3���@*�g]:Pl!��26�O�GI%7>:#8�:%q#.%�39�:�2�

N = 2 Lx Ly (Lza + Lzf )
d�����69#.OgU:#8�

�



!�O ]:�:U:��67<t��O �:U:#A3F#8O��:%�JK��69�Y#.P0>�O�%9�2U�#.�t3F�:��>:@8���:�XO�G,3F�:�Xj�@.P JI�:#.@8�X#.�t3F�:��U:# M
69����3F#.O �z>��267>��2�:U�#8�2]�@$��6B39O�3F�:�Yj�@8P O >����w!�O ]:�:U��C67<y��O �:U:#A3F#.O �:%lJK��69��]:%9��UxdDQ�O 6
�n������>�O #.�E3q#.�t39�:��%7#8Pl]:@8�C39�2UtP0�����:��39#8�n�[3F#.O �V��]:67{ ��%lJK�X39OgO �

104
RsO �E39�L\5��67@8O

%73F��>y>��26l%9#.39�X39OS3F�:��69P0��@8#.�����C�:U�3F�:��%F��P`���E]:Pl!��26q3FOS�n��@.�2]:@8�C3F�`3F�:�X3F��P0>�O�6F��@
��{ ��6F�����2%2d �V�q%9�43T39�:��G�O @.@8O�JI#.�:�`U:#.P`�2�:%7#8O �:%IG�O 6I3F�:�q%h<?%h3F��P � Lx = Ly = 20

����U

Lza = Lzf = 6
���:U��2P`>:@.O	<�3F�:��G�O @.@8O�JI#.�:�`>:��6F�CP0�43F�267% � JF = 9.56J

m
JA = −J

m

JAF

#8�V39�:��#.�E39�267{[��@
[JA, JF ]

m
KF = −0.5J

���:U
KA = −1.77J

m
G�O @.@8O�JI#.�:�L3F�:�
#8U:�2��%,#8�E3969OgU:]��2�2U�#.�V&���+5#.�LO 69U��26,39O`��PB]�@$�C39�~Q��2Q

2

P0�C3F��69#$�C@.%2d

� � ���n�������

e=�XQ�#.�:d�}IJD�b>:69��%9�2�p3D39�:�I!:#$��%�j���@8U
HEB

��%/�;G�]:�:�43F#.O �`OCG
JAF

�����2>:#.�:��G�67O �2���`39�:�
%9>:#.�^�2O �?j�� ]:69�C3F#.O �SO�G*39�:�BZ"Q-R j�@8P �C3"3F�:�l#8�p3F��67GH������d�ZI���2O 67U:#8����3FO�39�:�BP`OgU:��@
O�G-R��2#8�E@.�
	7�:O��t&�� +D3F�:�~!:#8��%5j��2@.U�#.%I��#.{ ����!E<

HEB =
4JAF

Lzf

&���+

_'O�39#8���/39���C3
G�O 6
JAF . 1

39�:#8%
69��@$�[3F#8O��X&H��O �E39#8�E]:O ]:%�@.#8�:�n+x�:O @.U:%
{ ��67<�JD�2@.@�m�%9]:� ���2%73hM
#8�:�;3F�:�C3*3F�:�I#8�p{ �269%7#8O �cO�G�3F�:�bP0�����:��39#8�n�[3F#.O �l3��C���2%/>:@$�C�2�I!E<c�~�2O ���269���E3D69O�3F�C3F#.O �xm
#�d ��d�3F�:��P0�����:��39#8�n�[3F#.O �Y69OC3��C39�2%I#8�L39�:��>�@$���:�;O�G�3F�:�;j�@8P�d�Q�O 6

JAF > 1
3F�:�~%9#8Pl]gM

@$�C39�2U�>�O #.�E39%
U��2>���6h3
G�69O P 39�:�/P0OgU��2@�m��C�:U�3F�:#.%
�2����!��/�4�?>:@$�C#8�:��U�!p<;3F�:�*G�O 67PX�C39#.O �
O�G-�`U�O PX�C#8�YJ5�C@8@�#8�L39�:�qQ�R j:@8P JI�:#.���s#.%b>��C6F��@.@8��@o3FO`39�:��#8�p3F�26hGH���2�Cd�Q�#.�:d��cU:#.%hM
>:@$�n<g%b39�:���E<g%h3F�267�2%9#.%"@8OgO >:%IO�G�#8�p3F�26hGH���2#8��@�Q-R @8��< ��62m�OCG�39�:��3FO�>SQ-R @$�n< �26'����U�O�G
3F�:�~�2O P`>:@.��3F�Tj�@.Psm��2O �?j�69P`#8�:�l3F�:�~G�O�69P0�C3F#.O��LOCG�3F�:��U�O P0��#8��J5��@.@�d��,�:�~3FO >sQ-R
>:@$�C�:�B#8%T3F���c�n��%7#8�2%h3~3FOL69O�3F�C3F�lJI�:��69�2��%~3F�:�c@$�n< �26~�C3;39�:�c#8�p3F��67GH�����c#.%;>:#8�:���2UW!p<
3F�:�0ZTQ�R %9>�#8�:%�d�
g#8�:���039�:��Q�R ���:#8%7O�3F67O >E<�#.%�>�@$�����C62m�39�:�X��]:67{ ��%lU:O��:O�3�%9�:O�J
�E<g%739�267�2%9#.%2d

�



0 2 4 6 8 10
JAF

0

0.5

1

1.5

2

H
EB

AFM spins frozen (T/JA = 0.5)
Model

¼@�¬´ ½ Ç ½'Ó �¯©0�q»}�^«�°(¡l�0�,©³¡��m�0µ��^��ÀÁ¼+¤ �t ��¬�"¹��0�²»F´D­���©��t���D��©��F°"°²�ÒÕÛ�^�m�^��� ¸ ©�«¬­F���)��¡ JAF ½
Ê �F�)«¬�¬�F�)���%©x �«��0�t�t�¬��´���¡+��� ½ Æ��\É ½

-4 -2 0 2 4
H/JA

-1

-0.5

0

0.5

1

M
y

Interfacial plane
FM Bulk  
Top plane

JAF = 6 JA

T = 0.5 JA

¼@�¬´ ½ � ½�Ó ­�«¬�Û¾ ¿ �0�t�m�0£ «¯©�±e�^��¾�©��F°,�m�0 Í«¯©�±e�^�N£³©�´D�F�^�t�¬µ�©��t���0�L�¬�,�t�F��°²�¬�m��¹^�t���0�L��¡��t�F�7©� � �«¬����°
»}�^«�°�¡k�0�

JAF /JA = 6
©��F°

T/JA = 0.5 ½�Ê �F�Í¹^­�� ¸ ���%�t �«¬�¬�W�¬�F°²��¹�©��t�¬��´��t�F�) ��m���m�^�F¹��Í��¡�©
�ª©�«¬«4 }©���©�«¬«��^«N�m���t�F�)¼+¤ »F«¬£ ½

�



0 0.5 1 1.5 2 2.5 3
JAF

0

0.1

0.2

0.3

0.4

H
EB

Model
AFM thermalized (T/JA = 0.5)
AFM thermalized (T/JA = 1)
AFM thermalized (T/JA = 1.5)

¼@�¬´ ½��²½�Ó �¯©0�Á»}�^«�°g©0�%¡k­��F¹^�t���0�g��¡��t�F�L�BÎ�¹��}©���´\�L¹��0­� �«¬�¬��´ ¿ �^�2�����^�g�t�F�®«¯©�±e�^�m�%¡l�0�Á�t���m���
°²�ÒÕ'�^�m�^���W�m�^£� ��^��©��t­��m��� ½}Ê �F�)«¬�¬�F�)���%©L �«��0�%��¡���� ½ Æ��\É ½
e=�0Q�#.�:d��TJK�I%7�:O	Jw3F�:�,!:#8��%�j���@8U`�C%/�TG�]��:��39#8O �BO�G

JAF

G�O 6�3F�:67�2�IU�#.1��269���E3-39�2P`>��26NM
�C3F]�69�2%�m�JI�:���s3F�:��Z"Q-R %9>:#.�:%'��67���C@8@8O�JD�2UY3FOc3F���269P0��@.#.�2��d��,�:��%7#8Pl]:@8�C39�2UL>�O #.�E39%
%9�:O�J �X!:#$�C%'j���@8U�3F���[3;#.%T��@AJ5��<g%"%9P0��@.@8��6b39������3F�:�q{[��@8]��2%T>:67�2U:#.��39�2U^!E<��-��d-&���+
��{ ����#8�Y3F�:�~69��� #8O��LJI���269���cU:O P0��#.�YJK��@8@x#.%I�:O�3I>:69��%9�2�p3"#.�L39�:��Q-R &HQ�#8�:do}�+4d�Z'%
3F�:�;39�2P`>��26F�[3F]:67�~#8�:��69�2��%9��%I3F�:�~!�#$��%5j���@8U���Og�2%,3FOc�2��69O0�C3I@8O�JK�265{[��@8]:��%IO�G

JAF

d

Q�#8��d/��%9�:O�JI%Y39�:�SPX�����:��39#8�2�C3F#.O��|@8OgO >|O�G~3F���^Z"Q-R >:@$�����S�:�2��69��%73Y39O�3F���^#.�?M
3F��67GH�����c3FO�� ��39�:�26;JI#.39�WPX�C� �:�43F#8�2�C3F#.O��^@8OgO >�OCGD3F�:�`Q-R j�@8P �C3

T/JA = 1.5
mxG�O 6

JAF /JA = 0.2
&(Q�#.�:d
�p� +q�C�:U

JAF /JA = 1.2
&HQ�#8�:d�� !�+4m�69��%9>��2�43F#A{ �2@.<u&H%9���LQ�#8��d

�p+4d��,�:�LU:�2P0��� ����3F#.�n�[3F#8O����2]:6h{ ��O�Gb39�:�LZ"Q-R @$��<��26B#.�zQ�#8�S�p�^69��PX�C#8�:%B�C@8P`O %73
�2O ��%73��C�E3I]:�p3F#8@�3F�:�;��>:>:@.#8�2UXj���@8UY#8%5��@8O�%9�T39Ol3F�:�;!:#8��%Kj:�2@8UYO�G�3F�:�;Q-R @.OgO >xmgJI�:���
��!:67]:>�3F@A<l���:���:� ��%/39O��;@8O	JD�26�{C��@.]:�b����UX�[393��C#8�:%*�C�p��#.�`�~��O �:%h3����p3/{[��@8]:�Cdp�,�:#.%*!��4M
����{g#.O 6-�2���`�:OC3/!��b��%7%9Og��#$�C39�2Uc39O���O �:��69���E3D67O�3��[3F#8O��BO�G�3F�:�,ZTQ-Ri%9>:#.�:%/���:U`�~%7>:#8�
69�2��6969���:� ��P0���E3F%�#8�W3F�:�0#.�E3F��67GH�����0%7�2��P0%�39O�!��0�:�2���2%7%F��67<�d�Z"%

JAF /JA

#8�:��69�n�C%9�2%

�



-0.2 -0.1 0 0.1 0.2-1

-0.5

0

0.5

1

M
y

1st AFM Plane 
FM film

-0.5 0 0.5
H/JA

-1

-0.5

0

0.5

1

M
y

(b)

(a)

¼@�¬´ ½��F½ ËÁ±`�m�m�^�m���t���+«����0 ³¹��0�t�m���t ��0�F°²�¬��´®�m���t�F�ª»F�m�t�� �«¯©��F�W��¡��t�F�WÀq¼+¤�Æ��F�0«¬«����J�m±�£ ¿ �0«��{É
©��F°¦�t�F�®¼+¤�»F«¬£ Æz»F«¬«@�m±�£ ¿ �0«��{Éª¡l�0�

T/JA = 1.5 ½vÊ ���!°²�ÒÕÛ�^�m�^�`�Á�¬���m�^�¢¡?©0¹��®�¬���m�^��©0¹^�t���0�F�
©��m�,¹��0�F�t��°��^�m��°'¾

JAF = 0.2
Æl©\ÉÄ©��F°

JAF = 1.2
Æ ¿ É ½

&(Q�#.�:dg� !�+/39�:�;��������� �;#8�X3F�:�TU:�2P0�����:��39#8�n�[3F#8O��X�2]:6h{ �~O�G�39�:�;Z"Q-R @8��< ��65!����2O P`�2%
%9���C69>��26b�C�:UL39�:�;PX�����:��39#8�2�C3F#.O��Y��@8#.� �:%D3FOl3F�:�;#8�E{��269%7����>:>:@.#8��U�j��2@.Uxd:e=�Y3F�:#.%,�2��%9�
3F�:�l!:#$��%'j��2@.U^O�G*3F�:�cQ�R #.%T�2�E]��C@�3FOY�2��69O�����U^3F���B%9>:#.��67�n��676F����� �2P`�2�p3F%;�C3T39�:�
#8�p3F�26hGH���2�Cm�JI�:#.������69�;#.6969�4{ �267%9#8!�@8��m�67�2%9]�@.3I#8�L�B�:O �L�g]:@.@o{[��@8]:�;OCG
3F�:�;�2Og�267�2#A{?#A3N<XO�G
3F�:��Q-R j�@8P�d


?]:P`PX�C69#.�2#.�:��m�JI�:����3F�:��ZTQ-R %9>:#.�:%'#.��39�:��#.�E3F��67GH�C�2����67�~G�69O ���2�S�`U:O P0��#.�LJK��@8@
U:��{ ��@8O�>:%'#AG
3F�:��#.�E39�26F�C��39#8O �L!��43NJD�2����3F���~j�@.P0%,#.%I�:#8�������:O ]:� �od�Q�O 6,%9P0��@8@�{C�C@8]:��%
O�G�3F�:#.%5#.�E3F��6F���43F#.O �X3F���;!:#8��%5#.%KJK��@8@oU:��%9��69#8!���U�!E<��-��d�&(� +4d?Z"@.@8O�JI#8����3F�:�TZTQ-R 3FO

�



3F�:��69P0��@8#.���`69��%9]:@A3F%�#8�t�sU:�2��69�n�C%9��#8�W3F�:�0!:#$�C%�j���@8UVJI�:#.���t#8%���%9%9Og��#$�[3F�2UV3FO�%7>:#8�
69�2��6969���:� ��P0���E3F%K39���C3,!���� #8��%I�[353F���;#8�p3F��67GH������d�Q�O�6K@$��67� �'{C�C@8]:��%,O�G�3F�:�;Q-RLM=Z"Q-R
#8�p3F�269����39#8O �om�#8�:%h3F�2��U`O�Go�;JK��@8@?G�O 69P0�C39#8O��B#.�B3F�:�bQ�Rij�@8P 3F�:�I%7>:#8�c69�n�C696F�C�:� �2P`�2�p3
!��2��O P0��%,P`O 69�"#.6967��{ �267%9#.!:@8�"#.��U:��3969#8P`���E35O�G�3F�:�T!:#8��%Dj��2@.Uxm�69��#8%7#8�:��39�:�T�2Og��69�2#A{g#.3=<
O�G�Q�R j�@.Psd

�,�:#8%`JDO 69��J5�C%X>���6h3F#$�C@8@ <�%7]:>:>�O 6h3F�2Uv!E<z� 69���p3F%`G�69O�P \��~_beh\5�-� &�Z"69���2�E39#8��� +4m
Z"� ���:�2#8�0\�� 67U:O !��0\K#8�2���2#8�s&HZ'69� ���E39#8���p+�m 
?��\D<g�;m��'�:#A{ �267%9#8U:��Us_"����#8O �:��@xU:�q\�� 6NM
U:O !���&HZ"67� �2�p3F#.���p+K���:U�eh\K� �v� 69���E3b_'�-�KMN��}X&�ef3���@A<�+4d

� ��� �E� �?�
� ���

� }
	 � d���d�Rs�2#.�E@8�
	7O��:�xm�\"d���d�)D�n���xm��-�p<?%�d��b�4{�d�}�� �L&�� +;&h}�
p���p+'}n�:}n�	��}n��}n�:d
� ��	qRVd��;#.JI#(m���d�R��C� �xd�Rs��� �xd�R��C3F��62d��C���s&�������}	+5� ���[�?��
p�?d
� ��	���d�_bO � ]:��%2m�e�d��Bd 
g���E]:@8@.�262m���d�R������xd�R��C� �xd�Rs�C3F��62d�}�
 �L&h}�
�
�
p+5��� �	���C�p�?d
� ��	�Zqd:�,d:)D�269��O�JI#.39��m��;d��;�2�p3���67O:m���d�R��C� �xd�Rs��� �xd:R��C3F��62d��C� �Y&h}�
�
�
p+D� � ���?� ����d
� ��	��;d���d�RsO 69���xm��qd�_'O � ]��2%2m��:d�����U:�267PX���om�e�d��Bd�
?���g]�@8@.�262m
Z">�>:@�d �*�p<g%2d�����373nd

��&�� � +;&h}�
�
 �p+K��} �gd
� ��	���d�_'O ��]:�2%�m|�;d ��d
RsO�6F���xm!�qd"����U:�267PX���om�e�d#�cd 
?���g]:@.@8��62m!�Bd%$ld#�b��O:m �-�p<?%�d

�b�4{�d�) ��
s&N}��p+;&N}�
�
�
 +5��
 ���[�?��
�
 ��d
� ��	&�qd����2U:��69P0���xm���d��b��P('.69����m�RVd��;#AJI#�m �-�p<?%�d��b�4{�d�) ����&(��� ���E+'}������E� �?d
� ��	 � d���d�Rs�2#.�E@8�
	7O��:�xm���d�Z'>:>:@�d �-�p<?%�d�� �s&H�p+;&h}�
 �p� +'}��p� ����}�� � �?d

�


