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Discipline  Physique

Spécialité  !#"%$'&)(+*%,%-/.%-10+213
2546(8759:-/;5<�='.%->='&@?>-/-54#.%-5&A3
254B?59C(825,�D

EGFIH5J)K5L#M:H5K/N#O%F  L (+0P(+2>=%25Q:R12>=%(+->0+2/ST,%.%2
ST<�,%9:&@(+-59VUGW1X:R1U
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X:='&@46(84B,%4p.%-/!#"%$>&)(+*%,%-/-54#aT"%(+3�(+-/.%->&A\�254B?59:(+25,%D
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Z � ?54B,%.%-�.%,�;5<�3
�%<�964B-53
->='4
.%-�&)$>&@4B7>3
->& 3
25��=%?54B(8*%,�-5& .%-�.�(+3�->=%&)(8<p='& submicroniques

&@,%&@;>(84B-�.%-5�%,�(+&���08,�&)(+-5,%9:& 2>=%='?5->& ,%= � ( � (+='4B?59��54Br/3
<�4B( � ?��%259�08->& �%9:<��'9:75& -5='9:-5��(+&@4B9:?5& .%25='& 0+-5&
4B-5;5"'=%(+*%,%->&
.%-k='2>='<�Q � 2>�'9C(8;>254B(8<�=#spZV<�9:&@*%,%-�08-5&
.�(+3�->=%&)(8<p='&�0+254B?59:2>08-5&�.%,�&)$'&@4B7>3
-�&@<�='4c9:?5.%,�(84B-5&��
0+_ <�9:.%9:-�.%-��%9:25='.%-5,%9k.%-5&�08<�='�%,%-5,%9:& ;5259:25;54B?59C(8&@46(8*%,%-5& .%,g3
254B?59C(825,g3�25��='?546(8*%,%-5r
.%-5& ='<�, � -525,�D
�%"'?>='<p3
7>='->&A�%"%$'&I(+*%,%-5&A25�%�%259:2>(+&)&@->='4#(+='4B?59:-5&@&@2>='4B&��/0+2 � <p(8&T. � ,�=��%<�(+='4l.%- � ,%- � <�='.�2>3
->='4B2>08r#3�2>(+&
*%,�( 082>(+&)&@->='4�?5�%2>08->3�->='4�-5='4B9:- � <p(89�.%-�9:(8;>"'->& 25�%��0+(+;>254B(8<�=%& �%<%4B-5='4B(8->0P0+->&@r -5=h�%259:4B(8;5,�0P(+-59��%<�,%9
0 � ->='9:-5��(+&@4B9:->3
->='4�3
25��='?546(8*%,%-�syb1(+=%&I(8r�,�=�='<p3��'9:-
(+3��%<�9:4B25='4�.%_ ?54B,%.%-5& -5D'�%?59C(+3�->='4B2>0+-5& -54
4B"'?5<�9:(8*%,%-5& <�='4 ?I4B? 3
->='?5->& 2 � (+= .%- ;5<�3
�%9:->='.%9:- 0+2 &@4B25�%(+0P(84B? .%-5& ;5<�= � (+�%,%9:254B(8<�=%&
3�(+;59:<�3�25��='?546(8*%,%-5&A.%-/;5-5&A&)$'&@4B7>3�-5&A-54#08-5,%9V.�$'=%2>3�(+*%,%-/.%-/9:-54P<�,'9:='->3�->='4#.%-/0+_ 2>(+3�2>='4B2546(8<�=#s

ZV-5& 4B-5;5"%=%(+*%,%-5& ->D'�%?59C(P3�->='4B2>08->& .%_ 2>='2>0P$'&)-�.%-y082�.�(+&@4B9:(+�',%46(8<�=�(+='4B-59:=%-y.%-�0 � 2>(P3�2>='4B254B(8<�=
.%25=%&A.%-5&A<��I�6-54B&��/.�(+3�->='&)(8<p='2>0P(84B?/9:?5.%,�(84B-/�%-59C3
-54B4B-5='4p.%_ <��'4B-5=%(89G&@<p(84l.%-5&T(+= � <�9C3
254B(8<p=%&T��08<��'2>0+->&T�C082
3�25��='?54B<�3
?54B9C(8-
<��'4B(8*%,%-��
- �	� -54V�/-59:9A�%259A-5D'->3
��0+-5�:r#&@<�(84V.%-5&/(+= � <�9C3
2546(8<�='&/08<�;52>0+->&@r#3�2>(+&10+(P3�(84B?5->&
-5=�9:?5&@<p08,%46(8<�=��C082�3�(+;59:<�&@;5<��%(+-�� � <�9:;5-
3
25��='?546(8*%,%-5�Is'aT_ ->&@4V�'<�,%9:*%,'<�(8r#�%<�,'9A25;5;5?5.%-59��
082�&@4B9:,%;I4B,%9:-
� (+=%-k.%-5&
;5<�= � (+�%,%9:2546(8<�='&�3�25��='?546(8*%,%-5&
-54T9:-5�%96<�.%,%(89:-
��0 � ?>;>"'->0P0+-k=%2>='<�3�?54B9:(8*%,%-�0+-5&��%9:<�;5-5&@&@,%&�.%-
9:-5= � -59:&@->3�->='4#.%-/0 � 2>(P3�2>='4B254B(8<�='r�.%-5&A&)(+3�,�0+2546(8<�=%&T3�(+;59:<p3
25��='?546(8*%,%-5&A&@<�='4l(+='.�(+&@�%->=%&@2>�%0+-5&>s

ZG_ <��I�:-5;546( � .%-�;5-�4B9:2 � 2>(+0/.�-�4B"'75&@-�9:?5&)(+.%-�.%25=%& 08-y.%? � -50+<��%�%->3�->='4�.%_ <�,%4B(+0+& =',�3�?59C(+*%,%->&
25�%�%9:<��'9:(+?5&���0 � ?54B,%.%-
.%,k3
25��='?546(8&)3�-
.%->&/&@4B9:,%;I4B,%9:-5&/.%-�.%(+3�->='&)(8<p='&/&@,��%3�(+;59:<�=%(+*%,%->&/-5=k,%4B(+0P(+&)2>='4
0+2k3
<�.%?>0+(+&)2546(8<�= 3�(+;59:<p3
25��='?546(8*%,%-�sp!#<�,%9c0 � ? � 2>0+,%2546(8<�= .%-5&
?>='-59:��(+-5&
-54T.%-5&
;5"'2>3��%&�(+='4B-59:='->&
*%,�(
.%?5;59C( � ->='410+_ ?54B254/.%,y&@$>&@4B7>3�-5rc,%=�2>08�%<�9C(84B"%3�- =',�3�?59C(+*%,%-5rc�'2>&@? &@,%9�082�3
?54B"'<�.%- .%-5&�.�( �	� ?59:->=%;5-5&
� (+=%(+->&@rp21?54B?1;I<�=
�5,ls>ZV2
3�(+=�(P3�(+&@2546(8<�=�.%-�0 � ?>='-59:��(+-�0+(+�%9:-
.%,k&)$'&@4B7>3
-5r#*%,�(#3
7>=%-
25,%D�?54B254B&c&C4B25�%08->&@r
-5&@4 � <�='.%?5-k&@,%910 � (+='4B?5�%9:254B(8<�= 4B->3
�%<�9:-50+0+-k.%-�0 � ?5*%,�254B(8<�= ��"'?>='<p3
?>='<p08<���(8*%,%-k.%-kZ andau-Lifshitz-

W
(+0+�%-59:4 [1] s>b � (+=�.�_ 2>3�?>0P(8<�9:-59A0821�%9:?5;>(+&)(8<p=�.%,�;52>08;5,�0#=',�3�?59C(8*%,�-5r#�%08,�&)(+-5,%9:&/3�?54B"'<�.%-5&c.%_ ? � 2>0+,%2546(8<�=
.%-5& ?5=%-59:��(8->& -54�.%-5& ;5"'2>3
��& <�='4�?54B?��%96<��'<�&@?5-5& -54�25='2>0P$'&@?5->&�-5= .%?54B2>(+0:scR
( �	� ?59:->='4B&�&@;>"'?>3�2>&
. � (+='4B?5�%9:254B(8<�=�<�='4�?I4B?�.%? � ->08<��%�%?5& -54�;I<�3
�%259:?5& 2 � (+=h. � 25&)&@,%9:-59�082�&@4B25�%(P0P(84B?�=',�3�?59C(+*%,%-�.%-5&
&@<�08,%46(8<�=%&�<��'4B-5=',%-5&�-54��%-59:3
-54B4P9:-�. � 25,%��3
->='4B-59 0+_ - �	� (+;52>;>(84B?�.%,�;52>08;5,�0:s/ZG_ 25�%��0P(+;52546(8<�=�.%- ;5-54P4B-
25�%�%9:<�;5"'- =',�3�?59C(8*%,%-�� 0+_ ?54B,%.%- .%,�;I<�3
�%<�964B-53�->='4/3
25��='?546(8*%,%- .%- &)$'&@4B7>3�-5&�9:?5->0+&k.%->3�2>='.%- ,%=
4B9:25(84B->3
->='4 25.%?5*%,%254��%259 9:25�%�'<�964�25,%D�;5259:25;54B?59:(8&@46(8*%,%->&�(+='.�( � (+.%,%->0P0+->&y.%-g;5"'25*%,%-g&)$'&@4B7>3�-�s
ZV2
.�(+3�->='&)(8<p=�.%,�&)$'&@4B7>3
-1� ���������/<�, infinie) -I4l&@21�%?59:(8<�.�(8;>(84B?1&@->08<p=�;5-59:4B25(+='->&T.�(89:-5;546(8<�='&T.%-�0 � ->&@�%25;5-5r
='<�,%&A<�='4p;5<�=>4B9:25(+='4#.%_ 25.%25�%4B-59V0+_ 2>0+�%<�9C(84B"%3�-��/;5"'25*%,%-/;52>&A�%9:?5;>(8&>s

[1] �	����������� �"!$# Jr. % Micromagnetics #�&'!$(*)'��+	,*)�!$-.)"/�0�1
2*,*+43$)���+4#$�	��56, 2*)�798.!$:�;�� !$+4#$<9).�
=9�	��>�?�@�A�B�C�D
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R125=%&c,%='-
�%9:->3�(+759:-
?54B25�%-5rp,%=�;5<�.%-
3�(+;59:<�3�25��='?546(8*%,%-�25�%��0+(+;>2>�%0+-���0 � ?54B,%.%-�.%-5&/&)$>&@4B7>3
->&
(+= � (+=�(+& ��.%-5,�D .�(+3�->=%&)(8<p='&��:f%R1�:r
4B-50+&�*%,%-�08-5&�;5<�,%;5"'-5&y3�(+=%;>-5&@r�2�?54B?�3�(+&�25,��%<p(+='4@s/aT-I4P4B-
25�%�%9:<�;5"'-m=',�3�?59C(8*%,%- 2 �%-59C3�(+&h. � ?54B,%.�(8-59�08->&h�%9:<��'9:(+?54B?5&h(+='4B-59:='->&h.%-5& � (P0P3�& � 0 � ?5;>"%->0+0+-
='2>='<p3
?54B9C(8*%,%-y�%<�,%9k.%-5& � (P0P3�& .%-y;5<��'2>084
� � <�964B-�25=%(8&@<�4B96<��%(8-�3
25��=%?54B<�;I9:(+&@4B2>0+0+(+=%-�sc]1<�,%& nous

&@<�3�3�->& (+='4B?59:-5&@&@?>&���.%-5,%D�&)$'&@4B7>3�-5& .%<�='4�082�.�( ��� ?59:-5=%;5-�9:?5&)(+.%-y.%2>='&�0+2y.�(89:-5;546(8<�=�.%, ;5"'2>3��
d’anisotropie.

� �������� ���!
"�#�$���%'&�$�������"�%�(�"*)"����+�����$*, ��$�����)���$���$���(�� : aT-/4B$>�%-1.%- � (+0P3�&T.%2>=%&c08->&@*%,%->0+&c0 � 2>(+3�2>='4B254B(8<�=
-5&@4/�%259:250+0+7>0+- 25,���082>=�.%, � (P0P3
r � <�9C3
->='4/.%-5&�.%<�3
2>(+=%-5&k2>='46(8�%259:2>0+0+7>0+->&k&@?5�%259:?>&k�%259�.%-5&k�%259:<�(8&
�
-*. |%z>s'ZV<�9:&@*%,%-
0+_ ?5��2>(+&@&)-5,%9A.%-
082
;5<�,%;5"%-
25,%��3
->='4B-�082
&@4B9:,%;I4B,%9:-
(+='4B-59:='-
.%-5&c�%259:<�(8&c;>"'2>='�%-
-54V,%='-
4B9:25='&)(846(8<�=�. � ,�='-1�%259:<�(�.%-14B$>��-kt6]1?5->0:tV25&)$%3�?54B9C(8*%,%- � -59:&T,%=%-1�%259:<�(�.%-14B$>�%-kt6Sc08<�;>"ltG25&)$%3�?54B9:(8*%,�-
-5&@4y(8.%->='46( � (+?>-�25,%4P<�,%9�.%-�f%|m=%3�s�ZV-h&)(8��='2>0�\�qp\�r�.%?5.%,�(84 �h�%25964B(89 .%- 082h;5<�= � (+�%,%9:2546(8<�=
3�(+;59:<�3�25��='?546(8*%,%-�&)(P3�,�0+?5-�.%- 082��%259:<�(8r�;5<�= � (+9C3�-�.%-�3�2>=%(+759:- *%,%2>0+(84B2546( � -g0+-5&y�%9:< � (P0+&y\�q#\
3�->&@,%9:?5&A->D'�%?59C(+3�->='4B2>08->3�->='4 [2].

� �������/ ��0!
"�#�$���%1&2$�������"�%�(�"*)"���0+�����$*, ��$����3)"�
(4)"�$�� ���!
+���$���(��0$�+5)���$��2 ��
�6!
"�+�!
7��
� : Leur

;5259:25;54B?59:(8&@46(8*%,%-��%9C(+=%;>(+�%2>0+-k-5&@4T0 � ->D%(+&@4B-5=%;5-k.%-5&
.%<�3�2>(8=%->&�3�25��='?546(8*%,%-5&
->= �%2>='.%-5&
�%259:2>0P0+7>0+-5&>spZV-
4B9:25(84B->3
->='4l.%_ ,%='-14B->0+0+-1&@4B9:,%;I4B,%9:-
�%?59:(8<�.%(8*%,�-
2
='?5;5->&@&@(+4B?�0+_ ->D'4B-5='&)(8<p=�.%,k;52>0+;5,�0pf%R�='<�=��%?59C(8<�.�(8*%,%-
25,k;52>08;5,�0#f%R��%?59C(8<�.�(8*%,%-�s'ZV2
.%?5�%-5='.�2>=';5-
.%-�082�0+259:�%-5,%9A.%-5&c.%<�3
2>(+=%->&c-5=k�'2>='.%->&c-5= � <�=%;54B(8<�=k.%-
0+_ ?5�%2>(+&)&@-5,%9 .%- 082�;5<�,%;5"'-�.%?5.%,�(84B-��%259 &)(+3�,�0+2546(8<�= &)_ 2 � 759:-�4B9:75&
�%96<�;5"'-�.%-5&
9:?5&@,�084B254B&
-5D'�%?59C(P3�->='4B25,%D#sTZ � ? � 2>08,�254B(8<�=�.%, ;>"'2>3��g(+='4B-59:='-�(+=%"'<p3
<��%75=%- ���%259:4B(89 .%-�082�.�(+&@4B9C(+�',%4B(8<�= .%-
0 � 2>(P3�2>='4B254B(8<�=�&)(+3�,�0+?>-��%<�,%9T�%08,%&)(+->,%9:&
;5"%2>3
��&
->D'4B-59:='-5&
25�%��0+(+*%,�?5&
.%2>='&�0+-k��082>= .%-�0+2k;5<�,%;5"'-k2
�%-59C3�(+&A,�='-13
->(P0P0+-5,%9:-/;5<p3
�%9:?5"%->='&)(8<p=
.%-1082/9C(8;>"%-5&)&@-/.%-5&A&@�%-5;54B9:-5&A.%-19:?5&@<�='25=';5- � -59:9:<�3
25��='?546(8*%,%-
3�->&@,%9:?5&A->D'�%?59C(+3�->='4B2>08->3�->='4 [3].
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ZG_ ->D'4B-5='&)(8<p= �g,%=�;52>0+;5,�0�4B9:(8.�(P3�->='&)(8<p=%=%->0k�:i%R1��2g9:-5�%9:?5&@-5='4B?g08-��',%4 -5&@&@->='4B(+->0k.%-�0+2
.%-5,%D%(+7>3�-
�%259:4B(+-
.%-
;5-
4P9:2 � 2>(+0#.%-
4B"'75&@-�s%aT-�4B$>�%-�. � 25�%�%9:<�;5"'-�& � -5&@4G9:? � ?>08?�(+.%?52>0l�%<�,%9T?I4B,%.%(8-59T.%-5&
[2] &'��;�� /.��)�< 1
).8�!$0�#�;���="�"� 0�:�8.#�>"��?$1
).2*+	#�@"�BA"0 !$8�:C<4).2*8.#BDFEGE�2 �9/$3$7�+	� Lett � 77#"C*H�B B
?JI*H*H*H�D'�BKBL*M4N�OQP�RGSUTUV*W�VUX
R*MUY[ZBZBN�SUOQT \�]�^UV*\�_�`FR*^U^UM'TUW�N4abTUSURQc[T R*^
d�V[XGT ^UZBM'`FTUSU_�MQSUOQV*WCe�T W*f a�^URGW*N�g*WGTURCc
TUR*^
R*WGTUMQV*SUOQVCaGY

[3] >"�F?$1
).2*+	#�;���="� � 0�:�8�#'@9�'A90 !�8�:C<4).2*8�# /��'?���56,Uh�).!�# /$3$7�+	��i )�j � � 63#�@CkGl*l�C*kQm @Cn.@�@ ?�I*H*H�@�D'��obN�OQOQV*ZBRCe�W*NpSUT \
OQN�MQV*W*R*W*\pN�N4c
\�T SUR*S TUV*W�VJXBSU`FV*f�q*TUZBN�W*MQTUVGW*R*^
`FR*^U^[MQSUOQg*\pSUg*OQN�MFTUW�ZBRCe�WGN�SUT \�MQSUOQT abN�M'q*V*ZBRGTUW*M
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&)$'&@4B7>3
->& � -59:9:<�3
25��='?546(8*%,%->&1.%-�.�(+3�->='&)(8<p=%&1&@,��%3�(+;59:<�=%(+*%,%->&@rV4B-508&1*%,%-�.%-5&1��08<�4B&1;5(89:;5,�0+2>(+9:-5&@rV.%-5&
25=%='->25,�D'r�.%-5& � (P0+&A<�,�.%-5&T�%0825*%,%-54B4B-5&T9:-5;I4B25='�%,�0+2>(89:->&>s>bg0+_ 2>(+.%-1.%-1;5-1;5<�.%-13�(+;59:<p3
25��='?546(8*%,%-5rp='<�,%&
2 � <�=%&y(8.%->='46( � (+? 08->&�?54B2I4B&�3
25��=%?54B(8*%,�-5&�&@4B25�%0+->&�.%<�='4k0 � ->D%(+&@4B->=';5-�.%?5�%->='.�.%-5&�.�(+3�->=%&)(8<p='&�.%-
0 � <p�I�:-54T?I4B,%.%(8?�spZV-5&
;>$';>0+->&
. � 2>(P3�2>='4B254B(8<�= 2>(+=%&)(V*%,%- 0+-�&)(+��='2>0A\�qp\�254B4B-5='.%, <�='4c?I4B?k&)(+3�,�0+?5&�-54
;5<�3
�%259:?>&A25,%D
9:?5&@,�084B254B&A-5D'�%?59C(P3�->='4B25,%D#s

� ��"�%�� �
% $������
$�+*,Vj�`1=h25&@�%-5;54�(+3��%<�9:4B25='4�.%-�;5-�4B9:2 � 2>(+0 .%-�4B"'75&@-�2�;5<�='&)(+&@4B? ��?I4B,%.%(8-59�08-
9:-5= � -59:&@->3�->='4�.%- 0+_ 2>(+3�2>='4B254B(8<�=�.%2>='& .%->& ?>08?>3�->='4B& &@,��%3�(+;59:<�=%(8*%,%->& -54h.%-
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