
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 107502

���^̂̂|||éééBBB���ccc^̂̂���^̂̂ÆÆÆ999ÄÄÄåååÆÆÆ111������KKK���*

�)1) ê¡±1) oÿâ2) !2m2) Èù11)2)† 7Àî2)

1) ( �°óÆ�nÆ�, ë�l 222005 )

2) ( §�Iá�ÆÔnX, �² 361-763, ¸I )

( 2011 c 7 � 28 FÂ�; 2011 c 10 � 14 FÂ�?Uv )

�
¢yÄu^Æ9$Ä�g^>fÆC�, Ýº^Æ9ÄåÆ1�´��Ø��. ïÄ
3	^|°Ä
e L- .B�c^�^Æ9�ÄåÆ1�. ÏL�^Æ�[, 3�«	^|�°Äe�	
B�c^�^Æ9�Äå
ÆA5; 3�r	^|�°Äe, 3ØÓþÝB��þ�	
B��L¡�^|é^Æ9ÄåÆ1��K�.�

?�Úy¢�^|é^Æ9ÄåÆ�K�, 3R�uB��L¡�	^|9Ïe©Û
^Æ9�ÄåÆ1�Cz.

(JL², �XB��þÝÚ	°Ä^|rÝ�O\, Or
B��L¡��^|�/¤, ¦�^Æ9SÜg^(
�u)±Ï5Cz, ��^Æ93B��þDÂ�Ñy Walker �$y�. 3R�uB��L¡�	^|9Ïe, u
y9Ï^|�±N!�^|�rÝÚ��. ù¿�X|^9Ï^|�±k�/��B�c^�^Æ9�ÄåÆ1
�.

'�c: c^5B��, ^Æ9$Ä, Walker �$,�^Æ�[

PACS: 75.60.Ch, 75.78.–n, 75.78.Cd

1 Ú ó

^Æ9´�3^5á�¥ØÓ^Æ�m��
.«� [1,2]. l^Æ9S�>fg^(�5w, �
��g^�m´±����Ý�� , ¦�SÜ
�z�g^õ� l
´^z¶. Ïd, ^Æ9�
UþÌ�´±��É5UÚ��U�/ª5;�.

��\	^|�, ^Æ9�
�� Zeeman U��
zm©£Ä, LyÑaquâf�ÄåÆ1�A
5. ù«^Æ9��âfÄåÆA5Úå
Nõ
ïÄö�'5, ¿JÑ
�«Äu^Æ9$Ä�g
^>fÆ�� [3−6]. Cc5, g^Ý (spin torque)

y��ïÄC��	»9, §Ø´�\	^|5
°Ä^Æ9, ´±g^>65¢y^Æ9�°
Ä [7]. ù��·5?Ð, 2�gíÄ
Äu^Æ9
$Ä�Ü6��!&E�;C�9Ù¦g^>f
ÆC��ïu?§ [8−10]. Ïd, 3	^|½g^
>6�°Äe, ÝºAz½A�B�°�B��
þ�^Æ9ÄåÆ1�¤�8c�^ÆïÄ�

�9��K��. �CAc, 'uB�c^�^Æ
9DÂ�ÄåÆ1�9ÙSÜg^(���^Æ
�[(J [11−14] Ú�'¢�(J [15,16] ®kNõ
��. ¯¤±�, 3�f	^|e, duî�^Æ
9 (transverse domain wall) SÜ�g^Ú	^|�
¦/¤�«|Ý (field torque), ù«|Ý¦^Æ
9SÜg^=�B��L¡�/¤Nõgd^4,

l3B��L¡þ�)�^|. 3ù«�^|�
�^e, ^Æ9SÜ�g^/¤,�«�	^|�
����|Ý�^, l¦î�^Æ9÷X	^|
��£Ä. ,, �X	^|rÝ�O\, 5g	^
|�|Ý�ÑB��L¡��^�^, ¦�î�^
Æ9SÜg^(�u)E,�Cz, /¤�/µ/
^Æ9 (antivortex domain wall) (�, l��^Æ
9�²þ$Ä�Ý½,ü$. ù«y�·�¡�
� Walker �$ (Walker breakdown) y� [17]. �

¢yÄu^Æ9$Ä��p�g^>fÆC�, n
)Ú�� Walker �$y�¤�#�]Ô��. ÏL
±c�ó�,·�@£�B�c^�þÝ��K�
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^Æ9DÂ�ÄåÆ1� [18], ��8vkéÙÔ
nÆÅn?1�\&?��'��.

�Ä�B�c^��^Æ9ÄåÆ1��B
��þÝkX��'é, �B��L¡�^|�
/¤q��'X�^Æ9�ÄåÆ1�, �©|^
�^Æ�[��{, 3	^|°Ä^�eïÄ
 L-

.B��^Æ9�ÄåÆ1�. ÏLUC°Ä^|
�rÝ, ©Û
B��^Æ9DÂ� Walker �$y
�; �, 3 Walker �$«��r	^|�°Äe,

�	
3ØÓþÝB��þ^Æ9�ÄåÆ1�
A�. d	, 3R�uB��L¡�	^|9Ïe,

?�Ú©Û
B��L¡��^|é^Æ9Äå
Æ1���«K�.

2 �^Æ�[

�©|^ OOMMF (the object oriented micro-

magnetic framework) ^� [19], éB�c^���
^Æ?1�[ [20−22]. OOMMF ´Äu Landau-

Lifshitz-Gilbert ^z¥þÄåÆ�§��^Æ�[
^� [23,24]:

dM

dt
= −

∣∣∣∣ γ

1 − α2

∣∣∣∣ M × Heff

−
∣∣∣∣ γ

1 − α2

∣∣∣∣ α

Ms
M × (M × Heff), (1)

Ù¥, α L«�3�ËA{ZXê, γ L«��m

^^Ç, M L«�^zþ, Ms L«��Ú^zþ,

Heff L«�k�^|.

�
ÎÜ¢S�¹, ·��O
�� L- .B
�c^�. B���k����Ý� 2000 nm, °Ý
� 50 nm, B���þÝ���Cëþ t nm.�

´u/¤��î�^Æ9, 3)�B����à�
O
�� 1/4 �/B��, ÙS»� 450 nm, 	»
� 500 nm. �
��3B���màÚ 1/4 �/B
���þà/¤õ{�^Æ9,·�A¿�O
p
°'� 3 : 1 ���n�/"à [13,18]. 'uB�c
^��/GÚºÝäN£ã3ã 1 ¥. 3�©¤k
�^Æ�[¥, 3�ËA{ZXê��� α = 0.01,

��ü��ºÝ��� 5 nm×5 nm×t nm. �
¿
©/|^B��/G���É5, ÙÔ�ëêÀJ

^¬��É5���·#Ü7 (permalloy), �
�Ú^zþ���Ms = 8 × 105 A/m, ��U~ê
��� A = 13 × 10−12 J/m.

3¤k�^Æ�[m©�c,·�|^ 45◦ �
�� Hs = 50

√
2 mT 	^|, é L- .B�c^�

?1�Ú^z, Xã 1 ¤«. ,�, 3Ã?Û	^
|�^�e, ²L 5 ns ¿©�tµ�m¦B��S
g^©Ù?uæ½G� [18]. d�, ��î�^
Æ9|©//¤3 1/4 �/B��þ, Ù^Æ9
�^zG¹�[£ã3ã 1 ¥. Ð©z�.�, 3
	^| Hx °ÄeäN�[
^Æ9��«Äå
Æ1�.

ã 1 L-.c^5B���AÛ/G9º�. o�ÞL«�Ú^| (Hs)!	°Ä^| (Hx) 99Ï^| (Hz) ���. èL«
3 xy ²¡þg^���

3 ^Æ9�ÄåÆ1�

�
ïÄ3ØÓ	^|°Äe L- .B��
^Æ9�ÄåÆ1�, ·�XÚ/UC
	^|
�rÝ, ÙCz«ml 2 mT � 5 mT. ÏL�^

Æ�[, ·�©Û
��;.�^Æ9ÄåÆA
� ——Walker �$y�, ¿¼�
^Æ9��mC
z� ��. Xã 2(a) ¤«,·�uy3�f (�
u 2.2 mT) �	^|°Äe, ^Æ9Ã{l�/B
��£Ä�)�B��þ. ù´du3�/B�
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��>�o÷(�é^Æ9�¹S�^ (pinning

effect), ¦�^Æ9OO/¹S3�/B��þ. �
	°Ä^|�rÝ�u 2.2 mT �, ^Æ9¼�v

�� Zeeman U, {øù«o÷(��¹S�^,

3B��þâ,± v̄ = 392.8 m/s ��Ým©¯
�£Ä. �, �X	^|rÝ�ÅìO\, ^Æ9
�²þ�Ý���\¯. ,, �	^|rÝO\
� 2.9 mT �, ^Æ9DÂL§¥m©Ñy Walker

�$y�. 3 Walker �$y�Ñy�, uy3^Æ
9DÂL§¥¥y
�«±Ï ����1�. 
�, ù«��1��X	^|rÝ�O\, ��±
Ï²w á, Ù�m��ÌÝ�²w~�. Ïd^
Æ9�²þ£Ä�Ý�l v̄ = 451.4 m/s (Hext =
2.8 mT) :ìOá� v̄ = 74.4 m/s (Hext = 50 mT).

ã 2 (a) 3ØÓ	^|e, 5 nm þc^5B��^Æ9��m
� �Cz�; (b) 3B��þ^Æ9DÂL§¥]mÊî�
��g^©Ù

�
?�Ú
)3 Walker �$¥^Æ9�ù
«��1�,·�©Û
^Æ9DÂL§¥ÙSÜ
g^(��Cz. ·�uy^Æ9�ù«��1
���X^Æ9SÜg^(��±Ï5Cz. X
ã 2(b) ¤«, Walker �$y�Ñy�, 3^Æ9D
ÂL§¥�NþÑy 4 «ØÓ�^Æ9g^(�.

Ù¥, “↓” L«SÜ^z���e (−y ¶) �î�
^Æ9(� (“↓” .^Æ9), “•” L«/µ¥%�
Øg^���¡�p (+z ¶) ��/µ/^Æ9
(� (“•” .^Æ9),“↑” L«SÜ^z���¡�
þ (+y ¶) �î�^Æ9(� (“↑” .^Æ9), “◦”

L«/µ¥%�Øg^���¡�	 (−z ¶) �
�/µ/^Æ9(� (“◦” .^Æ9). lã 2(a) �
±wÑ, ±þ 4 «^Æ9U “↓” . ⇒ “•” . ⇒ “↑”

. ⇒ “◦” .^Æ9(��^S�E�O/¤. 3ù
L§¥, �/µ/^Æ9�Ø (core) g^/¤3B
����ý>��úú/îBB���,�ý>
���. d�, î�^Æ9SÜ y ¶��^z©þ
u)�=, l^Æ9SÜg^¤É��5g	^
|�Ü¤åÝ�����u)UC. ÏdB��L
¡�^|�é^Æ9g^��^å������
EUC, l��^Æ9DÂL§¥/¤�E �
$Ä�±Ï5��1�. ±þ(J`², ^Æ9S
Üg^(�Ø=��K�^Æ9�ÄåÆ1�A
�, �É�B��L¡�^|���K�.

�Ä�B��L¡�^|�/¤�B��þ
ÝkX��'é [18], ·�ïÄ
3ØÓþÝ�
B��þ, B��L¡�^|é^Æ9ÄåÆ1
��K�. 3ùp·�XÚ/UC
B���þ
Ý t = 0.5—12 nm, ��
�Ð/NyÑ�^|
é^Æ9$Ä�K�,·�A¿�\
�u Walker

�$|� Hext = 5 mT °Ä	^|. Xã 3(a) ¤
«, ·�uy�XB��þÝ�O\, ^Æ9�²
þDÂ�ÝÅì~�. $�, �B���þÝO\
� 12 nm �, 5 mT 	^|Ã{°Ä^Æ93B�
�þDÂ. ù`²�XB��þÝ�O\, ^Æ9
S�g^�\N´�ÑB��L¡��^�^
?1 Larmor ^? (Larmor precession) $Ä [25], l
¦^Æ9�$ÄC��\�ú. k��´, �B
���þÝ� 0.5 nm �, ^Æ9p�DÂL§¥©
ª�±Xî�^Æ9(�, �Ø¥yÑ Walker �
$y�, Ù�Ý��
� 731 m/s. ,, Ù¦�¹
e (þÝ� t = 12 nm �¹Ø	) ÑÑy
^Æ9
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ã 3 3 Hx = 5 mT	^|�°Äe, ^Æ93ØÓþÝc^
5B��¥DÂ� (a) ^Æ9� �; (b) �^U9 (c) ^Æ9
SU��m�Cz�

$Ä� Walker �$y�. Xã¤«, �XB��þ
Ý�Cz, ^Æ9�$Ä5Æ�~aqu�	°
Ä^|rÝCz�^Æ9ÄåÆ1�. ù`²B�
�þÝ�CzÚ	°Ä^|rÝ�Czé^Æ9
�ÄåÆ1��K�A���, =Ñ´ÏLB�
�L¡é^Æ9��^�^5K�^Æ9�Ä
åÆ1�. ,, ��5¿�´, 3 Walker �$
« � S, 3 Ø Ó þ Ý � B � � þ ^ Æ 9 $ Ä �
��±ÏA��Ó (�ã 3(a) �ÒKÜ©). ù«
y�`²^Æ9$Ä���±ÏØÉB��þÝ

� K �,  ´ É Ù ¦Ôn þ � K �. é d·�
@�, �/µ/^Æ9�ØîBB��¤I��
�mAT�6uB���°Ý. 3·��ïÄN
X¥, duB���°Ý´�½�, Ïd3ØÓ
þÝ�B��þ^Æ9$Ä���±Ïvk²w
�Cz.

ã 4 3 Hx = 5 mT	^|°Ä^�e, UCR�uB��²
¡9Ï^| Hz � (a) rÝÚ (b) ���, 5 nm þc^5B��
^Æ9 ���m�Cz�

�
y¢ØÓþÝ�B��L¡é^Æ9�
�^�^�ØÓK�,·�©Û
3ØÓþÝ�B
��þ^Æ9DÂ��^U��m�Cz�¹. X
ã 3(b) ¤«, ·�uy�XB��þÝ�O\, B
��S�^U�C��p. ù`²B���þÝ�
þ, ^Æ9S�g^�N´�ÑB��L¡��^
�^, l3B��L¡�\N´/¤�õ�gd
^4. �é{`, B���þÝ��, ^B��L¡
é^Æ9Sg^�³��^��Or, ¦�^Æ9
Sg^Ø´�ÑB��L¡��^�^UCg
�SÜ�g^(�. d	, lã¥�±wÑ, �^
Æ9�$ÄÑy Walker �$y��, �^U�X
^Æ9� ���$Äk5Æ/��. ù`²
3 Walker �$e^Æ93B��þDÂ�, du
^Æ9SÜg^(��±Ï5Cz, 3B��L¡
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/¤��^U���u)±Ï5�Cz. ��,

�B���þÝ� t = 0.5 nm Ú 12 nm �, du
^Æ9�SÜg^(�Øu)²w�Cz, 3B
��L¡/¤��^UÓ�Ø¥y²w�Cz.

Ó �, ·� | ^ o ^ U ~ � Zeeman U � � {,

C q / ©Û
 ^ Æ 9 � U þ � � m � C z 5
Æ [26,27]. Xã 3(c) ¤«, ·�uy^Æ9�Uþ
��m�Cz5Æ��^U��m�Cz5ÆÄ
�ÓÚ, ��XB��þÝO\�5Æ���
^U�Cz5ÆÄ��Ó. d	, ·��uy, X
J^Æ93$ÄL§¥Øu)SÜg^(��
Cz�, ^Æ9SU�Øu)²w�Cz. ,,

3 Walker �$e, ^Æ9SÜ(�u)±Ï5
Cz�, ^Æ9�Uþ���LyÑ²w�±Ï
5Cz.

�Ä�B��L¡��^|é^Æ9ÄåÆ
���K�,·�3R�uB��L¡� (z ¶)	
^|�9Ïe?�ÚïÄ
^Æ9�ÄåÆ1�.

·�|^9Ï^|N!B��L¡é^Æ9��
^�^, m�/��
3 Hx = 5 mT 	^|�°
Äe^Æ9�ÄåÆ1�. Xã 4(a) ¤«, ·�u
y|^ z ¶��9Ï^|�±k�/��^Æ9
�ÄåÆ1�. Ã9Ï^| (Hz = 0 mT) �, 3^
Æ9DÂL§¥¥y
;.� Walker �$y�. �
�\rÝ�� (Hz = 5 mT) �9Ï^|�, ^Æ9
�$Ä5Ævk²w�Cz. ,, ��\rÝ�
� (Hz > 5 mT) �9Ï^|�, uy^Æ9�$Ä
5Æk
²w�UC, ¿�k�/³�
 Walker �
$y�. Ø=Xd, �X z ¶��9Ï^|rÝ�
O\ (50 → 150 mT) ^Æ9�²þ£Ä�Ý�k²
wJp (∼694 →∼897 m/s). ù`²B��L¡�
�^|�^Æ9ÄåÆ1��m(¢�3�r�
'é, Ïd|^ z ¶��9Ï^|é�^|�N!
�^�±��^Æ9�ÄåÆ1� [28]. d	, �
Ä�^|�g^�m�p�^�ÅÃ�A5,·�
?�Ú©Û
3 ± z ¶�� Hz = 50 mT 9Ï^
|eB��^Æ9�ÄåÆ1�Cz. Xã 4(b)

¤«, uy3 Hz = 50 mT ^|9Ïek�/³�


 Walker �$y�. ,3 Hz = –50 mT 9Ï^
|e%vk��³�4^Æ9� Walker �$y�.

,,·�uy�î�^Æ9�^z��u)�=
�, Walker �$y�2�vkÑy (�ã¥, ùÚ
��/�), �3dL§¥^Æ9�²þ�Ý
l ∼149 m/s (Hz = 0 mT) J,� ∼275 m/s (Hz =
–50 mT). ±þ(J`², du^|�g^�m�p
�^�Ã�A5, 3B��L¡Ø=U/¤�^|
��UíÄ^Æ9$Ä.

4 ( Ø

�©|^�^Æ�[, 3 L- .B�c^�þ
ïÄ
^Æ9�ÄåÆ1�. 3ØÓrÝ	^|�
°Äe, XÚ/�	
^Æ9$Ä� Walker �$y
�, ©Û
 Walker �$Ñy�^Æ9SÜg^(�
�±Ï5Cz5Æ.·�uy^Æ9�ÄåÆ1�
Ø=É�^Æ9SÜg^(��K�, ��É�
B��L¡�^|�K�.�
�yB��L¡�
^|é^Æ9ÄåÆ�K�,·�3 5 mT �r�
	^|°Ä (Walker �$«�) e, �	
ØÓþÝ
�B��þ^Æ9�ÄåÆ1�. uy�XB��
þÝ�~�, ^Æ9�²þ�Ý\¯, $�B��
þÝ� 0.5 nm �, ^Æ9� Walker �$y�k�
/�³�. ©Û(JL², �XB��þÝ�~�,

^Æ9Sg^�\Ø´�ÑB��L¡��^�
^, ,3�^|��^e, ^Æ9�g^%É�
	^|���åÝ�^líÄ^Æ9÷XB�
���¯�$Ä.�
?�Úy¢B��L¡��
^|é^Æ9ÄåÆ�K�,·�|^ z ¶��9
Ï	^|Z6
B��L¡��^|, ¿èãm�
K�^Æ9�ÄåÆ1�. (Juy�X9Ï^|
rÝ�O\, Ø=\r
B��L¡é^Æ9��
^�^, �\¯
^Æ9�²þ£Ä�Ý. �é
{`, ��|^,«ÃãN�B��L¡é^Æ9
��^�^, Ò�±k�/��B�c^�^Æ9
�ÄåÆ1�.
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Abstract

Understanding of magnetic domain wall dynamic behavior is one of the important issues in the realization of spintronic device

based on domain wall motion. We investigate the dynamic behaviors of the magnetic domain wall propagation in L-shaped ferro-

magnetic nanowires under external magnetic driving fields. By micromagnetic simulation, we observe a dynamic characteristic of the

magnetic domain wall in a ferromagnetic nanowire with varying the external field. By changing the nanowire thickness, we examine

the influence of the demagnetizing field from the nanowire surface on the domain wall dynamics under a magnetic driving field after

Walker breakdown field. Using an auxilliary magnetic field perpendicular to the nanowires, we analyze the effect of the demagnetizing

field on the domain wall dynamic behaviors. The results show that the stronger external field or the thicker nanowire can enhance the

generation of the demagnetizing field on the nanowire surface, leading to the occurrence of the Walker breakdown phenomenon with

the periodic change of the inner spin structure of the domain wall during the domain wall propagation in the nanowires. By using an

auxilliary magnetic field perpendicular to the nanowires, we find that the strength and the direction of the demagnetizing field can be

modulated. It implies that the dynamic behavior of domain wall propagation in the nanowire is controllable.

Keywords: ferromagnetic nanowire, magnetic domain wall motion, Walker breakdown, micromagnetic simulation
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