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1 Ú ó

�c^/�c^V��NX3	^|¥, ²L
lpu�c^G�§Ý TN q$uc^��Øp
§Ý TC e%��c^G�§Ý±e, c^��^
¢£�ò÷^|�� l�:, Ù lþ�¡��
� �|, Ï~P� HE; Ó�, ��X
�|�O
\ [1−3], ù�y��¡��� �y�. ?�Úï
Äuy, ù�y�3�C�c^��G�§Ý:9
±þ�Ò��
 [4−7]. dd��, c^���c^
�m���ÍÜ��
�� �y�. �5�¢�
ïÄL²: c^/�c^V��NX�LyÑéõ
Ù¦#�Ôny�, ¿�c^�Ú�c^��á�
¤©!þÝ!(���!§Ý!)�^S±9ó
²^�����' [8−12]. Ù�� �y�3ã^
>{ì�¥äk��A^d� [13−17], �É<�
'5. î8¦+ÙÄ:ïÄÚA^ïÄÑ®²�~
�\, �ÙÔnÅ��Ø´é�Ù.

�©ïÄ'�
c^ü���c^/�c^V
��(�¥�^Æüz1�, l^Æ(��¡þ
n)!©Ûc^/�c^V��NX¥Ñy�� 

�y��Ôn�d; ïÄ
�c^���ÍÜe
c^�¥�^Æ9þÝ!^Æ9���þ!^Æ
9£Ä�Ý��UC, ±9Ù�§Ý!�c^��
^Æëþ!c^/�c^�m��ÍÜrÝ���
6'X.

2 �.�)Û(J

2.1 nnnØØØ���...

c^/�c^V��NX¥c^��^zrÝ
d.¡?���ÍÜ±9	^|�Óû½. Ù��
|�^3c^�¥z�¬�, b�ÙÄåÆK�v

�, �±@�Ù�c^�?u9²ïG�, �A
���|�L«�

h̃α(i) = − ∂

∂Sα(i)
H0 + Jintmα(i), (1)

Ù¥, mα(i) �9²ïe.¡?�c^��À^z
rÝ, H0 L«K�c^�g^���Ù¦|M�
îUþ, �)	^|±9^¬��É5|��^e
�Uþ. ùp mα(i) = Jintχ

(1)
αβSβ(i) + µ0χ

(2)
αβHβ +

mirr, χ
(1)
αβ , χ

(2)
αβ ©O��c^�.¡?�!���
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c^��^zÇ [18,19]. Ù¥, 1���.¡��Í
Ü�^�)�^zrÝ, 1���	|�^e�^
zrÝ, §�´�_�^zÜ©, �¦�c^��
��É5O\, 1n��Ø�_�Ü©, ù�Ü©
´���� �y����Ï� [20,21]. ��

� � �� � �
ã 1 c^/�c^V��«¿ã

ã 1 ��©�.�«¿ã. Ù¥, þ��äk
ü¶^¬��É5�c^�, e��äkér^¬
��É5��c^�, �b�c^�´ü�f�.

�^�^��É5´¶÷X x ¶, z ¶R�u�¡,

du�c^�äkér�ü¶^¬��É5, �^
�"�.5£ã, �c^��M�îUþ�L«�

H = − Jint

∑
SFMai + Jint

∑
SFMbi

+ JAF

∑
aibj − H

∑
ai + H

∑
bi, (2)

Ù¥, SFM L«c^�S�g^, ai, bi ©OL«�
c^�¥1 i ��:�� x ¶���Ó!���
g^, Jint, JAF, H ©O�c^Ú�c^�.¡�
�ÍÜ~ê!�c^�S��ÍÜ~ê±9	\
^|�rÝ. (2) ª¥1�!��L«c^��c
^�m��ÍÜ�^U, 1n���c^���g
^m���ÍÜ�^U, ��ü���c^��l
ùU.

½Â�c^�.¡?��^zrÝ±9a
A ^ z r Ý © O �: m+

j = (aj + bj)/2, mj =

(aj − bj)/2, Ù ¥ j � � c ^ � � f � ê. b
� � � ^ z r Ý � � � u a A ^ z r Ý, ¿ �
� c ^ � � ü � f � K a A ^ z r Ý � _ Ü
©, � ± L « � m = χ1(H + JintSFM)[19], Ù

¥, χ1 =
β

βJAFz + cosh2(βJAFzm+)
, � � ^ z

� m+ = tanh(βJAFzm+), z �g^�C��:
ê, β �§Ý¤�'.

2.2 ^̂̂ÆÆÆ999ÄÄÄ���111���)))ÛÛÛ(((JJJ

duò^|��^, �^��^(��^Æ$
Ä± Bloch Wall (180◦ 9) /ª£Ä, Xã 2 ¤«.�� � � � �� �� �

ã 2 Bloch Wall $ÄL§«¿ã

3	^| H �^e, Ù^Ý7 heff ?Ä, ��
^Æ9£Ä. ^Ý7 z ¶?Ä��§�

ω =
dϕ

dt
= γheff , (3)

Ù¥, ϕ ��f^Ý l x ¶�Ý, γ �^^', heff

���|.

- v �^Æ9£Ä�Ý, d (3) ª��:

heff =
v

γ
· dϕ

dz
, (4)

��|�Uþ�

ε =
1
8π

∫ +∞

−∞
h2

eff dz

=
v2

8πγ2

∫ +∞

−∞

(
dϕ

dz

)2

dz, (5)

éu���^Æ9, k
∫ +∞

−∞

( dϕ

dz

)2

dz =
1
∆

[22]

,

Ù¥, c^/�c^V�����^Æ9þÝ ∆ �
L«�

∆ =
√

A1A2

K1K2
=

√
JFMs2 · JAFσ2

a1K1 · a2K2

=
√

JFMJAF

K1K2
, (6)

Ù¥, s, σ ©O�c^!�c^��:g^, a1, a2

©O�c^!�c^��¬�~ê, K1, K2 ©O�
c^!�c^��^¬��É5~ê.

d (5) ª��^Æ9���þ:

m =
1

4πγ2

1
∆

. (7)
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,��¡, d�§ (3) ��^� Bloch Wall 3
£ÄL§¥¤ÑÑ�oõÇ�

P = α
v2

γ2

∫ +∞

−∞

(
dϕ

dz

)2

dz = α
v2

γ2

1
∆

, (8)

Ù¥, γ �^^', ∆ �^Æ9þÝ, α �{ZXê.

^Æ9£Ä¥�^|U�Cz�

dW = 2µ0MsHdz. (9)

KõÇUC�
dW

dt
= 2µ0HMsv, (10)

H , Ms ©O�	^|��Ú^zrÝ. d (8) Ú (10)

ª��^Æ9£Ä�Ý�

v =
2γ2

α
Msµ0H∆. (11)

éc^/�c^V��, d©z [18,19] ��Ù
XÚ���^�Ç±9��^¬��É5~ê©
O�: µ̃0 = µ0(1 + Jintχ/t), K̃ = K + 1

2J2
intχ/t. Ù

¥ µ0, K ©O�c^��^�Ç!^¬��É5
~ê, Jint, χ, t ©O�c^/�c^.¡��ÍÜ~
ê!�c^��^zÇ±9c^��þÝ. Ïd,

éc^/�c^V��, Ù^Æ9 £�Ý�A/�
z{�

ṽ = µ̃0∆̄

(
H +

µ0

µ̃0

Jint

t
mirr

)
, (12)

Ù¥ ∆̄, mirr ©O�c^/�c^V��¥���
^Æ9þÝ±9c^/�c^.¡Ø�_^zþ, Ù

¥, ∆̄ =

√
JFMJAF

K̃1K̃2

.

3 (JÚ?Ø

�â (6), (7) Ú (12) ª��ÑÙê�(J. �{
üå�, 3O�¥Ù�'ëþ�����zþ. ã 3

w«
c^ü��!c^/�c^V��XÚ¥�
^Æ9ÄåÆ1�. (JL²: ^Æ9����þ
�Xc^��^¬��É5~ê�O\¥��5
O\, �ÙÆ9þÝ ∆!£Ä�Ý�Xc^��^
¬��É5~ê�O\��5~�, XÚ�
�
|O\, �Ã�� �|. ��c^���ÍÜ�,

c^ü���^Æ91�u)
UC, =c^/�c
^V��XÚ�^Æ9��þÝ ∆̄ CÄ, ^Æ9�
���þ m \, ^Æ9£Ä�Ý v ~�. XÚ�

�|O\, ¿Ñy
�� �|, �Ù�� �|

Ø�c^��^¬��É5~êUC, ��'¢�
(J�� [1,3].

ã 3 (a) c^�ü��!c^/�c^V��XÚ¥�^
Æ9þÝ (∆/∆̄)!^Æ9�þ (m) �c^��^¬��É
5~ê (K1) �Cz'X; (b) �^Æ9£Ä�Ý (v) � K1

�Cz'X; (c) �
�| (HC)!�� �| (HE) � K1

�Cz'X. Ù�zëþ�: β = 0.1, K2 = 2, Jint = 3,

JAF = 3, JFM = 0.3, H = 10

�©?�Ú/?Ø
c^/�c^V��XÚ
¥�^zA5�Ù^Æ9ÄåÆ1�. ã 4 w«

c^/�c^V��XÚ¥�'Ônþ��c^�
�^¬��É5~ê K2 �Cz'X. ã 4 L²: ^
Æ9þÝ ∆̄ �X�c^��^¬��É5~ê K2

�O�üN~�, ^Æ9�þ m �X K2 �O\%
O�, ^Æ9£Ä�Ý v ~�, �
�| HC!��
 �| HE �±ØC, ù`²XÚ�
�| HC!
�� �| HE =��A^ÆÄåÆ1��UC
�'. ��ó, �c^��^¬��É5 K2 �

187504-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 18 (2012) 187504

�, c^�^Æ9£Ä�(J, �8Ïu�c^�
éc^��¹S�^� K2 �O\Cr.

� � �� � �� � �

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

� �� � � � 	� �
�

� � �� �
� ��� � � � � � �  !" # $

ã 4 (a) c^/�c^V��XÚ¥�^Æ9þÝ (∆̄)!^
Æ9�þ (m) ��c^��^¬��É5~ê (K2) �Cz
'X; (b) �^Æ9£Ä�Ý (v) � K2 �Cz'X; (c) �

�| (HC)!�� �| (HE) � K2 �Cz'X. Ù�zë
þ�: JFM = 0.3, β = 0.1, Jint = 3, JAF = 3, K1 = 0.05,

H = 10

ã 5 w«
c^/�c^V��XÚ¥�'Ô
nþ��c^�S����^Xê JAF �Cz'
X. (JL²: �X JAF �O\, ^Æ9þÝ ∆̄ C
°, ^Æ9���þ m ~�, ^Æ9£Ä�Ý ν O
�, 
�| HC ��5�ú~�, �� �| HE

��5/¯�O\¿ªu�Ú.

ã 6 w«
c^/�c^V��XÚ¥�'Ô
nþ�c^�/�c^��m���ÍÜXê Jint

�Cz'X. (JL²: ^Æ9þÝ ∆̄ �X Jint �
O\üN~�, ^Æ9���þ m üNO�, ^Æ
9£Ä�Ý~�. ¿��X Jint �O\, ^Æ9þ

Ý ∆̄!^Æ9�þ m ^Æ9£Ä�Ý v UC�w
Í. c^�/�c^��m���ÍÜ��, �c^
�éc^��¹S�^�r, Æ9£Ä�(J, 

�|O\, �� �|�O\.

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


 � � � �

 � �


 � ��� � �� �� � �� �
� ��� �  ! " # $ %&' ( )

ã 5 (a) c^/�c^V��XÚ¥�^Æ9þÝ (∆̄)!^
Æ9�þ (m) ��c^�S��ÍÜ~ê (JAF) �Cz'
X; (b) �^Æ9£Ä�Ý (v) � JAF �Cz'X; (c) �
�
| (HC)!�� �| (HE) � JAF �Cz'X. Ù�zë
þ�: JFM = 0.3, β = 0.1, Jint = 3, K2 = 2, K1 = 0.05,

H = 10

ã 7 w«
c^/�c^V��XÚ¥�'Ô
nþ�§Ý�Cz'X. ã 7 L²: �X§Ý�O
�, ^Æ9þÝ ∆̄, ^Æ9�þ m ±9^Æ9£Ä
�Ý v �UC´�üN5�, ¿3G�§Ý TN ?
��4�. $§«�, �§Ý�,p, ^Æ9þÝ ∆̄

~�, ^Æ9�þ m O\, ^Æ9£Ä�Ý v ~�,


�|O\, �� �|~�. 3§Ý�u�.§
Ý�p§«�, Ù�§Ý�O\K¥y���Cz,

��� �|�".
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� � � � � � � � ��� � �� � �� �� �� �
� � �

	 
 � � �  �
� � ��� � �� �� � �� �

� ��� � � � �  ! "#$ % &

ã 6 (a) c^/�c^V��XÚ¥�^Æ9þÝ (∆̄)!
^Æ9�þ (m) �.¡��ÍÜ~ê (Jint) �Cz'X;

(b) �^Æ9£Ä�Ý (v) � Jint �Cz'X; (c) �
�
| (HC)!�� �| (HE) � Jint �Cz'X. Ù�zë
þ�: β = 0.1, K2 = 2, JAF = 3, K1 = 0.05, JFM = 0.3,

H = 10

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

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

� �� �� �� � �  !
� " !

# $ # %
� & !'

ã 7 (a) c^/�c^V��XÚ¥�^Æ9þÝ (∆̄)!
^Æ9�þ (m) �§Ý (T/TN) �Cz'X; (b) �^Æ9
£Ä�Ý (v) � T/TN �Cz'X; (c) �
�| (HC)!
�� �| (HE) � T/TN �Cz'X. Ù�zëþ�:

JFM = 0.3, Jint = 3, K2 = 2, JAF = 3, K1 = 0.05,

H = 10

4 ( Ø

�©ÏL'�c^ü���c^/�c^V�
�(�¥^Æüz�1�uy: du�c^��
éc^�����ÍÜ�^, XÚ�^Æ9þÝ
CÄ, ���þO\, ^Æ9£Ä�Ý~�, XÚ�

�|Or, ¿�Ñy
�� �|. �©?�Ú
ïÄ
�c^���ÍÜ�^eÙ^Æ9��þ
Ý!���þ±9^Æ9£Ä�Ý���c^�
À^z!^��É5!.¡ÍÜrÝ!§Ý��

'X, ?l^Æ(��/¤9Ùüzþ�«c
^/�c^V��¥Ñy�� �±9
�|O\
�ÔnÅ�. (Jw«: �c^��^¬��É5
���Ø|uc^�^Æ9�£Ä, �c^�
���ÍÜ�^�r, Æ9£Ä�N´¢y; ,�
�¡, c^/�c^�m�ÍÜ�^�r, �c^�
éc^��¹S�^�r, Æ9£Ä�(J, 
�
|O\. XÚ�
�| HC �O\±9�� �
| HE �Ñy��A^ÆÄåÆ1��UC��
�'.
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Dynamic behaviors of domain wall in FM/AFM
bilayers∗
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Abstract

The magnetic domain evolution behaviors of ferromagnetic (FM) monolayer and ferromagnetic (FM)/antiferromagnetic (AFM)

bilayer are compared and analyzed. The results indicate that the equivalent width, mass and velocity of magnetic domain wall are

changed, then the coercivity is enhanced and the exchange bias is present due to the exchange coupling between anti- ferromagnetic and

ferromagnetic layer. The results also show that the equivalent width, mass and velocity of magnetic domain wall for FM /AFM bilayers

system could be varied with the change of the net magnetization of antiferromagnetic layer, the magnetic anisotropy constants of FM

and AFM layer, the exchange coupling constant of antiferromagnetic layer, interface exchange coupling constant and the temperature,

and the relevant influences on the coercivity and exchange bias are discussed. So, the physical mechanisms of the emergence of

exchange bias and enhancement of coercivity are discovered by the formation and evolution of the domain wall.

Keywords: FM/AFM bilayers, magnetic domain-wall motion, coercivity, exchange bias field
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