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<a�¬Ú\&Ez���, &Eþ�¯�O
��¦&E�;�Ý×�Jp. 8c�Ì6&E�
;�ª�)^P¹Eâ±91�;�, Ù¥^P¹
EâÉ�2�'5 [1]. ^P¹Eâ�uÐ�²{

lp��R�^P¹�=C, =^zrÝ©O²1
ÚR�u0�²¡ [2]. R�^P¹�Ñy�uÐ

uDÚ�p�P¹0�¡�Ãõ]Ô, XM�¡P
¹�Ý�?�ÚJp, �¦ü�P¹ �¡È?�
Ú~�, 
�XÙº��?�Ú~�, 96Ä�K
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æ^�´R�^P¹�ª, Ó���� “�m Tbit
?O�;����²”, 3ó�.É�
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®?1
�þïÄ, ¿��
Ø��¤J [3−11].

c^��{´ïÄ^5��Ôn5��Ä�
�{��, ´¼�^µþ±9^�¥^z©Ù�­
�Ãã [12−14]. Ïd, ïÄ^5��¥�c^��
y��Ù^zëþ (X^¬��É5!	^|�)
�m�'Xw��~k¿Â [15−25]. AO´ïÄR

�|e^5��¥�c^��y��Ay, U�R
�^P¹á��ïÄ3¢�ÚA^¥JønØ�
�.

� © � . ¥, c ^ � ä k ü ¶ ^ ¬ � � É
5!á�^¬��É5ÚR�^¬��É5, Ä
u Smith Ú Beljers nØ [24,25] í�
Ù^��ª
Ç�)ÛL�ª, ïÄ
c^ü��XÚ�c^�
�y�. X­?Ø
R�|e^¬á���É5!
R���É5!¡Sü¶��É5�éÙc^�
�ªÇ�K�.

2 �.9)Û(J

éc^ü��, ½Â�¡� x-y ²¡, z ¶R�
u�¡. æ^¥�IX, Ù¥ θ, φ ©OL«^z�
�� z ¶Y��4�Ú� x ¶Y��� �. �©
Äk?Ø	^| H ÷X z ¶����¹, =	^|
R�u�¡��/, Ùc^ü��ü ¡Èþ�o
Uþ�±��

E =(−2πM2
s + K⊥) sin2 θ

+
K||

4
(sin2 2θ + sin4 θ sin2 2φ)

* I[g,�ÆÄ7 (1OÒµ10974170) ÚI[g,�Æ�cÄ7 (1OÒ: 11104239) ]Ï��K.

† E-mail: jghu@yzu.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

167501-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 167501

+ Ku sin2 θ sin2 φ − HMs cos θ, (1)

1��´ò^U�R���É5U, Ù¥ 4πM2
s ´

R��¡�ò^~ê, Ms L«c^���Ú^z
rÝ, K⊥ �R�u�¡�����É5~ê; 1�
�Ú1n�©OL«á�^¬��É5UÚ¡S
ü¶^��É5U, K|| Ú Ku ©O�á�^¬�
�É5~êÚ¡Sü¶^��É5~ê; ����
�c^�3	\^| H e�lùU.

�â²ï�§
∂E

∂θ
= 0,

∂E

∂φ
= 0, ��Ù²ï

�e�^zG� θ � φ ©Ode��§û½:
Huef

2
sin 2θ +

Hk1

4
(sin 4θ + 4 sin3 θ sin2 2φ)

+
Ha

2
sin 2θ sin2 φ + H sin θ = 0, (2)

Hk1

4
sin4 θ sin 4φ +

Ha

2
sin2 θ sin 2φ = 0. (3)

d (3) ª�� φ =
π

2
´��äkÔn¿Â�); 


û½^z� θ � (2) ª�z{�

Huef cos θ + Hk1 cos 2θ cos θ

+ Ha cos θ + H = 0. (4)

�â©z [26], ÙXÚ�c^��ªÇ�(
ω

γ

)2

=
1

M2
s t2F sin2 θ

[
EθθEφφ − E2

θφ

]
, (5)

Ù¥ ω ´��ªÇ, γ ´£^'. ò�§ (1) �\�
§ (5) �(

ω

γ

)2

=
(
Huef cos 2θ + Hk1 cos 4θ + Ha cos 2θ

+ H cos θ
)
×

(
Hk1 sin2 θ − Ha

)
, (6)

Ù¥ Huef = −4πMs +
2K⊥

Ms
, Ha =

2Ku

Ms
, Hk1 =

2K||

Ms
.

Ùg, ?Ø	^| H 3�¡S÷X y ¶��,
R�uü¶��É5, ¿�Ä^�äkR�^¬�
�É5�¹, Kc^ü��ü ¡Èþ�oUþ�
��

E =(K⊥ − 2πM2
s ) sin2 θ +

K||

4
(sin2 2θ + sin4 sin2 φ)

+ Ku sin2 θ sin2 φ − HMs sin θ sinφ, (7)

1��´R���É5U�ò^U, Ù¥ K⊥ �R
�u�¡�����É5~ê, 4πM2

s ´R��¡
�ò^~ê, Ms L«c^���Ú^zrÝ; 1�
�Ú1n�©OL«á�^¬��É5UÚ¡S
ü¶^��É5U, K|| Ú Ku ©O�á�^¬�
�É5~êÚ¡Sü¶^��É5~ê; ����

�lùU. �â²ï�§, =
∂E

∂θ
= 0,

∂E

∂φ
= 0, u

y φ =
π

2
´ù��§�); 
^z� θ deªû

½:

H⊥ sin θ + Hk1 cos 2θ sin θ

+ Ha sin θ − H = 0, (8)

Ù¥ H⊥ =
2K⊥

Ms
− 4πMs.

ò�§ (7) �\�§ (5) �(
ω

γ

)2

=(H⊥ cos θ + Hk1 cos 4θ + Ha cos 2θ

+ H sin θ)(Hk1 sin2 θ − Ha

+ H sin θ). (9)

d (6) Ú (9) ª�?Øþãü«�/e�c^��
1�A�.

3 ©ÛÚ?Ø

d (6) Ú (9) ª�±©Ûþãü«�/ec^
��ªÇ�XÚ^zëê��6'X, X­?ØR
���É5!á���É5!ü¶��É5Ú	
^|éc^ü��XÚc^��ªÇÄ�1��
K�.

Äk?Ø1�«�/, =	^|R�u�¡�
/ec^��ªÇ�1�A�. �©¥, �á��
�É5|�K��, L²á���É5¶÷ 〈100〉
��; ��, á���É5|����, á���É
5¶÷ 〈111〉 ��.
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ã 1 w«äk 〈100〉 ��á���É5!¡S
ü¶��É5��c^��¥, Ù^��ªÇ�R
�u�¡	^|�Cz'X. ­� (a) =�3÷X y

¶���ü¶��É5, ­� (b) =�3 〈100〉 �
��á���É5, ­� (c) Ó��3 〈100〉 ���
á���É5Ú÷ y ¶��ü¶��É5. (Jw
«: n«�¹eÙ��ªÇÑ�	^|�O\þü
N/��5~�. ?�ÚïÄuy: écü«�/,
Ù��ªÇÑ�	^|�O\o´üN/��5
~�, Ù��ªÇ���É5�Or
O\; �é
1 3 «�/, Ù��ªÇ�	^|�Cz�6uá

���É5�ü¶��É5�', Xã 2 ¤«.
ã 2 � Ñ 
 ä k Ø Ó ¡ S ü ¶ � � É 5

Ú 〈111〉 ��á���É5�^5ü��XÚ¥^
��ªÇ�	^|�'X. (Jw«, �á�^¬
��É5| Hk1 �ü¶^¬��É5| Ha �'
�Cq3 2/3 < |Hk1/Ha| < 1 �, c^��ªÇ
�	^|O\
üNO\, ù��'�¢�(J�
� [26]; � 5/9 < |Hk1/Ha| < 2/3 �, ��ªÇ�	
^|O\ÑyküNO\�üN~��ª³, e'
�2~�K^��ªÇ�	^|�O\
üN~
�; � |Hk1/Ha| > 1 �, �Ñy^��áÂ.

ã 2 äkØÓ¡Sü¶��É5Ú 〈111〉 ��á���É5�^5ü��XÚ¥^��ªÇ�	^|�'X

�Bu'�, �©�?Ø
�	^|3�¡S
�R�uü¶��É5, ¿�Ä^5�äkR�^
¬��É5�, XÚ�^��ªÇ�	^|�Cz
�¹.

ã 3(a) w«äkØÓR���É5�c^.
��¥, c^��ªÇ��¡S	^|�Cz'X.

(Juy: R���É5éXÚc^��ªÇ�K
��	^|R��¡��¹k²w�ØÓ. duR
�ü¶��É5|��^, XÚ¥��ªÇ��¡
S	^|�Cz©�ü|, =pª|Ú$ª|, Ù
pª|�	^|�O\�úO\, 
$ª|�	^
|�O\¯�O\, ¿�pª|o´�3, 
$ª
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|��3�6uR���É5���. R���É
5|��½���, c^��=�3pª|, ��,
c^��©�pª|Ú$ª|ü«�¹. ?�Úï
ÄL², XÚ¥^��Ñypª|�$ª|��Ï
´XÚ3T�¹eÙg^^z�3ü«­½G�,
Xã 3(b) ¤«. Ù¥, �é'�­½�^G�-u

pª|, 
,�æ­½�^G�-u
$ª|.
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ã 3 R���É5éXÚc^��ªÇ9^z5��K
� (a) c^��ªÇ; (b) ^z5�

�Bu'�, �©�?Ø
¡S��É5éX
Ú^��ªÇ9^z5��K�, Xã 4 Úã 5 ¤
«.

ã 4 �¡Sü¶��É5éXÚ^��ªÇ
9^z5��K�. ã 4(a) L², �R���É5
Ó`³�, �X¡Sü¶��É5|�O\^��
ªÇ­�Ñyü|, =pª|�$ª|, ¿�c^
��ªÇ�ü|Ñ�	^|üNO\. Ù¥, pª
|�¡Sü¶��É5|�O\�úO\, 
$ª
|O\wÍ. ��¡Sü¶��É5Ó`³�, L
yÑ�^��ªÇ�A��©z [18, 22] �ïÄ(
J��. ã 4(b) L²XÚ¥^��Ñypª|�$
ª|�1��6uÙg^^zG�.

ã 5 w«
¡Sá���É5éXÚc^�
�ªÇ9Ù^z5��K�. (Juy: �R��
�É5Ó`³�, á���É5éc^��ªÇ�
K��¡Sü¶��É5��q, ��ã 4 �Cz

ª³²w. ¿�pª|3	^|���, �Xá�
��É5|�O\, c^��ªÇwÍ~�; 
3
��	^|e, Ùc^��ªÇªu�Ó. ã 5(b)
�Ù�AXÚ�^z1�.
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4 ( Ø

Äu Smith Ú Beljers nØ, ?Ø
R�|ec
^ü���c^��1�A�, ¿í�Ñc^ü�
�XÚ^���)Ûª. (Jw«: é	^|R�
u�¡��/, Ù^��ªÇ�	^|�'X=�
3�|�¹. äN/, �XÚ=äkü¶^¬��
É5½á�^¬��É5��/�, Ù��ªÇÑ
�	^|�O\o´üN/��5~�, ��ªÇ
���É5�Or
O\, ��XÚÓ�äkü¶
��É5Úá���É5�, Ù��ªÇ�	^|
�Cz�6uá���É5�ü¶��É5�',
=3á���É5|Úü¶��É5�|�'�
Cq0u 2/3—1 �, XÚ¥�^��ªÇ�	^|
�O\üNO\; 3Ù'�Cq� 5/9—2/3 �, Ù

��ªÇ�	^|�O\Ñy
küNO\�ü
N~�; 
Ù¦�¹e, XÚ¥�^��ªÇÑ�
	^|�O\üN/��5~�, �Ù^��ªÇ
Ñ���É5|�O\üNO\. �	^|3�¡
S�R�uü¶��É5, �Ä^5�äkR�^
¬��É5�/�, Ù^��ªÇ�	^|�Cz
´�üN5�, ¿�©pª|Ú$ª|ü«�¹.
Ù¥, ��É5|Cz�, pª|���3, 
$ª
|��3d��É5|�	^|�Óû½. �
?
�Ú�	^���ªÑyü|�ÔnÅn, �©�
ïÄ
XÚ�^z1�, uyÙ^��1�©�p
ª|Ú$ª|��
3uXÚ^z�Ý�	^|
�Cz©�ü|. ^��É5é^��1��ØÓ
K�L², ^��¥kÃR�u�¡�^��É5
�±ÏLÙ^��Ì�ÿþ�±EÛ.
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Ferromagnetic resonance phenomenon of magnetic
thin film under a perpendicular field∗
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Abstract
Regarding ferromagnetic resonance frequency as a function of the perpendicular external magnetic field, the ferromagnetic res-

onance phenomenon is investigated. The results show that for the case where the external magnetic field is parallel to the its plane
and the magnetic thin film has a perpendicular uniaxial magnetiocrystalline anisotropy, magnetic resonance frequency is divided into
two categories, i.e., low frequency branch and high frequency branch, their specific relation depends on the magnetic anisotropy of the
magnetic film; when external magnetic field is perpendicular to the systemic plane, the magnetic resonance frequency displays only
a branch with the change of external magnetic field. In general, the magnetic resonance frequency decreases with the increase of the
external magnetic field nonlinearly and monotonically. However, when the ratio between the cubic magnetocrystalline anisotropic field
Hk1 and uniaxial magnetocrystalline anisotropic field Ha is about 2/3 < |Hk1/Ha| < 1, the magnetic resonance frequency increases
with the increase of external magnetic field, which is in good agreement with the experimental results. The results show that through
magnetic resonance spectrum, the vertical magnetic anisotropy in magnetic thin film can be distinguished.
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