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��
 CoFe/Pd V�(��.¡?½ CoFe �SÜÚ\B��z���X���. ïÄ(Jw«, Ú\B��
z��, �±¦���^��É53ò»�l¡S=�R��¡��. ¿�éu3 CoFe �SÜÚ\B��z��
ùa�¬, Ùr��R�^5�±3��°�k�^5�þÝ��S (1.2—2 nm)�±. 3�±R�^5�cJe,

ù«AÏ�V��(�¥ CoFe ^5�þÝ'~5 CoFe/Pd õ��¥� CoFe �þÝ��õÑ 1.4 nm. �©�ïÄ
kÏu��Ñäk�p9½5�R�^5ì�>4.

'�c: B��z�, R�^��É5, V��(�

PACS: 75.70.−i, 81.15.Cd

1 Ú ó

8c, d>6p�^z�= (current-induced
magnetization switching, CIMS) �g^=£Ý (spin
transfer torque, STT) R�^��É5 (perpendicular
magnetic anisotropy, PMA) ì� (XR�g^z!
R�^��(�) Úå
<�4��,� [1,2]. �
´¶3¡S�ì��', Äu PMA �ì��·
Aup�ÝÚ$UÑ�I¦, Ø
�±Uõì�
º�~�Úå�^z¥þò (curling) �A	,
R�^5���äk�r�^��É5, Ïd�
±���Ð�9½5. 8céu STT � PMA
ì��ïÄ�:´'�5U�J,, Xp�^>
{ (GMR ½ö TMR). p�9½5Ú�é�$�
�.>6�Ý Jc �. Mangin � [3] lg^�.¥í

�Ñ Jc =
2e

~
α

g (θ)
Kefft, Ù¥ e�Ä�>Ö>þ, ~

�ÊK�~ê, g (θ) ´g^4z�¼ê, d¼ê�
gd�Úë���^zrÝY� θ k', α�^{
ZXê, Keff ´^k���É5U�Ý, t�^5�

þÝ [3]. dd��,�
¦ì��nÜ5UJ,¿
¢^z, éäkpg^4zÇ!$^{ZXê!Ü
·� PMA ÚÜ·^5�þÝ�R�^5���ï
Ä¤�
¥�.

DÚ�R�^5���) Co/Pt, Co/Pd, Co/Ni
�õ��(� [4]; TbFeCo, GdFeCo Dè - LÞx7
áÃ½/� [5]; (001) �� L10 kS�(�� FePt
Ú CoPt �� [6] �. �´ù
DÚ�R�^5��
½õ½�o´�3Øv. ¢Sþ, �,õ��(�
´u���Ú^zrÝ Ms Ú��É5| Hk, l
ü$�.m'>6 Ic Ú�N´¢yR�^��
É5, �´ Co Xõ��¥, ^5�þÝ��ØU�
L 0.6 nm, ���þÝ¬��ü$k�g^4z¿
K�^>{�A. d	, õ��(���E,, �
3�Yò»L§¥du.¡*Ñ¬E¤õ��(
��¤�. TbFeCo, GdFeCo Dè - LÞx7á�¬
���^{ZXê�p, N´�z, ¿�ù«Dè
Ü7���R�^5¬du,§ò»�»�. �
u (001) ��� L10 kS� (Fe,Co)Pt ��, Ù��
ó²LuE,��, �^{ZXê��. Ïd, éD
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Ú�R�^5��?1U?Ú5U`z¤�8c
�ïÄ9:.

Lv � [7] Q3 Co/Pt õ��� Co �SÜÚ\
B��z(�, ¦þÝ� 1.5 nm � Co ��¬²p
§ò»�=C¤R�^5. �©3¦�ïÄ�Ä:
þ��
�«Äu CoFe/Pd V�(��^5��.
·��Ä3.¡?½ö CoFe �¥Ú\B��z
�, ��¡, F"Ú\�B��z��±��Or
��� PMA, l3{ü�V�(�¥¢yR�
^5��; ,��¡´Ï� CoFe ' Co äk�p�
g^4zÇÚ���^���É5 [8]; d	, du
3LÞx7á�,���^{ZXêO��ïÄ
¥, Pd Úå��J��u Pt[9], V��q'õ�
���~�
7á��þÝ, ÏdÄu CoFe/Pd
V�(�����Kþ�Uäk�$�^{ZX
ê5~��.>6�Ý Jc.

2 ¢��{

�©æ^�6^�í�XÚ, 3¿§e9�
z� Si Ä¡þ�È��. ���na�¬l.
��º�©O� Pd(3)/ Cu(4)/ CoFe(t1)/NOL/Pd(5),
Pd(3)/CoFe(0.8)/NOL/CoFe(t2)/Cu(4)/Pd(5) Ú Pd(3)/
CoFe(t3)/NOL/ CoFe(1.8) / Cu(4) / Pd(5), t1 � �
�� 1.2—2.5, t2 � ��� 1.2—2.5, t3 � ��
� 0.6—1.2, NOL ´�B��z�. �
é'ïÄ,
·����
(�� Pd(3)/Cu(4)/CoFe (tn) /Pd(5)
Ú Pd(3)/CoFe (tn)/Cu(4)/Pd(5) ���, tn ���
� 0.2—0.6. ±þ¤I��þÝü þ´ nm. ��
� Pd, Cu Ú CoFe ��´d�A�7áqÚÜ7
q�È�, ¤¦^qá�XÝþpu 99.99%, CoFe
q�¤©� Co90Fe10. í��XÚ��.ý�$
u 4 × 10−5 Pa, ^u���È� Ar íØ� 0.5 Pa,
XÝpu 99.999%. B��z�´3 0.5 Pa �pX
�í¥g,�z 3 min /¤�. �����¬�\
ý�ò»¬¥ò», ò»ý�$u 4 × 10−5 Pa, ò
»§Ý� 300 ◦C, �§�m� 30 min. ���Úò
»��¬�^z� (M -H) ¦^ DMS Model 4 �
Ä�¬^rO (VSM) ÿþ.

3 (J�?Ø

Äké���Ú 300 ◦C ò»��1�a�

¬3¿§e?1
^z��é'ÿþ. ÿþ�,
	\^|R�u�¡��. ã 1 ©O�Ñ
 Pd(3)/
Cu(4)/ CoFe( t1)/NOL/Pd(5) 3 t1 = 1.8, 2, Ú 2.2 nm
�ÿ�^z�. Ù¥�¢%��L����¬
�ÿþ�, ��%��L 300 ◦ C ò»��¬�
ÿþ�. lã 1 ��, �����¬ÑLyÑ¡
S^��É5, 3ò»�, ^��É5²w/l
¡S=�R��¡��. =¦� CoFe �þÝ��

 2.2 nm, 300 ◦C ò»��¬EÎ�±LyÑér
�R�^5. é'Ù¦ CoFe/Pd õ���ïÄ(J,

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

� � � �� � �� � �
� � � �

� � � �
� � � �� �� �� �

� �� �� �
� �� �� �

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

ã 1 Pd(3)/Cu(4)/CoFe(t1)/NOL/Pd(5) ���^z�
(a) t1 = 1.8 nm; (b) t1 = 2 nm; (c) t1 = 2.2 nm
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� 
 ¼ � PMA, CoFe � þ Ý   Ø U �
L 0.6 nm[10], ¿�ò»§Ý�ØULp±;�
.¡(��»�. �
©ÛB��z�éR��
�É5Or�A�K�,·���
vkB��z
�� Pd(3)/Cu(4)/CoFe (tn)/Pd(5) ��, Ù¥ tn �
��� 0.2—0.6 nm. ÿþ(Jw«, ØØ´��
��´ò»�, vkB��z��V���¬=
¦3 CoFe �þÝ�� 0.2 nm �, �ØU/¤R
�^5. w,, Ú\B��z���¬ò»�4r
� PMA ¿�5uüX� CoFe/Pd �.¡�A.
·�é'
1�a�¬ÚvkB��z�� Pd(3)/
Cu(4)/CoFe (tn) /Pd(5) ����Ú^zrÝ Ms �,
�±íÿÑB��z�é CoFe ��z�þÝ�
V� 0.8 nm. ddw5, 1�a�¬3B��z�
��Ïe, ==æ^
V�� CoFe/Pd (�, ÒU
¦ CoFe �k�þÝ� 1.4 nm ���²p§ò»
�=C¤R�^5.

Nistor � [11] @��zÔ/Co/Pt n²£(��
�¥Or�R�^55g Co/�zÔ.¡? Co
Ú O �;�,z.  Lv � [7] cÏé Co/B��
z�/Pt �ïÄ(Ø©ÛL², B��z��Ú\
¬Úåò»���f�*ÑÚ2©Ù, �U3R
��¡��/¤�þ� Co—O—Pt �Ü, l�
�r�� PMA. �©�(Ø� Lv ��aq, Ïd
íÿ3 CoFe/Pd V��.¡mB��z��Ú\
Ó��U¬3ò»��R��¡��/¤�þ
� CoFe—O—Pd �Ü, dd�)r�� PMA.

Q,3 CoFe �Ú Pd ��mÚ\B��z�
��±¦ù«{ü�V�(�3ò»�¢yR
�^5, ·��Ärù«B��z�Ú\� CoFe
�SÜ, F"Ø
d�Ü�)�R�^5	, �
U|^� CoFe Ú Pd �.¡�A, l���
r�R�^5. �e5, ��
üa�¬, (�
©O� Pd(3)/CoFe(0.8)/ NOL /CoFe(t2)/Cu(4)/Pd(5)
Ú Pd(3)/CoFe(t3)/NOL/ CoFe(1.8) / Cu(4)/Pd(5), t2

���� 1.2—2.5 nm, t3 ���� 0.6—1.2 nm. ÿ
þ(Juy, ùü«(���¬3ò»�ÑUL
yÑ4Ð�R�^5, ¿�� t3 ���� 0.6—0.8
nm �, 1na�¬3ò»�wyÑér�R��
�É5. Ïd�Ä31�a�¬¥ò t3 �½� 0.8
nm, ÏLUC t2 ��, *	�þé^5U�K�.
�
�BïÄ,·�òò»��1�aÚ1�a�
¬R��¡����^' Mr/Ms Ú
�å Hc �
ã, Xã 2 ¤«. ã 2 ¥�¢%:��LR��¡
����^' Mr/Ms �, ��%:��LéA�


�å Hc �. ã 2(a) 1�a�¬¥, � t1 3 2 nm
�m�, �^'�� 0.75, 
�å�3 9 kA/m; �
X CoFe þÝ~�½O�, �^'Ú
�åÑ¬Å
ì~�. Ï�B��z�é CoFe ��z�þÝ�
V� 0.8 nm, ¤± t1 �~�� 1.6 nm ±S�, CoFe
��k�þÝ®²�u 0.8 nm. ��� CoFe ��
U¬��/¤� Co—Fe—O—Pd �ÜØvJ±
��R�^5, Ïd¦�R����^'Ú
�å
��eü.

ã 2(b) 1�a�¬�R����^'3 t2

� u 1.8 nm �, Ñ 3 0.9 � m, 
�å Hc �
3 t2 = 1.2 nm ���, �� 35.7 kA/m, ,��
X CoFe þÝ�O\Åì~�. ÏLé'ÃB�
�z�� Pd(3)/CoFe (tn)/Cu(4)/Pd(5) ����Ú
^zrÝ Ms �, Ó�uyB��z�éda�
¬ CoFe ��z�þÝ���� 0.8 nm, ¤± t2 �
��Ò��u����¥ CoFe ��k�þÝ. w
,, lã 2 ¥�±wÑ, 1�a�¬3 CoFe �oþ
Ý� 2.6 nm, k�þÝ� 1.8 nm ��U�±�r
� PMA, ¿��^'3 t2 = 1.2—1.8 nm ùo°�
��SÑU�±3 0.9 �m, `²3 CoFe �SÜÚ
\B��z��1�a�¬(¢äk�Ð�R�
^5.
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ã 2 ò»���R��¡����^'Ú
�å� CoFe
�þÝ�Cz�¹ (a) Pd(3)/ Cu(4)/ CoFe(t1)/NOL/Pd(5);
(b) Pd(3)/CoFe(0.8)/NOL/CoFe(t2)/Cu(4)/Pd(5)
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� � � � � � � � � �� � � � � 	 � � 
 � � �� � �
� � � � � � � � � 	 � � 
 � � �� � �
� � 
 
 � �� 
 
 � � � � �� ���� ��� � ��� � ���� ��� � ��� 
ã 3 ò » c � � � � k � ^ � � É 5 U � Ý Keff � CoFe � þ Ý � ' X (a) Pd(3)/Cu(4)/CoFe(t1)/NOL/Pd(5);
(b) Pd(3)/CoFe(0.8)/NOL/CoFe(t2)/Cu(4)/Pd(5)

�
�*/
)¹kB��z�(�¥Or
�R���É5, ã 3 �Ñ
ò»c�l�Ú^
z�ãO����k���É5U�Ý Keff

Ú CoFe �þÝ�m�'X. ��¥k�^��É
5U�Ý Keff = (HeffMs)/2, Heff �k���É
5| [4]. lã 3 ¥�±w�, ò»c¤k�¬��
�É5U�Ý Keff �Ñ�u", K� Keff �L²

¤k����¬Ñ´¡S^z�. 3 300 ◦C ò
»�, éu1�a�¬, 3 t1 � 1.5 � 2.2 nm ��,
Keff ��u", cÙ´ t1 3 2 nm NC, Keff ���
�� 2.5× 105 J/m3; éu1�a�¬�, t2 u 1.2
� 2 nm ���S�, Keff �U�±3� 4 × 105

J/m3, � t2 �L 2 nm �, Keff �â×�eü. ±þ
(J`²
B��z��Ú\�±¦ CoFe/Pd V
��(�3ò»�LyÑr��R�^5, ¿�
3 CoFe �SÜÚ\B��z���¬Ø
äk�
r�R�^5	, ��±3��°�k�þÝ��
S (1.2—2 nm) �±ù«R�^5.

�Ä�ù«¹kB��z��{üV�R�
^5��^�R�^5ì��>4, �lã 2 1
�aÚ1�a�¬
�å���Ow5, ùüa�
���~·Ü��g^z�gd�Úë��. ·
�Q²}Á��
�¹ùüa(��g^z, �´
¢Ã�´, ^ÿþ(JuyùüÜ©��ÍÜ3�
å. ·�ßÿ�U´Ï�ò»���f�*Ñ»�


 Cu �. XJæ^ Au ½ö Ag �O� Cu �, �N
U�)ù«��f�»�Uå. Ï�?�Ú�ó�
U¦@òù«¹kB��z��{üV�R�^
5�A^�¢Sì�¥.

4 ( Ø

�©Ï L ^ � í � � { � � 
 n a Ä
u CoFe/Pd V�(��^5��, Ù¥1�a(�
� Pd(3 nm)/ Cu(4 nm)/ CoFe(t1 nm)/NOL/Pd(5 nm),
1�a(�� Pd(3 nm)/CoFe(0.8 nm)/NOL/CoFe(t2
nm)/Cu(4 nm)/Pd(5 nm), 1na(�� Pd(3 nm)/
CoFe(t3 nm)/NOL/ CoFe(1.8 nm) / Cu(4 nm) / Pd(5
nm). ïÄ(JL², B��z��Ú\, �±��
Orò»���� PMA, íÿù«Or�R�^5
�U5gò»�R��¡��/¤��þ CoFe—
O—Pd �Ü. éu1�a3 CoFe �SÜÚ\B�
�z���¬, Ùò»��R�^5'1�a3.
¡mÚ\B��z���¬�r, ¿�3��°�
k�þÝ��S (1.2—2 nm) Ñ�±�±. �©¥
ù«3DÚR�^5��þU?�#.R��d
uØæ^õ��(�, äk��þ�c^�þÝÚ
�r� PMA, ¤±�´u��, äk�$�^{Z
Xê!�p�g^4zÚ9½5. XJ^uR�
^5ì�>4òk|uì�nÜ5U�J,.
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Abstract

A series of CoFe/Pd bilayer thin films is fabricated by introducing a native oxide layer to the interface or to the inside of CoFe

layer in this paper. The results indicate that the magnetic anisotropy of the film is transformed from in-plane to out-of-plane after

annealing by introducing the native oxide layer. For the samples with the introduction of native oxide layer into CoFe layer, the strong

perpendicular magnetic anisotropy is maintained in a wide range of the effective thickness (1.2–2 nm) of magnetic layer. For the

perpendicular magnetic films, the thickness of CoFe layer in this special bilayer structure is at least 1.4 nm, thicker than in common

CoFe/Pd multilayer structure. The results in this paper are beneficial for the fabrication of the electrodes in perpendicular magnetic

devices with high thermal stability.

Keywords: native oxide layer, perpendicular magnetic anisotropy, bilayer structure

PACS: 75.70.−i, 81.15.Cd

* Project supported by the Young Scientists Fund of the National Natural Science Foundation of China (Grant No. 51001081), the Planning
Project of Science and Technology Development of Tianjin Colleges and Universities, China (Grant No. 20081101), and the Introduction of
Talent Foundation of Tianjin Normal University, China (Grant No. 5RL075).

† E-mail: wdxyzy@mail.tjnu.edu.cn

167505-5


