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3c^� (FM)/�c^� (FeMn) ÍÜNX¥�\ Pt ��½é�C FM/FeMn .¡?� FeMn �, Pt ��, ï
Ä
NX��� �| Hex 9
�å Hc � Pt ���Ý dPt � Pt �,�þÝ tPtFeMn �Cz'X. ¢�(JL²,

Ú\ Pt ��� NiFe/FeMn(dPt)/Pt/FeMn NX��Ö�^Ý (UCS) �êþ��é��Jp, lé Hex � Hc å�
Or��^; Ó�, l¢�(J�±íÿ FeMn �SÜ UCS �©Ù�Ý�� 1.3 nm. ,	, é�C FM/FeMn .¡?
� FeMn �, Pt ��, uy�\ Pt ���NX� Hex ��k�Or, ù´Ï��\ Pt ���NX UCS �êþ��
�é��Jp.

'�c: ^5õ��, ��ÍÜ, Pt ��, �Ö�^Ý

PACS: 75.70.Ak, 75.70.−i, 81.15.Cd

1 Ú ó

dug^z!g^>fì�9&E�;ì�
2�A^ [1−3], c^� (FM) ��c^� (AFM) �
m�.¡��ÍÜ�^��±5�<�¤2�'
5, ù«��ÍÜ�^¡��� � (EB) y�, =
c^��^¢£�¥%÷^|�� l�:,  l
������ �| Hex, ¿��
�å Hc �O
� [4]. ¦+�� �y�uy®²��õV, C
��c5é§�ïÄ��é��â»¿JÑ
A
«�. [4−9], �du Hex É�«Ï��K��©E
,, 8c�vk/¤��nØ�.UÚ�/)º¤
k��� �y�. ØL, y3®k'u�� �
���ÑL² [10,11], �� �� AFM .¡�^Ý
ü����'.

Takano �[11] Ä g | ^ � � þ f Z �
¤ (SQUID) y²
 AFM �Ö�^Ý (UCS) ���
 ����éX. ��, du¢�ÿÁÃã�?Ú,
X: SQUID [11−13]!X ��^��Ú/X ��^��
Ú (XMCD/XMLD)[14,15]!^1���A (MOKE
effect)[16]!X ��^��Ñ�¤ (XRMR)[17]!4

z¥fÑ�¤ (PNR)[13] �, <�®²U
��
*	�.¡? UCS �êþ!��Ú©Ù, $�
�±*	�.¡?^ Æ(�, ùÑ�ïÄ� �
 �Jø
�©���¢�êâ. ÏLïÄL
² FM/AFM .¡��Ö�^Ý�±©�ü�Ü
© [12−16]: �Ü©3	|�^e�X FM ���
=�=, ùÜ© UCS ¬Úå Hc �O\; ,�Ü
© UCS ?u¹SG�, l�� EB ��). @
Ï, <�±��k FM/AFM .¡�ü��f�S
�3 UCS[15], ��C�©z��, Ø=3 FM/AFM
.¡?�3 UCS, 3 AFM �SÜ��C.¡�
½�Ý?��3 UCS[17]. C�c5, <�m©Ï
L3 FM/AFM V��.¡?�\�^5 (NM) �
�½�, AFM 5ïÄ EB �Ån [18−23], uy3
.¡?Ú\��½�, AFM ÑUUC AFM �
.¡^Ý�êþ�G�, lN! FM/AFM V
��� Hex Ú Hc. ~X: 3 NiFe/FeMn, Co/FeMn
Ú (Pt/Co)4/FeMn � FM/AFM .¡�\�� Pt �,
ò¬�)�	� UCS, lOr
 FM/AFM NX
� Hex Ú Hc

[24]. �ØÓNX¥ UCS �êþ!¹
S'~ (¹SG�� UCS ÓNX�Ü UCS �z©
') Ú©Ù�ÝÄ¾É=
Ï�K�¿Ø´�©

* I[g,�ÆÄ7 (1OÒ: 51071023, 50831002) ]Ï��K.

† E-mail: ghyu@mater.ustb.edu.cn

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

167503-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 167503

�Ù, EI?�ÚïÄ. �©ÏL3 AFM �SÜ
Ú\ Pt ��9é�C.¡?� AFM �, Pt ��
��{, UC Pt ��þÝ!�Ý9 Pt �,�þÝ
5N! AFM �^ÝG�, ?ØÙé FM/AFM V�
�^¢£�!�� �|Ú
�å�K�, ?
lNX¥ UCS �êþ!¹S'~Ú©Ù�Ý5�
« FM/AFM NX¥���ÍÜ�^�.¡ UCS �
m��p'X.

2 ¢ �

�¢��¬þ3 DV-502 .^�í�¤XÚ¥
��, í�c��.ý�`u 4 × 10−5 Pa, ���
)�3 0.5 Pa � 99.99%pX Ar í¨e?1, ¤k
�¬þ)�3ÀæÄ¡þ. ¢�¥¤^� Ni81Fe19

q!Fe50Mn50 q!Co q�XÝþ� 99.9%, Pt q
XÝ� 99.95%, Ù¥ NiFe q!Co q!FeMn qæ
^�6í�, Pt qæ^�ªí�, Ùí��Ç©O
� 0.055, 0.084, 0.055 Ú 0.050 nm/s (�«q�í�
�Çþd��¤ÿ½). ���¬�3²1�¡�
�\��p�|, a)��´^z��, p�|�
��� 63.7 kA/m. �¬��¤ 3 mm × 5 mm �
�, 3¿§e|^nÜÔ5ÿþXÚ (PPMS) ÿ
þ�¬�^¢£�, ÿþ^|²1u�¡, ÷X
´^z��, ��|� 31.8 kA/m. ¿§^�e,
3 22 mm × 22 mm ÀæÄ¡þ�È
 S1, S2, S3,
S4 o|�¬ (�©¥��þÝü þ� nm), ÙÄ
�(�´:

S1: Pt20.0/NiFe4.0/FeMn(dPt)/Pt1.0/FeMn4.0/
Pt8.0 (dPt = 0—9.0 nm);

S2: Pt20.0/NiFe4.0/FeMn1.5/Pt(tPt)/FeMn9.5/
Pt8.0 (tPt = 0—4.0 nm);

S3: Pt20.0/NiFe10.0/Pt40Fe30Mn30(tPtFeMn)/
FeMn(25.0 − tPtFeMn)/Pt8.0 (tPtFeMn = 0—1.3 nm);

S4: Pt20.0/(Pt2.0/Co0.3)4/Pt40Fe30Mn30(tPtFeMn)/
FeMn(25.0 − tPtFeMn)/Pt8.0 (tPtFeMn = 0—1.3 nm).

�
�B, ùp·�ò S1 |¥e¡�� FeMn
�¡� δ �, ÙþÝL«� dPt, = 1.0 nm Pt �
���Ý. Ù¥, ¤k�¬��c, k3Ä¡þ¡
Äk)� 20 nm � Pt ����À�¿p� NiFe
� (111) ��, �¬��þ¡2)� 12 nm � Pt �
���o�. S3, S4 |¥�,� Pt40Fe30Mn30 d Pt
q� FeMn q�í�)�.

3 (J�?Ø

ã 1 �NX S1 �NX NiFe4.0/FeMn(tFeMn)
� Hex Ú Hc ©O� dPt � tFeMn Cz�'X
�. lã 1(a) �±wÑ, NX S1 3 dPt = 0 nm �,
Hex = 480 A/m; �X dPt d 0 nm O�� 0.6 nm,
Hex Ä�?u�½�; � dPt UYO\, Hex m©
~�, �� dPt = 1.3 nm �, Hex eü�"; � dPt

O\� 2.0 nm �, = NiFe4.0/FeMn (tFeMn) NX�
)��ÍÜ��.þÝ tC,FeMn (Xã 1(a) �ã¤
«) �, Hex m©O\, ¿3 dPt = 9 nm ����Ú
��� 12736 A/m. lã 1(b) ¥�±*	�NX S1
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ã 1 (a) NX S1 (¢%�/) � NiFe4.0/FeMn (tFeMn) (�%�) � Hex ©O� dPt � tFeMn �Cz'X, �ãL«N
X S1 � Hex ����Ý dPt � 0—2.0 nm ��Cz'X; (b) NX S1(¢%þn�) � NiFe4.0/FeMn(tFeMn) (�%en
�) � Hc ©O� dPt � tFeMn �Cz'X, �ãL«NX S1 � Hc ����Ý dPt � 0—2.0 nm ��Cz'X
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� Hc � dPt �Cz5Æ� Hex � dPt �Cz5
ÆÄ���. dPt = 0 nm �, NX S1 � Hex =
480 A/m, `²3 NiFe4.0/FeMn4.0 .¡?�\ 1.0
nm � Pt ���, NiFe � FeMn �mE�3��
r � � � Í Ü � ^, = 3 NiFe/FeMn . ¡ ? Ú
\ Pt ���, NiFe � FeMn �mÍÜ�^��
§�^. � dPt = 0—0.6 nm �, NX S1 � Hex

?u�½��� 480 A/m, `²3 FeMn SÜ
��C NiFe4.0/FeMn4.0 .¡?Ú\ 1.0 nm Pt �
�, NiFe � FeMn �mE,�3��ÍÜ�^; �
X dPt UYO�, Hex � Hc þm©~�, ù«��
ÍÜ�^m©~f, 3 dPt = 1.3 nm �, Hex ~��
", ù«��ÍÜ�^�A/~��". ù¿©`
²
� dPt = 0—0.6 nm �, 480 A/m � Hex ¿Ø´
d δ�¤�z, ´d 4.0 nm FeMn � NiFe ��Í
Ü�^¤�). � dPt > 2.0 nm �, NX S1 � Hex

qm©O�, ù´du δ��u 2.0 nm �, ®²U
¹S4 NiFe �, l�) Hex, ¿3 dPt = 9 nm �
��Ú��� 12736 A/m.
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z'X

ã 2 L«NX S2 � Hex Ú Hc � Pt ��þ
Ý tPt Cz�'X. lã 2 �*	�, � Pt ���
þÝ tPt = 0 nm �, NX S2 � Hex = 12656 A/m,
`² 11 nm � FeMn U
éÐ/¹S4 NiFe �; �
X Pt ��þÝ tPt �O�, Hex ¥�êª³×�P
~; 3 tPt = 0.6 nm �, NX S2 � Hex l 12656 A/m
P~�"; � tPt > 0.6 nm �, Hex �±�". `²
NX S2 ¥�� FeMn �� NiFe �m�ÍÜ�^
�X Pt ��þÝ tPt O\×�~f. ù´Ï��
X tPt �O�, 1.5 nm � FeMn � 9.5 nm � FeMn
�ÍÜ�^Åì~f, ���� FeMn ��k��
�É5ü$. � tPt > 0.6 nm �, 9.5 nm � FeMn

�� 1.5 nm � FeMn �|¤� AFM �®²Ã{J
øv
r�k���É55¹S4 4.0 nm � NiFe
�, �ª��TNX� Hex ~��". ¤±, 3N
X S1 ¥, � dPt < 1.3 nm �, NX S1 � Hex �Ø
´d�þ¡ 4.0 nm � FeMn ��é NiFe �¹S¤
�z, Ï�NX S1 ¥ Pt ���þÝ� 1.0 nm. @
o3 dPt < 1.3 nm �, NX S1 � Hex �.´XÛ
�)�Q?
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ã 3 Ms/Ms0 � Pt ���Ý dPt �Cz'X Ù¥J
�� NiFe4.0/FeMn4.0 V���Ú^Ý�êâ

ã 3 � N X S1 � � Ú ^ Ý Ms �
NiFe4.0/FeMn4.0 � Ú ^ Ý Ms0 � ' � Ms/Ms0

� Pt ���Ý dPt Cz�'X. lã 3 ¥�±w�,
�\ Pt ���, NX S1 � Ms ��é�Jp, `
²NX S1 �À^Ý�êþ����Jp. NX S1
� Ms �X dPt �O�k×�O\, 3 dPt = 0.6 nm
������, Ms Jp
 25%; � dPt UYO�,
NX S1 � Ms m©~�, 3 dPt = 1.3 nm �, =J
p
 5%; dPt > 1.3 nm �, NX S1 � Ms �±�
½�. � dPt = 0—0.6 nm �, NX S1 � Ms �
X dPt �O�×�O\, éANX S1 � Hex ?u
�½�. ù´Ï� dPt = 0—0.6 nm �, δ���
?u^ÃS�G�, δ �� 4.0 nm � NiFe ��Ó
|¤¶Â FM �, � Ms �X dPt �O�×�O\.
ù�, ¶Â FM �� 4.0 nm � FeMn ��m=�
X 1.0 nm � Pt �, �¶Â FM �� 4.0 nm � FeMn
��m��ÍÜrÝA�ØC, S1 NX� Hex B¬
3 dPt = 0—0.6 nm �?u�½�, �� 480 A/m.
dPt = 0.6—1.3 nm �, NX S1 � Ms m©~�, ù
´du δ ��u 0.6 nm, = dPt > 0.6 nm �, δ �
é�U®²d�G(�)�¤�ëY���, δ�
�^ÝÅìkSz, m©d FM G�� AFM G�
=C. du 1.0 nm � Pt ���Ú\, O\
.¡o
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÷Ý, �� δ ��3ü�.¡: NiFe/δ �.¡Ú δ
�/Pt .¡, �ü�.¡�UÑ�)
�	�À^
Ý, ù
�	�À^Ý�´NX S1 ¥ UCS ��
5. Ïd, õ��¥.¡o÷Ý��K�X AFM
¥ UCS �êþ�©Ù. �þ¡ 4.0 nm � FeMn �
²L Pt �� δ �/Pt .¡��Ö�^Ýu)ÍÜ
�^, lé δ �/Pt .¡��Ö�^Ýå�¹S
��J, ?¹S4 NiFe/δ �.¡��Ö�^Ý,
�ª NiFe/δ �.¡��Ö�^Ý¬é NiFe �¹
S. dPt 3 0.6—1.3 nm ��SO\�, δ �^Ýk
SzÅìO\, NX S1 � Ms m©~�, δ �/Pt
.¡��Ö�^ÝB¬Åì~�, �A/, ù«¹
S�^�X dPt �O\~f, l��NX S1
� Hex 3 dPt = 0.6—1.3 nm �Åì~�. NX S1
¥� Hex 3 dPt O�� 1.3 nm �~��", ù´d
u δ�/Pt .¡��Ö�^Ý~��", �þ�� 4
nm FeMn Ø2é δ �k¹S�^, � Hex ~��
" (Xã 1(a) S�ã¤«), �NX S1 ¥ FeMn ��
Ö�^Ý�©Ù�Ý�� 1.3 nm. �X δ�þÝ?
�Ú�O�, �ÙþÝ�u FeMn �.þÝ tc,FeMn

�, δ ���/¤½kS� AFM �, �±��
� 4 nm � NiFe ÍÜ¿éÙå¹S�^, Ïd Hex

m©O\. dPt 3 0—1.3 nm ù����, NX S1
� Hc �u NiFe4.0/FeMn(tFeMn) � Hc, ù´Ï�
3 FeMn �SÜ�\ Pt ���, ��=� UCS �
O\
. Ïd, Pt ���Ú\O\
 UCS êþ, �
Ü© UCS 3	|�^e�X FM ���=�=,
¬Úå Hc �O\; ,�Ü© UCS ?u¹SG�,
l�� EB �Or.

ã 4 L«NX S3, S4 � Hex �X�,�þ
Ý tPtFeMn Cz�'X. Xã 4 � (a) ¤«, éN
X NiFe10.0/FeMn25.0 � (Pt2.0/Co0.3)4/FeMn25.0
.¡?� FeMn �, Pt ��, ��,þÝ tPtFeMn

� 0.4—1.0 nm �, NX S3, S4 � Hex ��k�O
r. NX S3, S4 � Hex �X�,þÝ tPtFeMn O�
k~�, 3 tPtFeMn = 0.2 nm �Ñy4��; �X�
,þÝUYO�, NX S3, S4 � Hex Ñm©Or,
NX S3 3 tPtFeMn = 0.85 nm � Hex Ñy4��,
lvk�,�� 15602 A/m Jp� 29770 A/m, N
X S4 3 tPtFeMn = 0.50 nm � Hex Ñy4��, Ù
4��� 8438 A/m. ù´Ï�, o÷� PtFeMn .
¡�)
�þ� UCS, 3 NiFe ��ö�e, �Ü©
�	�^Ý´��=�. �dÓ�, ��,þÝÜ

·�, du� NiFe ��m
�½�ål, Ü©�	
^Ý�õ/É� FeMn �SÜ�¹S�^, ù�.
¡¹S� UCS �êþ�O\
, NX� Hex Ú Hc

�±Ó�O\. ��,��� (tPtFeMn � 0.2 nm)
�, Hex ¿ØJp, ���A�´NX���É5
��é��. ù��¡´Ï�Ø����¬»�
.¡?�L¡��É5, ,��¡Ï��Ö�^Ý
l FM ��C¬¦Ù¥ý�Ü©¤���=^Ý,
¹S�^Ý�êþÚ'~¿ØO\, Ïd Hex ´e
ü�.

ÏL�, FeMn 5�E�Ö�g^��{�
Ð�3 FeMn �C.¡�A��f�S¢�, X
ã 4 ¤«, �,� PtFeMn �þÝ3 0.4—1.0 nm
��� Hex Ñy4��, UYO\�,þÝ, NX
� Hex �¬»� FeMn � AFM á5, ¦ Hex �
Ìeü.
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ã 4 (a) NX S3 ¥� Hex ��,�þÝ tPtFeMn �C
z'X; (b) NX S4 ¥� Hex ��,�þÝ tPtFeMn �C
z'X

4 ( Ø

éu FM/FeMn V��, ÏL3 FeMn �SÜ
Ú\ Pt ��Úé�C.¡?� FeMn �, Pt ��
��{, ïÄ
 Pt ��þÝ��Ý!Pt �,�þ
Ýé�� �NX Hex Ú Hc �K�. (JL², N
X NiFe/FeMn/Pt(tPt)/FeMn ¥� Hex � Pt ��þ
ÝO\¥�êª³×�P~, ù´Ï� Pt ���
Ú\4�/ü$
�� FeMn ��k���É5.
ÃØ´3 FeMn SÜ�\ Pt ���´é FeMn �
�C.¡?�, Pt ��, ÑUUC FM/FeMn NX
¥� UCS �êþ, lN! FM/FeMn NX� Hex

� Hc, Ï�Ú\ Pt ��½é.¡? FeMn �, Pt
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� � Ñ U O \ . ¡ o ÷ Ý, � N X � 5 � õ
� UCS. ¢�(J�L², éu NiFe/ FeMn NX,
UCS Ø==©Ù3.¡?, 3 FeMn SÜ�½�Ý

?��3 UCS. ¿� AFM �¥ UCS �©Ù�Ý
� FM �á�!AFM �á�9.¡o÷Ý���
�'.
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Effect of Pt spacers on interface exchange coupling in
ferromagnetic/antiferromagnetic bilayers∗

Wang Yi-Jun Liu Yang Yu Guang-Hua†

( School of Materials Physics and Chemistry, University of Science and Technology Beijing, Beijing 100083, China )
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Abstract

By inserting a Pt spacer between ferromagnetic (FM)/ antiferromagnetic (FeMn) coumpling systems or by doping Pt element in the

AFM layer, the depth dependence of Pt spacer and the thickness dependence of Pt doping layer on exchange bias (Hex) and coercivity

(Hc) are investigated. The results indicate that the number of uncompensated spin moments (UCSs) of NiFe/FeMn(dPt)/Pt/FeMn

increases as a result of inserting Pt spacer, which enhances Hex and Hc of the system. Also, the distribution depth about 1.3 nm of

UCS of FeMn in NiFe/FeMn system is inferred. Besides, by doping Pt element in FeMn near the FM/FeMn interlayer, we find that the

Hex of the system is enhanced efficiently, which is caused by the huge increase of the number of UCSs in the system.
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