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æ^9©){��
©Ñ§Ýp�²þ¬âº�� 20 nm � CoFe2O4 Ú MnFe2O4 EÜ0�. $§^z­�ÿ
þw«, ���EÜ0�äk^-M^���5ÍÜ�A, �Ü¤§Ý±9^^ÚM^��¤©'~é^���5Í
Ü�rÝké��K�. C§^ÿþw«, §Ý� 20 K �, EÜB�0��L¡g^È(�A���Ú^zrÝw
ÍO\. Henkel ÿþw«, é©Ñ� CoFe2O4 Ú MnFe2O4 EÜ0�, ^ó4�p�^ÓÌ��^.

'�c: 9©){, ^-M^���5ÍÜ�A, L¡g^È(�A, Henkel

PACS: 75.75.–c, 75.70.Rf, 75.30.Et

1 Ú ó

1991 c Kneller Ú Hawig[1] lnØþ�Ñ, Ï
LB�^^9M^0��m���ÍÜ, �±��
���^UÈ, d�A¡�M^-^^0��m��
�5�A (exchange spring effect). éuDÚ�ü�
^50�5`, M^á���äkp�
�å, 

�Ú^zrÝ��, ^^á���äkép��Ú
^zrÝ, 

�åé�. 
é[^á�5`, KQ
I�p�
�åqI����Ú^zrÝ, ½ö`
^UÈ���´µd[^á�5U�­��I. Ï
d, M^-^^0�m���5�A�²JÑÒÉ�
�5�õ�'5 [2−5].

Cc5, ïÄö�3¢�ÚnØþmÐ
�
þ�M^-^^0�m��ÍÜ�A�ïÄ, ïÄ
NX�)B�EÜDè[^á�, ~X RE2Fe14B
(RE = Nd, Pr)/α-Fe[6,7], Sm2Fe17Nx/α-Fe[8] �, ±
9B�EÜc�Ná�, ~X CoFe2O4/CoFe2

[9],
CoFe2O4/Fe3O4

[10] �. ,
, ïÄuy, M^-^^
á��m����5�A�éõÏ�AO´B�

á��º�!M^-^^á��m�'~!���
{�k' [11,12], ÙÍÜ��*Ån�k�u?�
Ú�\ïÄ.

c�N CoFe2O4 Ú MnFe2O4 äk�q�¬
N(�, l^5�5w, CoFe2O4 k���
�å

 MnFe2O4 ¿§�
�å�~�, ¿��±ÏL
�q��{�� [13,14]. 9©){Ø��±��ä
k��º��B�c�N�â, 
�Ù���{�
A:·Üu��c�N�B�EÜ0� [15]. �©
|^9©)�{Äk�� MnFe2O4 B�âf, ,
�23 MnFe2O4 B�âfþ	ò��
 CoFe2O4

B�âf, F"ÏL CoFe2O4 Ú MnFe2O4 B�E
Ü0��^5ïÄ, &¢M^-^^ÍÜ��*Ån
9ÙK�Ï�.

2 ¢�L§

�¬���æ^9©)�{. ¢����©
ÛX�¯zZÑc (III)!¯zZÑ� (II)!¯zZ
Ñ� (II)!��!hX!h�!�C�±9ÃY
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¯U�.
Äkò·þ�¯zZÑc!·þ�¯zZÑ

�!20 mL ���!3 mL �hXÚ 3 mL �h�
\\�n��´¥, 3>9@¥ð§ 40 ◦C p�
�� 90 min, ,§� 200 ◦C, ev£6¿$��
� 30 min, ,�,§�¤I¢�§Ý, ev£6¿
$��� 30 min. �þãNXe%�¿§�, U
Y��´¥\\·þ�¯zZÑ�!·þ�¯z
ZÑc!1 mL hXÚ 1 mL h�, ¿­Eþã,
§��L§. ��ò�´¥¤��N±ÃY¯U
Ú�C��l%�3 12000 r/min =�e?1n
g 20 min �l%. l%�ª�Dd�C�M)��
u�u®¥g,ZH. ��	EÜ0�¥ MnFe2O4

Ú CoFe2O4 ��'éÍÜ5U�K�, 3�¬�
�L§¥, ©O��
A«ØÓ��'��¬, ,

�ª�Ô¥ MnFe2O4 Ú CoFe2O4 ��'éJO
(½þ, �Qã�B3©¥·�±��L§¥ Mn
Ú Co �����'CqL«�ª�Ô���'.

�¬�¬N(�©Ûæ^�I� D8 . X �
�û�¤, ×£��� 15◦—70◦, ×£m�� 0.02◦,
×£�Ý� 1◦/min. L¡/m©Ûæ^Ö= FEI
úi� Sirion |u�×£>fw�º (SEM), ß
� > º U Ì © Û æ ^ F � > f 1 Æ ú i � p
©Eß�>fw�º JEM-2010FEF, �¬^5Ï
L{I Quautum Design úi�nÜÔ5ÿþX
Ú PPMS-9 þ��Ä�¬^rO VSM ?1ÿþ.

3 (JÚ?Ø

ã 1 �·����ØÓÜ¤§Ýe���
��'� 1 : 1 � CoFe2O4 Ú MnFe2O4 �B�
EÜ0��®" X ��û�(J. du CoFe2O4

Ú MnFe2O4 �(��q, üö�û�¸Ä�þ­
Ü, lã 1 éJ©EÑ CoFe2O4 Ú MnFe2O4 �é
A¸, Ïdã¥�û�¸þ� CoFe2O4 Ú MnFe2O4

�Ó��z. ,	lã 1 �±w�, ¤k�¸þ�
3 CoFe2O4 �IOû�kþé�, vk*ÿ� Co,
Fe, Mn �ü��zÔ�û�¸, `²¤���
�¬XÝ�p. ã 2 ����ØÓÜ¤§Ýe
� CoFe2O4 Ú MnFe2O4 �B�EÜ0�� SEM
(J. lã 2 �±wÑ, 9©){��� CoFe2O4

Ú MnFe2O4 �B�EÜ0��º���, ²þº
�3 20 nm ±e, �	/5K!©Ñ5�Ð. �X
Ü¤§Ý�þ,, ¬âº�O\, 250 ◦C e���

�¬²þº�3 10 nm �m, 
 380 ◦C eÜ¤��
¬²þº�3 20 nm �m.

ã 1 CoFe2O4 Ú MnFe2O4 �B�EÜá��®" X ��û
�(J

� y ¢ ¤ � � � B � � â ´ MnFe2O4

Ú CoFe2O4 EÜ0�, é�¬?1
p©Eß�
>º�ÿÁ, ��*	� MnFe2O4 Ú CoFe2O4 �
.¡, Ù�Ï�U´du MnFe2O4 Ú CoFe2O4 k
�~�C�¬N(�, 
ÏL9©)�{��E
Ü0�Ù(��U´ CoFe2O4 3 MnFe2O4 �â¬
¡þ�	ò)�. ,
é?¿À��B��â, p
©Eß�>º�UÌ©Ûw« (�ã 3), 3Ó��
B��âþÑy
 Mn ��Ú Co ��, ¿�w«
� Mn �¹þ$u Co �¹þ. duß�>ºUÌ
Ì�&ÿ�âL¡�&E, ÏdUÌ(J�±y¢
¤���B��â´ MnFe2O4 Ú CoFe2O4 EÜ0
���â, ¿�é�U/¤SÜ� MnFe2O4 
	
L¡´ CoFe2O4 Ø�(�.

�c[©Û CoFe2O4 Ú MnFe2O4 EÜB�0
�^ÍÜ1�, Äk?1
$§e^¢£��ÿþ,
ã 4(a), (b) � CoFe2O4 Ú MnFe2O4 �����'
~� 1 : 1, �A§Ý©O� 380 ◦C Ú 280 ◦C ���
��¬3ýé§Ý 5 K ��^¢£��ÿþ(J.
'�ã 4(a) Ú (b) uy, ü«§Ýe���EÜB
�0���Ú^zrÝ�~�C, þ� 80 emu/g �
m, �A§Ý 380 ◦C �����¬, 
�å� 8 kOe
(1 Oe = 79.58 A/m) �m, 
�A§Ý 280 ◦C ��
���¬, 
�å� 5 kOe �m. ã 4(a), (b) �²
w�«O´, 3ã 4(a) �^¢£�¥, "|NCÑ
y
���~²w���, 
ã 4(b) �^¢£�Ä
�´1w�, A�*	Ø�ù����. ù«^¢
£�¥Ñy�Ø²wy�¡��F�A, Ù��é
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ã 2 ØÓ�A§Ýe��� CoFe2O4 Ú MnFe2O4 �B�E
Üá��/m (a) 250 ◦C; (b) 280 ◦C; (c) 380 ◦C

AuM^-^^EÜ0�����5ÍÜ§Ý, ��
�A�f, EÜ0����ÍÜ�r [16]. ÿþ(J

w«, 280 ◦C e����¬äk�Ð�M-^^�
��5ÍÜA5. B�¬âm���ÍÜ�^´�
«á§�^, ÙK����¬âÆ9þÝ��, �
��B�þ?, =¬â��ÍÜ�p�^�rfÚ
¬â�º�k', ¬âº���, 'L¡È��, .
¡?���ÍÜ�p�^é^N5UK��wÍ.
lã 2 � SEM (J�±�Ù/w�, 280 ◦C e�
���¬' 380 ◦C e����¬�º��, Ïdä
k�Ð�M-^^���5ÍÜA5. éuEÜ0
��
�å, duÙÌ�û½uM^¤© CoFe2O4

�
�å, 
���¹e, B�^0��
�å�
º��eü
ü$, Ïd 380 ◦C e����¬�

�å��. ,	, l^¢£�5w, 280 ◦C Ú 380 ◦C
e����¬þ¥y���5ÍÜ1�, 
 SEM
w«ØÓ§Ýe���¬�äkéÐ�©Ñ5, Ï
dl^¢£��ÿþ��±íÿ, ã 2 � SEM *
	��B��â´ MnFe2O4 Ú CoFe2O4 EÜ0�
��â.

ã 3 �A§Ý 250 ◦C ��� CoFe2O4 Ú MnFe2O4 �B�
EÜ0��UÌ

ã 5 � Ü ¤ § Ý � 280 ◦C, MnFe2O4 Ú
CoFe2O4 ����'©O� 3 : 7 Ú 7 : 3 �B�
EÜ0�3 5 K ��^¢£�. lã 5 �±é²w
�wÑ, ��ö�'~� 3 : 7 �, �¬�
�å Hc

��, 
�Ú^zrÝ Ms ��, ����ö�'~
� 7 : 3 �, �¬�
�å Hc ��, 
�Ú^zr
Ý Ms ��. (Jw«, M^¤©'~�O\�±J
pEÜ0��
�å, ^^¤©'~�O\�±O
rEÜ0���Ú^zrÝ, ¢�(J�©z��
�� [16]. ,	, éu MnFe2O4 Ú CoFe2O4 ���
�'� 3 : 7 �EÜ0�, 3"|NCÑy
���
~�f���, ¢�(JL², M^¤©'~Lp,
�¬����ÍÜ§Ý�~f. ù����nØÚ
¢��(J¿Ø�� [17], ·�@��NX�,�
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¤©�'~O\��½�§Ý�, NXg�¬Ñy
ÛÜ��þ!5, 3ù
«�, Lp¹þ�M^½
^^¤©3	|e�Ìg��^z1�, 
ÿþ�
^¢£�K´�«8N�1�, Ï
^¢£�¬Ñ
y�F. éu·���� MnFe2O4 Ú CoFe2O4 �
B�EÜ0�, 3 : 7 �'~®�CÙ�.'~.

ã 4 Ø Ó � A § Ý e � � � � ¬ 3 5 K � � ^ ¢ £ �
(a) 280 ◦C; (b) 380 ◦C

ã 6 © O � 280 ◦C e � � � MnFe2O4

Ú CoFe2O4 ����'� 1 : 1 �EÜB�0�
� Hc, Mr Ú Ms �§Ý�Cz­�. (Jw«, n
�Ônþ�o�ª³´�X§Ý�þ,
eü, �
���ü�^0��(J´���. ��5¿�´,
éu�Ú^zrÝ Ms, Ù�§Ý�Cz¿Ø´�
�üN�Cz, �X§Ý�eü, 3 300—150 K, Ù
Cz5Æ�ü�^0�aq, ,
3 150—50 K �
m, Ñy
���Ú^zrÝ Ms �éCzØ²w
�«�, $u 50 K, Ms �§Ý�eüUYþ,. é
u�â3B�ºÝ�^0�, ^5�â�L¡�A
é^5�K�é� [18]. p§�, L¡g^^Ý�=
�³^$, 396Äe, L¡g^^Ý���ÃS,
Ï
é�Ú^zrÝ Ms �zé�; $§�, L¡g

^^Ý�=�³^Op, L¡g^�È( (ÙéA
§Ý^ Tf L«), 96ÄéL¡g^^Ý�K��
�, ¦+L¡g^�È(�é	|��A§Ýü$,
�L¡g^^Ý3	|���ÝK¦��Ú^z
rÝ MS O\ [19].

ã 5 CoFe2O4 Ú MnFe2O4 ����'~©O� 7 : 3 Ú 3 : 7
��¬3 5 K ��^¢£�

du���^5B��âNX� MnFe2O4

Ú CoFe2O4 �EÜ0�NX, Ïd^5B��â
m�3^^-M^!^^-^^ÚM^-M^n«�
p�^. Ó�^¬��É5U±9^^ÚM^�
â�ØÓ^��û½���p�^�§Ý. ��
\	^|�, ^5B��â�^zG�´^¬�
�É5U!���p�^±9	^|�^5B�
�âm�p�^¿��(J. du^^��^¬
��É5U�$, 3��^|�^eÙ^z��
=��	|��²1, ,
XJ^^-M^���
p�^ér, M^�ò{�^^��^z =. w
,, MnFe2O4 Ú CoFe2O4 �EÜ0��^5�é
�§Ýþ�6u MnFe2O4 Ú CoFe2O4 ���p�
^rÝ. ,
^5B�0�m�ó4�p�^�
´K�EÜ0�^zG��­�Ï�. �?�Úï
Ä MnFe2O4 Ú CoFe2O4 B�EÜ0��^�p�
^, ·�é 280 ◦C e����¬3§Ý 5 K �?
1
 Henkel ­��ÿþ. Äk, ÿþ
�¬��6
ò^G�e��^^zÇ Md (H), =4�¬3�
���þ�Ú^z�, ò	|���rÝ H , ,�
�K	|ÿþ�¬��{^zrÝ. Ùg, ÿþ

�¬��§�{^zrÝ Mr (H), =é����
ò^��¬3rÝ� H �	|¥^z, ,��K
	|ÿþ�¬��{^zrÝ [20,21]. �â Stoner-
Wohlfarth (SW) �. [22], éuüÆü¶��É5
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�^5�â, 3�âmvk�p�^�, Md (H)
Ú Mr (H) AT÷vXe�5'X.

Md(H) = MR − 2Mr(H), (1)

ª¥ MR ´�â��Ú^zrÝ.

ã 6 MnFe2O4 Ú CoFe2O4 EÜB�0�� Hc, Mr Ú Ms �§Ý�Cz­�

ã 7 �A§Ý 280 ◦C ��¬� Md (H) � Mr (H) �­�

ã 7 ��A§Ý 280 ◦C ��¬� Md (H)
� Mr (H) �­�. lã 7 �±wÑ, ¢���
� Md (H) �þ�u�â (1) ª��� Md (H)

�, Md (H) Ú Mr (H) �'X¿ØÎÜ SW �.�
�5'X, ·�¤���^5B��âm�3XØ
��Ñ��p�^.

� ï Ä � â m � p � ^ � a ., ? � Ú '
� Md (H) Ú Mr (H) ��5'X��O, d�
O=�Xe½Â� δm 'X:

δm = (Md(H) + 2Mr(H) − MR)/MR. (2)

ã 8 ��â (2) ª��� δm �	\^|�
Cz. lã 8 �±wÑ, δm 3¤ÿþ�^|�
�Sþ�K�, ¿��X	|�O\ δm Äkü
$, �	|3 4000 Oe �, δm ��Ù���, ��
�X	|�O\
O�. ��
ó, δm �ÎÒ9
���NXEÜ0�¥ØÓ�^�p�^�§
Ý, δm ���, KL«NX�âm���ÍÜ�
p�^ÓÌ�/ , XJ δm �K�, KL«NX
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ã 8 Henkel ­� (δm �	\^|�Cz)

�âm�^ó4�p�^ÓÌ�/  [23]. lÿþ
(J5w, 3ÿþ�^|��S δm �K�, L²
�¬�âm^ó4�p�^E,äk�~­��
K�, ��ÍÜ�p�^���'�f. du�â
m^ó4�p�^��§�p�^, 
��ÍÜ
�p�^�á§�p�^, 
ÏL9©){��
� MnFe2O4 Ú CoFe2O4 EÜ0�ü©Ñ§Ýé
p, ÏdØÓB�EÜ0�m�^ó4�p�^é
r, l
 δm 3��ÿþ^|��Sþ�K�. ,
	, ¢�(Jw«, �X	|�O\, δm 3 4000 Oe

�ª�ÙK����, L²^ó4�p�^�X^
|�O\
Or, ·�QýÿÏL9©){��
EÜ0�� CoFe2O4 3 MnFe2O4 þ	ò)�, ^
ó4�p�^3 4000 Oe �, =	|�CM^��

�å�ª�Ù���, L²^ó4�p�^Ì
�5
u CoFe2O4 �, �½§Ýþy¢
·��
ýÿ. ,	, 3^|���, δm �ýé���, L
²^^�m�^ó4�p�^�f, 
 CoFe2O4

Ú MnFe2O4 ���ÍÜ�p�^�r, 
�ã 8
¥� δm �����	|�uEÜ0��
�å,
L² CoFe2O4 Ú MnFe2O4 ���ÍÜ�p�^é
EÜ0��^5�k­��K�.

4 ( Ø

� © æ ^ 9 © ) { � � 
 CoFe2O4 Ú
MnFe2O4 �B�EÜ0�. ^5ÿþw«¤�
���¬äk^-M^���5ÍÜ�A, �^^9
M^���é¹þé���5ÍÜ�Aäké�
�K�. ¦+¤����¬�^5�I?�ÚJp,
ïÄ(Jw«, ÏL{ü�zÆÜ¤�{�±��
Ñäk^-M^���5ÍÜ�A�EÜ^0�.
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Rivas J 2011 J. Nanopart Res. 13 1663

[19] Henkel O 1964 Phys. Status Solidi 7 919

[20] Garcı́a-Otero J, Porto M, Rivas J 2000 J. Appl. Phys. 87 7376

[21] Stoner E C, Wohlfarth E P 1948 Philos. Trans. R. Soc. London
Ser. A 240 599

[22] Balaji G, Wilde G, Weissmüller J, Gajbhiye N S, Sankara-
narayanan V K 2004 Phys. Stat. Sol. B 241 1589

[23] Zhang Y, Liu Y, Fei C L, Yang Z H, Lu Z H, Xiong R, Yin D, Shi
J 2012 J. Appl. Phys. 108 084312

207502-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 20 (2012) 207502

Synthesis and magnetic properties of CoFe2O4 and
MnFe2O4 nano composites∗

Gao Ruo-Rui Yu Wei Fei Chun-Long Zhang Yue Xiong Rui Shi Jing†

( Key Laboratory of Artificial Micro- and Nano-Structures of Ministry of Education, School of Physics and Technology,

Wuhan University, Wuhan 430072, China )

( Received 15 March 2012; revised manuscript received 3 May 2012 )

Abstract

Highly dispersed granular nano-composite material of CoFe2O4 and MnFe2O4 with an average size of 20 nm is synthesized

through thermal decomposition. The soft-hard magnet exchange-spring effect is observed in magnetization measurements at low

temperatures, and is found to be strongly affected by the temperature of the reaction and the composition ratio between soft and hard

magnetic phases. Magnetization measurements at different temperatures show that at 20 K, the saturation magnetization increases

significantly, which is attributed to the freezing of the spin-glass like state at the surface of the nano-composite material. A Henkel

Plot measurement on our sample shows that for the dispersed composite material of CoFe2O4 and MnFe2O4, the dipole interaction is

dominant among magnetic interactions.

Keywords: thermal decomposition, soft-hard magnet exchange-spring effect, freezing effect of surface spins,
Henkel
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