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ÏLN�e%�ÇÚ¤©�', ��Ñ
 Gd Ä�¬� Gd B�¬�EÜá�. æ^ X ��û�!9©Û!�
fåÚ^åw�ºéÙ�(�?1L�, lõ��Ýy¢
�¬/B�¬�EÜ(�. ^5ÿÁ(JL²: S)�B
�¬�âUk�Uõ�¬ÄN�^��A, �éu Gd Ä¬NX�¬Ú Gd ü�, EÜNX�^�e�Ç�ÌJp�
�
 103 J·kg−1; ^�Cz¸ ∆Sm ��p°�LX Gd � 5 �; ��^�C«Ñy²�«§� ∆Sm ¸�k�u?
�ÚJp. nØ©ÛL², EÜ(�¥�^^B�ìq�/¤k�Jp
^�e§«Ú�Ç. (Ü^¢�Ú>{�
�`:, Gd Ä�¬/Gd B�¬EÜá�äk�½�uÐdå.

'�c: �¬, ^�e�A, B�¬

PACS: 61.43.Dq, 75.50.kj, 75.75.+a

1 Ú ó

^�eEâ�éuDÚ�íNØ �eó²
äk�e�Çp!ÉÚ���`:, �^�eó
�´��ÙuÐ���´¶ [1,2]. `û�^�e
ó�L÷v±eA�^�: äk3ó�§ÝNC
��^�C½ý9§ÝCz!p�e�Ç (RC)!
é��^¢!��>{!$9Nþ!d�$í!
ÃÓÃ³ÚzÆ5�­½�A5. L¹DèÚL
Þx���¬�^�e0�®��
é��?Ð,
3Ü7 Gd-Si-Ge, La-Fe-Al (Si) ±9 Mn-Fe-P-As X
7áÄzÜÔþuy
^9�A [3,4], ØLÙ�e
�ÇE $. �Ä�ÃS(��ÕA`³, 3Äu
Dè½LÞx����¬á�¥&¢d3�^�
eá�Ã¦´kd��}Á, 
é Gd, Tb, Dy, Ho
Ú Er Ä�¬NX�¬NX�^9�AïÄ®wy
Ñ�½`³, ~X�e§«°!>{�!^¢�
� [5−10], �Ù�e§«�$, �Çk�Jp. �ï
ÄF"(Ü#,�DèÄ�¬ÚB�¬á��Õ

A^A5, ��Ñ�«L¹ Gd B�ìq� Gd Ä
�¬EÜá�, Ù¥�3õ�ëY�C, k�/U
õ^9�A.

2 ¢��{

òpX� Gd, Fe, Al U¤I���fz©'
°(�Ð��3>l¬¥Lõ, ����z, 3
ò>l¬Äý��� 2 × 10−3 Pa �¿\pX�
í, õg�W, ,�^�í���oí¨, ¿^L
K�vá�. ²�ELõõg¦�þ!·Ü, ^Ô
DQ�{¼�þÝ� 30 µm �m!° 5 mm �^
��¬. ^ MAC M03 XHF û�¤ (Cu q Kα Ë
�) ?1 X ��û� (XRD) ©Û, ±(½Ù(�.
3 Perkin Elmer úi� DSC-7 .9©Û¤þ?1
�«×£9©Û (DSC), ¢�3 0.14 MPa �íí
¨�oe?1, \9�Ç� 20 K/min. ^Ôn5
Uÿþ¤ (PPMS) ÿþ�¬�^ÆA5. ^Æ(
�^ NanoScope 0 A-DM3000 .�få/^åw�
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º (AFM/MFM) *ÿ.

3 (J©Û�?Ø

3.1 ���¬¬¬���LLL���!!!^̂̂ÿÿÿþþþ999^̂̂���CCC���OOO���

ã 1 � 3 Ø Ó Q � � Ý e � � � Gd60-
Fe30Al10 ^�� XRD ãÌ. �Q��Ý� 30 m/s
�, *	�éAu�¬��ü��f�Ñ¸Ú�þ
û�¸, `²�¬ÄN¥�UkB�¬��3. �
rQ��ÝO\�, ü��Ñ¸�\°z�rÝO
\, ¬zû�¸ÅÚ��, ù5
u�p�e%�
Ç¦�¬�¤ÓNÈ©êO\. �rQ��Ýü
$� 5 m/s �, ^�gd¡� XRD ã¥Ñy8�
¬X Gd �rû�¸, �â Scherrer úªO�, Gd

¬â���B�ºÝ, Ù C ¶R�u^�L¡, E
¤ (002) �¬¡�rû�±9¬z¸°zy�, 3
?�Úò^�¥�¤®"G�, Ù XRD w«� Gd
¬z¸U\3�¬�Ñ¸þ. ã 1(b) � 5 m/s Q
��Ýe�¬gd¡�;. AFM ã�, ×£��
� 2 µm × 2µm, ^�L¡ÛÑ�þ�Å©Ù� Gd
B�¬, ¥/�â�»� 20 nm �m, �c¡ XRD
�©Û(JÄ��ÎÜ. ±þ`² GdFe �¬ÄN
¥L¹ Gd B�¬ìq, ü$e%�ÇKr¦Ù�
�ÛÑ, ��K³�Ùº�ÚNÈ©ê, �Ü7�
�¬/¤Uåée%�Ç�©¯a. 3p©E>º
e, La-Fe, Y-Fe Ú Pr-Fe �õ«Dè - LÞx�¬
Ü7SÑuy
 XRD uÿØ���þDèB��
â, ¿�º��u 5 nm[11,12], Ïd Gd-Fe Ä�¬�
Uäkaq(�.

ã 1 (a) 3ØÓ=�e� Gd60Fe30Al10 ^��¬� XRD ã, �ã�Q��Ý� 30 m/s ��¬ DSC ã; (b) Q��Ý� 5 m/s
��¬L¡� AFM ã

ã 1(a) ¥��ã� 30 m/s � Gd60Fe30Al10 ^
� DSC ­�, ¬z§Ý©O^�ÞIÑ. ­��¹

ü��9¸, `² GdFe Ä^�3l�¬��¬
z�=C�L§¥, Ù¬z�A´©Ú?1�, d
���ú��9L§ (�°�g¸) Ú��r��
�9L§ (kb�Ì¸) |¤�. ­�¥vk²w�
Àæ=CÚ­½�Le��«, ù� Nd60Fe30Al10
Ú Nd60Al10Fe10Co20 �Ù¦DèÄ - LÞx�¬
Ü7Ä�aq [13]. �Q��Çeü�, 1���°
�¬z¸�$§��¤£, Ó�¬zók¤eü,
T¸3 1 mm ¬N�¬¥vkuy; 1�¬z¸3
�¬¤©¤ÓNÈ©ê�p�p�Q��¬¥�
\kb, ¬zó��. ÏLé'�±�½, 1��°
¬z¸éAu^�¥ Gd B�¬�ÛÑ��L§,

1��kb¸éA�¬ÄN�¬zL§.
ã 2 � Gd60Fe30Al10 ^��^z­�9Ù�

ê dM /dT . GdxFe100−x ÄÜ7�±3é°�¤
©��S��¤�¬^� (18 < x < 60)[14], �
C§Ý��3���§Ý��SN�. �X Gd
é', GdxFe100−x Ä�¬^��^^ - c^=C
CX
 600 K eé°�§Ý��. �â^9�A
� Maxwell �§�� [1−2], GdxFe100−x Ü7NX
S�Ukó�§«'�°�^9�A, �´Ùc
^=CLu°, ±�uü §Ým�S�é^z
rÝCz'�f, ØU÷v¢S�^�eI¦. Ï
Lé GdFe Ä�¬?1·þ� Al �f�,, ¿À
J�½�e%�Ç, ·���Ñ
 Gd60Fe30Al10 �
¬/B�¬EÜ^�, Ùc^=C�����3¿§
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±e�«m: �~� Fe �¹þ�, ^��c^=C
�\ì�, �C§ÝKü$; 
O\ Gd ¹þ�, ^
zrÝO�.

^z­���ê dM /dT Ñyü�ëY�k¸,
©O3 260 K Ú 200 K NC, �$§Ý�¸�rÝ
'��; ò»¬z?n��¬=3 290 K NCk
��kb�¸. �Ä� Gd õ¬¬N� Curie §Ý
� 294 K, B�¬á�� Curie §Ý��'Ùõ¬G
���, Ïd�p§Ý��CéAuB�¬ Gd ì
q, �$��CKéA�¬ÄN, T�C3�¬ò
»���. ÏLN!¤©Úe%�Ç, �±���
¬�B�¬�'~, ¦ü��C�rÝ��. ò»
��¬�^�ÚrÝ=��©�� 1/5, c^=C
���3Ø� 20 K �§Ý«m, ù`²�¬/B�
¬�EÜ(�´�)���^zrÝÚ�°c^
=C§«�'�. �¬3��§Ýeþ¥yÑa�
^^A5, vk²w�^¢. ù�y^Úò^L§
�Uþ��¬'��, �~k|uJp^�e�Ç.

ã 2 Gd60Fe30Al10 ^��^z­�

ã 3 � 30 m/s e Gd60Fe30Al10 �¬EÜ^�
� MFM ã (5 µm × 5 µm), �*�w«
�¬/B
�¬�EÜG�. ^åãÓ�¥yÑ��é��
f^�Ý«Ú��r��r^�Ý«, Ù¥çÚ
x«�©O�L´^z��R�½�CuR��
¬L¡�^Ý. çx��é���Ý«�5
u
^^5��¬ÄN, ¤©Ù�«���
, 
��
��«��çx^����^Æ(�, 5
u�
Å©Ù� Gd B�ìq, Tìq3 XRD ã¥vk
²wuÿÑ, `²Ùº�3 5 nm ±S. ^Æ�²
þ°Ý� 200 nm �m, ��uü�B��â�º

�, `²�¬S�3ér�^��ÍÜ�^, �L
¹B�ìq��¬�¬ Nd60Al10Fe20Co10 ^Æ(
�aq [13]. Gd B��â3�¬ÄN¥�3�r
�ìq�p�^, Ù96ÄUþ��ug��^¬
��É5U, Ïdìq^ÝØU�±�½���,
¥yÑ�^^A5. ã 4 ��¬� M2-H/M ã,
= Arrott Plots ­�. 3 Curie §Ý:, Äu©f|n
Ø�^5XÚ÷v [8] M2 =

1
c3

µ0H

M
− c1

c3
, Ù¥ c1,

c3 � Landau Xê. l M2-H/M ­��Ç��K�
±�ä�C�a.: �Ç���, �C��?�C;
�C�K�, �C��?�C. ã 4 ¥, ØÓ§Ýe
�­��Çþ��, `² Curie :NCu)�c^ -
^^=C��?�C.

0

0

2.5

2.5

5.0

5.0

ã 3 Gd60Fe30Al10 �¬EÜ^� (30 m/s) �^åw�ºã

ã 4 Gd60Fe30Al10 �¬EÜá�� M2-H/M ­�

| ^ Ø Ó § Ý e � ý 9 ^ z M -H ­ � Ú
^ Maxwell 9åÆ'X�O�Ñ�¬3	|e
��§^�C [1−4]. ã 5 ��¬�^�C�§

056102-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 056102

Ý � C z ­ �, � ¬ E Ü ^ � (30 m/s) � � �
^�C ∆Sm �� 3.5 J · kg−1·K−1, �C;.�
¬ � ^ 9 z Ü Ô Gd5Si2Ge1.9Fe0.1 � � � � m,
� ´ ^ � C ¸ � � p ° ∆TFWHM l ¿ § N C
� 303 K ò��$§e� 30 K, �� 273 K, A
� C X
� � $ § « �, ´ Gd5Si2Ge1.9Fe0.1(51
K) ÚX Gd (71 K) � 4—5 �, $� 10 �u�ä
� L 5 � ü a ¬ � ^ 9 á� Gd5Si2Ge1.9(16 K)
Ú MnFeP0.45As0.55(21 K)[15,16]. ò»�¬� ∆Sm

O\�
 5 J · kg−1·K−1, aqÙ¦ GdFe Ä¬�Ü
7, �´Ù ∆TFWHM :ìeü� 20 K, Øv�¬E
Ü(�� 1/14. ��­��´, Gd60Fe30Al10 7á
ÀæEÜ^� (30 m/s) � ∆Sm l 140 K � 220 K
A�ð½ØC; �rQ��ÝJp� 80 m/s �,
² � « £ Ä � 180 K � 260 K. � ~ � Fe �
,¹þ�, Gd70Fe15Al15 ^� (30 m/s) ^�C�
� � J p � 6.1 J · kg−1·K−1, ^ � C ¸ � � p
° e ü � 170 K. � ¬ E Ü ^ � ^ � C ² � «
���C Å�·Ü�õ |�¬�EÜá�, ~
X La(FeCo)Al EÜá� (2.5 J · kg−1·K−1)§DyAl
Ä E Ü á� (4 J · kg−1·K−1), GdDy Ä E Ü á
� (5 J ·kg−1·K−1)[17−19]. é'��, �¬/B�¬E
Ü(�áuS��guEÜ(�, `uÅ�·Ü{,
Ù^9�A�²�«�°�²w, '�·Ü^Dp
�ÜÌ���¦, � ∆Sm Ek�u?�ÚJp.

ã 5 GdFe Ä^��^�C ∆Sm �§Ý T �Cz­�

á��^�eUå�ÏL�gn���e
Ì�, 3�eÅ�9àÚeà�m=��9þ�
�. Äu^�C - §Ý­���é�e�Ç RCP
��«~^½Â� [5,6]: RCP = ∆Sm(max) ×
δTFWHM, ∆Sm(max) ´�,^|e^�C��
��, δTFWHM ´�^�C­��p°¤éA�

§Ý«m��. ã 6 ��«�L5á�3ü 
	|e�^�e�Ç. 30 m/s Ú 80 m/s e��
� Gd60Fe30Al10 ^��ü ^�e�Ç©O 193 J·
kg−1·T−1 Ú 207 J · kg−1·T−1, ¤ � u � L 5 �
¬�^9á� Gd5Si2Ge1.9Fe0.1(71 J · kg−1·T−1)
Ú MnFeP0.45As0.55 (78 J · kg−1·T−1). nÜïþ�
�^95U�I, GdFe Ä�¬EÜ^���C§
Ý'��C¿§, �p°Ú^�e�ÇÑé�, v
k^¢, �Ù¦^9á�é'äk�½`³, �Ù
 $�^�C¸�I?�ÚJp.

ã 6 �¬EÜá���L5^9á� [19,20] 3ü 	|e�
^�e�Ç

3.2 ���¬¬¬/BBB���¬¬¬EEEÜÜÜ(((������^̂̂���CCCÅÅÅnnn

GdFe Ä�¬/B�¬EÜ(�^9�A�/¤
Å�Ì�d±eA�Ï���Ó�^¤�)�. Ä
k­Dè7á Gd � 4 f �>f� 7 �, Ïd^Ý'
��, vk^¢, AO´ Curie §Ý� 294 K, 3¿§
NC, ù´Ù¦Dè��¤Øä��. Ù�, EÜ(
�´p§Ü7LK�:e���, ÙSÜ(�Ú�
�©Ù�\þ!; ¯�e%¥��)���SAå,
2\þ^��/G�AÚ�¡ÈL¡�A, ¦�^
Ý���u÷X^�¶�©Ù, 3�$�^|-y
e, ÒU=�	|��, �)���^zrÝ. Ùn,
EÜ(�´d�¬ÚB�¬|¤�, ¯eL§¥�
¬ÄNSv�
�þ�fºÝ�gdNÈ, Ïd�
¬�±w�´ºÝ���ìq, �¬/B�¬EÜ(
���þ´�«ØÓºÝ���^5B�ìq�
¤�.

e¡éB�ìq�é¬NG�XÛOr^9
�A, ��[�?Ø©Û [21].

éuo�fêþ� a �~5^^NX, Ù¥z
�Õág^^Ý� Mspin, o^Ý� M = ksaMspin,
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Ù¥ ks < 1 �C�^Ým�ÍÜXê; XJùÜ©
�f�¤B�ìqê� b ��^^ìqNX, z�
ìq^Ý� Mcluster, ìq¥�²þ�fê� a/b,
K Mspin Ú Mcluster÷v'Xª:

Mcluster = kc
a

b
Mspin, (1)

Ù¥, kc �C��g^^Ýªu²1ü�
�)�
^5ÍÜXê, � kc > ks.

�â^9�A� Maxwell �§k [7,21]:

∆S = −1
2

CJ(H2
2 − H2

1 )
(T − TC)2

∝ NM2, (2)

Ù¥ CJ = Ng2
JM2J(J + 1) � Curie ~ê. lþª

��, c^5á�7L�3 Curie §ÝNCäk�
��^zrÝCz, âU�����^�C.

ò Mspin Ú Mcluster �\ (2) ª�:

∆Sspin

∆Scluster
=

a(ksMspin)2

b
(
kc(a/b)Mspin

)2 = b/a
(ks

kc

)2

< 1.

(3)
�Ä� b < a, ks < kc, K~5^^NX�^

�C�uB��^^NX�^�C, ÙÔn¢�´
B��^^ìqSÜ�^ÝU
ÏLC§�^�
�ÍÜ�^, ¥²1ü�, k�r���5Ú^z
rÝ; Ó����^^ìq�m�^��ÍÜ�^
�'�r, ù
EÜg^^Ý�N´3	|¥��
ü�, Ï
^zrÝ��, ^�C�k���Cz.
McMichael � [22] Ú Bennett � [23] æ^�^^n
Øî�y²
B�NX�^�Cò�L¬Ná�
�C, d(Ø3 Gd3(Ga1−xFex)O12(GGIG) ¬N�
¢�¥�y¢ [24]: ^5B� GGIG ìqEÜá�,
´d^5|� (Gd3Fe5O12) B��â�Ñ3f^5
�ÄN Gd3Ga5O12 ¥�¤, `u GGG .õ¬�á
�, ¿¤õA^u 1.5 K � 15 K �^�e. �©¥
L¹ Gd B�ìq��¬EÜ(�� GGIG ¬Na
q, Ï
Ù^�e�Çpu¬NX�¬G�.

c¡·�?Ø
B��^^ìq�^�C�
ru~5�^^NX, �e5(ÜEÜ(� Curie

§Ý�ü$5)º^�C¸��ÌÐ°Å�. l^
z­��§Ý�Cz��, �¬^�� Curie §Ý
�'�A�¬N�¬ $, 
 Gd B�ìqK'¬
Nõ¬G��
 10—20 K. Curie §ÝÚá�¥�
f(����� ê!^5�p�^ëê!�þ
fêk�½�½þ'X, �L�� [25]

TC = 2KZJ(J + 1)/KB, (4)

Ù¥ TC � Curie §Ý, Z ����f�� ê, K

�^5�p�^ëê, J ��þfê. �¬/B�¬
EÜ(�´d��ØÓ�B�ìq�¤�, �3�
þ��f?O�Y!B�¬.ÚL¡. ù
 ��
�fü�Ø5K, �3�þ�Ø�Ú�, ÛÜ�f
� ê9�Ý$u±Ï(�, ¦�� ê Z Ú>f
��È© Je ü$, ?
�� TC ü$. ^�C¸�
Ð°��Xe)º: nØþ�?�C~Xc^��
c^u)3,�§Ý:, ¤± |(∂M/∂M)H| �±�
~�, �)ã��^9�A, �´Ù^=C�§«
�~Ä, 3�L5� Gd5Si2Ge1.9MnFeP0.45As0.55

¥� 10—20 K, 
3 NiMnGa Ü7¥=� 2 K, ��
�Ø�¢S�^�eÌ�I¦; �¬EÜ(�áu
ÃS - kS��?�CNX, du^ìq�º�Ú
¤©k�½©Ù, z�^ìqÑéAu�½�^=
C§Ý, 
�þ^ìq8N� Curie §ÝK¥yÑ
�°§«���©Ù, �A�^�C¸��ÌÝ/
Ð°.

4 ( Ø

�©ÏLÔDQ�{��Ñ
 Gd Ä�¬/Gd
B�¬EÜ(�, Ù^�e�Ç�éu¬NX�¬
G���²w�Uõ, ^=C�����Ð°, Ñ
y�C¿§�²�«, Ù^�C¸��I?�ÚJ
p. (Ü�¬S3�A5, �¬EÜá�kdåA
^u3¿§NC°§«Só��Dp�Ü^�e
Ì�.
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Abstract

The Gd-based amorphous/nanocrystal composite is prepared by controlling the cooling rate and the element ratio. The X-ray

diffraction, differential scanning calorimeter and atomic force microscope/magnetic force microscope are used to confirm the composite

microstructures from different perspectives. The magnetic test shows the great enhancement of magnetocaloric effect in the metallic

glassy composite. The large magnetic refrigerant capacity (RC) up to 103 J· kg−1 is more than double the RC values of the Gd-based

bulk metallic glass and pure Gd. The full width at half maximum of the magnetic entropy change (∆Sm) peak almost spreads over the

whole low-temperature range, which is five times wider than that of the pure Gd. The maximum ∆Sm approaches a nearly constant

value in a wide temperature span (over 80 K). The super paramagnetic nanoclusters of the composite increase the magnetic refrigerant

capacity greatly. In combination with the low magnetic hysteresis and large resistance, the metallic glass composite may be a potential

candidate for the ideal Ericsson-cycle magnetic refrigeration.
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