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äkã0>~ê� CaCu3Ti4O12 >b´�«n��p;U�Ý>Nìá�. �©±ú���DJ!±¯�

�N! pH ��½þ�ÀJ, ¼��� CaCu3Ti4O12 >b�{z��D{. (½
 pH = 3.0 ���c°®���Z
�A^�. ÏLw�©ÛÚ0>5Uÿþ, uy3 1040 ◦C—1100 ◦C ��S, �X�(§Ý�Jp, >b�¬âº
�O�, ��5Xêþ,, > FÝÚ0>�Ñeü, 1100 ◦C �(�Á� tan δ �$�� 0.04. @� CaCu3Ti4O12

>b0>�Ñ�¹�6>�©þ!$ªtµ�ÑÚpªtµ�Ñ. $ªtµ¹zU� 0.51 eV, éAu¬.?
� Maxwell-Wagner tµ4z; pªtµL§¹zU� 0.10 eV, éA¬âSÜ��� "�. �(§Ý�,p��¬
.>{eü.

'�c: ã0>~ê, ��D{, tµ4z, CaCu3Ti4O12 >b

PACS: 77.22.Gm, 77.22.–d, 81.05.Je

1 Ú ó

v�ÔW CaCu3Ti4O12 (CCTO) >b3 1 kHz
e0>~êp� 12000 �m, ¿�3é°�§Ý�
�S (100—380 K) �±­½ [1], �Øu)c>�
C. CCTO ù
ûÐ�nÜ5UÚå
ïÄö2�
�'5, ¦Ù�U3p�ÝUå;�!��ì�9
p0>>Nì�+�¼�2�A^. ,
�é�p
�0>�Ñ��
ÙA^. C�c5, �7v�Ô
W>b�ïÄÌ��)ã0>~ê�)Ån!Á
����(ó²!lf�,U5�.

3ã0>~ê�)Ån�¡, <�é CCTO
>b!CCTO ü¬©O|^{|Ì!.ù1Ì
±91�5�nO��õ«�{?1
�\ï
Ä. Ramirez � [2] Áãl Ti4+  £��Ý)º�
)ã0>~ê�Ån, uy CCTO �c>N>b
�C�)p0>~ê9ÅnØÓ. ©z [3] ÿþ


 CaCu3Ti4O12 >b3ØÓ§Ýe��6E{|
Ì, ¿^ IBLC �.)º
 CaCu3Ti4O12 >b�>
Æá5, @� CCTO >b÷*þ�w�äk��
5�¬âÚý��¬.|¤�EÜN, du¬.Ú
¬âº��½�'~9Ù�>Çþ��É, l
E
¤ CCTO �À30>~ê'�kNá��pê�
D�ê��. �â1�5�n [4,5] é CaCu3Ti4O12

�0>~ê�O�(J%L² CaCu3Ti4O12 Ø
�Uäk�~p�0>~ê. y3<�ÊH@
�, CaCu3Ti4O12 �p0>~ê�á���(�k
' [6−12]. Homes � [11] íÿÌ¬.�A´�)ü
¬ã0>~ê��Ï. Fang � [13,14] 3���({
��� CCTO >b¥*	�
æ¬., ¿�@�æ
¬.�>{pu¬.>{, éã0>~ê��z�
�. Fu � [15] æ^�fåw�º*	� CCTO >b
�¬.´��5��
¬â¥�3��«�Úý
�«�, @�Ùã0>~ê�U5
u¬â�Øþ
!5
�¬â¬.�EÜ.
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3��®N�L§¥, æ^��Ü¤{�Ñ�
®N��zÆ|©Øþ!!�â�o�!â»©
Ù��2, ¥�·Ü�m��ú�§Ý�p, Ñ�
ÑU. Øæ^M�-v�{ [16] �� CCTO ®�	,
��~^����{´��D{. ©z [17, 18] æ
^��D{��
v�ÔW®N, T�{���'
N´��, ���®N�(¹5p, �´�3L§
�¡!´·\,�lf�":.

�©æ^²{z���D�{��
 CCTO
>bc°®N, (½
±¯�
��ÀJ!�AM
� pH = 3.0 ���c°®���Z�A^�. ,�
ÏLØÓ§Ý�(��
 CCTO >b, ¦Ù0>�
Ñ� tan δ �$ü� 0.04, ¿3�°�ªÇ��S
�±­½. ¿�ÏL¬�©Û!w�/m*	±9
0>5UïÄ, (ÜSÜ{	�>Nì�n, `²

 CCTO ã0>~ê�)��Ï.

2 ¢ �

ã 1 �Ñ
�©æ^�{z��D�{�
� CCTO >bc°®N�´�ã. Xã 1 ¤«, ò
v�o¶| (Ti (OC4H9)4) �ÃY¯UM��ú
� (H2C2O4·2H2O) YM�·Ü, P� HTO M�; ¦
^��W (Ca (NO3)2) Ú��Ô (Cu (NO3)2) Uì
1 : 3 ���'��WÔM�. ^�ÀJN! HTO M
�� pH � 3.0 �m, UYV\WÔM�¿^�À�

N!Ù pH �� 1.3, 3.0, 3.1, 3.5, ·��D� 12 h,
È�þ���, óZ 12 h �7Ú CCTO c°®�.
�©À^
½þ�À�¯�
 (CH3COONH4) N
! pH �, �±k�/¦·Ü� pH ���Q½�
¦, ö��\{ü, 
�¯�
3ú��´©)�
ul
Ø´Ú\,�lf, ù�Ò;�
�k�
��D{���'�¡´·\ Cl− �é/¤>b
k³�lf [17] ±9 pH �N!Ú½E, [19] �
":.

ò � � D { � � � c ° ® � ² 950 ◦C ú
� 10 h �ï[, *	�|¤Ú�*(�. À^
pH = 3.0 �A���®�²Lú�!Eâ!Ø¡
�¤�»� 12 mm, þÝ� 1—2 mm ��¡G)
., ü��3�íí¨e 1040 ◦C, 1060 ◦C, 1080 ◦C,
1100 ◦C �( 20 h, ,§Úü§�Ç©O´ 200 ◦C/h
Ú 150 ◦C/h, ��Á�P� A, B, C, D.

|^ X ��û�¤ (XRD, Regaku D/MAX IIIB)
©Û
��D{�� CCTO >b�c°®Nú
���Ô�|¤. éc°®N 950 ◦C ú��¤
�>b®NL¡9�(¤� CCTO >bÁ�ä
¡/m?1×£>º SEM (Jeol JSM-6390A) *	.
æ^ WJ10001D �6­Ø
Ú HP34401A õõU
êiL3¿§eéÁ�?1ÏSA5ÿþ. æ
^ Novocontrol °ª0>Ì¤�{|Ì¤3 10−1—
107 Hz ªÇ��!173—373 K §Ý��S, éÁ�
�0>5U?1
ÿþ.

ã 1 {z��D{�� CCTO >bc°®��ó²6§ã

3 ¢�(J�?Ø

3.1 ���AAAMMM��� pH ���éééccc°°°®®®������úúú������
ÔÔÔ¤¤¤©©©���KKK���

ã 2 �{z��D{3ØÓ pH ���AM
�e���o«c°®�² 950 ◦C ú� 10 h �

� XRD ãÌ. ú��Ô�®�Ì�þ� CCTO,
¹k�þ� TiO2, CuO Ú CaTiO3, Ù¥WÔM�
pH = 3.0 �®�ú��Ô,�¹þ��, �U*
	��þ� CuO. Ti4+ ��D´d pH �Cz�
� Ti4+ �ú��m�äÜ²ï�»�E¤�, �
Ï\\�WÔM�¹k�À�¯�
Úú�>l
� H+ (Ü, ��K� Ti4+ ��D, 
WÔlfÓ
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��Úú��(Ü�)�D. XRD (JL² 3.0
� pH ������Ó�D��k|^�.

ã 2 ØÓ pH ����c°®�± 950 ◦C ú� 10 h ��Ô
� XRD ãÌ

ã 3 ��AM� pH = 3.0 �c°®Nú��
Ô� SEM /mã, �±wÑTú��Ô�®Nâ
»þ!!/m��. dd���©æ^�{z��
D{, =±ú����DJ, ¯�
M����À
�, �y�AM�� pH �3 3.0 �m, �±¤õ�
�`û� CCTO c°®�.

ã 3 WÔM� pH = 3.0 �c°®Nú��Ô� SEM ã�

3.2 ���(((§§§ÝÝÝ���>>>bbbÁÁÁ������***(((���

æ^,��¹þ���M� pH = 3.0 �c°
®Nú��Ô�(��
 CCTO >b. �
'�
�(§Ýé>bÁ��*(��K�, ÏL SEM
*	
©O3 1040 ◦C (Á� A), 1060 ◦C (Á� B),
1080 ◦C (Á� C) Ú 1100 ◦C (Á� D) �( 20 h
� CCTO >bÁ��ä¡�*/m, (JXã 4 ¤
«. �±uy�(§Ý�p, >b�¬âº���,
¬.?�3�[�,���.

ã 4 ØÓ�(§Ý CCTO >bä¡ SEM ã� (a) 1040 ◦C; (b) 1060 ◦C; (c) 1080 ◦C; (d) 1100 ◦C
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3.3 CCTO >>>bbb���000>>>555UUU

ã 5 ´ CCTO >bÁ� A, B, C, D 3¿§
e�ÏSA5ÿþ(J, �\ã���5Xê α

(α = lg(I1/I2)/ lg(V1/V2), Ù¥>6 I1 = 1 mA,
I2 = 0.1 mA, V1 Ú V2 ©O�éA>Ø) Ú�(§
Ý�'X. dã 5 �±wÑ, �X�(§Ý�,p,
��5Xê α l 2.3 O�� 3.7 �m; Ó�, > F
Ý E1mA (>63 1 mA ��|r) ��(§Ý,p

k¤eü, ù´¬âO���ü þÝS¬.ê
~�
E¤�.

ã 5 ØÓ�(§Ý CCTO >bÁ��ÏSA5

ã 6 ´ØÓ�(§Ý CCTO >bÁ�3 293 K
���é0>~ê ε′ Ú0��Ñ��� tan δ �
ªÇCz�­�. 3 105 Hz ?, 0>~ê�ê�u
)âC, ØÁ� A 	, 3 105 Hz ±e�$ª��
S, ε′ �ê�ÑU�±3 104 ±þ, Ù¥ D ­��
²­. CCTO >b¿§e���Ñ��ªÇ��
��´ 103—104 Hz ��S [17,19], 3 2×103 Hz ?,
Á� D 0��Ñ��� tan δ ������ 0.04,
¿�3 5×102—5×104 Hz ��SÑ3 0.05 ±e.

�c�����D{��� CCTO >b3¿§
e����Ñ�¤3� 350 Hz ?, tan δ E,�
u 0.1[17].

Ï�Á� D äk��p���5XêÚ�
$��Ñ, ¤±�©À�Ù3 173—373 K, 10−1—
107 Hz ��Sÿþ
0>§Ì, Ù�é0>~ê ε′

9�ÑÏf ε′′ Xã 7 ¤«. 3 105 Hz ±e�ª
Ç��S, Á���é0>~ê� ε′ ��� 104—
105, ¿�3$ª 10 Hz NC±93pª 105 Hz k
ü�âCL§, éA ε′′ Ìã¥�tµ�Ñ¸ 1 Ú 2.
¸ 1 Ú 2 `² CCTO >b¥�3Xü«tµ4z
L§, ùü��Ñ¸¤3ªÇ ��§Ý,p�p

ª�� £, ´;.��~tµL§. �â�~�
§, �ÑÏf ε′′ �±L«�

ε′′ = A1
σdc

ωε0
+ A2

(εs1 − ε∞1)ωτ1

1 + ω2τ2
1

+ A3
(εs2 − ε∞2)ωτ2

1 + ω2τ2
2

, (1)

ª¥ A1, A2, A3 ´�á��'�~ê, (εs1 − ε∞1)
´pªtµ4z����, (εs2 − ε∞2) ´$ªtµ
4z����; τ1, τ2 ´�§Ýk'�¼ê. d (1)
ª�±wÑ CCTO >b�0��Ñ�©��6>
�©þ!$ªtµ©þ!pªtµ©þnÜ©.
$ª�, �6>�©þÓ�Ñ�'~��, ��
ªÇ�¤�'. (1) ª¥�©þ�±3ã 8 ¥½5
/L«Ñ5. dã 7(b) �±wÑ�§Ýþ,�¿
§ (293 K) ±þ, $ª�Ñ¸ 1 A�Ø��, T�Ñ
¸©þA����>��6©þùX.

ã 6 ØÓ�(§Ý CCTO >bÁ�¿§0>ªÌ (a) 0>
~ê ε′; (b) 0��Ñ��� tan δ

�ÑÏf ε′′ �ü�tµ¸�ªÇÚ§Ý�
'X�±^ Arrhenius �§ f = f0 exp(−U/kT ) L
«, Ù¥ f Ú T ©O´�Ñ¸¤éA�ªÇÚ
§Ý, f0 ´�cÏf, U ´tµ¹zU, k ´À�
[ù~ê, T'X3ã 9 ¥�Ñ. ü�4zL§
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¸ 1 Ú 2 éA�¹zU�©O´ U1 = 0.51 eV,
U2 = 0.10 eV. Sinclair � [20] æ^ IBLC ��.ï
Ä CCTO õ¬>b, ÏL{|Ì��{©Û
Á�
3ØÓ§Ýe�¬â>�!¬.>�, O���ü
�¹zU�� 0.60 Ú 0.08 eV, @��$���¬
â¹zU (bulk activation energy), �pK�¬.¹
zU (grain boundary activation energy). �©�O�
(J���C, 0.10 eV Ò´Á��¬â¹zU, é
A�´pªe 105—106 Hz �tµL§, 
¬.¹
zU�� 0.51 eV, éA�´$ªe 102—104 Hz �
tµL§. Cc5kïÄ@�¬âS�æ¬.(
� [13,14,21] ½Ù¦.¡(� [15] é CCTO >b�ã
0>~ê�z��u¬.(�, ¤±$ª�0>t
µ��U5guæ¬.Úæ¬â��^.

ã 7 Á� D 3ØÓ§Ýe�0>ªÌ (a) �é0>~ê ε′;
(b) �ÑÏf ε′′

3äkSÜ{	�>Nì(��Wv¶>
b BaTiO3

[22] ¥, p§ (> 1000 ◦C) �(��¬â
¥�3�� "�, �@�´¬â��5��5

, ��� �¹zU� 0.1—0.2 eV, �©¥ CCTO
>b�pªtµ4zéA�¹zU U2 = 0.10 eV,
¤±�±íä CCTO ¬â��5�Ó��U5

 u � �   " �. $ ª e � t µ L § ´ � � �

� Maxwell-Wagner tµ4z [23,24]. 3�6>|
�^e, >4Ú�¬��>.¡/¤4��{	�,
{	����3X�m>Ö4z, =.¡4z. T
L§�9
ü�0>��m�.¡16f���,
ÏdI��p�¹z, ���m=�$�ªÇ, ù
�·�*	��y�ÎÜ.

ã 8 �ÑÏê ε′′ n�©þ�'X

ã 9 Á� D tµ¸�L�ã

ã 10 ´ CCTO >bÁ�3¿§ (293 K) ��
E{|Ìã, Ù¥�\ã´pªà���ã. CCTO
�E{|Ìãdpªà��­Ç��Ú$ªà�
�­Ç��|¤ [9,20,24], 3ã 10 ¥$ªà��­
Ç��²w��, 3�Cpªà���Ñy
­Ç
ØëY, éAØ����­Ç��. ¬âÚ¬.�
(��±���ü�¿é RC >´ [20], �âã 10
(J, pªÚ$ªà����åÒ©O´¬â�
��>{ Rg Ú¬.���>{ Rgb, Ùê��3
L 1 ¥.

dL 1 �±wÑ, ��(§Ý�,p, ¬âÚ
¬.�>{Ñ¥eüª³. �âc©�©Û, @
� CCTO ¬â��5�5
u�� "�. p§e
�( CCTO >bSÑy�� , Ó��)gd>
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f, d�¬â¬.¥y��A5. ü§L§¥, �í
¥��*Ñ�¬.¥, �¬.?�� EÜ, l

¦¬.­#¼�ý�A5. �(§Ý,p����
 ßÝO�, l
��¬âÚ¬.���>{eü.
XJò�í¥�(� CCTO >b± 900 ◦C ?1p
ý� (10−4 Pa) 9?n [25], ¬.Ú¬â�«OòC

ã 10 ØÓ�(§Ý CCTO >b¿§{|Ì

L 1 ¿§e{|Ì©ÛÁ�¬â¬.��>{�

Á� A B C D

Rg/Ω·cm 1.4 0.75 0.85 0.63

Rgb/105 Ω·cm 12.0 6.10 2.80 1.60

�Ø²w, E{|Ìã¼����¬.>{~�,
IBLC nØØ2¤á, 0>~ê�Ì~�, `²
3
Ã��í¨¥¬â�U�2g�)�þ�� C
¤���.

4 ( Ø

� © J Ñ 
 � « { z � � � D { ^ ± �
� CCTO >b, À^ú����DJ!¯�
�
��À�, (½
3�AM�� pH = 3.0 �, ��
Ñ�c°®�² 950 ◦C ú� 10 h �±¼� CCTO
Ì�XÝp!â»þ!� CCTO >b®. 3ØÓ§
Ýe�(T>b® 20 h �uy, 1100 ◦C �(�Á
�¬.?�3�[�,���!¬â��, 0>~
ê­½
�0��Ñ��� tan δ �$�� 0.04.

ÏLé 1100 ◦C �(� CCTO >bÁ�3ØÓ
§Ýe�0>�Ñ�ïÄL², pª (105—106 Hz)
tµL§�¹zU� 0.10 eV, éAu¬â�� 
�¹zU, $ª (102—104 Hz) tµ4z�¹zU
´ 0.51 eV, ´¬.? Schottky ³^«�m>Öu)
� Maxwell-Wagner tµL§. E{|Ìã©ÛL
²��(§Ý�,p, ¬âÚ¬.>{eü, ù�
U��(L§�� �Czk'.
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Dielectric properties of CaCu3Ti4O12 ceramics
prepared by a simplified coprecipitation method∗

Jia Ran Gu Fang Wu Zhen-Hua Zhao Xue-Tong Li Jian-Ying†

( State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China )
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Abstract

Precursor powder of CaCu3Ti4O12 is prepared by a simplified coprecipitation process, in which an optimum reaction condition

with ammonium acetate is used as buffer solution and pH = 3.0 is proved by X-ray diffraction and scanning electron microscope. The

CaCu3Ti4O12 ceramics samples are prepared by sintering the calcined powder at different temperatures (1040 ◦C–1100 ◦C). It is found

that higher sintering temperature of CaCu3Ti4O12 ceramics will lead to lager grain size, higher dielectric constant and lower dielectric

loss. The dielectric loss of CaCu3Ti4O12 ceramics is suggested to be due to DC electric conductivity, low-frequency relaxation loss and

high-frequency relaxation loss. The low-frequency and high-frequency relaxations are related to grain boundary and oxygen vacancy

defects respectively.

Keywords: giant dielectric constant, simplified coprecipitation, relaxation polarization, CaCu3Ti4O12 ceramics

PACS: 77.22.Gm, 77.22.–d, 81.05.Je
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