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

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

�
��
 � !� " �#$� �%
�& '(�
)�*� +���!�
 ������� 	
��
� ���
����� (MRL)��
��� � � ��������
���  ����  	!"�# �$��%&

)�!�"#�$� %��:&'/�/�� ) *+, %����! �-��.,:�'/�/��(
,-*(�
'�()���  *+(,-./0 *})Pr{Nd(BaO)CuPrNd(Ba x-x 123732 δ+  �}{Gd(BaLa)O)CuLaGd(Ba x-x 123732 δ+�} {Gd(BaNd)O)CuNdGd(Ba x-x 123732 δ+

    1�2� ����3� �04/0≤x≤0/0        67� ��  '!8�7 ���9 6:�; 1�<�� =�+ '0  .?���%*XRD     $�
� ��  '!8�7 @�-�A�&	�  �()� 	��)& 'A ���'��*BCDGd(BaLa)   ��/� E/& 
BCD   @�-�A�& +� ��� ���!.� 123Pr)Ba(Nd� 123)BaNd(Gd  *��� '/0 	F:�8�� �(9� 4/0x= GH��/A   6/7� �(%
/�  .    '/�()� +� *��I/� J/; �/; �/� *123)BaNd(Gd � 
123)BaNd(Gd   � 123Pr)Ba(Nd   K�&�& '0G�-��3&    �0 �0��0 B/B   � LL/0   � M/0   �  ��� N�)O&  .������   '�()� 	P��!P:� 6���3� *��Q��  $�
� 	�   R/S�0 �%
/�2� 1����� '<���

  6���3� 1����� � +�IQ *��� 1��A	� �0 @�����& N�� 'A �( 2� 1�Pr �� �!
�0Nd �La67� . $�
� 	P��!P:� 6���3� +�T�� 6:�; 	7+�0	�+� 'A ��� '/�()�  �/� U��/S *
   1��7+ +�A���7D-VRHD67� .        *�%:�� �0 	.������ $���� +(V; +� 6���3� 	�W�� 	Q�  N%�TAFC �AH�  	7+�0 . $�
� X��!�	�    Y�� � 	0(/PO�� *Z�/�� '/A ���

         1��A $���� 1����� �0 	��(& '[0�+ @+(# '0 $(.��(9 *�%��Q��(�� 	Q� 	��0�� . /�� �0 ����3� N�� N��\)�   1��/A 1/�2� 1��� 	/� �/�0�� .  1/�2�Pr   6/���3� ��/T�� +�
� 	.������] �� �&�^Nd �La67�.

(.
"���$� *��: *2�0 *��� *���7+�0�BCD+�  ������� �6���� +�<���7 �N��� +��� *�%�<�8 1�2� �

0. +��2�
     1�2�3 �! -��,�4��5� 672 8� 9�123Y   :� ";2  ;
  ";5 �   <;� 

           -=�;4� >�;=#�?� ��� ��@A B��! �! C�
5 �.�    �D;E:� ";5
-4��5          ��;F� �! �;G�! �H�:I -:�
G��� �J� Y      �;� 8�;KL ]� .[

   ��7, >�$�$P3-�        B�� "5 �!�, -2�Q �H�:I -:�
G��� "2 ��!
Y  1�2�3 �! 123Y3R      � ��SQ�;4 ���@;A B�;�! �;5 -,��;:T ��J

   , ��
:� %#�U %���$�-�@A!�� .       �!�;, -2�Q �H�:I ���� 8�Pr

      ��SQ�4 "2 %4� B�V:I �.:3�&�   -� W�F73 ������     -;#� �;�!
   , �,�4��5� ��SQ�4 X��-�!D� .   �:YS;4� X�� -4��5Z -;�   �! �;,�D3

      >�[�2�3 �! �,�4��5� ��2�8�4 \.��&� � ] ���5 �J .    X�;�� ";5
   -:�7:��� W�#!Pr        >�;$�$P3 8� B���+5 �! �,�4��5� >�[�2�3 �! 

   %4� ^!D5 "�D3 !�D� .   �;$,Pr         � _�;5 B�;�! B���,�;4��5� �! 

-:�7:��� 14�:��,    "#�$� �! �L      `;��� B���� B��]& [  -;4��5
  %;4� ^�� .           -$��;I %�;H�Q ";��D3 B��;5 B!�;=S� >�;��E,

123Pr       "	�� 8� %4� ^�� a�?�   -:�7:��� �5Pr ��F� �! Ba

       S7A W�#! "5 ��D2 %b� %+F� �� �   -+�c�:d� ���Pr -�   ��D;3
 !�5 e�,.   �:YS4� X�� "��D3 �! "2 -3���E, fgQ �5 Z  �!��! !D;�� 

       �� 1;�2�3 X�� �! -��,�4��5� %�H�Q W$S+� �Dc "5 -��.���A
 ̂!�! h��
A�,�]� .[   4 X�� �"
�S, �!]    ��L "2 i�123Pr  -;[�2�3

    �� %4� j��I-�   ��5�! ���5 �,�4��5� �,�D3   -;� a�?� ^ !D;� .  ";5
    4 X�� "5 k4�� �DE:�] +��$� � i��Pr     -2�;Q �;G�! �;H�:I �;5 

         `;5�D3 � -+;�c�:d� ���S7;A �;5 �;H�:I X�� -:�
G��� �J� ��!�,
   1;�2�3 �! 6	S*� B�.,�F� �! >��bS� lD��&�   ";�D3 !�D;� 

  %4� "S��A ���m.        B�;.,D� "2 %4� ^!�! ��7, 6	S*� >����
A



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "#$

R    B�.I�=� �5   �� � �5��5     �D� n�=� 8� �SA�
5Gd�o�Q -:=� B�.
 <[4 �!�,)LR (  W��;�LR=La, Pr, Nd, Sm, Eu, Gd  p�;�D�I 

-�     ^�;G��� �! �:,�D3Ba           ���;��� �;��� 1;�2�3 � �;,��A ���;m 
δ++ 7321 OCuBa(LR) -xx  �:�! W�F73 �� .   -:�7;:��� X���5�:5

       ^�;�� ";5 �H�:I X��Pr     ��;F� �! Ba        8� B���+;5 ";�D3 !�D;� 
���A     %4� "S��A ���m �.]q.[      �! ^�;� ^���7� >����d3 -4��5

     �:�
G��� �;5 �,�4��5� >�[�o�3 r�DQ �;.    -;� >��;bS� B  �;:,�D3
 �5 >�Igc�    !�D� �! -�8�� ��2�8�;4  ,�;4��5� ���     _�;5 B�;�! B
�:o \����.

        ";5 �;
:� _�;5 B��! B�,�4��5� !�D� ��_L "F:�� "5 "�D3 �5
�,�;;4��5� ��@;;As j��;;I )SIT (;;�- !D;;�]t[ r�D;;Q ";;=#�?� �

        SE	K �;5 !�D;� ��;
:.5 8�� B!�5��3 �;.       ^�;��_L ^!�;� 6;	S*� B
-�           X;�� �! -A�:,�;4� ��2�8�4 !�D� �! B��b� >�Igc� �,�D3

               ��2�8�;4 \;.� ";5 W;�, %.� -[4�:� %����� � ��! "u��� !�D�
   ��L v�+U "5 -��,�4��5�.   -;4��5 �!     %;���$�    %;#�U5  ��;
:.

  5 B��! B���,�4��5�        %;#�U ";o ^�� ^��! _�5      !�D;� X;�� ��;
:.
Q�D ��K r     ��7, !DQ 8� B!�I-� �;�! .      >�;[�o�3 ";�� B��;5

          "5 %���$� -?Q -GS+5�� _�5 B����! �! -+� ��+o�!  ^��! ��
 %4� ^�� .   ��S�� X��      W5�m ��_L ���$� ":�.5 �!  %;4� ^���7�.

5  "B�Dc"o   �! %���$� ��S�� YBCO �!   %;#�U      ���;$� ";:�.5 
+o�����3  K�ww -?Q ^!D5  _�;5 B�;���! �! �    8� %;	I ";5 �3

       ���d3 ��S�� X�� ���+o� �!�! %4!-�   �;:o]�[ .   %;#�U5  ��;
:.
          ^!�4 
	� �� �:,�� p�$�m! ", _�5 B��! B���,�4��5�)    pg��;o ��;S��

-?Q (         -;��� 8�;A >�DH "5 ", �) ��;S��xT (   ��;S�� -;� �;:o .
     ��3 r�DQ y�zD3 B��5 -b	S*� B�.#��     %;#�U �! B!�55  ��;
:.

    %4� ^�� "u��� !�D� X��� �:,�� :    �D4��,� i�� s   �8 ]|[   �,�;4� �
 -����A ^�� i�=�)thermally activated conduction] (}[ ��S�� �

�,�;;4���,s ";;,DA]~[ -:#D;;2 f�;;A �)Coulomb gap (CG) ( �
    �;�dS� !�;5 �;5 -��� %����)variable range hopping (VRH) (

]�w.[
��5�                ��@;A B�;�! �!D;5 _�;5 �;E, 8� �.:3 ", _�5 B��! B�,�4

        ";�	5 �%;4� ";S��A ���;m ��$$P� 8� B���+5 r�Q "�D3 !�D�
         B!�5��;o �;E, 8� �.,L %���� � ��_L �5 �.,L B!�I ��K r�DQ

          "5 B!��8 ��$$P� v@� �I�5 C�
5� ������ B�.,���� ��#D3 �!
   %4� ^�� !DQ %�4 .          7;� B!�;I �;�K r�D;Q ";	�� 8� ^���

^���  #�GT %�� -    %4� ������ ��! "5 %[+, -,��P5 �����  . X��
 ";;�	5 %+;;�, !�D;;� -#D;;�=� ^�;;�� %;;���$� %;;	I ";;5 ���;;o

^������   �:,�� -�h
Q    ��� -����A ^�� i�=� (TAFC) �   �! ��
      ̂���!�A -�S,�Do -,8 W,D3 X���� -	�Q B����!��%4.  %;o�U

   -��;��A ^�;� i�=� B�.��� >�DH "5 ��� �D?Q  B�;�8�� 8� 
 �! -SU -5D�*��J < Jc   �!� ��;� h
;Q ^���� �D.� 1�D� 

 \S+�4 �! fg3� "
�S,-�!D� .
      X�5 8� "2 �
,L 8�LR��  �Nd         8� \� � -,D� n�=� �E, 8� \� 

     "�[� -+�c�:d� ���� �E,Pr        -:�7;,�� "+;��$� X���5�;:5 �%4� 
Nd ��;;F� �! Ba �;;5 Pr ��;;F� �! Ba-;;�� ^!D;;5 �;;�b� �;;,�D3

 �5 >�Igc�    !�D� �! -�8�� ��2�8�;4  ,�;4��5� �     _�;5 B�;�! B��
 �:o \���� .   "+��$� �X�:���Pr       -+;�c�:d� �V:I <� ��D:I "5 

  �5La        ��F� �! �bH -+�c�:d� ���� �5 Ba -;�    >�;Igc� �;,�D3
         �! -+�c�:d� ���� �J� �5 "?5�� �! B��b�,�4��5��  _�5 B��! B��

���5 . X�� �!5 �DE:� "5 j�$P3  "��D3 �! ^�� "u��� W�_! -4��
    �! �,�4��5� igP�z�123Pr �  �;H�:I -:�
G��;�La �Nd � 

Pr   �!   ��F�Ba  !�D� "+;��$�      %;4� ";S��A ���;m  .    �;5 X�;:���
           �;�_L �;J� ��,�4� ��2�8�4 B��5 ^�� "u��� B�.#�� 8� ^!�bS4�

",D�, �! �,�4� 1#�K ��2�8�4 ���d3 �!�� -4��5 �^�%4�  .

3 .����)� " 4��
 5"�
",D�,��   -F����;4 B�D;	5 �;:T Bδ+732 O)CuPrNd(Ba x-x �

δ+732 O)CuLaGd(Ba x-x5�δ+732 O)CuNdGd(Ba x-x �;;;;5 
 B�S�D�2DS4�}/w≤ x ≤w/w    %;#�U �:;2�� !���,�S;4� h�� "5

    ";�#�� B���!D� 8� ����32ONd�32OLa�32OGd �3BaCO �
CuO   � 116 OPr   rD	Q �5~/~~ %"SQ�4�,�� .   9�;	F3 "	U��
",D�,��          B��! �! � �D� �b+�3� �! ���5 �! ºC}qw      >�;� ";5 xq

   �! B8�4 "QD	2 "	U�� � %I�4ºC~�w   ";5 ���+;2� �b+�3� �! 
  >����     �;� e�;
,� %I�4  .         ����+;2� v@;� 8� ��;:��c� B��;5

     8� ��! ���2 "	U��ºC��w   �3 ºCq�w    �:�L �5 ºC/min�   e�;
,� 
�;;� .";;,D�,�;;�B�x�Gd(BaLa)� �&�Gd(BaNd)�;;�! �!B



"##  %&
� %
�� %
'
(
�	��� 	� )�� 	�
( �*
! �+
,- ./&0 �1�"23  ������ �	
�� �3

ºC��w    >�� "5 �    � %I�4 <",D�,��B�x�Nd(BaPr)   �;� �!
     %5�J B����! 8� <�ºC�ww�ºC��w   � ºC�ww       <;� >�;� ";5 
   �� "S��! "G, %I�4 .  "5       ";,D�, %;�b�2 �!�;2 ":�.5 �DE:� �;� �

����8L-���       �;� e�;
,� %Q�;4 ";:�.5 ����� "5 -5��S4! B��5 
]�� .[  ",D�, ���+o� ���$���B�S���� h�� �5   %;m! �;5 w�/w±

  �� B��A ^8��,� %4� ^ .         ;5 ���;S, 8� ��;:��c� �D;E:� "5  "  %;4!
^��L      "[3�� X��:T B�S���� >��	�I �)�sx ��5  (   ";,D�, �� B��5

F3 �� ��� .   D3�� 6�cX ",D�, ��      9��	�� -
:4 6�c ^�GS4! �5 
i�;;;;;��|�wPW   �5�;;;;;3 �;;;;;5 B�!D;;;;;� h�� ";;;;;5 

)Å�qw��/�=λ(CuKα -,�;;�8 e�;;A �;;5 wx/w ^8�;;5 �! ";;��! 
°�xw≤θx≤°�   ̂8��;,� ��;3� B�;�! �! �   �;� B�;�A.  %;���$� 

 ",D�, -���S�#���   ��! ^!��P� �! B��3� �3 Kxw�5  ��.T h�� 
"	��         ̂8��,� -	bm ^�::2 %�D$3 �� 8� ^!�bS4� �5 � B�   �;� B�;�A.

 ̂8��,� �!    ";,D�, -���S�#� %���$� B��A �;�   8�  ��;���  v��;:S� 
mA�    9,�2�� � Hz��  %4� ^�� ^!�bS4� .     ��;��� X;��  ���+;5

 8� �SFTD2   ",D�, -,��P5 ����� �� �      B���d3 �3 %4� ^�� v�*S,
    , !�
�� ��@A "�U�, �!�:F.         i�;S:2 �� 8� ^!�bS4� �5 ��! X�:��� 

^�::2��wLake Shore �S�D;��3 � �wwPt-    �;5 � B�;�A ^8��;,� 
 %m!mK�w±�� i�S:o  .

6 .7��%	
6 .0 . ���%��
 8
��

 ���+o� ���$�      8� �;�_L ���
;�� �5 w/wx=    �;3 �/0x=  1;�2�3 �!
�&�Gd(BaNd)  8�'�/�   �3 �/�    B��5 � �&�Gd(BaNd)  8�'�/�

  �3��/�   ���
�� -��5�� .X�:���   B��5 ",D�, �;� B�x�Nd(BaPr)

 �8� "5Bw/wx=  �3 �/0x=  ���+;o� ���;$� 8� }}/�  �;3 �|/|  !�;�8 
-;;�!D;;�.>�;;[�2�3 �! ���+;;2� ��
;;�� ���
;;�� �&�R(BaPr) �;;5 

    ��_L ��
�� ���
��Pr] �& [     >�;[�2�3 �5 �.,L 
���3 ^D�� 8� -F�
�&�RPr] �� [   "2 %4�-� 3 �,�D3R    -:�7:��� �5 B���Pr   ��F� �! 
Ba ���5 .   ̂8��;,� ���S, ���A �;.           -:�7;:��� ";2 %;4� �L 8� -2�;U 

    �!�, -2�Q �H�:I� +   �:,�� -S����La  � Nd ��F� �! Ba  �;
:� �
      %4� ^�� ���+2� B��5 -.5�7� ��S�� "5 .    �E, "5 X���5�:5-�  �;4�

Pr    ��F� �! Ba   ,D� ���4 "�[� ��.  B�   D�, ��SQ�;4 �;5 �-S����   ";,

  �J�-�!��@A. �;4��5�.    �;�Q� BXu     �,���;F�� � ]� [   1;�o�3 �!
δx-x O)CuREu(Ba +732 �8� ";5 BR=La, Nd, Pr   ^�;::2 �;���3 

  %4� 1	?� X��. ���
��   ",D�, ���+o� ���$���    �� �! "4  1�o�3 
       Q ����� "5 "�D3 �5 ��_L ���$� ���
�� �5��Y:  �;U�� iD	4 ��5 -

 ��� W5�m %4� -:�5 .:���-:�7   \;3� �� +�R     \;3� B�;� ";5+xBa

 -� �I�5 �U�� iD	4 "o !D����$� sxO�/0  -;Y:Q �3 �:o v@� 
�,��5.  B�Dc "5       B�8� "5 ���+2� ���$� "2�/0      ";4 �V;:I ��_L 

          ^8��,� "5 ���5 -S���� �! \3� ��F� �! -S����0�/0   �;5�� ���
�� .
        ��SQ�;4 �! "��;z� ���+;o� ���$� X���x� ��;�� �! ) t(O  ���;m

-� i�,DA��S3 "5 ��[��D3�� ��@A �I�5 � !��A-�!D�.
       ";,D�, ��SQ�;4 -;4��5 �DE:� "5 �;�       W�F7;3 8� ��;:��c� � 

     6�c �E, !�D� ��SQ�4XRD ",D�, ��    �;� B��A ^8��,� .   WF;� 
)� (  6�cXRD    ",D�, 8� B!��=3 B��5 ��    ��7, �� -���! . 6�c

XRD ",D�,  �;� B�&�Gd(BaNd)  ��7;, -;�  ;o �;�!  B�8� ";5 "
 ��_L ��!�$� -���3}/w≤x≤w/w ��SQ�4 �x� � ^�� W��73 

 8�;;��&�  ";;,D�, �! 1;;#�K 8�;;� ���%;;4  B�;;.[�2�3 �! �;;�� 
�&�Gd(BaNd) ��x�Nd(BaPr)  �;;;�_L ��!�;;;$� B�8� ";;;5

�/w≤ x ≤w/w 8�� <3 1�o�3 �x�  ";,D�, �! � %;4�  �;�  �;5 B
        �3 � !��! !D�� -V#�Q�, 8�� ��S7�5 ��_L ���$�    8�;� <3 1�o

%+�, .  1;�2�3 �!�&�Gd(BaNd)    B�8� ";5�/w � w/wx=   ";	m �
    "���8 �! !D�D�°q|       �! � %;4� -��3�! >�DH "5 x/wx>  �! �

     ̂�;� e�K!� \� �5 "	m �;,� .   ";	m !D;�� �;�    ";5 �D;5�� -��;3�! B
 >�Pb;;H)wxw ( �)xww ( ";;���8 �!°q| ��SQ�;;4 ^�:��,�7;;, 

%4� ��[��D3�� . B�8� "5 X���5�:5x/wx ≤ ";,D�, ��SQ�4  �;�  ";5 
 >�D;;;;H�x� B�8� ";;;;5 � �;;;;�[��D3�� x/wx> ��SQ�;;;;4 

i�,DA��S3�x�  %;4�  .    1;�2�3 �!�x�Nd(BaPr)  -S�+;�[��D3��
      %4� �S�2 �G�! 1�2�3 �! "5 %[+, .       ���;$� �!�;o !��� �5}/w

  ��_LLa 1�o�3 �! �&�Gd(BaNd)  !D.7;� -H�Q -V#�Q�, �
        \� ",D�, X�� �! ��SQ�4 � %+�,�x� �3       X���5�;:5 �%;4� 8�� 

 1�o�3 �!�&�Gd(BaNd)   B��@;� W;U �U(solubility limit)

  B��5La     ���$� 8� �S7�5 }/w %4�  .     B�U ���$� B��@� WU �U
                  ���;� 1;�o �;3 �! -V;#�Q�, 8�;� �L B�8� ";5 "o %4� ��_L

-�  %+�, 8�� �3 ",D�, �G�! � !D� .    B�8� ";5 �;G�! >��;[I "5



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "#4

       �@;� W;U �U 8� �S7�5 ��!�$�        �! ^�;� !��� �;�_L ���;$� �B�
  1�o�3�x�  , ���m -�A�            ���;� -V;#�Q�, 8�;� >�D;H ";5 � !�

-�!D� .      1�o�3 �! B��@� WU �U�x�R(BaR')  ��-�   �;5 ��D3
  %��F4��� ��SQ�4 �! B��@� WU �U "?5�� 8� ^!�bS4�]�q [  ";5

5 ��8 >�DH " %4!L!��:
)�(,

)rr(

rxrr)x(r
t

OCu

ORBaR

+

++−+
= ′

2
3323

rR � rR'   � rBa   � rCu   � rO       ";5 ";o %4� -��.�3� -,D� B�.I�=� �4DS� 
    B�.,��� �! 1�3�3R�R'  �Ba  �Cu   � O   ���m  -;� �;,��A .   1;�o�3 �!

�x�R(BaR')          nD;, 8� -V;#�Q�, 8�� ��_L ���
�� �542NiFK  ";5
 B�8�x > xc

solubility  %;4� ^�� h��
A ]�t .[  `;���� �!]�| � �� [
 3 �DSo��   -,��P5 9,�D	(tc))         �;�_L ���;$� B�8� "5 9,�D	3 �DS2��

   B��@� WU �U -,��P5 ( B�.[�o�3 �!123R  ��x�R(BaR') B��5
   B�.�3� -Q�5R               ���;$� ";o %;4� ^�;� h��
;A � ^�;� "[4�P� 

            B��@;� W;U �U -5�
3 ��!�$� �5 -,��P5 9,�D	3 W��I -3�[4�P�
 !��! -,�D*�� . �[�o�3 �!  >�x�R(BaR')      n�=;� "5 B��@� WU �U

  -,D�R'      \;3� �!��! -GS+5 R'            B��@;� W;U �;U �;SA�
5 n�=;� �;5 
 !��! �SA�
5 .          �;.�3� -,D� >�V*7� �5 ^�gI B��@� WU �U ���$�

     !��! -GS+5 
�, %Q�4 h�� "5 .  X���5�:5-�      B��@;� W;U �U ��D3
                B��;5 -;,��P5 9,�D;	3 W;��I 8� ^!�bS;4� �;5 �� 6;	S*� >�[�o�3

        ̂�;� "SQ�4 "5�7� -��� �5 "o "5�7� >�[�o�3   ;5 �;,� " !��L %;4! .
Cava";;QD	o 1;;�o�3 �,���;;��� � B��x�Y(BaLa) B�8� ";;5 �� 

w/�x ≤      X;�� �! B��@;� W;U �;U � �:SQ�;4 8�� �3 >�DH "5 
      ���$� 8� �S7�5 �� 1�o�3�   ̂!�! h��
;A    �;,�]�}[.     9,�D;	3 W;��I 

        B�8� ";5 1�o�3 X�� �! -,��P5w/�=x       �;5 %;4� �;5��5}�x~/wtc~ .
             `;���� �! ^�;� "[4�P� ��!�$� X�:��� � ���$� X�� "[4�P� B��5

]�|��� [       `��� 8� �.�3� -,D� n�=� ���$�]�� [   �;,� ^�� l��*S4� .
1;;�o�3 "5�7;;3 W;;�#! ";;5�x�Y(BaLa)";;=#�?� !�D;;� 1;;�o�3 �;;5 

�x�Gd(BaLa)-;;�  1;;�o�3 �! -;;,��P5 9,�D;;	3 W;;��I 8� ��D;;3
�x�Y(BaLa)  1;;;�o�3 �! B��@;;;� W;;U �;;;U X�;;;�*3 B��;;5
�x�Gd(BaLa)  !�o ^!�bS4�  .  WU �U -:��*3 ���$� X���5�:5  B��@;�

 1�o�3 �!�x�Gd(BaLa) �5 %4� �5��5�q/�=xc
solubility.

 B�;;;;.b�c �!XRD >�;;;;[�2�3 B��;;;;5 �&�Gd(BaNd) �

�&�Nd(BaPr) B�8� ";;5 ��/0=x  ;;5 -V;;#�Q�, ";;	m X��;;:T  "
   X�5 B����8 �! rDVQ°�&s°&'    ^��! "��! -�   !D;�) WF;�

� .(5  "   "	m �! -3����d3 ^�gI��   ";2 %;4� ^�� !�
�� 
�, �G�! B
  ��7,-�     ",D�, X�� �! ��_L ���$� ��! �;�        W;U �;U 8� �S7;�5 

%;;4� B��@;;� . 1;;�o�3 �!�&�Nd(BaNd) B��@;;� W;;U �;;U 
  �SA�
5  8��/0       B�8� "5 � ^�� h��
A �/0x≤   ��SQ�4 �&�   �;3 

    %;4� 8��]&0��'[.              1;�o �;3 �! B��@;� W;U �;U X�;:��� 
�&�Gd(BaPr)    ���$� �5 �5��5�/0       %;4� ^�;� h��
A ]&� .[  �;5

            B��@;� W;U �U -,��P5 ���$� B�8� "5 9,�D	3 �DSo�� "[4�P�
    >�[�o�3 X�� �!-�        B��@;� WU �U -,��P5 ��_L ���$� \�,�D3

   1�o�3 �!�&�Gd(BaNd)  ��&�Nd(BaPr) 5 ��  " \���L %4! .
 1;;�o�3 �!�&�Gd(BaPr) �;;5 �;;5��5 -;;,��P5 9,�D;;	3 �DSo�;;�

��&'/0=tc     1�o�3 �! � �&�Nd(BaNd)  �����/0=tc %4�  .  �;5
     ���!�$� X�� "5 "�D3-�          �;U -;,��P5 ���;$� "o !8 X��*3 ��D3

      1�o�3 �! ��_L B��@� WU�&�Gd(BaNd)  ��&�Nd(BaPr)

     �5��5 �[��$3 1�3�3 "5��/0   � �/0 %4�  .   X;�� 1#�� "SF, �   %;4
2  ",D�, �! " �;�           8� �;SA�
5 �;�_L ���;$� �;5 B�/0     �! X;�� �! 

          8� �3���� ���+5 ��! ���2 �5 -F��SF#� %���$� ���
�� 1�2�3
",D�,��%4� �S�2 ��_L ���$� �5 B .   �;E, ";5 -;�   ���;$� �;4�

              �;SA�
5 %;���$� !�;
�� �;I�5 B��@� WU �U 8� �3_�5 ��_L
 X���� B����! �! p�HDV*�-� !D�]&&.[

  ";;,D�, B��SQ�;;4 >�V;;*7� X�;;�=3 B��;;5�;;� ";;	�� 8� 
    6�c �"F[� B���S�����XRD    � h�� "5 �.,L �     ��
;�� e�, �5 �#DS

920723 S-PC-/DBW \�!�;;o B8�;;4 6;;��� . ��7;;, ���;;S,
-�    �S����� "2 ��!a   � c         ���;2 �;�_L ���
;�� �5  -;�   � �;5��

  �S�����b   ���
�� -��5�� .   F[;� B���S����� "+��$�   ��SQ�;4 �! "
�&�Gd  �:�7,�� �5 �.  BLa   � Nd   � Pr] &� [   ��7;, -;�   �! �;�!

 B�8� "5 >�[�2�3 X�� -���3�/0x ≥   � i�;,DA��S3 ��SQ�;4 a=b

%4� .          B�;.[�2�3 �! "F[;� ��SQ�;4 >�;�u
��&�Gd(BaLa) �
�&�Gd(BaNd)   `���� �!]&��&� [  %4� ^�� ^!��L .���5 -5��

       �S����;� �! >��;��d3 �,��a   � b   ��7;, -;�    1;�2�3 �! ";o��!
)�&�Gd (BaLa    i�;;,DA��S3 ";;5 <;;�[��D3�� ��@;;A)O-T( �! 

&&/0x ≈ �� -;;� �;�! .-#�;;U �!  1;;�2�3 �! ��@;;A X;�� �";;2



"#5  %&
� %
�� %
'
(
�	��� 	� )�� 	�
( �*
! �+
,- ./&0 �1�"23  ������ �	
�� �3

2θθθθ (degree)

20 40 60 80 100 120

N
om

al
iz
ed

In
te
ns
ity

(a
rb
.u
.)

0

1

Gd123

Gd(Ba1.2Nd0.8)

Nd(Ba1.8Pr0.2)

Gd(Ba1.8La0.2)

Nd(Ba1.2Pr0.8)

Gd(Ba1.2La0.8)

(0
03

),(
01

0)
,(1

00
)

(0
13

),(
10

3)
,(1

10
)

(0
14

),(
00

5)
(1

13
)

(0
06

),(
02

0)
,(2

00
)

(0
16

),(
02

3)
,(1

20
)

(1
16

),(
12

3)
,(2

13
)

(2
06

),(
22

0)

(1
90

),(
01

9)
,(1

30
)

(2
33

),(
12

9)
,(1

36
)

(2
26

)

 6��". 6�c XRD",D�,  ��_L �5 ���La � Nd � Pr.

�x�Gd(BaPr)   �! &/0     1�2�3 �! � �x�Gd(BaNa)   B���$� �! 
   8� �SFTD2&/0)   �[��$3��/0 (  ��-� �;�! .    -:�7;:��� X���5�;:5

   ��;;F� �! �SFTD;;2 �D;;�Ba �;;I�5 -;;�  ��@;;A ";;2 !D;;�
O-T�;;�! �� �;;�_L �;;S�2 ���;;$� �!  . ��@;;AO-T W;;�#! ";;5 

-5  ,��+;2� -�E,�.             ��;b3� ^�;�
,8 9;�I � ^�;�
,8 %;.� �! 
-��S�� .   �E, "5-�           ";5 p_�;�SU� �;SA�
5 -,D� n�=� �5 -�3� �4�

    ,D�� B�� �S�2 �:3 W�#!        9;�I ��;F� i�d�� �H�! ^8��� ���
        ��@;A 8� W[m �� B�S7�5 ^��
,8O-T -;� �;�! .    ���;$� X���5�;:5

     ��@A B��5 ��_L -,��P5O-T      B�.7;�_L -:�7,�� �5 La  �Pr  � 
Nd     ���;2 -,D;� n�=� ���2 1�3�3 "5  -;� �;5�� .   ";
�S, X;��

   ��7, X�:���-�    �V:I "2 ��!Pr      >�DH "5 �H�:I "�$5 �:,�� 
 S���� "4   W�I - -;� �;:2 .    "F[;� �S����;� X�;:���c   W;�#! ";5 

     8� �SFTD2 B�V:I -:�7,��Ba         �;�_L ���
;�� �5 �L B�� "5 
 ���2-��5�� .

6 .3 .����
�9 8
��
  ",D�, -���S�#� %���$� �;�     �;�! ^!��;P� �! B  ��;3�   �;3 Kxw

^8��,� �,�� B��A.	��  B�.x  �� � q     ^�;�� %���$�    1+;U �;5
 �� �;;;;;;�! �!";;;;;;,D�,�;;;;;;�Bδ+732 O)CuLaGd(Ba x-x�

δ+732 O)CuNdGd(Ba x-x � δ+732 O)CuPrNd(Ba x-x ";;;5
 ^8�5 �! ��_L 6	S*� ��!�$� B�8��/0≤ x ≤w/w  ��7;, -;� �;:�! .

     ^���7� "2 �Dc ����-�        �;�_L ���
;�� >�[�2�3 -���3 �! �!D�
        -��,�;4��5� ��@A B��! ���2 ���
:.5 %#�U %���$� ���
�� �I�5

)Tc (       ��@;A ";�U�, -A�� X.� ���
�� X�:��� �)∆Tc ( -;� !D;� .
                �! ^�;� !�;
�� -;�E, -;5 "5 ��_L ���
�� �5 ��@A B�:.� ���
��

    �D5�� "�[� ��SQ�4 -;� !D;� .       -:G���;, %;4� X;��� �X�;z�!
",D�,��             8�� �! !D�� �� � ���+o� � ��_L XG���, `�8D3 W�#! "5 �

B�:.� �I�5 �i�,DA��S3 � ��[��D3��!D� ��@A .
  WF�x   ",D�, -F��SF#� %���$� ��B�x�Nd(BaPr)    �;5 �� 

     ��7;, ��! 1+U -;� �;�! .�! 1;�2�3�x�Nd(BaPr)   8�;� �!
     ^��� %���$� 1�� ��
:.5(dρ/dT)    ���
�� �5 x   ���2 -��5�� .

",D�, �;�    �;3 B��/wx=         B
;	� 1�;� ���;3� B�;�! ^!��;P� �! 
 �,��!)wdρ/dT> ( B�8� "5 ���/wx ≥�    %;4� ";,DA j��I 1�

)wdρ/dT< .(   -:P:� 1�� �! %�gI ���d3 X��)T(ρ ^!��P��! 
     
	� ��@A ^�:�! ��7, ��3� B��!s   j��I )MIT (%4� .  �*7;�

       �S+�4 8� B���+5 �! ��_L "2 %4� ^���.    B�;�! B�,�4��5� B
 ��@A <� _�5MIT !�
�� -� �:2]xt .[
 1�2�3 �!�x�Nd(BaPr) ",D�,  �;�    �;5 Bw/wx=   �;3x/wx=

",D�, "2 -3�DH �! ��:S+� -��,�4��5� ��@A B���!�� B�/wx ≥

     !��U �! -���! �3Kxw           �-��,�;4��5� ��@;A ";,DA ��;� ���;5 �
       ��7, !DQ 8� ",DA j��I ��S��-��:�! .     �;�_L ���$� ���
�� �5

Pr -;;F�!
, �! ��/wx=�,�;;4��5� ��@;;A s j��;;I )SIT ( ��;;b3�
-�         � �;5 j;��D3 �! ";2 ��;S��   `;��]x� [ %;4� .   ��!�;$� "+;��$�

xc
MIT   � xc

SIT  ",D�, �!  �;�B�x�Nd(BaPr)      >�;[�2�3 ���;4 �;5 
�x�R(BaPr)    "2 -3�[�2�3 �R ,L �. �3� �.     �;5 X�G:4�!�, -2�Q B

  i�S�5���4f �[��$3 "        i�;Y� �D;c ";5 �%;4� ���x�Tm(BaPr)   �;5 
q�/wxc

SIT= � �/wxc
MIT=] x|[ igP�;;z� -GS+;;5�� 8� ��7;;, �

��,�4��5�    !��! -,D� n�=� "5 - .       ";2 -3�;[�2�3 �! -GS+5�� X�:T
Pr   X�
G��� R    %4� ^�� )Pr(R 123       %;4� ^�;� ^���7� 
�, 
]x}.[

 1�2�3 �!�&�Gd(BaLa)    �;�_L ���
;�� �5La   %;���$� 
       ���
�� -���! �� �! ",D�, ^���-�     -:P:� 1�� � �5�� %���$�



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "#8

Nd(Ba2-xPrx)Cu3O7+δδδδ

T(K)
0 50 100 150 200 250 300

ρ(
m
Ω

-c
m

)

10-2

10-1

100

101

102

103

x=0.00.05

0.1

0.15

0.2

0.3

0.4

 6��2.,D�, �F��SF#� %���$� "����&�Nd(BaPr).

    ��! 1+U �5   ���d3 
�,-��:o)   WF��( .   ";,D�, B��;5 �;�   �;5 -�
��/0≤ x   %;[Y� �L 1�;� � B
	� ��3� B��! �! %���$� ��S��

           ���
;�� �;5 �L ���;$� ";2 %4�La    ���;o  -;� �;5�� .   B�8� ";5
�/0≥x               �L 1�;� � ";,DA j��;I ��;3� B��! �! %���$� ��S�� 

 %4� -b:� ., X���5�:5",D�    X�;5 �;�_L ���;$� �5 B���/0 � �/0
              -;,��P5 ���;$� � %;4� ��3� B��! �! �bH -:P:� 1�� B���!

        -:=� j��I "5 
	� ��@A B��5 ��_Lxc
MIT     X�;5 B���$� ��/0  � 

�/0%4�  .",D�, �!��   �;�_L �;5 B&/0< x    �;3 %;���$� ��;S��
",D�, �! � %4� B
	� ��@A B��!�� B&/0x≥ ���o ��! -Sm� 

-�          -��,�4���, %#�U "5 B
	� %#�U 8� ��
:.5 8�� %���$� ��5��
   ��S�� ���d3-�    -:P:� � ��!(T)ρ     ":��o ���$� �� 8�-�  !�@;A

           �� -��,�4��5� ��@A ":�7�5 �� 8� �D[I 8� �=5 �-� �;�! .  X;��
             >��;bS� B�;���! �! �;�_L 6	S*� ��!�$� B�8� "5 ��S�� ���d3

b3�  ��-�     ��! X�� � �S��)Tmin (          B�;���! ";5 �;�_L ���
;�� �;5
 W$S:� �3_�5-�!D�.

  W���  ̂�;�� %���$�            B�8� ";5 �;�! 1+;U �;5 -;���S�#� 
    ��_L 6	S*� ��!�$�Nd  1;�o�3 �! �� �&�Gd(BaNd)  ��7;, 

-���! .  ",D�, -F��SF#� %���$���        ���
;�� �;�_L ���
;�� �5 
   %I�4 "5 ��@A B��! � "S��� ���2-��5�� .  B�.	�;� "+��$��

 �� ��7;;, -;;�  ";;,D�, �;;�_L %;;5�J ���;;$� �;;� �! ";;o �;;�!

Gd(Ba2-xLax)Cu3O7+δδδδ

T(K)
0 50 100 150 200 250 300

ρ(
m
Ω

-c
m

)

0

2

4

6

8

10

x0.4 x0.3

x=0.0
0.1
0.15

0.2
0.25

0.3
0.35

0.4

0.5

  6��3.      ";,D�, �;F��SF#� %;���$�  ��;��&�Gd(BaLa) .  %;���$�
",D�, ��_L ���$� �5 ����/0 � �/0 1���z �! 1�3�3 "5 �/0 � �/0

^�� v�z�,�.

�&�Gd(BaNd)     ,D�, "5 %[+, B�S7�5 %���$� B���!   ���;:S� "
1;;�o�3 8��&�Gd(BaLa)  �;;�_L � %;;4� Nd ���
;;�� �! 

    8� �3�J]� %���$�La%4� .  �! 1;�o�3�&�Gd(BaNd)  ��;S��
B
	�   %[Y� 1�� � ) dT/(dρ 0>   %#�U �!5 ",D�, ��
:. �;� B

��/0≤x�;;�! �;;3 B �;;bU ��@;;A-;;�!D;;�.-#�;;U �!  �! ";;o
",D�,��  B&�/0 � &/0x=  � ��S�� ���d3     j��;I ";5 B
	� 8s ";,DA
  ��-�           ";:��o ";?$, �;� 8� ��;
:.5 %;#�U �! %���$� � ���!

-;;�     �! %;;���$� ";;:��o X;;�� ";;o !�@;;A&/0x=B�;;�! �! 
K��'=Tmin

exp     ",D�, �! � &�/0x=  �K���=Tmin
exp%4�  .  ";5

  B�8��/0x=         �bH �5��5 ��3� B��! �! ^��� %���$� -:P:� 1�� 
      ���� ",D�, X�� � %4�xc

MIT %;4� .    B�8� ";5��/0x=   1�;� 
             � %4� ",DA j��I �L ��S�� � %4� -b:� ��3� B��! �! %���$�

 B��5�/0x ≥",D�, ���:S+� j��I  .  X���5�;:5xc
SIT  X�;5 ��/0 � 

�/0 "5 ��!
, -#� ��/0%4� .
1;;�o�3 �!�x�Gd(BaNd) ��@;;AMIT �;;�_L ���;;$� �! 

   8� �S�oxc
SIT   ��b3� -��S�� .   >�[�o�3 �!      ���;$� 
;�, "5�7�xc

MIT

 8� �S�TD;;;oxc
SIT%;;;4� ^�;;;� h��
;;;A .B�D;;;	5 �;;;:T �!

�x�Gd(BaPr) ���;;$�x/w=xc
MIT � ��/0=xc

SIT ^�;;� h��
;;A



"#9  %&
� %
�� %
'
(
�	��� 	� )�� 	�
( �*
! �+
,- ./&0 �1�"23  ������ �	
�� �3

Gd(Ba2-xNdx)Cu3O7+δδδδ

T(K)
0 50 100 150 200 250 300

ρ(
m
Ω

-c
m

)

0

4

8

12

16

20

x=0.0
0.05 0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.5

x0.6

  6��$.      ";,D�, �;F��SF#� %;���$�  ��;��&�Gd(BaNd) .  %;���$�
_L ���$� �5 ",D�,� ��/0�! 1��z �/0%4� ^�� v�z .

  %4�]x~ .[  ���$�xc
SIT   �! X�� �!     %;4� ��+;�� �;[��$3 1�o�3

  ���xc
MIT    %4� >��bS� �.,L �!  .   ���$� X�:���xc

SIT     �! X;�� �! 
     1�o�3 �! �L ���$� �5 1�o�3�x�Gd(BaLa)  %;4� �5��5 �[��$3

    ��@A "��#�U �!MIT      �� -3��bS� ��!�$� �! -� �;�! .    �;E, ";5
-�         ��@;A -;,��P5 ���;$� ";o �4�MIT     \;3� n�=;� ";5 %[+;, 

  +5 ^�� X�7:���         B�;.�3� n�=;� fgSQ� -#� %4� ��+U ���
      ��@A �5 B!��8 ��JR3 6	S*�SIT !���,  .       -,D;� n�=;� �;5 ^�gI

   ��!�$� ^�� X�7:��� \3�xc
MIT � xc

SIT     B
o�� \3� n�=� "5R  
�, 
 !��! -GS+5 .5  "B�Dc  1�o�3 �! "o�x�Nd(BaPr)  ��@AMIT

  �!��/w= xc
MIT    ��@A � SIT     ��_L ���$� �! �/w   �� -� ���!

 -#�U �!     1�o�3 �! ��@A �! X�� "o�x�Gd(BaPr)    1;�3�3 ";5
   ��!�$� �!x/w   � �t/w   �� -�  ��!]x~ .[      �;o� ��!�;$� "+��$� �5

  ^��-�  B����@A "o %��A "
�S, ��D3MIT � SIT>�[�o�3 �! 
�x�R(BaR')     -,D� B�.I�=� "5 R   � R'  !��! -GS+5  .   n�=;� �J�

  -,D�R ��!�$� �5 xc
MIT� xc

SIT -#�;U �! %4� ��+�� �[��$3  ";o
  n�=�R'    ���$� �5 B�S7�5 ��JR3 xc

MIT      ";5 %[+;, xc
SIT!��! . �!

1�o�3�x�Gd(BaLa)     \3� �L �! "oLa       �;SA�
5 -,D;� n�=� �5 
 "5 %[+,Pr � Nd ���$� �!��! !D��  xc

MIT  �L ���;$� 8� �SA�
5
�!�x�Gd(BaPr)��x�Gd(BaNd)%4� .   %���$� 1�� "S[#�

x

0.0 0.1 0.2 0.3 0.4

T c
/T

c
(x
=0
)

0.2

0.4

0.6

0.8

1.0
Gd(BaLa)123
Gd(BaNd)123
Gd(BaPr)123*
Nd(BaPr)123
Tm(BaPr)123**

�  6�#. d3 ��     ",D�, �! ��@A ���! �[+, �  _L �5 ��� ;�  6;	S*� ��.7 .
^!�! ���∗ � ∗∗ 1�3�3 "5 `���� 8�]&' [ �]�& [^�� ^!��L�,�.

           �;S.5 X���5�;:5 �!��! -GS+;5 
�, %Q�4 ����� "5 ��3� B��! �!
    ",D�, �! �L ���$� %4���      ̂�;� "SQ�4 \� �5 "o -�    "+;��$� �;,�

!D;;� . B����@;;A %;;����MIT � SIT8�;;4 -;;4��5 �! � ��;;o
 �*7� �S7�5 ��
:.5 %#�U �! �,�4�-�!D�.

  WF��      ",D�, �! ��@A B��! -[+, >����d3 ��    �� 6;	S*� B
  ��7,-���! .����      ^��! WF� �! "2 �Dc-�    �;�_L �!D�Nd

  �Pr    "5 %[+, La       ��@A B��! �3���� ���2 �I�5 -�!D� . �!
1�o�3�x�Gd(BaLa) >����d3 �!  B�8� ";5 ��@A B��/w≤ x ≤

w/w  ";,D�, �! � %;4� %5�J �[��$3  �;� Bx/w< x ≤�/w  ���;o 
-� ^8�5 �! � �5���/w≤ x ≤x/w   -,��;:T �;��d3 ��@A B��! 
�, 

 %4� ^!��, .  ";	��! >����d3           ���;$� 1+;U �;5 ��@;A B�;�! B�
  1�o�3 �! ��_L�x�Gd(BaLa)       >��;��d3 �;5 "5�7;�300ρ �!
  %4� 1�o�3 X�� .   �E, "5-�      r�DQ X�5 -GS+[�� �� "o �4�

             B���,�;4��5� �! B�;=5 �! -��,�;4��5� %;#�U � ��
:.5 %#�U
   !��! !D�� _�5 B��! .          ^�;�L %;4! "5 ���+o� ��!�$� "5 "�D3 �5

";;,D�, B��;;5�;;�B�x�Gd(BaLa) � ��;;S�� ";;o \�S+;;� X�;;�?�
"	��!  B�  ���oTc   �!  1�o�3 X��   [�o W�#! "5   %+�, ���+o� !D.

 -� �E, "5    -;S���� ";4 �V;:I \o ���$� "o �4�La   v@;� �;5 
  -� �I�5 ���+o�    ̂�bU Wo !��=3 "o !D��� p�[��$3   � �;,��5 %5�J 



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "4:

     , B�;��d3 ��@A B��! "
�S, �! -;� �;:o .    �S7;�5 ���
;�� �;��La

   ̂�bU ��� �� �I�5��    ���o � Tc  -;�  !D;�.     ";	� �! ��;S��  B�
Tc(x)";;,D�, �! �x�Gd(BaLa) -;;:P:� �! ";;o(x)300ρ X;;�� 

   -� ^��! \� ",D�, -� �!D�           8�;� �! !D;�� ^�;:�! ��7;, �;,�D3
         �;��5 ",D�, X�� �! ��_L >��bS� ��!�$� �! �,�4��5� .   `;m�� �!

      ̂�bU B��5 B��,� y?4 �! %4� X�����     "o ���5 "S��! !D�� 
         �� ��� \� 8� \o B��,� ���$� �� "	�4� "5^�,� .   XS��A ���m �5

   ̂��
,8 �! -��z� ���+o���       ̂�;bU B��5 B8��,� e�! "5 B��,�  �;�
  �S�o-�!D� .       ",D�, �! ���+o� -7��
�� �,�� "5 "�D3 �5 �;�  ";5
 �E,-� "o �4� X�5 �D�4����[��f Laq �p O&-�  �;I�5 �,�D3

  ̂�bU ��� ^��
G�����     "
�S, �! �    W;��I   ���;o   ��@;A B�;�!
���5 .��      ���o >�DH "5 -.5�7� ��S"	� �! B�  ��@;A B�;�! �! 
",D�,�x�Y       %4� ^�� ^��! ���+o� ���$� ���o �5 ] �w[ .  ";	�

��!
, i��w=δ8�� "5 f��=� K'0 ��!
, e�! "	� � �/w=δ

 8�� "5 f��=� K�w%4�  . �!��/w=δ     %�;4 ";5 ��@;A B�;�! 
 -� �bH!��.   "	� �! ���o       _L ���
;�� �5 ��@A B��! B�  �;� �!

1�2�3�&�Y(BaNd)] ��[ � �x�Y(BaLa)] ��[    h��
;A 
�, 
%4� ^��.

 1�2�3 �!�x�Gd(BaNd)        �;�_L �;5 ��@;A B��! ���2
  1�2�3 8� �S=��4�x�Gd(BaLa)%4� .  p�[��$3 ���2 X��   ";5 

  %;;4� -;;?Q >�D;;H .  -;;:P:� h8��;;5Tc(x) �! 1;;�2�3
�x�Gd(BaNd) "#!�=� �5+Bx+C&Ax  ��7,-�  ����� "o ��!�S

C�!"+��$� �;5   �S����;�B ���;$� ���+;5 -;�o!��!.  -;:P:�
;;5 h8��;;5 ">�D;;H�/~t+x�/&�� s&x�/'y=�;;5 ~~t/w=2χ

%4�.      �S����� "#!�=� X�� �! A       ̂�;bU ��;� �� "5 �D5��  �;�  � 
  1��zB      %;b� %+;�� "5 �D5��      6;2�DA � 6;4DF��5� 

(AG)%4� ] ��[.h8��5  -:P:� Tc(x),D�, "�x�Gd(BaNd)

  ��7,-�     %b� %+�� "o ��!AG       1;��*3 �! -	;H� W��I 
 %4� -��,�4��5� .      ��_L �5 ��@A B��! ���2Pr   <�!
, �[��$3 

      ��_L �5 ���2 �,�� "5Nd%4�  .   n�=;� -;F�!
, "5 "�D3 �5
          �E, "5 �\3� �! X�� -+�c�:d� ���� � -,D�-�     ��;S�� ";2 �4�

Pr    ��F� �! Ba    ��S�� �:,�� Nd �!       %;4� ��@;A B��! ���2  .
             ��;F� �! ^�;� X�7,�� �V:I -,D� n�=� ���2 `m�� �!Ba

         %;4� ^�;� ��@;A B��! �3���� ���2 �I�5 .    �! �;,�� X;��
1;;�2�3�&�Eu(BaR)B��;;5 Eu� R=La `;;��� �!]� [ 
;;�,

  ^��!-�!D� .      �V:I -:�7:��� "2 >�DH X��5Eu     n�=;� �;5 
    8� �SFTD2 -,D�La    ��F� �! Ba  ���2 �I�5   B�;�! �3���� 

      -:�7:��� -#� �%4� ^�� ��@APr         8� �;SA�
5 -,D;� n�=;� �5 
Eu             ^�;� ��@;A B�;�! �3���;� %�� "5 �
:� ��ES,� fgQ �5 

 %4�]�.[
  -:�7:���Pr    ��F� �! Ba  1�2�3 �! �&�Nd    �;5 "+��$� �! 

�&�Gd       %4� ^�� ��@A B��! �3���� ���2 �I�5  .   �5 "�D3 �5
   -,D� n�=� "F:��GdFTD2  -,D� n�=� 8� �SNd   �;E, ";5 �%4� 

-�               �;��5 "S;��! B�SFTD;2 -,D;� n�=;� B
;2�� \3� �A� �4�
      ���
�� �5 ��@A B��! ���2Pr           �;�� X;�� � %;4� �3�:2 �L �! 

      %4� B
2�� \3� -+�c�:d� ���� 8� W$S+� .   ��@A B��! >����d3
  ",D�, �! ^�� h��
A�&�Tm(BaPr)    �� �;,�� X;�� 
;�,R3  �;��

-�  �:2]�x.[   �5       -+�c�:d� ���� "F:�� "5 "�D3Gd    8� �SA�
5 Pr

  �Nd �E, "5 �%4� -�    W;5�m �;J� �;.�3� -+�c�:d� ���� "2 �4�
        ��F� �! "T �,�4��5� igP�z� �! -.�D3R    ��;F� �! "T � 

Ba !���,  .          ��;
:��, ��;S�� W�#! -+�c�:d� �:2��,� �A� "2 ��T
Pr         %;�� \;���! ��;ES,� ���5 Tc �! �&�Gd(BaPr)  8� �3���;�

�&�Nd(BaPr)���5.
����    �! "2 �Dc  WF��   ^��! -�  ",D�, %���$� �!D���  �! 

  B��!K�00      ���
�� ��_L ���
�� �5  -;� �;5�� .    ���
;�� �;,��
             �;�_L �;5 ��@;A B�;�! ���2 �,�� "5�7� %���$�)   WF;�� (

%4� .  B�.7�_LPr  �Nd   � La         �S7;�5 ���
;�� �;I�5 1�3�3 "5 
  %���$�-��,D� .  ��_LPr        1+;U �5 ���
�� �,�� fgQ �5 �

      %4� �3�J]� %���$� ���
�� �! �-,D� n�=� .     ��7;, ";
�S, X��
         W��;� B���U�� iD	4 "2 %4� 1	?� X�� ^�:�!Pr  ";,D�, �! 

            ̀ ��;4 X�;z �! � �;,��! B�S7;�5 %;���$� ^���_L    �;I�5 �;3
  �,�4��5� igP�z�-��,D� .  ";��� B���! 1;�2�3 �! �J� X�� B�

 =� �5     �:,�� �SA�
5 -,D� n�Nd       ^�;�! �3���;� -	�Q  -;� !D;� .
              ���;2 �;,�� �;:,�� �;�_L �;5 %���$� ���
�� �,�� �X���5�:5

Tc(x)        �D5�� "��� \3� -,D� n�=� "5 -� 5 �!D�  "B�Dc    \;3� ";2
 !�
�� �� B�3���� >����d3 �SA�
5-��:2.



"4"  %&
� %
�� %
'
(
�	��� 	� )�� 	�
( �*
! �+
,- ./&0 �1�"23  ������ �	
�� �3

x

0.0 0.1 0.2 0.3 0.4 0.5

ρρ ρρ 1
00
(m
ΩΩ ΩΩ
-c
m
)

0

20

40

60

80

100

Gd(BaLa)123
Gd(BaNd)123
Gd(BaPr)123*
Nd(BaPr)123

  6��;.     ���! �! %���$� K�ww  ",D�, �!    � ��.7�_L �5 ���6	S* .
^!�! ���* `��� 8� ]x~ [^�� ^!��L%4� .

 -;;;F��SF#� %;;;���$� ��;;;S�� %;;;#�U 5 �;;;[�o�3 ��;;;
:.>
�&�Nd(BaPr)��x�Gd(BaLa)� �x�Gd(BaNd)  �D;;;E:� ";;;5

                  %;#�U �;5 �L ��;[3�� � ";�U�, X;�� �! �,�;4� ��o�8�;4 %Q�:�
%;;��A ���;;m -;;4��5 !�D;;� -��,�;;4��5� .-;;4��5 X;;�� �!8� i�;;� 

�D;;4��,�s8  �(ρ=AT+B/T)]�[ i�;;� �VRH  h8��;;5 %;;.�
^!�!��  ^!�bS4�\�!�o .     �D4��,� i�� "o !�! ��7, ���S,s    h8��;5 �8 

  �:P:� �5 -[4�:� �;.  B(T)ρ             ���+;5 -��;�! ^8�;5 �! �;.:3 � %;���, 
    -#�U �! �!D5 14�:� !��P�            B��;5 -#�;� �!�;o ��;�� �;� f�� "o
     �4��4 �! �,�4� ��o�8�4  %4� -���! ^8�5 .   #�;� "	�� 8��.   ";o -�

    _�;5 B�;�! B���,�4��5� �! %���� y�zD3 B��5]�0[  ���,�;4���, � 
]�q [   %���4��� �]�t [5  "       -��� %���� i�� �%4� ^�� ^!�5 ��o

   %4� ^��
G��� >_�U X�5 .        %;���$� -GS+;5�� -;��� %���� �!

  >�DH "5p)
T
T

exp( 00ρ′=ρ ���d3  -;�  �;:o]�� .[   ";?5�� X;�� �!

Dn
np
++
+

= 1
1 �D � �,�;;4� �;;=5 n B��;;,� -#�;;GT -GS+;;5�� 

    -;,��S�#� B�.S#�UDOS              ";5 ";o %;4� -;��� y?;4 -;��!
, �! 
  >�DHn

FF EE~)E(N −   ��S�� �;-:o;� . Y2� �!;  ;���
A �;�.
 [3�� �!;     �-��� %���� �5 ��wρ'           %;4� ^�;� ��;� �;�! 8� W$S+� 

]�}��| .[  ��;;
:.5 %;;#�U B��;;5 ";;	�� 8�-yx-x BiOKBa 31�
-yx-x CuOSrLa 42] �~ [�X�;;:��� y/x-x OLiCuYBa +5632

�yx-x OLiCaCuSrBi +8222] qw [  "o  ��2�8�4VRH   ��7;���5 
  %4� ^�� h��
A .            ";��E, �^�;� -=;zD� >_�;U ��;4� �;5

   -�DS,�D2 �D�4_D2��-�   U r�DQ "5 �,�D3   �,�4��5� ��
:.5 %#�
 -GS+5�� � !D� i��I�ρ ~T     �;�! %;4! ";5 
;�, �� ]q� .[  ";5

 ";;��E, X;;�� <;;�2  1��;;z -��;;�! -GS+;;5wρ' >�D;;H ";;5 
p)

T
T( 2
0

00 ρ=ρ′ 5  " %4!-� ��L]��[ .  -��;�! -GS+5�� X���5�:5
 ���5 ��8 >�DH "5 %���$�-�!D�.

)x(pp )
T
T

exp()
T
T()T( 02
0

0ρ=ρ

 -Sm�DOS  -��� %���� �,�4� \��� �%4� B��,� 8� W$S+� 
    ��dS� !�5 �5VRH  B�8� "5 3

1
=p      B�8� ";5 � �=5 �! �! 4

1
=p

   %4� �=5 "4 �! .-��G:�   -GS+5�� "oN(EF)      �;5 B��,� "5 �n=

  ��xn=           %;4� -:#D;o f�;A �,�;4� \��� !��! !D��  .   X;�� �!
 :����5 %#�U        -7�D� ��K -:#Do W�+,�S� j��c 8� �.,��S�#� �

)(unscreened   e�
,� -�!��A . X�� �!   -Sm� >�DH�n=   �%;4� 

2
1

=p    B�8� "5 xD= 5   "   %;4! -;� �;�L .   X�;:���xn= � �= D

     �;5 "?5�� ����2
1

=p     ";
�S, ��  -;� �;�! .      ";F:�� 1;#�� ";SF,
 ��2�8�;;4VRHp�;;�D�I  X���;;� B�;;���! �!) B��;;5 B��;;,� ";;2

 	��U -GS*�G,��5�.     %+;�, -��2 -:#D2 f�A B�S4�� �!  (  ��;b3�
-�    ;�� � �;S��;   ;U �! X;            ��;
:.5 8�;� -;4��5 �! ";2 %;4� -#�

 >�[�2�3HTSC   ��;3� B�;�! !��U �3 _�5 B����! �5 �) K�ww (
 \���! ��2��4 .p���Q�       ��2�8�4 !D�� �5 -:[� -3����
A VRH  �3 

�!;-��U ; !�� K~ww�, ;A 
;� h��
; %4� ^�]qx.[  X���5�;:5
   2�� "��E, i��I� �5;;�4_D;     �:P:� ";5 �-�D;S,�D2 �D ;.;�  Bρ(T)

",D�,�;�           <;� \���;b� ��;4� �;5 !D;5 \���D;Q �!�m 6	S*� B
             ";,D�, ";,DA �,�;4� \�, � B
	� ��S�� �! �� ��U�� "��E, �;� B

\�:2 -4��5 �� !D�D� .
    ��o�8�4 X��=3 B��5  ",D�, �! �,�4���    -;���S�#� %���$� 

     "?5�� �5 �� �.,L)x (     6	S*� ��!�$� B�8� "5p   \;�!�! h8��;5 . �!
  h8��5 �,�� -���S�#� %���$�",D�,��   %;���$� ��,�;4��5� B 8�

    8� W[m �3 ��3� B��!    ",D�, !�D� �! � ��@A��   j��I B   �;3 !��;U
B��! K�0%��A ���m -4��5 !�D� .   X�;#�� ��D;:I "5   �! e�;m



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "42

 �:P:� h8��5�.  Bρ(T)  ";,D�,  �;�    ��D;3 �p   � wρ   � wT )     ";5 ";2
 S#�U -#�GT�.       	��U -A��
G��� iDc � -��� y?4 �! �.  �[3�� 

�:S+� (         \�S��A �E, �! �!�8L �S����� ��D:I "5 ��) h��p��dS�  .(
      B���S����� �.:3 ��=5 e�m �!wρ  �wT        �;� � "S;��! "G, ��dS� ��
  -:#D;;2 f�;;A \;;��� ";;4)CG(  �;;=5 �! �! -;;��� �,�;;4� �

)D-VRHx(        �=5 "4 �! -��� �,�4� � )D-VRH� (    �D;c ";5
   ",D�, X�� B��5 ",�A�����      �,�;� ^!�! h8��5 )  h��p  %;5�J  .(

  ���Q� h�� �!    5 �! %m! B��5 � ̂!�! h8���� -;:P:� pT/ln 2ρ

 1+;;U �;;51/Tp B�8� ";;5 4
1

=p� 3
1

=p�2
1

=p ";;5 �D;;c
      ";,D�, -��;�3 B��5 � ",�A��� �;�    \;4�    �,�;�]q�  �xq � x�[ .

    �5 WH�U -:P:�p        �;��5 �;Q �;� ���5 14�:�  .      ";5 ";�D3 �;5
 �:P:� ��[?,��.     ���$� �Q �5 p     �� �*7� ",D�, B��5 14�:� .

        h8��;5 %;�b�2 �S����;� XS��A�E, �! �5) xχ (     ��D;:I ";5  W;��I
        f�F;� �� � B�=5 "4 �B�=5 �! -��� �,�4� ��2�8�4 B�3�5

  ";;
�S, �L ���;;$� "+;;��$� � -:#D;;2-;;�1;;�2�3 �! ";;2 !D;;�
�x�Nd( BaPr)  B�8� ";5�/wx ≤   ��,�;4� ��2�8�;4 VRH �! 

   p_��SU� � %4� B�=5  >�PbH �! �,�4�xCuO   e�
,� -� !D�
    B!�G,�+���, ��]� "2HTSC�� %;4 .     ���
;�� �;5x    ";5 ��8�B

�/wx >  �;5 1�2�3 X�� �! �,�4� VRH    B��A8�;4 B�;=5 ";4 
   ��7, B�S.5-�            B�;=5 ";4 \S+;�4 <� "5�Y� "5 �,�4� � ��!

  e�
,�-�!D� .�/wx=           8�;� 8� ��@;A B��;5 -,��P5 ��_L ���$� 
���� -3��[I "5 �� %4� j��I 8�� "5 -��,�4��5�xc

SIT -;� �;��5 .
    B�;;;;;=5 �! �,�;;;;;4� ��2�8�;;;;;4 ";;;;;2 �;;;;;� �L 8�

D-VRHx B��5 xc
SITx≤          X;�� "5 "�D3 �5 � %4� 1#�K ��2�8�4 

 8� ��K "5 "2�/wxc
SIT = ",D�, X�� ���4 ��� X�� ��:S+� �,�4��5� 
"2 !��! !D�� i��SU��/wx=B��! �! �� 8� �S�2 B Kxw  ��@;A 

      ��! ��7, !DQ 8� -��,�4��5�)  ̂8��,� "2 ��T���A�.   -;F��SF#� B
 ^!��P� �! Kxws�ww^!D5 �,�.(

1;;�o�3 �!�x�Gd( BaLa)��o�8�;;4 �,�;;4�  B�8� ";;5 
",D�,��  �,�;4��5� B)��/0x ≤ (   -:#D;2 f�;A� ";,D�, �!  �;� B
 j��I)�/0x ≥(��o�8�4VRH %#�U �! �,�4� y�zD3 B��5 

  %4� �S[4�:� ��
:.5 . B�8� "5�/0��/0x=    ��o�8�;4 �VRH  �! 

       8� �S.5 -o�,� >��b3 �5 B�=5VRH   4� B�=5 "4      B�8� ";5 � %
�/0s�/0x=  �VRH      ̂!�! �5 B�S.5 h8��5 B�=5 "4 ��   -;5�
3 B

!��!.     "o �
,L 8�  ",D�, �!��  B�/0��/0x=     -;���S�#� %;���$� 
   B��! �3K�} ̂8��,�          B�;���! �! %;4� X��� �%4� ^�� B��A

X����    ��! �� -��,�4��5� ��@A �3 .     !D;�� i�;�SU� X;�� �X���5�:5
       �,�;4� ��o�8�;4 "o !��!     ";,D�, X;�� >��;bS� �;�     ";5 %[+;, 

",D�,��         ",D�, X�� "o ���5 W�#! X�� "5 �G�! j��I B��   �:,�� 
�, 
  ",D�,�/wx=  1�2�3 �! �&�Nd( BaPr)     B����! �! ��@A B���! 
X�����3�:��5  .

   1�2�3 B��5 h8��5 ���S,�&�Gd( BaNd)  ��7,-�   ";o ��!
    "5 �,�4� ��o�8�4  B�8��/0x≤ "5  D;o f�A >�DH  %;4� -:#

 �! ���/w   � �/w =x       B��! �3 ��3� B��! ^8�5 �!K�0 ��o�8�4
  �,�4�VRH   %4� �S.5 B�=5�!  . ",D�, �!��    �S7�5 ��_L �5 B
��o�8�4   �,�4� VRH  �S[4�:� B�=5 "4 %4� .-�   ";
�S, ��D;3

       8� �S�2 ��_L ��!�$� �! "2 %��Axc
MIT ��o�8�;4   �! �,�;4� 

    :#D;2 f�;A >�DH "5 ��
:� %#�U   ��!�;$� B�8� ";5 � %;4� -
xc

SITxc
MIT≤ x ≤  � B�;=5 �! -��� �,�4� >�DH "5 �,�4� 

 B�8� "5> xc
SITx��o�8�4  �,�4�  -��� B�=5 "4%4�.

    >�[�2�3 X�� -���3 �!5 ���S, " h�� 8� ^��L %4!p  %;5�J 
    5 "
�S, �5 -5DQ j��D3  "     h�� 8� ^��L %4!p  !��! ��dS�  .  �;��5
     h�� "2 %��! "�D3p        -7;,�4� \��� ���2!DQ �Dc "5 ���dS� 

      -��=� �� ",D�, �! 1#�K-��:2 .   ;5 ���S, "+��$�  "    ^�;�L %;4!
  ��7,-�             ��;�_L B_�;5 ��!�;$� �! >�;[�2�3 "�	2 B��5 "2 ��!

D-VRH���o�8�4    �,�4� 1#�K   ��
:.5 %#�U �! %4�  . X�:T
   B��5 B��2�8�4    1�2�3 �! ��_L B_�5 ��!�$��x�Tm(BaPr)

]x|[    %4� ^�� h��
A 
�,  .  "?5��)x (      ";:��o ���;$� �� B���!
   "o %4�-�         B�;�! �L jS7;� �!�!���;m �b;H B��+;� �;5 ��D;3

5 ��8 >�DH "5 �� ":��o %���$� " %4!L��!.

)�(
p/min

T
T 1

0
2

=

      -4��5 !�D� >�[�2�3 -���3 �!     %���$� ��_L ��
�� ���
�� �5
   5 %#�U �! ^���         ���d3 -��,�4� \�, ��S�� "5 B
	� %#�U 8� ��
:.

-;;��;;:2 .   ";;,D�, B��;;5 i�;;Y� ��D;;:I ";;5�/wx=1;;�2�3 �! 
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�x�Nd(BaPr) -;;:P:� ��;;S��ρ(T) �! K�xwT>�! � B
;;	� 
K�xwT<%;;4� ";;,DA �,�;;4� \�;;, � .!��;;U �! ";;�U�, �! X;;��
K�xw=Tmin

exp         ��� \� 8� 6�=z ":��o <� �5 -��,D� . B��5
�, ���;;4";;,D�;;�  1;;�2�3 X;;�� BTmin

exp  -��;;�! ^!��;;P� �! 
^8��,����A�.) K&0s�00(  , ^���7� -�!D� .   -���! X�:T)Tmin (

?5�� 8��) �( ���$� �5 �5��5 � K���5  " %4!-� ��L]�� [  ";5 "2
 -;;5�
3 ���;;$�Tmin

exp%;;4� <;;�!
, . �! �! B��A8�;;4 X�;;:T
     ^��! 
�, �G�! 1�2�3-�      !D;Q ";2 !D� -;�   �;�5 �;,�D3   X;�� �G,
  i�� "2 ���5 1	?�VRH^!�! �5 -5DQ B��A8�4  �;�  -;5�
3 B

!��!.  ����;� ��JR3 %P3 ��
:.5 %#�U %���$� "�:�� "5 "�D3 �5
       ���m ���+o� ���$� "	�� 8� %Q�4-�    >�;���
A ��;ES,� �!�;�A

             �� _�;5 B�;�! B�,�;4��5� �! �,�4� ��o�8�4 !�D� �! >��bS�
 \���!]q��qt.[

6 .6 .� 8
���:*;��<
     -;4��5 �DE:� "5   �;J�          B!�;5��3 r�D;Q �;5 -+;�c�:d� ���;��

";;,D�,�;;�";;,D�, -;;���S�#� %;;���$� ��;;�B�x�Gd(BaLa)�
�x�Gd(BaNd)��x�Nd(BaPr)  �� i��I� �5    -+;�c�:d� ����� 
�ID    ",D�, B�D[I ����� � ",D�, y?4 �5 !^8��,�B��A \�!�;o  .

   ����� ���$�  -+�c�:d� �3 ��   �U kOe���    %P3 � \�!�! ���
�
  %;;5�J ��!�;;$�kOe�/0 �&/0 ��/0 �� �& �� ��0� ��-;;:P:� 

",D�, -���S�#� %���$��� ��! 1+U �5\�S��A ^8��,� ��. W�;�
|",D�,     -A�� X.� 8� B�   -���S�#� %���$�    �D�U �! �� �����
� -+;;;�c�:d�!";;;,D�, /// O)CuNdGd(Ba 01731091 ��7;;;, 

-���!.      ;
:.5 %;#�U %;���$�          -+;�c�:d� ���;�� i�;�I� �;5 ��
 , B���d3-�                ���;m ���;�� ��JR;3 %;P3 ��@;A ";�U�, �;.:3 � �:o

-�!��A .^8��,� ",D�, B��A �;�       ��7;, 
;�, �;G�! B -;�   ";o �;�!
        %4� ^!��, B���d3 ����� i��I� �5 ��
:.5 %#�U %���$� . "�U�,

  � ^�;� X.� -+�c�:d� ����� i��I� �5 ��@AwTc)    �! ";2 -��;�!
 �$� �L    �bH -F��SF#� %��-�!D� (    X���;� B����! %�4 "5  �;3

%4� ^!�o W��.
  ��@A n��� B��!Tc

onset  ",D�, �! ��        �;�_L \;o ���;$� �5 B
    �! -;#� %4� ^!��, -4D+P� ���d3 -+�c�:d� ����� ���
�� �5

     %4� "S��� ���o ��_L �3_�5 ��!�$� . �!W���   -A�;� X;.� 
 �D�;;U �! -;;���S�#� %;;���$� ���;;�� ";;,D�, �! -+;;�c�:d�

0573250751 /// O)CuNdGd(Ba     %;4� ^�;� ^!�! ��7, . ��;��
       ^�;�! W�� �! "o �Dc -;�     -;F�!
, �! %;���$� -;:P:� !D;�

Tc
onset         ^�;� ^��72 �S:���� ��@A B��! � �3_�5 %���$� %�4 "5 

    ��7, "2 %4�-�   ,���� i��I� "2 ��!�.    �S�Dm -	�Q B-�  �;,�D3
   ";5 �,�;;4��5� 8�;� ��@;;A �;I�5 !D;� j��;;I  . �! ���;;�� ���
;;��

",D�,             ";o %;4� ^�;� �;I�5 _�;5 �;�_L ���;$� �5 B��Tc
onset

                j��;I %;#�U ";5 "�[;� ��@A "�U�, �! ��S�� � !D� \o B���$�
!D;;;� . �! �;;;J� X;;;����/0 x=�!1;;;�2�3 �&�Gd(BaLa)�

�/0   � &�/0x=  �!1�2�3�&�Gd(BaNd)     X�;:��� �   �!��/0x=

�! 1�2�3 �&�Nd(BaPr)!  ^��-�!D�.          ��;S�� ";5 ��@;A B��;5 ��� 
",DA j��I�����  �U �! B�S7�5 -+�c�:d� T�0%4� e8_ .

  ���
;;�� �;;I�5 -+;;�c�:d� ���;;�� i�;�I� ��@;;A B�;;:.�;;5 "
rDVQ  -��!
, �! wTc-� !D;� .        >�;c�[3�� ";5 %�+;m X;��

  ",�! X�5 6�=z �,�4��5� B��D5��-�!D� �        ��!�;$� ";5 %[+;, 
   -+�c�:d� ����� ;z  6�=     %;4� ��+;U \;�  ;5 �  " B�D;c  ";o

,�����. �U �! B Oe�w \� -�  X;�� �! -A�� X.� �I�5 �,�D3
  !D;� "�U�, .     �;�!
, %�+;mTc

onset       ���! r�D;Q ";5 �D;5��
",�! %4�,�4��5� B� .  ̂��� ",D�, �! ,���� iL�.   -�_�5 -+�c�:d� B
-� 1�D� �:,�D3       i�;�I� ���;�� ���5 � !D� "�U�, X�� ��� X.� 

   �! ^��    ",�! ���! -,��P5 ����� �U       ";5 ��� �D?Q �3 ���5 B�
  ",�! ���! -U�D,  �:2 �Db, �� . ",D�, �! "QD	2 B��     W;�#! ";5 �B�

V$,�.  �:G���, � �.        ";,�! ���! �! %;4� XF�� "2 -�    !D;�� �;�
   ,���� �! ����5 "S��!�.            X;.� -�_�;5 -;,��P5 ���;�� 8� �;S�2 B

       <;�!
, ";�U�, �! -A��Tc
onset    ^���7;�  -;� !D;� . �X�;:���

     W�#! "5 %4� X���  !D���V#�Q�,�.        �;.,L B�� ���;�� >��J� � 
  X.�  -A��    "�U�, X�� �!   ;� !�;
��!D .     �;�!
, ";�U�,Tc

onset �
 �;;�!
, ";;�U�,wTc  -A�;;� ��;;� ";;?$, e�;;, ";;5 B� ";;?$, �!

(branching point)^�� ��� �G���� 8�  �;,� . ";,D�, �!   �;5 B�;�
      , �! -A�� ��� \o ��_L ���$�      -A����� "?$, � \� 8� "�U�

pg��o   %4� ��*73 W5�m  .          ��;� %;4� \;o �;�_L ���$� -Sm�
      ",�! ���! "�U�, �! -,��:T �Db, -+�c�:d�       �! �;.:3 � !���;, B�



 ������ �	
�� �
 � � ���� ����� �������� ������ ��!� ��� "4$

Gd(Ba1.9Nd0.1)Cu3O7.01

T(K)

40 50 60 70 80

ρρ ρρ (
m
ΩΩ ΩΩ
-c
m
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1
9

1: H=0kOe
2:      0.1
3:      0.2
4:      0.5
5:      1
6: 2
7: 5
8: 10
9:     15

2345678

 6�<<�5.  %;;���$� �A�;;� X;;.�  -;;���S�#� �D�;;U �! ���;;��
� -+�c�:d�!",D�, 01731091 /// O)CuNdGd(Ba .

Gd(Ba1.75Nd0.25)Cu3O7.05

T(K)

30 40 50 60

ρρ ρρ (
m
ΩΩ ΩΩ
-c
m
)

1

2

3

4

5

6

7

1: H=0kOe
2:      0.1
3:      0.2
4:      0.5
5:      1
6:      2
7:      5
8:      10
9:      15

1

9

 6�<<�8.%;;���$� �A�;;� X;;.� -;;���S�#� �D�;;U �! ���;;��
� -+�c�:d�!",D�, 0573250751 /// O)CuNdGd(Ba .

  ",�! X�5 "�U�,   �Db, B�-�        %�+;m �! -A�� X.� "
�S, �! ��:o
  -��.S,�)e! (    %;4� "�D3 W5�m ��@A .        !��;=3 �;�_L ���
;�� �;5

     ",�! ���! �,�4��5� ��K B���U�� iD	4   !��8 ��-�     ��;� � !D;�
 %U�� -+�c�:d��3      �Db, "�U�, X�� �!  -;�      X;.� 1;�D� � �;:o

     ��!
, "�U�, �! -A��Tc
onset-�!D� .      X;.� �;�_L ���
�� �5

             � ���! r�D;Q "5 �D5�� "�U�, �! �� �! -.�D3 W5�m -A��
 ",�! X�5   ^��! B� -;�            W;5�m -A�;���� ";?$, ";
�S, �! � !D;�

%+�, ��*73 .
 1;;;;�2�3 �!�x�Gd(BaLa)��x�Gd(BaNd) B�8� ";;;;5

x/wx ≥ 1;;�2�3 �! ��&�Nd(BaPr) �! �0/0x= �;;5  ���
;;��
              ";�U�, �! ��@;A B�;:.� !�;�8 ���
�� �5 ^�gI -+�c�:d� �����

  ��!
,wTc         ��@A B��S5� "�U�, �! -A�� X.� ���
�� �)  �;�!
,
Tc

onset (  ^��!-�!D� .         %;#�U �! �� ",D�, X�� "�:�� 1#�� "S�,
      �$� � �,��! "5�7� ��S�� 
�, ��
:.5          8� �;�! ���;o �;5 �;.,L %��

     ��S�� ���d3 -��,�4���, %#�U "5 B
	� %#�U -;� �;�! .   �;E, ";5
-�               �! -��,�;4��5� %;#�U � ��;
:.5 %;#�U X�;5 -c�;[3�� �4�

   !��! !D��_�5 B��! B���,�4��5� .  X���5�:5-�    B�8� "5 %bA ��D3
&w/0x=   1�o�3 �! �� �!�x�Gd(BaLa)��x�Gd(BaNd)�

    B�8� "5 ��w/0x=    1�2�3 �! �x�Nd(BaPr)     B�;U ";5 ��_L
-�                 >�;c�[3�� B���! ";,D�, W;o �;:,�� 
;�, ";,�! ���! "o �4�

6�=z-�!D� .  "o -:=� X��5!��=3�U�� iD	4  �;�_L �5 B��
   �U�� iD	4 X�5 �!B��   ��_L ���5 "5 B�U-�  �;$, "o �4�

 B8�5 �� �,�4��5� jc�:� �! 6�=z ��[3��-��::o.
 �DE:� "5               X;.� �;5 -+;�c�:d� ���;�� � �;�_L �;J� -4��5 

 #�;;;� 8� -A�;;;��. �;;;:,�� -�AH(Ambegaokar-Halperin)

�(Thermally activated flux creep) TAFC   \�!�;o ^!�bS;4� .
  i��AH             �;�!
, ";�U�, �! %;���$� -A�� X.� "��D3 �! Tc

 %;;4� ^�;;� ";u��� .  B�;;�
�Q � %;;�� ���@;;A B�;�! -;;��!
, �!
  �� �I�5 -3���U         �! �! \E, �S����� 8�� -A�� %b� ��� "S+

      ̂!�! �D+�8D� ^�A�,D�� �� W��73 "o �,�4��5�   ��;,� -;� !D;� .
 �,� -Sm�  B�kBT        �D+�8D� -A�� %b� B��,� �5 "+��$� W5�m 

 ���;;$� -;;:=�ħIc/e) Ic B�;;�! �! �D+;;�8D� ��;;��� ":�7;;�5 T

%4� (     ,���� �;U �! %���$� �!D� �;.       8� �;S�o -;	�Q BIc   ";5 
>�DH ���5 ��8 -�!D�:

)q(
.)

T
T)(H(C

,I

q

c

n

−=γ















 γρ=ρ

−

1
2

2
0

 ?5�� �!�   �D� wI       �W+;5 "S��� \��=3 `5�3 nρ     %;���$� �;4DS� 
� �D+;;�8D� ^�A�;;,D�� ��;;
:.5 %;;#�Uγ -A�;;� l�8 B��;;,� 

 %4� �D+�8D� .   �S����� ���$�q   X�5 t�/�s}/x    ^�;� h��
;A 
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 %4�]q|.[
  �5 i�� X��          ";,D�, �! ��@;A -A�;� X;.� 6�HD3 B�  B�;�

�x�Gd(BaPr)] q}[   B�D;;	5 �;;:T ";;,D�, �! ��x�Y] q~ [ �
10322102071 OCuCaSrSbPbBi ///]tw [;;5 " � ^�;;� ^!�;;5 ��;;o

   ̂!�! �5 -[4�:� h8��5     %;4� ^!�! ��7, -5�
3 B�� .    �;� X���5�;:5
        ;?5�� � i�;� X;�� 8� 
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