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é��N3	^|¥�A5?1
8B,	^|3��N¥k^|Bß�Ý��, ��NL¡k��9^�A

ÚL¡¹S�^, E¤
	^|3���L��Ý��
�Üvk^ÏBL. L¡¹SÚ9^�A�3�¿�Ì�

8¥3L¡e\��N�Î/�Ç.�
Jp���3	>|¥�Ñ$Uå, 3��þ~^Jp¹S5U, 
ù�

k{N>6��^, é����Ü«�vkJp¹S�^�7�, �
Ï�§k³u>6DÑ. �âù
nØ}Á

�OÑõ�(�����, S�´���À��N¬N(�,	¡´�^|Bß�ÝþÝ�Ó����,!���

�^Jp¹S5U�	|'ß�, 3��á�L¡��@á��m´B�?»½öÙ¦ÃãJpL¡¹SUå�

ë��, ~�ë���R�����Î/B��Ç�Jp9^�A. ù«(�Ï�~�
~5��¥Ø�ÄSÜv

k^Ï
E,k¹S?ná�é16f�Ñ��^, ù«(�¦����Ñ$Uå��
�½Jp.

'�c: ^|Bß�Ý, L¡¹S, 9^�A, õ�(����

PACS: 71.45.Lr, 68.35.Rh, 74.60.Ge

1 Ú ó

��N�n�A�ëê´��=C§Ý (Tc),

þ�.| (Hc2), �.>6�Ý�Ý (Jc). Ù¥�
�=C§Ý (Tc), þ�.| (Hc2) ´��N��k
á5, d��á�«ag�û½. õc5é��
�ïÄ, ��N�=C§Ýþ�&¢��
ã�
?Ú. p§��N�=C§Ýpu 77 K, AO´ Y

XÚ Bi XÔ�zÜÔ��á�. MgB2 ��N�
=C§Ý0u$§Úp§�m. ,�«´cÄ�
�N, ¦+3 2008 câ�uy, �´�I�ïÄ
<
®²écÄ��N?1
2��ïÄ. þ�
.| (Hc2) ´���N	\^|��,��.�
�, ��NÒ¡E>{, £��~�. 3 T < Tc

�, ØÓ§Ýe, þ�.| (Hc2) ´ØÓ�, �þ�
.| (Hc2) ´Ô�~ê, ¿�>{�¡Eò3��

é°�^|��S�¤�. �k���.>6�
Ý (Jc) Ø=Úá�a.k', �É��N��*(
�r�K�. ¤±��>C�ïuÌ�3uÙXÛ
Jp Jc. ��N�A^, cÙ´3p^|eA^, Ø

�ûu��N��.=C§Ý!�.>6�Ý
���	, ����N��.^|rÝ���',

=��>6É	\^|K�. XJ,�a��á�
äk�p��.^|rÝK�±��ÿÐÙA^
d�. ~5�{´ÏLUC��N��*(�, ¦
SÜ�)Ó^Ï¬����C�"�½öÙ¦¹
S¥%, l
JpÙ��'é�Ý, ~���>6
3	\^|e�eü�Ý [1−3].

,
é��á���,½ö��
Ú\�,
��Ú"��, ��¬���qÑ/¤��NSÜ
�Ñ�, �,Uå�~�>63	\^|eü��
Ý, �´�½§Ýþ¬ü$��=C§Ý (Tc), �
���Ñ$Uå�eü [4,5]. �©ÏL8B��N
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3	^|¥�>^A5, JÑé��N�?1L¡
«�?nl
JpÙp|e�>6Ñ$Uå.

2 ��N3	^|¥�A5

2.1 	^|aA�3��NS©Ù

±ÎG��N�~, �	^|Ú��N²1:

��N3	^|¥?u���, du Meissner �
A, 3��N¥% B = 0, ÎN	¡�^|aAr
Ý� [6,7]

BZ (r,R) = Ba +
2Ba

π

[
R√

r2 − R2

− arcsin
(

R

r

)]
, (1)

ª¥m>1���	\>|, 1���	|aA�
>6�g|.


��NS^|aArÝ�±L«� [8]

BZ (r) = B (µ0Ba) +
µ0d

2π

∫ R

0

G (r, r′)Jφ (r′) dr′,

(2)

G(r, r′) ´�­¼ê, J(r′) ´SÜaA�>6�Ý.

�Ò´SÜ�^|aArÝr�É� �K�, ^
|�k,	��ÔnþÒ´^|Bß�Ý λ ��
�. ^|Bß�Ý´Úá�§Ý±9	^|rÝk
'�þ, MgB2 Ú YBCO ��N��� 100 nm[9,10].

þ¡ü��§Ñ´£ã·�^|, ¿���N¥v
kDÑ>6. ã 1(a) ´ÎG��N3	|¥ºàÜ
©¿¡^|�©Ù�«¿ã, ã 1(b) ´�«¿ãé
A�^|aArÝ B � �»��I r �'X«
¿. 3ã¥^|aArÝ�Ýr�É� ��K�,

�U�x^|Bß�Ý λ �¿Â, ^ÏBß��N
L¡� λ ��, 
ØU?\�é��/�.

ã 1 (a) ÎG��N3	|¥ºàÜ©�¿¡«¿ã; (b) �«¿ãéA�^|aArÝ B � �»��I r �'X

�	^|Ú��NR��, ^|aA�3�¡
©Ù�«¿ãXã 2 ¤«, ^|aArÝ��Ý©
Ù�Ú �k', �k^|Bß�Ý���.

2.2 ��N3	^|¥�9^�A

L¡9^d Bean Ú Livingston JÑ, ��N
L¡��Jø��9^{�^Ï���\Ú<
º [11,12], ©O^ Ben Ú Bex L«. 	^|²1ÎG
��N�~, 	^|rÝ� B, Kk��E\9^
|�±L«� [13,14]

Ben =

 B, |B| < Bs,

2B2
S/ (Bs + |B|) , |B| > Bs,

(3)

Ù¥ Bs = Bs0

[
1 − (T/Tc)

2
]
, �	| 0 < B < Bs

�, ^|�E\Ø
��N. L¡9^�^UJp
���3	|�rÝ. Ben ´Ú§Ýk'�þ, �
´9^�A����É�á�L¡(�K�, ~X
lL¡?�\��N�ÎG"�U
r�~fL
¡9^�A [15,16]. ,	, L¡9^��ÝÚ���
Z~ê�'[, �kA�B�þ?. ã 1(b) ¥3L
¡ R ?^|©Ù��Ý, L¡9^å�
�½�O
r�^.

2.3 ��NL¡¹S�A

á�L¡´����(�, kXØÓuá�S
Ü��
A5. Ó���N�L¡�	.�>, 3
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��L§¥�N´/¤"�, L¡�o÷±9,�
�â�áN. Hart Ú Swartz[5] íÿ3L¡NC�L
¡o÷5Ú"�Úå�¹SÚåL¡Ø�_5, ù
�Ån�¡�L¡¹S. ®²k(Ø, �XW�C
/, 3L¡«�kp�Ý�¤Ø, L¡��.>6
�Ý'¬á��þ,��¯, ùØ´á����3
�5�, 
´�Uvà3L¡Û��"�Úå��
«1�5y�, �kïÄö¡�L¡���A [17].

L¡¹S��3Ur�/{�L¡>6ÉâÔ[
å�£Ä, �´L¡¹S�^A5'�E,, �6
u(�A5X¹S¥%��Ý!a.Ú©Ù�.

ã 2 ÎG��N3R�	|¥^|aA�3�¡©Ù�«
¿ã

3 �Oõ�(�����

c¡´��N3	^|¥�>^|A5£ã,

���N3	^|¥3	^|vkBß��N�
�¹e, Ï�Bß�Ý3 100 nm �m, ~^���
��»����uù�º�. ,	·�3����
Ná��, Ø+éá�?1�,½ö��Ü©��
U5  ´é�Ná�?1�. dã 1 Úã 2 Ú©
Û�±wÑ, 3���SÜ, ^Ï�?\Ø
, 
d
�3���Ø%Ü©���á��¹S¥%��
åØ
�^. ,
�´duù
�,½ö��Úå
,����¬�ÆCÚÙ¦�(�"�, X� !
�Ç�. 
¤kù
  ´é��16f/¤Ñ�
�^, ~f
>6Ñ$. Ïd,·�1���O(Ø
Ò´3�������, �3���	�^|Bß
�Ý�«�S?1U5, 
Ø%Ü©�´�ÎÜn
Ø(��Ð.

·��O�1��Ü ´JpL¡¹S, ù�
�¡®²²L
�þ¢��y, ~^�´ÏLJ
pL¡o÷Ý [18]!B�âf?» [19] ±9âfË
� [20] ��{. 3?1L¡Or¹S?n�, ��
�ÄL¡9^�A, Ï�L¡9^�3�½§Ýþ
{		|?\��N. �´kïÄL²L¡¹SÚ
L¡9^�A�m�3��d�*�¿� [21,22],

¿�L¡¹SÚL¡9^�^� ��3�C�
Ý.·�c¡©Û��, »�L¡9^�^�Ì�
´dL¡R�?\��N�ÎG�Ç, ,
ù«(
�qkér¹SUå [9], ¤±L¡¹SÚL¡9^
Ì�8¥3ù�(��¿�, ù«ÎG�Ç�´L
¡¹S¥%��«. ·��ÄO\L¡�Ù¦/
ª�¹S¥%, ~��\��NS�ÎG�Ç, O
rÙL¡9^�A. �´ÓL¡9^�A�', L
¡¹S´L¡Ø�_5�Ì�Ï�. �kUþ9
^g���Ø´AO�, ¦+knØýóÙ�U�
� Hc/21/2, �´3¢�þ�vk*	�. 3Or�
´ã+L¡9^
OrÜ©L¡¹S�ûuÎG
B��Ç�êþ.

d©Û�±�O��ù�(�����, X
ã 3 ¤«. ���»� R �ÎG���, 3ÙØ%

ã 3 �O�õ�(�����«¿ã

�»� R-λ �ÎG«��nØþ�`�X��N
¬N(�, ¿�÷v��>6(�A5, ~�¬N
"�, ��5Ð, ë�5Ð, ~�16f�Ñ�Ï�
�. ~X, Ô���NÙDÑ16f�Ô�¡��
¡�����Ó�, ùÜ©3?u����	|
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BßØ?, ¤±>6DÑ´nØ�. �î�/, ?u
·Ü���1�a��N, ^|±þfz�^Ï
� (��^Ïµ^) /ªÜ©/Bß���NSÜ,


äk��¢^d���n�1�a��N��
´¬N"�ÃX �!øM���¹S�^�3,

¤±éu1�a��N�±�Ä3�Ü«�·�
/Ú\þ!©Ù�:
"�, âU3Ù?u·Ü�
�Jp	|e�Ñ$Uå; 
3lL¡��Ý� λ

�«�´·�­:\óÜ , ´^|'ß«, ù
Ü©á��±^�,!���ÃãUCÙá��
*(�, ¿Ú\�þk�¹S¥%, 	^|Ì�3
ù«��3, >63ù�«��¹S; 3��á�
	¡´�@7á, 3�@Ú��Në�?Ú\B
��â, L¡?», ^í�!�u!	ò�á�
��Eâ5¢yJp��NL¡¹SUå. e~
f9^�A��¹e, �#N·þ��\��á
��ÎGþf�Ç�3, ��¹S¥%, JpL¡
¹ S 5 U, ù Ü © ´ L ¡ � ½ ö � � � @ � ë

��.

4 ( Ø

�
Jp��N3	|�5U, ~^�,½ö
����{����á�. �,U
k�~���
>63	|�eü�Ý, �´�Ú\
Ñ��^.

��N3^|¥�3��'ß�ÝA5, '^|'
ß�Ý�����NSÑ$�>6vkÉ�	^
|��^, 
~5������vk�Äù�:.

}Á�O�#.(����, 3�SïÆ^nØþ
���¬Ná�. 
3^|Bß�Ý«�±93L
¡��@á��>�, ^~5�Or¹S5UEâ
��. XdKSÜA�´nØ>6�ÝDÑ, 
3
'ß�ÚL¡�Jp¹S5, Ù(J´>6oDÑ
Uå'Ó�o[�Ó�ó��¸¥�~5�{�
�����UÀõÑSÜÑ�{	�þ, �½§Ý
þJp
���3	^|¥�>6Ñ$Uå.
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Abstract

The electromagnetic characteristics of superconductor are briefly analyzed and described, when a magnetic field is applied to the

superconductor, flux lines penetrate it from the surface. The flux lines are pinned by pinning centers on the surface of the superconduc-

tor, and cannot penetrate deeply from the surface and the density of the flux lines will be higher near the surface and lower in the inner

region, with the participation of surface barrier effect and Meissner effect, which indicates the enhancement of pining in the core of the

superconducting wire is useless and blocks the transport current. Based on this knowledge, the new multilayer structure wire is design,

and the core of the wire is the high-density superconductor crystal covered by doping or changing microstructure layer with thickness

as the penetration depth, outer part of the superconducting region is modified, by nanoparticle surface decorating, electron and heavy

ion irradiation and extension to surface. Furthermore the Columnar defects, located near the surface, which suppress the surface barrier

but create gigantic surface pinning, and the other pining centers have not this property. Then the superconducting region is wrapt by

the normal metal.

Keywords: magnetic penetration depth, surface pinning, surface barrier effect, superconducting multilayer wires
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