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1 Ú ó

�XB��EEâ�uÐ, 0*��N�ïÄ
FÃ¤�<�ïÄ�9:. ¤¢0*��N´�Ù
º����Z�Ý ξ ½^|Bß�Ý λ �'[. ù
«(����N3	^|��^eÉ�>.^�
�K�wÍÏ
LyÑNõØÓu�¬��N�
A:. X1�a0*��N�Ñy
�k1�a�
�Nâk� Abrikosiv µ^�f�õµ^� [1]; >
�>6Ú^Ïµ^��p�^¦0*��N¥Ñ
yK^ÏÚ©ê^Ï�[ [2], ��. 
�����
q´�«0*¢�¤ì½þf�ì�¥Ø�"�
��� [3], X��þfZ�¤ [4,5]. cÙ´y�>
f²�<Mâ¦��0*��N�ïÄC�c�
­�.

±c�Nõ©zlnØÚ¢�þé0*��
�µ^�?1
�\/ïÄ [6−11]. ���N��
¬v
�, >.�AC��©wÍ, �¬¥�¬/
¤¶é¡�ãµ^� [12−15]. ¢�þ®²��

éõù«�^ÏþfzN��ÔnA5, X Little-
Parks �� [16,17]!�����~��X^|Ì�
Ñy�mY5��y� [18−21]. 3¢�ÚnØþé

ù«mY5��y�Ñk¤��, �·��vku
y©zémY5��y����N�º��'X
�Ñ�\[�/ïÄ. @o0*��N�º�Ú/
GémY5���.k�oK�Q?

�©�8�Ò´ïÄ����º�±9ém
Y5��y�K�. ·��(JØ=�±�Ï·�
n)�º����N���>5, 
�é|^��
�����þfZ�¤��O��©k^.

2 nØ�.

· � 3 Î � I X e � Ä � �   u z = 0,
þ Ý � d ¿ ξ, S 	 � » © O � Ri Ú Ro(�
° � w = Ro − Ri ) � � � � � ? u ! r ^
| H = Hez ¥ (�ã 1).

XÚÃþjª�gdU�±�¤

F =
2
V

∫
dV {−|ψ|2 + |ψ|4 + |(∇− iA)ψ|2}, (1)

Ù¥�Ý^

ξ =
~√

2m[−α(T )]
,
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¥³ A ^
c~

2eξ(T )
!^|^

Hc2 =
c~

2eξ(T )2
,

��Sëþ^ ψ0 =
√
−α(T )/β!gdU^ F0 =

α(T )2/2β ���zü .
XÚgdU (1) ÏLé��Sëþ ψ(r) C©

�4�� [22], ·��±�� Ginzburg-Landau �§
Ú>.^�

(−i∇ − A)2ψ = ψ − ψ|ψ|2, (2)

n · (−i∇ − A)ψ|on S = 0. (3)� � �� �
ã 1 S	�»©O� Ri Ú Ro �����^| H = Hez

·�¦^Î�IX r = (ρ, θ, z), Ù¥ ρ � z ¶
�4», θ �4�. ÀJ A = (Hρ/2)eθ ÷v Lon-
don 5�^� ∇ · A = 0. Ù��SëþAäk¶é
¡5, �L«�

ψ(ρ, θ, z) =
∑

k

ψ(ρ) e iLθ( e ikz + e−ikz), (4)

Ù¥ k �d>.^� (3) ¥ z = d/2 Ú z = −d/2
��

kb = i
e ikd/2 + e−ikd/2

e ikd/2 − e−ikd/2
=

cos(kd/2)
sin(kd/2)

. (5)

éu��� d → 0, (5) ªÒC�

k2 =
2
bd

. (6)

��SëþéþÝ�²þ

〈ψ(r)〉 = lim
d→0

1
d

∫ d/2

−d/2

ψ(ρ, θ) cos(kz)dz

= ψ(ρ, θ) · lim
d→0

sin(kd/2)
kd/2

= ψ(ρ, θ). (7)

ù�XÚÒC�����¯K.

·�½Â���Î L̂:

L̂ = −1
ρ

∂

∂ρ

(
ρ

∂

∂ρ

)
+

(
L

ρ
− Hρ

2

)2

+ k2 + 1, (8)

K (1) ª�gdUÒU��

F =
4πd

V

∫ Ro

Ri

(
ψ∗L̂ψ +

1
2
|ψ|4

)
ρdρ. (9)


�Î L̂ ����§�

L̂f(ρ) = Λf(ρ). (10)

Ù°()�

f(ρ) =
1
ρ

[
M

(
1 + LH − k2

2H
,
L

2
,
Hρ2

2

)
+ cW

(
1 + LH − k2

2H
,
L

2
,
Hρ2

2

)]
, (11)

Ù¥ M(µ, ν, z) Ú W (µ, ν, z) ©O�1�Ú1�¨
��¼ê [23], c �È©~ê. éuÓ�µ^ê L À
J�$�K�U?, 
�b���Sëþ� L̂ ��
��±ÏL��~êéX, =

ψ(ρ) = af(ρ) e iLθ. (12)

(12) ª�\ (9) ª�gdU��

F = 2Λa2a2 + a4a1, (13)

Ù¥

a1 =
2πd

V

∫ Ro

Ri

ρf4(ρ)dρ,

a2 =
2πd

V

∫ Ro

Ri

ρf2(ρ)dρ.

�
(½~ê a, (13) ªé a �4��

a =
(
−Λa2

a1

)1/2

. (14)

d>.^� (3) 3 ρ = Ri Ú ρ = Ro e, )���
§ (10) �±��~ê c Ú��� Λ.

3 ���ÚgdU

·��â (10) ªO��Ó�° w/ξ = 0.50, S
» Ri/ξ ©O� 0.260, 0.269, 0.295 Ú 0.325 o��
�����. ã 2 �o���������X^|
Czã. ����K�éA���, ������
éAu�~�. ã¥Y²:�������~��
©.�. µ^� L = 0 ^¢�L«, L = 1 �µ^
�^J�L«. lãþ·��±w��XS»�

157401-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 157401

O�, µ^ L = 0 �Ú L = 1 ��­���£Ä,
Ó�µ^ L = 1 ��­��e£Ä. dd�±w
�éuÓ��° w/ξ = 0.50, S»� Ri/ξ = 0.269
´�±µ^� L = 0 ���S». 2O�S»
X Ri/ξ = 0.295, Ò¬Ñyµ^ L = 1 �. 
�
µ^ L = 0 �Úµ^ L = 1 ��m�3�~�.
�Ò´`�X^|�O�, XÚk�Ñy�´µ
^ L = 0 �!�~�!µ^ L = 1 �. =Ñy
m
Y5��y�. � Ri/ξ O�� 0.325 �, µ^ L = 0
�Úµ^ L = 1 ��­��Ð��3�����
~��©.�þ, =�X^|Czµ^ L = 0 ��
�C¤µ^ L = 1 �, 
vk²{�~�, w,m
Y5��y���
. �Ò´`S» Ri/ξ = 0.325
´3µ^ L = 0 �Úµ^ L = 1 ��mÑy�~
�����S». ¤±éu�° w/ξ = 0.50 ��
��, 3µ^ L = 0 �Úµ^ L = 1 ��3�~�
�S»���´ (0.269, 0.325).

� � � � � � � �� � 	 �� � 	 
� � 	 �� � 	 �� � 	 �� 	 �� 	 � � � 
 � � 	 � � � �� � � 
 � � 	 � � �� � � 
 � � 	 � � �� � � 
 � � 	 � � �� � � � � � � � � 
 � � 	 � � �� � �� 	 � �
ã 2 ����X^|Czã

òþão�������\ (13) ª�±O�
��o�����XÚgdU. ã 3 ´�ã 2 �é
A�XÚgdU�X^|Czã. gdUK�é
Au���, gdU��KéA�~�. ã¥Y²
:´�����~��©.�. ã 3 �NCzª³
�ã 2 ´���, �X^|O�, L = 0 Ú L = 1
­���£Ä, L = 1 ­���$:�e£Ä. 

� L = 1 ­�Ñ©"àgdUÑ�". =éuµ
^ L = 1 ��3þ¤Ø| H1

n,u Úe¤Ø| H1
n,l.

éu Ri/ξ = 0.260 Ú Ri/ξ = 0.269 ��, ãþ
vkéA� L = 1 �gdU­�, Ï�§���
�µ^�´µ^ê L = 0 ��, vkµ^ L = 1
�. éuS» Ri/ξ = 0.296 ��, Ùµ^ L = 1
��e¤Ø| H1

n,l/Hc2 = 4.09 'µ^ L = 0 �

�þ¤Ø| H0
n,u/Hc2 = 3.34 �. ¤±^|3µ

^ L = 0 ��þ¤Ø|Úµ^ L = 1 ��e¤Ø
|�m= (3.34, 4.09), XÚ?u�~�, ¥ymY
5��y�. 
éuS» Ri/ξ = 0.325 ��, Ùµ
^ L = 1 ��e¤Ø|�µ^ L = 0 ��þ¤Ø|
�� H0

n,u/Hc2 = H1
n,l/Hc2 = 3.19, �X^|�O

�, XÚ�Ð3^| H/Hc2 = 3.19 ?dµ^ L = 0
�C�µ^ L = 1 �. éu�° w/ξ = 0.50, S
» Ri/ξ = 0.295 ´3µ^ L = 0 �Úµ^ L = 1
��mØÑy�~����S².� � � � � � � � � � � 	 
 � � � � � � � 
 �
 � � � � � � 
 � �
 � � � � � � 
 � �
 � � � � � � 
 � �� � 
 � � � � �� � � �� � � �� � � �� � � �� � � 
� � � � � � � � � � 	 � � � � �� � � � � � � 	� � � � �� � � � � ���� �

ã 3 gdU�X^|Czã

4 mY5���ã

·�ïÄ
ØÓ�°��, ��mY5��!
NB���µ^���º�'X. ã 4 ´�° w

3 (0, 2.5)!S» Ri 3 (0, 1) �º���S, µ^
ê L 6 3 �º��ã. ã¥o�L«�NB��
�µ^��©.�, ©.�þ�z�:��uã 2
¥ù�¤L«���. ço��p¶¤���«�
S������µ^�´µ^ L = 0 �. [�L
«ÑymY���y��©.�, ©.�þz�:
K��uã 2 ¥7�¤L«���. 3ÒK«�S
���¬ÑymY5��y�. ·�^ L − L + 1
L«3µ^ L �Úµ^ L + 1 ��mÑy�~�,
ù�«�´d��µ^ L �©.� (o�)!mY
5��©.� ([�) Úî¶�­>n�/�¤�,
X 0—1 L«3µ^ L = 0 �Úµ^ L = 0 ��m
�3�~�. w,mY5��y��3�° w �
u 1ξ ����S�3, 
�éuS» Ri = 0 =�
�Ø�3mY5��y�. ¤±mY5��y�´
��¤Ak�y�.

� � 5 ¿ � ´, ¤ k m Y 5 � � © . � Ñ
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� u (0.5, 0) ù � :. ù : L « � ´ � � S »
� 0.5ξ!�°´ 0 �J[��. éù����J
[����,�±?¿�µ^�. ù:·��
± l (2) ª � Ô í 4 � � � é Ð � ) º. � �
° w → 0 �, ��SëþUìÔí4�3�m
�©Ù´þ!�, =��Sëþé�m�©Ù´~

ê, ÏdÒk
1
ρ

∂

∂ρ

(
ρ
∂ψ

∂ρ

)
→ 0,

∂2ψ

∂z2
→ 0, ρ → Ri ,

K���

|ψ|2 =
(

L

Ri
−

HRi

2

)2

− 1, (15)

XÚ?u���, Òk |ψ|2 > 0, ^|Ò7L÷v
2
Ri

(
L

Ri
− 1

)
< H <

2
Ri

(
L

Ri
+ 1

)
, (16)

w ,,
2
Ri

( L

Ri
− 1

)
´ µ ^ L � � e ¤ Ø |,

2
Ri

( L

Ri
+ 1

)
´µ^ L ��þ¤Ø|. 3µ^ L

��µ^ L + 1 ��mÑy�~�, =ÑymY5
��y�, Òk L + 1 ��e¤Ø|Ø�u L ��
þ¤Ø|. dd, �±�� Ri 6 0.5. 3mY5��
©.�þÒk Ri = 0.5.

� �� � � � � � � � � � � � � � � � � �� � �� � 	� � �� � 	� � �� � 	
 � � � � � 
 � 
� � � � � 
 
 �
ã 4 ��µ^��mY5���º��ã

w,, é·��±l�^Ï�þfz5n)m
Y5y�. é Ginzburg-Landau 1��§�÷��
�È©

J = |ψ|2
(

∇δ − 2π

Φ0
A

)
, (17)

Òk ∮
J

|ψ|2
· dl =

∮
∇δ · dl − 2π

Φ

Φ0

= 2π

(
L − Φ

Φ0

)
,

L = · · · ,−2,−1, 0, 1, 2, · · · (18)

Ù¥ J = j/(2e~/m∗) ��>6�Ý��zü , δ

�E��Sëþ ψ = |ψ| e iδ �� ,
∮

A · dl = Φ

�	^|BL���^Ï, Φ0 = h/2e �^Ïþf,
L �µ^þfê. �	^|�^ÏØ´^Ïþf Φ0

��ê��, K3����¥ò�)��>6÷
v (18) ª. ± L = 0 Ú L = 1 ¥�mY5���
~. éu L = 0 ����, ò�)����>6,
Ïd, L = 0 ����o´LyÑ|^5. �	^
ÏO���½§Ý, 3k����S, ��>6 J

3 L = 0 �G�eÃ{÷v (18) ª�, ÙXÚÒk
�±l L = 0 �����[� L = 1 ����, d
�ò�)������>6, Ïdéu L = 1 ��
��, ÄkLy�^^�A, �	^Ï�u��^
Ïþf Φ0 �, Ò2gLy�|^5. du���º
�k�, ��>6 J 3 L = 0 Ú L = 1 ����Ñ
ØU÷v�, K��ÒC¤�~�.

5 ( Ø

·�$^
 Ginzburg-Landau nØïÄ
0*
����XÚ�gdU. ·�uydu��S��
3, 3�º����¥Ñy
�X^|�CzÑy
���Ú�~�Ì�Ñy�mY5��y�. ÏL
éØÓº����ïÄ·��Ñ
�3mY5�
�y��º��ã. ·��Ñ��ãL²: mY5
��y���3�°�u�Z�Ý���¥, 
�
´��¤Ak!��¤vk���A�. ·��(
Jé|^�������þfZ�¤��O�©
k^.

a�þ°�Æ±­²�ÇéØ©���

[1] Cabral L R E, Baelus B J, Peeters F M 2004 Phys. Rev. Lett. B 70
144523

[2] Geim A K, Dubonos S V, Lok J G S, Henimi M, Maan J C 1998

Nature 396 144
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Intermittent superconductivity in mesoscopic
thin-film rings∗
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Abstract

Intermittent superconductivity for mesoscopic thin-film rings is investigated by the phenomenological Ginzburg-Landau theory.

Phase diagram for intermittent superconductivity vs. ring dimension is given in the presence of an external applied field. The inter-

mittent superconductivity exists only in the small ring, which is a feature for distingushing superconductive ring from superconductive

disk.
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