
‘& ’ __ __ ll!B PHYSICA E 
ELSEVIER Physica C 282-287 (1997) 2361-2362 

Formation of multiple-quanta vortices at circular defects in a superconducting thin film* 
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The possibility of the formation of multiplequanta vortices in a superconducting thin film with circular 
defects is discussed. It is shown that the condition for creating twoquanta vortices on a circular defect 
depends on the radius of defect, the separation between defects and the configuration of defects. 

1. INTRODUCTION 2. FREE ENERGY OF THE SYSTEM 

The .most remarkable feature of type-II 
superconductors is the creation of the vortex lattice 
in a magnetic field. The critical supercurrent in a 
magnetic field is determined by the strength of 
pinning due to the interaction between the vortices 
and various structural defects. The properties of 
ion-irradiated high-Tc superconductors where the 
heavy ions create columnar defects [l] strongly 
inthrence the critical current of samples. The 
interaction between a vortex lattice and an ordered 
columnar defect structure has been investigated 
[2,3]. Such a system was discussed already in a 
experimental study [4]. Among other things it is 
interesting because a cylindrical cavity in a bulk 
superconductor or a hole in a superconducting film 
is a simple model of a pinning center. 

Let us consider a thin superconducting film 
with defects in a perpendicular magnetic field. We 
choose the system zero-point free energy is in the 
absence of vortex. The free energy of an arbitrary 
lattice conliguration can be expressed as 

i Lij _ ik 

where Eti is the self-energy of the ith circular defect 
with one quanta of the magnetic field, U,, is the 
interaction energy between two vortices and Vi is 
the vortex-defect interaction energy. 

The energy of a circular defect with a single 
vortex is 

The aim of the present work is to study the 
possibility of the formation of twoquanta vortices 
on circular defects under a magnetic field. We 
consider the circular defects of a radius b form an 
ordered lattice which may fits the triangular lattice. 
When the magnetic field continues to increase, 
more and more defects become occupied by the 
vortices. If the vortex core coincides with the 
circular defect there is no loss of superconducting 
condensation energy in the core and it contributes to 
vortex pinning. Further increase of the magnetic 
field may create vortices between defects. However, 
there exists an alternative option, the appearance of 
two-quanta vortices at a defect. 

E, = 4: - en($) , 
m@ 

where 4, is the magnetic flux quantum, u0 is the 

vacuum permeability and A = 2h2/d is the effective 
screening length for a film of thickness d. 

The interaction energy between vortices can be 
described by the London approximation[5], 

where H,(x) is the zero-order Struve function, Y,(x) 
is the zero-order Bessel function and r is the 
distance between two vortices. 
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The expression of the interaction energy due to 
the interaction between a defect with a radius b 
(<<A) and a vortex [6] is 

Lg E [H_,t++12 

V(r) = - 2@ n=l ,H_,(b) -Y_&] 
J-,,(;) , (4) 

where Jn(x) are the Bessel function. 

3.THE CONDITIONS OF TWO-QUANTA 
VORTEX FORMATION 

When the magnetic field increases and vortices 
start to enter into the film they occupy the defect 
sites. lf all defects are occupied by singlequantum 
vortices the possibility of creation of a two-quanta 
vortex is formed at the point i = 0, then the change 
in free energy due to two-quanta vortex formation 
may be written as 

AfT2” =*hl(A)+ CUoj+ C “0,. 
2nu0A b J’O kt0 

To perform the corresponding and analytical 
calculation we assume the defects form a triangular 
lattice with a distance a (>>A) between neighboring 
defects. Then the Eq.(5) becomes 

hF,” = 

(6) 
where PO) is the distance between reference vortex 
i=O and any other vortex (or defect) j. 

When an additional single-quantum vortex 

appears at the center of a triangular unit cell r; . 

The change of the free energy 

Then under the condition AFT" < AFT,, it turns out 

to be energetically more favorable to create two- 
quanta vortices after all defects are occupied, and 
we have 

&(:R) <2~I\-~bZhZ 
b3 a a4 ’ 

(8) 

where 01 and p are parameters which refer to the 
intrinsic properties of triangular lattice, and which 
depend on the number of defects. If, for instance, 
we set the number of defects N=31, then 

cr.22.55and p=22. 

4. CONCLUSION 

We have studied the presence of circular defects 
in the thin superconducting film may lead to two- 
quanta vortices formation. The conditions of 
vortices to be fixed on defects depend on the 
symmetry of defect structure and the number of 
defects. Our consideration is adequate for the case 
a >> A, when the defect concentration is relatively 
low. 
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where P;,a = q -r; II is the distance between the 

additional vortex and any other vortex (or defect) j. 


