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It is shown that in extremely anisotropic layered superconductors there is a long-range attraction between the 
sample surface and a randomly distorted vortex line parallel to the surface and to the c-axis. In the presence 
of strong random pinning, this long-range force attracts a distorted vortex line to the surface and may lead 
to flux creep towards the surface. The same interaction with the surface enhances the thermal fluctuations to 
depths much larger than the in-plane London penetration depth and might affect melting of the vortex lattice 
and evaporation of a vortex line into independent pancake vortices. 

1. I N T R O D U C T I O N  

Abrikosov vortex lines in layered superconductors 
have several unusual properties as compared to vor- 
tex lines in isotropic superconductors. In particular, 
vortex lines oriented perpendicular to the supercon- 
ducting layers may be considered as a stack of two- 
dimensional point vortices or pancakes [1, 2, 3]. In 
the case of large anisotropy the pancakes interact 
via a magnetic pair-potential, which parallel to the 
layers decreases logarithmically and perpendicular to 
the layers decreases exponentially. 

The interaction of pancakes within the same layer 
is repulsive while between different layers it is attrac- 
tive and reduced by a factor s/2)t << 1, where s is the 
layer spacing and ~ - -  ) t a b  is the penetration depth 
for the currents in the layers. As a consequence, 
the interaction of two straight stacks of pancakes is 
just the usual short-range repulsion of Abrikosov vor- 
tices. However, this short-range attraction applies 
only when t h e  vortex line is perfectly straight. As 
soon as the vortex line is distorted, the compensation 
of repulsive and attractive terms in the vortex-vortex 
interaction is no longer ideal. As a consequence, ran- 
domly distorted vortex lines feel a long-range attrac- 
tion to the surface. In this paper we consider this 
long-range attraction. 

2. L O N G - R A N G E  I N T E R A C T I O N  

We first give a simple physical interpretation 
of the long-range fluctuation-induced attraction. 
Within the London theory tile condition of zero per- 
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Figure 1: Left: A distorted vortex line and its im- 
age composed of pancakes (t) and antipancakes (~.). 
Right: The two dipoles generated by the displace- 
ment cause a long-range attraction between the dis- 
torted vortex and the surface (x = 0). 

pendicular current through a planar specimen sur- 
face may be satisfied by adding the magnetic fields 
and currents of image vortex lines [4]. Each vortex 
then is attracted to its image since the images have 
opposite orientation (antivortices). 

Assume now that only one of the pancakes of a 
straight stack is displaced by a small distance u away 
from the surface. This local distortion is formally 
described by adding a pancake at the new position 
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x + u and an antipancake at the equilibrium position 
x, which annihilates the original pancake. The same 
procedure has to be done with the image stack sit- 
uated at the position - x  if the surface is at x = 0 
(see Fig. 1). The two pancake-antipancake pairs are 
dipoles with a strength proportional to the displace- 
menl. u and a dipole-dipole interaction energy pro- 
portional to u2/x  ~, where 1/2" is the second deriva- 
tive of the pancake-pancake potential (ln x). There- 
fore, the distorted vortex line is attracted to its im- 
age, and thus to the planar surface, by a long-range 
potential proportional to u2/z  2. This long-range in- 
teraction is in addit ion to the short-range interaction 
of a perfectly straight vortex with its image. 

The interaction of a distorted vortex line with 
its image may be calculated from the interaction 
of pancakes [5]. For a distorted vortex line par- 
allel to the surface x --- 0 we define pancake dis- 
placements U m =  Um(Zra) - (ltxm, ltyra) by writing 
Xm = x + u~:rn and ym = Uym. We first consider ran- 
dom and isotropic displacements with ensemble av- 
erages (u=m} = (Uum) = O, (u.,nU.n) = (UymUun) = 
f ( i m -  nl), (u=~uu,,) = 0. The long-range inter- 
action energy with the image line for 2x >> A then 
becomes equal to 

r ~dz e x p ( -  ~ )  g(z), (1) 
Eint -- 32zr/~0A3x 2 

where g(z) is the correlation function 

g(z) = - .(0)]'> (2) 

At the same time the linear elastic self-energy of a 
distorted vortex line takes the form 

/0 (z) . )  �9 ~L dz exp - - (3) 
E ~ I f -  8rrp0A 4 A z " 

The similarity of Eqs. (1) and (3) leads to the fob 
lowing useful relationship. If the correlation function 
Eq. (2) increases algebraically, i.e., g(z) = const. lzp,  
one has (still for 2z >> A), 

Eint = --(TA2/4x ~) Esetf �9 (4} 

Therefore, in general the interaction energy is not a 
very small correction to the elastic energy. 

Large fluctuations and local tilt of flux lines can 
be caused by pinning. Random pinning forces on a 
single flux line would cause square displacements di- 
verging proportional to the number of forces. More 
realistic random pinning potentials lead to finite vor- 
tex displacements. For a crude estimate assume that  

random pins of density np are so strong that  the vor- 
tex line wanders an average distance squared of order 
(4nps) -1 as it passes to the next layer. This yields 
g(z) ~ z/(nps2), and the interaction energy with the 
surface is described by Eq. (4) with 7 = 1. The re- 
sulting long-range force -dEin t /dx  in principle may 
drive the vortex line to the surface. 

In the case of thermal fluctuations Eqs. (1) and 
(3) result in 

A ~ 1 (u') 8 .0V .T [1+ ] (5) 
A ---7- ~" SC~oln(aA/s) 4x = ln(aA/s) ' 

where the numerical factor cr ,-, 1. Thus tile correc- 
tion to the thermal fluctuations arising due to the 
long-range interaction decreases away from the sur- 
face only as a power law. This increase of (u2), which 
in the total energy exactly compensates the spatial 
dependence of the term Eint, originates from the soft- 
ening of the flux-line lattice near the surface. 

3. C O N C L U S I O N S  

In conclusion, we have shown that  in extremely 
anisotropic layered superconductors there is a long- 
range interaction between the sample surface and a 
distorted vortex line parallel to the surface and to 
the c-axis. This interaction causes a spatial variation 
of the thermal fluctuations even at distances much 
larger than the in-plane London penetration depth, 
which might affect the melting process of the vortex 
lattice [6] and the evaporation of vortex lines into 
independent pancake vortices [3, 7]. In the presence 
of sufficiently strong random pinning, a fluctuation- 
induced long-range force attracts the distorted vor- 
tex line to the surface. This additional force means 
a bulk current density far inside the superconductor 
and may lead to flux creep towards the surface. 
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