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It is shown that in extremely anisotropic layered superconductors the interaction of vortex lines w
parallel planar surface, which for straight lines along thec axis decreases exponentially over the in-pla
penetration depthl, becomes a long-range dipole-dipole attraction when the vortex line is disto
randomly. This novel long-range fluctuation-induced attraction enhances the thermal fluctuations
to depths much larger thanl and may lead to flux creep towards the surface.
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Abrikosov vortex lines in layered superconductors ha
several unusual properties as compared to vortex li
in isotropic or weakly anisotropic superconductors.
particular, vortex lines oriented perpendicular to t
superconducting layers may be considered as a stac
two-dimensional point vortices or pancakes [1–3].
the case of large anisotropy the pancakes interact
a magnetic pair potential, which parallel to the laye
decreases logarithmically and perpendicular to the lay
decreases exponentially. Most importantly, the interact
of pancakes within thesame layer is repulsive while
between different layers it isattractive and reduced by
a factorsy2l ø 1, wheres is the layer spacing andl 
lab is the penetration depth for the currents in the laye
As a consequence, the interaction of two straight stack
pancakes at distancer ¿ l decays as exps2ryld since
at long distances the attraction and repulsion between
pancakes from both stacks compensates almost exa
Thus, the interaction of two straight stacks is just the us
short-range repulsion of Abrikosov vortices.

The repulsive and attractive interaction of point vo
tices has a further important consequence, which to
knowledge has not been pointed out previously, name
the interaction of a distorted pancake stack with a surf
that is parallel to the stack. Within the linear London th
ory the condition of zero perpendicular current through
planar specimen surface may be satisfied by adding
magnetic fields and currents of image vortex lines [4–
Each vortex then is attracted to its image since the
ages have opposite orientation (antivortices). Howev
this short-range attraction applies only when the vor
line is perfectly straight.As soon as the vortex line is dis
torted, the compensation of repulsive and attractive te
in the vortex-vortex interaction is no longer ideal. As
consequence, randomly distorted vortex lines feel along-
range attraction to the surface.

In this paper we derive this novel long-range attracti
and discuss some of its consequences. We show
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the result of the isolated-layer model exactly coincid
with the result of anisotropic London theory in the lim
lc ¿ l, wherelc is the penetration depth for current
perpendicular to the layers. The long-range attract
is, therefore, also present in superconductors with fin
anisotropy, where it is proportional tox22 exps22xylcd
for long distancesx between vortex and surface. Sinc
in high-Tc superconductorslc typically is a macroscopic
length, this surface attraction is really of long range.

We first give a simple physical interpretation of th
long-range fluctuation-induced attraction. Assume th
only one of the pancakes of a straight stack is displac
by a small distanceu away from the surface. This loca
distortion is formally described by adding a pancake at
new positionx 1 u and an antipancake at the equilibrium
position x, which annihilates the original pancake. Th
same procedure has to be done with the image st
situated at the position2x if the surface is atx  0 (see
Fig. 1). The two pancake-antipancake pairs are dipo
with a strength proportional to the displacementu and
a dipole-dipole interaction energy proportional tou2yx2,
where 1yx2 is the second derivative of the pancak
pancake potentialsln xd. Therefore, the distorted vortex
line is attracted to its image, and thus to the planar surfa
by a long-range potential proportional tou2yx2. This
long-range interaction of each displaced point vortex
in addition to the short-range interaction of a perfec
straight vortex line with its image, which is proportiona
to K0s2xyld ~ exps22xyld, whereK0sxd is a modified
Bessel function.

The interaction of a distorted vortex line with it
image may be calculated from the interaction of panca
separated by rmn  sxm 2 xn, ym 2 yn, zm 2 znd 
sxmn, ymn, zmnd [8,9],

E ø e0

8<: 2 lnsrmmyjd , n  m ,

2
s

2l exp

µ
2

jzmnj

l

∂
ln

µ
rnm

l

∂
, n fi m , (1)
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FIG. 1. Left: A distorted vortex line and its image compose
of pancakess"d and antipancakess#d. Right: The two dipoles
generated by the displacement cause a long-range attrac
between the distorted vortex and the surface (indicated b
vertical bold line).

with e0  sF
2
0y4pm0l2, r2

mn  x2
mn 1 y2

mn, and zm 
ms wheres is the layer spacing andj the core radius of
the pancake. Forzm  zn Eq. (1) applies to all distances
rmn . j, but for zm fi zn, rmn ¿ l was assumed. The
total energy of a vortex line is composed of its sel
energy and the interaction with its image line of oppos
orientation, namely,

1
2

X
m

X
n

fE sxm 2 xn, ym 2 yn, zm 2 znd

2 E sxm 1 xn, ym 2 yn, zm 2 zndg , (2)

where the sums are over the pancakes of thereal vortex
in the superconducting half spacex . 0, thus xm, xn .

0. For a distorted vortex line parallel to the surfac
x  0 we define pancake displacementsum  umszmd 
suxm, uymd by writing xm  x 1 uxm and ym  uym.
Keeping only the terms quadratic in theum we obtain
from (2) the linear elastic energy of the vortex.

We first consider random and isotropic displacemen
with ensemble averageskuxml  kuyml  0, kuxmuxnl 
kuymuynl  fsjm 2 njd, kuxmuynl  0. The long-range
interaction with the image line for2x ¿ l then becomes
from (1) and (2)

Eint  2
F

2
0Ls

64pm0l3x2

X
l

exp

µ
2

s
l

jlj

∂
ksul 2 u0d2l ,

(3)

where L is the vortex length. This fluctuation-induce
interaction is attractive and depends on the relati
displacementsksul 2 u0d2l over a vortex length of order
l. Like a dipole-dipole interaction it decreases as1yx2.
Sinces ø l, one may approximate the sum in (3) by

Eint  2
F

2
0L

32pm0l3x2

Z `

0
dz exp

µ
2

z
l

∂
gszd , (4)
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wheregszd is the correlation function

gszd  kfuszd 2 us0dg2l . (5)

The integral (4) shows that the long-range interaction do
not depend on the layer separations.

For a calculation applying also tormn , l we use the
general expression for the two-pancake interaction [8,9

E  2
F

2
0s2

m0

Z d3k
8p3

1
1 1 k2l2

k2

q2
eik?rmn , (6)

where k  skx , ky, kzd, q  skx , kyd, p  kz , thus
q2  k2

x 1 k2
y and k2  q2 1 p2, and as above

rmn  sxmn, ymn, zmnd. Since (6) is valid for allrmn, we
may obtain the total elastic energy of the distorted vort
line Etot  Eself 1 Eint from (2) and (6). Expanding this
to quadratic terms inu, introducing the Fourier transform

uszld 
Z dp

2p
ũspdeipzl , (7)

and usings
P

expsipzld  2pdspd sfor jpj # pysd andR
sdpy2pd jũspdj2 

R
dz uszd2  ku2lL we obtain

Etot 
F

2
0

4m0

Z d3k
8p3 jũspdj2s fself 1 fintd , (8)

fself 
k2

1 1 k2l2
2

q2

1 1 q2l2
, (9)

fint 

µ
k2

1 1 k2l2

k2
x

q2
2

1
2

fself

∂
e2ikxx . (10)

Remarkably, exactly the same result (8)–(10) is o
tained from the anisotropic London theory in the lim
lc ! `. Namely, the interaction energy of two Londo
vortices at positionsr1szd andr2szd isZ

dr1a

Z
dr2b Vabsr1 2 r2d , (11)

where the anisotropic interactionVabsr1 2 r2d sa, b 
x, y, zd is given in Ref. [10] as a Fourier integral ove
Vabskd. In the limit lc ! `, the general expression
Vabskd  sF2

0ym0d s1 1 k2l2d21gab skd simplifies to a
diagonal matrix with gxx  k2

xyq2, gyy  k2
yyq2, and

gzz  1 if z is along thec axis of the uniaxial super-
conductor. Inserting thisVabskd into (11) and integrat-
ing over the vortex and its image, we reproduce the res
(8)–(10) of the pancake approach.

From Eq. (10) one reproduces the long-distance int
actions (3) and (4). Moreover, from the self-interactio
(9) the line tensionP of an isolated flux line [11] or stack
of pancakes is obtained,

Pspd 
F

2
0

8pm0l2

lns1 1 p2l2d
p2l2

, (12)
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which determines the linear elastic self-energy of
distorted vortex line,

Eself 
1
2

Z dp
2p

p2Pspd jũspdj2. (13)

In real space this energy looks similar to Eq. (3),

Eself 
F

2
0L

16pm0l4

X
lfi0

exp

µ
2

s
l

jlj

∂
ksul 2 u0d2l

jlj
,

(14)

and sinces ø l it can be approximated as

Eself  2
F

2
0L

8pm0l4

Z `

0
dz exp

µ
2

z
l

∂
gszd

z
. (15)

The similarity of (4) and (15) leads to the following usefu
relationship. If the correlation function (5) increases alg
braically,gszd  const3 jzjg , one has (still for2x ¿ l)

Eint  2sgl2y4x2dEself . (16)

A flux line diffusing in a random pinning potential may
exhibit g ø 1 [9], thus Eint ø 2sl2y4x2dEself is not a
very small correction toEself.

To obtain the thermal fluctuations one has to co
sider the pronounced dispersion (“nonlocality”) of the lin
tensionP ~ 1yp2 (12) at largep ¿ l21. This means
that a single displaced vortex “feels” a parabolic pote
tial of curvaturep2Pspd ø F

2
0 lnsalysdy4pm0l4 (with

a  1.16 for s ø l) originating from the global inter-
action with all pancakes within a distance of order ofl

along the stack. Therefore, the self-energy (3) caused
short-wavelength fluctuations is simply

Eself 
F

2
0L lnsalysd
8pm0l4

ku2l . (17)

Each pancake only weakly feels the usual “local” (nond
persive) line tension that originates from the neare
neighbor interaction. For long tilt wavelengths2pyq ¿
l, however, the line tension (12) of the pancake stack
local, P  F

2
0y8pm0l2, as can be seen also by insertin

a uniform tilt ul 2 u0 ~ l in (14).
In terms of the Fourier transform (7) the correlatio

functiongszd in (4) and (15) may be expressed as

gszd 
2
L

Z dp
2p

kjũspdj2l f1 2 cosspzdg . (18)

Writing the self-energy (11) for an isolated vortex o
finite lengthL as a sum over discrete modes with wav
vectors pn and amplitudesun and ascribing to each
mode the average thermal energykBT (sinceun has two
components), one obtainskjũspdj2l and with (18),
a

l
-

-

-

by

-
t-

is

e

gszd  kBT
32pm0l4

F
2
0

Z dp
2p

1 2 cosspzd
lns1 1 p2l2d

. (19)

The functiongszd is practically constant in the inter
val relevant in Eqs. (4) and (15). One hasgs0d  0
and for jzj ¿ s one finds gszd ø c1 1 c2jzjyl with
c2 ø c1. For the examplelys  100 some values of
the integral in (19), timesl, are 0, 4.71, 5.07, 5.16
5.25, 5.29, 5.42, 5.53, 5.68, 5.84, 6.10, 6.85 forzys 
0, 1, 2, 3, 4, 5, 10, 20, 50, 100, 200, 500. The constancy of
g at z up to a fewl means that the thermal fluctuation
of the pancakes of one vortex line are nearlyuncorrelated
at small wavelengths [3,12], and thus the cutoff leng
of severals, or the effective cutoffjqj # ays, required
to obtain expressions like Eq. (17)is not crucial. This
“elastic independence” of the pancakes originates fr
the strong dispersion of the line tensionPspd (12). For
jzj ¿ 2pl and for a usual string with nondispersiveP
the thermal random walk yieldsgszd ~ jzj.

The expression forgszd (19) was derived from the line
energyEself (13), which does not depend on the vorte
distancex from the surface. The correct calculatio
however, has to consider the total energyEself 1 Eint.
Since the interaction with the surfaceEint depends on
x, and the equipartion theorem requires constant ene
kBT per mode, we find that the fluctuation amplitud
depends onx. Explicitly we obtain from (4) and (15) for
a vortex line atx ¿ ly2 the short-wavelength therma
fluctuations, i.e., the valuegszd at s , jzj & l,

ku2l ø
2l2

lnsalysd
kBT
e0

∑
1 1

l2

4x2

1
lnsalysd

∏
. (20)

So we have the interesting result that the correction to
thermal fluctuations decreases away from the surfaceonly
as a power law.This increase ofku2l originates from the
softening of the flux-line lattice near the surface.

Consideringux and uy separately, we find that the
surface-caused softening of a vortex line is inde
isotropic at largex but becomesanisotropic for x , l.
The general expression obtained from (2) and (6) sho
that to a good approximation the contributions of ea
displaced pancake to the elastic energy addindepen-
dently. Each pancake contribution is composed of t
interaction between six objects, namely, the displac
pancake and the hole (antipancake) it leaves in the v
tex line, their images in thesamelayer, theundisplaced
straight vortex line, and its image. Explicitly one has

Etot 
F

2
0L

8pm0l4 fasxd ku2
xl 1 bsxd ku2

ylg ,

asxd  ln
al

s
2

l2

4x2 2 K 00
0

µ
2x
l

∂
,

bsxd  ln
al

s
2

l2

4x2 2
l

2x
K 0

0

µ
2x
l

∂
, (21)
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with a  1.16. For large x ¿ ly2 one has a 
b  lnsalysd 2 l2y4x2, and for x ø ly2, a 
b 2 l2y2x2, b  lnsalysd, since the derivatives are
K 0

0srd  21yr and K 00
0 srd  1yr2 for r ø 1. The

thermal fluctuations

ku2
xl 

2kBTl2

e0asxd
, ku2

yl 
2kBTl2

e0bsxd
(22)

become thus asymmetric near the surface, with
ku2

xlyku2
yl  bya . 1. Note that the curvaturea

in (21) turns negative at smallx. To check the stability
of a pancake stack close to the surface and to obt
the correct pictures of penetration and exit, one h
to add the (always positive) stray-field energy [13,1
and the restoring force of the current densityjsxd that
originates from the Meissner surface current and fro
other vortices, replacinga by a 1 s4pm0l4yF0dj0sxd.
Work in this direction is under way.

Large fluctuations and local tilt of flux lines can
be caused by pinning. Random pinningforces on a
single flux line would cause square displacements
verging proportional to the number of forces. More re
alistic random pinningpotentials lead to finite vortex
displacements [9,15]. For a crude estimate assume
random pins of densitynp are so strong that the vor-
tex line wanders an average distance squared of or
s4npsd21 as it passes to the next layer. This yield
gszd ø zysnps2d, and the interaction (4) with the surfac
becomes

Eint  2
F

2
0L

32pm0l3nps2

l2

x2  2
l2

4x2 Eself . (23)

The resulting long-range force2dEintydx in principle
may drive the vortex line to the surface. It has to b
added to geometric forces which are exerted on the v
tex line by surface screening currents when the specim
has a nonellipsoidal cross section and is not infinite
thick [16,17].

The elastic energy (8)–(10) of asingle flux line may
be generalized to the elastic energy of the distort
flux-line lattice in the half-spacex . 0 by replacing
in it jũsqdj2 by the three-dimensional Fourier transform
jũskdj2 of the lattice displacements [18]. The comple
expression forEtot slightly differs from our approxi-
mation (8), which applies ifku2

xl  ku2
yl 

1
2 ku2l and

kuxuyl  0. The presence of a flux-line lattice of densit
ByF0 increases the fluctuation-induced attraction to t
surface (3) when the displacements in the same layer
correlated over a radiusrcorr . sF0yBd1y2. The interac-
tion per vortex will then increase by a factor of order o
pr2

corrByF0.
Similar expressions for the elastic energy of isotrop

and anisotropic vortex lattices near a planar surface
derived in Ref. [13,14]. In isotropic superconductors
long-range attraction of the type (3) is absent, and
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anisotropic superconductors the attraction is reduced
a factor of exps2xylcd. Formally, the long range is due
to the noncutoff factor1yq2 in Eq. (10).

In conclusion, we have shown that in extreme
anisotropic layered superconductors there is a long-ra
interaction between the sample surface and a distor
vortex line parallel to the surface and to thec axis. this
interaction causes a spatial variation of the thermal fluc
ations even at distances much larger than the in-pla
London penetration depth, which might affect the meltin
process of the vortex lattice [19] and the evaporation
vortex lines into independent pancake vortices [3,1
In the presence of sufficiently strong random pinning,
fluctuation-induced long-range force attracts the distort
vortex line to the surface. This additional force may lea
to flux creep towards the surface.

We acknowledge support from the German-Isra
Foundation for Research and Development, Grant No.
300-101.07/93.

[1] K. B. Efetov, Zh. Eksp. Teor. Fiz.76, 1781 (1979).
[2] S. N. Artemenko and A. N. Kruglov, Phys. Lett. A143,

485 (1990).
[3] J. R. Clem, Phys. Rev. B43, 7837 (1991).
[4] C. P. Bean and J. D. Livingston, Phys. Rev. Lett.12, 14

(1964).
[5] L. Burlachkov, Phys. Rev. B47, 8056 (1993).
[6] A. E. Koshelev, Physica (Amsterdam)223C, 276 (1994).
[7] R. G. Mints and I. B. Snapiro, Phys. Rev. B47, 3273

(1993); Europhys. Lett.21, 611 (1993).
[8] M. V. Feigel’man, V. B. Geshkenbein, and A. I. Larkin

Physica (Amsterdam)167C, 177 (1990).
[9] G. Blatteret al., Rev. Mod. Phys.66, 1125 (1994).

[10] E. H. Brandt, Physica (Amsterdam)165 & 166C, 1129
(1990); Int. J. Mod. Phys. B5, 751 (1991); Physica
(Amsterdam)195C, 1 (1992); Rep. Prog. Phys. (to be
published).

[11] E. H. Brandt and A. Sudbø, Physica (Amsterdam)180C,
426 (1991); A. E. Koshelev and P. H. Kes, Phys. Rev.
48, 6539 (1993); A. E. Koshelev and P. H. Kes, Phy
Rev. B 48, 6539 (1993); E. H. Brandt, Phys. Rev. B
48, 6699 (1993); S. Nieber and H. Kronmüller, Physic
(Amsterdam)213C, 43 (1993).

[12] L. N. Bulaevskii, S. V. Meshkov, and D. Feinberg, Phy
Rev. B 43, 3728 (1991).

[13] E. H. Brandt, J. Low Temp. Phys.42, 557 (1981).
[14] M. C. Marchetti, Physica (Amsterdam)200C, 155 (1992).
[15] T. Giamarchi and P. Le Doussal, Phys. Rev. B52, 1242

(1995).
[16] Th. Schusteret al., Phys. Rev. Lett.73, 1424 (1994).
[17] E. Zeldovet al., Phys. Rev. Lett.73, 1428 (1994).
[18] A. Sudbø and E. H. Brandt, Phys. Rev. B43, 10 482

(1991); E. H. Brandt, J. Low Temp. Phys.26, 709 (1977);
26, 735 (1977);28, 263 (1977);28, 291 (1977).

[19] D. R. Nelson, Phys. Rev. Lett.60, 1973 (1988); E. H.
Brandt, Phys. Rev. Lett.63, 1106 (1989); D. R. Nelson
and H. S. Seung, Phys. Rev. B39, 9153 (1989).


