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Outline

Introduction. 

Repulsion between vortices in superconductors.

Interaction of vortices in thin films. Pearl’s effect. 

Attraction between vortices in anisotropic superconductors.

Tilted vortices in thin films of layered superconductors. 

Interaction potential for a vortex pair.

Interplay between long-range attraction and repulsion. 

Vortex molecules.  Multiquanta flux lattices.
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repulsive interaction between vortices

hexagonal vortex lattice

Interaction between vortices in type-II 

superconductors: bulk samples
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Question: may the number of vortices per unit cell be

2 or  3 or …?



Yes,  if there is attraction between vortices ! 

Example : superconductors with 2 component order parameter.

Question: may the number of vortices per unit cell be

2 or  3 or …?
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In the layered superconductors with moderate 

anisotropy when the field H is inclined towards c-axis, 

vortices are no longer directed along the field
c

H

In the plane H - c  the long 

range attraction appears!
A. Buzdin and A. Simonov, JETP Lett. (1990).

A. Grishin, et al.  JETP (1990)
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The attraction between tilted 

vortices leads to the 

formation of vortex chains.
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Qualitative explanation of the long range vortex attraction

Loop with 

a current

Elementary 
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The distance R+ -< R+ +  ,

then we have 

the net attraction!
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Layered superconductors

Magnetic field in 

between the 

layers (at large 

distances r) = 

field of 2D

magnetic dipoles
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Attraction of vortices in anisotropic superconductors
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11=mc/mab-1
Anisotropy of

YBaCuO type

2/1)( rrU

rat

Long ranged attraction!
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STM conductance image showing vortex 

locations on the surface of 2H-NbSe2 11 

Images obtained by Hess et al,  

Phys. Rev. Lett. (92)

SEM micrograph of the vortex chains

with a field applied 70° from the  c-axis

in YBaCuO 

Images obtained by Gammel et al, 

Phys. Rev. Lett. (92)

The prediction of vortex chain formation has been 

confirmed later by experiment
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Imaging of the vortex chains in anisotropic

triplet(?) superconductor Sr2RuO4

By V. Dolocan et al., PRL, 95, 097004 (2005).

The image was obtained by scanning μSQUID force microscope.
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HCuO 

Planes

H

Strongly anisotropic HTcS

Pancakes 

vortices

(PV)

Josephson 

vortices

(JV)

//

In a first approximation these two types of vortices (PV and JV) 

are not interacting and form a crossing lattice
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Taking into account the interaction between JV and PV (A. Koshelev,

Phys. Rev. Lett. (1999)) it  is possible to explain the mixed chain-lattice 

formation in BSCCO observed by decoration by C. Bolle et al., Phys. 

Rev. Lett. (1991) and recently by scanning Hall probe 

microscopy by A. Grigorenko et al.,

Nature 414, 728 (2001)

H// = 0

Classic Abrikosov lattice

H// = 27Oe              H// = 40Oe

H= 2Oe                 H= 1.2Oe

Vortex Chains

H// = 21 Oe

H= 12 Oe
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The very appropriate technique to study the vortices –Lorentz 

microscopy technique developed by A. Tonomura group.

A.Tonomura et al.

PRL, 88, 237001 (2002)

The Lorentz microscopy technique needs the very thin films.

It is an important point for further discussion!
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Recent Lorentz microscopy data of Tonomura’s group

No vortex chains at small tilting angles of vortices!
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Electrodynamics of vortices in thin films. Pearl’s effect.

(J. Pearl, 1964, Appl. Phys. Lett.)
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Tilted vortices in thin superconducting 

film. Very special case! 

The intervortex interaction occurs mainly via the space outside the film.

The long ranged intervortex interaction (repulsion) is not exponential. At  r>> λeff

Urep ~Φ0
2/r

λeff= λ2/d

d

B

More long ranged than the tilted vortex attraction!
2/1)( rrUatt
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Interplay between the intervortex attraction and repulsion in thin films

Effective film thickness =

Surface contribution to the 

intervortex repulsion
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The Lorentz microscopy technique is the technique 

“Par excellence” to study the vortex interaction in the regime d~λ !
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Layered system of finite thickness: London model
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Interaction potential for a vortex 

pair

Image method for pancakes in anisotropic superconductors: V.Pudikov (Physica C, 1993).

Continuum approach : G. Carneiro and E.H. Brandt (PRB, 2000).
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Interplay between the intervortex attraction and repulsion in 

thin films: interaction potential for a vortex pair
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Condition of existence of vortex chains:

| || |

22

2
tanh

2

1
tantan

ddc

0~
2

~
tan

8
)

~
(

2

2

2

2

0
int

RR

d
R

eff

| |

~
R

R



25

What provokes the vortex tilting?

Screening of the parallel component of the field!

BII

Screening current

Lorentz force

Relation between the field and vortex axis 

orientation angles:
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Tilting of the vortex line in layered 

superconductor.



Tilting of the vortex line in superconductor  with 

anisotropic  effective mass.
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Example: md 2.0~~ | |

1~tan c

Critical field of vortex chain formation: GB )10010(~0

85H

Estimates and suggestions for experiment
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Thin YBaCuO films

with thickness 0.5 μm

and λ~(0.15-0.2)μm.

Tonomura’s group results
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Vortex molecules.       
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At very small tilting angle the vortices repeal each other.

At larger tilting the vortex pairs may appear.



Transition s in the flux lattices with the change of  

vortex number in elementary cell.
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Transition s in the flux lattices with the change of  

vortex number in elementary cell.
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With the tilting increase the 3 vortex molecules, 4 vortex 

molecules etc. would emerge. Then the “polimerization” into 

a long chain occurs.

Crossover from vortex molecules to vortex chains.

Increase in the tilting angle of the field
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It may be interesting to vary only the parallel component of the 

field. At constant perpendicular field

the vortex concentration is the same but their interaction will 

change! Increasing the parallel field we could see the transition 

from individual vortices to the molecules with 2, 3, 4 etc vortices.

2/3

tan
d

II

Also we could vary the temperature  at constant field. As λ

depends on temperature, than near Tc the vortex repulsion will 

preveal and the vortex molecules will “evaporate”.



Role of anisotropy
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Exact shape of the vortex line
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•Even if the interaction is attractive, the formation of the finite

vortex chain is expected.

•The vortex forms ”molecules”: dimers, trimers etc.

•The structure of these “molecules” is controlled by the tilting 

angle and temperature. 

Conclusions
•In bulk layered superconductors the tilted vortices attract each 

other at large distances and this interaction leads to the vortex 

chains formation.

•The very special situation for the tilted field pattern is realized 

in the thin films d~λ . The very rich new physics emerges!

•We have a crossover from the vortex attraction to vortex 

repulsion. 

References : Phys. Rev. B 79, 094510 (2009).

Phys. Rev. B 82, 104511 (2010).


