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ABSTRACT 
Some fundamental aspects of the structure and dynamics of vortices in the high- 

temperature superconductors are discussed. New methods for calculating the static and 
dynamic magnetic field profiles in thin samples in time-varying perpendicular applied 
magnetic fields are described. 

1. Introduction 

The subject of vortex dynamics is a broad area, and in this paper I discuss only a few 
topics. I first review in Sec. 2 some fundamentals about the vortex structure in high- 
temperature superconductors. It is best to visualize vortices in these materials as stacks of 
two-dimensional (2D) pancake vortices, connected by Josephson strings. Next, in Sec. 3, 
I summarize some recent theoretical advances that facilitate the calculation of critical-state 
magnetic field and current-density profiles in thin strips and disks of thickness of the order 
of the London penetration depth. Finally, in Sec. 4, I give a brief summary of the main 
ideas of this paper. 

2. 
ductors 

Fundamentals of Vortex Structure in the High-Temperature Supercon- 

The starting point for most of our understanding of the vortex structure in,type-II super- 
conductors comes from Abrikosov'sl famous 1957 paper, which was based upon the 
Ginzburg-Landau theory2 Contained within Abrikosov's paper was the idea that, for 
applied magnetic fields between a lower critical field &I and an upper critical field &2, 
magnetic fields, applied parallel to a slab of isotropic type-II superconducting material, 
penetrate not uniformly but inhomogeneously in the form of quantized vortices. The mag- 
netic flux associated with each vortex is @) = h/%. There are two characteristic lengths of 
an isotropic type-11 superconductor, the penetration depth h and the coherence length , 

in type-11 superconductors and is of the order of 102 in the high-temperature cuprate super- 
conductors. The bulk thermodynamic critical field & is related to h and 6 via & = 
$0/2nd2h5, the upper critical field is Hc2 = d 2 H c  = $0/2n62, and, to good 
approximation when K >> 1, the lower critical field is3 -1 = (w4xh2)(ln1~ + 0.50). 

The high-temperature copper-oxide superconductors, however, are not magnetically 
isotropic. Anisotropy can be conveniently incorporated into the Ginzburg-Landau and 

and their ratio is the Ginzburg-Landau parameter IC = h/5. K has a value greater than 1/ $ 2 
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Abrikosov theories with the help of an effective mass tensor Mjj. 4- * In the orthorhombic 
high-temperature cuprate superconductors, the mass tensor is &agonal when the coordinate 
axes are chosen to be along the crystallographic a, by and c directions, which correspond to 
the principal axes of the mass tensor. In this case, the only elements of Mij are the diagonal 
components Ma, Mb, and &; all the other components are zero. It is convenient to intro- 
duce a mass normalization factor and to work with dimensionless masses, which are nor- 
malized such that m a m m  = 1. 

When a magnetic field is applied parallel to an anisotropic type-11 superconducting slab 
described by the Ginzburg-Landau theory with an anisotropic effective mass tensor, mag- 
netic flux still penetrates in the form of vortices. Even if the field is applied along a princi- 
pal axis, however, the vortices are elliptical in shape. The exponential decay length for 
screening currents flowing along a principal axis i (i = 1,2,3 = a, by c) is hi = hdmi, and 
the characteristic length over which the order parameter varies along this axis is ti = &hi. 
Because mambmc = 1, we have (hah&-)lB = h and (cacbec)lB = 5. An isolated vortex 
oriented along the a axis (parallel to the layers of the high-temperature superconductors) has 
concentric elliptical contours of constant magnetic field, which coincide with the supercur- 
rent streamlines. The ratio of the semimajor axis to the semiminor axis of any ellipse is 
mb = d(@mb). The Abrikosov vortex core (where the order parameter is strongly sup- 
pressed) is also elliptical, with the ratio of the semimajor axis to the semiminor axis being 

= d(mJmb). The semimajor axes of the current-pattern ellipse and the vortex-core 
ellipse are both aligned parallel to the layers. The bulk thermodynamic critical field l& is 
related to h and 5 via I& = @dZd2%; the upper critical field along a is €&& = Kad2& = 
(pO/27~6&~, where Ka = hJcb = h&,, = & n a ;  and, to good approximation when Ka >> 1, 
the lower critical field is &la = (@0/47Eh&)(hKa + 0.50). Similar results for vortices 
along the b and c axes can be obtained by cyclic permutation of the above results. 

An anisotropic Ginzburg-Landau description of the vortex structure works well when all 
the relevant superconducting length scales ha, hb, by cay cb, and cc are much larger than 
the linear dimensions of the crystallographic unit cell. Although all these quantities are 
relatively large close to TC (and actually diverge at Tc), the smallest of these, eC, is usually 
much smaller than the others. In all the high-Tc cuprates, there in fact is a finite tempera- 
ture T at which, for decreasing temperature, E,c becomes less than the crystallographic lat- 
tice parameter c, which characterizes the periodicity length perpendicular to the Cu02 lay- 
ers. (In Bi2Sr2CaCu208+~, this temperature is only a small fraction of 1 K below Tc.) 
When this happens, it is as if the vortex core slips between the CuO2 layers of the cuprate 
superconductors. To describe vortices in this temperature regime, however, a continuum 
theory like the Ginzburg-Landau theory is no longer valid, and a theory that accounts for 
the discreteness of the atomic structure along the c direction is needed. 

A theory that satisfies this requirement is the Lawrence-Doniach theory,19 which 
describes superconductivity within the layers via the Ginzburg-Landau theory and current 
flow between layers via the Josephson effect. For the high-temperature superconductor 
Bi2Sr2CaCu20g+& for example, one regards the SrO and BiO layers as insulating tunnel 
barriers between superconducting counterelectrode CuO2 bilayers (which sandwich a Ca 
layer). The relevant periodicity length s is the center-to-center distance between successive 
Cu02 bilayers. For weak coupling between layers, when cc << s, an isolated vortex 
aligned along the a axis has current patterns far from the core that are identical with those of 
the anisotropic Ginzburg-Landau theory. However, the vortex core is defined by the pat- 
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tern of Jose hson currents around the vortex axis, not by a region of suppressed order 
parameter. 2g-22 The semimajor axis, where the interlayer Josephson current density has 
its maximum, has the value approximately (3cJhb)S/2, while the semiminor axis of the 
Josephson core is roughly s12, so that the ratio of the semimajor to semiminor axis is hJhb 

. 2 0  = d(mJmb), the same as in an Abrikosov core. 

When the magnetic induction has a component that is perpendicular to the layers of the 
high-temperature superconductors, it is convenient to think of the vortex lines threading 
through the material as consisting of two-dimensional (2D) pancake vorticesF3 whose 
associated supercurrents are confined to the layers, connected by interlayer Josephson 
strings. The latter are segments of Josephson vortices, characterized by patterns of inter- 
layer Josephson currents circulating around a line of gauge-invariant phase difference Ay = 
n. This line, which threads through the insulating layer between two superconducting lay- 
ers, connects a 2D pancake vortex in one superconducting layer, to the nearest 2D pancake 
vortex in the other layer. The energy associated with the Josephson string is dominated by 
the Josephson coupling energy. Expressions for the Josephson interaction energies 
between the pancake vortices are given in Refs. 24 and 25. 

3. Flux Penetration into Thin Films 

While the penetration of magnetic flux into slabs and cylinders subjected to parallel fields 
has been reasonably well understood for some time, 26-28 the quantitative behavior of flux 
penetration into thin films or flat samples subjected to perpendicular magnetic fields or 
current-induced self fields has not been studied in detail until recently. An important paper 
published in 1970 by W. T. recently has been shown to be the key to analytic cal- 
culations of the critical-state electrical-current and magnetic-field distributions in long 
superconducting strips, and another advance by Mikheenko and K u ~ o v l e v ~ ~  opens the 
way to corresponding analytic solutions for thin superconducting disks. These theoretical 
results can be com ared with experiments performed using magneto-optics,31-35 miniature 
Hall sensors, 36-36 scanning Hall  probe^$^-^^ Hall-sensor arrays, 43,44 and scanning 
S Q U I D S . ~ ~ , ~ ~  

A proaches followin that of N ~ r r i s ~ ~  have been used by Brandt et al., 47948 D& et 

for many possible sequences of applied transport currents and perpendicular magnetic 
fields. Reference 49 emphasizes comparisons with the corresponding solutions for the 
more familiar slab geometry; although there are many similarities, there also are striking 
differences in behavior. For example, in slab geometry in a parallel field, changes in the 
applied field or transport current produces regions where the current density is either zero 
or has magnitude Jc, the critical current density. In the film geometry, however, because 
of demagnetizing effects, which permit the magnetic field to wrap around the sample, the 
current density associated with the discontinuity of the tangential magnetic field between the 
top and bottom of the film can flow with magnitudes less than Jc. An important aspect of 
the thin-film geometry is that the current density arises chiefly from the curvature of the 
magnetic field across the sample thickness, rather than from the field gradient, which is the 

al., 36 and Zeldov et al. 45 to obtain detailed solutions for the current and field distributions 

dominant term in slab geometry in a parallel field. 50-53 



The above approach has been used to study the behavior of films with inhomogeneous 
pinning, including the case for which JC is much higher at the edges of the film than in the 
middle. There also is a geometric barrier to the penetration of magnetic flux into thin films. 
These effects are discussed in recent papers by Schuster et alS4 and Zeldov et al?5 In 
addition to studies of the critical state, there recently have been further studies of the time 
dependence and frequency dependence of flux penetration into thin-film stripsS6 

It is surprising that the solutions of the critical-state profiles in thin circular disks are 
mathematically very similar to those in an infinitely long strip. An ele ant method for the 
solution of these profiles was presented by Mikheenko and Kuzovlev?8 Their a plication 
of this method to calculate the ac response, however, was shown by Zhu et al. to be in- 
correct. Further corrections were pointed out by Clem and Sanchez>* who have shown 
how to calculate the real and imaginary parts of the complex ac susceptibility of thin disks 
in the critical state. Further studies of the time dependence and frequency dependence of 
flux penetration into thin disks have been carried out by  brand^^^ 

5? 

4. Summary 

In this paper I have reviewed some of the fundamentals of vortex structure and dynamics 
in the high-temperature superconductors. Many of the basic properties of the vortex struc- 
ture can be obtained from the Ginzburg-Landau or London theories, provided they are 
modified to incorporate anisotropic by including an anisotropic effective mass tensor. Such 
an approach, however, does not give a detailed account of the layered nature of the cuprate 
superconductors, in which superconductivity evidently is localized in the Cu02 layers, bi- 
layers, and trilayers. To account for the layering and how it affects flux pinning, pinning 
energies, and flux creep, it is best to think of vortex lines as stacks of 2D pancake vortices, 
connected by Josephson strings. 

The dynamics of magnetic flux penetration into thin superconducting films recently has 
benefited from several theoretical advances, which permit the calculation of current-density 
and magnetic-field profiles for strips and disks. This theoretical work has been stimulated 
by the development of new experimental methods for quantitatively determining micro- 
scopic magnetic-field distributions at the superconductor's surface. 
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