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The driven motion of vortices in the presence of a planar defect is simulated by means of the time- 
dependent Ginzburg-Landau equations. Guided motion of the vortices, both internal and external 
to the twin boundary, is found to occur over a range of driving forces. Experimental transport data 
on a single crystal of YBazCu3O.r are consistent with guided motion. 

1. INTRODUCTION 

Twin boundaries in the high-temperature superconductor YBaZCu307 provide a prototypical example of strong 
anisotropic pinning by an extended defect. Strong pinning by twin boundaries was first suggested [l] shortly after their 
existence was recognized, and the high degree of anisotropy of their pinning properties has since been characterized in 
transport [2], torque magnetometry [3], decoration [4,5] and magnetization [6,7] experiments. Subsequent magneto- 
optical experiments [8-13] led to conflicting interpretations of vortex pinning at twin boundaries. While initial 
experiments [8,9] showed that twin boundaries were planes of reduced pinning, allowing flux to penetrate more 
deeply into the superconductor than in the surrounding untwinned regions of the crystal, later studies [lo] found 
twin boundaries to be barriers to flux penetration. The apparent conflict was resolved by further magneto-optical 
experiments [ll-131, which revealed that the nature of the twin boundary pinning depends on the direction of the 
Lorentz force driving the vortex motion. Barrier action occurs when the Lorentz force is perpendicular to the twin 
boundary, while deep penetration occurs when the Lorentz force is parallel to the boundary. The combination of two 
very different pinning behaviors in the same defect and the dramatic dependence of the pinning behavior on vortex 
motion make twin boundaries an ideal laboratory for the exploration of static and dynamic aspects of pinning by 
extended defects. 

The magneto-optical experiments suggested that guidance of vortices by a twin boundary occurs when the vortex 
velocity is at an intermediate angle to the boundary plane. Two mechanisms for such guidance can be imagined. 
In the first, vortices travel within the twin boundary, channeled by the deep pinning potential wells separating the 
interior of the boundary from the adjoining bulk superconductor. Here it is assumed that the boundary has a finite 
width and that one or more vortices can travel along its length. This “penetration effect” appears in the experiment 
as a channel of relatively deep flux penetration along the twin boundary. In the second mechanism, the vortices are 
imagined to be pinned and stationary on the twin boundary. Vortex-vortex repulsion prevents nearby vortices from 
crossing the twin boundary, which effectively forms a barrier to perpendicular motion. Parallel motion is allowed, so 
that driving forces at intermediate angles produce motion only along the boundary. This kind of “external guidance” 
is to be distinguished from internal guidance, as the motion takes place outside and adjacent to the boundary. 

To further explore the nature of pinning by twin boundaries and the mechanisms of planar guidance under dynamic 
conditions, we carried out large-scale simulations of vortex motion by solving the time-dependent Ginzburg-Landau 
equations with a driving force and in the presence of planar pinning defects. To explore the collective aspects of 
the motion, a statistically significant number of vortices must be followed. Such large-scale simulations are beyond 
the scope of most computer systems, which typically limit the simulation of the time-dependent Ginzburg-Landau 
equations to tens of vortices. Our simulations were carried out on Argonne National Laboratory’s IBM Scalable 
POWERparallel (SP) system, a 128-processor parallel architecture, each processor being an IBM RS/6000 with 128 
Mbytes of memory, and typically accounted for hundreds of vortices. Most of the simulations were done with 16 
processors running simultaneously and required close to 100 hours to produce a detailed record of the dynamic 
evolution of the system over a finite time interval. The results show both external and internal guidance occurring at 
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different driving forces and penetration of the twin boundary barrier a t  high driving force. Experimental transport 
data on a twinned single crystal of YBa2Cu307 with the same geometry as in the simulation provide evidence for 
vortex guidance and penetration at intermediate and high driving forces. 

2. SIMULATION 

The time-dependent Ginzburg-Landau equations used in the simulation are those first proposed by Schmid [14] and 
later analyzed by Gor'kov and Eliashberg [15]: 

where C is the Aelmholtz free energy functional 

The other symbols have their usual meaning. We work in the zero-potential gauge, CP = 0, using link variables to 
discretize the fields. Details of the computational method can be found elsewhere [16]. 

The simulated system consisted of a superconducting planar slab, with a mutually perpendicular current and applied 
magnetic field in the plane of the slab. Along the field direction the slab was infinite and homogeneous, so that the 
problem became two-dimensional. Along the current direction a periodic boundary condition was used to insure 
continuity of the current without complicated end effects at the entrance and exit surfaces. The repeat distance of the 
periodic boundary condition was 48X (A is the magnetic penetration depth). The current and field produce a Lorentz 
force in the direction perpendicular to both. Along this direction the sample had a finite width of 32A and a physical 
boundary represented by the condition Jan = 0, where J is the total current inside the sample and n is normal to the 
surface. A single twin boundary was inserted into the sample in the form of a planar slab of thickness 2.OE (< is the 
coherence length), oriented parallel to the field and 45' to the current direction. With this orientation, the plane of 
the boundary is 45O from the Lorentz force direction, a geometry commonly encountered in experiments. The pinning 
of the twin boundary was modeled by a local reduction of the condensation energy in the interior of the slab. To 
provide the experimentally observed resistance to vortex motion within the twin boundary plane [2], the reduction 
was allowed to fluctuate randomly with a Gaussian distribution around a mean value of 56% and a standard deviation 
of 25% of the bulk value. Outside the twin boundary, there was no pinning in the bulk of the sample. This model 
provides an anisotropic pinning configuration with two pinning energy scales: one for motion parallel to the twin 
boundary, determined by the fluctuations in the condensation energy, and another for motion transverse to the twin 
boundary, determined by the reduction in condensation energy from the bulk value. The Ginzburg-Landau parameter 
K = A/< = 4 for the simulation. No temperature fluctuations were included, so that the simulations reflect the solid 
rather than the liquid vortex state. 

Each simulation was initiated by a sequence of steps. First a small magnetic field was  applied to bring the 
superconductor into the Meissner state. Then a large field, equivalent to -77% of the thermodynamic critical field, 
was applied to bring the system into the vortex state. Simultaneously, a transport current was applied to the system 
by imposing an applied field difference across the two physical boundaries. By Ampere's law, the field difference AH 
causes a current I = (c/47r)AH to flow in the sample. Because only the boundary fields are specified, no restriction 
is put on the transport current distribution within the sample. The transport current induces a Lorentz force on the 
vortices, which sets them in motion. The motion is allowed to evolve for 1.8 x lo6 time steps, well after the system 
reaches steady state. The data used to analyze the vortex motion were collected over the next 0.6 x lo6 time steps 
in the steady state. Three currents in the ratio 1:2:4 were applied in separate simulations to probe the effect of an 
increased driving force on the dynamics. The largest current had a value -8% of the depairing current. 

3. RESULTS 

Figure 1 shows the results of the simulation at weak current. (In this and the following figures, the magnetic field 
direction is out of the page, the transport current direction is vertically up, and the Lorentz force direction is horizontal 
to the right.) To show the motion of the vortices, the positions of all the vortices sampled during the steady-state 
motion are plotted in the same frame. Stationary vortices appear as points, moving vortices as lines whose length 
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indicates their average velocity. The position of the twin boundary is marked by the diagonal row of stationary vortices 
extending from the upper right corner. The Lorentz force induced by the weak current is insufficient to overcome 
the random pinning forces in the twin boundary, and it effectively forms an impenetrable barrier to vortex motion. 
The vortices on either side of the boundary move in the parallel direction, displaying the kind of external guidance 
expected for a barrier geometry. 

There are interesting features about the guided motion that reflect the special dynamics of vortices in the solid 
rather than the liquid state. The velocity of the vortices changes abruptly from zero on the twin boundary to 
approximately its largest value in one vortex spacing on either side of the twin boundary. At larger distances from 
the twin boundary, the vortex velocity remains approximately constant or decreases. This is different from what is 
expected for a liquid, where the velocity profile would be expected to grow slowly and monotonically from zero at the 
boundary to its largest value deep in the liquid. Furthermore, the velocities for several rows above the twin boundary 
are nearly equal, then fall suddenly almost to zero in one vortex spacing. Likewise, below the twin boundary, the 
velocities are nearly equal for two rows, then fall to zero. Further below the twin boundary, the velocity rises again, 
and again falls abruptly to zero. 

Both the velocity discontinuities and the high correlation of neighboring velocities are characteristic of the motion 
of a solid. These two features arise from the shear elastic energy of the solid, which imposes an elastic energy cost 
on relative displacements of neighboring vortex positions away from their equilibrium values. Because of the shear 
elastic energy, neighboring vortices tend to maintain the relative positions of the perfect lattice. Thus, sections of the 
vortex system tend to move with approximately the same velocity. When velocity differences must be accommodated, 
they are compressed into one vortex spacing as discontinuous changes, because this minimizes the elastic energy 
of the neighboring sections. In contrast, velocity changes in liquids are accommodated continuously, because there 
is no shear elastic energy cost discouraging relative displacements of neighboring vortices. The high correlation of 
the velocities of neighboring vortices and the accommodation of velocity changes as discontinuities are characteristic 
features of plastic flow in solids. 

The simulations reveal the microscopic origins of some of the plastic flow discontinuities in the velocity. The 
surface barrier arising from the boundary condition J - n = 0 at  the left and right edges has a strong effect on the 
motion of the vortices. In a sample without a twin boundary, the surface barrier is homogenous and the critical 
current required to overcome the barrier can be computed theoretically. Such estimates of this critical current are 
confirmed by simulations without twin boundaries [17]. The presence of the twin boundary introduces a weak region 
in the surface barrier where it intersects with the edge of the sample, allowing vortices to enter at lower current and 
influencing their entry pattern, as noted below. Examination of the detailed time evolution of the system shows that 
the motion exhibited in Figure 1 does not occur continuously, but as a series of rearrangements prompted by the entry 
of vortices from the left. Each entering vortex distorts the vortex arrangement near its entry point, and long range 
relaxation occurs according to the pattern indicated in Figure 1. Thus, vortices entering above the twin boundary 
trigger the motion of the four rows just above the boundary, while those entering just below the boundary initiate 
the motion below. The boundary itself acts as a gate, providing a region of weak condensation energy at  the left 
edge of the sample where vortices prefer to enter the system. This gate effect is most obvious for vortices entering 
the sample immediately below the boundary. It is further illustrated by comparison with simulations containing no 
twin boundary, where the number of vortices in the system is smaller and the surface barrier prevents vortex entry 
in steady state a t  this current [17]. While the entry of vortices triggers some of the motion in Figure 1, there is 
additional motion which occurs far from both the twin boundary and the sample edge. Two rows of vortices near 
the bottom of the frame move parallel to the boundary without any direct connection to entering vortices or to the 
boundary itself. This motion illustrates the long-range collective nature of the plastic flow response of the system. 

Figure 2 shows the vortex trajectories at intermediate current. Here the pattern of motion is quite different from 
that at weak current. Many of the vortices break through the twin boundary, the Lorentz force being large enough to 
overcome the pinning forces of some of the pinning sites. The Lorentz force does not dominate all the pinning sites, 
as shown by the one remaining stationary vortex in the lower left part of the boundary. This rough balance between 
the pinning and Lorentz forces leads to a qualitatively new behavior. The external guidance, which was dominant at 
weak current, is missing at  intermediate current, although a clear vestige of it can still be seen below the lower left 
section of the boundary. Elsewhere along the boundary, weak external guidance can be seen, extending no more than 
one row on either side of the boundary. 

Inside the boundary, there is considerable motion along the boundary in certain regions, especially a t  the lower left 
and upper right. This is internal guidance. It differs from the penetration effect suggested by the magneto-optical 
experiments, in that it occurs in the absence of any bulk pining outside the twin boundary. Thus, the vortex density 
inside the boundary is not substantially different from that outside the boundary. In the magneto-optical experiments, 
the twin boundaries were seen to admit flux when the bulk of the sample was relatively flux free. To study such a 
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penetration effect, the simulation would have to take into account bulk pinning outside the twin boundary. Figure 2 
shows that the internal motion is associated with external motion of the neighboring vortices on either side of the 
boundary. This behavior is consistent with the influence of the shear modulus, which tends to cause neighboring 
vortices to move at the same velocity. Thus, coupled internal and external motion is a natural consequence of a finite 
shear modulus. 

The internal motion can be understood physically in terms of the random pinning potential and the balance 
between the Lorentz and pining forces. The linear array of random pinning wells creates a highly anisotropic pinning 
environment. A vortex on a particular pinning site sees the full well potential as the barrier to motion in the direction 
perpendicular to the boundary. In contrast, in the parallel direction the potential barrier to the next well may be 
greatly reduced, if the neighboring well has approximately the same depth. Thus it may be much easier for the vortex 
to jump to the neighboring well than to the bulk of the superconductor. This kind of internal motion will stop if the 
moving vortex encounters a particularly well pinned vortex, as occurs near the lower left of the boundary, or if the 
well depth becomes shallow enough for the vortex to jump to the bulk. Such escapes to the bulk can be seen in the 
upper right section of the boundary. 

The effect of the boundary on the vortex motion at  intermediate current is apparent, but it is not the dominant 
force as was the case at weak current. This is clearly seen in the parts of the sample away from the boundary, where 
the vortices move steadily to the right, rather than diagonally as at weak current where the boundary was an effective 
barrier. The spatial range of influence of the boundary is confined to one vortex spacing. Beyond that, there is at 
most a small influence on the vortex velocity directions, in contrast to the case at weak current where the barrier was 
impenetrable. Ultimately, most of the vortices penetrate the boundary after undergoing a perturbation in velocity 
direction at  the boundary itself. Thus the guidance provided by the boundary is local in nature and not a determining 
feature of the average motion. 

Figure 3 shows the vortex trajectories at strong current. Only the trajectories in the first 20% of the steady-state 
time window are shown, because otherwise the frame becomes too crowded to resolve individual vortex paths. Here 
the boundary is nearly powerless against the Lorentz force, and many of the vortices stream through with hardly a 
change in direction. There is a hint of internal guidance at the extreme lower left of the boundary, but otherwise the 
trajectories do not show coherent vortex motion that can be attributed to the boundary. 

The phenomenon of twin boundary guidance may provide a possible explanation of recent transport data on twinned 
samples. Here we present data on a single crystal containing only two twin boundaries, 140 microns apart, oriented 
at 45’ to the current direction. The current was applied in the ab plane, with the field along the c axis, inducing a 
Lorentz force at 45O to the twin boundary. Figure 4 shows the resistivity as a function of field at a fixed temperature 
of 90.61 K for several current levels. The sharp rise in resistivity above 0.55 T at low current (13.5 A/cm2) is due 
to the melting transition, as explained elsewhere [IS] in detail for this crystal. Below 0.55 T, the vortex system is in 
the solid state. At 13.5 A/cm2, the pinning forces are strong enough to immobilize the solid. At higher current, the 
vortex solid begins to move, producing significant dissipation in the range - 0.35 - 0.5 T. Remarkably, the dissipation 
is always lowest just  below the melting transition, a manifestation of the “pre-melting peak effect” [18]. 

In the region of significant dissipation at intermediate current, 40 A/cm2, there are two branches to the resistivity 
curve, one at about 0.3 pQ-cm and another at  about 0.15 pR-cm. Each branch is clearly defined, well outside the 
noise levels in the experiment. Field sweeps up and down find the two branches at the same resistance levels, though 
not at the same field positions. The behavior is as if a switching phenomenon were operating, choosing between two 
dynamic configurations with different average vortex velocities transverse to the current. Such a situation would arise 
if the vortices were guided by the twin boundaries on the lower branch, but broke through the twin boundaries on 
the upper branch. The expected ratio of the two resistivities can be estimated under the assumption that the vortex 
velocity scales with the Lorentz force, as is the case for viscous motion. Then the velocity along the twin boundary in 
the guided case will respond to the component of the Lorentz force in that direction, FL/& The measured resistivity 
is sensitive only to the component of the velocity transverse to the current, F L / ( @ ) ~  = F L / ~  . If the vortices break 
through the boundary, their velocity responds to the full Lorentz force, FL. Thus, the two resistivities scale by a 
factor of 2, as observed in the experiment. At higher current, where the Lorentz force overcomes the twin boundary 
pinning, there is only one branch to the resistivity curve. This behavior as a function of current is consistent with the 
phenomenon of twin boundary guidance and penetration as observed in the simulations. 

4. SUMMARY 

We have carried out large-scale simulations of the driven motion of vortices in the presence of a planar defect like 
a twin boundary in YBa2Cu307, using the fully nonlinear time-dependent Ginzburg-Landau equations. In order to 
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follow the motion of a statistically significant number of vortices, the simulations required substantial computing 
power. On 16 processors of Argonne National Laboratory’s IBM SP system, each of the simulations required close to 
100 hours. Highly organized motion of the vortices was found at weak Lorentz driving force. The vortices external 
to the twin boundary were constrained to move parallel t o  the boundary, while those internal to the boundary were 
immobilized, forming an impenetrable barrier to motion across the boundary. At intermediate driving force, where 
the driving and pinning forces were comparable, parallel motion of vortices internal to the boundary occurred, coupled 
with similar motion of neighboring vortices external to the boundary. In other parts of the boundary, the vortices 
penetrated routinely. The guiding influence of the boundary was limited to approximately one vortex spacing on 
either side, much less than in the weak driving force case. At high driving force, the vortices freely penetrated 
the boundary with only a slight perturbation in their velocity directions, and there was no indication of correlated 
guidance. TEansport data on a single crystal of YBazCu307 with two twin boundaries in the same orientation as in 
the simulations show resistivity patterns which are consistent with guidance and penetration. 
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Fig. 1. Vortex trajectories near a twin boundary a t  weak transport current. The  magnetic field is out of the page, the current 
direction is vertically upward, and the Lorente force direction is horizontally to the right. The  position of the twin boundary 
is marked by the line of stationary vortices extending diagonally from the upper right. 

Fig. 2. Vortex trajectories a t  intermediate transport current. 
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Fig. 3. Partial vortex trajectories at strong transport current. 

Fig. 4. Resistivity as a function of magnetic field at fixed temperature for a single crystal of YBazCus07 containing two 
twin boundaries 140 microns apart, oriented 45' from the current direction. The  current is in the a b  plane, with field along the 
c axis, Three currents are shown. The arrows at intermediate current indicate up and down field sweeps. Switching behavior 
occurs for the intermediate current, consistent with vortex guidance and penetration at the twin boundaries. 
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