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High temperature superconductors have 1 d
ures consisting of su erc

ve ay ere struc-

CuO
perconducting two-dimensional

u 2 planes and other planes wh hw ic are not directl
related to superconductivit . Th

'
y. ese intrinsic multilayered

structures have a great inguen

,'1 2g. A
g in uence on vortex structures

Among high-T, materials d t h
o a coupling between CuOz planes, the anisotro is
small in YBa Cu 0 (YBCO) h 13 7, w i e it is very lar e in
Bt2Sr2CaCu20x (BSCCO). It has b
tall that t

~ as een shown experimen-
ta y t at these characteristics give rise to differences in
vortex structures [3,4].

In this Letter a diredirect numertcal simulation [5,6] of the
coupled system of the time-de end
(TDGL) equation [7] and the Maxwell equation has been
made on the two t esypes of three-dimensional layered
superconductors to study the eff t f 1ec o ayered structures
on vortex structures. No numerical studies hs u ies ave been

a corn lete
e so ar on three-dimensional vortvor ex states using

a comp ete set of the TDGL equation and the M
e uation

an e axwell
s erive rom theq except for simplified models d d f

eory. e report the numerical results of 1

vortex soluutions of the above equations under the res
anoma ous

of layered structures. .

sun er t epresence

Two characteristic parameters should be considered in
mo e ing multilayered superconductors [8]. One is th
coherence len th f

rs . ne is the

len th of the u
eng, or the c axis and the other th

g e unit cell of the crystalline lattice d in the c
axis in which stron g and weak superconducting layers
are stacked. These parameters s» and d h, an c aracterize the
spa ia variation of the order param t d h y
of the 1

e er an t e periodicity
o the layered structure respe t 1 . Ic ive y. n general, when
se, = d, the effect of superconductin h
over the la er

c ing co erence prevails
over t e ayer periodicity effect. On the oth h d, h

he layered structure becomes a ver
o er an, when

d
w en, = d, and type-B when s (( d. H

enotes the coherence length t
ere, se, (0

g a zero temperature and d
corresponds to the periodicity of the variation T, as shown

schematicall in Fiy g. 1. Therefore in the type-A model
since the stron su e
be hi hl cou 1

g p rconducting layers are consid d

g y up ed, the layered structure has little effect on
nsi ere to

thet eBm
three- imensional vortex structure 0 h

e type-8 model, due to weak coupling between stron
superconductin la ers

ing etween strong

g ayers, the vortex structures tend to b
easily modified.

o e

The model e uq ations which are employed for direct
0

numerical simulation are as follows:
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to the determined value during the first 100000 steps to
achieve the steady state, and the simulation is performed
under the applied magnetic field. The magnetization is
used to check whether the system reaches a steady state
or not.

Figures 2(a), 2(b), and 2(c) show the numerical results
of the steady vortex states for the type-A model with
an external magnetic field of 0.6H, 2 (T = 10 K) and the
measured temperature of 10 K. The applied field is in-
clined in reference to the c axis (z direction) with an an-

gle cv of 0, 30', and 60'. Figure 2(a) shows the ordered
vortex lattice state where the order parameter distribution
along the vortex is modulated by the layered structure.
However, as the external magnetic field inclines, it is ob-
served that the ordered distribution of vortex at the surface
becomes blurred. From Figs. 2(b) and 2(c), the Ilux lines
are found to terminate perpendicularly at the surface due
to the boundary conditions of the current at the surface.
In the results of Fig. 2(c), for the external fiel applied
nearly parallel to the layer, vortices have a tendency to
align themselves because they are more stable in the weak
superconducting layers [10].

Figures 3(a) and 3{b) show the internal structure of the
vortex states with the inclined external magnetic field of
n = 30 . Figure 3(a) shows the view from the y direction,
and the disorder of vortex array is observed as marked
in the figure. The enlarged view of this region is shown
in Fig. 3(b) where the entangling of vortices occurs [11].
Figure 3(c) also shows the enlarged view of the region
where the disorder of aligned vortices occurs in the case of
a = 45'. These entangled vortex structures are found to
be stable without thermal fluctuations, because they persist
from the state which shows a constant magnetization.
These entangled states are observed near the boundary
wall of the computational region, and the merged segments
of vortex lines exist in the weak superconducting region.
Moreover, these phenomena are not found in the case of
n = 0 . We found that the entanglement states appear due
to the modification of inclined vortices near the sample
edge.

It is predicted that these entangled states emerge as a
result of the effect that the vortex bending, due to the
presence of the sample edge and the layered structure,
outdoes the intrinsic repulsive forces between vortices.
In extensive type-II superconductors, it is considered that
the vortex entangled state may also be observed near the
irregular boundaries such as sample edge, rough surface,
and grain boundary.

Figures 4(a) and 4(b) show the temperature dependence
of the steady vortex states using the type-8 mod el.
Figures 4(a) and 4(b) are the simulation results at the
temperature of 12 and 16 K, respectively. Here, the
temperature is above T, in the weak superconducting
region. The external magnetic field and the angle o.

are taken as 0.6H, .2 (T = 12, 16 K) and 45', respectively.
The bends in vortices due to the layered structure are
clearly observed in Fig. 4(a), and the bending of these

(c)

FIG. 3. (a) The snapshot of an isosurface of ~P~ = 0.10 for
T = 10 K, H„=-0.6H, .& (10 K), n =- 30', and 1 000000 steps
in the type-A model. The view is from the y direction and
the marked area shows a disorder of the vortex array. (b) The
enlarged snapshot of the marked area in (a). (c) The enlarged
snapshot of the vortex entangled state for a = 45 .

vortices becomes sharp as the temperature increases I I2].
This result indicates a change from a straight vortex to a
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in Ftg. 4(b), the absolute value of the superconducting
order parameter falls to zero, except the surface and
the bulk superconducting state is destroyed. The critical
temperature in the presence of the applied field in the
type-8 model is found to be higher than that in the type-
A model. The present numerical results in the type-8
model strongly support the ideas of the staircase vortex
[I] and the two-dimensional pancake vortex structures
[2] predicted experimentally in high-T, . superconductors
[3]. But, in the low temperature, it is also shown that
there exists a range in which the sharpness of the vortex
bending increases as the temperature increases.

In summary, a direct numerical simulation of the TDGL
equation coupled with the Maxwell equation has been
made to study steady flux line states for the layered
superconductors. Using the modeled layered systems,
a stable solution of entangled vortices for the coupled
system of equations is shown to exist near the wall
boundary. In particular, a crossover from the straight or
the weakly bending vortex to the staircase vortex with
segments parallel and perpendicular to the layers is found
in the type-B model as the temperature increases. With
these facts, we believe that the staircase and the pancake
vortex structures exist in layered superconductors such as
high-T, . materials and the other layered superconductors.

All these simulations have been carried out on the
MONTE-4, a special purpose supercomputer for a particle
system developed by the Japan Atomic Energy Research
Institute (JAERI), and FUJITSU's VP2600 supercomput-
ers. We would like to thank M. Akimoto, M. Tomiyama,
and staff members for their support on massive calcula-
tions. We also thank K. Kato for computer graphics.

FIG. 4. (a) The cutaway view of the snapshot of the spatial
distribution of ~P( for T = 12 K, u = 45', and H, = 0.6H, .2

(T = 12 K) in the type-8 model. The value of ~P~ chan es
( ) to 0.10 (green), and four color isosurfaces are

o c anges

displayed. (b) The snapshot of the spatial distribution of ~P~ at
l 6 K in the type-8 model, and other conditions are the same as
in (a).
staircase vortex with segments parallel and perpendicular
to the layer because the condensation energy loss, which
arises from the existing vortices in each layer, changes
as the temperature increases. In the type-8 model, it is
considered that the difference of the condensation energy
loss betwee 1een layers increases as the temperature increases,
and the increasing difference gives rise to the change
from bending vortex states to staircase vortex states.
In Fig. 4(b), it is also seen that vortices in the weak
superconducting layers exist parallel to the layers, while
those in the strong superconducting region exist almost
perpendicular to the layers. Moreover, the cross section of
the vortices in the weak superconducting region becomes
large due to the long coherence length, while tight and
thin vortices are generated in the strong superconducting
region. For the type-A model in the same conditions as
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