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Meissner holes and turbulent structures in superconductors in unidirectional and rotating fields
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Flux distributions on different faces of YBCO crystal plates remagnetized by unidirectional and rotating
fields are studied using advanced magneto-optical techniques. Bending of vortex lines is shown to be crucial
for the remagnetization process even in plates with large width to thickness ratios in in-plane fields. Closed
vortex loops smaller than a critical radius collapse, forming a flux-free cylinder: the Meissner hole. This results
in the collection of superconducting currents into cords along the Meissner holes and the formation of turbulent
flux patterns. Similar structures and unusual patterns are found when the field is rotated in the basal or end face
plane. Values of the currents in the structures are retrieved from fits of measured flux profiles by model current
distributions. The remagnetization patterns revealed in rotating fields are important for understanding the
behavior of superconducting parts in motors and levitating devices.@S0163-1829~98!08929-2#
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I. INTRODUCTION

It was shown recently that upon remagnetization
YBCO crystal plates in perpendicular magnetic fields, ch
acteristic flux and current structures associated with str
bending of flux lines are formed.1 Remagnetization of thes
samples proceeds not due to motion of a flat boundary
tween straight oppositely polarized vortices, as visualized
the Bean model for infinite slabs, but due to compression
expansion of induction loops. In any finite sample inducti
lines must close in order to satisfy the Maxwell equati
div B50. These loops are easy to visualize in the case
trapped flux in normally magnetized plates. As shown in F
1, the induction lines close near the edges of the plate aro
lines that are defined by the conditionB50. When the field
is parallel to the plate, the curvature of induction lines
usually ignored. It turns out, however, that this simplificati
ignores some important effects appearing in real sample

Inside a superconductor, closed vortex loops tend
shrink due to their line tension,2 as expected for any elasti
string. This shrinkage is opposed by pinning forces, wh
tend to immobilize the vortices. As was shown by Kopp3

and Evetts and Campbell,2,4 vortex loops of radii below a
critical valueRc5s/Fp , determined by the equilibrium be
tween the line tensions and the pinning forceFp , will col-
lapse. Inside the critical radius there is a flux-free cylind
the Meissner hole~see Fig. 1!. In an increasing remagnetiz
ing field this structure moves to the interior of the sample
asymmetric collapse of the inner vortex loops. In thel layer
along the surface of the cylinder, a strong magnetization c
rentJM flows that can modify neighboring field distribution
PRB 580163-1829/98/58~6!/3446~11!/$15.00
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It is associated with the local change ofB from zero inside
the Meissner hole to;Bc1 in the surrounding vortex phase
The current and field are related through Maxwell’s equat
rot B5m0J, which may be simplified toJM;Bc1 /m0l. The
large magnetization current and field gradient at the bou
ary between the vortex and Meissner phases is often ca
the dB/dH effect and has been extensively discussed.2,5–10

In the present work, features of Meissner holes in vario
experimental geometries have been investigated u
magneto-optical imaging. It is shown that at any orientat
of the field with respect to the sample the remagnetizat
proceeds generally due to bending of flux lines. Even in
case of thin plates in parallel fields, these effects turn ou

FIG. 1. Scheme of magnetic flux lines due to trapped flux in
superconducting plate magnetized by a normal field. Two flux-f
cylinders whereB50 are the Meissner holes as described in
text.
3446 © 1998 The American Physical Society
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be crucial. They result in the formation of complex curre
and field patterns with widely variable local density and
rection ~see also Ref. 11!. An especially rich variety of un-
usual current and induction structures due to flux bendin
found in rotating fields.12 Their nucleation and evolution ar
important in the operation of rotors, bearings, and other m
ing parts made of superconductors.

This paper is organized as follows. In Sec. II, details
the experimental technique and the investigated samples
given. In Sec. III the remagnetization behavior in fields
various orientations is discussed for fields applied paralle
the wide face of the platelike sample~Sec. III A!, and for
fields normal to this face~Sec. III B!. In Sec. IV the remag-
netization behavior for rotating in-plane fields is present
In Sec. IV A the qualitative features are analyzed wherea
Sec. IV B a detailed quantitative description of the remag
tization front for isotropic as well as for anisotropic supe
conductors is given. It is shown that in anisotropic superc
ductors the critical currents outside the Meissner cylin
give the dominant contribution to the observed field patter
Section V presents the effect of field rotation in the narr
end faces of the samples.

II. EXPERIMENTAL

YBCO single crystals with different aspect ratios~width/
thickness in the range of 5–40! were placed on the cold
finger of a cryostat and covered with an iron garnet magn
optical indicator film~for details see Ref. 13!. Observations
of induction patterns using a polarizing microscope w
made with the fields parallel to the imaged planes of
samples~i.e., fields were perpendicular to the optic axis
the microscope!. Flux images on the wideab surfaces and
narrow ac/bc faces were studied. In the latter case, t
samples were mounted with their narrow face perpendic
to the light axis. The relevant geometries and field orien
tions are shown in Fig. 2.

Magneto-optical observations based on the Faraday e
detect only the field component normal to the imaged pl
of a sampleBn . Thus the magneto-optical images reveal ti

FIG. 2. The applied fields and sample orientations studied in
work. The optical axis of the microscope is vertical.
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of the induction from the direction of the external field. U
ing calibration curves, which represent the average inten
in the indicator film without a sample as a function of th
normal field, the magneto-optical images were transform
into maps ofBn on the sample surfaces. From these map
was possible to recover qualitative pictures of current str
tures in the plates. Quantitative estimates of currents w
obtained using a numerical fitting ofBn(x) scans along a
chosen line by model current configurations. Although t
recovery of three-dimensional current distributions fro
two-dimensional induction pictures is not unique, the use
physically reasonable models allows important features to
determined.

We start with observations of remagnetization patterns
a unidirectional field parallel to the wideab planes of the
samples as illustrated in Fig. 2~a!. These patterns are com
pared with previous results with the field along thec axis,
normal to the plates, as shown in Fig. 2~b!. We then intro-
duce and discuss more complicated structures that occu
the field is rotated in theab @Fig. 2~c!# andac/bc @Fig. 2~d!#
faces and relate many of their features to patterns foun
unidirectional fields. Finally, a model of Meissner holes
anisotropic superconductors with enhanced critical curre
around flux-free cylinders that fit induction profiles observ
in all experimental geometries is discussed.

III. UNIDIRECTIONAL REMAGNETIZATION

A. Parallel fields

Remagnetization of plates in parallel fields is usually co
sidered to be homogeneous in the planes parallel to the
face. However, even in strong in-plane fields, edge effe
turn out to be essential. They create normal induction co
ponents everywhere on the surface of the sample, even in
center of large faces parallel to the external field.

The main features observed in the magnetization proc
of a zero-field-cooled plate in parallel field are shown in F
3. Sample dimensions and applied fields are presented in
figure captions. The images are taken at 40 K. On ini
application of the field, a bright area appears on the ri
edge and a dark area on the left edge, corresponding to p
tive and negative components of the normal field as show
Fig. 3~a!. Such a curvature of the field lines is due to t
partial screening of the field by the superconductor as ill
trated in Fig. 4~a!. This screening has two origins: surfac
currents due to the Meissner effect and the Bean-Livings
barrier, and bulk critical currents that arise from pinning. T
surface currents give rise to a sharp drop in the normal fi
just inside the sample, and are responsible for the clear
line of the sample in Fig. 3. The bulk currents produce
slow variation of the normal field that persists to the cen
of the sample. In Fig. 3~a! there is a distinct irregular saw
tooth or zigzag boundary that divides the sample image
a bright region on the right and a dark region on the le
These regions define opposite directions of the normal fi
on the sample surface. The sharpness of the boundar
remarkable. It shows that the normal field changes sign
continuously. Such an effect may be expected from
boundary condition on the vortex currents, which near
surface can have no normal component. The local field
vortices must therefore be normal and cannot be zero as
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as vortices are present. Calculations of the equilibrium sh
of inclined vortices near the surface of a superconduct14

confirm this conclusion.
With decreasing field the contrast at the edges beco

reversed as illustrated in Fig. 3~b! and bright stripes~on the
left and on the right! along the field direction appear. In thes
stripes near the edges, the normal component of the
reverses, compared to the increasing field case of Fig. 3~a!.
This corresponds to upward bending of the vortices at
edges as illustrated in Fig. 4~b!, in contrast to downward
bending as in Fig. 4~a!. The flux image of the sample in th
remnant state after the field has been reduced to zer
shown in Fig. 3~c!. The image is qualitatively similar to Fig
3~a!, except that the bright and dark regions are invert
indicating that the curvature of the field lines is opposi
Also, the zigzags of the sawtooth boundary are much lon
than in the high field. Calculated field lines representing
remnant state are shown in Fig. 4~d!, based on the curren
distribution in Fig. 4~c!.

The application of a small reverse field produces the
age illustrated in Fig. 3~d!. A feature appears near the cent
of the sample at the boundary between regions of small
posite normal field, where an additional sharp contrast
developed. This contrast indicates a locally high normal fi
that changes sign at the boundary. This is similar to the fi
pattern around a current carrying wire, and implies a subs
tial current flowing along the boundary. A similar concentr
tion of the field at the boundary between oppositely mag
tized regions was observed in the case of a norm
magnetized plate.1,11 This structure is the signature of th
Meissner hole. The increased current along the Meiss

FIG. 3. Formation of the Meissner hole during the in-plane
magnetization of a 78036503150mm YBCO crystal at
T540 K. ~a! H51235 Oe applied after zero-field cooling th
sample,~b! H51235 Oe decreased from 1800 Oe,~c! remnant state
after reducingH to zero from~b!, ~d! H52320 Oe after~c!.
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hole results in its bending instability, as discussed in Ref
It is similar to the pinch effect; an instability of an electric
current in a plasma discharge in a magnetic field.15 In Fig.
3~d! the bending of the Meissner hole is pronounced. W
further increasing field the image of the Meissner hole d

-

FIG. 4. Curvature of flux lines after application~a! and decrease
~b! of an in-plane field.~c! current distribution and applied field fo
the calculated field lines shown in~d! and~e!. ~d! field lines for the
remnant state (H50), ~e! field lines for the beginning of remagne
tization obtained by adding to~d! a small negative fieldH
520.008~in units of JcD, whereD is the plate thickness!.
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PRB 58 3449MEISSNER HOLES AND TURBULENT STRUCTURES IN . . .
appears. The disappearance is associated with the motio
the Meissner hole down toward the middle plane of the p
where it annihilates with a second Meissner hole of oppo
chirality moving up from the bottom surface of the samp
Figure 4~e! shows calculated field lines in an infinite bar wi
the same cross section as the sample in Fig. 3 that has
remagnetized by a small negative field. Closed field loo
centered on positions whereB50 near the top and bottom
surfaces indicate the regions where Meissner holes will fo

This picture of the Meissner hole shrinking in the pla
perpendicular to the field like a belt tightening around t
sample during remagnetization is quite different from t
commonly accepted scenario of motion of a flat front para
to the faces of a plate, as envisioned in the Bean mode
the latter case, this front should carry a large Meissner c
rent @;2(Bc1 /l)lD, whereD is a typical in-plane dimen-
sion of the sample# that would give a substantial contributio
DMm to the magnetization of the sample. From our picture
follows thatDMm is determined by the currents in the Meis
ner hole that are smaller by a factor;Rc /D than those in the
flat front picture. The absence of theDMm contribution in
Nb ribbons in parallel fields, reported recently by LeBla
et al.,9 is consistent with our model of bending vortices.

B. Perpendicular field

The above results for the parallel geometry show a
markable similarity with those observed earlier1 for a thin
plate in a perpendicular field. The experiment is illustra
by Fig. 2~b!. In Ref. 1 Meissner holes were shown to nuc
ate in the middle of the narrow end faces along the perim
of the plate, and to move to the center of the sample w
increasing remagnetizing field. The appearance of the Me
ner hole on the end face is shown in Fig. 5. The Meiss
hole is visible in Fig. 5~b! as a black line near the center
the face surrounded by brighter regions.~In this picture, the
polarizers in the microscope have been adjusted so that
normal field is black and positive and negative fields of
same magnitude are only slightly unequal in intensity.! The
Meissner hole is wiggling both in the plane of observati
and perpendicular to it. Variations in intensity along t
Meissner hole are associated with variations in depth of
Meissner hole from the sample surface.

The nucleation of the Meissner hole on reducing the fi
from its maximum value is described by the field line dist

FIG. 5. Formation of the Meissner hole on the end face dur
remagnetization of the plate in the perpendicular field. The field
1890 G along the vertical direction is applied~a! and decreased to 0
~b! at 50 K. The Meissner hole is revealed as a wiggling horizon
dark line with brighter edges in the middle of the sample in~b!.
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bution shown in Fig. 6. In this case the critical state w
modeled by currents of a constant density flowing perp
dicular to the plane of the picture in opposite directions
the top and bottom halves of the plate, as illustrated in
inset. The fields of these currents are superimposed on
constant external field. At some value of the latter, the cen
of the closed field loops~where B50! near the edges, a
shown in Fig. 6, and here the Meissner hole is formed.
the external field is decreased and changes polarity, the s
ture moves inside the sample.

It is easy to see that experimental pictures and field l
patterns for parallel~Figs. 3 and 4! and perpendicular~Figs.
5 and 6! geometries are topologically identical. They can
transformed one into another by scaling along appropr
axes.

IV. ROTATION OF IN-PLANE FIELDS

A. Qualitative discussion of flux images

The main features of the induction patterns in the rota
ab fields are illustrated by Fig. 7 for a rectangular samp
containing only a few twin boundaries. The sample w
zero-field cooled and then a field was applied parallel to
width and rotated clockwise. The field direction is indicat
by an arrow in each picture. In Fig. 7~a!, taken in the hori-
zontal fieldHext5970 Oe atT540 K, a strong increase o
the magnitude of the normal field near the edges and a s
tooth boundary separating areas of opposite normal fie
are observed, as discussed earlier in connection with Fig

g
f

l

FIG. 6. Calculated field lines in an infinite plate with the sam
cross section as that of the sample in Fig. 5 with currents flowing
shown in the inset. The closed field lines near the ends of the p
indicate the location of the Meissner holes formed at reduction
the external field.
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FIG. 7. ~a!–~f! Changes of the flux distribution on theab surface of a 76036253110mm YBCO single crystal due to in-plane fiel
rotation atT540 K. H5960 G is applied to the sample after zero-field cooling along the horizontal axis and rotated clockwise as sh
arrows. Bright and dark intensity corresponds to up and down fields normal to theab plane.~i! shows a flux pattern after rotation ofH by
2p1240°. In ~j! the field of 1880 G along the horizontal axis was switched on and off at 30 K, then an opposite fieldH52650 G was
applied and turned by 130° cw. In~k! and~l! the fieldH5500 G was applied to the zero-field-cooled sample at 55 K and turned by;90° cw
and ccw, respectively, as shown in the sketch.
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Upon rotation of the external field in theab plane, a
bright intensity, indicating the normal field strength, deve
ops at the horizontalx edges and decreases at the verticay
edges. This effect increases with increasing rotation angla.
At a.20°, bright bands appear very near the top and bott
edges of the sample, as shown in Fig. 7~b! ~herea530°!. At
larger angles a changing modulated structure of brighter
darker stripes develops in these bands@Figs. 7~c! and 7~d!#.
These structures correspond to up and down declination
vortices from theab plane that can be associated with helic
perturbations of the flux structure.16,17 When H turns from
the initial x direction in Fig. 7~a! its y component increases
The y component of the rotated field induces vortices tilt
up and down from theab plane near the top and bottomx
edge of the sample, where formerly the trapped field w
predominantly in theab plane. New vortices cut and recon
nect with the trapped ones,2,18,17thus forming flux lines with
normal components that produce the bright and dark inte
ties. Under these conditions, the currents alongx, induced by
they component of the field, can cause a helical instability
x-oriented vortices.16,17 This can produce the modulation o
Bn at the surface, as occurs near thex edges of the sample in
Figs. 7~c!–7~e!. The details of the helical instabilities in ro
-

m

d
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l

s
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tating fields can be treated in the framework of the Brand17

and Clem and Perez-Gonzales19 theories. Here we give only
an estimation of the pitch of the helicesLh . Following
Brandt,17 Lh;4.4@aL /c11#

21/2 whereaL;JcB/(F0 /B)1/2 is
the Labush parameter~pinning force/intervortex distance!
andc11;B2/m0 . For B51000 G and the critical currentJc

;105 A/cm2 @the value ofJc is taken from fits of the mea
suredBn(x) profile in Fig. 10~a!#, one getsLh;15mm. This
estimate is in reasonable agreement with the experime
period of the modulated pattern near the horizontal edge
Fig. 7~c!. Similar modulations appear at the vertical edg
when the field passes through the vertical direction. Note
Lh is proportional to (B)1/4 and (Jc)

21/2, so the estimate will
not change much with these parameters.

At angles of about 30°, the contrast at they edges starts
inverting @Fig. 7~b!#. Vortices that were trapped here by th
initial application of the field with their ends tilted dow
@towards the middleab plane of the sample, Fig. 8~a!# now
change their configuration to accommodate the rotated ex
nal field. The reduced field in the original direction allow
vortices in the corners to exit from the sample. The rema
ing vortices here become concave upward, as shown in
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8~b!. This process is inhomogeneous along the sample ed
One can see in Fig. 7~b! bright and dark regions on both lef
and right edges of the crystal. Such an inhomogeneity
determined by the rectangular shape of the sample. It co
sponds to a concave upward tilt of field lines in regions
inverted contrast and a concave downward tilt where t
contrast did not change. The above picture can be associ
with currents flowing in opposite directions along bright an
dark parts of the edge and meeting at the points where
normal field changes sign.

The sawtooth boundary between slightly brighter an
darker halves of the sample also changes as the field rota
It assumes anS-like shape with its ends as marked by sma
arrows in Fig. 7~d!. Variations of the boundary from its ini-
tial shape directly outline the area where vortices have
verted their curvature in response to the reducedx and in-
creasedy components of the applied field. These chang
take place more obviously at the periphery of the samp
while in the middle area the flux remains mainly unchange
The spatial division of the sample into areas where the fl
adapts to the rotated field orientation or remains trapped
the original direction is consistent with magnetization me
surements by Hasan and Kouvel~Ref. 20 and references
therein!. They found two components of the magnetizatio
of polycrystalline YBCO disks rotated in an external fiel
parallel to the plane of the disk. One component remain
locked to the sample, as we observe near the middle of
crystal, and one followed the field direction with a lag o
several degrees. Earlier magnetization measurements of l
Tc discs in rotating fields by Boyer and LeBlanc21 were also
explained by the presence of evolving and unchanging fl
regions. However, they were suggested to be outer and in
layers parallel to the disk surface, respectively. Our measu

FIG. 8. Bending of flux lines in the central cross section of
plate after the application of the field@~a! as in Fig. 7~a!# and after
turning the field by 90°@~b! as in Fig. 7~f!#. In the regions shown by
thick circles vortices close into loops and form Meissner hole
Circles with crosses and points show opposite current direction
es.
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ments show that the evolving component of the flux arise
the edge regions of the sample.

The most remarkable features develop at the ends of thS
boundary near they edges when the field turns by more tha
;50° @Figs. 7~d! and 7~e!#. Here the boundary starts tran
forming into lines with substantially higher contrast, brig
on one side and dark on the other. With further field rotat
this contrast increases more. Bright lines stretch inside
sample and towards the edges@Fig. 7~f!#. Note that the lines
develop when the contrast at they edges is reversed with
respect to the initial state in Fig. 7~a!. The corresponding
inversion of the curvature of vortices at the edge is shown
Fig. 8~b! that illustrates the vortex shape in the centralxz
cross section of the sample after rotation ofH from the x
axis in Fig. 8~a! to they axis (a;90°). It corresponds to the
inversion of the current direction in the corners roughly o
lined by dashed lines just where vortices change their cu
ture.

The observed strong bright and dark intensities mark
formation of Meissner holes in the rotated field geometry.
in unidirectional remagnetization illustrated by Fig. 3~d!, the
concentration of up and down flux on either side of t
Meissner hole implies a substantial local current flowi
along its length.

With further field rotation (a.90°), the Meissner holes
turn, following the field direction with a lag angle. Then th
structure becomes unstable, similar to the pinched pla
that shows kink instabilities.15 Images of the lines becom
wider and decay into parts that shift with respect to ea
other @Figs. 7~g!–7~h!#. Strong current lines appear near th
x edges when the field is turned by more than 140°@Fig.
7~h!#, in the same way as they developed at they edges for
smaller rotation angles.

Current pinches continuously nucleate and decay as
field rotates beyond;140° and finally a rather complicate
flux structure is formed@Fig. 7~i!, a52p1240°#. As the
Meissner holes decay, their ends sometimes form spi
with bright spots in the foci@Fig. 7~j!#. Also, parts of the
lines transform into round shaped bundles of perpendicul
magnetized vortices and move into the bulk@such bright and
dark spots can be seen in Figs. 7~i! and 7~j!#. These detached
macroscopic flux bundles or macroturbulent structures
nucleated, due to the bending instability and decay of
current pinches similar to the case of plates in a perpend
lar field where flux bundles appear at the front between
and down magnetized regions.11,1

Using the field distributions for straight and curved cu
rent lines and for current carrying tapes, it is possible
build a qualitative picture of currents corresponding to t
observed flux images. Such schemes of currents near
surface of the sample reproducing the main features obse
in Figs. 7~i! and 7~j! are shown in Figs. 9~a! and 9~b!, re-
spectively. Here stronger local currents are shown by thic
lines. The directions and curvature of the current lines g
the proper variations in the magnitude and direction ofBn ,
in accordance with the observed flux patterns. Currents in
central area are associated with the initial field applicati
This is illustrated by the observation that the flux and th
the current distribution does not change so strongly in
center as at the periphery of the sample.

.
.
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3452 PRB 58V. K. VLASKO-VLASOV et al.
If the field is rotated counterclockwise after its initial a
plication, a different set of current lines~and other charac
teristic patterns! nucleates with mirror symmetry to struc
tures appearing in the cw rotation, as shown in Figs. 7~k! and
7~l! ~see also Ref. 12!. Note that if the in-plane field rotation
is cw for the top face of the plate, it is ccw looking from th
bottom face. Thus, observations on the top face with a gi
field rotation direction reproduce the picture on the bott
side with the opposite direction of rotation. From comparis

FIG. 9. Schematic current patterns corresponding~a! to Fig. 7~i!
and ~b! to Fig. 7~j!.
n

n

of Figs. 7~k! and 7~l! it follows that at the bottom surface th
current structures should run parallel to those on the top fa
However, the directions of the currents are opposite on
two faces. It is likely that the ends of current lines on the tw
sides are connected through the thickness of the sample
form a closed current loop. In the case of the spiral ends
the pinches@as in Fig. 7~j!# the flow of the current from the
ab surface into the bulk seems to be the only possible
planation for the apparent disappearance of the current l

Patterns similar to those discussed above were obse
on theab faces of all YBCO crystals studied. They sho
that, in a superconducting plate in a rotating in-plane field
highly inhomogeneous three-dimensional flux and curr
structure is formed. Details of the structure depend on
history of previous rotations, on the angle of rotation, t
temperature and field, and the rotation speed. In sam
with irregular shape and those with defects, the Meiss
hole patterns are not symmetric. The effect of the exter
field in stabilizing the Meissner hole against bending can
seen by comparison of the unidirectional and rotated fi
patterns. In unidirectional fields@Fig. 3~d!, see also pictures
in Ref. 1#, where the external field is perpendicular to t
Meissner hole, it bends severely, while in the rotated fi
@Figs. 7~d!–7~f!#, where the external field is more near
aligned with Meissner hole, it is smooth.

B. Quantitative features of flux patterns in rotating fields

Quantitative characteristics of the above flux structu
can be obtained from profiles of the normal component
induction along chosen directions on the sample surfa
SuchBn(x) curves measured along horizontal tracks in t
center of the sample are shown in Figs. 10~a! and 10~b! for
images in Figs. 7~a! and 7~f!, respectively. One can see th
the normal field at the edges~marked by arrows! and around
the Meissner holes@marked by circles in Fig. 10~b!# is rather
large (;150 G) even with a strong in-plane fiel
(;1 kOe). The concentration ofBn at the sample edges i
natural for plates with a circulating shielding current. T
normal field drops very sharply from the edges just inside
crystal that indicates the dominant contribution of Meissn
currentsJM flowing in the thin layer on the end face. A fit o
the profile in Fig. 10~a! is shown by the dashed curve. Th
calculation was made for an infinitely long plate with th
same cross section as the sample carry
6Jc(;1.23105 A/cm2) in the upper and lower halves an
6JM(;93106 A/cm2) in l layers at the end faces as show
in the inset.

The strong normal field around the Meissner holes in F
10~b! implies substantial current flowing along them. Th
effective current should have two contributions: a posit
one, due to the Meissner current along the boundary of
flux-free cylinder, and a negative one, due to the absenc
the critical current inside it. Relative to the surrounding bu
the total current associated with the Meissner hole will
I MH;JM2pRcl2pRc

2Jc . Here the first term corresponds t
the boundary between Meissner and vortex phases that
ries a magnetization current densityJM;(1/m0)Bc1 /l in the
l layer5 and the second term accounts for the absence oJc
inside the cylinder. In an isotropic superconductor the l
tensions equals the vortex line energy«5Bc1F0 /m0 , so



ls

PRB 58 3453MEISSNER HOLES AND TURBULENT STRUCTURES IN . . .
FIG. 10. HorizontalBn(x) scans across theab face of the sample shown in Fig. 7.~a! application of the field@Fig. 7~a!#, ~b! rotation
of H by 90° @Fig. 7~f!#, ~c,d! scans perpendicular to the right bright line in Fig. 7~f! with different fitting curves. Insets show current mode
used for fitting the experimental field profiles.
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Rc5Bc1 /m0Jc andI MH;p(Bc1 /m0)2/Jc . Note that the loss
of the critical current in this case is exactly half of the gain
the Meissner current. Thus, Meissner holes produce a
increase of the local current. For regions outside the Me
ner hole (R.Rc), the field of the excess current is identic
to that for a line along the flux-free cylinder axis carrying t
same current: BMH5m0I MH/2pR. Then the normal field a
the sample surface isBn(x)5(m0I MH/2p)x/(zH

2 1x2) if the
hole axis is at a distancezH.Rc below the surface. This
normal field distribution has extrema atx56zH on either
side of the hole, with amplitudem0I MH /(4pzH).

The above picture of Meissner holes as developed in R
3 and 4 for isotropic superconductors, and used also in
10 to explain changes in theBn(x) slope at the remagnetiza
tion front in BSCCO, qualitatively describes the observ
features of images illustrated in Figs. 3, 5, and 7. Howev
as shown recently,1 this simple model must be essential
modified in the case of anisotropic materials.

Anisotropy distorts the circular shape of Meissner ho
because both the line tension and pinning, which determ
the local radius, depend on the orientation of the vort
These two anisotropies drive the Meissner hole shape in
posite directions. The line tension is lowest for vortex orie
tations in theab plane and thus stretches the loops horizo
tally. In contrast, pinning is smallest forc-oriented vortices
and favors horizontal contraction of the loops.

Although it is difficult to calculate the shape of the vorte
loop minimizing its total energy in the presence of pinni
et
s-

fs.
f.

d
r,

s
e
.
p-
-
-

anisotropy, it is possible to estimate the appropriatec andab
radii of the curvature of the loop. The knowledge of the
radii is sufficient to define an ellipse that approximates
shape of the Meissner hole. In an anisotropic supercondu
the line tension is22

su5«~u!1]2«/]u2.

Taking «(u)5«0ku ln(l/kuj), with «05F0
2/4pm0l2 and

ku5(k2 cos2 u1sin2 u)1/2 ~Ref. 23! ~here an anisotropy co
efficient for YBCO k; 1

5 – 1
7 , l/j;50, andu is the angle

between the vortex and theab plane! one obtains

su5«0@~k2/ku
3!ln~l/kuj!2~12k2!ku

21 cos 2u#.

For vortex segments along theab plane (u50) the line ten-
sion will be sab5(«0 /k)@ ln(l/kj)211k2# and for those
along thec axis (u5p/2) sc5«0$11k2@ ln(l/j)21#%. Ac-
counting also for the ratio of pinning forces for theab and
c-vortex segments, k p5Fp,ab /Fp,c;3 – 4 for YBCO
crystals,24 one gets an estimation for ratio of the curvatu
radii (Ri;s i /Fi) of the top and bottom loop segmen
~close to theab plane! to those of left and right segment
~;along the c axis!: Rab /Rc;(sab /sc)/k p;5.1 ~for
k5 1

5 , k p54!–10.7~for k5 1
7 , k p53!. Below, all estimates

will be presented in couples for these two sets ofk andk p to
show that the possible range of estimated parameters is
wide.
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From the values ofRi it is easy to get the semimajor an
semiminor axesa andb @for the ellipse (x/a)21(z/b)251#
using the known relation between the ellipse parame
a5(Rab

2 Rc)
1/35(2.96– 4.86)Rc and b5(RabRc

2)1/35(1.72
– 2.2)Rc . Note that the ratio of the ellipse semiaxesa/b
5(Rab /Rc)

1/3 is only ;2. The effective ellipticity of the
Meissner hole is expected to be even smaller due to
creased critical currents near its top and bottom, as sh
below. This is consistent with observations of the Meiss
holes forHic ~Ref. 1! that revealed that the widths of th
hole images on the basal plane and on the end face
YBCO crystals are very close. In this case, minimum wid
were compared because, as mentioned above, they c
spond to Meissner holes near the surface where actual
imaged dimensions are closest.

A strong increase of the ellipticity of Meissner holes w
observed when the field was decreased after rotation. In
case the image of the Meissner holes splits, as shown in
11, corresponding to a flattening of the Meissner holes. T
is associated with the expansion of vortex loops forming
Meissner hole in decreasing field.

An estimate of the magnetization current along the s
face of an elliptic Meissner hole in an anisotropic mater
gives

I M;~p/m0!~RabBc1
ab1RcBc1

c !;~p/m0!~2 – 2.53!RcBc1
c

;~0.7– 0.85!A.

Here the ellipse is approximated by two arcs with the rad
Rc and two arcs withRab and with currents across them~i.e.,
along the cylinder surface! having the linear densityBc1

c /m0

andBc1
ab/m05kBc1

c /m0 , respectively. Note that the length o
the ab segments is larger, but their contribution toI M is the
same as for thec segments due to smallerBc1

ab . An alterna-
tive but close estimate,I M;(p/m0)(2.14– 2.78)RcBc1

c

;(0.75– 0.93)A is obtained by taking the more exact e
pression for the ellipse lengthL'p@1.5(RabRc)

1/3(Rab
1/3

FIG. 11. Splitting of the Meissner hole images. The field w
decreased from 970 to 490 G after rotation by 360°.T540 K.
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1Rc
1/3)2(RabRc)

1/2#;p(4.76– 7.32)Rc and an average
Meissner current (1/m0)(Bc1

abBc1
c )1/2;(1/m0)(0.45

– 0.38)Bc1
c .

Taking «0 in the form «05(F0Bc1
c )/m0 ln(l/j) and

Rc5sc /F0Jc
c ~with Bc1

c ;280 G andJc
c;1.283105 A/cm2

obtained from fits of the induction profiles in thec-oriented
field!,1 one gets Rc;5 mm. Due to the large
Rab;(5 – 10)Rc , the cross-sectional area of the cylind
S5pRabRc is large and thus the losses in the critical curre
inside the hole will be large: DI c5SJc

av;(1.28– 1.95)A,
with Jc

av;0.5(Jc
ab1Jc

c). The loss ofJc inside the Meissner
hole is now about two times larger than the Meissner curr
I M along the cylinder surface. In the images this would c
respond to an inverted contrast on the Meissner holes
compared to that observed in the experiment.

To explain the observed polarity and values of the fie
around the Meissner hole, one has to account for anisotr
critical currents surrounding the flux-free cylinder. In o
geometry on the top and bottom of the hole, vortices
primarily oriented along theab direction and the critical cur-
rent density is larger than on the right and left of the ho
where the vortices are oriented primarily alongc. This ex-
cess critical current above and below the hole and the
duced critical current to the left and right distort the fie
symmetry and give a sufficient net contribution to the app
ent total current along the Meissner hole.

To modelBn(x) above the Meissner hole, we simulate
the latter by three current lines at a distancezH from the
surface immersed in a current carrying a bar of rectang
shape. The central line with a currenti 1 represents the
Meissner current on the surface of the cylinder, the loss
critical current inside it, and the excess current above
below the hole. Two satellites with negative currentsi s cor-
respond to reduced currents adjacent to the hole. Fig
10~c! and 10~d! show both one and three wire fits of th
profile measured perpendicular to the Meissner hole on
right in Fig. 7~e!. In the fits, currents distant from the Meis
ner hole were assumed to be constant. For the single
model the fit in Fig. 10~c! gives the current in the wirei
50.4 A and its position at 6mm below the surface. The
single wire model for the Meissner hole does not allow t
sharp wings of the experimentalBn(x) to be fitted. For the
three wire fit @Fig. 10~d!# the central current is
i 1511.22 A at 9.4 mm below the surface and satellite
i s520.49 A are at 6.5mm on both sides ofi 1 . A back-
ground currentJ51.353105 A/cm2 for both fits accounts
for the variation of Bn(x) at a larger distance from th
Meissner hole.i 1 is a sum of the current due to the Meissn
cylinder ~surface current minus loss ofJc inside it!
I MH5I M2DI c and the positive contributiondI ab due to the
largerJc at the top and bottom of the Meissner hole. Usi
the earlier estimates I M;(0.7– 0.85)A and
DI c;(1.28– 1.95)A, the fit value of i 1 implies that
dI ab;1(1.8– 2.3)A. These estimates ofdI ab and i s show
that the anisotropic critical currents around the flux-free c
inder give major contributions to the total current associa
with the Meissner hole and reduce the anisotropy of its fi
profile.

If the closed vortex loops around the Meissner hole
entangled,25 the critical current near the hole may be e
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hanced. This largerJc would reduce the critical radius an
shrink the Meissner hole. A qualitatively similar increase
pinning near the Meissner hole can arise from the field
pendence ofJc , which should increase asB goes to 0.

V. OBSERVATIONS IN THE FIELD ROTATED
IN THE END FACE PLANE

In the end face experiments crystals were turned with
of their ac or bc surfaces perpendicular to the microsco
optic axis and the field was rotated in the plane of this fa
as illustrated in Fig. 2~d!. Pictures of flux distributions on the
end faces of the samples showed a qualitative similarity
images observed on theab surfaces in rotated fields.

When the field was initially applied parallel to the lon
side, only positive~bright contrast! and negative~dark con-
trast! stray normal fields at the right and left short edges w
observed@Fig. 12~a!#. With rotation of the field, strong nor
mal fields of opposite polarities appeared also at long ed
@Fig. 12~b!# and entered deeper in the sample with increas
angle. The image in Fig. 12~b! is reminiscent of the picture
observed on the end face for a unidirectional field along
c axis @see Fig. 5~a!#. This resemblance is due to the dom
nating effect of theab currents that effectively screen thec
component of the external field in Fig. 12~b!.

With further field rotation, stripes along thec axis are

FIG. 12. Rotation of the field in the end face plane
T550 K. H51250 Oe is applied along the horizontal direction a
rotated as shown by the arrows. Ata;180° ~e! a horizontal line of
increased contrast is formed in the middle of the face. In~f! the field
was turned several times by;620° around 180° and the contra
split into two parts. Note a qualitative similarity between Figs. 12~f!
and 7~f!.
f
-

e

,

o

e

es
g

e

revealed, which are associated with modulations of induct
due to twin domains crossing the end face@Fig. 12~c!#. When
the field passes the normal to the long side~i.e., the normal
to the ab plane! brighter stripes oriented close to the fie
direction appear@Fig. 12~d!#. They are developed at field
turned from the initial direction bya;120 to 170°. The
stripes correspond to modulations of the normal field co
ponents on the end face and are similar to modulated st
tures observed near the edges on theab face after field ro-
tation in theab plane@see Figs. 7~c! and 7~d!#. They can be
associated with the helical instability due to crossing of e
tering and trapped flux lines as discussed in Sec. IV A.
a;180°, the stripes disappear and a bright contrast deve
on the long edges;parallel to the field@Fig. 12~e!#. The
contrast in Fig. 12~e! is inverted with respect to Fig. 12~b!. It
corresponds to inversion of the normal components of ind
tion on the top and bottom sides of the sample that ar
from thec component of the flux trapped during rotation
the field. Qualitatively, the effect is the same as illustrated
Figs. 3~a! and 3~b! and discussed in Sec. III A.

An important feature in Fig. 12~e! is a horizontal line with
local, large and oppositeBn components adjacent to it. A
was shown in Fig. 5, a similar structure is formed when
sample is remagnetized by a unidirectional field normal
the basal plane. However, in the latter case the boundar
usually bending and regions of increasedBn localized inside
the strong bends move along it. In both situations, when
field component perpendicular to theab plane decreases
flux lines trapped in a strong perpendicular field close in
loops at the end face, resulting in formation of the Meiss
hole ~as in Fig. 6!. In the case of the unidirectionalc field,
excess current in the Meissner hole is subject to the ben
instability. In the field rotating in the end face, the Meissn
hole is stabilized by the external field parallel to the lo
edge and is straight. However, if the external field is rota
back and forth near the angle of 180°, the Meissner hole
be split into two parts and a picture topologically similar
that observed on theab plane in rotating field is obtained
@compare Figs. 12~f! and 7~f!#.

The formation of lines of excess current showing t
same contrast as Meissner holes was also observed in YB
crystals subject to an ac field along thec axis in the presence
of a dc field in theab plane.26 It is reminiscent of the suc-
cessive formation of Meissner holes near the sample ed
when thec-directed ac field only is applied.1 However, in the
latter case Meissner holes are not straight but strongly wig
and form domains of vortices of opposite polarities. The
regions slowly drift in the ac field to the interior of th
sample, forming a specific dynamic domain structure in
perconducting plates.1

VI. CONCLUSION

The experimental observations presented here show
independently of the sample geometry and the field orien
tion in any finite superconductor, the remagnetization by u
directional and rotating fields proceeds not by escape
entry of approximately straight vortex segments but by be
ing of vortices and shrinking of closed flux lines. There a
always conditions during the remagnetization cycle wh
vortices close into small loops that then collapse and fo

t
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flux-free Meissner holes. The excess local current along
Meissner holes can be large and increase the field and vo
density nearby. In high-Tc superconductors the dominatin
contribution to this current is the anisotropic critical curren
in the near environment of the Meissner hole. Excess c
rents around the Meissner hole can also occur in isotro
superconductors if the field dependence ofJc is strong
enough. In this case the isotropic critical currents are larg
near the Meissner hole where the field is smallest. Forma
of Meissner holes is observed even in fields parallel to
plane of thin plates.

An important consequence of the appearance of the
cess current along Meissner holes is the generation of m
roscopic flux instabilities. They show themselves throu
.
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bending and decaying of the current lines into mobile m
roscopic current loops enclosing flux bundles. Such a s
cific dynamic domain structure is an intrinsic feature of r
magnetized superconductors.
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