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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 devi&s.63-182608)08929-2

[. INTRODUCTION It is associated with the local change Bffrom zero inside
the Meissner hole te-B; in the surrounding vortex phase.

It was shown recently that upon remagnetization ofThe current and field are related through Maxwell's equation
YBCO crystal plates in perpendicular magnetic fields, charfot B= uJ, which may be simplified tdy~ B¢y /uoh. The
acteristic flux and current structures associated with stronfirge magnetization current and field gradient at the bound-
bending of flux lines are formetiRemagnetization of these ary between the vortex and Meissner phases is often called

i ; ; <30
samples proceeds not due to motion of a flat boundary behe dB/dH effect and has been extensively discuss¥d:
tween straight oppositely polarized vortices, as visualized in In the present work, features of Meissner holes in various
the Bean model for infinite slabs, but due to compression an@xperimental geometries have been investigated using
expansion of induction loops. In any finite sample inductionmagneto-optical imaging. It is shown that at any orientation
lines must close in order to satisfy the Maxwell equation©f the field with respect to the sample the remagnetization
div B=0. These |00ps are easy to visualize in the case oproceeds generally due to bending of flux lines. Even in the
trapped ﬂux in norma”y magnetized p|ates' AsS Shown in Fig'Case Of thin plateS in parallel fieldS, these effeCtS turn out to
1, the induction lines close near the edges of the plate around
lines that are defined by the conditi@= 0. When the field
is parallel to the plate, the curvature of induction lines is
usually ignored. It turns out, however, that this simplification

ignores some important effects appearing in real samples.
Inside a superconductor, closed vortex loops tend to
shrink due to their line tensichas expected for any elastic > }H “( <
string. This shrinkage is opposed by pinning forces, which /
tend to immobilize the vortices. As was shown by Koppe

and Evetts and Campbélf; vortex loops of radii below a

critical valueR.= o/F,, determined by the equilibrium be-

tween the line tensionr and the pinning forc& ,, will col-

lapse. Inside the critical radius there is a flux-free cylinder, B=0
the Meissner holé¢see Fig. 1 In an increasing remagnetiz-

ing field this structure moves to the interior of the sample by  F|G. 1. Scheme of magnetic flux lines due to trapped flux in a
asymmetric collapse of the inner vortex loops. In khiayer  superconducting plate magnetized by a normal field. Two flux-free
along the surface of the cylinder, a strong magnetization cureylinders whereB=0 are the Meissner holes as described in the
rentJy, flows that can modify neighboring field distributions. text.
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of the induction from the direction of the external field. Us-
ing calibration curves, which represent the average intensity
in the indicator film without a sample as a function of the
normal field, the magneto-optical images were transformed
into maps ofB,, on the sample surfaces. From these maps it
was possible to recover qualitative pictures of current struc-
tures in the plates. Quantitative estimates of currents were
obtained using a numerical fitting &,(x) scans along a
chosen line by model current configurations. Although the
recovery of three-dimensional current distributions from
two-dimensional induction pictures is not unique, the use of
physically reasonable models allows important features to be
determined.

We start with observations of remagnetization patterns in
a unidirectional field parallel to the wideb planes of the
samples as illustrated in Fig(&). These patterns are com-
pared with previous results with the field along thexis,
normal to the plates, as shown in FighR We then intro-

FIG. 2. The applied fields and sample orientations studied in thigluce and discuss more complicated structures that occur as
work. The optical axis of the microscope is vertical. the field is rotated in thab [Fig. 2(c)] andac/bc [Fig. 2(d)]

faces and relate many of their features to patterns found in

be crucial. They result in the formation of Comp|ex currentunidirectional fields. Finally, a model of Meissner holes in
and field patterns with widely variable local density and di-anisotropic superconductors with enhanced critical currents
rection (see also Ref. 11 An especially rich variety of un- around flux-free cylinders that fit induction profiles observed
usual current and induction structures due to flux bending i# all experimental geometries is discussed.
found in rotating field$? Their nucleation and evolution are

INDICATOR

SAMPLE

(@

important in the operation of rotors, bearings, and other mov- lIl. UNIDIRECTIONAL REMAGNETIZATION
ing parts made of superconductors. ]
This paper is organized as follows. In Sec. Il, details of A. Parallel fields

the experimental technique and the investigated samples are Remagnetization of plates in parallel fields is usually con-
given. In Sec. Il the remagnetization behavior in fields Ofsidered to be homogeneous in the p|anes para||e| to the sur-
various orientations is discussed for fields applied parallel tgace. However, even in strong in-plane fields, edge effects
the wide face of the platelike samp(&ec. Il A), and for  tyrn out to be essential. They create normal induction com-
fields normal to this faceSec. Il B). In Sec. IV the remag- ponents everywhere on the surface of the sample, even in the
netization behavior for rotating in-plane fields is presentedcenter of large faces parallel to the external field.
In Sec. IV A the qualitative features are analyzed whereas in The main features observed in the magnetization process
Sec. IV B a detailed quantitative description of the remagneof 4 zero-field-cooled plate in parallel field are shown in Fig.
tization front for isotropic as well as for anisotropic super- 3. Sample dimensions and applied fields are presented in the
conductors is given. It is shown that in anisotropic superconfigure captions. The images are taken at 40 K. On initial
ductors the critical currents outside the Meissner cyIinde@ppucation of the field, a bright area appears on the right
give the dominant contribution to the observed field patternSedge and a dark area on the left edgel Corresponding to posi_
Section V presents the effect of field rotation in the narrowtive and negative Components of the normal field as shown in
end faces of the samples. Fig. 3(@). Such a curvature of the field lines is due to the
partial screening of the field by the superconductor as illus-
trated in Fig. 4a). This screening has two origins: surface
currents due to the Meissner effect and the Bean-Livingston
YBCO single crystals with different aspect ratiggidth/  barrier, and bulk critical currents that arise from pinning. The
thickness in the range of 5-#Qvere placed on the cold surface currents give rise to a sharp drop in the normal field
finger of a cryostat and covered with an iron garnet magnetojust inside the sample, and are responsible for the clear out-
optical indicator film(for details see Ref. 230bservations line of the sample in Fig. 3. The bulk currents produce a
of induction patterns using a polarizing microscope wereslow variation of the normal field that persists to the center
made with the fields parallel to the imaged planes of theof the sample. In Fig. @) there is a distinct irregular saw-
samples(i.e., fields were perpendicular to the optic axis of tooth or zigzag boundary that divides the sample image into
the microscope Flux images on the widab surfaces and a bright region on the right and a dark region on the left.
narrow ac/bc faces were studied. In the latter case, theThese regions define opposite directions of the normal field
samples were mounted with their narrow face perpendiculaon the sample surface. The sharpness of the boundary is
to the light axis. The relevant geometries and field orientaremarkable. It shows that the normal field changes sign dis-
tions are shown in Fig. 2. continuously. Such an effect may be expected from the
Magneto-optical observations based on the Faraday effettoundary condition on the vortex currents, which near the
detect only the field component normal to the imaged plansurface can have no normal component. The local field of
of a sampleB,,. Thus the magneto-optical images reveal tiltsvortices must therefore be normal and cannot be zero as long

Il. EXPERIMENTAL
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FIG. 3. Formation of the Meissner hole during the in-plane re-
magnetization of a 780650x150um YBCO crystal at
T=40K. (@ H=12350Oe applied after zero-field cooling the
sample(b) H=1235 Oe decreased from 1800 @&,remnant state
after reducingH to zero from(b), (d) H=—320 Oe after(c).

as vortices are present. Calculations of the equilibrium shape
of inclined vortices near the surface of a superconddittor
confirm this conclusion.

With decreasing field the contrast at the edges becomes
reversed as illustrated in Fig(l§ and bright stripeson the
left and on the rightalong the field direction appear. Inthese  (d)
stripes near the edges, the normal component of the field
reverses, compared to the increasing field case of Faj. 3
This corresponds to upward bending of the vortices at the
edges as illustrated in Fig.(l8), in contrast to downward
bending as in Fig. @). The flux image of the sample in the
remnant state after the field has been reduced to zero is
shown in Fig. &). The image is qualitatively similar to Fig.
3(a), except that the bright and dark regions are inverted,
indicating that the curvature of the field lines is opposite.
Also, the zigzags of the sawtooth boundary are much longer
than in the high field. Calculated field lines representing the
remnant state are shown in Fig(d% based on the current
distribution in Fig. 4c). ) o

The application of a small reverse field produces the im—(b) F'fG- 4. Cll”"at‘]j_reldo(f ;'“X Imets ;ft;e_rbap:_phcatuga) anlc_i %efr?ﬁe

H H H Oof an In-plane tiela(c) current distribution and appliea fie or

sge usited n Fi. . A feaure appears near the center) .0 e (600 e e oot
posite normal field, where an additional sharp contrast hasmnant statgl-ﬂ=0), © f'e.ld lines for the beglnmng. of remagne-
developed. This contrast indicates a locally high normal fiel lzitg)gogb_tame_d b?/\] e;ddunk? tc(f). ahsm?II nﬁgaktuve fieldH
that changes sign at the boundary. This is similar to the field (in units of JA, whereA is the plate thickness
pattern around a current carrying wire, and implies a substan-
tial current flowing along the boundary. A similar concentra-hole results in its bending instability, as discussed in Ref. 1.
tion of the field at the boundary between oppositely magnek is similar to the pinch effect; an instability of an electrical
tized regions was observed in the case of a normallcurrent in a plasma discharge in a magnetic félth Fig.
magnetized platé!! This structure is the signature of the 3(d) the bending of the Meissner hole is pronounced. With
Meissner hole. The increased current along the Meissndurther increasing field the image of the Meissner hole dis-
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(b)

FIG. 5. Formation of the Meissner hole on the end face during
remagnetization of the plate in the perpendicular field. The field of
1890 G along the vertical direction is appliéa) and decreased to 0 ==
(b) at 50 K. The Meissner hole is revealed as a wiggling horizontal
dark line with brighter edges in the middle of the samplékin

(=

appears. The disappearance is associated with the motion of
the Meissner hole down toward the middle plane of the plate
where it annihilates with a second Meissner hole of opposite
chirality moving up from the bottom surface of the sample.
Figure 4e) shows calculated field lines in an infinite bar with
the same cross section as the sample in Fig. 3 that has been
remagnetized by a small negative field. Closed field loops
centered on positions wheg=0 near the top and bottom
surfaces indicate the regions where Meissner holes will form.

This picture of the Meissner hole shrinking in the plane FIG. 6. Calculated field lines in an infinite plate with the same
perpendicular to the field like a belt tightening around thecross section as that of the sample in Fig. 5 with currents flowing as
sample during remagnetization is quite different from theshown in the inset. The closed field lines near the ends of the plate
commonly accepted scenario of motion of a flat front paralleindicate the location of the Meissner holes formed at reduction of
to the faces of a plate, as envisioned in the Bean model. Ithe external field.
the latter case, this front should carry a large Meissner cur-
rent[~2(B.1/\)AD, whereD is a typical in-plane dimen- bution shown in Fig. 6. In this case the critical state was
sion of the samplgthat would give a substantial contribution modeled by currents of a constant density flowing perpen-
AM,, to the magnetization of the sample. From our picture itdicular to the plane of the picture in opposite directions in
follows thatAM,, is determined by the currents in the Meiss- the top and bottom halves of the plate, as illustrated in the
ner hole that are smaller by a factelR./D than those in the inset. The fields of these currents are superimposed on the
flat front picture. The absence of theM,, contribution in  constant external field. At some value of the latter, the center
Nb ribbons in parallel fields, reported recently by LeBlancof the closed field loopgwhere B=0) near the edges, as
et al,” is consistent with our model of bending vortices.  shown in Fig. 6, and here the Meissner hole is formed. As
the external field is decreased and changes polarity, the struc-
ture moves inside the sample.

It is easy to see that experimental pictures and field line

The above results for the parallel geometry show a repatterns for parallelFigs. 3 and #and perpendiculafFigs.
markable similarity with those observed earidor a thin 5 gnd 6 geometries are topologically identical. They can be

plate in a perpendicular field. The experiment is illustratectransformed one into another by scaling along appropriate
by Fig. 2b). In Ref. 1 Meissner holes were shown to nucle- gxes.

ate in the middle of the narrow end faces along the perimeter
of the plate, and to move to the center of the sample with
increasing remagnetizing field. The appearance of the Meiss- IV. ROTATION OF IN-PLANE FIELDS
ner hole on the end face is shown in Fig. 5. The Meissner
hole is visible in Fig. 8) as a black line near the center of
the face surrounded by brighter regiofis this picture, the The main features of the induction patterns in the rotated
polarizers in the microscope have been adjusted so that zeed fields are illustrated by Fig. 7 for a rectangular sample
normal field is black and positive and negative fields of thecontaining only a few twin boundaries. The sample was
same magnitude are only slightly unequal in intensifshe  zero-field cooled and then a field was applied parallel to its
Meissner hole is wiggling both in the plane of observationwidth and rotated clockwise. The field direction is indicated
and perpendicular to it. Variations in intensity along theby an arrow in each picture. In Fig(&J, taken in the hori-
Meissner hole are associated with variations in depth of theontal fieldH.=970 Oe atT=40 K, a strong increase of
Meissner hole from the sample surface. the magnitude of the normal field near the edges and a saw-
The nucleation of the Meissner hole on reducing the fieldooth boundary separating areas of opposite normal fields,
from its maximum value is described by the field line distri- are observed, as discussed earlier in connection with Fig. 3.

D))

B. Perpendicular field

A. Qualitative discussion of flux images



3450 V. K. VLASKO-VLASOV et al. PRB 58

4

i
[
i
i

N
L,

FIG. 7. (8—(f) Changes of the flux distribution on tfeb surface of a 768 625X 110um YBCO single crystal due to in-plane field
rotation atT =40 K. H=960 G is applied to the sample after zero-field cooling along the horizontal axis and rotated clockwise as shown by
arrows. Bright and dark intensity corresponds to up and down fields normal &htpéane.(i) shows a flux pattern after rotation bif by
27 +240°. In(j) the field of 1880 G along the horizontal axis was switched on and off at 30 K, then an oppositd $ield650 G was
applied and turned by 130° cw. (k) and(l) the fieldH =500 G was applied to the zero-field-cooled sample at 55 K and turnedd@y cw
and ccw, respectively, as shown in the sketch.

Upon rotation of the external field in thab plane, a tating fields can be treated in the framework of the Brinhdt
bright intensity, indicating the normal field strength, devel-and Clem and Perez-Gonzaletheories. Here we give only
ops at the horizontat edges and decreases at the vertical an estimation of the pitch of the helicds,. Following
edges. This effect increases with increasing rotation amagle Brandt!’ L,~4.4 a, /c,,]” ¥? wherea ~J.B/(P,/B)Y?is
At a>20°, bright bands appear very near the top and bottonthe Labush parametefpinning force/intervortex distange
edges of the sample, as shown in Fio)qherea=30°). At andc,,~B?/u,. For B=1000 G and the critical curre,
larger angles a changing modulated structure of brighter and. 105 o/cm? [the value ofJ, is taken from fits of the mea-
darker stripes develops in these bafigs. 7c) and _'(d)]. suredB,(x) profile in Fig. 1da)], one getd,~ 15 xm. This
These structures correspond to up and down declinations Qigimate s in reasonable agreement with the experimental
vortlcelzjs f_rom th?ﬁ pl;':llne that Ca?égs\rlalvshsomgted W'tr]l helical period of the modulated pattern near the horizontal edges in
perturbations of the flux structure: enH turns rom o 7¢) Similar modulations appear at the vertical edges

?ﬁem'téilr;( Cg:]zcl;[!{ogf Itr;1gI?(St;?()g(IjtsfiZ|g?rr:j%%gin\t/(l)?§£§5tﬁfé dwhen the field passes through the vertical direction. Note that
y P L, is proportional to B)Y*and () ~*?, so the estimate will

up and down from theb plane near the top and bottoxn Qot change much with these parameters
edge of the sample, where formerly the trapped field wa At angles of about 30°, the contrast at fredges starts

predominantly in theab plane. New vortices cut and recon- . ; _ .
nect with the trapped oné2®7thus forming flux lines with inverting [Fig. 7(b)]. Vortices that were trapped here by the
initial application of the field with their ends tilted down

normal components that produce the bright and dark intens s i
ties. Under these conditions, the currents aloniduced by ~ [towards the middiab plane of the sample, Fig.(8] now
they component of the field, can cause a helical instability ofchange their configuration to accommodate the rotated exter-
x-oriented vortices®” This can produce the modulation of nal field. The reduced field in the original direction allows
B, at the surface, as occurs near shedges of the sample in vortices in the corners to exit from the sample. The remain-
Figs. 7c)—7(e). The details of the helical instabilities in ro- ing vortices here become concave upward, as shown in Fig.
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- ments show that the evolving component of the flux arises in
the edge regions of the sample.

\> The most remarkable features develop at the ends & the
e . . - . . 7: boundary near thg edges when the field turns by more than

~50° [Figs. 1d) and de)]. Here the boundary starts trans-
forming into lines with substantially higher contrast, bright
ZL on one side and dark on the other. With further field rotation
X this contrast increases more. Bright lines stretch inside the
sample and towards the eddésg. 7(f)]. Note that the lines
develop when the contrast at tlyeedges is reversed with
respect to the initial state in Fig.(&. The corresponding
inversion of the curvature of vortices at the edge is shown in
Fig. 8b) that illustrates the vortex shape in the central
cross section of the sample after rotationtbffrom the x
axis in Fig. 8a) to they axis (@~90°). It corresponds to the
inversion of the current direction in the corners roughly out-
lined by dashed lines just where vortices change their curva-
ture.

The observed strong bright and dark intensities mark the
formation of Meissner holes in the rotated field geometry. As
in unidirectional remagnetization illustrated by Figdg the

FIG. 8. Bending of flux lines in the central cross section of aconcentration of up and down flux on either side of the
plate after the application of the fie[da) as in Fig. 7a)] and after  Meissner hole implies a substantial local current flowing
turning the field by 90f(b) as in Fig. 7f)]. In the regions shown by along its length.
th_ick circ!es vortices close _into loops and _form Meissr_ler holes. With further field rotation ¢>90°), the Meissner holes
Circles with crosses and points show opposite current directions. turn, following the field direction with a lag angle. Then the

structure becomes unstable, similar to the pinched plasma
8(b). This process is inhomogeneous along the sample edgesiat shows kink instabilities> Images of the lines become
One can see in Fig.() bright and dark regions on both left wider and decay into parts that shift with respect to each
and right edges of the crystal. Such an inhomogeneity isther[Figs. 1g)—7(h)]. Strong current lines appear near the
determined by the rectangular shape of the sample. It correc edges when the field is turned by more than 1ABY.
sponds to a concave upward tilt of field lines in regions of7(h)], in the same way as they developed at yhedges for
inverted contrast and a concave downward tilt where themaller rotation angles.
contrast did not change. The above picture can be associated Current pinches continuously nucleate and decay as the
with currents flowing in opposite directions along bright andfield rotates beyond-140° and finally a rather complicated
dark parts of the edge and meeting at the points where thgux structure is formedFig. 7(i), a=2m7+240°. As the
normal field changes sign. Meissner holes decay, their ends sometimes form spirals

The sawtooth boundary between slightly brighter andwith bright spots in the foc[Fig. 7(j)]. Also, parts of the
darker halves of the sample also changes as the field rotatdmes transform into round shaped bundles of perpendicularly
It assumes as-like shape with its ends as marked by small magnetized vortices and move into the blgkich bright and
arrows in Fig. 7d). Variations of the boundary from its ini- dark spots can be seen in Fig$i)and 7j)]. These detached
tial shape directly outline the area where vortices have inmacroscopic flux bundles or macroturbulent structures are
verted their curvature in response to the redugeshd in- nucleated, due to the bending instability and decay of the
creasedy components of the applied field. These changesurrent pinches similar to the case of plates in a perpendicu-
take place more obviously at the periphery of the samplelar field where flux bundles appear at the front between up
while in the middle area the flux remains mainly unchangedand down magnetized regiofhs®
The spatial division of the sample into areas where the flux Using the field distributions for straight and curved cur-
adapts to the rotated field orientation or remains trapped iment lines and for current carrying tapes, it is possible to
the original direction is consistent with magnetization mea-build a qualitative picture of currents corresponding to the
surements by Hasan and KouviéRef. 20 and references observed flux images. Such schemes of currents near the
therein. They found two components of the magnetizationsurface of the sample reproducing the main features observed
of polycrystalline YBCO disks rotated in an external field in Figs. 4i) and ¥j) are shown in Figs. @ and 9b), re-
parallel to the plane of the disk. One component remainedpectively. Here stronger local currents are shown by thicker
locked to the sample, as we observe near the middle of odines. The directions and curvature of the current lines give
crystal, and one followed the field direction with a lag of the proper variations in the magnitude and directiorBgf
several degrees. Earlier magnetization measurements of low: accordance with the observed flux patterns. Currents in the
T, discs in rotating fields by Boyer and LeBl&havere also  central area are associated with the initial field application.
explained by the presence of evolving and unchanging fluxhis is illustrated by the observation that the flux and thus
regions. However, they were suggested to be outer and innéne current distribution does not change so strongly in the
layers parallel to the disk surface, respectively. Our measuresenter as at the periphery of the sample.

V)
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of Figs. 1k) and 7|) it follows that at the bottom surface the
current structures should run parallel to those on the top face.
However, the directions of the currents are opposite on the
two faces. It is likely that the ends of current lines on the two
sides are connected through the thickness of the sample and
form a closed current loop. In the case of the spiral ends of
the pinchedas in Fig. 7j)] the flow of the current from the
ab surface into the bulk seems to be the only possible ex-
planation for the apparent disappearance of the current line.
Patterns similar to those discussed above were observed
on theab faces of all YBCO crystals studied. They show
that, in a superconducting plate in a rotating in-plane field, a
highly inhomogeneous three-dimensional flux and current
structure is formed. Details of the structure depend on the
history of previous rotations, on the angle of rotation, the
temperature and field, and the rotation speed. In samples
with irregular shape and those with defects, the Meissner
hole patterns are not symmetric. The effect of the external
field in stabilizing the Meissner hole against bending can be
seen by comparison of the unidirectional and rotated field
patterns. In unidirectional fields=ig. 3(d), see also pictures
in Ref. 1], where the external field is perpendicular to the
Meissner hole, it bends severely, while in the rotated field
[Figs. Wd)-7(f)], where the external field is more nearly
aligned with Meissner hole, it is smooth.

B. Quantitative features of flux patterns in rotating fields

Quantitative characteristics of the above flux structures
can be obtained from profiles of the normal component of
induction along chosen directions on the sample surface.
SuchB,(x) curves measured along horizontal tracks in the
center of the sample are shown in Figs(alGand 1Qb) for
images in Figs. @& and 7f), respectively. One can see that
the normal field at the edgémarked by arrowsand around
the Meissner holelsnarked by circles in Fig. 10)] is rather
large (~150G) even with a strong in-plane field
(~1kOe). The concentration @&, at the sample edges is
natural for plates with a circulating shielding current. The
normal field drops very sharply from the edges just inside the
crystal that indicates the dominant contribution of Meissner
currents]y, flowing in the thin layer on the end face. A fit of
the profile in Fig. 10a) is shown by the dashed curve. The
calculation was made for an infinitely long plate with the
same cross section as the sample carrying
+J.(~1.2x10° Alcm?) in the upper and lower halves and
+JIu(~9%x10° Alem?) in \ layers at the end faces as shown
in the inset.

(b) The strong normal field around the Meissner holes in Fig.

) ) o 10(b) implies substantial current flowing along them. This

FIG. 9. Schematic current patterns correspond@do Fig. i) eftective current should have two contributions: a positive
and(b) to Fig. j). one, due to the Meissner current along the boundary of the

If the field is rotated counterclockwise after its initial ap- flux-free cylinder, and a negative one, due to the absence of
plication, a different set of current lingand other charac- the critical current inside it. Relative to the surrounding bulk,
teristic patterns nucleates with mirror symmetry to struc- the total current associated with the Meissner hole will be
tures appearing in the cw rotation, as shown in Fig) and I mn~Ju27RA — mR2J, . Here the first term corresponds to
7(1) (see also Ref. 12Note that if the in-plane field rotation the boundary between Meissner and vortex phases that car-
is cw for the top face of the plate, it is ccw looking from the ries a magnetization current density ~ (1/u) B¢, /N in the
bottom face. Thus, observations on the top face with a given layeP and the second term accounts for the absenck of
field rotation direction reproduce the picture on the bottominside the cylinder. In an isotropic superconductor the line
side with the opposite direction of rotation. From comparisortensiono equals the vortex line energy=B.,Py/ g, SO
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FIG. 10. HorizontaBn(x) scans across theb face of the sample shown in Fig. 7(a) application of the fieldFig. 7(a)], (b) rotation
of H by 90°[Fig. 7(f)], (c,d) scans perpendicular to the right bright line in Fi¢f) Zith different fitting curves. Insets show current models
used for fitting the experimental field profiles.

Re=Bc1/mode andl yy~ m(Bey /o) ?/J.. . Note that the loss  anisotropy, it is possible to estimate the appropriaémdab

of the critical current in this case is exactly half of the gain inradii of the curvature of the loop. The knowledge of these

the Meissner current. Thus, Meissner holes produce a neadii is sufficient to define an ellipse that approximates the

increase of the local current. For regions outside the Meissshape of the Meissner hole. In an anisotropic superconductor

ner hole R>R,), the field of the excess current is identical the line tension &3

to that for a line along the flux-free cylinder axis carrying the

same current: Byy= uol yn/27R. Then the normal field at go=e(0)+ %6

the sample surface Bn(x):(,uolMH/27r)x/(zﬁ+x2) if the

hole axis is at a distance,>R, below the surface. This Taking &(6)=sok, IN(\Kyd), with zo=®F/4mue\? and

normal field distribution has extrema &t *+z,, on either K,=(«” cos” 6+sin’ )" (Ref. 23 (here an anisotropy co-

side of the hole, with amplitudgql v /(4724). efficient for YBCO k~1—3%, N\/£é~50, and§ is the angle
The above picture of Meissner holes as developed in Ref$etween the vortex and treeb plang one obtains

3 and 4 for isotropic superconductors, and used also in Ref.

10 to explain changes in tH&,(x) slope at the remagnetiza- o(,zso[(KZ/kf,)ln(A/kgg)— (1- Kz)k;l cos X].

tion front in BSCCO, qualitatively describes the observed

features of images illustrated in Figs. 3, 5, and 7. Howeverf-or vortex segments along tlad plane = 0) the line ten-

as shown recently,this simple model must be essentially sion will be o,,=(eo/k)[IN(\k&—1+«*] and for those

modified in the case of anisotropic materials. along thec axis (0=m/2) o.=go{1+ ’[IN(\&)—1]}. Ac-
Anisotropy distorts the circular shape of Meissner holescounting also for the ratio of pinning forces for taéd and

because both the line tension and pinning, which determine-vortex segments, #,=F .,/F, .~3-4 for YBCO

the local radius, depend on the orientation of the vortexcrystals?* one gets an estimation for ratio of the curvature

These two anisotropies drive the Meissner hole shape in opadii (R;~o;/F;) of the top and bottom loop segments

posite directions. The line tension is lowest for vortex orien-(close to theab plang to those of left and right segments

tations in theab plane and thus stretches the loops horizon{~along the ¢ axis): Rap/Rc~(0ap/0c)/#p~5.1 (for

tally. In contrast, pinning is smallest faroriented vortices «=%, #p=4)—10.7(for K=13, #p=3). Below, all estimates

and favors horizontal contraction of the loops. will be presented in couples for these two sets aind.# , to
Although it is difficult to calculate the shape of the vortex show that the possible range of estimated parameters is not

loop minimizing its total energy in the presence of pinningwide.
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+RY3) — (RypR) Y2~ 7(4.76-7.32R, and an average
Meissner current (o) (BAPBE,) Y2~ (1/u0) (0.45
-0.38B¢; .

Taking o in the form eo=(PBE;) uo IN(NME and
R.=0./®J¢ (with BS;~280 G andJi~1.28< 10° Alcm?
obtained from fits of the induction profiles in tlweoriented
field,! one gets R.~5um. Due to the large
R.p~(5—10R;, the cross-sectional area of the cylinder
S=mR,R. is large and thus the losses in the critical current
inside the hole will be large: Al ,=S%"~(1.28-1.95)A,
with J2~0.532P+J¢). The loss of], inside the Meissner
hole is now about two times larger than the Meissner current
I along the cylinder surface. In the images this would cor-
respond to an inverted contrast on the Meissner holes as
compared to that observed in the experiment.

To explain the observed polarity and values of the fields
O H around the Meissner hole, one has to account for anisotropic

critical currents surrounding the flux-free cylinder. In our
geometry on the top and bottom of the hole, vortices are

FIG. 11. Splitting of the Meissner hole images. The field wasprimarily oriented along thab direction and the critical cur-
decreased from 970 to 490 G after rotation by 360=40 K. rent density is larger than on the right and left of the hole

where the vortices are oriented primarily aloag This ex-

From the values oR,; it is easy to get the semimajor and cess critical current above and below the hole and the re-
semiminor axest andb [for the ellipse /a)?+ (z/b)>=1]  duced critical current to the left and right distort the field
using the known relation between the ellipse parametersymmetry and give a sufficient net contribution to the appar-
a=(R2,R.)°=(2.96-4.86R. and b=(R,,R?)¥*=(1.72 ent total current along the Meissner hole.

—2.2)R.. Note that the ratio of the ellipse semiaxath To modelB(x) above the Meissner hole, we simulated
:(Rab/Rc)1/3 is only ~2. The effective ellipticity of the the latter by three current lines at a distarge from the
Meissner hole is expected to be even smaller due to insurface immersed in a current carrying a bar of rectangular
creased critical currents near its top and bottom, as showshape. The central line with a currenf represents the
below. This is consistent with observations of the MeissneMeissner current on the surface of the cylinder, the loss of
holes forHIllc (Ref. 1) that revealed that the widths of the critical current inside it, and the excess current above and
hole images on the basal plane and on the end faces below the hole. Two satellites with negative currentsor-
YBCO crystals are very close. In this case, minimum widths'espond to reduced currents adjacent to the hole. Figures
were compared because, as mentioned above, they corrdd(c) and 1@d) show both one and three wire fits of the
spond to Meissner holes near the surface where actual afuiofile measured perpendicular to the Meissner hole on the
imaged dimensions are closest. right in Fig. 7e). In the fits, currents distant from the Meiss-

A strong increase of the ellipticity of Meissner holes wasner hole were assumed to be constant. For the single wire
observed when the field was decreased after rotation. In thigodel the fit in Fig. 10c) gives the current in the wiré
case the image of the Meissner holes splits, as shown in Figz 0.4 A and its position at gum below the surface. The
11, corresponding to a flattening of the Meissner holes. Thisingle wire model for the Meissner hole does not allow the
is associated with the expansion of vortex loops forming thesharp wings of the experimentBl,(x) to be fitted. For the
Meissner hole in decreasing field. three wire fit [Fig. 10d)] the central current is

An estimate of the magnetization current along the suri;=+1.22 A at 9.4 um below the surface and satellites
face of an elliptic Meissner hole in an anisotropic materialis=—0.49 A are at 6.5um on both sides of,. A back-

gives ground current)=1.35< 10° A/lcm? for both fits accounts
for the variation ofB,(x) at a larger distance from the
I~ (71 110) (RapB3+ ReBS, ) ~ (77 1) (2— 2.53 R BS, Meissner holei, is a sum of the current due to the Meissner
cylinder (surface current minus loss od. inside i}
~(0.7-0.85A. Imu=!u—Al. and the positive contributionl 2® due to the

Y he el . . db ith the radi largerJ. at the top and bottom of the Meissner hole. Using
ere the ellipse is approximated by two arcs with the radiug,q earlier estimates |~ (0.7—0.85)A and

R; and two arcs witfRg, and with currents across thefie., ) —(128-1.95)A, the fit value ofi, implies that
along the cylinder surfagéhaving the linear densit¢,/ u 813~ 4 (1.8-2.3)A. These estimates 6f2® andi, show
andB{y/ o= kB o, respectively. Note that the length of that the anisotropic critical currents around the flux-free cyl-
the ab segments is larger, but their contributionlig is the  jnder give major contributions to the total current associated
same as for the segments due to small&Zy. An alterna-  with the Meissner hole and reduce the anisotropy of its field
tive but close estimate,ly~(7/u)(2.14-2.78R:BS;  profile.

~(0.75-0.93)A is obtained by taking the more exact ex- If the closed vortex loops around the Meissner hole are

pression for the ellipse length.~m[1.5(R,,R.) (RS  entangled® the critical current near the hole may be en-
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revealed, which are associated with modulations of induction
due to twin domains crossing the end f4Eey. 12c)]. When

the field passes the normal to the long sfde., the normal

to the ab plane brighter stripes oriented close to the field
direction appeafFig. 12d)]. They are developed at fields
turned from the initial direction byw~120 to 170°. The
stripes correspond to modulations of the normal field com-
ponents on the end face and are similar to modulated struc-
tures observed near the edges on dleface after field ro-
tation in theab plane[see Figs. &) and 1d)]. They can be
associated with the helical instability due to crossing of en-
tering and trapped flux lines as discussed in Sec. IV A. At
a~180°, the stripes disappear and a bright contrast develops
on the long edges-parallel to the field[Fig. 12e)]. The
contrast in Fig. 1@) is inverted with respect to Fig. 1. It
corresponds to inversion of the normal components of induc-
tion on the top and bottom sides of the sample that arises
from thec component of the flux trapped during rotation of
the field. Qualitatively, the effect is the same as illustrated in
Figs. 3a) and 3b) and discussed in Sec. Il A.

An important feature in Fig. 12) is a horizontal line with
local, large and oppositB,, components adjacent to it. As
was shown in Fig. 5, a similar structure is formed when the
sample is remagnetized by a unidirectional field normal to
the basal plane. However, in the latter case the boundary is
usually bending and regions of increadggdlocalized inside
the strong bends move along it. In both situations, when the

FIG. 12. Rotation of the field in the end face plane atfield component perpendicular to treb plane decreases,
T=50 K. H=1250 Oe is applied along the horizontal direction and flux lines trapped in a strong perpendicular field close into
rotated as shown by the arrows. At-180° (e) a horizontal line of  loops at the end face, resulting in formation of the Meissner
increased contrast is formed in the middle of the facéf)ithe field hole (as in Fig. 8. In the case of the unidirectionalfield,
was turned several times by =20° around 180° and the contrast excess current in the Meissner hole is subject to the bending
split into two parts. Note a qualitative similarity between Figsfl2 instability. In the field rotating in the end face, the Meissner
and 7f). hole is stabilized by the external field parallel to the long

edge and is straight. However, if the external field is rotated
hanced. This larged. would reduce the critical radius and back and forth near the angle of 180°, the Meissner hole can
shrink the Meissner hole. A qualitatively similar increase ofbe split into two parts and a picture topologically similar to
pinning near the Meissner hole can arise from the field dethat observed on thab plane in rotating field is obtained
pendence ofl., which should increase & goes to 0. [compare Figs. 12) and 7f)].

The formation of lines of excess current showing the
same contrast as Meissner holes was also observed in YBCO
crystals subject to an ac field along thexis in the presence
of a dc field in theab plane?® It is reminiscent of the suc-

In the end face experiments crystals were turned with onéessive formation of Meissner holes near the sample edges
of their ac or bc surfaces perpendicular to the microscopewhen thec-directed ac field only is appliedHowever, in the
optic axis and the field was rotated in the plane of this facelatter case Meissner holes are not straight but strongly wiggle
as illustrated in Fig. @). Pictures of flux distributions on the and form domains of vortices of opposite polarities. These
end faces of the samples showed a qualitative similarity téegions slowly drift in the ac field to the interior of the
images observed on theb surfaces in rotated fields. sample, forming a specific dynamic domain structure in su-

When the field was initially applied parallel to the long perconducting plates.
side, only positive(bright contrast and negativgdark con-
tras) stray normal fields at the right and left short edges were
observedFig. 12a)]. With rotation of the field, strong nor-
mal fields of opposite polarities appeared also at long edges The experimental observations presented here show that,
[Fig. 12b)] and entered deeper in the sample with increasingndependently of the sample geometry and the field orienta-
angle. The image in Fig. 18) is reminiscent of the picture tion in any finite superconductor, the remagnetization by uni-
observed on the end face for a unidirectional field along thelirectional and rotating fields proceeds not by escape and
¢ axis[see Fig. $a)]. This resemblance is due to the domi- entry of approximately straight vortex segments but by bend-
nating effect of theab currents that effectively screen tke ing of vortices and shrinking of closed flux lines. There are
component of the external field in Fig. (1. always conditions during the remagnetization cycle when

With further field rotation, stripes along the axis are  vortices close into small loops that then collapse and form

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

VI. CONCLUSION
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flux-free Meissner holes. The excess local current along thbending and decaying of the current lines into mobile mac-
Meissner holes can be large and increase the field and vortesscopic current loops enclosing flux bundles. Such a spe-
density nearby. In higi-, superconductors the dominating cific dynamic domain structure is an intrinsic feature of re-
contribution to this current is the anisotropic critical currentsmagnetized superconductors.
in the near environment of the Meissner hole. Excess cur-
rents around the Meissner hole can also occur in isotropic
superconductors if the field dependence Xf is strong ACKNOWLEDGMENTS
enough. In this case the isotropic critical currents are largest
near the Meissner hole where the field is smallest. Formation The work was supported by the U.S. DOE, BES-Materials
of Meissner holes is observed even in fields parallel to thescience (U.W., G.W.C) under Contract No. W-31-109-
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