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Abstract

Ž . Ž .The positions of the central low-field peak in the magnetization hysteresis loops MHLs are analyzed in various
Ž .high-T superconducting samples comprising several RBa Cu O RBCO; Rs rare earths single crystals of differentc 2 3 7yd

Ž . Ž . Ž .thicknesses, a laser-ablated YBa Cu O YBCO thin film, Ag-sheathed Pb,Bi Sr Ba Cu O Bi-2223 mono- and2 3 7yd 2 2 2 3 10qd

wmultifilamentary tapes, and a model sample designed to reproduce a layer of grains M.R. Koblischka et al., Appl. Phys.
Ž . xLett. 70 1997 514 . The single crystals and the thin film show the peak at zero-field or at negative applied fields on the

descending field branch according to the critical state models, the Bi-2223 tapes are found to exhibit the peak anomalously
in positive applied fields. In order to better understand the magnetization processes leading to the formation of the central

Ž .peak in the MHLs, the local field distributions in applied fields close to zero were studied using magneto-optic MO flux
visualization on the same samples. These flux patterns show how the vortices are rearranged when sweeping through

Ž .zero-field. A large demagnetizing effect ‘‘perpendicular geometry’’ facilitates the penetration of vortices of opposite
polarity, especially along structural defects, thus, forcing the central peak towards zero or even to very small positive fields.
To explain the anomalous behaviour found in Bi-2223 tapes, effects of granularity have to be considered additionally.
Further, we discuss the interaction of the central peak with other ‘‘peak effects’’ observed in MHLs. q 1999 Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Observations of various ‘anomalous’ peaks on
Ž .magnetization hysteresis loops MHLs in high-Tc

samples have revived the interest to study specific
properties of magnetization processes in these novel
materials. Up to now, three types of maxima have
been observed, each with a distinct temperature be-
haviour: the central or low-field peak at fields close
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to 0 T; the fishtail or secondary peak at relatively
Žhigh fields typically ranging between 1 and 5 T at

.77 K , and sometimes even an intermediate peak
between the central and the fishtail peak. Whereas
the origin of the fishtail and intermediate peaks are

w xwidely discussed in literature 1–10 , only little at-
tention is paid to the properties of the low-field peak

w xwithin a MHL 11–17 . In various experiments, how-
ever, it could be observed that the central peak is
located at zero-field, or at small negative fields on
the descending field branch depending on the aspect
ratio of the sample r rd, where r denotes the0 0

diameter of the sample and 2 d is the thickness.
Ž .Very recently, MHLs of Pb,Bi Sr Ca Cu O2 2 2 3 10qd

Ž .Bi-2223 mono- and multifilamentary tapes showed
another, rather unexpected feature: The central peak
is here found at relatively large positiÕe fields on the

w xdescending field branch 18–21 . However, it is evi-
dent that multifilamentary tapes exhibit the anoma-

w xlous peak position much less pronounced 22 .
All these observations made clear that a detailed

study of magnetization processes in high-T super-c

conductors is required, as a number of properties
may affect the shape of hysteresis loops, e.g., large
internal anisotropy, layered structures, granularity,
geometrical aspect ratio, temperature dependent ef-
fects, etc. Therefore, in this paper, we present a
detailed investigation of the properties of the central
peak for various high-T superconductors. Further-c

more, we combine the analysis of the MHL data with
the observation of local field distributions obtained

Ž . w xaround 0 T using magneto-optic MO imaging 23
in order to achieve a better understanding of this
field region. This technique enables us to study the
behaviour of the internal field, B , for a given exter-i

nal field, B .e

Assuming that the local current density decreases
monotonously with increasing local field, a maxi-

² :mum on the MHL is expected at B s0 wheremi
² :B denotes an average of the local fields, B ,mi i

weighted with respect to the individual contributions
of the local critical currents to the total magnetic
moment m. Taking into account a simple case of a

Ždome-like flux distribution inside the sample which
is typical for the case of a long superconductor in a
magnetic field parallel to the long axis, usually

.called ‘longitudinal geometry’ , B lags behind thei

external field B in all the sample volume. In thise

way, the position of the central peak B has to bepc

negative on the descending field branch and positive
w xon the ascending field branch of the MHL 24,25 . In

practice, in high-T samples, we usually meet an-c

other situation of a flat sample of a strongly
anisotropic material, being magnetized along its c-
axis which is oriented normal to the sample plane
Ž .‘perpendicular geometry’ . Demagnetizing effects
play a significant role in this case. Theoretical treat-
ments of this geometry are only available recently;
and many aspects of the central peak are not yet

w xclarified. Recently, in Ref. 26 , it is shown that the
position of the central peak in a thin strip is located
strictly at 0 T for any field dependence of the current

Ž .density, j B . Another result is that one more addi-c

tional effect is sufficient to bring the peak position to
the positive side. As we will see in the present paper,
this can be due to granularity, the sample shape or
even structural defects. To test our model presented

w xin Ref. 21 , we prepared a ‘‘model sample’’ from a
thin film with artificially introduced granularity.

This paper is organized as follows. In Section 2,
some details about the sample preparation and mea-
surement techniques are given. Section 3.1 describes
the results of the magnetic measurements. In Section
3.2, we present the local flux distributions of several
high-T samples. In Section 4, we discuss the pro-c

cess of formation of the central peak, peculiarities
found in the flux patterns, and the possible influence
of the central peak on the observation of other peak
effects within a MHL. Finally, in Section 5, we
summarize our results.

2. Experimental procedure

2.1. Sample preparation

Various high-T samples were chosen for thisc
Žstudy; among them, five RBa Cu O RBCO;2 3 7yd

.Rs rare earths single crystals of different thickness
Ž .and microstructure, two YBa Cu O YBCO2 3 7yd

epitaxial thin films, and pieces of mono- and multi-
filamentary Bi-2223 tapes. Furthermore, a sample

Žwith artificially introduced granularity ‘‘model sam-
.ple’’ , prepared using a laser-ablated YBCO thin

film, is also investigated.
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Table 1
Properties of the samples used in this study

Sample name Type Sample size Remarks
3Crystal A DyBa Cu O 1.2=0.8=0.015 mm twinned2 3 7yd

3Crystal B YBa Cu O 1.0=1.0=0.08 mm twinned2 3 7yd
3Crystal C YBa Cu O 1.1=1.05=0.3 mm twinned2 3 7yd
3Crystal D YBa Cu O 1.1=1.3=1.05 mm twinned2 3 7yd

3Crystal E YBa Cu O 2.3=1.5=0.2 mm detwinned mechanically2 3 7yd
2Thin film YBa Cu O 1.4=0.66 mm , ds200 nm free of structural defects, MO investigations,2 3 7yd

w xsee Ref. 27
2‘‘Model sample’’ YBa Cu O 1.2=0.8 mm , ds150 nm f8000 disks with 2 rs50 mm,2 3 7yd

w xsee Refs. 28,29
3Ž . w xMonofilamentary tape Pb,Bi Sr Ca Cu O 1.2=0.8=0.015 mm MO investigations, see Refs. 30,312 2 2 3 10qd
3Ž .Multifilamentary tape Pb,Bi Sr Ca Cu O 1.2=0.8=0.015 mm 19 filaments, MO investigations,2 2 2 3 10qd

w xsee Refs. 22,30,31

The properties of these samples are summarized
in Table 1. The RBCO single crystals were grown by
a self-flux method in SnO and Y-stabilized ZrO2 2

w xcrucibles as described in Ref. 32 . The crystals C, D
and E were also studied by MO imaging.

The YBCO films were prepared by laser ablation
w xon a MgO substrate 33 . The thickness was 200 nm,

and the samples were patterned by chemical etching
into a rectangular shape of dimensions 0.66=1.4
mm2. MO imaging revealed that the samples con-
tained a very small amount of structural defects; the
sample chosen for the MO investigations and the
magnetic measurements turned out to be completely

w xfree of defects 27 . Another YBCO thin film of the
same batch with exactly one defect serves as an
example to demonstrate how defects alter the flux
patterns.

The Ag-sheathed Bi-2223 tapes were prepared by
the standard ‘powder-in-tube’ method with subse-

w xquent, drawing and rolling 34 , resulting in a tape
with an overall width of 3 mm. The pieces cut for
the investigation was 4 mm long. The superconduct-
ing core of the monofilamentary tape was about 15
mm thick; the multifilamentary tape comprised of 19
filaments. A detailed MO analysis of flux patterns of

w xthese tapes can be found in Refs. 22,30,31,35 .
The model sample was prepared by means of

laser ablation on a LaAlO substrate. The thickness3

of the YBCO thin film was 150 nm. A structure of
hexagonally close packed circular disks was then
patterned by means of electron-beam lithography
w x28,29 . The diameter of the disks, 2 r, is 50 mm. and

the contact width, ws3.5 mm. The sample had an
overall size of 4=4 mm2, comprising f8000 disks.
The transition temperature, T , after the patterningc

process was about 83 K.

2.2. Magnetic measurements

The magnetization measurements were performed
Ž .using two magnetometers: i a vibrating sample

Ž .magnetometer VSM PAR Model 155 with com-
puter control and data processing. The magnetic field
is generated by a conventional magnet with B "e,max

Ž .2 T and ii a Quantum Design MPMS 5 SQUID
magnetometer with a superconducting solenoid
Ž .B "5 T . In both magnetometers, the field ise,max

Žapplied parallel to the c-axis perpendicular to the
.sample plane .

2.3. MO imaging

The MO visualization techniques are described in
w xdetail in Ref. 23 , so a short summary suffices here.

The field distribution is visualized by means of the
Faraday effect, i.e., the rotation of the polarization
plane of linearly polarized light which passes a
magneto-optically active layer exposed to the mag-
netic field of the underlying superconductor. From
flux-free regions, the light is reflected without rota-
tion and thus cannot pass the analyzer which is set in
a crossed position with respect to the polarizer. In
this way, areas penetrated by flux are imaged as

Žbright areas the brightness is, therefore, a measure
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.of the vortex density , whereas the flux-free Meiss-
ner areas stay dark. As a result, the images presented
here are maps of the z-component of the local
magnetic field, B . As a magneto-optically activei

layer a Bi-doped yttrium–iron–garnet film with in-
plane anisotropy was used. The thickness of the
active layer was 4 mm, half of which corresponds to
the spatial resolution of our experiment. The images
were recorded using an 8 bit Kodak DCS 420 CCD

Ž .digital camera 1536=1024 pixels per frame and
subsequently transferred to a computer for process-
ing and storage. In the MO apparatus, the sample
was mounted on the cold finger of a helium gas-flow

w xoptical cryostat 23,36 . The magnetic field was ap-
plied along the plane normal to the sample surface
using a copper solenoid with a maximum field of
"120 mT.

3. Experimental results

3.1. Magnetization measurements

The magnetization loops were measured always
after zero-field cooling the sample. All RBCO single

ŽFig. 1. Magnetization loops of a DyBCO single crystal sample A,
.thickness of 15 mm at temperatures of 3, 6, 10, 15, 20, 30, 40,

and 50 K. The figure shows that at the lowest temperatures the
Žcentral peak is located at slightly negative applied fields B spc

.y0.035 T at T s3 K . The arrows indicate the direction of the
field sweep.

Fig. 2. Temperature dependence of the central peak in a MHL,
measured on sample B with a thickness of 80 mm. The tempera-

Žtures are T s4.2, 7, 10, 15, 20, 25, 30, and 40 K from top to
.bottom . The dashed line indicates the temperature behaviour of

the central peak. The arrows indicate the direction of the field
sweep.

crystals investigated here exhibit the fishtail effect,
so also the interplay between the central peak and
the fishtail peak can be analyzed.

In Fig. 1, the decreasing field branch MHLs
measured on sample A are presented at temperatures
of 3, 6, 10, 15, 20, 30, 40, and 50 K. Fig. 1 shows
that at the lowest temperatures the central peak is

Žlocated at small negative fields B sy0.035 T atpc
.Ts3 K . With increasing temperature, the peak

position B moves towards zero. Above Ts10 K,pc

the hysteresis loops develop a minimum, which indi-
cates the onset of the fishtail behaviour. This mini-
mum shifts towards zero-field with increasing tem-
perature.

Magnetization measurements on sample B at Ts
4.2, 7, 10, 15, 20, 25, 30, and 40 K are presented in
Fig. 2. Above Ts25 K, the development of the
fishtail shape is clearly visible. This graph demon-
strates that at low temperatures the central peak is a
dominant feature of the magnetization loop in the
field range of a few tesla. Both the height and width
of the central peak rapidly decrease with increasing
T. At Ts4.2 K, the position of the maximum, B ,pc
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is found at y0.12 T and moves towards zero with
increasing temperature, but stays negative up to Tf
60 K.

In Fig. 3a, the descending branches of the MHLs
of the much thicker single crystal C are shown for
temperatures between 10 and 70 K. In this crystal,
the central peak is shifted much further towards

Ž .negative fields B sy0.55 T at Ts10 K aspc

compared to the previous samples. The peak position
moves rapidly towards zero in the temperature range
between 10 and 30 K; above 30 K the magnitude of

Ž .B T decreases more slowly; and finally B fallspc pc
Ž .to zero above 70 K see also Fig. 6 below . Note the

Ž .apparent inconsistency in the M B dependencee

observed between 50 and 60 K. This is a conse-
quence of a change in the shape of the fishtail peak
from a broad low maximum into a rather sharp and
high one at higher temperatures.

Fig. 3. The descending branches of the MHLs of sample C
Ž .ds300 mm are shown for temperatures between 10 and 70 K.
The central peak is shifted much further towards negative fields

Ž .than in the previous samples B sy0.55 T at T s10 K . Frompc

40 K on, a higher field step density is used around 0 T. The
dashed line indicates the temperature behaviour of the central

Ž .peak. Note the apparent inconsistency in the M B dependencee

observed between 50 and 60 K which is caused by a very
pronounced fishtail effect. The arrows indicate the direction of the
field sweep.

Fig. 4. Development of the central peak with temperature in an
YBCO thin film measured by means of a VSM. Even at the
lowest temperature measured the peak sits at zero external field.
The dashed line indicates the temperature behaviour of the central
peak; the arrows indicate the direction of the field sweep.

Fig. 4 presents the development of the central
peak with temperature in the YBCO thin film mea-
sured by means of our VSM magnetometer. Even at
the lowest temperature measured the peak sits at zero
external field. The peak is much narrower as com-
pared to the single crystals but also reduces with
increasing temperature in a similar way to the be-
haviour in the single crystals shown previously.

Descending branches of magnetization loops mea-
sured by means of VSM on the Ag-sheathed Bi-2223
tapes and on the model sample are presented in Fig.
5a–c at temperatures between 3.4 and 70 K. The
central peaks of all samples show an entirely differ-
ent behaviour as compared to the other samples
studied. In Fig. 5a, it is clearly visible that the
central peak is found for all inÕestigated tempera-
tures at positiÕe fields on the descending field branch.
The positive position of the central peak becomes
more and more pronounced with decreasing tempera-
ture as indicated by a dashed line. At Ts3.4 K, Bpc

of the monofilamentary tape is even as large as
w x Ž .q0.17 T 21 . The multifilamentary tape Fig. 5b

Ž .and the model sample Fig. 5c also exhibit Bpc

always at positiÕe fields, but less pronounced.
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Fig. 5. Magnetic hysteresis loops measured on the Bi-2223 tapes
and the model sample. The anomalous position of the central peak
is indicated by a dashed line; the arrows indicate the direction of

Ž .the field sweep. a MHLs of the monofilamentary tape at various
Ž .temperatures 3.4 outer loop , 6.2, 9.5, 11.8, 17.7, 26.2, 35.5, 49,

Ž . Ž .and 57 K inner loop . b MHLs of the tape with 19 filaments at
Ž . Ž . Ž .temperatures between 5 outer loop and 50 K inner loop . c

Ž .MHLs of the model sample between 5 outer loop and 70 K
Ž .inner loop .

In Fig. 6, we plot the positions of the central
peaks as a function of temperature for all samples

Žinvestigated here. The effect of thickness or aspect

.ratio on the position of the central peak is clearly
visible: The central peak of the crystalline samples A
to C is located at different negative fields according
to their thickness. Sample C shows the peak at

Ž .B sy0.55 T Ts10 K , sample B at B sy0.12pc pc
Ž .T Ts4.2 K , and sample A at B sy0.035 Tpc

Ž .Ts3 K . In contrast to the single crystals, the thin
film exhibits the central maximum at zero-field for
all investigated temperatures. The peak position of
the Bi-2223 tapes anomalously occurs at positive
fields; but the peak position of the multifilamentary
tape is clearly less pronounced. In both tapes, the
peak positions shift on decreasing temperature to-
wards more positive values. The model sample is
indeed capable of reproducing the anomalous peak
position at positive fields. In contrast to the ‘real’
tapes, the peak is found always at lower positive
fields. Furthermore, the temperature shift of the peak
position is by far less pronounced here. For all
samples, the peak has the tendency to shift towards
zero with increasing temperature; the shift being
more pronounced at low temperatures up to 30 K.

Fig. 6. The positions of the central peaks as a function of
temperature for all samples investigated here; the lines are guide-
lines for the eye. Sample C shows the peak at B sy0.55 Tpc
Ž . Ž .T s10 K , sample B at B sy0.12 T T s4.2 K , and samplepc

Ž .A at B sy0.035 T T s3 K . The YBCO thin film exhibits thepc

central maximum at zero-field for all investigated temperatures.
The peak position of the Bi-2223 tape anomalously occurs at
positive fields, even as high as q0.17 T at T s3.4 K. In all
cases, the peak has the tendency to shift towards zero on increas-
ing temperature; the shift being more pronounced at low tempera-
tures up to 30 K. Above 60 K, the central peak has been observed
at zero-field for all investigated samples.
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Above 70 K, the central peak has been observed at
zero-field for all investigated samples.

3.2. MO measurements of flux distributions around
0 T

Space-resolved flux distributions of three different
samples were obtained by means of MO imaging in
low magnetic fields around 0 T. As examples of
homogeneous single crystalline samples we have
chosen a YBCO thin film patterned into a rectangu-
lar shape and a thick, nearly cubic YBCO single

Ž .crystal sample D . In order to achieve maximum
contrast, the MO investigations were performed at
Ts18 K unless noted otherwise. The polarizerr
analyzer setting is chosen so that vortices of any

Žpolarity will have the same intensity see, e.g., Refs.
w x .37–39 for a discussion . All samples were cooled
in zero magnetic field, and subsequently the maxi-
mum field of q120 mT was applied. The images are
then recorded in decreasing external field.

The upper row of Fig. 7 presents the flux patterns
of the rectangular thin film at fields of q9, q6, 0,

Ž .y6 and y9 mT from left to right . Let us first
discuss some general properties of the flux patterns
in extreme perpendicular geometry. The rectangular
YBCO thin film exhibits ideal, undisturbed flux
patterns allowing a direct comparison with theoreti-

w xcally calculated flux profiles 40 . The basic features
of the perpendicular geometry can be best described

Ž .by regarding the remanent state center image first.

Fig. 7. MO flux patterns of three different high-T samples; the sample dimensions are given in the text. The upper row presents fluxc
Ž .patterns of the rectangular YBCO thin film at fields of q9, q6, 0, y6 and y9 mT from left to right . The observation temperature is

Ts18 K. Note the presence of vortices of opposite polarity already at q6 mT. In the remanent state, the d line pattern is observed which is
characteristic for a homogeneous sample in perpendicular geometry. The middle row presents the flux patterns of sample D at Ts77 K,

Ž . Ž .which had a nearly cubic shape r rdf1 . The field values are from left to right : q12, q6, 0, y6 and y12 mT. The slightly irregular0

shape of the YBCO single crystal leads to a disturbance of the ideal flux pattern, but here the d lines of the currents are nearly washed
away. Vortices of opposite polarity start to invade the sample only at a relatively high negative applied field. The lower row shows flux

Ž .patterns of the Bi-2223 tape at Ts18 K. The field values are from left to right : q15, q6, 0, y6 and y15 mT. The flux distributions of
the tape are complicated due to effects of granularity. Note that the tapes exhibit properties of homogeneous samples in perpendicular
geometry like the d lines. However, due to the existence of some weak channels around some well-shielded grains, the behaviour of flux
entrance and exit is irregular. The images of q15 and y15 mT are practically inverse to each other, i.e., the black and white regions are
exchanged.
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A characteristic, double-Y-shaped arrangement of
lines dominates the flux pattern in the thin film.

Ž q.These lines, called discontinuity d lines of the
currents, are formed where the currents flowing par-
allel to the sample edges are forced to make a sharp

w x Žturn 41,42 . During increasing field see, e.g., Refs.
w x.27,42 , these lines stay dark; in the remanent state,
the dq lines are bright. A detailed discussion of the
features of the discontinuity lines, which are impor-
tant to describe the current flow in superconductors,

w xcan be found in Refs. 41,42 . Another type of d
lines, the dy lines, are located along the sample
circumference. In perpendicular geometry, both types
of d lines are very pronounced as a direct conse-
quence of the large demagnetization factors. During

y Žfield increase, the d lines are very bright ‘‘field
.overshoot’’ as B )B . In the remanent state, thei e

dy lines are also represented bright. Now, let us
discuss the effect of decreasing B . Starting from ae

fully penetrated state as in this experiment, the dy

lines become first dark as a consequence of the
change in current flow. On further decrease of the

Ž .field see the image taken at q6 mT , a bright rim
appears outside the sample in still positive fields.
This bright rim is due to the fact that the field lines
of the pinned vortices are forming closed loops, and
thus the field direction is opposite to the applied
field. These field lines then generate vortices of
opposite polarity which eventually enter the sample
when still B )0 holds. These vortices are separatede

from the remaining pinned ones by a dark zone,
where a line with B s0 can be found. This line,i

called ‘‘annihilation zone’’ moves further inside the
sample in decreasing field. The appearance of this
annihilation zone at B )0 is characteristic for thee

extreme perpendicular geometry and a direct mani-
festation of the large demagnetization factor. All
these effects can be well described using the newly

wdeveloped models for perpendicular geometry 42–
x44 , especially when the field dependence of j isc

w xtaken into account 45 . On applying a negative field
Ž .to the remanent state right side more and more

negative vortices enter the sample. However, as the
current density in the thin film sample is relatively
large, a quite large negative field is necessary to
remove all remaining positive vortices from the sam-
ple. For the present sample, this field is as large as
150 mT at Ts18 K.

The middle row of Fig. 7 presents the flux pat-
Ž .terns of sample D of nearly cubic shape r rdf1 .0

In order to reach a fully penetrated state also for this
thick sample within our field limits, the observation
temperature had to be increased to Ts77 K. The

Ž .field values are from left to right : q12, q6, 0, y6
and y12 mT. The slightly irregular shape of the
YBCO single crystal leads to a disturbance of the
ideal flux pattern, but here the d lines of the currents
are nearly washed away. Characteristic for the thick
sample in the remanent state are the dark sample
edges. A bright rim along the dy lines, i.e., vortices
of opposite polarity, are found to invade the sample
only at a relatiÕely high negatiÕe applied field. This
directly implies that the annihilation process between
positive and negative vortices can only start when
also an external negative field is applied. The state

Ž ² : .with a minimum vortex density i.e., B s0 is,mi

therefore, only reached when B -0. This is a directe

indication that the central peak in the MHL is lo-
cated at a small, but negatiÕe applied field.

In the lower row of Fig. 7, flux patterns of the
monofilamentary Bi-2223 tape are shown, observed

Ž .at Ts18 K. The field values are from left to right :
q15, q6, 0, y6 and y15 mT. The flux distribu-
tions at this relatively low temperature are compli-
cated due to effects of granularity as discussed in

w xRef. 35 . A detailed discussion of such flux patterns
of Bi-2223 tapes can be found in Refs.
w x22,30,31,35,46,47 . Here, it is particularly important
to note that the tapes exhibit properties of homoge-
neous samples in perpendicular geometry like the dq

and dy lines as well as features of granular samples.
Due to the existence of weak channels around some
well-shielded grains, the behaviour of flux entrance
and exit is irregular and the flux patterns as well as
the dq lines are strongly inhomogeneous throughout
the sample. Negative vortices appear in the sample
after field reduction to very low fields and the
annihilation of the pinned flux takes place relatively
‘‘fast’’, i.e., in a narrow range of B , in the presente

case "15 mT. All this causes the images of q15
and y15 mT to appear practically as inverse images,
i.e., the black and white regions are exchanged with
each other.

In order to study the influence of structural de-
fects on the flux patterns, we present in Fig. 8a a
remanent state of a YBCO thin film at Ts18 K,
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Ž .Fig. 8. a Remanent state of a YBCO thin film at T s18 K,
which contains one large extended defect; the sample is similar to
the film of Fig. 7. The marker is 1 mm long. The field distribution
is obtained after zero-field cooling, applying a field of q120 mT
and reducing it to 0 T. The arrow points to the defect line. Due to
the large demagnetization factor of this thin film sample, the
defect line acts as channel for easy flux penetration and exit.
Consequently, the pattern of d lines is altered as compared to Fig.

Ž . Ž7. b Flux pattern of the remanent state of sample E T s18 K,
.B s300 mT, and reduced to 0 T ; the marker is 1 mm long. Thee

flux pattern is completely irregular, thus, causing the annihilation
process to start at larger fields as for a homogeneous sample of
the same shape. The arrows point to areas already penetrated by
vortices of opposite polarity.

which contains one extended defect. This sample
stems from the same batch as the film presented in
Fig. 7. The image is obtained after zero-field cool-
ing, then a field of q120 mT is applied and subse-
quently reduced to 0 T. Due to the large demagneti-
zation factor of this thin film sample, the defect line
acts as channel for easy flux penetration. Following

w xthe classification of defects given in Ref. 48 , also
twin boundaries or dislocations in RBCO samples
can act as such channels for easy flux penetration
w x37–39 . Such a situation is illustrated in Fig. 8b.

Ž .This crystal sample E was detwinned by applying
uniaxial stress parallel to the plate at Ts4508C.

ŽHowever, structural defects i.e., cracks in conjunc-
.tion with a dislocation network were introduced

during this procedure. As a result, the flux pattern of
the remanent state is completely distorted: In de-
creasing external field, vortices leave the sample
along the defect lines, and, at still positive applied
fields, negative vortices become stable along the
defect line, thus, the annihilation process can start at
much larger fields as compared to a completely
homogeneous sample. In the remanent state, the d
line pattern is distorted or, if a large number of such
defects is present in the sample, even entirely van-
ished. In this way, a thin sample with a high density
of structural defects may exhibit the central peak of
the MHL also at slightly positive fields. With in-
creasing thickness, the influence of defects on the
remagnetization process becomes less important due

Fig. 9. MHLs of sample E at temperatures of 15, 18, 20, 22, and
25 K for comparison with the MO data. The peak position is
found very close to 0 T, despite of the considerable extension in
c-direction. Further, the shape of the central peak is clearly
asymmetric; even after background subtraction. The arrows indi-
cate the direction of the field sweep.
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to the reduction of stray fields. To illustrate this, we
present in Fig. 9 magnetization curves obtained on
sample E. Despite its relative thickness, the peak
position is found at around 0 T. One fingerprint of
the influence of the defects can, however, be directly
observed: The shape of the central peak is distorted,
i.e., d Mrd B at positive fields is larger than at
negative fields after passing 0 T. This was also
observed in MHLs of a heavily twinned YBCO

w xsingle crystal 49 .

4. Discussion

Samples of high-T superconductors are mostly inc
Žthe form of thin films and thin platelets e.g., single

.crystals ; so the demagnetization factor is large and
the perpendicular geometry applies here. The silver-
sheathed tapes of Bi-2223 or Bi-2212 have a geome-
try quite close to that of thin strips; so also these
samples must be treated using the models of perpen-
dicular geometry. Here, it is important to point out
that bulk, melt-processed high-T superconductors,c

where single-crystalline disk-shaped samples with
diameters up to 10 cm and thicknesses up to 3 cm
are grown, also have large demagnetization factors
so that field overshoot effects along the sample
edges are considerable. However, the thickness of
these samples is fairly larger than l, thus, these
samples are forming a special class.

There is an important difference of the perpendic-
ular geometry to the ‘‘classical’’ longitudinal geome-

w xtry 24 : Induced, currents flow around the entire
sample in all applied fields and consequently, large
induced magnetic moments are observed. At low
external fields, the generation of rather high stray
fields is required to satisfy the boundary conditions
and the corresponding flux distributions become
complicated. The MO of flux distributions have
shown that remanent state of a thin superconductor
in the perpendicular geometry consists of pinned
Ž .trapped flux lines in the sample centre and a thin
rim of flux lines of opposite polarity along the edges
Ž .see, e.g., Fig. 7, upper row . The appearance of
negative flux lines already during reduction of the
external field from large positive values to 0 T is a
pure demagnetization effect. Large self-fields gener-

Žate negative i.e., with opposite sign compared to the
.majority of the sample flux lines in the regions

close to the sample circumference. In thin samples,
this happens already at rather large positive applied
fields when sweeping the field towards zero. A
similar effect was also already observed in thin

w xNb Sn diffusion layers 50 . The sign change of the3

external field is accompanied by the entrance of flux
lines of opposite polarity into the sample and by the

Ž .formation of a front of zero B ‘‘annihilation zone’’i

that propagates from the circumference towards the
sample centre. The local induced supercurrents are
obviously largest just at this front. Finally, as the
external field approaches the value of full penetra-
tion, the zero-field front disappears at the sample
centre. Above this value, all vortices within the
Ž .perfect sample have the same polarity. With in-
creasing sample thickness, this effect disappears and
a remanent state with no negative vortices is ob-
served, with B f0 along the sample edges.i

Recently, models to calculate flux density profiles
w x w x42–45 and magnetization loops 51–53 were de-
veloped also for the perpendicular geometry. As in
longitudinal geometry, magnetization loops calcu-
lated for the perpendicular configuration with a
field-independent j do not show a central peak.c

w xAllowing a field dependent current 42,45 leads to
an appearance of the central peak. This clearly
demonstrates that the field dependence of j is es-c

sential for the observation of the central peak in a
w xMHL. Recently, we could demonstrate in Ref. 26

that the peak position B is located strictly atpc

zero-field, i.e.,

EM
s0 at B s0, 1Ž .a

EBa

holds for any field dependence of the critical cur-
Ž .rents, j B . One additional effect is then sufficientc

to bring the peak towards the positive side. Such an
additional effect may be granularity or a complicated
sample shape, but could also be provided by struc-
tural defects. For the silver-sheathed tapes, the influ-
ence of granularity is the most important effect to be
considered. Due to granularity, there are two contri-
butions to the critical current; the intragranular and
intergranular currents. Each of these two currents has
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a different temperature behaviour: At low tempera-
tures, the intragranular currents are larger than the
intergranular ones and the sample behaves granular
Že.g., some well-shielded grains can be seen within
the flux patterns, thus, causing the ‘rough-looking’

.flux patterns shown in Fig. 7, taken at Ts18 K .
However, also some indications of homogeneous

w xsamples like the d lines are present. In Ref. 35 , it
was shown that this granularity vanishes if the tem-
perature is above 50 K, where the magnitude of the
two contributions to the overall current are approxi-
mately equal. This process leads to the strange obser-
vation that the samples behave more granular at low
temperatures. This vanishing of granularity with in-
creasing T also restores the peak position, so that
B f0 T for T)60 K, see Fig. 6.pc

Tapes of Bi-2223 may exhibit the central peak of
a MHL at positive fields in decreasing external field.
Recently, models were developed to explain the
anomalous position of the central peak in thin tapes
w x18,19,21 . Grains in the tapes are modelled by disks
which are touching each other at the circumference.
The idea of the modelling is that the actual internal
field at the circumference of a flat grain is of oppo-
site sign as compared to the low external magnetic

w xfield 54 . It is reasonable to expect that the currents
at the disk circumference, which are contributing the
largest portion to the total magnetic moment, reach
the maximum value just when the internal field there
becomes minimal. This happens when the external
field cancels the axial component of the stray field of

Ž .the grains B , i.e., for B fyB r . However,s z e s z 0
Ž .when the local field B r f0, the local field deepi z o

inside the grain is still non-zero. The next layer of
grains therefore only slightly modifies this be-
haviour. Here, it is particularly important that the
inter- and intragranular currents are comparable in
magnitude. This is in stark contrast to granular
YBCO, where the intragranular currents are several
orders of magnitude larger than the intergranular

w xcurrents 55 . The granularity, therefore, induces de-
magnetization fields which strongly modify the inter-
granular currents via their B dependence.

As the influence of granularity increases on de-
w xcreasing temperature 35 due to the steep increase of

the intragranular current density at low temperatures
w x35,56 . At elevated temperatures, the bulk pinning
within the grains diminishes considerably so that the

intra- and intergranular current densities are approxi-
mately equal. Consequently, the peak position moves
towards 0 T with increasing temperatures. In multi-
filamentary tapes, the grain growth and orientation
along the silver sheath is better than for a monofila-
mentary tape. Therefore, the influence of granularity
is not so important here and hence, the anomalous
peak position is less pronounced. The model sample,
which is a direct realization of one layer of disks,
does indeed show the features predicted in the model

Ž .calculations see Fig. 5 , as also in this case the
central peak position is clearly anomalous, whereas
an homogeneous film of the same type behaves
‘‘normally’’. Also the peak position shifts towards
more positive fields on decreasing the temperature.
The very steep increase found in a monofilamentary
Bi-2223 is due to the steep increase of the intragran-
ular current density, which cannot be modelled by
means of a YBCO thin film.

In thin single crystals or thin films, the presence
of structural defects is the most important factor for
an anomalous behaviour of B . Again, the largepc

demagnetization factors enhance the influence of
Žsuch defects cracks with dislocation network, inter-

.growths, twin boundaries considerably. It must,
however, be noted that the accompanying distortion
Ž .see Fig. 9 of the central peak shape gives a clear
indication of the presence of such defects.

Finally, it is worth to mention that the central
peak in a magnetization loop plays a dominating role
especially at low temperatures. Measurements of

w xMHLs in RBCO samples revealed 7,57 that the
central peak of a MHL interferes with the fishtail
peak; the same holds for the secondary peak found in

w xBi-2212 single crystals 58 . At low temperatures,
additional peak effects may only be seen as irregular-
ities of the central peak shape. This situation gradu-
ally changes with increasing temperature: When the
low-field peak becomes sufficiently slender andror
small, modifications of the MHL shape resulting
from other effects can be observed. Especially inter-
esting in this context is the observation of an inter-
mediate peak between the central and the fishtail

w xpeak 8–10 . The origin of this peak was identified
recently as the onset of pinning provided by the twin

w xstructure 10 . Despite that twin boundaries are com-
monly observed in single crystals of RBCO materi-
als, the intermediate peak is only observed in some
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YBCO and NdBCO single crystals, where the fishtail
peak is located at very large fields. In all other
samples either the central peak or the fishtail peak
will entirely mask the intermediate peak.

5. Conclusions

The measurements and model considerations pre-
sented in this paper support the following conclu-
sions.

Ž .1 For most high-T samples, the perpendicularc

geometry does apply. Calculations of field profiles
and magnetization loops are only possible since very
recently. However, the central peak can be fully
explained within the framework of these models
allowing a proper field-dependence of j . The steeperc

this dependence, the more pronounced the central
peak. In samples with an aspect ratio close to 1, the
peak is always located at small negative fields.

Ž .2 The MO flux patterns clearly reveal the differ-
ences between thin and bulk samples. In thin sam-
ples, the flux at the sample circumference reverses
already at positive applied fields and consequently,
the central peak is located close to B s0 T at verye

low negative fields. With increasing sample thick-
ness, the flux reverses at lower positive applied
fields and finally, the sign reversal will take place
together with the polarity of the external field. Corre-

² :spondingly, the condition B s0 takes place ati

higher negative fields and the central peak shifts to
higher negative fields as well.

Ž .3 Structural defects within the sample may alter
the flux distributions considerably and facilitate the
entry of vortices of opposite polarity. In defect-con-
taining thin samples, the central peak may be ob-
served even at slightly positive fields. A similar
effect may occur in single crystals of poor quality or
in crystals with an irregular shape.

Ž .4 With increasing temperature, the central peaks
of all samples are found to shift towards zero-field.
This shift is connected with the decrease of pinning
efficiency caused by thermal excitation, with the
corresponding reduction of j and with demagnetiza-c

Ž .tion effects. Despite of the differences in the j B ,Tc i

of individual samples, a common feature of all sam-
ples seems to be that the peak is found close to 0 T
at temperatures above 60 K.

Ž .5 Ag-sheathed Bi-2223 tapes are unique systems
with a rest of granularity, where the inter- and
intragranular currents give a comparable contribution
to the magnetic moment. This interplay of currents is
responsible for the formation of the central peak at
small positive fields on the descending field branch.
The MO images have clearly shown that the tapes
cannot be treated as a homogeneous superconductor
at low temperatures -30 K. By means of a model
sample with artificially introduced granularity, the
anomalous peak position of the tapes can be success-
fully reproduced; thus, underlining the importance of
granularity.

Ž .6 At low temperatures where the central peak
dominates the MHLs at low fields, it may interfere
with the observation of other peak effects within the
magnetization loops. Only if the central maximum
becomes sufficiently slender or narrow, other peaks
may be observed.

In conclusion, we arrive at a following general
scenario concerning the central peak position as the-

w xoretically demonstrated in Ref. 26 . Extended sam-
ples in parallel magnetic field show in their MHLs a
central peak at a negative B , i.e., after passinge

through the remanent state on the descending field
branch. As the sample thickness decreases, the peak
position is shifted towards zero. In the limiting case
of a uniform strip of infinitesimal thickness, it is
located exactly at B s0. Granularity andror struc-pc

tural defects lead to a shift of B in the positivepc

direction on the descending field branch. Thus, for a
granular thin strip the peak is located at a positiÕe
field, i.e., before the remanent state is reached. The
origin of this effect is that granularity induces de-
magnetization fields which strongly modify the inter-
granular currents via their B dependence.
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