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Observation of the flux-antiflux boundary propagation during magnetization
reversal in Bi2Sr2CaCu2O8+� with single vortex resolution
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Snapshots of the flux distribution during magnetization reversal of a high-temperature
superconductor Bi2Sr2CaCu2O8+� single crystal in the presence of artificial columnar defects were
recorded using magnetic force microscopy. Thereby, the flux-antiflux boundary width and its
displacement by annihilation of individual vortex-antivortex pairs could be visualized. In general the
flux density follows Bean’s model. However, step dislocations with a strongly anisotropic pinning
behavior lead locally to a nonmonotonous flux distribution and result in a delay of the boundary
propagation. © 2006 American Institute of Physics. �DOI: 10.1063/1.2161815�
During magnetization reversal of type II superconduct-
ors, regions occupied by vortices of opposite polarity are
separated by a flux-antiflux boundary. Flux penetration into
the specimen and the general features of the reversal process
are described by the longitudinal1 and transversal2 Bean
model, respectively. Its basic statement is that the current
density J=��Ha, which is induced at the surface to exclude
the externally applied magnetic field Ha, exerts a certain Lor-

entz force density F̄L=J� B̄ on the penetrating local average

magnetic flux density B̄. Thereby, the flux is displaced from
the sample edges towards the center, whenever the critical

current density Jc is reached and F̄L exceeds the mean pin-

ning force density F̄pin, which originates from sample imper-
fections. If the field magnitude is reduced, vortices leave the
sample starting from the edges. If the field direction is re-
versed, vortices of opposite polarity �antivortices� penetrate
from the edges, whereby a flux-antiflux boundary is intro-
duced into the sample. Note that the Bean model neglects
flux quantization, averages over distances much larger than
the intervortex spacing, and does not discriminate between
different types of defects. Therefore, this model does not
make any statements about the fine structure of the boundary
region, where vortices and antivortices coexist, and the in-
fluence of different types of defects.

An understanding of the magnetization process and the
influence of pinning is mandatory to develop devices based
on superconducting materials. Naturally, high-temperature
superconductors are of particular interest. Up to now,
magneto-optical means have been employed to investigate
flux distributions with respect to the Bean model in such
materials �see, e.g., Jooss3 for a review�, but the resolution is
diffraction limited. On the other hand, magnetic force mi-
croscopy �MFM� has proven its capability to detect indi-
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vidual vortices via their magnetic field in the low flux den-
sity regime.4 If the magnetic fields of neighboring vortices
strongly overlap �high flux density regime�, flux density
variations can still be imaged, because the MFM signal is
proportional to the magnetic field generated by the total
flux.5 Moreover, this technique allows to image the surface
topography with high resolution, e.g., monoatomic step
heights are easily resolved, whereby structural defects can be
examined with respect to their pinning properties.5,6 Here we
present a MFM study of the flux-antiflux boundary propaga-
tion during magnetization reversal of a Bi2Sr2CaCu2O8+�

single crystal platelet. Since single vortex resolution is ob-
tained, information beyond the Bean model becomes directly
accessible.

All experiments have been performed with our home
built force microscope �Hamburg design�,7 which is operated
in ultrahigh vacuum, at a base temperature of 5.2 K and in an
externally applied magnetic field up to �0Ha=Ba=5 T. A
cantilever with a ferromagnetic iron coated tip at its free end
is utilized to detect the tip-sample interaction via the fre-
quency modulation technique. Surface topography as well as
magnetic properties can be probed with appropriate data ac-
quisition schemes. To record MFM images we chose a scan
height h of about 18 nm and a cantilever oscillation ampli-
tude A=10 nm. Details of the experimental setup, proce-
dures, modes of operation can be found in Ref. 7.

The Bi2Sr2CaCu2O8+� single crystal �about a�b�c
=2.2 mm�0.72 mm�0.048 mm in size� was grown by a
floating zone method and then irradiated with 1.3 GeV ura-
nium ions to form artificial columnar defects8 parallel to the
c axis. They act as strong pinning centers.5 The ion dose
corresponded to a matching flux density of Bm=2 mT. Fur-
thermore, stacking fault dislocations, which exhibit an aniso-
tropic pinning behavior,9 are present in the investigated
crystal.

Tip axis, crystal c axis and magnetic field direction are
oriented normal to the sample surface �z direction�. After
magnetizing the tip in Ba= +100 mT parallel to the tip axis,

the sample was field cooled from above Tc down to T
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=5.2 K in Ba=BFC=−3 mT. Then, Ba was ramped stepwise
from −3 to +50 mT. To study the magnetization reversal and
in particular the mechanisms of the boundary displacement,
snapshots of the vortex configuration were recorded for each
Ba on the same sample area. Four of them are displayed in
Figure 1�a�–1�d�. For comparison, the flux density Bz�x� and
its evolution with increasing Ba according to the one-
dimensional Bean model is sketched in �e�.

The glass-like random vortex configuration after field
cooling is imaged in �a�. Since MFM detects the magnetic
field associated with the quantum flux �0=2 ·10−15 T m−2,
each vortex appears as a dot with a radius on the order of the
London penetration depth � �for Bi2Sr2CaCu2O8 �
�200 nm�. The dark contrast indicates a repulsive tip-vortex
interaction, i.e., tip magnetization and vortex polarity are an-

FIG. 1. �a� MFM image of the flux glass state after field cooling in BFC=
−3 mT �scan area: ascan=7 �m�7 �m�. �b� After increasing Ba to 32.5 mT,
the flux-antiflux boundary is visible as zone of zero vortex density between
the parallel lines separated by w�1 �m. �c� At 42.5 mT the antivortices
have reached the line defect �marked by arrows�, which now appears as
bright strip. �d� The situation after complete magnetization reversal of the
scan area. �e� Sketch of the experimental situation according to the one-
dimensional transversal Bean model.2 Flux penetration Bz�x� �mirror sym-
metric with respect to the sample center at x=0� with increasing field and
propagation of the boundary �see arrows� with respect to the scan area is
shown. The dashed line corresponds to the homogeneous flux density after
field cooling. �f� Averaged cross section taken perpendicular to the line
defect in the boxed area from �d�. Due to the stacking fault dislocations, the
flux density does not change monotonically.
tiparallel. The total number of N=BFC·ascan/�0=62 vortices
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corresponds reasonably well to BFC=−3 mT and the scan
area ascan=49 �m2. Four strong pinning sites are marked by
crosses, to evalute their role during magnetization reversal.
For the same reason, the barely visible faint line is marked
by two arrows. At the corresponding position in the topogra-
phy image a step with a height of about �0.36±0.05� nm was
found at exactly that position. Previously, we identified such
straight steps with heights less than the surface cleavage step
height of c /2=1.55 nm as stacking fault dislocations and
reported a strongly anisotropic pinning behavior.9 After ap-
plying a field opposite to the direction during field cooling,
antivortices enter the sample from the edges, where the mag-
netization reversal due to individual vortex-antivortex anni-
hilation processes starts. At 30 mT the first antivortices enter
the scan area. In �b� the situation at 32.5 mT is shown. The
incoming antivortices �bright contrast due to the attractive
tip-vortex interaction� already penetrated the scan area from
the right. The four crosses mark the same strong pinning
sites as identified in �a�. While the two on the left are still
occupied by vortices, the one between the two parallel white
lines is empty and the right one is already occupied by an
antivortex. Vortices and antivortices are well separated from
each other by an about 1-�m-wide zone of zero vortex den-
sity marked by two parallel white lines, where neither vorti-
ces nor antivortices are detected. The following propagation
mechanism can be inferred: In the boundary region flux clo-
sure is achieved by the formation of vortex-antivortex loops.
Since the antivortices are driven towards the sample center
by the Lorentz force, their radii shrink with increasing Ba.
Finally, the loop collapses below a certain radius, if its elastic
energy becomes larger than its pinning energy. Thereby, a
vortex-antivortex pair is annihilated. The remaining empty
columnar defect is reoccupied by another mobile incoming
antivortex. Note that the loop is rather asymmetric, since
only the mobile antivortex part moves towards the rather
fixed strongly pinned vortex part.

The width w of the zone of zero vortex density is related
to the range of the attractive vortex-antivortex force FV-AV
and the pinning force. The attraction between vortices of
opposite polarity can be approximated using FV-AV=
−L ·�0

2 / �4��0�2� ·K0��r /��. Here, r is the vortex-antivortex
separation, L is the length of the vortex line, and K0��r /�� is
the derivative of the modified Bessel function, which has the
form K0�r /��= ��� /2r�1/2 ·e−r/� for r��.10 Since FV-AV de-
cays exponentially, the characteristic decay length � ,w is
expected to be not much larger than a few �, which agrees
well with our observation of w�5�. Using r=w and L=c,
i.e, the platelet thickness, an attractive force of 7 pN can be
estimated, which should correspond approximately to the
pinning strength of the mobile incomming vortices. Note fur-
ther that since the typical lateral dragging force exerted by
the scanning tip on a vortex is only about 1.5 pN in our
experimental situation,11 the influence of the measurement
procedure on the genuine vortex arrangement is negligible.

In �c� the antivortex front has reached the stacking fault
dislocation �see arrows�. It now appears as a bright strip. In a
previous investigation9 we found vortices are quite mobile
along such line defects, while they are strongly trapped in the
perpendicular direction. For an attractive tip-vortex interac-
tion, vortices are attracted towards the tip if scanned across
the line defect, whereby the whole dislocation step appears
bright, even if only a few vortices are attached to the line

defect. If the tip-vortex interaction is repulsive, as in �a� and
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�b�, vortices are pushed to the side along the line defect and
are therefore not imaged. Note further, that on the left side of
the line defect only a few individual antivortices are visible,
while their density is much larger on the right side. This
inhomogeneous distribution occurs because the line defect
can accommodate a large amount of vortices, which then
repel vortices of the same polarity. Clearly, the advance of
the flux-antiflux boundary is severely hindered by the pres-
ence of a continuous line defect perpendicular to the propa-
gation direction than by a porous random distribution of
point-like defects.

Further increasing of Ba results in a complete magneti-
zation reversal of the imaged area, as visible in �d�. The
vortex density is so large that only the strongly pinned vor-
tices can be identified, because they repel the more mobile
vortices, leaving a dark ring around them. According to the
transversal Bean model sketched in �e�, the vortex density
between the flux-antiflux boundary and the sample edges
should decrease monotonically towards the sample center.
Since the magnitude of the MFM signal is proportional to the
magnetic field generated by the vortices, flux density varia-
tions can still be detected.5 In �f� the average cross section
taken perpendicular to the incoming vortex front from the
boxed area in �d� is displayed. Right to the line defect a
steady decrease of the vortex density towards the sample
center is observed. On the line defect itsself the density is
enhanced, but reduced in the vicinity, due to the repulsion
between vortices of the same polarity. Thereby, a nonmono-
tonic flux distribution is induced near the stacking fault dis-
locations. It can be concluded that randomly distributed point
defects result in a vortex distribution as predicted by the
Bean model, while strong deviations are induced by ex-
tended line defects, which can accomodate a large number of

vortices.
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In summary, we demonstrated that MFM is a suitable
technique to visualize the dynamics of the magnetization re-
versal and particularly the propagation of the flux-antiflux
boundary in type II superconductors with single vortex reso-
lution. In our case the boundary consists of a 5� wide zone
of zero vortex density, which propagates by annihilation of
vortex-antivortex pairs. Line defects with a strong pinning
effect delay a transversal movement of the boundary and
cause a nonmonotonic flux distribution in their vicinity after
complete magnetization reversal. In regions with columnar
defects the resulting flux density decreases monotonously to-
wards the sample center, as predicted by the Bean model.
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