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The effect of the transverse ac magnetic field on the relaxation process in YBa2Cu3Ox melt-textured super-
conductors was studied. A factor of 50 suppression of the relaxation rate could be achieved at the expense of
some reduction in the maximum trapped field, with the magnetic-induction gradient being unchanged. This
phenomenon is interpreted as a result of an increase of the pinning force after the action of the transverse ac
magnetic field that is confirmed by the measurement of the trapped-induction distribution.
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The electrodynamics of hard superconductors was under
study for a long time. A wide variety of interesting phenom-
ena were discovered and interpreted on the basis of the de-
veloped concepts. One of them is the suppression of static
magnetization under the action of a transverse ac magnetic
field. First, this phenomenon was observed and interpreted
by Yamafuji and coauthors.1,2 If one places a superconduct-
ing strip into a perpendicular staticsdcd magnetic fieldH and
then apply an ac magnetic fieldhstd along the strip surface,
the critical profile of the static magnetic flux changes notice-
ably. The short vortices oriented perpendicular to the strip
are shown to bend and move in such a way that the static
magnetic flux tends to become homogeneous. This phenom-
enon and its consequences were studied theoretically in de-
tail in recent papers.3,4

The other origin of the suppression of the static magneti-
zation by the transverse ac magnetic fieldsthe collapse phe-
nomenond was considered in Refs. 5–9. If the vortex lengthL
exceeds significantly the penetration depth of the ac field, the
vortex bend does not play an essential role and the flux-line
cutting mechanismsthe phenomenon predicted by Clem10d is
put in the forefront. As was shown in Refs. 6, 7, and 9, it is
the flux-line cutting that provides the homogenization of the
static magnetic flux in the wide areas of the sample bulk
where the ac field has penetratedsthe creation of collapse
zoned. If the ac amplitudeh exceeds the penetration fieldHp
the distribution of the static magnetic induction becomes ho-
mogeneous in the whole sample bulk and the magnetic mo-
ment disappears.8,11

It is well known that the inhomogeneous magnetic-flux
distribution is metastable. According to the classical paper by
Anderson,12 such a state of a superconductor relaxes to the
homogeneous one following the logarithmic law. Within the
existing concept on the collapse, one could expect a notice-
able decrease of the relaxation rate of the magnetic moment
after the action of the ac field. Indeed, the surface homoge-
neous region of the sample, the collapse zone, should be
filled by the vortices and the critical gradient should be es-
tablished before the vortices start to leave the sample and the
magnetic moment begins to decrease. In the present paper we
have checked this assumption and made sure that the relax-
ation rate of the dc magnetic moment is actually decreased

significantly by the action of the transverse ac magnetic field.
Surprisingly, we have observed a striking concomitant phe-
nomenon which appears to be of general interest in vortex
matter. Not only does the magnetic moment not change, but
the spatial distribution of the static magnetic flux holds the
shape without significant relaxation for a long time after the
action of ac field. Moreover, this distribution conserves after
the moderate temperature increase. This strongly suggests
that the critical current density grows after the action.

Melt-textured YBa2Cu3Ox sYBCOd platelike samples of
9.337.431.5 mm3 ssample Ad and 836.331.5 mm3

ssampleBd in sizes were cut from a homogeneous part of
bulk textured cylinders grown by the seeding technique. The
homogeneity was checked by a scanning Hall probe. Thec
axis was perpendicular to the largest face of the sample. At
T=77 K, the characteristic value of the critical current den-
sity Jc in the ab plane is of the order of 13 and 22 kA/cm2

for samplesA andB sin self-fieldd, respectively. The “static”
magnetizationM was measured by a vibrating sample mag-
netometer in the external magnetic fieldH ic created by an
electromagnet. The zero-field-cooled sample was exposed to
the magnetic field of 12 kOe which was further reduced to
5 kOe; from this point, the relaxation measurement was
started. The above-mentioned fields are essentially higher
than the penetration field of the samples1.6 kOed. A com-
mercial Hall probe was fixed on the sample to measure the
evolution of the magnetic induction locally. The other Hall
probe with the sensitive zone of 0.330.3 mm2 was used to
scan the magnetic-induction distribution on the sample sur-
face. The distance from the sample to the sensitive zone of
the probe was about 0.2 mm. The Hall measurements were
performed in the zero field after exposition of the sample to
H=12 kOe. The ac magnetic fieldh iab was a computer-
generated triangle wave with the frequencyF=140 Hz. The
ac field could be applied for a definite number of periods and
stopped exactly at the end of the periodsat h=0d. In our
experiments we used 999 full cycles of the ac field. Most of
the measurements were performed at the liquid-nitrogen tem-
peratureT=77 K.

Figure 1sad demonstrates the influence of the orthogonal
ac magnetic field on the relaxation ofM. The conventional
swithout the ac fieldd relaxation is shown to follow the loga-
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rithmic law, that implies an exponential current-voltage char-
acteristic sCVCd E~expfs−U /kTds1−J/Jc0dg ssee insetd,
whereJc0 is a depinning current at the zero temperature and
U is a pinning-well depth.12 For the other run, att<20 s the
ac field of the amplitudeh was applied, followed by the
sharp drop in the magnetization due to the collapse effect.8

When the ac field action has finished, we can see almost no
relaxation for the first 100 s and an essentially reduced loga-
rithmic relaxation rateS=dM /d ln t for the rest of the obser-
vation period.

To reduce the minor effect of the magnetic-field relax-
ation in the electromagnet on the magnetization we studied
the temporal dependence of the trapped magnetic induction
Btr in the central part of the sample without any external
magnetic field by the Hall probe. Three curves in Fig. 1sbd
correspond to the same magnetic prehistory of the sample,
but differ from each other because of the action of the ac
field with different amplitudes. The upper curve is obtained
for the case when the ac field was not switched on during the
measurement at all,h=0. Two lower curves demonstrate the
influence of the ac field on the relaxation ofBtr. All curves in
Fig. 1sbd follow the same logarithmiclike law before switch-
ing on the ac field. Switching on the ac field results in a giant
suppression of the relaxation rates5–60 timesd. The inset of
Fig. 1sbd shows that the decrease of the relaxation rate de-

pends essentially on the amplitude of the ac field andBtr
does not follow the logarithmic law for the whole time win-
dow.

The abrupt decrease of the static magnetization under the
action of the ac fieldsthe jumps shown in Fig. 1d is con-
nected to the suppression of the dc shielding currents in all
sample regions where the ac field penetrates. The suppres-
sion of the relaxation ofM andBtr could be easily interpreted
as a result of the collapse: vortices cannot leave the sample
before the sufficient gradient of the magnetic induction
would be restored in the surface regions of the sample. From
the macroscopic point of view, the other explanation looks
plausible. As we reduce the magnetizationsand current den-
sityd significantly, we should get a huge decrease indM /dt
~E in accordance with the exponential CVCfsee inset of
Fig. 1sadg. However, this explanation will work only in the
case of the uniform distribution of the shielding currents. As
we will see below this is not the case.

To clarify the real influence of the ac field on the relax-
ation process we have investigated the temporal evolution of
the dc magnetic-field distribution by the scanning Hall probe.
The spatial distributionBsxd sacross the ac field directiond of
the trapped dc magnetic field is shown in Fig. 2sad. The
unperturbed curvessclosed symbolsd demonstrate Bean-like
profiles of the magnetic-flux distribution which relaxes obvi-

FIG. 1. Relaxation of thesad magnetizationM and sbd trapped
magnetic inductionBtr without sclosed symbolsd and with the action
of the ac fieldsopen symbolsd for sampleA. The upper inset shows
the dependence ofdM /dt~E on M ~J; the lower shows the tails of
suppressed relaxation in enlarged scale.

FIG. 2. Relaxation of the magnetic-induction distribution along
the sad x and sbd y directions on the surface of sampleA without
sclosed symbolsd and after the action of the ac fieldsopen symbolsd.
Panelsad sthe right scaled also shows derivativesdB/dx.
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ously in 1 h. After the action of the ac fieldsopen symbolsd
the relaxation is suppressed significantly in accordance with
the data of Fig. 1sbd. The change in the profile width along
thex axis is due to the collapse of the dc shielding currents in
the regions of the sample where the ac field has penetrated
sthe “collapsed” regions marked with “C” in Fig. 3d. Even at
a first glance at the curves in Fig. 2sad one can reveal a very
important consequence of the action of the ac field. The
magnetic-field distribution in the central part of the sample
before and after this action differs by the vertical displace-
ment, with the gradient being the same. Numerically calcu-
lateddB/dx curves shown in Fig. 2sad confirm this observa-
tion to be true everywhere except in the most outer regions.
This means that the current densities in the R1 regions main-
tain their initial values in all sample regions where the ac
field has not penetrated along thex direction. However, the
regions occupied by the currents flowing along thex direc-
tion sR2d are not changed. This, together with the decrease of
the maximum trapped field, results in the decrease of the
current density in the R2 regionsfsee Fig. 2sbdg that makes
them subcritical and suppresses the relaxation in they direc-
tion. This decrease of the local induction itself could affect
the relaxation rateSdirectly, due to an increase of theJc or a
change in the CVC exponent. However, the change of the
CVC exponent with the magnetic field is too low to explain
the huge change inS.13 The influence of localB on S through
theJc change could be estimated comparing the data of Figs.
1sad and 1sbd. The external magnetic field in Fig. 1sad is well
higher than the penetration field and the ac field. In this case,
the change of the localB is essentially lower than for zero-
field measurement Fig. 1sbd, but the effect of the relaxation
suppression does exist and is qualitatively the same.

The most interesting feature of the relaxation after the

action of the ac field is the following. Not only the magne-
tization and the magnetic induction, but the distribution of
the dc field gradient, i.e., distribution of the dc shielding
currents, stops the relaxation after the action of the ac field.
The vortices in the central part of the samplesR1 and R2
regions in Fig. 3d could not move into the collapsed regions
sCd. This is probably due to the impossibility to overcome
the cutting barrier,14,15 because the C regions aresat least
partiallyd filled with the vortices aligned with they axis.
However, the other possible origin of the suppression of re-
laxation has to be considered.

We suppose the penetration of the ac field from the largest
sxyd faces of the sample to be of great importance. The first
possible reason is an increase in the vortex length accompa-
nied by the pinning energy gain, tending to the increase of
theJc, because the vortices turn out to be “anchored” by their
tails sin the A regionsd. The elongation of the vortices occurs
in such a waysalong they axisd that there is no additional
Lorentz force directed outside the samplesalong thex andy
directionsd. Thus, the shielding currents become subcritical
resulting in the exponential decrease of the relaxation rate.
However, to explain the significant decrease ofS by the
vortex-length increase alone, the relative vortex elongation
must be of the order of the logarithmic relaxation-rate de-
crease, which is hardly possible. Moreover, in the collective
pinning approach16 the vortex elongation gives only a sub-
linear term in the free energy. The other explanation could be
based on the anisotropy of the pinning force in the YBCO
superconductors. After the action of the ac field, partssseg-
mentsd of the vortices in the A regions can be aligned and
locked in in theab plane leading to an increase of the pin-
ning force. The action of the ac field could also result in the
bend or entangling of the vortices in the A regions at the
scale of 100–1000 vortex-lattice periods. As a result, a sig-
nificant increase of the vortex-bundle size can take place.
This, in turn, can lead to the increase of the collective pin-
ning potential16 and to the observed suppression of the relax-
ation rate.

To check if the action of the ac field does increase the
critical current density, the following experiment was done.
Suggesting the shielding currents become subcritical after
the action we could increase the temperature without de-
creasing the current density. Our scanning-Hall-probe setup
permits only 77-K measurements, so we have to decrease the
temperature back to 77 K to investigate the changes. This
temperature decrease should not change the magnetic-flux
profile in any way in the absence of the external magnetic
field, thus we can study a distribution frozen from the higher
temperature. The magnetothermal history was as follows.
SampleB was cooled to 83 K in the external magnetic field
of 10 kOe, then the field was switched off. At this point the
ac field was appliedsor not applied in the other rund. Further,
the sample was heated by 3 K to “develop” a difference
between perturbed and nonperturbed flux profiles. Before
this heating, they should look like the profiles on Fig. 2sad
sthe gradients are the samed. Upon heating, the nonperturbed
profile should follow theJc changes and the perturbed one
will go from a subcritical to a critical statespossibly with a
higherJcd. Finally, the sample was cooled down to 77 K and
profiles were measured.sNote, that these profiles correspond

FIG. 3. Schematic view of the cross sections of the sample.
Regions marked with “C” are fully penetrated by the ac field; there
is no shielding currentsJsd in the xy plane here. The vortices in
regions R1 and R2 are partially disturbedsbent or entangled in the
zyplaned. This disturbance occurs in the A regions corresponding to
the ac field penetration depth along thez axis.
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to the critical current atT=86 K.d These experiments were
repeated several times, with the temperatures’ reproducibility
being better than 0.05 K. The result is shown in Fig. 4. The
perturbed profile is seen to keep a narrower form but the

maximum field is the same. This means that the magnetic-
induction distribution is steeper and the critical current den-
sity in the “perturbed” sample is higher. The crude evaluation
gives theJc increase of at least 8%.

Summarizing, we have observed the giant decrease of the
relaxation rate after the action of the transverse ac magnetic
field. This effect exists in the relaxation of the “static” mag-
netization and the local value of the trapped magnetic induc-
tion. After this action, the distribution of the magnetic induc-
tion across the ac field direction turns out to be frozen with
the same current density. This distribution conserves even if
the temperature of the sample increased by several Kelvin
giving a new critical state with a higherJc. We suppose the
increase of the vortex length accompanied by partial locking
of the vortex segments in theab planes could be a reason for
this phenomenon. The observed effect can also be a result of
the increase of the collective pinning potential due to the
increase of the vortex-bundle dimension in theab plane.
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sopen symbolsd. The magnetothermal history is described in the
text.
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