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Paramagnetic relaxation and Wohlleben effect in field-cooled Nb thin films
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The “Wohlleben effect” (paramagnetic Meissner effe¢és found in uniform applied magnetic fields only
above a threshold valubly~10? Oe for field-cooled Nb films of thickness less than 1000 A. The initial
diamagnetic magnetization observed upon field cooling to fixed temperatures just Delowes way to a
logarithmic time relaxation toward paramagnetic values comparable to the critical state magnetization over a
period of several hourgormalized rateS~0.1), implying that the development of the paramagnetic state is
moderated by fast flux creep processes. Small field gradiretid-20 mOe/cm are found to influence the
occurrence of the effect for applied fieltb<H,. [S0163-18289)50826-9

One of the intrinsic properties of superconductivity is theRSO mode is essentially a vibrating sample mettszinple
Meissner effect. When a superconductor is cooled below thenotion at 4 Hz and amplitugel.0 cm, it is more suitable
transition temperature in the presence of an external mador time-resolved studies, and we present those results
netic field, it expels flux and behaves as a diamagnet. Howherein. The magnetic field was aligned perpendicular to the
ever, occasionally samples have been found to exhibit @lane of the film. A first cycle of experiments was performed
paramagneticmagnetization below the transition tempera-in the “no-overshoot” magnet charging modehich gener-
ture. Initially the effect was observed in high- ates monotonic field changesnd a second cycle was done
superconductors;® and was proposed as evidence for thelater to compare data taken in the “oscillation” charging
existence of spontaneous supercurrents in an unconvention@ode (which minimizes field drift to that taken with the
pairing state caused by boundaries.’*® However, a simi-  ho-overshoot method.
lar effect was also observed in niobium di§c8,which Results of the first cycle of measurements of the tempera-
showed that the “paramagnetic Meissner effect” orture dependence of the magnetic moment of film A in field-
“Wohlleben effect” (WE) is a phenomenon that is not nec- cooled (FC) and subsequent field-warmingCW) regimes
essarily dependent upon an unconventional mechanisift external magnetic fields of 150, 250, and 700 Oe are pre-
unique to high¥, superconductors. Subsequent models forsented in Fig. 1. The temperature was initially swept down
the WE, based upon flux compression by Lorentz forces ifrom 9.5 b 6 K in increments of 0.1 K, and then reversed.

thin samples, were proposed by Koshelev and Latkih) ~ The FC and FCW curves coincide at lower fields, indicating
(Ref. 9 and Moschalkoet al. (Ref. 10. that the temperature dependence of the moment is reversible

An application of the KL model to data for Nb discs below about 200 Oe, where the usual diamagnetic Meissner
suggested that the paramagnetic magnetization must be smaffect is observed. However, at higher fields the FCW curves
for samples much thicker than the penetration depth are always more paramagnetic than the FC curves; in other
~500A; however, for very thin samples one can expect avords, unusual hysteresis behavior develops above a thresh-
much larger WE due to the macroscopic penetration oPld field of around 200 Oe. At a field of 700 Oe, the mag-
Meissner currents into the sample interiessentially a de- netic moment is positive except for a weak diamagnetic re-
magnetization effegt In the present paper we report a study sponse in a FC regime very closeTg. The data for film B
of the WE for Nb films of thicknesseg~ \. do not exhibit any field threshold for development of para-

Sample films were prepared via Nb deposition on azsio magnetic relaxation down to 100 Oe, which was the lowest
substrate using dc sputtering in a four-S-gun, high-vacuundPplied field investigated for film B.
system'! Although several samples from different deposi-  The threshold field valuel,=200 Oe for film A, and our
tions were examined, we report our results for two represententative limitH,<100 Oe for film B, may be related to the
tative films of different thicknesses950A (designated influence of sample shape on the first penetration fiejd
“film A” ) and 650 A(“film B” ), as measured by a Tencor «(d/w)*?, consistent with estimates by Zeldaat al,'?
profilometer. Films A and B had square shape with dimenwhered is the thicknesg650 A and 950 A, respectively
sions 1x 1 mn? and 3x 3 mn¥, and superconducting transi- andw the width(3 mm and 1 mm, respectivélpf the film.
tion temperature3 .=8.8 and 8.3 K, respectively. Our observation of the persistence of the WE to fields of

Magnetic-moment measurements were done using arder 1¢ Oe and beyond, and the existence of the threshold
Quantum Design MPMS5 Superconducting quantum interfield for film A, differ from published results for thick25—
ference devicgSquid magnetometer, both in standard dc 127 um) Nb discé'’ studied at much lower magnetic fields
(4-cm scan length and ‘“reciprocating sample” (RSO (10 2-25Qe).
modes. Both modes yielded similar results, and since the A remarkable linear temperature dependefiice auto-
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, . magnetic moment curves of film B are due to thermomag-
5 6 7 8 9 10 netic instabilities. It is well known that a combination of
Temperature (K) large sample size and low temperature can cause the critical

) ) state to become unstable when heat is generated during small
_FIG. 1. Magnetic moment versus temperature for Nb film A for ;s jumps, and to undergo larger instabilities involving mac-
different magnetic fields shown. The _closed circles denote dat?oscopic redistributions of fldf when the driven flux gener-
taken on the initial FC run, the open circles the FCW (armows 09 more heat than the superconductor can absorb over a
indicate the temperature sweep direction relevant time interval? Two recent studies have demon-
strated development of thermomagnetic instabilities of the
mated data acquisitignof the FC magnetic moment was critical state in Nb film&**%in the form of irregular jumps in
observed(upper panel of Fig. JLin the temperature range magnetic moment and local field in field-sweep and relax-
6-8.4 K, but we surmised that this was due to a time-ation data. The apparent stability of film A is therefore con-
dependent relaxation of magnetization. To check this, wesistent with film B having a larger size and a lov&r, but
halted the FC temperature sweeplat 7.8 K and repeatedly we cannot rule out structural inhomogeneities and impurities
measured the magnetic moment for about 10 h, followed byws possible contributors to the unstable behavior of film B.
the usual FCW temperature sweep, as shown in Fig. 2, which A logarithmic relaxation of the magnetization towards
confirms the existence of a remarkable time relaxation okero in type-ll superconductors is commonly considered to
magnetization toward a very large paramagnetic responsée the result of the decay of a Bean critical state via ther-
The subsequent FCW sweep restored the magnetic momemtally activated flux creep in zero-field-cooled ZFC
of the sample to precisely the same value observed in the FExperiment$®1” whereas the FC magnetization is expected
sweep at temperatures just abdvg which precludes com- to remain constant in time. In contrast, in oE€ experi-
plications caused by instrumental drift during the 10-h relax-mentswe observed a time evolution of the magnetic moment
ation experiment. Similar behavior was observed for film B.towardlarge positive valuegypical of the Bean critical state.
Both films exhibit logarithmic time relaxation beyond The overall relaxation process is also unusual in that it ini-
time delays~10®s, although some differences in behavior tially slowly evolves from a diamagnetic state, but acceler-
can be seen in Fig. 3. Film A exhibits smooth relaxation andates into a stronger logarithmic process that shows some ten-
obeys a logarithmic time dependence over most of the obsedency toward saturation for waiting times greater thahsl0
vation time, but the initial 70-min period reflects a substan- We performed measurements of the moment hysteresis
tially slower response. Film B also exhibits a slow, fairly curves(taken by zero field cooling the samplex a reduced
smooth relaxation during an initial 15-min period, followed temperaturé=T/T.=0.88 in order to compare the paramag-
by a faster logarithmic dependence interrupted by increasaetic moment values developed as a result of slow relax-
ingly unstable behavior, including step jumps, for time de-ation, to those attained in Bean'’s critical stésee Fig. 4.
lays ~ 10% s (this is correlated with the many jumps observedWhile the ZFC magnetic moment curves for film A are rela-
in field-sweep dafa Nevertheless the rougtinterpolating tively smooth, curves for film B exhibit many irregular
through jumps time dependence of the relaxation follows jumps(only the envelope of the film B data are shown in Fig.
the logarithmic behavior defined for waiting times well be- 4). The width of the hysteresis loop for film B is approxi-
yond 1G's. mately ten times larger than for film A. Taking into account
It is possible that the abrupt jumps in the relaxation andthe size difference between the two films, we can use the
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FIG. 3. Time dependence of the magnetic moment of Nb films
FC to T=0.88T, in an applied field of 700 Oda) Data for film A Field (Oe)
(“curve b” from Fig. 2). (b) Data for film B. Note the larger mag-
nitude of the moment, stronger pinniigee Fig. 3, and increased
scatter and jumps in the film B data.

FIG. 4. Critical state hysteresis curves for Nb film(& and B
(b) ZFC to T=0.88T.. The dotted curves represent the reversible
magnetic moment estimated as(+m_)/2, where “+” corre-
sponds to the field-decreasing ddtarge right-hand arroyy and
critical state model to estimate that the critical current den* —" to the field-increasing datalarge left-hand arroyv The
sity (j<[m; —m_]/2w3d, where “+” corresponds to the smaller arrows connect the initial moment values to the final ones
field-decreasing moment data and—" to the field- (first and last points of the relaxation curves in Figostained after
increasing dataof film A is ~1.4 times higher than that of 10 h of relaxation in an applied field of 700 Oe.

film B. The paramagnetic shift of the magnetic moment of,econqycting state that occurs when the colder edges of a
film A attained after 13 h is~1.1x10"emu, which is  gap hecome superconductifigith magnetic flux trapped in
about half of the critical state moment derived from the enhe normal sample core Subsequently, Meissner currents
velope of the hysteresis cursee Fig. 4a)]. The corre-  form and push(against pinning forc@svortices nucleated in
sponding shift after 11 h of relaxation is5.5X10"°emu g phase front that moves toward the middle of the cooling
for film B, which is also approximately half of the critical sample. The critical state created near the sample center is
state momenfsee Fig. 4b)]. supposed to generate a paramagnetic moment that exceeds
We defined a normalized relaxation rateéS the diamagnetic moment of the Meissner current. Alterna-
=m; *dm(t)/d Int, wherem, is the value of the critical state tively, Moschalkovet al. have shown that compression of a
magnetic moment at the same temperature and applied fieldgiant vortex” nucleated at the edge of a superconductor in
to characterize the relaxation process. Taking into accourthe surface state{~H_3) can also lead to the positive mag-
the comparable values ¢f for the two films studied, it is not netization of a FC superconductdr.
surprising that the normalized relaxation rat&,=1.03 The above theoretical considerations motivated us to
X101 andSg=0.71x 1071, for films A and B(where we carry out a second cycle of experiments on film A to inves-
interpolated through flux jump events in Fig, despectively, tigate the possible influence of nucleation conditions and
are similar. These values are at the high extremum of relaxvery small field inhomogeneities on our data. As expected
ation rates commonly observed for high-superconductors from the reproducibility of the normal-state magnetic-
at much higher temperaturé&s. moment data shown in Figs. 1 and 2, slight variations of
In a recent study, Zeldoet all? have reported a geo- temperature history and the use of the oscillation mode to
metrical barrier that is present in a thin superconducting slalminimize field drift had no discernable effect on the para-
placed in a perpendicular magnetic field, and the concentranagnetic relaxation behavior. However, the occurrence of
tion of vortices in the center of the sample due to the actiorthe WE at low applied fields was found to correlate with the
of a Lorentz force by Meissner currents that penetrate th@resence of very small residual field gradients created by first
bulk of the slak(i.e., a demagnetization effgcThis leads to ramping the field to the the valud chosen to test for the
the formation of a “flux-free region” near the slab edge. In presence of the WE, then discharging the magnet to a re-
a similar fashion, KL theory explains the paramagnetic FCsidual field ~5—8 Oe. The nonuniformity of the residual
magnetization of flat superconductors as due to vortex confield was then profiled using the Quantum Design flux-gate
pression and formation of a “paramagnetic critical state” in magnetometer optiofwhich unfortunately cannot be di-
the sample center. However, in the KL approach, the comrectly used to characterize field uniformity fét=10 Ose.
pression is induced by an inhomogeneous entry into the suFhe WE was found to occur in fieldd <H, only when a
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residual field gradient=10—-20 mOe/cm was detected after conductors, whose magnetization remains constant in time,
discharging the magnet to 5—-8 Oe, which strongly suggestihin Nb films exhibit an unexpected relaxation phenomenon.
that similar gradients present at measuring fields bethyy A paramagnetic FC magnetization first develops very
are necessary for the occurrence of the WE. These resulgiowly, on a time scale of tens of minutes, following an

may explain other observaticdhef a persistent WE in bulk initial diamagneticresponse. The relaxation then accelerates
Nb discs at very low fields. and follows a logarithmic law, which implies that a flux

Additional experiments at fields 12008&i{=H, Creep process underlies the relaxation in this regime. The

~200 Oe revealed paramagnetic relaxation and thermal hy elatively large values of normalized relaxation rate at rather

teresis following an initial diamagnetic response fortempera—o.W temperatgres{compare to value; 08 appropriate fqr
tures just belowT, (similar to the behavior in Fig.)1 Care- high-T, material$ suggest that the Meissner current provides

ful charging of the magnet resulted in measured residual fieltﬁn additional drive for the relaxation toward a “paramag-

gradients~10 mOe/cm only foH=500 Oe, but the possible etic critical state.

" t the WE with i ieia f ; Our observations tentatively support the idehat the
connection of the WE with inaccessiblfeia flux-gate mag-  5ramagnetic state develops as a result of the compression of

netometry field gradients potentially present at the full mea- o rtices from the sample edge toward the interior, creating a
suring field is unclear in this regime. The WE without Sig- «,ortex-free” region between the edge and the interior.
nificant hysteresis or relaxation(i.e., a reversible However, the geometrical barrier approach of Zelépal,
paramagnetic Meissner effeéaas found to exist for fields The KL model, and the giant vortex approach by Mo-
between 1200 Oe and 1600 Oe. Checks of the dependence Qi,a1kovet al. consider only a static or metastable distribu-
the WE on the RSO sample oscillation amplitu@05-1.0 5 of the vortices, and none of these models considers non-

cm) did not reveal any clear evidence for an inductive ,nitorm applied fields or vortex dynamics, both of which we
mechanismimoving the film through a small field gradient 4 play significant roles in the Wohlleben effect.
during the RSO measurementddditional details of the

second cycle experiments will be presented in a future pub- Research at the University of Kentucky was supported by
lication. the U.S. Department of Energy Office of Basic Energy Re-

In conclusion, we found Nb films with thicknesses com-search, Division of Materials Science, under Grant No. DE-
parable to the bulk penetration depth exhibit new features oFG02-97ER45653. Research at Northwestern University was
the WE not observéd for substantially thicker Nb discs in  supported by the NSF Materials Research Center Grant No.
magnetic fields below 30 Oe. First, there is the existence of ® MR-9309061. We thank Professor L. Wenger for sending
sample-dependent threshold fietdl0? Oe, above which the us a copy of unpublished work, and Dr. Vitali Metlushko for
WE is observed. Contrary to the behavior of most FC supereritical and stimulating discussions.
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