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The irreversibility line of superconductors is most usually established from magnetization curves. However,
many lowT, materials show extremely reversible magnetization curves, while still having a finite critical
current. Confirmation of a reversibility line requires other measurements. We have made measurements of dc
magnetization, ac susceptibility, and magnetoresistivity as a function of applied field and temperature on Nb
alloy samples in order to investigate the irreversibility line in [dwsuperconductors. The results show that
there exists an observable field region below the mean-field critical Bgld where the magnetization is
reversible during a cycle of increasing and decreasing field, which is in agreement with a previous report by
Suenageet al. In addition to dc magnetization, ac susceptibility and magnetoresistivity measurements were
also carried out on the same sample as alternative techniques to probe the irreversibility line to determine the
best way of distinguishing a genuine thermally activated reversibility from a finite, but low, critical current
density. The results showed that the collapse of the dc magnetic hysteresis, the onset of the diamagnetic ac
susceptibility(or the peak of the ac logsnd the zero resistance occur at nearly the same field, namely, the
irreversibility field B;,, . These experimental observations indicate that the irreversibility line is not unique to
high-T oxides but also exists in conventional superconducting metallic alloys although much cld&gr. to
However, it is difficult to reconcile these results with measurements on otheT Jawaterials which show
zero resistance up to the surface critical fiBlg .

[. INTRODUCTION broadening can be due to inhomogeneity in the sample which
may have a much wider range &;, than T, and these
The unusual behavior of highs superconductors in the measurements are further complicated by surface currents.
mixed state attracts considerable attention. One of the mo#tll techniques can only set a lower limit td., although
important phenomena is the existence of the so-called irresince J. usually varies as a power law if this limit is well
versibility line in the field-temperaturéB-T) plane. This line  below a factor of about (4 B/B,,)? of the low-field value
separates th&-T plane into two regions: a reversible one we have pretty convincing evidence of a true irreversibility
(corresponding to high temperature and fieqhd an irre- line.
versible onglow T andB). A number of models have been Relevant early experiments were those of Waded
proposed to explain the existence of the irreversibilityCampbell, Evetts, and Dew-Hught&Vade used a Clarke
line.X~" Although the mechanism for the observed easy fluxslug to measure the-1 characteristics of Pb-In at voltages
line movement in highF, oxides is yet to be understood down to 10 *2V, looking for the exponential curve charac-
completely, it is generally agreed that the phenomenon reteristic of flux creep. This only appeared within 100 G of
sults from a complex scenario including very weak elec-B.,; at lower fields a sharp jump in voltage was observed,
tronic coupling between the superconducting Gu@yers and no measurable linear resistivity was reported at any field.
(which leads to a very large anisotropy short coherence Campbell, Evetts, and Dew-HugHesieasured the critical
length, and high working temperatures. Flux lattice meltingcurrent of Pb-Bi near the upper critical field and found a
and decoupling of layers are the main contenders, although ftnite critical current at all fields up tB., in plated samples.
now seems that these are not as different as at first thoughthese results suggest that the reversible region inTow-
The characteristics of the irreversibility line are a revers-materials is too small to be observed. Clem, Kerchner, and
ible diamagnetic magnetization and a broadening of the reSekuld® reported measurements on NbTa which had all the
sistive transition at low currents by a field, corresponding tocharacteristics of a reversibility line, except that presence of
a linear resistivity. Neither result on its own establishes arharmonics in the susceptibility indicated a Idwrather than
irreversibility line. Magnet inhomogeneity combined with a linear resistivity. In all these experiments the valudgf
sample movement makes most magnetometers much less@s determined from the dc magnetization curve.
sensitive to hysteresis than to magnetization. Resistive More recently resistive broadening has been seen in some
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specially prepared quasi-two-dimensional films such agty during isothermal magnetization and other measurements.
In/InO,** amorphous Mo-Gé&? and Nb-Ge"3 Also Suenaga For this reason the magnetometer probe was adapted so that
et al}* have investigated the irreversibility line in low- resistive and susceptibility measurements could be done at
temperature superconducting NbTi and;8b multiflamen-  the same time as the dc magnetic measurements without re-
tary wires using dc magnetization measured in a superconmnoving the sample. A calibrated carbon in glass resistance
ducting quantum interference  device (SQUID)  thermometer was placed at the sample position to check the
magnetometer. They found that these materials have a cleemperature stability inside the VSM. It was found that the
irreversibility line which is substantially lower than the su- temperature variation and driAT, in the range 42T
perconductindB.,(T) phase line. They also found that their <20K, was less than 0.05 K during a time period of 1 h,
B, data fitted well to a flux lattice melting line formulated which corresponds approximately to the time scale of indi-
by Houghton, Pelcovits, and Sudb@nd thus they inter- vidual measurements.
preted the observed irreversibility line as a melting line of In order to perform the dc magnetization measurements,
the flux lattice. Schmidt, Israeloff, and Goldntaninvesti-  the NbTi wire was cut into segments of lengt8 mm and
gated the irreversibility line of pure Nb film samples follow- several lengths were sealed tightly together inside a short
ing a similar procedure to that used by Suenagall* Ac- piece of heat shrink plastic sleeving. Measurements were
cording to their data and analysis, they also concluded thaaken with this bundle of wire segments placed perpendicular
the irreversibility line in Nb is the flux lattice melting line. to the applied fieldi.e., horizontally to avoid the effect of
The authors showed that their flux creep data in the regiosurface current® Measurements were also made with the
near the irreversibility line can neither be explained by thesample placed vertically at selected temperatures. The resis-
flux-line depinning theory nor the vortex glass phase- tivity was measured using a standard four-probe method with
transition theory’. a low frequency(77 Hz ac driving current. To achieve a
Besides the dc magnetometry technique, a number of difhigh normal-state voltage the outer layer of copper on a short
ferent techniques have been employed to measure the irreegment of the multifilamentary wire sample was etched
versibility line in high-T. oxides. Magnetoresistivity and ac away with concentrated nitric acid, leaving only the current
susceptibility measurements are the most commonly used. tiontact area. Electrical leads were connected to the sample
has been demonstratéd'® that data from magnetic mea- using silver paint. The sample was placed horizontally adja-
surements, particularly the observed dissipation peak in theent to the bundle of short wire segments which was used for
ac susceptibility, can be explained by the electromagnetitnagnetization measurements. The dc magnetization and re-
skin effect using resistivity data. It is expected therefore thasistivity were measured virtually simultaneously with this
both resistivity and ac susceptibility measurements wouldyeometry.
show transitions in accordance with the disappearance of dc The ac susceptibility was measured inductively by placing
magnetic hysteresis at the irreversibility field or temperaturéhe specimen inside a sample holder on which a copper drive
in low-T. materials just as in the highs oxides. Drulis  coil was wound. A small ac field was generated by this so-
et al?° have investigated the irreversibility line in Nb film lenoid and the induced signal was picked up by the sense coil
and NbSe single-crystal samples using a vibrating reedof the VSM and measured by a lock-in amplifier. This allows
(which is equivalent to the ac susceptibility methbdand  the ac susceptibility to be compared with the dc magnetiza-
magnetoresistivity methods. The authors also concluded thion in the same apparatus at almost the same time. Simi-
there exists an extended region of magnetic reversibility idarly, the resistivity measurements were made in a modified
these lowT, samples. However, no data of dc magneticprobe which allowed the dc magnetization to be measured
measurement an@., were presented in their work. To without changing anything. This is important sinBg, is
clarify the situation we have measured dc magnetization, atather close tdB., in the low-T, samples so any small dif-
susceptibility, and resistivity as a function of applied field ference in temperature or magnetic-field measurement will
and temperature on Nb alloy samples and the results of theseake the comparison of data between different techniques
measurements are reported in this paper. difficult. All the measurements were carried out at fixed tem-
perature.

Il. EXPERIMENT

The samples used in this study were NbTi alloys in the Comparison of techniques

form of a multifilamentary wires and a bulk cylindrical rod  The central problem is to distinguish between a low, but

and NbTa in a bulk rod. The multifilamentary NbTi wire finite, critical current supported by pinning centers, and a

consists of individual NbTi filaments embedded in a continu-true reversible region with a linear resistivity as is seen in

ous copper matrix. Most measurements were conducted onhagh-T, superconductors. The results are complicated by sur-

vibrating sample magnetomet&/SM 3001, Oxford Instru- face currents. Different techniques differ in their sensitivity,

ments although some dc magnetization measurements werand the sample shape is also relevant. We can set order of

performed on a SQUID magnetometéuantum Design magnitude limits to the detectahlg in samples of individual

MPMS) with a scan length of 2 cm. The variation of the radiusR and total volumeV as follows:

magnetic field is less than 0.01% at this scan length. (i) If the magnetometer sensitivity i J.<1.5 M/RV. This
Since the reversible region in loW; superconductors is is the smallest detectable magnetization.

expected to be small, measurements need to be carried ofiif) Normally a higher limit is set if the field inhomogeneity

carefully if B, and B, are to be distinguished from each is greater than the penetration field<AB/woR.

other. Thus it is crucial to maintain good temperature stabil{iii) For a resistive measuremedt<V/pL whereV is the
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TABLE I. The minimum detectabld. for each sample. Now
2-mm Nb Ta 1.8-mm NbTi  1@-NbTi wod=—V2.A=-V2.Eljo=—BV2.y.
Magnetometer 0.38(0.00  0.38(0.0)  38(0.01) Puttinga=B?/ uo\'? and 6°=2p/ wow the equation of mo-
limit tion is V2.y=k2?y where
Magnet 2(0.2 26(2) 5000(2) o 2 i1
inhomogeneity k*=(N"+6%72)) %
ac susceptibility  0.01 (1¢°)  0.01(10°% 2 (1079 We thus get a skin depth equation, or London equation, with
Resistive 0.10.09 0.1(0.009 0.1(5x10°°)  a complex penetration depth. The solutions are well known,
for a cylinder of radius a parallel to the field the susceptibil-
ity is
voltage sensitivity,p the resistivity (approximately the flux
flow resistivity which is near the normal state valuandL x=2l(ka)/ly(ka).
the length. oo G If A’ is large we can use the first term in the power series
(iv)For a susceptibility measurement the situation is more .
) X ; i expansion:
complicated and discussed in more detail below. However,
one _I|m|t_|s if the amplitude is m_uch greater than the pen- x=(ka)2=a%(\'2+ 8%/2j) L.
etration field.J.<h,./R whereh, is the lowest useful am- i
plitude of the ac drive field. As the temperature is reduced both and é reduce from

Similar limits can be obtained for a critical surface current. infinity to very small values. We expeat'? to be propor-
Table | shows minimum critical current density detectabletional to the depth of the energy wells, and therefore obey a
on the assumptions above closeBg, in Alcm? with the ~ Power law in (1-B/Bc,) while 5 depends on the flux creep
minimum surface current in amps/cm in parentheses follow!€Sistivity anql goes to zero exponentlally at the |rrev§r5|blllty
ing. From Table | we can draw a number of qualitative con-line. Since this is much more rapid than the change'inve
clusions. Perhaps the first is that in early experiments the re&8N assuma’ is constant over the transition. The loss peak
irreversibility of many samples was obscured by the inhomooccurs whens= 2\’ and the height is exactly half the sus-
geneity of the magnets in the magnetometers in use at teeptibility at zero skin depth. N
time. In particular filamentary NbTi could haveJaof 5000 ~ There are two possible scenarios. First, if the irreversibil-
Alcm? and still appear reversible. Only integrating magneto-ty line is very close toBg, there will be a very small loss
meters avoided movement of the sample, and these sufferd@§ak at this point, but diamagnetism will not appear until a
from drift of the integrator which made them inaccurate forlower temperature whem’ becomes comparable to the
high-« materials. Although magnetometers are less sensitivéample size. The second possibility is that the irreversibility
than other methods in detecting a critical current, they worKine is far enough belovB., for A’ to be comparable to, or
at very low frequency so that if there is a low linear resistiv-1€ss than, the sample size. In this case the loss peak will

ity as opposed to a low,, they may be the most sensitive Occur at the same temperature as the diamagnetism appears.
detection method. In principle there should be a small paramagnetic suscepti-

bility of 1/(2«)? above the irreversibility field but this is
lll. ac INDUCTIVE TRANSITION usually too small to see.

It was argued above that the detection limit of the ac IV. RESULTS
susceptibility technique was when the penetration field was
less than the amplitude, but this assumes that the amplitude
is sufficient to generate a critical state and this is rarely the Figure 1 shows the magnetic moment of a cylindricl
case. In a fielB with an ac amplitudéo and a radiufRthe ~ mm in diameter and 4.5 mm lohéNbTa alloy sample mea-
flux-line movement isbR/B and at the lowest amplitudes sured in the SQUID magnetometer as a function of increas-
used this was about one thousandth of the vortex spacingng and decreasing field. The inset shows the whole hyster-
We are therefore in the linear regime. There are three apesis loop(the drop at around 0.25 T was associated with a
proaches to describing the inductive transition in the lineaflux jump. Note the large difference in scale in the insét
regime®3~26but they give similar results at low frequencies. large difference in the magnitude M between the revers-
We give here a simple derivation for the low-frequency lin-ible and irreversible magnetic moments of the sample is evi-
ear limit based on adding the vortex displacement due talent from this figure. The irreversibility field;, is identified
elastic movement to the plastic deformation due to creep. Wan the figure as the field at which the magnetic hysteresis
assume harmonic oscillations and that the flux flow resistivcollapses.M shows reversible behavior abo®s, and the
ity can be neglected at low frequencies. gradient has a clear discontinuity at a field that is identified

For the elastic deformatioy, BXJ=ay, and for the as the upper critical fiel.,. M changes linearly with in-
plastic deformatiorBX J= — njwyp, Wherea is the Labusch  creasing field at fields beyon#, and is believed to be a
parameter andy the viscosity due to flux creep, which is background contribution from the sample holder and the nor-
related to the measured resistivity by= p/B?. mal state of the sample. In the range betwBgpandB..,,

The total displacement is the magnetization appears to show a linear dependence on
the applied field, which is in agreement with the theoretical
Y=Ypi+ Ye= —BXI(La+jwl 7). prediction of Abrikosov’

A. NbTa rod



15432

D. N. ZHENG, N. J. C. INGLE, AND A. M. CAMPBELL

12 T T T T T T
7 1
=
= i %v\,\:
= 2
o~ 09 - £
E &
< g
2 P—
= =
Nt = £=333Hz
S o | B
2 1 x* (0.14mT)
= "
o8 0 0.1 0‘2 03 04 D.S 06 w z x (0'00014 mT)
~m (fesla) , Q 3 o' (0.14mT) ]
0.03 ISR AUV TR RV NN R B [ < 4 ' (0.00014 mT)
0.25 0.35 0.45 0.55 0.65 0.75 N T IS WS ST I B
Field (Tesla) 0 0.2 0.4 06 0.8
Field (Tesla)

FIG. 1. A detailed view of the variation of magnetic moment
with the applied field for a NbTa sample arouBd,. The inset
shows the wholeM-B curve. The data were taken in a SQUID
magnetometer.

units)

Results of ac susceptibility measurements on the NbTe €
sample are shown in Fig. 2 along with the dc magnetization N
data. The dc magnetization data were collected on the VSV &
and are similar to those measured on the SQUID magneto ‘g
meter(Fig. 1). The data in Fig. 2 show thds;,, determined
from the ac susceptibility is close to that measured in the dc
magnetization. For this sample it was found at 4.2 K that
Biy~0.41T andB.,~0.45T. The difference between these
two characteristic fields is small in comparison with the cor-
responding values observed for the highsuperconductors.
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FIG. 2. Experimental dc magnetizati¢top) and ac susceptibil-

Field (Tesla)

- Io.4‘ I 0.5 06
Field (Tesla)

0.2

FIG. 3. ac susceptibility data for a NbTa sample measured at
two different fields(top) and at two different frequencidbottom).

Using the skin depth effect to interpret the ac susceptibil-
ity data, one would expect the transition field to be indepen-
dent of the ac field amplitudB,; (in the Ohmic regiohbut
dependent on the frequency of the ac field. Datayforand
x" measured at different ac fields and frequencies are shown
in Fig. 3, the curves have been displaced for clarity. The
effect of changingB,. by a factor of 1000 on the signal is
small, while the effect of increasing frequency by a factor of
10 is significant. This shows that the ac susceptibility mea-
surements are in the linear regime, as expected from the low
amplitude of the ac field.

Analysis based on the skin depth effect suggests that the
height of the peak iry” should be about half the magnitude
of the y' transition. ac susceptibility results on high-su-
perconductors show that this indeed is the ¢8$@The data
in Fig. 3, however, show that the peakyfi is much smaller
than this value. This difference is due to the fact, discussed
above, that at this field’ is still larger than the sample size,
so the diamagnetism it can produce is much less than 100%.

The resistive measurements showed a higher transition
and the critical current is shown in Fig. 4. A finite current
extends uB.3, well aboveB,. This current is of the order
of 0.06 A/cm, and so would not show up in a magnetization

ity (bottom) data for a NbTa sample plotted as a function of appliedmeasurement. It is a factor of 60 greater than amplitude of
field. The data were taken in a vibrating sample magnetometer. the ac field in the susceptibility measurement, but more rel-
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FIG. 4. Variation of the critical transport current of a cylindrical & : 5
NbTa sample with the applied field. Measurements were performed = I 3
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unknown quantity. Since there are about 100 vortex lines FIG. 5. Experimental dc magnetization, ac susceptibility, and

contributing to a bulk Vqlue of: we expect\” for a single resistivity data for a NbTi multiflamentary wire sample as a func-
layer to be at least ten times larger than the bulk value so ifon of applied field. The data were taken in a vibrating sample
is not too surprising that we do not see the surface current imagnetomete@VSM). An ac field of 82 Hz and 0.014 mT was used
the susceptibility measurements, but further investigation isor ac susceptibility measurements while resistivity was measured
needed to see if critical transport surface currents are thaith an ac current of 77 Hz and 1 mA.

same as those in a magnetic experiment.

fected bys, the onset of the transition ig’ is not dependent
on this parameter, confirming the linear reversibility of the
transition.

Figure 5 shows experimental data from the dc magnetiza- Measurements using different values of current were also
tion, ac susceptibilityi.e., the real party’) and resistivity as  performed at selected temperatures. The resistive transition
a function of applied field at 7.6 K for the NbTi multifila- remained virtually unchanged as the current was increased
mentary wire. A linear background signal, which is presentby three orders of magnitude, implying a rapid change of
aboveB.,, has been subtracted from the dc magnetizatiorcritical current as the field approachBsg, .
data, and hence the curve becomes flat at fields beBgnd In the reversible region, the flux flow resistivipf was
The behavior of the dc magnetization is very similar to thatsignificantly different from the Bardeen-Stephen md¥el
observed for the NbTa samplgee Figs. 1 and)2HenceB;, = which suggests thaif ~ p,B/B:o(T) (p, is the normal-state
and B, can be identified in a similar manner as shown inresistivity at the given temperatyreThus in a simplified
Fig. 5. picture, one would expect that B, the sample resistance

x' shows a transition with the diamagnetic susceptibilitychanges to a value d®,B;,/B.,(T) and then increases lin-
appearing at abo;,,. Also, as the sample becomes revers-early to the normal-state valli, at B.,. However, the data
ible, supercurrents can no longer be carried, so that resiplotted in Fig. 5 show that this is not the case and that pin-
tance is anticipated to appear at ab&yt. The data dis- ning is still affecting the flux flow above the irreversibility
played in Fig. 5 indeed show a simultaneous appearance dihe.
irreversible dc magnetization, ac susceptibility transition and The resistive transition showed no substantial change in
zero resistance. width over the entire temperature range &Bb<9K) in

The peak iny” is not well defined for the NbTi multifila-  this study. This is in contrast to the observation of Orlando
mentary wire sample, due to the small size of the very fineet al3! who reported a significant broadening in the resistive
NbTi filaments in the wire. The measurements were periransition for some of their N§sn films in the presence of
formed as the applied dc field was swept slowly and it washigh magnetic fields. This observation was suggested by
found thaty” is field-sweep rats(=dB/dt) dependent. Ina Suenageet al}* to indicate the existence of the reversible
hysteretic regime the dc field should be varied extremelyregion, but is more likely to be due to material inhomogene-
slowly so thats is much smaller than 2fB,. (f is the fre- ity in a complex material such as kn.
quency of the ac field However, this is rather time consum- A cylindrical NbTi rod sample (diameterl.8 mm) was
ing and impractical in view of the drift in temperature over aalso measured in addition to the multiflamentary wire. This
long period of time. It was found that, althougff is af- sample is an intermediate product in the manufacture of mul-

B. NbTi multifilamentary wire
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L2 L B B L L A BN given in Fig. 6 to the theory, however, is not very meaning-
i 5 H 1 ful due to the relatively large experimental error in the data,
i c2 . i .
oF g B H. (M) . particularly at temperatures close Tg. Additionally, a lin-
3 -, i ] ear temperature dependenceBgf is assumed in the theory
i 8 s H_ (R) ] ; . X
~ 8k t8 . H‘" " -] of Houghton, Pelcovits and Sudbg while the experimental
% I -4 e X) ] data of B., in Fig. 6 show nonlinear behavior which
et [ NN . could be better described by the empirical relat®p(T)
B s} 8 ] 2
= " 1 =Be(0)[1-(T/T)?].
S JF “ea ] Also as shown in Fig. 6, thB;, curve tends to saturate at
= i S low temperatures, i.e., it has a slight negative curvature. Al-
- b Ny ] though this appears different from that seen in highma-
2r & terials it is not entirely unexpected since on almost any
[ | : | ) "‘», ] model the irreversibility line cannot be far from tBg, line
04""5””6" n s " in low-T, material.
T(X) It has been reportéti*°that the flux creep effect increases

very rapidly neamB;, or T;, confirming the easy motion of
the flux lines in this field or temperature range. In particular
measured dc magnetizatioandB;,, (determined from dc magneti- Schmidt, Israeloff, and Goldmé&hanalyzed their flux creep

zation, ac susceptibility and resistivitior a NbTi multiflamentary ~ data within the framework of flux-line depinning thedsnd
wire sample. vortex glass transition thednand found none of these theo-

ries could account for the experimental data consistently. In

tiflamentary NbTi wires and hence has a similar compositheir study, flux creep measurements were performed at se-
tion to the multiflamentary specimen. Results show that thdected temperatures. No detectable decay in magnetization
width of the reversible regioB,,-B;, for this sample is very Was observed within the resolution of the experiment when
close to that of the wire at the same reduced temperaturéhe applied field was significantly less thBg, . Flux creep,
This result appears to support the notion that the irreversibilhowever, became apparent as the field was increasgg; to
ity line is a flux lattice melting line, since, in the creep which indicates that flux lines may be moved relatively eas-
model, complete flux penetration of the large bulk samplély in this field region. Because of the large noise level com-
takes longer than for the fine filamentary samples. The irrepared with the variation of magnetization decay, it is difficult
versibility line is thus expected to be higher for the larger ofto say if the decay follows a lnrelation as seen in previous
the two specimens, which is in contrast to the above obsereports'*
vation. However, the exponential creep rate means that the
size effect will be difficult to detect, so that a creep model is
not inconsistent with the data. As with the NbTa rod surface
currents meant that the resistive transition did not coincide Consider first the NbTa. The magnetization curve would
with the magnetic irreversibility line in a parallel field. No detect a critical current density of 5 A/éncompared with
critical current was observed abofg, when the field was 10* A/cm? at half B,. Within 10% of B, we might expect
applied perpendicular to the axis of the sample. J. to be lower by a factor of about 100, so this is evidence of

The temperature dependenciesByf., determined from an irreversibility line. However, the most convincing evi-
dc magnetization, ac susceptibility, and magnetoresistivitylence comes from the susceptibility measurements since the
measurements, aril.,, determined from dc magnetization loss peak at the irreversibility line shows that there is a linear
measurements, are plotted in Fig. 6 for the NbTi wire. Theresistivity between this field anl.,. The resistive measure-
figure illustrates an observable region of reversible flux mo-ments do not show an irreversibility line due to surface su-
tion in the NbTi wires. The width of the reversible region, as perconductivity and something that needs explaining is how
measured byB.,(T)-Bi.(T) or T,(B)-Ti(B), is quantita- a surface current which must be borne by pinned pancake
tively similar to that reported by Suenagaall® Interest-  vortices can carry a current so far above the irreversibility
ingly, the two curves 0B, (T) andB.,(T) are “parallel” to line of the bulk. It may be because the current is parallel to
each other over almost the entire experimental temperatutiae field so there is little force on the pancakes. It is, how-
range, except in the vicinity off ;. Suenagaet al. and ever, interesting to note that a similar effect has been seen in
Schmidt, Israeloff, and Goldméahfound that measured irre- BSCCO crystals which have been shown to carry surface
versibility line data could be fitted well to the flux-line melt- currents in fields well above the irreversibility field, although
ing model of Houghton, Pelcovits, and Suftier NbTi,  still much smaller thamB,,.?
NbsSn multifilamentary wires, and Nb thin films. These au- The very small size of the NbTi filaments make detecting
thors suggested that the irreversibility line in IGw-super-  an irreversibility line magnetically rather difficult. The loss
conductors is essentially the flux lattice melting line on thepeak was ill defined and, would need to be above 5000
basis of their observations. The melting theory also suggest/cm? before the hysteresis would show up. However, the
that the melting line predicted by the calculation is essenbulk sample showed similar behavior to NbTa and the irre-
tially parallel to the superconducting-normal phase boundaryersibility field found in it was similar to the field at which
B.»(T) over a wide range of field, except in the range closethe filaments became diamagnetic. But the most convincing
to T, where B;, follows a (1—T/T.)? relation. This is in  evidence here comes from the resistive measurements. Here
agreement with the data shown in Fig. 6. A fit of the datathe resistive transition coincided with the magnetic irrevers-

FIG. 6. Temperature dependenceRy, (determined from the

V. DISCUSSION
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ibility line and seems to be the only example of a coincidentdistance between centers asads an attempt frequency. For
resistive and magnetic irreversibility line in loW: materi-  the observed linear resistivity at low current densitig&T
als. This is different from the behavior of PbBi where plating ~5 if  is the atomic vibration frequency. U varies ang

the surface reduced the transitionBe, . , andB, as 1—(T/T)? thenU/KT at half T, must be about
We conclude therefore that there is strong evidence of @qg which is a long way below the value of 9000 found by
reversibility line in NbTi and NbTa at about 10% 3t or  Beasley. However, the theory of flux creep is not straightfor-
Bco. The cause is a matter for speculation. Since in NbTi thgyard and it is difficult to exclude this mechanism com-
pinning is caused by a mass of extended defects we woulgjetely. It is clear that a good deal more work is required

expect a vortex |IC]UId to be pinned as Strongly as a Solidbefore a self-consistent picture can emerge.
There is no significant anisotropy so decoupling cannot oc-

cur, although it is possible that flux cutting becomes easy so

effectively splitting the vortice_s into short sectiotis. ACKNOWLEDGMENTS
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