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Vortex microavalanches in superconducting Pb thin films
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Local magnetization measurements on 100-nm type-ll superconducting Pb thin films show that flux pen-
etration changes qualitatively with temperature. Small flux jumps at the lowest temperature gradually increase
in size, then disappear nedr=0.7T.. Comparison with other experiments suggests that the avalanches
correspond to dendritic flux protrusions. Reproducibility of the first flux jumps in a decreasing magnetic field
indicates a role for defect structure in determining avalanches. We also find a temperature-independent final
magnetization after flux jumps, analogous to the angle of repose of a sandpile.
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I. INTRODUCTION sharp peak, while in other cases the distribution is broad,
with either power-law or exponential behavior. A few recent
Magnetic fields penetrate type-ll superconductors in thestudies have founoth behaviors—fairly small jumps with
form of vortices. Pinning sites inside the sample maintain & broad size range and larger avalanches with a single char-
spatial variation in the vortex density, with an accompanyingacteristic size—at different temperatures in a single sample.
current densityj. The resulting Lorentz force drives further In Nb samples complete flux jumps occur at the lowest in-
flux penetration. In the Bean critical-state model, vortex mo-vestigated temperature and smaller avalanches at higher
tion is triggered whenever the current density exceeds a crittemperature§;'>**with a sharp change in jump size. On the
cal current density,, thereby maintaining a current density other hand, in MgB flux jumps gradually get larger as tem-
j. everywhere in the materialThe constant current density Perature increases without ever becoming compgiéte.
corresponds to a constant vortex density gradient, much like Here we report local Hall probe measurements in type-Ii
the surface of a sandpile with grains poised to flow. As thePb thin films. We find flux avalanches for temperatures be-
applied field changes, the flux density adjusts steadily, givingow 0.7T, with both large and small jumps at different tem-
rise to a smooth hysteresis lo&{H).? peratures. The behavior is most similar to that of Mg®ith
However, in many situations abrupt flux jumps appear/arger jumps observed only at relatively high temperature.
corresponding to near-instantaneous motion of many vortiWe investigate sample, field history, magnet ramp rate, and
ces. While individual moving vortices are like single grains maximum cycling field dependence. The properties indepen-
falling down the side of a sandpile, flux jumps resemble ardent of external parameters are the field of occurrence and
avalanche of many grains. In 1968 Heidenal. measured Ssize of the first microavalanche, and the final magnetization
jumps 10-10,000 vortices in size in tubular Pb-In alldys. after a jump. We argue that an interplay between the vortex
Since then magnetic instabilities have been observed doweensity and the microstructure is at the origin of the flux
to 0.001T, in YBaCuO(Refs. 4,5 and up to 0.95. in Nb®  instabilities. We find that the changes in jump size with tem-
Other superconductors showing flux jumps include NB-Ti, perature arise from the earlier triggering of avalanches at low
Pb-In® and MgB,.° temperature combined with the near-constant final magneti-
The most common explanation for the flux jumps is azation.
magnetothermal instability. Moving flux increases the local
temperature. The temperature change redjcewhich trig- Il. EXPERIMENT
gers further vortex motion. This feedback produces the vor-
tex avalanche. If the sample recovers without quenching We fabricate 100-nm Pb films on>44 mn¥ Si substrates
completely, there are small steps in the magnetic hystereshy resistive evaporation at 2 A/s at room temperature. A
loop rather than full jumps to zero magnetization. Other pro40-nm Ge capping layer prevents Pb oxidation. The thick-
posed sources for the avalanches include self-organizetess is calibrated with a profilometer. We prepared the two
criticality,!® dynamical instabilitieS, and stick-slip samples discussed in this paper under nominally identical
dynamics'! conditions. The upper critical field was measured in a Quan-
Several contrasting temperature and field dependencégm Design Magnetic Property Measurement System XL
have been observed. Most commonly flux instabilities occuSQUID. ForT=0 K, B, extrapolates to 1319 G. We esti-
at low magnetic fields, where the critical current density ismate the Ginzburg-Landau parameterxat 1.23, comfort-
largest, but some of the YBaCuO work finds flux jumps onlyably within the type-II regime.
at large fields*® Jumps range in size from a few vortices, For magnetization measurements we use a semiconductor
requiring careful time and voltage resolution to identify thatHall probe™ with an active area of 40pm? and a sensitivity
a jump occurred, to “complete” avalanches that occurof 900 m(}/kG. The gaussmeter is positioned roughly
throughout the sample and reduce the sample magnetizatid®0 wm above the center of the film. Applied magnetic fields
to zero. Generally when a sample displays complete or neareach 400 Oe. Most of the measurement3 at4.2 K were
complete flux jumps the avalanche size distribution has a&arried out in a simple He-dewar insert with temperature
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FIG. 2. Hysteresis loops for SampBewith maximum field 200
Oe (circles and dashed lingand 400 Odsolid line). Note the lack
of jumps at higher fields, and the reproducibility of the field for the
first jump. Inset: descending branch of hysteresis loop for Satple

Sample magnetization (gauss)

at 4.57 K.
0 et al, who show that tiny flux jumps may drive even mag-
netization changes that appear smadstiCooling produces
-20 first a few small avalanchd$.1 K), then larger, often nearly
[ L complete jumps which coexist with the small or{ds3 K).
| ot 7K Both large and small jumps occur preferentially on the de-
20k X ] creasing branch of the hysteresis loop, appearing on the in-
3}1\_\_\\_‘3\}5‘_‘1\1&\__\__ - creasing branch only at lower temperatures. On further cool-
0 S\; ___________________ N ing, the small jumps remain, while the large ones gradually
20 [ ‘\\\\\\\\\«‘*\\‘\“'\‘\_ shrink until the two types are no longer clearly distinguish-
i 1 able. The hysteresis loops also narrow and flatten as tempera-
40—t L ture decreases, with tHaal magnetization just after a flux
-200 -100 0 100 200 jump nearly temperature independent.

Applied field (Oe) The flux jumps occur only at sufficiently small fields. The
FIG. 1. Magnetic hysteresis loops at several temperatures fo?OI!d hysteresis loop of Fig. 2 hqs maximum field Of- 400 Ge,
SampIéB.AII graphs have the same vertical scale. The dashe hile the dash_ed curvédescending branch_ onlipegins at
horizontai lines at-8 G in each of the bottom three Qraphs illus- .00 Oe. The third curve, represented by circles and a.dotted
trate the temperature independence of the magnetization just aft“ne’ was taken seven weeks later- after t_hermally cycling to
an avalanche. foom temperature. It also has maximum field of 200 Oe. The
hysteresis loops display some noise on the increasing branch
but no clear avalanches. Noise on the increasing branch also
stability better than=1 mK. For SampleB we extended the develops through the top three frames of Fig. 1. The noisy
data down to 0.27 K on a pumpédHe cryostat with stability  region, which is confined to low applied fields and increases
better than 10 mK. The critical temperature for all samples in range as temperature decreases, may be a precursor for the
is the bulk valueT.=7.2 K. For comparison to bulk type-l avalanches on the increasing branch at lower temperatures. A
Pb we used a disk with a diameter of 4 mm and a thicknesprevious experiment on Pb films above 4.5 K had similar
of 400 wm. noise in the magnetizatichOn the decreasing branch of the
hysteresis loop, all three curves of Fig. 2 have their first flux
IIl. RESULTS AND DISCUSSION jump at the same field, regardless of the field his_tory. This
onset field does depend on temperature, increasing as tem-
Figure 1 shows the flux jump characteristics for ourperature decreases. At 300 mK, the onset field for jumps
SampleB. The maximum field of 200 Oe allows full flux exceeds 300 G.
penetration at all temperatures. The horizontal axis shows the SampleA, which we measured only above 4.2 K, shows
applied, external field, with no adjustment for demagnetizagenerally similar behavior. One difference is that at one tem-
tion effects. The step size is 2 Oe, Wi s between steps. perature(4.57 K), there is a minimum applied field for ava-
The width and qualitative flux jump behavior in the hyster-lanches as well as a maximum field. The inset of Fig. 2
esis loops are fully reproducible on different cooldowns. Justllustrates this behavior after the sample is cooled throligh
below T, the hysteresis loops are smooth on the scale of ouin an applied field of 200 G, the same effect occurs upon
measurements, as represented in Fig. 1 by the 5.9-K hystetooling in zero field. Having flux jumps confined to such a
esis loop. We do not have the temporal resolution of Behnidimited field range requires a particularly delicate balance
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between stable and unstable regimes. The different behavior 40 —T T T T T
of our two samples also highlights the importance of the
precise defect structure in the flux jump patterns.

Among previously measured materials, MgBehaves
most like our Pb samples. MgBshows flux jumps below 30
aboutt=T/T.=0.25, with the jumps steadily shrinking &s
decreases, and smooth changes in magnetization from
=0.25 toT,=39%K.%* As in our samples, the MgBinsta-
bilities at the highest temperatures occur primarily for de-
creasing magnetic field, perhaps because of an additional
heat load from annihilation of vortices with antivorticés.

On a microscopic level, both magneto-opti¢O) im-
aging and Bitter patterns in a variety of materials show that 10
many flux jumps come from sudden dendritic protrusions of
high-vortex-density regions into the specinfeit:16-1°n
MgB,, MO shows quasi-one-dimensional dendritic fingers at
the lowest temperatures, and branched structures at higher ol ) 1
temperatures, with a similar behavior found in computational 0 1 2 3 4 5 6
work *%0 Although MO and magnetization measurements Temperature (K)
have rargly been Carrie(,j out on the same sample, the slight FIG. 3. Half the maximum width of hysteresis lodfilled
increase in avalanche Size with temperatl_Jre in MaBpar- . circles and size of second-largest avalan¢de@mond$. The two
ently corresponds to the increased branching of the dendriteg, es track each other below 3 K.
which allows more flux motiofi? In Nb, however, MO
shows dendritic “fingers” at both lowand intermediafe  of the hysteresis loop is also visible in Fig. 1. Once the flux
temperatures, while magnetization measurements consifsmps begin, the idea of a critical state may no longer apply.
tently find the largest avalanches at low temperatures. W&he numerous low-temperature avalanches significantly de-
suggest that the complete flux jumps found in Nb at thepress the current carrying ability of type-ll Pb films. Al-
lowest temperature differ fundamentally from the partialthough vortex avalanches are often attributed to thermomag-
jumps in MgB,. Indeed, at low temperatures the flux front in netic instabilities, the reduction of the loop width shows that
Nb moves in spurts but without branchifvith no optical  achieving a global critical current is not a requirement for
data on Pb, we cannot firmly identify our flux jumps as com-triggering a jump. Qualitatively similar behavior was re-
ing from fingering events, but similarities between the jumpscently found in MgB films, wherej ;. drops up to 40% below
in our samples and in MgBmake this a good possibility. t=0.25%%

The biggest difference is the quantitative observation that our Along with the maximum magnetization, we plot the size
high-temperature avalanches, while not complete, are sulof the second-largest avalanche at each temperature. We
stantially closer to complete than those in MgB choose the second-largest avalanche rather than the largest

We have eliminated various possible artifacts as theavalanche because there is less variation in size, although
source of our results. First, with no sample or with a bulk Pbusing the largest avalanche gives similar results. The jump
disk, the Hall probe yields no fluctuations in the signal downsize at low temperature decreases roughlyl sapproach-
to the lowest temperature. Hall probe excitation currentsng a finite value a§ —0. Significantly, the loop width and
from 5 uA to 1 mA at T=0.3 K do not change the loop avalanche size track each other closely, indicating that the
width or jump sizes, so heat from the Hall current is not afinal magnetization is nearly independent of temperature.
factor within this range. Increasing the excitation current to 5Again, this point is illustrated directly in Fig. 1, where the
mA, however, does reduce the width notably. The avalanchedashed lines at 8 G for the bottom three frames show how
are also independent of ramp rates from 0.2 to 3.3 Oe/s, dateear to this field the avalanches end. The final magnetization
point spacings from 1 to 10 Oe, and history effects such agoes vary between cooldowns, and was about 12 and 19 G
the maximum field achieved during a hysteresis loop or coolfor two other cooldowns on Samplg. The variation may
ing in zero or nonzero field. stem from the heat sinking of the substrate or from changes

Figure 3 displays the maximum magnetization as a funcin the location of the Hall probe.
tion of temperature for SamplB. The values used are half Our measurements show that the flux jump trigger
the maximum difference between the ascending and dezhanges with temperature. At the higher temperatures, the
scending branches of a hysteresis loop. In critical-state moddata are consistent with thermomagnetic instabilities within a
els, the hysteresis loop width is directly proportional to theBean-type critical-state model, since jumps begin only when
critical current densityj. of the material and increases the magnetization lies along the ideal hysteresis loop. At
steadily as temperature drops. We find this behavior abovlewer temperatures, the narrowing hysteresis loops show that
3.9 K, but on further decreasing temperature the magnetizahe avalanches begin before the sample reaches a global criti-
tion drops rapidly. The decrease becomes less steep but peal state. The nearly constant envelope of the magnetization
sists down to our lowest temperature of 0.27 K, where thevith applied field shows that at low temperatures the flux
width is less than half of its maximum value. This narrowing jump trigger becomes independent of field. The narrowing of
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FIG. 4. Size distributions for first three avalanches for Sample

at 4.35 K and Sampl8 at 4.6 K. FIG. 5. Size distributions for Samp at 4.3 K (top) and 300
mK (bottom), on log-log scales. The first two avalanches per loop

the hysteresis loop begins at about the same temperatuage omitted from the 4.3 K data. Solid lines are power-law fits, with
where flux jumps start to occur for increasing field. If the exponents—1.09 for 4.3 K and—2.01 for 300 mK.
jumps correspond to dendrites of flux entering the sample,
the dendrites themselves could produce local-field variationB is narrower than that of latter avalanches. The second ava-
that trigger further avalanches while the sample is well awayanche is broader than the first but still has a characteristic
from a global critical state. size. The third and subsequent avalanches follow a broader

Furthermore, the uniform final magnetization shows thatistribution weighted towards small sizes. As temperature
the cessation of the avalanches has a different mechanisdecreases, the distinction between the early and latter ava-
from their onset, and is independent of whether the initialanches goes away, disappearing entirely by 2.7 K. The re-
trigger is global or local. The temperature independence oproducibility of the field for the first avalanche vanishes like-
the final magnetization suggests that the jumps do not haltise. A possible interpretation is that the initial flux jumps
simply from a thermal recovery. Since the lowest-from a smooth flux front are primarily influenced by defects
temperature flux jumps are also the smallest, the systerm the sample. The similarities of the first few jumps on
should not reach as high a temperature during these jumpdifferent hysteresis loops reflect the nearly identical flux pen-
This leaves no clear origin for the constant final magnetizaetration. Small irreproducibilities in the first few jumps leave
tion. Rather, the moving vortex system seems to recoveunique flux profiles. These magnetization patterns, as well as
upon reaching a particular current density which acts muclthe defect structure, influence later flux jumps, destroying
like the angle of repose of a sandpile. Once again our samplrrther quantitative likeness among hysteresis loops. The
behaves much like MgB where recent measurements find characteristic initial jump size disappears at low temperature
that the local field just after an avalanche has a reproduciblbecause once flux jumps occur for increasing field, even the
maximum value of about 120 &. initial magnetization pattern on the decreasing branch varies

As noted above, the three loops of Fig. 2 have their firsemong loops.
flux jumps at nearly identical fields. In fact both the size and For both our samples the individual avalanches range in
the applied field of the first avalanche are robust againssize from about 1 to 16 G, corresponding to a change of
changes in ramp rate, maximum cycling field, and field his-20—300 vortices under the Hall probe. The similar size range
tory, although they are sample dependent. However, thandicates that the same general mechanism is responsible for
sharp peaks in size disappear quickly. Figure 4 shows histdhese flux front instabilities. Figure 5 shows the size distri-
grams for the first three avalanches. The data for each samplition of flux jumps for Sampld3 during 20 cycles afl
come from a series of 20 identical half-loops with ramp rate=4.3 K, where flux jumps occur only for decreasing field,
of 1 Oe/s on the decreasing branch. The field and avalanctend three loops af =300 mK with flux jumps on both
size for the first jump isH=(130x1) Oe with AB branches. We omit the first two flux jumps at 4.3 K because
=2-3 G for SampleA and H=(84%=3) Oe with AB  of their atypical size distribution, as discussed above. Inter-
=10-15 G for SampleB. The parameters are particularly estingly, at 4.3 K the avalanche sizes miat actually have a
repeatable for Samplk, but even the distribution in Sample sharp division between large and small; it appears so for an
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individual hysteresis loop only because there are so few largthermal contact throughout a sample is more difficult for
jumps. Both exponentidl® and power law?® distributions  bulk superconductors than for thin films, thermally driven
are reported in the literature. For our data a power-law formavalanches should occur more easily as sample thickness in-
works much better than an exponential for the 300 mK datagreases. In fact, measurements on Nb find avalanches in
and somewhat better at 4.3 K. The best-fit powers for theséiims up to 20um thick!® or essentially bulk material. By
two temperatures are very closet@® and—1, respectively. contrast, if defects rather than strictly thermal properties are
The special character of the first two avalanches may accoutkey to triggering the Pb avalanches, the absence of flux
for some of the controversy over whether the size distribujumps in bulk Pb makes sense. Also, if the sample as a whole
tion follows power-law or exponential behavior. Including is away from thermal instability when a particular defect
them at 4.3 K changes the best fit from power-law to expoinitiates an avalanche, the sample will be more likely to re-
nential behavior, although neither function fits the distribu-cover without a complete flux jump, again consistent with
tion especially well. our observations in Pb. One difficulty with this explanation
Finally, since the repeatability of our initial avalanchesis that although MgB and Pb flux jumps are qualitatively
suggests that defect patterns influence the flux jumps, weery similar, avalanches do occur in bulk MgERef. 9 as
comment on microstructure. Our Pb thin films experiencewell as in thin films. MgB may simply be more susceptible
significant extrinsic stress from their adhesion to the Si subthan Pb to defect-initiated flux instabilities, perhaps because
strate. The thermal expansion coefficients of Si and Pb diffeof its much higher temperature scale.
by one order of magnitude. Upon thermal cycling Pb releases
compressive stress by atomic diffusion, which forms hillocks V. SUMMARY
and voids. Another source of stress is the 8.9% lattice misfit
between film and substrate, and the 12.4% misfit between tr}e

Pbfilm and the Ge capping layer. The film releases this Stres‘[%;resis loops display several flux penetration patterns as a

through  formation = of ~ predominantly = edge-type function of temperature, starting out with many microava-
dislocations’? Any two samples have different defect struc- P ' 9 y X
.lanches at the lowest temperature, then fewer and bigger

tures, and the existence of a minimum field for avalanches in . . s 9%
only one of our samples shows that details of the defects caf e until the classical cnﬂcal-state-type flux penetrano_n IS
strongly affect flux stability. We have also tested a bulk Pb_reached forT/ T°>0'7_' We 'draw attention to two surpris-
disk, which has high purity and has no misfit stress. The dish _gly _robust featur_es. the size af?d location of t_he first Insta-
does not support flux instabilities in any temperature or fiel Z!'ttii’)r']” ;‘tgfczasg\]/ga I;nnacghr;etu_:r ;‘:sld(,) ;rL(:r;hni ;mz;:c Tﬁgnﬁgt
range, during flux entry or exit. Although bulk lead is a '

type-I superconductor, MO investigations show that ﬁeldmstablhty varies little with external parameters, but is

penetration begins with flux tubes containing 500 to 1ooosample dependent. T_he final magnet|zat|qn also varies
flux quanta?® The flux tubes form a hexagonal lattice much among cooldowns, but is nearly temperature independent for

like the Abrikosov vortex lattice, and in principle should be a given cooldown from room temperature. Finally, we note

able to undergo avalanching similar to that of quantized vorihat the similarity of our work and recent measurements on

tices in type-ll materials. The absence of microavalanches i[lylng films sht_)ws that the undgrlylng mechanisms govern-
the bulk material is consistent with its relative scarcity of"Y vortex motion are not specific to MgB
defects.

The role of defects may also cause the different flux jump
patterns in Pb and Nb. The complete avalanches in Nb seem We thank P. Klavins for technical assistance. This work
to occur at a thermal instability:* Since maintaining good was supported by the NSF under Grant No. DMR-9733898.

We report local magnetic measurements on 100-nm Pb
pe-ll thin films for temperatures down to 0.27 K. The hys-
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