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Field penetration and surface barriers in superconducting B}Sr,CaCu,Og, s Whiskers
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We have used an array of Hall probes to investigate the spatial dependence of the local magnetic induction
of individual superconducting Bsr,CaCyOg, s Whiskers. At low temperatures<{50 K) the exponential
temperature dependence of the field of first flux penetratity{;T), is consistent with recent theories of flux
penetration by two-dimensional pancake vortices. A power-law dependence at higher temperatures suggests
that flux penetrates as three-dimensional lines négreMe also show directly that at high temperatures the
flux distribution is dominated by a surface barrier, whereas at low temperatures bulk pinning appears to
dominate[S0163-182807)51934-5

INTRODUCTION where H. is the thermodynamic critical field andy is a
characteristic temperature, given by
Since the discovery of superconductivity in the highly an-

isotropic  thallium-  and  bismuth-based  cuprate To— &od @
superconductors? their magnetic properties have attracted 0 ¢
considerable attention. Of particular interest in this paper is In %

the behavior in the mixed state, i.e., when magnetic flux has
partially penetrated into the sample in the form of quantizedHere, d is the separation of the copper-oxide plarteis, the

vortices. At the microscopic level, flux penetration is usuallytime since application of the fieldy is a fundamental time
enhanced near surface defects and no two samples can ge€ale for vortex oscillations, ang is the vortex line energy.

expected to behave in quite the same way. For this reason, In contrast, the penetration of 3D flux lines is described
we describe here the results of local induction measurementsy

on individual BpSrCaCyOg, s (BSCCO whiskers. These
are crystallographically almost perfect single crystals in that (T,—T)%2
they have no extended defects, although there may be some Hp(T)oe ——=—. ()
point defects. They also have very regular surfaces and there-
fore represent model systems for the study of flux penetraA temperature dependence at low temperatures of the form
tion. In this work we use a micrometer-sized Hall probe ar-(1) has been taken as evidence of the penetration of 2D pan-
ray to study the temperature dependence of the field of firstake vortices in both large, single crystals of
flux penetratiorHp(T), as well as the spatial distribution of YBa,Cu;0;_5° and in grain-aligned mercury compourfds.
flux. In these works, however, the average magnetization of large
It is well known thatHp(T) is considerably larger than single crystals, or an ensemble of various shaped crystallites,
the lower critical field,H.;, due to the influence of surface has been measured. The results presented here take this work
barriers at the sample edgeand is sensitive to the dimen- a step further in that individual superconducting whiskers
sionality of the penetrating vortéxSurface barriers result with highly regular morphology can be investigated and we
from an attraction between a vortex and its image within theare able to verify the importance of surface barriers directly.
sample, and a repulsion from Meissner screening currentEhe penetration field will, clearly, be affected by the shape of
flowing at the surface. Burlachkov has calculated the energthe sample due to demagnetization effects, and Burla¢hkov
required to surmount these barrites well as the character- has shown that for platelet-shaped samples of widtand
istic temperature dependence of the penetration field in twthicknessd, the actual penetration field will be a factor
limits. Jd/w smaller than the measured field. This is about 0.2 for
In certain regions of théd-T phase diagram for highly our samples but only scales the prefactor of @g.and the
anisotropic cuprate superconductors, and with the appliedalues ofT, deduced in the following results are not affected
field perpendicular to the copper-oxide planes, vortices caby demagnetization effects.
be thought of as two-dimensioné&D) pancakes coupled by Measurements have been carried out using a miniature
Josephson vortices. The penetration field for independer®a-As/Al-Ga-As heterostructure Hall probe array based on a
pancake vortices is found to be 2-um-wide wire width with 4um center-to-center spacing
between Hall voltage contacts. The probe was operated with
a 2-uA 32-Hz ac current and the Hall voltage detected with
Hp(T)=H.e "o, (1)  a lock-in amplifier. The Hall bar is somewhat smaller than
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FIG. 1. Local magnetization loops at various temperatures for .
whisker I, measured at the sample center. i thSkerI
01k ®  Whisker II
typical sample widths, allowing the spatial variation in flux
density across the whisker to be investigatese micrograph ' ' ' . ' ' :
inset in Fig. 3. Two whiskers of BjSr,CaCyOg, s Were 0 10 20 30 40 S50 60 70 80

investigated. Whisker I had dimensions of T (K)

230 umXx7.0 umx0.3 um and whisker Il had dimensions of

340 umXx8.5umx0.3um. A detailed description of the FIG. 2. Temperature dependence of the field of first flux pen-
whisker growth and characterization is given in Ref. 7. Al-etration,Hp(T), for whisker | and whisker Il. The inset shows an
though the whiskers are of high crystallographic perfectionoptical micrograph indicating the relative orientation of whisker |
they do not have optimum oxygen stoichiometry as indicatednd the Hall bar.

by their critical temperatures which we estimate to be 75.2

and 78.9 K for whiskers | and I, respectively, on the basis ofsymmetric and it appears that bulk pinning is beginning to
our magnetization measurements. These estimates were gijay a role. The regions of almost constant reversible mag-
tained by fitting a cubic polynomial to the high-temperaturenetization at 65 K were reproducible in all Hall probe pairs
penetration field data and extrapolating to zero field to findand disappeared above the critical temperatures of the
T.. The whiskers were positioned in the desired location orsamples, estimated on the basis lbf(T). The origin of

the Hall probe with a micromanipulator where they werethese appears to be the presence of a surface barrier which
held by their mutual electrostatic attraction. The sample®ccupies a significant fraction of these very narrow whiskers.
were then mounted on a temperature-controlled probe and

inserted into a He cryostat containing a small superconduct- 50K 30K
ing solenoid. 0 P 1 —
4 97// EISOmT ? -7 somT
7;&’/ /o 2f s
RESULTS AND DISCUSSION ) — // q\ 3t /// /F
Figure 1 shows four “local” magnetization loop&le- o 2t /  smT :g I J
rived from uoM,=B,,— uoH, whereB,, is the measured & — -6 ——' g
induction andH,, is the applied fielfi measured at the center 3 '1§5 o _2'5 0‘0 -75 5 2'5 0‘0
of whisker | (inset Fig. 2 at temperatures of 5, 30, 45, and mg Centre  Edge “Centre . Edge
65 K. Here, we use the symbM, to differentiate between = 5K 65K
our “local” magnetization and the conventional bulk mag- 3 00 7 0.000
netization. The field is applied parallel t_o_the crystallo_graphlc = oo N’Z//’ somT Vi
c axis. In each paneld, can be identified as the field at '/ 17
which M, deviates sharply from the linear diamagnetic be- 0471 . /F -0.125 ”///,/’ ¢
havior near the origirflabeled with vertical arrows Clearly -06 / 5// :
the penetration fields and the breadth of the hysteresis loops 08l / 3mT / osmT
reduce rapidly as the temperature is raised. At 30 K and 10 / -0.250 /
above, the asymmetric increasing and decreasing legs of the 50 25 00 50 -25 00

local magnetization loops are entirely characteristic of a sys- Centte  Edge Centre Edge
tem dominated by surface barri€r3his arises because sur-

face barriers only affect vortex entry and not exit, and the
interaction with surface screening currents tends to expel
vortices from the sample upon field reversal whdn(H) FIG. 3. Spatial distribution of flux at various temperatures, mea-
drops almost to zero in a sample with low pinning. At low sured on the initial field increasing magnetization leg. The applied
temperatures, e.g., at 5 K, thd,(H) loops become more field values are uniformly distributed between the indicated limits.

Location (um)
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The fact that the magnetization is field independent over asity across the whisker, measured at two adjacent pairs of
appreciable range is most unusual and appears to be linked ktall probes(see inset, Fig. Pat different points on the initial
the 3D nature of the vortices and surface barriers at highefield increasing leg of the hysteresis loops of Fig. 1. Here, we
temperaturegdiscussed in more detail lajer have made the ad hoc assumption that the induction at the
In Fig. 2 we have plotted the temperature dependence addge of the crystal is exactyo,H,. This is certainly not the
the penetration field, using the local magnetization plots deease, but nevertheless gives us a useful reference level for
scribed earlier to findHp. We have fitted this data to both the data. At low temperatures these profiles are similar to
models calculated by BurlachkdvAt low temperaturesT  those predicted by the Bean mofeijth lower flux density
<65 K) a dependence of the forrfl) is displayed over at the center and higher flux density near the sample edge.
nearly two orders of magnitude iy . A linear regression of Hence the flux profiles appear to be dominated by bulk pin-
the logarithmic plot yieldd ;=18 K and 14 K for whiskers |  ning at very low temperatures<(10 K). At higher tempera-
and I, respectively. These values compare well with thosdures, the flux appears to become increasingly concentrated
obtained by Lewiset al® for their Hg-based compounds, at the whisker center, which is consistent with surface barri-
which varied between 14.0 and 46.3 K, depending on whiclers effectively “pushing” the vortices towards the center,
phase of the Hg sample was measured. To get an estimate fohile depleting it at the edges. Note that at 65 K above the
To, Eq. (2) was used with a periodic spacing of 15 A, a penetration field the profiles cluster, reflecting the almost
penetration depth of 2000 A, and the parametetftj)(set to  constant magnetization in this regime as discussed earlier.
30, as suggested by Burlachkov for bismuth-basedhis is the most direct evidence of the importance of surface
compound§.These parameters yield a value of 25 K Tgy, barriers yet obtained in highly regular whiskers of this type.
which compares well with our measured values of 18 and 14&imilar high-temperature flux profiles have been observed by
K. It was also possible to obtain estimates for the thermodyZeldov et al® in much larger BSCCO single crystals.
namic critical fieldsuoH., from Eqg.(2). These values were In conclusion, we have shown directly that the flux distri-
calculated from a least-squares-fit method and were found toution in BSCCO whiskers is strongly determined by the
be 170 and 255 mT, respectively, for whiskers | and 1l, asfpresence of surface barriers, except at very low temperatures
sumingH_, is independent of temperature and accounting fo T<<10 K) when bulk pinning appears to play the dominant
demagnetizing effects. It should be noted tlegt(used to role. We have also shown, via measurementsl ofT), that
calculateT ) is also a temperature-dependent quantity, but iit low temperatures the vortices penetrate as individual two-
treated as a constant in the above experimental analysigimensional pancakes in the copper-oxide planes, whereas at
Also, more accurate estimates of the sample parameters, suBigher temperatures they penetrate as conventional three-
as the penetration depth, should yield even better results. dimensional flux vortex lines, with each pancake strongly
In the high-temperature limit of Eq3), a best fit gives a  correlated with its neighbors above and below.
value forT, of 80.8 and 86.0 K for whiskers | and Il, respec-
tively (curved lines in Fig. 2 The agreement here, however,
is by no means as impressive as in the low-temperature limit,
indicating that the full three-dimensional vortex limit is not ~ M.S.J. acknowledges EPSRC support under Studentship
quite appropriate here. No. 96300909. M.H. also acknowledges EPSRC support un-
Figure 3 shows the spatial variation of the local flux den-der Grant No. GR/K96274.
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