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The normal and superconducting stataxis transport properties of FBr,CaCyOg single crystals have
been measured as a function of doping and magnetic fields parallel and perpendicular to tide@as) using
mesa structures containing a small number of atomic unit-cell layers. For low current bias, the peak in the
magnetic-field-dependemtaxis resistance is observed to scale approximately inversely with the zero-field
critical current. The critical current, is strongly dependent on temperature and fi&|dperpendicular to the
CuG; planes. This provides information on the magnetic phase diagram and the correlation of flux pancakes
across adjacent pairs of superconducting €planes. Over an appreciable region of the phase diagram the
critical currentl (B, ) varies~1/BY, with ©~0.8 to 0.9. In a parallel field,.(B,) varies as exXp-(B,/By)],
with By~2 T, consistent with a model involving pinned Josephson vort{&3163-18209)07909-6

INTRODUCTION technique of stabilizing silver-paint contacts by annealing at
an elevated temperatuftypically in the range 300-600 9C
Measurements of the-axis, out-of-plane, electrical trans- inevitably leads to the diffusion of silver in thedirection
port properties are of great importance in probing the vortexand along any micro-cracks near the surface. The character-
system properties of highly anisotropic layered high- istics of the surface-damaged regions can therefore obscure
(HTc) compounds, such as BrL,CaCyOg (2212-BSCCQ.  the intrinsic interlayer characteristics of the bulk crystal.
In such superconductors, vortex lines are formed from vorteMoreover, any high-temperature processing will result in the
“pancakes” with circulating currents confined to the CuO diffusion of oxygen in or out of the sample, so that the level
planes. The pancakes interact with each other magneticallgf doping is undetermined.
and via interlayer Josephson couplfid.In an ideal layered We overcome such problems by making measurements on
superconductor at low temperatures, these interactions esmall areg10x20 to 20<30 um?) mesa structures, typically
courage pancakes to align perpendicular to the planes. Hove- few unit cells in height, lithographically patterned on the
ever, when the interlayer interactions are weak, thermal flucsurface of freshly cleaved 2212-BSCCO single crystaiss-
tuations and local pinning centers cause misalignment. Thiig standard photolithography with chemical and/or Ar-ion
leads to a loss in phase coherence between adjacent pairstifam etching. The latter was performed at liquid-nitrogen
superconducting planes and hence a reduction in the criticéémperatures to avoid excessive sample heating. Subsequent
current. lithography and patterning were performed at relatively low
The concept of flux pancakes implies the use of thetemperature$<140°Q, to minimize any problems of silver
Lawrence-Doniach model to describe the layered High- or oxygen diffusion in the uppermost layers of the structure.
compound§. The observation of both dc and ac Josephson In this paper, we report measurements of the field-
tunneling across individual planes in the layered HTc com-dependent-axis tunneling characteristics across the intrinsic
pounds have confirmed the validity of such a model forinterplanar Josephson junctions in epitaxial 2212-BSCCO
highly anisotropic HTc superconductdts. mesa structures. Such measurements probe the interplanar
The majority of previous measurements of thaxis elec- pancake correlations on an atomic interlayer length scale,
trical characteristics have been made using single crystals, gomplementing measurements of vortex correlations on
which the Josephson nature of the interlayer coupling hathe much longer length scales involved in low-angle
simply been assumed, without any direct justification. Fomeutron-diffraction,! «SR}?* magnetic*'* and bulk
example, authors often cite the hysteretic current-voltagéransport>'®measurements. If we assume a sinusoidal phase
(I-V) characteristics as evidence for Josephson tunn&fing. relation, the critical current can also be related to the micro-
Although consistent with such an interpretation, the pubwave plasma resonante™® The c-axis transport measure-
lished characteristics have usually been made across a largeents were made over a wide temperature range, in fields up
number of junctions, often with a wide range of critical cur-to 6 T, perpendicular and parallel to the planes. Measure-
rents. Thd-V characteristics of bulk crystals can be severelyments were made on a number of mesa structures on the
affected by Joule heating due to their relatively largesurface of two crystals with different oxygen content and
thicknes$ In addition, mm-sized single crystals are unlikely hence anisotropy factorsy=(\./\4p) Y% where the sub-
to be free of structural defects. Theaxis conduction in such scripts refer to current flow along theaxis andab-plane
crystals may then involve a mixed array of parallel and serieslirections. The mesa volume under study is about six orders
intrinsic Josephson junctiondJJ’'s). The commonly used of magnitude smaller than that of the bulk crystals typically
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expected for an epitaxially layered superconductor, where for
small current bias the only voltage drop occurs across the
measured stack. In the normal state, the in-plane voltdges
were typically<5% of thec-axis voltageV1l across the se-
lected mesa. Contributions %62 arising from nonuniform
current flow in the normal state were therefore assumed to be
very small. This was also consistent with the very different
field and temperature dependence of the resistaRge
=V1/l andR,,=V2/l, measured using a small current bias
(~1-2 Acm ?) at ~37 to 47 Hz.

In the superconducting state the multibrancthé&d char-
acteristics were recorded digitally from multiple traces gen-
erated using a 43 Hz triangular-waveform bias current,
which was 100% amplitude modulated -atl1 Hz, to pro-

FIG. 1. Schematic view of the configuration of potential and vide sweeps of varied amplitude. The current and voltage
current leads used to study a particular stédp leff). Using the  were monitored with low-noise instrumentation amplifiers
same current connections, the voltagé is proportional top.,  and were digitized at an uncorrelated frequency. This en-
while the voltagev2 monitors the in-plane voltage, approximately abled us to record a large number of the individual branches.
proportional to pcpap) 2 though absolute measurements cannotbe The sample was cooled by helium exchange gas in a
made because of the undefined geomeRgf. 24. continuous-flow cryostat, enabling measurements to be made

from ~6 K to room temperature. Thab plane of the sample
used in previous studies. This largely eliminates problemsvas oriented parallel or perpendicular to the externally ap-
from heating and crystalline defects. plied magnetic field to an estimated accuracy~df.5°.

Essentially identical and reproducible, multibranchied, We present measurements for mes£0x30x0.02 um?®
characteristics were observed for all mesas on the same crysn the surface of an oxygen-annealgtightly overdopedl
tal. The branches correspond to the individual Josephsoand an argon-annealddlightly underdopedcrystal.
junctions in the mesa stack switching in turn to the resistive
state. The c-axis critical current |1(T,B), resistance
R.(T,B), and detailed form of théV characteristics were
measured as a function of temperature and magnetic field in MAGNETORESISTANCE IN A PERPENDICULAR
both the perpendicular and parallel configurations. The mea- MAGNETIC FIELD

surements have been interpreted in terms of the alignment of Figure 2 shows the temperature dependenc®ofFig.
pancake vortices across adjacent pairs of £planes, pro- 2(a)] and R, [Fig. 2b)] for the oxygen-annealed sample
viding information on the rich magnetic phase diagram ofmeasured at several fields parallel to trexis. R (T) devel-
2212-BSCCO: ops a pronounced peak below the zero-field transition tem-
peraturel;(0), whereaR,,(T) falls monotonically towards
EXPERIMENT Zero, bgt with a shouldeg/zresulting from the ﬁncreased anisot-
ropy, sinceR,p~ (pcpap) < for currents flowing parallel to
The single crystals were grown using a large temperaturéhe surfacé? For comparison, we have also included a single
gradient growth techniqu@. The oxygen content and hence 6 T measurement for the argon-annealed sample. This exhib-
degree of anisotropy was varied by annealing the parernits a resistance peak almost twice as large as for the oxygen-
crystals in argon or oxygen prior to fabrication of the mesaannealed sample, whereas the zero-field critical current at
structures. The magnetic properties of crystals from the samlew temperatures is approximately halvidg. 3). This sug-
growth and processing batch were characterized by supegests an inverse relationship between the magnitude of the
conducting quantum interference devi(@QUID) magne- resistive peak and the critical current density.
tometry giving an independent measure ©f and the For the argon-annealed sample, the peaRiris almost
v-dependent, three-dimensional—-two-dimensioriaD-2D) nine times the normal state resistancelatl60 K. This is
vortex dissociation field, identified as the onset of the arrow-one of the highest ratios ever reported®® The difference
head anomaly!~22 between our argon- and oxygen-annealed samples can almost
Four mesa structures with up to four contacts, separatecertainly be attributed to differences in oxygen content and
from each other by a slot ion beam milled into the body ofhence anisotropy factoy. The absolute magnitudes of criti-
the mesa, were lithographically patterned on the cleaved sucal currents and resistivities are qualitatively similar to those
face of the single crystal§.Using separate voltage and cur- reported by previous authot$®-2°However, there are sig-
rent contacts on three mesas, we were able to make 4-poinfficant differences. For example, in Ref. 28 both oxygen-
measurements of the-axis I-V characteristics across a se- and argon-annealed crystals exhibited very similar peaks in
lected mesa/1 andl in Fig. 1. Measurements involving a R.. Furthermore, for the quoted value of critical current for
fourth mesa enabled us to monitor the voltAffe associated the oxygen-annealed crystal in Ref. 9, the reported peak in
with current flow parallel to thab plane. Absolute measure- R. is about a factor of 3 smaller than expected from our
ments in this configuration were not possible because of themeasurements, assuming the same inverse relationship be-
undefined spatial current distribution. tween peak height and critical current. These differences
In the superconducting stat¥? was always near zero, as may be related to the high-temperature anneali5g0—

NORMAL-STATE PROPERTIES AND
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FIG. 2. Temperature dependence(afthe out-of-plane andb) L !
in-plane voltages for the oxygen-annealed sample in a perpendicu- -40 -20 0 20 40
lar magnetic field. Only one curve is shown for the argon-annealed VOLTAGE (mV)
sample. The inset shows an enlarged part of the dependence close to ] o ) ]
T.. FIG. 3. Typicall-V characteristics of nearly identical stacks of

1D array of intrinsic Josephson junctions in zero magnetic field at

600 °Q used to stabilize the silver electrical contacts, whichlow temperatures and voltages. The insets show the critical current
may result in partial shorting by silver diffusing into the distribution functionsP(l.) obtained from about 1000 measure-
structure or penetrating along microcracks. ments of the critical currerit, . (a) The first of 14 resistive branches

The temperature dependence Rf in a perpendicular for the oxygen-annealed sampl@) The first two of 15 resistive
magnetic field was reported by Briceno, Crommie, andoranches for the argon-annealed sample. The arrows indicate the
Zettl 2 Below T. in zero field, the temperature dependencedirections of multiple bias current cycles in tracing out the branches
was explained by phase slippage of the superconducting ofhown.
der parameter, though no explanation was provided for the
higher-temperature “semiconducting” temperature depenfield and temperature dependence of¢texis resistance, for
dence above the pedXA number of authors have discussed our argon-annealed 2212-BSCCO crystal we have to account
the origin of the peak invoking both coherent and incoherenfor a ninefold increase in resistance in large magnetic fields
c-axis transport modeltsee Ref. 31 and references theyein and a tenfold increase for some samples in zero Heffl.

loffe et al. have shown that superconducting fluctuationsThis is rather large to be explained by fluctuations alone,
can decrease the one-electron density-of-st@exS) result-  which are usually considered as a small perturbation to the
ing in an increase irc-axis resistanc# Because the tem- tunneling®3%3°
perature variation of this contribution is less singular than the
Aslamasov-Larkin contribution, it can dominate over an ap-
preciable temperature range, giving rise to the peak in resis-
tivity. Dorin et al. have considered the influence of perpen-
dicular fields on the fluctuation contributions in this motfel. In the superconducting state the characteristics become

Gray and Kim proposed a rather similar model, treatinghighly hysteretic and multibranchéd,as expected for a lin-
the layered superconductor as a series array of Josephsear array of superconductor-insulator-supercondu¢s®€)
junctions®* In this model also, the absence of phase coherdosephson junctions with a large interlayer capacitance. Fig-
ence of the superconducting fluctuations across adjacent sures 3a) and 3b) include typical, low-temperatureV char-
perconducting Cu@bilayers suppresses theaxis pairing  acteristics of the first hysteretic branch for mesas patterned
conductance abovE;. In a magnetic field, competition be- on our argon- and oxygen-annealed crystals, each mesa in-
tween the quasiparticle and pairing conductances across tleduding a stack of about 14 intrinsic junctions. The arrows
junctions again accounts for the observed peak-axis re- indicate the direction of the bias current sweep during the
sistance. measurements.

Although fluctuations may well contribute to the observed For both samples, the dynamic conductadtdV on the

SUPERCONDUCTING STATE, ZERO-FIELD |-V
CHARACTERISTICS
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resistive branches becomes almost infinite before jumping to VOLTAGE (mV)
the next branclisee Fig. 3. The change in voltag€, across . 1 -20-10 0 10 20 -4 -2 0 2 4
layers at this transition can be used to define a characteristic « o T b
energy, which in an ideal SIS junction would be twice the é .
superconducting energy gapA2. Almost identical volt- E | L —~> ) -
ages are observed between all branches of-theharacter- E
istics. If we assume that the jumps are related to the super- & 04T
conducting energy gap, we obtain values f0{0) of ~9 8 . L
meV and ~12 meV for the oxygen- and argon-annealed
samples, respectively. These values are less than half the 07 ]
values expected from surface tunneling measurements on
2212-BSCCO crysta®®’ A smaller gap would be expected 0.6 |
if the tunneling involved proximity coupling to intermediate )
metallic or semiconducting BiO layers. This would also ac- 05 k- i
count for the non-BCS temperature dependenceé/pfre- 2z ]
ported in earlier measuremeritsNonequilibrium quasipar- E o4l 1
ticle injection effects, and even local heating at large :5 1
currents, may also decrease the measured gap. 03l ]

For an intrinsic unshuntegtwave SIS junction, the con- I
ductanceGg4 on the hysteretic-resistive, phase-slip, return 02 ]
path would become exponentially small at low temperatures,
whereas the observed characteristics have a finite slope. This 01l ]
strongly suggests a finite density of quasiparticle states in the
gap, consistent witd-wave rather thas-wave superconduc- 0
tivity. 0

Although thel-V characteristics on the return, phase-slip TEMPERATURE (K)

branches are highly reproducible, the current at which g 4. (a) and (b): I-V characteristics of the oxygen-annealed
switching to the resistive branch takes place can vary appresample in the perpendicular magnetic field of 0.4 Tat36 K and
ciably from one measurement cycle to the next. In the highlyr=70 K. (c) Temperature dependence of tixaxis critical current
hysteretic regime at low fields and temperatures, we definér perpendicular magnetic fields as indicated. Empty symbols rep-
the critical current as the bias current at which the mesaesent the “quasicritical” current} defined in(b). Filled symbols
switches to the first resistive branch. External or thermaktorrespond to the critical curreht defined using a 0.1V voltage
noise can cause early transitions, yielding measlyedlues criterion or from the critical current distribution functiori¥(l.).
significantly less than the intrinsic critical currel%.sg By The lines drawn through the experimental points are only intended
automating our measurements, betweed aod 1d¢ indi-  @s guides for the eye.

vidual measurements could be accumulated giving a meay) e two definitions give very different values, illustrated
sured critical current distributioR (1), as illustrated by the py the open and closed circles in Figcy

insets of Figs. @) and 3b). An operational critical current

I. can then be defined as the position of the peak of the CRITICAL CURRENT IN A PERPENDICULAR

distribution function. In plotting our measurements of the MAGNETIC FIELD

critical current in Fig. 4c), the half-width of the distribution .
function has been indicated by error bars. The width is a Figure 4c) shows 1o(T,B,) for the oxygen-annealed

strong function of both temperature and field. This reflects gample_ln magnetic fields of 0, 0.4, 1,048 T parallel to thg
N " ¢ direction. All measurements were made on warming in a
real variation in critical currents from cycle to cycle rather

than errors in the measurements themselves constant field, applied before first cooling from abdve to
- ; . ensure as uniform a distribution of flux across the mesa as
The critical current for the oxygen-annealed crystal is al-

ossible. Figures(4) and 4b) show typicall-V characteris-
most double that of the argon-annealed sample. We also olyzs ot 0.4 T for the lower temperature, multibranched, hys-

served a small number of early transitions well below theieretic regime and for the higher-temperature, reversible re-
main peak for the oxygen-annealed sample, which could regime, at the temperatures indicated by the arrows. Very
sult from one of a number of metastable Josephson vorteXimilar results were obtained for mesas on the argon-
configurations within the stacd®. annealed sample.

At higher temperatures and fields, the characteristics be- We first note the large decrease in critical current with
come resistive at small currents because of thermally actiapplied field over the whole temperature range. At low tem-
vated phase slip or flux flow; at sufficiently high tempera-peratures, the decrease in critical current is particularly
tures thel-V characteristics become reversible. In theselarge—more than two orders of magnitude in a field of 6 T.
regimes operational critical currents can still be defined, eiOn warming, the critical current in a finite field increases to
ther from the current required to give Qul across the stack a peak in the temperature range 15-25 K. At low tempera-
or by extrapolating thé-V characteristics at finite voltages to tures the variation in critical current from cycle to cycle in-
zero voltage, as illustrated in Fig(®). Above the tempera- creases as the temperature decreases, as illustrated by the
tureT;(B,) at which a measurable resistance emef§&  increased size of the error bars. This is contrary to what
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would have been expected had therthair extrinsic noise  Pokrovsky, and Maley have predicted an approximately lin-
been the dominant source of the variation. The fluctuationgar increase in critical current with temperature in this re-
in critical current could be explained either by stochasticgime, involving the thermal excitation of the low-lying nor-
fluctuations in the pinned vortex state from one cycle to themal modes of the pancake glass structiire.
next, or by different metastable configurations of Josephson On heating samples cooled in fields above.1 T, uSR
vortices trapped between the planes. experiments indicate a relatively sudden transition to a much
Above the pealf, the critical current decrgases, but with nggre symmetric local-field distribution at around 20#Ka
onset of any resistance at low current bias. However, afemperature that is close to the peak in measured critical
Tir(B,), which we identify as the irreversibility tempera- cyrrents, where the scatter between measurements almost
ture, thg chgracterls_tlcs become re_S|st|ve at small voltages,_ Afsappears. At about the same temperature there is also a
plotted in Fig. 2. This leads to a divergence of the two defi-yronounced change in magnetic creep fafhese observa-
nitions of critical current as indicated in Fig. 4. However, tions are consistent with a thermal depinning transition in-
apart from the onset of a finite resistance at small voItageq,oMng oxygen vacancies or other point defects, which in-
there is little change in the form of tHeV characteristics at pipit the alignment of the pancakes between planes. As the
Tir(BL). In particular, the “excess current” critical current temperature is further increased, thermal fluctuations reduce
I3 (T,B.) extrapolates smoothly to the values of the “true” the degree oé-axis alignment and hence the critical current,
I(B,) belowT;,(B,). Interestingly,ls (T) goes through a as observed.
weak minimum af;(B, ) before rising again to a maximum We note that the Kosterlitz-Thouless melting transition
at ~10-20 K aboveT;,(B, ), and then falling towards zero for a 2D vortex lattice is predicted to be20 K.1° Interest-
atT(0). ingly, in measurements of the thermal conductivityof
2212-BSCCO in a magnetic field, a plateaux(B) is ob-
served belowr~20 K However, the absence of any sig-
nificant dissipation in the direction in our measurements
There has been considerable interest in the vortex stategtil well above this temperature suggests that we are still in
of 123-YBCO, 2212-BSCCO, and other high-compounds. a solid flux pancake phase above 20 K. The onset of resis-
2212-BSCCO is particularly interesting because of its extance atT;(B,) suggests that melting takes place at this
tremely large anisotropy factor, making it one of the mosttemperature. This temperature coincides with the onset of
two-dimensional of all HTc superconductors. A recent dis-hysteresis in magnetic measurements on the parent crystals,
cussion of the magnetic phase diagram of 2212-BSCCO hdp good agreement with measurements on 2212-BSCCO by
been given by Goffmaet al,*? which we can relate to the Fuchset al*® (see Fig. 5. A phase change at this tempera-
degree ofc-axis correlation of pancakes inferred from our ture is also confirmed from changes in local-field distribution
measurements. deduced fromuSR measurements on crystals from the same
On increasing the temperature in small fiel¢s50 mT), a  batch™®
first-order magnetic transition from an ordered 3D flux-line In Fig. 5 we show theB-T phase diagram suggested by
solid to a liquid state has been inferred from a number ofour measurements for fields perpendicular to abeplanes.
measurements. The simultaneous onset of resistance is cohRe open symbols indicate the temperatiifeof the first
sistent with a vanishing shear modulus in the liquid stdte. peak in critical current, and the filled symbols the tempera-
However, on cooling in a field=50 mT, the low- ture T, marking the onset of resistivity along theaxis.
temperature phase is believed to consist of a random array éver a relatively wide range of field$;,=In(1/B,).
pinned flux pancakes within the planes with little correlation ~There appears to be a weak maximumTh at small
within the CuQ planes or along the axis. Nevertheless, fields, while at large fields it approaches the field-
#SR measurements at low temperature0 K) in fields up  independent, 2D vortex lattice Kosterlitz-Thouless melting
to 0.15 T reveal an asymmetric distribution of local fields, transition, T,p.* This is consistent with the suppression of
with a high-field tail implying a residual degree of alignment both Josephson and electromagnetic interlayer coupling at
in the c direction on a length scale \ 5,.** In the transition  high fields, so that the system becomes increasingly two-
region with fields ~100 mT, increasing the temperature dimensional.
leads to an enhanced neutron-diffraction signal and a corre- T* andT;, define three regions of tH&-T phase diagram.
sponding increase in the asymmetry of theSR field This involves two solid phases beloWw,, where a zero-
distributiorf* indicating an increase io-axis alignment on voltage, truec-axis supercurrent is observed, and a liquid
heating. This demonstrates the role of thermal activation inphase abovd, where thec-axis conduction is dissipative.
releasing flux lines from low-lying pinning siteg.g., oxy- T* may mark the temperature at which b&h, andCgg, the
gen vacancies enhancing their alignment along ticeaxis  elastic moduli of the vortex lattice, are predicted to varfish.
via electromagnetic or Josephson coupfin)*® The phase betweeR* andT;, may represent a glassy state
We can therefore account for the observed increase inf vortices with long-range orientational order; whereas the
critical current with increasing temperature in our measuretransition to a more conventional liquid state does not occur
ments in terms of a progressive thermal depinning of fluxuntil T;,.4%>°
pancakes and increased alignment alongdlais. The in- Above T;,, now identified as the liquid phase, earlier
creased mobility of pancakes on warming may also accounneasurements by Buscét al?* imply that, over a wide
for the reduction in scatter of critical current values, as theyange of fields, the in- and out-of-plane resistivities are char-
can move more easily towards a nearly thermodynamic equicterized by the same thermal activation energy, suggesting a
librium configuration between measurements. Bulaevskiicommon origin for dissipation in both directiors.

INTERPRETATION OF MEASUREMENTS
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TEMPERATURE (K) In trée Iow-temperature limit, Bulat_evskii, Pokrovsky, and
Maley*® have predicted a power-law field dependence for the
FIG. 5. B-T diagram of vortex phases for fields perpendicular to critical current withl (0B,)~1/B{", where u=1 for ran-
the ab planes suggested by our measurements. Empty symbols repom disorder across the planes and less than unity for in-
resent the field dependence of the temperaflireat which the  creasedc-axis alignment. Koshelev predicts a similar field
maximum ofl (B, ,T) dependence is observgske Fig. 4)]. The  dependence for the Josephson coupling energy and hence
solid symbols represent the irreversibility lifig,(B,) observed in  critical current in the liquid state?
different experiments(ll) uSR measurements; (V) melting line To test these predictions, we have plottedB, ,T)

from Ref. 62, where multiterminal transport measurements in theagainstBL on a logarithmic scale for both the argon- and
flux-transformer configuration have been mage) and (+) irre- oxygen-annealed samples at 25 K, just above the first peak in
versibility line inferred from the magnetization measurements of a.ritical current. For both Samplesla power-law field depen-
2212-BSCCO single crystal from the same batch as those used '(ﬁ]ence is obser.ved extending over at least two orders of mag-
the present studyupper triangles and circles, for the argon- and nitude, with exponent;=0.9 and 0.8 for the argon- and
oxygen-annealed sample, respectiyeBithough the lines are only X eh—annealed samples .res ecti\./el as shown in Eia. 6
guides for the eye, the irreversibility temperature seems to obey '%'hég imolies a_high dpe rée ofp misaliyhment of ancag'es'
simple logarithmic dependencé&;,(B, )« —In(B,), illustrated by I thp ¢ g ; tg + with th bg q 'p q
the straight line in this semilogarithmic plot. along thec axis, consistent wi € observed major reauc-
tion in critical current with field.

As remarked earlier, despite the onset of resistance at low
voltages aboveT;,, it is still possible to define a critical
current in terms of the “excess current” extrapolated to zero
voltage, which varies smoothly through the melting transi-
tion regime, as illustrated in Fig. 4. The somewhat surprising For magnetic field parallel to the Cy®lanes, the focus
existence of a critical current extending well into the liquid of most previous studies has been to look for the expected
state is a consequence of the attractive Josephson 6raunhofer-type field dependence of theaxis critical
magnetié coupling of pancakes between the planes. Thiscurrent®”% Comparatively little attention has been devoted
results in a thermally averaged, partial alignment of the panto the Josephson vortex state and its dynamics at high fields
cakes, as described by KoshefThis accounts for the per- apart from the search for thermodynamic phase
sistence of the microwave Josephson plasma resonance tednsitions*®® and an investigation of the angular depen-
temperatures well above the irreversibility lile® dence of the plasma frequency?~J.(B) with field

Although the rapid onset of a resistanceTat(B,) sug-  direction®®
gests a first-order melting transition, as observed by Fuchs The parallel-field dependence of the/ characteristics
et al. at small fields'® the absence of any qualitative change reveal several additional features, as illustrated in Fig. 7 for
in the |-V characteristics at the transition imply a second-measurements at 25 K in a number of fields. We first note the
order or thermally broadened phase transition at these highehset of a resistive regime preceding the main critical current
fields. Our measurements suggest that there is little change transition to the first resistive branch. Similar behavior has
the correlation of flux pancakes in tialirection at the melt-  been observed in linear stacks of artificial long Josephson
ing transition, with perhaps a significant fraction of pancakegunctions for fields parallel to the junction, and can be iden-
remaining strongly pinned at this transition. This could alsatified with the flux flow resistance of Josephson vortices par-
account for the slight increase of (T,B,) on increasing allel to the junctions”*® The flux flow resistivity, defined as
temperature abovg;,(B,) as such pancakes eventually be-the dynamic resistance in the resistive regime, is rather
come thermally unpinned, enabling them to move moreclosely proportional to the magnetic fiefdsee Fig. 7.
freely and hence to optimize their thermally averaged align- Figure 8 compares the field dependence of the critical
ment along thee direction. currentl((B,) determined from the major jump to the first

CRITICAL CURRENT IN A PARALLEL
MAGNETIC FIELD
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FIG. 9. I¢(B,) for the argon-annealed sample in low fields.
Filled symbols represent the 04V threshold criterion measure-
ments ofl .. Open symbols correspond to the major transition to the
first resistive branch.

which is neglected in Ref. 56. Pancakes, resulting from flux
penetration through thab plane, due to a small misalign-
ment angled between the magnetic field ad planes, are
0 | | | . probably strongly pinned within the planes. They are there-
0 02 04 06 08 1 fore unable to adjust their positions to the equilibrium Jo-
B (D) sephson vortex lattice structure as assumed in theoretical
FIG. 7. 1-V characteristics at 25 K of the argon-annealed samplemogg(l)s\)e 0.8 T we observed a qualitative change in the
as a function o8, (top), and the magnetic-field-dependence of the ¢ 5yis |/ characteristics with a sudden increase in critical
dynamic resistancdV/dI(B,) for the displaced linear brandbot- current and the disappearance of the low-voltage resistive
tom). branch before the main transition. This behavior can be ex-
plained in the following way. For fields greater than 0.8 T, a
resistive brancttindicated by the arrows in Fig)atT=25  small misalignment of the field may be sufficient to nucleate
K for our two samples. The critical current varies s randomly pinned vortex pancakes within the CuO planes.
~exp(—B,/By), with Bo~2.1 and~2.5 T for the argon- and  such pancakes can then pin the in-plane Josephson vortices,
oxygen-annealed samples, respectively. This is consisteméstoring the zero-resistance state, as illustrated in Fig. 9.
with earlier single-crystal measurements by Latyshev and The average distance between pancakess of order
Volkov,®® which can also be described by a nearly exponen{d,/B,6)Y>~500 nm~\,, for B,~5T, (we have taken
tial dependence, but with a slightly larger scaling field of 9~0.1°). The distancer; between the Josephson vortices,
Bo~3.5 T. In contrast, theoretical models predict a power—(q)O/BH)l/2 is ~270 nm. The Josephson vortex lattice is ex-
law dependence on field, even for small misalignment bepected to be rigid when the two spacings are similar and
tween the field andb plane’®*® when the nonlinear parts of the Josephson vortices strongly
We speculate that the discrepancy between theory an@verlap®! It is then necessary to invoke a collective pinning
experiment is due to disorder and pinning of pancakesapproach to calculate the critical current. Since we have as-
sumed pancake vortices to be the main pinning centers for
Josephson vortices, it is reasonable to take the characteristic
Josephson vortex line pinning lendth to be of the order of
|, or somewhat larger. When the Josephson lattice perjod
is less tharlL ., the system can be considered as being in the
small-bundle pinning regime. In this limit the critical current
is expected to decrease exponentially with figlds indeed
observed.

N If the Josephson vortex pinning length is dictated by
argon annealed {f the pancake intervortex distance, one should be able to in-
By=21T * vestigate different pinning regimes simply by adjusting the

E misalignment angle.
0.1 | | | | ! |

0 1 2 3 4 5 6 7 SUMMARY
B"(T)

dv / dlI (@)
—
T

10

Ic~ CXp(—B”/Bo)

oxygen annealed
By=25T

I. (mA)

In summary, we have measured thexis normal and

FIG. 8.1(B,) at T=25 K for two samples with different oxygen superconducting transport properties across mesa stacks of
content. intrinsic Josephson junctions in 2212-BSCCO single crystals
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as a function of temperature and magnetic field perpendicu- Apart from the onset of dissipation at low voltages, there
lar and parallel to theab planes. The small size of these is no marked change in tHeV characteristics af;,(B,). A
structures and the avoidance of high-temperature processimgitical current can therefore still be defined, which increases
enable us to overcome problems from sample heating anglightly aboveT;,(B,) before decreasing to zero &t(0).
contamination from diffusion of silver from the contact re- This could be explained if a number of pancakes remain
gions. strongly pinned by deep pinning centers on initially entering
For the argon-annealed sample, we observe one of thi@€ liquid state. As the temperature rises they eventually be-
largestc-axis resistance peaks yet reported, almost doubl§0Me unpinned and increase theiraxis alignment and
that of the oxygen-annealed sample. For our crystals, w8€Nce the critical current. The field and temperature depen-
observe an inverse relationship between the peaR.iand ~ dence of the critical current in the liquid state abdye(B,)
the critical current at zero field and temperature and in the solid state at lower temperatures is in qualitative
In the superconducting state multibrancrhedcﬁaracter- agreement with theoretical predictions, with critical current

istics are observed with similar critical currents and differ-apﬁ)rox'matellf :n;{elrjelly_lg_)rgportlopal 0 fl'el_d' BB
ences in voltages between each branch. The critical current js N @ Parallel field,1.(T,B,) varies asl;=exp(~B,/B)

strongly depressed after cooling in a field, particularly at lowV/th Bo in the range~2.1-2.5 T, consistent with the ex-

temperatures. We associate this reduction with a loss of SLp_gctgd behawor of Josephson vort|ces_ n the small _bundle
perconducting phase coherence across the,Gii@nes re- pinning regime. At low voltages, a resistive branch is ob-

sulting from the misalignment of pancake vortices within theSerVEd [?Irior t? the mﬁin resist'ive tra;:;itig) n c%nzi'stent with d
lanes, caused by weak local pinning centers, such as ox élae flux flow o Jo_sep son vo_rtlces. T IS branch disappeare
P S, cal YW P g ¥g bove~0.8 T, which we identify as the field required for the

vacancies. On increasing temperature, there is a marked ifie oo ! ) .
crease in critical current, consistent with the thermal activaShgntly mls_allgned field fo nuclgatg _pancake vortices in the
tion of pancakes out of the weaker pinning centers, enablin§!2n€s: which are assumed to inhibit flux flow.

them to improve their alignment along tledirection and
their ordering within the planes. At a field-dependent tem-
peratureT*(B), the critical current rises to a peak and be- This research was supported by the Swedish Supercon-
comes more reproducible from measurement to measureluctivity Consortium and the Swedish Royal Academy of
ment. This peak appears to coincide with a thermallySciences through its Nobel Institute. Photolithography was
activated transition above which flux pancakes in the planeperformed in the Swedish Nanometer Laboratory. The mea-
can escape relatively easily from the weaker pinning centersurements in a magnetic field were conducted in Birming-
However, the absence of any dissipation until a considerablftam within the interdisciplinary Superconductivity program
higher temperaturd,,(B,) suggests a solid or glassy state supported by the EPSRC, who also support the National
rather than a liquid pancake fluxon state, perhaps pinned by@rystal Growth Facility for Superconducting Oxides provid-
number of deeper pinning centdes.g., dislocation loops or ing the crystals. The expert technical support provided by
other lattice defec)s At T;,(B,) the characteristics become G. Walsh and P. Andrews is greatly appreciated. A. Yurgens
resistive, consistent with a melting of the vortex pancakds grateful for support and hospitality during experiments
phase. undertaken in Birmingham.
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