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Local voltage-current characteristics in high-T. superconductors
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Local electric field versus current densityE-j) curves were measured in YR2u,0, s and
Nd; g£Ce 1:CU0,_5 single crystals using a miniature Hall-sensors array. Measurements in the field range
corresponding to the anomalous magnetization peak in these crystals reveal remarkably dffpirarac-
teristics below and above the peak, indicating a crossover in the flux-creep mechanism. Sinbahavior,
as observed here in YBEu;0;_5 and Nd gCe 1CUQ,_;, is expected universally in every superconductor
exhibiting the anomalous peal50163-18208)50922-9

Local magnetization measurements, using a linear arragngular sample of a width much smaller than its lengte
of miniature Hall sensors, have emerged as a powerful todhset to Fig. 2 and approximate it as an infinite long strip
for studying magnetic properties of superconductofdin-  with current flowing parallel to its length along thyeaxis,
like the conventional global techniques in which the totalj=[0,j(x),0]. For such a strip in a perpendicular figjgiar-
magnetization is recorded, the local technique provides thellel to thez axis), B=(B,,0B,), E=(0,E,,0), and one ob-
detailed profile of the magnetic field across the sample. It hagtins
been previously shown that the field profile and its time evo-
lution can be effectively utilized in the study of vortex phase JEy/dx=—(1lc)dB,/dt. (1)
transitiond and vortex dynamic%:® In this paper we de-

: o . . ! . hus,
scribe a new application of this technique in measuring the
local electric field vs current densitf¢j) curves. Previous 1 (x dB,(X' 1)
magnetic measurementsBivs j,” based on global magnetic Ey(xt)=—1 J X 2

relaxation data, provid& at the sample surface and the

averaged jacross the sample. In contrast, our local techqn this equatiorx=0 is the center of the sample where sym-
nique enables measurementsoandj at thesamelocation.  metry forcesj =0 andE=0. Using the rawB,(x,t) data we

In addition, as discussed below, the local technique enablesalculate the local relaxation rasB,(x,t)/Jt and then spa-
measurements di-j curves at econstantinduction field, a  tially integrate it in order to determine the electric field
condition which can be hardly achieved in global measureg(x,t) according to Eq.(2). The integration is performed

ments.

We apply our techniqgue to the study of the flux 200F
creep mechanism in YBE&wO, s (YBCO) and
Nd; gCe& 1CUQ,_ 5 (NCCO) crystals, in the field range cor- 100}

responding to their anomalous magnetization peak

(“fishtail” ).3>8°The shape and the field range of the fishtail Z 0

in these crystals is quite differefisee Fig. L The NCCO

crystal (T.~23 K) exhibits a fishtail with a sharp onset at -100¢
relatively low fields H<500 G whereas the YBCO crystal ol @

(T.~91 K) exhibits a broad peak at fields of order 1 T. The
sharp onset of the peak in NCCO, similar to that observed in
Bi,Sr,CaCy0g, 5 (BSCCO,° has been interpreted as signi- 5001
fying a transition from a relatively ordered vortex lattice to a
highly disordered entangled sofid!*2 The broad peak in
YBCO has been ascribed to either defBocts dynamic
effects? In this paper we show that despite the qualitative
differences between these two systems, both exhibit similar
E-j behavior in the field range of the fishtail. In particular,
both crystals reveal a crossoverknrj characteristics around
the fishtail peak, indicating a crossover in the vortex creep
mechanism. As discussed below, such a crossover is ex-
pected universally wherever an anomalous magnetization
peak is observed. FIG. 1. Local magnetization curves for YE2u,0,_s and

Flux motion in superconductors creates an electric #8ld  Nd, ¢Ce, ;:CuUO,_scrystals aff =85 and 13 K, respectively, exhib-
related to the rate of change of the inductBrthrough the iting the anomalous magnetization peak. The width of the loops
Maxwell equationV X E= —(1/c) dB/dJt. We consider a rect- increases toward the center of the sample.
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4080f _ T o0 e B,, thusB,~B and one measurds(j) at a constanB. It
4000, —— 1 hour should be emphasized that baitfx,t) and E(x,t) are the

averageof the current density and the electric field over the

@ 2950 neutral line distance between two adjacent Hall sensors. Since both
@ 000l 2t 4 j(x,t) andE(x,t) are expected to vary smoothly across the
(@) L x sample, this averaging process cannot inflict large errors. Ob-
3850 viously, the “local” nature and the accuracy of our tech-
nigue improve as the size of the Hall sensors decreases and
"; 10 sample their number increases.
§ 0 Measurements were performed on a X2064
= X0.30 mnt YBCO (Ref. 16 and a 1.26¢0.35x0.02
-10 (b) mm® NCCO (Ref. 17 single crystals having transition tem-
20 — peraturesT .~ 91 and 23 K, respectively. An array of micro-

scopic GaAs/AlGaAs Hall sensors, with sensitivity better
10 than 0.1 G, was in direct contact with the surface of the

§ o crystal, as shown schematically in the inset to Fig. 2. The
= active area of each sensor wasx@0 um? for YBCO and
-10 10X 10 um? for NCCO. In the experiment, the sample was
20l (©) Oe*nter ge zero-field cooled from abové&. to the measuring tempera-

ot

ture, then a dc magnetic field was applied parallel to the
axis, and the local inductioB, was subsequently measured
at different locations as a function of time for about one
FIG. 2. Typical profiles of(a) B,(x,t), (b) j(x,t), and (c) hour.
E(x,t) at the indicated times for the YBCO crystal,Tat 85 K and Typical induction profilesB(x,t) at various times are
H=4015 G. TheB,(x,t) profiles are measuregl(x,t) andE(X,t) shown in Fig. 2a) for the YBCO sample atl=4015 G and
are calculated fronB,(x,t) anddB,/dt, respectively. Lines con- T=85 K. The neutral line is indicated by an arrow. Figure
necting data points are guides for the eye. Inset: schematic config(a) includes all the data required for the extraction of the
ration of the Hall sensor array relative to the sample. current densityj (x,t) [from B,(x,t)] and the electric field
E(x,t) [from dB,(x,t)/dt] as explained above. Figuresh?
and Zc) showj(x,t) andE(x,t) as deduced from the data of
numerically using the elementary trapezoidal method. Therig. 2(a). Similar results forB(x,t),j(x,t) andE(x,t) were
current distributionj (x,t) across the sample is determined obtained for the NCCO crystal. Note that according to Eq.
from the sameB,(x,t) data using a one-dimensional inver- (1) the slope ofE(x,t) is related to the rate of change Bj
sion scheme. In this approach, the current through the samplgith time. The latter is maximum at the center and drops to
is viewed as flowing inN parallel channels, each carrying zero at the neutral line. The behaviorBfis thus consistent
current of densityj, (k=1,...N), whereN is the total with this picture: It has an inflection point at the center and a
number of the sampling points in the field profile. Siwe ~ maximum at the neutral lin¥. Also note that, unlikeB,,
include all the measured poing; , and extrapolated points bothE andj exhibit relaxation at the neutral line as well; the
assuming symmetric field profiles with respect to the sampleelaxation inE is associated with relaxation i, in other
center. The Biot-Savart integral relatiBg(x,t) andj(x,t) is  locations rather than the neutral lifisee Eq.(2)] whereas

200100 0 100 200 300 400
X (um)

then written in a matrix formB;=Mjy (i,k=1,... N),  the relaxation ofj is related to relaxation 0fB,/dx and
implying that the current density in each chanketontrib- 9B, /4z at the neutral line.

utes to the fieldB;. The square matrit;, can be analyti- From the data shown in Figs(l® and Zc) one can con-
cally calculated and inverted to yield the current distributionstruct theE-j curves at different locations in the crystal.
ik (k=1,... N) from theB; (i=1, ... N) data. For athor- However, as discussed above, reliable determinatiof-pf
ough discussion of the general inversion scheme see Bfandicurves atconstant Bis obtained close to the neutral line
and Wijngaarden? where B is approximately constant and equals the external

Measurements of andE at a certain location during the field. Figures 8) and 3b) exhibit E-j curves, calculated in
relaxation process yield the functional dependenck oh j this way, for the YBCO and the NCCO crystals, respec-
at this location. In generakE=E(j,B), thus it is expected tively, in the field range corresponding to their anomalous
that the E(j) characteristics depend on the locatiwrbe-  peak effect. In the limited range of the current density all the
cause of spatial variations of the inducti@ Moreover, curves exhibit approximately a power-law dependence,
even at the same locatioB, varies with time through the E«" with an exponenh depending upon the field. Figure 4
relaxation process. In global magnetic measurements it ishows the powen=4 In E/dIn j as a function of the field
difficult to overcome these problems and usually the spatialor YBCO (circles and NCCO(squares In both crystals
and time dependence @& is overlooked. In contrast, our one clearly sees a dramatic crossoven(B) near the fish-
local measurements offer a simple way to avoid this prob+ail peak. Recalling thaEx exp(—U/KT), whereU is the
lem; we determine theée-j curve close to the “neutral activation energy for flux creep, the changes in the exponent
line” *> where 9B, /4t is approximately zero, anB, equals  n indicate a crossover in the flux creep mechanism. Accord-
the external magnetic field. Note that in the presence of an ing to the scenario described in Ref. 5, it is a crossover from
external magnetic field, is usually negligible compared to elastic to plastic creep. This scenario is supported by analysis
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i (kvem?) dynamics. AsB increases, at some poihk, becomes less

thanUyg, and a crossover to the plastic creep regime takes

FIG. 3. Alog-log plot of theE-| curves, calculated fro(x,t) place.
andE(x,t) close to the neutral line fdi) YBCO and(b) NCCO in The arguments of the previous paragraph are general, and
the field range corresponding to their anomalous peak effect, me£an be applied to any superconductor exhibiting a fishtail
sured atT=85 andT=13 K, respectively. Two typical sets of magnetization, provided thg&j.. The conditionj<j. is
curves are shown for each crystal, corresponding to fields beloviulfilled for most highT. superconductoréHTS) and, in par-
and above the peafftull and open circles, respectivélyThe fields  ticular, in YBCO (Ref. 5 and NCCO® Thus a universal
are 500, 1000, 1500, 2000, 3000, 4000, 6000, 6500, and 7500 G farossover in the creep mechanism around the fishtail peak is
YBCO, and 440, 540, 640, 930, 1130, 1430, 1630, and 1920 G foexpected, as demonstrated here for YBCO and NCCO, two
NCCO. Note the change in the slope above and below the peadistinct systems exhibiting differefit,, different anisotropy,
field. and different field range for the fishtail anomaly.

In conclusion, we described a method for measuring the
local electric-field vs current-density curves from time re-
golved measurements of the magnetic induction profiles
across a superconducting sample. This method allows mea-

collective creep theory, the decrease Wfcannot be ex- Surements of th&-j curves in regions hardly accessible by
plained in terms of this theory. Nevertheless, a decreakk of transport measurements. Considering the fact that at the neu-

with B can be well explained by a dislocation mediatedtral line the induction field is a_ppr(_)xima_tely constant, this
mechanism of plastic cre€p method allows accurate determinationefj curves at con-

A similar crossover in the flux creep mechanism, and thuStantB. Thhe E—.jhcu_rlves Lr)bYBCO and NC_CO,hin the fielld
in the E-j characteristics, is expected universally in everyrange of the fishtail, exhibit a crossover in the power-law

superconducting material exhibiting the fishtail phenomenonl?hehfl“”Or around t?]e f!shtai\ peak, w&dut:)atlng ﬁ_crossover in
provided that the persistent current dengitis well below the “;( greep mec "an!sm. S arg#es a r?'\l/)'et,'t |sﬂ<1:ro?'s?]\{e': IS
the critical current density, . One can reach this conclusion SXPE€cted Unversally in every exhibiting the Tshtai

considering the behavior of eith¢vs B, or U vs B. In the phenomenon.
first approach, thencreaseof | with B below the fishtail
peak is the signature of a collective creep mecharism.
However, thedecreaseof j with B aboveB, cannot be ex- tal and R. Greene for providing the NgiCe, 1:CuQ,_ 5 crys-
plained within the collective creep theog*ff? unlessj is  tal. We acknowledge useful discussions with E. Zeldov and
close toj..? Thus, a crossover to a different flux creep thank H. Shtrikman for growing the GaAs heterostructures.
mechanism must take place. In the second approach, consitthis work was partially supported by the Israel Science
ering U vs B, the collective creep activation energly, in- Foundations and by the Heinrich Hertz Minerva Center for
creases with field? whereas the activation enerdy,, for High Temperature Superconductivity. Y.Y. and A.S. ac-
plastic creep decreases with fi€l@learly, the creep process knowledge support from the German Israeli Foundation
is governed by the smaller betwedlg andU . Thus, inthe (GIF). R.P. acknowledges support from the Clore Founda-
low-field range, wher&) ,<U,, the former controls the flux tions.

of the activation energy) which shows thatU increases
with field below the peak and decreases with field above th
peak. While the increase &f with B is consistent with the

We thank H. Wil for providing the YBaCu;O,_ s crys-
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