Investigation of flux creep in high- T, superconductors using
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The details of a new method for studying thermally activated flux creep in thin superconducting
samples is described. The method employs a linear array of microscopic Hall sensors to measure the
time and spatial dependence of the magnetic induction across the sample. These data are analyzed
on the basis of the local rate equation for thermally activated flux motion, taking into account both
the in-plane and out-of-plane components of the induction field. Following this analysis, flux creep
parameters, such as the flux-line current density, flux-line average velocity, and the activation
energy for flux creep, can be directly determined as a function of position and time. New
experimental data in a superconducting ;he, ;:CuO,_5 crystal demonstrate this method.
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Thermally activated flux creep in high-temperature su-vx E=—(1/c)JB/dt and the equation relating the electric
perconductors has been the subject of many studiddis  field E to the flux motion,E=(1/c)Bxv, wherev is the
phenomenon is commonly investigated by measuring th@verage velocity of the vortices in the direction of the
time decay of the magnetic momekt averagedover the |orentz force. These equations lead to
sample volume, using, for example, a vibrating sample mag-
netometer or a magnetometer based on a SQUID. In inter- dB/dt=—VX(BXV). D
preting such data, one should realize that the behavior of the

avetrr:;ge n_wtagtntehtlc momlent |sfdeterrr]n|ne<f:il bythe qux-tIme “Uihan its length(along they direction and approximate it as
rent densityal the sample surfacavhere flux ines enter or infinitely long strip with current flowing along its length,
exit the sample. Thus, such experiments yield information on

the flu?< entry or flux exit process, but prqvide no direct in'J(pargﬁéf fg?g( gz 2}0 S)Foéjcht ’aos,tré;:) tnva:;z:ir(;?eor?dvlj)u’ Izrnféeld
formation on the flux creep process within the sample. WeEq_ (1) yields:

have recently described a novel experimental technique for

studying flux creep within the sample utilizing Hall-sensor dB, d

arrays that allow measurements of the time evolution of the 5~ = _E(Bzvx— Bxv2), (2
local induction B within the samplé=° This unique method

yields a detailed picture of the relaxation process within the 5B, J

superconductor, including data on the flux line current den- 5 = _E(vaz_ Bovx)- ©)
sity, the flux line average velocity, and the activation energy

for flux creep, as a function of position and time. In this These two equations indicate that both componeBjsand
article, we further develop this method for a thin plateletBy, exhibit relaxation, and that the relaxation of each com-
sample, and demonstrate its capability by presenting newonent iscoupledto that of the other. Since is in the di-
data on flux creep parameters in a Nd&e,CuQ,_; rection of the Lorentz force which is perpendicular Bo
(NCCO) crystal. A detailed study of the global magnetic v-B=0, and Eqs(2) and(3) become

properties of this NCCO system is described in Ref. 6. A

complete study of itdocal magnetic properties, including ‘9_82__i(Bv). a—szi(Bv) ()
investigatéon of the “fishtail” effect, will be described ot X ot 9z '

elsewheré. The NCCO crystal used in our study is approxi- )

mately 20 um thick with a relatively large aspect ratio wherev = yu, +v; andB= VB, +B; are the magnitude of
(width/thickness of approximately 17. As a result, both € velocityv and the inductiorB. o _
components of the induction field, perpendicular and paralle] ASSUMing thermal activation over the pinning barrier
to the sample surface, play a role in the relaxation procesy(J)'

We consider a rectangular sample of width much smaller

Ogr choicg of a sample of §uch geometry serves the purpose  _ vo exp(— U/KT), (5)
of illustrating how the contributions of both components can
be taken into account in the data analysis. wherevo=Aj¢g/Cn, ¢q is the unit flux,c the light veloc-

The differential equation governing flux creep in super-ity, j the current densityy the viscosity coefficient, and is
conductors is derived from the Maxwell equation, a numerical factdt® of order 1. We calculate; using the
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. L FIG. 2. B, vs time measured at different locations of the Hall probes. Probe
FIG. 1. Component8, _ande_of the local '”d“C“O’.‘ in a NCCO crystal at number 2 p No. 2) is located near the center. Probe number diN6. 10
19 K, 30 s after applying a field of 150 G, described as a function of the.

close to the edge of the sample.

distance from the center. Circles describe the measure data points. The solid
line is a fit to a Bean-type model f@, in a flat sample. The dashed line is
the calculated, based on this fit. Inset: configuration of Hall-sensor array
relative to the crystal.

Bean like model for an infinite strip in a perpendicular

field.!* This one parameter fit allows determination of the
current densityj, and thus the calculation of the in plane

Bardeen—Stephen formutg=H,¢o/pnc? (Hcz is the up-  componentB, of the induction, as shown by the dashed
per critical field andp, is the normal resistivity and the  cyrve in Fig. 1. Signatures of demagnetization effects typical
parameters given in Ref. 9. for such a thin sampté are clearly observed. Specifically,

In the experiment, we measuBg(x,t) which has con- B at the sample edge is not equal to the externally applied
tributions from the external fielth and the current flowing  field H, because of the sample contributionBg. This con-
in the bulk of the sample. For the sake of simplicity, andyipution has a different sign at the edge and at the center,
without affecting the generality of the analysis below, weand there exist a contour inside the sample whreH
assume here a constgntThe Biot—Savart law then implies exactly. This contour is sometimes referred to as a “neutral
B,=H+(jd/c)G,(x,2), whered is the thickness of the |ine” 12 |n the flux creep process, the induction increases at
sample andG,(x,z) is a dimensionless geometrical factor the sample center and it decreases at the sample edge. At the
which can readily be calculatédlhus, a one parameter fit to neytral line wher@®=H, the induction does not change with
the B, data yieldsj. The componenB, has a contribution  time. This is illustrated in Fig. 2 which shov, as a func-
only from the current density. Oncej is known, By and  tjon of time at different locations in the sample. Evidently,
thusB= B} +B; can be calculated. the relaxation rateB,/d(In t) is maximum near the center

The procedure of the data analysis is as follows: We firs{probe No. 1 and decreases toward the neutral lipeobe
spatially integrate the measured valuesiBf,/Jt to obtain  No. 8). Beyond the neutral line and toward the edge of the
the flux line current densitfp=Bv. Knowing D(x,t) and  sample the inductiodecreasesvith time, exhibiting anega-
B, we determinev=D/B from Eq. (4). The activation en- tjve relaxation rate. These results demonstrate the nonunifor-

ergy U(x,t) is then derived by using E¢S): mity of the local relaxation, thus questioning the meaning of
vo global measurements in which all contributions are inte-
U(x,t)=kT In(;). (6) grated.

Using the rawB,(x,t) data, we calculate the local relax-

Following the above procedure, measurementBg(x,t) ation rates dB,(x,t)/dt, and then numerically integrate
enable direct determination @f(x,t), v(x,t), andU(x,t). dB,(x,t)/dt in order to determine the flux current density

Measurements were performed on a;Ne, ;:Cu0,_s  D(x,t) according to Eq(4):
crystal (T;=22 K) with dimensions 1.20.35<0.02 mn?,
which was grown using a directional solidification X9B,(Xt)
techniquet® An array of 11 Hall sensors with sensitivity bet- D(x,t)=— f = d
ter than 0.1 G, made of GaAs/AlIGaA2DEG), was in a
direct contact with the surface of the crystal, as sketched in
the inset to Fig. 1. The active area of each sensor wasl00 In Eq. (7), x=0, is the center of the sample whebe=0. In
um?. The sensors detect the componBatof the field nor-  Fig. 3, we plot the flux line current densify as a function of
mal to the surface of the crystal. In the following, we presentx at different times. Note that according to E¢g) and (4),
data taken in the presence of a field of 150 G which waghe slope oD (x) is related to the rate of change Bf with
applied at 19 K after a zero-field-cooling process. time. The latter is maximum at the center and it drops to zero

Figure 1 displays typical field profileB,(x) across the at the neutral line, see Fig. 2. The behavior fis thus
sample width measured 30 s after application of the fieldconsistent with this picture: it has an inflection point at the
The solid line in this figure is calculated on the basis of acenter and a maximum at the neutral line. Experimentally,

oot @)
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. . . FIG. 5. Local activation energy/KT vs time for different probes.
FIG. 3. Flux current densit{d as a function of the distance from the edge,

measured at the indicated times. Note the maximui &t the neutral line. U=KT In(t/ty) of the continuity equatioﬁ.The increaseof

U with time is a reflection of the increase &f with the
decrease of the current densjty
In conclusion, we investigated thermally activated flux
the maximum is clearly observed here for the first time be-creep in ahin NCCO crystal using a novel Hall sensor array
cause the neutral line is quite far from the edge due to théechnique. Our unique method allows a direct determination
large aspect ratio of the sample. of the flux creep parameters as a function of time and posi-
From the experimental data on the flux line current dention, thus giving a complete picture of the relaxation process
sity D, it is easy to derive the flux line velocity, using the  within the sample. It can serve as an effective tool in inves-
definition D=vB. Typical data forv as a function ofk are  tigating various phenomena such as collecfiglastio and
shown in Fig. 4. The behavior ef is similar to that ofD, it plastic creep, surface barriers, and “fishtail” effeéts.
is small near the center, and has a maximum near the neutral We thank H. Shtrikman for growing the GaAs hetero-
line. It should be noted that the time dependenceyadé  structures, and acknowledge useful discussions with L.
hyperbolic; in the logarithmic approximatia6) one obtains  Burlachkov, V. Vinokur, and V. B. Geshkenbein. This work
v=uvy(ty/t). The parameter,, being proportional to the was supported by the Israel Science Foundation administered
current densityj, depends only logarithmically on the time by the Israeli Academy of Science and Humanities, and the
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Using thev(x,t) data, we obtain the activation energy conductivity. Y. Y. acknowledges support from the DG XII,
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sults of U/KT are shown in Fig. 5. The figure shows a linear acknowledge support from the USA-Israel Binational Sci-
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