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A novel Hall probe array technique is used to measure the spatial distribution and time dependence
of the magnetic induction in YB&u 0,5 crystals. Analysis of the data based on the flux diffusion
equation allows a direct, model-independent determination ofldbal activation energyU and the
logarithmic time scale, for flux creep. The results indicate that the spatial variation& afre small
(£kT) and thatU increases logarithmically with time. The timgis inversely proportional to the field
and it exhibits a nonmonotonic temperature dependence. These results confirm theoretical predictions
based on the logarithmic solution of the flux diffusion equation.

PACS numbers: 74.60.Ge, 74.72.-h

Thermally activated flux creep in high-temperaturemagnetization is recorded, we measure the time evolution
superconductors is a subject of intensive study. Thi®f the spatial distribution ofB, and thus are able to
phenomenon is commonly investigated by measuring thdetermine both thdime and thespatial derivativesof
time dependence of the magnetic moméftaveraged B. This new information enables direct analysis of the
over the sample volume. Among the most significantiocal relaxation data using the basic diffusion equation
parameters extracted from such data are the effectivgoverning the flux motion [4,13]:
activation energyU and the logarithmic time scalg for 0B
flux creep [1]. Recent models emphasize the nonlinear 5 - VD, ()
dependencg oU on the current density [2,3] qnd_the where D = Bv is the flux current density and =
macroscopic nature of the time scald1-6]. While itis

) ) N . voexp(—U/kT) is the effective vortex velocity. The
not possible to derivé/(j) directly from the experimental reexponential factop, = A jdo/cm, where by is the

data, gach of the above models gi'ves a spgcific relaxati(ﬁ%t flux, ¢ is the light velocity,; is the current density
behavior that can be compared with experimental results, ’ ’ ’

N T) is the viscosity coefficient, andl is a numerical factor

Such an approach for evaluatidg ) is model dependent 1~ |, the slab geometry, where all the quantities depend
and involves fitting several parameters [7]. o on a single coordinate, j = —(c/4m)9B/dx and

Maley et al. [8] proposed a method to determing ;)
avoiding thea priori assumption of a model for the 9B _ _%; = M[gﬁe—wk? 2)
dependence o/ on the current density and field. Their at dx 4mm  Ox
method analyzes global magnetic relaxation data, utilizing The basic idea of our approach is to use the Hall probe
an integrated form of the flux diffusion equation overarray for simultaneous measurementsBfdB/dx and
the sample volume. It is important to realize that thedB/dt, that appear in Eq. (2). As described below, this
activation energy determined by this method is actuallyallows measurements &f directly without assuming any
the activation energgt the surfaceof the sample, while specific model regarding the flux creep mechanism.
the current density is averaged over the sample volume Measurements were performed on two single crystals of
[9]. Although in the limit U/kT > 1 the activation YBa,CuwO7 [14,15] having a transition temperatufg =
energy should be almost constant over the sample volungl K and a transition width of less thdn5 K as deduced
[1,4], in the presence of surface barriers [10—12] thefrom dc measurements atOe. The crystals were cut into
values of U at the surface and in the bulk may be rectangular shape of sizés45 X 0.23 X 0.1 mm® and
different. 1.2 X 0.5 X 0.2 mm® (samples Y1 and Y2, respectively).

In this work we propose a method to determine theThe Hall probes were made of GahdGaAs 2DEG. An
local U and; in the bulk utilizing the recent development array of 11 elements, withl0 X 10 um? active area and
of a miniature Hall probe array [12] to measure thesensitivity better thaf.1 G, was in direct contact with the
local inductionB at different locationsimultaneouslhyas  surface of the crystal, as sketched in the inset of Fig. 1.
a function of time. In contrast with the conventional The crystal and the probes were placed on a temperature-
techniques where only the time evolution of the totalcontrolled sample holder inside a coil providing a dc field
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FIG. 1. Local inductionB, vs Hall probe location measured

in crystal Y1 atT = 50 K, 8 s and 1 h after removal of the

external field. The solid lines, which are a result of model . .

calculations, serve here only as a guide for the eye. Inse®B:/d(In?) is maximum near the center and decreases
Configuration of Hall probe array related to the crystal. toward the edge. Probe 3, located near the pojnt=

0.1d whereB, = 0, shows approximately zero relaxation
rate. The poink, corresponds to a contour where vortices
of different sign annihilate. As a direct consequence of
the sign reversal oB, near the edge, the induction at
the sample edgmcreaseswith time, exhibiting apositive
relaxation rate. This result emphasizes the nonuniformity
of the local relaxation, thus questioning the meaning
of global measurements in which negative and positive
contributions are combined.

Using the rawB,(x, ) data, we calculate the local re-
axation rates$)B. (x, t)/dt, and then numerically integrate

.(x,1)/dr in order to determine the flux current density

(x, ) according to Eq. (2):

parallel to thec axis of the crystal. The probes detect the
componentB, of the field normal to the surface of the
crystal.

The experiment was carried out as follows. After zero-
field cooling the sample from abovE., we measured
the profile B,(x) for various applied field€4,, on the
ascending and descending branches BfH). This
enabled visual verification of the establishment of
“critical state” which is essential for the flux creep
experiments. Once a critical state was established, th
field profile was measured evet$ s for a period of 1 h.

Figure 1 displays a typical field profil®.(x) across Dlet) = — fx dB.(x,1) dx
the sample widthd = 230 um measured in a remanent ’ a2 ot ’
;tate atSQ K, for crystal Y1. Thg solid line in the In Eq. (3) x = d/2 is the center of the sample where
figure, which serves only as a guide for the eye, wag, _ 0. Knowing D(x, r), we obtain thdocal activation
calculated by using a Kim-like model for a platelet SampleenergyU(x ), using E’q ’(2).
in a perpendicular field. The profiles of Fig. 1 show T e
signatures of demagnetization effects typical for such U(x,1) _ 47D (4)
samples [16—-18], e.g., a sign reversaBofnear the edge, kT A¢poB,(dB,/dx) )

approximately at the location of probe 3xgt= 0.1d. In . . -
such samples, the relatigh= —(c/47)3B. /dx used in We take the flux viscosity coefficient(7) from Ref. [19]

_ _and assumeA = 1, as will be justified below. Typical
o e Lo et n eSS OIU/AT a4 € e shown i Fig. 33 a fnctor
our samples, for which the raticthickness/(width) ~ of time. The figure shows a linear dependencé/gkT

. : In(z) with a slope ofl in the long-time limit. This is
0.5, j can be approximated by (x)(c/4m)(dB,/dx), on . . o
where the correction factof(x) = 0.8 throughout most in accordance with the general solution of the diffusion

of the sample, except for regions near the center ansquatlon (2) with logarithmic accuracy [20,21]:

3)

the edges. Taking this correction into account in the U = kT In(t/1) (5)
: , 0
tre(;/SaJLljtzflon ofj had only a small effect< 10%) on the with [1,4]

kT nd?
AolaU/djljB-(0)’

Figure 2 showsB, as a function of time at different
locations in the sample. Evidently, the relaxation rate

ty =

m
2

(6)
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FIG. 3. Local activation energy//kT vs time for different

probes af’ = 40 K. For all the probes Eq. (5) holds perfectly.
U is almost constant throughout the sample as shown in th
inset.

whereB, (0) is the magnetic induction at the sample edge
The inset of Fig. 3 demonstrates tlats almost constant
(within =kT) throughout the sample. This is consistent

with the predictions of models based on the concept of

self-organized criticality [1,4].

In Fig. 4 the activation energy /kT, calculated as an
average between probes 5 and 6, is plotted as a function
j. This location is approximately in the middle between
the sample edge and the center, where the differen
between; and (c/47)0B,/0x is negligible. Evidently,

the isothermal segments in Fig. 4 do not describe &

continuous curve, reflecting a strong dependencE oh
temperature. The best fit for each isotherm was obtaine
using the expression [3]

U= UcIn(je/j). ()
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Plots of U.(T) and j.(T) obtained from these fits are
shown in the inset of Fig. 4. In the collective, as well
as in the single vortex pinning regimes, one expects [1]
U. = constforT < Tg4,, whereTy,, is the depinning tem-
perature. From Fig. 4 we estimalg, = 55 K. Above
T4, the data of Fig. 4 exhibit an almost linear increase of
U, with T. This is typical for the single vortex pinning,
whereas for collective pinniny,. grows with temperature
more rapidly [1].

We turn now to discuss the behavior of the logarithmic
time scalery. As noted by Feigel'mart al.[2,4], 1y is
a macroscopic quantity depending on the sample gize
[see Eq. (6)]; it is, however, related to the microscopic
attempt frequencyo and the hopping distandethrough
the velocityvy = Aj¢o/cn * wl. From Eqg. (5) one
can findz, by extrapolating the data of Fig. 3 1@ = 0.
;[he circles in Fig. 5 show the temperature dependence
of ¢y for crystal Y1 for the case of remanent relaxation.
At low temperatures( < Tq,) to increases withl" then
exhibits a broad maximum betwee& and75 K and
finally drops asT approached’.. This behavior can be
compared with the prediction of Eq. (6) by substituting
U./jforloU/aj| [see Eq. (7)], and,(0) = (477 /c)j.xo.
All the parameters in Eq. (6) are now experimentally
nown. The squares in Fig. 5 are results of calculation
of 9, using Eg. (6) and takingA =~ 1.4 to obtain the
best fit to the directly measured valuesref Evidently,

e calculated and measured valuespexhibit similar
behavior. It is worth noting that the resuld = 1.4

GGistifies the neglect of IA in Eq. (4) forU/kT = 15.

We also tested the validity of Eq. (6) for the depen-
ence ofty on H, and on the size of the sample. For this
purpose we measurehl, (x, ) in the larger sample (Y2)
th the presence of a field and in the remanent state. The
results shown in the inset of Fig. 5, f@8 K, were also
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FIG. 5. Measured (circles) and calculated (squares) values of

the logarithmic time scalg, vs temperature for sample Y1.

FIG. 4. Activation energyU vs j at different temperatures.

The lines correspond to the fit: U = U.In(j./j). The |

The dashed line is a guide for the eye for the calculated points.

nset: Field dependence af for sample Y2. The solid line is

dependence of/. andj. on temperature is shown in the inset. proportional tol/H,.
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