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We describe the details of a new method for studying thermally activated
fluz creep in superconductors. This method employs an array of microscopic
Hall sensors to probe the time evolution of the field profile in the sample.
We analyze these data on the basis of a continuity equation which takes into
accounl contributions to the relatation process from both the in-plane and
out-of-plane components of the induction field. This analysis enables direct
determination of fluz creep parameters such as the fluz-line current density,
fuz-line velocity and the activation energy for fluz creep. We demonstrate
this method by presenting ezperimental data for YBayCusz O;_, crystals in
the remanent state and in the presence of a field.
PACS numbers: 74.60.Ge, 74.72.-h

1. INTRODUCTION

We have recently described a novel experimental approach!-2 to deter-
mine the spatial and time dependence of flux creep parameters, such as the
vortex velocity v, the flux current density D, and the activation energy U.
In this technique we utilize an array of miniature Hall probes to measure
the local induction B at different locations simultaneously as a function of
time. In contrast with conventional techniques where the time evolution of
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the total magnetization is recorded, we measure the time evolution of the
spatial distribution of B, and thus are able to determine both the time and
the spatial derivatives of B. Using this new information we analyze the local
relaxation data on the basis of the continuity equation for the vortex lines.>®
This analysis allows a direct, model independent determination of the flux
creep parameters.!?

In this article we review our technique and discuss its details for the
common geometry of platelet crystals. We also show data for the flux creep
parameters in Y-Ba-Cu-O (YBCO) crystals, in the remanent state and in
the presence of a field.

2. ANALYSIS

The differential equation governing flux creep in superconductors is
derived? from the Maxwell equation VxE = —(1/c)dB/d¢, and the equation
relating the electric field E to the flux motion, E = (1/¢)Bx v, where v is the
velocity of the vortices in the direction of the Lorentz force, Fr, = (1/¢)j x B.
These equations lead to

8B/t = —V x (B x v). | (1)

Assuming thermal activation over the pinning barrier /(j), the magni-
tude of v is
v = vpexp(—U/KT), (2)

where vog = Ajdo/cn, ¢o is the unit flux, c is the light velocity, j is the
current density, 7 is the viscosity coefficient, and A is a numerical factor!-€
of order 1.

For a slab geometry (infinite along the y and z directions with the
magnetic field parallel to the z direction), B = (0, 0, B,), v = (v, 0, 0) and
Eq. (1} is reduced to the one dimensional continuity equation

8B, 8D
T (3)

where D = B,v is the vortex line current density. This one dimensional
continuity equation has been used in many theoretical and experimental
works, 1 %78 involving different geometries, although it strictly applies to
the case of infinite slab in a parallel field.

In reality samples have platelet shape and the field is applied perpen-
dicular to their surface. In this case one should consider the component of
B parallel to the surface as well. In the following we consider a rectangu-
lar sample of width 2w, (|z| < w), much smaller than its length (along the
y direction). The Hall-probe array is placed in the middle of the sample,
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perpendicular to its length (see Figure 1). We approximate the sample as
an infinitely long strip with current of constant magnitude flowing along its
length, j = (0, j-sgn(z), 0). For such a strip in a perpendicular field (along
z), B=(B;,0,B,), v = (vs,0,v,), and Eq. (1) yields:

0B a

8; = ——8—3:-(Bzvz - Bx‘UZ) (4)
9B o]
6—: = —a(Bz’Uz d Bzvz)- (5)

These equations indicate that both components, B, and B,, exhibit relax-
ation, and that the relaxation of each component is coupled to that of the
other. General analysis of the relaxation throughout such a sample requires
the consideration of both components B, and B, which appear in equations
(4) and (5). Obviously, analysis on the basis of either equation should lead
to the same results as far as the flux creep parameters are concerned. Our
Hall-probe array is sensitive to B,; we therefore base our analysis on Eq.
(4). Since v-B =0, for B, # 0 Eq. (4) becomes

aaBt" = _% (B:wv1 +3), (6)

where v = \/v2 + o7 and § = B2/B2. Equation (6) is formally equivalent to
Eq. (3) if we define D = B,vy/1 +§. The factor v/1 + 6 may be considered
as a correction factor accounting for the contribution of B; to the relaxation -
process. As will be shown in the Appendix, this factor has a little effect
on the relaxation in the presence of a field. Moreover, even in the remanent
state one can define a significant area within the sample where this correction
factor is close to 1. However, this factor becomes important in the vicinity
of the so called 'neutral line’® in the remanent state where B, — 0. At this
line both B, and 8B, /3¢ vanish, nevertheless D = B,vv/1 + 6 remains finite
since v/1 + 6 — oo. For a constant j in the remanent state, v/1 + § becomes
a geometrical factor which can be calculated accurately and thus taken into
account in the data analysis (see Appendix).

In the experiment we measure B, as a function of x and t. The proce-
dure of data analysis is as follows: We first integrate the measured values of
0B, /0t to obtain D = B,vy/1 + 8. At this stage, no approzimation is made,
i.e. D= cE, is measured accurately.

Knowing D(z,t) and B, we then determine v/1 +§ as the ratio D/B,.
In the presence of a field, or in the remanent state far from the neutral
line, § ~ 1 (see Appendix), and this ratio yields the flux line velocity v
= voexp(—U/kT). To calculate v in the remanent state in the vicinity of
the neutral line it is necessary to take into account the correction factor
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V14 6, as outlined in the Appendix. Once v is known the activation energy
U(zx,t) is derived by using Eq. (2):

v

U(z,t) = kTIn (3‘1) . (7)

We calculate vg using the relation vg = Ajdo/cn, where the flux viscosity
coefficient 7(T) is taken from Golosovsky et al.!® The current density j is
derived by fitting the field profiles as described in the Appendix, and A is
taken as 1. Thus, measurements of B;(z,t) allows a direct determination of
D(z,t), v(z,t), and U(z, t).

3. EXPERIMENTAL

Measurements were performed on two Y BayCuszO7 crystals!!l-12

(T. ~ 91 K), with rectangular shape of sizes 0.45 x 0.23 x 0.1 mm?® and
1.2 x 0.57 x 0.2mm3 (samples Y1 and Y2, respectively). The Hall probes
were made of GaAs/AlGaAs 2DEG. An array of 11 elements, with sensitiv-
ity better than 0.1 G, was in direct contact with the surface of the crystal,
as sketched in Fig. 1. The active area of each probe was 10 x 10 and 30 x 30
pum? for crystals Y1 and Y2, respectively. The probes detect the component
B, of the field normal to the surface of the crystal. In the following we
present data taken in the remanent state for sample Y1 at 50 K, and in the
presence of 2 kG (during the increase of the field) for sample Y2 at 85 K.

Hall sensors

Figure 1: Configuration of Hall probe array relative to the crystal.

Figures 2a and 2b display typical field profile B,(z) across the sample
width for the remanent state and in the presence of the field, for samples
Y1 and Y2, respectively. Each figure shows Bean-like profiles correspond-
ing to the indicated times; these times are measured from the moment of
application (Fig. 2b) or removal of the field (Fig. 2a).
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Figure 2: Local induction B, vs. Hall probe location (a) in sample Y1
measured 8sec and one hour after removal of the external field at 7" = 50
K and (b) in sample Y2 measured 12 sec and 3300 sec after application of a
2 kG field at T = 85 K. The solid lines in the figures are based on model
calculation described in the Appendix.

Signatures of demagnetization effects typical for such samples!*!® are
clearly observed. Specifically, in the remanent state (Fig. 2a) a sign-reversal
of B, is observed near the edge, approximately at the location of probe #3.
This point is located at the neutral line’® where vortices of different sign
annihilate. Figures 3a and 3b show B, as a function of time at different
locations in the sample, for the remanent state and for field on, respectively.
Evidently, the relaxation rate 9B, /8(Int) is maximum near the center and
decreases toward the edge. Moreover, in the remanent state, as a direct
consequence of the sign reversal of B, near the neutral line, the induction
at the sample edge increases with time, exhibiting a positive relaxation rate.
These results emphasize the non uniformity of the local relaxation, thus
questioning the meaning of global measurements in which all contributions
are combined. Using the raw B,(z,t) data, we calculate the local relaxation
rates 0B, (z,t)/dt, and then numerically integrate B,(z,t)/dt in order to
determine the flux current density D(z,t) according to Eq. (6):

D(z,t) = — /0 : %dx. (®)

In Eq. (8) z = 0 is the center of the sample where D = 0.
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Figure 3: B, vs. time measured at different locations in (a) sample Y1
in the remanent state at T=>50 K, and (b) sample Y2 in the presence of field

of 2 kG at T = 85K.

In Figures 4a and 4b we plot D as a function of z at different times,
for the remanent state and in the presence of field, respectively. Note that
a similar behavior of D, but with opposite sign, is obtained for field on and

field off.
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Figure 4: Flux current density D as a function of the distance from the
edge, measured at the indicated times, for (a) sample Y1, (remanent state,
50 K), and (b) sample Y2 in the presence of a field (2 kG at T = 85 K).
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This opposite sign reflects flux exit in the case of field off and flux entry
in the case of field on. Note that according to equations (3) and(6) , the slope
of D(z) is related to the change of B, with time. The latter is maximum at
the center and it drops to zero near the edge, see Figs. 3. The behavior of
D is thus consistent with this picture for both cases.

From the experimental data on the flux line current density D it is
easy to derive the flux line velocity v, using the definition D = vB,v1+ 4.
The correction factor +/1+ é is calculated as explained in the Appendix.
Obviously, the correction factor is most significant in the vicinity of the
neutral line in the remanent state. Typical data for v as a function of z for
the remanent state and in the presence of a field are shown in Figs. 5a and
5b, respectively. The dotted line in Fig. 5a depicts vy/1 + 6. Obviously,
taking this correction factor into account is important near the neutral line.

It should be noted that the time dependence of v is hyperbolic; in the
logarithmic approximation one obtains v = vg{to/t). The parameter vg, be-
ing proportional to the current density j, depends only logarithmically on
time t. Note the difference in the values of v for field on and field off. In fig-
ures 5a and 5b the velocities are of order 10™® and 10~7 c¢m/sec, respectively.
The lower velocity for field on can be ascribed to the higher temperature as
well as to the lower field gradients.
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Figure 5: Flux line velocity v as a function of the distance from the
edge, measured at the indicated times, for (a) sample Y1, (remanent state,
50 K), and (b) sample Y2 in the presence of a field (2 kG at T = 85 K).
The dashed line in (a) represents the apparent velocity at t = 8 sec, ignoring
the correction factor /1 + 6.



462 Y. Abulafia et al.

T 20
9 {a) (h)
24
p#3.s
E 17 - 41 pld.S WS g
= s .
;:' o pits.s ! 22 7
5‘ o pH6S S phls =
15 | & -y o pHss =
TV ~ pHE.S / o pins| 20
ke “ 5 2
. :::T” 4 voopHRsS
1 i ] ‘J i L

10 100 1000 100 1000
time {scc|

Figure 6: Local activation energy U/kT vs. time for different probes for
(a) sample Y1, (remanent state, 50 K), and (b) sample Y2 in the presence
of a field (2 kG at T = 85 K). Note that in Ref. 1,- U is derived for § = 0.

Using v(z, t) data, we obtain the activation energy U(z, t) according to
Eq. (7) as explained above. Typical results of U/kT are shown in Figures 6a
and 6b as a function of time for the remanent state and in the presence of
a field, respectively. The figures show a linear dependence of U/kT on In(t)
with a slope of 1 in the long-time limit in accordance with the logarithmic
solution? of the continuity equation U = kT In(t/ty). The increase of U
with time is a reflection of the increase of U with the decrease of the current
density j.

4. CONCLUSIONS

We investigated the thermally activated flux creep process in YBCO
crystals using a new Hall-probe array technique. We measured the time evo-
lution of the field profiles in the sample, in the remanent state and in the
presence of a field. These data were analyzed on the basis of a continuity
equation for the vortex lines, taking into account the contribution of both
the in-plane and the perpendicular components of the induction B. This
unique approach allows a direct determination of the flux creep parameters
as a function of time and position. Thus, a complete picture of the details
of the relaxation process is obtained. The derived flux line current density
and velocity are of opposite sign for the remanent and field-on cases, reflect-
ing flux exit and flux entry for the two cases, respectively. Otherwise, the
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behavior of the flux creep parameters is similar. Obtaining such a complete
picture in one experiment is unique to our new technique. This method
has the potential of giving definite answers to many open questions related
to various phenomena such as collective pinning, collective creep, surface
barriers, and ’fishtail’ effects.16
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APPENDIX

Consider a long thin superconducting strip of rectangular cross-section
of width 2w (—w < z < w), thickness d (—d < z < 0) and length L >> w.
The external field H is applied along the z direction. We assume that the cur-
rent density within the sample has only one component j = (0, jsgn(z),0),
of a constant magnitude. The Biot-Savart law implies:

oot o[l e
. = H +(jd/c)G.(z, 2), (9)
B, = 2?] » [—2 arctan (Z—Lz’.) + arctan (:j;) + arctan (::z )J d2'
= (Jd/c)Ga(z, 2), (10)

where G,(z, z) and G;(z, z) are dimensionless geometrical factors. In Fig.
7 we show Gz, G,, at z = 5um for the ratio w/d = 1, which approximately
corresponds to both of our crystals.
According to Egs. (9) and (10),
2 2
6= B = Cz . (11)
B} [H/(jd/c) +G.f°
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Figure 7: The geometrical factors G, and G, as a function of r/w at
z =5 um, for w/d = 1, corresponding approximately to samples Y1 and Y2.

For the remanent state H = 0 and § is a pure geometrical factor. Fig.
8 shows the correction factor v = /1 + 6 for the remanent state, calculated
for different ratios w/d = 2, 1, and 0.25.

Figure 8: The correction factor v = +/1+ 6 as a function of z/w at
z =35 pm, for w/d =2, 1, 0.25. For samples Y1 and Y2, w/d =~ 1.

Evidently, the range for which the correction factor is most significant
is around the neutral line, and it shifts toward the edge of the sample as
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w/d decreases. Inspection of Eq. (11) shows that application of an external
field suppresses the increase of §, thus increases the range for which the
correction factor is approximately 1. The correction factor in the presence
of an external field can be accurately calculated in the following way: Fitting
of the measured profiles of B, to Eq. (9) yields j. This is a2 one parameter
fit since H, G, and d are known. Thus, § can be calculated using Eq. (11).
Calculation of é for sample Y2 in a field of 2 kG shows that § =~ 1 over the
whole range.
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