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Creep of magnetic flux lines in a c-axis-oriented powder specimen of YBa,Cu;0,; was measured at
temperatures of 5< 7 <50 K for fields in the range 0.1 <H <4.0 T. Under most conditions, the
magnetization M (T, H) was found, after sufficiently long times ¢, to decrease linearly with Inz. But
at higher temperatures, this linearity was not observed up to t=1.2X 10* sec. An apparent flux-
pinning potential U§ can be calculated using the relationship Uy =kT{dM /[M d(Int)]} . The
value of U§ at 1.0 T was found to vary from ~20 to ~ 130 meV at 5 and 35 K, respectively, and
also to increase with H. These results are not consistent with the expected temperature dependence
of the true pinning potential U,, and the difficulties in the use of the above relationship to determine

U, for YBa,Cu;0; are identified.

I. INTRODUCTION

Soon after the discovery of high-temperature oxide su-
perconductors, Miiller et al.! found a large relaxation in
the magnetization of (La,Ba);CuO, and argued that this
behavior was a consequence of a superconducting glassy
state. Following this, extensive studies of flux creep,
mostly on YBa,Cu;0,, were carried out by a number of
groups.>"!! Particularly, based on a study of magnetic
relaxation of a single crystal of YBa,Cu;0,, Yeshurun
and Malozemoff® pointed out that the result could be in-
terpreted as a consequence of classical thermally activat-
ed flux creep (originally proposed by Anderson'?). (In-
dependently, Dew-Hughes has also proposed a possibility
of large thermally activated flux creep in these oxides.")
Using Bean’s critical-state model,'* the flux-pinning po-
tential U, in a YBa,Cu;0; was estimated to be ~20 meV
for a small applied magnetic field parallel to the c¢ axis
(H||c).® (Note that this is a revised value from that found
in Ref. 6.) More recently, Griessen et al.!® also reported
that U,=~25 meV for a highly textured thin film of
YBa,Cu;0, in 1.0 T and Hljc. They have also reanalyzed
the flux creep data of Yeshurun and Malozemoff® in ac-
cordance with their theory of flux creep and found
U, =65 meV.!>16 However, in conflict with the above-
mentioned values, Kes et al.’ determined U, to be ~1
eV in a YBa,Cu;0; film. This value was determined, util-
izing measurements of the ac resistance of a thin film at
high temperatures, by application of a model!”!® based
on flux line pinning at the twin boundaries. Further-
more, based on dc resistivity measurements, Palstra
et al.'® reported that the potential (activation) energies
in a single crystal of YBa,Cu;0; are much greater (~1 to
17 eV depending on applied magnetic fields) than those
previously reported. In addition, they found that U, is a
strongly decreasing function of H. More recent studies
by others,?°~22 as well as Palstra et al.,?> have reexam-
ined the activation energies U, determined from resistivi-
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ty measurements. In these analyses, the temperature
dependence of U, as well as nonlinearity in the variation
of the potential with the force on a flux line?! (see Sec. II)
were introduced, and the values of Up which were ob-
tained were approximately 1-4 eV (for H=1-4 T) in
YBa,Cu;0,. Finally, Nikolo and Goldfarb** reported U,
for grain boundaries of ~12 eV (H =0) and ~1.2 eV
(H =10 Oe) by measuring the frequency shift of the sus-
ceptibility ¥’ as a function of temperature for a polycrys-
talline YBa,Cu;0,.

It is notable that, in the above review, the estimated
values of U, can vary by nearly three orders of magni-
tude depending on how they are determined. Here, we
report an analysis of creep measurements in pure
YBa,Cu;0; in an attempt to clarify this large discrepan-
cy. The result is discussed in terms of a model for flux
creep by Beasley et al.?> as well as of more recent
theoretical developments on the flux creep.”!>16

II. THEORETICAL BACKGROUND

A. The critical state model

Before summarizing the theories of the flux creep in
the type-II superconductors, we restate the basis for the
critical-state model since this model is often used to ana-
lyze the measurement of magnetic hysteresis and flux
creep in the type-II superconductors.

The basic assumption of the critical-state model is that
a superconductor is capable of sustaining virtually loss-
less currents up to a critical current density J.(B), but
not beyond.!*?® If the magnitude of the current flow
throughout the entire specimen is J,.(B), it is said to be in
a ‘“‘critical state.” It is assumed that there exists a rela-
tionship J,(B) such that the critical current is solely
determined by B at any point in the specimen. Although
this model is on many occasions associated with J_.(B) be-
ing independent of B as originally proposed by Bean,'
the dependence of J, on B can be a more general function
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of B as shown by Fietz et al.?® Bean’s model is particu-
larly useful for H >>H),, where H, is the external field at
which the magnetic field penetrates throughout the speci-
men. In most applications of the critical-state model, the
equilibrium (or reversible) magnetization M, is not in-
cluded. This is a useful approximation only for materials
with very high current densities. On the other hand, the
equilibrium magnetization cannot be neglected when the
nonequilibrium (irreversible) magnetization becomes
comparable to the reversible portion, as in the case in the
oxides at high temperatures.

It must be emphasized that the critical state is very
vaguely defined, e.g., ‘“‘sustaining virtually lossless current
, ..., as mentioned earlier. This inexact description is
acceptable for the high-J, practical metallic supercon-
ductors, since flux creep is generally very slow in these
materials. For example, the reduction in magnetization
at 0.3-2.0 T at 4.5 K is less than a few percent in a 3-h
period for state-of-the-art NbTi and Nb;Sn wires.?’” On
the other hand, flux creep can result in a 10-35% or
greater reduction in magnetization in the same period for
a YBa,Cu;0, specimen. Thus, in cases where magnetiza-
tion continues to decrease it is impossible to determine at
what time the critical state is established in a given speci-
men. In this study, for convenience, we assume that the
critical state is established when the change in magnetiza-
tion becomes linear with Int and the creep rates for in-
creasing and decreasing H are approximately equal.

A final aspect of the critical-state model which should
be kept in mind is the fact that the model is likely to be
valid at magnetic fields substantially greater than the
penetration field H, (at which the specimen is fully
penetrated by the field). Although the model can, in
principle, be applied for H~H, or H <H,, in these low-
field regions the magnetic field gradient VB is steepest
and varies rapidly with depth in the specimen. Thus in
these cases it may be difficult to ascertain the establish-
ment of the critical state. On the other hand, at higher
fields, VB is a much more slowly varying function of the
position, and the critical state is likely to be easily estab-
lished. Furthermore, the establishment of the critical
state (which is based on the assumptions stated above)
can easily be checked by observing whether the condition
|VB|* ~|VB| ™ is established (or, in our case, the condi-
tions for the rates of flux creep, R *~R7), where + and
— indicate these values for the case of increasing and de-
creasing field at a given value of H. Another benefit of
making the creep measurements at higher fields
(H>>H,) is the fact that the specimen is thoroughly
penetrated by magnetic flux lines so that the effects of
demagnetization due to nonideal specimen shapes be-
come negligible.

B. Flux creep

The first detailed theoretical analysis of flux creep in
type-II superconductors, given by Beasley et al .2 in
1969, will be summarized here. More recent develop-
ments, particularly those by Hagen and co-workers!> 16
which are said to be applicable up to higher tempera-
tures, are briefly reviewed.
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According to the critical-state model, as shown by
Freidel et al.,?® the driving force on the flux lines arising
from the gradient of B in a superconductor placed in an
an applied field H is given by F=yBJ/c=—yBVB /4,
where ¥y =0H(B)/dB. The gradient VB is established
due to the fact that the flux lines are pinned against po-
tential barriers in the specimen. At 7 >0, these can
creep along the gradient by thermally activated motion
between pinning sites at a rate of

v=yvge "U/KT (1)
where v, is an attempt frequency and U is an effective
pinning energy which depends upon the driving force
F < BVB. A linear approximation to this dependence,

U(F)=U,—FVX ,

is often used'? where U, is the height of the energy bar-
rier (or pinning potential) at F =0, and ¥ and X are the
activation volume and the width of the barrier, respec-
tively. By solving the continuity equation for conserva-
tion of flux, dB /dt=—V-D, for cylindrical geometry
where :

D=—(VB/|VB|)Bwvye Y(B,|VB|/kT)

and w is a distance which a moving flux bundle travels
per jump, it was found?® that the total flux ¢ in the speci-
men as a function of ¢ is given by

d=do— A In(t/ty) , 2)

where ¢, is an arbitrary reference time, A is a factor in-
dependent of ¢, and ¢, is ¢(¢,). Then, the creep rate R' is
given by

R'=d¢/d Int=—(1)wkTp*dU /3|VB|)"(1£8), (3)
where p is the radius of the cylindrical specimen and &
(assumed <<1) is a function of VB and dU /3|VB|. The
+8 accounts for the two cases R’ for increasing or de-
creasing H. The calculation was also based on the as-
sumption that U /kT >>1.

Equation (3) can be reduced to a form suitable for ob-
taining an apparent pinning potential U§ from the mea-
sured magnetization. Noting that

(¢/mp*)=B=H—+47M ,

where M is the irreversible portion of the magnetization,
and that the screening current density, and thus the mag-
netization M, is proportional to the flux gradient VB, Eq.
(3) becomes

1 dM _ kT

S S— T 4
Us 4)

M dInt

U} =—|VB|(3U /3|VB]) is an apparent pinning poten-
tial whose relationship to the true pinning potential U,
depends upon the nature of the U versus driving-force re-
lation, which has customarily been assumed to be linear.
It should be noted that Beasley et al.?® correctly pointed
out that this is almost certainly not the case, and U is
more realistically represented as shown in Fig. 1. We
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have made explicit calculations for a wide variety of as-
sumed shapes and spacings for potential wells, ranging
from closely spaced double wells to widely spaced isolat-
ed wells, with shapes ranging from very sharp to very
flat, and the results show that to a good approximation

U(B,VB)=U,(B)X(1—VB/VB,,)" (5)

with 2 <n <2, where VB, corresponds to the max-
imum force which the pinning potential can sustain in the
absence of thermal activation, i.e., VB ,, =VB(T =0 K).
Thus, the apparent pinning potential Uj, which appears
in Eq. (4), is given by

VB (n—1)

VB max

\__VB
VB

Ug ~nU, ©)

max

Note that only if the potential versus driving-force curve
[Eq. (5)] is linear (rn=1), and then only when
J (T)=J_(0) so that VB /VB_,, ~1, does Uj equal the
true pinning potential U,. Our model calculations show
that n > 1 is more realistic than n =1, so that U} is ex-
pected to be smaller (perhaps by a large factor) than U,
as first pointed out by Beasley et al .2 (The apparent
pinning potential Ug from Eq. (4) is related to the ap-
parent pinning potential U, of Beasley et al.,?* shown in
Fig. 1, by

Uy=U+U}
~UE[1+(n—1)VB/VB,,,)1/n(VB/VB,..) .

The two coincide only at VB=~VB_..; ie., when
J (T)=J_(0).)

Recently, based on a model of granular superconduc-
tivity, Tinkham and Lobb? arrived at a relationship be-
tween a pinning potential and creep rate which is identi-
cal to Eq. (4). In addition, Hagen and Griessen!%16:30

have also pointed out that Eq. (2) is nonphysical for the
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FIG. 1. A schematic representation of the pinning potential
U as a function of the field gradient VB for a constant B. The
shaded region represents the critical-state region. [After Beas-
ley et al., Ref. 25.]
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limits of #—0 and t— o« and proposed an expression
(based on the assumption of a linear potential versus
driving-force curve)

M()=M,[1— (kT /U,)In(1+¢ /7,)] @)
for M /M, > 0.05, where My=M (¢t =0) and
M (t)=My(2kT /U, exp[ —2e — U, /kT(t /75)]  (8)

for M/M,<0.05. Here 7, is a relaxation time and
1076<7,<107!2 (see Refs. 15 and 16). These relation-
ships are based on a Monte Carlo simulation,*® without
the restriction of U/kT >>1. Then, in the most readily
accessible time spans for the experiments, the barrier
height is expressed as

1 am
Mo d Int

—1
Up’l‘_kT +1n(t0/7'0) ) (9)

where ¢, is the time of the first measurement after setting
H. It was noted by Hagen and co-workers. 16 that 7, is
uncertain, but argued that the error due to this uncertain-
ty is approximately 10% since it is in a logarithmic term.
Then, Eq. (9) is essentially identical to Eq. (4) except the
magnetization M,=M/(t,) in Eq. (9) is its value at t =¢,
while, in Eq. (4), M is time dependent, i.e., M (¢). We will
show later that this difference is a relatively minor one in
most cases. Thus, in the following we analyze the present
creep data according to Eq. (4). It should also be pointed
out that the pinning potential, which is calculated using
Egs. (7)-(9), is a potential similar to U, or U§ as defined
in Fig. 1 rather than U,. This is due to the fact that
Hagen and co-workers'> 16 have employed a linear poten-
tial U(VB)~U,—BVBVX rather than a nonlinear
U(VB) as discussed earlier.

III. EXPERIMENTAL PROCEDURES

The specimen used for this experiment was prepared
by sintering appropriate amounts of Y,0;, BaCO;, and
CuO powders, as previously described.’! Superconduct-
ing, structural (x-ray and neutron diffraction), and mi-
crostructural (transmission electron microscopy) charac-
terizations indicated that this specimen is “high-quality”
YBa,Cu;0,.3! For example, transmission electron mi-
croscopy shows that the twin-boundary spacings are, in
general, very large (R 200 nm) and the twin-boundary-
layer thickness is approximately 1.0 nm.*?> Alloying
YBa,Cu;0; (replacements for Cu), or removal of oxygen
was found to increase the boundary layer width. This
suggests that narrow boundaries are a sign of a “better”
specimen. The grains of the sintered specimens are also
found to be very large, e.g., ~40 um in the a or b direc-
tion. The critical temperature (T,) measured by ac sus-
ceptibility (200 Hz) was 90.5 K AT,.~~2.5 K, while the
resistive T, was 92 K with AT,~0.2 K. The normal-
state resistivity at 100 K was 250 uQ cm.

For the measurements of magnetic properties, the sin-
tered specimen was ground to a particle size less than
~38 um (—400 mesh). The average particle size was
determined to be ~30 um by analyzing the images of the
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particles from a scanning electron microscope. In order
to orient the powder in the “c” direction, the powder was
mixed in a 5-min epoxy, cast in a mold and held at H=28
T.333% To determine the degree of orientation of the
powder, a transmission Laue pattern of the composite
was taken along the direction perpendicular to the c axis.
It exhibited very strong single-crystal-like reflection
spots, although very weak rings were also observed in the
background. Measurements of magnetic hysteresis and
H_, of the composite also showed strong anisotropy in
two perpendicular directions. These results indicated
that the particles in the composite were predominantly
aligned along the c axis.

For measurements of magnetic properties, a supercon-
ducting quantum interference device (SQUID) magne-
tometer (Quantum Design) was used. Unless carefully es-
tablished procedures were followed in measuring magnet-
ic properties of superconductors, particularly magnetic
hysteresis and flux creep, erroneous magnetic moments
and creep rates could be obtained. Thus, we describe the
exact procedure followed in measurements of the hys-
teresis and the flux creep. (1) The scan length, the dis-
tance which a specimen travels through a set of detection
coils, is set at 30 mm. This relatively short travel mini-
mizes the magnetic field variation in which a specimen
travels. Variation in H at this setting is estimated to be
<0.05%. (2) After a temperature is set, the external
magnetic field is increased by small increments from zero,
i.e., 0.02 T steps for H=0.1 T, 0.05 T steps for
0.1<H =1.0T, and 0.1 T steps for H>1.0 T. This pro-
cedure avoids an overshoot in H, which can also give er-
roneous results. Hysteresis was measured at various tem-
peratures. (3) Flux creep was also measured during the
hysteresis measurement by stopping at several magnetic
field values and measuring the magnetic moment as a
function of time as shown in Fig. 2. The creep data were
limited to times $1.2X10* sec and were taken at

30 T T LA T T T
* YBazCu307
G 20 . . I B
4 CIIH T=20K
E 0feseer’ .
) i G ©
5 ol-. . .......n..._.._
-*c-; '-o-o--....‘ [
g °r . b
s} . . b
g L s ® |
ON K
—_30 1 1 | 1 1 1 1

-08 -06 -04 -02 00 02 04 06 08
Magnetic Field H (T)

FIG. 2. A Magnetic hysteresis for a YBa,Cu;O; powder
which are aligned in the “c” axis and H||“C”. The markers a, b,
¢, and d are the values of H where the flux creep was measured.
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H=0.1, 0.5, 1.0, 2.0, 3.0, and 4.0 T for increasing as well
as for decreasing field portions of the hysteresis. For
practical reasons, the hysteresis and the creep data for
H=<1.0T,1.0=H=<3.0T,and 2.0 <H =5.0 T are taken
separately. An example of the magnetic hysteresis curve
for the specimen is shown in Fig. 2. The flux creep at
each field examined (H >~ =0.1 and 0.5 T) is clearly ob-
servable as the magnetization decreases as a function of
time at a fixed H.

Since both spatial and temporal uniformity in applied
magnetic fields are crucial for accurate determination of
magnetization and flux creep in superconductors, we
have also performed the following tests to ensure that the
aforementioned procedure provides accurate measure-
ments of flux creep in these specimens. The first of these
is to test the effect of the spatial magnetic field nonunifor-
mity through which the specimen travels during a mea-

surement cycle. In order to test this, the flux creep rate

at 2 T was measured with a scan length of 20 mm, where
AH ~0.005%, instead of AH <0.05% for a 30 mm scan.
Although the calibration for magnetic moments is not ac-
curate for the entire field range at this scan length (how-
ever, at 1 and 2 T, the measured moments using 20- and
30-mm scan lengths are essentially identical), the creep
rates using these scan lengths may be reliably compared
to determine the effect of AH on the rate. The result in-
dicated that there was no observable difference in the
rate, at least at the detection levels of this measurement
for this study. Furthermore, we have carefully examined
the shape of the wave form from the detection coils at
different sensitivities since, particularly for a short scan
length (e.g., 30 mm), the correctness of the measured mo-
ment is heavily dependent on the wave shape. We found
no detectable deformation of the wave form in the range
of sensitivity which was used for this study.

The second test is to determine the temporal stability
of the measurement system consisting of a SQUID detec-
tor and a magnet system. First, using Pd and MnF
(NIST standard reference specimens), we have measured
the magnetic susceptibility of these materials as a func-
tion of time using the creep measurement procedure al-
ready described for magnetic fields from 0.1 to 4.0 T in
increasing and decreasing cycles. Although it is not al-
ways consistent, in general, the values of the moments
from our standard decreased by ~0.15% during a 15-30
min period and then stayed constant. In order to deter-
mine whether the variation in the susceptibility is due to
the magnetic field or the SQUID system, a Hall probe
was placed in the center of the magnet and the variations
in H with time were measured. For this measurement, a
highly stable current source for the Hall probe as well as
a “12-bits” digital oscilloscope were employed. The re-
sults of this test indicated that the field is stable to less
than 2 G (considered to be the limit of detectability of the
present field measurement system) in a 1-h period, and no
overshoot was seen. Thus, we ascribe the observed varia-
tion in the susceptibility primarily to the (SQUID) sys-
tem. This is likely to be due to the fact that the SQUID
and the detection coils have to be disconnected every
time the external field is changed and reconnected before
the measurement is taken.
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IV. RESULTS AND ANALYSIS

In this section, the results of the flux creep measure-
ments for an oriented powder of YBa,Cu;0, are analyzed
in order to be suitable for discussion of the pinning po-
tential as described by the theories!>!%2 discussed ear-
lier.

The flux creep, as observed by the measurement of
magnetic moments, as a function of Inz is illustrated in
Fig. 3 for several temperatures. As shown in the figure,
magnetization appears to decrease linearly with In? in
most cases here. However, as temperature is increased
and/or the vertical scale is expanded, deviation from this
linear relationship becomes increasingly evident, particu-
larly at short times and at low fields. These are illustrat-
ed in Figs. 4(a) and (b). In some cases, there was no linear
segment in an M (¢) versus Inz plot, for t $1.2X 10* sec,
e.g., 4(b). In those cases for which M (¢) does not follow a
linear Int dependence, M (¢) was also plotted as a function
of exp(—at) as suggested by Hagen and co-workers.!> 16
However, we did not find a tendency for M (z) to follow
an exponential dependence. In fact, M (¢) was approxi-
mately linear with (Inz)~! in these cases.

From the data as shown in Figs. 3 and 4, the creep
rates dM /d Int can be calculated and are shown as a
function of temperature in Fig. 5. As shown by oth-
ers,” 8 the rate has a maximum as a function of tempera-
ture for small applied fields, e.g., H=0.1 T. However,
for higher values of applied fields, dM /d Int is a mono-
tonically decreasing function of T for T>5.0 K as also
observed Griessen et al.!° Since dM /d Int depends on
M and dM /d Int is greatest at H,,, for which M is a max-
imum (H,, ~H,), a peak in dM /d Int is observed as a
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FIG. 3. An example of changes in magnetic moments with
Int at H=0.5 T and T=10, 20, 30, 40, and 50 K.
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FIG. 4. Examples (a) and (b) show the decay in magnetic mo-
ments which are not linear with In7 for the entire period. In the
case of (b) no linear segment was found.

function of T if H is chosen such that H <H,, at the
lowest temperature of the measurement. In fact, at these
low values of H, the results of the creep measurements
are less suitable than those at higher magnetic fields for
determination of Ug. The linear dependence of M on Int
is less accurately linear and the difference in dM /d Int

dM/d(Int) (emu)

T (K)

FIG. 5. Temperature dependence of dM /d(Int) for H=0.1,
1.0, and 2.0 T. A peak in dM /d Int was found when H <H, at
a low temperature. '
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for increasing H and decreasing H ™~ becomes greater
than for a higher value of H. This suggests that the criti-
cal state might not be well established under these experi-
mental conditions for this specimen. This is perhaps due
to a steep gradient in B in the specimen at these low mag-
netic fields. For this reason, the present calculations of
the pinning potential were limited to the measurements
for H>1.0T.

In order to analyze the creep data using the theories
discussed earlier, it is necessary to determine the values
of the irreversible portion of magnetization, i.e.,
M, . =(M —M,), which drives the time-dependent
critical-state current in the specimen. This was not ex-
plicitly treated earlier. But, for the present case, where
the values of M, and M, are comparable, it is important
to use M, for M in Egs. (4) and (9). First, we note the
following relationship?® assuming the critical state is es-
tablished,

4r(Mt+M")=~2(47M,) (10)
and
dar(MtY—M " )=4rAM=87(M*—M,)=2kJp . (11)

The first is a simple way to determine M, from a magnet-
ic hysteresis at a given H and the second is the commonly
used relationship to determine J, from a magnetization
measurement for a cylindrical geometry where p is the ra-

dius of the specimen and k is a constant depending on the.

units used. Again, + and — indicate the value of M
which was measured in the increasing and decreasing
portion of the hysteresis, respectively. Since, as shown in
Fig. 4(a) and (b), in many cases M (t) is not proportional
to Int for the entire time period of a creep measurement,
we will determine ‘‘instantaneous creep rate”
(1/M)(dM /d Int), rather than [1/M(t,)](dM /d Int).
[The use of M(t,) instead of M in the creep rate did not
change the essential nature of the present result.] In
practice, we calculate the creep rate,

R;=dM;;/[(M;—M,)d(Int);],
where

dM;;=M;—M,
and

d(Int);;=Int; —Int;

and i and j are the consecutive points in the creep mea-
surement. Here we assume M, to be time independent.
In some cases, Ri+ and R, are greatly different, and then
M, as determined by Eq. (10) is not constant with t.
However, if M, is determined using the last few points in
the process of the creep measurements, i.e., Int ~8-10,
the value of M, is likely to be a good approximation for
the reversible magnetization.

Also, in order to determine an average rate of flux
creep for the increasing and decreasing portion of the
hysteresis at a given applied field, we use (R;)
=1(R;" +R;”) as shown in Ref. 25. This will eliminate &
in Eq. (3). In addition, R;" and R, are used to estimate
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FIG. 6. The instantaneous creep rate (R;)=1/2(R;* +R;”)
as a function of Inz. The figures such as these were used to
determine (R ), =(dM /Md Int) for calculating U}.

8 as 6=(R;"+R, )/2. It was found that the values of &
at 1.0 and 2.0 T were less than ~0.15 for all measure-
ments except for two sets. However, significantly larger
values of 8 were observed at 0.1 and 0.5 T for most of the
cases. Finally, the values of (R;) are plotted as a func-
tion of Int and examples are shown in Fig. 6. In general,
(R;) was constant in In¢ for low-temperature and high-
field data, e.g., Fig. 6(a). As the temperature is increased,
the deviation in (R;) from a constant value increases,
particularly for small values of Int. Also (R;) deviates
significantly before establishing a constant value for a
large Int as shown in Fig. 6(b). For calculation of U§ in
Eq. (4), we used the average value (R ),,, determined
from plots such as Fig. 6. The solid lines in the figure in-
dicates the values of (R ), for these two sets of data.
From the values of (R ),, the apparent potential bar-
rier U¢ for the flux motion is calculated (Ug
=—kT(R); ") and plotted in Fig. 7 as a function of T
for H=1.0 and 2.0 T. The creep rates were also mea-

T T T T T T T T T

150 — —
% — =
b IOO_— —
xo 7]
o — -
: H(T) :
50— e |.0 —
- o 2.0 —
O_ 1 ] ] 1 1 1 1 | 1 1 ]

O 5 10 I5 20 25 30 35 40 45 50

T(K)

FIG. 7. The apparent flux pinning energy as a function of
temperature.
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TABLE I. Magnetic field dependence of the apparent pin-
ning potential U (meV).

H(T)
T (K) 0.5 1.0 2.0 3.0 4.0
10 28.7 28.5 30.1 36.7 41.4
20 35.8 41.0 55.5 73 83

sured for the same specimen at 3.0 and 4.0 T for 10 and
20 K. The calculated values of Uj for these fields are
listed in Table I. The interpretation of these results are
discussed in the following section.

The present measurements of (R ), and thus U{ for
1.0 and 2.0 T, were limited to T <35 K due to the re-
duced signal and to the increased nonlinearity in the
(1/M)dM /d Int at high temperatures. In order to study
the creep at higher temperatures, a specimen with large
grains, and thus larger particle size, and a larger total
mass than the present one ( ~ 15 mg) is being prepared.

Finally, the widths of the magnetic hysteresis,
AM(H)=(M*—M ") [see Eq. (11)], which are propor-
tional to critical current densities, are determined for
H=0.1,1.0,and 2.0 T at t =12 000 sec and are plotted as
a function of temperature in Fig. 8. As will be discussed
later, in the interpretation of the measured U it is im-
portant to find the values of J.(T)/J.(0) and this figure is
used to approximate this ratio for the present case. How-
ever, one possible difficulty in the use of J,, as determined
by magnetic hysteresis for YBa,Cu;0,, is that the ob-
served rapid decrease in AM(H) with increasing T may
be strongly influenced by the weakening of defects such
as twin boundaries with increasing temperature where
magnetic fields penetrate. Thus the magnetization is re-
duced by the subdivision of the specimen. If this is the

10 T — T T T
N + YBa,Cuz0, ]
¢ uH
i t = 12000 sec.

o
~
=]
Lol \ -
- - + .
=
I | \ i
+
+ 0T
o LOT
e 2,07
OJ 1 1 1 1 1
0 10 20 30 40 50 60

TEMPERATURE (K)

FIG. 8. The temperature dependence of the magnetic hys-
teresis width AM(H) for H=0.1, 1.0, and 2.0 T.
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case, the temperature dependence of J.(T) in Fig. 8 does
not represent the reduction of J, due to effective “weak-
ening” of the pinning potential by the increased thermal
activation. Thus, this result may not be appropriate for
use in the interpretation of Uj. However, at this point, it
is not clear whether the twin boundaries are breaking
down at the field and temperature ranges of the present
study.

V. DISCUSSION

Various aspects of the temperature and field depen-
dence of the apparent barrier height U§, which was
determined as described earlier, require some discussion.
First, the low-temperature values for U§ (~20 meV) are
in good agreement with those obtained for a single crystal
and for a highly-textured film by Yeshurun et al.°"% and
by Griessen et al.,!° respectively. However, as the tem-
perature is increased, the values of U§ unexpectedly and
sharply increase up to ~120 meV at 35 K. If U ~U,
(the true pinning potential), it is expected that U§ will
slowly decrease with increasing T until T'~7, where it is
expected to rapidly decrease to zero. Moreover, as
shown in Table I, in the limited range of H for which we
have measured U§,Uj increases with H. This is in con-
trast to the observation made by others,'*%* i.e., the ac-
tivation energy was a strongly decreasing function of H
for single crystals of YBa,Cu3;0, and Bi-Ca-Sr-Cu-O, as
determined by a high-sensitivity resistance measurement.
On the other hand, Yamafuji et al.3® suggest a possibility
for U, to increase slowly with temperature. This propo-
sal is based on a pinning barrier which was calculated for
a magnetic-flux lattice, rather than for a single flux line
or a bundle of flux lines as assumed for the discussion in
Sec. II. However, the predicted increase in U, with T
was too slow to account for the present observation.

Thus, one is forced to ask what is the significance of
the apparent pinning potential U§ as determined by the
measurements of the flux creep rates combined with Eq.
(4)? [Again the use of the alternate Eq. (9) for determin-
ing U{ does not change the essential nature of Fig. 7.] A
likely possible cause for this puzzling result may be found
in the discussion of Fig. 1 in Ref. 25. (This figure is
reproduced in our Fig. 1.) As described, the flux creep
dM /d Int or d¢/d Int is proportional to (3U /d|VB]),
see [Eq. (3)] under the conditions of the experiment. At a
given temperature, there will be an apparent critical
current density J, and an equivalent gradient
|VB.|=4nJ_/10, and the creep rate is then determined
by the value of 90U /3|VB| at |VB|,, as illustrated in Fig.
1. This is also equivalent to the use of the equation
U=~U,—FXV, as is commonly done. As pointed out by
Beasley et al.,? this U, is not the maximum depth of the
given pinning potential U,, but is simply an intersection
of the tangent (3U /3|VB/|) at VB ~|VB|_ ~J, and the U
axis. A casual observation of the figure may lead to the
conclusion that the observed temperature dependence of
Ug is merely the variation of U,, as shown in the figure,
as the operating value of J, is decreased with increasing
temperature. Furthermore, the magnetic field depen-
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dence of U§, as shown in Table I, may also be explained
in a similar manner. Thus, the results shown in Fig. 7
only indicate that the maximum depth of the potential in
this specimen is greater than ~ 120 meV, and this is not
inconsistent with other measured values of the pinning
potential.!®"2* In addition, a preliminary measurement
of U§ for a large grained and textured polycrystalline
specimen of YBa,Cu;0, indicates a similar increase in
U with increasing temperature, from 10 up to 60 K and
a rapid decrease beyond ~60 K.*® This further appears
to support our interpretation of the U versus T based on
the theory by Beasley et al.?* Unfortunately, however, a
more careful examination of the steps leading to Eq. (4)
indicates that there are some serious difficulties with the
use of Eq. (4) for the present case in relating the creep
rate (1/M)(dM /d Int) to the pinning potential. One of
these is the fact that the approximation,

|VB, (U /3|VB|), =U,=~U}

(where U, is defined in Fig. 1), is only applicable for
J (T)=J_.(0) or T=0 K. [See the discussion following
Eq. (6)]. As shown in Fig. 8, even at T=5 K the ratio of
J. (5 K) to J,(0) at for example, 2.0 T is approximately
0.6. The above assumption, used by Beasley et al. in sim-
plifying Eqgs. (3) to (4) in order to obtain U, is not valid.

Perhaps, a more serious difficulty in the attempt to in-
terpret the present result in terms of the theories dis-
cussed above, is the fact that for a wide variety of pinning
potential wells leading to a curve of U versus VB curve
such as shown in Fig. 1, the intercept U, increases with
increasing temperature at a nearly infinite slope at
|VB|,. or T=0 K instead of the near zero slope sug-
gested by the temperature dependence of Ug in Fig. 7;%
i.e., these calculations would lead to a curve of U§ versus
T, which is concave downward rather than upward as
seen in Fig. 7. Thus, at this time, it appears that the
equation, which was developed to relate the flux creep to
the pinning potential, is not suitable for the present case
of YBa,Cu;0,. However, it is also possible that this
difficulty is partly due to the unsuitability of the specimen
for a simple interpretation of magnetization, i.e., whether
each particle of YBa,Cu;0; is behaving as a uniform sin-
gle particle or a particle subdivided at the twin boun-
daries. In order to clarify some of the preceding prob-
lems in regard to the interpretation of the flux creep as
measured by magnetization, a study of NbTi and Nb;Sn
wires is being conducted.?’

One method, which was not considered here, for
analysis of the present creep data to deduce the pinning
potential is to consider a distribution in energy of the pin-
ning potential. Since the sizes and the types of the crys-
tallographic defects in a specimen vary, the strength of
the pinning potential is expected to vary from one site to
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another, resulting in a distribution of the pinning energy.
This effect was considered by Hagen and Griessen.?®
However, for the present analysis, we have not con-
sidered this possibility since some of the observed trends
in U, such as its magnetic field dependence, are unrealis-
tic and suggest either that the present theory of the flux
pinning is not applicable to the oxide or that the varia-
tions in the moment as a function of temperature are not
due to uniform penetration of the flux in the specimen.

Another interesting question which is brought out by
this experiment is, what are the defects which pin the flux
lines in this flux creep experiment. The often discussed
candidate pinning sites are the twin boundaries'”*° in
YBa,Cu;0,. Flux decoration experiments*®*! indicated
that the flux lines are preferentially situated at the twin
boundaries. This suggests that the boundaries are strong
pinning sites. However, in this present experiment, the
individual particles of YBa,Cu;0, are single grains and
the twin boundaries extend across the entire particle.
Also, the spacings between the boundaries are large
(20.2 um).’! Thus, it is not likely that the twin boun-
daries are very effective pinning sites. If this is the case,
the values of U3} measured here may possibly be that for
point defects in the specimen, and for what is sometimes
called “intrinsic” pinning.*>*! This question will be ad-
dressed in detail elsewhere.

VI. SUMMARY

The temperature and magnetic field dependence of
magnetic flux creep were measured for an oriented
powder of YBa,Cu;0,. This result was used to reduce
the apparent flux pinning potential using a relationship

US(T)=~kT(dM /Md Int)~" .

It was shown, however, that it is difficult to relate the
values of U} to the true depth of the pinning potential,
U,. It is also not clear at this time whether this difficulty
is due to deficiency in the theories of flux creep or to the
uncertainty of the behavior of the twin boundaries or
possibly other defects in YBa,Cu;O; under magnetic

fields.
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