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Measurements of the magnetic-field distribution, flux penetration, and decay of trapped flux were
performed for a disc-shaped sample of YBa,Cu, ¢sFeg 050;-5 at 77 K. Time-dependent magnetic-
flux penetration, i.e., a decay of diamagnetic shielding and the Meissner field, was observed for
zero-field-cooled (ZFC) and field-cooled (FC) samples. The decays were found to be logarithmic in
time. The logarithmic decay rate of diamagnetic shielding depends on an applied magnetic field and
reaches its maximum at an applied field of about 30 G. The dependence of a trapped field versus an
applied field shows a maximum at an applied field of 100 G for the FC case and 200 G for the ZFC
case. The maximum amount of the trapped field is about two times less than that for a pure, un-
doped YBa,Cu;0,_; sample of similar dimensions. The logarithmic decay rate of the trapped field
versus the initial trapped field is described by a linear function with the change of its slope at the
trapped field corresponding to an applied field of about 30 G for both the FC and ZFC cases. These
results are related to the sample microstructure, i.e., grain size and porosity. Trapped field decays
can be explained in terms of the interaction between intergranular vortices and persistent current
circulating around normal regions or voids, in the framework of the conventional flux-creep model
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recently proposed by Hagen, Griessen, and Salomons [Physica 157C, 199 (1989)].

I. INTRODUCTION

Magnetic-flux pinning, flux motion, and its decay in
high-temperature superconductors have been studied
mainly by SQUID magnetometry,'”’ torque tech-
niques,®’ and high-resolution Bitter patterns.!® These
studies revealed that magnetic fields substantially less
than 100 G can penetrate into YBa,Cu;0,_g supercon-
ducting ceramics due to weak connections between grains
in polycrystalline samples. The presence of defects like
grain boundaries, twinning planes, normal regions, and
voids is responsible for very effective flux pinning.
Trapped flux and persistent currents circulating around
voids or nonsuperconducting regions contribute to the
remanent magnetization present in these ceramic super-
conductors.

Understanding these properties requires a description
of the magnetic structure of granular superconducting
ceramics, including the spatial distribution of the mag-
netic field across the sample, the nature of flux penetra-
tion and pinning, time decays of trapped flux, and their
response to changes of applied magnetic field. In this pa-
per we report studies of the magnetic properties of Fe-
doped YBa,Cu;0,_;5. Fe introduced into YBa,Cu;0,_;
reduces its orthorhombic distortion!! and lattice parame-
ter along the ¢ axis'>!® as a result of substitution on the
Cu and Ba sites. #1713 As the result of these properties,
superconducting ceramics of YBa,Cu,;_,Fe, O,_5 con-
tain more defects than those of YBa,Cu;O,_g, their
granular structure being characterized by small grain size
and large porosity. On the other hand, the superconduct-
ing transition temperature of YBa,Cu;_,Fe, O,_; de-
creases slowly with xg., reaching T,~=80-86 K at
Xg.=0.1.1213

One can, therefore, expect enhanced flux pinning, per-
sistent currents circulating around voids or normal re-
gions, and interaction between vortices and persistent
current that could influence the creep of magnetic flux
trapped in YBa,Cu;_,Fe, O,_5. We have studied the
magnetic properties of Fe-doped YBa,Cu;0,_4 for both
zero-field-cooled and field-cooled samples. We measured
the distribution of the magnetic field across the disc-
shaped sample in the presence of an applied external
magnetic field (up to 1000 G) and when the applied field
was removed, the magnetic field dependence and time
dependence of flux penetration and the trapped flux
creep. We discuss the results obtained, taking into ac-
count the sample microstructure, i.e., the presence of
normal regions or voids and their influence on the mecha-
nism of the flux penetration and the time decay of
trapped flux.

II. EXPERIMENTAL PROCEDURE

The measurements were performed on a disc-shaped
sample of YBa,Cu, ¢sFe;¢s0;,_5. The sample was
prepared by the solid-state reaction method from metal
oxides: Y,0; (99.99% purity), CuO (99.999% npurity),
Fe,0; (99.999% purity), and barium carbonate BaCO;
(99.995% purity). The powders were mixed, ground,
formed into a pellet, and reacted at 900 °C for 24 h. The
product was recrushed, reground, formed into a disc-
shaped sample (15 mm in diameter and 2.5 mm thick) un-
der a pressure of 7300 bars and sintered in flowing oxy-
gen at 925°C for 7 h. The pellet was furnace cooled at
the initial rate of 200 °C per hour. The sample has granu-
lar structure with a grain size around 1-3 pm and con-
tains a large amount of voids (size around 1-3 um) as ob-
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FIG. 1. SEM photograph showing the grain structure and
voids present in YBa,Cu, ¢sFej osO;_5. The scale bar marks 5

pm.

served by scanning electron microscopy (Fig. 1). These
voids occupy about 13% of the sample volume as deter-
mined by the measurement of the sample volume and
weight. The superconducting transition temperature at
zero resistance was found to be 90.3 K (Fig. 2). The
width of the superconducting transition is 1 K. ac-
susceptibility measurements gave a T, of 89.7 K.

The magnetic properties of the sample, i.e., the
magnetic-field distribution, magnetic-flux penetration,
and time decays of the trapped field were measured at 77
K with an axial cryogenic Hall probe (sensitivity +0.030
G) which was scanned along a diameter of the disc-
shaped sample. The sensitive area of the probe was equal
to 0.44 mm?. The axial probe measured the component
of the magnetic field perpendicular to the disc-shaped
sample at a distance of about 1 mm from the sample sur-
face. The probe was connected to a gaussmeter and a
computer-controlled system, which also allowed measure-
ments of fast time decays of magnetic flux. A solenoid
was used to generate magnetic fields in a direction per-
pendicular to the disc plane.
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FIG. 2. Resistance vs temperature curve. Zero-resistance
transition temperature equals 90.3 K.

III. EXPERIMENTAL RESULTS

Measurements of the distribution of the magnetic field
across the sample, the dependence of flux penetration on
the magnetic field and time, and time-dependent decay of
the trapped flux have been performed for zero-field-
cooled and field-cooled samples at 77 K. We have ana-
lyzed each case separately.

A. Zero-field-cooling case

Magnetic-field distributions measured across the disc-
shaped sample for different external applied fields are
shown in Figs. 3(a)-3(d). Upper curves show the distri-
bution of the magnetic field measured in the presence of
an external magnetic field over a range from 20 to 150 G
after zero-field cooling. These curves represent the di-
amagnetic shielding. Lower curves show the distribution
of the trapped magnetic field measured across the disc
after the external magnetic field was switched off. The
asymmetry observed for the flux distribution is mainly
due to local nonuniformities of the sample. The
magnetic-field distributions revealed the penetration of
the magnetic flux into the disc from the perimeter to-
wards its center at applied fields of up to 3040 G. Below
this field the trapped flux is mostly pinned along the disc
perimeter.

The dependence of the diamagnetic shielding field mea-
sured at the disc center on an applied magnetic field is
presented in Fig. 4. The shielding field exhibits a max-
imum at an applied field of around 20 G.

We observed a time-dependent decay of the diamagnet-
ic shielding. The fine dotted curves in Fig. 3 represent
the diamagnetic shielding (the upper curve) measured
after waiting more than 60000 s and the trapped field
(the lower curve) that remained in the sample after the
external magnetic field was reduced to zero at that time.
The dependence of the diamagnetic shielding on time
measured for different applied fields at the disc center is
shown in Fig. 5. These decays are logarithmic in time.
The logarithmic decay rate depends on the applied mag-
netic field (Fig. 6) showing a maximum at an applied field
around 30 G. Below 15 G and above 100 G the diamag-
netic shielding is nearly time independent.

The magnitude of the trapped field measured at the
disc center was found to depend on an applied magnetic
field (Fig. 7). It shows a maximum of 20 G at 150-200 G
of the applied field. Figure 8 shows decays of the trapped
field. These decays are also logarithmic in time. The log-
arithmic decay rate as a function of the initial trapped
magnetic field (corresponding to an applied field up to
150 G) can be described by a linear function with the
change of its slope at the trapped field of about 8 G, cor-
responding to an applied field of about 30 G (Fig. 9). The
dependence of the decay rate on the trapped field below 8
G corresponds to that measured for the undoped
YBa,Cu,0,_; superconductor. '

B. Field-cooling case

Distributions of the magnetic field measured across the
disc-shaped sample for different external magnetic fields
are presented in Figs. 10(a)-10(f). The upper curves
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show the magnetic field distribution measured in the
presence of external magnetic field over a range from 20
to 150 G after field cooling. These curves therefore
represent the Meissner effect, which is stronger along the
disc perimeter in external applied fields up to 40 G. The
lower curves show the distribution of the trapped mag-
netic field after the external magnetic field was reduced to
zero.

The dependence of the maximum Meissner field mea-
sured at the disc edge [see Fig. 10(a)-10(d)] on an applied
magnetic field is shown in Fig. 11. The Meissner field ex-
hibits a weak maximum at an applied field of around 40
G after which it increases much slower.

Time decay of the Meissner field measured at the disc
center was observed for different applied fields (Fig. 12).
Decays of the Meissner field are logarithmic in time. The
logarithmic decay rates do not depend on the applied
magnetic field and are quite small. Their value is approx-
imately 0.2 X 10~ ! G/decade, similar to those values ob-
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served for the decay of the shielding field below 15 G and
above 100 G of applied field.

The magnitude of the trapped field measured at the
disc center was found to depend on the applied magnetic
field (Fig. 13). It shows a maximum at an applied field
around 50 G. Figure 14 shows decays of the trapped field
for different applied fields. These decays are also loga-
rithmic in time. The logarithmic decay rate as a function
of the initial trapped field (corresponding to an applied
field up to 50 G) can be described (similarly to the zero-
field cooling case) by a linear function with the change of
its slope at a trapped field of about 16 G, which corre-
sponds to an applied field of about 30 G (Fig. 15). The
slope of this function below 16 G is about 30% of the
corresponding slope for the logarithmic decay rate versus
the trapped field in the zero-field cooling case; above a
trapped field of 16 G the slope is about two times larger
than in the zero-field-cooling case (Fig. 9).

The logarithmic decay rate of the trapped field versus
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FIG. 3. Magnetic-field distribution for the zero-field-cooled disc-shaped sample of YBa,Cu, ¢sFeg osO; -5 measured for different ap-
plied magnetic fields at 77 K: (a) 20.6 G, (b) 25 G, (c) 30 G, and (d) 146 G. The upper curves show the diamagnetic shielding (applied
field present). The lower curves show the trapped field (applied field reduced to zero). The fine-dotted upper curves show the di-
amagnetic shielding measured after a waiting time of more than 6X10* s. The fine-dotted lower curves show the corresponding
trapped field measured at that time. Modifications of the shielding field due to the vortex formation near the edges of the sample can

be seen. Distances —7.5 mm and + 7.5 mm mark the disc edges.
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FIG. 4. The shielding field vs the applied magnetic field mea-
sured for the zero-field-cooled sample at the disc center (open
symbols). The dots represent the shielding field measured after
60000 s.

98.0 . T T
ZFC; 77K
giok i
735 -
66.5 - i
490 -
(_j [ o e ]
O 420- -
@
L
o 315 o 1
-Oq-s ...... e e ——-
C ~ .
(@)
(3]
= - i
e - -
175} =
oo ® ————
T 1
- .
0 L | 1
10 102 103 104 105

Time (s)

FIG. 5. Time decays of the diamagnetic shielding field mea-
sured at the disc center for the zero-field-cooling case. These
decays are logarithmic in time.
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FIG. 6. The dependence of the shielding field decay rate on
the applied magnetic field for the zero-field-cooling case. The
dotted line shows the shielding decay rate for a ring-shaped
sample (I.D. 3 mm, O.D. 15 mm) of pure YBa,Cu30;_;.

the applied magnetic field for both zero-field-cooling and
field-cooling cases are shown in Fig. 16. The decay rates
are nearly independent of the method of sample cooling
for the applied field below 30 G. Above this field, the de-
cay rates for the field-cooling case are higher than the
corresponding decay rates for the zero-field-cooling case.
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FIG. 7. The dependence of the trapped field measured at the
disc center on an applied magnetic field for the zero-field-
cooling case: (a) applied fields up to 200 G and (b) applied fields
up to 1200 G.
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FIG. 8. Time-decays of the trapped magnetic field measured
at the disc center of the zero-field-cooling case. These decays
are logarithmic in time.

IV. DISCUSSION

We discuss next the relationship between the micro-
structure of the Fe-doped YBa,Cu;0,_5 sample and the
observed time decays of the diamagnetic shielding and of
the trapped flux. We explain how the dependence of the
trapped flux decay rate on an applied magnetic field
(0-1000 G range ) can be understood in a flux-creep mod-
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FIG. 9. Dependence of the trapped-field decay rate on the in-
itial trapped field measured for the zero-field-cooling case. The
dotted line shows the trapped field decay rate for a ring-shaped
sample of pure YBa,Cu;0,_5 (I.D. 3 mm, O.D. 15 mm). The
dashed line represents the trapped field decay rate measured for
a disc-shaped sample of YBa,Cu;0;_; for both the ZFC and FC
cases.
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el proposed recently by Hagen et al.,'® and in terms of
the interaction between intergranular vortices and the
persistent currents circulating around voids or nonsuper-
conducting regions. We analyze the time decay of di-
amagnetic shielding and the time decay of the trapped
flux separately.

A. Magnetic-field distribution
in the ZFC and FC cases

In the zero-field-cooling case both the shielding and the
trapped field are nonuniform at low fields. The shielding
is maximum in the center of the disc and less towards the
edges; correspondingly, the trapped field is larger at the
edges. The shielding field for applied fields above 20 G
shows modifications near the edges of the sample, which
are likely due to vortex formations [see Figs. 3(a)-3(c)].
These distributions are due to the large demagnetization
effect at the edges of a low-aspect-ratio cylinder.!”!8
Similar results were also observed in our earlier studies
on unsubstituted YBa,Cu;0,_; discs.!* For low magnet-
ic fields the trapped field is larger at the edges of the
YBa,Cu;0,_5 disc. The trapped field produces one uni-
form peak at the center of the disc for applied fields
higher than 45 G. In the Fe-doped YBa,Cu;0,_; this
happens for applied fields higher than 30 G [Fig. 3(c)].
Larger demagnetization effects in the
YBa,Cu, ¢sFe; (sO;_5 disc due to larger porosity and
penetration depth are responsible for the penetration of
magnetic flux at smaller applied fields.

In the field-cooling case we observe a partial Meissner
effect. At low applied fields, the Meissner expulsion is
largest near the edges of the disc; for larger applied fields
the maximum Meissner expulsion moves towards the
center. This effect can also be understood as being due to
the large and nonuniform demagnetization near the edges
of the disc. This leads to a gradient in the internal field,
and a consequent motion and loss of flux lines through
the edges. These effects are also similar to those observed
in our work on unsubstituted YBa,Cu;0,_g (Ref. 15) (in
the case of the YBa,Cu3;0,_s disc the demagnetization
effects at its edges are smaller and the Meissner exclusion
is uniform across the disc) and in the work by Dolan
et al.'® on YBa,Cu,0,_; using the high-resolution
Bitter-pattern technique.

B. Time decays

Whereas the field distribution for both the zero-field
and field-cooling case in the Fe-doped samples is very
similar to those observed in a pure YBa,Cu;0,_5 disc, we
observed characteristic differences in the time decay of
both the shielding field and of the trapped fields. In par-
ticular the shielding field decays with time for the inter-
mediate applied field range between 15 and 100 G; this
was not observed in a pure YBa,Cu;0,_z disc. More-
over, we observed characteristic changes in the rate of
time decay of the trapped field at an applied field near 30
G (corresponding to trapped fields of 8 G for the ZFC
case and 16 G for the FC case). An indication of the pos-
sible reason for these different behaviors was obtained
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when we investigated the magnetic behavior of a ring of
pure YBa,Cu;0,_; material.”” When the pure
YBa,Cu;0,_; disc was changed into a ring by drilling a
3-mm hole through its center, we observed qualitatively
very similar time dependences as described here for the
Fe-substituted disc. In particular, we also observed time
dependence of the shielding field in the same applied field
regions as observed here (Fig. 6); we also find the charac-
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teristic changes in the rate of the trapped field decay at
low fields (Figs. 9 and 15).!° These coincidences in behav-
ior are remarkable, and point to the fact that the time-
decay behavior in the Fe-doped disc is essentially a
geometric effect, in particular, due to the existence of
multiply connected regions. Such regions exist in the
Fe-doped material due to the presence of normal regions
or voids (Fig. 1).
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FIG. 10. Magnetic-field distributions for the field-cooled disc-shaped sample of YBa,Cu, ¢sFe( ¢sO;_ 5 measured for different ap-
plied magnetic fields at 77 K: (a) 20 G, (b) 25 G, (c) 30 G, (d) 35 G, (e) 40 G, and (f) 146 G. The upper curves show the Meissner
effect (applied field present). The lower curves show the trapped field (applied field reduced to zero). Distances —7.5 mm and +7.5

mm mark the disc edges.
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1. Time decay of diamagnetic shielding

In Fig. 4 we show the shielding field as a function of
the applied field. At an applied field of about 20 G we
observe a pronounced maximum in the shielding field, a
similar maximum was also found in the pure
YBa,Cu;0,_; disc results. '>!° Apparently at this stage a
critical point is reached for the shielding current passing
through weak links interconnecting the grains. For
larger fields, vortices will be created in enclosed regions,
the field produced by these is visible as small deviations
from the smooth shielding curve for applied fields larger
than 20 G in Fig. 3. The effect is most pronounced near
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FIG. 12. Time decays of the Meissner field for the field-
cooling case. These decays are logarithmic in time and are in-
dependent of the applied magnetic field.
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FIG. 13. Dependence of the trapped field measured at the
disc center on an applied magnetic field for the field cooling
case: (a) applied field up to 200 G and (b) applied field up to 600
G.

the edges because of demagnetization effects. The decay
of shielding apparently is caused by the motion of these
vortices. For the Fe-doped disc of this study the vortices
can be thought to move towards voids or normal regions
in the material, in the ring of the YBa,Cu;0,_5 com-
pound they move towards the central hole. This motion
is caused by large local-field gradients near voids or nor-
mal regions. When the vortices are close to these regions
shielding currents exceed their critical value. This allows
fluxons to leak into these regions. The effect is largest
when the vortices are first created, and is becoming
smaller again at larger fields, when the vortex density be-
comes larger, and the local-field gradients are reduced.
This interpretation receives further support from our ob-
servation that the decay of the Meissner field in the field-
cooling case shows no applied field dependence. In this
case the field already fills all voids and normal regions
and the local-field gradients are insufficient to move the
vortices.

2. Time decay of the trapped flux

The trapped field observed both in the zero-field and
field-cooling cases is composed of contributions from
trapped intergranular vortices and from persistent
currents circulating around voids or normal regions.
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field. These decays are logarithmic in time.

From Figs. 7 and 13 we see that the maximum trapped
field is near 20 G in both the zero-field and field-cooling
cases. In the former case this trapped field is reached for
an applied field of 150 G, and in the field-cooling case for
80 G. This maximum trapped field coincides with the ap-
plied field at which the maximum shielding is observed
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FIG. 15. Dependence of the trapped field decay rate on the
initial trapped field measured for the field-cooling case. The
dashed line represents the trapped field decay rate for a ring-
shaped sample of YBa,Cu;0;_5 (I.D. 3 mm, O.D. 15 mm).
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FIG. 16. Dependence of the trapped field decay rate on the
applied magnetic field measured for the field-cooling case (solid
symbols) and the zero-field-cooling case (open symbols): (a) ap-
plied field up to 200 G and (b) applied field up to 600 G.

(Fig. 4). At this field the persistent currents contributing
to the trapped field start to become smaller again due to
decoupling of grains. Applied fields causing decoupling
of grains were also observed by Nikolo and Goldfarb® in
YBa,Cu;0,_5 compounds; values between 13 and 25 G
are cited. For a disc-shaped sample of YBa,Cu;0,_ the
trapped field achieves its saturation value for applied
fields above 200 G for the FC case and 350 G for the
ZFC case.!> Cutting a ring out of a disc-shaped sample
of YBa,Cu;O,_5 results also in a maximum of the
trapped field observed at applied fields of 100-150 G for
the FC case'® and at 150-200 G for the ZFC case. °

The time decay of the trapped magnetic field observed
in high-temperature superconductors either after zero-
field cooling or field cooling was attributed to the pres-
ence of a glassy state®’ or to thermally activated flux
creep*>2! Thermally activated flux creep was believed to
be the result of the small coherence length that leads to
an unusually low pinning energy’® and the high tempera-
ture at which flux-creep experiments are performed
(about 77 K). The theory of thermally activated flux
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creep was first proposed by Anderson.?? This theory con-
siders thermal activation of flux bundles over a barrier
with activation energy E. A gradient in the density of
flux bundles causes a driving force F to act on the flux
bundles. Even if the local pinning force F), is larger than
F, flux creep is still possible with the help of thermal ac-
tivation. The effective activation energy for thermally ac-
tivated motion of a flux bundle is given by

E=E,—|FlvX, (1)

where E|, is the height of the energy barrier, the term
|[F|VX represents the decrease in the barrier height due to
driving force F (per unit volume) acting on the flux bun-
dle, V is the flux bundle volume, and X is the effective
geometrical width of the energy barrier. According to
Anderson’s theory the time dependence of the magnetiza-
tion M (t) follows a logarithmic law, i.e., M (¢)~In(¢).
Anderson’s theory considers flux bundle movement from
one pinning region to another through a thermally ac-
tivated process in the limit Ey/kT >>1. This theory was
extended by Hagen et al.® to flux motion in a solid con-
sisting of many pinning regions. Time-dependent magne-
tization is given in the form

1—%1:1 1+ L

Lo

M(t)=M(0) , (2)

where ¢, is a characteristic time depending on the num-
ber of pinning regions and the activation energy E.

The logarithmic decay rate (for times ¢t >>1¢) is propor-
tional to the initial magnetization M (0) and inversely
proportional to the activation energy E,

dM (t) kT
dlnt M) E
The results of our experiments show the linear depen-
dence of logarithmic decay rate of the trapped field on
the initial value of the trapped field. The slope of the
linear function allowed us to calculate the activation en-
ergy of a flux-creep process. The decay rate of the
trapped field versus the trapped field measured on a disc-
shaped sample of YBa,Cu;0,_; for applied fields below
1000 G can be described by a linear function up to a max-
imum trapped field that is equal to about 40 G.'* This
decay rate was observed to be the same for zero-field
cooling and field-cooling cases and is represented by a
straight dashed line in Fig. 9. The corresponding flux-
creep activation energy E was calculated to be about
1.6+0.3 eV at 77 K. This value is close to flux-creep ac-
tivation energies found for conventional type-II super-
conductors, e.g., for PbT1 alloys E ~ 1 €V in low fields. 23

The logarithmic decay rate of the trapped field mea-
sured versus the initial trapped field for Fe-doped
YBa,Cu;0,_; is described by a linear function with the
change of its slope at the trapped field 8 G for the ZFC
case and at 16 G for the FC case, both trapped fields cor-
responding to an applied field of about 30 G. It is in-
teresting to note that cutting a ring out of a disc-shaped
sample of YBa,Cu;0,_; also causes similar dependence
of the trapped field decay rate on the initial trapped field
(see Figs. 9 and 15). In both cases the change of the slope

(3)
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means lower activation energies for the flux creep. These
experiments lead to the conclusion that the interaction
between the intergranular vortices and the persistent
currents circulating around the voids or nonsupercon-
ducting regions in a sample is the reason for the observed
change in the time-decay rate of the trapped field, sug-
gesting that persistent currents provide a driving force
acting on flux bundles.

For Fe-doped YBa,Cu;0,_ zero-field cooled sample,
at trapped fields below 8 G, the activation energy for flux
motion is 1.71+0.2 eV, close to that for the disc-shaped
sample of YBa,Cu;0,_5 (1.6+0.3 eV). The trapped field
of 8 G corresponds to an applied field of 30 G at which
the whole sample is filled with intergranular vortices (see
Fig. 3). Above 30 G a rigid vortex intergranular lattice is
present in the sample; below 30 G the motion of vortices
towards the center of the disc suggests the existence of a
“soft” intergranular vortex distribution [Figs. 3(a) and
3(b)]. The formation of an intergranular rigid vortex lat-
tice in YBa,Cu;0;, at low fields has been observed by Do-
lan et al.' When the applied field is reduced to zero we
have an additional contribution to the trapped field due
to persistent currents generated around voids or normal
regions. In the presence of a rigid vortex lattice interac-
tion between the vortices and the persistent current takes
place. The vortices experience a Lorentz force which de-
creases the effective activation energy for the flux creep
to about 0.6 eV (Fig. 9).

Contribution of persistent currents to the trapped field
for the field-cooled Fe-doped samples is larger than in the
case of the zero-field-cooled samples (Figs. 7 and 13). At
the trapped field of 16 G (which corresponds to an ap-
plied field of 30 G as in the ZFC case) strong interaction
between a rigid intergranular vortex lattice and persistent
currents takes place reducing the effective activation en-
ergy for flux motion down to 0.2 eV. There is no interac-
tion between a ‘“‘soft” intergranular vortex distribution
and persistent currents at the trapped fields below 16 G.
Since the persistent current does not contribute to the
time decay of the trapped field as pointed out by Leiderer
and Feile,?* it decreases the slope of the decay rate of the
trapped field measured versus the initial trapped field
(Fig. 15). This interpretation receives further support
from our observation of similar dependence of the
trapped-field decay rate measured versus the initial
trapped field for a ring-shaped YBa,Cu;0,_; sample
(Figs. 9 and 15).

V. CONCLUSIONS

The experiments performed for  Fe-doped
YBa,Cu;0,_;5, especially intergranular flux-creep mea-
surements, support a conventional picture of thermally
activated motion of a magnetic flux in type-II supercon-
ductors, at least in the high-temperature (77 K), low-field
(0-100 G) range. The activation energy for thermal flux
creep was calculated to be 1.7+0.2 eV at applied fields
below 30 G in agreement with activation energy for
thermally activated flux motion in conventional type-II
superconductors. This energy was found to be reduced to
0.2-0.6 eV at applied fields above 30 G due to the interac-
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tion between trapped flux (intergranular vortices) and
persistent currents that provide a driving force acting on
vortices. The microstructure of superconducting ceram-
ics and their inhomogeneity are responsible for the pres-
ence of persistent currents circulating around voids or
nonsuperconducting regions in these materials.
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FIG. 1. SEM photograph showing the grain structure and
voids present in YBa,Cu, ¢sFej gsO;_5. The scale bar marks 5

pm.



