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Trapped flux, diamagnetic shielding, and Meissner efl'ect in a disk of YBa2Cu307
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The trapped Aux, diamagnetic shielding, and Meissner eAect in polycrystalline YBa2Cu307
disks have been investigated by the measurement of the distribution of magnetic field across the

sample at 77 K. The measurements were performed for samples cooled in zero and nonzero

external magnetic fields. The distribution of the magnetic field was studied both in the presence

of an applied magnetic field and when this field was switched oA. The results show the relation-

ship between shielding eAect, Meissner eA'ect, and Aux pinning eAect. Partial creep of Aux into

the disk was observed to occur for zero-field-cooled samples in applied magnetic fields as low as 1

G. The time decay of the trapped Aux was observed to be logarithmic in time. The logarithmic

decay rate increases linearly with the magnitude of the trapped magnetic field.

In this paper we present low-temperature experimental
data on the magnetic field distribution measured across a
disk-shaped sample of ceramic YBa2Cu307 over an ap-
plied magnetic field range from 0.5 to 100 G. These data
were taken for both the field-cooled and zero-field-cooled
samples. The measurements of the Meissner effect in
high-temperature superconductors ' show strong depen-
dence of this effect on the magnitude of the applied mag-
netic field. Superconducting quantum interference device
(SQUID) magnetometer data on ceramic and single-
crystal Y-Ba-Cu-O show a remanent magnetic moment
which is equal to the difference of the field-cooled and
zero-field-cooled moments in the low-field, low-tem-
perature range. The related Meissner fraction (field-
cooled moment) was observed to change strongly with the
applied field. These data were argued to point to conven-
tional Aux-pinning concepts in type-II superconductors
rather than to a granular superconductive glass model.
The results presented in this work show the direct rela-
tionship between the diamagnetic shielding eA'ect, the
Meissner effect, and the Aux-pinning eff'ect for both field-
cooled and zero-field-cooled samples. We have studied
the Aux-creep phenomenon in these samples and its depen-
dence on the magnitude of trapped flux. The magnetic
field distribution in a sample was measured at 77 K with
an axial cryogenic Hall probe (sensitivity ~ 3 mG) which
was scanned along the diameter of the disk-shaped sam-
ple. The area of the sensitive part of the probe was equal
to 0.44 mm . The axial probe measured the component of
the magnetic field perpendicular to a disk-shaped sample
at the distance about 1 mm from the sample. The probe
was connected to a gauss meter and a computer-controlled
system, which also allowed measurements of fast trapped
Aux decays. A solenoid was used to generate a magnetic
field which was applied in the direction perpendicular to
the disk plane.

The sample of YBa2Cu3O7 was prepared by standard
solid-state reaction techniques from the metal oxides
Y20i (99.99'%%uo purity), CuO (99.999% purity), and
BaCO3 (99.995% purity). The powders were mixed,
ground, and formed into a pellet of diameter 16 mm and
approximately 3 mm thick. Calcining was performed at

905 C for 24 h in air. After reaction the pellet was re-
ground, a new pellet was formed under a pressure of 7300
bar (diameter 16 mm, thickness about 2 mm) and sintered
in Aowing 02 for 7 h at 925'C. The compound was fur-
nace cooled for 12 h at an initial rate of 200'C/h. The
average grain size was found to be within the range be-
tween 4 and 7 pm using scanning electron microscopy.

The measurement of a magnetic field distribution
across the disk-shaped sample was performed for zero
field cooling and field cooling. The experimental results
for the zero-field-cooled sample are shown in Figs.
1(a)-1(h). The upper curves show magnetic field distri-
butions measured across the disk while the external mag-
netic field over a range from 1 to 40 6 was applied to the
sample. Zero field cooling and subsequent application of
a field show a diamagnetic shielding reaching 72.3% in a
field of 1.7 6 and decreasing down to 4.4% in a field of
39.0 6. The lower curves show the distribution of a
trapped magnetic field measured across the disk after the
external field was reduced to zero. The asymmetry ob-
served for the trapped Aux distribution is mainly due to
the nonuniform microstructure of the sample. One can
see from these graphs that the Aux lines start to penetrate
the disk from the perimeter towards its center at applied
fields as low as 1 G. For applied fields over a range from 1

to 4.5 6, the Aux lines are mostly pinned along the disk
perimeter [Figs. 1(b)-1(e)]. It can be noticed that di-
amagnetic shielding of the disk is modified by the fiux-
pinning effect [Figs. 1(d) and 1(e)].

The experimental data for a disk-shaped sample cooled
in an external magnetic field are shown in Figs. 2(a)-2(f).
The upper curves show magnetic field distributions mea-
sured across the disk while the external magnetic field
over a range from 0.5 to 50 G was applied to the sample.
Field cooling shows the Meissner effect reaching 11.1% in
the field 0.5 6 and decreasing down to 2.2% in the field
48.0 G. The Meissner effect is stronger along the disk
perimeter [Figs. 2(b)-2(e)]. The lower curves show dis-
tributions of the trapped magnetic field measured across
the disk after the external Geld was reduced to zero. The
Aux lines are mostly pinned at the central part of the disk.
It can be seen that the Meissner effect is modified by Aux
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FIG. &. Magnetic field distributions for a zero-field-cooled disk-shaped sample measured for different applied magnetic fields at 77
K: (a) 1.1 G; (b) 1.6 G; (c) 2.6 G; (d) 3.6 G; (e) 4. 1 G; (f) 4.5 G; (g) 9.9 G; (h) 39.1 G. Upper curves show diamagnetic shielding

(applied field present) reaching (at the center) (a) 66.7%; (b) 72.3%; (c) 66.7%; (d) 52.2'%; (e) 41.1%; (f) 31.1%; (g) 16.7%; (h)
4.4%. Lower curves show a trapped field (applied field reduced to zero). Distances —g and +g mm mark the disk edges.

trapping. Figure 3 shows decays of trapped Aux for a
zero-Geld-cooled sample measured at the disk center.
These decays are logarithmic in time, in good agreement
with our earlier studies. The logarithmic decay rate is
proportional to the magnitude of the trapped magnetic
field (Fig. 4). Similar trapped field decays are also ob-
served for the field-cooled sample. The dependence of the
trapped field on applied magnetic field for both zero-
field-cooled and field-cooled samples are shown in Fig. 5.
The trapped field for a field-cooled sample achieves its sat-

uration value for applied fields above 20 6; however, for
the zero-field-cooled sample, the trapped field reaches sat-
uration at a magnetic field above 35 G.

The comparison of magnetic field distributions mea-
sured with an applied field present and when this field is
reduced to zero (upper and lower curves in Figs. 1 and 2)
indicates that for zero-fieM-cooled samples the diamag-
netic shielding eAect is reduced once Aux lines are able to
penetrate the material. Some Aux penetration occurs at
an applied field as low as 0.5 (J. Figures 1(d) and 1(e)
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FIG. 2. Magnetic field distributions for a field-cooled disk-shaped sample measured for different applied magnetic fields: (a) 0.5
G; (b) 1.4 G; (c) 4.9 G; (d) 9.5 G; (e) 19.3 G; (f) 47.7 G. Upper curves show the Meissner effect (applied field present) reaching (a)
11.1%, (b) 3.3%; (c) 5.5%; (d) 5.6%; (e) 3.3%; (f) 2.2%. Lower curves show trapped field (applied field reduced to zero). Distances—8 and +8 mm mark the disk edges.

show clearly the change of the shielding effect in the sam-
ple due to flux-line creep into the disk along its perimeter,
where the applied Geld gradient is the largest. This gra-
dient is produced because of a shielding eA'ect or large
demagnetization effects at the edges of non-ellipsoid-

77K

shaped samples, or by a combination of them. The
demagnetizing factor of a flat disk could be responsible for
the increase of field above H, ~ at the edge of the disk.
The Aux creep in Yaa2Cu307 was also discussed by
McHenry et al. In the flux creep model, Aux bundles in-
teract with shielding currents through the Lorentz force.
%hen this force is larger than pinning forces, flux bundles
are free to move through the material, experiencing only a
viscous drag force due to the pinning centers.

The analysis of magnetic Geld distributions measured
for field-cooled samples (Fig. 2) show that the Meissner

(3

Q)

U
2.5—

Q)
CL
CL
6$

I

102
0

1

1 i I

10 103 104 105
Time (s)

FIG. 3. Decays of a trapped magnetic field measured at the
disk center for the zero-field-cooled case. The decays are loga-
rithmic in time. Decays for the field-cooled case are similar.
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FIG. 4. The dependence of the logarithmic decay rate on the
initial magnitude of trapped field.
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effect is much smaller than the diamagnetic shielding.
Magnetic Aux penetrating the disk center is not expelled
upon cooling below T,. The sample has both a Meissner
contribution and a trapped flux that nearly cancel each
other. According to the discussion presented by Maletta
et al. ,

' at applied fields above 10 6, a larger flux gradient
may overcome the trapping and thus cause larger frac-
tional flux expulsion. Our results for applied fields at 20
and 50 6 [Meissner effect 3.3% and 2.2%; Figs. 2(e) and
2(f)1 do not suggest such behavior. The relationship be-
tween the Meissner effect and trapped flux was also dis-
cussed by Rennard etal. Their SQUID magnetometer
data taken for a field-cooled ceramic Y-Ba-Cu-0 sample
showed thc presence of two magnetic contributions of op-
posite sign, that were identified with the spatial distribu-
tion of screening currents and of pinned vortices.

The decays of the trapped field for both zero-field-
cooled and field-cooled samples (Fig. 3) show logarithmic
dependence with time, in good agreement with Anderson's
Aux-creep theory and the experimental results by Kim,
Hempstead, and Strnad in type-II superconductors. We

Applied Magnetic Field (G)

FIG. 5. The dependence of the trapped field on the applied
magnetic field; open circles: zero-field-cooled sample; solid cir-
cles: field-cooled sample.

have plotted dH&„~/d logiot as a function of trapped field
measured at t =0 (Fig. 4). The logarithmic decay rate is
proportional to trapped magnetic field and also to the
magnitude of the applied field. Logarithmic decays of the
magnetization M as a function of time have been mea-
sured by Mota etal. ' in a zero-field-cooled sample of
powdered La~ 8Sr02Cu04 at T=4.2 K and at H, pp 0.
The logarithmic decay rate dM/d lnt has been found to be
proportional to 0 pp where 3 & n & 4. The sintered La-
Sr-Cu-0 specimen shows a deviation from this law
(n (2) for H, ~~ ( 50 6. This deviation was argued to be
connected with the granular structure of sintered speci-
men. In sintered samples when H, pp is reduced to zero,
flux is trapped in the voids formed by grains joined by
weak Josephson's junctions, causing additional contribu-
tion to the relaxation of magnetization.

The dependence of the trapped field on the applied field
measured on a disk of YBaqCuq07 (Fig. 5) agrees with
Leiderer's results" for a broken ring of YBa2Cu307
ceramic sample.

In conclusion, we have measured the field distribution
across the diameter of a disk-shaped sample of ceramic
YBa2Cu307. The measurements were performed with an
applied field on and off for both zero-field-cooled and
field-cooled samples. The results demonstrate clearly the
relationship between the diamagnetic shielding, Meissner
eA'ect, and flux-pinning phenomena. The magnitude of
the trapped field was found to depend both on applied field
and on sample-cooling conditions (i.e., zero field cooling
or field cooling). Trapped flux becomes independent of
these two factors for fields larger than 20-35 6, ~here it
reaches a saturation value near 4 G. The trapped flux de-
cays are logarithmic in time. The decay rates depend
linearly on the initial magnitude of trapped field.

This work has been supported by grants from the Natu-
ral Sciences and Engineering Council of Canada.
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